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Abstract
Our objective was to develop a surface modification strategy for a titanium alloy (TiAl6V4) to
provide thromboresistance for surfaces in rigorous blood-contacting cardiovascular applications,
such as that found in ventricular assist devices. We hypothesized that this could be accomplished
by the covalent attachment of a phospholipid polymer, poly(2-
methacryloyloxyethylphosphorylcholine (MPC)-co-methacryl acid) (PMA). TiAl6V4 was H2O
plasma treated by radio frequency glow discharge, silanated with 3-aminopropyltriethoxysilane
(APS), and ammonia plasma treated to increase surface reactivity. The TiAl6V4 surface was then
modified with PMA via a condensation reaction between the amino groups on the TiAl6V4 surface
and the carboxyl groups on PMA. The surface composition was verified by X-ray photoelectron
spectroscopy, confirming successful modification of the TiAl6V4 surfaces with APS and PMA as
evidenced by increased Si and P. Plasma treatments with H2O and ammonia were effective at
further increasing the surface reactivity of TiAl6V4 as evidenced by increased surface PMA. The
adsorption of ovine fibrinogen onto PMA-modified surfaces was reduced relative to unmodified
surfaces, and in vitro ovine blood contact through a rocking test revealed marked reductions in
platelet deposition and bulk phase platelet activation relative to unmodified TiAl6V4 and
polystyrene controls. The results indicate that the PMA-modification scheme for TiAl6V4 surfaces
offers a potential pathway to improve the thromboresistance of the blood-contacting surfaces of
cardiovascular devices.
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INTRODUCTION
The successful application of titanium and titanium alloys (e.g. TiAl6V4) in biomedical
devices, such as hard tissue replacement and cardiovascular applications, has encouraged the
development of surface modification techniques to improve application of specific
properties such as topography, bioactivity, bone conductivity, wear resistance, corrosion
resistance, and blood compatibility.1,2 One growing area of titanium alloy application in the
area of cardiovascular disease is in the context of ventricular assist devices (VADs), which
provide circulatory support to those in end-stage heart failure via pulsatile or rotary
actuation of the blood. Unfortunately, VAD implantation is associated with a number of
complications including infection, bleeding, and thromboembolism, and these
biocompatibility concerns are a major reason why VADs are arguably underutilized in heart
failure patients.3,4 VADs are of particular interest to those working in the biomaterial
subspecialty of hemocompatible surfaces in that these devices represent a relatively large
surface area of blood contact that remains in place for extended periods of time, ideally with
minimal levels of anticoagulation and antiplatelet therapy.

Titanium and its alloys are employed as the blood-contacting surface and outer housing of
many VADs due to machinability, corrosion resistance, and relative biocompatibility.
However, platelet adhesion and thrombus formation still occur on these titanium surfaces,
resulting in thromboembolism or increased bleeding risk due to the essential use of
anticoagulation in these patients.1,4–6 Improvement of the surface chemistry of titanium to
improve thromboresistance would represent a significant technological improvement that
might contribute to more widespread adoption of these devices in latter stage heart failure
patients.

Various surface mechanical, chemical, and physical surface modification methods have been
applied to titanium alloys including machining or polishing, acidic or alkaline treatment,
anodic oxidation, chemical vapor deposition, biochemical modification through silanization,
physical vapor deposition, ion implantation, and glow discharge plasma treatment.1 For
biological applications, plasma treatment using radio frequency glow discharge (RFGD) is
especially attractive as it may be used to deposit active functional groups for covalent
attachment of other polymers or biomolecules.1,7,8 Similarly, silane coupling agents with a
terminal functional group have been used extensively for surface modification of inorganic
silicas as well as metallic materials.9–13 Others have reported the modification of titanium
surfaces by alkylsilanes to form organic films with good stability, furthermore, coupling
agents such as organo-functional trialkoxysilanes have been applied to form durable
chemical bonding between inorganic and organic molecules (or moieties).9,12,13

Biomembrane mimetic artificial surfaces prepared from phospholipid polymers
[phosphorylcholine (PC)-containing polymers] have received considerable interest for
chemical, biological, and medical application because they have previously been shown to
possess excellent biological and blood compatibility.14–20 These surfaces have several
defining characteristics, including strong affinity with natural phospholipids, high surface
free water fraction due to the zwitterionic nature of PC, resistance to nonspecific protein
adsorption, limited activation of plasma proteins, and lateral mobility of molecules without
firm adhesion by proteins or cells.15–18 One of the most common monomers utilized in
biological and biomedical applications is 2-methacryloyloxye-thylphosphorylcholine
(MPC), which has biomimetic PC groups in its structure and can polymerize with other
hydrophobic monomers.15,16 It has been extensively shown previously that surface
modifications with MPC polymers are effective in improving hemocompatibility by
suppressing protein adsorption, platelet adhesion, and platelet activation on blood-contacting
materials such as dialysis membranes, vascular prosthesis, stents, and VADs.21–31 In the
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report on VAD surface modification, MPC was adsorbed as opposed to covalently attached,
leading to erosion of the coating during chronic use.27

The objective of this study was to develop a surface modification strategy that could reduce
platelet deposition onto the TiAl6V4 surface that we are currently utilizing in the
construction of a pediatric VAD where blood biocompatibility concerns are of particular
importance.32 Our approach focused on developing a method for covalently attaching a
phospholipid polymer, poly(MPC-co-methacryl acid) (PMA), onto the TiAl6V4 surface and
characterizing this surface in terms of composition and platelet adhesion and activation by
the surface in vitro.

MATERIALS AND METHODS
Materials

Titanium alloy (TiAl6V4) was purchased (President Titanium, Hanson, MA, and California
Metal & Supply, Gardena, CA) and polished with 3.0, 1.0, 0.25, and 0.1 μm diamond pastes
(Electron Microscopy Sciences, Washington, PA). A phospholipid copolymer comprised of
70 mol % MPC and 30 mol % methacrylic acid (MA) (PMA, Mw = 5.5 × 105) was kindly
provided by Dr. Kazuhiko Ishihara (University of Tokyo, Tokyo, Japan). 3-
Aminopropyltrie-thoxysilane (APS; United Chemical Technologies, Horsham, PA) and 1-
ethyl 3-(3-dimethylaminopropyl) carbodiimide-hydrochloride (EDC; Sigma-Aldrich, St.
Louis, MO) was used for a silane coupling agent and a condensation agent, respectively.
Heparin (Pharmacia & Upjohn, Ann Arbor, MI) was used for blood anticoagulation.

Surface pretreatment and silanization of titanium surfaces
TiAl6V4 samples were cleaned ultrasonically three times for 5 min each with ethanol and
acetone, and the surfaces were passivated with a 35% nitric acid solution for 1 h and rinsed
with distilled water. Additionally, the TiAl6V4 surfaces were then pretreated by H2O plasma
with RFGD (MARCH GCM250; March Instrument, CA). The plasma power applied was 25
W at a frequency of 13.65 MHz. The titanium surface was subjected to RFGD for 5 min at a
water pressure of 0.4 Torr. Next, the pretreated TiAl6V4 surfaces were silanated with APS
by immersion in an APS solution for 3 h in a 90°C oil bath. The APS solution consisted of
2% APS in ethanol that was hydrolyzed by adding water and stirring for 1 h. The silanated
samples were rinsed with distilled water and dried at 110°C for 1 h. The silanated samples
were then rinsed three times with ethanol and water and stirred in deionized water for 1 h to
remove adsorbed APS. Additionally, a subset of silanated TiAl6V4 samples was treated with
ammonia plasma by RFGD (25 W, 1 min) to further introduce amine groups on the surface
[Fig. 1(A)].

Immobilization of a phospholipid polymer
Silanated and surface-aminated titanium samples were immersed in 0.1 wt % PMA
copolymer solution in water and a condensation reagent was added (EDC, [EDC]/[MA] =
50). The PMA solution was stirred for 24 h in a 60°C oil bath. The PMA was chemically
immobilized on the surface of the titanium sample through the reaction between the
carboxyl groups in the PMA and the amine groups on the titanium surface [Fig. 1(B)]. After
modification with the PMA, the titanium samples were washed three times with EtOH and
water, rinsed with stirred, deionized water for 24 h, and then dried under vacuum.

Surface characterization
The surface composition of the titanium samples was analyzed by X-ray photoelectron
spectroscopy (XPS) using a Surface Science Instruments S-probe spectrometer with a take-
off angle of 55°. This take-off angle corresponds to a sampling depth of ~5 nm. Elemental
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composition spectra were acquired using a pass energy of 150 eV. High-resolution C1s
spectra were acquired at an analyzer pass energy of 50 eV. The Service Physics ESCAVB
Graphics Viewer program was used to determine peak area, calculate the elemental
compositions from peak areas and peak fit the high resolution spectra. The surface
composition on a given sample was averaged from two composition spots and one high
resolution C1s analysis. The mean value for three different samples was determined.

Surface protein adsorption
Surface protein adsorption on modified and unmodified TiAl6V4 samples was assessed by a
micro-bicinchoninic acid (BCA) assay.26 Ovine fibrinogen (Sigma-Aldrich) was prepared in
phosphate-buffered solution (PBS; BD Biosciences, San Jose, CA) at a concentration of 0.03
g/dL. The samples were immersed in the fibrinogen solution at 37°C for 3 h. A protein
analysis kit (Quantipro-Micro BCA kit; Sigma-Aldrich) based on the BCA method was used
to quantify adsorbed fibrinogen. The mean value of fibrinogen adsorption from three
independent samples, each measured in triplicate, was determined.

Blood collection and observation of acute thrombotic surface deposition
Whole ovine blood was collected by jugular venipuncture, directly into a syringe containing
heparin (1.5 U/mL) using an 18-gauge 1 [1/2]″ needle, after discarding the first 3 mL. NIH
guidelines for the care and use of laboratory animals were observed. The heparinized blood
was treated with quinacrine dihydrochloride (Sigma) at a final concentration of 10 μM in
PBS to fluorescently label the platelets prior to contact with the test surfaces. Modified
titanium samples were placed into BD Vacutainer® blood collection tubes (BD Biosciences,
Franklin Lakes, NJ) filled with 5 mL heparinized ovine blood and were rocked for 60 min at
37°C on a hematology mixer (Fisher Scientific, Pittsburgh, PA). Mural thrombus deposition
and the distribution of adhered platelets were assessed macroscopically and microscopically
using an epi-fluorescence microscope (Zeiss; Carl Zeiss, Thornwood, NY).

Scanning electron microscopy of platelet adhesion and morphology
Whole blood was again collected as above from healthy ovines, but without heparin, and 2.7
mL was then immediately added to monovette tubes containing 0.3 mL of 0.106M trisodium
citrate (Sarstedt, Newton, NC). Modified and unmodified titanium samples were placed into
BD Vacutainer tubes containing 5 mL citrated ovine blood and incubated for 3.5 h again
with continuous rocking. The surface was then rinsed with PBS and immersed in a 2.5%
glutaraldehyde solution for 2 h at 4°C to fix the surface adhered platelets, the samples were
then washed three times in PBS (15 min each), treated for 1 h in 1% (w/v) OsO4 solution
and washed three more times in PBS. Samples were then serially dehydrated with increasing
ethanol solutions, critical point dried and sputter coated with gold/palladium. Each sample
surface was observed by scanning electron microscopy (SEM; JSM-6330F; JEOL USA,
Peabody, MA).

Quantification of surface adherent platelets
Modified and unmodified titanium samples were incubated with ovine blood (collected as
earlier, but into a solution of 6 U/mL heparin) for 2 h at 37°C with continuous rocking as
earlier. The surfaces were rinsed thoroughly after blood contact with 50 mL PBS and
immersed in 1 mL of 2% Triton X-100 solution (Sigma) for 20 min to lyse surface adherent
platelets. The number of platelets for each sample was then estimated by a lactate
dehydrogenase (LDH) assay33 with an LDH Cytotoxicity Detection Kit (Takara Bio, Japan).
Calibration of spectrophotometer absorbance results to platelet numbers was accomplished
using a calibration curve generated from known dilutions of ovine platelet rich plasma in the
lysing solution.
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Platelet activation quantification by flow cytometry
The percentage of activated ovine platelets in the bulk phase of the blood contacting the
surface samples was quantified by a recently described flow cytometric assay using
fluorescein conjugated Annexin V protein.34 Heparinized (6 U/mL) blood was incubated
with titanium samples as described above for 2 h. Blood samples were prepared for flow
cytometric analysis using 250 μL of Annexin V binding buffer and the level of platelet
activation was determined as previously described.34 Activation levels from five
independent samples were averaged for each surface type.

Statistical analyses
Data are presented as means with standard deviation. Statistical significance between sample
groups was determined using ANOVA followed by post-hoc Newman–Keuls testing and
accepted at p < 0.05.

RESULTS
Surface characterization of the modified TiAl6V4

The high-resolution spectra from XPS are shown in Figure 2. The C1s data were calibrated
to the hydrocarbon peak (C–C/C–H) at 285.0 eV. The peak fits for the APS-modified
titanium surface (Ti-APS) show an increase attributable to a peak at 286.6 eV, which is
likely due to C–O or C–N type species. For the PMA-modified surface a peak at 288.6 eV
due to O–C =O and an amide type (N–C=O) species are present [Fig. 2(A)]. Furthermore,
the amide bonding between the PMA and APS is confirmed from the N1s high resolution
spectra on the Ti-APS-PMA surface. The PMA-modified surface clearly showed two peaks
at 400.0 eV due to NHCOO species (amide bond between PMA and APS) and 402.5 eV due
to N+(CH3)3 species present in MPC [Fig. 2(B)]. The surface atomic compositions of the
TiAl6V4 samples are shown in Table I. The APS-modified surface (Ti-APS) also had an
increase in Si composition which can be attributed to the presence of APS. All of the PMA-
modified titanium surfaces [Ti-APS-PMA and Ti-APS-PMA (plasma)] showed an increase
in atomic percentage of phosphorus (P), indicating successful modification with PMA.
Furthermore, the Ti-APS-PMA (plasma) surfaces which were H2O and ammonia plasma
treated by RFGD showed a statistically significant higher P composition than the Ti-APS-
PMA surfaces which did not receive any plasma treatments.

The amount of adsorbed ovine fibrinogen on the unmodified and modified titanium surfaces
as well as a tissue culture polystyrene control surface is shown in Figure 3. The Ti-APS-
PMA and Ti-APS-PMA (plasma) showed a significant decrease in adsorbed fibrinogen
relative to all other surfaces (p < 0.05).

Acute thromboresistance assessment
Figure 4(A) shows representative macroscopic images of Ti-APS-PMA and control surfaces
after contact with minimally anticoagulated ovine blood. There was a marked difference
between Ti-APS-PMA, which had relatively low thrombotic deposition, and the moderate or
heavy deposition seen on polystyrene and unmodified TiAl6V4 surfaces, respectively. These
results are supported by the fluorescent micrographs in Figure 4(B) where the polystyrene
and unmodified titanium control surfaces exhibit heavy and nearly complete surface
coverage with deposited platelets, while the Ti-APS-PMA surface contained only sparse,
adherent platelets.

Ye et al. Page 5

J Biomed Mater Res A. Author manuscript; available in PMC 2012 July 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Evaluation of platelet deposition and activation
The SEM micrographs on the surfaces of polystyrene, unmodified, and modified titanium
samples following 3.5 h contact with citrated ovine blood under rocking conditions are
shown in Figure 5. There were many adhered and aggregated platelets on the polystyrene
control surface [Fig. 5(A)] and most of these platelets exhibited extended pseudopodia. The
unmodified titanium surface [Fig. 5(B)] also had many adherent platelets although the level
of deposition appeared qualitatively lower than on the polystyrene surface. The silanated
titanium surface [Fig. 5(C)] had a similar degree of platelet deposition to unmodified
titanium. In contrast, platelet deposition and evidence of platelet activation were decreased
dramatically on the PMA-modified titanium surfaces [Fig. 5(D,E)]. The Ti-APS-PMA
surface had some adherent platelets, but most of these maintained their discoid morphology.
Moreover, because of the sparse deposition, it was challenging to identify adherent platelets
on the Ti-APS-PMA (plasma) surface [Fig. 5(E)].

The number of deposited platelets as quantified by the LDH assay after blood contact is
shown in Figure 6. Platelet deposition onto the PMA-modified surfaces [Ti-APS-PMA and
Ti-APS-PMA (plasma)] was significantly less than deposition onto all of the other surfaces
(p < 0.01). Finally, flow cytometric assessment of platelet activation in the bulk phase in
terms of Annexin V binding is shown in Figure 7. Blood contacted with Ti-APS-PMA
(plasma) samples showed a statistically significant reduction in the percentage of activated
platelets in comparison to polystyrene, Ti, and Ti-APS samples (p < 0.05), and was not
significantly different than the blood that was rocked in a tube without a test surface (no test
surface).

DISCUSSION
A common approach to improve hemocompatibility on metallic surfaces is the utilization of
inorganic coatings such as titanium oxides, nitrides (oxynitride), and diamond-like carbon
(DLC).1,35 These coatings exhibit high inertness, mechanical and chemical stability together
with generally improved hemocompatibility relative to the corresponding untreated
materials. The improved blood interaction has been attributed to high hydrophobicity and
smoothness in the case of DLC, where protein adsorption levels are relatively high, but the
predomination of the non–cell-adhesive albumin over fibrinogen on the surface could lead to
the low thrombogenicity observed.36 For titanium oxides, a thicker oxide layer has been
shown to be beneficial as have oxynitride coatings in terms of in vitro and in vivo
performance relative to unmodified surfaces.37,38 However, the applicability of DLC via
line-of-sight deposition techniques to complex geometries (e.g. a small rotary VAD) is
limited and the relative hemocompatibility improvements with oxide and oxynitride layers
may not be adequate.39

Metallic surface modification using organic materials has also been frequently pursued in an
effort to improve hemocompatibility. Biologically inert hydrophilic polymer coatings such
as polyethylene glycol have been shown to be effective in enhancing blood
compatibility.40–42 Surface coatings with biomolecules or nitric oxide releasing materials
are also applicable modification strategies for metallic surfaces.43,44 However, the
effectiveness of surface modification using organic materials depends greatly on the specific
modification methods and stability and efficacy must be considered for long-term
implantable devices, as is the case with many cardiovascular applications. To immobilize
organic materials onto metallic surfaces with good stability, functional groups or coupling
agents are required, and an adequate number of functional groups must be introduced.

The introduction of biomimetic organic materials on metallic surfaces is also a promising
approach to enhance hemocompatibility. In particular, self-assembled monolayer (SAM)
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studies have shown that PC assembled monolayers represent promising antifouling surfaces
resistant to nonspecific protein adsorption and cell adhesion.45–48 A PC-containing polymer
coating already has been successfully applied on metallic surfaces such as vascular
stents.22,49,50 Also, there are a few reports where a PC-containing polymer was grafted onto
a titanium oxide layer or metal alloys to obtain a relatively stable hemocompatible
interface.51,52 However, despite widespread examination of grafting PC groups onto
polymer or silica surfaces, the covalent immobilization of PC-containing polymers onto
biomedically relevant metals has not been extensively studied, particularly with
hemocompatibility evaluation of the resulting surfaces.

In this study, we chose an MPC copolymer (PMA) possessing carboxyl functional groups to
immobilize by condensation onto a TiAl6V4 surface which had been functionalized with
amino groups. This approach follows from a recent report where PMA was successfully
attached using similar chemistry onto a cellulose acetate membrane surface.29 Further-more,
plasma treatments using H2O vapor and ammonia gas by RFGD were also applied in this
study as an additional surface pretreatment on pre- and post-silanated TiAl6V4 surfaces to
enhance the surface activity for PMA immobilization. The PMA-modified TiAl6V4 (Ti-
APS-PMA) surfaces that did not undergo any plasma treatments were shown to be
successfully modified with PMA, and were associated with significant reductions in
fibrinogen adsorption and platelet deposition. Also, the Ti-APS-PMA (plasma) surfaces
which underwent both H2O and ammonia plasma treatments in the surface processing
showed an increase in the amount of modified PMA on the surface relative to Ti-APS-PMA
(p < 0.05). This results support the hypothesis that H2O and ammonia plasma contributed
additional surface reactive hydroxyl and amino groups onto the surface, allowing additional
APS and PMA molecules, respectively, to react onto the surface. However, the amount of
modified PMA on the Ti-APS-PMA surfaces treated with either H2O or ammonia plasma
did not differ significantly from the Ti-APS-PMA surfaces in this study, even though these
plasma-treated TiAl6V4 surfaces exhibited an increase in either surface oxygen or nitrogen
composition, relative to the untreated TiAl6V4 surfaces (data not shown). Further
investigation of this phenomenon could be pursued under varying preparative conditions
where amino groups are quantified after each plasma treatment, with a focus on the
relationship between each plasma treatment and PMA immobilization.

There are several limitations to the experimental results that are worth discussing. Probably
of most significance, only acute assessments of blood bio-compatibility were performed
using an in vitro system with ovine blood and under flow conditions that are not well
defined and not intended to replicate any specific application. Acute in vitro hemo-
compatibility assessment represents a first hurdle to overcome prior to proceeding to more
costly and burdensome in vivo studies for longer term blood contact evaluations. Subtle
levels of thrombosis or coagulation activation may not be apparent under the levels of
anticoagulation employed in vitro, and the potentially masked hemo-incompatibilities may
be magnified in vivo. In addition, a lack of surface platelet deposition may not indicate a
lack of bulk phase platelet activation. We sought to perform some of our thrombosis
evaluations with minimally anticoagulated blood to examine a more rigorous setting and
quantified bulk phase platelet activation in addition to surface deposition. Ovine blood
varies from human blood in terms of thrombogenic potential; however, pre-clinical testing
for the particular device we would be coating (a pediatric VAD) is performed in the ovine
model.32,53,54 In terms of the flow conditions, particularly the high shear developed in rotary
VADs, an appropriate next step would be to coat components of a VAD, for instance a rotor,
and then to assess the hemocompatibility of this surface in a mock circulatory loop under
device operating conditions.
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The composition of Si on the unmodified and modified TiAl6V4 samples varied greatly as
seen in Table I. Some of the unmodified TiAl6V4 samples already had Si on the surfaces and
the Si composition on the silanated samples (Ti-APS) was much higher than for the N
composition although in theory the increase in their surface compositions should have been
similar following the silanization step. This high Si composition indicates some potential
contamination of the source materials or some additional contamination in the surface
modification process. More meticulous polishing and additional cleaning steps could
decrease the Si contamination.

The PMA surface modification approach described in this study also has some limitations
worth noting, even though the modification effect was enough to decrease platelet
deposition by the immobilized PMA copolymer on the TiAl6V4 surface. Based on the
surface composition data from the XPS analysis, the coverage of modified PMA could be
considered to be low and nonuniform in comparison to physical adsorption and self
assembled monolayer coverage. We believe this is in part a result of the steric hindrance
caused by immobilization of the long-chain PMA copolymer on the titanium surface.
Despite this concern about the amount of PMA coverage on the titanium surface, the
modification effect was enough to almost complete abrogate any platelet deposition on the
modified TiAl6V4 surface. Also, the surface coverage and uniformity of the modified PMA
will depend upon the density and distribution of reactive amine groups on the TiAl6V4
surface. Functionalization of TiAl6V4 surfaces through APS reaction with hydroxyl groups
likely does not provide the optimal density and distribution of surface amines. Preparation of
a complete APS SAM on the TiAl6V4 surface could be considered. Also, even if PMA were
to cover all of a TiAl6V4 surface, the PC moiety would not cover the surface uniformly
because the PMA is a random copolymer of MPC and MA. The consequence of such
uneven PC coverage is not clear. A similar surface modification strategy for introducing the
PC moiety uniformly that has fewer steps may be advantageous in order to enhance
incorporation of this technology in the manufacture of the blood-contacting device surfaces.

Finally, we point out the uniqueness of our approach in terms of covalent attachment of the
MPC copolymer on a titanium alloy surface. Previous studies involving in vivo
biocompatibility assessments with physisorbed MPC polymer on the blood-contacting
surfaces of a VAD were shown to be superior in terms of decreased thrombotic deposition
and platelet activation when compared with devices with DLC-coated surfaces.27,31 Despite
the improved hemocompatibility in the above study, they showed the elution of the MPC
polymer with long-term operation; the primary concern was due to the fact the MPC
polymer was physically adsorbed onto the titanium surfaces. As the method reported here
involves covalent modification of the titanium alloy, the durability of the PMA surface
modification would be expected to be improved over adsorption for longer implant periods,
but such evaluations remain to be performed.

CONCLUSIONS
TiAl6V4 surfaces were modified with a phospholipid polymer, PMA, through a
condensation reaction following TiAl6V4 surface functionalization with a silane coupling
agent (APS). XPS data demonstrated successful modification of the TiAl6V4 surfaces with
APS and PMA. The PMA-modified TiAl6V4 surface exhibited markedly improved blood
compatibility with significant decreases in fibrinogen adsorption, acute platelet deposition,
and bulk phase platelet activation relative to unmodified Ti samples. This approach may
prove valuable in the covalent surface modification of titanium alloy blood-contacting
surfaces associated with chronically implanted cardiovascular devices.
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Figure 1.
Scheme of surface functionalization and immobilization of a phospholipid polymer (PMA)
on a titanium alloy surface.
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Figure 2.
Spectra and peak fits for high resolution C1s (A) and N1s (B) XPS scans for unmodified and
modified TiAl6V4 samples. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 3.
Ovine fibrinogen adsorption from buffer at 37°C for 3 h onto surfaces of control tissue
culture polystyrene, unmodified, and modified TiAl6V4 samples as determined by micro-
BCA assay.
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Figure 4.
(A) Macroscopic and (B) fluorescent micrograph images of unmodified and modified
TiAl6V4 samples after contact with minimally anticoagulated (1.5 U/mL heparin) ovine
blood for 50 min at 37°C. Scale bars = 1 cm for (A) and 1 mm for (B). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 5.
SEM micrographs of polystyrene, unmodified, and modified TiAl6V4 samples after contact
with citrated ovine blood for 3.5 h at 37°C. (A) Polystyrene, (B) Ti, (C) Ti-APS, (D) Ti-
APS-PMA, and (E) Ti-APS-PMA (plasma). Platelet activation as evidenced by pseudopodia
extension is clearly present in images (A–C).
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Figure 6.
Platelet deposition onto surfaces after contact with ovine blood for 3.5 h as determined by a
lactate dehydrogenase (LDH) assay.
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Figure 7.
Quantification of activated platelets in the bulk phase of ovine blood after surface contact
under continuous rocking. No test surface indicates blood from a rocked tube into which no
test surface was placed. Platelet activation was quantified by flow cytometric measurement
of Annexin V binding.
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