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Studies of the activation of FXII in both platelet poor plasma and in neat buffer solutions were
undertaken for a series of mixed thiol self-assembled monolayers spanning a broad range of water
wettability. A wide spectrum of carboxyl/methyl-, hydroxyl/methyl-, and amine/methyl-thiol modi-
fied surfaces were prepared, characterized, and then utilized as the procoagulant materials in a series
of FXII activation studies. X-ray photoelectron spectroscopy was utilized to verify the sample surfa-
ce’s thiol composition and contact angles measured to determine the sample surface’s wettability.
These samples were then used in in vitro coagulation assays using a 50% mixture of recalcified
plasma in phosphate buffered saline. Alternatively, the samples were placed into purified FXII
solutions for 30 min to assess FXII activation in neat buffer solution. Plasma coagulation studies sup-
ported a strong role for anionic surfaces in contact activation, in line with the traditional models of
coagulation, while the activation results in neat buffer solution demonstrated that FXIIa production is
related to surface wettability with minimum levels of enzyme activation observed at midrange wett-
abilities, and no statistically distinguishable differences in FXII activation seen between highly wetta-
ble and highly nonwettable surfaces. Results demonstrated that the composition of the solution and
the surface properties of the material all contribute to the observation of contact activation, and the
activation of FXII is not specific to anionic surfaces as has been long believed. © 2017 American
Vacuum Society. [http://dx.doi.org/10.1116/1.4983634]

I. INTRODUCTION

It is well accepted that blood and blood plasma coagulates
(clots) in hydrophobic plastic test tubes more slowly than it
does in hydrophilic glass test tubes.'™ This common knowl-
edge together with the uncommon observation that blood of
a particular patient, John Hageman, did not clot quickly in
glass tubes led Oscar Ratnoff to discover the contact activa-
tion system of blood plasma coagulation.* Intense research
following Ratnoff’s discoveries continuing through to this
writing led to elaboration of the biochemistry of the plasma
coagulation cascade and formulation of a biochemical mech-
anism for contact activation.’™ This so-called autoactivation
mechanism proposed that the zymogen Hageman factor
(FXII) binds to anionic hydrophilic surfaces together with
the allosteric proteins prekallikrein and high-molecular
weight kininogen to form an “activation complex” through
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chemically specific interactions.'® Assembly of the activa-
tion complex on the activating surface leads to production of
enzymatically active protease «FXIIa. In the presence of pre-
kallikrein, further cleavage of «FXIla results in activated
FXII-fragment, fFIla. Both «FXIIa and SFXIIa subsequently
potentiate the series of zymogen-enzyme conversions that
comprise the plasma coagulation cascade.'"'? Thus, it was
explained that the activation complex does not assemble
onto hydrophobic plastic tubes bearing no surface-resident
anionic functionalities and do not efficiently activate FXII,
causing blood and blood plasma to clot more slowly than
blood or blood plasma contained in hydrophilic glass tubes
with surface-resident anionic groups (see Ref. 13 and the
citations therein for a review that supports this introductory
section). In addition, FXII activation has also been linked to
procogulant platelets in plasma, and multiple studies have
shown that activated platelets promote coagulation in a
FXII-dependent manner.'*'®

Work in our laboratories developed mathematical models of
plasma coagulation that could be statistically fit to experimental
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data measuring a decrease in plasma coagulation time (CT)
as a function of activator surface area (so-called surface arca
titrations). A variable parameter of these models quantified
the “catalytic potential” of activator materials or procoagu-
lants.'”** Using oxidized polymers and silanized glass
particles spanning a range of surface energies (water wetta-
bility), it was shown that catalytic potential in plasma fol-
lowed a systematic trend with surface energy, with low
potential for poorly water-wettable (hydrophobic) materials
and rising sharply with increasing hydrophilicity. These find-
ings were in accord with the idea that the activation complex
bound to hydrophilic anionic surfaces through chemically
specific interactions. Similar data obtained using glass disks
bearing silane self-assembled monolayers (SAMs) generally
followed this trend but with some interesting departures.””
Notably, carboxyl-terminated SAMs were much more acti-
vating than anticipated on the basis of the general surface-
energy trend and cationic ammonium-terminated SAMs
were less activating than anticipated on a purely surface-
energy basis. Technical difficulties involved in producing
activators with different well-defined chemistry that were
suitable for use in surface-area-titration studies prevented a
thorough study of surface-chemical specificity in contact
activation of blood plasma.

The matter of surface-chemical specificity was effectively
dropped from our hands until activation experiments per-
formed in buffer solutions of purified FXII showed that FXII
activation was not, in fact, chemically specific for anionic
hydrophilic surfaces.”® Indeed, it has been shown that FXII
activation in buffer solution exhibits a parabolic response to
activator surface energy, with high activation at both hydro-
phobic and hydrophilic extremes of water wettability and
falling through a minimum over a range of intermediate sur-
face energy.”* On the one hand, this finding is consistent
with the well-known hematology fact that blood clots rapidly
in hydrophilic glass tubes. On the other hand, this finding is
completely inconsistent with the well-known hematology
fact that blood clots slowly in hydrophobic plastic tubes
because hydrophobic surfaces were found to be efficient con-
tact activators of FXII in buffer. This apparent conundrum
was explained by the “adsorption-dilution effect” asserting
that a plethora of plasma proteins adsorb to hydrophobic sur-
faces from plasma, effectively diluting FXII surface contacts
and thus retarding autoactivation at hydrophobic surfaces
immersed in plasma (but not buffer solutions of FXII)."* No
such adsorption-dilution effect occurs at hydrophilic surfaces
that do not adsorb blood proteins and autoactivation is thus
more efficient. The traditionally accepted specificity of con-
tact activation for anionic hydrophilic surfaces was thus
explained as an apparent specificity arising from the moder-
ating influence of plasma proteins unrelated to the coagula-
tion cascade. Similar reasoning was used to explain low-
activation properties of cationic activators and other func-
tionalities exhibiting ion-exchange properties.?

Thus, the role of surface chemistry in contact activation
continued to appear subordinate to surface energy until it
was recently discovered that autoactivation of FXII in buffer
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by glass particles bearing different silanized surface chemis-
tries with different surface energy produced an ensemble of
protein fragments that depended on activator surface chemis-
try/energy.z“’26 It was found that contact activation of FXII
appears produce a multiplicity of protein fragments,”’ some
of which have amidolytic (cleaves amino acid bonds of
s-2302 chromogen) but not procoagulant properties (cause
plasma to coagulate). More surprisingly, it was shown that
some of these protein fragments actually suppress autoacti-
vation. Unidentified suppression protein(s) are possibly
related to autoinhibition of autoactivation wherein autoacti-
vation is observed to be a self-limiting reaction. The extent
to which this ensemble of protein fragments is produced by
autoactivation in plasma is unknown as is the role of sup-
pression proteins in the putative adsorption-dilution effect.

This paper further investigates the role of surface chemis-
try by measuring activation of both blood plasma and FXII
in buffer solution by activator surfaces bearing well-defined
surface chemistry. Activator surfaces were prepared using
thiol adsorption onto gold substrata, creating SAMs with
mixed surface chemistry by coadsorption of two different
thiols with different terminal functional groups over a broad
range of binary-pair compositions. Measurements reveal a
heretofore unobserved chemical specificity in surface activa-
tion of FXII, which may lead to new surface engineering
routes to hemocompatible biomaterials.

Il. EXPERIMENT

This work measured activation of FXII and blood plasma
by SAM surfaces supported on gold-coated rectangular glass
coverslips. Single coverslips were immersed in solutions
contained in a plastic UV-Vis spectrophotometer cuvette. A
drawback of this approach compared to previous studies
using either silanized glass particles or silane-SAM glass
coverslips was that activator surface area was comparatively
low. However, the advantage of this system was the fine con-
trol over surface chemistry afforded by the thiol-on-gold sys-
tem and the ability to engineer surfaces with a controlled
gradient of surface chemistries using mixed thiols.?*™!
Sections II A—II'F are organized to detail methods of surface
engineering and measurement of calibration curves that
quantified coagulation time results in terms of FXIla yield.
Section IIC characterizes activator surfaces and quantifies
limits of detection.

A. Plasma and proteins

Human platelet poor plasma (PPP) was prepared by pool-
ing five units of anticoagulated recovered human plasma
(outdated less than two days) from the Blood Bank at the
Pennsylvania State University Milton S. Hershey Medical
Center. Plasma was centrifuged at 1500 g for 10 min, and the
resulting plasma supernatant was aliquoted in 15 ml polypro-
pylene tubes and stored at —20°C. Prior to use in assays,
plasma was thawed for ~40 min in a 37 °C water bath.

Human factor XII (Hageman factor) and human activated
factor XII («FXIla) were obtained from Enzyme Research
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Laboratories (ERL) (South Bend, IN) and Haematologic
Technologies, Inc. (HTT) (Essex Junction, VT). All proteins
were thawed upon receipt and stored as aliquots at —80 °C.
Prior to use, proteins were thawed at room temperature and
diluted with phosphate buffered saline (PBS) (0.01 M, pH
7.4, Sigma—Aldrich).

B. Gold substrate and SAMs formation

Dodecanethiol (Sigma-Aldrich), 11-mercaptoundecanoic
acid (Sigma-Aldrich), and 11-mercaptoundecanol (Sigma-
Aldrich) were used as received. The cleaned borosilicate
glass coverslips with dimension of 10.5 x 22mm (4.6 cm?
total surface area) were sputtered coated onto both sides
with a 10 nm titanium adhesion layer and 200 nm gold layer
(Thin Films, Inc., NJ). These gold substrates were used for
the preparation of all thiol self-assembled monolayers.

Thiol solutions (1 mM) in anhydrous ethanol were used as
mixtures by varying the ratios of the single-component solu-
tions. Stock solutions of 1 mM 11-mercaptoundecanoic acid
and 11-amino-1-undecanethiol (Sigma-Aldrich) were pre-
pared as noted above with the addition of trifluoroacetic acid
or triethylamine, respectively, to 2.5% (v/v).**> For prepara-
tion of SAM surfaces, gold substrates were cleaned exten-
sively in gold cleaning solution (Sigma-Aldrich) for 3 min.
This gold cleaning solution contains sulfuric acid (5%—10%)
and thiourea (0.1%—-1%) and is an effective surface activator
and adhesion promoter for gold substrates prior to bonding
processes. This initial cleaning step was followed by rinsing
thrice using deionized water (Millipore, 18.2 MQ) and thrice
using ethanol, and then the samples were further air-plasma
cleaned for 15min per side (100 W, Harrick) followed by
rinsing thrice with ethanol. The samples were allowed to
remain in ethanol for at least 1 h to allow the gold surface to
become reduced.*** Finally, the samples were immersed in
a 0.125% (v/v) of butyltrichlorosilane (Gelest) in chloroform
for 15min, and then rinsed with chloroform and subse-
quently ethanol. This final step with silane was used to block
any exposed glass due to insufficient gold coating of the
glass coverslip edges or inadvertent scratching from han-
dling the samples, and that otherwise dominated the activa-
tion process.

The cleaned and prepared gold substrates were immersed
in 1 mM thiol solutions at room temperature for 20 h, pro-
tected from light. After incubation, the samples were rinsed
with ethanol, with the exception of samples exposed to the
11-mercaptoundecanoic acid or 11-amino-1-undecanethiol
solutions, for which a solution of 0.1 M NaOH or 0.1 M HCI,
respectively, in deionized water was used in lieu of ethanol
as an intermediate rinse. All samples were dried under N,
and stored under vacuum, protected from light, for subse-
quent use.

C. SAM-surface characterization

The water wettability of SAM surface was determined by
sessile drop measurements of the advancing water contact
angle using a Kriiss contact angle goniometer. All
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measurements were made using water as a probe liquid.
Advancing contact angles were measured by a minimum of
five independent measurements and are presented as mean =
standard deviation. The water contact angles were converted
to water adhesion tension: © = y,, cos 0,, where y;, = 71.97
mJ/m2 is the interfacial tension of water at 20°C and 0, is
the observed advancing contact angle of water on the SAM
surface.

The chemical compositions of SAM-surfaces were ana-
lyzed by x-ray photoelectron spectroscopy (XPS). The XPS
spectra were collected by AXIS Ultra-x-ray photoelectron
spectrometer (Kratos Analytical) at hybrid mode using
monochromatic Al K« radiation at a base pressure below
1 x 10~®Torr. Scanning was carried out over a wide binding
energy range (0—1350¢eV) with a scan step size of 0.5eV. A
pass energy of 80eV was used for survey spectra while a
pass energy 23.5eV and step size 0.10eV were used to
acquire carbon high resolution spectra. The high resolution
O(1s), S(2p), and Au(4f) spectra were taken with a 40.0eV
pass energy. The binding energy scale was referenced by set-
ting the C-H peak maximum in the C 1s spectrum to
285.0eV. The spectra were analyzed by casaxps software
(version 2.3.12 Dev9).

Surface topography and features were characterized by an
atomic force microscopy (AFM) (Nanoscope Illa, Veeco,
Santa Barbara, CA) utilizing a silicon nitride probe in air.
The height and friction images of the mixed-SAM surfaces
were acquired in an effort to detect single-component
domains.

D. In vitro plasma coagulation assay

An in vitro assay was used to measure the plasma coagu-
lation activity in terms of CT, defined as the time required
from activation of the coagulation cascade to the appearance
of visible clot. The assay has been described in previous
publications.>>~® Briefly, 0.5 ml of PPP was recalcified with
0.1 ml of 0.1 M CaCl, and mixed with a known dose of pro-
coagulants (FXIIa or solid thiol SAM-surfaces) in a 2.5ml
polystyrene  semi-micro-cuvette  (12.5 x 12.5 x 45 mm)
(BRAND-+CO KG, Germany). The volume was adjusted by
adding 0.01 M PBS to obtain a 1 ml solution in a 1:1 dilution
of plasma in buffer. The order in which reagents and solid
materials were added was varied depending on the assay
type, with recalcification of plasma always occurring last to
ensure a common zero time CT. The cuvettes were capped
with parafilm and rotated at § rpm on a hematology mixer,
and the corresponding CT was recorded.

Plasma coagulation time was used to quantify FXIla
activity in solution using FXIIa titration calibration curves
relating [FXIIa]eq, in PEU/ml, to CT. A mathematical model
developed in a previous investigation'’ was fitted to the
resulting plot of coagulation times to the amount of exoge-
nous FXIIa added.

For assaying the substrate-induced contact activation in
PPP, a single thiol-modified substrate (nominal surface area
of 472mm?) as the solid procoagulant was added in cuvette
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Fic. 1. AFM images of thiol-modified gold surface, (a) topographic image (z scale, 20 nm), (b) friction mode trace image, and (c) friction mode retrace image.

Scan size: 3.2 x 3.2 um.

and CT was measured. All CT measurements were per-
formed in PPP with n > 3 for each.

E. FXII activation in neat buffer solutions

Purified FXII activation in the presence of thiol-modified
surfaces was measured by recording the CT of PPP upon
addition of an aliquot of the test solution and referencing the
corresponding FXIla titration calibration curve. A single
thiol-modified substrate was placed in a 2.5ml polystyrene
semi-micro-cuvette containing a test solution of 30 ug/ml
purified FXII in PBS and tested in triplicate for each sample
(n=3). The cuvette was gently rocked for 30 min, after
which 100 ul aliquots were taken to measure the CT indicat-
ing FXII activation. The coagulation time was used to calcu-
late the equivalent FXIIa activity by referencing back to the
FXIIa-titration curve described in Sec. II D.

F. Data analysis

Statistical analyses were performed by parametric
ANOVA (Holm-Sidak test) or nonparametric ANOVA
(Student-Newman-Kuels test) using SigmaPlot software.
Means of experimentally determined [FXIIa]., for each sur-
face type were compared pairwise and the differences were
considered statistically significant for p-values less than the
critical p-value as determined by the Holm-Sidak test
(a=10.05).

I1l. RESULTS AND DISCUSSION
A. Thiol-SAMs activator surface characterization

The topography of thiol-SAMs modified gold surfaces
was characterized by AFM (Fig. 1). The height images of
bare gold surfaces exhibited features between 50 and
100 nm in size and <10nm in height, typical of the grain
structure of sputter-coated gold. The gold surface showed
an RMS roughness (R, root mean square) of 1.982 nm and
R, of 1.565 nm. Friction force AFM images of mixed thiol-
SAMs did not detect any discernible domains that might be
indicative of phase separation [Figs. 1(b) and 1(c)]. In a
previous study, ~400nm islands of an amine-terminated
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silane dispersed in a butyltrichlorosilane background on
glass substrates were easily visualized by these same types
of friction mode atomic force microscopy images.’’
Whereas islands were detectable in silanes using friction
mode imaging, other investigators indicate that phase sepa-
rated domains in mixed thiol-adsorbed SAMs of compara-
ble chain length are <15nm? and undetected using friction
force microscopy.®®*° Thus, whereas no gross domains
were observed by AFM, the presence of smaller domains
<15nm? cannot be completely excluded from the data at
hand.

The chemical composition of thiol-surfaces was analyzed
by XPS. Results show that thiol SAMs presented only Au,
C, O, and S on the carboxyl-methyl and hydroxyl-methyl
thiol mixed surfaces, while additional N was detected on the
amine-methyl surfaces, as expected. Notably, no Si or Ti
peaks were observed, consistent with an infinite thickness of
a contiguous coating of Au on the glass SiO, substratum.
Small oxygen peaks were detected for methyl-terminated
SAMs, consistent with findings from other groups.***? The
detailed atomic compositions of C, N, O, and Au in various
SAMs surfaces are tabulated in supplementary material,
Table 1.*° High resolution S>p, peaks corresponded to a dou-
blet centered at 162.2 and 163.5eV with a 2:1 peak-area
ratio, consistent with published work.*' No peaks were
detected in with the range of 164-169eV, indicating the

TaBLE L. Practical limits of quantification for the two lots of plasma used in
this study. Control coagulation time—the mean coagulation time (* stan-
dard deviation) of the controls to which no exogenous FXIIa was added;
practical quantification limit—the mean control coagulation time minus ten
times the standard deviation; [FXIla].,—the equivalent amount of exoge-
nous FXIIa needed to elicit the practical quantification limit coagulation
time.

Control coagulation Practical
time (min, quantification [FXIIa]eq
Plasma lot mean = SD, n=3) limit (min) (PEU/ml)
A 58.20 = 1.64 41.80 3.59 %1074
B 56.87 =0.99 46.97 3.50x 1074
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absence of oxidized sulfur species or unbound thiols. High
resolution C;, spectra for methyl-terminated SAMs show
peaks centered at 284.6 eV after charge correction. Hydroxyl-
and carboxyl-terminated SAMs exhibited additional peaks at
286.7 and 289.5eV, respectively, corresponding to C—-O and
C=O0 functionalities, respectively. The Cls and Nls spectra
of amine-terminated SAMs exhibited peaks at 286.8 and
400.6 eV, respectively, which confirm the presence of C-N
bond in SAMs.

Water wettability of mixed SAMs was observed to
change as a function of mixed thiol solution composition as
shown in Figs. 2(a)-2(c) (carboxyl-, hydroxyl-, and amino/
methyl-terminated SAMs, respectively). Generally, wetting
characteristics of mixed thiols were a smooth function of
thiol solution composition, and the water contact angle
increased with increases in the methyl surface composition.
Furthermore, results show that wetting characteristics of the
hydroxyl/methyl-terminated SAMs [Fig. 2(b)] was a sharper
function of solution composition than the carboxyl- [Fig.
2(a)] or amino-/methyl-terminated mixed SAMs [Fig. 2(c)]
due to the solubility difference between methyl- and
hydroxyl-terminated thiols, and consistent with the results
previously published.*® Water wettability is related to con-
centration of thiol functional groups in the SAMs. Figure 3
plots the relationships between the water adhesion tension of
surface and the corresponding concentrations of carboxyl-,
hydroxyl-, or amine- in SAMs as determined from XPS data.
Results showed that the water adhesion tension shows a
strong relationship with the relative concentrations of termi-
nal functional groups. These chemically well-defined and
molecularly smooth surfaces provide activators varying only
in terminal functional-group density, and represent an
improvement in surface engineering over silianized glass
particulate activators used in our previous work.2*2%4
However, the surface area of the SAM activators (4.6 sz)
was nearly 54 x smaller than that used in particulate activa-
tion studies (~2.5 X 10? cmz).27 FXII activation was com-
mensurately reduced but detectable well above estimated
detection limits.

B. FXIla titration assay in PPP

Coagulation properties of human PPP were character-
ized by a FXIIa titration assay. In this study, we used two
lots of human PPP and each lot of plasma was titrated with
FXIla. Figure 4 shows the decreasing CT of recalcified
human PPP with increasing FXIIa doses. Table I lists the
coagulation times for the controls in which no exogenous
FXIla were added. A practical quantification limit was set
at 10x the standard deviation of the control coagulation
times subtracted from the mean coagulation time of the
controls and the corresponding [FXIla].,. Alpha or beta
errors (probability of a false positive or false negative,
respectively) are extremely unlikely for a sample with a
coagulation time greater than this practical limit.
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FiG. 2. Contact angles and water adhesion tension (mean = SD, n = 3) of thiol
modified substrates corresponding to the solution composition. (a) Contact
angles of mixed carboxyl-/methyl-terminated thiol-modified substrates corre-
sponding to the solution percentage of 1 mM 11-mercaptoundecanoic acid in
ethanol. (b) Contact angles of mixed hydroxyl-/methyl-terminated thiol-
modified substrates corresponding to the solution percentage of 1mM 11-
mercaptoundecanol (11-MU-OH) in ethanol. (c) Contact angles of mixed
amino-/methyl-terminated thiol-modified substrates corresponding to the solu-
tion percentage of 1 mM 1 1-amino-1-undecanethiol in ethanol.

C. Contact activation of PPP induced by thiol-SAMs
surfaces

Contact activation of blood plasma by mixed-thiol SAM
surfaces was measured using a coagulation-time assay.
Figure 5 shows the clotting time of plasma in contact with
mixed carboxyl/methyl-, hydroxyl/methyl-, and amine/
methyl-terminated thiol surfaces scaled by water wettability
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modified substrates. (b) Mixed hydroxyl-/methyl-terminated thiol-modified
substrates. (¢) Mixed amino-/methyl-terminated thiol-modified substrates.

(shown as water adhesion tension), respectively. For com-
parison, the mean clotting time and standard deviation of
plasma without addition of any thiol-modified substrate are
shown as dotted lines in Fig. 5(a). The mixed carboxy-/
methyl-thiol surfaces decreased the clotting time with
increasing water adhesion tension and came to a plateau after
the adhesion tension reached 50dyn/cm [Fig. 5(a)]. This
trend is consistent with expectations drawn from numerous
studies which demonstrated that hydrophobic activators are
all but inert in plasma whereas anionic hydrophilic activators
are potent activators of the extrinsic pathway of plasma
coagulation (see Ref. 13 and citations therein). Furthermore,
the trend in activation pivots from high-to-low clot time
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(low-to-high activation) near the ~30 dyn/cm water adhesion
tension where other biological responses are likewise
observed to pivot from low-to-high or high-to-low, depend-
ing on the specific circumstance under investigation.***¢

In sharp contrast, coagulation induced by -OH and -NH,-
terminated mixed thiol surfaces show curves that are effec-
tively flat, exhibiting no significant activation of plasma
coagulation at any mixture composition or resulting hydro-
philicity. The clotting time of plasma in contact with mixed
hydroxyl/methyl-thiol surfaces were essentially constant
across all water adhesion tension values with the exception
of a small drop in the clotting time of plasma seen at water
adhesion tension ~62 dyn/cm [Fig. 5(b)]. The mixed amino/
methyl-thiol surfaces show a peak clotting time near a water
adhesion tension of 0 dyn/cm [Fig. 5(c)].

The measured coagulation time was converted to equiva-
lent FXIIa activity [FXIla].q using a FXIlIa titration calibra-
tion curve (Fig. 4) and is illustrated in Fig. 6. Specifically,
coagulation time induced by known concentrations of exoge-
nous FXIla permitted estimation of an equivalent FXIIa con-
centration produced by the contact activation process. It is
stressed that the actual FXIla concentration was not mea-
sured but was estimated by a plasma coagulation assay, and
that other activated factors such as FXIIf might have been
produced in the activation process.'***

It is interesting to see that there is near 40-fold increase in
the amount of [FXIla].q produced in plasma by the pure
carboxyl-terminated surface than hydroxyl- or amino-
terminated thiol-surfaces. Although both surfaces are hydro-
philic and have similar water contact angles, the carboxyl-
terminated surface appears to be a much stronger activator in
PPP, consistent with the widespread view that anionic-
hydrophilic surfaces are specific activators of FXII. However,
these data show that the hydroxyl-terminated surface is also
an activating surface in PPP, and to an even greater extent
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no thiol-modified substrate has been added to the sample cuvette.

than a protein-adsorbent methyl-terminated surface, consistent
with the idea of the protein adsorption dilution effect in
plasma. The observation of FXII contact activation on
hydroxyl-terminated surface induced plasma coagulation sug-
gests that the mechanisms behind surface-induced blood
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plasma coagulation are much more complicated than simply
activation by anionic surfaces. The mechanism for FXII acti-
vation and plasma coagulation certainly must include other
factors, such as surface wettability and protein adsorption
properties of the materials, which are assuredly interrelated.
Comparing the coagulation times of mixed amine- and
hydroxyl-thiol surfaces, no significant difference was observed
in PPP, as materials having intermediate wettability appear to
have little to no coagulation activity in plasma. The coagulation
parameters produced by these materials are statistically indis-
tinguishable from the background parameters, and in fact for
samples with adhesion tension of approximately 0 dyn/cm (cor-
responding to a 90° water contact angle), the coagulation time
appears to be even slightly greater than background. As seen in
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Fig. 6(c), this increased coagulation time would represent a
“negative” value for [FXIlIa].q, and while a negative value for
this term is impossible, this value may in fact be indicative of
activation of an inhibitory pathway or activation of suppression
proteins. However, despite an extensive search for an appropri-
ate mechanism, we currently do not have sufficient data to
identify which pathway might be activated in these materials.

For both the hydroxyl and amine series, we also found
that there was a decreased level of FXII activation for surfa-
ces with adhesion tension of approximately 45 dyn/cm that is
statistically indistinguishable from the control coagulation
activation, suggesting a possible minimum for FXII activa-
tion at midrange wettabilities, consistent with the results pre-
viously published by Golas e al.>* An important difference
between the work of Golas et al. and this study is the means
of surface preparation; in the previous work, an array of dif-
ferent silane chemistries was used to create surfaces with
varying wettability versus the limited number of thiol chem-
istries mixed in different ratios in this work. It is of interest
to note that the carboxyl series did not show this same mini-
mum in activation in plasma near 45 dyn/cm, particularly in
light of FXII activation results which are discussed later in
this manuscript.

Combined results in Figs. 5 and 6 suggest that contact acti-
vation of plasma coagulation is correlated with activator sur-
face energy (water adhesion tension) only for mixed carboxyl-
methyl terminals, but not directly correlated with surface
energy on thiol-SAM surfaces comprised of either —OH or
—NH, terminal functionalities in —CHj3 background. Methyl-
and amino-terminated mixed thiol chemistries apparently do
not autoactivate endogenous plasma FXII in a manner that
potentiates the plasma coagulation cascade. It is possible that -
OH and -NH,-terminated mixed thiol chemistries might be
inherently nonactivating. Alternatively, -OH and -NH,-termi-
nated mixed thiol chemistries could be subject to the adsorp-
tion—dilution effect across the full range of hydrophilicity or
perhaps FXIla activity is suppressed. The first of the possibili-
ties cannot be dismissed out of hand by the observation that -
OH and -NH,-terminated mixed thiol chemistries activate
FXII in neat buffer solution because plasma is vastly more
complex than purified protein solutions. Even so, this supposi-
tion only invites the alternatives to explain how autoactivation
in plasma can be so different than autoactivation in buffer. We
do not observe the adsorption—dilution effect at hydrophilic
surfaces,">*” so this cannot explain why hydrophilic -OH and
-NH,-terminated compositions do not activate plasma coagula-
tion. The most viable explanation of Figs. 5 and 6 data thus
appears to be that hydrophilic -OH and -NH,-terminated
chemistries do, in fact, activate FXII, but also produce suppres-
sion proteins in the manner described by Golas et al.*’ that
effectively shuts off contact activation of plasma coagulation.

D. Contact activation of FXIl induced by thiol-SAMs
surfaces in neat buffer solutions

FXII activation by thiol-SAMs surfaces was measured by
plasma coagulation time and conversion to [FXIla]., based
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on corresponding titration curve. Since we used two different
lots of FXII and pooled human plasma, FXII activation by
thiol-mixed surfaces is illustrated in Fig. 7 (FXII from ERL)
and Fig. 8 (FXII from HTI), respectively. Note that the
[FXIla]., produced by the empty-tube blanks for the two
FXII lots were different by nearly 50% because
manufacturer-specified FXII lot activities were different by
approximately 44% (40.31 PEU/mg and 28 PEU/mg for the
ERL and HTI supplied EXII, respectively). Although the
exact amount of [FXIIa]., produced in two lots of FXII were
different, the trends in results are consistent between these
two lots of FXII, and the levels of FXII activation products
were well within the practical limits of quantification.
Results show that mixed SAM surfaces activate FXII in
buffer solution at approximately 10x greater than the con-
servative detection limit of 3.50 x 10~* PEU/mL (Table I).
These results are consistent with our previous studies
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Fic. 8. FXII (HTI) activation (bar, mean * SD, n > 5) on varied surfaces in
neat buffer solution. The water adhesion tension values (dyn/cm) were listed
in the parentheses behind each thiol functional groups. The corresponding
water contact angle is shown in the figure as symbol (). * denotes statisti-
cal significance as compared to OH mix (44.3) and the control blank and
determined via the Holm-Sidak method with o = 0.05.
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showing that autoactivation is not specific to anionic hydro-
philic surfaces."?

The statistical analysis showed that the single component
materials at the extremes of wettability (both hydrophobic
and hydrophilic) produced statistically greater amounts of
[FXIla]eq, while with just the exception of the COOH-
methyl mixture at 56° and 58° water contact angles (corre-
sponding water adhesion tensions at 38.2 and 40.3 dyn/cm),
none of the mixed substrates having midlevel wettabilities
produce [FXIlaleq statistically greater than the blank. This
curve traces out a weak parabolic dependence on surface
energy that is similar to the curve obtained with silanized
glass particulate activators although that curve much more
prominently obtained because of the much higher surface
area of the particulate activators.>’

The FXII activation studies performed in neat buffer solu-
tion provide an interesting contrast to the plasma studies dis-
cussed previously. The neat buffer studies show that the pure
carboxyl-terminated surface produced a statistically signifi-
cant greater [FXIla]., than either the purely methyl-
terminated surface or the control blank, but the pure methyl-
terminated surface also produced a statistically significantly
greater [FXIla]., than the control blank, indicative of FXII
activation by the seemingly “inert” methyl surface. Most
interestingly, a mixed carboxyl/methyl surface with a water
contact angle 56° (water adhesion tension 40.3 dyn/cm) for
data in Fig. 7, or 52° (water adhesion tension 44.3 dyn/cm)
for data in Fig. 8, produce levels of [FXIla]., that were only
slightly higher than the background levels, showing that in
this case, the addition of the “highly activating” anionic
COOH groups to the methyl-terminated materials at middle-
level surface wettability had no significant effect on FXII
activation. However, the plasma coagulation studies for the
mixed carboxyl series [see Figs. 5(a) and 6(a)] did not indi-
cate any such minimum in [FXIlIa]., at these midlevel water
adhesion tension values. In fact, it is not until samples have
water contact angles greater than 60° that coagulation times
in plasma begin to notably increase, and at pure methyl-
terminated samples, a minimum [FXIla]., is measured. Thus,
although both the pure methyl-terminated and pure carboxyl-
terminated surfaces produced [FXIla]., above control values
in buffer, this activation potential did not translate to plasma
as the hydrophobic surface appears to be a highly inefficient
activator of blood coagulation in plasma. Furthermore, a sec-
ond COOH/methyl mixture having a water contact angle of
58° (Fig. 8) showed increased levels of FXII activation, com-
parable to the background methyl material with water contact
angle over 100°. There is evidence that there is a very steep
transition between hydrophobic (type I) and hydrophilic
(type II) activators near 60° water contact angle, and it would
appear that the two different carboxyl/methyl materials pre-
sented in Fig. 8 might actually straddle that transition line.*®

The hydroxyl mixture series presents further data for
reduced FXII activation at midrange water wettabilities. In
neat buffer solution, the hydroxyl/methyl series show a simi-
lar trend to the carboxyl/methyl series. The pure hydroxyl-
terminated surface produces a statistically significant greater
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[FXIIa]eq than either the purely methyl-terminated surface or
the control blank, and again the pure methyl-terminated sur-
face produced a statistically significant greater amount than
the control blank. However, when hydroxyl is added to the
pure methyl materials to produce a mixed surface having
water contact angle of 51° or 52° for the two FXII lots, the
data show reduced levels of FXII activation in pure buffer.
That is, adding a highly activating component to an only
slightly less activating surface produces a unique material
having an activating potential that is less than either of them
alone. When slightly less hydroxyl component is added,
yielding a material with a water contact angle of 62°, one
finds an increased amount of [FXIla].q produced, again sug-
gesting a very sensitive transition region that occurs near 60°
water contact angle.

Despite the similarities in [FXIla].q produced in buffer by
the carboxyl/methyl and hydroxyl/methyl series, the plasma
coagulation studies with these two materials are quite differ-
ent. Within the hydroxyl series, a maximum coagulation
time, statistically indistinguishable from the “baseline” coag-
ulation time of the control blank, is noted near 45 dyn/cm,
with slightly but not markedly reduced coagulation times
seen at each of the two extremes. Furthermore, as noted pre-
viously, the [FXIla]., produced by the pure hydroxyl material
in plasma is nearly 40x less than that of the pure carboxyl
material, despite these two materials producing similar
amounts of [FXIIa]., in buffer. It is unclear at this point what
factors could lead to this observation, although activation of
additional pathways is high on the list of suspected mecha-
nisms. However, to date, we have not identified which of the
potential mechanisms is responsible, keeping in mind that
there may be different pathways in play for different activat-
ing materials. It was observed that Kal-mediated FXII activa-
tion (reciprocal activation) is the principal pathway for FXII
activation, producing 75% of the FXIla yield within the
intrinsic pathway, and the amount of activated enzyme is pro-
portional to the initiating amount of FXIla produced through
autoactivation regardless of activating surface chemistry,”
and so it seems doubtful that this falls into a kalikrein-
mediated mechanism. Other studies indicate that the role of
the surface in contact activation may simply be confined to
the autoactivation of FXIL* These observations raise ques-
tions as to the role of factors outside of the proteins of contact
activation (FXII, kallikrein, high-molecular-weight-kinino-
gen, and FXI) in the plasma coagulation response to surfaces.

IV. CONCLUSION

Thiol-based SAMs offer an approach to create a set of
surfaces having well-defined chemistries that differ in the
proportion of terminal functional groups and water wetta-
bility. A series of thiol-mixed surfaces were studied and
demonstrated that surfaces with midrange water wettabi-
lites (~20—-40 dyn/cm) exhibit minimal activation of FXII
in buffer solutions. Plasma coagulation studies appear to
support a clear role for anionic surfaces in FXII activation,
with a continuously increasing degree of activation with
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increasing COOH content. However, these same carboxyl/
methyl mixed surfaces also showed a minimal amount of
FXII activation at midrange wettabilities in neat buffer
solution that was not reflected in plasma. Hydroxyl/methyl
and amine/methyl materials showed minimum levels of
activation at midrange wettability in neat buffer solution.
Taken together, the results suggest that the degree of
plasma coagulation initiated by a material is not simply a
function of its ability to activate FXII alone. Taken in
whole, these results demonstrate that the composition of the
solution and the surface properties of the material all con-
tribute to the observation of contact activation, and clearly
show that activation of FXII is not specific to anionic surfa-
ces as has been long believed.
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