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Kinetics of plasma protein deposition and replacement from a shear flow of full
strength and diluted blood plasma onto prewetted glass were studied both numerically
and experimentally. A band of fibrinogen moving down the adsorbing surface was pre-
dicted and observed. The band was shown to define the region where blood platelets
subsequently adhered to the surface. Since platelet adhesion is a fundamental compo-
nent of thrombosis, this observation is potentially pertinent to the long-sought mecha-
nism that determines where thrombus forms during shear flow of blood through
artificial deuvices. The discrepancies between the mathematical model and experimental
observations are explained by the presence of the natural convection, arising from
density differences between plasma and the wetting fluids.

introduction

The interaction of blood with artificial materials has lim-
ited and influenced the development of artificial organs and
cardiovascular implants over the whole history of such de-
vices. The most important and undesirable outcome of
blood-material interaction is the formation of thrombi (ad-
herent masses) and emboli (masses released into the fluid
stream). Thrombi and emboli are the product of two reacting
systems, a cascade of protein reactions that results in the in-
soluble polymer fibrin and a series of transformations of blood
platelets that result in the formation of platelet layers, plugs,
and microemboli. The protein and platelet reaction systems
stimulate each other. No material, anticoagulant, or flow
channel design has yet completely abrogated the formation of
thrombi and emboli. Contemporary devices perform better
than their predecessors but only as a result of the evolution
of materials, therapeutic regimens, and design. Much more is
known about particular steps in the thromboembolitic
process, and the present study is a modest effort to bridge
the gap between rather complete knowledge of some steps
and the incapacity to predict when and where thrombogene-
sis will occur. It applies an established theory of protein de-
position from plasma onto artificial materials to a simple flow
situation encountered in almost all devices.
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In clinical practice the first blood that contacts an artificial
surface is diluted due to the presence of an incubating solu-
tion (in which the device has been rinsed before use). Blood
plasma proteins deposit onto the surface of the device and
undergo surface reactions slower than they would if the blood
carrying them were not being diluted.

Blood proteins deposit on artificial surfaces sequentially. A
phenomenon known as the Vroman effect is manifested when
albumin, the most prevalent blood plasma protein, adsorbs
first, and is then replaced by immunoglobulin-G (IgG), which
is replaced by fibrinogen (Fg), and finally by high-molecular-
weight kininogen (HMK) (Vroman and Adams, 1986; Vro-
man et al.,, 1980). The amount of Fg adsorbed from plasma
on artificial surfaces depends on exposure time, plasma dilu-
tion, material surface properties, buffer composition, and
temperature. It has been shown that on hydrophobic surfaces
proteins other than HMK may play a central role in Fg dis-
placement (Slack and Horbett, 1995). In this and other stud-
ies on hydrophilic surfaces the appearance of HMK corre-
lates with the disappearance of Fg. Of the proteins in the
Vroman effect, Fg is particularly reactive with blood platelets.
In the time between Fg deposition and its replacement by
HMLK, platelet adhesion and activation take place. We have
previously ascertained that the Vroman effect is prolonged
on prewetted surfaces bounded by separated flows (Mandru-
sov et al., 1996b; LeDuc et al., 1994). We have also demon-
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strated that Fg, deposited on the glass surface as a compo-
nent of the adsorption sequence, is capable of binding and
activating resting platelets. The work reported here deals with
these effects at the boundaries of shear flows. Specifically, it
reports on the existence of an Fg band, which moves along
the surface of a flow channel in a manner dependent on the
shear rate, and it rationalizes the moving band of Fg in terms
of the Vroman effect.

Experimental studies of the Vroman effect on glass sur-
Jaces

After the phenomenon of sequential protein deposition was
observed by Vroman, it was further studied by many others.
The rate of protein displacement was shown to be limited
either by diffusion of the molecules to the surface or by the
surface reaction itself. Wojciechowski et al. (1986) exposed
dilute plasma to the inner surfaces of glass tubes under static
conditions (buffer initially filling the tubes was displaced by
plasma using about 20 tube volumes) and observed that the
initial protein adsorption was diffusion-limited. In a similar
study, Wojciechowski and Brash (1991) showed a small axial
dependence on deposition, presumably due to a boundary
layer of varying thickness established by the plasma-loading
technique. Cornelius et al. (1992) studied plasma protein ad-
sorption to glass in a well-stirred system, and reported two
“regimes” of initial rapid adsorption followed by a regime of
slower adsorption; the principal adsorption rate limitation was
due to protein supply and the kinetics of surface binding.
Diffusion effects were shown to be negligible in a well-stirred
system. Boumaza et al. (1992) performed a continuous kinetic
study of the adsorption of Fg out of a single protein solution
onto the inner surface of a glass tube under shear, measuring
Fg deposition in a 2-cm-long section located at the center of
a 10-cm glass capillary. For this segment, the diffusion coeffi-
cient required to fit data to a steady-state, convective-diffu-
sion model was determined to be very close to the theoretical
value reported in the literature. Wojciechowski and Brash
(1991) have reported that the Vroman effect is accelerated by
convection and limited by diffusion during shear flow. No
previous report describes both the spatial and temporal vari-
ations of Fg adsorbed from plasma in shear flow.

Modeling of the Vroman effect

Different aspects of the Vroman effect have been mod-
eled, both in static and shear-flow systems. Waojciechowski
and Brash (1990) have modeled Fg adsorption from a static
fluid. They employed a computer simulation to solve a
steady-state diffusion equation, whose boundary conditions
describe adsorbate kinetics in terms of two adsorbed states
for Fg. Lu et al. (1994) have described sequential adsorption
of albumin, IgG, and Fg, assuming steady-state diffusion ki-
netics that take into account two adsorbed states for each
type of adsorbed molecule. Dejardin et al. (1995) have devel-
oped a kinetic model in which initially adsorbed Fg can ei-
ther desorb spontaneously, relax to an irreversibly bound
state, or exchange with HMK. They used the steady-state
convective-diffusion model to predict the diffusion coeffi-
cients for a Langmuirian kinetic model. LeDuc et al. {1995)
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have modeled the adsorption of albumin, Fg, and HMK in a
static fluid, taking into account more than two adsorbed states
for one or more molecular species and also allowing for de-
sorption from the second state when dissolved sorbent
molecules are present. Slack and Horbett (1989) have mod-
eled the kinetics of Fg adsorption and displacement from a
static fluid, neglecting mass-transfer limitations and treating
plasma as a binary mixture of Fg and another hypothetical
protein (that displaces it). Fg was allowed to exist in two dif-
ferent bound states—weakly and tightly bound. Dejardin has
also addressed the problem of a single protein adsorbing out
of a flowing solution (Dejardin, 1989; Yan and Dejardin,
1991). His model assumes a quasi-steady-state regime near
the interface to solve the two-dimensional convective-diffu-
sion equation at steady state.

Thus far, experimental studies of the Vroman effect have
been limited to the static systems or steady-state shear-flow
systems, where both concentration and velocity profiles are
fully developed. The work presented here investigates the
Vroman effect under unsteady-state conditions—while the
velocity profile is fully developed, the concentration profile is
developing as blood plasma is introduced into a saline-filled
channel. The process of deposition and removal of both Fg
and HMK out of plasma during shear flow is traced spatially
and temporally, over the entire surface of the channel, using
a quantitative staining technique developed in the authors’
laboratory (Mandrusov et al., 1996a). This article presents the
first evidence that a band of Fg moves down the adsorbing
surface with time, and a simple model that employs a tran-
sient convective diffusion equation to calculate the time and
location of the arrival of Fg and the HMK is developed. Both
numerical and experimental results indicate that the tempo-
ral and spatial window in which Fg is present on the surface
is large and significant. The Fg stains are compared to those
of adhered platelets, and are found to be nearly identical.
The presented data implicates the prolonged residence time
of Fg on a surface, caused by plasma dilution, as an inducer
of platelet binding and activation, and implies that this pro-
cess is an initiator of thrombogenesis.

Experimental Materials and Methods

All experiments and material preparations are done at room
temperature

Materials. Distilled water, passed through a Millipore
CDMF01204 Milli-Q system, is utilized for the preparation of
all reagents. Normal saline, used to dilute plasma, contains
145-mM sodium chloride. The modified Tyrode’s buffer (pH
7.5), used for preparing platelet suspension, contains 136 mM
sodium chloride, 2.7 mM potassium chloride, 4.6 mM sodium
phosphate monobasic, 12 mM sodium bicarbonate, 0.4 mM
magnesium chloride, 0.01% glucose, 10 mM HEPES (Sigma
Chemicals, St. Louis), and 107% mg/mL apyrase (Sigma
Chemicals, St. Louis). Coomassie blue dye, used for platelet
staining, is made by suspending 250 mg of Brilliant Blue G
(Sigma Chemicals, St. Louis) in 50 mL of methanol and 10
mL glacial acetic acid and then diluting this mixture to 100
mL with water.

Normal, human, intact plasma and platelet-rich plasma
(PRP), obtained from blood collected in 15% citrate phos-
phate dextrose adenine (CPDA-1), was kindly donated by the
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Bergen County Blood Bank (Paramus, NJ). Plasma was stored
at —70°C and thawed immediately before use. PRP was used
within 24 h of collection time. The platelets were tested for
viability by monitoring their aggregation in a Payton 300b ag-
gregometer after the suspension was challenged with 107> M
ADP (Sigma Chemicals, St. Louis). Upon challenge, all
platelets have aggregated within 1 min.

The platelet suspension is prepared from the PRP as fol-
lows: the pH of the PRP is adjusted to 6.5 with 0.11 M citric
acid and the suspension is centrifuged for 15 min at 2,000
rpm. The plasma is decanted and the pellet of platelets is
resuspended to the original plasma volume (1.0 X 10° cells per
wnL) in modified Tyrode’s buffer. The platelets are allowed to
equilibrate at room temperature for 30 min before the initia-
tion of experiments.

Glass plates (30 X6 cm) are cut out of 2-mm-thick (single-
weight) window glass and cleaned by immersing in Chromerge
Cleaning Solution (Fisher Scientific, Pittsburgh) for two
hours. The plates are thoroughly rinsed in distilled water and
equilibrated overnight in tris buffer (0.2 M, pH 7.2) (Sigma
Chemicals, St. Louis). The immunospecific polystyrene beads
are prepared as described previously (Mandrusov et al.,
1996a).

A staining well is used for the exposure of the glass plates
to the platelet suspensions. The well accommodates the glass
plate and a 2.5-mm thickness of the platelet suspension above
the glass surface.

Shear-Flow Chamber. The shear-flow chamber is illus-
trated in Figure 1. It consists of a top plate, a gasket, and a
glass plate. The gasket is manufactured by a photoetching
process, used for fabrication of rubber stamps. The channels
are created when the rubber gasket is laid over the glass plate.
The gasket defines four independent channels, each 25 cm
long, with identical trapezoidal (almost rectangular) cross-
sectional arcas. The assembly of glass plate, gasket, and a top
plate is sealed with 12 clamps. One channel of this assembly
is used at a time. Plasma is supplied through a port located at
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Figure 1. Shear flow chamber.
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Figure 2. Shear rate distributions at the base (y =0) of
the trapezoidal channel.

the entrance of the channel by a syringe pump; saline in re-
verse flow is supplied through the port located at the end of
the channel by a peristaltic pump.

Calculated shear-rate distribution on the bottom surface of
the trapezoidal channel is shown in Figure 2. It was deter-
mined by differentiating the parabola, which was fitted to the
numerically calculated velocity profile at the channel’s lower
boundary, with respect to y. The velocity profile for fully de-
veloped laminar flow in the trapezoidal channel was solved
numerically, applying a finite difference method to the fol-
lowing governing differential equation:

d*v  9%v 1ldp

Py + P s = constant. (1)
The value for the maximum velocity thus obtained is within
1.3% of that calculated by Shah (1975). Based on Shah’s work,
the entrance length for the channel is 0.15 cm at the maxi-
mum shear rate used. The calculated maximum velocity un-
derestimates the maximum velocity measured by dye injec-
tion by 5.6%.

The experimental chamber was designed to assure that (a)
mass transfer occurred only from parts of the flow stream in
which the velocity profile was linear, and (b) the surface shear
rate and velocity profile were uniform over a central region
of the channel width. With respect to the first criterion, the
thickness of the mass-transfer boundary layer at the end of
the channel for steady-state transfer to a surface of infinite
capacity was calculated. The values were 0.0078 and 0.0168
cm for shear rates of 95 s ~! and 9.5 s~ L. These values lie in
a region of the total channel thickness (0.2 c¢cm), where the
axial velocity is not less than 90% of the value calculated
from the wall shear rate. With respect to the second crite-
rion, Figure 2 shows the blunted region of the shear-rate pro-
file to be located in the central 0.2 cm of the channel.

Methods. Undiluted plasma is delivered into the saline-
filled channel at a shear rate of 9.5 s~ !, starting at “time
zero.” In experiments where plasma is diluted to 30% with
saline, it is delivered into the channel at a shear rate of 95
s~ 1. Experiments are terminated by stopping the forward flow
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of plasma and commencing a reverse flow with saline at 40
ml./min for 2 min (equivalent to 32 channel volumes).

After the reverse flush with saline, the glass surface is
stained in sifu (without disassembling the flow chamber) for
the presence of either Fg or HMK. First, a blocking solution,
containing albumin, is injected into the channel to assure that
no surface remains uncovered by protein. The channel is in-
cubated with the blocking solution for 30 min; it is then rinsed
with saline and incubated in a primary antibody solution, spe-
cific to the protein of interest, for 30 min. After rinsing with
saline, the chamber is incubated for 30 min with beads coated
with the secondary antibody and is rinsed again with water.
The chamber is then disassembled under water to prevent
any disruption of the adsorbed layer of beads that might be
caused by an air-water interface. The glass plate is air-dried.

The stain created by the beads is transferred to white pa-
per with Scotch brand transparent tape. The tape-bead-
paper sandwich is electronically scanned to quantify the stain
intensity, as described previously (Mandrusov et al., 1996a).
The protein replacement process occurring on the lower, glass
surface of the channel is thus traced along the length of the
channel, averaging the intensity across the central 0.2 cm of
the channel where the shear-rate profile is blunted. The in-
tensity of the stain correlates quantitatively with the amount
of specific protein adsorbed out of the protein solution
(darker stain implying more protein present). The intensity
reading () varies between 0 (lightest) and 0.25 (darkest),
measured in arbitrary units. The negative control for the as-
say was obtained by exposure of a virgin surface (one that has
not seen blood plasma) to the bead immunoassay. The con-
trols produced an average reading of 0.06. Thus, rcadings up
to 0.06 units were interpreted as background and the assay
sensitivity threshold is set at I = 0.06.

The bead immunoassay saturates at concentrations lower
than those needed to cover the surface with protein. Satura-
tion is a consequence of the design of the assay: antibody
loading on the particles was optimized to give high sensitivity
to the target adsorbate. Thus a monolayer of beads can form
on a surface that is only fractionally covered with the ad-
sorbed protein of interest. By comparison of the published
Fg isotherm data (bulk concentration [mg/mL] vs. surface
coverage [ ug/cm?])) (Cornellius et al, 1992) and the Fg
isotherm obtained with the bead data (bulk concentration
[mg/mL] vs. stain intensity [/]) (Mandrusov et al., 1996a), it
is inferred that a monolayer of beads (I = 0.25) corresponds
to 0.03 pg/em? of Fg. The lowest detectable amount (/=
0.06) of Fg corresponds to 0.0003 ug/cm? (effectively zero
concentration). Since there is no published HMK isotherm,
interpretations of adsorption patterns can only be qualitative.

In order to show that adsorbed Fg is capable of participat-
ing in the thrombotic process, glass surfaces were exposed to
platelets. The glass plates, removed from the shear-flow
chamber, were blocked with BSA for 30 min, incubated in
the platelet suspension (in Tyrode’s buffer) in the staining
well for 30 min at room temperature, then were gently washed
with normal saline, and then were fixed in 1% paraformalde-
hyde. The fixed slides were stained with the Coomassie blue
dye, and the number of adherent platelets was counted using
an upright Olympus BH-2 microscope with an attached video
camera. The platelets were counted along the length of the
channel. At each position three points (at the center of the
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channel and 0.5 mm away from the center of either side) were
counted and averaged, using field of view 0.08 X 0.08 mm. Er-
ror bars on the figures represent standard deviations for each
axial position.

Experimental Results

The rate of protein deposition on the surface greatly de-
pends on the degree of plasma dilution and the shear rate of
the flow. Using high plasma concentrations in conjunction
with high shear rates produces transients too fast to analyze
in this system. Thus, the experimental results presented here
are divided into two sets: (1) 30% plasma at a high shear rate
(95 s71), and (2) 100% plasma at a low shear rate (9.5 s7").
In the first set, deposition of both fibrinogen and HMK is
studied. In the second set Fg deposition is studied and is
shown to mediate platelet adhesion to the surface. The Fg
wave width is measured at half maximum height above the
intensity threshold (I = 0.06) and the wave velocity is mea-
sured at half-width (at half maximum height).

Protein deposition out of 30% plasma at 95 s '

Figure 3 illustrates the distribution of Fg and HMK on the
glass surface along the length of the channel at several times:
Figure 3a shows the distribution of the two proteins at 12 s
after plasma injection; Figures 3b, 3c and 3d show the distri-
bution after 22, 67 and 127 s, respectively. The horizontal
line indicates where the intensity readings fall below the sen-
sitivity threshold of the assay. After 12 s, both Fg and HMK
are deposited along the surface, with Fg leading HMK by
about 10 cm. After 22 s assay-saturating amounts of Fg are
observed throughout the channel and HMK deposition is at
saturating levels up to 7 cm away from the entrance to the
channel. After 67 s, Fg replacement is seen up to 4 cm away
from the entrance to the channel, and HMK deposition is at
saturating levels up to 15 cm away from the entrance to the
channel. After 127 s, the channel is devoid of Fg and saturat-
ing amounts of HMK are present throughout the channel. At
this shear rate the full Fg~HMK profile cannot be captured
on the bottom surface of the 25-cm length of channel.

Protein deposition out of 100% plasma at 9.5 s '

The entire Fg—HMK profile could be captured in the 25-
cm-long channel using whole plasma injected at a shear rate
of 9.5 s~!. Figure 4 shows the distribution of Fg along the
length of the channel at four successive time points: 37, 52,
67, and 82 s after plasma injection. The horizontal line indi-
cates where the intensity readings fall below the sensitivity
threshold of the assay. The Fg wave appears to travel at an
increasing speed: 0.17 cm/s after 37 s and 0.25 cm/s after 82
s (using half-width at half-height of each wave as a measuring
point). The average width of the wave, measured at half max-
imum intensity above the threshold for each wave, is 3.3 cm.

Platelet adhesion to surfaces exposed to plasma at shear
rate of 9.5 s 7'

A comparison between Fg deposition and platelet adhe-
sion, subscquent to exposure of the prewetted glass surfaces
to undiluted plasma at 37, 52 67 and 82 s after plasma injec-
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tion at the shear rate of 9.5 s~ 1, is shown in Figures Sa, 5b,
5c and 5d, respectively. The vertical scales are adjusted to
render platelet and Fg peaks comparable. In all of the pan-
els, platelets appear to adhere where Fg is present. The wave
width (measured at half-height) increases with time: 2.5 cm
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after 37 s and 3.5 cm after 82 s. The platelet adhesion wave
also travels at an increasing speed: 0.19 cm/s after 37 s and
0.27 cm/s after 82 s (using half-width at half-height of each
wave as a measuring point). Morphologically, platelets ap-
pear maximally spread when they are at their highest density
(on the average 12.5x10% cellsymm?). At this density fre-
quent aggregates consisting of 10-15 cells are observed.

Simple Kinetic Model of the Vroman Effect

This section is divided into four short parts. The first pre-
sents a simple kinetic model of the Vroman effect. The sec-
ond extends the classic Leveque solution to the unsteady-state
convective diffusion problem with nonlinear (saturating)
boundary conditions. The third describes the numerical ap-
proach used for solving the Leveque problem. The fourth
presents the model predictions for 30% and 100% plasma.

Overview of the model

The overall Vroman effect can be modeled as a multicom-
ponent transient convective-diffusion problem, within a steady
duct flow, with no reactions among species in the bulk, and
with boundary conditions that take into the account the in-
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Times of exposure are 37 s (a), 52 s (b), 67 s (¢), and 82 s (d). The vertical scales were adjusted to make the platelet and Fg peak heights

comparable.

teractions among the proteins on the surface. The simple
model presented here considers only interactions between the
two key plasma proteins. It is assumed that Fg instanta-
neously displaces any protein that had previously adsorbed
(the kinetics of albumin and IgG are not considered) and that
HMK instantly displaces Fg:

t !
Fg|s=f0NFg|SdT—[ONHMK|SdT;
!
HMK%=LNMKBM.(D

Because of the higher concentration of Fg, its deposition is
essentially unaffected by HMK, which adsorbs later. Because
HMK is assumed to displace Fg instantaneously, its pattern
of deposition is unaffected by how much Fg is on the surface.
Thus, deposition of the two proteins can be regarded as two
independent events and the net amount of Fg (deposition mi-
nus replacement) is the difference between deposition of Fg
and of HMK. This model requires, then, only the calculation
of two independent depositions—one for Fg and the other
for HMK—with which the Fg profile is calculated afterward
as their difference.
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Transient Leveque problem

Figure 6 shows the domain of the problem. The y-coordi-
nate originates on and is normal to the adsorbing surface.
The x-coordinate originates at the beginning of the channel.
Height H corresponds to the steady-state mass-transfer
boundary-layer thickness calculated at the end of the chan-
nel. This value in all cases is less than 10% of the experimen-
tal channel height. The channel length is L. The velocity pro-
file is taken to be linear, its slope equal to the wall shear
rate.

A single-component unsteady convective-diffusion equa-
tion:

S

01H

Y

X
Figure 6. Problem domain.
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may be used to describe the kinetics of deposition of a single
protein out of a fluid that has a linear velocity profile, v, =yy
(¥ is the shear rate at the wall). It is assumed that the ad-
sorbed protein does not diminish capacity of the wall to ad-
sorb (i.e., concentration is always zero at the adsorbing sur-
face) until the wall is saturated and the flux of the given pro-
tein is set to zero.
The boundary conditions are

Ci = CVm as y = H
C,=0 at y=0 if the surface capacity
for protein has not been reached
dc;
— =0 at y=0 otherwise.
dy

The entrance condition is
C,=C, at
The initial condition is

C,=0 at t=0.

Numerical solution

Governing Equation. In Eq. 3, the x-directed diffusion
term is neglected since it is much smaller than the x-directed
convection. However, in the numeric formulation, the x-
directed diffusion term is reinserted and the equation is
nondimensionalized:

N gt 9%t acf ‘p ac¥ @
Fe— 4 DF = + y*Pe——,
ﬁy*z Poax*e ar* y ax*
where
* D, * ¢ P
==t F=—, x*=—,
L? C, L
LY yL?
y*=—, Df=— and Pe=-—
L 1 D,

The nondimensional boundary conditions are

C¥=0 at y*=0 if the surface capacity for protein has

not been reached

dc;} N
2;?=0 at y*=0

otherwise.

The surface coverage at any point along the adsorbing wall is
calculated by summing the flux at that point from 0 to ¢ (see
Eq. 2):
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The maximum surface capacity is given by

* max

| D .
™ CoL

The free-stream boundary condition becomes
C¥=1 at y*=1,

with the entrance condition:

C¥=1 at x*=0
and the initial condition:
C¥=0 at r*=0.

These boundary conditions, along with Eq. 4, are imple-
mented in the computer code.

Validation of the Numerical Code. A finite volume method
(FVM), which utilizes the discretized form of the conserva-
tion equations, and an upwind scheme for interpolation of
the concentration profiles, valid for high Pe number flows
(Patankar, 1980), was applied to the governing equation. The
problem domain contains 450 X 50 rectangular grids, as shown
in Figure 6. The grid is uniform in the x-direction. In the
y-direction, the grid is nonuniform, with higher grid density
near the adsorbing surface. The iterations in time are com-
pleted with a fixed time step of 4.32Xx10~'? dimensionless
time units. Numerical experiments showed that increasing the
grid density beyond 450X 50 or decreasing the time step did
not change the solution. The concentration profile at any x,
along the y-direction, showed significant concentration gradi-
ents at y* <« 1. Numerical results, obtained by allowing the
transient solution to run until no variations in concentration
with respect to time were observed, matched the analytical
Leveque solution within 1% for x* > 0.09 (Yang, 1997).

Model predictions

Simulation inputs. Numerical simulations of both Fg and
HMK transient adsorption were conducted for the two cases
that correspond to the experiments described earlier: (1) 30%
plasma at 95 s~ ', and (2) 100% plasma at 9.5 s~'. Table 1
summarizes the physical constants used to parameterize the
simulation.

Data Presentation. The model predictions are given over
the full range of possible surface concentrations (from 0.00 to
0.35 pg/cm?). However, the calculations are compared with
measurements only over the range of the assay-——between the
surface concentration at which the assay saturates, 0.03
ug/cm?, and the lowest detectable amount, 0.003 ug/cm?. So
that the values in the assay range can be read more clearly,
the insets in the graphs show the same result on a semiloga-
rithmic scale. The Fg wave width is measured at half-height
value for the assay saturation (I'=0.015 ug/cm?), and the
wave velocity is measured at half-width (at half saturation
height).
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Table 1. Physical Constants Used in the Computer Model

Parameter Literature Source
Diffusivity D, =2X 1077 cm%*4s  Andrade and Hlade
(1987)
Dypy = 1.46 Dy, *See below
Molecular wt. Fg = 340,000 g/mo Andrade and Hlade
{(1987)

HMK =110,000 g/mo Dejardin et al. (1995)

Fg =3 mg/mL Dejardin et al. (1995)
HMK = 0.070 mg/mL Dejardin et al. (1995)

Fg=02 pg/mL

Human blood
plasma conc.

Max. surface
coverage based on
side-on packing

Yan and Dejardin
(1991)
HMK =035 ug/mL  Dejardin et al. (1995)

*HMK diffusivity is taken to be proportional to the cube root of the ratio
of the molecular weights of Fg to HMK.

Protein Deposition out of 30% Plasma at 95 s~ '.  Figures

7a and 7b present model predictions for the distribution of
Fg and HMK on the surface of the glass. Figure 7a shows Fg
movement after surface exposure to flowing 30% plasma. Af-
ter 12 s, the detectable Fg wavefront has moved 5 cm into the
channel. After 22 s, it traveled 15 ¢cm and the wave velocity
(measured at half-width) increased from 0.10 cm/s to 0.27
cm/s. The wave width is doubled in comparison to that at 12
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Figure 7. Model prediction for the protein adsorption to
glass exposed to 30% plasma at 95 sl

(a) Fibrinogen and (b) HMK. Times of exposure are 12 s
(@), 225 (0), 67s(a), and 127 s (2 ). The insert shows the
same data on the semilog scale.
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Figure 8. Model prediction for the Fg adsorption to
glass exposed to 100% plasma at 9.5 s™'.

Times of exposure are 37 s (@), 52s(0), 67 s(a). and 82 s
(a). The insert shows the same data on the semilog scale.

s. After 67 s, the leading edge of the Fg wave is no longer
observable in the channel. At this time the model predicts
that most of the channel surface is covered with Fg. After
127 s, the replacement of Fg by HMK is completed 3 cm
away from the entrance to the channel. Figure 7b shows HMK
deposition along the length of the channel. The leading edge
of deposition of HMK slightly trails behind that of Fg after
12 and 22 s. After 67 and 127 s, the amounts of protein are
saturating with respect to the assay throughout the channel.

Protein Deposition out of 100% Plasma at 9.5 s . Figure
8 presents the predicted movement of Fg when glass is ex-
posed to undiluted flowing plasma. The model shows that the
wave width increases with time for all time points studied.
The velocity of the wave (measured at half-width) also in-
creases with time: 0.045 cm/s after 37 s and 0.067 cm/s after
82 s of exposure.

Discussion

The data presented in the preceding establish the exist-
ence of a wave of Fg that moves along the boundary of a
shear flow of blood plasma. At the lower shear rate (9.5 s~ 1),
the entire Fg wave, front to back, is revealed as it sweeps
along the surface of the 25-cm-long channel. This wave is
defined at its front by the leading edge of Fg deposition and
at its back by the region where Fg is removed by HMK. Dis-
placement of Fg by other plasma proteins is similar to phe-
nomena encountered in displacement chromatography (King,
1980), except that the entire process, adsorption and dis-
placement, takes place under one solution-—the feed is not
switched from a loading to displacing solution. At the higher
shear rate (95 s~ '), the wave width is larger than the channel
length, and the proteins coexist during the initial times of
exposure, with Fg eventually appearing to be replaced by
HMEK. Focusing on a single surface point, onc sees the amount
of Fg on the surface rising through a maximum and then
eventually disappearing. For instance, at x =20 cm, the
amount of Fg on the surface increases from 0 to 0.17 inten-
sity units after 22 s and then drops down to .14 after 67 s. It
disappears by 127 s. This behavior is a classic example of the
Vroman effect (Vroman and Adams, 1986; Vroman and
Leonard, 1991; Wojciechowski et al., 1986; Slack et al., 1991).
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Suspended, resting platelets, which settle on the surfaces
exposed to plasma, adhere only to places where Fg is pres-
ent. It is of interest to note that while surface-bound Fg has
been implicated in mediating platelet adhesion, surface-
bound HMK has been shown to possess the strongest antiad-
hesive effect when adsorbed onto otherwise adhesive sur-
faces (Asakura et al., 1992). Adhesion of resting platelets to
surface-bound Fg is mediated through the platelets’ glycopro-
tein IIb subunit (Savage and Ruggeri, 1991; Savage et al.,
1992). Rye et al. (1995) have demonstrated that only confor-
mationally intact (antibody detectable) Fg bound to a surface
can be correlated with platelet activity. This is also in accord
with data of Chinn et al. (1991), who have exposed platelet
suspensions to polyurethane surfaces (Biomer), that were
previously exposed to plasma under static and shearing con-
ditions; in both cases the largest number of adhered platelets
correlated with the largest amounts of Fg present on the
surface. Mandrusov et al. (1996b) have also reported corre-
spondence between Fg adsorption and platelet adhesion on
glass slides that have been previously exposed to plasma in
regions of scparated flow.

While the calculated transients mimic the experiments, the
model underestimated both the width and the velocity of the
wave. Since the total wave was only captured with 100%
plasma, the comparisons between the experimental results
and numerical predictions for the wave width and wave veloc-
ity can be presented for this case; the comparisons for the
leading edge of deposition are presented for both 30% and
100% plasma. Table 2 compares experimental results to the
mode} prediction. After 37 s of exposure of glass to the undi-
luted plasma supplied at 9.5 s~', the predicted velocity was
0.045 cm/s and the measured velocity was 0.17 cm/s. At this
time, the predicted width of 3.0 cm was close to the mea-
sured width of 3.3 cm. However, after 82 s the discrepancy
between the predicted and the measured wave width in-
creased: the predicted was 8 cm and the measured 3.9 cm.
For all times studied the velocity of the wave is about four
times larger than that predicted by the model. The leading
edges of Fg deposition for both 100% and 30% plasma cases
exceeded the model predictions, with larger discrepancy for
the 100% plasma than for the 30% plasma studies (in terms
of the ratios experimental results /model predictions).

In response to this disparity, model parameters have been
varied to see if faster rates of deposition might be predicted.
Decreasing the surface capacity or increasing protein concen-
tration (within physiological limits) did not result in signifi-

Table 2. Comparison Between Experimental Results and

Model Prediction™
100% 100% 100% 30%
Fg Leading Fg Leading
Fg Wave Fg Wave Edge of Edge of
Time Width Vel. Deposition Deposition
(s) {cm) (cm/s) (cm/s) (cm/s)
37 3330  0.17/0.045 9.5/3.2 15.0/6.0
52 3746  0.24/0.056 14.5/5.2 23.0/14.0
67 2.4/602 0.28/0.061 20.2/7.2 Not observed
82 3.9/8.0 0.25/0.067 23.0/9.2 Not observed

*Each table entry shows experimental/predicted value.
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cant increase in the rate of Fg deposition. It might be argued
that the proposed model is too simple and should incorpo-
rate in it other surface-active proteins participating in the
Vroman effect, finite adsorption, as well as different adsorp-
tion states for these proteins. But these modifications would
only delay, rather than accelerate the predicted rates of de-
position of Fg.

A possible cause of the discrepancy between model and
the experiment is the presence of natural convection in the
system, arising from the density differences between the in-
jected fluid (undiluted plasma (1.0273 g/cm?), 30% plasma
(1.0082 g/cm?) (Altman, 1961)) and the prefilled saline it dis-
places (1.000 g/cm?>). If plasma, which is heavier than saline,
sinks down as it enters the channel, then the mass-transfer
boundary-layer thickness becomes smaller at the bottom sur-
face and larger at the upper surface, increasing protein trans-
port to the bottom surface and decreasing it to the top. In
order to investigate whether this is the case, two additional
experiments were completed at 9.5 s™': (1) an undiluted
plasma was supplied to the channel with the adsorbing sur-
face located above the stream, and (2) a pure Fg solution
(3-mg/mL Fg, in normal saline) was injected into the channel
with the adsorbing surface located below the stream (this so-
lution has a density very close to that of saline). The Fg depo-
sition patterns were measured in both cases and compared to
the already reported case of an undiluted plasma injected
into the channel with the adsorbing surface located below the
stream. The results, presented in Figure 9, indicate that after
67 s of exposure, the Fg wave moved 5 cm on the upper sur-
face, whereas it moved 21 cm on the lower surface. A pure
Fg solution adsorbed along 7.2 cm of the channel surface.
The movement of Fg on the upper surface lagged the com-
puter prediction by 5 cm, while that movement on the lower
surface led the prediction by 10 cm. The adsorption of Fg
along the channel surface out of pure Fg solution, where there
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Figure 9. Fibrinogen adsorption to the upper surface of
the channel out of 100% plasma at 9.5 s™* (UP,
A), to the lower surface of the channel out of
100% plasma (DOWN, ¢) N =5, average stan-
dard deviation +0.02, and to the lower sur-
face of the channel out pure Fg solution at
concentration 3 mg/mL in normal saline (o),
N =4, average standard deviation +0.02.
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Figure 10. Comparison between the model prediction
for the Fg adsorption to glass exposed to the
Fg solution (3 mg/mL) at 9.5 s™*.
(a) Experimental data for Fg deposition after 67 s (@) and
82 5 (O), N = 4, average standard deviation +0.02. Error
bars are omitted for clarity. The horizontal line indicates
where intensity is below the sensitivity threshold of the as-
say. (b) Model prediction for Fg deposition after 67 s (@)

and 82 s (O). The inset shows the same data on the
semilogarithmic scale.

are no density differences between the injected fluid and the
preexisting fluid, approximated the prediction of the model,
which does not take into account the natural convection ef-
fects (Figures 10a and 10b). Thus, these data strongly suggest
that the natural convection plays an important role in protein
deposition out of whole plasma—the density difference ac-
celerates the transport of proteins toward the adsorbing sur-
face if it is located below the stream and retards the trans-
port if the adsorbing surface is located above the stream. Al-
though the pure Fg studies show a good correspondence be-
tween the predicted and experimental results, these studies

were not further investigated because the purpose of this work
was to demonstrate and analyze the Vroman effect (plasma
protein surface reactions), relevant to the development of
thrombosis in artificial organs. Furthermore, density differ-
ences due to variations in temperature and concentration
could not be avoided in actual clinical practice and will affect
deposition in different ways, as could also the orientation of
the device.

A description of the phenomena of natural convection
caused by density difference between the injected and pre-
filled fluids is represented in Figure 11. At short times, the
pure convection tends to prevail, and this creates a parabolic
finger of the injected plasma, which grows out into the chan-
nel so that the maximum protein concentration is at the cen-
ter of the channel. The action of gravity tends to make mate-
rial at the core sink to the bottom of the channel, thereby
causing the displaced fluid layers to circulate. In this sense
natural convection increases radial mixing, and the sinking of
the core creates a smaller mass-transfer boundary layer thick-
ness at the bottom surface, and a bigger one on the top sur-
face.

No prior studies have been found that deal directly with
the effects of natural convection, caused by the density dif-
ferences between the displacing and the displaced fluids, on
the protein transport to the surface. Reejhsinhani et al. (1966)
have studied the effects of free convection on the dispersion
of dye in the water prefilled channel. They have reported
that the natural convection can both enhance and depress
dispersion significantly and that extremely small density dif-
ferences (Ap/p=10"*) are adequate to cause these phe-
nomena. Most other works deal with free convection, where
the density differences in the fluid are induced by the heating
or cooling of the walls of the conduit into which the fluid is
injected, producing a circulatory motion of the fluid in the
direction normal to pipe axes, in so-called secondary flow
(Gebhart et al.,, 1988). This situation is different from the
present work, since the density differences reported here are
not induced, but preexisting.

Due to the lack of analysis of the relative importance of
the natural convection in the situation reported in this work,
this assessment is completed for the heat-transfer systems.
The demarcation between the purely forced and the com-
bined (as well as purely natural and combined) regimes is
given in terms of the dimensionless group Grashof
numberAReynolds number)® (Gebhart et al., 1988). The
Grashof (Gr) number and the Reynolds number (Re) are de-
fined as

ApD} VD
= g——zi and Re = “ s
pv v

Gr

where D, is the hydraulic diameter of the channel (area/pe-
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Figure 11. Natural convection caused by density difference between the injected and prefilled fluids.
The action of gravity tends to make material at the core sink to the bottom of the channel, thereby causing circulation of the displaced

fluid layers.
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Table 3. Values for the Two Tested Experimental Systems

Re Gr Gr/Re*
100% plasma 1.6 91.2 352
at 955!
Of 30% plasma 16.1 27.9 0.1
at95s

rimeter). Table 3 summarizes the values for the two experi-
mental systems tested. The values of Gr/Re? indicate the ex-
istence of the natural convection for the experiments com-
pleted with 100% plasma. For 30% plasma experiments, the
natural convection appears to be less evident. This informa-
tion supports the reported findings: there is less discrepancy
between the model and the experiments in the 30% plasma
than in the 100% plasma, and even less if pure Fg solution is
injected into the channel.

What do the results just presented suggest about the possi-
ble causes of thrombosis on prewetted clinical devices? For
the first time unequivocal evidence is presented that an Fg
band forms and that even quiescent platelets stick to it. Thus,
there is a temporal and spatial window during the device
startup when Fg is present on the surface and is able to bind
and activate platelets and initiate thrombosis. The presence
of traveling Fg bands is consistent with well-documented the-
ories of protein replacement and is in general accord with a
simple mode! that focuses on Fg, the central protein in
thrombogenesis. The velocity of the Fg band, traveling along
surfaces when the device is first filled with blood, increases
due to the free convection if the adsorbing surface is located
on the bottom and decreases if it is located on the top. The
width of the Fg band increases as the wave progresses into
the channel. However, as the wave travels, it continues to
widen and may reach a critical width at which either the
amount or conformation of Fg is no longer adequate to in-
duce platelet binding. Thus, the chances that thrombi and
emboli will form may be especially great near the entrance to
the channel, immediately after the device is first exposed to
blood.
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Notation

C =concentration, mg/mL
C, =input concentration, mg/mlL
D =diffusion coefficient, cmz/s
L =length of the channel, cm
t =time, s
t,, =time to reach steady state, s
N =flux, ug/ (cm?-s)
Pe =Peclet number
x, v =Cartesian coordinates
v, =velocity in x-direction, cm/s
I =surface capacity, pg/cm?
& =mass-transfer boundary-layer thickness, cm
v = kinematic viscosity, cm>/s
T =time

¥ =shear rate, 57!

AIChE Journal

Subscripts and superscripts

I =belonging to the ith specie
* =dimensionless variable
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