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Bioinspired Blood Compatible Surface Having Combined
Fibrinolytic and Vascular Endothelium-Like Properties via a

Sequential Coimmobilization Strategy

Wenjun Zhan, Xiujuan Shi, Qian Yu,* Zhonglin Lyu, Limin Cao, Hui Du, Qi Liu,
Xin Wang, Gaojian Chen, Dan Li, John L. Brash, and Hong Chen*

Developing surfaces with antithrombotic properties is of great interest for
the applications of blood-contacting biomaterials and medical devices. It is
promising to coimmobilize two or more biomolecules with different and com-
plementary functions to improve blood compatibility. However, the general
one-pot strategy usually adopted by previous studies suffers the problems of
inevitable competition between diverse biomolecules and uncontrollability of
the relative quantities of the immobilized biomolecules. To solve these prob-
lems, a new sequential coimmobilization strategy is proposed and applied to
fabricate a blood compatible surface. Polyurethane surface is modified with

a copolymer, poly(2-hydroxyethyl methacrylate-co-1-adamantan-1-ylmethyl
methacrylate), which serves as a linker-spacer for sequential attachment of
two functional molecules, a hexapeptide containing REDV (Arg-Glu-Asp-Val)
sequence, and a modified cyclodextrin bearing 7 lysine ligands, through cova-
lent bonding and host—guest interaction, respectively. The resulting surface
combines the antithrombogenic properties of the vascular endothelium and
the clot lysing properties of the fibrinolytic system. Importantly, neither of the
two functions of REDV peptide and lysine is compromised by the presence of
the other, suggesting the enhanced blood compatibility. These results suggest
a new strategy to engineer multifunctional surfaces by coimmobilization of

1. Introduction

Coagulation and thrombosis on the sur-
faces of synthetic materials in direct con-
tact with blood cause a variety of serious
problems including failure of artificial
organs, implants in the cardiovascular
system, and extracorporeal blood-con-
tacting medical devices.ll' Therefore, it
is of great interest to endow surfaces
with  antithrombogenic ~ properties.?!
Much work has been reported based on
a defensive strategy from the fibrinogen-
esis point of view.’] In this strategy, sur-
faces are either modified with hydrophilic
nonfouling polymers (e.g., polyethylene
glycol (PEG)) to suppress plasma pro-
tein adsorption and platelet adhesion,
and/or with bioactive molecules such as
the anticoagulant heparin to prevent the
formation of thrombus.P! To date, how-
ever, this approach has not produced any
material that is sufficiently resistant to

thrombus formation. Alternatively, we and

other groups have proposed an offensive

strategy whereby the fibrinolytic system

is activated so that nascent clots that form
on the surface are broken down.l®! Based on this strategy, we
have developed several surfaces which were shown to capture
plasminogen (Plg) and tissue type plasminogen activator (t-PA)
selectively when in contact with blood to generate plasmin and
lyse nascent clots formed on the surface.”!

Although effective with respect to clot lysis, these surfaces
are not actively antithrombogenic. The vascular endothelium
(the inner surface of blood vessels) is the gold standard in this
regard and is the only known surface that is blood compatible
in all respects.®l Accordingly surface endothelialization has
been widely practiced as a strategy for the realization of blood
compatible materials.’! Immobilization of antibodies against
cell surface antigens!!% or cell adhesive peptides!!!l has been
shown to promote the adhesion and proliferation of endothe-
lial cells (ECs) on material surfaces. However, it has also
been shown that when the growth of endothelial cells is pro-
moted by immobilized bioactive molecules, the anticoagulant
properties deteriorate.l'?l In the present paper we describe a
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method for the coimmobilization of biomolecules having dif-
ferent and complementary functionalities such that interac-
tions between the two molecules leading to loss of function-
ality are avoided. The method is applied to the preparation of
surfaces that are able both to lyse nascent clots and promote
endothelialization.

Many methods have been developed for the immobilization
of biomolecules on surfaces including physical adsorption,
covalent bonding, ionic bonding, and bioaffinity immobiliza-
tion."¥l Coimmobilization of diverse biomolecules, however,
remains a challenging task. In general a one-pot process is
used in which the substrate is immersed in a solution con-
taining both biomolecules.'¥! Competition between the bio-
molecules is, however, inevitable, making it difficult to con-
trol the relative quantities of the biomolecules bound to the
substrate. One possible approach to solve these problems is
immobilization of different biomolecules through respective
independent methods step by step. Host—guest interaction is
a versatile and robust noncovalent binding method to incor-
porate biomolecules onto surfaces. This method is milder, and
therefore less likely to compromise the activity of the ligands,
than methods that relied on covalent immobilization.l"”] The
mechanisms of host—guest interaction and covalent bonding
are different, it is thus expected that the combination of these
two methods for sequential coimmobilization of diverse bio-
molecules will avoid competition for the surface and facilitate
control of the relative quantities of immobilized biomolecules.
To our best known, however, few studies were reported on this
aspect.

Herein, we report on using a new sequential coimmobili-
zation strategy to fabricate bioinspired blood compatible sur-
face having combined vascular endothelium-like and fibrino-
lytic properties. Specifically, two ligands, a peptide with the
Arg-Glu-Asp-Val (REDV) sequence and a f-cyclodextrin
derivative bearing seven lysine ligands (B-CD-(Lys);) were
incorporated into polyurethane (PU) surfaces. REDV peptide
is a fibronectin-derived peptide and has been widely used
as a ligand for ECs that selectively promotes the adhesion,
spreading and proliferation of ECs in preference to smooth
muscle cells and platelets; previous studies have demonstrated
that REDV sequence is one of the main recognition sites for
integrin o4P1binding, which leads to specific interaction
between fibronectin and ECs.'!l Lysine is a ligand with high
affinity for Plg and t-PA, facilitating the generation of plasmin
to lyse incipient clots.% To incorporate these two ligands, PU
surfaces were modified with a copolymer of poly(2-hydroxye-
thyl methacrylate-co-1-adamantan-1-ylmethyl methacrylate)
(poly(HEMA-co-AdaMA)), which provides attachment sites for
REDV peptide through covalent bonding,
and for B-CD-(Lys); through host—guest
interaction. The successful preparation of

. . . o H
this surface was confirmed using a series of %o&/\meoé
characterization methods and assays. Protein oM o
adsorption, plasma clot lysis, and cell culture o

experiments demonstrated that the dual- 0
modified surfaces maintained the function- //
alities of the lysine and the REDV peptide.
Moreover, neither of the two functions was
compromised by the presence of the other.
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2. Results and Discussion
2.1. Synthesis of f-CD-(Lys);

In this work, we adopted host-guest interactions, a versatile
and robust noncovalent binding method to incorporate lysine
into the PU surface. B-cyclodextrin (f-CD) and adamantane
(Ada) are a strongly interacting pair and have been widely used
as linkers for the integration of biomolecules to construct func-
tionalized biosubstrates.'®! In addition, 8-CD is an appropriate
template with multivalent binding sites for postmodification
to increase the local density of ligands.'”) Our previous work
demonstrated that increase of local density of lysines on lysine-
substituted B-CD resulted in higher Plg adsorption and higher
Plg binding affinity.l"¥ Therefore, we chose to fully substitute 7
primary hydroxyl groups located on the narrower ring of 3-CD
with lysine ligands to enhance the binding of Plg and leave
the wider ring of B-CD remaining open for further f-CD-Ada
binding. The synthesis of a 3-CD-(Lys); complex is illustrated
in Scheme 1 and the composition of the product was deter-
mined by nuclear magnetic resonance spectroscopy (NMR) and
Fourier transform infrared spectroscopy (FTIR, see Supporting
information, Figure S4). As shown in Figure 1, characteristic
peaks at 3.16-3.80 and 7.75 ppm, attributed to the protons of
CD residues and NH,, respectively, indicate the successful
incorporation of lysine into the CD ring. The calculation results
based on NMR peak area demonstrated that each S-CD-(Lys),
contains seven lysine ligands.

2.2. Preparation and Characterization of PU-REDV/Lys Surfaces

The preparation of PU-REDV/Lys surfaces involved several
steps as illustrated in Scheme 2. First, methacryloylisothio-
cyanate (MI) was coupled to PU surface to introduce vinyl
groups, followed by grafting of a copolymer of HEMA and
AdaMA (PHA) via surface-initiated radical polymerization."!
The molecular weight (MW) of the grafted PHA on the PU
surface was about 7.7 x 10* as determined by measuring the
MW of free polymer formed simultaneously in solution,?% and
the grafting density of PHA was about 4.0 mg cm™2 as meas-
ured by gravimetry.?l The PHA copolymer containing two
pendant functional groups (OH from HEMA and Ada from
AdaMA) then served as a spacer-linker for incorporation of
the REDV and Lys ligands to obtain hybrid surfaces referred
to as PU-REDV/Lys. The OH groups were activated by 4-nitro-
phenyl chloroformate (NPC) to covalently couple REDV pep-
tide via the formation of amide bonds, while Ada groups were

o H o
%OWNYC’% Ho’l\/\/\’NHZ
NH (o] NH
o] (o]
N3 z 1
o CuBr/PMDETA o] 50% TFA o
+ o]L —————"» 0 ———>» O
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&
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HO OH HO OH

Scheme 1. Synthetic route of B-CD-(Lys);.
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12 1 PU-PHA surface was qualitatively confirmed by the increase in
NH 13 p nitrogen seen in the low resolution XPS. The amounts of sur-
72:, CD residues&H,0 DMSO-d, face-immobilized REDV peptide and lysine were quantitatively
° determined by p-nitrophenol assay and acid orange II assay as
A 0.082 + 0.006 and 0.95 £ 0.01 nmol cm™2, respectively (see the
Supporting Information for details).
9,10 2.3. Protein Adsorption
15 141 3
12 We first measured protein adsorption from plasma to the modi-
fied surfaces because it is well accepted that protein adsorp-
tion is the initial event when a material comes into contact
; . ; : ] : : : . with blood and that the adsorbed protein layer influences sub-
8 6 4 2 0

Chemical shift (ppm)

Figure 1. "H NMR spectrum of 3-CD-(Lys);.

used to incorporate f-CD-(Lys), via host—guest interaction. As
mentioned above, coimmobilization of different biomolecules
is usually performed by immersing the material in a solution
containing both biomolecules, with the risk of competition
for the surface; also the relative amounts of the immobilized
biomolecules cannot be controlled. However, because in our
system the molecules are introduced sequentially and immoDbi-
lized using different methods, competing reactions are avoided
and the relative content of two molecules can be easily adjusted
by changing the ratio of poly(HEMA)/poly(AdaMA) during the
polymerization. As controls, surfaces modified with only REDV
peptide or B-CD-(Lys), were also prepared; these are referred to
as PU-REDV and PU-Lys, respectively.

Changes in chemical composition and surface wettability
of the PU surfaces after each modification step were moni-
tored by X-ray photoelectron spectroscopy (XPS) analysis and
contact angle goniometry, respectively (Table 1). The appear-
ance of sulfur on the PU-PHA surfaces indicated the attach-
ment of MI, and the decrease of water contact angle (from
75.8° £ 0.7° to 61.6° £ 0.8°) confirmed that grafting of PHA,
with its hydrophilic poly(HEMA) component, was successful.
The immobilization of REDV peptide and -CD-(Lys); on the

P

sequent interactions such as clotting.?? Fibrinogen (Fg) was
used as a model protein since it is abundant in plasma, and
since adsorbed Fg is known to be a key component of the pro-
tein layer on many materials and to be a key ligand for platelet
adhesion.)l As shown in Figure 2, fibrinogen adsorption on
the PU-PHA surface was reduced by =85% compared to the
unmodified PU, presumably due to the protein resistance of the
poly(HEMA) component. Subsequent introduction of REDV
peptide and B-CD-(Lys), into the PU-PHA surface resulted in a
slight increase in Fg adsorption but the absolute level remained
low (<30 ng cm™). The slight loss of protein resistance was pre-
sumably due to the decreased concentration of hydroxyl groups
on the surface and to electrostatic interactions between the par-
tially protonated amino groups and the negatively charged Fg.
In addition, adsorption of another important protein, human
serum albumin (HSA) from plamsa to sample surfaces was
evaluated (Supporting information, Figure S6). Similar to the
result of Fg adsorption, it is found that compared with unmodi-
fied PU surface, PU-REDV/Lys surface reduced more than 82%
of HSA adsorption, indicating good resistance against nonspe-
cific protein adsorption.

We then investigated the adsorption of Plg, the central pro-
tein of the fibrinolytic system.[®! Both Plg and t-PA are known
to bind to lysine moieties on the surface of fibrin clot via their
lysine binding sites to form a ternary complex whereby Plg is
activated to plasmin; therefore, lysine has been used as a ligand
for binding Plg.?* As shown in Figure 2, the surfaces without

Scheme 2. Schematic depicting the procedure for preparation of PU-REDV/Lys surfaces. Step1: preparation of vinyl-functionalized PU (VPU) surfaces;
Step 2: polymerization of HEMA and AdaMA from VPU; Step 3: Conjugation of REDV peptide to PHA via covalent bonding; Step 4: Immobilization of

B-CD-(Lys); onto PHA via host-guest interactions.
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Table 1. Elemental composition and water contact angle of PU surfaces
after each modification step.

Surface Elemental composition [%] Water contact angle? []
C N O S

PU 72.0 3.1 249 N.D. 75.8+0.7

PU-PHA 70.7 2.8 26.3 0.2 61.6+0.8

PU-REDV 68.8 4.6 26.6 0.1 64.8+1.0

PU-REDV/Lys 70.2 4.5 25.2 0.1 543+0.8

3 Contact angle data are mean * standard error (n = 6).

lysine exhibited low levels of Plg adsorption (<20 ng cm™2), sug-
gesting that nonspecific adsorption of this protein is limited.
In contrast, the introduction of lysine increased the adsorp-
tion of Plg to both PU-Lys and PU-REDV/Lys surfaces to levels
>1.55 pg cm™?), i.e., a greater than tenfold increase compared
to the unmodified PU. It is important to note that the adsorbed
quantities of Plg on the PU-Lys and PU-REDV/Lys surfaces are
not different (p > 0.05), suggesting that the REDV peptide did
not affect the binding of Plg to lysine. In summary, these data
show that the PU-REDV/Lys surfaces suppressed nonspecific
protein adsorption and promoted the specific adsorption of Plg,
both effects being favorable for blood compatibility.

2.4. Plasma Clot Lysis

We investigated the fibrinolytic function of the modified sur-
faces using a plasma clot lysis assay as reported previously.l’®!
The detailed procedure can be found in the Experimental Sec-
tion: briefly the surfaces were immersed in plasma allowing
the lysine residues to adsorb a layer of plasminogen; they
were then exposed to t-PA to convert plasminogen to plasmin;
finally they were immersed in recalcified citrated plasma
and coagulation was observed by measuring the absorbance
of the plasma at 405 nm over time. Typical data are shown
in Figure 3. The onset of coagulation is indicated by a steep

0207
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Figure 2. Adsorption of fibrinogen and plasminogen from plasma (3 h
exposure) on unmodified and modified PU surfaces. Error bars represent
the standard deviation of the mean (n = 3). Comparison of data between
unmodified and modified PU surfaces were analyzed using a one-way
ANOVA (* p < 0.05; ** p < 0.01).
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Figure 3. Clot formation in plasma expressed as absorbance at 405 nm
versus time for unmodified and modified PU surfaces. The insets show
the visual appearance of the plasma at different times.

rise in the absorbance versus time curve. The unmodified PU
surface showed a typical clot formation response: the absorb-
ance reached a plateau value which was maintained over time.
In contrast, for the lysine-containing surfaces, the absorbance
rose during the first 10 min, and then fell, eventually returning
to baseline after 40 min. These observations suggest that
although clot formation was initiated, the incipient clot was
soon lysed by the action of surface localized plasmin as gener-
ated from the adsorbed Plg after activation by t-PA. Again, it
was found that the PU-REDV/Lys surface exhibited almost the
same fibrinolytic activity as the PU-Lys surface, demonstrating
that the immobilized REDV peptide did not affect the activity
of the lysine. Besides the fibrinolytic function, we also investi-
gated the in vitro hemocompatibility of the modified surfaces
by testing the platelet adhesion, plasma recalcification time
(PRT), and hemolysis of the blood. The results indicated that
the PU-REDV/Lys surface not only could lyse incipient clots
but also exhibited improved hemocompatibility compared with
unmodified PU surface (see the Supporting Information for
details).

2.5. Adhesion and Proliferation of Endothelial Cells

Finally, we investigated the adhesion and proliferation of
endothelial cells on the modified surfaces (see the Experi-
mental Section for details). As shown in Figure 4, after 4 h of
culture, the number of adherent cells on the PU-PHA surface
was significantly lower than on the PU (p < 0.05), possibly due
to the protein- and cell-repellent properties of the poly(HEMA)
component. However, the introduction of REDV peptide
resulted in a dramatic increase in cell attachment, with the
adherent cell density about threefold greater than on the PU
surface. This remarkable enhancement in cell attachment
shows the strong affinity between ECs and surface immobi-
lized REDV peptide. The morphology of the adherent cells was
observed using fluorescence microscopy; for this purpose the
cells were stained with DAPI (blue fluorescence, for nuclei)
and phalloidin-FITC (green fluorescence, for actin fibers). As
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PU-PHA surface, but still significantly lower

---------------- . than on the PU surface (p < 0.01, Supporting

information, Figure S10), suggesting that
the presence of REDV peptide is selectively
i favorable for adhesion, spreading and pro-
liferation of ECs.'!l These data together
indicate that in situ endothelialization of
the PU-REDV/Lys surface is possible and
suggest that the resulting surface will show
endothelium-like long-term blood compat-
ibility. Again it should be noted that the den-
sities of adherent cells on the PU-REDV and
PU-REDV/Lys surfaces are not different and
the cellular morphology is essentially the
same on both, indicating that the presence
i of lysine did not compromise the interac-
tions of the REDV with ECs. Together with

700 -
Fd4h REDV containing surfaces

L 48 h *x ok
€ 500 -
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£ 400 A
[}
o
G
~ 300 4
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=
=} 200 1 * * *% *k 1
Z

I I I I
100 -
3 1
o LIH % | % |
PU PU-PHA PU-Lys PU-REDV PU-REDV/Lys

Figure 4. Density of adherent endothelial cells on unmodified and modified surfaces after
culture for 4 and 48 h. Error bars represent the standard deviation of the mean (n = 3). Com-
parison of data between unmodified and modified PU surfaces were analyzed using a one-way

ANOVA (* p < 0.05; ** p < 0.07).

shown in Figure 5 (upper panels), on peptide-containing sur-
faces, the endothelial cells showed normal morphology, indi-
cating good cytocompatibility of the surface. Furthermore, the
proliferation of ECs on the surfaces was studied after 48 h cul-
ture. Again, there were obviously more cells on the peptide-
containing surfaces compared with the unmodified PU, and
the attached cells on these surfaces were well spread to form
a confluent layer (Figure 5, lower panels). The normal func-
tion of adherent ECs was demonstrated by testing accumula-
tive NO release by ECs on the modified surfaces (Supporting
information, Figure S9). It is beneficial for the applications of
blood vessel materials that the surfaces can promote the adhe-
sion and proliferation of ECs as well as suppress the adhesion
and growth of smooth muscle cells (SMCs). We found that
for PU-REDV/Lys surface, the introduction of REDV peptide
resulted in a slight increase in cell attachment compared with

PU PU-PHA-REDV

©)

Figure 5. Dual channel (blue/green) fluorescence images of endothelial cells on unmodified
and modified PU surfaces after culture for 4 and 48 h. The cells were fixed and stained with
DAPI for nuclei (blue) and Phalloidin-FITC for actin (green), respectively. Scale bars represent

100 pm.

PU-PHA-REDV/Lys

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the protein adsorption and plasma clot lysis
assay, it is concluded that the PU-REDV/Lys
surface maintained both the specific func-
tionality of lysine (for selective adsorption
of Plg and clot lysis) and REDV peptide (for
promotion of adhesion and proliferation of
ECs). Moreover, neither of the two functions
was compromised by the presence of the other, suggesting the
enhanced blood compatibility.

3. Conclusion

In summary, we have developed a novel multifunctional sur-
face for blood contacting applications with the ability to lyse
incipient clots generated in the early stages of contact and to
promote endothelialization for longer-term hemocompatibility.
These specific functionalities were realized by the sequen-
tial incorporation of two ligands, B-CD-(Lys); and REDV pep-
tide, into the surfaces by host-guest interaction and covalent
bonding, respectively. The resulting PU-REDV/Lys surface was
shown to resist nonspecific protein adsorption from plasma but
to promote selective adsorption of plasminogen, thereby facili-
tating fibrinolytic activity. At the same time,
this surface promoted the adhesion and pro-
liferation of endothelial cells. Moreover, nei-
ther of the two functions was compromised
by the presence of the other. This system,
for the first time, demonstrates two different
strategies (host—guest interaction and cova-
lent bonding) for the sequential immobiliza-
tion of two biomolecules with their respective
bioactivities such that competition for the
surface is avoided and control of the relative
quantities of immobilized biomolecules is
facilitated. Clearly, this approach constitutes
a design platform, not limited to the lysine
and REDV peptide pair, but applicable to
other combinations of bioactive molecules
having unique functionalities. Considering
these generality and versatility attributes, this
work may provide a new methodology for the

Adv. Funct. Mater. 2015, 25, 5206-5213
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engineering of multifunctional surfaces for a variety of practical
applications in the biomedical and biotechnology fields.

4. Experimental Section

Materials: Tecothane polyurethane (PU, TT-1095A, Thermedics) was
purified by Soxhlet extraction with methanol and toluene for 72 h to
remove impurities and dried in a vacuum oven at 50 °C for 48 h. Per-
6-azido-B-cyclodextrin ~ (B-CD-(N3);),°! methacryloyl isothiocyanate
(M1),l"¥1 ‘and  4-Oxo-4-(prop-2-yn-1-yloxy) butanoic anhydridel?®l were
synthesized as reported previously. The adamantane monomer,
1-adamantan-1-ylmethyl methacrylate (AdaMA) was synthesized as
described in the Supporting Information. Copper (I) bromide (CuBr,
98%, Sigma-Aldrich) was washed successively with acetic acid and
ethanol and dried in a vacuum oven prior to use. 2,2’-Azoisobutyronitrile
(AIBN) from Sinopharm Chemical Reagent Co. (Shanghai, China)
was recrystallized from ethanol solution and dried under vacuum.
2-hydroxyethyl methacrylate (HEMA) (98%, Acros) was purified by
passing over an “inhibitor removal column.”?dl “Inhibitor removers,”
trifluoroacetic acid (TFA), N,N,N’,N”, N”-pentamethyldiethylenetriamine
(PMDETA, 99%) and 4-nitrophenyl chloroformate (NPC, 96%) were
obtained from Sigma-Aldrich Chem. Co. and used as received. All
organic solvents were purchased from Sinopharm Chemical Reagent
Co. (Shanghai, China) and purified according to standard methods
before use. Gly-Arg-Glu-Asp-Val-Tyr (GREDVY) peptide was purchased
from GL Biochem Ltd. (Shanghai). Fibrinogen was purchased from
Calbiochem (Lajolla, CA). Plasminogen was purchased from Enzyme
Research Laboratories (South Bend, IN). Tissue plasminogen activator
(t-PA) was purchased from Genentech (San Francisco, CA). Na'?| was
obtained from Chengdu Gaotong Isotope Co., Ltd (China). Endothelial
cell medium (ECM) with growth supplement was from ScienCell
Research Laboratories (Carlsbad, CA). Human umbilical vein endothelial
cells (HUVECs) were provided by the Second Affiliated Hospital of the
Medical College of Zhejiang University.

Surface  Preparation: Synthesis of P-Cyclodextrin  Derivative with
Seven Lysine Ligands (B-CD-(Lys);): The preparation process for 6-tert-
butoxycarbonyl amino-2-(4-oxo-4-(prop-2-yn-1-yloxy) butanamido)-
hexanoic acid tert-butyl ester (Lys(P)-alkyne) is described in the
Supporting Information. B-CD-(Lys(P)); was synthesized via Cu(l)-
catalyzed azide-alkyne cyclization (CuAAC) method. Briefly, Lys(P)-alkyne
(704.8 mg, 1.6 mmol) and B-CD-(Ns3); (262.0 mg, 0.2 mmol) were
dissolved in 5 mL dimethyl sulfoxide in a Schlenk tube, then PMDETA
(20.9 pL, 0.1 mmol) and CuBr (14.5 mg, 0.1 mmol) were added to the
solution. The solution was deoxygenated by three freeze-pump-thaw
cycles and stirred at 50 °C for 24 h. Then the reaction mixture was
passed through a short alumina column to remove the copper salt
and precipitated into cool deionized water. The product was isolated
as a yellow solid after freeze drying with a yield of =73.3%. 'H NMR
(400 MHz, DMSO-dg, ): 8.20-8.07 (m, 7H, CO—NH—CH), 7.96 (d, J
=20.4 Hz, 7H; NCH=C), 6.76 (t, ] = 12.8 Hz, 7H; CH,—NH—CO) 6.00
(d, ) =46.5 Hz, 14H; O—2H, O—3H of B-CD), 5.09 (d, J = 41.9 Hz, 14H;
C—CH,—0), 4.99-4.70 (m, 14H, C-TH of B-CD, NH—CH—CH,), 4.04 (s,
14H, C—6H of B-CD), 3.80-3.21 (m, overlaps with H,0, C—2H, C—3H,
C—4H, C—5H of B-CD), 2.85(t, J/ = 20.6 Hz, 14H; CH,—CH,—NH)
2.60-2.25 (m, overlaps with DMSO-ds, CO—CH,—CH,, CH,—CH,—CO),
1.8-1.14 (m, 168H, NHCH—CH,—CH,, CH,—CH,—CH,, CH,—CH,—
CH,NH, C—CH).

13C NMR (400 MHz, DMSO-dg, 8): 172.46 (CH,—CO—NH), 171.76
(CH,—O0—CO—CH,), 171.15 (CH—CO—0—C), 155.99 (NH—CO—O
—Q), 142.27 (N—CH=C—CH,), 127.02 (N—CH=C—CH,), 102.11 (C;
of B-CD), 83.01 (C4 of B-CD), 80.74 (CH—CO—O—C—(CH5)s), 77.75
(NH—CO—O—C—(CH5)s), 72.75 (C; of B-CD), 72.19 (C, of B-CD),
69.95 (C.5 of B-CD), 57.37 (C5 of B-CD), 53.06 (CH=C—CH,—0), 52.06
(NH—CH—CO), 39.05 (CH,—CH,—NH—CO), 31.28 (CO—CH,—CH,),
29.81 (CH—CH,—CH,), 29.50 (CH—CH,—CH,—CH,—CH,), 29.04
(CO—CH,—CH,—CO), 28.02 (C— (CHs)3), 27.02 (C—(CHs)3), 22.89
(CH—CH,—CH,—CH,).
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The protective groups in the Lys(P) were removed to obtain f-CD-(Lys);
by treatment with TFA. 500 mg of B-CD-(Lys(P)); was dissolved in 6 mL
dichloromethane and cooled in an ice bath, then 3 mL TFA was added
dropwise to the solution. The mixture was stirred at 0 °C for 1 h and
left at room temperature for 4 h. After the solvent was removed by
rotary evaporation, the crude product was precipitated into cool diethyl
ester. The final product was collected by centrifugation at 10 000 rpm
and obtained as a light green solid after vacuum-drying for 24 h with a
yield of =88.1%. "H NMR (400 MHz, DMSO-dg, 6): 8.15 (d, J = 21.1 Hz,
7 H; CO—NH—CH), 7.97 (d, J = 16.6 Hz, 7 H, NCH=C), 7.68 (s, 14
H, CH,—NH,), 6.30—5.50 (m, O,H, O3H of B-CD), 5.08 (s, 14 H,
C—CH,—0), 4.98-4.68 (m, 14H, C;H of B-CD, NH—CH—CH,), 4.15
(s, 14 H, C4H of B-CD), 3.90-3.15 (m, overlaps with HOD, C,H, C3H,
C4H, CsH of B-CD). 2.98—2.65 (m, 14H, CH,—CH,—NH), 2.60-2.25
(m, overlaps with DMSO-ds, CO—CH,—CH,, CH,—CH,—CO), 1.8-0.9
(m, 42H, NHCH—CH,—CH,, CH,—CH,—CH,, CH,—CH,—CH,NH)."3C
NMR (400 MHz, DMSO-ds, &): 174.71 (—COOH), 172.06 (CH,—
CO—NH), 17046 (CH,—O—CO—CH,), 141.47 (N—CH=C—CH,),
126.15 (N—CH=C—CH,), 101.72 (C, of B-CD), 82.76 (C4 of B-CD),
72.32 (C; of B-CD), 71.75 (C, of B-CD), 69.64 (C5 of B-CD), 56.88
(Cg of B-CD), 54.66 (CH=C—CH,—0), 52.59 (NH—CH—CO), 39.05
(CH;—CH,—NH,), 31.02 (CO—CH,—CH,), 29.62 (CH—CH,—CH,),
28.76 (CH—CH,—CH,—CH,—CH,), 26.60 (CO—CH,—CH,—CO), 22.28
(CH—CH,—CH,—CH,).

Preparation of PU-PHA Surfaces: PU films were cast from a 5%
(w/v) solution in dimethylformamide and dried at 65 °C for 48 h.
The films were then cut into discs, about 0.60 cm in diameter and
0.5 mm in thickness. Vinyl-functionalized PU surfaces (VPU) were
prepared as described previously.") Poly(HEMA-co-AdaMA)-grafted
PU surfaces (PU-PHA) were prepared using surface-initiated free
radical polymerization of HEMA and AdaMA from the VPU surfaces.
In brief, HEMA (1.15 g, 8.88 mmol), AdaMA (0.026 g, 0.11 mmol) and
AIBN (14.8 mg, 0.09 mmol) were dissolved in 8 mL isopropanol. Then
VPU films were immersed in the isopropanol solution. After degassing
by bubbling with nitrogen for 20 min, the reaction mixture was
transferred to an oil bath and stirred at 60 °C for 6 h under a nitrogen
atmosphere. When the polymerization was complete, the PU-PHA
films were rinsed successively with isopropanol, distilled water, and
isopropanol and then dried in a vacuum oven overnight at 40 °C.
Meanwhile, the polymerization mixture was diluted with methanol
and precipitated in 400 mL diethyl ether. The copolymers formed in
solution were collected by centrifugation and dried in a vacuum oven
for 24 h.

Preparation of PU-REDV/Lys Surfaces: For the covalent immobilization
of REDV peptide on the PU-PHA surface, the hydroxyl groups of
the poly(HEMA) component of PHA copolymer were activated
by NPC. In brief, the PU-PHA surfaces were incubated in 25 mL
anhydrous acetonitrile solution containing 0.51 g of NPC and 0.36 mL
triethylamine; then the mixture was stirred at room temperature for
20 h. The NPC-activated PU surfaces (PU-PHA-NPC) were washed
thoroughly with acetonitrile, deionized water, and acetone and dried
in a vacuum oven at room temperature for 24 h. The PU-PHA-NPC
surfaces were then immersed in a REDV peptide solution (0.5 mg mL™
in phosphate buffered saline (PBS), pH 8.2) for 24 h. The surfaces
were then treated with 0.5 m ethanolamine to remove any unreacted
NPC, washed with PBS (pH 7.4) and deionized water and then dried
in a vacuum oven at room temperature for 24 h. The resulting surfaces
are referred to as PU-REDV. To incorporate f-CD-(Lys);, the PU-REDV
surfaces were immersed in a 0.5 x 1073 m 3-CD-(Lys); aqueous solution
for 12 h. The surfaces were rinsed with deionized water and dried in
a vacuum oven at room temperature for 24 h. The resulting surfaces
are referred to as PU-REDV/Lys. As controls, surfaces incorporating
only REDV peptide or 3-CD-(Lys); were also prepared using the same
method as described above. These are referred to as PU-REDV and
PU-REDV/Lys, respectively.

Characterization: All prepared compounds were analyzed by nuclear
magnetic resonance spectroscopy (NMR) (Varian Inova 400 MHz
instrument), with deuterated chloroform or deuterated dimethyl
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sulfoxide as solvents. The precipitated polymers were analyzed by
gel permeation chromatography (GPC) using a Waters 1515 gel
permeation chromatograph with polystyrene standards. DMF was
used as the eluent at a flow rate of 0.8 mL min~' operated at 30 °C.
Fourier transform infrared (FT-IR) spectra were recorded using the
KBr tablet method with a Nicolet 6700 FTIR spectrometer. Typically,
64 scans were collected for each sample. Chemical compositions of
the unmodified and modified PU surfaces were determined using an
ESCALAB 250 XI X-ray photoelectron spectrometer (Thermo Scientific,
USA). The water contact angles of the unmodified and modified PU
surfaces were measured with an SL200C optical contact angle meter
(Solon Information Technology Co., Ltd.) using the sessile drop
method at room temperature. Six replicates were measured for each
surface.

Protein Adsorption: Fg and Plg were radiolabeled with Na'?*| according
to our previous work.”d To measure protein adsorption from plasma,
the radiolabeled proteins were mixed with citrate-anticoagulated pooled
normal human plasma (PNP) at an approximate concentration of 10%
of the corresponding endogenous protein level. The samples were
incubated in PBS for 12 h prior to the adsorption experiments, and then
immersed in plasma containing radiolabeled protein (Fg or Plg) for
3 h at room temperature. The samples were removed from the wells,
rinsed with PBS three times (10 min each time), wicked onto filter paper
and transferred to clean tubes. A Wallac 2480 Wizard 300 automatic
gamma counter (Perkin Elmer Life Sciences) was used for radioactivity
determination. Adsorption of Fg or Plg was expressed as mass per unit
surface area.

Plasma Clot Lysis: The surfaces were immersed in 250 pL of PNP for
3 h at room temperature in 96-well microtitre plate wells, then washed
with PBS three times (10 min each time), and transferred to clean wells.
250 pL of t-PA (0.1 mg mL™" in PBS) was added and the wells incubated
for 0.5 h at room temperature. The unbound proteins were removed
by washing with PBS. This procedure provides surfaces bearing a layer
of bound plasmin. To evaluate the fibrinolytic activity of the plasmin-
adsorbed sample surfaces, a modified plasma recalcification assay was
used. Briefly, 100 pL of citrated PNP was added to the wells containing
the surfaces that were previously exposed to plasma and t-PA. Following
5 min equilibration at 37 °C, 100 pL of 0.025 x 1073 m CaCl, solution
was added to the wells to initiate clotting. Absorbance at 405 nm was
measured at 30 s intervals for Th, using a microplate reader (Thermo
Fisher Scientific, Inc.).

Cell Culture: HUVECs (Human umbilical vein endothelial cells)
were seeded onto sample surfaces, which were placed in the wells of
48-well tissue culture plates, at a cell density of 12 000 cells per cm?.
The cells were incubated in endothelial cell medium (ECM) at 37 °C
with 5% CO, in a humidified chamber for 4 and 48 h. After incubation,
each sample was washed twice with sterilized PBS and fixed with 4%
paraformaldehyde at room temperature for 10 min. Subsequently,
the fixed cells were treated with 0.1% Triton X-100 for 5 min and
then incubated with Actin-Tracker Green (Phalloidin-FITC, Sigma) in
the dark for 40 min. After rinsing three times with sterilized PBS, the
specimens were further stained with 4’,6-diamidino-2-phenylindole
(DAPI, Sigma) for 10 min in the dark and then observed under an
Olympus IX71 fluorescence microscope (Carl Zeiss, Germany) after
thorougly washing with PBS. Each experiment was repeated three times
and ten random images were acquired. The number of cells in each
image was measured with the Image-Pro Plus software and the results
were then averaged. The average number of cells was converted to the
cell adhesion density.

Statistical Analysis: Each experiment was performed independently
in duplicate at least, and quantified with at least triplicates. The results
are expressed as the mean * standard error of each sample. Statistical
analysis was performed using OriginPro 8.0 software. One-way analysis
of variance (ANOVA, t-test) was used to compare the data that were
obtained with different samples under identical treatments. A
difference with a p value of less than 0.05 was considered

statistically significant.
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