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Blood-Inert Surfaces via Ion-Pair Anchoring of Zwitterionic 
Copolymer Brushes in Human Whole Blood
 A strategy to create blood-inert surfaces in human whole blood via ion-pair 
anchoring of zwitterionic copolymer brushesand a systematic study of how 
well-defi ned chain lengths and well-controlled surface packing densities of 
zwitterionic polymers affect blood compatibility are reported. Well-defi ned 
diblock copolymers, poly(11-mercaptoundecyl sulfonic acid)- block -poly-
(sulfobetaine methacrylate) (PSA- b -PSBMA) with varying zwitterionic PSBMA 
or negatively charged PSA lengths, are synthesized via atom-transfer radical 
polymerization (ATRP). PSA- b -PSBMA is grafted onto a surface covered with 
polycation brushes as a mimic polar/hydrophilic biomaterial surface via 
ion-pair anchoring at a range of copolymer concentrations. Protein adsorption 
from single-protein solutions, 100% blood serum, and 100% blood plasma 
onto the surfaces covered with PSA- b -PSBMA brushes is evaluated using a sur-
face plasmon resonance sensor. Copolymer brushes containing a high amount 
of zwitterionic SBMA units are further challenged with human whole blood. 
Low protein-fouling surfaces with  > 90% reduction with respect to uncoated 
surfaces are achieved with longer PSA blocks and higher concentrations of 
PSA- b -PSBMA copolymers using the ion-pair anchoring approach. This work 
provides a platform to achieve the control of various surface parameters and 
a practical method to create blood-inert surfaces in whole blood by grafting 
ionic-zwitterionic copolymers to charged biomaterials via charge pairing. 
  1. Introduction 

 A fundamental understanding of blood-inert surfaces resisting 
the adsorption of plasma proteins and the adhesion of blood 
cells is highly desirable and critically important in the develop-
ment of blood-contacting biomaterials in such applications as 
blood collection devices, antithrombogenic implants, hemodi-
alysis membranes, drug-delivery carriers, and diagnostic bio-
sensors. [  1–3  ]  The interactions of clotting factors, plasma proteins 
and platelets on blood-contacting materials strongly affect the 
thrombotic reaction induced by intrinsic surface contact. [  4  ,  5  ]  
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To minimize the thrombogenicity of 
biomaterials, heparinized materials are 
often used to prolong blood clotting 
time when they are coated on the sur-
faces of blood-contacting devices or con-
tainers. [  6–8  ]  Nonspecifi c adsorption of 
proteins such as fi brinogen and clotting 
enzymes is recognized as the fi rst inter-
action event to induce a full-scale platelet 
adhesion and activation, leading to throm-
bosis and embolism at the blood-material 
interface. [  9  ]  Hence, protein-resistant sur-
faces have been widely investigated in order 
to achieve no blood clot formation. [  10–12  ]  
It is now recognized that the retention of 
bound water molecules surrounding the 
functional groups of material interfaces 
plays a key role in surface resistance to 
nonspecifi c protein adsorption. [  13–15  ]  Thus, 
to suppress nonspecifi c protein adsorp-
tion onto biomaterials, many studies have 
been carried out on surfaces grafted with 
poly(ethylene glycol) (PEG). [  16–18  ]  PEGylated 
surfaces face the problem of chemical sta-
bility in the presence of oxygen and transi-
tion-metal ions found in most biochemical 
solutions. [  19,20  ]  It was also shown that 
grafted PEG brushes lose their protein repulsive properties at 
physiological temperature. [  21  ]  In this regard, it is of great interest 
to have alternative nonfouling surfaces beyond PEG. 

 Zwitterionic biomaterials have received growing attention for 
use as blood-inert surfaces because of their excellent inhibition 
in plasma protein adsorption, blood platelet adhesion and acti-
vation, and thrombus formation in vitro. [  22–24  ]  A general char-
acteristic of zwitterionic materials, including phosphobetaine, 
sulfobetaine or carboxylbetaine, is that they have both cationic 
and anionic charged moieties on the same side chain, main-
taining overall charge neutrality. [  25–30  ]  As shown in previous 
work, zwitterionic betaines generate a tightly bound, structured 
water layer around the zwitterionic head groups via electro-
statically induced hydration. [  14–31  ]  In recent years, zwitterionic 
poly(sulfobetaine methacrylate) (PSBMA) has been widely 
studied due to its ease of synthesis. It was reported that the 
blood-inert nature of zwitterionic PSBMA polymers is attrib-
uted to their strong hydration capabilities and conformational 
structures. [  12  ,  32–34  ]  

 Surface grafting is an effective approach to incorporate zwit-
terionic brushes onto a wide range of materials for improved 
blood compatibility. Two major strategies have been shown 
to prepare zwitterionic brushes, including grafting-from and 
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grafting-to. [  28  ,  29  ,  35–41  ]  Most of zwitterionic brushes produced by 
the grafting-from approach are prepared using surface-initiated 
controlled/living radical polymerization techniques, allowing 
accurate control over brush thickness, composition, and archi-
tecture to achieve high surface packing densities. [  28  ,  35–38  ]  How-
ever, it is harder to implement nonfouling surface treatments 
in complex geometric shapes and large-scale processes. Thus, 
the grafting-to approach, involving the attachment of zwitteri-
onic polymers via either chemisorption or physisorption, is a 
convenient route for preparing nonfouling biomaterials or coat-
ings on a large scale or in complex geometries. However, unlike 
the grafting-from approach, the success of the graft-to approach 
depends on the ability to achieve high surface packing densities. 
There are several prior studies of low biofouling surface brushes 
via hydrophobic- or charge-driven assembled copolymers. [  29  ,  39  ,  40  ]  
A recent study reported a successful grafting-to approach of 
physically adsorbed diblock copolymers containing zwitterionic 
PSBMA and hydrophobic moieties to achieve a superlow bio-
fouling surface. [  29  ]  It was demonstrated that zwitterionic copoly-
mers on a hydrophobic surface are capable of resisting protein 
adsorption from a single-protein solution to a level of  < 5 ng/cm 2  
measured by a surface plasmon resonance (SPR) sensor when 
its surface density is controlled. However, these physically 
adsorbed zwitterionic copolymers are more suited for hydro-
phobic surfaces. It is desirable to develop a copolymer suitable 
for nonfouling coatings on charged surfaces since many bioma-
terials surfaces are polar/hydrophilic but not blood-inert. [  3  ,  39  ,  40  ]  

 Previous studies show that the control of surface grafting 
density is important for a zwitterionic surface with superlow 
fouling properties. [  28–30  ,  41  ,  42  ]  It was reported that the chemically 
immobilized zwitterionic brushes provide excellent resistance 
to nonspecifi c protein adsorption from single-protein solutions 
and complex medium when surface grafting of a zwitterionic 
layer is controlled with an optimized fi lm thickness. [  42  ]  How-
ever, at present it is still unclear how changes in the grafting 
coverage or packing density of zwitterionic brushes would 
infl uence platelet adhesion or cell adhesion from human blood. 
One current challenge is to develop reliable biomaterials, using 
a robust grafting strategy, with effective antithrombogenic capa-
bilities when they are in contact with human blood. 
© 2013 WILEY-VCH Verlag G

   Table  1.     Characteristics of PSA- b -PSBMA copolymers. 

Sample ID a)  Characterization of copolymers b)  D

  M  w  [kDa]  M  w / M  n  

PSA 10 - b -PSBMA 10 4.8 1.2

PSA 20 - b -PSBMA 10 7.9 1.2

PSA 40 - b -PSBMA 10 13.4 1.3

PSA 10 - b -PSBMA 20 10.3 1.4

PSA 20 - b -PSBMA 20 11.6 1.3

PSA 40 - b -PSBMA 20 17.1 1.2

PSA 10 - b -PSBMA 40 15.0 1.4

PSA 20 - b -PSBMA 40 18.1 1.2

PSA 40 - b -PSBMA 40 23.0 1.3

    a) The ratio of initiator/Cu(I)Br/bpy was 1:1:2;      b) Weight-average molecular weights ( M
with PEO;      c) Zeta potential and hydrodynamic diameter of suspended PSA- b -PSBMA 
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 In this work, ion-pair anchoring of ionic-zwitterionic 
polymer brushes onto charged biomaterial surfaces via a 
charge-controlled grafting-to approach is proposed. Ionic-
zwitterionic copolymers with well-controlled charged block 
chain lengths were synthesized via atom transfer radical poly-
merization (ATRP), including nine zwitterionic copolymers 
containing anionic and zwittterionic blocks of poly(11-mercap-
toundecyl sulfonic acid)- block -poly(sulfobetaine methacrylate) 
(PSA- b -PSBMA). These copolymers were grafted onto a posi-
tively charged surface as a mimic polar/hydrophlic biomaterial 
surface with controlled surface coverage or packing density so 
as to achieve high resistance to nonspecifi c protein adsorption 
from complex media such as whole blood. These zwitterionic 
anchoring surfaces were evaluated for plasma protein adsorp-
tion, blood platelet adhesion and activation, and blood cell 
attachment. This study not only demonstrates a grafting-to 
approach that achieves a stable blood-inert biomaterial surface 
in complex media such as human plasma and whole blood, but 
also provides a fundamental understanding of the correlations 
between polymer chain length/interfacial grafting coverage and 
blood compatibility. There are three unique aspects of this work: 
a) the demonstration of a surface resisting protein adsorption 
from human whole blood; b) a systematic study of the effects of 
the molecular weights and packing densities of grafted polymer 
brushes on blood compatibility; and c) the development of a 
convenient method to create blood-inert surfaces by grafting 
zwitterionic-ionic copolymers to charged biomaterials.   

 2. Results and Discussion  

 2.1. Polymerization of Ionic-Zwitterionic Block Copolymers 

 To study the effects of the surface coverage of the surface-
anchored PSBMA brushes on blood-inert properties, nine dif-
ferent ionic-zwitterionic diblock copolymers, PSA- b -PSBMA, 
were synthesized in this work. A summary of average molec-
ular weights, various block compositions, and solution 
characteristics of prepared copolymers is given in  Table    1  . The 
1101wileyonlinelibrary.commbH & Co. KGaA, Weinheim

egree of polymerization Zeta potential c)  Hydrodynamic size c)  

 m   n    ϕ   [mV]  D  H  [nm] 

11 8 –0.1  < 10

23 8 –0.7  < 10

46 8 –0.9 10

13 25 –0.3  < 10

19 25 –0.5  < 10

41 25 –2.8 11

12 43 –0.4 10

24 43 –2.4 11

44 43 –3.7 12

  w ) and molecular weight distributions ( M  w / M  n ) were estimated by GPC and calibrated 
copolymers in PBS at 37  ° C were estimated by dynamic light scattering.   
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     Scheme  1 .     Ion-pair anchoring of zwitterionic copolymer brushes.  
degree of polymerization ( D  p :  m  or  n ) of each block was con-
trolled by the initial molar ratio of monomer to initiator. Low 
polydispersities of the initial PSBMA homopolymers of less 
than 1.18 were obtained, which confi rms the good living charac-
teristics of this fi rst-stage ATRP polymerization. The fi nal PSA-
 b -PSBMA copoly mers obtained had a relatively high molecular 
weight ( M  w ), ranging from 4.8 kDa to 23.0 kDa, which indi-
cates the retained living characteristics of this second-stage 
polymerization.  

 The zeta potential and hydrodynamic diameter of the copol-
ymers in soluble unimer state was estimated by dynamic light 
scattering (DLS; Malvern Zetasizer Nano ZS) at a polymer con-
centration of 1 mg/mL in PBS solution. Increasing the  M  w  of 
PSA block in the prepared copolymers increased the negative 
zeta potential and hydrodynamic diameter of the PSA- b -PSBMA 
suspension, while the chain length of PSBMA was kept con-
stant. This may be attributable to the increase in the polymer 
chain length of anionic sulfonate groups in the PSA block, con-
tributing to an increase in the available negative charge. The 
polymer hydrodynamic size as the  D  p  of PSA block was increased 
in a range from 10 to 40. For the case of copolymers PSA 40 - b -
PSBMA 10 , PSA 40 - b -PSBMA 20 , and PSA 40 - b -PSBMA 40 , interest-
ingly, an unusual antipolyelectrolyte behavior in the presence 
of PBS medium was observed: The overall negative charge of 
prepared copolymers was notably enhanced with the increased 
 M  w  of PSBMA block in the prepared copolymers as the  D  p  of 
PSA block was controlled in a range close to 40. The depend-
ence of the dissolution process of PSA block on the increased 
chain length of zwitterionic PSBMA block was attributed to the 
screening of the net attractive electrostatic interactions between 
the anionic polymer chains by salt ions. This effect led to 
copolymer chain expansion, resulting in the exposure of anionic 
sulfonate groups in the PSA block, and contributing to an increase 
in the overall negative charge of the prepared PSA- b -PSBMA 
copolymers. It is expected that the stronger expression of 
the negatively charged block in the zwitterionic copolymer 
would result in more stable anchoring on a positively charged 
surface.   
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
 2.2. Surface Anchoring with Ionic–Pair Self-Assembly 
of PSA- b -PSBMA 

 The physical grafting of well-defi ned PSA- b -PSBMA diblock 
copolymers onto the cationic PTMA brush surfaces was per-
formed to study the blood-inert characteristics of zwitterionic 
sulfobetaine groups in the PSBMA block. The anionic sulfonate 
group in the PSA block was used as the charged moiety of the 
PSA- b -PSBMA copolymers which mediate electrostatic interac-
tion with cationic PTMA brushes. To achieve consistent grafting 
qualities of surface anchoring with PSA- b -PSBMA copoly-
mers, all polymer brushes of PTMA were prepared by surface-
initiated ATRP with a controlled fi lm thickness of 40  ±  5 nm 
as measured by ellipsometry. The molecular structure of 
ionic-pair self-assembly of PTMA brushes anchored with PSA-
 b -PSBMA is shown in  Scheme    1  . The ideal model of this self-
assembly process is performed by in situ observation using 
a SPR sensor to directly provide the correlation between the 
zwitterionic surface coverage and packing densities from 
different surface-anchored PSA- b -PSBMA copolymers with 
the adsorption of single protein or plasma proteins in various 
controlled media.  

 PSA- b -PSBMA diblock copolymers were fi rst physically 
adsorbed onto the SPR sensor surfaces, grafted by cationic 
PTMA brushes via the ionic-pair self-assembly of PSA-PTMA 
electrostatic interactions, followed by the in situ evaluation 
of plasma protein adsorption on the surfaces with surface-
anchored PSA- b -PSBMA copolymers. The adsorbed amounts 
of both copolymers and proteins were measured and com-
pared by SPR ( Figure    1  ). For the stage of self-assembled 
PSA- b -PSBMA surface formation, the copolymer anchoring 
amount (Figure  1 a) is defi ned as the SPR wavelength differ-
ence between the two baselines established before and after 
copolymer adsorption. It can be seen from the SPR sensor-
gram that the quick increase in wavelength after addition of 
copolymer suggests the fast polymer adsorption onto the bare 
PTMA brushes, which depends on the PSA- b -PSBMA concen-
tration in PBS ( C  PSA- b -PSBMA ). After that, since the electrostatic 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1100–1110
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     Figure  1 .     Amount of a) copolymer anchoring and b) protein adsorption 
on different PSA- b -PSBMA anchored surfaces with the concentration of 
copolymer solution ( C  PSA- b -PSBMA ) in 0.01, 0.1, and 1 mg/mL at 23  ° C as 
measured by SPR.  
interaction sites on the PTMA brushes were mostly occupied, 
the adsorbed polymers primarily underwent structural reor-
ganization and reversible attachments on the surface, thus 
leading to the slow kinetics of polymer adsorption. After 35 
min of polymer injection, PBS was used to fl ush away weakly 
bound polymers on the surface for 50 min, reaching a steady 
plateau. To study the effects of the surface coverage and 
packing density of physically anchored copolymers on protein 
resistant characteristics, nine different PSA- b -PSBMA diblock 
copolymers were used in this study. Physical characteristics of 
these nine PSA- b -PSBMA diblock copolymers are summarized 
in Table  1 . It is expected that these well-defi ned diblock copoly-
mers have different surface packing densities, which results in 
different protein adsorption behavior. For the subsequent stage 
of protein adsorption on PSA- b -PSBMA anchored surface, the 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1100–1110
protein adsorption amount (Figure  1 b) is defi ned as the SPR 
wavelength difference between the two baselines established 
before and after protein adsorption.  

 The concentration of copolymer solution,  C  PSA- b -PSBMA , was 
varied from 0.01 to 1 mg/mL to examine the PSA- b -PSBMA 
packing on the surface and subsequent protein adsorption. 
The increase of  C  PSA- b -PSBMA  resulted in the increased packing 
density of PSA- b -PSBMA onto PTMA surfaces and the reduced 
adsorption of fi brinogen from a single protein solution. 
Increasing the PSA length or negative zeta potential of the 
PSA- b -PSBMA copolymers results in the decreased  C  PSA- b -PSBMA  
needed to achieve fully packed PSA- b -PSBMA grafted onto the 
surface. For the PSA 40 - b -PSBMA 40  anchored surface, the satu-
rated anchoring amount of the copolymers can be formed in a 
wide range of  C  PSA- b -PSBMA,  controlled between 0.01 and 1 mg/mL, 
and resulted in the zero adsorption of fi brinogen from a single 
protein solution. The result indicates that the perfect self-
assembled packing of the PSA- b -PSBMA anchored surface can 
be controlled with the appropriate molar fraction of PSBMA to 
PSA ( f  PSBMA/PSA ) and molecular size of PSBMA or PSA blocks. 
For the surface anchored copolymers of PSA 20 - b -PSBMA 10 , 
PSA 40 - b -PSBMA 10 , and PSA 40 - b -PSBMA 20  with the ratio of 
 f  PSBMA/PSA   <  1, fi brinogen adsorption onto the exposure charged 
domains of the PSA- b -PSBMA anchored surface is due to sur-
face packing defects formed from the large molecular size of 
the negatively charged PSA block. 

 For the fully packed surfaces anchored copolymers of PSA 10 -
 b -PSBMA 40 , PSA 20 - b -PSBMA 40 , and PSA 40 - b -PSBMA 40  with the 
ratio of  f  PSBMA/PSA   ≥  1, the zwitterionic shielding coverage of 
the surface-anchored PSBMA polymers is enough to resist all 
fi brinogen adsorption from a single protein solution while the 
 M  w  of PSBMA block was controlled in a range close to 11 kDa 
( D  p   ≈  43). Importantly, it should be noted that a fi brinogen-
resistant nonfouling surface can be obtained by the saturated 
surface anchoring of PSA 10 - b -PSBMA 10 , PSA 20 - b -PSBMA 20 , 
and PSA 40 - b -PSBMA 40  with the ratio of  f  PSBMA/PSA   ≈  1, which 
is independent of the molecular size of PSA- b -PSBMA. Consid-
ering that blood-inert PSA- b -PSBMA anchored surfaces are in 
contact with complex media such as human serum, plasma or 
whole blood, it is reasonably expected that the increase of the 
chain length of PSA block in copolymers would enhance the 
electrostatic intermolecular interaction with the PTMA brushes 
contributed by the increased ion-pair binding sites. 

 Generally, a surface with a high coverage of anchored 
PSBMA brushes results in low protein adsorption. For 
the fully packed surfaces prepared from the copolymers 
of PSA 10 - b -PSBMA 40 , PSA 20 - b -PSBMA 40 , and PSA 40 - b -
PSBMA 40 , via “graft-to” physical adsorption or from PSBMA 
brushes via “graft-from” ATRP, the zwitterionic coverage 
of the surface-anchored PSBMA polymers is high enough 
to resist fi brinogen adsorption from a single protein solu-
tion in PBS.  The adsorption/desorption behavior of block 
copolymers associated with protein adsorption was tested 
in three different types of single protein solutions and 
three different types of salt solutions (Figure S1,S2 in the 
Supporting Information). As shown in Figure S1, the fouling 
resistance of PSA- b -PSBMA with a shorter PSA block to 
protein adsorption from fi brinogen,  γ -globulin, and HSA in 
PBS buffer is reduced from cyclic protein adsorption tests, 
1103wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     Adsorption of proteins onto the surfaces of CH 3 -SAMs, PTMA brushes, PSA 20 - b -
PSBMA 40  and PSA 40 - b -PSBMA 40  anchored copolymers, and PSBMA brushes from 20–100% 
blood serum and 20–100% blood plasma at 37  ° C as measured by SPR.  
indicating the low stability or grafting cov-
erage of anchored PSA 10 - b -PSBMA 40 . The 
results in Figure S2 also indicate that a 
shorter PSA block has weaker ion-pair elec-
trostatic interaction, leading to the lower 
stability of surface anchoring in aqueous 
solutions with three different ionic salts of 
NaCl, KCl, and NH 4 Cl at low ionic strengths 
(below 0.15  M ). The results clearly support 
that PSA- b -PSBMA polymers with lower 
molecular weights of PSA blocks have 
weaker electrostatic interactions at ion-pair 
anchoring interface, leading higher protein 
fouling and poorer blood compatibility.   

 2.3. Plasma Protein Adsorption 
and Blood Platelet Adhesion 

 It is widely believed that surface resistance to 
plasma protein adsorption and blood platelet 
adhesion is essential to achieve a blood-
inert surface for human blood-contacting 
bio materials. Fibrinogen in blood plasma 
is particularly important for platelet adhe-
sion since it can bind to the platelet GP IIb/
IIIa receptor. From Figure  1 , it can be seen 
that all the surfaces fully anchored with 

PSA- b -PSBMA copolymers exhibit fi brinogen adsorption of 
 < 10 ng/cm 2  from single protein solution, which are consid-
ered to be ultralow fouling surfaces. For PSA 10 - b -PSBMA 10 , 
PSA 20 - b -PSBMA 20 , PSA 10 - b -PSBMA 40 , PSA 20 - b -PSBMA 40,  
and PSA 40 - b -PSBMA 40 , these PSA- b -PSBMA fully anchored 
surfaces can strongly resist non-specifi c fi brinogen adsorp-
tion to 0 ng/cm 2 . However, human blood serum and plasma 
pose signifi cant challenges to blood-contacting biomaterials 
because of their high nonspecifi c protein adsorption onto 
general surfaces. Blood plasma is a multicomponent solution 
containing sugars, fats, amino acids, urea, and a very large 
number of proteins. It should be pointed out that there are 
clotting-induced proteins in blood plasma but not in blood 
serum. Here, the extent of nonspecifi c protein adsorption from 
human serum and plasma was evaluated by SPR measure-
ment for the inspection of blood compatibility of the surfaces 
fully anchored with PSA 20 - b -PSBMA 40  and PSA 40 - b -PSBMA 40  
copolymers, which provide excellent resistance of single-
protein fi brinogen adsorption. Hydrophobic CH 3 -SAMs and 
zwitterionic PSBMA brushes were used as references. Real-time 
adsorption of human serum or plasma proteins onto reference 
surfaces and PSA- b -PSBMA anchored surfaces was monitored 
using SPR at 37  ° C. It should be noted that the response of the 
SPR, with broader sense of adsorption from 20–100% serum 
or 20–100% plasma solution, is not only to major components 
of plasma proteins, but also to other small biomolecules, such 
as lipids and polysaccharides. However, it is accepted that 
the major change of the SPR signal is attributed mainly to 
the higher molar mass of plasma proteins, rather than other 
small biomolecules in serum or plasma solution. Hydrophobic 
CH 3 -SAMs have high non-specifi c protein adsorption, which is 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
also observed in  Figure    2  . Protein adsorption on hydrophobic 
CH 3 -SAMs from 20–100% human plasma is higher than that 
from 20–100% human serum, indicating the components of 
non-specifi c protein adsorption containing the certain amounts 
of clotting-induced proteins, such as fi brinogen. Results from 
SPR measurements show that the PSBMA surfaces were 
almost completely resistant to the adsorption of non-specifi c 
proteins in both 20% human serum and 20% human plasma. 
However, it was observed that non-specifi c protein adsorption 
of  < 10 ng/cm 2  on the PSBMA surfaces from 50−100% human 
serum and 50–100% human plasma, which exhibit as an 
ultra-low fouling surface. Before self-assembled anchoring 
of PSA- b -PSBMA copolymers, the adsorption of serum and 
plasma proteins onto positively charged PTMA surfaces is 
higher than that onto hydrophobic CH 3 -SAMs, indicating that 
electrostatic interaction enhances protein adsorption from 
blood serum or plasma solution. It was found that the rela-
tive amount of protein adsorption onto each sample surface is 
increased with the protein concentration controlled from 20% 
to 100% of blood serum or plasma solution. In Figure  2 , it can 
be seen that the PSA 40 - b -PSBMA 40  anchored surfaces reduced 
the serum and plasma protein adsorption to a level comparable 
with adsorption on the surfaces grafted with PSBMA brushes. 
However, the adsorption of serum proteins onto the surface 
anchored with PSA 20 - b -PSBMA 40  is much higher than that with 
PSA 40 - b -PSBMA 40 . With the decrease of chain length of the neg-
atively charged PSA block, a certain amount of the copolymers 
might be displaced from the surface by the serum proteins. 
Importantly, a comparable adsorption amount of serum and 
plasma proteins on PSA- b -PSBMA anchored surfaces indicates 
stable resistance of clotting-induced proteins onto the surfaces 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1100–1110
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     Figure  3 .     SEM images of human blood platelets adhered onto the surfaces of a) CH 3 -SAMs, 
b) PTMA brushes, c) PSBMA brushes, and d–l) PSA- b -PSBMA anchored copolymers at 37  ° C 
from 100% PRP. All images are at a magnifi cation of 1000 × .  
from 20–100% blood plasma, which can be further estimated 
by the blood platelet adhesion test.  

 Previous studies showed that nonspecifi cally adsorbed 
plasma proteins interact in a series of reactions leading to 
plasma clotting. [  4  ,  5  ]  Among plasma proteins, fi brinogen plays 
a leading role in mediating surface-induced adhesion and 
activation of platelets in human blood plasma under static 
conditions. [  9  ]   Figure    3   shows SEM photographs of platelets 
that adhered to and activated the surfaces by contact of the 
prepared substrates with platelet-rich plasma solution for 60 
min at 37  ° C in vitro. SEM results show that no platelet attach-
ment was observed on PSBMA brushes as compared with the 
hydrophobic surface (CH 3 -SAMs) and positively charged sur-
face (PTMA brushes). It is clearly observed that platelets have 
spread on CH 3 -SAMs and PTMA brushes, which indicates 
the activation of adhered platelets. For the surface-anchored 
copolymers of PSA- b -PSBMA with the ratio of  f  PSBMA/PSA   >  1, 
we observed signifi cant decreases in the adhesion and activa-
tion of platelets on copolymer anchored surfaces while the 
chain length of the zwitterionic PSBMA block is increased, as 
shown in the sequence of images in Figure  3 d,g,j,k. The results 
indicate the importance of zwitterionic surface coverage from 
the controlled chain length of PSBMA block for the resistance 
of platelet adhesion. However, it is also important to consider 
the stability of anchored copolymers associated with the chain 
length of PSA block. As evidenced in Figure  3 d–f, g–i, and j–l, 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 1100–1110
it was found that the increased chain length 
of PSA block in copolymers strengthens ion-
pair electrostatic interactions and thus forms 
the high packing density and strong surface 
anchoring of PSA- b -PSBMA. For the surface 
anchored with PSA 40 - b -PSBMA 40 , the result 
in Figure  3 l indicated that high resistance 
of platelet adhesion was observed, which is 
attributed to the balanced molecular struc-
ture of PSA and PSBMA block in copolymer, 
resulting in both high surface coverage and 
packing density of zwitterionic brushes. It 
was also found that no platelets adhered on 
the surface anchored with PSA 20 - b -PSBMA 40 , 
while the surface was shown by SPR meas-
urement to be almost completely resistant 
to the adsorption of clotting–induced pro-
teins from 100% blood plasma. The results 
strongly support the hypothesis that surfaces 
which strongly resist adsorption of specifi c 
fi brinogen or clotting–induced proteins will 
generally resist the adhesion and activation 
of blood platelets.    

 2.4. Blood-Inert Capability of PSA- b -PSBMA 
Anchored Surfaces in Human Whole Blood 

 Stable blood compatibility of biomaterials 
used in contact with human whole blood is 
highly desirable for blood-inert devices. In 
general, a multi-step process of plasma pro-
tein adsorption, blood platelet adhesion, and 
blood cell attachment strongly affect the short-term and long-
term thrombotic response induced by the blood-contacting 
materials. In this study, the extent of blood cell attachment from 
human whole blood was further observed by direct blood-mate-
rial contact for the inspection of overall blood compatibility of 
the surfaces fully anchored with different PSA- b -PSBMA copoly-
mers.  Figure    4   shows CLSM images of blood cells that attached 
to the surfaces by contact of the prepared substrates with undi-
luted human whole blood for 120 min at 37  ° C in vitro .  Attach-
ment of blood cells on surfaces from whole blood is considered 
to be a challenging process, comparable to that from platelet-
rich plasma solution. The CLSM results show that no blood cell 
attachment was observed on the surface of PSBMA brushes from 
whole blood as compared with that of the full-scale attached and 
aggregated blood cells on the hydrophobic surface (CH 3 -SAMs) 
and positively charged surface (PTMA brushes). It clearly shows 
that the excellent blood-inert nature of zwitterionic sulfobetaine 
structure can be achieved by the surface grated with PSBMA 
brushes, which was also shown in Figure  3 c to completely resist 
platelet adhesion. From the image analysis using imaging soft-
ware NIS-elements Ar, statistical quantitative data of relative 
blood cell attachment and blood platelet adhesion on prepared 
surfaces is presented in  Figure    5  . Blood cell attachment from 
whole blood is quite similar to blood platelet adhesion from 
platelet-rich plasma onto the surfaces anchored with PSA- b -
PSBMA copolymers. The increased chain length of PSBMA 
1105wileyonlinelibrary.comheim



FU
LL

 P
A
P
ER

110

www.afm-journal.de

     Figure  4 .     CLSM images of blood cells attached onto the surfaces of a) CH 3 -SAMs, b) PTMA 
brushes, c) PSBMA brushes, and d–l) PSA- b -PSBMA anchored copolymers at 37  ° C from 
human whole blood. All images are at a magnifi cation of 1000 × .  
block in copolymer obviously reduced the attachment and aggre-
gation of blood cells on surfaces, as evidenced in Figure  4 d,g,j, 
Figure  4 e,h,k, and Figure  4 f,i,l. For surfaces anchored with PSA-
 b -PSBMA copolymers, shorter PSA chain length may reduce the 
polymer electronegativity and weaken surface ion-pair electro-
static interaction, leading to low stability of surface anchoring. 
However, longer PSBMA chain length may form coatings dense 
enough to resist protein adsorption from complex media of 
100% blood serum or plasma, leading to high resistance in the 
following interlinked process of platelet adhesion and blood 
cell attachment. Importantly, the surface anchored with PSA 40 -
 b -PSBMA 40  in Figure  3 l and Figure  4 l showed that the strong 
resistance of blood cell attachment as well as blood platelet 
adhesion was observed. These results indicate that ion-pair 
anchoring of ionic-zwitterionic copolymers, PSA- b -PSBMA, is 
able to achieve an effective nonfouling surface in human whole 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
www.MaterialsViews.com

blood when the macromolecular size and the 
ratio of  f  PSBMA/PSA  are properly controlled.   

 In this study, polycationic PTMA brushes 
were used as a model system to study their 
interaction with ionic-zwitterionic copoly-
mers via charge pairing. The method pre-
sented in this work is applicable to many 
charged biomaterials. As shown in  Figure    6  , 
three PSA- b -PSBMA copolymers were 
grafted onto two different natural surfaces: 
a) chitosan fi lms with 95% de-acetylation 
and b) hydroxyapatite fi lms. Polycationic 
PTMA brushes grafted from a gold surface 
were used as reference system. Fibrinogen 
adsorption from 100% platelet-poor plasma 
onto these PSA- b -PSBMA anchored surfaces 
with different grafting coverage was meas-
ured by enzyme-linked immunosorbent 
assay (ELISA) with monoclonal antibodies. 
The quantifi cation of protein adsorption for 
the PSA 10 - b -PSBMA 40 , PSA 20 - b -PSBMA 40 , 
and PSA 40 - b -PSBMA 40  anchored surfaces 
with the copolymer solution concentration 
( C  PSA- b -PSBMA ) of 0, 0.01, and 1.0 mg/mL 
at 23  ° C was normalized by the amounts 
of protein adsorption in each individual 
virgin sample of chitosan fi lms, hydroxyapa-
tite fi lms, and PTMA brushes. The relative 
fi brinogen adsorption was shown to be cor-
related with zwitterionic surface coverage 
and packing densities from different sur-
face-anchored PSA- b -PSBMA copolymers in 
various controlled  C  PSA- b -PSBMA . For PSA 40 -
 b -PSBMA 40  anchored surfaces with  C  PSA-

 b -PSBMA  in 1 mg/mL, it was found that the 
relative amounts of protein adsorption were 
all controlled less than 10% of that on the 
uncoated sample, indicating that anchored 
PSBMA brushes via charge pairing highly 
reduced plasma protein adsorption from 
100% human plasma. It was found that chi-
tosan and hydroxyapatite fi lms grafted with 
longer PSA blocks and higher concentra-
tion of PSA 20 - b -PSBMA 40  and PSA 40 - b -PSBMA 40  copolymers 
were highly resistant to nonspecifi c plasma adsorption from 
fresh human plasma solution at 37  ° C, whereas PSA 10 - b -
PSBMA 40  showed high protein adsorption. The results are 
consistent with previous fi ndings of protein adsorption on 
PSA- b -PSBMA anchored surfaces in Figure  1 b and Figure  2 . 
The present method for preparing blood-inert surfaces via 
ion-pair anchoring of zwitterionic copolymer brushes can 
be applicable to biomaterials in real-world applications with 
charged surfaces.     

 3. Conclusions 

 In this work, ion anchoring of the ionic-zwitterionic block 
copoly mers PSA- b -PSBMA onto charged surfaces was 
heim Adv. Funct. Mater. 2013, 23, 1100–1110
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     Figure  5 .     Quantitative analysis of the changes in blood cell attachment and blood platelet adhe-
sion on the surfaces of CH 3 -SAMs, PTMA brushes, PSBMA brushes, and PSA- b -PSBMA anchored 
copolymers at 37  ° C from human whole blood and platelet-rich plasma, respectively.  

     Figure  6 .     Relative human fi brinogen adsorption from 100% platelet-poor plasma solution on 
surfaces of a) chitosan fi lm, b) hydroxyapatite fi lm, and c) PTMA brushes grafted from a gold 
surface anchored with PSA 10 - b -PSBMA 40 , PSA 20 - b -PSBMA 40 , and PSA 40 - b -PSBMA 40  copolymers. 
All data were determined from ELISA with each virgin sample as a reference, where the amount 
of fi brinogen adsorbed on virgin sample was normalized to unity. Data are expressed as the 
means  ±  SD of three independent measurements.  
implemented via a robust graft-to approach. With well-defi ned 
diblock copolymers and well-controlled surface packing densi-
ties, surfaces covered with PSA- b -PSBMA brushes were shown 
to have excellent inert properties in complex media. Interest-
ingly, the increase in both ionic SA and zwitterionic SBMA 
units in the copolymers tends to effectively reduce the adhe-
sion and activation of platelets, even to a level of zero platelet 
adhesion. This work provides a platform to study how polymer 
molecular weights and surface packing densities will affect 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 1100–1110
nonfouling properties. Under optimized con-
ditions, PSA- b -PSBMA anchored surfaces 
with a balanced macromolecular structure 
of PSA block and PSBMA block can strongly 
resist non-specifi c protein adsorption ( ≈ 0 ng/
cm 2  in single fi brinogen solution, and  < 10 
ng/cm 2  in 100% human blood serum and 
plasma). This ion-pair anchoring strategy 
enables the fast, effective, and stable immo-
bilization of PSA- b -PSBMA brushes directly 
onto charged surfaces, and provides one con-
venient method for surface zwitterionization. 
The resulting surface anchored with zwitteri-
onic copolymer brushes maintained excellent 
blood-inert properties (‘zero’ blood platelet 
adhesion and blood cell attachment) when 
the surface is in contact with 100% platelet-
rich plasma and 100% human whole blood.   

 4. Experimental Section 
  Chemicals : [2-(Methacryloyloxy)ethyl]-dimethyl-

(3-sulfopropyl)-ammonium hydroxide (sulfobetaine 
methacrylate, SBMA) was purchased from 
Monomer-Polymer & Dajac Laboratories, Inc. U.S. 
[2-(methacryloyloxy) ethyl]trimethylammonium 
chloride (TMA) and 11-mercaptoundecyl sulfonic 
acid (SA) were purchased from Sigma Chemical Co. 
Chitosan HD with a degree of deacetylation of 95% 
was purchased from Lytone Co. Ltd. Hydroxyapatite 
(CAS-No.12167-74-7) containg 38.1% calcium was 
purchased from Sigma-Aldrich. Copper(I) bromide 
(99.999%), methyl 2-bromopropionate (MBrP, 
98%), pyridine (98%), 2-hydroxyethyl acrylate (97%), 
2,2′-bipyridine (BPY, 99%), triethylamine(99%), 
tetrahydrofuran (THF HPLC grade) and ethanol 
(absolute 200 proof) were purchased from Sigma-
Aldrich. Acetic acid was from Scharlau Chemical 
Company INC. 1-Undecanethiol (99 + %) and 
11-mercapto-1-undecanol (99 + %) were purchased 
from Asemblon INC. Fibrinogen (fraction I from 
human plasma),  γ -globulin (Fraction II, III, 99%), 
human serum albumin (HSA, 96–99%) were 
purchased from Sigma Chemical Co. Deionized 
water (DI water) used in experiments was purifi ed 
using a Millipore water purifi cation system 
with a minimum resistivity of 18.0 M Ω  ·  m. 
THF for reactions and washings 
were dried by sodium before use. 
  ω  -Mercaptoundecyl bromoisobutyrate was 
synthesized through reaction of BIBB using a 
method published previously. [  12  ,  31  ,  41  ]   1 H NMR (300 
MHz, CDCl 3 ): 4.15 (t, J) 6.9, 2H, OCH 2 ), 2.51(q, J) 
7.5, 2H, SCH 2 ), 1.92 (s, 6H, CH 3 ), 1.57-1.72 (m, 4H, CH 2 ), and 1.24-1.40 
(m, 16H, CH 2 ). 

  Preparation of PSA-b-PSBMA Diblock Copolymers : The controlled/
living radical polymerization of a PSA- b -PSBMA diblock copolymer was 
carried out via the ATRP method. In this study, all of the reactions were 
conducted in a dry box under a nitrogen (99.99%) atmosphere. First, 
SBMA monomer (2.0 g, 6.77 mmol) was polymerized in 10 mL of 
methanol using three different molar ratios of [SBMA]/[MBrP]/[CuBr]/
[bpy]  =  10:1:1:2, 20:1:1:2 and 40:1:1:2, respectively, under nitrogen at 
20  ° C. After 24 h, the SBMA conversion was more than 99% as judged 
1107wileyonlinelibrary.comheim
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by 1H NMR from the disappearance of vinyl signals at  δ  5.5−6.0 
(a Bruker 500 MHz spectrometer and D 2 O as solvent), and in each case, 
the PSBMA homopolymer obtained had a relatively low polydispersity 
(i.e.,  M  w / M  n   =  1.10-1.18). After polymerization, the resulting reaction 
solution was passed through an aluminum oxide column, precipitated 
into ethanol, and re-dissolved into water repeatedly to remove residue 
catalysts. After solvent evaporation, the PSBMA homopolymers were 
dried in a freeze-dryer at −45  ° C for 24 h to yield a white powder. Then, 
SA monomer (2.0 g, 8.12 mmol) was polymerized with a defi ned 
molecular weight of PSBMA macroinitiator (PSBMA-Br) in 10 mL of 
DI water using three different molar ratios of [SA]/[PSBMA-Br]/[CuBr]/
[bpy]  =  10:1:1:2, 20:1:1:2 and 40:1:1:2, respectively, under nitrogen at 
60  ° C. After 48 h, the resulting PSA- b -PSBMA diblock copolymer was 
precipitated into THF, then re-dissolved in water, and passed through 
an aluminum oxide column to remove the residue catalysts. The diblock 
copolymer was dried by freeze-drying for 24 h to yield a white powder. 
In Table  1 , aqueous GPC analysis indicated nine PSA- b -PSBMA diblock 
copolymers with the controlled polydispersities (i.e.,  M  w / M  n   =  1.20–1.40). 
The molecular weights of the prepared PSBMA polymers and 
PSA- b -PSBMA copolymers were determined by aqueous gel-permeation 
chromatography (GPC), using two Viscogel columns, a G4000 PWXL 
and a G6000 PWXL (the range of molecular weight was from 2 kDa to 
8000 kDa) connected to a model Viscotec refractive-index detector 
at a fl ow rate of 1.0 mL/min and a column temperature of 23  ° C. The 
eluent was an aqueous solution composed of 0.1  M  NaNO 3  at pH 7.4. 
Poly(ethylene oxide) (PEO) standards from Polymer Standard Service, 
Inc. (Warwick, USA) were used for calibration. 

  Preparation of Self-Assembled Monolayers on Gold Surfaces : In this work, 
two self-assembled monolayers (SAMs) were formed on the substrates. 1) 
methyl-terminated (CH 3 ) and 2) initiator   ω  -mercaptoundecyl 
bromoisobutyrate (Br) SAMs. BK-7 glass chips (SCHOTT Taiwan Ltd.) 
and P(100) Si wafers (Wafer Works Corporation Co., Inc.) were fi rst 
coated with an adhesion-promoting chromium layer (thickness 2 nm) 
and a surface plasmon active gold layer (48 nm) by electron beam 
evaporation under vacuum. Before SAM preparation, the gold-coated 
substrate was cleaned by washing with pure ethanol and distilled water 
in sequence, dried with N 2 , then left in an UV light cleaner for 20 min 
at a source power of 110 W, followed by rinsing with distilled water and 
ethanol, and fi nally dried with N 2 . For preparation of CH 3 -SAMs, the 
cleaned chip was soaked in a 2 mM ethanol solution of 1-undecanethiol 
thiols for 24 h to form SAMs on the gold surface, and the chip was rinsed 
in sequence with ethanol and water, and then dried in a stream of N 2 . 
For the preparation of an initiator SAM on a gold surface, the cleaned 
chip was soaked in a 2 mM ethanol solution of   ω  -mercaptoundecyl 
bromoisobutyrate for 24 h to form Br-SAMs on the gold surface, and the 
chip was rinsed with pure ethanol followed by THF and then dried in a 
stream of N 2 . 

  Preparation of PSBMA and PTMA Homopolymer Brushes : Two well-
packed homopolymer brushes of poly(sulfobetaine methacrylate) 
(PSBMA) and poly(11-mercapto- N , N , N -trimethylammonium chloride) 
(PTMA) on SPR glass chips and Si wafers were achieved via the 
surface-initiated ATRP method, which were prepared the following 
method reported previously. [  12  ,  32  ]  These homopolymer brushes were 
polymerized on the gold substrates with immobilized initiators of 
Br-SAMs based on previous reports. The reaction solution of CuBr 
and BPY were fi rst placed in a sealed glass reactor in a dry box under 
nitrogen atmosphere. A 400 mM degassed solution (pure water and 
methanol in a 1:3 volume ratio) with monomers was transferred to 
the reactor and the gold surface with immobilized initiators was then 
placed in the reactor under nitrogen. After polymerization, the substrate 
was removed and rinsed with ethanol and water, and the samples were 
kept in water overnight. The prepared substrates were rinsed with 
PBS buffer to remove unbound polymers before any experiments. The 
thickness of the substrates was measured by ellipsometry. The thickness 
of the polymer fi lm was controlled within a similar range of about 
40  ±  5 nm. The details about polySBMA fi lm thickness as a function of 
polymerization time for different SBMA concentrations was reported in 
previous studies. [  12  ,  32  ]  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
  Preparation of Surface Anchoring Zwitterionic Copolymer Brushes : 
The physisorption of the prepared zwitterionic copolymers onto SPR 
glass chips and Si wafers grafted with ionic brushes was performed to 
study the blood-inert characteristics of copolymer anchored surfaces. 
As illustrated in Scheme  1 , anionic sulfonate groups in the PSA block 
were used as the charged moiety of the PSA- b -PSBMA copolymers that 
mediate electrostatic interaction with cationic PTMA brushes. Then, it 
was followed by the in situ evaluation of plasma protein adsorption by 
SPR measurements and ex situ measurement of blood platelet adhesion 
and blood cell attachment on the surfaces with anchored zwitterionic 
copolymers by SEM observation. In the fi rst stage of the copolymer 
coated surface formation, the amount of adsorbed copolymer is defi ned 
as the SPR wavelength difference between the two baselines established 
before and after copolymer adsorption. The saturated adsorbed amounts 
for each prepared copolymer on the surfaces can be obtained by the 
control of mass concentrations of PSA- b -PSBMA copolymer solution in a 
range of 0.01–1.0 mg/mL. A surface-sensitive SPR detector was used to 
monitor polymer–surface interactions in real time. The wavelength shift 
was used to measure the change in surface anchoring amount (mass 
per unit area) of the PSA- b -PSBMA copolymers. The calibration of the 
wavelength shift from SPR data associated with the amount of anchored 
copolymers was calculated. [  43  ]  The calibration coeffi cient is proportional 
to their molar weight and depends on the resonant wavelength. For the 
SPR sensor used in this study (resonant wavelength around 780 nm), a 
1 nm SPR wavelength shift represents a change in the copolymer surface 
coverage of 22 ng/cm 2 . [  43–45  ]  

  Real-Time Protein Adsorption : In this work, a custom-built SPR 
biosensor based on wavelength interrogation with a four-channel Tefl on 
fl ow cell was used to monitor protein adsorption on the treated substrate. 
A SPR sensor chip was attached to the base of the prism and optical 
contact was established using refractive index matching fl uid (Cargille). 
Single protein solution of 1.0 mg/mL human fi brinogen in phosphate 
buffered saline (PBS, 0.15M, pH 7.4) was delivered to the surfaces at 
a fl ow rate of 0.05 mL/min. In this study, 20–100% blood serum and 
20–100% blood plasma solutions containing plasma proteins in PBS 
were fl owed through independent channels for 20 min, followed by PBS 
buffer solution to remove unbound protein molecules and to reestablish 
the baseline. Protein adsorption was quantifi ed by measuring the change 
in wavelength in the buffer baselines before and after protein adsorption. 
The wavelength change ( Δ n 2 , nm) was converted to an amount of 
adsorbed protein. The calibration follows the standard calculation for 
the same custom-built SPR system resulting a 1 nm wavelength shift 
in the SPR response equivalent to about 17 ng/cm 2  of adsorbed plasma 
proteins. [  43  ,  46  ]  

  Blood Platelet Adhesion and Activation : The gold-coated Si wafers 
with SAMs (CH 3 -SAMs), polymer brushes (polyTMA, and polySBMA), 
and copolymer brushes (PSA- b -PSBMA) of 1 cm 2  surface area were 
placed in individual wells of a 24-well tissue culture plate and each well 
was equilibrated with 1000  μ L of PBS for 2 hr at 37  ° C. Platelet rich 
plasma (PRP) containing about 1  ×  10 5  blood cells/mL was prepared by 
centrifugation of the blood at 20 Hz (1200 rpm) for 10 min. The platelet 
concentration was determined by a microscopy (NIKON TS 100F). 
200  μ L of the PRP recalcifi ed by addition of calcium (1 M CaCl 2 , 5  μ L) 
was placed on the substrate surface in each well of the tissue culture 
plate and incubated for 120 min at 37  ° C. After the wafers were rinsed 
twice with 1000 mL of PBS, they were immersed into 2.5% glutaraldehyde 
in PBS for 48 h at 4  ° C to fi x the activated platelets and other adhered 
blood cells, then rinsed three times with 1000 mL of PBS and gradient-
dried with ethanol in 75% v/v PBS, 50% v/v PBS, 25% v/v PBS, 5% v/v 
PBS, and 0% v/v PBS for 20 min in each step and dried in air. Finally, 
the samples were sputter-coated (Toshiba E-1010 ion sputter) with gold 
prior to observation under JEOL JSM-5410 SEM operating at 7 keV. 
The number of adhering platelets on the hydrogels was counted from 
scanning electron microscopy (SEM) images at a 5000 ×  magnifi cation 
from fi ve different places on the same substrate. The process was 
repeated using three independent samples ( n   =  15 in total). 

  Whole Blood Cell Attachment : The gold-coated glass chips with 
SAMs (CH 3 -SAMs), polymer brushes (polyTMA, and polySBMA), 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1100–1110
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and copolymer brushes (PSA- b -PSBMA) of 1 cm 2  surface area were 
placed in individual wells of a 24-well tissue culture plate and each 
well was equilibrated with 1000  μ L of PBS for 24 h at 37  ° C. 250 mL 
fresh whole blood obtained from fi ve healthy human volunteers was 
mixed with 35 mL citrate phosphate dextrose adenine-1 (CPDA-1). 
1000  μ L of whole blood was placed on the substrate surface in each 
well of the tissue culture plate and incubated for 2 h at 37  ° C. After 
the chips were rinsed twice with 1000 mL of PBS, they were immersed 
in 300  μ L of 4.0% formaldehyde in PBS for 15 min at 4  ° C to fi x the 
adhered blood cells, then rinsed three times with 1000  μ L of PBS. 
Blood cells attached to the sample surfaces were stained with 3  μ L 
of CD3-FITC, CD14-FTIC, and CD45-FITC in 270  μ L of PBS with 2.5% 
glutaraldehyde at 4  ° C for 15 min. After washing with PBS three times, 
the morphology of adhered blood cells on the substrates in PBS was 
observed from confocal laser scanning microscopy (CLSM) images 
at a 200 ×  magnifi cation from fi ve different places on the same chip. 
During observation, the images were taken at  λ  ex   =  488 nm/ λ  em   =  
520 nm for detection of the FITC dye. This analysis was performed 
using a NIKON CLSM A1R instrument. 

  Plasma Protein Adsorption : In this study, platelet-poor plasma solution 
containing plasma proteins was tested on two biomaterial surfaces (i.e., 
chitosan and hydroxyapatite fi lms) and the reference surface (i.e., PTMA 
brushes) anchored with the copolymers of PSA 10 - b -PSBMA 40 , PSA 20 - b -
PSBMA 40 , and PSA 40 - b -PSBMA 40 . Blood was obtained from a healthy 
human volunteer. Platelet-poor plasma was prepared by centrifugation of 
the blood at 3000 rpm for 10 min. The fi brinogen adsorption of human 
plasma solution on the sample surfaces was evaluated, respectively, 
using the enzyme-linked immunosorbent assay (ELISA) according to 
the standard protocol as described briefl y below. First, the samples of 
1.13 cm 2  surface area were placed in individual wells of a 24-well tissue 
culture plate and each well was equilibrated with 1000  μ L of PBS for 
60 min at 37  ° C. Then, the samples were soaked in 500  μ L of 100% 
platelet-poor plasma solution. After 180 min of incubation at 37  ° C, the 
samples were rinsed fi ve times with 500  μ L of PBS and then incubated in 
bovine serum albumin (BSA, purchased from Aldrich) for 90 min at 37  ° C 
to block the areas unoccupied by protein. The samples were rinsed 
with PBS fi ve times more, transferred to a new plate, and incubated in 
a 500  μ L PBS solution. The membranes were incubated with primary 
monoclonal antibody that reacted with the human fi brinogen protein 
for 90 min at 37  ° C and then blocked with 10 mg/mL BSA in PBS 
solution for 24 h at 37  ° C. The samples were subsequently incubated 
with the secondary monoclonal antibody, horseradish peroxidase 
(HRP)-conjugated immunoglobulins for 60 min at 37  ° C. The samples 
were rinsed fi ve times with 500  μ L of PBS and transferred into clean 
wells, followed by the addition of 500  μ L of PBS containing 1 mg/mL 
chromogen of 3,3 ′ ,5,5 ′ -tetramethylbenzidine, 0.05 wt% Tween 20, and 
0.03 wt% hydrogen peroxide. After incubation for 20 min at 37  ° C, 
the enzyme-induced color reaction was stopped by adding 500  μ L of 
1 mmol/mL H 2 SO 4  to the solution in each well and fi nally the absorbance 
of light at 450 nm was determined by a microplate reader. Protein 
adsorption on the samples was normalized with respect to that on their 
virgin samples as a reference. These measurements were carried out 
3 times for each membrane ( n   =  3).   
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