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ABSTRACT: The surfaces of Nitinol (TiNi), a popular metal alloy for arterial
stents were thin-coated with diamond-like carbon (DLC) and then grafted with
poly(ethylene glycol) (PEG) to increase biocompatibility. The TiNi control, DLC-
coated TiNi (TiNi-DLC), and the PEG-grafted TiNi-DLC (TiNi-DLC-PEG)
surface characteristics and biocompatibility were evaluated. The hydrophilicity
of the TiNi-DLC-PEG significantly increased and the amount of both oxygen
and nitrogen on the TiNi-DLC-PEG also increased compared to the TiNi
control and TiNi-DLC due to the grafted PEG. The ratio between albumin and
fibrinogen was higher on the PEG-grafted surface than the other surfaces when
tested with human blood components; the platelet adhesion decreased the most
on the TiNi-DLC-PEG surface, indicating improved blood compatibility. For
in vivo tests using a rat model, the samples that were implanted for 6 weeks
formed fibrous tissue; the tissue layer was much thinner on the PEG-grafted
sample than the other two groups. The present results indicate that PEG-
grafted TiNi-DLC surface may be effective in enhancing biocompatibility of
blood-contacting biomaterials including vascular stents.
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INTRODUCTION

tent placement is an effective clinical treatment for the life-

threatening peripheral vascular occlusive diseases. However, the
long-term success of this procedure is hampered by the development of
chronic in-stent restenosis, due to the neointimal hyperplasia, that
frequently occurs to the patients who received stent placement in the
peripheral arteries [1-3]. Restenosis is a re-narrowing of a blood vessel,
caused by the growth of fibrous tissue at the site of angioplasty or stent
implementation. The fact that nonspecific adsorption of blood compo-
nents significantly compromises the function of devices in contact with
blood shows that the surface of implanted stents must have durable
biocompatibility. Due to its super elasticity and shape-memory proper-
ties, titanium-nickel (TiNi) alloy (Nitinol) has been widely used for self-
expanding vascular stents, vena cava filters, and wires for orthodontic
applications [4,5]. Although nickel is known to induce hypersensitive
reactions and tissue necrosis, TiNi has proven to be safe and
biocompatible in many in vitro and in vivo studies based on the
presence of a surface oxide film that prevents nickel from corrosion and
leaching. This oxide layer is at the interface and can react with
circulating blood and with living tissue as follows: (1) by electron
exchange (redox reaction), (2) by proton exchange (hydrolysis), and
(3) by complex formation (metal ion-organic molecule binding). The
poly(crystalline oxide) on metals has been reported to have low corrosion
resistance in physiological fluid and may release positively charged ions
upon interacting with circulating blood. After implantation, the release
of metallic ions from stents can act as a trigger to active fibrinopeptide
that can form severe thrombosis, stimulate fibroblast growth, and
promote protein adsorption and platelet adhesion [6].

Several studies have been directed toward specific chemical modifica-
tions of blood-contacting surfaces to develop better biocompatible
biomaterials. Poly(ethylene glycol) (PEG) is known as a highly biocom-
patible, hydrophilic polymer [7]. Surface modification using hydrophilic
polymers decreases protein adsorption and reduces platelet and cell
adhesion [8-11]. The role of PEG is explained by its unique properties,
such as excluded volume on the surface and flexible hydrophilic chain
motion against proteins and cells, along with its nontoxicity and
nonimmunogenicity [12,13].
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Methods for surface modification using PEG include a simple physical
adsorption, self-assembled monolayer (SAM) [14,15], chemical coupling
[16,17], and graft polymerization [18]. For instance, Whitesides and
co-workers [14,15] demonstrated that SAM composed of oligo-PEG decre-
ased protein adsorption. The surface grafting of PEG has been applied not
only to polymer but also to metals and glasses surfaces [19,20].

In this study, biocompatible PEG was grafted on TiNi alloy through a
two-step procedure (Figure 1). Bare TiNi surface was doped with
diamond-like carbon (DLC) and then grafted with PEG. Carbon is a
blood-compatible, inert ceramic and thus widely used in blood-facing
device. Thin DLC film was produced using a variety of techniques, such
as ion beam deposition, radio frequency plasma-enhanced chemical
vapor deposition (r.f.-PECVD), and pulsed laser deposition [21-23].
Biocompatibility of DLC was confirmed using human fibroblast and
osteoblast-like cells in vitro or through animal implantations in vivo
[24,25]. DLC was also tested for hemocompatibility and found very
promising [26,27]. However, there are some controversies over DLC:
clinical tests of DLC-coated vascular stents exhibited that DLC coating
might not provide significant improvement in restenosis rate as
compared to the uncoated stents [28]. Nonetheless it is notable that
beneficial effect of DLC would come only when the coated layer is stable
during the expansion of stents.

We hypothesize that utilization of PEG on the DLC-coated TiNi would
have an additive benefit in enhancing biocompatibility over bare TiNi
stent. To demonstrate the hypothesis, three test groups were selected:
TiNi control, TiNi-DLC, and TiNi-DLC-PEG. After the surface
characterization of them, both protein adsorption and platelet adhesion
in vitro were examined. In addition, through in vivo implantation of
each sample, the formation of fibrous tissue was evaluated in terms of

tissue thickness around the implants.
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Figure 1. A schematic illustration of the process of surface modification of TiNi. After the
DLC coating, biocompatible PEG is grafted on the DLC-coated layer.
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MATERIALS AND METHODS
Materials

Nitinol (TiNi alloy) was purchased from Biosmart Co. Korea.
Poly(ethylene glycol) (PEG; MW 2000), hexamethylene diisocyanate
(HDI), dibutyltin dilaurate (DBTDL), ammonium hydroxide, hydrogen
peroxide, stannous octoate, bovine serum albumin, and human fibrino-
gen were purchased from Aldrich Chemical Co. USA.

Synthesis of Isocyanated PEG

To isocyanate PEG, a tin catalyst (0.2% DBTDL), PEG
(6.25 x 1073 mol) were reacted with HDI (13.1 x 10 ®mol) dissolved in
10mL of toluene under nitrogen at 40°C for 45min. One side of the
isocyanated PEG (OCN-PEG-NCO) was then reacted with methanol to
produce a methylated PEG-NCO (MPEG-NCO). The final product was
stored in the moisture-free vacuum chamber for further use.

DLC Coating on TiNi Alloy

The DLC layer on the TiNi alloy (10 x 10 x 0.5 mm?®) was prepared
using 13.56 MHz RF plasma-assisted chemical vapor deposition
(PACVD) technique. The samples were placed on water-cooled cathode,
where the RF power was delivered through impedance matching
network. The precursor gases used in the deposition process were
benzene and diluted silane (SiH,/Hs=10:90). Prior to the deposition,
after the samples were sputter cleaned with Ar plasma for 15 min, the
DLC layers were then deposited under a bias voltage of —400V and
deposition pressure of 1.33 Pa. The film thickness was 0.55+0.01 um as
measured by an alpha step profilometer.

PEG Grafting on TiNi-DLC

Before PEG grafting on the surface of TiNi-DLC, steps were taken to
remove the impurities and oxide on the surface of TiNi-DLC. After the
samples were dipped in distilled water and acetone for 5min,
respectively, they were immersed for 5 min in a mixture (1:1:5, v/v/v)
of 25% ammonium hydroxide, 30% hydrogen peroxide, and distilled
water at 80°C. The samples were then sonicated for 30 min in a solution
of butanol and water (9:1, v/v) at room temperature. After rinsing
in ethanol and triple distilled water three times, the samples were
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vacuum-dried for 24 h to obtain an oxidized TiNi-DLC. These samples
were reacted with 0.2g isocyanated PEG (MPEG-NCO) in 2mL of
toluene and 0.004 mL of stannous octoate at 40°C for 24 h, to produce
PEG-grafted TiNi-DLC.

Surface Characterization

Chemical structures of TiNi control, TiNi-DLC, and TiNi-DLC-PEG
were analyzed using attenuated total reflection-Fourier transform
infrared (ATR-FTIR, IFS 66 spectrometer, Bruker, Germany). Post-
treatment changes on the chemical compositions were also investigated
using electron spectroscopy for chemical analysis (ESCA; S-Probe
Surface Science, Mountain View, CA, USA). The relative atomic
percent was calculated from the peak areas reflecting atomic sensitivity
factors. Water contact angle, an indicator of surface wettability, was
determined using an optical bench-type contact angle goniometer
(Digidrop, GBX Scientific Instrument, France). A drop of water was
deposited onto the sample surface and direct microscopic measurement
of contact angle was then carried out. Surface morphology of the

modified samples was observed using scanning electron microscope
(SEM, Hitachi 2500C, Japan).

Protein Adsorption and Platelet Adhesion

Both control and surface-modified samples were hydrated for 30 min
in phosphate-buffered saline (PBS), then immersed for 1h in human
fibrinogen (0.3mg/mL) and in bovine serum albumin (3 mg/mL),
respectively, and rocked in a water bath at 37°C. After rinsing three
times in PBS, the samples were treated with 5% sodium dodecyl sulfate
(SDS) for 24 h to detach any proteins physically adsorbed on the surface.
The amount of total protein was measured using BCA protein assay kit.
Human blood was mixed with 3.8% sodium citrate solution in the ratio
of 1:9 (v/v). Platelet-rich plasma (PRP) and platelet-poor plasma (PPP)
were separately obtained by centrifugation at 250 g for 10 min and at
1500g for 20 min, respectively. The number of platelets in PRP was
adjusted to 1 x 10° platelets/mL by adding PPP. After the samples were
incubated for 1h in the platelet suspension (2mL) at 37°C and washed
three times with PBS, the adhered platelets on samples were fixed by
putting them in 2% glutaraldehyde for 1h. The samples were
dehydrated sequentially with the aqueous 50, 70, 90, and 100% ethanol
solution, and then, vacuum-dried overnight. The images of platelet-
adhered surfaces for each sample were taken using SEM.
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In Vivo Rat Implantation

Samples (n =6, each group) of TiNi control, TiNi-DLC, and TiNi-
DLC-PEG were individually implanted in both sides of the thigh
muscles of six rats. Anesthesia was carried out with intraperitoneal
injection of ketamine (100 mg/kg) and xylazine (15 mg/kg). Once the
thigh muscles were incised, each sample was inserted in the muscle and
then the skin was sutured to close the wound. After 6 weeks, the rats
were sacrificed and the implanted samples were retrieved for histolo-
gical analysis. The formation of fibrous tissue around the samples was
visualized using hematoxylin & eosin (H&E) staining. Through a
microscopic examination, the thickness of fibrous tissue was measured
three times for each sample and represented on average.

Statistical Analysis

All the data were presented as mean + standard deviation (SD). As
compared to the TiNi control, a statistically significant difference was
sought using the Student’s ¢-test. The difference was considered
significant when the p-value was less than 0.05.

RESULTS AND DISCUSSION

In this study, the biocompatible compounds, DLC and PEG, were
coated and grafted onto TiNi alloy surfaces. It was anticipated
that through two-step surface treatment, a synergistic effect may arise
for TiNi-DLC-PEG in improving its biocompatibility. The surface
modification of TiNi alloy sample was performed and evaluated by
surface analyses.

The chemical structure of the PEG-grafted TiNi-DLC-PEG surfaces
displayed additional ART-FTIR spectrum peaks for CH stretching at
2800 cm ! and an ether peak at 1100 cm ' [17], when compared to both
the TiNi control and TiNi-DLC (Figure 2). For further analysis of
surface chemistry, when atomic percents of carbon, oxygen, and
nitrogen on the surface were determined using ESCA, a significant
increase of oxygen level on the TiNi-DLC-PEG indicated the presence
of grafted PEG (Table 1) [11]. The detection of nitrogen was indicative
of the isocyanated PEG presence. The TiNi-DLC exhibited the highest
percent carbon. The high level of oxygen in the TiNi control occurred
during the oxidation process that sharply decreased after DLC was
applied in the thin layer. The PEG grafting dramatically changed the
water contact angle from 71° to 18° (Table 1). While the DLC coating
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was barely effective in improving surface hydrophilicity of the TiNi
control, the PEG-grafted sample exhibited the lower contact angle.
Thus, the surface of TiNi-DLC-PEG was significantly hydrophilized
due to PEG [7,12,19]. Taken at 1000x magnifications by SEM, the
differences in the surface morphologies appeared substantial before
or after surface modification. The TiNi control was rather smooth
while the DLC-coated surface displayed a wavy topography (Figure 3).
The surface morphology of PEG-grafted TiNi-DLC was even more
topographically pronounced compared to the other two samples. This
indicated that the PEG grafting had a dominant effect on the surface as
also indicated by the data in Figure 2.

Since the coated PEG can be stripped from the surface when in
contact with physiological solutions, improvements in coating stabi-
lity are essential and several approaches have been proposed [12,19].
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Figure 2. ATR-FTIR spectra of TiNi control, TiNi-DLC, and TiNi-DLC-PEG.

Table 1. Surface characteristics of TiNi control
and surface-modified TiNi.

ESCA atomic percent

Contact Angle

Sample C 0 N (degree)
TiNi Control 39.22 59.94 0.84 71+2
TiNi-DLC 85.32 13.93 0.75 70+1

TiNi-DLC-PEG 66.90 29.90 3.20 1841
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In this work, TiNi-DLC layer was oxidized and then coupled with a
PEG molecule, where one hydroxyl group was replaced with more
reactive isocyanate group. This established a covalent link between
oxidized TiNi-DLC and isocyanated PEG. The binding seems to be
stable but still need to be worked on to ensure a long-term stability of
current PEG layer.

The biocompatibility of the surface-treated TiNi was examined using
human blood components. The amounts of albumin and fibrinogen
adsorbed onto the TiNi samples were different and appeared to be
influenced by surface treatment of TiNi (Figure 4). The average
concentrations of albumin and fibrinogen adsorbed on the TiNi control

TiNi control TiNi-DLC TiNi-DLC-PEG

Figure 3. Comparison of the surface morphology (1000x) using SEM before and after
surface modification.

1.0 *

0.84
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0.4+

Albumin/Fibrinogen
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0+

TiNi control TiNi-DLC TiNi-DLC-PEG

Figure 4. Measurement of albumin to fibrinogen ratio adsorbed on the surfaces of TiNi
control, TiNi-DLC, and TiNi-DLC-PEG.
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Figure 5. SEM images (3000x) of platelet adhesion on the surface of TiNi control,
TiNi-DLC, and TiNi-DLC-PEG, respectively.

were 0.09 and 0.125pg/cm? respectively, while those on the PEG-
grafted group were 0.125 and 0.14 pg/cm?, respectively. In general, more
albumin and less fibrinogen adsorbed on the surface are positive signs
of blood compatibility of biomaterials [8-10]. The hydrophilic properties
of PEG, as identified from the contact angle, may have kept the
fibrinogen clusters from adhering to the surface. When the platelet
adhesion was examined using SEM, the dispersion of adhered platelets
was rather widespread on the TiNi while the DLC-coated TiNi was only
marginally effective in reducing the attachment of platelet (Figure 5).
Interestingly, the PEG-grafted TiNi-DLC had the most pronounced
decrease in platelet adhesion [9,12,19]. These results indicate that blood
protein adsorption and platelet adhesion may be substantially sup-
pressed on the PEG-grafted surface, implying enhanced blood compat-
ibility. This information is in good agreement with the previous reports
[19,29]. Many theories have been proposed to explain such antifouling
behavior by PEG, including a high molecular mobility, lack of protein
binding sites, large excluded volume, osmotic repulsion, and hydro-
philicity [7,12,19]. Protein-resistant PEGylated surfaces are frequently
described as a liquid assembly of highly mobile molecules and oligomeric
segments that offer few binding sites to most proteins, as well as very
short interaction time between PEG and proteins.

For the evaluation of in vivo performance of PEG-grafted TiNi-DLC,
samples were implanted for 6 weeks and retrieved from sacrificed rats
(Figure 6). All of the recovered implants had fibrous tissue around them
regardless of the surface treatments. The result of H&E tissue staining,
however, showed that notable differences in the thickness of the
deposited tissue as seen listed in Table 2 (Figure 7). It deceased from
TiNi control (85.4pum) and TiNi-DLC (76.0 um) to TiNi-DLC-PEG
(61.6 um), indicating that the PEG-graft tissue compatibility played a
role in retarding fibrous tissue growth in vivo [30,31].
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(a) (b)

Figure 6. A view of implanted sample in vivo (a) and the retrieved one after 6 weeks
implantation (b).

Table 2. Thickness of fibrous tissues deposited
on the implanted samples.

Sample Thickness (um)
TiNi Control 85.4+£0.71
TiNi-DLC 76.0+1.51
TiNi-DLC-PEG 61.6+0.06

TiNi control TiNi-DLC TiNi-DLC-PEG

Figure 7. H&E staining of the fibrous tissues formed on the implanted samples. The
thickness of fibrous tissue is marked in the white bar.

CONCLUSIONS

To improve the biocompatibility of TiNi alloy surfaces, they were
coated with diamond-like carbon (DLC) and then grafted with a layer of
PEG, which was confirmed by surface analyses. The PEG-grafted TiNi-
DLC exhibited considerably reduced protein adsorption and platelet
adhesion compared to TiNi control and TiNi-DLC. After being implanted
in vivo for 6 weeks, the TiNi-DLC-PEG sample had substantially delayed
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fibrous tissue growth around the implant compared to the controls. The
present work indicates that the PEG-grafted TiNi-DLC significantly
improved the biocompatibility and has potential application for vascular
stent modification.
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