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Abstract

Background: Titanium (Ti) and its alloys are widely used in manufacturing medical
devices because of their strength and resistance to corrosion. Although Ti compounds are
considered compatible with blood, they appear to support plasma contact activation and may
be thrombogenic.

Obijectives: The objective of this study was to compare Ti and titanium nitride (TiN) with known
activators of contact activation (kaolin and silica) in plasma-clotting assays and to assess binding
and activation of factor XII, (FXII), factor X1 (FXI), prekallikrein, and high-molecular-weight
kininogen (HK) with Ti/TiN.

Methods: Ti-based nanospheres and foils were compared with kaolin, silica, and aluminum in
plasma-clotting assays. Binding and activation of FXII, prekallikrein, HK, and FXI to surfaces was
assessed with western blots and chromogenic assays.
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Results: Using equivalent surface amounts, Ti and TiN were comparable with kaolin and
superior to silica, for inducing coagulation and FXII autoactivation. Similar to many inducers

of contact activation, Ti and TiN are negatively charged; however, their effects on FXII are not
neutralized by the polycation polybrene. Antibodies to FXII, prekallikrein, or FXI or coating Ti
with poly-L-arginine blocked Ti-induced coagulation. An antibody to FXII reduced FXII and PK
binding to Ti, kallikrein generation, and HK cleavage.

Conclusion: Titanium compounds induce contact activation with a potency comparable with that
of kaolin. Binding of FXII with Ti shares some features with FXII binding to soluble polyanions
but may have unique features. Inhibitors targeting FXII or FXI may be useful in mitigating
Ti-induced contact activation in patients with titanium-based implants that are exposed to blood.
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INTRODUCTION

The transition metal titanium (Ti) has well-established roles in manufacturing medical
devices and implants because of its strength, flexibility, and resistance to corrosion [1,2].
Ti-based materials are generally considered “hemocompatible” because they have relatively
limited capacities to trigger blood host-defense responses [3,4]. However, a body of
evidence indicates that Ti promotes blood coagulation [5-9]. Clot formation is likely
beneficial for osseous integration of implants used in orthopedic, dental, and reconstructive
procedures [2-10]. However, it may complicate the use of devices that come into contact
with flowing blood. Left ventricular assist devices (LVADSs) are an important treatment
option for patients with advanced heart failure, either as a bridge to heart transplantation

or as destination therapy [11,12]. Components of LVADs that make contact with blood

are composed primarily of Ti, Ti alloys, or the ceramic titanium nitride (TiN). Despite the
recent changes in LVAD design that reduce thromboembolic events, embolic stroke remains
a significant problem [11-14], and most patients with LVADs are treated with warfarin and
an antiplatelet agent to reduce the incidence of this complication [15,16]. The inevitable
increase in bleeding accompanying anticoagulation and antiplatelet therapy affects up to
50% of patients with L\VADs [17-20].

When blood comes into contact with many artificial surfaces, particularly those carrying

a negative charge, the plasma zymogens factor XII (FXII) and prekallikrein (PK) bind to
the surface and undergo reciprocal conversion to the proteases FXlla and plasma kallikrein
(PKa) [21,22]. The cofactor high-molecular-weight-kininogen (HK) facilitates PK surface
binding. PKa cleaves HK, releasing the vasoactive peptide bradykinin, whereas FXIla
promotes blood coagulation by activating factor XI (FXI). Collectively, these reactions are
referred to as contact activation. Contact activation contributes to thrombus formation and
the need for anticoagulation, in procedures in which blood is exposed to surfaces of medical
devices, including cardiopulmonary bypass [23], extracorporeal membrane oxygenation
[24,25], and renal dialysis [26]. Several groups reported that Ti induces clotting in a FXII-
dependent manner [6,7,27,28]. Here, we compare Ti and TiN with known contact activators
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for their capacities to induce plasma coagulation and test inhibitors of contact proteases for
their abilities to block Ti-initiated clotting.

METHODS

Materials

Pooled normal plasma (PNP), Precision BioLogic (Dartmouth, Nova Scotia, Canada).
FXIl-deficient and PK-deficient plasmas, George King Biomed. Purified human plasma
FXII, FXIlla, PK, PKa, and HK, Enzyme Research Laboratory. Plasma-derived FXI,
Hematologic Technologies) S-2302 (H-D-prolyl-L-phenylalanyl-L-arginine-p-nitroaniline),
DiaPharma. PTT-A micronized silica reagent, Diagnostica Stago. Bivalirudin (Hospira).
Hexadimethrine bromide (polybrene) and poly-L-arginine (Sigma-Aldrich). The kallikrein
inhibitor K\VV999272 was previously described [29,30].

Nanopowders and foils

Ti (avg. diameter 70 nm, spherical, 20 m?/g), TiN (80 nm, cubic, 30-50 m2/g), and
aluminum (Al, 70 nm, spherical, 15-30 m2/g) nanopowders were from US Research
Nanomaterials, Inc. Silica (SiO,) nanospheres (NanoXactTM, 100 nm, spherical, 26.8 m2/g)
were from nano-Composix Inc. Kaolin was from Acros Organics. Kaolin is a clay with
morphology and composition that vary by source. Our calculations, based on study of
PienkoB et al. [31], determined a kaolin surface area of 20 m?/g. To prepare coated Ti,
nanopowder (20 mg/mL) was incubated with poly-L-arginine hydrochloride (10 mg/mL,
molecular mass 5000-15 000 Daltons) in deionized water for 30 minutes at 37 °C. After
incubation, suspensions underwent centrifugation at 14 000 G. Pellets were washed 5 times
with 1 mL phosphate buffered saline (PBS), then suspended in PBS at 20 mg/mL and used
immediately. Ti foil (0.89 mm thick, 99.7% purity, AlfaAesar) and Al foil (0.018 mm thick,
Fisher) were cut into pieces (1 cm? surface areas) and were polished. Foils were cleaned
with 100% ethanol, deionized water, and PBS. Ti foil was incubated with poly-L-arginine in
deionized water (1 mg/mL) for 30 minutes at 37 °C, then washed 5 times with PBS and used
immediately.

Antibodies

Monoclonal 1gGs against human FXI (O1A6) or FXII (5C12) [32,33] and biotinylated 1gG
14E11 against FXI [34] were reported. 1gGs 559C-X181-D06 (D06) and 559A-M202-H03
(HO3) against the catalytic active sites of human FXlla and PKa, respectively, were isolated
from a human antibody phage display library, as described [35,36]. Horseradish peroxidase
(HRP)-conjugated goat polyclonal antibodies to human FXII and PK were from Affinity
Biologicals. Goat anti-human-HK polyclonal 1gG was from Nordic-MUbio.

Recombinant protein

Complementary DNAs (cDNAs) encoding human FXII with the epidermal growth factor

1 domain (EGF1) replaced with EGF1 from pro-hepatocyte growth factor activator (Pro-
HGFA) was expressed in HEK293 cells and purified by 1gG chromatography [37]. Purified
protein was stored in 4 mM acetate, 150 mM NaCl, pH5.3.
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Clotting assays—LVAD surfaces

An explanted third-generation centrifugal flow ventricular assist device (HVAD, HeartWare,
Framingham, MA) from a patient who had undergone heart transplantation was sequentially
incubated with proteinase K and 1 M NaOH to remove surface-bound proteins, followed by
thorough rinsing with PBS. PNP (35 pL) was gently distributed over ~2cm? of Ti or TiN
surfaces of the L\VAD and incubated for 10 minutes at RT. Control plasma was incubated

in a PEG-20 000-coated polypropylene tube. After incubation, plasma was transferred to a
cuvette with 70 L of CaCl, (9.4 mM), and time to clot formation was measured on an ST-4
Analyzer (Diagnostica Stago).

Clotting assays—nanopowders

Ti, TiN, Si, or Al nanopowders or kaolin was suspended in PBS containing 100 pg/mL
phosphatidylcholine:phosphatidylserine vesicles (7:3 ratio, Avanti) to achieve a surface area
of 20 m2.L~1. Plasma (35 pL) was mixed with an equal volume of nanopowder suspension
or PTT-A reagent and incubated for 5 minutes at 37 °C. In total, 25 mM CaCl, (35 pL)

was added, and time to clot formation was measured on the ST-4 Analyzer. The results

are presented as means + 1 SD. Pairs of groups were compared with a Student #test.
Comparisons of more than 2 groups were performed with ANOVA. p < .05 is considered
significant.

Clotting assays—foils

Blood from healthy donors was collected into bivalirudin (3 uM final concentration), and
plasma was prepared by centrifugation at 2000 g for 15 minutes. Plasma (300 pL) with or
without 800 nM 1gG 5C12 was placed in PEG-coated polypropylene tubes and incubated at
37 °C with one cm? Ti foil or Ti foil coated with poly-L-arginine. Samples were inspected
every minute, and time to clot formation recorded.

PKa generation in plasma

Ti and Al foils were incubated in PBS for 2 hours to allow natural oxidation to occur. PNP
(5 pL) was mixed with an equal volume of PBS containing antibodies, applied to ~2 cm? of
foil surfaces, and incubated in a 37 °C humidified chamber for 5 minutes. Fifty microliters
of 400 uM S2302 was added and incubation continued for 5 minutes. Reactions were
stopped with 20% citric acid (final concentration), and the OD at 405 nm was measured.

FXII activation—chromogenic assays

FXII autoactivation was studied in 96-well polypropylene plates coated with PEG-20 000.

2.9.11 Continuous assay—FXII (100 nM) was incubated at 37 °C in PBS containing
200 UM S-2302 and nanopowders or kaolin (surface area 1 m2.L~1). Changes in OD 405 nm
were monitored on a spectrophotometer.

2.9.21 Discontinuous assays—FXII (375 nM) was incubated in PBS at 37 °C in
PEG-20 000-coated polypropylene tubes. Varying amounts of nanopowders in PBS were
added. At various times, 20 uL samples were removed into 384 well plates containing
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S-2302 (final concentration 200 uM). Rates of change at OD 405 nm were measured, and
FXIla generated was derived from a standard curve constructed with pure FXIla.

FXII activation—SDS-PAGE

Reactions were conducted in PEG-20 000-coated polypropylene tubes. FXII or FXII-EGF1
(30 ng/uL) in PBS were incubated at 37 °C with nanopowders, kaolin, or Ti nanopowder
treated with polyarginine (20 m2.L™1). At various times, aliquots were removed into SDS-
sample buffer, size fractionated by reducing SDS-PAGE and stained with Coomassie Blue.

Binding studies

PNP (10 pL) was mixed with Ti, TiN, or Al nanopowders (total surface area ~20 cm?)

in PEG-20 000-coated polypropylene tubes. Mixtures were incubated on ice for 1 minute

or at 37 °C for various times. After incubation, samples underwent centrifugation for 1
minute, 14 000g. Supernatants were mixed with SDS-sample buffer. Pellets were washed

3 times with PBS and then mixed with SDS-sample buffer. Samples were size fractionated
by non-reducing SDS-PAGE and transferred to nitrocellulose. Blots were probed with HRP-
conjugated polyclonal 1gG to human FXII or PK, with detection by chemiluminescence,
goat anti-human-HK polyclonal 1gG and a fluorescently labeled donkey anti-goat secondary
IgG, or biotinylated anti-FXI 1gG 14E11 and HRP-conjugated streptavidin.

RESULTS

Plasma clotting on LVAD surfaces

Metallic titanium (Ti) rapidly oxidizes when exposed to air, forming titanium oxide (TiO,).
When Ti is referred to in this manuscript, it is reasonable to assume that it is coated with
TiO,. The interior of the HeartWare LVAD exposes blood to ~ 60 cm? of Ti and ~ 30

cm? of TiN. PNP anticoagulated with sodium citrate was exposed to ~ 2 cm? of Ti or TiN
on the interior surfaces of an LVAD for 10 minutes. After recalcification, clotting times
were substantially shorter in samples exposed to Ti (207 + 28 seconds) or TiN (226 + 51
seconds) than that of those exposed to polypropylene controls (607 + 47 seconds, Figure
1A). Exposure to Ti or TiN did not shorten clotting times of FXII-deficient plasma (Figure
1A). IgGs that inhibit FXII (5C12), FXlla (D06), PKa (H03), or FXI (O1A6) delayed
clotting in plasma exposed to Ti or TiN (Figure 1B), indicating that these materials promote
clotting by inducing contact activation.

Plasma clotting with Ti nanopowders

As with many substances that induce contact activation, Ti (TiO,) and TiN have negative
surface charges at physiologic pH [38,39]. To investigate their pro-coagulant properties, we
used metal nanopowders that allowed us to control the surface area exposed to plasma.

This facilitated comparisons with known initiators of contact activation such as kaolin

and silica, and with Al (actually Al,03), which has a positive charge at pH7.4 [40].
Materials were suspended in buffer containing phospholipid vesicles to create mixtures
similar to commercial micronized silica reagents such as PTT-A used in activated partial
thromboplastin time (aPTT) assays in clinical laboratories. aPTTs generated with 20 m2.L~1
Ti (36.6 £ 2.3 seconds) or TiN (38.3 + 1.8 seconds) were not significantly different (p >
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.1) from those obtained with 20 m2-L~1 kaolin (37.7 + 3.4 seconds) or PTT-A (37.2 + 4.1
seconds). The surface area of silica in the PTT-A reagent is ~500 m2-L~1. SiO, nanospheres
of comparable size with the Ti and TiN nanospheres were less potent than micronized

silica, with clotting times of 72.1 + 5.1 seconds and 44.7 + 3.3 seconds at surface areas of
20 m2.L~1 and 200 m2.L"1 (p < .05, Figure 1C), respectively. aPTTs with 20 m2.L~1 Al
nanopowder (175.2 + 9.5 seconds) were similar to those observed in the absence of a surface
(179.6 = 29.9 seconds, Figure 1C) and did not change with increasing surface area (data not
shown). The differences between clotting times measured with Ti or TiN were significantly
different from those with Al or control (p < .05).

During contact activation, FXII and PK reciprocally convert to FXIla and PKa. However,
the importance of PK activation varies with surface type. Supplementing PNP with a PKa
inhibitor (K\VV999272) prolonged the aPTT to a greater extent with SiO, nanospheres (119
+ 3 seconds) than Ti nanospheres (62 + 2 seconds, Figure 1C), suggesting that Ti is a more
potent inducer of FXII autoactivation than silica. Alternatively, PKa may form more rapidly
on silica and make a greater contribution to clot formation than with Ti.

Poly-L-arginine is a synthetic peptide containing 5 or more arginine residues. It forms
strong interactions with negatively charged oxygen groups on cell membranes and metal
oxide film coatings through positively charged guanidinium groups on the arginine side
chains [41]. When Ti nanoparticles are coated with poly-L-arginine, the capacity to induce
contact activation is lost (Figure 1C). Indeed, clotting times with poly-L-Arg-coated Ti
were significantly longer (412 + 65 seconds, p < .05) than those in the absence of a
surface, suggesting that poly-L-arginine interferes with coagulation reactions distinct from
contact activation. Adding poly-L-arginine directly to plasma inhibits clotting induced by
micronized silica (Supplementary Figure S1A). However, poly-L-arginine-coated Ti does
not interfere with silica-induced clotting, indicating that surface-bound poly-L-arginine only
affects reactions on the Ti surface (Supplementary Figure S1B).

Plasma clotting on Ti foil

Collecting plasma into sodium citrate produces an anticoagulant effect by reducing free
Ca?*. However, it also alters concentrations of divalent cations such as Mg?* and Zn2* that
may affect the performance of the contact system [42,43]. Plasma was prepared from blood
collected into the reversible thrombin inhibitor bivalirudin to avoid the chelating effect of
citrate. Bivalirudin-treated plasma incubated at 37 °C in polypropylene tubes took 152.7

+ 61.2 minutes to clot (Figure 1D). Adding Ti foil shortened clotting times to 23.7 £ 6.2
minutes (p < .01). Coating the Ti foil with poly-L-arginine (91.1 £+ 15.2 minutes) or adding
the anti-FXII IgG 5C12 to plasma (120.8 + 43.5 minutes) substantially prolonged clotting
times relative to Ti alone (p < .01), consistent with a role for contact activation in clotting on
Ti foil.

PKa generation on Ti foil

Incubating PNP with Ti foil generates activity that cleaves the chromogenic substrate S-2302
(Figure 1E). This does not occur with Al foil. The specific PKa inhibitor K\V999272 blocks
amidolytic activity in plasma incubated with Ti foil, indicating that PKa is the main activity
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source. Activity does not form in PNP containing anti-FXII 1gG 5C12 or anti-PKa 1gG
HO3 or if PNP is replaced with FXII-deficient plasma. Coating Ti with poly-L-arginine also
prevented development of activity.

Contact factor binding to Ti and TiN

FXII, PK, and HK in plasma bind rapidly to Ti or TiN nanopowder (20 cm? per reaction)

at 37 °C, with evidence of rapid PK activation and HK cleavage (Figure 2A, B) on

Western blots. Bands at ~ 250 kDa on PK blots (Figure 2A, B) likely represent PKa in
covalent complexes with plasma protease inhibitors. On HK blots, the shift in migration is
characteristic of HK cleavage by PKa [30]. Consistent with published data [44], adsorption
also occurs rapidly (within 1 minute) at 4°C. There is little evidence of adsorption, PK
activation, or HK cleavage on Al nanopowder (Figure 2C). SiO, nanospheres of particle size
comparable with Ti and TiN nanopowders bound contact factors relatively poorly, even at
surface areas 10-fold higher (200 cm?) than that for Ti and TiN (Figure 2D). PKa generation
and HK cleavage does occur; however, products are in the supernatant rather than attached to
silica, indicating lower affinities for silica than Ti. Figure 3A illustrates reactions likely to be
occurring on the Ti surface.

Contact activation is initiated by autocatalytic conversion of FXII to FXlla [21,22]. IgG
5C12 binds to the FXII and FXIlla catalytic domains, inhibiting protease activity [33]. 5C12
not only inhibited PK activation and HK cleavage in plasma exposed to Ti but seemed to
reduce FXII and PK surface binding (compare Figure 4A, B, illustrated in Figure 3B). PK
and FXII likely interact in solution [36,37]. Disrupting FXII surface binding with 5C12 may
result in some PK dissociating from the surface because it is bound to FXI11-5C12 complexes
(Figure 3B). With time, some PK activation and HK cleavage occur even with saturating
5C12, perhaps due to traces of free FXII in the system or a FXII-independent mechanism
for PK activation. Coating Ti with poly-L-arginine prevented FXII and PK binding to

Ti (Figure 4C, illustrated in Figure 3C). HK binding was reduced, but not completely
blocked. Interestingly, in the absence of PK, HK binds avidly to poly-L-arginine coated

Ti (Supplementary Figure S2). Addition of PK results in some HK dissociating from the
surface. At physiologic pH, a charge-based repulsion between PK and poly-L-arginine may
occur. As HK is associated with PK, it may be dissociated from the poly-L-arginine-coated
surface along with PK (Figure 3C). Binding aside, there is little evidence for PK activation
or HK cleavage on poly-L-arginine-coated Ti.

FXIla drives plasma coagulation primarily through surface-dependent conversion of FXI to
FXla [45]. FXI is a homodimeric protein that can have either one or 2 activated subunits
when converted to FXla [45,46]. The activated species migrate slightly differently from
FXI, and from each other, on non-reducing SDS-PAGE [46]. When PNP is exposed to Ti
nanopowder, a progression from FXI to FXla with one active subunit, and then FXla with
2 active subunits, is observed (Figure 5A). Even larger species accumulate with time, likely
representing FXla in complex with plasma protease inhibitors. FXI in PNP treated with
5C12 adsorbs onto Ti, but is not activated, consistent with the importance of surface-bound
FXIlla to FXI activation (Figure 5B). Ti coated with poly-L-arginine prevents FXI binding
and activation (Figure 5C).
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FXII autoactivation on Ti compounds

Surface binding exposes the FXII activation cleavage site, facilitating autoactivation
[37,47,48]. Ti and TiN nanopowders are comparable with kaolin in their capacity to induce
FXII autoactivation (Figure 6A-D), whereas Al nanopowder does not support the reaction
(Figure 6A, E). Coating Ti with poly-L-arginine reduces FXII autoactivation (Figure 6A).
Although Ti and TiN are negatively charged, FXII binding may involve more than simple
charge interactions. The polycation hexadimethrine bromide (polybrene) disrupts charge-
based protein-surface interactions. Polybrene prevents FXII autoactivation on kaolin and
the polyanion dextran sulfate probably by displacing FXII from the polyanion (Figure

6F). However, polybrene only has a modest effect on FXII autoactivation with Ti or TiN
nanopowders (Figure 6G), raising the possibility that the FXII interactions with Ti and TiN
is not entirely charge based.

FXIlI is a homolog of Pro-HGFA [37,49]. Pro-HGFA is structurally similar to FXII but

does not autoactivate on anionic surfaces. We showed that FXII in which the EGF1

domain is replaced with the Pro-HGFA EGF1 domain (FXII-EGF1) autoactivates poorly

on polyphosphate and dextran sulfate [37]. The FXII EGF1 domain carries a positive charge,
consistent with a role in polyanion-binding. Pro-HGFA EGF1 is negatively charged and
would not be expected to bind polyanions. However, FXII-EGF1 autoactivates on a cationic
polymer, polyethyleneimine, probably because the negatively charged Pro-HGFA EGF1
domain binds to it [37]. Consistent with the hypothesis that FXII binds Ti at least partly
through charge-based interactions requiring EGF1, FXII-EGF1 did not autoactivate on Ti
(Figure 6H, left panel). Consistent with our previous experiment with polyethyleneiming,
poly-L-arginine-coated Ti (which also has a positive surface charge) supported FXII-EGF1
autoactivation (Figure 6H, right panel).

Evidence for a template mechanism

Surfaces enhance FXII autoactivation and reciprocal activation of FXII and PK by 2
mechanisms. First, the surface-bound protein adopts an “open” conformation that facilitates
cleavage at the activation site [37,47,48]. Second, the proteins are brought into proximity
with each other when surface bound, a “template” mechanism [47]. Reactions involving
template mechanisms display a bell-shaped dependence on surface concentration. Induction
of blood coagulation (Figure 7A) and FXII activation (Figure 7B, C) by kaolin, Ti, or TiN,
all show this type of dependence.

DISCUSSION

In the 1960s, Leo Vroman and his colleagues described a competitive process for blood
plasma protein adsorption onto surfaces [44,50,51]. In the Vroman Effect, the abundant
proteins albumin and immunoglobulin initially coat the surface. With time, they are replaced
by proteins that bind with higher affinity, including fibrinogen, FXII, and HK, that support
platelet adhesion and thrombin generation [50,51]. It is now apparent that contact protein
assembly on many surfaces is more rapid than initially described by the VVroman Effect
[51], with FXII, PK, and HK binding in significant amounts within seconds to minutes of
surface exposure [50,51]. This binding has generally been considered non-specific, but the
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efficiency of assembly of the contact phase is consistent with a coordinated response to a
foreign substance.

Ti (TiO, after exposure to air) [1], Ti alloys such as nitinol (titanium-nickel) [28]

and titanium-aluminum-vanadium [52], and ceramics such as TiN [13,53] are used in
manufacturing medical implants, including LVADs and heart valves that are exposed to
flowing blood for prolonged periods. Internal surfaces of the widely used HeartMate 3
continuous flow device (Abbott Inc, Abbott Parkway, IL) are made of bare Ti or Ti
microspheres sintered onto Ti. A predecessor, the HVAD (HeartWare, Framingham, MA),
has Ti and TiN components. Although most studies of blood compatibility focus on albumin
and fibrinogen absorption, platelet retention, and hemolysis [20-23], there are reports
indicating that Ti induces contact activation [5,27]. The work shown here supports the
conclusion that FXII, PK, HK, and FXI rapidly adsorb onto Ti and TiN, promoting clot
formation, kallikrein generation, and HK cleavage. The capacities of Ti and TiN to support
contact activation are comparable with the classic contact activator kaolin and greater than
that of silica. Interestingly, kaolin (an aluminum silicate clay) often contains transition
metals, including Ti [54,55], that may contribute to its pro-coagulant properties.

FXII triggers contact activation and surface-initiated coagulation [47,56]. Previously, we
showed that the FXII EGF1 domain is required for interactions with soluble polyanions
such as polyphosphate, dextran sulfate, and heparin [37]. EGF1 is also involved in FXII
autoactivation on Ti, consistent with a negative charge on the metal oxide surface. However,
the interaction of FXII with Ti is only slightly affected by the polycation polybrene, raising
the possibility that FXII binding to Ti is much tighter than to soluble polycations or perhaps
involves a complex mechanism that is not entirely charge based. In support of the notion that
negative surface charge alone may not be the sole determinant of FXII binding to Ti, Mutch
et al. [57] showed that several transition metals in their divalent cationic forms (Ni2*, Cu?*,
Co?*, and Zn2*) support FXII activation. Precoating Ti with poly-L-arginine to prevent
FXII binding to Ti may, therefore, be partly due to blockade of noncharge-based binding
interactions.

Patients with LVADs are at substantial risk for thromboembolism, probably as a direct
consequence of turbulent flow and blood exposure to foreign surfaces [58]. The HeartMate
3, which utilizes a levitated rotor to generate centrifugal flow, is the most recent generation
of LVAD. Its larger flow channels (to reduce sheer-stress) [59] and pulsatile flow (to reduce
stasis) [59,60] may lower the risk of LVAD thrombosis [61]. However, despite claims of
improved hemocompatibility, the incidence of thromboembolic stroke remains high with the
HeartMate 3 [15], and non-surgical bleeding (NSB), particularly within the gastrointestinal
tract, is a significant problem [61]. To reduce thrombotic complications, current standard

of care includes chronic systemic anticoagulation (usually with warfarin) in combination
with an antiplatelet agent (aspirin or a P2Y12 inhibitor), which undoubtedly contributes to
NSB. LVVAD patients also frequently develop an acquired von Willebrand syndrome [62]
and arteriovenous malformations (AVMs) [63] that compound bleeding problems. Tabit et
al. [63] observed that LVAD patients have relatively high plasma levels of angiopoietin-2, an
angiogenesis factor that contributes to AVM formation. Patients with higher angiopoietin-2
levels were at higher risk of NSB. They also observed increased levels of thrombin (despite
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warfarin therapy), FXIla, and FXIla in plasma from LVAD patients [63]. As thrombin
releases angiopoietin-2 from endothelial cell Weibel-Palade bodies [64,65], this work raises
the possibility that LVVAD-initiated contact activation contributes to AVM formation and
thromboembolism.

Although the contributions of Ti to L\VAD-associated thromboembolism and AVMs are
unknown, it seems likely that Ti-based device components support contact activation

and thrombin generation. As suggested by experiments with poly-L-arginine, altering Ti
surfaces to prevent direct exposure of metal to flowing blood, or to repel contact proteins,
could reduce contact activation. This approach is being actively pursued [11,66]. In the
past, some LVAD components were coated with TiN, but our results indicate that this is
unlikely to reduce contact activation. Any coating for an LVAD component would need

to be sufficiently durable to stand up to months or years of use. Pharmacologic blockade
of FXlla and/or PKa shows great promise for limiting the reciprocal activation of FXII
and PK that triggers bouts of bradykinin-induced soft tissue swelling in patients with the
genetic disorder hereditary angioedema [67,68]. As reciprocal activation is central to contact
activation, such strategies may have a role in limiting contact-induced thromboembolism
with Ti. Inhibiting or reducing FXII(a) or PK(a) provides protection from thrombosis in
mouse arterial-injury models in which clot formation is probably triggered by contact
activation [69,70]. As FXlla and PKa are not required for hemostasis, inhibitors to these
proteases (alone or in combination) might safely be added to current therapeutic regimens
without increasing bleeding risk. This, in turn, may reduce the intensity of conventional
anticoagulation required to prevent thromboembolism.

Pre-clinical and early clinical data suggest that FXlla drives thrombus formation by
activating FXI [34,71,72]. FXI or FXla inhibitors may, therefore, be useful for limiting
thromboembolism in LVAD patients. Agents targeting FXI(a) have been effective in
preventing venous thrombosis after knee replacement surgery with minimal compromise
of hemostasis [73-77], consistent with observations that congenital FXI deficiency reduces
the incidence of venous thrombosis [78]. FXI-deficient individuals also have a relatively
low incidence of ischemic stroke [79], and FXla inhibitors may be particularly useful

for reducing this complication in LVAD patients. Two recent phase 2 secondary stroke
prevention trials (The AXIOMATIC-SSP and PACIFIC-SSP trials) examined the effects of
FXla inhibition superimposed on dual antiplatelet therapy in patients with recent ischemic
strokes or transient ischemic attacks [80,81]. FXla inhibition had relatively small effects
on bleeding in these trials, suggesting that it may be safely administered to patients on
antiplatelet agents. In both studies, secondary analyses suggested that FXla inhibition may
reduce the incidence of recurrent symptomatic stroke.

In summary, Ti is a potent inducer of contact activation. Therapies targeting contact
proteases that are currently being developed for other purposes may prove useful in blocking
this effect in patients with Ti-based devices, such as LVADs, that are exposed to flowing
blood.
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Essentials

. Intravascular devices made of titanium and its alloys require anticoagulation
to prevent thromboembolic complications.

. We investigated binding and activation of plasma contact proteins on titanium
surfaces and compared them with the well-known contact activators silica and
kaolin.

. Contact activation on titanium surfaces may contribute significantly to the

thrombogenicity of intravascular devices.

. Therapies targeting contact proteases and surface coating with positively
charged peptides may prove useful in blocking contact activation in patients
with titanium-based intravascular devices.
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FIGURE 1.

Plasma-clotting studies and kallikrein generation. (A) Recalcification clotting time of
pooled normal plasma or FXII-deficient plasma incubated for 10 minutes on surfaces

of a ventricular assist device (VAD). Abbreviations are Ti, titanium VVAD surface; TiN,
titanium nitride VAD surface; and C, polypropylene control. (B) Recalcification clotting
times of normal plasma incubated for 5 minutes with Ti or TiN nanopowder (surface area 20
m2.L~1) in PBS with or without monoclonal antibodies to FXII (5C12), FXIla (D06), PKa
(H03), or FXI (O1A6). (C) Clotting times obtained with PTT-reagents (PBS suspension of
nanoparticles and phospholipids) containing 20 m2-L~1 kaolin (K), titanium nanoparticles
(Ti), titanium nitride nanoparticles (TiN), aluminum nanoparticles (Al), poly-L-arginine-
coated titanium nanoparticles (Ti+Arg) or 20 m2-L=1 or 200 m2-L 1 silica nanospheres (Si)
compared with micronized silica PTT-A reagent (PTT, ~500 m2-L~1) with or without the
small-molecular PKa inhibitor K\V999272 (KV). Control (C) is PBS with phospholipids.

J Thromb Haemost. Author manuscript; available in PMC 2024 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Litvak et al.

Page 18

Experiments in panels A through C where run a minimum of 4 times. (D) Spontaneous or
surface-induced clotting of bivalirudin-stabilized (3 uM) normal donor plasma (3 different
donors, each run at least 3 times). Pieces of Ti foil (Ti) or poly-L-arginine-coated Ti foil
(Ti+Arg) were placed into 300 pL of plasma or plasma containing 800 nM anti-FXlla IgG
5C12 (Ti+FXII 1gG). (E) PKa generation. Normal plasma (5 uL) was incubated on Ti foil
(Ti), aluminum foil (Al), or poly-L-arginine-coated Ti foil (Ti+Arg), and PKa generation
was determined by chromogenic substrate assay. In some reactions with titanium foil, anti-
FXI1 1gG5C12(XIl 19gG),PKa 1gG HO3(PKa 1gG), or PKa inhibitor K\V999272 (KV) were
included. XIldp indicates a sample containing FXII-deficient plasma rather than normal
plasma. Each reaction was run at least 5 times. For all panels, long horizontal bars represent
means, and short horizontal bars + 1 SD.
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Binding and activation of contact proteins on nanopowders. Binding and activation of factor
XI1 (FXI), prekallikrein (PK), and high-molecular-weight kininogen (HK) in normal plasma
(10 uL) on nanopowders of (A) titanium (Ti, ~20 cm?), (B) titanium nitride (TiN, ~20 cm?),
(C) aluminum (Al, ~20 cm?), or on (D) silica (SiO,) nanospheres (~200 cm?). Samples of
normal plasma (10 pL) were incubated at 4 °C for 1 min or at 37 °C for 1, 2, 3, 5, 15, or

60 minutes. Untreated normal plasma was used as a control. After incubation, each sample
underwent centrifugation for 1 minute (14 000 g, 4 °C). Supernatant plasmas were mixed
with non-reducing SDS-sample buffer. Pellets were washed 3 times with ice-cold PBS, then
mixed with SDS-sample buffer. Samples were size fractionated by non-reducing SDS-PAGE
(10% acrylamide) and transferred to nitrocellulose membranes. Each protein and condition
is represented by a pair of blots. The top blot of each pair shows results for plasma
supernatants (Super), and the lower blot shows results for eluates from nanopowder pellets
(Pellet). FXII or PK blots were probed with horseradish peroxidase—conjugated polyclonal
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1gG to FXII or PK and detected with chemiluminescence. HK blots were probed with

goat anti-human-HK polyclonal antibody, using a fluorescent donkey anti-goat secondary
antibodies. Positions of molecular mass standards are shown to the left of each figure.
Positions of migration for FXII and FXlla (FXI1I(a)), PK and PKa (PK(a)), HK and cleaved
HK (HKa), and active protease in complex with plasma inhibitors (INH) are shown to

the right of each panel. In all panels, representative blots are shown. For each conditions,
experiments were run at least 3 times, except for experiments with aluminum (Panel C),
which were run twice.
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Bradykinin

FIGURE 3.
Contact activation on titanium. Shown are diagrams of proposed mechanisms by which a

titanium (Ti) surface supports contact activation, and the effects of the anti-FXII antibody
5C12, or poly-L-arginine surface coating on the process. The Ti surface is assumed to be
covered with a layer of TiO, that carries a negative surface charge at physiologic pH. (A).
Contact Activation. When plasma is exposed to Ti the protease zymogens factor XI1I (FXII),
factor XI (FXI), and prekallikrein (PK) bind to the Ti. For PK and FXII, surface binding

is enhanced by the cofactor high-molecular-weight-kininogen (HK). The abbreviation CD
indicates the catalytic domain of the zymogens, and HC (heavy chain) and LC (light chain)
are the 2 parts of the activated proteases FXIla, FXla, and plasma kallikrein (PKa). During
contact activation, FXII undergoes autoactivation to FXlla, which converts PK to PKa.
PKa, in turn, reciprocally activates FXII to FXIla. FXIla converts FXI to FXla to promote
thrombin generation and blood coagulation. PKa cleaves HK to release the vasoactive
peptide bradykinin. (B). Effect of IgG 5C12. 5C12 binds to the catalytic domain of FXII
and FXlla blocking catalytic activity, which limits downstream activation of FXI and PK,
blocking clotting and bradykinin formation. 5C12 also seems to displace FXII from the Ti
surface. Interestingly, PK also is displaced from the surface by 5C12, suggesting that some
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PK binds to the Ti surface through an interaction with FXII. (C). Effect of poly-L-arginine
coating of Ti. Poly-L-arginine appears to avidly bind to the Ti surface and prevents access to
binding sites for FXII, PK, and FXI. It may also repel FXII, FXI, and PK from the surface.
Interestingly, HK can bind to poly-L-arginine coated Ti, but it seems to not be associated
with PK or FXI in this situation. Nearly, all FXI and most PK circulates in plasma in a
complex with HK. These complexes apparently do not bind well to poly-L-arginine (perhaps
due to repulsion of FXI and PK).
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Binding and activation of contact proteins on titanium. Binding and activation of factor XII
(FXI1), prekallikrein (PK), and high-molecular-weight kininogen (HK) in normal plasma
(10 L) on titanium nanopowder (20 cm?2). (A) Untreated normal plasma with titanium
nanopowder (This panel contains the same images as in Figure 2A), (B) Normal plasma
containing 800 nM anti-FXII 1gG 5C12 with titanium nanopowder, or (C) untreated normal
plasma with poly-L-arginine-coated titanium nanopowder. Samples were processed as
described in the legend for Figure 2. Each protein and condition is represented by a pair

of blots. The top blot of each pair shows results for plasma supernatants (Super) and the
lower blot shows results for eluates from nanopowder pellets (Pellet). Positions of molecular
mass standards are shown to the left of each figure. Positions of migration for FXII and
FXlla (FXII(a), PK and PKa (PK(a), HK and cleaved HK (HKa), and active protease in
complex with plasma inhibitors (INH) are shown to the right of each panel. In all panels,
representative blots are shown. For each conditions, experiments were run at least 3 times.
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FIGURE 5.
Titanium-induced activation of factor X1 in plasma. Binding and activation of factor XI

(FXI) in normal plasma (10 pL) to titanium nanopowder. FXI is a homodimeric protein.
During activation, zymogen FXI is converted first to a species with one activated subunit
which runs slightly above FXI on non-reducing gels (1/2FXla), and then to a species with
both subunits activated that runs above FXI and 1/2FXla [46]. (A) Binding and activation
of FXI in normal plasma (10 pL) on titanium nanopowder (~ 20 cm?). (B) Binding and
activation of FXI in normal plasma (10 pL) supplemented with 800 nM anti-FXII 1gG 5C12
on titanium nanopowder (~ 20 cm?). (C) Binding and activation of FXI in normal plasma (10
uL) on poly-L-arginine-coated titanium nanopowder (~ 20 cm?2). Samples were processed
as described in the legend for Figure 2. Each protein and condition is represented by a pair
of blots. The top blot of each pair shows results for plasma supernatants (Super.) and the
lower blot shows results for eluates from nanopowder pellets (Pellet). For panels B, C, and
D, positions of molecular mass standards are shown to the left of each figure. Positions of
migration for FXI, FXla (FXla and 1/2FXIla), and FXla in complex with plasma protease
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inhibitors (INH) are indicated on the right of each panel. In all panels, representative blots
are shown. For each conditions, experiments were run twice.
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FIGURE 6.

Factor XII autoactivation. (A) FXII (30 pg/mL) was incubated in PBS with ~ 5 m2.L~1
kaolin, or with nanopowders of titanium (Ti), titanium nitride (TiN), titanium coated with
poly-L-arginine (Ti +poly-L-Arg), or aluminum (Al). At the indicated times, samples
were removed, and FXlla generation determine with a chromogenic substrate assay.
Shown are means for duplicate runs+ 1 SD (B-E) Reducing Coomassie Blue-stained SDS-
polyacrylamide gels showing time courses of human FXII (20 pg/mL) incubated in the
(B) absence (control) or presence of (~ 20 m2-L1) kaolin, (C) titanium (Ti), (D) titanium
nitride (TiN), or (E) aluminum (Al). In panels B through E, representative stained gels

are shown. For each conditions, experiments were run twice. At indicated times, samples
were removed into reducing SDS-sample buffer and size fractionated by SDS-PAGE. For
all panels, positions of molecular mass standards in kiloDaltons are shown on the left, and
positions of standards for FXII, and the heavy chain (HC) and light chain (LC) or FXlla
are on the right. (F) FXII (100 nM) was incubated in PBS containing 200 uM S-2302 in
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the presence of kaolin (~ 1 m2-L1) or dextran sulfate (10 pg/mL) with or without 150
ug/mL Polybrene (PB). Change in optical density at 405 nm was continuously monitored

on a spectrophotometer. (G) As in panel F, except that FX11 was incubated with ~ 1 m2.L~1
titanium (Ti) or titanium nitride (TiN) with or without 150 pg/mL Polybrene (PB). For
panels F and G, representative tracings are shown. Each experiment was run at least 3

times. (H) FXII-EGF1 (30 pg/mL) in PBS was incubated with titanium nanopowder or poly-
L-arginine-coated titanium nanopowder (~20 m2.L~1). At indicated times, samples were
removed into reducing SDS-sample buffer and size fractionated by SDS-PAGE. Positions of
molecular mass standards in kiloDaltons are shown on the left, and positions of standards for
FXII-EGF1, and the heavy chain (HC) and light chain (LC) or FXlla-EGF1 are on the right.
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FIGURE 7.

FXII autoactivation—surface-dependency. (A) Recalcification clotting times of pooled
normal plasma incubated for 5 minutes with different amounts of kaolin or titanium (Ti),
titanium nitride (TiN), or aluminum (Al) nanopowders. Each point represents a single
measurement. (B) FXII (30 pg/mL) was incubated in PBS different amounts of the insoluble
materials used in panel A. After 10 minutes incubation, percent of total FXII converted to
FXIla was determined by chromogenic assay. For panels A and B, each point represents a
single measurement. (C) FXII (30 ug/mL) in PBS was incubated with increasing amounts
of kaolin, Ti, or TiN nanopowders. After 60 minutes incubation samples were removed into
reducing SDS-sample buffer and size fractionated by SDS-PAGE. Positions of molecular
mass standards in kiloDaltons are shown on the left, and positions of standards for FXI|,
and the heavy chain (HC) and light chain (LC) or FXlla are on the right. Shown are
representative blots from 2 separate experiments.
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