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ABSTRACT: In this study, multifunctional and heparin-mimicking
star-shaped supramolecules-deposited 3D porous multilayer films with
improved biocompatibility were fabricated via a layer-by-layer (LbL)
self-assembly method on polymeric membrane substrates. Star-shaped
heparin-mimicking polyanions (including poly(styrenesulfonate-co-
sodium acrylate; Star-PSS-AANa) and poly(styrenesulfonate-co-poly-
(ethylene glycol)methyl ether methacrylate; Star-PSS-EGMA)) and
polycations (poly(methyl chloride-quaternized 2-(dimethylamino)ethyl
methacrylate; Star-PMeDMA) were first synthesized by atom transfer
radical polymerization (ATRP) from f-cyclodextrin ($-CD) based
cores. Then assembly of 3D porous multilayers onto polymeric
membrane surfaces was carried out by alternating deposition of the
polyanions and polycations via electrostatic interaction. The surface
morphology and composition, water contact angle, blood activation,

Heparin-mimicking multilayer

Pristine polymeric membrane Modified biomedical membrane

and thrombotic potential as well as cell viability for the coated heparin-mimicking films were systematically investigated. The
results of surface ATR-FTIR spectra and XPS spectra verified successful deposition of the star-shaped supramolecules onto the
biomedical membrane surfaces; scanning electron microscopy (SEM) and atomic force microscopy (AFM) observations revealed
that the modified substrate had 3D porous surface morphology, which might have a great biological influence on the biointerface.
Furthermore, systematic in vitro investigation of protein adsorption, platelet adhesion, human platelet factor 4 (PF4, indicates
platelet activation), activate partial thromboplastin time (APTT), thrombin time (TT), coagulation activation (thrombin-
antithrombin III complex (TAT, indicates blood coagulant)), and blood-related complement activation (C3a and CSa, indicates
inflammation potential) confirmed that the heparin-mimicking multilayer coated membranes exhibited ultralow blood
component activations and excellent hemocompatibility. Meanwhile, after surface coating, endothelial cell viability was also
promoted, which indicated that the heparin-mimicking multilayer coating might extend the application fields of polymeric

membranes in biomedical fields.

KEYWORDS: p-cyclodextrin, star-shaped supramolecules, layer-by-layer assembly, heparin-mimicking multilayer,

blood and cell compatibility, polymeric membranes

1. INTRODUCTION

Synthesis of novel, low-cost, effective antithrombogenic
biomacromolecules and their applications in biointerface
modification have been of great interest in the fields of
blood-contacting biomaterials, such as disposable blood
collecting devices, clinical hemodialysis membrane, cardiopul-
monary bypass device, and replacement implants as well as the
newly developed hemocompatible drug or antibody nano-
carriers. When the foreign materials contact with blood,
plasma protein adsorption is the first step of bioresponses
between the blood and the materials followed with the
adhesion or activation of clotting enzyme and platelets” and
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sequentially leads to formation of a nonsoluble fibrin network
or thrombus. A recent investigation indicated that heparin and
heparin-mimicking polymers could be used to modify the
blood-contacting biomaterials.” Different from many traditional
antifouling or hemocompatible surface designs,” a large amount
of research indicated that the heparin and heparin-mimicking
polymer-immobilized surfaces exhibited integrated remarkable
anticoagulant bioactivity, diminished thrombogenic response,
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and cell attachment ability.> Moreover, the heparin and
heparin-like polymers showed significant promotion on the
angiogenesis while reducing the need for exogenous growth
factors during in vivo studies.® However, being an animal-
derived product, utilization of heparin in surface systems might
have potential side effects;” furthermore, the high cost for
producing heparin also inhibits its use in large-scale biomaterial
surface modification. Modification or development of advanced
biomaterials by mimicking the structure and function of
biomacromolecules has long been an ideal goal in various
modification approaches.*”'* In our recent studies, great efforts
have been made to design heparin-mimicking polymers to
endow the modified blood-contacting materials with heparin-
mimicking biological ability.>>'" The designed heparin-
mimicking interfaces have excellent antithrombogenic ability
and improved blood and cell compatibility, which may have a
large impact on advancement of blood-compatible biomaterials.

To date, considerable methods have been utilized to
functionalize the membranes with a heparin-mimicking surface,
such as bulk blending, plasmas treatment, grafting, coating, or
layer-by-layer (LbL) assembly, etc.*'*”'® Meanwhile, these
studies have confirmed that the heparin-mimicking methods
could improve blood compatibility and extend potential
applications of the biomedical materials. However, to design
the next generation multifunctional biomedical membranes, the
heparin-like linear polymers are insufficient to meet the
challenges required for multifunctionality with tunable surface
morphologies along with extended biological activity. For the
heparin-like linear polymer-assembled surfaces, 2D dense layers
were usually obtained as a well-established assembly of
polyelectrolytes. Compared to linear polymers, star-shaped
supramolecules consist of large numbers of linear arms
connected to the central core, which would increase the
densities of the bioactive or functional groups. Among the
newly emerged methods, research on surface-engineered self-
assembly of functional multilayers has attracted interest in
various biomedical applications, such as drug encapsulation and
sustained release, cell and tissue scaffolds, stem cell differ-
entiation, as well as artificial organs and devices."”7?° The
surface self-assembly strategy is regarded as one of the most
promising approaches to obtain a tunable coating morphology
and endow the biointerface with excellent blood and cell
compatibility. Various new functional building blocks ranging
from nanoparticles, nanotubes, nanosheets, and nano/micro-
gels have been extensively exploited and applied to construct
multilayer thin films,*' ~>* and the modified biomaterials exhibit
versatile biological functions and activities. Furthermore, the
nanomaterials-assembled multilayers could overcome the
inherent drawbacks of polyelectrolytes-assembled dense 2D
layers, which can endow the biointerface with porous structure
and a high density of bioactive or functional groups/molecules.
Thus, the heparin-like polymers-integrated nanomaterials could
endow great benefits for modification of blood-contacting
materials. However, the procedure for preparation of these
nanomaterials is usually complicated and expensive. Thus, a
highly synthetic and low-cost approach should be developed,
which would greatly advance construction of multifunctional
biomedical membranes.

Recently, cyclodextrin (CD) molecules have been used to
construct hyperbranched polymers for various functional
applications.””** The 3D structure of the CD molecule can
be considered as a truncated cone, which has 21 hydroxyl
groups located at the fringe of CD. Numerous functional

groups can be introduced onto CD via esterification between
the functional molecules and the hydroxyl groups on CD. Li et
al. reported a CD-based star-shaped hyperbranched water-
soluble cationic golymer via atom transfer radical polymer-
ization (ATRP).*® Xu et al. prepared a CD-based star-shaped
cationic supramolecule via ATRP for gene delivery, and the CD
core can improve the gene transfection eﬂiciency.27 Further-
more, the CD-based star-shaped hyperbranched polymers can
also assemble into diverse morphologies with 3D architectures
in aqueous solution by controlling the macromolecular
architecture and the compositions of the polymers.*® Inspired
by the star-shaped hyperbranched structure, the CD-based star-
shaped supramolecules might be used as building blocks in
surface construction of a 3D porous multilayer thin film for
modification of biomedical membranes.

Herein, in the present study, promoted by the synthesis of
inexpensive and commonly available CD core-based 3D star-
shaped supramolecules, biocompatible 3D porous multilayers
are prepared via the LbL assembly of CD-based polyanions and
polycations alternately. Polycations (Star-PMeDMA) and
polyanions (Star-PSS-AANa and Star-PSS-EGMA) were
synthesized via ATRP from CD-based cores. A general concept
of heparin-mimicking polymers can be defined as the heparin
sulfates or synthetic sulfated/carboxylated polymers with
comparable biologically mimicking functionalities as heparin.
Thus, the sulfonic acid, carboxyl acid groups, and ether linkages
in Star-PSS-AANa and Star-PSS-EGMA gave the possibility to
synthesize new-fashioned hyperbranched heparin-mimicking
biomacromolecules. The star-shaped supramolecules were then
allowed for LbL assembly on a poly(ethylene imine) (PEI)
precoated membrane substrate; the ionic interaction between
the polycations and polyanions led to the deposition to form
surface 3D porous thin films. ATR-FTIR, XPS, and scanning
electron microscopy (SEM) were applied to confirm the
chemical components and interface-assembled 3D porous
architecture. Meanwhile, the blood activation and compatibility
of the supramolecules-assembled membranes were explored in
detail by wettability, plasma protein adsorption, platelet
adhesion, human platelet factor 4 (PF4, indicates platelet
activation), activated partial thromboplastin time (APTT),
thrombin time (TT), coagulation activation (thrombin-
antithrombin III complex (TAT, indicates blood coagulant)),
and blood-related complement activation (C3a and CSa,
indicates inflammation potential). Meanwhile, cell viability
was confirmed using endothelial cells.

2. EXPERIMENTAL SECTION

2.1. Materials. Cyclic ligand $5,7,7,12,14,14-hexamethyl-1,4,8,11-
tetra-azacyclo-tetradecane (Me,TATD) was synthesized according to
the literature.” -Cyclodextrin (f-CD, 98%, Aladdin) was dried over
CaCl, at 80 °C under vacuum for 24 h before use. Bromoisobutyryl
bromide (BIBB, 98%), poly(ethylene glycol) methyl ether meth-
acrylate (PEGMA), N,N,N’,N”,N”-pentamethyldiethylenetriamine
(PMDETA, 99%), sodium 4-vinylbenzenesulfonate (SSNa, 90%), [2-
(methacryloyloxy)ethylJtrimethylammonium chloride solution (75 wt
% in water), and sodium acrylate (AANa) were purchased from
Aladdin Reagent Co. Ltd. (China). More detailed information for
materials was included in the Supporting Information.

2.2. Synthesis of (Br),9--CD Macroinitiator. The procedure for
synthesis of macroinitiator was according to the literature.***' 8-CD
(1.7 g 15 mmol) and triethylamine (3.5 g, 34.56 mmol) were
dissolved in 15 mL of anhydrous 1-methyl-2- pyrolidinone (NMP)
under stirring, and then the flask was immersed into an ice—water
bath. BIBB (7.954 g, 34.56 mmol) dissolved in 8 mL of anhydrous
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Scheme 1. Synthesis Route of CD-Based Macroinitiator and Polymerization of Star-Shaped Supramolecules via ATRP (A);
Procedures for Preparation of LbL Assembly of 3D Porous Multilayer Thin Films on Membrane Substrates (n = 4, 14, 24 (B))
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NMP was then added dropwise into the -CD solution. The reaction was purified with dialysis membrane (MWCO = 1000) against DI
temperature was maintained at 0 °C for 2 h and then for another 24 h water for 3 days, followed by freeze drying to give the macroinitiator
at room temperature; then the white solid was filtered off. The filtrate (Scheme 1A). The obtained S-CD-Br macroinitiator exhibited 19
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grafted sites and was named (Br),,-8-CD, which will be discussed in
the Results and Discussion section.

2.3. Polymerization of Star-Shaped Supramolecules.
2.3.1. Synthesis of Star-Shaped Heparin-Mimicking Anionic
Polymers (Star-PSS-AANa and Star-PSS-EGMA) via ATRP. Star-
PSS-AANa was synthesized by ATRP using (Br),,-f-CD as the
macroinitiator and SSNa and AANa as monomers. Typically, (Br),y-f-
CD (0.2 g, 0.05 mmol), SSNa (8.00S g, 38.8 mmol), AANa (2.376 g,
25.3 mmol), and 22 mL of mixed solvent of dimethyl sulfoxide
(DMSO) and DI water (v/v 8/14 mL) were added to a Schlenk tube,
followed by addition of Me,TATD (0.34 g, 1.2 mmol) and CuBr
(0.136 g, 0.95 mmol) under a N, atmosphere. Then the tube was
closed by a three-way stopcock. After three freeze—pump—thaw cycles
the tube was sealed off in a N, atmosphere. The reaction was carried
out at 70 °C for 24 h and subsequently exposed into air to terminate
polymerization. Afterward the reactant mixture was purified with
dialysis membrane (MWCO 8000—14 000) against NaCl solution and
ethanol alternatively for 1 week, and then the resulted solution was
freeze dried to obtain star-shaped supramolecules. The synthesis
procedure of Star-PSS-EGMA was similar to that of Star-PSS-AA.
Briefly, (Br),5--CD (0.1 g, 0.025 mmol), SSNa (1.946 g, 9.43 mmol),
and PEGMA (2.989 g, 6.3 mmol) were added to a Schlenk tube
containing 20 mL of DMSO, followed by addition of PMDETA (0.171
g, 0.88 mmol) and CuBr (0.068 g 0.475 mmol) under a N,
atmosphere. Then the tube was closed by a three-way stopcock.
After three freeze—pump—thaw cycles, the tube was sealed off in a N,
atmosphere. The reaction was carried out at 70 °C for 24 h and
subsequently exposed into air to terminate polymerization. The
subsequent purification procedure was the same as Star-PSS-AANa.

2.3.2. Synthesis of Star-Shaped Cationic Polymer (Star-PMeDMA)
via ATRP. (Br),o-f-CD (0.2 g, 0.05 mmol), MeDMA (9.89 g, 47.6
mmol), and DMSO (30 mL) were added to a Schlenk tube, followed
by addition of PMDETA (0.342 g, 1.76 mmol) and CuBr (0.136 g,
0.95 mmol) under a N, atmosphere. Then the tube was closed by a
three-way stopcock. After three freeze—pump—thaw cycles the tube
was sealed off in a N, atmosphere. The reaction was carried out at 70
°C for 24 h and subsequently exposed to air to terminate
polymerization. Afterward the reactant mixture was purified with
dialysis membrane (MWCO 8000—14 000) against DI water for 3
days followed by freeze drying to obtain star-shaped supramolecules.

2.4. Preparation of PEI-Coated Polymeric Membranes.
Typically, poly(ether sulfone) (PES) membranes were selected as
model substrates, which were prepared using a phase transition
method as described in our previous report.** The homemade PES
membrane was cut into pieces with an area of 1 X 1 cm? which was
then immersed into a PEI aqueous solution (20 mg/mL) and shaken
at 37 °C for 6 h. Afterward, the membranes were rinsed with a large
amount DI water and then dried under vacuum at 40 °C overnight to
obtain PEI-coated PES membranes."**

2.5. Layer-by-Layer Self-Assembly of Star-Shaped Supra-
molecules on Polymeric Membrane Surface. Using the heparin-
mimicking and polycation star-shaped supramolecules, the surface LBL
assembly process was carried out on a typical polymeric membrane,
PES membrane, which had been widely used in hemodialysis, artificial
organs, filtration, water treatments, etc. Aqueous solutions of Star-PSS-
AANa (5 mg/mL), Star-PSS-EGMA (S mg/mL), and Star-PMeDMA
(5 mg/mL) were prepared prior to use. Multilayer growth was
performed manually. The substrates of PEI-coated PES membranes
were dipped into the Star-PSS-AANa (or Star-PSS-EGMA) solution
for a period of 15 min and subsequently rinsed with DI water. The
membranes were then transferred to the Star-PMeDMA solution for a
period of 15 min, after which they were rinsed and the process was
repeated (SchemelB).>* Membranes with 5, 15, and 25 bilayers were
obtained by alternating sequential deposition in polyanion and
polycation solutions. The membranes deposited with Star-PSS-AANa
and Star-PMeDMA were obtained as M-SA, while the membranes
assembled with PSS-EGMA and Star-PMeDMA were obtained as M-
SE. All the prepared bilayer membranes exhibited with the polyanion
as the outermost layer. Furthermore, the surface coatings of
polyvinylidene difluoride (PVDF) and polysulfone (PSf) membranes

with 1S5 bilayers were conducted using a similar process as PES
membranes.

2.6. Characterization. '"H NMR spectra were obtained via a
Bruker spectrometer (400 MHz).A FTIR spectrometer (Nicolet 560,
USA) and X-ray photoelectron spectrometer (XSAMS00, Kratos
Analytical, UK) were used to detect the surface composition of the
membranes. The nanosizes and zeta potentials in aqueous solutions for
the three kinds of star-shaped supramolecules were performed via
dynamic light scattering (DLS, Zetasizer ZS90, Malvern Instruments).
Field emission scanning electron microscope (FE-SEM) images were
acquired using a scanning electron microscope (JSM-7500F, JEOL,
Japan). AFM images of the modified membranes were obtained using
a Multimode Nanoscope V scanning probe microscopy (SPM) system
(Bruker, USA).

The interface hydrophilicity of the modified membranes was
investigated via water contact angle using a contact angel goniometer
(OCA20, Dataphysics, Germany, equipped with a video capture). The
measurement error was +3°.

2.7. Blood Compatibility. 2.7.1. Protein Adsorption. Evaluation
of protein adsorption was performed according to our previous
report.'* Briefly, the as-prepared membranes (1 X 1 cm?) were first
immersed in normal saline overnight at 4 °C, followed by incubating at
37 °C for 1 h. Afterward, the membranes were immersed in a
phosphate buffer solution (PBS) containing bovine serum albumin
(BSA) (or bovine serum fibrinogen (FBG)) with a concentration of 1
mg/mL. The membranes were subsequently rinsed cautiously with
PBS solution and double-distilled water after being incubated at 37 °C
for another 1 h.

2.7.2. Platelet Adhesion. To avoid the interference of other
components (such as leucocyte and erythrocyte) in the blood, platelet-
rich plasma (PRP) was utilized to study platelet adhesion for the
pristine PES surface and star-shaped polymers-deposited 3D multilayer
thin films. Healthy human fresh blood (man, 28 years old) was
collected by vacuum tubes, containing sodium citrate as the
anticoagulant (blood to anticoagulant ratio, 9:1 v/v), which was
then centrifuged at 1000 rpm for 15 min to obtain PRP.*® Detailed
procedures for platelet adhesion experiments were described in the
Supporting Information.

2.7.3. Clotting Time. In the clinical application, APTT and TT
measurements were widely used to detect the abnormality of blood
plasma and primarily check the anticoagulative chemicals, while
recently they were applied to evaluate the in vitro antithrombogenicity
of blood-contacting biomedical materials.*® Generally, APTT was used
to detect the efficacy of both the common coagulation pathways and
the intrinsic pathway including fibrinogen, prothrombin, and blood
coagulation factor V, X in plasma in an endogenous pathway of
coagulation. TT was applied to test the time taken for formation of a
clot in the plasma in which an excess of thrombin had been supplied.*”
Thus, in this study, to further evaluate the anticlotting and
antithrombotic ability of the heparin-mimicking layer, platelet-poor
plasma (PPP) was utilized to measure the APTT and TT via an
automated blood coagulation analyzer CA-S0 (Sysmex Corp., Kobe,
Japan). Procedures were described in our previous reports in detail.*®

2.7.4. Contact Activation of Coagulation System (platelet
activation and thrombin generation). Platelet activation (PF4)
and coagulation activation (TAT) were evaluated via commercial
enzyme-linked immunosorbent assays (ELISA). Whole blood was
incubated with the pristine and star-shaped polymers-coated samples
for 2 h and centrifuged at 1000g (4 °C) centrifugal force for 15 min to
obtain plasma. Then detections were conducted according to the
respective instructions from the manufacturer.

2.7.5. Complement Activation in Human Blood System. The
same as the PF-4 and TAT tests, the complement activation (C3a and
CSa) evaluation for these samples was also carried out with the ELISA
method (CUSABIO BIOTECH CO., LTD, China). Complement
activation, generated by the localized inflammatory mediator, which is
the trigger of the host defense mechanism, is another vital aspect of
blood compatibility.® The whole blood incubated with the pristine
and star-shaped polymers-coated samples for 2 h was centrifuged at
1000g (4 °C) centrifugal force for 1S min to obtain plasma. Then
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detections were performed according to the respective instructions
from the manufacturer.

2.8. Cytocompatibility. 2.8.1. Cell Culture. Human umbilical vein
endothelial cells (HUVECs) were cultured in R1640 medium
containing supplements of 10% fetal bovine serum (FBS, Hyclone,
America), 2 mM L-glutamine, and 1% (V/V) antibiotics mixture
(10000 U of penicillin and 10 mg of streptomycin). Pristine PES
membrane and star-shaped supramolecule-deposited membranes (1 X
1 cm?) were first immersed into the cell culture medium for 3 h at 37
°C in a cell incubator. Afterward, membranes were transferred into 24-
well cell-culture plates, rinsed with PBS, and sterilized by UV
irradiation; then HUVECs with a density of approximately 2.5 X 10*
cells/cm? were seeded onto the membranes.

2.8.2. Cell Morphology on the Membranes. For SEM observation,
seeded membranes with 6 day culture were dried by passing through a
series of graded alcohol—PBS solutions and then dehydrated through
isoamyl acetate—alcohol solutions followed by the liquid CO, critical
point drying.

2.8.3. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bro-
mide (MTT) Assay. Viabilities of the HUVECs were evaluated via
MTT assay after the cells were cultured for 2, 4, and 6 days. The
optical density of the formazan solution was calculated by a Microplate
reader (model 550, Bio-Rad) at 492 nm. To minimize the test error,
eight samples for each type of membranes were measured. Results
were expressed as means + SD. The statistical significance was
evaluated by the Student’s t test, and the level of significance was
chosen as P < 0.0S.

2.8.4. Confocal Imaging. HUVECs grown under standard culture
condition were seeded onto the PES and star-shaped polymer-
deposited membrane surfaces at 2.5 X 10* cells/cm? and cultured for 6
days, at which time they were fixed with formaldehyde (3.7% in PBS)
at 4 °C overnight and then stained with rhodamine-conjugated
phallodin and 4',6-diamidino-2-phenylindole (DAPI) according to the
instruction manuals. Fluorescent images of the sample were obtained
via confocal laser scanning microscopy (Leica, Switzerland).

3. RESULTS AND DISCUSSION

3.1. Characterization of the Macroinitiator. In brief, 2-
bromoisobutyryl bromide was first grafted onto CD (Br-f-CD).
Figure 1A shows the FTIR spectra for pure f-CD and Br-4-CD.
The signals at 1156 and 3387 cm™ in the spectrum of #-CD
were assigned to deformation of O—C groups and the
stretching vibration of hydroxyl groups (vo_p), respectively.
The peaks at 1414 and 1334 cm™' in the same spectrum were
ascribed to deformation of O—H. The signal at 1739 cm™ in
the spectrum of Br—f-CD was assigned to the stretching
vibration of carbonyl groups (vc—g). The signals at 1462 and
1390 cm™' were attributed to the asymmetric C—H and
symmetric C—H bending of CH; groups, respectively. The
band at 1271 cm™ was ascribed to the asymmetric vibration of
C—(C=0)—0, and the band at 650 cm™" corresponded to
the stretching vibration of the C—Br groulps, which indicated
formation of the Br—4-CD macroinitiator.>’ Then, as shown in
Figure 1B and 1C, successful synthesis of the Br—p-CD
macroinitiator was further confirmed by the 'H NMR spectra.
The characteristic signals of the synthesized Br—f-CD in this
study appeared to be consistent with the earlier report.*!
Meanwhile, the number of grafted initiator groups per molecule
of f-CD was 19 and calculated from the '"H NMR spectra: &
1.2—2.2 (114H, CH,), 3.5-5.5 (S1H, residues of 5-CD); thus,
the f-CD—Br macroinitiator was named (Br),;y—f-CD.

3.2. Synthesis and Characterization of the Star-
Shaped Supramolecules. It has been reported that with a
high local concentration of initiator sites of the (Br);o—f-CD
radical—radical coupling of the progpagating chains would
probably occur, resulting in gelation.”® In this work, polymer-
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Figure 1. (A) FTIR spectra of f-CD and (Br),,—4-CD. (B) '"H NMR
spectrum of #-CD in DMSO.(C) 'H NMR spectrum of (Br);y—f-CD
in CDCl,.

ization was carried out with different concentrations of
macroinitiator and monomers. It was found that polymerization
resulted in gelation with a high concentration of the
macroinitiator or monomers, which also happened in some
earlier reported procedures (data not shown). FTIR spectra
were applied to confirm the chemical structures of these star-
shaped supramolecules (Figure S1, Supporting Information);
all chemical units were indicated by these characteristic peaks.

Furthermore, Table 1 shows the average diameters and zeta
potentials for the star-shaped supramolecules after dissolving in

Table 1. Diameters and Zeta Potentials for Star-PMeDMA,
Star-PSS-AANa, and Star-PSS-EGMA (in DI water)”

star-shaped diameter in DI water  zeta potential in DI water
supramolecules (nm) (mV)
Star-PMeDMA 104.5 + 25.2 +19.6 + 1.2
Star-PSS-AANa 123.1 + 20.0 —38.6 + 2.7
Star-PSS-EGMA 140.2 + 234 -334+ 16

“Data are presented as the average values of triplicate measurements
with standard deviations. Sample concentration 0.1 mg/mL.

DI water (note, all of the synthesized star-shaped supra-
molecules could be easily dissolved in water with no pH control
or buffer). As shown in Table 1, the synthesized star-shaped
supramolecules possessed an average diameter of about 100—
150 nm in DI water. The zeta potentials for Star-PMeDMA,
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Figure 2. Typical SEM images of the surface morphologies for pristine PES membrane (A), M-SA (B-1, M-SA-S; B-2, M-SA-15; and B-3, M-SA-2S5),
and M-SE (C-1, M-SE-S; C-2, M-SE-2S5; and C-3, M-SE-25). AFM images of the membranes for pristine PES membrane (a), M-SA (b-1, M-SA-S; b-
2, M-SA-15; and b-3, M-SA-25), and M-SE (c-1, M-SE-S; c-2, M-SE-25; and c-3, M-SE-25). Surface roughness calculated from 5 AFM images (D).
Coating thickness measured from $ cross-section SEM observation (E); cross-section SEM images of M-SA-15 and M-SE-1S are shown in Figure S7,

Supporting Information.

Star-PSS-AANa, and Star-PSS-EGMA were +19.6, —38.6, and
—33.4 mV, respectively. It could be observed that Star-PSS-
AANa was more negative compared to Star-PSS-EGMA, which
result from the existence of the neutral EGMA fragments in
Star-PSS-EGMA.

3.3. Membrane Characterization. 3.3.1. Surface Mor-
phology of the 3D Porous Layer. Typical SEM observations
for the pristine membrane surface and star-shaped supra-
molecule-deposited 3D porous thin film surfaces are shown in
Figure 2 (A, B-1, B-2, B-3, C-1, C-2, and C-3). It was noticed
that the pristine membrane had an even surface morphology,
while obviously the star-shaped supramolecule-assembled
substrates exhibited 3D porous surface structures, especially
the M-SA membranes. An interesting phenomenon was
observed that there was a large difference in the surface
morphology between the M-SA and the M-SE. The M-SA
membranes were much rougher than the membranes of M-SE.
Furthermore, with the increase of the bilayers from 5 to 25, the
surface roughness of M-SE increased gradually and the M-SE

membranes showed more homogeneous surface 3D structures
than M-SA. The star-shaped supramolecule-assembled PVDF
and PSf membrane surfaces with 15 bilayers were also
examined by SEM images (Figure S2, Supporting Information);
the coating surface also exhibited 3D porous morphologies as
PES membrane surface, which indicated that this proposed
strategy could also be applied in the surface coating of many
other polymeric membrane substrates.

AFM (with a tapping mode at a scan rate of 0.8 Hz over an
area of 10 X 10 yum?) was further used to evaluate the surface
morphology and roughness of the star-shaped supramolecule-
deposited multilayer surfaces. As shown in Figure 2 (a, b-1, b-2,
b-3, c-1, c-2, and ¢-3), the surface of the pristine membrane was
clearly verified to be a characteristic 2D flat surface, while after
assembly of the star-shaped supramolecules 3D porous
structures were observed on the membrane surfaces, which
showed an identical result to the SEM observation. As shown in
Figure 2D, Rms was used to evaluate the average surface
roughness of these membranes. It was observed that the
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surfaces of the M-SA membranes were much rougher than
those of the M-SE membranes; the surface roughness of the M-
SA membranes increased dramatically with the increase of the
coating bilayers from 5 to 25. However, the M-SE membranes
showed slightly increased surface roughness with the increase of
the bilayers from 5 to 2S5. Though it was hard to detect the
detailed assembly mechanism between these two star-shaped
supramolecules, the different surface-assembled morphologies
should be greatly influenced by the AA and EGMA segments.
During assembly the EGMA fragments might twine around
each other.*’ In addition, introduction of EGMA fragments
decreased the negative charge of the Star-PSS-EGMA; thus, the
repulsion between the Star-PSS-EGMA molecules was lower
than that for Star-PSS-AANa, which might also lead to the
lower roughness of M-SE. In general, after LbL coating of the
star-shaped supramolecules both of the membranes showed 3D
surface architectures compared to the pristine membrane.

3.3.2. ATR-FTIR and XPS Spectra of the Membrane
Surfaces. Surface ATR-FTIR and XPS spectra confirmed that
the star-shaped supramolecules were successfully deposited
onto the polymeric membrane surfaces, as discussed in detail in
the Supporting Information (Figure S3).

3.3.3. Water Contact Angle (WCA) Analysis. WCA
measurement was utilized to estimate the wettability property
of the as-prepared membranes. As shown in Figure 3B together
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Figure 3. Representative pictures of water contact angles (taken at 10
s) from independent experiments are shown at left (A). Static water
contact angles of pristine PES and star-shaped supramolecule-
deposited membranes (B). Measurements of water contact angles
with increased contacting time (C). Bovine serum albumin (BSA) and
bovine serum fibrinogen (FBG) adsorption amounts onto the
membranes (D); values are expressed as means + SD, n = 3.

with the corresponding images taken from the membrane
(Figure 3A), the contact angle of the pristine polymeric
membrane was 71.1°, while the star-shaped supramolecule-
deposited 3D porous surfaces possessed much lower WCAs.
The WCAs for the star-shaped supramolecules-assembled
surfaces notably decreased to ranging from 45° to 20°, and
the modified surfaces became more hydrophilic with the
increase of the bilayers. It was interesting to find that the M-SA
had a much lower water contact angle than the M-SE, which
might be due to the fact that the M-SA possessed a more

porous surface morphology than the M-SE, while static water
contact angle measurements alone were not adequate to
evaluate hydrophilicity. To better evaluate the hydrophilicity of
the porous multilayers, the changes of water contact angle with
increased contacting time were also carried out, and the results
indicated that the 3D porous multilayers revealed decreased
water contact angle with increasing time, which further
confirmed that the 3D porous multilayers-modified membranes
become much more hydrophilic than the pristine polymeric
membrane (Figure 3C).

3.4. Blood Compatibility. 3.4.1. Protein Adsorption. The
adsorbed protein amount on a material surface is reported to be
one of the most important factors in evaluating the blood
compatibility of biomedical material.*' It is well known that a
material with a more hydrophilic surface generally shows a
lower amount of protein adsorption.*” In this study, both of the
BSA and BFG adsorptions were measured, and the results are
shown in Figure 3D. It could be noticed that the membranes of
M-SA showed a slight increase of protein adsorption with the
increase of the bilayers, while the membranes of M-SE showed
an opposite result. The tendency of protein adsorption for the
star-shaped polymer-deposited membranes could be explained
by water contact angle, SEM, and AFM analyses. As mentioned
above, materials possessing a hydrophilic surface normally
showed lower protein adsorption, while the roughness of the
material surface also had a large influence on protein
adsorption. In this study, the M-SA membranes showed a
slight increase of protein adsorption with the increase of the
bilayers, which might be due to the increased rougher surfaces
of the M-SA, while the increased roughness of the membrane
surfaces of M-SE were much lower than that of the M-SA
membrane surfaces according to the SEM and AFM images.
Meanwhile, as widely known, the EGMA units had a more
remarkable antiprotein adhesion ability than many other
negatively charged polymers. Overall, the above protein
adsorption results indicated that both the M-SA and the M-
SE membranes revealed decreased plasma protein adsorption
compared to the pristine membrane, which would benefit the
improvement of blood compatibility.

3.4.2. Platelet Adhesion. For blood-contacting materials
platelet adhesion is the key event during thrombus formation.**
Many kinds of coagulation factors can be further activated by
the activated platelets followed by acceleration of thrombosis
and coagulations. In this study, platelet adhesion measurement
was evaluated. As shown in Figure 4, both the spreading and
formation of pseudopodium for the platelets were dramatically
suppressed, indicating lowered platelet activation and improved
blood compatibility by the star-shaped supramolecule-depos-
ited heparin-mimicking 3D porous multilayer thin film surfaces.

Figure 4A-1, 4B-1, 4B-2, 4B-3, 4C-1, 4C-2, and 4C-3 shows
SEM observation results of the platelets adhering onto the PES
and star-shaped supramolecule-deposited membranes. It could
be observed that on the pristine membrane surface a large
number of platelets aggregated and accumulated. These
platelets presented flattened and irregular shapes. However,
on the star-shaped polymer-deposited membranes, few platelets
were observed and the platelets adhering onto the modified
membranes had a rounded morphology with almost no
pseudopodium formation. Figure 4D shows the number of
adherent platelets on the pristine and star-shaped polymer-
deposited membranes. For the membranes M-SA-5, M-SA-15,
and M-SA-2S the number of platelets decreased with the
increase of the bilayers, which was consistent with the tendency
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Figure 4. SEM images of platelets adhering to the PES (A-1), M-SA-S
(B-1), M-SA-15 (B-2), M-SA-2S (B-3), M-SE-5 (C-1), M-SE-15 (C-
2), and M-SE-25 (C-3). Note, deformation of the surface morphology
of the star-shaped polymer assembled layer resulted from the drying
process due to immersion in organic solvents. (D) Activated platelets
on PES membrane surface. (E) Antiplatelet adhesion and platelets
remaining in quiescent after exposing with polymeric membrane. (F)
Average numbers of the adhered platelets onto the membranes from
PRP estimated via 7 SEM images. (G) Generated concentrations of
PF4 of these samples with whole blood, which can act as an index for
platelet activation; values are expressed as means + SD, n = 3.

of WCA results. For the M-SA-2S, although some pseudopo-
dium was observed, the platelet still kept a rounded
morphology. For the membranes M-SE-5, M-SE-15, and M-
SE-25, few platelets were observed and the platelets kept a
rounded morphology with almost no pseudopodium formation;
platelet adhesion onto the M-SE membranes was more fully
suppressed compared to that for the M-SA membranes.

PF4 has been reported to play a vital role in inflammation
and injury response.** Hence, PF4 was used to detect platelet
activation by modified biomedical materials. Figure 4G shows
the PF4 concentrations in plasma after the membrane surfaces
contacted with blood; it could be observed that for the two
series of membrane surfaces the PF4 concentration showed a
prominent decrease compared with normal plasma or pristine
PES membrane surface. Combined with the morphologies and
numbers of the adhered platelets, these results indicated that
platelet activation on the star-shaped supramolecule-deposited
heparin-mimicking membrane surfaces did not occur or was
greatly suppressed.*’

3.4.3. Clotting Time (APTT and TI). Figure S shows the
clotting times for the pristine, M-SA, and M-SE membranes. It
could be observed that the APTTs for the modified membranes
had a maximum increase by 39 s compared to the pristine
membrane, while the TT increased with a maximum of 8.7 s.
The results indicated that the modified biomedical membranes
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Figure 5. APTT and TT assays of the pristine membrane and star-
shaped supramolecules assembled membranes; values were expressed
as means + SD, n = 3 (A), ¥P, #P < 0.05 compared to the value of
PES. TAT generation of all membranes with blood flowing for 2 h;
values were expressed as means + SD, n = 3, *P < 0.05 (B) compared
to the value of PES.

had an effect on the endogenous pathway of coagulation, which
might be ascribed to the combination or reaction between the
coagulation factors (V and X) in plasma and the hydrophilic
surfaces of the modified biomedical membranes.

Thrombin generation was evaluated via detection of the TAT
concentration, since the thrombin would be immediately
neutralized by antithrombin III, resulting in TAT complex
formation.*® Figure SB shows the TAT level in plasma after the
membranes contact with blood, as observed from the TAT level
in Figure SB; the concentrations of TAT for the samples
decreased compared to those of blood and pristine polymeric
membrane. Furthermore, with the increase of the coated
bilayers for the M-SA and M-SE membranes the generated
TAT values decreased gradually. The results confirmed that the
TAT generation was successfully suppressed by the star-shaped
supramolecules-deposited heparin-mimicking multilayers; thus,
combined with the platelet adhesion and activation results, it
might be concluded that the surface-modified polymeric
membranes showed excellent blood compatibility.

Meanwhile, Table S1, Supporting Information, shows a
comparison of the anticoagulant activity among the star-shaped
heparin-mimicking supramolecules, linear heparin-mimicking
polymer, and heparin. The results indicated that heparin had
the highest anticoagulant activity compared with star-shaped
heparin-mimicking supramolecules and linear heparin-mimick-
ing polymer, and the heparin-mimicking components could
partially mimic the anticoagulant activity as heparin. Fur-
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thermore, the star-shaped heparin-mimicking supramolecules
showed higher anticoagulant activity than the linear heparin-
like polymer at the same concentration. Thus, the anticoagulant
data indicates that the hyperbranched structure can mimic
heparin more effectively than the linear polymer, which may be
due to the high density of the sulfonic acid and carboxyl acid
groups and spatial conformation.

3.4.4. Blood-Related Complement Activation. Comple-
ment activation could be evaluated via determination of the
generated anaphylatoxins C3a, C4a, and C5a. In this study, C3a
and CS5a were used to evaluate the complement activation using
an ELISA assay.

Figure 6A and 6B shows the concentrations of C3a and C3a,
respectively. It was found that the C3a concentrations for the
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Figure 6. Concentrations of C3a for the membranes with whole blood
(A); values are expressed as means + SD, n = 3, *P < 0.05 compared
to the value of PES. Concentrations of C3a for the membranes with
whole blood (B); values are expressed as means + SD, n = 3, *P < 0.05
compared to the value of PES.

M-SA membrane surfaces increased slightly with the increase of
the bilayers, which were finally higher than that for blood but
commensurate with that for pristine membrane, while for the
M-SE membrane surfaces it could be observed that the C3a
concentrations decreased with the increase of the bilayers and
finally commensurate with that for blood. The same changing
tendency with the increase of the bilayers from 5 to 25 was
obtained for C5a levels. The C5a concentrations for the M-SA
were higher than that for blood but commensurate with that for
pristine membrane. For the M-SE membrane surfaces, the CSa
concentrations were lower than that for blood and pristine PES
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membrane. In general, the obtained results verified that the
star-shaped supramolecule-deposited heparin-mimicking bio-
medical membranes exhibited lower blood-related complement
activation than pristine membrane, which might have sup-
pressed inflammation responses when contacted with blood.

3.5. Influence of Heparin-Mimicking Multilayer
Modified Biomedical Membrane Surfaces on HUVECs
Growth. HUVECs were cultured in vitro to measure the
cytocompatibility of the star-shaped supramolecule-deposited
biomedical membranes. It is known that the endothelial cell
membrane is negatively charged and the cells communicate
with the substratum through an adsorbed protein layer via
proper specific recognition and binding sites formed between
the adsorbed proteins and the cell membranes. Thus, the
negatively charged surface might repulse the adsorption of
protein from the culture medium and then block the anchorage
of the negative HUVECs to the material surface.”” However,
the negatively charged heparin and heparin-mimicking
polymer-modified surface is expected to be favorable for cell
proliferation by immobilization of cellular fibronectin and thus
exhibits extremely low cytotoxicity.***” Thus, in this study, the
star-shaped heparin-mimicking supramolecule-deposited bio-
medical membranes may also enhance the cell adhesion ability.
HUVECs are selected as model cells to evaluate the cell
viability of the modified biomedical membranes.

3.5.1. Cell Morphology. Morphologies of the HUVECs
cultured for 6 days on the PES and star-shaped supramolecule-
deposited membrane surfaces are shown in Figure 7. It was
observed that the HUVECs exhibited a typical flattened
morphology. As could be observed, few HUVECs were spread
onto the surface of pristine PES membrane, while for the star-
shaped heparin-mimicking supramolecule-deposited surfaces
the HUVECs almost covered the whole surfaces, which spread
with ruffling of peripheral cytoplasm. The results indicated that
the star-shaped heparin-mimicking supramolecule-deposited
surfaces could enhance cell adhesion and growth, since the
HUVECs, which could express a high surface density of
intercellular adhesion molecule, might be bound to the sulfonic
group containing heparin-mimicking surfaces. Compared to the
HUVECs adhered onto the M-SA and M-SE membranes, it was
observed that the HUVECs on the M-SA were closed packing
and the HUVECs on the M-SE were fully spread out. Thus, the
surfaces of M-SA might be more suitable for growth of
HUVECs.

Confocal microscopy techniques were carried out to further
evaluate the morphologies of the cells seeded onto the surfaces
of pristine PES and star-shaped supramolecule-deposited
membranes. It was observed that the amount of the HUVECs
on the pristine PES membrane was very low, and more
HUVECs were adhered onto the surfaces of the M-SA
compared with those of the M-SE (Figure 7). The HUVECs
seeded onto the M-SA showed distinct regional aggregations
compared to those for the M-SE, while for the M-SE the
HUVECs displayed elongated morphology. The results
confirmed that cell adhesion and growth was significantly
promoted on the star-shaped supramolecule-deposited mem-
brane surfaces.

3.5.2. MTT Assay. The cytotoxicity of the membranes was
measured on HUVECs by MTT assay. The pristine PES
membrane was used as control. Figure 8 shows the MTT
results for the PES and modified biomedical membranes.
Absorption of formazan indicated that the HUVECs were
successfully seeded onto the PES and modified biomedical
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Figure 7. Morphologies of the HUVECs observed by SEM at a
magnification of X1000. The membranes: pristine polymeric
membrane (A), M-SA-S (B-1), M-SA-15 (B-2), M-SA-25 (B-3), M-
SE-S (C-1), M-SE-15 (C-2), M-SE-25 (C-3); images at a magnification
of X300 are shown in Figure S5, Supporting Information. Fluorescence
staining images of the HUVECs cultured for 6 days on pristine and
star-shaped supramolecule-deposited membranes. Pristine membrane
(a), M-SA-S (b-1), M-SA-15 (b-2), M-SA-25 (b-3), M-SE-5 (c-1), M-
SE-15 (c-2), and M-SE-2S (c-3). (D and E) Cartoon images of the
HUVECs adhesion on the pristine membrane and star-shaped
supramolecule-deposited membranes, respectively.
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Figure 8. MTT tetrazolium assays. Formazan absorbance is expressed
as a function of time for the HUVECs seeded onto different
membranes and the control; values are expressed as mean + SD of
eight determinations. *P, **P, ***P < 0.05 compared to the values for
the PES membranes at 2, 4, and 6 days, respectively.

membranes. As shown in Figure 8, on the second, fourth, and
sixth days the viability of the cells on the heparin-mimicking
biomedical membranes increased compared with the PES. It
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was observed that the M-SA-15 and M-SE-15 membranes
exhibited the best cytocompatibility among the M-SA
membranes and M-SE membranes, respectively. It is known
that the cell-material surface interaction is influenced by
various factors such as surface charge, surface wettability, free
energy, surface morphology, roughness, the existence of
bioactive factors, etc. Thus, the changing tendency of MTT
data for these samples might be influenced by these
complicated factors. In general, it could be concluded that
compared to the pristine PES membrane the star-shaped
supramolecule-deposited multilayer thin film surfaces would
show lower cytotoxicity and better cell viability. Thus, the
heparin-mimicking biomedical membranes should have great
potential in applications of the biological and biomedical fields.

4. CONCLUSIONS

In this study, surface LbL-assembled 3D porous multilayers
were constructed on polymeric membranes using the star-
shaped supramolecules. Surface ATR-FTIR spectra, XPS data,
SEM, and AFM images confirmed successful deposition of the
star-shaped polymers onto the membrane surfaces, and the as-
prepared surface-coated PES membranes exhibited 3D porous
surface morphologies. Meanwhile, the coating surface of PVDF
and PSf membranes also exhibited 3D porous morphologies as
PES membrane surface, which indicated that this proposed
strategy could also be applied in the surface coating of many
other polymeric membrane substrates. In the systematic in vitro
blood compatibility tests the modified PES membranes
performed decreased water contact angle, declined protein
adsorption, prolonged clotting time, and suppressed platelet
adhesion compared to pristine PES membrane, which indicated
the heparin-mimicking multilayers-coated membranes showed
ultralow blood components activation and excellent hemo-
compatibility. The cytocompatibility experiment further in-
dicated that the star-shaped supramolecule-deposited 3D
porous multilayers had a positive effect on endothelial cell
attachment and growth. Thus, the star-shaped supramolecule-
deposited 3D porous heparin-mimicking multilayer thin films
might have promising application in the surface modification of
polymeric membranes and also some other blood-contacting

biomedical fields.
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