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Fibrinogen adsorption on Pyrex glass tubes:

A continuous kinetic study
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Abstract

We present an experimental system to record continuously the adsorption kinetics of radiolabeled proteins,
following an earlier study (Voegel et al.,, Colloids Surfaces 10 (1984) 9), We found results in accordance with
the Lévéque equation at a wall shear rate of 50 s~%, for adsorption from fibrinogen solutions in Tyrode’s
buffer on Pyrex glass tubes. Dependence on concentration in the range 4 to 200 zg/mL and on distance to the
tube entrance were examined. At the highest concentrations, a second slower regime appeared when coverage

exceeded about 0.14 wg/cm?.
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1. Introduction

In a previous publication [1], it was proposed
to study the adsorption kinetics of proteins onto
solid surfaces by recording continuously the ra-
dioactivity of a tube with a solution of labeled
molecules flowing through it. This method should
give essentially the same parameters as the more
sophisticated Total Internal Reflection Fluores-
cence (TIRF) technique presented by Lok et al.
[2), when used for flowing systems. One advan-
tage of the radiolabeling technique is its suitabil-
ity for study of adsorption phenomena on a large
variety of tubing materials from glass to polymers.
It does not require the preparation of flat sur-

* To whom correspondence should be addressed.

faces. However, most experiments involving radi-
olabeled molecules give the amount adsorbed af-
ter rinsing with the solvent and therefore lead to
a discontinuous study of the kinetics [3,4]. The
rinsing procedure is justified by the so-called
“irreversible” or metastable state of adsorbed
proteins. Only a few papers relate continuous
study of adsorption, desorption or exchange on
beads packed into columns [5-7], or on the walls
of a tube [1,8].

This study concerns phenomena occurring
when blood contacts foreign materials, especially
those intended to be biomaterials. It is believed
that for most supports the first step to occur is
the formation of a proteinaceous layer, since dif-
fusion transport of proteins towards the surface
occurs faster than transport of cells. Besides,
protein adsorption is often found to be a partially
reversible process [8], whose importance could
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depend on surface occupation [9] and residence
time [10]. Hence, in order to gain some insight
into the elementary processes leading to a final
irreversibly adsorbed population, it appears es-
sential to have some knowledge of the rate of
transport of proteins from the bulk solution to-
wards the surface. This can be achieved by using
a slit [2,10,11] or tube [1,8] geometry. Then the
hydrodynamic patterns are well known: the fluid
velocity assumes a parabolic profile according to
Poiseuille’s law (laminar flow).

We present in this paper our experimental
system used to follow the adsorption of fibrino-
gen onto Pyrex glass capillaries. Detailed study of
the adsorption kinetics reveals a first Lévéque
regime followed by a slower regime starting at a
coverage of about 0.14 wg/cm?.

2. Materials and methods
2.1 Experimental system

The experimental system is schematically rep-
resented in Fig. 1. A microcomputer controls two
syringc pumps, one containing Tyrode’s buffer,
pH 7.35, the other a solution of fibrinogen at
concentration C, in the same buffer, Diversion
towards a waste vessel is possible just before the
flow enters the capillary to be examined, to elimi-
nate air bubbles. The syringes are connected vig
teflon tubing to the 20 cm long glass capillary, of
which the middle portion is positioned in front of
a 5 cm diameter Nal detector. Lead walls limit
the analysis to the 2 cm long part at the center of

JRG[

Fig. 1. Schematic drawing of the apparatus. A microcomputer

(MO) controls two syringe pumps (SP1, SP2) and collects data

from the radioactivity counter (RC) and from the balance

{BL). The tube (1) under investigation is in front of a detector
(D).

the detector. Data are visualized on a screen and
stored in a microcomputer, each experimental
point corresponding to the integrated radioactiv-
ity over 10 or 20 seconds. At the capillary exit the
liquid is collected on a balance, from which the
readings also appear graphically on the screen.
Thus any disturbances in the flow line are instan-
taneously visualized.

Flow rate was 4.6 mL /min, corresponding to a
wall shear rate of 50 s~!. We performed alternate
flows of solution (10 min) and buffer. This period
appeared to be too short to reach a stable value
of adsorbance, while during rinsing with buffer a
continuous slow decrease of the interfacial con-
centration I" was observed.

2.2 Preparation of fibrinogen solutions

Human fibrinogen purified by the solvent /de-
tergent technique was obtained from the Centre
Régional deh Transfusion Sanguine de Stras-
bourg (CRTS, Strasbourg, France). The coagula-
bility was 98% before and 95% after radiolabel-
ing and fibronectin content < 5%. Concentrated
Tyorde’s buffer (160 g NaCl, 4 g KCI, 20 g
NaHCO,, 1.16 g NaH,PO, - H,0, completed to
one liter with (Super-Q Millipore) deionized wa-
ter was filtered through 0.45 um Millex filters
before storing at +4°C. Tyrode’s buffer used for
fibrinogen solutions was prepared just before ex-
periments by dilution 1:20 in water and adjusted
to pH 7.35 with 1 M HCI. Fibrinogen (1-5 mL,
C =2 mg/mL) was labeld by the iodogen tech-
nique [13] using Na'®l. Excess free iodine was
removed by passage through an ion exchange
resin preconditioned with Tyrode’s buffer and
0.125-0.5 mL aliquots of the radiolabeled fibrino-
gen solution were stored at —18°C. Quick
thawed (37°C) aliquots were then diluted with
filtered buffer just before starting the experi-
ments. There are possible artefacts involved in
the use of iodine-labeled proteins, but is cur-
rently accepted that fibrinogen shows little
physicochemical and biological alterations at low
degree of iodination [14] as in this study. Using
solutions with various percentage of labeled pro-
teins shows no variation in the adsorbance on a
variety of supports [13].
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Fig. 2. Radioactivity recording (C\, = 6.45 pg/mL) showing
the successive passages of buffer, solution and buffer.

2.3 Determination of fibrinogen adsorbance and
apparent kinetic constants

We performed calibration ix situ by estimation
of the radioactivity change due to filling or emty-
ing of the tube (radius R) with a solution of
known concentration C,. Schematic representa-
tion of an experimental curve is shown in Fig, 2.
Given Ah the activity rise while filling the tube,
which is equal to the activity drop AA’ when
rinsing starts, and AH the residual activity after
rinsing (Fig. 2), we have:

I'=05RC,(AH/AR} (1)

and the apparent adsorption constant:

Kep = Cy(dr/de) = (0.5R/AR) /(dH, /dt)
(2)

hence this procedure does not require indepen-
dent measurement of the specific activity. Ratios
of lengths on the graph lead directly to I" and
dI'/dt when R is known.

For small diameters, however, complications
may arise from the fact that when the process is
partially controlled by the transport of soclute
towards the interface, the activity rise Ak (or the
drop Ah’) does not correspond to a tube entirely
filled with a solution of concentration C,, since
concentration depletion occurs in the Nernst layer
near the wall. The importance of the correction
depends on the thickness of the depleted layer as
compared to the tube radius and on the magni-
tude of the depletion, which is related to the

intrinsic adsorption constant k. If we consider
the extreme case of complete control of the ki-
netic process by transport to the interface, as in
the Lévéque model [16], we find, by simulation in
a tube of radius 1.25 mm, at 9 cm from the tube
entrance, a lower limit of 0.93 for the correction
factor f, which should appear on the right hand
of egs. (1) and (2) when Ak does not correspond
to a tube filled with solution of concentration C,.
Therefore we would expect a maximal overesti-
mation of 7% for the adsorbance and kinetic
constant.

Another difficulty could be the possibility of
rapid adsorption during the filling step thus lead-
ing to erroneous calibration using Ak (Fig. 2).
This can be avoided by looking at the activity
drop Ah’' at the start of rinsing. Since it is some-
times difficult or impossible to distinguish be-
tween tube filling and the beginning of adsorp-
tion, whereas desorption occurs much more slowly
than adsorption, calibration from the activity drop
would appear to be more reliable and was actu-
ally used for data treatment.

At the highest concentrations we observed two
successive regimes. Figure 3 represents such an
experimental recording of activity versus time at
C,=13.1 ug/mL. Full lines, continued by inter-
rupted lines, show the linear fits of the data for
adsorption and desorption steps. We arbitrarily
defined the intercepts of these lines as points
separating the successive regimes. The activity
level corresponding to the total (background and
calibration Ah'} is represented by a dotted line.
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Fig. 3. Radiactivity versus time for adsorption from a fibrino-

gen solution at 13.1 ug/mL, showing two successive kinetic

regimes.



90 F. Bouzama et al. / Fibrinogen adsorption kinetics on pyrex glass tubes

This total was the zero level for calculation of the
adsorbances.

2.4 Glass capillaries

The Pyrex capillaries of length 20 ¢cm were
about 4 mm external diameter and 2.5¢ mm inter-
nal diameter. They were cleaned using an ammo-
nium persulfate /sutfuric acid mixture, rinsed with
water and dried overnight in an oven at 40°C.

3. Results and discussion
3.1 Adsorption kinetic constants

Table 1 summarizes the experimental kinetic
constant k_ _, to be compared with the Lévéque
constant k., =3.22 107" cm s~ ' calculated using
diffusion coefficient D=2 1077 cm?® s~!, shear
rate y = 50 s ™" and distance to the tube entrance
z=93cm

kexp:Cl:l(dF/dt)eXP (3)
ki o =Cy (AT /dt) L, =054D3y173:7173 (4)

exp’

We observe good correlation between these two
values. Therefore, at this shear rate, the process
is essentially controlled by transport to the inter-
face. Let us note that at the highest solution
concentrations, we observed two successive
regimes (Fig. 3). The crossover between the two
regimes could be attributed to a decrease of the
adsorption rate due to occupation of the surface,
which would necesssitate reconformation and dif-

Table 1

Experimental apparent adsorption constant k., at various
solution concentrations C. Adsorbance I'=1I,+1T, at the
end of the adsorption step. Desorption kinetic constant k.

Cy kupX10°ems™  T=I+T, k

2 —1
(ug/mL) Regime 1 Regime 2 (ng/cm?) (™
4.35 3194011 0.092 0.24+027
6.45 3224011 0.137 022+0.17
9.00 3244013 2384019 0.130+0.053 0.10£0.16
131 3214010 2.04+037 0.138+0.080 0.10+0.07
19.4 3224022 2764022 0.123+0.237 0.83+0.15

Mug/cm”)

a 5' \IO I; ’2‘0 25
C,lue/mL)

Fig. 4. Amount of fibrinogen adsorbed I’ versus solution

concentration C,, after 10 minutes exposure to the solution at

a shear rate of 50 s™!. The open circles (0) denote I, and

the crosses () I'y + I',.

fusion of molecules on the surface. Let us note
that we neglected the entrance flow effect as the
steady parabolic Hagen—Poiseuille flow is estab-
lished actually at a small distance L,=3.2 mm
from the tube entrance [17] in our experimental
conditions thus leading to a negligible 1% correc-
tion in the estimation of k.

3.2 Fibrinogen adsorbance

Figure 4 shows the variations of the interfacial
concentrations I'; and I'=T, + I, with solution
concentration C,. I', is the adsorbance in the
first fast regime while I', is the adsorbance in the
second kinetic regime. We observe an increase of
I" with bulk concentration until values still largely
below the saturation level of about 1.0 wg/cm?
corresponding to the model of end-on adsorption
[15]. The linear fit from the two smaller values
gives an average value of 3.37 107° ecm s™! for
the apparent kinetic constant, quite close to the
theoretical Lévéque constant 3.22 107> ¢cm s™".
The amount of protein adsorbed in the first
regime varies between 0.09 at the lowest concen-
tration to an upper limit of 0.13-0.14 wg/cm?.
This limit should represent a crowded surface,
where interactions between adsorbed molecules
become important and surface exclusion effects
are no longer neghgible: the intrinsic adsorption
rate at the surface becomes comparable to the
transport rate and will later control significantly
the kinetic process. It corresponds to the lowest
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theoretical value for closed-packed side-on ad-
sorption model, within the schematic representa-
tion of the conformationally unchanged fibrino-
gen molecule by a parallelepiped of dimensions
45X 9% 6 nm’. Such a value could, however,
correspond also to a not so compact coverage
with some population adsorbed end-on. Of course
we cannot claim from this only result that fibrino-
gen is not denaturated at all in the adsorbed
state.

3.3 Fibrinogen desorption

Table 1 shows the results for the slow desorp-
tion process. Linear variation of the recorded
radioactivity throughout the 5 or 10 minute rins-
ing step leads directly to an estimation of the
kinetic desorption constant k

ko= —I7'(dF/dr) (5)

where I, is the amount of protein adsorbed at
the end of the adsorption step, as we assume that
transport away from the interface is rapid com-
pared to interfacial desorption. We observe sig-
nificant desorption only for the highest surface
concentration: this suggests that at high surface
concentration a part of the surface population
consists of loosely attached molecules, most prob-
ably the last to arrive, which could not optimize
to a sufficient extent their interaction with the
surface within a delay of a few minutes, because
of the already largely accupied surface.

3.4 Influence of distance to the tube entrance

To confirm the conclusion of diffusion control,
we performed an analysis along the tube, which
can be done after the rinsing step. To check the
Lévéque model (eq. 4), we represent in Fig. S the
experimental quantity C.' (AT'/At) versus
273, where z is the distance from the tube
entrance and A" the adsorbance after an ad-
sorption time of Ar. As kinetic analysis reveals
the existence of two regimes at the highest bulk
concentrations, we can sce that the data are
roughly separated into two groups. Results relat-
ing to adsorption from these high bulk concentra-

(cm/sec)

“'ar/at]

5
10°Cy

N

. I " L "

oD o1 0z 03 o4 a5 [ 07
-1/3

Z

Fig. 5. Cy ' (Al /At) versus z™ ' is the bulk solution con-

centration, Al the adsorbance after an exposure time of Af

and z the distance from the tube entrance. C, {ug/mL} = 4.35
(0),6.45(x),9.0(#),13.1 (v),and 19.4 (m).

tions were disregarded in the distance analysis.
For the three lower concentrations, we observe
good superposition of the data at small z7!/3,
while some dispersion occurs at high z /2, espe-
cially due to the 6.45 pg/mL experiment. Fit of
the data to eq. (4) thus leads to a diffusion
coefficient D =225 1077 em® s~', 10% higher
than the theoretical value. We are however in
accordance from this analysis with the conclusion
of a kinetic process mainly controlled by the
diffusion transport of molecules from the bulk
solution towards the surface.

4. Conclusions

We showed that continuous kinetic analysis of
the adsorption of fibrinogen on a glass tube is
possible using radiolabeled fibrinogen. A critical
interfacial concentration I'* = 0.14 pg/cm® was
determined, above which surface exclusion be-
comes important. Moreover, the kinetic diffusion
control suggested by analysis at one particular
point was confirmed by studying the adsorption
along the tube, without being required to break
it. These preliminary results indicate the possibil-
ity of determining the diffusion constant and re-
action rate [18] from an analysis along the tube.
However, such an analysis would necessitate
measurements of the radioactivity closer to the
tube entrance.
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