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Small-diameter vascular grafts made of biomedical polytetrafluoroethylene (PTFE) suffer from the poor
long-term patency rate originating from thrombosis and intimal hyperplasia, which can be ascribed to
the insufficient endothelialization and chronic inflammation of the materials. Hence, bio-
functionalization of PTFE grafts is highly desirable to circumvent these disadvantages. In this study, a
versatile “implantation-incubation” approach in which the biomedical PTFE is initially modified by
plasma immersion ion implantation (PIII) is described. After the N, PIII treatment, the surface of
biomedical PTFE is roughened with nanostructures and more importantly, the abundant free radicals
generated underneath the surface continuously migrate to the surface and react with environmental
molecules. Taking advantage of this mechanism, various biomolecules with different functions can be
steadily immobilized on the surface of PTFE by simple solution immersion. As examples, three typical
biomolecules, heparin, SDF-1a, and CD47, are covalently grafted onto the PTFE. In addition to retaining
the bioactivity, the surface-functionalized PTFE exhibits reduced thrombogenicity, facilitates the
recruitment of endothelial progenitor cells, and even alleviates the inflammatory immune responses of
monocytes-macrophages and is thus promising to the development of small-diameter prosthetic
vascular grafts with good long-term patency.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

are only clinically successful as replacements of large-caliber ves-
sels (>6 mm). In applications involving small-diameter vascular

Prosthetic vascular grafts, particularly those made of expanded
polytetrafluoroethylene (PTFE), have been utilized clinically for
decades due to merits such as the excellent mechanical strength,
tunable structure, and sufficient availability. The vascular prosthe-
ses are more acceptable by patients, as they can circumvent the
additional surgical procedures and donor site morbidity by autol-
ogous vascular grafts [1,2]. Nevertheless, commercial PTFE grafts
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grafts, they generally suffer from the poor long-term patency rate
and therefore fail to meet rigorous clinical requirements [1,3].
Luminal thrombosis and intimal hyperplasia are the main cau-
ses of poor long-term patency of prosthetic vascular grafts. Endo-
thelialization of graft lumen is an effective strategy to prevent the
luminal thrombosis and intimal hyperplasia of PTFE grafts [4—6]
and the long-term patency can be significantly improved as a
result. Since spontaneous endothelialization of pristine PTFE grafts
is impossible in vivo [7], a tissue-engineered method by pre-
seeding grafts with autologous endothelial cells has been pro-
posed and is quite successful [8,9]. Nevertheless, its widespread
clinical adoption is plagued by the high production cost, compli-
cated procedures, and particularly the need for a lead time of up to
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several months [2,10]. In this respect, off-the-shelf grafts that
facilitate rapid endothelialization in situ are highly desirable [11,12].
Circulating endothelial progenitor cells (EPCs), which can be
mediated by various chemokines [13,14] including stromal cell-
derived factor-1a. (SDF-1a) [15,16], is essential to spontaneous
endothelialization of prosthetic vascular grafts. By involving SDF-
1a, prosthetic grafts can attain spontaneous endothelialization via
recruitment of EPCs from the blood stream [17,18]. On the other
hand, intimal hyperplasia, a result of the migration, over-
proliferation, and matrix synthesis of native smooth muscle cells
(SMCs), is provoked by mechanical stretching and chronic inflam-
matory response at the anastomotic site [19,20]. Immobilization of
the transmembrane protein CD47 is another strategy to attenuate
intimal hyperplasia [21,22], as the inflammatory response of pros-
thetic grafts can be effectively alleviated by the competence of
CD47 as a “marker of self” [23]. In addition, luminal thrombosis can
be ascribed to the intrinsic thrombogenicity of vascular prostheses
and surface heparinization of prosthetic grafts has been proven
successful in thrombus prevention [24,25].

Among the various techniques for surface modification of
prosthetic grafts with biomolecules, covalent immobilization is a
good choice on account of the long-term persistence of bio-
molecules after functionalization [26,27]. Nevertheless, owing to
the prominent chemical inertness of PTFE, covalent modification of
grafts by wet chemical methods is quite difficult. Alternatively,
physical techniques such as plasma treatments have been
demonstrated to alter the surface properties of biopolymers
[28—31]. In particular, plasma immersion ion implantation (PIII) is a
simple and effective technique to tailor the surface chemistry and
topography of PTFE [32,33]. It is expected that covalent immobili-
zation of biomolecules on PTFE is facilitated by PIII albeit in the
absence of chemical cross-linkers [34,35].

In this study, PTFE which has undergone N, PIII is further
functionalized by covalent immobilization of heparin, CD47, and/or
SDF-1a, and the antithrombotic capability, endothelialization po-
tential, as well as anti-inflammatory functions are investigated
systematically. From the perspective of reduced thrombogenicity,
rapid endothelialization, and low inflammatory immune response,
PTFE after surface functionalization is promising enabling the
development of small-diameter prosthetic vascular grafts with
good long-term patency.

2. Materials and methods
2.1. Materials

The heparin sodium salt (from porcine intestinal mucosa, Grade
[-A, >180 USP units/mg), toluidine blue O (TB), lipopolysaccharides
(LPS, from Escherichia coli), AMD3100, thiazolyl blue tetrazolium
bromide (MTT), horseradish peroxidase (HRP), paraformaldehyde
(PFA), sodium dodecyl sulfate (SDS), Triton X-100, bovine serum
albumin (BSA), and FITC labeled phalloidin were produced by
Sigma-Aldrich, USA. The human TNF-a Valukine ELISA kit and
human CXCL12/SDF-1« Quantikine ELISA kit were purchased from
R&D systems, USA. The rabbit monoclonal vinculin antibody, Alexa
Fluor 546 conjugated goat anti-rabbit IgG secondary antibody,
fetal bovine serum (FBS), Dulbecco's modified eagle medium
(DMEM), and RPMI 1640 medium were obtained from Life tech-
nologies, USA. The lactate dehydrogenase (LDH) assay kit, phorbol-
12-myristate-13-acetate (PMA), 4',6-diamidino-2-phenylindole
dyes (DAPI) were obtained from Beyotime Biotechnology, China,
and the recombinant human SDF-1a was obtained from Peprotech,
USA. The recombinant human CD47 protein was acquired from
Abcam, USA, and EGM-2 BulletKit was obtained from Lonza,
Switzerland.

2.2. Ny Pl treatment of PTFE

The PTFE sheets purchased from Goodfellow (0.25 mm in
thickness) were cut into circular disks with a diameter of 15 mm.
The substrates were ultrasonically cleaned in acetone, ethanol, and
distilled water before inserting into the vacuum chamber of the gas
PIII equipment. N, PIII was performed on the insulating PTFE
samples according to procedures described previously [32]. Briefly,
the PTFE samples were mounted on the sample stage which was
connected to a negative high-voltage power supply. A stainless
steel mesh placed 1 cm above the PTFE surface was electrically
grounded to allow the plasma to diffuse through and be accelerated
to the samples. High purity N2 was introduced into the chamber to
maintain a working pressure of 9.0 x 1072 Pa. The N, plasma were
generated by a radio frequency (RF) power of 1000 W and N PIII
was carried out for 3 h by applying a pulsed negative bias to the
sample stage with the voltage of —15 kV, frequency of 500 Hz, and
pulse duration of 20 ps.

2.3. Sample characterization

Scanning electron microscopy (SEM, JSM 7001F, JEOL, Japan) and
atomic force microscopy (AFM, NanoScope V MultiMode system,
Veeco, USA) were employed to evaluate the surface topography.
The samples were dried and sputter-coated with gold prior to SEM
observation and the surface roughness was determined by AFM.
The static contact angles were measured with 5 pl of distilled water
by the sessile drop method on the Rame'-Hart instrument (USA)
under ambient conditions and X-ray photoelectron spectroscopy
(XPS) was conducted on the Physical Electronics PHI 5802 (USA)
equipped with a monochromatic Al K, source.

2.4. Immobilization of biomolecules

The procedures for immobilization of heparin, CD47 and SDF-1a
are schematically illustrated in Fig. 1. Briefly, the PTFE samples after
undergoing N, PIIl were degassed in the phosphate-buffered saline
(PBS) solution and immersed in 500 pg/ml of the heparin solution
or binary solution containing 500 pug/ml heparin and 1 pg/ml CD47
for 12 h at 4 °C. Afterwards, the samples were taken out, rinsed with
PBS, and dipped into a 1 pg/ml SDF-1a solution for another 12 h at
4 °C. The above modified samples were designated as PTFE, N2, N2-
Hep, N2-Hep-SDF, and N2-Hep-SDF-CD47, respectively.

2.5. Determination of heparin

The amount of immobilized heparin was determined by the
modified TB method [36]. The TB solution was prepared by dis-
solving the TB reagent (0.005 w/v%) and NaCl (0.2 w/v%) in HCl
(0.01 M). Using 24-well tissue culture plates as the holders, a series
of 250 pl standard heparin solutions and various samples with
250 ul PBS solution were separately incubated with 250 pul of TB
solution at room temperature for 30 min to allow the formation of
TB-heparin complex. Subsequently, solutions were collected and
mixed with 500 pul of n-hexane vigorously. The TB-heparin complex
was extracted into the organic phase while the unreacted TB
remained in the aqueous phase. 200 pl of the aqueous phase were
transferred to a 96-well plate and the absorbance at 631 nm was
monitored on a microplate spectrophotometer (Eon, Biotek, USA).
According to the standard curve obtained with standard heparin
solutions, the absolute amount of heparin immobilized on each
sample was calculated.

To determine the shelf-life, the N2 samples were stored under
ambient conditions for 72 and 198 days prior to heparin solution
incubation and subsequent quantification of immobilized heparin.
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Fig. 1. Schematic illustration of the processing procedures and the corresponding sample designations. Note that all the biomolecules can be covalently immobilized by interacting
with free radicals (binding 1-7) and SDF-1a is also conjugated to heparin by affinity binding (binding 1’ and 4’).

To assess the stability of heparin immobilized on the samples, the
N2-Hep samples were immersed in PBS solution at 37 °C for 7, 14,
and 28 days prior to heparin quantification.

2.6. Re-calcified whole blood clotting and platelet adhesion

The anticoagulant ability of samples was determined by a re-
calcified whole blood clotting assay. With consent, fresh human
whole blood was drawn from healthy adult volunteers according to
ethics rules, maintained in the anticoagulant tubes, and used
within 12 h after collection. After addition of 50 pl of the CaCl,
solution (0.1 M), various samples were separately incubated with
500 pl of re-calcified whole blood at room temperature for 30 min.
The clotted blood on each sample was rinsed with distilled water,
blotted on a paper towel, and weighed.

The platelet-rich plasma was obtained by centrifuging the hu-
man whole blood at 200 g for 20 min 100 pl of the platelet-rich
plasma were introduced onto each sample and incubated at 37 °C
for 1 h. After gently rinsing the samples with PBS, the amount of
platelets adhered on various samples was determined by a LDH
assay according to manufacturer’s instructions. The morphology of
the platelets was examined by SEM.

2.7. Determination of SDF-1a and in vitro EPCs adhesion

The N2-Hep-SDF and N2-Hep-SDF-CD47 samples were incu-
bated with PBS for 1, 3, and 5 days, and the released and immobi-
lized SDF-1o0 was determined using a commercial ELISA kit
according to the manufacturer's protocols (Supplementary
information).

The circulating EPCs were isolated by adherence culture. Briefly,
the human peripheral blood was collected from healthy adult vol-
unteers after informed consent and added with heparin for anti-
coagulation. The collected blood was diluted 1:1 with PBS, over-
laid onto a lymphocyte separation medium, and centrifuged at
1000 g for 15 min. Afterwards, the mononuclear cells were carefully
isolated from the buffy coat, rinsed thrice with 2% FBS in PBS

solution, resuspended in EGM-2 BulletKit, seeded onto the culture
dishes pre-coated by 0.1 mg/ml poly-L-lysine, and cultured in a
humidified atmosphere of 5% CO, at 37 °C. The culture medium was
refreshed every 3 days when the non-adherent cells and debris
were aspirated. The adherent cells were further examined for the
EPCs phenotype (Supplementary information) and used < 3 pas-
sages in following experiments.

To assess EPCs adhesion in vitro, the samples were blocked with
1% BSA solution for 1 h prior to cell seeding. The EPCs were
resuspended in the serum-free medium and seeded onto the
samples at a density of 5 x 10 cells per sample by using 24-well
tissue culture plates as the holders. In parallel, EPCs were pre-
treated with 5 pg/ml AMD3100 at 37 °C for 30 min before being
seeded onto various samples. After incubation at 37 °C for 1 h, the
cells on samples were rinsed with PBS solution, and fixed with 4%
PFA, and the adherent EPCs were counted from 10 random fields at
100 x magnification after DAPI staining.

2.8. Cytocompatibility and endothelialization

The cytocompatibility and endothelialization of the samples
were investigated by human umbilical vein endothelial cells
(HUVECs, ATCC CRL-1730) with glucose DMEM supplemented with
10% FBS, 2 mM L-glutamine, 1% penicillin/streptomycin as the cul-
ture medium.

To analyze the formation of focal adhesion, HUVECs were
seeded on the samples at a density of 1 x 10% cells per sample with
24-well tissue culture plates as the holders. The tissue culture plate
(TCP) served as the positive control. After incubation for 24 h, the
cells were rinsed thrice with PBS, fixed with 4% PFA for 10 min,
permeabilized with 0.1% Triton X-100 for 10 min, and blocked with
1% BSA for 30 min. Subsequently, the samples were incubated with
rabbit anti-Vinculin primary antibody for 1 h and Alexa Fluor 546
conjugated goat anti-rabbit IgG secondary antibody for another 1 h.
Afterwards, the cytoskeletal actin filaments (F-actin) of the HUVECs
was stained with FITC conjugated phalloidin for 1 h and the nuclei
were stained by DAPI for 5 min. The samples were mounted on
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slides and photographed by a confocal scanning microscope
(DMI4000B, Leica, Germany).

To investigate cell proliferation, HUVECs were seeded onto the
samples at a density of 5 x 104 cells per sample with 24-well tissue
culture plates as the holders. After incubation for 1 and 3 days, the
samples bearing cells were transferred to a new 24-well plate and
analyzed by the MTT assay according to the manufacturer's
instructions.

After incubation for 3 days, the samples with HUVECs were
mounted in a custom-built parallel-plate flow chamber to evaluate
the cell resistance to laminar shear stress (10 dynes/cm?) for 1 h.
The cells retained on the samples were rinsed with PBS, fixed with
4% PFA, and quantified based on 10 random fields at
100 x magnification after DAPI staining. The cell retention rate was
determined by the following relationship: Cell retention
rate = Number of cells resisted to fluid shear stress/Number of cells
adhered on samples initially x 100%.

The migratory behavior of HUVECs on the samples were eval-
uated using a wound healing model. Briefly, a cell-free gap with a
width of 500 um was generated in the middle of the cell monolayer
by removing the silicone insert mounted on each sample. After
incubation for 12 and 24 h, the cells on samples were stained with
FITC conjugated phalloidin and examined by fluorescent micro-
scopy (Axio Observer Z1, Carl Zeiss, Germany). The area covered by
cells was determined by WimScratch Image Analysis.

Nitric oxide (NO) secretion from the HUVECs on samples was
determined by using a NO-specific fluorescent probe DAF-FM DA
(3-Amino,4-aminomethyl-2’,7’-difluorescein, diacetate) [37]. DAF-
FM DA could passively diffuse across the cellular membranes and
be deacetylated by the intracellular esterases to be DAF-FM (4-
amino-5-methylamino-2’,7’-difluorescein) and fluoresce. Since
the fluorescence intensity of DAF-FM DA was linear with the
intracellular NO concentration, NO production from the cells could
be determined by flow cytometry after incubation with DAF-FM DA.
To analyze NO secretion, the HUVECs were seeded on the samples
and TCP positive control at a density of 5 x 10% cells per sample by
using 24-well tissue culture plates as the holders. After incubation
for 48 h, the cells on the samples were rinsed with PBS and incu-
bated with 5 pM DAF-FM DA for 30 min at 37 °C in darkness.
Subsequently, the cells were detached from samples with 0.125%
trypsin-EDTA, fixed with 2% PFA, and then washed and resus-
pended in PBS solution for the flow cytometry analysis of over
10,000 cells.

2.9. Anti-inflammatory assays

The human monocytic leukemia cell line, THP-1 (ATCC TIB-202),
was maintained in RPMI 1640 supplemented with 10% FBS, 2 mM L-
glutamine and 1% penicillin/streptomycin, in a humidified atmo-
sphere of 5% CO; at 37 °C. In the anti-inflammatory assays, THP-1
monocytes were seeded onto the samples at a density of
1 x 10° cells per sample by using 24-well tissue culture plates as
the holders, and the cells were induced to differentiate into mac-
rophages by incubation with 160 nM PMA for 48 h. Afterwards, the
cells on the samples were rinsed thrice with PBS to remove the
non-adherent cells and fixed with 4% PFA, and the adherent mac-
rophages were quantified based on 10 random fields at
100 x magnification after DAPI staining. The macrophages on
samples were also fixed with 4% PFA and stained with FITC con-
jugated phalloidin. The morphology was examined by fluorescent
microscopy (Axio Observer Z1, Carl Zeiss, Germany). After culturing
in the PMA-free medium for 6 h, the macrophages on samples were
stimulated with 100 ng/ml LPS for 24 h and the supernatants were
collected and frozen at —20 °C for further analysis. According to the
manufacturer's protocols, the TNF-a level was determined using a

commercial ELISA kit, and normalized to the number of adherent
cells.

2.10. Statistical analysis

The results were presented as mean =+ standard deviation. One-
way ANOVA followed by Student-Newman-Keuls post hoc test was
performed to determine the statistical significance. Difference at
*p < 0.05 was considered to be significant and that at **p < 0.01 was
considered to be highly significant.

3. Results
3.1. Surface characterization of PTFE after Ny PIIl

The insulating PTFE samples are subjected to Ny PIII using a
special mesh-assisted implantation configuration as described pre-
viously [32]. As shown in Fig. 2A, the surface morphology of pristine
PTFE is generally flat, although some pores inherited from the raw
materials can be observed by SEM. After N, PIII, quasi-ordered
“protrusions and valleys” with a scale of hundreds of nanometers
emerge. The morphological difference is also confirmed by AFM and
Fig. 2B shows that the root-mean-square roughness increases
drastically from 17.9 nm of the pristine PTFE to 134 nm after N, PIIL
Correspondingly, the wettability of PTFE surface is altered from
being hydrophobic originally (115 + 3°) to nearly superhydrophobic
(147 + 3°) (Fig. 2C) after Ny PIIL Fig. 2D presents the high-resolution
C 1s and N 1s spectra of the pristine and N, PIIl samples with peak
deconvolution. The prominent C-F peak of the pristine PTFE de-
creases in intensity after Ny PIII in association with the emergence of
C—0/C—N and C=0/C=N bonds. The surface chemical alteration on
the Ny PIII treated samples is evident.

3.2. Heparin immobilization and antithrombogenic properties

After surface modification by N PIII, the PTFE samples are
incubated in a heparin solution or the binary solution of heparin
and CD47, followed by incubation in an SDF-1a. solution to immo-
bilize the biomolecules, as shown in Fig. 1. Prior to functionaliza-
tion, the amount of heparin on PTFE and N2 samples is determined
by the TB assay [36]. As expected, the amount of heparin attached
to the PTFE is negligible, whereas heparin is immobilized on N2 at a
density of about 1 pg/cm? (Fig. 3A). More importantly, the robust
immobilization of heparin on N2 is not compromised even after
long-term storage (up to 198 days) under ambient conditions
(Fig. 3A). The stability of the heparin-loaded N2 is also evaluated
under physiological conditions and in vitro measurements do not
reveal any sign of heparin detachment for over 28 days (Fig. 3B).

Before and after multi-functionalization, the samples are incu-
bated with re-calcified whole blood for 30 min to evaluate the
anticoagulant activity by weighing the blood clot formed on the
surface. As shown in Fig. 3C, N2 appear to activate blood coagula-
tion to a much higher extent than PTFE, which is undesirable for
employment as vascular materials. Fortunately, this drawback is
circumvented by subsequent loading of heparin, as there is no
significant difference in blood clotting between PTFE and the
samples loaded with heparin. In the next step, the samples after
incubation with the platelet-rich plasma are examined with respect
to adherent platelets using the LDH assay (Fig. 3D) and SEM
(Fig. S1). Different from the pristine PTFE samples showing abun-
dant platelets adhering to the surface with an activated
morphology and many typical pseudopods, all four kinds of N2-
modified substrates show suppressed platelets adhesion and
most of the adhered platelets maintain a spheroid shape without
activation.
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Fig. 2. Surface characterization of pristine PTFE (PTFE) and PTFE after N, PIII treatment (N2): (A) SEM images; (B) Three-dimensional AFM images and the corresponding cross-
sectional height profiles along the red lines (RMS = root mean square); (C) Static water contact angles; (D) High resolution C 1s and N 1s spectra obtained by XPS. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. SDF-1« functionalization and EPCs recruitment

The N2-Hep-SDF and N2-Hep-SDF-CD47 samples are further
analyzed for the released and residual amount of SDF-1¢ by incu-
bating them in the PBS solution at 37 °C for 1, 3, and 5 days. As
shown in Fig. 4A, the loaded SDF-1a. is released gradually with time
but does not reach the plateau within 5 days of PBS incubation. The
presence of CD47 on the samples has little influence on the release
behavior of SDF-1a. Moreover, the residual amount of SDF-1a on
the samples (Fig. 4B) is orders of magnitude larger than the
released amount and no obvious loss of SDF-1a. is observed for an
incubation time of up to 5 days.

As aforementioned, immobilization of SDF-1a probably leads to
spontaneous endothelialization of the surface by recruiting circu-
lating EPCs from the blood stream. To demonstrate the specific
recognition effect between the SDF-loaded samples and circulating
EPCs, EPCs are first isolated from human peripheral blood by
adherence culture for 7 days and then identified for the specific
surface markers such as CD34, CD133, Flk-1, and SDF-1a. specific
receptor CXCR4 (Fig. S2) [38]. Fig. 4C and Fig. S3 confirm the
capability of immobilized SDF-1a. to enhance receptor-mediated
attachment of EPCs. In particular, significantly more EPCs are
attracted by the SDF-1a-loaded samples than the SDF-1¢. free ones.
When EPCs are pre-incubated with the CXCR4 specific antagonist
AMD3100, pro-adhesion on the SDF-1a-loaded samples is greatly
attenuated, thereby corroborating the specific recognition between
SDF-1a and CXCR4 receptor of EPCs.

3.4. Cytocompatibility and endothelialization

The modified samples are cultured with HUVECs and cyto-
compatibility is assessed by focal adhesion, cell proliferation, cell

resistance to fluid shear stress, cell migration, and NO production
by HUVECs. Formation of focal adhesion on the samples is exam-
ined by vinculin and F-actin immunostaining after HUVECs culture
for 24 h. As shown in Fig. 5A, HUVECs on PTFE show a rounded
morphology and a lack of stress fibers. In contrast, the cells spread
well on the modified samples as well as positive control. A dense
network of F-actin and punctate distribution of vinculin are
observed throughout the cell body, indicating ongoing vinculin
localization to the ends of stress fibers to form focal adhesion.
After HUVECs culturing for 1 and 3 days, cell proliferation is
evaluated by the MTT assay. Fig. 5B reveals that HUVECs prolifer-
ation on N2 is much better than that on PTFE, while the load of
heparin further enhances cell proliferation. Nonetheless, all the
modified samples are inferior to the positive control with regard to
HUVECs proliferation. After 3 days, the seeded HUVECs are able to
reach a confluent monolayer on the samples except PTFE (Fig. S4).
The cells on the samples are further introduced into a parallel-plate
flow chamber and exposed to shear stress for 1 h. As shown in
Fig. 5C, only a few cells on the modified samples are detached,
whereas less than half of the cells on PTFE are retained. To inves-
tigate the migratory behavior of HUVECs on various samples by
wound healing assay, a cell-free gap of 500 um is generated by
removal of the culture insert. It is obvious that the exposed gap can
be gradually closed on account of directional cell migration
(Fig. 5D). The quantitative results (percentage of cell-covered area)
in Fig. 5D demonstrate the non-significant difference between the
modified samples and positive control (Fig. S5). In contrast, the
results for PTFE are null since the cells on PTFE cannot reach
confluence. NO is an important signaling molecule that plays a
multifunctional role in cardiovascular physiology [39]. Flow
cytometry shows that the HUVECs cultured on N2, N2-Hep, N2-
Hep-SDF, and N2-Hep-SDF-CD47 have a higher percentage of NO-

Fig. 3. Heparin immobilization and antithrombotic effects: (A) Heparin loading capability of pristine PTFE, and the N2 samples after being stored under ambient conditions for 0, 72,
and 198 days; (B) Heparin amounts on the N2-Hep samples after incubation in PBS for 0, 7, 14, and 28 days; (C) Mass of blood clot formed on each sample after incubating with re-
calcified whole blood for 30 min. The corresponding photograph is inseted; (D) Relative amount of adherent platelets on each sample after incubation with PRP for 1 h.
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Fig. 4. SDF-1a functionalization and EPCs recruitment: (A) Cumulative release of SDF-1a from the samples bearing SDF-1a. after incubation in PBS for 1, 3, and 5 days; (B) Amounts
of SDF-1a retained on the samples after incubation in PBS for 1, 3, and 5 days; (C) Amounts of EPCs adhering on each sample before and after the treatment with AMD3100.

positive cells than those on PTFE and positive control (Fig. S6).
Evidently, the endothelial functions of PTFE are significantly
improved after N PIIl and functionalization with biomolecules.

3.5. CD47 loading and anti-inflammatory effects

Besides HUVECs assessments, THP-1 cells are employed to
investigate the immune response of monocytes-macrophages to
the samples [40]. After the THP-1 cells on samples are induced into
macrophage by treatment of PMA, the macrophage-like pheno-
types such as cell adhesion, cell morphology, and TNF-a secretion of
cells in response to LPS stimulation are analyzed. The pristine PTFE
is more favorable than the modified samples with respect to the
adhesion of THP-1 derived macrophages (Fig. 6A and B). The
adherent cells on PTFE are in the activated state. They not only
show an irregular morphology, but also are abundant with filopodia
(blue arrow) at the periphery and podosomes (red arrows)
throughout the cell body (Fig. 6C). In contrast, fewer THP-1 derived
macrophages adhere onto the N2-modified samples and most of
them are inactivated. Further reduction in adherent cells is
observed from N2-Hep-SDF-CD47 and N2-CD47 (N2 sample func-
tionalized with CD47 solely), disclosing the anti-inflammatory ef-
fect rendered by immobilized CD47. With regard to secretion of
pro-inflammatory cytokine TNF-o. by THP-1 derived macrophages,
Fig. 6D confirms the anti-inflammatory functions of all the modi-
fied samples, especially the two kinds of samples bearing CD47.

4. Discussion

Plasma techniques are widely used in surface modification and
PIII with unique advantages such as non-line-of-sight processing

and ion mixing is especially attractive to biomedical implants.
During PIII, energetic ions are implanted into the PTFE substrate by
the electric field and stopped in the substrate via nuclear stopping
and electronic stopping. Nuclear stopping damages the PTFE
partially mainly in the form of chain scission. On the atomic scale,
the C-F bonds in PTFE are broken, accompanied with an obvious
increase of the end groups (C* shown in Fig. 2D). Concerning the
microscopic morphology, the incident ions erode the PTFE to create
a rough surface structure with protrusions and valleys (Fig. 2A and
B).

Electronic stopping forms free radicals which may cause either
polymer chain cross-linking or surface reactions with outside
species. The high reactivity of free radicals is responsible for the
emergence of various oxygen- and nitrogen-containing groups on
the samples after Ny PIIL In general, although polar groups on the
surface normally enhance the hydrophilicity, the N2 samples are
found to be superhydrophobic (Fig. 2C). It is believed to be the
“lotus effect” stemming from the surface nanostructures [41]. For
demonstration, after the PTFE samples are exposed to the N
plasma for 3 h (without bias) to perform simple chemical modifi-
cation, a water contact angle of 50 + 3° is observed, thus revealing
the hydrophilic nature of the oxygen- and nitrogen-containing
groups. The free radicals generated by gas PIIl have been proven
to be long-lived and mobile [34] and the ion-implanted region
underneath the surface can serve as a reservoir of abundant free
radicals. Since the free radicals are very reactive and migrate
randomly, most of them are finally quenched in the bulk of the
samples. However, a substantial amount of the free radicals can
continuously migrate to the sample surface without being
quenched and react with environmental molecules covalently.

By taking advantage of this unique mechanism, the samples
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Fig. 5. Cytocompatibility and endothelialization: (A) Representative confocal images of HUVECs after incubating the cells on each sample and TCP positive control for 24 h. Note the
focal adhesion (red) and cytoskeleton organization (green) of adherent cells; (B) Proliferation of HUVECs on each sample and TCP positive control after incubation for 3 days; C) Cell
retention rate of the HUVECs monolayer on each sample and TCP positive control after introducing the samples bearing cells into a parallel-plate flow chamber and exposure to
shear stress (10 dynes/cm?) for 1 h; (D) Migration of HUVECs on each sample and TCP positive control into the cell-free gap zone (500 pm in width) after incubation for 0, 12, and
24 h. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

after Ny PIII can link to various biomolecules in the surrounding
solution even in the absence of chemical linkers. It is well known
that proteins tend to adhere to hydrophobic samples such as pris-
tine PTFE on account of the hydrophobic interaction. However, the
supplementary results in Fig. S7 demonstrate that the HRP physi-
cally absorbed on pristine PTFE can be easily removed by SDS, a

potent ionic surfactant capable of disrupting non-covalent in-
teractions, whereas the proteins immobilized on the N2 samples
are resistant to SDS elution. The bioactive conformation of HRP can
be well-preserved after covalent immobilization. Unlike proteins,
heparin is a kind of glycosaminoglycan with good hydrophilicity
and barely adsorbs onto pristine PTFE. After creation of free radicals
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Fig. 6. CD47 loading and anti-inflammatory effects: (A) Representative fluorescent images of differentiated THP-1 cells on each sample after 160 nM PMA incubation for 48 h; (B)
Corresponding amount of differentiated THP-1 cells on each sample; (C) Morphology of differentiated THP-1 cells on each sample. Note the filopodia (blue arrow) and podosomes
(red arrows) of the cells on PTFE; (D) TNF-o. secretion level of differentiated THP-1 cells on each sample after 100 ng/ml LPS stimulation for 24 h. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

by N PIII, the surface of the N2 samples is energetic enough for
heparin grafting (Fig. 3A) and the loaded amount of heparin is
almost unchanged after incubation in PBS for up to 28 days
(Fig. 3B). The high stability of immobilized heparin on N2 can be
ascribed to the covalent interaction. In addition, incubation in the
binary solution provides the feasibility of simultaneous immobili-
zation. According to our preliminary experiments on N2 samples
loaded with heparin and/or HRP, there is no significant change in
the loaded amounts among samples incubated in 500 pg/ml hep-
arin, 50 pg/ml HRP, and binary solution of heparin + HRP (data not
shown). Moreover, the N2 samples have a long shelf-life, as
demonstrated by their effectiveness in binding biomolecules
(Fig. 3A and Fig. S7) after over 6 months of storage under ambient
conditions.

According to our preliminary studies, the N2 samples are further
functionalized with heparin, CD47, and/or SDF-1a. to evaluate po-
tential cardiovascular applications. As shown in Fig. 1, the N2
samples are incubated in heparin or heparin/CD47 binary solution
to immobilize the biomolecules. During the incubation processes,
heparin and/or CD47 in the solution react with free radicals and can

be covalently grafted (binding 1, 2, 3, and 4 for heparin, and binding
5 and 6 for CD47). Thereafter, the samples are transferred to the
SDF-1a solution for further functionalization. On account of the
high affinity between SDF-1a and heparin, SDF-1a can conjugate to
the immobilized heparin (binding 1’ and 4’) besides direct grafting
on samples (binding 7). In comparison, only a few of the surface-
grafted heparin molecules are bound with SDF-1a due to their
enormous difference in concentration.

Heparin is the most commonly used anticoagulant clinically and
surface heparinization has been proven as an efficient strategy to
prevent thrombus formation on blood contacting biomaterials [24].
Although the N2 samples appear to be procoagulant, further
decoration with heparin can overcome this disadvantage (Fig. 3C),
indicating that the antithrombogenic function of heparin is
retained after covalent immobilization [42]. Owing to the high af-
finity between heparin and SDF-1a [25], the immobilized heparin
can serve as a localized delivery platform for the storage and sus-
tained release of SDF-1. (Fig. 4A). On the other hand, immobiliza-
tion of heparin on the samples enhances HUVECs proliferation
slightly (Fig. 5B) [43]. Both the LDH assay (Fig. 3D) and SEM (Fig. S1)
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reveal significantly fewer platelets on the N2 samples, and the
amounts of adherent platelets on samples can be further reduced
after surface heparinization. It is believed that suppression of
platelet adhesion originates from the cooperative effect of the hy-
drophilic surface [44] and nanotopography [45] on the samples, in
addition to the antithrombogenic function of immobilized heparin
[42].

Although early thrombus formation on the PTFE grafts can be
efficiently inhibited by heparin immobilization, it is imperative to
line them with endothelium for the achievement of long-term
patency. Generally, there are two main reasons for the lack of
endothelialization capability on PTFE grafts. The first reason is that
the trans-anastomotic migration of endothelial cells is insufficient
[7]. Clinical data show that the endothelial coverage of prosthetic
grafts is limited to the peri-anastomotic region (1—2 cm) even after
years of implantation. To solve this problem, the strategy about in
situ endothelialization via recruitment of endogenous progenitor
cells has been proposed [17]. In this study, SDF-1a is used for the
surface functionalization of PTFE. SDF-1a is a potent chemokine
which can specially recognize the CXCR4 receptor of circulating
EPCs (Fig. S2). Immobilization of SDF-1« is effective in capturing
EPCs under flowing conditions [46—49]. As shown in Fig. 4C and
Fig. S3, the presence of SDF-1a. on the samples greatly enhances
adhesion of EPCs, whereas this enhancement can be precluded by
blocking the CXCR4 receptor of EPCs with AMD3100. Another
reason for insufficient endothelialization is the inherent bio-
inertness of PTFE. If the sample surface does not support cell sur-
vival, the benefit to EPCs recruitment is meaningless. It has been
demonstrated that the surface properties of PTFE substrate can be
readily altered by gas PIII [32,33]. Ny PIIl can overcome the bio-
inertness of PTFE so that surface functionalization with bio-
molecules can be facilitated. After the dual process, the cellular
functions of HUVECs on the samples such as formation of focal
adhesion, cell proliferation, cell resistance to fluid shear stress, and
cell migration are improved (Fig. 5A—D). The cells on the modified
samples are even better than those on pristine PTFE and TCP from
the perspective of cellular production of NO signaling molecules for
better endothelial functions (Fig. S6).

Intimal hyperplasia is another major challenge against the long-
term patency of prosthetic vascular grafts. It is well known that
graft implantation is normally accompanied by a cascade of foreign
body reactions including recruitment of monocytes, differentiation
of monocytes into macrophages, and secretion of inflammatory
cytokines [50]. In response to inflammatory stimuli, vascular
smooth muscle cells can over-proliferate leading to the intimal
thickening and gradual reduction in patency [20]. It has been
documented that CD47 is a “marker of self” and its employment can
attenuate the intimal hyperplasia of prosthetic grafts by modu-
lating the host immune response [51—53]. By taking advantage of
the “incubation for immobilization” method to grafting CD47, the
immune response of monocytes-macrophages can be effectively
inhibited (Fig. 6).

5. Conclusion

A synergetic approach is proposed to tailor the surface proper-
ties of PTFE for better cardiovascular applications. Initial Ny PIII
changes the surface chemistry and topography of PTFE giving rise to
the formation of free radicals which enable covalent binding with
biomolecules without using chemical linkers. After Ny PIII, grafting
with heparin, SDF-1a, and CD47 is performed to endow PTFE with
multi-biofunctions including antithrombosis, EPCs recruitment,
rapid endothelialization, and anti-inflammation. The surface-
functionalized PTFE has large potential in the development of off-
the-shelf vascular grafts with good long-term patency. This

versatile strategy can also be extended to grafting of other func-
tional biomolecules on polymeric substrates to expand their roles
in biomedical applications.
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Materials and Methods
1. HRP immobilization and quantification

HRP possessing activity that could be easily monitored by reacting with the
chromogenic substrate such as 3,3',5,5'-tetramethylbenzidine (TMB) was employed as
a model protein to confirm that proteins could be covalently immobilized on the N2
samples by simple incubation in solutions. Since the N2 samples were apparently
superhydrophobic, they were degassed in an ultrasonic bath in PBS solution prior to the
incubation with HRP. The PTFE and N2 samples (as prepared and stored under
ambient conditions for 72 and 198 days) were immersed in a 50 pg/ml HRP solution
for 12 hours at 4 °C.  Afterwards, the samples were taken out, rinsed with PBS, eluted
with 2% SDS solution for 1 hour, and then added with 0.5 ml of the TMB solution for
color development. After 3 minutes, the chromogenic reaction was stopped by
addition of 0.5 ml of 2 M HCI. The mixture of each sample was collected and the

absorbance at 450 nm was determined spectrophotometrically.

2. Determination of SDF-1o

The released and immobilized SDF-1a from N2-Hep-SDF and N2-Hep-SDF-
CD47 samples after incubation with PBS solution for 1, 3, and 5 days was determined
using a commercial ELISA kit according to the manufacturer’s protocols. Briefly, to
quantify the amount of released SDF-1a, a monoclonal antibody specific to SDF-1a
was pre-coated on the bottom of a 96-well plate and then the solutions containing

released SDF-1a were pipetted into the wells and incubated at 37 °C for 2 hours.



Afterwards, each well was rinsed, incubated with the enzyme-linked polyclonal
antibody specific to SDF-1a, and reacted with a substrate solution, and the absorbance
was monitored on a microplate spectrophotometer (Eon, Biotek, USA). The amount
of released SDF-1a was calculated according to the standard curve prepared with the
standard SDF-1a solutions. To quantify the amount of immobilized SDF-1a, the N2-
Hep-SDF and N2-Hep-SDF-CD47 samples were directly incubated with the enzyme-
linked polyclonal antibody specific to SDF-1a and reacted with a substrate solution.
The absorbance was determined spectrophotometrically and the amount is calculated

according to the standard curve.

3. EPC phenotype

The phenotype of cells was examined by immunofluorescence staining of the
surface markers including CD34, CD133, Flk-1, and CXCR4. Briefly, the cells after
incubation for 7 days were fixed with 4% PFA for 10 minutes and permeabilized with
0.5% Triton X-100 for 20 minutes prior to the immunofluorescence staining. After
being blocked with 1% BSA for 30 minutes, the cells were incubated with the primary
rabbit anti-CXCR4 antibody, mouse anti-Flk-1 antibody, rabbit anti-CD34 antibody,
and rabbit anti-CD133 antibody at 4 °C overnight, respectively. Subsequently, the
cells were rinsed with PBS, and incubated with the corresponding secondary antibodies
(FITC conjugated anti-mouse IgG, FITC conjugated anti-rabbit IgG, or CY3

conjugated anti-rabbit IgG) for 60 minutes at room temperature. In addition, the cell



nuclei were stained with hoechst for 5 minutes and examined by fluorescent microscopy

(Axio Observer Z1, Carl Zeiss, Germany).



Fig. S1 Representative SEM images of adherent platelets on each sample after

incubation for 1 hour with PRP.



Nuclei

Nuclei

Fig. S2 Phenotype characterization of isolated EPCs by immunofluorescence staining

CD34, CD133, Flk-1, and CXCRA4.



Fig. S3 Representative DAPI-stained fluorescent images of EPCs adhering on each

sample before and after the treatment with AMD3100.



Fig. S4 Representative fluorescent images of the HUVECs on each sample and TCP
positive control after incubation for 3 days. Note that the cells on PTFE cannot reach

confluence.



Fig. S5 Quantification of HUVECs migration on each sample and TCP positive control
into the cell-free gap zone (500 pum in width) after incubation for 0, 12, and 24 hours.

The corresponding results of the PTFE group are void.



Fig. S6 Flow cytometry analysis of NO secretion of HUVECs on each sample and TCP
positive control after incubation for 48 hours. The blue dots are referred to NO-positive

cells and red dots to NO-negative cells.



Fig. S7 Relative amounts of HRP loaded on the pristine PTFE and N2 samples after
storage under ambient conditions for 0, 72, and 198 days. (- referred to the results before

2% SDS elution and + referred to the results after 2% SDS elution).
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