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Previously, Lin et al. (J. Immunol. Methods 125, 67, 1989; J.
Chromatogr. 542, 41, 1991) showed that acid pretreated antibodies
(Abs) exhibited a twofold higher antigen-binding capacity than
native Abs when immobilized to solid surfaces that have strong
nonspecific protein adsorption properties (e.g., polystyrene and
silica). In the present article several experiments were conducted
in order to elucidate the adsorption mechanism of acid pretreated
antibodies. It was found that acid pretreatment time could be used
to control the packing efficiency and orientation of Abs adsorbed
to silica surfaces hydrophobicized with dichlorodimethylsilane
(DDS). Further, our results suggest that acid pretreatment leads
to an increased exposure of hydrophobic regions in the constant
fragment of the immunoglobulin. Selective adsorption of these
regions produces a preferential orientation in which the antigen-
binding fragments are accessible to bulk solution. This results in
a higher antigen-binding capacity than observed when native Abs
(no acid pretreatment) are immobilized on DDS-treated silica sur-

faces. @ 1995 Academic Press, Inc,

INTRODUCTION

Immobilized antibodies (Abs) have been used widely in
applications such as clinical diagnostic assays and separa-
tions (1, 2). In particular, immobilization of Abs to silica
surfaces has become a subject of considerable interest be-
cause of recent progress in the areas of optical immunosen-
sors (3, 4) and high performance affinity chromatography
(5—7). One of the most commonly used immobilization
methods is/physical adsorption of Abs onto silica surfaces.
Although this method is relatively simple and convenient,
it suffers from low antigen-binding capacity (AgBC). In
1989 our group showed that a 2-fold improvement in AgBC
could be achieved by a brief exposure of Abs to a low
pH environment prior to immobilization (6). Several other
conclusions were drawn from this study including: (a) acid

! Present address: Boehringer-Mannheim Corp., Research and Develop-
ment, 9115 Hague Road, Indianapolis, IN 46256.
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pretreated Abs exhibited a 2.5-fold higher packing efficiency
on surfaces than untreated Abs; (b) the net increase in AgBC
was due to a combination of factors including the activity
of Ab before immobilization, the Ab surface concentration,
and the orientation of immobilized Abs; and (¢) enhance-
ment of AgBC was dependent on acid pretreatment time,
with optimum activity being observed for pretreatment times
of 20 min. Similar observations have been reported by Ishi-
kawa et al. (7) and Conradie er al. (8).

In 1991 our group showed that both the enhanced AgBC
and the higher packing efficiency observed on silica surfaces
were surface-induced phenomena, especially for those sur-
faces which exhibited strong nonspecific protein adsorption
properties (9). In such cases the orientation of the Ab on
the surface was almost completely controlled by physical
adsorption, even when site-specific immobilization chemis-
try was used. In 1992, a similar conclusion was reached
using monoclonal Abs and polystyrene beads as a substrate
(10). Since then, few if any studies have addressed these
issues from the perspective of protein adsorption. Thus, the
objective of the present study is to gain insight into acid
pretreatment effects by analyzing them in terms of protein
adsorption theory,

In addition to higher packing efficiency and better orienta-
tion control, two additional factors may affect the AgBC of
immobilized acid pretreated Abs. First, acid pretreatment
may cause aggregation of Abs in solution, which could lead
to higher packing efficiency—especially if the oligomeric
form exhibits a higher affinity for silica surfaces than the
monomeric form does (11). Second, acid pretreated Abs
may form multilayers on the surface, which may result in a
higher surface concentration of Ab (12). The relative impor-
tance of both of these issues will also be addressed in this
article. Finally, an explanation will be offered for the reduced
Ab surface concentration and lower AgBC that are typically
observed at long acid pretreatment times (6, 9).

MATERIALS AND METHODS

Antibody Systems and Concentration Measurements

Polyclonal goat anti-human serum albumin (anti-HSA )
was used as a model antibody. Specifically, the immunoglob-
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gel filtration (Hi-Load 300
HR 16/60 column)

FIG. 1.

ulin G (IgG) fraction was purchased from Cappel Labora-
tories and used without further purification. Antibody con-
centrations were determined by absorbance at 280 nm using
a UV-—visible spectrophotometer (Beckman, Model 353).
Values of 1.35 ml mg ' cm ' and 150,000 were used for
the extinction coefficient (eJam) and molecular weight

(MW) of anti-HSA, respectively.

Preparation of Acid Pretreated Abs

Approximately 8 mg of anti-HSA Ab was dissolved in
0.5 ml of 0.1 M citric acid/sodium phosphate buffer solution
(pH 2.7) and incubated for various lengths of time (1, 20,
60, and 300 min) (see Fig. 1). Solutions were then neutral-
ized by passage through a PD-10 column (Pharmacia) which
had been equilibrated in phosphate-buftfered saline, pH
7.4 (PBS).

Light Scattering Measurements

Light scattering measurements were used to characterize
the solution properties of native Abs and acid pretreated Abs
(13, 14). The experiments were performed using a Brookha-

ellipsometry
measurements

surface affinity
competitive adsorption

adsorption kinetics

Schematic representation of acid pretreatment procedures and experimental outline.

ven Instruments spectrometer system, equipped with a BI
2030 AT digital correlator. A He—Ne laser (Melles Griot)
operating at 633 nm was used as a light source. Sample
solutions were filtered with a 0.22-pm pore size filter (Milli-
pore) before measurements were performed. Several differ-
ent concentrations of protein solutions (native and acid pre-
treated ) were measured in these experiments.

Two kinds of light scattering experiments were performed.
The first was dynamic (quasielastic) light scattering mea-
surements. With this method, scattered light was detected
by a photo-multiplier tube in the spectrometer system and a
digital correlator was used to measure the intensity autocor-
relation function (see below), from which the hydrodynamic
radius (r) of Abs in different experimental conditions could
be obtained (14, 15).

The second type of experiments involved static light scat-
tering measurements. The intensity of the scattering light
was detected by the photomultiplier tube at different scatter-
ing angles (30, 60, and 90°). The refractive index increment
dn/dc (n, refractive index; ¢, concentration) was measured
by using a Model RF-600 ditferential refractometer (C. N.
Wood MFG. Co., Newtown, PA) (16).
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Data Analysis for Light Scattering Measurements

For dynamic light scattering measurements, the intensity
autocorrelation function (G (7)) of a noninteracting system
of particles is given as

G(r) = I + 7)) = (D*(1 + Be 2y, [1]

where I(r) is the scattering intensity at time ¢, I(f + 7) is
the intensity at time ¢ + 7, B is an instrument constant, D,
is the diffusion coefficient of the Ab in solution, and K is
the modulus of the scattering vector (17). The modulus K
can be defined in terms of the wavelength of the incident
light (A), the scattering angle (#), and the refractive index
of the solution (n):

(2]

For a given correlation function, a value of 7. = 1/(D,K?)
can be found in the decay curve and D; will be solved.
The relationship between hydrodynamic radius and diffusion
coefficient is given by the Stokes—Einstein equation:

Dy = kT (3]
6rnre  3wnR,

Here, k is the Boltzmann constant, 7' is the temperature, 7
is the solvent shear viscosity, ry is the radius of Ab in solu-
tion, and R, is the diameter of Ab in solution.

For an interacting system, Eqs. [1] and [3] can still be
used to get a collective diffusion coefficient D and an appar-
ent diameter R, which is concentration dependent. The rela-
tionship between them can be written as

R = Rn(l + kRC)

[4]
D = Du(I =+ k[)(,_.'), |-

]

h

where &z and kp are the interaction coefficients and C is the
solution concentration of Ab. The values of #, T, n, and n
used in this experiment were 90°, 25°C, 0.904 cP, and 1.334,
respectively.

A similar approach can be applied to static light scattering
data. The average scattered light intensity of a solution of
small noninteracting particles is

I=ACM,, [6]
where A is a calibration constant related to the refractive
index increment (dn/dC), Cis the Ab concentration in solu-
tion, and M, is the molecular weight of the Ab (13. 18).
For an interacting system, an apparent molecular weight M

will be obtained instead of M. The relationship between M,
M,, and C can be written as

M~ = M7 (1 + KC), [7]
where & is the interaction coefficient. Experiments with dif-
ferent Ab concentrations were performed in order to deter-
mine values for M, and Dy, from the y-intercepts of plots of
M™" vs C and D vs C, respectively. In addition, values for
the interaction coefficients (k, and k) were determined
from the slopes of the M~ vs C and D vs C plots, respec-
tively (19).

Preparation of DDS-Silica Surfaces

Silica samples were silanized and characterized as de-
scribed previously by Lin er al. (6). In brief, sample chips
were cut from 2.5 x 2.5 X 0.1 cm fused silica slides (CO
grade, ESCO) and the edges were finely polished. Finished
chips were 1.1 X 0.95 X 0.1 cm in size. For silanization,
chips were fit into 13 X 75 mm culture tubes (Fisher) in
which all experiments took place. Chips were first cleaned
in chromic acid at 80°C (6) and then allowed to react with
10% (v/v) dichlorodimethylsilane (DDS, Petrarch) in dry
toluene for 30 min at room temperature. Next, they were
rinsed with absolute ethanol and cured in a vacuum oven
(which had been flushed with nitrogen gas three times) at
120-130°C for 1 h. The quality and uniformity of the DDS
layer were characterized by contact angle measurements us-
ing the Wilhelmy plate apparatus and ESCA analysis. Typi-
cally, DDS—silica surfaces prepared in this manner exhibited
advancing and receding contact angles of 89 and 65°, respec-
tively,

Radiolabeling of Abs

Native and acid pretreated anti-HSA Abs were labeled
with carrier-free Na'*T (100 mCi/ml, Amersham) by the
chloramine-T method as described by Chuang et al. (20)
and Lin ef al. (6). The labeling procedure was as follows:
300 pl of Ab solution (2 mg/ml) was gently mixed with 3
wul of Na"**T and 50 pl of freshly made chloramine-T solution
(Kodak, 4 mg/ml in PBS buffer) for 1 min. The reaction
was terminated by adding 50 pl of sodium metabisulfite
solution (Fisher Scientific Co., 4.8 mg/ml in PBS buffer)
for 2—3 min. Unreacted iodide was removed using a Sepha-
dex G-25 (coarse, Pharmacia) column.

The labeling efficiency of each preparation was deter-
mined by precipitating a small portion of the labeled Ab
with 20% trichloroacetic acid (TCA, Sigma) in the presence
of bovine serum albumin (BSA) as carrier protein. The ra-
dioactivity of the '*I-labeled Ab was determined by sub-
tracting the radioactivity of the supernatant from that of
the original solution (before adding TCA). Radioactivity
measurements were made using a gamma counter ( Beckman
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Model 170 M). Preparations with labeling efficiency values
greater than (.97 were used in subsequent experiments.
The specific activity of each such preparation was deter-
mined by measuring both the radioactivity and concentration
(using A,g measurements as described above) of the '*I-
labeled Abs.

Adsorption Isotherms of Abs on DDS—Silica Surfaces

Hydrophobic DDS—silica surfaces were exposed to solu-
tions of either native or acid-pretreated Abs for 3 h at room
temperature (20°C) without stirring or agitation. After ad-
sorption, the chips were rinsed five times with PBS buffer.
The radioactivity of each chip was then determined. Adsorp-
tion isotherms were determined by varying the Ab concentra-
tion and measuring the surface concentration of adsorbed
Ab for each concentration. Tsotherms were determined for
native Abs and for Abs pretreated with acid for 1, 20, 60,
and 300 min. Control experiments were also performed, in
which 'I-labeled Abs were mixed with unlabeled antibodies
and adsorption isotherms determined for several different
molar ratios of labeled to unlabeled antibodies. These studies
were described elsewhere (21, 22) and did not reveal any
significant differences (with respect to adsorption behavior)
between the unlabeled and labeled Abs.

Analysis of Adsorption Data

The classical Langmuir theory of gas adsorption can be
applied to proteins in solution provided that (a) the solution
is sufficiently dilute, (b) only one type of adsorption site is
present, (c) there are no lateral interactions between ad-
sorbed proteins, and (d) adsorption is reversible (23). In
such cases the surface concentration of adsorbed antibody
(T") 1s given by

s ]-—‘ma.\c-KC

T L

where T, is the surface concentration of Ab at full mono-
layer coverage, K is the affinity constant, and C is the free
Ab concentration in bulk solution. The affinity constant K
is defined as the reciprocal of the free Ab concentration
when " = T,,./2. Although this relation can be used to
determine the affinity directly tfrom a binding isotherm, it is
more common to use Scatchard and/or Hill plots (23 ). Both
of these plots are linear and can be analyzed by ordinary
least-squares to yield values for the affinity constant (24).
Although Scatchard and Hill plots are more commonly used
for analyzing protein—ligand binding equilibrium, one of us
(J.D.A.) showed previously that they are equally applicable
for reversible protein adsorption from dilute solutions (23).
The Scatchard and Hill equations are given, respectively, by

=R — KT [9]

(S iy

r
log (m) = a-log(Ky) + a-log(C), [10]

where K, and K, are affinity constants determined from the
Scatchard and Hill methods, respectively. The slope (a) of
the Hill plot is defined as the Hill coefficient. A value of
1.0 is indicative of one class of adsorption sites with no
lateral interactions between adsorbed protein molecules, as
would be the case with true Langmuir adsorption (i.e., cases
in which the second and third assumptions are satisfied).
Values greater than one are indicative of positive cooperativ-
ity (lateral interactions which improve adsorption at high
surface coverages ), while values less than one are indicative
of negative cooperativity (lateral interactions which decrease
the probability of adsorption) or more than one type of ad-
sorption site (heterogeneous adsorption). Finally, some
mention should be made of the above assumption of revers-
ibility. Previous studies have shown that immunoglobuling
adsorb initially to silica surfaces in a quasi-reversible fash-
ion, but eventually undergo conformational changes that lead
to almost irreversible binding (25). Although the 3-h adsorp-
tion time used in these studies is thought to fall within the
quasi-reversible regime, adsorption constants cited in this
article should be viewed more as tools for evaluating empiri-
cal adsorption data than as rigorous measures of surface
activity.

Gel Filtration

A commercial gel permeation chromatography column
( Pharmacia, Hi-Load 300 HR 16/60 preparative grade) was
used to characterize acid-pretreated and native Abs and to
separate monomeric and polymeric Ab fractions. An acid
pretreatment time of 60 min was used for this experiment.
The pH of the acid pretreated Ab solution was increased
from 2.8 to 7.4 by passing the low pH solution through a
PD-10 column pre-equilibrated in PBS, and its concentration
(typically about 16 mg/ml) was measured at pH 7.4. This
solution was then applied to the gel filtration column (Fig.
1) and eluted with PBS at pH 7.4. Different fractions were
collected and used for competitive adsorption experiments.

Competitive Adsorption between Acid Pretreated and
Native Abs

Three different competitive adsorption experiments were
performed in which the following mixtures were allowed to
adsorb to DDS —silica surfaces: (a) equal amounts of native
and monomeric acid pretreated Abs, (b) equal amounts of
native and polymeric acid pretreated Abs, and (c¢) equal
amounts of native and unfractionated acid pretreated Abs
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FIG. 2. Collective diffusion coefficient (D) plotted as a function of the
Ab concentration at 25°C. (a) Native Ab, (b) 20-min acid pretreated Ab,
(¢) 60-min acid pretreated Ab, and (d) 300-min acid pretreated Ab. Experi-
mental points and error bars represent the mean and standard error of three
independent measurements, while solid lines represent a regression model
based on Eq. [5].

(including monomeric and polymeric Abs). An acid pre-
treatment time of 60 min and an adsorption time of 3 h were
used in each case. The total concentration of Ab in each
mixture was 0.8 mg/ml. Surface concentrations of Abs in
each mixture were determined separately by radiolabeling
one of the Abs at a time.

Adsorption Kinetics of Native and Acid Pretreated Abs

Adsorption kinetics of native and acid pretreated Abs were
monitored by using radiolabeled tracer Abs. Experiments
were performed at several different bulk Ab concentrations.
These included 0.46, 0.79, and 0.91 mg/ml for native Ab,
and 0.14, 0.41, and 0.88 mg/ml for acid pretreated Ab. An
acid pretreatment time of 60 min was used in each case, At
each bulk concentration, chips were immersed in the Ab
solution for various lengths of time (1, 2, 5, 30, 50, and 180
min) and then rinsed five times in PBS buffer. The amount
of adsorbed Ab was then determined using a gamma counter.

Adsorption kinetics data were analyzed using three differ-
ent methods. First, surface concentration was plotted versus
time '’ in order to determine whether or not adsorption was
diffusion-limited. Second, kinetic data were analyzed using
a method suggested by Sevastianov et al. (26, 27), in which
surface concentration is plotted on a logarithmic time scale.
Such plots are useful for analyzing heterogeneous adsorp-
tion, especially in cases where a reorientation step occurs
immediately after the initial adsorption event. Third, data
were analyzed using the saturation kinetics model proposed
by Jennissen (28-30), in which adsorption rate is plotted
versus bulk Ab concentration. In this model, the adsorption
rate is expected to reach a plateau value at high Ab concen-
tration if a rate-limiting reorientation (or nucleation) event
is requisite for adsorption, as shown in

Vm:ix CO

Von 5= H
Kd = Cg

(11]

where V,, is the experimental initial adsorption rate, V. is
the maximum on-rate, K, is the apparent dissociation con-
stant, and Cj is the initial concentration of free Ab.

Ellipsometry Measurements

Ellipsometry has been widely used in studying the thick-
ness of adsorbed protein films on surfaces (31, 32). In this
study, a silicon (Si) wafer with an artificial oxidized silicon
dioxide Alm (Si0,) was used instead of the fused silica
surfaces used in the other protein adsorption experiments.
The surface chemistry of this Si—S8i0, wafer was the same
as that of the clean silica surfaces (33) and the thickness of
the Si0; film was 1350 A, which enabled sensitive protein
adsorption measurements (34). The SiO, layer was first de-
rivatized with DDS and then exposed partially to a native
or acid pretreated Ab solution for 3 h. An acid pretreatment
time of 60 min was used. Concentrations of 1 mg/ml were
used for both native and acid pretreated Abs. The section of
the surface containing adsorbed Abs was rinsed with PBS
buffer and then with deionized water. The sample was air
dried and the thickness of the Ab layer was measured by
ellipsometry in air. The area without adsorbed Abs was used
as a reference. Measurements were taken with a Model AR
2000 ellipsometer (Rudolf Research Co., U.S.A.). The thick-
ness and index of refraction of the adsorbed protein layer
were determined from ellipsometer data using a computer
program written by McCrackin (35) based on the pseudore-
fractive index model (36, 37).
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FIG. 3. Reciprocal of the apparent molecular weight of Abs plotted as
a function of Ab concentration at 25°C. (a) Native Ab, (b) 20-min acid
pretreated Ab, (¢) 60-min acid pretreated Ab, and (d) 300-min acid pre-
treated Ab. Experimental points and error bars represent the mean and
standard error of three independent measurements, while solid lines repre-
sent a regression model based on Eq. [7].
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TABLE 1
Summary of Apparent Molecular Weight (M, ), Collective Diffu-
sion Coefficient (Dy), and Interaction Coefficient (k;, kp) Values
of Native and Acid Pretreated Abs from Light Scattering Experi-
ments

Acid pretreatment M, b Dy kn

time (min) (KDa) (di/g} (X1077 cm?fs) (dl/g)
0 139 —0.11 2.64 +0.016

20 177 -0.95 1.87 -(0.52

60 193 —-1.21 1.85 —0.65

300 195 -1.17 1.84 -0.61

“ Native Ab.
RESULTS

Light Scattering

Static light scattering experiments showed that the cor-
rected scattering intensity of both native and acid pretreated
Abs was independent of scattering angle. This suggested that
a small, hard sphere model was appropriate for both types
of Abs (13-17). Figure 2 shows the collective diffusion
coefficient (D) as a function of bulk Ab concentration, for
several different acid pretreatment times. These data were
fitted using Eq. [5] to determine the diffusion coefficient
(Dy) and interaction coefficient (ky). Data were also ana-
lyzed by plotting apparent molecular weight (M) as a func-
tion of Ab concentration, as shown in Fig. 3. Values for M,
and k; were then determined using Eq. [7]. Calculated values
for Dy, kn, My, and k; are listed in Tables 1 and 2.

These analyses showed that acid pretreated Abs exhibited
a higher molecular weight than native Abs. Acid pretreated
Abs also exhibited smaller diffusion coefficients, which indi-
cated that the hydrodynamic radii of such Abs were probably
greater than those of native Abs. Taken together, these find-
ings suggest that acid pretreatment promotes aggregation—
a hypothesis which is consistent with the negative values
observed for the interaction coefficients (k;, and k) of acid
pretreated Abs. Such negative values are usually indicative
of strong attractive interactions between solute molecules
(18, 19): In contrast, interaction coefficients values for na-
tive Abs were much smaller and differed in sign—negative
for k;, and positive for k. This suggested that interactions
between native Ab molecules were almost nonexistent (18,
19). Finally, the magnitudes of kp and &, were very similar
at different acid pretreatment times, which indicated that the
interactions between Ab molecules at different acid treat-
ment times were also similar.

From the above results, it is possible to calculate the asso-
ciation constant (K) between Ab molecules in solution for
both the native and acid pretreated preparations. The associa-
tion process is given as

nP, = gPy, + mPy + + -, [12]

where P, is the monomer, P, is the dimer, P; is the trimer,
and so on. Assuming that the association constant is indepen-
dent of Ab concentration, the relationship between associa-
tion constant and apparent molecular weight can be ex-
pressed as

B[ HREA],
[P.]? c-0 C

where K, is the association constant for the dimer in buffer
solution, M is the apparent molecular weight obtained from
light scattering data, M, is the molecular weight of mono-
meric native Ab (150 KDa), and C is the Ab concentration
(38). By plotting ((M,/M) — 1)/C vs C and extrapolating
to C = 0, K, can be determined. The results are presented
in Table 2 and show that acid pretreated Abs exhibited sig-
nificantly higher K values than native Abs. However, similar
K, values were obtained at all three pretreatment times (20,
60, and 300 min). This suggests that events leading to aggre-
gation probably occur in the first 20 min of acid pretreatment
and that longer exposure does not induce any additional
aggregation mechanisms, although the number of aggregates
formed probably does increase with exposure time.

K,

[13]

Adsorption Isotherms of Abs on DDS-Silica Surfaces

Figure 4 shows adsorption isotherms for native and acid
pretreated Abs on DDS-silica surfaces. Initially, these data
were analyzed using the Langmuir, Scatchard, and Hill equa-
tions (Egs. [8], [9], and [10], respectively). However, bi-
phasic Scatchard plots were observed for both native and
acid pretreated Abs. Such plots are usually indicative of two
classes of adsorption sites with different affinities, which
invalidates the use of the Langmuir and Scatchard equations
in this instance. This is because both equations are based on
the assumption of one class of noninteracting binding sites
(in contrast, the Hill equation is appropriate because it as-
sumes more than one class of sites). This problem was re-
solved by moditying Eq. [8] to contain terms for both high
and low affinity adsorption sites,

TABLE 2
The Dimer Association Constant K; of Native and Acid Pretreated
Abs in Solution, Calculated from Light Scattering Data

Acid pretreatment lire Dimer association constant

(min) (x10* M)
(18 1 = 0.06
20 8 =1
60 q %1
300 10x2

“ Native Ab.
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FIG. 4. Surface concentration of adsorbed Ab plotted as a function of free bulk Ab concentration at 25°C. (a) Native Ab, (b) 20-min acid pretreated
Ab, (c) 60-min acid preireated Ab, and (d) 300-min acid pretreated Ab. Experimental points and error bars represent the mean and standard error of
either three or four independent measurements (n = 3 for native Ab, and n = 4 for acid pretreated Ab). Solid lines are the results of a multivariate
analysis which was used to model adsorption data (see Discussion). The goodness of fit (r*) of the experimental data to this model is indicated on each
figure. The upper x-axis scale is the concentration of total (monomer + oligomer) Ab in bulk solution, while the lower x-axis scale is the concentration

of monomeric Ab (calculated from light scattering data).

r_ DKC | TKC
KK+C K+C°

(14]

where K; and T'; are the affinity constant and maximum
surface concentration, respectively, of the high affinity class
of adsorption sites, and K, and I, are the affinity constant
and maximum surface concentration, respectively. of the low
affinity class of adsorption sites. In addition, the Hill affinity
constant (K, Eq. [10]) can be viewed as a weighted average
of K; and K. Values for adsorption parameters determined
from Egs. [8], [10]. and [14] are presented in Table 3,
Although values determined for the Langmuir constant (K,
Eq. [8]) are not very accurate because two classes of adsorp-
tion sites are present, values for the maximum surface con-
centration (I',,,) are much more reliable because they are
derived from the platean region of the adsorption isotherm.

Hill analysis (Eq. [10]) showed that values for the average
affinity constant (K ) did not differ significantly for the na-
tive and acid pretreated Abs, in contrast to the maximum
surface concentration (I, ), which was significantly higher

for acid pretreated Abs. This suggested that changes in ad-
sorption affinity were not the primary reason for the higher
surface concentrations observed for acid pretreated Abs. Fur-
ther, Hill coefficients were less than one in all cases. It is
difficult for us to distinguish whether this phenomenon is
due to negative cooperativity (39, 28) or heterogeneity (28)
of polyclonal Ab on DDS —silica surfaces, although negative
cooperativity of 1gG adsorption on silica surfaces has been
reported by Sevastianov and Asanov (40). It is interesting
to note that the Hill coefficient approaches one with increas-
ing acid pretreatment time. This suggests that acid pretreated
Abs are more homogeneously adsorbed on DDS—silica sur-
face than native Abs.

As mentioned above, adsorption data for both native and
acid pretreated Abs were fit to a two-component adsorption
model. The high affinity component exhibited K, values in
the range of 107 to 10® M ' Interestingly, the maximum
K, value was observed for native Ab, while the minimum
value was observed for 20-min acid pretreated Ab. In con-
trast, the maximum surface concentration of this component
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TABLE 3
The Effect of Acid Pretreatment Time on Adsorption Affinity to DDS-Silica Surfaces by Three Different Analysis Methods

One-component Langmuir Two-component Langmuir Hill
Ab acid
prefreatment K  Epe T, K, T K K,
time (min) (®10° MY (X102 molem®) (X102 mol/em?®) (X100 MY (X107 mollem® (X10° MY (x10° MY a
o v 25 £ 0.1 09 =02 12 &2 20+04 0.9 =02 Tx ] 0.7
20 g+ 1 7803 6.0 = 0.6 1.6 = 0.2 2003 32+04 Ok 4 0.8
60 T 6.5 =04 2703 74 =08 3.0 =04 25+03 S | 0.9
300 61 54+02 38+06 32035 29 £ 04 34+ 05 S 0.9
“ Native Ab.

(I';) was greatest for 20-min acid pretreated Ab, but de-
creased at longer pretreatment times. The low affinity com-
ponent exhibited K, values between 1 X 10° M~" and 3 X
10% M ! and its maximum surface concentration (I’ = 2.5
% 107" mol/cm?*) was relatively constant with acid pretreat-
ment time. These data were somewhat perplexing consider-
ing that no clear trends emerged between the model parame-
ters and surface concentration. This suggested that additional
factors were involved, as will be examined in greater detail
under Discussion.

Gel Filtration

Both native and acid pretreated Abs were subjected to gel
filtration chromatography in order to examine the relative
fractions of monomeric and oligomeric Abs. These results
are shown in Fig. 5. The native Ab solution exhibited only
a small fraction (<5%) of dimer at an Ab concentration of
I mg/ml, while the acid pretreated Ab contained about a
21% fraction of dimer. At an Ab concentration of 10 mg/
ml, the dimer fraction increased to about 33%, and a 20%
fraction of oligomeric Abs was also observed (see Fig. 5¢).
These results were consistent with the Ab dimerization con-
stant determined from light scattering experiments in solu-
tion. The light scattering experiments suggested that the frac-
tions of dimer were 6 and 25% for 1 mg/ml solutions of
native and acid pretreated Ab (60 min), respectively. Data
obtained for 10 mg/ml acid pretreated Ab cannot be fit to
this model! due to the large fraction of polymeric Ab. Mono-
mer and dimer fractions were collected for competitive ad-
sorption experiments.

Competitive Adsorption of Monomeric or Oligomeric Ab
from Acid Pretreated and Native Abs

Competitive adsorption experiments were performed with
the following equimolar antibody mixtures: (a) native Ab
and monomeric acid pretreated Ab, (b) native Ab and poly-
meric acid pretreated Ab, and (¢ ) native Ab and unfraction-
ated acid pretreated Ab (including both monomeric and
polymeric fractions). Results are presented in Table 4 and

show that in all three cases the surface concentration of acid
pretreated Ab is significantly higher than that of the native
Ab. This suggests that acid pretreated Ab molecules are
significantly (>3.5-fold) more surface active than their na-
tive counterparts. Further, the monomeric species appears to
be considerably more surface active than the polymeric spe-
cies as evidenced by the 1.8-fold higher surface concentra-
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FIG. 5. Gel filtration chromatography of native and acid pretreated Ab
at 25°C. (a) Native Ab, 1 mg/ml, (b) 60-min acid pretreated Ab, 1 mg/
ml, and (¢) 60-min acid pretreated Ab, 10 mg/ml. Samples were eluted in
PBS buffer, pH 7.4.
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TABLE 4
Competitive Adsorption of Native and Acid Preireated Abs on
DDS-Silica Surfaces

Surface
concentration Surface concentration
of native Ab of acid pretreated Ab
{ pglem®) (pglem’)
Native Ab + unfractionated
acid pretreated Ab 0.11 % 0.00 0.81 = 0.02
Native Ab 4+ monomeric acid
pretreated Ab” 0.12 = 0.01 0.75 = 0.06
Native Ab 4 polymeric acid
pretreated Ab® 0.12 = 0.02 042 = 0.05

Note. An acid pretreatment time of 60 min was used.
“The acid pretreated Ab was separated by gel filtration techniques.

tion of the former. Finally, the surface concentration of un-
fractionated acid pretreated Ab was not statistically different
from that of the monomeric species, which implies that the
monomeric species probably dominates the adsorption pro-
cess.

Adsorption Kinetics of Native and Acid Pretreated Abs

Adsorption kinetics of native and acid pretreated Abs
are shown in Fig. 6. Plots of surface concentration versus
time'”? (Fig. 6a) indicated that neither adsorption of the
native Ab nor that of the 60-min acid pretreated Ab was
diffusion-limited at times greater than 1 min (23). We were
unable to measure adsorption times of less than 1 min due
to the low specific activity of the '*I-IgG and the detection
limit of the gamma counter. Sevastianov analysis (26)
showed that the adsorption kinetics of native and 60-min
acid pretreated Abs were linear when plotted using a loga-
rithmic time scale (Fig. 6b). This suggests that both native
and acid pretreated Abs may undergo conformational reori-
entation during the adsorption process. This postulate was
examined further using saturation kinetics experiments (28—
30). It was found that kinetic data obtained for the 60-min
acid pretreated Ab fit the model (Eq. [11]) significantly
better than/data obtained for the native Ab. The results ob-
tained for the acid pretreated Ab are shown in Fig. 7. The
Vinax value was (5.6 =+ 0.9) X 107"? mol cm™? min ' and the
K4 value was (3.4 = 0.8) X 107° M. The physical meaning of
these analyses will be discussed later.

Ellipsometry Measurements

The results of ellipsometry studies are presented in Table
5. The thickness of the adsorbed layer of acid pretreated Ab
was only 1.6-fold greater than that of an adsorbed layer of
native Ab. This difference is small when one considers that
the surface concentration of adsorbed acid pretreated Ab is
2.5-fold higher than that of the adsorbed native Ab on a

DDS—silica surface (6). Further, both thicknesses are well
within the range expected for an Ab monolayer (33), and
the refractive indices are similar, which is reasonable for
adsorbed protein layers (32).

DISCUSSION

Previous studies in our laboratory showed that optimal
surface concentration and AgBC were obtained when anti-
HSA Abs were pretreated with acid for 20 min before immo-
bilization to DDS—silica surfaces (6, 9). In this article we
investigated four possible explanations for this phenomenon.
These included: (a) acid pretreated Abs aggregate in solu-
tion, and the aggregates exhibit higher surface affinity than
monomeric Abs; (b) multilayers of Ab form on surfaces;
(c) there is a higher packing efficiency of Ab on surfaces;
and (d) the orientation is more efficiently controlled. The
validity of each explanation is discussed below.

Conformational changes in Abs at low pH have been dem-
onstrated by a number of techniques including infrared spec-
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FIG. 6. Adsorption kinetics of native and acid pretreated Abs on DDS-
silica surfaces at 25°C. The surface concentration of Ab is given as a
function of (a) time'? and (b) log,,(time). Experimental points and error
bars represent the mean and standard error of four independent measure-
ments. APT denotes 60-min acid pretreated Ab and N denotes native Ab.
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FIG. 7. [Initial adsorption rate of 60-min acid pretreated Ab on DDS—

silica surfaces as a function of bulk Ab concentration, (a) Adsorption
kinetics at different initial free Ab concentrations and (b) initial adsorption
rate as a function of initial bulk Ab concentration. Experimental points
and error bars represent the mean and standard error of four independent
measurements.

troscopy (41), circular dichroism (42), and fluorescence
spectroscopy studies (6). Further, a hydrophobic probe
study suggested that acid treatment caused increasing expo-
sure of hydrophobic regions at the surface of the Ab with
increasing acid treatment time (9), which led to destabiliza-
tion and aggregation of the Ab. This hypothesis was proven
by light scattering experiments (Tables 1 and 2). When Abs
were acid pretreated for 60 min, 28% of Abs in a 1 mg/ml
solution was in the form of aggregates (dimer). This cannot
be ignored when studying the adsorption properties of acid
pretreated Abs. However, competitive adsorption studies of
native Ab with monomeric or polymeric acid pretreated Abs
(shown in Table 4) indicated that the polymeric acid pre-
treated Abs did not exhibit higher surface affinity than mono-
meric acid pretreated Abs. These results suggest that the
hydrophobically induced aggregation of the polymeric acid
pretreated Abs cannot lead to a higher affinity on DDS—
silica surfaces. One possible explanation is that when Abs
aggregate by hydrophobic interactions, the hydrophobic re-
gions on the acid pretreated Ab are buried inside the aggre-

gate and thus are unavailable for surface interactions. An-
other reason may be that aggregated Abs occupy more sur-
face area than an equivalent amount of monomeric Ab and
hence would exhibit lower surface concentration.

Multilayer adsorption of Abs has been reported in many
articles (12, 42). In most such cases, adsorption was not
saturable at low bulk Ab concentrations (~2 mg/ml). In
our experiments, however, adsorption isotherms reached sat-
uration at bulk concentrations of 1-2 mg/ml; also curves
were smooth and devoid of inflection points (Fig. 4). These
observations suggest that a multilayer adsorption mechanism
is not operable in our case. Ellipsometry measurements also
support this conclusion (Table 5). The adsorbed layer of
acid pretreated Ab is only 50% thicker than that of native
Ab (68 A vs 45 z&). Further, both of these values are well
within the range expected for a monolayer of I1gG.

Analysis of adsorption isotherms suggested that at least
two different adsorption components were present. There are
two possible explanations for this observation. First, certain
subpopulations of this polyclonal Ab system (anti-HSA)
may be less conformationally stable and hence more easily
affected by the low pH environment. If the fraction affected
increases with increasing acid pretreatment time, then a grad-
ual increase in surface affinity with pretreatment time is
expected. If this hypothesis is correct, then the surface con-
centration and AgBC should increase with increasing acid
pretreatment time and gradually reach a plateau value. Be-
cause such behavior was not observed in our experiments,
however, this hypothesis is unlikely to be the main source
of the observed adsorption heterogeneity.

The second explanation is based on the different suscepti-
bilities of the antigen-binding fragment (Fab) and constant
fragment (Fc) regions of the immunoglobulin molecule to
acid-induced conformational changes. Previous studies of
Abs in solution and at air/water or water/solid interfaces
have shown that the Fc¢ exhibits lower conformational stabil-
ity than the Fab (43—45). We postulate that brief exposure
to a low pH environment produces conformational changes
principally in the Fc region. Previously, we showed that
such conformational changes probably involved increased

TABLE 5
Ellipsometry Measurements of Native and Acid Pretreated Abs
on DDS-Si0, Surfaces

Native Ab Acid pretreated Ab
d (A) s &3 e
n 1.52 = 0.05 1.55 + 0.02

Note. A pseudorefractive index model was used to analyze ellipsometry
data, where d and n are the thickness and refractive index, respectively, of
an Ab layer adsorbed to a DDS—Si0; surface. An acid pretreatment time
of 60 min was used. Values represent the mean and standard error of sixteen
independent determinations.
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FIG. 8. Orientational factor («) plotted as a function of acid pretreat-
ment time. Determined from multivariate analysis of data shown in Figs.
4a—4d.

exposure of hydrophobic regions to solvent (9). Because
these regions exhibit higher affinity for hydrophobic surfaces
than the native Ab, the acid treated antibody will adsorb
with a preferential orientation; i.e., the Fc region adsorbs,
leaving the Fab free to bind to antigen in bulk solution.
However, upon longer acid pretreatment time, hydrophobic
regions also arise in the Fab. Since they adsorb with equal
affinity to the hydrophobic regions in the Fe, preferential
orientation and AgBC decrease with longer acid pretreat-
ment time,

To investigate this hypothesis, we added an additional
parameter () to the two-component Langmuir equation
(Eq. [14]) that accounts for the orientation of the Ab on the
surface:

= CI'T;K|C " arngC,.‘ . [15]
1+ K5C 1+ KC

In this model, the affinities (K, K,) of the two types of
adsorption sites are independent of acid pretreatment time,
while the maximum concentrations of such sites (T";, 5)
and the orientation (a) of the adsorbed Ab molecules are
allowed to 'vary with pretreatment time. The orientational
parameter « is related to the density of each adsorbed Ab
molecule. A value close to 1 represents the highest possible
packing density. Presumably, such a value is obtained when
the Fc region of Ab adsorbs on surfaces, leaving the Fab
free to bind to antigen in bulk solution, Lower values of a
reflect lower packing densities, presumably caused by more
random orientations of adsorbed Abs that occupy greater
surface area per Ab molecule. It was impossible to predict
a minimum value for @, a priori. A value of 0 represents an
infinite adsorbed surface area per Ab molecule, clearly a
physical impossibility. In practice, a minimum value of ca.
0.3 was obtained (see Fig. 8), which suggests about a three-

fold difference in adsorbed surfaces arca between the most
densely packed case and random adsorption.

The computer program Scientist (MicroMath Scientific
Software, Salt Lake City ) was used for multivariate analysis.
The model (Eq. [15]) was fit to the isotherm data shown in
Fig. 4. At first, the values of K, or K, were allowed to vary
and came to a similar value for each acid pretreatment time,
a result that was consistent with our prior assumption. The
values of K, and K, were then fixed for further data analysis.
A similar approach was used for determination of values for
Iy and I';. The final results are shown in Fig. 4, Fig. 8. and
Table 6; an excellent correlation was obtained (> > 0.98).
The orientational parameter « first increased to a maximum
value of (.93 at 20 min pretreatment time and then decreased
with increasing acid pretreatment time (Fig. 8). This result
is consistent with both the surface concentration (') and
AgBC of adsorbed Ab as a function of increasing acid pre-
treatment time. Interestingly, the model predicts that the in-
creased surface concentration at 20 min pretreatment time
1s due to a combination of orientational effects () and the
number of high affinity binding sites in the Ab population
(T")). In Table 6, the I'; value observed for 20-min acid
pretreated Ab was twofold higher than that of native Ab, but
did not increase further with additional pretreatment time.
In a previous study (9), we showed that the exposure of
hydrophobic regions increased with acid pretreatment time.
The reason for this disparity may be due to steric effects—
the area of the hydrophobic probe is much smaller than the
adsorption sites on DDS surfaces—so I") may be sterically
limited by the number of IgG molecules that can fit into a
monolayer on the DDS surface. This same limitation would
not apply to a hydrophobic probe in solution.

Although the above model explains a number of our obser-
vations about the surface concentration and AgBC of immo-
bilized Abs, it does not provide a physical interpretation of
the orientational factor e. In particular, we do not know
whether the orientation of an adsorbed Ab molecule is the
result of a competitive adsorption process, analogous to the
“*Vroman effect’” (46), or if it is due to a conformational

TABLE 6
Multivariant Analysis of Native and Acid Pretreated Abs on
DDS-Silica Surfaces

Acid pretreatment lime (min)

Parameter o 20 60 300
O (107" molfem® 24 =02 50=09 50=09 350+009
K (x100 M7 2006 2006 20206 20=x06
[, (x10 " mollem®  37=08 37=08 37+08 37-+08
Ky (X108 M) 1.6+02 1602 16x02 16+02
a 0.38 0.93 0.74 0.60
p? 0.98 0.99 0.99 0.99

? Nalive Ab.
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FIG. 9. Proposed mechanism for acid pretreatment effects on the orientation and antigen-hinding capacity of adsorbed antibodies. (1) Native Ab.
(IT) Abs pretreated for a short period (ca. 20 min). Limited exposure (o acidie conditions results in an increased number of hydrophobic regions (dark
patches) occurring mainly in the Fe region. (I1I1) Abs pretreated for longer times (=2() min). Longer exposure to acidic conditions results in appearance
of hydrophobic regions throughout the entire Ab molecule. The initial adsorption step is denoted by “*a,"" and the reorientation step is denoted by **h.”

shift (or rearrangement) between the two classes of adsorp-
tion sites (K; and K,) within the adsorbed Ab molecule.
Fortunately, our adsorption kinetic experiments provided
some ingight into these issues. Sevastianov ef al. (26) pro-
posed a model for heterogeneous adsorption of IgG to quartz
surfaces, in which IgG molecules were allowed to signifi-
cantly change their “‘effective adsorption area’ by undergo-
ing a reorientation event on the surface. Further, this model
predicts that adsorption kinetic curves will exhibit a strong
logarithmic dependency with respect to time. Such a loga-
rithmic dependency was observed for both native and 60-
min acid pretreated Abs in our experiments (see Fig. 6b),
which suggests that the adsorption mechanism of both types
of Abs involves a reorientation step (27). In addition, when
surface concentrations were extrapolated to early adsorption
times (1/s) using Sevastianov’s model, surface concentration
values of 1.4 X 10 "% and 1.8 X 107" mol/cm® were pre-
dicted for native and acid pretreated Abs, respectively. Both
of these values are similar to those [ound in Sevastianov’s
experiments, which gives us confidence that his model is
applicable to our system. Finally, saturation kinetics experi-
ments (Fig. 7) indicated that the initial adsorption rate of
60-min acid pretreated Abs was saturable with increasing
bulk Ab concentration. This suggests that the adsorption
of such Abs involves a nucleation or growth-limited step
(28-30).

In summary, a model which combines two adsorption sites
in one Ab molecule with reorientation of the Ab on the
surface is used to explain the behavior of acid pretreated Ab

on surfaces. Figure 9 shows a schemalic representation of
this model. There are three axes in this figure—the Ab ad-
sorption time scale, the acid pretreatment time, and the
AgBC of Abs on surfaces (or Ab surface concentration).
The **Y™’-shaped figures represent the Abs. The black spots
represent the exposed hydrophobic areas in Ab after acid
pretreatment, There are three stages (I, 1I, and IIT) with
different areas of hydrophobic exposure. The initial adsorp-
tion step is labeled “*a,’’ and the reorientation step is labeled
“b."" Our experimental results suggest that, in the case of
shorter acid pretreatment times, the area of hydrophobic ex-
posure most likely occurred in the Fec region (due to the
reduced temperature stability of the C,2-C,2 domain di-
mer ). Upon exposure of this region, the hydrophobic interac-
tion increased between the Fc and the hydrophobicized silica
surface. This resulted in the reorientation of acid pretreated
Ab on the surface and a smaller overall *‘footprint™ for
adsorbed Ab molecules. This smaller footprint led to a higher
packing efficiency (high e value) and preferential adsorption
of the Fc region. An increase in both adsorbed Ab (I") and
AgBC resulted from this mechanism. In the case of longer
acid pretrcatment times, exposed hydrophobic areas ap-
peared in both Fab and Fc regions of Abs, and preferential
adsorption of the Fc region decreased. The footprint of Ab
on the surface thus increased. This caused both a lower
packing efficiency (lower ¢ value) and less exposure of the
Fab, and led to a reduction in both amount of adsorbed Ab
and Ag BC. From the above, it is easy to conclude that the Fc
region of the Ab plays an important role in this hypothesis.
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Without the Fc region, this phenomenon would not exist, as
was shown by van Erp et al. in 1992 (10).

The native Ab did not possess any exposed hydrophobic
areas caused by acid treatment, and the adsorption process
was random. Thus, preferential adsorption of the Fc region
was not observed with native Ab. The native Ab would like
to have a maximum interaction with the hydrophobicized
silica surface by increasing its contact area (footprint) with
the surface. This is the reason why most native Abs attempt
to “‘lie down’ on surfaces (from ellipsometry measure-
ments). This model can also be used to explain the results
of competitive adsorption experiments. Because the dimer
was formed through hydrophobic interactions and the pre-
viously exposed hydrophobic area may be buried in the core
of the dimer, the adsorbed dimer does not exhibit the prefer-
ential reorientation process or higher packing efficiency ob-
served for the monomer. Also, this model is consistent with
the two-binding-site model presented in the Scatchard iso-
therm calculation. It is easy for us to consider that the higher
affinity binding constant is due to exposed hydrophobic re-
gions in the acid pretreated Ab and that the lower affinity
binding constant is due to random adsorption sites that occur
to some degree in almost all proteins.

CONCLUSION

These studies showed that an increased exposure of high
affinity adsorption sites is the most important factor affect-
ing the surface concentration and AgBC of acid pretreated
Ab adsorbed to DDS-—silica surfaces. Furthermore, these
changes probably result from an increase in the hydrophobic
interaction between Ab and hydrophobic DDS—silica sur-
faces. With short acid pretreatment time (Fig. 7), these
changes mostly occur in the Fc region of the Ab. This leads
to preferential adsorption of the Fe, higher packing efficiency
on the surface, and a higher AgBC. For longer treatment
times, hydrophobic regions are exposed throughout the
whole TgG molecule, which leads to lower packing efficiency
and AgBC. It is hoped that increasing our understanding of
the adsorption properties of Abs will lead to more effective
immobilization strategies.
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Photoaffinity Labeling of Antibodies for
Applications in Homogeneous

Fluoroimmunoassays

I-Nan Chang,! Jinn-Nan Lin,? Joseph D. Andrade,!* and James N. Herron*H8
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Salt Lake City, Utah 84112

A homogeneous noncompetitive immunoassay based on
photoaffinity labeling techniques is described. Using this
method, a fluorophore (reporter) can be specifically
attached to an antibody in the vicinity of its antigen-
combining sites. Upon antigen binding, changes in the
fluorescence spectrum of the reporter molecule are often
observed. Two fluorophores, pyrene and dansyl, were
evaluated for this purpose. Also, this technology is ideal
for fluorescence energy-transfer immunoassays that re-
quire labeling of the antibody with either a donor or
acceptor fluorophore. In such cases, a fluorescent dye
can be specifically attached near the antigen-combining
site, where it can participate in high-efficiency energy
transfer with its complementary fluorophore attached to
the antigen.

The fluoroimmunoassay has become a common clinical chem-
istry procedure for the analysis of a wide range of analytes, such
as drugs, hormones, and proteins (see reviews by Dito! and by
Painter?). Such immunoassays are divided into two categories—
heterogeneous assays, which involve physical separation of the
assay mixture before detection, and homogeneous assays, in
which no separation steps are required. The majority of existing
fluoroimmunoassays are heterogeneous. Furthermore, they are
often competitive assays, in which a fluorescently labeled antigen
(or antibody) competes for binding with an unlabeled antigen (or
antibody).®* In such assays, the fluorescently labeled species is
referred to as the “tracer” and the unlabeled species as the
“analyte”. Depending on the assay being performed, the analyte
can be either an antigen (Ag) or an antibody (Ab). After removal
of unbound analyte and tracer, the signal intensity from the bound
tracer is found to be inversely proportional to the analyte
concentration in the original solution. The separation step always
complicates the design of these immunoassays and can degrade
their overall performance.®

By eliminating the separation step, homogeneous immunoas-
says can lessen or eliminate most of the above disadvantages.® A

t Department of Material Science and Engineering.
# Department of Bioengineering,
f Department of Pharmaceutics.
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(4) Ishikawa, E.; Kawai, T.; Mivat, K& Enzyme Immunoassay; Igaku-Shoin: New
York, 1981; Chapter 1.
(5) Zuk, R. F.; Rowley, G. L.; Ullman, E. F. Clin. Chem. 1979, 25, 1554—1560.
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homogeneous immunoassay based on spectral changes of a
fluorescently labeled antibody upon binding of unlabeled Ag was
first reported by Liburdy in 1979.5 In this study, an anti-human
immunoglobulin G (IgG) Ab was randomly labeled with N-(3-
pyrene)maleimide (PM), a fluorophore that is highly sensitive to
local polarity changes.” The PM-labeled Ab exhibited an enhanced
fluorescence intensity in the presence of the Ag. Furthermore,
results of control experiments indicated that the increase in
fluorescence intensity was Ag specific. However, a high degree
of labeling of (degree of labeling 17 pyrene molecules/1 Ab
molecule) was reported, which caused a high level of fluorescence
background and precipitation of labeled Ab upon storage. In
solving these problems, the degree labeling must be decreased,
and if possible, the fluorophores should be conjugated only to
positions in the proximity of the antigen-combining sites.

In 1989, Pollack et al. used a so called “affinity labeling”
technique to achieve the above goals® In their study, anti-
dinitrophenol (DNP) antigen-binding fragments (Fah) were modi-
fied with cleavable affinity labels. These labels consisted of DNP
groups (antigen) linked to electrophilic or a-hromo ketone groups
through cleavable disulfide or thiophenyl linkages. The affinity
labels were covalently attached to Fab fragments, followed by the
cleavage of the label with dithiothreitol (DTT). These thiol-
derivatized Fab fragments can specifically react with fluorophores
through a thiol chemistry. The results indicated that the labeled
fluorophores were attached in the vicinity of the antigen-combining
sites and that the degree labeling of was ~1. Fluorescence
binding experiments showed that the addition of the antigen
(DNP-glycine) to the fluorescein-labeled, thiol-derivatized Fab
fragment resulted in a decrease in fluorescence intensity, provid-
ing a direct assay of ligand binding.

On the basis of the effectiveness of this affinity labeling
technique, we investigated the use of a photoaffinity labeling
technique to specifically attach highly sensitive fluorophores in
the vicinity of antigen-combining sites. In our studies, a photo-
active azide group was used instead of the thermal reactive group,
which was used by Pollack.? Specifically, nitrophenyl azide was
chosen as the photoactive group. Its optimal photolysis occurs
at a longer wavelength (320—350 nm) than observed for aryl azide
groups (265—275 nm).? This limits damage to the protein caused

(6) Liburdy, B P. J. Immunol. Methods 1979, 28, 233242,

(7) Kalyanasundaram, K; Thomas, J. K. . Am. Chem. Sec. 1977, 99, 2039—
2044,

(8) Pollack, S. J.; Nakayama, G. R.; Schultz, P. G. Methods Enzymol. 1989, 178,
551—568.

(9) Ji, T. H. Biochim. Biophys. Acta 1979, 559, 39—-69.
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label is a disulfide bond, which can be reduced to a thiol group
using DTT. After the photoaffinity labeling process, a free thiol
group is introduced in the vicinity of the antigen-combining sites,
and a fluorophore can be specifically attached using thio-reactive
chemistry. The maleimide—thiol and thiol—thiol exchange reac-
tions were used in this report 1

Different fluorophores were used to test this technique.
Pyrene and dansyl were chosen for immunoassays based on
spectral changes, and the tetramethylrhodamine—fluorescein pair
was chosen for an energy-transfer immunoassay. The reason for
choosing pyrene and dansyl was that these fluorophores are
especially sensitive to environmental changes and have commonly
been used as fluorescence probes in several applications. Dansyl
fluoresces only weakly in water, with an emission maximum at
~580 nm and a quantum yield of less than 0.1. However, in a
solvent of low dielectric constant, the emission maximum shiits
toward the blue and the quantum yield increases markedly (up
to 0.7)." Dansyl also has a very large Stoke shift, resulting in a
low background of scattered light, which is ideal for homogeneous
assay applications. Pyrene exhibits similar properties and has
been used as a homogeneous assay reporter for vears.5 The
tetramethylrhodamine—fluorescein pair was chosen because of
the large overlap of the emission spectrum of the donor (fluores-
cein) with the absorption spectrum of the acceptor (tetramethyl-
rhodamine) 12

EXPERIMENTAL SECTION

Ab—Ag System and Concentration Measurements. Poly-
clonal goat anti-biotin Ab (anti-B) IgG fraction (Sigma Chemical
Co.) was used as a model Ab. Antibody concentrations were
determined by absorbance at 280 nm using a UV—visible spec-
trophotometer (Beckman, Model 35). Values of 1.35 and 150 000
were used for the absorption extinction coefficient (. Seies) and
molecular weight of anti-B Ab, respectively. Biotin (Pierce Co.)
concentration was determined directly by dry weight.

Preparation of Photoaffinity Label. The photoaffinity label
consisted of a terminal photoactive group and a disulfide bridge
and was prepared by following procedure (F: igure 1). The antigen
N-(2-aminoethyl) biotinamide (biotin ethylenediamine) with a
primary amine group was purchased from the Molecular Probes
Co. (Eugene, OR). Ten milligrams of this compound was
dissolved in 2 mL of N,N-dimethylformamide solvent (DMEF:
Aldrich) (predried by molecular sieves and CaCly). The solution
was then mixed with 20 mg of a heterobifunctional reagent,
sulfosuccinimidy] 2-(m-azido-o-nitrobenzamido)-1,3"-dithiopropi-
onate (SAND; Pierce Co.) and 4 uL of triethylamine (Aldrich).
This mixture was allowed to react for 24 h at 20 °C in the dark,
followed by separation on a silica gel (200—400 mesh, Aldrich)
column equilibrated in a methanol—acetone solution (1:1 volume
ratio). The products were analyzed by thin-layer chromatography
(TLC) using silica gel plates with fluorescent indicator (Merck)
and a methanol—acetone (50:50) solvent system. The product
(biotin-AND) migrated as a single spot on TLC, with an R;value
of 0.81. The IR spectrum of biotin-AND (dissolved in CHCly)

(10) Brinkly, M. Bioconjugate Chem. 1992, 3, 2—13.
(11) Chen, R. F. Arch. Biochem. Biophys. 1967, 120, 609—62(,
(12) Meadows, D.; Schultz, J. S. Talanta 1988, 35, 145—150.
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Figure 1. Schematic representation of the preparation of photoaf-
finity label.

exhibited a characteristic N3 stretch at 2150 cm=12 The char-
acteristic ester stretch at 1700 cm=! was not observed in biotin-
AND, but a stronger characteristic amide stretch at 1650 cm!
was found in comparison with the IR spectrum of SAND.
Comparison of the UV—visible spectra of biotin-AND in phosphate
buffer saline (PBS pH 7.4) before and after UV irradiation showed
that, after irradiation, biotin-AND  exhibited the characteristic
absorption spectra of the photolysis products of nitrophenyl azide
(data not shown).”® Taken together theses results suggested that
the photoaffinity label (biotin-AND) had been successfully pre-
pared.

Antibody Modification. Affinity Labeling. Experimental
procedures for photoaffinity labeling are outlined in Figure 2.
Anti-B Abs were photoaffinity labeled in 0.15 M PBS (pH 7.4) at
a protein concentration of 6 mg/mL (0.04 mM) with a 4-fold molar
excess of biotin-AND reagent (0.16 mM). The concentration of
biotin-AND was determined by UV absorption at 320 nm, using
an extinction coefficient of 9 x 10° M~ em=133 This reaction
mixture was incubated for 1 h at room temperature in the dark
to allow the photoaffinity label to bind to the antibody. The
reaction mixture was irradiated for 6 min with a 750 W mercury
lamp (Schoeffel Instrument Co.) through a 320 nm band-pass filter
(Oriel Co.). The reaction vessel was placed 20 cm from the light
source. Unreacted biotin-AND was removed by gel permeation
chromatography with a PD-10 column (Pharmacia) equilibrated
in PBS.

Cleavage of Affinity Label (Biotin-AND). The pH of the
photoaffinity labeled antibody preparation was adjusted from 7.4
to 8.0 using 0.2 M carbonate—bicarbonate buffer, pH 9.2 (CBB),
and its concentration was adjusted to 2 mg/mL by addition of 0.1
M sodium phosphate buffer (pH 8.0). Next, DTT was added to
reduce the disulfide bond in the affinity label. Specifically, 0.2
mL of a 500 mM solution of DTT in 0.1 M sodium phosphate

(13) Lewis, R. V.; Roberts, M. F.; Dennis, E. A : Allison, W. S. Biochemistry 1977,
16, 5650—5654.
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Figure 2. Schematic representation of photoaffinity labeling pro-
cedures and an outline of the control experiments.
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buffer (pH 8.0) and 0.2 mL of a 20 mM solution of EDTA (in the
same buffer) were added to 2 mL of the above Ab solution. This
mixture was allowed to react for 16 h at 37 °C. Following the
reaction, a 50-fold molar excess of biotin (compared to the Ab
concentration) was added to the Ab solution to displace the
cleaved affinity label (biotin-SH) from the antigen-combining sites.
Unbound biotin and biotin-SH were removed by gel permeation
chromatography using a PD-10 column equilibrated in PBS. Anti-
biotin Abs with a free thiol group (anti-B Ab-SH) near the antigen-
combining site were successfully prepared in this manner.
Efficiency of Photoaffinity Label. Since biotin does not absorb
light in the visible or near-UV ranges of the spectrum, we used a
biotin—fluorescein conjugate (biotin-FI; Molecular Probes) to
indirectly determine the efficiency of the photoaffinity labeling
process. An excess amount of biotin-F1 was added to saturate
the antigen-combining sites of anti-B Abs, and then unbound
biotin-F1 was separated with a PD-10 column. Since fluorescein
exhibits strong absorbance at 495 nm (E}). ) = 75000 M-
cm ! ), the concentration of bound biotin-Fl was determined
by measuring the absorbance at 495 nm. The Ab concentration
was determined by measuring the absorbance at 280 nm.
However, since fluorescein also absorbed at 280 nm, a correction
factor was applied (Ass(total) = Azg(Ab) + Asey(FI): Asg(FD) =
0.284495(F1)). The activity of the anti-B Ab was determined by
taking the ratio of bound biotin-Fl to total antigen-combining sites.
The same procedures were used to determine the activity of
photoaffinity labeled anti-B Ab without disulfide bond cleavage
and with disulfide bond cleavage. By comparing the activities of

(14) Haugland, R. P. Handbook of Fluovrescence Probes and Research Chemicals:
Molecular Probes, Inc: Eugene, OR, 1992: Part I-1IB.

these three Ab preparations, the efficiency of the photoaffinity
labeling procedure can be determined. Another control experi-
ment was performed in which goat anti-human serum albumin
(anti-HSA) was photoaffinity labeled instead of the anti-B Ab. In
this case, fluorescein-AND (FLAND) was used as the photoaffinity
label. It was prepared as described ahove except that fluoresce-
inamine was used as the starting material. Photo-affinity labeling,
disulfide cleavage, and characterization of labeling efficiency were
performed as described above.

Derivatization with Fluorophores. Thiol-derivatized anti-biotin
antibodies prepared by the above procedures still contained biotin
in their antigen-combining sites. Bound biotin was removed by
passing the Ab solution through an avidin column (Pierce).
Approximately 80% of the bound biotin could be removed by this
method (Figure 2).

In the next step, one of three different fluorophores (pyrene,
dansyl, or tetramethylrhodamine) was conjugated to the free thiol
group. In the case of pyrene, N-(1-pyrene) maleimide (Molecular
Probes) was predissolved in dry DMSO and then added to anti-B
Ab-SH, which had been dialyzed into 0.2 M acetate buffer (pH
6.0). This mixture was allowed to react for 6 h at 4 °C. The molar
ratio of pyrenemaleimide to Ab was 4:1. The volume of the DMSQ
solution should not exceed 5% of that of the Ab solution in order
to avoid precipitation of the Ab. Alternately, PM adsorbed to
Celite (PM-C; Molecular Probes!®) could be used instead of PM
dissolved in DMSO. The same reaction conditions were used in
this case except that the molar ratio of PM to Ab was 20:1.

For labeling Abs with dansyl, didansyl-i-cystine (DC; Molecular
Probes) was dissolved in 0.2 M phosphate buffer (pH 8.5) and
added to anti-B Ab-SH that had been dialyzed into the same buffer,
This mixture was incubated for 4 h at 25 °C. The molar ratio of
DC to Ab was 10:1, and the volume ratio of the DC solution to
the Ab solution was 0.1:1. In the case of tetramethylrhodamine,
5(and 6-)maleimidotetramethylrhodamine (TRM; Molecular Probes)
was dissolved in DMSO and added to anti-B Ab-SH that had been
dialyzed into 0.2 M acetate buffer (pH 6.0). The mixture was
allowed to react for 4 h at 4 °C. The molar ratio of TRM to Ab
was 4:1. All these fluorophore—Ab conjugates were purified using
a PD-10 column equilibrated in PBS.

Labeled Abs for Control Experiments. In addition to attaching
fluorophores to photoaffinity-labeled Abs, conjugation reactions
were also performed on the following two Ab preparations as
controls—native Abs (no affinity label or DTT treatment) and DTT-
treated Abs (no affinity label, but treated with DTT as described
above for affinity-labeled Abs). Since native Abs usually do not
possess free thiol groups, little if any labeling of these Abs is
expected. However, when native Abs are treated with DTT, free
thiol groups are produced in the hinge region, which can be
labeled with fluorophores. Thus, photoaffinity-labeled Abs should
contain fluorophores in both the hinge region and the vicinity of
the antigen-combining site, whereas DTT-treated Abs should be
labeled only in the hinge region.

For Abs labeled with tetramethylrhodamine, an additional
conjugate was prepared as a control. Specifically, native Abs were
dialyzed into CBB and allowed to react with tetramethylrhodamine-
5-(and 6-)isothiocyanate (TRITC; Molecular Probes) for 1, 2, 4,
and 6 h at 4 °C. The molar ratio of TRITC to Abs was 10:1. The
conjugate was purified with a PD-10 column equilibrated in PBS.

(15) Rinderknecht, H. Experientia 1960, 16, 430—431.
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Since TRITC is an amine-reactive probe, fluorophores are primarily
attached to lysine residues that are randomly distributed through-
out the surface of the Ab.

Degree of Labeling. The degree of labeling is defined as the
number of fluorescent dye molecules conjugated to each antibody
molecule. It was determined by measuring the absorbance of both
the dye and the antibody at their respective absorption maxima.
In the case of pyrene, a wavelength of 343 nm was used, and 325
nm was used for dansyl and 540 nm for tetramethylrhodamine.
The absorbance of the antibody was measured at 280 nm.
Because most dyes exhibit some absorption at 280 nm, the
observed Assmm value was corrected for the contribution of the
dye. Correction factors have been reported in the literature for
all threel®61722 dyes, Once an absorbance value has been
obtained for the dye (Absy.), and a corrected Ay value obtained
for the antibody, the following formula was used to compute the
degree of laheling:

M
degree of labeling = (%)(
E dye

Absriye (1)
corrected Ay,

Antigen Binding Assay Based on Spectral Changes.
Because photoaffinity-labeled Abs were derivatized with fluoro-
phores at or near the antigen-combining site, it was probable that
antigen binding would alter the local environment of the fluoro-
phore?? For this reason, anti-B Abs were photoaffinity labeled
with either pyrene or dansyl, hoth of which are sensitive to
environmental changes. A set of parallel experiments were
performed with each conjugate. In brief, labeled Abs were titrated
with antigen, and a fluorescence emission spectrum was recorded
after each addition of antigen, Two kinds of antigens were used
to characterize the spectral behavior of fluorophores conjugated
to anti-B Abs. The first was biotin conjugated to goat IgG (biotin-
1gG), which was used as a protein antigen analog. Biotin-IgG was
prepared by adding sulfosuccinimidyl-6-(biotinamide) hexanoate
(NHS-LC-biotin; Pierce) to goat IgG dissolved in CBB buffer and
allowing the mixture to react for 3 h at 25 °C. The molar ratio of
NHS-LC-biotin to IgG was 4:1. Biotin-IgG was purified using a
PD-10 column. A degree of labeling value of ~3 (biotin molecules
per IgG) was determined using the HABA reagent (Pierce).!®
Underivatized biotin (Molecular Probes) was used as the second
kind of antigen.

Fluorescence spectra were measured with a PC-1 photon
counting spectrofluorometer (ISS, Champaign, IL). Pyrene fluo-
rescence was excited at 340 nm (dispersion 16 nm fwhm), and
emission spectra were recorded between 360 and 600 nm (disper-
sion 8 nm fwhm). Dansyl fluorescence was excited at 320 nm
(dispersion 16 nm fwhm), and emission spectra were recorded
between 480 and 580 nm (dispersion 8 nm fwhm). In each
experiment, a 2 x 10~7 M concentration of the labeled anti-B Ab
dissolved in PBS was titrated with aliquots of a 7 x 10-¢ M solution

(16) Kinoshita, T.; linuma, F.; Tsuji, A. Anal. Biochem. 1974, 61, 632—637.

(17) Wang, K Feramisco, J. R; Ash, J. F. Methods Enzymol. 1982, 85, 514—
562.

(18) Green, N. M. Methods Enzymol. 1970, 184, 418.

(19) Char, K; Gast, A. P.; Frank, C. W. Langmuir 1988, 4, 935098

(20) Dixon, F. J. Advances in Immunology; Academic Press: New York, 1988;
Vol. 43, pp 99—-133.

(21) Brynda, E.; Hlady. V.; Andrade, J. D. J. Colloid Interface Sci. 1990, 139,
374—3R0.

(22) Knopp, J. A.; Weber, G. J. Biol. Chem. 1969, 244, 6309—6315.
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of biotin—IgG. Over the course of the titration, the concentration
of biotin—IgG was varied between 0 and 8 x 1077 M. The
maximum concentration of biotin—IgG was 4 times greater than
the anti-B Ab concentration, resulting in a 6;1 molar ratio of biotin
to antigen-combining sites (on the average, each antigen molecule
possessed three biotin groups). A control experiment was
performed by titrating the labeled anti-B Ab with the same
concentration of nonspecific goat IgG. A similar titration experi-
ment was performed using underivatized biotin as the antigen.
In this case, the concentration of biotin was varied over a range
of (0—2) x 1075 M. At the highest concentration, there was a 5:1
ratio of biotin to antigen-combining sites. All titrations were
performed at 25 °C. After each addition of antigen, the reactants
were allowed to incubate for 30 min before spectra were recorded.

Energy Transfer Inmunoassay. In a typical energy-transfer
immunoassay, a fluorescent “donor” molecule is conjugated to
the antigen and a fluorescent “acceptor” molecule is coupled to
the antibody. When an antigen—antibody complex forms, the
donor and acceptor molecules may be brought close enough
together (<50 A) for energy transfer to occur. Because
photoaffinity labeling can be used to specifically couple fluoro-
phores in the vicinity of the antigen-combining site, it should be
an ideal method for optimizing the distance between the donor
and acceptor molecules. Fluorescein and tetramethylrhodamine
comprise a good energy-transfer pair. In this study, fluorescein
was attached to the antigen (biotin) and tetramethylrhodamine
to the antibody.

In each experiment, a 2 x 107 M concentration of biotin-F1
solution was titrated with aliquots of either TRM-labeled anti-B
Ab (7 x 1075 M) or TRITC-labeled antiB Ab (7 x 107% M).
Antibody concentration was varied over a range of (0—2) x 1076
M. Control experiments were performed by usinga 2 x 1007 M
concentration of fluorescein instead of the biotin-F1 conjugate. At
the highest concentration of Ab, there was a 10:1 molar ratio of
Ab to biotin-Fl. In energy-transfer experiments, the donor
fluorophore (fluorescein) was excited directly at 480 nm (disper-
sion 8 nm fwhm), and emission was recorded over a range of
490—-600 nm (dispersion 4 nm fwhm). Reactants were allowed
to equilibrate for 30 min before spectra were recorded.

RESULTS AND DISCUSSION

Efficiency of Photoaffinity Label. The efficiency of the
photoaffinity labeling technique at attaching free thiol groups in
the vicinity of the antigen-combining site was evaluated using an
indirect method. In brief, three different Ab preparations (see
below) were exposed to a saturating amount of antigen (biotin—
fluorescein), and the excess antigen was removed by gel filtration.
At this point, any remaining antigen was probably bound to the
antibody. The ratio of bound antigen per antibody was determined
spectrophotometrically. This procedure was performed for the
following three Ab preparations: (1) native anti-B Ab; (2) anti-B
Ab, photoaffinity labeled with biotin-AND but not reduced with
DTT; (3) anti-B Ab, photoaffinity labeled and reduced with DTT.
The results of these experiments are shown in Table 1.

The antigen binding activity of the native anti-B Ab is only
~45% (each Ab has two binding sites for antigen), which is normal
for chromatographically purified polyclonal Ab. When the anti-B
Ab is photoaffinity labeled and the disulfide bond is cleaved by
DTT, the cleavage product (biotin-thiol) should be exchangeable
by an excess amount of biotin-Fl. The antigen hinding activity of




Table 1. Efficiency of Photoaffinity Labeling of
Anti-Biotin Antibodies

label
parameter native =~ PAL?+ DTT PAL®
photoaffinity label = + A
DTT reduction — + =
[bound biotin-F1]/[1gG] 0.9+01 0.9 =01 0.50 £ 0.05
antigen binding activity (%) 45%5 45+ 5 25+ 25
labeling efficiency® nd¢ nd¢ 44+ 6

@ PAL, Anti-B Ab was photoaffinity labeled with biotin-AND. ¢ La-
beling efficiency (LE) was determined using the following formula:
LE = (Ruative — Rpar)/Ruative, where R is the ratio of bound biotin-Fl
molecules per antibody. ¢ nd, not determined.

DTT-treated, photoaffinity-labeled anti-B Ab is the same as that
of the native anti-B Ab. This suggests that the UV irradiation and
DTT reduction steps do not reduce the biotin-hinding activity of
the Ab or produce any cross-linking between the combining site
and the antigen.

In the case of the photoaffinity-labeled antibody that was not
reduced with DTT, an antigen binding activity of ~25% was
ohserved. Since reduction with DTT is required to release the
biotin-SH portion of the photoaffinity label, these results suggest
that the photoaffinity labeling process was 44% effective (see Table
1). In other words, the photoaffinity label was successfully
conjugated to only ~44% of the sites that could bind biotin.
Because the biotin-SH portion of the label was not released, it
remained bound in the antigen-combining site and prevented them
from binding biotin-F1. The other 56% of the sites that did bind
biotin-Fl probably did not receive a photoaffinity label.

A control photoaffinity labeling study was performed with a
heterologous (nonreactive) antigen—antibody pair. In this study,
the photoaffinity label was synthesized using (FI-AND instead of
biotin and polyclonal goat anti-HSA were used instead of anti-
biotin. The photoaffinity label was conjugated to anti-HSA using
the same procedures described for biotin-AND and anti-B Abs,
but in this case, only ~3% of the antibodies were labeled. Thus,
nonspecific labeling of Abs by this procedure is very low.

Location of Extrinsic Fluorophores. In a control experi-
ment, none of the fluorophores—pyrenemaleimide, tetramethyl-
rhodamine, and didansylcystine—were observed to react with
unmodified anti-B antibodies. Conjugation occurred only in the
following two circumstances: (1) Abs were reduced with DTT or
(2) Abs were photoaffinity labeled and then reduced. This
indicates that these fluorophores can only be attached to reduced
disulfide bonds in the hinge region (obtained through DTT
reduction) or to sulfhydryl groups introduced in the vicinity of
the antigen-combining sites via photoaffinity labeling (Figure 2).

Antigen-Binding Assays. Pyrene Conjugated anti-B Ab. De-
gree of labeling values of 2 and 0.4 were determined for anti-B
Abs photoaffinity labeled with PM and PM-C, respectively.
Furthermore, when PM was conjugated to DTT-treated anti-B Abs
(without photoaffinity labeling), a degree of labeling of ~2 was
observed. The fluorescence spectra of these three pyrenelabeled
Abs are shown in Figure 3a—¢. Very similar emission spectra
were obtained for the two PM conjugates (photoaffinity labeled
and DTT treated). Both spectra exhibited an emission maximum
at 460 nm, which is due to the excimer peak of pyrene® This
means that, in these conjugates, two or more pyrene groups were
attached in close proximity to each other. This is because the

Fluorescence Intensity

(d), (e)

L L . 1 L 1 L 1 —

350 400 450 500 550 600
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Figure 3. Fluorescence spectra of (a) PM-conjugated photoaffinity-
labeled Ab, (b) PM-conjugated DTT- treated Ab, (c) PM-C-conjugated
photoaffinity-labeled Ab, (d) dansylated photoaffinity-labeled Ab, ()
dansylated DTT-treated Ab, and (f) biotin-Fl. An excitation wavelength
of 340 nm was used for (a—c), 320 nm was used for (d and e), and
480 nm was used for (f).

excimer peak is only observed when pyrenes are located within
4—5 A of each other.? In contrast, an emission maximum of 375
nm was observed for anti-B Abs photoaffinity labeled with PM-C.
The ohserved spectrum is characteristic of the pyrene monomer.

The results of antigen binding experiments are shown in Table
2. Fluorescence intensity values for each fluorophore—anti-biotin
conjugate were normalized to the value obtained in the absence
of antigen. Two different kinds of antigen were investigated—free
biotin and bioting—IgG. The former was a good model for a
haptenic (low molecular weight) antigen, while the latter was
analogous to a protein antigen.

Since pyrene is very sensitive to local polarity” and has been
used as a hydrophobic probe, it is important to select the right
control for specific binding. Arguably, this is best accomplished
by comparing the fluorescence intensity obtained for the photo-
affinity-labeled antibody (labeled both near the active site and in
the hinge region) with that obtained for the DTT-treated antibody
(labeled only in the hinge). Making this comparison for the
pyrene conjugate with the higher degree of labeling, we find that
the fluorescence intensity decreased by >45% for biotin, ~31%
for nonspecific IgG, and ~11% for biotiny—IgG. Of these, probably
only the decrease observed for biotin is significant, especially since
the shape of the emission spectrum changed (see Figure 4).

Furthermore, a larger decrease was observed for nonspecific
IgG than for biotins—IgG, which suggested that pyrene's fluores-
cence was affected by the nonspecific IgG rather than by the
bioting—IgG. In fact, in five of the six pyrene—anti-B conjugates,
an increase in fluorescence intensity was observed in the presence
of nonspecific IgG (relative to that obtained in the absence of
antigen). Taken together, these results suggest that pyrene
groups attached to anti-B Abs can bind (probably nonspecifically)
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Table 2. Normalized Fluorescence Intensity of Reporter Fluorophores Attached to Anti-Biotin Antibodies

Labeling Parameters
fluorescent label pyrene maleimide pyrene maleimide  pyrene maleimide (on Celite)  dansyl dansyl
location hinge + active site  hinge hinge + active site hinge + active site  hinge
degree of labeling 2 A 0.4 14 1
antigen normalized fluorescence intensity?
none 1 1 1 1 1
biotin (10fold excess)? <0.5¢ 0.91 0.92 0.82 0.99
nonspecific IgG (4-fold excess)?  0.95 1.38 1.2 1.07 1.0
bioting—IgG (4-fold excess)? 1.16 1.31 1.2 1.36 1.0

¢ All fluorescence intensity values were normalized to those obtained for anti-biotin Abs in the absence of antigen. ¢ A molar ratio of biotin to
anti-biotin Ab of 10:1 was used. “ The shape of the emission spectra changed significantly. See Figure 4. ¢ A molar ratio of nonspecific IgG to

anti-biotin Ab of 4:1 was used.
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Figure 4. Fluorescence spectra of (a) PM-conjugated photoaffinity-
labeled Ab without any antigen, (b) PM-conjugated photoaffinity-
labeled Ab with a 10-fold molar excess of the biotin hapten.

with the goat IgG used in the antigen-binding studies. This is
not surprising, considering pyrene's hydrophobic nature, but it
probably means that pyrene is a poor choice for a reporter
molecule.

Dansylated Anti-B Abs. Fluorescence spectra of dansylated
anti-B Abs (both DTT-treated and photoaffinity labeled) are shown
in Figure 3. The emission maximum was observed at 520 nm in
both cases. The degree of labeling was 1.4 for photoaffinity-
labeled Abs and ~1 for the DTT-reated Abs. As with pyrene-
labeled Abs, binding studies were performed with free biotin,
nonspecific IgG, and bioting—IgG. Intensity values were normal-
ized to those obtained in the absence of antigen. The results are
listed in.Table 2. The fluorescence intensity of Abs photoaffinity
labeled with dansyl increased by 36% when saturated with biotins—
IgG, but decreased by 18% when saturated with biotin hapten.
The fluorescence intensity in control experiments (nonspecific
IgG) also increased by 7%. These results indicate that, upon
binding of antigen, environmental changes occur in the vicinity
of the antigen-combining site,®® which lead to changes in the
fluorescence spectrum of the fluorophore. In the case of biotin
binding, the dansyl group experiences a more polar environment
and its fluorescence is quenched. In contrast, upon binding of
bioting—IgG, the environment becomes less polar and the fluo-
rescence of the probe is enhanced. The difference between the
two cases is probably due to the IgG molecule that is conjugated
to the biotin in the second case. Upon binding of biotina—IgG,
the reporter is huried between two proteins and experiences an
environment not unlike the interior of the protein. For Abs labeled
by DTT treatment alone, these antigen-induced environmental
changes probably have little influence on dansyl groups coupled
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Figure 5. Normalized fluorescence intensity of dansylated photo-
affinity-labeled Ab as a function of increasing concentration of biotina—
IgG. An Ab concentration of 2 x 10~7 M was used.
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Figure 6. Normalized fluorescence intensity of dansylated photo-

affinity-labeled Ab as a function of increasing concentration of the
biotin hapten. An Ab concentration of 2 x 107 M was used.

to the hinge region, and very little perturbation of the emission
spectra occurs upon binding. Figures 5 and 6 show the results
of titration experiments for biotin;—IgG and biotin, respectively.
Unlike pyrene, the fluorescence spectrum of dansyl is much
simpler (from Figure 3), and secondary effects such as intramo-
lecular aminolysis® and excimer formation do not occur. The
sensitivity of dansyl to antigen-induced environmental effects is
also superior to that of pyrene. Thus, we believe that dansyl has
excellent potential as a reporter molecule in direct homogeneous
fluoroimmunoassays.

Tetramethylrhodamine-Conjugated Abs for Energy-Transfer Assay.
Because the quantum yield of tetramethylrhodamine (TR) is

(23) Wu, C. W.; Yarbroogh, L. R.; Wu, F. Y. H. Biochemistry 1976. 15, 2863~
2868,
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Figure 7. Normalized fluorescence intensity of biotin-Fl as a function
of increasing concentration of anti-B Ab photoaffinity labeled with
TRM. A biotin-F| concentration of 2 x 107 M was used.

Table 3. Maximum Energy-Transfer Efficiency for
Different Conjugation Methods

conjugation position of degree of O’
fluorophore method fluorophore labeling® (%)
TRM photoaffinity antigen-combining 0.4 48
site + hinge
TRM DTT treatment hinge 0.5 36
TRITC primary amine random 0.2 30
TRITC primary amine random 0.7 38
TRITC primary amine random 0.9 39
TRITC primary amine random 3.7 42

@ Degree of ]abe]jngz, number of dye molecules conjugated to each
anti-biotin antibody. ? @, maximum quenching of fluorescence
observed when antigen (biotin—{luorescein) was completely saturated
with anti-B antibodies. Since tetramethylrhodamine is a dark acceptor
in these studies, Qnux is equivalent to the maximum energy-transfer
efficiency.

relatively low when conjugated to anti-B Abs, TR should really be
considered a “dark acceptor” or quencher' in this energy-transfer
study. The degree of labeling of TRM when conjugated by
photoaffinity labeling was ~0.4, while a value of ~0.5 was observed
for TRM coupled only by DTT treatment. For Abs randomly
labeled with TRITC, degree of labeling values of 0.2, 0.7, 0.9, and
3.7 were observed for 1, 2, 4, and 6 h reaction times, respectively.
Biotin-Fl was used as a fluorescence energy-transfer donor, and
its fluorescence spectrum is shown in Figure 3. In this particular
energy-transfer immunoassay, biotin-Fl is strongly fluorescent
when free in solution, but upon binding to anti-B Ab, its excited
state energy is transferred to TRM or TRITC groups attached to
the Ab. Since these groups are dark acceptors, a net decrease in
the fluorescence of biotin-Fl is observed upon binding, All
fluorescence measurements were normalized to the intensity of
free biotin-Fl. A typical quenching curve is shown in Figure 7. In
this case, TRM was conjugated to the Ab by photoaffinity labeling,
and a maximum of ~48% quenching (48% energy-transfer ef-
ficiency) was observed when biotin-Fl was saturated with anti-B
Ab. This maximum quenching value (@,;) will determine the
precision of the assay and should be highest for Abs labeled by
the photoaffinity labeling technique. Values for Qrmax obtained for
the different conjugation methods and degree of labeling are
shown in Table 3. As expected, the highest @, value (48%) was
observed for photoaffinity labeling, while a value of 36% was
observed for Abs labeled in the hinge region by the DTT
treatment. For Abs randomly labeled with TRITC, @pgx varied
from 30% to 42% with increasing degree of labeling. Thus,

photoaffinity labeling is an effective method for optimal placement
of fluorescent probes in energy-transfer studies.

It is known that the efficiency of fluorescence energy transfer
is proportional to ¢, where 7 is the distance between the donor
and acceptor?! If the energy-transfer acceptor (tetramethyl-
rhodamine) is located in the vicinity of the bound antigen (biotin-
Fl), the efficiency should be high (close to 100%). However, even
with photoaffinity labeling, less than 50% energy-transfer efficiency
was observed. This suggests that less than half of the antigen-
combining sites were labeled with tetramethylrhodamine. More-
over, when anti-B Abs were labeled randomly with TRITC, most
of the labels were located at sites distant from the antigen-
combining site. This is why a much higher degree of labeling is
required for TRITC to exhibit an energy-transfer efficiency roughly
equivalent to that photoaffinity-labeled TRM (see Table 3). The
same explanation can be applied to TRM attached to Abs using
the DTT treatment. The fluorophore is conjugated to the hinge
region, which is located at least 70 A from the antigen-combining
sites, 20

CONCLUSIONS
Two different fluorophores (pyrene and dansyl) were evaluated

as reporter molecules in a direct homogeneous immunoassay
based on anti-biotin antibodies. Although pyrene was suitable for
the detection of the biotin hapten, it failed to discriminate between
biotins—IgG (used as a model of protein antigens) and nonspecific
IgG. Thus, pyrene is probably not a good candidate for a reporter
molecule. Because of its hydrophobic nature, it has a tendency
to hind nonspecifically to proteins.

Much better results were obtained when dansyl was used as
a reporter molecule. Specific changes in its emission spectrum
were observed for both the biotin hapten and biotin—IgG.
Interestingly, its fluorescence intensity decreased by 16% upon
binding the biotin hapten, but increased by 35% upon binding
biotiny—IgG. This indicates that the environment of the reporter
hecomes more polar upon binding the low molecular weight biotin
hapten and less polar after binding the protein analog. Although
this result seems contradictory at first, it can be explained by
assuming that dansyl competes with biotin for the antigen-
combining site. Upon binding the biotin hapten, the reporter is
displaced into the surrounding media, which is more polar than
the active site. However, when the reporter is displaced by
biotins—IgG, it remains trapped at the interface of two protein
molecules—an environment that probably has a low dielectric
constant (and hence less solvent relaxation and fluorescence
quenching of the fluorophore).

Arguably, the most effective use of the photoaffinity labeling
technique was in an energy-transfer immunoassay, in which
fluorescein and tetramethylrhodamine were used as the respective
energy-transfer donor and acceptor molecules. In this case,
fluorescein was conjugated to the biotin hapten and tetramethyl-
rhodamine was attached to anti-biotin antibodies using photoaf-
finity labeling. An energy-transfer efficiency of almost 50% was
observed upon binding of biotin-Fl, which indicates that the
photoaffinity labeling technique attached close to half of the TRM
groups at positions within energy-transfer distance (~54 A, see
ref 24) from the antigen-combining site. Presumably, the other
50% of the TRM groups were attached to the hinge region, which
is outside of energy-transfer distance. Finally, we believe that the

(24) Zheng, T.-8. M.S. Thesis, University of Utah, Salt Lake City, UT, 1994.
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concentration of the DTT (used to reduce the disulfide bond in
the photoaffinity label) could be optimized to give fewer free thiol
groups in the hinge region. This would increase the number of
reporter groups (or energy-transfer acceptors) in the vicinity of
the antigen-combining sites and improve the sensitivity of the
immunoassay.

ACKNOWLEDGMENT

This work was supported in part by the Center for Biopolymers
at Interfaces, University of Utah, and by AKZO Corporate

966 Analytical Chemistry, Vol. 67, No. 5, March 1, 1995

Research America, Inc, This paper is submitted by LN.C. in partial
fulfillment of the Ph.D. degree, Department of Material Science
& Engineering, University of Utah.

Received for review March 15, 1994. Accepted December
19, 1994.®

AC9402539

@ Abstract published in Advance ACS Abstracts, February 1, 1995.



[Reprinted from the Journal of the Pharmaceutical Sciences.
Vol. 65, No. 5, May 1976. © 1976 by the American Pharmaceutical Association]

Pharmacokinetic Model for Simultaneous Determination of

Drug Levels in Organs and Tissues

C. N. CHEN and J. D. ANDRADE =

Abstract O An extension of the Bischoff-Dedrick pharmacokinet-
ic model is presented. This model is derived from basic consider-
ations of drug distribution with physiological and anatomical
meaning. The Bischoff-Dedrick model can simultaneously predict
drug distribution with time in blood, organs, and tissues of phar-
macological interest. The parameters are applied to a 15-kg stan-
dard dog. The experimental kinetic data of thiopental in brain,
plasma, liver, lean tissue, and adipose tissue in a dog are used to
demonstrate the feasibility of the model. Allowable variations in
the parameters are determined. In general, the kinetics of drug
distribution in blood, organs, and tissues depend on the drug dos-
age, lipid solubility, partition coefficients, metabolism rate, excre-
tion rate, protein binding, route of administration, sizes of organs
and tissues, and blood flow rates through organs and tissues. These
factors enter the kinetic model separately and explicitly so their
effects on the kinetics of drug distribution can be studied to pro-
vide valuable information for optimal therapy.

Keyphrases O Pharmacokinetic model—proposed for simulta-
neous determination of drug distribution with time in blood, or-
gans, and tissues, demonstrated with thiopental in dogs O Distri-
bution, drug—simultaneous determination in blood, organs, and
tissues, pharmacokinetic model, demonstrated with thiopental in
dogs O Thiopental—distribution in blood, organs, and tissues,
pharmacokinetic model for simultaneous determination proposed,
dogs

Drug concentration in blood is measured clinically
because this procedure is easier and more convenient
than the sampling of other tissues or fluids. There-
fore, it has been used as an index of dose scheduling
for therapeutics. Conventional pharmacokinetic
models (1) correlate kinetic data of drug concentra-
tion in blood by using one or several exponential
terms. Kach exponential term in the conventional
model represents a compartment; single or multiple
compartments are used to curve fit the experimental
kinetic data. The coefficients and rate constants in
the pharmacokinetic equations are then determined
from the curve-fit parameters.

Drug concentrations in blood with time depend on
the drug dosage, lipid solubility, partition coeffi-
cients, metabolism rate, excretion rate, protein bind-
ing, and route of administration. Common phar-
macokinetic models put all these factors into the rate
constants and coefficients of the curve-fit equations.
Unless the rate constants and coefficients can be ex-
pressed as explicit functions of related factors, they
cannot be predicted without experimental kinetic
data.

Some cardiac drugs, e.g., digitalis, or ultrashort-
acting barbiturates, e.g., thiopental, have rather nar-
row margins of safety. Their kinetic distribution in
blood may not provide sufficient information for ade-
quate therapy. Digitalis kinetics in heart muscle and
thiopental kinetics in brain can provide much better
information for optimal therapy than the drug levels
present in blood (2-4). Furthermore, knowledge of

the drug distribution in blood, organs, and tissues
may be necessary for providing optimal treatment.
Conventional pharmacokinetic models cannot pro-
vide such information.

An entirely different approach to pharmacokinetic
modeling was developed by Bischoff, Dedrick, and
their coworkers (5-13), beginning in 1966. Their
pharmacokinetic: model simultaneously predicts the
kinetics of drug distribution in blood, organs, and
tissues of pharmacological interest. They successfully
applied it to predict pharmacokinetics of thiopental
(8), methotrexate (9, 12), and cytarabine (13). Bis-
choff and Dedrick (8) used the physiological parame-
ters of a 70-kg standard male and a four-compart-
ment model (blood, viscera, lean tissue, and adipose
tissue) to simulate experimental kinetic data (2) of
thiopental distribution in plasma, liver, lean tissue,
and adipose tissue of the dog. They combined brain,
heart, kidneys, liver, etc., as a viscera compartment
(8).

Since thiopental kinetics in the brain may provide
valuable information for optimal therapy, an attempt
was made to predict thiopental kinetics in the brain
and, simultaneously, to predict thiopental kinetics in
plasma, liver, lean tissue, and adipose tissue based on
the physiological parameters of a 15-kg standard dog
by using the Bischoff-Dedrick approach. The model
can also be applied to study the pharmacokinetics of
other drugs.

THEORETICAL

The data of Brodie et al. (2, 3) (Figs. 1 and 2), showing thiopen-
tal kineties in plasma, liver, lean tissue, adipose tissue, and brain
of the dog, were used to demonstrate the feasibility of the model.
At least five body regions are defined: brain, liver, lean tissue, adi-
pose tissue, and blood pool (blood volume in the capillary bed of
any body region is included in that body region while the remain-
ing blood is grouped together as another body region, called the
blood pool). In mammals, blood from the GI area perfuses the
liver. Thus, the GI tissues were added as another body region.
Since there was little interest in the kineties of thiopental in kid-
neys or heart, these and other organs were considered as another
body region called viscera.

A diagram of blood circulation in the seven hody regions is
shown in Fig. 3. As blood flow carries the drug to the capillary hed
where the drug diffuses into the tissue, each body region except
the blood pool in Fig. 3 is further divided into two portions: the
blood volume in the capillary bed and the tissue volume without
blood. The physiological parameters of the model for a 15-kg stan-
dard dog are also shown in Fig. 3. A detailed discussion of the deri-
vation of these parameters is presented in Appendix I.

Protein binding plays an important role in pharmacological ef-
fects and pharmacokinetics, since most drugs are bound to plasma
proteins, especially to albumin and various tissue components (11),
It is well recognized that not all macromolecules in blood or tissue
are responsible for binding with the drug. Shen and Gibaldi (14)
showed that the predicted thiopental concentrations in plasma
and lean tissue, based on the total macromolecule content in or-
gans and tissues, were substantially overestimated by the Bischoff—
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Figure 1—Experimental thiopental concentrations in various
tissues of a dog after 25 mg/kg iv (redrawn from Ref. 2).

Dedrick model. Bischoff and Dedrick (7, 8) proposed the concept
of effective protein fraction and applied it to their model for thio-
pental pharmacokinetics. In the addendum to Shen and Gibaldi’s
article (14), Bischoff and Dedrick favored the use of effective pro-
tein concentration rather than effective protein fraction utilizing:

Cr=FyC+CyX (Eg.1)

where the total drug concentration (Cr) in blood or tissue is de-
fined in terms of the volume fraction of water (Fw), free drug con-
centration (C), effective binding macromolecule concentration
(Cpr), and bound drug “concentration™ (X, the amount of bound
drug per unit of effective binding macromolecules). This approach
obviates assuming unit densities, and there is no need for the two
coefficients to be fractions that add up to unity.

Volume fractions of water in blood, organs, and tissues are avail-
able in the literature and in biological data handbooks. Table I
lists calculated and reported values for volume fractions of water
in organs and tissues of the dog. The volume fraction of water in
the tissue portion of any body region can be calculated by:

V-YzFFW_B + VYzTFW.}'zT = (Vl'z.ﬁ+ VY:T)F“'.Y: (Eq 2)
where:

Fw . = volume fraction of water in blood
Fy v.r = volume fraction of water in tissue portion of Yz body
region
Fy v. = volume fraction of water in ¥z body region
Vy. = blood volume in Yz body region
Vy.pr = tissue volume in Yz body region

The effective binding macromolecule concentration (Cp) in
blood or tissue can be determined in terms of the fraction of bound
drug (F) and the equilibrium relation between free and bound
drug in blood or tissue. A detailed discussion of how effective bind-
ing macromolecule concentrations in blood and tissues were de-
rived is presented in Appendix I1.

The physical picture of dynamiec drug distribution at any instant
in any body region is as follows. The inflow drug (free and bound)
mixes with the drug in the capillary bed and the mixed drug (free
drug only) in the capillary bed then diffuses into the tissue. Both
the changing free drug concentrations in blood water and tissue
water disturb and then reestablish the equilibrium relations be-
tween free and bound drug in the capillary bed and the tissue.
When a well-mixed state in the capillary bed is assumed, the out-
flow drug concentration (free and bound) from the body region is
the same as that reestablished in the capillary bed.

For highly lipid-soluble drugs, the rate of mass transfer between
blood in the capillary bed and tissue is so fast that, at any instant,
the free drug concentration in tissue water effectively equals that
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Figure 2—Experimental thiopental concentrations in plasma
and brain of a dog after 40 mg/kg iv (redrawn from Ref, 3).

in blood water. This condition was called the “flow-limiting condi-
tion” by Dedrick and Bischoff (7), who discussed mathematical de-
tails of the condition and found that highly lipid-soluble com-
pounds, such as thiopental and aniline, approximate the condition.

The transient mass balance for any body region can be ex-
pressed as:

accumulation rate of free] = [ inflow rate of free drug
drug and bound drug in and bound drug from
both capillary bed and blood pool and/or other
tissue portion body regions

+ [drug injection rate, if any ]

— [outflow rate of free drug
and bound drug from body
region]

— [metabolism rate and/or
excretion rate of drug,

if any ] (Eq. 3)
q.

The mathematical equation of transient mass balance for body
region Y (Fig. 4) is:

dCy
(FW.BI’!YB +F'|-|-",YTVYT)E- +

dXyn dXyr
(CrpVyr) e + (CuyrVyr) i =)
Qv FywCptCapXp) — @ Fiy yCy+Co pXvp)  (Eq. 4)
where:
Cos=FppCoupt Q=Fp)Cyane

and:

Cg = free drug concentration in blood water from the blood
pool (micromoles per liter)
Cy = free drug concentration in blood water or tissue water
of body region Y (micromoles per liter)
Cyy.p = effective binding macromolecule concentration in
blood (kilograms per liter)
Cyy.p; = effective binding macromolecule concentration in
plasma (kilograms per liter)
Cyr.anc = effective binding macromolecule concentration in red
blood cells (kilograms per liter)
Cys.yr = effective binding macromolecule concentration in fis-
sue portion of body region Y (kilograms per liter)
Fy g = volume fraction of water in blood
Fyw vr = volume fraction of water in tissue portion of body re-
gion Y
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Figure 3—Body regions and blood flow of a 15-kg dog.

Fp,. g = volume fraction of plasma in blood
Qy = volumetric blood flow rate from body region Y (liters
per minute)
t = time (minutes)
Vyz = blood volume in capillary bed of body region Y (liters)
Vyr = volume of tissue portion of body region Y (liters)

X5 =bound drug concentration (amount of bound drug per
unit of effective binding macromolecules) from the
blood pool (micromoles per kilogram)

Xyp = bound drug concentration in capillary bed of body re-
gion Y (micromoles per kilogram)

Xy =hbound drug concentration in tissue portion of body
region Y (micromoles per kilogram)

The first term on the left-hand side of Eq. 4 represents the accu-
mulation rate of free drug in both blood water and tissue water.
The second and third terms indicate accumulation rates of bound
drug in the capillary bed and in the tissue portion, respectively.
The first term on the right-hand side of Eq. 4 represents the inflow
rate of free drug and bound drug from the blood pool, and the sec-

Table I—Calculated and Reported Values for Volume
Fractions of Water in Organs and Tissues of the Dog

Tissue (Yz) FW, vz? FW. Yzr?
Whole blood 0.800¢ —
Plasma 0.930¢ —
Red blood cells 0.640¢ —
Whole brain 0.795¢ 0.794
Liver 0.746¢ 0.733
Intestines 0.757¢ 0.741
Heart 0.783¢ 0.775
Kidneys 0.802¢ 0.807
Viscera 0.7914 0.782
Lean tissue 0.776¢ 0.776
Adipose tissue 0.200¢ 0.192

2 Reported values for volume fractions of water in various tissues.
b Calculated values for volume fractions of water in tissue portions
of various tissues. € P. L. Altman and D. S. Dittmer, “Biology Data
Book,” vol. 1, 2nd ed., Federation of American Societies for Experi-
mental Biology, Bethesda, Md., 1972, pp. 19, 393, 394, d The value
for volume fraction of water in viscera was calculated from heart and
kidneys. € C. H. Best and N. B, Taylor, “The Living Body,” 4th ed.,
Holt, Rinehart and Winston, New York, N.Y., 1966, p. 55.

ond term indicates the outflow rate of free drug and bound drug
from body region Y (Fig. 4). .

Similarly, the transient mass balance was applied for each body
region shown in Fig. 3. The goal was to predict thiopental kinetics
in plasma. The blood was divided into plasma and red blood cells,
using a hematoerit value of 45% (volume). The concept of effective
binding macromolecule concentration in blood and various tissues
(Appendix IT) and the flow-limiting condition are applied to the
following mathematical model.

For the blood pool:
Fp g =055 (Eq.5)
Cyp=FpsCypr + (= FPLB)CM_ RBC (Eq.6)

The transient mass balance for the blood pool (Figs. 3 and 4) is:

dCB dX B
(FW-BVB)_dht-_ + (CM.BVE)‘_dE_
accumulation rate of free accumulation rate of
drug in blood pool bou{ld drug in blood
poo

= Qnr(Fw,HCBr +CypXpp) T @ri(FwpCrit CyuXuin)
+ QulFy Ly +CM.BX\"KB) +QLE{FW.BCL£+CM.BXLA:B)

FT @il Fiy pCaat CorpX ) + Mg(1)

ummation of inflow rates [injection term]
of free and bound drug
from five body regions

G QB{-FW.BCB + CM’.BXH)

outflow rate of free and

bound drug from blood pool (Eg. 7)
The particular symbols are defined under Notation.

The term Mg(t) is the injection term, where M is the total
amount of the drug injected and g(t) is a normalized injection
function (7, 8):

2(t) = 30MADX1L — Ap)* (Eq.8)
where A is the reciprocal of the injection duration. The term Mg(t)
simulates a smooth injection and is convenient for computation (7,
8). Note that:

1fk
g(t) di=1 (Eq. 9)

A similar mass balance for the liver (Li) gives:

dCy;
(Fw Vs 2l WJ..iTVLiT) dt &

accumulation rates of free dru
[in capillary bed and tissue
portion of liver
dXyin dXyir
(CysVyiin) a0t + CyuirVuir) =

accumulation rates of bound drug
ir} capillary bed and tissue portion
liver

=(@r;— Q) (FywsCat+ CypXp) + QulFyCy+C M,BXGLB}

[inflow rates of free and] inflow rates of free and

bound drug from blood bhound drug from GI area

pool
—@Qy; (FW,BCLE =+ CM,BXLiB) —Ry,(Cyy)

outflow rate of free and | [metabolism rate of drug]
bound drug from liver
(Eq. 10)

The metabolism rate (7, 8) is written in the simple Michaelis-
Menten form:

G
Ru(Cr) = E kI -

— Eg.11)
i TCu (B
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Figure 4—Diagram of transient mass balance for the body region
Y under the assumptions of a well-mixed state in the capillary
bed and flow-limiting condition for highly lipid-soluble drugs.

Since the metabolism mainly occurs in the liver, all metabolism
of thiopental is assumed to occur in the liver. In general, similar
terms could be added to other body regions if necessary. Mark (15)
reported a value for the overall metabolism rate of thiopental as
15%/hr. The parameters (kr; and k1) in Eq. 11 were empirically
adjusted to provide values of ky; = 5.68 pmoles/min and ki =
4.0 umoles/liter for a 15-kg standard dog. The remaining mass bal-
ances have similar forms.

For the brain (Br) region:

dcﬂr
(F“',BVBrB it FW.BFTVBI’I') dt =

dXErB dXBrT
(CyaVap)—g; T(C wprVer) gy

QuFyCs+ChypXp— FwaCp —CypXas) (Eq.12)
For the viscera (Vi) region:
dCy;
(F W.BVViB o W,ViT’VViT) T: +
dXy,; dXy
(Cp8Vvin) at = +(CM,U[TVV5T)_E£ =
QuilFywsCs+CyaX s~ FuwpCvi —CuxsXvi) (Eaq 13)
For the GI (GI) tissue region:
dCar
(Fyw sV + FwenrVorr) dt &
2 dXcip dX g
(C weYcis) dt + (CM,GITV(:IT) d;' =
Qei(FywsCa+ CysXp— FypCoi— CM.H-XG{B) (Eq. 14)
For the lean tissue (Le) region:
dCyie
(FwpVin TF W,Le.TVLeT) “dt +
dX .5 dXpr
(CM,BVT.EB ) dt T (CMJ..e‘I'VLeT) dt ==
QuFysCr+ Chy 5X 5~ Fy 501 — Coy X 1es) (Eqg. 15)

For the adipose tissue (Ad) region:

dCag
(Fy.5V aapt Fw.aarV aar) o +

dX par _
dt

Qus(Fiw5Cs + Crr5X 5~ FiysCra—CrpXaas) (Eq. 16)

dX zar
(CirepV aam )_dt__ + (CM,ndTVAdT

Adipose tissue must be handled somewhat difterently (Appen-
dix IT). It is worth noting that free drug concentrations and bound
drug concentrations in all body regions (Fig. 3) are involved in Eq.
7, while the free drug concentration and bound drug concentration
in the blood pool appear in all equations. Thus, each equation is
not independent but interrelated to the others, constituting a set
of simultaneous differential equations. There are 20 unknown vari-
ables (seven free drug concentrations in blood water or tissue
water of the seven body regions and 13 bound drug concentrations
in the capillary beds and tissue portions of the seven body regions)
in Eqgs. 7, 10, and 12-16. Seven equations can serve to solve only
seven variables. Therefore, to solve the seven simultaneous equa-
tions, 13 remaining variables should be correlated to the seven se-
lected variables by certain relationships.

Equilibrium relationships between free drug concentrations and
bound drug concentrations in blood, organs, and tissues can be de-
termined experimentally and provide the 13 relationships to solve
the seven simultaneous differential equations. Actually, the equi-
librium relationships between free and bound drug in the capillary
beds of all body regions are the same. Hence, only seven equilibri-
um relations (one in the blood and six in the tissue portions of six
body regions) are required.

Any equilibrium relation between free and bound drug in blood
and various tissues can be determined by a general form of Lang-
muir adsorption (16, 17):

" NKC
ZA+KC

(Eq.17)

=

where:

» = moles of bound drug per mole of binding macromolecule
{moles per mole)
C = free drug concentration (micromoles per liter)
N, = average number of type i binding sites per molecule of
binding macromolecule (moles per mole)
K, = intrinsic association constant of type i binding site (liters
per micromole)

Goldbaum and Smith (18) measured the binding of several bar-
biturates in 1% bovine serum albumin at drug levels of pharmaco-
logical interest. They correlated the observed data with the form of
Langmuir adsorption for two types of binding sites:

N.K,C
T+ K0

N K.C

1+ K.C K-

r

Bound drug concentration (X, micromoles of bound drug per kilo-
gram of effective binding macromolecule) can be related to r, to be

Table II—Parameter Values for Kinetic Model of Thiopental in a 15-kg Dog

Parameter

Numerical Values

Cyp,p = 0.0146, Cyrrpe = 0.0152, Cyrp = 0.0149,
Car.prr = 0.0233, Cyrri7 = 0.0408, Cpr i = 0.0331,
Car vir = 0.0409, Cyr o7 = 0.0222, Cpp pqr = 0.8700
B, =18,400, B, = 305,000

Effective binding macromolecule
concentration?, kg/liter

Binding site constants (7, 8),
pmoles/kg

Intrinsic association constant
(7, 8), liters/umole

K, =0.060, K, = 0.000625

Lipid solubility constant (7, 8) B4 =100
Injection parameter? M =1420.45 pmoles, » = 0.20 min~'
Metabolism constant? ki =5.68 umoles/min, kyr1; = 4.0 pmoles/liter

a For detailed calculation, see Appendix II. P The values were modified from Refs. 7 and 8 to suit the condition of 25 mg of thiopental/kg
for a 15-kg dog.
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Figure 5—Predicted and experimental thiopental concentra-
tions in plasma, brain, and liver following 25 mg/kg iv.
defined in terms of free drug concentration (C):

o1 _ BEC  BEC
;"D T 1+ RC T1+RC

-+ (Eq. 19)

where:
A
Bl =5 E(Nl)

where Mp = molecular weight of binding macromolecule; 68,000
was assumed for the albumin to caleulate constant Bi shown in
Table II.

Since no other equilibrium relationships are available, Eq. 19
with the constants in Table II was assumed to represent the equi-
librium relation in blood, organs, and tissues as an approximation
and was used to solve the simultaneous Eqgs. 7, 10, and 12-16. This
approximation is reasonable if the equilibrium relationships be-
tween free drug concentrations and bound drug concentrations in
blood and various tissues of the dog have similar curve shapes to
those measured in 1% bovine serum albumin by Goldbaum and
Smith (18). It is assumed that the fractions of hound drug (thio-
pental) in blood, organs, and tissues of the dog are similar to those
of the rabbit, which are available (18) and are used to calculate ef-
fective binding macromolecule concentrations (Appendix IT). How
close must they be for a reasonable approximation will be dis-
cussed later.

One may wonder whether the equilibria between free and bound
drug in the body regions can be established so quickly that the
equilibrium relationships can be applied to the equations of tran-
sient mass ‘balances for the various body regions. Colowick and
Womack (19), in their studies on binding of diffusible molecules by
macromolecules, pointed out that the usual chemical equilibrium
for the binding reaction can be reached guickly, suggesting that
the equilibrium relationships between free and bound drug in
blood and tissues can be applied to the equations of transient mass
balances.

The term for the excretion rate is included in the general treat-
ment (20). Since the excretion of unchanged thiopental is negligi-
ble (21), the term is omitted in this treatment.

RESULTS AND DISCUSSION

Analytical solutions of the simultaneous differential equations
were not feasible because of nonlinearities caused by the binding
terms. Therefore, Eqs. 7, 10, and 12-16 were solved by numerical
methods (20). The numerical results for the dosage of 25 mg of
thiopental/kg are presented in Figs. 5 and 6. The predicted kinet-
ics in plasma and several organs and tissues of interest agree well
with the experimental data (2).

The same mathematical model used to develop Egs. 7, 10, and
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Figure 6—Predicted and experimental thiopental concentra-
tions in lean and adipose tissues following 25 mg/kg iv.

12-16 was applied to predict the thiopental distribution in plasma
and brain (3) shown in Fig. 2 by modifying some of the parameters
in Table IT to meet the new conditions. Because 40 mg of thiopen-
tal/kg was intravenously injected, the total amount of thiopental
injected to a 15-kg dog was 2272.72 instead of 1420.45 ymoles and
the injection duration was 8 min so that A = 0.125 min~L. The pre-
dicted kinetics in plasma and brain also agree well with the experi-
mental data (Fig. 7).

Mathematical Model Testing—This mathematical model in-
volves many parameters that must be known to certain degrees of
accuracy. If the model is stable enough, some reasonable variations
of the parameters should not appreciably change the results. Phys-
iological parameters in Table I and Fig. 3 are statistical average
values, which may be close to true values. Biochemical parameters
in Table II are determined from experiment and are expected to
deviate from true values. Because the true values for all parame-
ters are unknown, the values for all parameters in Tables I and IT
and Fig, 3 were assumed to be standard values. The stability of the
model was tested by comparing the numerical results from stan-
dard values for all parameters with those from a variation of £10%
of standard value for each of the following parameters:

1. +10% variation of the volume of any body region

2, £10% wvariation of the volume and the blood flow rate of any
body region

102
B PREDICTED  EXPERIMENTAL
B DATA DATA
PLASMA ——— a
BRAN ~——— o

ol g==

CONCENTRATION, TISSUE HOMOGENATE, mg/kg

e[l | SR 8 T T RS (e
(0] 40 80 ﬁo 160 200 240 280
MINUTES

Figure T—Predicted and experimental thiopental concentra-
tions in plasma and brain following 40 mg/kg iv.
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Table III—Volumes and Blood Supplies of Different Body Regions for a 15-kg Standard Dog

Total Tissue Tissue Blood Volume Blood

Volume (Including Volume (Excluding in Capillary Flow Rate,

Tissue Blood), liters Blooda), liters Bed, liters liters/min
Brain 0.0895 0.068 0.021¢c 0.2574
Liver 0.5300 0.424 0.1086¢ 0.5047
Adrenals 0.0020 0.001 0.001¢ 0.0344d
Kidneys 0.090& 0.025 0.065¢ 0.264F
Thyroid 0.003% 0.001 0.002¢ 0.0274
Heart 0.1280 0.086 0.042¢ 0.0814d
GI 0,725 0.527 0.198¢ 0.230%
Lean tissue 9.029% 8.930 0.0997 0.4364
Fatty marrow 0.4807 0.472 0.008¢ 0.0204d
Fat 2.1697 2.143 0.026¢ 0.0684d

4 Calculated from total tissue volume minus blood volume in the capillary bed. PW. 8. Spector, ‘‘Handbook of Biological Data,” Saunders,
Philadelphia, Pa., 1956, pp. 163, 283, € Calculated under the assumption that dogs and humans have the same ratio of blood volume in capillary

bed to tissue volume without blood. @ Calculated under the assumption that blood flow rate in certain tissues or organs have the same per-
centages of blood flow rate from the blood pool as that of standard man. € E. E. Selkurt, “Physiology,” 2nd ed., Little, Brown, Boston, Mass.,
1966, pp. 391—393. I D. S. Dittmer and R, M. Grebe, “Handbook of Circulation,” Saunders, Philadelphia, Pa., 1959, pp. 71, 127, 129, £1. P,

Delaney and J. Custer, Cire. Res., 17, 394(1965). % Calculated under
tion that dogs and humans have the same percentage of body weight f

3. #10% variation of the value for each volume fraction of water
in any body region

4. £10% variation of the lipid solubility constant, By

5. £10% variation of the metabolism constant, ky;

6. +10% variation of the binding site constants, Bi

7. +10% and +5% variation of the fractional data of bound drug
in various tissues

The data (20) show that +10% variation in each parameter, ex-
cept fractional data of bound drug in various tissues, can be toler-
ated without significantly affecting the results. This finding veri-
fies that the model is quite stable, allowing at least +10% varia-
tions in all parameters but fractional data of bound drug where a
+5% variation is acceptable. This indicates that the values for frac-
tions of bound drug in blood, organs, and tissues are more sensitive
parameters than the others in the model and, therefore, must be
determined more accurately.

Conclusions—Thiopental kinetics in brain are very important
for anesthetic studies. The model not only predicts thiopental dis-
tribution in blood but also simultaneously provides thiopental ki-
netics in brain and other organs. Conventional pharmacokinetic
models can never achieve this feature. One important feature of
the model is that each equation is not independent but interrelat-
ed to the others.

One potential application is that if the model can be verified for
a given drug in a species pharmacokinetically similar to humans, it
can then be applied to predict human pharmacokinetics by making
certain modifications in physiological and biochemical parameters.
The experimentally observed drug distribution in plasma or blood
can be used to compare with the corresponding kinetics predicted
by the model. If they agree well, the predicted drug distribution in
the other body regions that are difficult to sample may be expect-
ed to follow corresponding kinetic courses with confidence, even if
they cannot be verified experimentally. Therefore, the model can
provide valuable information for optimal therapeutic regimens.

Another potential application of the model is that the pharma-
cokinetics of some critical substances such as uric acid, creatinine,
and urea in patients suffering from renal failure or of exogenous
poisons in acutely intoxicated patients can be analyzed with re-
spect to extracorporeal device treatments. In such cases, the extra-
corporeal device adds one more equation to the model system, and
certain physiological parameters such as blood flow rates through
organs and tissues must be modified. This type of analysis could
lead to more optimal extracorporeal device treatment (20).

APPENDIX I DETAILS OF PHYSIOLOGICAL
PARAMETERS

The viscera body region shown in Fig. 3 includes kidneys, thy-
roid, heart, and adrenals; the adipose tissue body region contains
fatty marrow and fat. The blood volume of the blood pool is from
total blood volume (1.320 liters) minus the sum of the blood vol-
umes of the other six body regions shown in Fig. 3. The blood flow
rate from the blood pool is the sum of the blood flow rates from the
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the assumption of 60.2% of body weight. { Calculated under the assump-
r the corresponding tissues,

other five body regions (excluding blood flow rate from the GI
area) (Table III).

APPENDIX IT

The effective binding macromolecule concentrations! (7, 14) in
various tissues can be derived as follows. If there are D umoles of
drug contained in tissue homogenate of Yz body region with W li-
ters of water (tissue water and blood water in the tissue homoge-
nate) and P kg effective binding macromolecules out of total mac-
romolecules in the tissue, the following relation can be established:

D=WC + Px (Eq. AD
where C is free drug concentration in blood water or tissue water
(micromoles per liter), and X is bound drug concentration (the
amount of bound drug per unit of effective binding macromole-
cules) in the tissue (micromoles per kilogram). The fraction of
bound drug in the tissue homogenate, F, is defined as F = PX/D.
Substituting this into Eq. Al gives:

D= (1-F)D+PX (Eq. A2)
When Eq. A2 is divided by the total volume of the tissue homoge-
nate, it becomes:

Cr=(1—F)Cr+Cyy.X (Eq. A3)

where Cr is the total drug concentration, and Cpy y. is the effective
binding macromolecule concentration of Yz tissue homogenate,
This relationship can be further simplified:

FC
< (Eq. AY)

Ciry. =

Substituting Eq. 19 into Eq. A4 gives:

£ BK.C , B.KL
Cary: = Fc?/(l + K¢ % 1 +K'2C)

The effective binding macromolecule concentration in any tissue
homogenate (Table IV) can be calculated by using Eq. A5 if the
fraction of bound drug (F) in a certain total drug concentration (Cyr)
and the equilibrium relationship between the free drug concentra-
tion and bound drug concentration in the tissue homogenate are
known.

The effective binding macromolecule concentration in the tissue
portion (Table IV) can be calculated by the following equations,

(Eq. A5)

LK. B. Bischoff, School of Chemical Engineering, Cornell University, Ith-
aca, NY 14850, and R. L. Dedrick, Biomedical Engineering and Instrumen-
tation Branch, National Institutes of Health, Bethesda, MD 20014, personal
communication
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Table IV—Binding Parameters of Thiopental in Various Organs and Tissues of the Rabbit

Lean Red Blood Plasma,

Parameter Liver Heart Kidneys Brain Tissue Cells Undiluted Viscera? GI Tissue?
Fb 0.66 0.62 0.53 0.50 0.45 0.40 0.85 0.58 =
Chp,vz" 0.0356 0.0313 0.0235 0.0213 0.0221 0.0152 0.0146 0.0281 0.0281
Cy,yz1" 0.0408 0.0393 0.0459 0.0233 0.0222 — = 0.0409 0.0331

@Data shown were calculated by the method discussed in Appendix II. PFractions of bound drug in organs and tissues except plasma were
determined from tissue homogenate diluted to five volumes (18). € Cpryz and CppyzT are the effective binding macromolecule concentra-
tions, which have been multiplied by five (dilution factor), in tissue homogenate and in the tissue portion, respectively. The values shown

were calculated by the method discussed in Appendix I1.

taking the liver as an example:

Cup=FppCyupt+ (01— Fpp)Crpc (Eq. AB)

S e e e iy
Wiant Vagg 18 Wy F Vg 1BbE T 0L ¢A7)

The viscera body region consists of kidneys, heart, thyroid, and
adrenals. Since the volume fraction of the thyroid and adrenals in
the viscera is negligible and their fractional bound thiopental data
are not available, effective binding macromolecule concentrations
in kidneys (Ki) and heart (He) (Table IV) were used to calculate
the effective binding macromolecule concentration in the viscera
by the following equation:

Vil + VieCorne
Vi + Vi

Fractional bound drug data are not available for GI tissue, so its
effective binding macromolecule concentration was not calculated.
Therefore, the value of the effective binding macromolecule con-
centration in the viscera was assigned to the GI tissue. The effec-
tive binding macromolecule concentration in the GI tizssue portion
was then determined.

The tissue binding in adipose tissue! is somewhat different from
that in other tissues and must be handled differently. The equilib-
rium relationship between free and bound drug in the capillary
bed of adipose tissue is the same as Eq. 19:

B B.K, )
Xaan= M(1+K16‘M T+ K,Cog

Total drug concentration in the capillary bed of adipose tissue,
Cr adB, is defined as:

CI‘,MR =F w,BC.-\d e CM.BX AdB
Substituting Eq. A9 into Eq. A10 gives:

BlKl Bsz
Crass= CM[FW.B + CM_B(I +K,Cry 17 chﬁd)] (Eq. Al1)

The tissue “binding” by adipose tissue iz primarily the lipid sol-
ubility for which a simple linear Henry's law solubility relationship
can be used (7, 8). Thus, drug concentration in adipose tissue
(X aq7) is proportional to free drug concentration (Cag) in tissue
water:

Cpvi = (Eq. A8)

(Eq. A9)

(Eq. A10)

Kpar=BuCaa (Eg. A12)

Total drug concentration in adipose tissue portion (Cr aq7) is de-
fined as:

Craar = FiwaarCaa + CoraarXaar (Eq. AL3)
When Eq. A12 is substituted into Eq. A13, Eq. A13 becomes:
Craar = Caa(Fwaar+ CraarBa) (Eq. A14)

The partition coefficient of adipose tissue (Kaq) is defined as

the ratio of total drug concentration in adipose tissue to that in its
blood:

Craar Fwaar + CauaarB 4
=t e Eq Al
K BK, B,K, ) e 00

Fyg +CM,B(1 + KLCA:I 15 1= KZCM

Since! Kaqa = 15 and B4 = 100, at Cag = 100 (zmoles/liter),
Cas aqr, which can be solved by Eq. A15, is 0.870.

NOTATION

Cy, = free drug concentration in tissue water or blood water
of Yz body region (micromoles per liter)
Cy v = effective binding macromolecule concentration in Yz
body region (kilograms per liter)
Cy ve.r = effective binding macromolecule concentration in
tissue portion of Yz body region (kilograms per liter)
Fw.p = volume fraction of water in blood
Fiy y-r = volume fraction of water in tissue portion of Yz body
region
&5 = blood flow rate from blood pool (liters per minute)
¥ blood flow rate from Yz body region (liters per minute)

Vy.p = blood volume within capillary bed of Yz body region

(liters)

Vy=r = volume of tissue portion of Yz body region (liters)

Xy.5 = bound drug concentration (amount of bound drug per
unit of effective binding macromolecules) in capillary
bed of Yz body region (micromoles per kilogram)

Xy, = bound drug concentration (amount of bound drug per
unit of effective binding macromolecules) in tissue
portion of Yz body region (micromoles per kilogram)

Yz = various body regions and tissues
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Abstract O The developed pharmacokinetic model, an extension of the
Bischoft-Dedrick model, simultaneously predicts the kinetic behavior
of salicylate in cerebrospinal fluid, blood, organs, and tissues, The model,
which is entirely different from conventional compartment models, is
derived from basic considerations of drug distribution with biochemical
and physiological meaning. The dog was studied at three different dosages
of salicylate: therapeutic, moderate intoxication, and severe intoxication.
The predicted kinetics of salicylate in cerebrospinal fluid, blood, plasma,
liver, muscle, and adipose tissue by the model agreed well with the ex-
perimental data. The effectiveness of hemoperfusion treatment for the
severely intoxicated dog by albumin-coated activated carbon and its ef-
fect on the kinetic behavior of salicylate in cerebrospinal fluid, blood,
organs, and tissues were studied. The model was also applied to predict
the kinefic changes of salicylate in the body during and after the extra-
corporeal treatment. The predicted results also agreed with the experi-
mental data.

Keyphrases O Models, pharmacokinetic—developed to predict behavior
of salicylate in cerebrospinal fluid, blood, organs, and tissues, compared
to experimental data with dogs O Pharmacokinetic models—developed
to predict behavior of salicylate in cerebrospinal fluid, blood, organs, and
tissues, compared to experimental data with dogs O Salicylate—phar-
macokinetic model developed to predict behavior in cerebrospinal fluid,
blood, organs, and tissues, compared to experimental data with dogs

Blood or plasma drug levels have been used as an index
of dose scheduling for therapeutics under the assumption
that the drug level in blood or plasma corresponds to the
pharmacological effect of the drug. Conventional phar-
macokinetic models have been widely applied to simulate
the kinetic behavior of drug levels in blood or plasma.
However, the knowledge of drug levels in blood or plasma
with time may not provide sufficient information for ad-
equate therapy. The kinetic information of drug levels in
brain, cerebrospinal fluid, blood, organs, and tissues of
pharmacological interest may be necessary for the devel-
opment of more appropriate dosage regimens.

The model developed and used in this study is an ex-
tension of the Bischoff—Dedrick model (1, 2). This model
is derived from basic considerations of drug distribution
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with biochemical and physiological meaning. The model
has been applied successfully to predict the pharmacoki-
netics of thiopental (2, 3), methotrexate (1, 4, 5), and cy-
tarabine (6).

Previously, an extended version of the Bischoff-Dedrick
model was used to predict thiopental kinetics in the dog
(2). In this paper, the model previously presented (2) is
modified and applied to salicylate in the dog. The model
also is modified to consider the effects of activated carbon
hemoperfusion on the pharmacokinetics of salicylate in
the dog. Since drug-protein binding plays an important
role in pharmacological effect and pharmacokinetics, the
model also is applied to predict the pharmacokinetics of
free (unbound) salicylate levels in plasma water, which is
more related to the pharmacological effect of the drug.

THEORETICAL

A diagram of hlood circulation through various body regions is shown
in Scheme I. The blood pool is the blood volume excluding the blood
contained in the capillary beds of organs and tissues in the body.

The transient mass balance for any organ or body region can be ex-
pressed as (2):

[drug accumulation rate ] drug inflow rate from

= [bl{md pool and/or ]

other body regions

in both capillary bed and
tissue portion

drug outflow rate]

+ [drug ingestion rate, if any] — [ Fra oy fosion

__ [ drug metabolism rate and/or
excretion rate, if any

] (Eq. 1)

The mathematical equation of the transient mass balance for any body
region (Yz) is:
d(Vy.pCr v:8) 5 d(Vy.rCry.1)
dt dt
where the subscripts mean the following: B, blood; T, total or tissue; and
¥z, a body region such as Ad (adipose), Br (brain), G/ (gastrointestinal),
Li (liver), Mu (muscle), and Vi (viscera); and where Cr p is the total

= @y:(C7p — Cry:p) (Eq.2)
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Scheme I—Body regions and blood flows for a 15-kg (average) dog. Key:
I = liters.

(bound and unbound) drug concentration in blood from the blood pool,
Cr.v is the total drug concentration in the capillary bed (blood portion)
of the body region (Yz), Cr v is the total drug concentration in the tissue
portion of the body region (Yz), @y is the blood flow rate from the body
region (Yz), t is time, Vy.p is the blood volume in the capillary bed of the
hody region (Yz), and Vy, 7 is the tissue volume in the tissue portion of
the body region (Yz).

Most drugs can be bound to plasma proteins, especially to albumin,
and to various tissue components (7). The free (unbound) drug level in
the target organ(s) is more related to the pharmacological effect of the
drug. The model considers this factor by correlating the total drug con-
centration with the free drug concentration in blood, organs, and tissues.
The relationship between the total drug concentration, Cr s, and the free
drug concentration, Cr g, in blood can be determined in vitro. Thus:

Crs=fr(Crn) (Eq. 3)

where fz(Crp) is a mathematical expression of the total drug concen-
tration in terms of the free drug econcentration in blood.

The mathematical relation between the total drug concentration,
Cr.y:p, and the free drug concentration, Cr,yz, in the blood of any organ
capillary bed, YzB, is the same as that in Eq. 3:

(Eq. 4)

Similarly, the total drug concentration, Cr,y.r, in the tissue portion of
the body region, Yz, can be expressed in terms of the corresponding free
drug concentration, Cr y.T, by another funetion, fv.7(Cry-1):

Cr.y:e = fp(Cr,y:8)

Cryv.r = fy:1(Cry.T) (Eg. 5)
After Egs. 3-5 are substituted into Eq. 2, Eq. 2 becomes:
d|Vy:sfe(Cry:8)] + d[Vy.1fy.r(Cry=7)]
dt dt
= Qv [f(Crp) — fe(Cry:8)] (Eq.6)
Equation 6 can be developed to the following equation:
; dCpy:g dVy:g
Vy:5fa(Cr y:8) 5 + fB(CF y:B) =
dCrp vy dVy,
+ Vy1f vor(Cry=T) ;: T+ fyer(Cryet) d:,: T
= Qv.[fa(Crp) — fB(Cry:p)] (Ea.7)

where fa'(Cry.n) = dfs(Crv:8)/dCry:p and fy,p(Cry.p) =
dfy.7(Cry.7)/dCp y.7.

Capillaries in organs and tissues differ widely in their permeability
characteristics. There are two types of mass transfer between the capil-
laries and the surrounding tissue. One type is the nearly instantaneous
establishment of an equilibrium free drug concentration between the
capillaries and the tissue. The capillaries of the liver permit the passage
of substances quite readily (8). The equilibrium free drug concentration
between the liver capillaries and the surrounding tissue can be established
rapidly. In this case, the free drug concentration, Cr y.7, in the tissue
effectively equals the free drug concentration, Cr yzg, in the capillaries,
That is:

Cry.r= Cry:n (Eq. 8)
Substitution of Eq. 8 into Eq. 5 gives:
Cry.r = fv.7(Cr,y:B) (Eq. 9)

Equations 8 and 9 are substituted into Eq. 7, rearranged, and simplified
tos

’ dCry- dVy-
[Vy-gfs'(Cryz8) + Vyerfv.r(Cry:B)] —;':—B + f8(Cr yz8) d: B

dVy.r

d: T = Qv.Ifu(Cip) - f8(Cry:8)] (Eq.10)

The second type of mass transport through the capillary wall is the
restricted passage between the capillaries and the tissue. For instance,
the capillary wall in muscle is composed of an interlocking mosaic of
endothelial cells with slits (junctions) between them that could function
as the postulated pores and could account for the restricted passage of
water-soluble compounds (9). The restricted transport of salicylate
through the muscle capillary wall does not allow the instantaneous es-
tablishment of the equilibrium free salicylate concentration between the
capillaries and the muscle tissue.

The restricted transport of drugs between the capillaries and the tissue
may be described in terms of Fick’s law. The changing rate of the free drug
concentration, Cg y.7, in the tissue is proportional to the free concen-
tration difference between the capillaries and the tissue, which gives:

+ fy.7(CF y28)

dCryv:T
dt

where Py, is a proportionality constant called the permeability constant
and Cr v, and Cr v, are the free drug concentrations in the capillaries
and the tissue of the body region, Yz.

Substituting Eq. 11 into Eq. 7 gives:

= Py, (Cryze — Cpy:T) (Eqg. 11)

dVy. . ,
d‘; 2 4 Vyorfyr(Cry21)Py:

dVy.r
dt

= Qy.|fr(Crg) — f(Cry:n)]

dCr v:B

Vz “(Cr z
v:5fB’(Cr y:E) i

+fe(CF y:B)

X (Cry:p — Cry=1) + freT(Cry=1)

(Eq. 12)

MODEL

This study attempted to apply the model to predict the kinetic be-
havior of salicylate in cerebrospinal fluid, blood, liver, muscle, and adipose
tissue because experimental kinetic data of salicylate in these body re-
gions are available (10). At least five body regions may be defined: brain,
liver, muscle, adipose tissue, and the blood pool (the blood velume ex-
cluding those blood volumes in the capillary beds of body regions). In
mammals, blood from the GI area perfuses the liver, Thus, GI tissues are
added as another body region. Since there is little interest in the kinetics
of salicylate in the kidneys or heart, these two organs may be included
in the body region called viscera.

A diagram of blood circulation in the seven body regions with physio-
logical data of blood volumes, tissue volumes, and blood flows for a 15-kg
(average) dog is shown in Scheme I. Some physiological data are revised
and different from those given previously (2). These revised data repre-
sent the actually measured statistical data (11-18).

The transient mass balance for the blood pool can be expressed as:
d(Vg,C .
%T’—B} = (Q@pCrers + QLiCr i + QuiCrvin

+ QuuCraus + QadCradn) + Mg(t) — QeCrp  (Bg. 13a)
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Table [—Parameters and Constants for the Model®

Blood GI i Adipose
Pool Brain Liver Viscera Area Muscle Tissue
Bysent 0.460 0.007 0.087 0.091 0.163 0.164 0.028
Fw.y.r° — 0.7936 0.7326 0.7824 0.7410 0.7757 0.1922

2 A (mg/liter) = 72.6645, M = 11571, B (mg/liter) = 175.1879, N = 1.2441, Pesp (21, 22) (min~!) = 0.0040, Py, (8, 23) (min~?) = 4.5550, @y (liter/min) = 0.001, Qpr
(liter/min) = 0.065, @ (liter/min) = 0.00167, Qcsr (8, 23) (ml/min) = 0.08, and Vogr (ml) (8, 23) = 32 for a 15-kg (average) dog. ¥ Fraction of the blood volume in organ

capillaries to the total blood volume in the body. © Taken from Table 1 of Ref. 2.

6]

drug accumulation | _ | summation of drug inflow rates
rate in blood pool | = | from five body regions

+ [ingestion rate] — [drug outflow rate from blood pool] (Eg. 13b)

Plasma protein binding of salicylate was studied by the equilibrium
dialysis technique (19). A linear relation was found between the total
salicylate concentration, Crp, and the free concentration, Crp, in plasma
in the range of salicylate levels investigated (10):

CT,P = IP(CF,P} =B+ NCEP

where B and N are constants (10) given in Table L.

The relationship between the total salicylate concentration and the
free concentration in whole blood may be determined indirectly. Since
the free (unbound) drug in plasma water is in equilibrium with the bound
drug in hoth plasma and blood, simultaneous determination of both total
salicylate concentrations in blood and plasma from the same samples
makes it possible to find the free concentration corresponding to both
total concentrations in plasma and blood from Eq. 14. The relation thus
constructed between the total salicylate concentration, Cr go, in original
(nondiluted) hlood and the free concentration, Cs g, in blood water is also
linear (10):

(Eq. 14)

Crao=fB(Crp) = A+ MCrp

The values for A and M are also listed in Table 1.

The experimental salicylate distribution data were obtained during
a B-hr experiment (10) in which blood loss oceurred due to the surgical
trauma from taking tissue samples. Normal saline was given continuously
to maintain adequate blood pressure and blood volume. Therefore, the
blood in the body was gradually diluted during the experiment. The
fraction of whole (nondiluted) blood at time ¢ in the continuously diluted
blood, Fg(t), can be calculated from the solution to a differential equation
of the mass balance for the whole (nondiluted) blood. The rate of change
of the total whole (nondiluted) blood volume in the body is equal to the
loss rate of the whole blood, @gr Fp(t), due to bleeding. Tt gives:

d[VrpFp(t)]
dt

{Eq. 15)

= —QpLFa(t) (Eq. 18)

where:

Ve = Vrpo + (Hse — Qpr)t

and Fg(t) is the fraction of whole (nondiluted) blood in the continuously
diluted blood at time ¢, @pz is the blood loss rate due to bleeding from
tissues, Qg is the saline-entering rate to the vein, Vg is the total blood
volume in the body at time zero, and Vg, is the total blood volume
(diluted blood) in the body at time ¢,

In this study, the normal saline infusion rate was kept constant while
the bleeding rate of blood loss from tissues was assumed to be constant
(Table I). After Eq. 17 is substituted into Eq. 16, the solution to Eq. 18,
under the conditions of both Qs and @z, being constants, gives:

(Qse — QBL)?:]'[QSE.-"(QSE—QBLH
Vreo

(Eq. 17)

Fg(t) = Fp(0) [1 ks (Eq. 18)
Since time zero is the time just prior to blood dilution from saline infusion
(10), the fraction of whole (nondiluted) blood at time zero, Fg(0), is
one.

The amount of salicylate in the diluted blood equals the amount of
salicylate in the whole blood fraction plus that of salicylate in the water
fraction of the diluted blood. Thus, it gives:

Vre:Crg = [Vin Fpt)|Crpo+ Ve[l — Fe()iCrp  (Eq.19)
Equation 19 may be simplified to:

Crp=Fpt)Cppo+ [1 — Fp(t)ICrB (Eq. 20)
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Substituting Eq. 15 into Eq. 20 and rearranging give:
Crp=Fp(t)A+ H.(t)Crp (Eq. 21)

where H,,(t) =14+ (M — 1)Fg(t), A and M are constants in Eq. 15 and
their values are shown in Table I, Cr g is the free salicylate concentration
in blood water, (' gg is the total salicylate concentration in whole (un-
diluted) blood, and Cr g is the total salicylate concentration in the diluted
blood at time ¢.

Similarly, the total salicvlate concentration in the blood of the capillary
bed of any body region, Yz, can be expressed as:

Cry=p = Fp(t)A + Hn(t)Cpy:n (Eg. 22)

where Cr y.p is the free salicylate concentration in the capillary blood
of any body region, Yz, and Cr y:p is the total salicylate concentration
in the capillary blood of any body region, Yz. The blood volume of the
blood pool, Vg, at time ¢ can be ealculated by:

Ve:= Vio+ (Qse — @pr)tFyvp

where Fy g is the fraction of the blood volume of the blood pool in the
total blood volume, Vg o is the blood volume of the blood pool at time zero,
and Vg is the blood volume of the blood pool at time ¢, Substituting Eqgs.
21-23 into Eq. 13 and rearranging result in:

(Eq. 23)

dC
% = (@8-Crprs + QLiCrrLin + QviCrvis + @uuCrmup
+ QadCraar)/ Ve + Mg(t)/[Va:Hn(t)]
—Jp(t)Crp — Gg(t) (Eq.24)
where:

Gp(t) = AlFE'(t)/Hn(t) + (Qsg
— Qpr)Fv pF(t)/|VeHn(t)]] (Eq.25q)

and:
Jp(t) = [Hp'(t)/Hp(t) + (Qsg — Qpr)Fvp/Vee + Qp/Vp] (Eq. 25b)

where Fg'(t) = dFg(t)/dt; Hy,'(t) = dH,,(t)/dt; Cpp is the free salicylate
concentration in the blood pool; Cr v, g is the free salicylate concentration
in the capillary bed of any body region, Yz; @y is the blood flow rate from
the body region, Yz; and Vg, is the blood volume of the blood pool at time
t.

An infusion pump was used to infuse the drug solution at a constant
rate over 5 min (10). Thus, the ingestion term, Mg(¢), in Eq. 24 is equal
to the dose divided by 5.

Liver—The transient mass balance for the liver (Li) is:

d(V0ig:Crrin) i d(ViirCrrit)

= (Q@uaCra+ QaiCren)

dt dt
—QuiCrpip — Rn (Eq. 26a)
or:
drug accumulation rate drug inflow rates from
in eapillary bed and =| blood pool (hepatic artery) and
tissue portion of liver GI tissue (portal vein)

dr tfl ;
— [rai?egf?gm ?i:rer] — [metabolism rate] (Eq. 26b)

Salicylate did not bind with the tissue components of the liver (10),
which suggests that the amount of salicylate in the liver tissue equals the
free salicylate concentration, Cr rir, multiplied by the volume of liver
tissue water, Vi Fy Lir:

VeirCrrir = (VeirFu ir) Crrir (Eg. 27)

where Cp ;7 and Cyp ;9 are the free and total salicylate concentrations




in the tissue portion of the liver, respectively; Fy,LiT is the volume fraction
of water in the tissue portion of the liver; and V7 is the volume of the
tissue portion of the liver. Since the liver capillaries are highly permeable
to salicylate, the equilibrium salicylate concentration (unbound con-
centration) between the capillaries and the liver fissue may he established
nearly instantaneously:

Crrir=CrLip (Eq. 28)
Substitution of Eq. 28 into Eq. 27 yields:
VierCrpir = (ViirFunir)CrLin (Eq. 29)

The total salicylate concentration, Crp g, and the blood volume, Vi,
in the liver capillaries at time ¢ have similar formulas as those in Eqgs. 22
and 23:

Crrip= Fp(t)A + H,(t)CpLiB (Eq. 30)

and:

Viig:e = Viigo + (Qse — @pL)tFyv LiB (Eq. 31)

where Fy 1 is the fraction of the blood volume of the liver capillary bed
in the total blood volume, and Vi;poand Viig, are the blood volumes
of the liver capillary bed at time zero and ¢, respectively.

Substituting Egs. 29-31 into Eq. 26a and rearranging yield:

dCrri :
—g}ié = (@uaCrp + QuiCrap) Hp (t)/Lpi(t) = J1:(6)Cr rin

~ Rp/Lpi(t) — Gri(t) (Eq. 32)
where:
Li;(t) = Vi Hn(t) + VeeFurir
Gr:(t) = A[VLpiFp'(t) + (Qsg — Qpu)FyrinFs(0)]/LLi(t)

Jrilt) = [V Hn! (8) + (Qsg — Qri)FvrisHn(t)
7 QLiHm(r)“LLj(t)

Q4 = blood flow rate of the hepatic artery
Qer = blood flow rate from the GI body region

The metabolism rate, R, can generally be described in terms of the
simple Michaelis-Menten form:
__ KiiCrur
" Kar it Crnir
There are two special cases: (@) if g rir 3> Kar i, then Ry = Ky (zero
order), and (b) if Crri7 € Kppi, then R, = (Kpi/Kapi)Cropir (first
order).

Since the metabolism mainly oceurs in the liver, it was assumed that
all salicylate metabolism oceurs in the liver. In general, similar terms
could be added to the other body regions if necessary. It was found pre-
viously (10) that the total excretion rate of unchanged salicylate and its
metabolites (salicylurate, salicylglucuronide, and gentisate) was zero
order and was 1.70 mg/min for the three dosages studied. Davis and
Westfall (20) found that the amount of unchanged salicylate excreted
in dog urine was 38% while that of its metabolites was 62% of the total
amount excreted. The salicylate metaholism rate, which was assumed
to be 62% of the total excretion rate, was 1.05 mg/min for the three dos-
ages investigated.

Viscera— The transient mass balance for the viscera body region (Vi)
is:
d(Vvip:Crvin) o d(VyirCrvir)

dt dt

(Eq. 33)

= Qvi(Cpp — Crvig) — R, (Eq.34)

The renal excretion rate, R,, of unchanged salicylate was 0.65 mg/min
for the three dosages studied (10). The total salicylate concentration,
Cryig, and blood volume, Vyig,, in the viscera capillaries at time { may
be written in a form similar to that for the liver capillaries. The perme-
ability of the visceral (kidneys and heart) capillaries is assumed to be
similar to that of the liver capillaries. Salicylate does not bind with the
tissue components of the viscera either. Thus:

(FuvitVvir)Cryvir = FuvirVvir)Crvis (B 35)
Cryvip=Fe(t)A + Hy(t)CrviB (Eq. 36)

V\r’i '.f‘C TViTl =

and:
Vvipe = Vviso + (@se — Qar)tFyv vin

Substituting Egs. 35-37 into Eq. 34 and rearranging yield:

(Eq. 37)

dCrv; :
#= [@viHm (t)/Lyi(t)]Crp

— Jyilt)Cryvin — Gvilt) — R./Lyi(t)  (Eq. 38)
where:

Lyi(t) = VvipHn () + VvirFuviT
Gvi(t) = A[Vvin F5'(t) + (Qse — Qer)Fyv,visFa(t)]/Lvi(t)
Jyi(t) = [VvipeHm'(t) + (Qse — Qo) Fv,visHum (1)
+ QviHm (2)]/Lyvi(t)
R, = renal excretion rate of unchanged salicylate
GI Region—The transit mass balance for the GI region (GT) is:

d(VaiCrcis) o d(VerrCrarr) _ Qul
dt dt St

Cre— Creis)

(Eqg. 39)
where:

VorrCrarr = (VorrFuam)Crer = (VerrFuarr)Crome  (Eg. 40)
Crgp = Fp(t)A + Hn () Crare (Eg. 41)

and:
Ve = Vano + (Qse — QaL)tFv.cm

The following equation results from the substitution of Egs. 40-42 into
Eqg. 39:

(Eg. 42)

dCp ;
_(';-fﬂ“i = [QeiHm )/ L) Crp — dar£)Creis — Garlt)

(Eq. 43)
where:

Lar(t) = VaptHm () + VarrFuerr
Gor(6) = A[VarsFe'(t) + (Qse — QL) FyvamEs(t)]/Ler(t)

Jer(t) = [VarsHu' () + (Qsp — QL) Fv.cieHn (t)
+ QerH = (0]/Lar(t)

Adipose Tissue—The transit mass balance for the adipose tissue re-
gion (Ad) is:

VaaptCr d(VagrCr
d( mﬂc,i:r r.adB)  d Ad'];tf,AdT):QAJ(CTIB—CTIAM;) (Bq. 44)

The tissue “binding” in adipose tissue is primarily due to the lipid
solubility of the drug. Salicylate that is fonized at physiological pH is not
lipid soluble. Salicylate in the small portion (about 19%) of water in ad-
ipose tissue accounts for the total amount of salicylate in the tissue por-
tion, giving:

VaarCroaar = (VaarFu,sar)Cradar = (VaarFu.aar)CradB (Eq. 45)
Also:

Cpadg = Fr(t)A + Hy(£)Cpadp (Eq. 46)
and:

Vaape = Vaago + (@sg — @eL)tFv.adB (Eq. 47)

Substituting Eqs. 45-47 into Eq. 44 and rearranging yield:

Egg,:_dﬁ = [QuaHm ()/Lag(®)]Cr.n — J4a(t)Craan — Gaalt)

(Eq. 48)
where:

Laa(t) = VaanHm(t) + VagrFuadr
Gaalt) = A[Vaup Fe'(8) + (Qsk — QBr)Fv,aanls(0)]/Laa(t)

Jag(t) = [VagpHe'(t) + (Qse — QL) Fv,adsHn (1)
+ QagHpm (E)]/Laalt)
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Muscle—The transit mass balance for the musele body region (Mu)
is:

d(Varup:C1 7un) ¥ d(VarrCrmur)

T i = @mu(Cre — Craup) (Eq. 49)

Salicylate does not bind with the tissue components of muscle. Hence:

VaurCormur = (VarrFuwprer) Craur (Eq. 50)
Cramus = Fp(t)A + H,.(t)Craun (Eq. 51)

and:
Vune = Vaupo + (Q@se — QsL)tFyv aun (Eq. 52)

It has been stated that the passage of water-soluble compounds such
as salicylate through the muscle capillaries is restricted. The restricted
drug transport can be described by:

dC

— " = Putu(Crptun = Crsar) (Eq. 53)
Substituting Egs. 50-53 into Eq. 49 and rearranging give:
dC ; : ‘
—I;’F"CM—“B = (Quu/Viun)CrB — Tnu (8)Cramun

+ Pate Vatu 1 Fuovtue/ | Vages e Ho (ONCr s — Sar(t)  (Bq. 54)
where:
Iyt (t) = [Vaus Hem (0 + (@se — Qo) FyaupHm (1)
+ Pt Vit Fiopur + QaauHm (01 [ Varug e Him ()]
Sare(t) = A[Fg (1) /H(t) + (Qsr
= QL) F v punFp(t)/ [Vans Ha ()]
Brain—The transit mass balance for the brain region (Br) is

2(Vprg:Cras) & d{(Vg.rCrprr)
dt dt

No binding between salicylate and the brain tissue was found (10).
Hence:

=Qp(Crp— Crpn) (Eq.53)

VierCraer = (VerrFo o) Coger (Eq. 56)
Crp=Fp(t)A + Hyu () Crprs (Eq. 57)

and:
Virse = Virao + (Gse — Qni)tFyv s (Eq. 58)

In the brain, the capillaries are much less permeable to water-soluble
substances, perhaps because the endothelium of brain capillaries appears
1o be a continuous sheet of the glial connective tissue cells without visible
pores (8). The cellular sheath of the brain capillaries highly impedes the
passage of water-soluble compounds and accounts for the blood-brain
barrier. The kinetics of salicylale penetration into cerebrospinal fluid
and brain were studied previously (21, 22). The permeabilily constant,
Pesp, for salicylate penetration into cerebrospinal fluid (21, 22) is in the
0.0026-0.006-min~"! range. Materials diffuse relatively freely in either
direction between the cerebrospinal fluid and extracellular fluid deep
info brain tissue (23). Therefore, the value of the permeability constant
for the blood-cerebrospinal fluid barrier may be adopted as that for the
passage of the drug between the brain capillaries and the brain tissue,
I-.E‘.‘ PBr = PCSF-

The highly restricled transport of the drug in the brain can be written
in terms of the free concentration difference between the capillaries and
the brain tissue:

% = Pp-(Crae — Crper) (Eq. 59)
Substituting Egs. 56-59 into Eq. 55 and rearranging give:
% = (Qe-/Virn:)Cre — In-(1)Crprn
+ P VP gt/ [Vers,  Hin (]|Coprr — Spe(t)  (Eq. 60)
where:

Ip:(t) = [VprpHn' (1) + (Qse — @pr)Fv.arsHm(t)
o PHrVHr'J"Fu.-,BrT + QBer (”]”V.’Jrﬂ.th (f )]

Sp-(t) = AlFp’()/H (1) + (Qsi — Qar)FyvereFa(t) /[ Vi H o ()]
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Kinetics of Salicylate Penetration into Cerebrospinal Fluid—In
humans, the production rate of cerebrospinal fluid is in the 0.3-0,5-
ml/min range with a total volume of ahout 120-200 ml (8, 23). The cere-
brospinal fluid moves by bulk flow out of the ventricular system into the
subarachnoid space and eventually returns to the bloodstream. The drug
in the cerebrospinal fluid is removed as it returns to the general circula-
lion.

The drug accumulation rate in the cerebrospinal fluid equals the drug
penetration rate from the brain capillaries to the cerebrospinal fluid
minus the drug removal rate due to the cerebrospinal fluid returning to
the bloodstream. Thus:

d( Vi C 3 ) ol 1 %
—Eiii = VesrPose(Crrn — Cosr) — QesrCesr (Eq. 61)
Equation 61 may be simplified to:
dC:
# = Pesp(Crpn — Cosr) — (Rese/Vesr)Cese (Eq. 62)

where Cg g-p and Cogr are the free concentrations in the brain capillaries
and in the cerebrospinal (luid, respectively: Pegp is the permeability
constant for drug passage into the cerebrospinal fluid; Gesy is the pro-
duction or removal rate of the cerebrospinal fluid; and Vs is the total
cerebrospinal fluid volume.

There are 10 unknown variables (seven free concentrations in the blood
pool and in the capillaries of the other six body regions plus three free
concentrations in the cerebrospinal fluid and in the tissue portions of
brain and muscle) in a system of 10 simultaneous equations (Fgs. 24, 32,
38, 43, 48, 53, 54, b9, 60, and 62). Ten equations can serve to solve 10
variables. Therefore, a system of the 10 simultaneous first-order ordinary
differential equations can be solved numerically. In this study, the
Runge-Kutta fourth-order method (10, 24) for solution of ordinary dil-
ferential equations was employed to solve the 10 simultaneous equations.
The solution gives simultaneously the kinetics of the 10 variables (free
salicylate concentrations in this case).

Since the total salicylate concentration, C 7.8, in the blood pool and
bath the total salicylate concentration, Cy: y.p, in the capillary blood and
the total salicylate concentration, Cr y.1, in the tissue portion of any body
region, Yz, can be correlated with their corresponding free salicylate
concentrations by Egs. 21, 22, 99, 35, 40, 45, 50, and 56, all kinetics of tatal
salicylate concentrations in the blood pool and in both the capillary blood
and tissue portions of various body regions can also be determined by the
model. Model feasibility can be demonstrated by comparing the exper-
imental kinetic data with the model-predicted results. Since the exper-
imentally determined salicylate concentration in any organ, Yz, Tepre-
sents the total salicylate concentration, Cr y,, in that organ, which ean
be caleulated in terms of the total salicylate concentration, C T vzg,in the
capillary blood and the total salicylate concentration Cr v, 1, in the tissue
portion of the body region by the following equation:

Cry:(Vyp+ Vyer) = CryvasVyeg + CryverVier  (Bq. 63)

the pharmacokinetics of total salicylate levels in various organs and
tissues can be predicted by the model.

During the 6-hr experiment, blood loss occurred due to the bleeding
from taking various tissue samples to obtain experimental kinetic data.
Normal saline was continuously supplied to maintain adequate blood
pressure and blood volume. The factors accounting for the blood dilution
and the drug loss accompanying blood loss were considered in con-
strueting the pharmacokinetic model. However, the kinetic behavior of
salicylate distribution in the body of an intact dog in which tissue samples
are not taken is expected to be alittle different from that in the dog from
which various tissue samples are taken. When tissue samples are nol
taken, neither blood loss nor blood dilution oceurs. The fraction of whole
(nondiluted) blood, F(z}, is always one, and the rates of saline supply
and blood loss are zero. The solution to a system of the 10 simultaneous
differential equations will give slightly higher salicylate levels in the body
because there is no drug loss accompanying blood loss.

Effect of Hemoperfusion on Salicylate Kinetics— The effectiveness
of hemoperfusion using albumin-coated activated carbon for acute, se-
verely intoxicated cases was evaluated in terms of its effect on the sali-
eylate body distribution (10). Tt was also attempted to apply the model
to predict the salicylate pharmacokinetics in the body due to the extra-
corporeal treatment. A blood pump was used to shunt part of the femoral
arterial blood through the extracorporeal device, and the “clean” blood
out of the device was conducted into the femoral vein during the treat-
ment, Thus:

Qv er = Qe — QeT (Eq. 64)
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Figure 1—Predicted (solid lines) and experimental salicylate con-
centrations in blood (O), muscle (0), and adipase tissue (¢ ) at a dose
of 285 mg/kg (sodium salicylate).

where Qg gr is the blood flow rate through the muscle during the ex-
tracorporeal treatment, §gy is the blood perfusion rate shunted through
the extracorporeal device, and @y, is the blood flow rate through the
muscle without shunting blood through the device.

The salicylate removal rate by the extracorporeal treatment, Rgr, can
be calculated by:

Rer= Qer(Crp — Craout) (Eq. 65)

where Cr g is the total drug concentration from the blood pool entering
the extracorporeal device and Cr g oyt is the total drug concentration in
the outflow blood from the device.

During extracorporeal treatment, Eqs. 13 and 49 of transient mass
balance for the blood pool and for the muscle region should be modified
to:

d(Vg:Crp) 7
—B!';t—@; = (@p-Crps+ QriCrris + QuiCrvip

+ @, eTCrMuB + QerCrpowt + QaaCradn) + Mg(t)
—@Crp (Eq.66)

and:

d(VyuptCormun) "y d(VanrCrasmr)

O e O
i 7 Qutuer(Crs — Croanus)

(Eq. 67)

The right-hand side of Eq. 66 can also be written in terms of the sali-
cylate removal rate by the extracorporeal treatment, Ry, from Eq. 65
and becomes:

d{Vg.:Crp) ; 5
% = (Qu-Craz + QriCrrip + QuiCrvip
+ QntoerCrmun + QaaCr aap) + Mg(t)
— (@ — Qer)Cin— Rgr (Eq.68)
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Figure 2—Predicted (solid lines) and experimental salicylate con-
centrations in plasma (Q), liver (0), and cerebrospinal fluid (¢) at a
dose of 285 mg/kg (sodium salicylate).
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Figure 3—Predicted (solid lines) and experimental salicylate con-
centrations in blood under the influence of 2-hr hemoperfusion treat-
ment at a dose of 285 mg/kg. Key: O, inflow blood; and O, outflow
blood.

SALICYLATE CONCENTRATION,

ol 1 I 1 I
(1]

Therefore, the pharmacokinetic behavior of salicylate in the body
during the extracorporeal treatment also can be predicted by solving a
system of 10 simultaneous equations.

RESULTS AND DISCUSSION

The values of parameters and constants necessary for solving the
system of 10 simultaneous differential equations are shown in Table I
and Scheme I.

Three different dosages of sodium salicylate were used: 135 mg/kg
(therapeutic), 210 mg/kg (moderate intoxication), and 285 mg/kg (severe
intoxication). Only the 285-mg/kg data are given here; data for the other
dosages are available, however (10). Three or four mongrel dogs (15-25
kg) were evaluated with each dosage. An infusion pump was employed
to infuse each dose at a constant rate over 5 min. A detailed description
of the experimental method for quantitative studies on salicylate kinetics
in cerebrospinal fluid, blood, plasma, liver, muscle, and adipose tissue
is available (10).

The mean values (£S50) of the experimentally determined salicylate
concentrations with time and the predicted pharmacokinetics (solid lines)
by the model are shown in Figs. 1 and 2 for the 285-mg/kg dose. If a cal-
culated standard deviation is within the size of a symbol representing a
mean value, then the standard deviation is not shown in the figures. Time
zero in the figures is the time just prior to infusing a dose. The good
agreement between predicted kinetics and experimental data demon-
strates model feasibility.

In an experiment with hemoperfusion treatment, a severely intoxi-
cating dose (285 mg/kg) of sodium salicylate was administered intrave-
nously to dogs (19-26 kg, average 23 kg) at a constant rate for 5 min. Two
hours later, the poisoned dog was treated by an extracorporeal device
containing 250 g (wet weight) of albumin-coated activated carbon! for
2 hr (10). The arterial blood from the femoral artery was shunted through
the extracorporeal cartridge; salicylate in the blood was adsorbed by the
carbon, and the outflow “clean” blood returned to the femoral vein.

The salicylate removal rate by hemoperfusion was calculated, as stated
previously, in terms of the blood perfusion rate and the concentration
difference between inflow and outflow blood samples (Fig. 3). The blood
perfusion rate shunted from the femoral artery of a 23-kg (average) dog
in the experiment (10) was kept at 100 ml/min by a bloed pump. However,
the physiological parameters employed in the pharmacokinetic modeling
are based on a 15-kg (average) dog. Hence, the blood perfusion rate used
in this model was adjusted to that for a 15-kg dog and gave 65 ml/min as
the result of multiplying a ratio of the two body weights.

Figures 4-6 show the experimental kinetic data of salicylate levels
(mean value + SD) in blood, plasma, muscle, adipose tissue, and cere-
hrospinal fluid and the predicted kinetics (solid lines) by the model under
the effect of the 2-hr treatment. The kinetic changes of salicylate levels
in the body during and after the hemoperfusion are also well predicted
by the model with certain modifications in blood flows and in equations
as expressed in the previous section.

The pharmacological effect of a drug is generally reflected better by
the free (unbound) drug levels in blood or target organ(s). The relation-
ships between free and total drug concentrations in blood and varicus

! Witeo 517, Witco Chemical Co.
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Figure 4—Predicted (solid lines) and experimental salicylate con-
centrations in blood (O) and adipase tissue (¢) under the influence of
2-hr hemoperfusion treatment at a dose of 285 mg/ke.
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Figure 5—PFredicted (solid lines) and experimental salicylate con-
centrations in plasma (0O) and muscle (Q) under the influence of 2-hr
hemoperfusion treatment at a dose of 285 mg/kg.
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Figure 6—Predicted (solid lines) and experimental salicylate con-
centrations in cerebrospinal fluid (O) and liver under the influence of
2-hr hemoperfusion treatment at a dose of 285 mg/kg. No experimental
data were obtained for liver as a result of heparin therapy being applied
to the dog with the hemaperfusion treatment (10).

tissues were considered in constructing the equations for the model.
Figures 7 and 8 show experimental (mean value + SD) and predicted
(solid lines) kineties of free and total salicylate levels in plasma with and
without the hemoperfusion treatment. The results predicted by the model
agree with the experimental data.

Curves and data comparable to those reported in Figs. 1-8 are also
available for the 135- and 210-mg/kg doses (10).

CONCLUSIONS

Since knowledge of the kinetic hehavior of a drug in blood or plasma
may not provide sufficient information for appropriate therapy, kinetic
information of drug levels in brain, cerebrospinal {luid, blood, organs,
and tissues of pharmacological interest may be necessary for the devel-
opment of improved dosage regimens. The pharmacokinetic model
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Figure 7—Predicted (solid lines) and experimental free salicylate
concentration (0) and total salicylate concentration (D) in plasma at

a dose of 285 mg/kg (sodium salicylate),
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Figure 8—Predicted (solid lines) and experimental free salicylate
concentration (0) and total salicylate coneentration (O) in plasma
under the influence of 2-hr hemoperfusion treatment at a dose of 285
mg/kg.

presented in this study can predict salicylate levels not only in blood or
plasma but also in cerebrospinal tluid, liver, and other tissues. Conven-
tional compartment models are unable to do so.

Free drug concentrations (variables to be solved) in all body regions
(Scheme 1) are involved in Eq. 24 while the free drug concentration in
the blood pool appears in the equation for each body region. Thus, each
equation in a system of simultaneous differential equations is not inde-
pendent bul interrelated to the others. This feature of the model has an
important application in clinical pharmacokinetics. If the model for a
given drug can be verified in a species pharmacokinetically similar to
humans, then it can be applied to predict piarmacokinetics of the drug
in human blood, organs, and tissues of pharmacological importance by
using the physiological and biochemical parameters of humans.

The experimentally observed kinetics of drug levels in blood or plasma
may be used to compare with the corresponding kinetics predicted by
the model. If they agree well, the model-predicted kinetics of drug dis-
tribution in the other body regions that are difficult to sample may be
expected to represent closely the actual kinetic courses because of the
interrelated characteristics of the equations. Therefore, the model can
furnish more complete and valuable information for optimal therapeutic
regimens. The model has been successfully applied to predict the phar-
macokinetics of salicylate in the dog with and without extracorporeal
activated carbon treatment.
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Effect of Reductive Methylation on the Adsorption of Hen Lysozyme

Labeled proteins are commonly used to study active
sites, binding interactions, protein adsorption, and in-
teractions at interfaces. Two commonly used protein
radiolabeling techniques are iodination and reductive
alkylation. Radioiodination results in the formation of
iodotyrosine and iodotryptophan groups (1). Reductive
methylation results in the labeling of epsilon amino and
terminal amine groups with tritiated methyl groups (1,
2). Recently several reports have pointed out that io-
dination may affect ligand binding, adsorption to solid
surfaces, and chromatographic behavior (3-6).

We report a change in the adsorption of lysozyme
dependent on the degree of reductive methylation. The
enzymatic activity was unaffected by the labeling pro-
cedure.

Crystallized hen egg white lysozyme (Cal Biochem),
tritiated formaldehyde (100 mCi/mmole, New England
Nuclear), Micrococcus lysodeikticus cell walls (Sigma
Chemical), and Sephadex G-25 (Pharmacia Fine Chem-
icals) were used as received. Sodium cyanoborohydride
(NaCNBH;, Aldrich Chemicals) was recrystallized as
described by Jentoff and Dearborn (2). Borosilicate
glass coverslips were purchased from Gold Seal. Prep-
aration of clean glass coverslips followed a cleaning pro-
tocol consisting of: (1) scrubbing in Micro detergent

(International Product Corp.); (2) a 20-min soak in
70°C dichromate-sulfuric acid bath; (3) four separate
5-min rinses in double-distilled filtered water; (4) two
5-min rinses in absolute ethanol; (5) followed by vapor
degreasing in trifluorochloroethanol (freon) vapor for
10 mins. The ultraclean glass coverslips were then given
a 2-min radiofrequency glow discharge (RFGD) in an
oxygen plasma at 35 W tuned radiofrequency power
using 200 pm Hg oxygen pressure in a commercial
RFGD unit (Tegal Scientific) followed by a 10-min
purge in oxygen (99.999%). All cleaning was performed
in a clean room. The cleaned coverslips were hydrophilic
as determined by contact angle measurements (7). The
coverslips were used directly or coated with n-pentyl
triethoxy silane (NPS, Petrarch System) for use as a
hydrophobic surface.

Hydrophobic glass surfaces were prepared by vapor
silanization using NPS. A round bottom flask containing
10 ml NPS, 300 ml of p-xylene, 3 ml of lutadine, and
a stirring bar was encircled by a heating mantle. The
top of the vapor chamber had a lid and condensor at-
tached. The reaction was allowed to reflux for 16 hr
followed by another 16-hr reflux with 300 ml of toluene.
The Wilhelmy plate technique was applied for contact
angle measurement (7, 8); light microscopy was used

TABLE I

Degree of Labeling Effects on Adsorption and Enzymatic Activity of Hen Egg White Lysozyme®

Labeling level Unlabeled Low Medium High
Degree of labeling
(# of tritiated methyl
groups,/lysozyme) 0 0.0073 = 0.0003 0.107 = 0.002 1.37 £ 0.02
Specific activity (dpm/ug) 0 1S5 +5 1710 = 30 27,700 + 300
Amount adsorbed®
dpm/cm?
Hydrophilic — 22 +1 212+.5 2915 £ 65
Hydrophobic — 32x3 366 £ 5 4537 + 284
pg/em?
Hydrophilic — 0.19 = 0.01 0.16 = 0.01 0.13 £ 0.01
Hydrophobic — 0.28 = 0.02 0.21 £ 0.01 0.21 £ 0.01
Specific enzyme activity ©
(pg/min/mg) 1600 = 100 1650 = 150 1700 + 100 1650 = 100

“ Values are the average of three replicates & | standard deviation.
¢ Amount adsorbed at 100 minutes in micrograms/cm’® = (dpm/cm?)/specific activity (dpm/pg).
“In micrograms cell walls catalyzed/minute/milligram lysozyme.
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578 NOTES

to check for surface defects and particulates; X-ray pho-
toelectron spectroscopy (XPS) was used to analyze the
surfaces (9).

The surface of the glass coverslips examined by op-
tical stereomicroscopy showed no gross defects. Contact
angle measurement for NPS-coated coverslips had a
receding angle of 58° and an advancing angle of 76°
assuming the surface tension of water to be 72.6 dynes/
cm (11). XPS data confirmed that the NPS-coated cov-
erslips were silanized (11).

Radiolabeled lysozyme was prepared by reductive
methylation (10) with slight modifications. Hen egg ly-
sozyme in phosphate-buffered saline (PBS, 1.14 g
Na,HPO, + 0.22 g KH,PO, + 8.5 g NaCl to 1 liter),
ata concentration of 3 mg/ml, was reacted with tritiated
formaldehyde ([*H]CHO) at concentrations of 3.32
% 107, 3.27 X 1075, and 3.64 X 10 mM for low, me-
dium, and high labeling, respectively. Sodium-CNBH;
was added prior to addition of formaldehyde as a con-
centrated solution in PBS to give a final concentration
of 20 mM. The mixture was allowed to react for 24 hr
at 4°C with mild stirring. The reaction was then stopped

by passage through a Sephadex G-25 column pre-equil-
ibrated with PBS buffer. A fraction collector was used
in collecting 3.5-ml fractions of the elutant. A 25-ul
aliquot of each fraction was then added to 10 ml of
Aquasol IT (New England Nuclear) and counted on a
Beckman LS-9000 liquid scintillation counter (10 min
or 27 error, 33% efficiency). An unquenched tritiated
standard in toluene was used as a calibration for window
settings. The elution profile of [*H]lysozyme was plotted
and [*H]lysozyme fractions were pooled. After dilution
of the [*H]lysozyme solution to the desired concentra-
tions with PBS, an aliquot was counted to determine its
specific activity. The [*H]lysozyme concentrations were
determined by absorbance measurements at 280 nm
using a Beckman model 35 UV-visible spectrophotom-
eter with PBS as reference. The molar extinction coef-
ficient was determined as 3.1 X 10* M ~'. The molecular
weight used for the calculations was 1.39 X 10* g/mole.
The specific activity was expressed as dpm /pg of labeled
lysozyme (dpm, disintegrations/minute). The degree of
labeling was expressed as number of tritiated methyl
groups per molecule of lysozyme (Table I).
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Fia. 1. Effect of degree of labeling (Table I) on the adsorption of [*H Jlysozyme onto hydrophilic glass
surfaces at 1, 10, and 100 min. Solution: 1.5 mg/ml lysozyme in PBS, pH 7.4. The values are the
average of three replicates—error bars represent one standard deviation. Note that increasing the degree
of labeling results in apparent adsorption, which is interpreted as the labeled protein adsorbing pref-

erential to the unlabeled protein (5).
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FiG. 2. Effect of degree of labeling (Table 1) on the adsorption of [*H]lysozyme onto hydrophobic
glass surfaces at 1, 10, and 100 min adsorption. The values are the average of three replicates—error
bars represent one standard deviation. See legend to Fig. 1.

Labeled lysozyme (0.75 mg/ml) in PBS was char-
acterized by taking the UV absorption spectrum of ly-
sozyme between 350 to 250 nm with PBS buffer as
reference. Circular dichroic (CD) spectra were obtained
using a Jasco J-40A at room temperature with PBS
buffer used for baseline adjustment (path length 1 cm;
concentration 0.1 mg/ml; sensitivity 0.2 m°®/cm; time
constant 64 sec; scale 5 nm/cm; chart speed 0.5 cm/
min; slit width 1 dm). The CD spectra was obtained
from 250 to 210 nm. Emission fluorescence spectra (0.1
mg/ml) were obtained using an Aminco Bowman spec-
trophotofluorometer at room temperature with PBS
buffer as reference. Emission spectra were recorded
from 300 to 800 nm with the excitation wavelength set
at 280 nm. No observable conformational changes were
detected by UV, fluorescence, or CD methods.

The enzymatic activity of labeled and unlabeled ly-
sozyme was measured at room temperature in 3-ml cu-
vettes containing 2.5 ml of Micrococcus lysodeikticus
cell wall suspension (100 pg/ml in PBS). The reaction
was allowed to proceed by adding 15 ug of lysozyme to
the substrate suspension followed by rapid mixing. The
specific enzymatic activity was determined by a turbid-
ity measurement at 320 nm and reported as ug substrate
catalyzed /min/mg lysozyme (Table L).

The adsorption experiments were performed at 20°C
using the prepared glass surfaces and appropriately di-
luted labeled lysozyme solutions. All glass coverslips
were hydrated in PBS buffer for 12 hr prior to the ex-
periment. The adsorption was performed in 24-well dis-
posable polystyrene tissue culture dishes (Falcon #3008).
Each well contained 1.5 ml of labeled lysozyme in PBS.
One glass coverslip was placed in each well. After the
appropriate adsorption time, the glass coverslip was ad-
vanced to each of six different wells containing 1.75 ml
PBS for rinsing of the excess bulk adsorbed protein;
each “ringe” lasted 5 min. When the final rinse was
completed, the glass sample was placed in a scintillation
vial containing 10 ml of Aquasol fluor and the radio-
activity counted. The amount of adsorbed lysozyme was
calculated as ug of protein deposited per cm® surface
area of glass coverslip. Since the glass coverslips con-
sisted of highly smooth surfaces, only the geometric or
apparent area was used for the calculation of total sur-
face area.

The adsorption studies were performed using a matrix
consisting of three different degrees of lysozyme label-
ing, three different adsorption time periods, and two
different glass surfaces. The results are shown in Fig.
1 for hydrophilic glass and in Fig. 2 for NPS silanized
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hydrophobic glass. The values are the average of three
replicates with error bars representing one standard de-
viation.

From Table I, low labeling represents approximately
1 tritiated methyl group per 140 lysozyme molecules,
while high labeling represents approximately 1.4 triti-
ated methyl groups per lysozyme molecule. From the
above data the low degree of labeled lysozyme results
in a greater apparent adsorbed amount on both surfaces,
suggesting that the labeled protein is adsorbing pref-
erentially to the unlabeled protein (3). In the absence
of labeling effects, the amount adsorbed would be in-
dependent of the degree of labeling.

Lysozyme is a highly basic protein containing six ep-
silon amino groups exposed at the protein surface. There
is some hydrophobic character evident at the surface,
however, as demonstrated by Klotz (12). Since the re-
ductive methylation reaction results in mono- or di-
methylation of epsilon amino groups, one might expect
some change in ionic interactions and some change in
the overall hydrophobic character of the molecule. The
hydrophobic change must occur in the near vicinity of
the positively charged groups. Since reductive methyl-
ation adds a methyl group but does not change the over-
all charge of the epsilon amino groups, this suggests that
there might be some ionic-hydrophobic interaction syn-
ergism as a result of the methylation process. This has
been discussed briefly by Warshel in his discussion of
the role of hydrophobic environments in ionic interac-
tions in enzyme active sites (13). The fact that the ex-
perimental results show that the labeled protein adsorbs
preferentially on a hydrophilic negatively charged glass
surface suggests that the methylation reaction may ac-
tually increase the ionic interaction between lysozyme
and the negative glass surface, perhaps via the Warshel
mechanism (13). Based on hydrophobic considerations
alone, one would expect that the methylated protein
would adsorb to a greater extent than the native lyso-
zyme on the hydrophobic surface; and this is in fact
what is seen.

The overall higher amount of adsorption on the hy-
drophobic surface is also of considerable interest. Since
the lysozyme surface has some nonpolar character, this
may indicate the involvement of the polar glass substrate
showing through the silane-treated glass surface. If the
glass surface was not fully covered with the silane, if
there are some bare glass patches on a microscopic scale,
this could result in a synergistic interaction, coupling
hydrophobic and ionic interactions which could result
in an increased overall adsorption. All of this is spec-
ulative at this point.

The degree of labeling appears Lo have no significant
effect on the biological enzymatic activity (Table 1),
confirming that the methylation is occurring largely on
the surface of the protein through the surface epsilon
amino groups and not in the active site or in the vicinity
of the active site.
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NOTES

In conclusion, the reductive methylation of hen egg
white lysozyme results in significant effects on its ad-
sorption behavior on hydrophilic and n-pentyl silanized
hydrophobic surfaces when adsorbed from purified so-
lutions in phosphate-buffered saline. On both surfaces,
the labeled material adsorbs preferentially to the un-
labeled, suggesting that the use of labeled proteins for
adsorption experiments must be treated with caution.
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The adsorption of deoxyhaemoglobin (deoxyHb) and oxyhaemoglobin (oxyHb) was determined on clean glass,
n-pentyl triethoxysilane (NPS)-treated glass, polystyrene (PS), and a polyetherurethane (PEU). The adsorbed
amounts range from 0.1 to 0.6 pg/cm? for oxyHb and from 0.3 to 0.7 ug/cm? for deoxyHb. DeoxyHh adsorbs
onto all these surfaces more than oxyHb. The more hydrophobic the surface, the more adsorption of hoth deoxy

and oxyHb forms.

These results suggest the oxyHhb and deoxyHb interact differently with the surfaces studied. It is likely that
the surface hydrophobicity of Hb plays a major role in Hb adsorption onto surfaces; the deoxyHb surface is more
hydrophobic than the oxyHb surface. The binding sites for Hb adsorption may include the clefts between a, B
A surface-induced dimerization mechanism is proposed to explain the adsorption of oxyHb.

Keywords: Adsarption, deoxyHb, oxyHb, glass surface, polymer surface, haemoglobin

Horbett has reported’ that Hb readily adsorbs on apolar
surfaces and that this is totally out of proportion to its
solution concentration. Surface enhancements range
from 10 to 100-fold that of other plasma proteins. Later,
Pierce? studied the adsorption of various ligand forms of
Hb on partially hydrophobic alkyl agarose substrates and
found that the adsorption of Hb is dependent on the ligand
state of the molecule.

Recently Coleman and others in the Artificial Heart
Group at Utah observed significant surface discolouration
in retrieved artificial heart implants, which appeared to
correlate with regions of turbulence, and perhaps local
haemolysis, and with actual pumping diaphragm abrasion,
resulting in local haemolysis®. They suggest that the
colouration may be due to heme by-products.

It is generally accepted that implants in the arterial
and venous systems behave differently, perhaps due to
pO,. pH, pressure, and/or flow differences, but perhaps
also due to different ligand forms of the Hb which may
be present.

It is clear that blood contact with foreign surfaces,
even under mild flow conditions, results in local haemolysis,
in large part dependent on specific surface interactions®.
Thus Hb may be present in sufficient concentration at
local regions where sublethal haemolysis occurs, even
though the systemic concentration of the protein may be
very low,

The haemoglobin hypothesis is formulated as
follows: If there exist regions of local turbulence or other
trauma which can result in local Hb release, released Hb

*Submitted in partial fulfilment of the requirements of the MSc degree
in Bioengineering, University of Utah.
tTo whom all correspondence and reprint requests should be dirscted.

may adsorb onto foreign surfaces in concentrations orders
of magnitude greater than one would expect based on the
solution concentration. Hb released on the venous side
(in the deoxy form) may adsorb significantly differently
from Hb released on the arterial side (in the oxy form). This
behaviour, if it occurs in vivo, may be in part responsible
for the different blood compatibility of implants in the
venous and arterial system.

If surfaces containing oxy or deoxyHb, haptoglobin
(Hp) or the oxyHb—Hp complex show different blood inter-
actions, then surfaces designed for arterial compatibility
may require different properties from those destined for
venous application. It may also be that in a complex
cardiovascular device where there are regions of local
blood turbulence, the surface properties in local regions
of blood trauma may even need to be different from the
surface properties in other regions of the device.

We present here preliminary data on the adsorption
of oxy and deoxyHb to a set of surfaces.

HAEMOGLOBIN

Ferrous Hb can exist in oxy and deoxy forms. The oxyHb
has four oxygen molecules bound to the four oxygen
binding sites. The binding sites of deoxyHb are empty. For
a detailed description of the oxygenation mechanism and
the various forms of Hb, see Reference b5. .
The dimensions of Hb are approx. 64 X 55 X 50 A.
All ionizable groups are in the aqueous environment and
the hydrophobic groups are generally in the interior®.
Hydrophobic clefts are exposed to the aqueous environ-
ment and, in view of the dynamics of protein structures,
these clefts can instantaneously produce a hydrophobic

© 1985 Butterworth & Co (Publishers) Ltd. 0142-9612/85/040231-06%03.00
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surface patch. Polar groups within the protein are involved
in stabilizing the structure through hydrogen bonds and
salt bridges®.

The contacts between dissimilar chains (o 2. a4 B4,
a4, azf35) are hydrophobic in nature while contacts
between similar chains (., 15,) are more polar in
nature. Upon oxygenation, the f chains rotate apart by
about 7 A, exposing polar contacts between similar
chains (@ @y, B1B2)°. Upon oxygenation, 8 salt bridges are
ruptured; the carboxyl terminus of both @ and [ are then
free to rotate; they are not rotationally free in deoxyHb.
These freely rotating carboxyl terminal amino acids now
have different pKa's as a result of the different micro-
environments and are associated with the Bohr effect —
the release of protons upon oxygenation. The ligand
binding affinity of partially oxygenated Hb increases
owing to the rotations of the carboxyl terminal ends of
the polypeptides, thereby reducing the steric hindrance
present for the approach of subsequent binding ligands to
the remaining unbound heme groups. This accounts for
the allosteric cooperativity of Hb. The iso-ionic points of
oxyHb and deoxyHb at 20°C are reported to be between
6.7 and 6.9,

The surface hydrophobicity of deoxyHb is higher
than that of oxyHb because: (i) Upon deoxygenation, the f§
chains rotate together by 7 A, burying many polar contacts;
(i) DeoxyHb has 8 salt linkages which reduce the surface
hydrophilicity by decreasing surface polar groups which
would otherwise interact with the polar environment; (iii)
DeoxyHb has a larger internal cavity than does oxyHb®.
DeoxyHb is taut or tensed on the surface because of the
salt linkages; this tends to ‘squeeze’ more hydrophobic
clefts to the surface to form hydrophobic patches.

The deoxy form has a larger central cavity and an
increased surface hydrophobicity. Although the dimer
forms are not normally present (the dimer—tetramer
equilibrium results in the tetramer form under most
practical solution conditions), solid surface-induced
dimerization may occur. Based on proton exchange
studies of adsorbed oxyHb, Hallaway'® proposed that in
order to optimize polar interactions with hydrophilic
surfaces, the molecule may distort, resulting in surface
dimers, which can then re-accommodate and even
desorb. This probably only occurs with oxyHb on a
charged, hydrophilic surface. The surface hydrophobicity
of deoxyHb, coupled with the 8 internal salt bridges, make
such a process unlikely. The aya; and B3, contacts in
oxyHb are polar. Polarinteractions with the surface reduce
a0, and ff8, interactions, promoting the surface
dimerization.

In this preliminary study, oxyHb and deoxyHb were
adsorbed onto four different surfaces, using a radiolabelling
technique. The results suggest deoxyHb and oxyHb
interact differently with the surfaces studied.

MATERIALS AND METHODS

Sodium cyanoborohydride (NaCNBH3) (Aldrich Chemicals)
was recrystallized as described by Jentoff and Dearborn'’;
tritiated formaldehyde (100 mCi/mol) was obtained from
New England Nuclear. Other materials included: boro-
silicate glass coverslips and glass vials (Kimble), n-pentyl
triethoxysilane (NPS, Petrach Systems); polystyrene
(PS, Scientific Products, Inc., Webster, NY); polyether-
urethane (PU, Biomer, Ethicon, New Jersey); and Sephadex
G-25 (Pharmacia Fine Chemicals).
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OxyHb was prepared by a modification of the method of
Antonini et a/.'%. Blood was collected into a flask contain-
ing 2% sodium citrate and then diluted 1:5 with 1% NaCl.
After centrifuging at 10°C for 15 min at 750 g, the super-
natant was discarded and the red cells resuspended in
1% NaCl. This process was repeated 2—4 times. The cells
were then lysed by adding to cold distilled H,0 and stirred
mildly in the cold for 30 min. After centrifuging at 4°C for
30 min, at20 000 g, the supernatant was collected. EDTA
107° ™ (final concentration) was added. The purified
material is more than 95% Hb, the impurities being
primarily red cell enzymes'2.

Radiolabelled oxyHb was prepared by reductive methyl-
ation'®. The oxyHb solution was diluted to 3 mg/ml and
then reacted with tritiated formaldehyde. NaCNBH;
(3.27 X 107 mM) was added prior to the addition of
20 mMm formaldehyde as a concentrated solution in PBS.
The mixture was allowed to reactfor 24 h at4°C with mild
stirring. The reaction was then stopped by passage
through a Sephadex G-25 column pre-equilibrated with
PBS buffer and the Hb-containing fractions were collected.
After dilution of the haemoglobin solution to the desired
concentrations with PBS, a 25 ul aliquot of each fraction
was added to 10 ml of Aquasol Il (New England Nuclear)
and counted on a Beckman LS-9000 liquid scintillation
counter to determine the specific activity (10 min or 2%
error; 53% efficiency). An unquenched tritiated standard in
toluene was used as a calibration for window settings and
efficiency determination.

DeoxyHb was prepared by equilibrating a solution of 1 mg
oxyHb/ml PBS with N, gas for 30 min in a glove bag. Then
3 ug of Na,;S,0, were added and mixed well, resulting in
100% deoxygenation of oxyHb. This was the stock deoxyHb
solution.

Protein concentration was determined by absorbance
measurements at 576 mm for oxyHb (molar extinction
coefficient=1.58 X 10 * ecm 'M~")'2. The molecular
weight used for the Beer's Law calculation was
16 000 g/mol.

Hb was characterized by taking the u.v.-visible absorption
spectrum between 300 and 600 nm with PBS buffer as
reference. Circular dichroic spectra were obtained using a
Jasco J-40A, at room temperature, with PBS buffer used
for baseline adjustment (path length 0.1 cm; conec.
1 mg/ml; sensitivity 5 m%cm; time constant 4 s; wave-
length expansion 10 nm/cm; chart speed 0.5 cm/min; slit
width 1 dm). The CD spectra were obtained from 250 to
210 nm to determine mean residue ellipticities and
secondary structure. The mean residue weight used
was 114 g.

Regular and SDS polyacrylamide gel electrophoresis
followed a discontinuous gel procedure described by
Laemmli'®, In this study, the following conditions were
used: 3.7% upper gels; 7.5% lower gels; 3 ug oxyHb/well;
Coomassie Brilliant Blue dye R-250 as a staining dye;
30 ma/40 V/60 min for stacking, 40 ma/170 V for running
condition.

Glass coverslips were cleaned by scrubbing in Micro
Detergent (International Product Corp.), followed by a
20 min soak at 70°C in a dichromate sulphuric acid. Four
separate 5 min rinses in filtered double-distilled water



were followed by two 5 min rinses in absolute ethanol.
The samples were then vapour degreased in trifluoro-
chloroethanol (freon) vapour for 10 min followed by a
2 min radiofrequency glow discharge (RFGD) in an oxygen
plasma at 35 W tuned radiofrequency power using
200 um Hg oxygen pressure in a commercial RFGD unit
(Tegal Scientific), followed by a 10 min purge in oxygen
(99.999%). All cleaning was performed in a restricted
access clean room.

Hydrophobic glass surfaces were prepared by vapour
silanization using NPS. A round bottomed flask containing
10 ml NPS, 300 ml of p-xylene, 3 ml of lutadine, and a
stirring bar was encircled by a heating mantle. The top of
the vapour chamber had a lid and condenser attached.
The reaction was allowed to reflux for 16 h followed by
another 16 h reflux with 300 ml of toluene.

Polymer surfaces were prepared by spin coating. Two
drops of PS solution (3 wit% in toluene) were placed in the
centre of the clean glass coverslip, which was mounted
on a spin casting apparatus (Model EC101, Headway
Research, Inc., Garland, TX). The sample was spun at
4000 rpm for 15 s to provide a smooth spin cast film. The
polyether urethane (Biomer, Ethicon) was dip-coated from
a 3% solution in N,N-dimethyl acetamide (DMAC). A
dipping rate of 1 in/min was used.

After preparation, the samples were stored in a
vacuum desiccator.

Surface characterization included the Wilhelmy plate
advancing and receding contact angle technique for
surface wetting characteristics'®. A disc shaped glass
coverslip was directly measured and the receding or
advancing angle was calculated at its diameter'®, Light
microscopy was used to check for surface defects and
particulate contamination. X-ray photoelectron spectro-
scopy was used for general surface analysis'®.

The deoxyHb adsorption experiments were run at
20°C in a glove bag filled with N, gas using the prepared
surfaces and appropriately diluted deoxyHb solutions.

All the samples were hydrated in phosphate-
buffered saline (PBS) for 12 h before running the
experiment'®. The experiments were performed in
disposable glass vials. The sample was placed in a vial
containing 0.5 ml of PBS with one glass bead underneath
the sample to prevent contact with the bottom of the vial.
Hb solution was added to the 0.5 ml PBS in the vial to give
the desired final concentration in a total volume of 2 ml.

After the appropriate adsorption time at 20°C, the
9 vials were connected to a nine-channel rinser'®, and
rinsed with 45 ml PBS per vial for 30 s. The sample was
then picked up by a pair of tweezers and put in a scintillation
vial which was filled with counting medium and the
radioacitivity measured'®.

The amount of adsorbed Hb was calculated as
nanograms (ng) of protein deposited per cm? surface
area.

RESULTS AND DISCUSSION

Preparation and characterization of Hb and surfaces

Hb was characterized by u.v.-vis absorption spectro-
scopy. The addition of 3 ug Na;S,0,4 to 1 mg oxyHb/ml
PBS modifies the bimodal spectrum (maximum absorption
peaks at 540 and 575 nm) to peak with a maximum

absorption of 565 nm, representing 100% deoxygenation'?.
Some researchers'’ deoxygenate by degassing or by N,
equilibration. Unfortunately, both methods result in partially
deoxygenated Hb and the degree of deoxygenation is not
easy to control. The Na,S,0, method has been widely
used'” because of its ease, speed, and reproductibility;
however, after deoxygenation the Na,S,0, will form a
peroxide product (H,0;), presenting the danger of side
reactions and damage to the haemoglobin molecule. A
good policy is to remove most of the oxygen prior to the
addition of Na;S,0, and to use dithionite only in slight
molar excess [a general guideline is less than 0.1% {w!v}]u.
Dithionite is well tolerated in the visible region of the
spectrum, but may cause disturbances below 400 nm'2
In this study, the u.v.-vis spectra did not show any detect-
able absorption by Na,S,0, due to the very low Na,S$,0,
concentrations used. Circular dichroic (CD) spectra
(200-245 nm) showed no significant differences between
labelled and unlabelled Hb. OxyHb has a different
spectrum from deoxyHb. Electrophoresis was done using
regular polyacrylamide gel and reduced SDS gels. No
other protein bands were detected.

Water contact angles, obtained by the Wilhelmy
plate technique, of the four different surfaces (clean
glass, NPS, PS, and PU, are given in Table 7). The PS is
very hydrophobic, while the clean glass coverslip is very
hydrophilic. PU shows some hydrophobic and hydrophilic
characters, NPS shows hydrophobic character, which is
less than the PS surface.

The contact angles are measured after 1 h of equili-
bration in PBS buffer. All surfaces showed sorme degree of
hysteresis, especially PS. The advancing and receding
angles for PS become closer after 1 h soaking. The reason
could relate to the imperfection of the PS film or permeation
of water into the film. X-ray photoelectron spectroscopy
(XPS) was used for surface composition analysis. C, N, Si,
and O ratios indicated that all surfaces had the expected
surface chemistry'®.

Adsorption of Hb

Tritium labelling is a very sensitive method for quantitating
protein adsorption. One of the problems of protein
adsorption is the reproductible handling of the samples:
whether they have been treated under the same conditions,
e.g. incubation and rinsing conditions. Do they pick up
denatured protein at the air/water interfaces? How
efficiently can the samples be handled in order to allow
several replicates, treatments, and controls to be done at
the same time?

In this study, a multi-channel automatic rinsing
system was developed to fulfil these requirements'®. This
device is calibratable, does not need a power supply, is
easy to use and cheap to create. The rinsing is dropwise,
gentle, and equal in each vial. Nine channels were easily
handled. The device is useful for handling radioactive or
biohazard materials.

Table 1 Summary of water contact angle data measured by the
Wilhelmy plate method. All the surfaces were soaked in PBS buffer for
1 h before the measurements. The data are the average of three surfaces.
The water had a measured surface tension of 72.4 dynes/cm.

Surface Clean PU NPS PS
water angle glass
Advancing 15+5 75110 75 +10 88+t5

Receding 2+5 3010 62+ 10 705
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The results of tritium labelled Hb (0.25 mg/ml in
PBS) adsorbed onto the four different surfaces are shown
in Figures 1—5 and summarized in Tab/e 2. There are four
general trends:

1 DeoxyHb adsorbs more than oxyHb onto all four
surfaces studied.

2 The hydrophobic surfaces adsorb more Hb than the
hydrophilic glass and PU.

3 OxyHb adsorbs relatively slowly onto the hydrophobic
surface (up to 10 min) while deoxyHb adsorbs more
rapidly during the first minute).
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Figure 1 Adsorption of oxyHb ( ® ) and deoxyHb () onto clean glass
coverslips. The data were from three replicates of one experiment. The
vertical bars indicate the standard deviation. The time span of 1, 10, or
60 min was the incubation time before rinsing with PBS buffer. The Hb
concentration was 0.25 mg/mlin PBS at 20°C. (See text and Reference
19 for further details).
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Figure 2 Adsorption of oxyHb ( ® ) and deoxyHb (O) onto a PU coated
surface. (See legend Figure 1 for further details).

1.0
0.8}
a
E
g
(=]
g osf
o
g b
S 04
o % g $
S
t L)
@ 0.2k
0 L 1 1
0 10 20 30 60

Time (min)

Figure 3 Adsorption of oxyHb (®) and deoxyHb (0O) onto a NPS
coated surface. (See legend Figure 1 for further details).
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Figure 4 Adsorption of oxyHb ( ® ) and deoxyHb () onto a PS coated
surface. (See legend Figure 1 for further details).
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Figure 5 The correlation between the receding water contact angle
and the amount of Hb adsorbed (ug/cm?) at 60 min of exposure to a
0.25 mg/mP*H-Hb in PBS (pH 7.4) at 20°C.

4 Both oxy and deoxyHb adsorb at similar rates onto the
hydrophilic surfaces.

These trends will now be discussed:

(a) DeoxyHb adsorbs more than oxyHb on hydrophobic
surfaces. This confirms previous reports that surface
hydrophobicity plays a major role in Hb adsorption'®;

(b) DeoxyHb adsorbs more than oxyHb on the hydrophilic

surfaces. When oxyHb contacts a hydrophilic surface, \
the hydrophilic and charged amino acids located on
the surface of the tetramer probably interact with the \J

hydrophilic solid surface. One hypothesis is that

Table 2 Summary of radiolabelling study. Hb adsorbed (ug/cm?) at 1,
10 and 60 min of exposure to a 0.25 mg/ml® H-Hb in PBS (pH 7.4) at
20°C (standard deviation " %+ 0.1 pg/cm?.

Surface conc. [;.(g;“cmzj

Protein Incubation Clean PU NPS PS
time (min) glass
£ 0.13 0.12 0.37 0.45
DeoxyHb 10 012 0.11 0.38 045
60 0.37 0.31 047 0.72
1 0.03 0.03 017 0.37
OxyHb 10 0.04 0.04 0.24 042
60 0.21 0.14 0.36 0.56




surface-induced dimerization occurs'®''. The oxyHb
dimer is more hydrophobic than the corresponding
deoxyHb tetramer, perhaps explaining why deoxyHb
adsorbs more than oxyHb, even on hydrophilic
surfaces; deoxyHb has a very low dimerization
constant in solution (1 X 107'%), probably because it
is a taut structure (8 salt linkages hold it together).
OxyHb is a relaxed structure which has a dimerization
constant of 2 X 107%, Although there is no significant
dimerization in 0.25 mg/ml solution, interaction with
the surface may disturb the equilibrium and cause
dimerization. Since oxyHb has a hydrophilic surface,
it may notinteract with hydrophobic surfaces strongly
enough to cause the dimerization to occur.

(c}) The more hydrophobic the surface, the more adsorp-
tion of deoxyHb. The hydrophobic interaction appears
to be the major mechanism for Hb adsorption’®.
Surface-induced dimerization of deoxyHb is very
unlikely due to the low dimerization constant. Thus
the more hydrophobic the surface, the more deoxyHb
adsorbs. Figure 5 shows clearly the correlation
between adsorbed amount and contact angle.

(d) The more hydrophobic the surface, the more adsorp-
tion of oxyHb. As mentioned previously, surface-
induced dimerization may occur when oxyHb contacts
the hydrophilic surface'®. The dimer of oxyHb is more
hydrophobic. A hydrophilic surface minimizes the
hydrophobic interaction and thus may decrease the
adsorption of oxyHb dimer (Figure 7). When oxyHb
contacts more hydrophobic surfaces, the hydrophobic
interaction apparently increases and the adsorption
of oxyHb would increase accordingly;

(e) DeoxyHb adsorbs faster than oxyHb onto hydrophobic
surfaces. This is probably because the hydrophobic
interaction is the major driving force for Hb adsorp-
tion and deoxyHb is more hydrophobic than oxyHb;

(f) There may be no major difference in the rate of either
deoxy or oxyHb adsorption onto hydrophilic surfaces.
As mentioned before, hydrophilic surface-induced
dimerization may occur for oxyHb and the oxyHb dimer
is hydrophobic. DeoxyHb is also hydrophobic; there-
fore, a similar rate and mechanism may be expected
when these two forms of Hb adsorb onto hydrophilic
surfaces. The slow rate of adsorption probably relates
to the lack of strong hydrophobic interactions.

A summary of Hb adsorption in terms of its rate and
mechanism is shown in Table 3.

The possible binding sites for Hb adsorption are
hypothesized as the contact clefts of a;, S, and as,
B because:

1 The results suggest that hydrophobic interactions
play a major role in Hb adsorption (Figure 5). The
contact clefts of ay, S5, and a5, B are nonpolar.

2 Some of the charged or polar amino acids around the
clefts can form ionic interactions or hydrogen bonding
when Hb contacts a hydrophilic surface. Hydrophilic
surface-induced dimerization of oxyHb may occur if
polar interactions with the surface are stronger than
the hydrophobic interactions which stabilize the
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oxyHb tetramer'®, (DeoxyHb cannot dimerize because
of the increased stability of the tetramer due to the 8
salt linkages). The dimers which may form via surface-
induced dimerization would be @;f; and a;f; not
ﬂ.']Bz nor Q’zﬁ-[.

3 Upon oxygenation, the B chains rotate apart by about
7 A, exposing many polar contacts between similar
chains (a; B, @;B,). In other words, the @, 5, and
a5, By clefts are narrowed upon oxygenation®. Results
in Figure 5 suggest the deoxyHb adsorbs more than
oxyHb on all four surfaces studied, which may relate to
the change in the binding sites upon oxygenation.

4 The binding site on Hb could be two clefts (e.g. &, 55
and @&y, ;) which should be large enough to bind 5
methyl groups. Hydrophobic chromatography studies
have shown that 3 to 4 methyl groups are often
required for effective binding to alkyl agarose
columns. Since Hb has two hydrophobic binding
sites, perhaps up to 8 surface methyl groups could
be involved.

The criteria in 1-4 are satisfied by suggesting a;, 85 and
@, B4 clefts as the binding sites.

SUMMARY AND HYPOTHESES

The adsorption of deoxy and oxyHb onto four different
surfaces (clean glass, NPS, PS, and PU) was studied by
radiolabelling methods. The preliminary results are:

® DeoxyHb adsorbs more than oxyHb onto all four
surfaces.

@ Generally the more hydrophobic the surface, the more
Hb adsorbs.

@ The adsorbed amounts range from 0.1 to 0.6 ,ug/cmz
for oxyHb and from 0.3 to 0.7 ug/cm? for deoxyHb
(£ v 0.1 ug/cm?).

® The binding sites for Hb adsorption may be the clefts
between a;, 8, and a,, B;.

@ The surface of deoxyHb was suggested as more hydro-
phobic than the surface of oxyHb.

® A hydrophilic surface-induced dimerization of oxyHb is
hypothesized.

These results suggest the importance of changes in protein
conformation and surface nature (oxy versus deoxyHb) on
adsorption at solid/liquid surfaces.

Table 3 Summary of Hb adsorption rate (qualitative) and suggested
mechanisms. As the data reported here are preliminary, this table
suggests hypotheses, not conclusions.

Initial adsorption onto

Protein Hydrophilic

surface surface-

hydro- induced
Hb philicity

Hydrophilic  Hydrophobic
dimerization?  surface surface

DeoxyHb Hydro- No Slow Fast
phobic

Hydro-
philic for
tetramer
OxyHb Yes Slow Slow
Hydro-
phobic
for dimer
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Surface Characteristics of Polysulfoalkyl Methacrylates
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Coated hydroxyethyl methacrylate-sodium sulfoalkyl methacrylate copolymer films were surface char-
acterized. The contact angle hysteresis increases and the receding angle decreases with increasing alkyl
side-chain length, while the advancing angle decreases with hydration time. It was found that the buoyancy
slopes of the advancing (r,) and receding (r,) process determined by the Wilhelmy plate method were
not parallel. The ratio of r, to r, was greater than 1, and increases with the alkyl side-chain length and
the hydration time, contrary to that of polyhydroxyethyl methacrylate, where r./r, was less than 1. The
slope ratio would be suppressed in solution with added salt, revealing that the reorientation and expansion
of the polymer chain in water is being suppressed. X-ray photoelectron spectroscopy (X PS) analysis of
the surface of these copolymers showed a striking enrichment of the sulfonate groups in the surface. The
zeta potential was between —40 and —50 mV as measured by the streaming potential method. During
dchydration, along with a decrease in sulfur and sodium concentration in the surface, the carbon 1s peak
at the high binding energy decreased and the alkyl carbon main peak increased. The surface tension of
aqueous solutions of sulfoalkyl methacrylate monomers and homopolymers decreases with increasing
alkyl side-chain length, which may contribute to the decrease in water—polymer film interfacial tension

and thus the increase in the slope ratio. @ 1986 Academic Press, Inc.

INTRODUCTION

Polysulfoalkyl methacrylates are recently
synthesized polymers with promising blood
compatibility properties (1, 2). These polymers
contain long alkyl side chains and negatively
charged sulfonate groups at the end of the side
chains. Such structures are expected to show
significant surface activity and perhaps unique
interfacial properties,

Contact angle hysteresis is a measure of sur-
face wettability, roughness, heterogeneity, de-
formation, and surface mobility (3, 4). The
close relationship with surface functional
groups has been known for a long time (5).
Holly and Refojo, in studying the wetting
properties of soft hydrogel contact lenses based
on poly(hydroxyethyl methacrylate) con-
cluded that the surfaces orient in air with the

! Permanent address: Polymer Division, Department of
Chemistry, Peking University, Beijing, China.
* To whom reprint requests should be addressed.
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hydrophobic methacrylate backbone exposed,
while the hydroxyl-containing pendant groups
orient toward the water phase (6). Kessaissia
et al. grafted alkyl chains of different lengths
onto silica and reported that the contact angle
for water increases with increasing carbon
chain length (7). Holly used sessile water
droplets as a probe of the surface charge den-
sity of polymer electrets and found 3- to 6-
degree decreases in water contact angle with
increasing surface charge density in various
polymer clectrets (8). Charged methacrylic
acid-methyl methacrylate and trimethylami-
noethyl methacrylate copolymers and poly-
alkyl methacrylates were studied in our lab-
oratory, and the influence of surface charge
and side-chain length on contact angles and
contact angle hysteresis were reported (8—10).

The combined effect of the surface charge
and the side-chain length has not been studied.
We here report contact angle studies on a series
of sodium sulfoalkyl methacrylate polymers

Journal of Collaid and Interface Science, Val. 110, No. 2, April 1986
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by the dynamic Wilhelmy plate method (3).
Evidence of the side-chain mobility was fur-
ther verified through the analysis of X-ray
photoelectron spectra and streaming potential
measurements (11).

MATERIALS AND METHODS

Hydroxyethyl methacrylate (HEMA) (Ald-
rich, 97%); sodium sulfodecyl methacry-
late, CHz_C(CHq)COO(CHg]1QSO3N3
[SSDMA]; sodium sulfooctyl methacrylate,
CH,=C(CH;3)COO(CH,)sSOsNa [SSOMAJ;
and sodium sulfohexyl methacrylate, CH,=C-
(CH;3)COO(CH,):S0O;Na [SSHMA] with pu-
rity greater than 99% were prepared in the
Polymer Division of the Chemistry Depart-
ment of Peking University (China). Sodium
sulfoethyl methacrylate [SSEMA] was pre-
pared from sulfoethyl methacrylate (Poly-
sciences, 95%) through neutralization and
purification. Other recagents were methylene
bisacrylamide [MBAAM] (99+4%, Aldrich),
ammonium persulfate [APS] (Baker analyzed
reagent) and dimethyl sulfoxide [DMSO] (EM
Science).

Polymerization was carried out at 60° or
70°C under nitrogen and vacuum (after ni-
trogen purging) with 0.1% APS as initiator.

Crosslinked polymer coatings were prepared
first by prepolymerizing the monomers in wa-
ter or in DMSO solution (15% concentration)
under nitrogen with 0.1-0.2% APS for 0.5-
1.5 h. The prepolymer solutions were then di-
luted to the required concentration and filtered
through a 0.5-um membrane filter (type
FHLPO 4700, Millipore Corp.).

Glass slides (Bev-1-edge, 3 X | in., 0.9-1.0
mm) or microscope coverslips (Corning type
2940, No. 14, 24 X 50 mm, 0.16-0.19 mm)
were cleaned with chromic acid at 80°C for
20 min, followed by rinsing successively with
distilled water and alcohol and finally dried
over freon vapor. They were coated by dipping
into the prepolymer solution at a speed of 2.5
cm/min.

Films coated on the glass slides or glass cov-
erslips were further polymerized and cross-
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linked by means of remaining pendant unsat-
urated groups at 65°C under nitrogen and
vacuum for 16 h to 2 days. The films were
stable over 5 days hydration in water.

Glass samples (0.1 X 1 X 1 c¢cm) used for
XPS analysis were cleaned and coated with
prepolymer solution on one side, then mildly
dried and crosslinked as above.

The Wilhelmy plate method was used to
measure the contact angles of the polymer
surfaces and the surface tension of water and
aqueous solutions (3). In each case the glass
slides were immersed into or drawn out of the
double-distilled water or 0.1 A4 NaCl solution
at the speed of 40 mm/min. Cleanliness of the
glass was examined by the water contact angle
measurement.

Zeta potential of the charged polymer sur-
face was obtained from streaming potential
measurements as described by Van Wagenen
and Andrade (11). The plate separation was
130 gm. Streaming potentials (AE) were taken
at driving pressures (AP) of 40, 60, and 80
mm Hg in both flow directions. At least 5 sets
of readings were taken for each sample, then
the data were fitted by linear regression with
the slope yielding AE/AP. The correlation
coeflicient was always better than 0.990 and
often better than 0.999, indicating an excellent
straight-line fit to the streaming potential data.

X-ray photoelectron spectra (XPS) were
obtained on a Hewlett—Packard 5950B using
monochromatic Al K, » radiation at 1487 eV
with 800-W power at the anode. An electron
flood gun operated at 0.3 mA and 6.0 ¢V. The
spectra were charge referenced to the C-1ys al-
kyl binding energy at 284.6 eV, The surface
characterization results indicate that the films
are uniform,

RESULTS AND DISCUSSION

The mole ratio of all HEMA-SSRMA (R
= ethyl, hexyl, octyl, or decyl) copolymers was
90:10. When the crosslinking agent MBAAM
was used at 1 to 5% mole ratio, no detectable
nitrogen was found in the surface by XPS
wide-scan analysis. One net charge every 10

Journal of Colloid and Interface Science, Vol. 110, No. 2, Aprl 1986
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TABLE I

Contact Angles of SSRMA Copolymer Surfaces®

Contact angles after hydration for:

3h 24 h
Sample

90:10:5 (mol) 8, i, Af a, a; A

A. PolyHEMA-SSHMA-MBAAM 70.8 42.5 283 51.4 21.9 29.5
PolyHEMA-SSOMA-MBAAM 70.9 36.5 344 59.0 19.3 39.7
PolyHEMA-SSDMA-MBAAM 72.1 32.8 394 59.9 17.4 425

B. PolyHEMA-SSHMA-MBAAM 70.0 41.3 28.7 56.1 26.4 29.8
PolyHEMA-SSOMA-MBAAM 74.0 34.5 39.5 59.7 22.7 37.0
PolyHEMA-SSDMA-MBAAM 742 272 47.0 61.9 17.0 44.9

? Prepared by dipping in DMSO solution: A, 3% DMSO solution; B, 1% DMSO solution.

structural units is enough for full expansion
of the polymer backbone. The HEMA-
SSRMA copolymers are useful model com-
pounds with which to study the effect of charge
on the side-chain orientation.

For copolymers with 5% crosslinker, similar
to those used in the blood compatibility tests
(2), there was no significant difference in con-
tact angles, especially for the samples prepared
from 3% solutions in dimethylsulfoxide
(DMSO) (Table I). Samples prepared from 1%
prepolymer solutions were also-studied. The
contact angle hysteresis increase and the re-
ceding angle decrease with increasing side-
chain length were contrary to our expectation
because the decyl polymer was considered to
be the more hydrophobic component. Such
phenomena were more evident with thinner
films coated from prepolymer solutions of 1%
concentration.

The degree of crosslinking influenced the
mobility of the polymer chain, as shown in
Fig. 1. The material without added crosslinker
has the highest contact angle hysteresis. The
variation of contact angle could be due to the
migration of the alkyl side chains, although
this would be contrary to work reported
(6, 9).

Copolymers of lower degree of crosslinking
(19%) were prepared and coated onto the glass
coverslips from 1% solution by dipping. For
these samples, the advancing angle decreased

Jowrnal of Colloid and Interdface Science, Vol. 110, No. 2, April 1986

with hydration time, but the receding angles
remained nearly the same. Besides, to our sur-
prise, the contact angle hysteresis loops were
hardly repeatable and the buoyancy slopes of
the advancing and the receding process were
no longer parallel to each other.

Figure 2 shows a typical graph of contact
angle loops by the Wilhelmy method (12),
where the coated glass coverslip is immersed
into (advancing process). then drawn out (re-
ceding process) of the water. The process is
repeated to obtain the successive second or
third loops, which should coincide with each
other. Ordinarily, the advancing line is parallel
to the receding line,

Figure 3 presents the hysteresis loops for
poly(HEMA-SSHMA-MBAAM). Samples

{TIEGREE)
a
=

CONTACT ANGLE

TIME OF HYDRATION (H)

FiG. 1. Effect of degree of crosslinking and hydration
time on HEMA-SSHMA copolymer film contact angles.
Solid, advancing angles: hollow, receding angles. Circle,
without crosslinking agent; triangle, 1% crosslinker; square,
5% crosslinker,
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Fig. 2. Typical Wilhelmy plate wetting curve of a
polybutadiene sample. The buoyancy slope parallels both
advancing and receding contact angles. The sample was
taken through two successive dipping cycles to demonstrate
reproducibility. Displacement 4 is used to compute the
receding angle, while displacement B is used to compute
the advancing angle. Curves are measured at the point of
zero depth of immersion so the buoyancy effect can be
neglected (from Ref. 12).

with 5% crosslinker had reproducible surface
properties after 24-h hydration. The samples
prepared by dipping with prepolymer solution
of 1% concentration produced hysteresis loops
which did not coincide even after being hy-
drated for more than 54 h. Such behavior may
be due to expansion of the polymer backbone
and migration of the side chain to the interface.

Although the content of SSRMA in the co-
polymers is only 10%, the copolymers are
polyelectrolytes. We hydrated the samples in
0.1 M NaCl solution and measured the contact
angles with 0.1 M NaCl solution, the surface
tension of which is nearly the same as pure
water. As expected, the loops soon coincide,
but advancing and receding slopes still differed
as shown in Fig. 4. The deviation increases
with increase in side-chain length and with
hydration time. If we plot the ratio of the ad-
vancing to receding slope versus the number
of carbon atoms in the side chains (Fig. 5), the
slope ratio is greatest in water, and least in salt
solutions. For the sulfodecyl methacrylate co-
polymer, after hydration for 100 h, the slope
ratio in water is as high as 2.8, while in 0.1 M
NaCl it is 1.6. The suppression effect of added
salt to the slope deviation for this sulfodecyl
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copolymer is shown in Fig. 6. After 24-h hy-
dration in water, 0.1 M NaCl and 1.0 M NaCl
solutions, the slope ratios are 2.0, 1.4, and 1.2,
respectively, and approaches 1 in | M NaCl.
This is a typical behavior for polyelectrolytes
in solution. The addition of salt suppresses
tendency for the counterion in the film surface
to diffuse into the water, quenches the thick-
ness of the electrical double layer which causes
lessening of the net charge in the polymer
backbone, and results in depression of the
chain expansion and the side-chain orienta-
tion, that is, the contraction of the polymer
chain in the salt solution makes itself behave
as “normal.”

X-ray photoelectron spectroscopy of the
surface of these copolymers revealed a striking
enrichment of the sulfonate groups in the sur-
face (Table II). The amount of the charged
groups was about 6 to 8 times in excess as
compared with calculated bulk values. After
being hydrated for 4 h, then dried again under
vacuum for 2 days, the presence of S and Na
in the surface decreased but was still 3 to 4
times in excess of the calculated.

The zeta potentials of these copolymer sur-
faces coincided with the XPS data, although
the differences were small.

FORCE

IMMERSION DISTANCE

F1G. 3. Contact angle loops of polyHEMA-SSHMA—
MBAAM. (a) 5% crosslinker, coated with 3% solution,
hydrated 3 h; (b) 5% crosslinker, coated with 1% solution,
hydrated 24 h; (c) 1% crosslinker, coated with 1% solution,
hydrated 54 h.
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FiG. 4. Contact angle loops of polyHEMA-SSDMA-MBAAM films after being hydrated in 0.1 M NaCl
for 0 (a), 44 (b), 24 (c), and 100 (d) h.

The enrichment of SO;Na' groups in the co-workers demonstrated by XPS that sodium
surface seemed strange, because it was believed and sulfonic groups of ion exchange resin
that polar sites tend to bury in the aqueous made of crosslinked sodium polystyrene sul-
phase within the gel when the surface was ex- fonate were not exposed to the resin-air in-
posed to air. Ratner ef al. (13), reported that terface but were buried in the bulk of the resin
the amount of HEMA was significantly de- 1in the dry state.
creased in the surface upon dehydration, while But this is not always the case. In our ex-
the surface abundance of the hydrophobic periments, SO3 and Na* were always enriched
ethyl methacrylate component was not af- in the surface, especially when the coated films
fected by drying. Furthermore, Thomas and were cast from DMSO solution. Most proba-

34
. 1100 {i 2
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Fi1G. 5. Ratio of advancing slope (r,) to receding slope (r,) versus the side chain length. Numbers in the
graph denote the time of hydration (a) in water, (b) in 0.1 M NaCl, (c) in 1.0 M NaCl.
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F1G. 6. Suppression effect of added salt to the slope ratio
for polyHEMA-SSDMA-MBAAM (1% crosslinker),

bly it is due to the very strong solvation power
of DMSO for the cations used, as Na' and for
large anions (—SQOy3) (14), thus carrying them
to the surface.

In some cases the sulfonate group was more
enriched, as high as 13 times the bulk value,
or went down to nearly the bulk level, de-
pending upon the treatment. One of the causes
might be the time of gentle heating before ap-
plying the vacuum, which may cause a restric-
tion of orientation. However, in any case the

METHACRYLATES 473
carbon s peak for ester carbon never disap-
peared.

XPS carbon 1s spectra show three peaks: a
main aliphatic peak at 284.6 ¢V (C1), the car-
bon adjacent to hydroxy or to the —OC=0
and —SOj3 groups appeared as a shoulder of
the main peak (C2), and the carbon in the ester
(—COO—) group which appeared as a sepa-
rate peak at higher binding energy (289 eV).
The theoretical and the found values of these
three carbon components obtained through a
peak-fit procedure are listed in Table 111, When
the side chain oriented toward the inner bulk,
along with a decrease in S and Na in the sur-
face, the Cls peak at the high binding encrgy
decreased, and the alkyl carbon main peak in-
creased. In any case the alkyl carbon content
is concentrated in the surface, higher than the
bulk value, which is in accordance with the
enrichment of the S and Na elements in the
surface.

Therefore, it could be assumed that when
films of polysulfoalkyl methacrylates contact
water, the alkylsulfonic groups might orient
into water as if made a layer of pseudoaqueous
solution and more or less concentrated at the

TABLE I

Surface Composition by XPS and Surface Charge of SSRMA Copolymers

Zeta potential
{ ,mV)
Sample Elemental ratio
90:10:1 {moal) C:0:8:Na 5 min® 4 h°

PolyHEMA-SSDMA-MBAAM

Calculated 100.0 46.9 1.5 15 —47.3 —49.01

Found® 100.0 43.0 8.8 12.0

Hydrated® 100.0 30.0 4.5 4.8
PolyHEMA-SSHMA-MBAAM

Calculated 100.0 49.8 1.6 1.6

Found® 100.0 50.0 12.0 19.0 —49.07 —50.30

Hydrated® 100.0 41.0 4.4 6.10
PolyHEMA-SSEMA-MBAAM

Calculated 100.0 53.2 1.7 1.7

Found?® 100.0 57.0 8.4 8.7 —40.54 —44.50

Hydrated® 100.0 64.0 13.0 14.0

4 Time of hydration before measurement.
% Dried sample.

¢ Sample surface was hydrated with deionized water for 4 h, then dried under vacuum for 2 days.

Journal of Colloid and Inierface Science, Vol, 110, No. 2, April 1986
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TABLE III

Carbon Component Analysis of Polymer Surface

Carbon component (%a)

Sample Elemental ratio

90:10:1 (mol) C:0:5:Na {71 C2 c3

PolyHEMA-SSDMA-MBAAM
Calculated 100.0 46.9 1.5 L5 55.9 29.4 14.7
Found 100.0 43.0 8.8 12.0 68.8 233 7.9
Hydrated 100.0 30.0 4.5 4.8 73.6 19.2 T2

PolyHEMA-SSHMA-MBAAM
Calculated 100.0 49.8 1.6 1.6 53.1 31.3 15.6
Found 100.0 50.0 12.0 19.0 68.1 21.1 10.9
Hydrated 100.0 41.0 4.4 6.1 68.2 21.8 10.2

PolyHEMA-SSEMA-MBAAM
Calculated 100.0 53.2 17 1.7 50.0 333 16.7
Found 100.0 57.0 8.4 8.7 51.2 353 15k,
Hydrated 100.0 64.0 13.0 14.0 58.8 335 7.6

surface, thereby decreasing the interfacial ten-
sion. From this consideration, we can now in-
tegrate some apparently contradictory state-
ments. For example, it is true that surfaces
with more hydrophobic component (as with
longer alkyl chains) give higher contact angles,
but in solution, compounds with long alkyl
chains are more surface active than those con-
taining short ones (15), thus lowering the sur-
face tension. This effect may be enhanced in
the presence of ionic groups as in charged sur-
factants. From a study of alkyl sulfo(methyl)
propionates, Chebereva et al. concluded that
when the hydrocarbon radical is extended by
one methylene group, the surface activity of
the sulfo(methyl) propionates increases by a
factor of 2.1 (16). According to our experi-
ments, the surface tension of the water solu-
tions of SSRMA monomers or homopolymers
evidently decreases with the increasing alkyl
chain length as listed in Table IV. Since the
homopolymers were of high molecular weight
' (10°-10°%) (17), being random coils in water
solution, with a lot of active groups entrapped
inside the coils, the lowering of surface tension
is not as great as that in monomer solutions.

In the Wilhelmy plate method of con-
tact angle measurement, when the plate
coated with SSRMA copolymer penetrates the
aqueous solution or water, an interface is

Journal of Colloid and Interface Science, Vol. 110, No. 2, April 1986

formed with a pseudo surfactant layer (Fig. 7).
As the plate proceeds continuously downward,
a local accumulation of the Na™ and the
SO3 occurs, making the pseudointerfacial so-
Iution more concentrated, thus gradually low-
ering the interfacial tension, together with the
effect of local lowering of surface tension,
leading to gradually decreasing contact angles;
therefore, a downward Inclined slope is ob-
tained.

TABLE IV

Surface Tension of SSRMA Monomer and
Homopolymer Solutions

Surface tension

Solution (mMN/m)

H,0 72.9
0.001 M* PolySSHMA 72.7
0.01 M* PolySSHMA 72.1
0.001 M* PolySSDMA 72.0
0.01 M*“ PolySSDMA 69.1
H,0 72.7
0.001 M SSEMA 72.2
0.01 M SSEMA 72.1
0.001 M SSHMA 71.7
0.01 M SSHMA 68.6
0.001 M SSDMA 61.1
0.01 M SSDMA 47.1

4 Mole concentration of segments.
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Actually, buoyancy lines are parallel to each
other only for certain compounds. The devia-
tion occurs when there is strong interfacial ac-
tivity, either positive or negative. For poly-
HEMA, the peculiar contact angle plots we
obtained were just like that in literature (18)
as shown in Fig. 8. If we draw a central line
through the zigzag sawtoothlike advancing
line, the slope is evidently lower than that of
the receding angle line, which perhaps is due
to the interaction between the polyHEMA
surface and the water. The apparently contra-
dictory properties of polyHEMA, such as hy-
drophobicity, swellability, and the possibility
of reorientation of hydroxy groups toward
water, contribute to the peculiar advancing
line. The study of such surface mobility is dif-
ficult and such effects can be readily observed
by the dynamic Wilhelmy plate method.

Hoftfman reported the increase in contact
angle of a polycation with increasing salt con-
tent and increasing binding force with coun-
terions (19). If we take the midpoint of the

Coated glass slide

air

-
.-r'J S07Na+
»f'} S07Na+
| 50 Na+
o+ Eaghat
|~ SO Nat
/, SO3Na+
Pz S0 Na+
,r” S03Na+

P 507Na+

l one side

FIG. 7. A hypothetic sketch of pseudo surfactant layer
in Wilhelmy plate method of contact angle measurement.

water
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FiG. 8. Wilhelmy plate measurement of polyHEMA
surface (reprinted with permission from Ref. 15).

advancing contact angle line of SSRMA co-
polymer surface, and draw a parallel line to
the receding line, the advancing angle obtained
also slightly increases with increasing salt con-
tent. But more important is the dynamic fac-
tor. Perhaps the diffusion of Na* into water is
easier for polymers with longer side chains,
which further supports the lowering of contact
angles.

Clearly the interfacial dynamic of polyelec-
trolyte gels is a challenging and complex sub-
ject which requires more work and novel
theoretical and mechanistic approaches. Such
work is greatly needed and highly relevant to
a wide range of biomedical and aqueous phe-
nomena and applications.
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THERMAL MODULATION REQUIREMENTS
FOR REGENERATION OF
IMMUNOLOGICALLY-ACTIVE SURFACES

Yi-Tung Chen?, D. Christensen?, J. Andrade?, and R. Boehm!:3
College of Engineering
University of Utah
Salt Lake City, UT 84112

Introduction

This is a study of methods to reversibly regulate and control
the binding constant of surface-immobilized antibodies (Ab) and/or Ab
fragments by changing the local temperature, thereby affecting the
binding thermodynamics and equilibria. Specific chemical assay in
complex mixtures generally depends on the use of specific, high
affinity binding agents, such as antibodies, membrane receptors,
enzymes, lectins, chelates, etc. Generally the greater the binding
constant, the greater the ultimate sensitivity of the assay. Such assays
are one-shot measurements. In the case of an immunoassay, one
takes a sample, mixes the reagents, makes a reading, and then
discards everything (Collins, 1985).

There is considerable interest and activity in developing
specific chemical sensors, i.e. detectors which respond to changes in
concentration of a specific chemical - either continuously or at least
semi-continuously (Andrade et al., 1985). Clearly we desire a high
binding constant for maximal sensitivity, but we may also require a
fast response time to permit continuous or semi-continuous
measurements. Some means of decreasing the binding constant
between measurements is therefore desirable. Ideally we would like to
be able to zero the sensor between each measurement and yet make the
measurement often enough to have a near-continuous readout
(Andrade et al., 1985). Finally, we prefer a sensor with the maximum
possible dynamic range. These characteristics are generally mutually
exclusive, unless we can regulate the binding constant (Andrade et al.,
1986).

The very high binding constants, which provide these agents
with their exquisite sensitivity, usually mean that the dissociation rate
of the complex is very slow (Pecht, 1982). Therefore, such systems
are in reality dosimeters rather than true sensors or function as sensors
with very slow time response. In order to reuse such a device, there
must be a way to weaken the bond to permit the complex to dissociate
in a reasonable time (Andrade et al., 1986; De Feijter et al., 1978).

The standard means to dissociate Ag-Ab complexes is to
induce a significant conformational change in Ag, Ab, or both by
drastic changes in the local solution environment, such as pH 2-3, pH
11, high concentration of chaotropic salts, high concentrations of
agents which diminish hydrophobic interactions, temperature, eic.
(Pecht, 1982; Goding, 1983; Walters, 1985). Unfortunately, such
treatments often lead to irreversible conformational changes which
destroy the specific binding properties (Goding, 1983). In addition, it
is difficult to deliver acid, base, etc., on command to a remote sensor
site. A different approach is to use low affinity antibodies, thus
sacrificing sensitivity, or to use special monoclonal antibodies whose
binding site structure makes them very susceptible to moderate
changes in local pH (Hill, 1984).

There is a need for a method which can remove specifically
bound ligand from a sensor surface without the use of often damaging
eluting agents. The high affinities of antibodies can lead to almost
irreversible binding of ligands. In vivo, the protein-ligand complex is
usually broken down by proteolysis. In applications of
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immunoassays and affinity chromatography, it is usually necessary to
dissociate the protein-ligand complex without denaturation of the
protein. Thus, the dissociation of the protein-ligand complex is a
fundamental problem in both basic and applied research. It would be
desirable to be able to modulate the affinity of the protein in a
predictable and reversible manner.

A key element of the paper is the focus on the thermal
dissociation to regulate and control ligand-receptor binding externally.
It is clear that the dissociation rate constant can be increased by a
factor of 10 if the interfacial temperature could be changed from 20 to
40°C, decreasing the response time from around 500 seconds to nearly
50 seconds. By raising the temperature to 60°C, the response time
would be down to about 7 seconds.

The heating required to achieve the necessary thermal
environment is related to typical conduction, convection, and radiation
processes. In here, an agueous solution (typically a buffered salt
solution) is in contact with a surface. A fluid layer adjoining the
surface and approximately 2000 A thick must be transiently heated.
Heating duty of this surface should be on the order of 20-30°C above
an ambient fluid temperature which might range between 0-70°C.
This process is complicated by the fact that there may be other
operations (for example, some that require ultraviolet radiation to be
incident on the layer simultaneously with the heating) to be performed
simultaneously with the heating. We are considering three heating
processes for the thermal modulation. They are an electrically-heated
method, a direct radiatively-heated method, and an evanescent-wave-
heating method.

Theory

h

One method of heating is to liberate the energy at an adjoining
surface. For systems where a conducting surface, or at least a
conducting film on the surface, can be used, then the simplest
approach to fluid layer heating may be to use Joulean heating. Careful
control of applied voltage vs. time will result in the ability to generate
virtually any kind of thermal environment in the adjoining surface.

For short times, the temperature within the boundary layer of
the fluid is given by a semi-infinite solution of the heat conduction
equation. Two aspects must be present. First, the fluid must have
heat sink capability (either a relatively thick layer of fluid or a slightly
flowing fluid), and, second, the fluid must not convect significantly.
The latter can be accomplished by placing the heated surface on top of
the fluid and keeping any flow to very small velocities. The semi-
infinite solution is given by, for example, Incropera and DeWitt
(1985).

80

Surface heating,
semi-infinite water

8021 W/sqm

&

)
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Temperature difference (°C)
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Time (sec)

Figure 1. The temperature response at an semi-infinte water interface
due to various surface fluxes.

Studies of this situation also serve as a base case for the other
two heating modes discussed here. Fluid interface temperatures are
shown in Figure 1 assuming an insulated interface and water
properties. In the first phase of the work, electrically-conducting



coatings were applied to the containing surface that allowed Joulean
heating of the adjacent fluid. This is discussed further below.

1

This approach includes a number of methods that can be
lumped together for discussion purposes. Included are: indirect
methods where the adjoining surface is heated by thermal radiation
absorption in the surface material or a coating; and direct methods
where a fluid absorbs the radiation directly within the volume.

For the first method to be successful, the surface must be
opaque to radiation with a coating that has a known radiative
absorptivity. The second (direct absorption) method offers critical
distinctions from the first. First, the surface can be an uncoated
dielectric, such as typical optical waveguide materials. Now,
however, the fluid molecules have to be selective absorbers of thermal
radiation. Water and many of the organic-based materials demonstrate
infrared band absorption. Care must be taken to find pertinent
monochromatic sources that can be absorbed by the fluid molecules,
but be not too far into the infrared to be cut-off by the dielectric
surface material.

The laser radiation is assumed to be normally incident on a
nonabsorbing containing plate and the adjacent fluid. To analyze this
situation the radiation absorption is modeled using Beer's Law, with
the incident intensity used in Beer's Law modified to include the effect
of scattering in the media (if present). The temperature distribution in
the fluid and containing plate is found as a function of wavelength
using a finite difference conduction formulation. The light distribution
may be modeled by using Beer's Law, with the incident intensity used
in Beer's Law which can modified to include the effect of scattering in
the media. Scattering was not included in the present analysis.

Results for the temperature response estimates for radiatively
heated water are shown Figure 2 for a single wavelength of radiation.
The fluxes shown are the values used in the one-dimensional analysis.

60
. Wavelength=1.45 pm
~ soF Absorptivity=25 l/cm
&)
o 5
0 8021 W/sqm
2 40F
;E L
= 30f 5730 W/sqm
g 20
& b
E 10f 1146 W/sq m
E L
0 -‘L"-:-_-_ 1 N L . L 2 1 N
0 20 40 60 80 100 120

Time (sec)
Figure 2. Surface temperature response at a quartz-water interface toa
monochromatic beam of radiation at 1.45 um for various incident
fluxes. The water is assumed to be semi-infinite.

We were interested in exploring the complete near infrared
region to see the effect of water absorptivity on the resulting surface
heating, One representation of the results found in this analysis is
given as Figure 3. This shows the net temperature rise of the surface
for various monochormatic fluxes after heating for 50 seconds.

nt wave heat thi
Finally, evanescent wave heating is considered. Here the
optical application method considers a beam of collimated
monochromatic light impinging at the prism-air interface at an angle of
incidence. The prism has a different refractive index than the
surrounding medium. At low incidence angles, the beam will be
refracted and transmitted into the low refractive index medium. The
incident and reflected beams interfere to produce a standing wave at
the interface. In the case of an interface between dielectric and an
absorbing media, the standing wave has a finite electrical field
amplitude right at the interface and decays exponentially in the

Evan

absorping medium. It can be shown that the evanescent wave
technique will yield power requirements that fall between the volume
absorption method and the surface absorption method already
described.

0 ™ Time = 50 sec 8021 W/sqm
O 30r
:
g 20 5730 W/sq m
g_ 10r 1146 W/sq m
e —

0 i 1 i 1 i 1 L

1.4 1.6 1.8 2.0

Wavelength (jm)

Figure 3. Temperature elevation at a quartz-water interface due to
heating by various monochromatic sources for 50 seconds.

Experimental work

We have begun the experimental evaluation of several aspects
of the thermal regeneration of immunologically-active surfaces. For
the initial phases of the work, an electrically-heated surface was used.
This surface was prepared by coating a quartz wall of a small flow
chamber with a thin (500A thick) film of titanium. The titanium was
electrically insulated from the fluid with a thin (2000A thick) silicon
nitride film. 2000A thick gold strips were used to bus the current to
each side of the heater element. Temperatures on the active surface of
the flow chamber were determined with narrow, thin (500A thick)
films of platinum, also electrically insulated from the fluid by the use
of an overcoating of silicon nitride film. The platinum strips were
used to infer the temperatures at the fluid-heater interface. Space
limitations do not allow further discussion of the experiments.

References

J. D. Andrade, R. A. VanWagenen, D. E. Gregonis, K.
Newby, and J-N Lin, 1985, "Remote Fiber-Optic Biosensors Based
on Evanescent-Excited Fluoro-Immunoassay: Concept and Progress,"
IEEE Trans. Elect. Dev.,1175-1179.

J. D. Andrade, J-N Lin, J. Herron, and M. Reichert, and J.
Kopecek, 1986, "Fiber Optic Immunodetectors: Sensors or
Dosimeters?,"SPIE 718,p. 280.

W. P. Collins, ed.,1985, "Alternative Immunoassays,” Wiley.

J. A. De Feijter, J. Benjamins, and F. A. Veer, 1978,
"Ellipsometry as a Tool to Study the Adsorption Behavior of Synthetic
and Biopolymers at the Air-Water Interface,” Biopolymers ,Vol. 17,

. 1759.
R J. W. Goding, 1983, "Monoclonal Antibodies," Academic
Press, pp.199-203.

C. L. Hill, 1984, "Switch Immunoaffinity Chromatography
with Monoclonal Antibodies," Biotechniques, Vol.14.

F. Incropera and D. DeWitt, 1985, "Introduction to Heat
Transfer," J. Wiley, p. 202-205.

I. Pecht, 1982, "Dynamic Aspects of Antibody Function,” in M.
Sela, ed., The Antigens, Vol.6, Academic Press, P.1.

R. R. Walters, 1985, "Affinity Chromatography,” Anal. Chem.
57, 1099A; 1. Parikh and P. Cuatrecasas, 1985, "Affinity
Chromatography,” Chem. Eng. News.

Acknowledgement

The partial support of the U. 5. Army Research Laboratories through
DAAL03-87-K0134 is appreciated.



HTD-Vol. 126
BED-Vol. 12

| BIOHEAT

| TRANSFER —

| APPLICATIONS IN
HYPERTHERMIA,
EMERGING
HORIZONS IN
INSTRUMENTATION
AND MODELING

presented at
{ THE WINTER ANNUAL MEETING OF

‘ THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS
| SAN FRANCISCO, CALIFORNIA
| DECEMBER 10-15, 1989

co-sponsored by
{ THE HEAT TRANSFER DIVISION AND
! THE BIOENGINEERING DIVISION, ASME

edited by
R. B. ROEMER
UNIVERSITY OF ARIZONA

| J. J. McGRATH
* MICHIGAN STATE UNIVERSITY

H. F. BOWMAN
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS
United Engineering Center « 345 East 47th Street « New York, N.Y. 10017




Nature of Water in Synthetic Hydrogels

Ill. Dilatometry, Specific Conductivity, and Dielectric Relaxation
of Poly(2,3-dihydroxypropyl methacrylate)
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The hypothesis that three classes of water exist in hydrogels, namely, X water (bulk water-like),
Z water (bound water-like) and Y water (intermediate water), has been verified, and the dynamic
aspects of those waters have been studied in poly(2,3-dihydroxypropyl methacrylate) (PDHPMA)
hydrogels. Bulk gel conductivity data for PDIIPMA gel was obtained. The activation energy for
specific conduction was obtained from the specific conductivity curve at various temperatures. A
plot of the activation energy vs volume percent of water in the gels clearly indicated three different
zones, showing three classes of water in the gels, Thesc results were confirmed by thermal expansion
measurements. The high-water-content gels (60%;) showed an exiremely sharp volume change at
0°C, indicating the presence of normal bulk water. Lower-water-content gels (2097) showed no
anomalous change in thermal expansion, indicating that the water is bound. The medium-water-
content gels exhibited intermediate behavior, A semiquantitative analysis of the three classes of
water is presented. The third method used was dielectric relaxation. At low frequencies the dielectric
constant of PDHPMA gels is much higher than that of water. The dielectric consiant decreases
continuously as the frequency increases, tending to level off at about 108 Hz. The higher the concen-
tration of polymer in the gel, the lower the dielectric constant, Results are most reasonably explained

by assuming the more structured phase of water for the low dielectric constant.

INTRODUCTION

The nature of water has long been of great
interest and has been extensively studied.
Questions of water structure, water of hydra-
tion, and similar problems are of biological
significance, e.g., the structure of water in
living cells, the role of hydrated water around
protein molecules, etc. (1-3). There has also
been great interest in the hydration of macro-
molecular species and the state of water
molecules in hydrophilic polymer systems.
The interactions between water and synthetic

1 To whom correspondence should be addressed.

1
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polymers have been widely reviewed recently
by Molyneux (4).

Hydrogels are promising materials for bio-
medical applications (5). Many of the physical,
physiological, and interfacial properties of such
gels may be related to the organization of
water within and on the surface of the hydro-
gels (6). So, the study of the nature of water
in synthetic hydrogels is very important both
for pure scientific interest and for the develop-
ment of biomedical materials.

There is substantial evidence that a fraction
of water in hydrogels may be significantly
different from normal or bulk water. Thon and
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Andrade (6) have hypothesized that hydrogels
may contain three classes of water; X water
(bulk water-like), Z water (bound water-like),
and Y water (intermediate forms), Others have
proposed similar hypotheses (7-9). This hy-
pothesis i3 supported by experiments (10-12)
carried out in natural systems, such as agar
and starch. High-resolution NMR (12, 13)
and infrared spectroscopic (13, 14) studies also
demonstrate the presence of three types of
water. Lee ef al. (15, 16) have verified the
hypothesis using dilatometry, specific conduc-
tivity, differential scanning calorimetry (DSC),
and proton pulse NMR studies of poly(2-
hydroxyethyl methacrylate) (PHEMA) gels.

The object of this research is to check further
the validity of the X, ¥, Z hypothesis and to
study the dynamic aspects of X, Y, and Z
water. Specific conductivity and thermal ex-
pansion have been measured from —15°C to
room temperature for poly(2,3-dihydroxy-
propyl methacrylate) (PDHPMA) gels of
various water contents to test the hypothesis.

CH, 0
L2

CH;= C—C—O—CHz—CQ —/-/C Hy—— CH;=C—C—0—CH,— (I;-,.E_CH

0]
GMA

B. Sample Polymerization

The monomer was dissolved in distilled
water. About 0.6% by weight (with respect to
monomer) of tetraethylene glycol dimethac-
rylate (TEGDMA) was added. The polymer-
ization was initiated by an aqueous redox
system of (NH,).S,05 and Na,S,0; at room
temperature. Gelation of the monomer mix-
tures occurred within a few hours; after stand-
ing at room temperature overnight, they were
' cured at elevated temperature (60°C) for an
hour.

The gels thus contained the amount of water
present in the original monomer solution. They
were not equilibrated with water.

C. Specific Conductivity

Specific conductivity was measured with a
conductivity bridge (Yellow Springs Instru-

In addition, to obtain new information on the
structure of water in hydrogels, dielectric
relaxation studies were carried out at 13°C.

DHPMA is more hydrophilic than most
other methacrylate monomers because it has
two hydroxyl groups. Hydrophilicity of the
gel may be very important in determining the
biocompatibility of gels. It is hypothesized
that blood compatibility may be improved as
the interfacial free energy between the surface
of the gel and blood plasma decreases (17),
which may be dependent on water organization
at the gel/solution interface (17).

EXTERIMENTAL
A. Preparation of DIIPM A Monomer

The synthesis of DHPMA has been generally
described by Refojo (18). DHPMA is prepared
by hydrolyzing glycidyl methacrylate. Glycidyl
methacrylate (GMA) is commercially avail-
able. The hydrolysis reaction is

H7H,0 CH, O

1 E0

i
OH OH
DHPMA

ment Co., Model 31) using a 1-kHz ac signal.
The use of alternating current avoids polariza-
tion of the electrode in the conduction cell.
Platinum disks (99.989) were used for elec-
trodes. The polymer sample (0.2-cm thickness)
was placed between two electrode plates. They
were contacted with silver conductive paint
(GC Electronics, Rockford, 1l.) to minimize
contact resistance.

D. Dilatometric Measuremenis

The volume change of the gels was deter-
mined by means of thermal expansion measure-
ments over the temperature range of room
temperature to —15°C using a dilatometer
filled with sample and mercury. The apparent
specific volume change, A®,, of the gel was
calculated by the equation

A‘-TJS = [SUE = }Zo) = (TJHQ' VHgO 'dﬂgojfﬂ‘fa, I:l]
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where S is the cross-sectional area of the
capillary; % and /& are the heights of the
mercury column at the temperature {°C and
the reference temperature, respectively; P, is
the specific volume of mercury at £°C; Vi, is
the volume of mercury in the dilatometer at
the reference temperature; di,° is the density
of mercury at the reference temperature;
and My is the mass of the sample.

E. Dielectric Relaxation

The dielectric constant, €, of a medium may
be defined as the ratio of a field strength in a
vacuum to that in the medium for the same
distribution of charge (19). It may also be
defined, and is generally measured, as the
ratio of the capacitance, C, of a condenser
filled with the material in question to the
capacitance, Cy, of the empty condenser; that
is e = C/Ca.

The monomer mixture was poured into a
special coaxial cell and polymerized in the cell
in order to obtain good contact between sample
and electrodes. A standard replacement-
bridge method, with an RF vector impedance
meter (Hewlett Packard, Model 4815 A), was
used. The interest region for bound water in
gels occurs approximately at 10° to 107 Hz
(20), but we explored the region of 10° to 108
Hz for all gels. All data were taken at about
158G

RESULTS AND DISCUSSION
A. Specific Conductivity

The specific conductivities for various water
contents of gels over the temperature range of
20 to —10°C were determined. Plots of specific
conductivity () vs temperature for PDHPMA
gels of different water contents are presented
in Fig. 1. Log « is linearly proportional to 1/T
for temperatures higher than the transition
temperature. A sharp discontinuous change in
the log x vs the 1/T curve near 0°C indicates
that the high-water-content gels have signifi-
cant amounts of “normal” or X water. As the
water content becomes lower, the change at
the transition point becomes smaller. The

log K
-2.50F

~300-

-3.50F

-4.00r

=-5.00F

=550

-6.00

~6.501

Frc. 1. Specific conductivity vs reciprocal tempera-
ture for PDHIPMA hydrogels as a function of water
content,

209% water gel does not show a sharp drop in
specific conductivity at 0°C. This fact indi-
cates that as the water content decrcases, the
amount of normal water decreases.

The apparent activation energy for specific
conduction for each different gel (Fig. 2) could
be obtained [rom the slope of the straight lines
in Fig. 1, on the basis of the equation (21)

log & = const — (AE,/2.303RT). [2]

One can analyze Tig. 2 in terms of three classes
of activation energies which may correspond to
the activation energy of “normal” water (X
water), that of “bound” water (Z water), and
that of Y water. The activation energy, 2.8
kcal/mole for gels of 60 to 709, water content
in Fig. 2 is near the value of the activation
energy for proton transport in aqueous solu-
tions, 2.5 to 2.8 kcal/mole (22). The activation
energy of conduction for ice doped with ionic
impurities is in the range of 6.8 and 7.8 kcal/
mole (23), which is the same order as the
activation energy for gels of 10 to 209, water
content, 7.0 to 6.8 kcal/mole. These facts
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AE, (kcal /mole)

1

6.0F

5.0-

2.0~

1 1 I 1 1
10 20 36 40 50 80 70
Hp0 %

F1c. 2. Activation cnergy for conductivity vs water
content of PDHPMA hydrogels.

suggest that in the low-water-content gels,
the conductivity is largely determined by
bound water with nonfreezing behavior while
in the high-water-content gels, it is largely
determined by nonbound water with normal
freezing properties.

B. Dilatometric Measurements

The specific volume change of the gel, A®,,
was obtained from the dilatometric measure-

aZgelx 10
20T (em¥/q)
s+
10
5L
oF
=5k
=0k
-5k
=20
1 L 1 1 1 1 1 -
=15 =10 =5 [+] 5 10 15 20

TEC

Fie. 3. The specific volume change vs temperature
for a 209, water PDHPMA gel.

43 g X 10°
20k lem¥/g)

-5|

1 1
-5 -6 -5 0 5 ICHaa
Tiec)

Frc. 4. The specific volume change vs temperature
for a 257, water PDHPMA gel.

ments by Eq. [1]. The results are presented
in Tigs. 3 to 7. The gel with 209}, water content
shows a straight line having neither hysteresis

3
A§ge|xio

a0l lemsg)

1 1 L 1 L

L L
-15 -10 -3 Q 5 10 15 20
Ti°C)

Fic. 5. The specific volume change vs temperature
for a 309, water PDHPMA gel.
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in thermal expansion nor an anomalous change
in the specific volume around 0°C. The 25%,
water gel shows a slight hysteresis, the heating
path discontinuously joining the cooling path
in the vicinity of 0°C (Fig. 3). The hysteresis
increases as the water content of the hyvdrogel
increases (Figs. 4 to 7). The hysteresis is most
pronounced in the high-water-content hydrogel
(609, water).

Since ne anomalous change was detected for
gels with lower water contents, the water in
such gels is considered to show no transition
in this temperature range. Most of the water
in such lower-water-content gels is presumed
to be Z water (bound water). Therefore, Z
water may have no transition over the range
from —15 to 0°C.

Judging from the extremely sharp change in
the specific volume for higher-water-content
gels, the transition temperature of X water
may be 0°C, for X water is presumed to be the
main component of the higher-water-content
gels.

The gradual decrease in the specific volume
with an increasc in temperature over the range

83 gel x10%
sob (ccra)

=5+
=10}

-15¢

-0 -5 0 5 o 15 20
TeC)

F16. 6. The specific volume change vs temperature
for a 409, water PDHPMA gel,

A% gox 103 (cerg)

30r

25r

-5

1 1

1 1
-0 -5 0 5 TS5 8
T(°c)

F16. 7. The specific volume change vs temperature
for a 609, water PDHPMA gel.

from —13 to 0°C is considered to indicate that
the transition temperatures, perhaps for Y
water, should be distributed over this tem-
perature range.

These results lead us to conclude that (i) the
transition temperature of X water may be
0°C, (ii) that of Y water may be distributed
over the range from —15 to 0°C, and (iii) Z
water may have no transition temperature in
the range from —15 to 0°C. The above con-
clusions agree with the specific conductivity
results.

Hysteresis phenomena similar to those
shown in Figs. 3 to 7 can be found in the
literature. Aizawa and Suzuki (10) and
Lee et al. (15) obtained such data for agarose
gels and PHEMA gels, respectively. The
degree of hysteresis of PDHPMA gels is
greater than that of PHEMA of the same
water content. From this fact we may presume
that the PDHPMA gel has a higher percentage
of X water (normal water) than PHEMA gel.

Journal of Colloid and Inlerface Science, Vol, 61, No. 1, August 1977
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TABLE I

Approximate Contribution of X, Y, and Z Water
to the Total Water Contents (W) of PDHPMA gels
(vol%p)

60%

W 209, 25% 3045 4%,

X 0 0 4.1 14.0 34.0
¥ 0 0 5.9 6.0 6.0
zZ 20.0 20.0 20.0 20.0 20.0

This presumption was verified by the following
work.,

The assumption that the transition near 0°C
is mainly due to X water (bulk water) and
the 209, water gel confains only Z water
(bound water) led us to calculate the amount
of X, Y, and Z water from Eqs. [3] and [4]:

X = (AD,/Ad,) X 100; 3]
V==X —7 [4]

where X' = percentage of X water (bulk water)
in the gel; A%, = volume change of ice to
water at 0°C, 91.1 X 107 cm?/g; ¥V = per-
centage of Y water in the gel; W = total
percentage of water in the gel; and Z = per-
centage of Z water (bound water) in the gel.
The amount of normal water in the gel is ob-
tained using Eq. [3] with A®, values taken
from Figs. 5, 6, and 7, and the A®; value from
Ref. (21). Also, the amount of Y water is

[l

IS0

120

110

80

Fdels

-

obtained using Eq. [4], assuming that up to
209 of the gel is Z water. The results are shown
in Table T.

As seen in Table I, the amount of Y water
appears to reach a near-constant value for gels
of 30 to 609, water content. There is appar-
ently no bulk or normal water in the gel until
the maximum interfacial water content is
reached; after that point, all additional water
in the gel behaves as bulk or X water. The
percentage of X water in PDHPMA gel is
higher than that in PHEMA gel (15) with the
same total water contents in the gels.

This observation is consistent with our
model since PDHPMA gels are more hydro-
philic than PHEMA gels (13, 18). However,
the observed Z water percentage is the same
for both gels. We studied 20, 25, and 309,
water content PDHPMA gels, while Lee ef al.
(15) studied only 20 and 309, water PHEMA
gels. We would expect that in PHEMA gels,
the Z water percentage would be a little higher
than 209, if more extensive experiments are
performed. Such  experiments are now in
progress.

C. Dieleclric Relaxation

The relationship of the diclectric constant
with concentration and frequency is shown in
Fig. 8 for PDHPMA gels. Toward very low

60 %
50 %
40 %
0%

20 %

iig

10%

100 MH,

Fic. 8. Dielectric constant as a function of frequency and water content for PDHPMA hydrogels.
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NATURE OF WATER IN SYNTHETIC HYDROGELS

frequencies, e values rise continuously and
more sharply. Toward high frequencies, the
curve of e tends to level out. At the frequencies
used, e of water is about 80. It is apparent that
the e values of all gels are higher than the e
value of water at low frequencies; only at high
frequencies do the values become lower than
the e of water, particularly in the gels of higher
polymer concentration. The e values of the
gels do not follow a curve parallel to that of
water, ice, or theoretically bound water (24).

Although the use of relaxation techniques
(for example, NMR and dielectric) seems to
offer the most promising prospects for the
future studies of the role of water in polymers
and many groups (25-28) use the relaxation
technique to interpret the nature of bound
water, the general theory about the relaxation
of water interacting with other molecules has
not been available up to now. While the data
we have obtained are msuflicient to discuss
deeply the dielectric behavior of water in
hydrogels, a few comments can be made. It
seems that water molecules bound to the gel
are polarized in an electric field acting as
conductors, perhaps as in ice. With increasing
order in the water lattice, the low-frequency
dielectric constant increases, as is evident from
the fact that ice has a higher dielectric constant
than water, and the fact that the dielectric
constant of ice increases rapidly with decreas-
ing temperature (29). Furthermore, as the
electric ficld alternates, there is probably
electrical transfer through an oscillation of the
electron cloud and/or the protons between the
molecules (30). The conductivity behavior of
polarized water can be thought to contribute
considerably to the high dielectric increment
at low frequencies. As the frequency increases,
the mobility of the protons in the lattice-
ordered water decreases (31), because they
cannot follow the cyclic change. So, a sharp
decrease of dielectric constant occurs. Unlike
the situation in rigid ice, there is no sharp drop
in dielectric constant of gels, however, because
the protons and electron cloud in many of the
water molecules still retain a certain mobility,
which is greater the lower the concentration

7

€
BOF

- Expl.
g0l x : Calc.
40+F

x
20F
1 1 1 L 1 L 1

1o 20 30 40 50 60 7O
% (vol) of water

Frc. 9. Dielectric constant as a function of water
content for PDHPMA hydrogels at the frequency
of 100 MHz.

of polymer. So the lower the concentration of
polymer, the broader the diclectric dispersion
curve obtained. The varying degrees of lattice
order also contribute to the broad distribution
of dielectric dispersion.

At frequencies above the dielectric dispersion
region, the gels give a decrement in the di-
electric constant. This bechavior is to be
expected, since the lattice-ordered structure
should have a lower diclectric constant than
water at frequencies above the dispersion
region,

The results arc most reasonably explained
by assuming a more solid structure of water
the lower the diclectric constant at the high-
frequency region. The concentration depen-
dence of e for the gel samples at 100 MHz is
depicted in Fig. 9. In this frequency region,
the following equation for the dielectric
constant has been established.

Ei= ex-fx + ey fyv 4 €Z'fz e fp‘fm [5]

where ex, ey, ez = dielectric constants of X
water, Y water, and Z water, respectively,
& = dielectric constant of pure polymer;
fx, fv, fz = mole fractions of X, Y, and Z
water; and f, = mole fraction of pure polymer.
The dielectric constant of pure polymer is
about 3, and the values of ex, ey, and ez are
chosen so as to give the best fit to the experi-
mental data (Fig. 9) when the above equation
is used. The resulting values of ex, ey, and ez
at 100 MHz are 75, 35, and 17, respectively.

Journal of Colloid_and Interface Science, Vol. 61, Na. 1, August 1977
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The agreement between theoretical and experi-
mental values is illustrated in Tig. 9. On the
basis of calculated values of dielectric constant
of X, Y, and Z water, one can deduce struc-
tural information. Because the dielectric con-
stant of X water (ex = 75) is almost the same
as that of normal water. The very low dielectric
constant of Z water (ez = 17) leads us to
think that it has a very ordered structure,
although the orderedness of Z water does not
reach that of ice. The medium value of
diclectric constant of Y water (e = 35)
indicates that it has intermediate structure
between normal water and lattice-ordered
water. In other words, its structure is more
ordered than X water and less ordered than
Z water,
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Evanescent-wave coupling of fluorescence into guided modes: FDTD analysis
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ABSTRACT

An important consideration in the analysis of optical waveguide sensors (such as the fiberoptic
fluorescent immunosensor) is the amount of total emitted fluorescence from the surface-bound proteins
which is trapped and guided by the waveguiding structure of the sensor. In this paper we use a new
Finite-Difference Time-Domain (FDTD) numerical technique to analyze the percentage of total

fluorescence from surface dipoles which is coupled into the guided mode via the mode's evanescent
tail.

1. INTRODUCTION

Guided wave devices are gaining increased attention in the fields of sensing, telecommunications,
and optical processing. Of interest to our group is the use of optical waveguides for the evanescent
detection of antigen concentrations on specially prepared surfaces of optical sensors--i.e., optical
immunosensors.! In this application, the antigens to be measured are typically given fluorescence
capability (either by being directly fluorescently labeled themselves, or by displacing predeposited
labled antigens through competitive binding). The fluorescently labeled antigens which attach to
specific antibodies bound to the surface of the waveguide are excited via evanescent coupling of

energy from a guided laser beam, whereupon they fluoresce, and in turn a portion of this fluorescence

is coupled back into the waveguide through the waveguide mode's evanescent tail for remote
o | _detection. The limited depth of penetration of the evanescent energy into the sensing medium

7 4 (typically less than 0.5um) greatly increases the sensor's sensitivity to surface-bound antigens
’ compared to emitters in the bulk solution.

A key question in comparing the optical efficiency of this type of sensor to more conventional
bulk measurements is the amount of total emitted fluorescence which is collected and guided by the
waveguide modes. Simple ray theory cannot be used here since it predicts no coupling between
sources located outside the waveguide and the guided rays. More exact electromagnetic theory must
be employed. Marcuse has recently dealt with a related question of the coupling efficiency of dipole
sources distributed throughout the cladding layer into the core of a round fiber.2
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2. FDTD MODEL

We have applied a newly developed technique, the Finite-Difference Time-Domain (FDTD)
method, to this problem.3 In essence, this method numerically solves Maxwell's equations as a
function of both space and time for regions of varying dielectric constants. Included in the
two-dimensional model are a glass substrate region, a waveguide region, an outside bulk (solution)
region, and varying configurations of fluorescent sources on the surface of the waveguide. Figure 1

shows a cross-section of the waveguide model anaylzed here.

absorbing boundaries
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fluorescent source:

Jocgtiba(s). e ] e

Fig. 1. Cross-section of the model used for FDTD analysis of power coupled from

various fluorescent sources into the guided mode of the waveguide.

A fluorescence wavelength near 488 nm is assumed, and the waveguide thickness is chosen to be
0.4 pm, corresponding to a single-mode guide. For the indices of refraction shown in Fig. 1 for the

waveguide and its cladding layers, the normalized frequency parameter V is calculated to be V=3.377,

assuring that only the lowest order TMg mode will be guided by the waveguide, and higher order

modes will be cutoff.4 This simplifies interpretation of the resulting radiation patterns.
In the FDTD method, the grid containing the model must be terminated on its outer boundaries by
some means to avoid reflections from these boundaries. To simulate a model which effectvely

stretches 1o infinity, artificial "absorbing" boundary conditions are added to the outer perimeter of the

grid. We used first order absorbing boundary conditions to achieve this effect (see Fig. 1)-
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3. FLUORESCENT SOURCE CONFIGURATIONS AND RESULTS

The fluorescent sources are treated as electric dipoles. We analyzed a series of different
configurations of sources to examine the power coupling efficiency of each. A measure of this

coupling efficiency may be made by calculating the amount of power carried in one direction along the

waveguide by the guided mode (Pg) and also the total amount of power radiated in all directions by th
source dipoles (P¢). The powers are determined from the FDTD results by numerically integratin g the

normal components of the Poynting vector along appropriate surfaces: within the waveguide at one

end to determine Pg, and around the entire perimeter of the grid to determine P. The integration

surface inside the waveguide is taken sufficiently far from the location of the sources to assure that the

mode carries only truly guided power Pg, and that leaky mode power is dissipated.

The measure of coupling efficiency is determined by the percentage of total radiated power whicl
is guided in one direction by the mode. That is:

% guided = Pg/PS

Figure 2 shows the various source configurations analyzed and the resulting percentage of guided

power for each.

4. DISCUSSTON AND CONCLUSIONS

As seen in Fig. 2, the first configuration (Configuration #1) models a dipole source (E)

embedded in the waveguide core itself. As expected, the percentage of power coupled into the guided
mode is large (21.6%) since the source is in an ideal location where the strength of the vertical electric

field of the mode is high. If the power trapped in the mode propagating in the reverse direction were

added, the percentage of guided power would be even larger, approximately twice that listed.

Configuration #2 more directly applies to the question of evanescent coupling of surface sources

nto the guide. As shown in Figure 2, the percent coupling is still appreciable (6.4%) for an outside

source polarized perpendicular to the guide (Ex)- For electric dipole sources oriented in the direction

parallel to the guide (Ey in Configuration #3) however, the coupling is very weak (0.7%) since the
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Configurations of Fluorescent Source Dipoles
and Percent of Power Guided

Config* | Config®2

(inside w@)

Rquided= 6.4%

%quided= 21.6%

Config*3 Config*4

Config¥®5 fig*
S R CHRrigTe n=1.33

n=1.50 n=1.50
random phases

LR WRE e e i

[#guided= 10.9% | 7guided= 10.4%

; Soon A ;
Fig. 2. Various source configurations analyzed and the resulting percentage of

guided power for each.
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guided TM(y mode has only a very small component of its electric field in that direction. Configuration

#4 shows that surrounding the source dipole with an intermediate index of refraction (n=1.50), as

might be an appropriate model of proteins, has little effect on the coupling efficiency.

Multiple sources are treated in Configurations #5 and #6. Ten dipoles are spaced irregularly
along the surface of the guide. Their phases are randomized by the computer in order to model largely
incoherent fluorescent emission. The percentage of guided power increases slightly, probably due to a
small amount of inadvertent coherence between the sources. Comparison of the two configurations
shows that whether the medium immediately surrounding the sources is continuous or broken has a

small influence on the percentage of power coupled into the guide.

In conclusion, these results show that a measurable amount of fluorescent emission from surface
sources may be detected by an optical waveguide. Using an average of the results from Configuration
#2 and Configuration #3 to approximate the random orientation that is usually found in fluorescent
molecules, it can be seen that approximately 3.5% of the total emitted power is expected to be coupled

into a waveguide in the form of a guided mode.
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Immunochemical detection by specific antibody to
thrombin of prothrombin conformational changes
upon adsorption to artificial surfaces
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Polyclonal antihuman c-thrombin anti-
bodies produced in rabbits reacted mini-
mally (<0.05%) in solution with human
prothrombin, However, when prothrom-
bin was adsorbed to artificial surfaces such
as polyvinyl chloride (PVC), the cross-
reactivity of surface-bound prothrombin
with antibody IgG to thrombin (>95%
purity) was shown to be significantly
enhanced. On PVC, the molar ratios of
antibody IgG to thrombin/prothrombin ap-
proached the same level as that of antibody
IgG to thrombin/thrombin when thrombin
was adsorbed to the same material. The

analyses of antigen—antibodies interaction,
in solution with a direct binding assay by
immune precipitation at high-speed cen-
trifugation (160,000 g, 30 min), and on
solid-phase PVC, were accomplished by
use of double-labeling technique, i.e.,
“!I-thrombin (or ™'I-prothrombin) and
"®L-antibody IgG to thrombin. The results
appear to suggest that prothrombin ad-
sorption to PVC has resulted in some
molecular conformational changes so that
immunologically the adsorbed prothrom-
bin resembles that of adsorbed thrombin
on the same PVC surface.

INTRODUCTION

The study of antibody combining site is a sensitive probe of the structure
and conformation of a macromolecule against which the antibody is directed.
The relative degree of interaction of a monospecific antibody with different
antigens is quantitatively related to the degree of structural similarity be-
tween them. Using these conformation specific antibodies, it is possible to
study the conformational states or changes of a particular antigenic do-
main(s) on a protein.’

Even though prothrombin is the zymogen or precursor of a-thrombin, the
antibody to thrombin produced in rabbits by use of either diisopropylfluoro-
phosphate-thrombin® or N-a-p-tosyl-L-lysine chloromethyl ketone-thrombin
as antigen’ has been shown to exhibit a high degree of specificity for
thrombin. Both Majerus’s group and we have demonstrated by competitive

*To whom correspondence should be addressed.
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binding radioimmunoassays that differences of at least three orders of
magnitude exist between thrombin and prothrombin in reactions with
antibody to thrombin. This small degree of prothrombin cross-reactivity
has not been interpreted as being due to thrombin contamination in pro-
thrombin preparations since the slopes for the displacement of *I-thrombin
by thrombin and prothrombin are different.” During the development of an
in situ immunoradiometric assay for thrombin adsorbed to artificial surfaces
such as Cuprophane or PVC,** we observed increased cross reactivity of
prothrombin with ®I-antibody IgG to thrombin. Futhermore, a recent study®
indicates that prothrombin, when adsorbed to Cuprophane, promotes the
adhesion of granulocytes to the surface, an effect coinciding with that of
surface-adsorbed thrombin and IgG. However, surface-adsorbed pro-
thrombin does not show amidolytic and esteric activity by specific thrombin
assays.” We attempted here to use monospecific antibody IgG to thrombin as
a tool to probe the prothrombin conformational changes during prothrombin
adsorption to several different types of artificial surfaces. A more quan-
titative interaction between prothrombin and antibody to thrombin in solu-
tion and on artificial surfaces (PVC) is presented by using the double-labeling
technique, i.e., ®I-antigen and I-antibody.

MATERIALS AND METHODS
1. Thrombin and prothrombin

Human «-thrombin was a gift from Dr. John Fenton II of New York State
Department of Health, Albany, NY. Specific activity of the particular prepa-
ration used throughout this study was 2606 NIH U/mg. It contained
a-thrombin, 89%; B-thrombin, 11%; and no y-thrombin. The details of the
preparation of thrombin and the analyses of the purity of the preparations
have been published elsewhere.® Prothrombin was purified from pro-
thrombin complex concentrate (or factor IX complex), donated by Dr. Milan
Wickerhauser of the American Red Cross National Fractionation Center,
Washington, D.C., as described previously.” The specific activity of pro-
thrombin purified from that product was 1100 NIH U/mg and was shown as
one protein band on SDS PAGE and gradient (2.5-27%) gel electrophoresis.”

2. Artificial surfaces

PVC discs (4 mm in diameter) were used throughout most of the study.
Other materials such as Cuprophane (4 mm discs), glass (5 mm discs), or
polystyrene (microtiter dishes) were also used for some comparative studies.
The surface characterization and other properties of these materials have
been described elsewhere.**7~
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3. Antibody to thrombin production and purification

The details of the preparation of antibody to thrombin with N-a-p-tosyl-
L-lysine chloromethyl ketone (TLCK) inactivated human «-thrombin
(e-thrombin, 100%, sp act 2100 NIH U/mg) by a modified method of
Shuman and Majerus,? and the purification of antibody IgG to thrombin by
immunoadsorption on thrombin-Sepharose have been published.?

4. Radiolabeling of proteins

Prothrombin, thrombin, or antibody IgG to thrombin was labeled with
either ®'T or I by the modified chloramine T method of Tollefson et al.® The
labeling did not seem to alter the enzymic activities of prothrombin® (on
activation) and thrombin’ or the immunogenic property of antibody IgG to
thrombin.®

5. Radioimmunoassay (RIA): competitive binding assay

For a competitive binding assay of thrombin or prothrombin, ®I-thrombin
(6-12 ng) was incubated with rabbit antibody IgG to thrombin (>95% purity,
112 ng) in phosphate-buffered saline (PBS, pH 7.4) containing BSA (0.1%)
and benzamidine (1 mM) in the absence (controls) and presence of various
concentrations of thrombin (0.5-15 ng) or prothrombin (200-10,000 ng) for
20 h at 4°C in 250 ul microtubes (Airfuge, Beckman Instrument Co., Palo
Alto, CA) precoated with BSA (1% in PBS). Goat antirabbit IgG (IgG frac-
tions, 100 g, Cappel Laboratories, West Chester, PA) was added and incu-
bated further for 6 h at 22°C. The immune precipitate was obtained by
centrifugation at 60,000 ¢ for 15 min (Airfuge) and washed once with PBS.
The immune precipitate was counted in a gamma counter (Gamma 8000,
Beckman Instrument Co., Palo Alto, CA).

6. Immunoradiometric assay (IRA): direct binding assay
Solid phase IRA

Thrombin adsorption,® or prothrombin adsorption® to artificial surfaces
such as PVC and the subsequent reaction with I-antibody IgG to thrombin
has been described previously.® Briefly, surfaces precoated with proteins
were treated first with glutaraldehyde (1% in 0.1 M phosphate, pH 7.0) for
1 h at 22°C. After thorough rinsing, the surfaces were treated with lysine
(0.1 M in PBS) for 30 min to block remaining free aldehyde groups. The
surfaces were incubated with ®I-antibody IgG to thrombin (10 pg/ml) in PBS
containing Tween 20 (0.1%) at 22°C for 4 h or 4°C for 20 h. The materials
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were rinsed with PBS containing Tween 20 and BSA and the radioactivity
was measured by gamma counting.

During the course of the development of IRA of thrombin we have found
that the crosslinking of thrombin with glutaraldehyde is necessary so that
thrombin can be stabilized on materials without desorption or exchange with
other proteins in subsequent solutions.** Crosslinking of other proteins,
e.g., albumin, fibrinogen, IgG* or mixture of other vitamin K-dependent
factors VII, IX, X (not published), adsorbed on materials at much higher
concentrations than thrombin did not seem to increase the nonspecific up-
take of *I-antibody IgG to thrombin significantly. Furthermore, Tween 20
and BSA are found also to be absolutely needed in the assay mixtures so
that the nonspecific uptake of I-antibody IgG by materials (e.g., PVC) in
the controls can be reduced from as high as 50% to <10% of the same
material treated with thrombin (tests) (data not shown). The presence of
these agents did not seem to affect the specific antigen and antibody con-
jugation in the reaction mixture as shown also in the case of fibrinogen—anti-
fibrinogen reaction.®

IRA by centrifugation

Various amounts of *I-antibody IgG to thrombin (8-1,000 ng) were mixed
and incubated with a fixed amount of thrombin (6 ng) or prothrombin
(12 ng), or various amounts of thrombin (6-100 ng) or prothrombin
(12-2000 ng) were mixed and incubated with a fixed amount of ®I-antibody
IgG to thrombin (100 ng) at 4°C for 20 h. Immune precipitate was obtained
by centrifugation at 160,000 g for 30 min (Airfuge) and washed once with
PBS. The radioactivity was counted in a gamma counter.

It was found that the presence of Tween 20 (0.1%) did not seem to affect
the antigen and antibody conjugation in solution (data not shown).

RESULTS

To show the high specific interaction of thrombin with antibody IgG to
thrombin produced in rabbits and the low cross-reactivity of prothrombin
with the same antibody, we have performed two types of assays, namely, the
competitive binding assay (RIA) and the direct binding assay (IRA). Figure 1
shows the results of competitive binding assay using ZI-thrombin as a
marker and a second antibody (goat antirabbit IgG) to facilitate immu-
noprecipitation. Prothrombin did not seem to compete strongly with throm-
bin for antibody IgG to thrombin, indicating that cross-reactivity was
minimal. Roughly, a 2000-fold concentration (on a weight basis) of pro-
thrombin was needed to compete with thrombin for antibody binding.
Furthermore, other vitamin K-dependent factors such as factor VII, IX,
and X were found not to be reactive with antibody IgG to thrombin by
the same competitive binding assay (data not shown).
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Figure 1. Radioimmunoassay of thrombin and prothrombin with antibody
IgG to thrombin. "I-thrombin (7.8 ng) was incubated with rabbit antibody
IgG (112 ng) in PBS containing BSA (0.1%) and benzamidine (1 mM) in the
absence (controls) and presence of various concentrations of unlabeled throm-
bin (®) or prothrombin (0) for 20 h at 4°C. Goat antirabbit IgG (100 pg) was
added and incubated further for 6 h at 22°C. The immunoprecipitate was
obtained by centrifugation at 60,000 g (Airfuge, Beckman Instrument Co.) for
15 min and washed once with PBS. The immunoprecipitate was counted in a
gamma counter. Results are representative of five determinations.

The results of direct immunoprecipitation of either thrombin or pro-
thrombin with ZI-antibody IgG to thrombin by sedimentation in an Airfuge
(160,000 g, 30 min) are shown in Figures 2 and 3. It can be seen in Figure 2
that with fixed concentration of thrombin (6 ng) the amount of *I-antibody
IgG to thrombin in the immunoprecipitate increased with increasing concen-
tration of ZJ-antibody IgG to thrombin in the bulk solution. On the contrary,
essentially no immunoprecipitate was formed when prothrombin (12 ng)
was used under identical conditions since the amount of l-antibody IgG to
thrombin in the immunoprecipitate did not seem to increase with increasing
concentrations of the antibody (same as the controls without thrombin or
prothrombin). Similarly, the results in Figure 3 show the increased immune
precipitation of antibody IgG to thrombin with increasing concentration of
thrombin but not with prothrombin. Furthermore, direct analysis of antigen
and antibody in the immunoprecipitate by the double-labeling method, as
shown in Table I, indicated that very little antibody IgG to thrombin was
found in the immunoprecipitate with prothrombin in contrast to that with
thrombin. The antibody—antigen ratios ranged from 3.2 to 13.4 for thrombin
and only 0.1-0.8 for prothrombin.

However, when prothrombin was adsorbed to artificial surfaces such as
glass, Cuprophane, PVC, or polystyrene, the reactivity of prothrombin with
antibody IgG to thrombin seemed to be greatly increased. The results are
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Figure 2. Immunoradiometric assay of thrombin and prothrombin with
varying concentrations of antibody IgG to thrombin. Thrombin (6 ng) (o),
prothrombin (12 ng) (A), or none (controls) (®), was incubated with various
concentrations of ***I-antibody IgG (8-1000 ng) in PBS containing BSA (0.1%)
and benzamidine (1 mM) for 20 h at 4°C. The immunoprecipitate was col-
lected by centrifugation at 160,000 ¢ (Airfuge) for 30 min and washed once
with PBS. The immunoprecipitate was counted in a gamma counter. Results
are representative of two determinations.
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Figure 3. Immunoradiometric assay of thrombin and prothrombin at vary-
ing concentrations of thrombin or prothrombin. “T-antibody IgG to thrombin
(100 ng) was incubated with various concentrations of thrombin (6-100 ng)
(©), or prothrombin (12-2000 ng) (A), or none (®) in PBS containing BSA
(0.1%) and benzamidine (1 mM) for 20 h at 4°C. The immunoprecipitate was
collected by centrifugation at 160,000 ¢ for 30 min and washed once with PBS.
The immunoprecipitate was counted in a gamma counter. Results are repre-
sentative of two determinations.
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TABLE I
Direct Binding Assay of ®'I-Thrombin or "*'I-prothrombin with *I-antibody
IgG to Thrombin in Solution at Various Antibody IgG to Thrombin Concentrations

Thrombin or prothrombin Antibody IgG to thrombin

in immunoprecipitate (ng) in immunoprecipitate (ng) Antibody-antigen ratio

Thrombin 0.08 4.7 13.4
0.3 6.2 6.3
24 33.3 32
3.6 80.4 5.1
S | 1211 8.9

Prothrombin 0.4 0.1 0.1
0.4 0.2 0.2
0.9 0.5 0.2
43 31 0.3
3.9 7.0 0.8

Note. ™'I-thrombin (6 ng) or "*'I-prothrombin (12 ng) was incubated with ’I-antibody
IgG to thrombin (from 8 to 5000 ng) for 20 h and immunoprecipitate was sedimented
at 160,000g (Airfuge, Beckman Instrument Inc.) for 30 min. The immunoprecipitate
was washed once with 5phosphate -buffered saline and recentrifuged. The *'I-thrombin
(or prothrombin) and *J-antibody IgG to thrombin in the formed precipitate was mea-
sured by differential counting in a gamma counter. Molecular weights for prothrombin
(72,000), thrombin (36,000), and antibody IgG (160,000) to thrombin were used to cal-
culate the antibody—antigen molar ratios in the conjugates. Data are representative of
two determinations.

TABLE II
Uptake of *I-Antibody IgG to Thrombin by
Materials Pretreated with Thrombin or Prothrombin

Materials Pretreatment (concentration) "#L-antibody IgG (ng)

Glass None 18.4
Albumin (30 pg/ml) 8.3

Thrombin (10 ug/ml) 112.3

Prothrombin (30 ug/ml) 58.9

Cuprophane None 0.1
Albumin (1 mg/ml) 0.3

Thrombin (10 pg/ml) 25.8

Prothrombin (30 ug/ml) 29.3

PvC None 4.0
Albumin (1 mg/ml) 6.1

Thrombin (10 pg/ml) 135.0

Prothrombin (20 pg/ml) 125.5

Polystyrene None 2.8
Albumin (1 mg/ml) 4.0

Thrombin (10 pg/ml) 63.7

Prothrombin (20 pg/ml) 49.6

Note. Materials were pretreated with protein or Tyrode’s buffer for 1 h at 22°C. After
thoroughly rinsing, the protein adsorbed to test discs or polystyrene microtiter dishes was
crosslinked with glutaraldehyde for 1 h. After removal of free glutaraldehyde, the discs
were incubated with *l-antithrombin IgG (10 pug/ml) for 20 h at 22°C. The residual
radioactivity on discs or dishes was measured by gamma counting and the uptake of
*-antibody IgG to thrombin was expressed as nanograms bound to the surface. Data are
representative of three experiments.
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shown in Table II. The amount of ®I-antibody IgG to thrombin on surfaces
precoated with either thrombin or prothrombin varied over a wide range
depending on the type of the materials. The most remarkable results were
that antibody IgG to thrombin did bind to a much higher degree not only to
prothrombin (studies on glass) but also to a level as much as to the surfaces
precoated with thrombin (such as Cuprophane, PVC, polystyrene). A more
quantitative analysis of direct binding between thrombin or prothrombin
adsorbed on PVC with antibody IgG by use of double-labeling technique are
shown in Table III. Variations of both thrombin or prothrombin concen-
tration on PVC surfaces were always accompanied by a proportional uptake
of antibody IgG to thrombin. Furthermore, the antibody-antigen ratios re-
mained similar to that on surfaces pretreated with either thrombin (1.2-2.1)
or prothrombin (1.2-1.8).

Further experiments were performed to rule out that the observed inter-
actions between prothrombin and antibody IgG to thrombin on PVC are not
due to (1) an isotopic labeling effect on either prothrombin, thrombin, or
antibody IgG, (2) artificial intramolecular and intermolecular crosslinking of
prothrombin (or thrombin) itself, or prothrombin with material (such as
PVC). The results in Table IV show that both unlabeled thrombin and pro-
thrombin adsorbed on PVC react indifferently with unlabeled antibody IgG
to thrombin since the subsequent reaction with I-antibody IgG to thrombin
was almost totally blocked. In addition, about the same blocking effect of
antibody IgG to thrombin was observed for both thrombin (89%) and pro-
thrombin (88%) precoated PVC. On the other hand, Table V shows that even
though the crosslinking with glutaraldehyde stabilized the protein molecules

TABLE 111
Direct Binding Assay of *'I-Thrombin or *'I-Prothrombin
Adsorbed on PVC with *I-Antibody IgG to Thrombin

Thrombin or prothrombin Uptake of antibody IgG
adsorbed on PVC (ng) in immunoprecipitate (ng) Antibody-antigen ratio
Thrombin 5.7 52.6 21
10.4 85.6 1.9
13.5 104.8 1.7
239 143.2 1.3
27.9 153.4 1.2
Prothrombin 8.9 36.3 1.8
13.2 52.4 1.6
29.8 86.6 1.3
39.0 111.5 1.3
52.3 140.7 1.2

Note. PVC discs (4 mm in diameter) were precoated with either *'I-thrombin or *'I-
prothrombin. Immunoradioassays were performed with *T-antibody IgG to thrombin
(5000 ng) and incubation was 4 h at 22°C. Adsorbed thrombin or prothrombin and anti-
body IgG concentrations were estimated by differential counting in a gamma counter.
Molecular weights of prothrombin (72,000), thrombin (36,000), and antibody IgG (160,000)
were used to calculate the antibody-antigen molar ratio on PVC surfaces. Data are rep-
resentative of three determinations.
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on the surface, it reduced the antigenic binding sites of both thrombin
and prothrombin for antibody IgG to thrombin concomitantly since the
antibody-antigen ratios were reduced for both thrombin (from 1.9 to 1.0) and
prothrombin (from 1.7 to 1.0). However, the antibody-antigen ratio for
thrombin and prothrombin absorbed to PVC remained remarkably similar
whether or not surface adsorbed antigen was crosslinked (1.0 for crosslinked
prothrombin and thrombin; 1.7, 1.9 for noncrosslinked prothrombin and
thrombin, respectively).

DISCUSSION

It is known that antibodies are directed to structural domains of macro-
molecules. It can therefore be assumed that thrombin-specific antibodies
should not cross-react with prothrombin if their molecular conformations are
different even though prothrombin is the precursor or zymogen of thrombin.
Our studies with a polyclonal antibody to thrombin preparation produced in
rabbits by conventional technique seem to suggest that this is the case. This
is supported by (1) a competitive binding radioimmunoassay of *I-thrombin
to purified antibody IgG to thrombin (Figure 1), (2) the direct binding an-
alysis of antigen precipitation with varying concentrations of labeled anti-
body IgG to thrombin (Figure 2) or varying concentrations of thrombin or
prothrombin (Figure 3), and (3) the direct analysis of antigen and antibody
in formed immune precipitate by use of double-labeling method. A slight
but insignificant cross-reactivity (0.05%) of prothrombin with antibody IgG
to thrombin did exist in solution (Figure 1).

On the other hand, the surface-adsorbed prothrombin exhibited a much
higher degree of cross-reactivity to antibody IgG to thrombin (Table II) than
prothrombin in free solution (Table I). The surface-adsorbed prothrombin
also seemed to react differently with antibody IgG to thrombin on different
materials (Table II), indicating that prothrombin might adsorb in a different
form on different materials. Further analyses of antibody IgG to
thrombin/prothrombin and antibody IgG to thrombin/thrombin on PVC by

TABLE IV
Blocking Effects of Unlabeled Antithrombin IgG in the Reaction of
*I.Antibody IgG to Thrombin with Thrombin or Prothrombin Adsorbed on PVC

% Blocking of ®l-antibody IgG conjugation by

PVC pretreated with prior exposure of adsorbed antigen to unlabeled antibody IgG
Thrombin 89
Prothrombin 85

Note. PVC discs were pretreated with either thrombin (10 pg/ml) or prothrombin
(20 pg/ml) and divided into two different sets of three discs each. One set was incubated
with Tyrode’s buffer (control) and one set with unlabeled antithrombin IgG (10 wg/ml) for
20 h at 22°C; subsequently each set was incubated with **I-antibody IgG to thrombin for
an additional 20 h at 22°C. The uptake of *l-antibody IgG for each set was determined
and % blocking calculated. Data are averages of two determinations.
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a double-labeling method (Table II) showed clearly that the antibody IgG to
thrombin/prothrombin ratios (1.2-1.8) had markedly increased (from
0.1-0.8, Table I), closed to the ratios of antibody IgG to thrombin/thrombin
(1.2-2.1). The marked decrease of antibody IgG to thrombin/thrombin in
solution from 3.2-13.4 (Table I) to 1.2-2.1 (Table II) on PVC might suggest
that either (1) some antigenic domains on thrombin were lost due to the
direct interaction (binding) of these sites with PVC, (2) a steric effect pre-
vented the interactions of antibody IgG to thrombin with surface-adsorbed
thrombin, (3) thrombin might reduce its antigenic binding sites due to its
own conformational changes induced by adsorption, or (4) all of the above.
Our results with polyclonal antibody at this stage failed to differentiate
between these possibilities. Monoclonal antibodies specific only to one anti-
genic domain for thrombin or prothrombin are required to elucidate such
mechanism. This is currently under investigation.

The results in Table IV and Table V seemed to rule out possible artifacts of
interaction of PVC adsorbed prothrombin with antibody IgG to thrombin
due to structural modification of prothrombin and antibodies by radio-
labeling or by crosslinking glutaraldehyde. Even though crosslinking of pro-
thrombin on PVC showed some stabilization of prothrombin on the surface
and substantial reduction of antibody IgG to thrombin uptake (Table V),
these effects seemed common also to thrombin (Table V) and other plasma
proteins such as fibrinogen® adsorbed to materials.

The data from this study appear to demonstrate that adsorption of pro-
thrombin to artificial surfaces such as PVC had induced some conformational
changes of the macromolecule that resembled antigenically the domain(s) of
adsorbed thrombin. It is not known whether these changes have any biologic
significance, Our earlier data showed that prothrombin adsorbed to
Cuprophane did not directly produce thrombin clotting or amidolytic
activity; on the other hand it enhanced the adhesion of granulocytes as
surface-adsorbed thrombin did.®

Structural and conformational changes of proteins adsorbed on artificial
surfaces have been studied by several groups of investigators with various
techniques (see review by Morrissey'). Kochwa et al., using potentiation
titration technique, and Nyilas et al.," using microcalorimetric method, have
demonstrated the substantial conformational changes of y-globulin upon
adsorption to artificial surfaces. These changes were also affected by the
concentration of protein on the surfaces.™ On the other hand, Morrissey
et al.,” using infrared bound fraction measurements, and Smith et al.,’
- using in situ ellipsometry, showed that the conformation of adsorbed albu-
min and prothrombin were not drastically changed upon adsorption. Most
recently, Andrade et al.,” using total internal reflection fluorescent spec-
troscopy to study the effects of protein adsorption on conformation and
activity, have shown that there were some conformational changes and
denaturation of human plasma fibronectin on adosorption to hydrophobic
quartz and there was a blue shift of 9 nm on adsorption of bovine serum
albumin to hydrophobic quartz. Our results with immunochemical tech-
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niques using an IgG antibody to thrombin, specific to its biologic degradation
product thrombin, demonstrated that some prothrombin conformational
changes had occurred during prothrombin adsorption to several artificial
surfaces such as glass, Cuprophane, PVC, and polystyrene. Our techniques,
however, failed to detect any degree of prothrombin molecular changes.
Monoclonal antibodies specific to either prothrombin or thrombin may be
useful in pinpointing the exact domain(s) involved in such changes. More
importantly, it should be investigated further whether these changes will
elicit any previously unknown biologic activities of prothrombin, such as of
antigenicity, effects on platelet or granulocyte functions.

In solid phase immunoassays, it is generally assumed that antigens ad-
sorbed to a surface such as polystyrene microtiter dishes, will react with
specific antibody in a manner similar to that antigen-antibody reaction in
solutions such as occur in immune precipitation. However, our evidence and
others®™ seem to point out that data obtained from solid phase immunoassays
should be interpreted with caution since adsorption of a nonantigen to a
polymer surface could render it immunoreactive to previously unreactive
antibodies.

The author is grateful to Dr. John Fenton II, New York State Department of Health,
Albany, NY, for providing highly purified human @-thrombin, to Dr. Milan Wickerhauser,
American Red Cross Fractionation Center, Washington D.C., for the gift of prothrombin
complex concentrate. We appreciate also the skillful technical assistance of Thomas
Sharpton, Joel Hardy, and Dr. Niyam Sharma (for thrombin antibody preparation), the
critical review of Dr. Ernst Eichwald, and the secretarial assistance of Eleanor Hart and
Mary Lee Warren. This study was supported in part by Grants HL-25807, HL-25808,
NHLBI, National Institutes of Health.
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Summary

A comprehensive protocol is presented for the in vivo evaluation :Tf soft tissue I"orcllgn
body reactions to surgical implants. A number of methods of evaluation and quann{;‘mron
it iscusse 5 a i e for
of the tissue reaction to implants are presented and d]SLu&.hLd. A strong picd is m]a.t .
semi-quantitation of tissue reactions, rather than relying on subjective, qualitati
methods.

INTRODUCTION

The biocompatibility of materials for impla}nlatio.n has been mud(‘:j
quately evaluated in the past. Homsy [1] claimed in 1970 that glfoﬁ'%'
tissue reaction adjacent to the implant had .u..“iualiy been lhi.t O.H,Iy, b‘db.lb
for rejecting a material for implantaho_m “The abser?c:: C:nl S)il:tll,ﬂ'ldll‘(i
preclinical procedures for rational selection o.f pT(_)?EthlC materials mus
be counted incongruous and intolerable for l}'IIS't:l"‘d [I]. . )

The importance of finding methods to qualntlt.ate tissue r‘eactmnslufl‘n-
not be overemphasized. Protocols for qualitative i?valu.allon d(') exist.
The U. S. Pharmacopeia [3] and the American Society lmt Tcstmg‘and
Materials (ASTM) [2] have developed protocols anFI te.ntatwe slandar.ds
based largely on subjective observation: Quar.ltltatwc methods .for
evaluating tissue reactions also exist and will b.c d|scps§edA The z‘u%opll(in
of quantitative methods for objective evaluation of tissue reactions to
various materials is imperative. Hopefully, such cla.tt.alwould Ir.fad_ %u
understanding and to more advantageous use of artificial materials in
m(:lc"i:clm;alue of quantitative methods of cva.luat‘ion has l‘}.cmj
demonstrated in the wound healing and inflammation l]f[cmlur& &;nwp
the foreign body reaction is also an inflammatory reaction [4], quanti-

ation s e feasible.
ldlll:mi;hion:]];jo?tam to have a firm understanding of t}he events u_rld
variables involved in acute and chronic inflammation before attempting

5]
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t.o elucidate the mechanisms of tissue reactions to implants [4]. Such
factors must be considered before designing properly controlled <;. *L'
ments. i

The purpose of this paper is to offer the reader a detailed experi
n.lental protocol for testing and evaluating implant materials inp% H
tissue. W(’.: are hopeful that the information provided will act a‘;\thc bo
for establishing uniformity in methods used in the field of im‘ Ianlat‘%blb
rcscarch.. We encourage others to refine, improve, and clarif?this s
tocol .Whllc building a data base that can be used to increase i)ur Fc;m_
standing of the in vivo reactions to implant materials. ik

IN VIVO TESTING PROTOCOL

Background

A. protocol for the test and evaluation of biomaterials must allow
maximum control over variables which can affect the reaction As some
amount of surgical trauma is necessary for implanting any m'.iteri'cil all
of the factors which affect general inflammation and wout;d hea‘l'(l
E;;lst be considered and controlled if valid conclusions are to be dralxiﬁ
: Cor.lcern for the lack of unifermity in methods used to test tissue reac-
t19ns is becoming increasingly more apparent. Wood [5] feels il;at some
of the cpntributing factors to varying results is due to the ;:ari'ltion 'n.
the spfec:les of the test animals, variation in the tissues used for Lim iall‘lt
sites, lI]!;:OI?lSiStCﬂcy in the size and shape of the specimens impla?ﬂ;ed
;t]}:]-d vsriat.lon in the methods used for implantation. Another variab]e:
Dit[z]‘og?_ be added to this list is the inconsistency in evaluating results
The: be.ism .criteria that should be met by any implantation study are: 1)
the e.hmlnatlon‘ and/or standardization of variables which mig}.ll afl'.ect
the.tls.sge react.lon to the material; 2) adequate controls to eliminate the
variability of tissue reaction due to unusual or unique individuals in th
test. population; 3) test animals should be relatively inexpensive a ;
easily cared for; 4) implantation sites should be easily accessible su i
cally, should provide a homogeneous environment for the implant rglc;
should l.)e as mechanically inactive as possible (unless rr?echfl‘n;lcnal
trauma is being studied); 5) proper sterile and pyrogen-free tccl':ni ue
should be used during implantation; 6) experimental design qhouldqb
guch that results are reproducible within experimental Iimitks- and ?e
ideally, the results should be quantitative rather than purely qua[itative :
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Choice of Experimental Animal

ve involved a large variety of animals,
Experimental implant hosts have ranged from monkeys, dogs, pigs, and
one human volunteer in a study of Ocumpaugh and Lee [6], to rabbits
[5], [71-[9], rats and guinea pigs [10]-[14], and many others.

Certainly each animal species has its own distinct advantages and
disadvantages for implantation studies. For the purpose of general in
vivo screening of implant materials, rabbits (6-9 1b) offer many ad-
vantages over other species, Rabbits are easily handled, inexpensive Lo
buy, house, and feed, and they are large enough to tolerate several im-
plants with no cross reaction between samples and no physical im-

pairment to the anmimal.

Past implantation studies ha

Size and Shape of the Implant

As stated previously, the size and shape of the implant can greatly in-
fluence the severity of the tissue reaction [4]. It is difficult to suggest the
optimal size and shape for standard screening of materials, but certair
precautions should be taken to avoid sharp edges, acute angles
scratches, and other avoidable surface defects. The size of the implan
should be small enough that it is easily accommodated by the tissue, ye
large enough that it can be easily handled and located for histologica
examination.

Wood et al. [5], and Kaminski et al. [15] compared the disk-shape
implant with the rod-shaped implant at various sites of implantatior
The tissue reaction to the disk was more uniform and easier to grad
than the rod implants. Rod-shaped implants demonstrated a “clubbing
phenomenon when implanted in muscle while disk-shaped implan
revealed small local arcas of corrosion products. The disk-shaped 1n
plant measuring 1 to 1.5 mm in thickness and 10 mm in diameter, ¢
described by Wood, is a convenient size and shape for implantation inl
rabbits. This is the standard specimen utilized in our laboratory for sa
tissue foreign body reaction studies.

Sites of Implantation
as the species of animals used f

Implant sites have varied as greatly
es for in vivo testing are t

tissue reaction. Common soft tissue sit
masseter muscle, the thigh muscle, brain tissue, subcutancous tissu
and the paravertebral muscle [7]. Hard tissue sites include the anteri
calvarium, mandible, and the femur [7]. Although the paraverteb
muscle (Fig. 1) has the disadvantage of being mechanically active, as
any muscle, it has the advantage of being large enough to host at le
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Splenius

Trapezius
Cleidomastoid
Basiclavicularis

Semispinalis cap. Rhomboid

Semispinalis cery. ;
Trapezius

Serratus vent,

Iliocostalis
Longissimus
Serratus dors.

Latissimus dorsi

Thoracolumbar fascia

Multifidus

Sacrospinalis

Gluteus medius

Fig. 1. Dorsal view of the musculature of the rabbit. The sacrospinalis muscle
(paravertebral) is a long, broad muscle ideal for implantation studies. (Redrawn from
[29]).

three implants per muscle, the implant environment is homogeneous and
it is easily accessible surgically, unlike brain tissue. The most important
concern when selecting an implant site is that all implants are subjected
to identical environments and uncontrolled variables are limited. This is
easier to accomplish with the paravertebral muscle as the implant site.

Method of Implantation

There are two basic methods for implanting materials for testing: 1)
injection of the implant through a large bore needle [3], and 2) surgically
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creating a wound to house the implant. The injection technique limits
the size and shape of the implant to a strip or cylinder with a small
enough diameter to fit into a large bore needle. The U. S. Pharmacopeia
XVIII describes such a technique and details the implant specifications
for the injection method [3].

Surgical implantation is more involved, not only in equipment and
expense, but also in time and surgical skill. Probably the most difficult
aspects of the surgery are learning to be efficient at maintaining sterility
and administration of suitable anesthetics. Sterile technique is easily
mastered with a little reading [16] and much practice, but it is essential
to be completely familiar with the limitations, actions, and effects of the
various anesthetic agents available [17]. Intravenous administration of
veterinary grade sodium pentobarbital has been very successful in this
laboratory for rabbits. Inhalants can also be used successfully but many
are flammable and/or explosive in nature and must be used with
caution.

Prior to the administration of the anesthetic, an appropriate area of
skin should have the hair or fur removed by means of clippers. For im-
plantation into the paravertebral muscle, hair should be removed from
the nape of the neck to the posterior region of the sacrum with a lateral
width of 3 to 4 in. on each side of the spine [Fig. 2(a)]. After the animal
has been anesthetized, the exposed skin could be cleaned with surgical
soap followed by a bacteriicidal concentration of benzalkonium chloride,
tinted tincture 1:750 (or equivalent bactericide), to sterilize the skin.

Following the skin cleaning, the operative area should be isolated with
sterile drapes to aid in maintaining sterility of the operative field. Proper
surgical methods should be used for maintaining hemostasis and for
dissecting and exposing the paravertebral muscle. Using blunt
dissection, [Fig. 3(a) and 3(b)], a “pocket” is made in the muscle such
that the muscle fibers are separated longitudinally, i.e., parallel to the
spine. The implant in inserted into the pocket [Fig. 3(c)] by means of a
hemostat with silicon rubber tubing protecting the ends of the
instrument, This will minimize implant defects due to abrasion by the
rough metallic instrument. The wound is then closed in layers by the ap-
position of cut surfaces, using a nonabsorbable, “‘nonreactive” suture.
Absorbable suture causes a more severe reaction around it and may lead
to false interpretation of results. Teflon coated polyester, size 4-0 or 5-0
has been adequate for implant studies in this laboratory, but other non-
absorbable suture materials are available that will serve the purpose
just as well.

Each animal should be given antibiotics following surgery, preferably
a wide spectrum antibiotic such as penicillin-streptomycin combination.
The antibiotic treatment should be continued for five days to prevent
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wound and other infection. The skin suture should be removed at seven
days. -

Additional measures to prevent infection, such as wound dressings
are Lls.ua]ly unnecessary but should be used if there is a high incid::ﬁcc 0%
infection among the test population. Test animals with infected wounds
shot{ld immediately be removed from the study and must not be
considered in the evaluation of test materials. A daily weight check of
the animals will give some indication of their general health and also
allows examination of the wound site for infection on a regular basis.

Fig. 2. The relative position of im-
plants in the paravertebral muscle of
(b) rabbits; (a) side view, (b) dorsal view.
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Fig. 3. Surgical implantation involves
exposing the paravertebral muscle (a):
and creating a “‘pocket’ in the muscle
using blunt dissection (b). The disk-shaped
implant is then inserted into the “pocket”’

(c).

Test Program and Tissue Preparation

Each animal should receive six implant sites [Fig. 2(b)] as follows: a
negative control (U.S.P. Negative Control Plastic Reference Standard
[3]), a sham site (surgical procedure with no implant), and four implant
sites for test materials. Each test material should be implanted in a
minimum of three animals for each survival group. Additional animals
are recommended for some statistical significance.
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The selection of implant harvesting time is somewhat variable, The
ASTM *‘Recommended Practice for Assessing Compatibility of
Polymeric Implant Materials—Effect of Implant on Tissue” [2], sug-
gests starting with eight survival groups of 3 days, 7 days, 2, 4, 12, 26,
52, and 104 weeks. However, for practical screening applications, sur-
vival times should be classified into short term survival and long term
survival. Short term implants should include survival groups of 1 week,
2 weeks, 6 weeks, and 8 weeks. If the material demonstrates an absence
of chronic inflammation after 8 weeks of implantation it should then be
subjected to long term implantation studies. Ten to twelve animals
should be implanted with the acceptable material with a maximal sur-
vival period of two years or until gross lesions can be seen in the implant
site.

Studies by Turner et al. [9] suggest that the tissue reaction to most
implant material reaches a maximum at seven days but the duration of
the response varies with the material being tested.

Samples should be harvested by sacrificing the animal with an over-
dose of anesthetic or by other humane means. A mid-line incision is then
made from the nape of the neck to the posterior sacrum. The skin is
reflected back exposing all implant sites. Any gross changes in the
muscles should be noted at this time, e.g., necrosis, redness, pus or
abcess formation, etc. Leaving the implant in situ, a large block of
muscle surrounding the implant is dissected out and placed in a covered
container with 4 x 4 sponges saturated with isotonic saline. Muscle
samples should be left in the container for about 10 min to allow the
contractile properties to become quiescent. Extraneous muscle is then
trimmed leaving the implant surrounded with approximately 1/8 in. of
tissue on all surfaces. This block of tissue is then fixed in 10% buffered
formalin, or some other appropriate fixative [18].

After the tissue has been properly fixed and dehydrated through
absolute alcohol the sample is then embedded in an embedding medium
that is as hard or harder than the implant material [19], [20]. Hopefully,
this will allow the implant to remain in situ during sectioning. The sam-
ples are sectioned using a low speed diamond saw, as described by
Klawitter [19], to a thickness of about 50 to 60 wx. The thin sections are
fixed to a microscope slide and appropriately stained [18], [21] for his-
topathological examination,

METHODS OF EVALUATION

In the past, tissue reactions to various materials have been described
in subjective terms which are often nebulous, difficult to compare with
the work of others, and often lack any form of standardization. A quan-
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titative method of evaluation would be an extremely valuable tool in
allowing materials to be classified on a universal level with at least some
degree of standardization.

There have been few attempts to quantitate foreign body reactions
[42]. Salthouse [22] evaluated tissue reactions by using specific his-
tochemical methods to detect various enzymes present in the implant
site; he was able to determine the relative area of enzyme concentration.
Frozen sections of tissue were treated histochemically for the detec-
tion of succinic dehydrogenase, acid phosphatase, amino peptidase,
and adenosine triphosphatase. The reactive zones were measured to de-
termine the area of enzyme activity. They found that giant cells and
areas of severe tissue destruction exhibited marked increases in
aminopeptidase; acid phosphatase increase was associated with the
original trauma of implantation, but was also found in greater amounts
in areas of tissue destruction involving cell lysis. Macrophages appeared
to be the main contributors of the acid phosphatase. The ATPase
activity was confined to the vascular endothelium in vessels in the area
of the tissue reaction.

Ross and Benditt [23] studied wound healing and collagen formation
by means of injected L-proline-3,4-H® as a tracer. They determined the
concentration of free amino acid in the blood after the labeled proline
was injected intraperitoneally. Quantitative analysis of collagen
formation was accomplished by means of electron microscope autora-
diography. The use of autoradiography, both light and electron micro-
scopic techniques [24], should be adapted to the study of foreign body
reactions, Autoradiography has the advantage over other forms of tracer
experiments, i.c., scintillation counting, in vitro labeling, etc., in that
quantitative measurements of silver grains can be made without com-
promising histopathological examination [24].

As applied to implantation studies, *H-proline injected intraperi-
toneally at a dose of 20 microcuries/gm body weight [23] will be incor-
porated into the newly synthesized collagen surrounding the implant.
Variations of the administration time of the isotopically labeled amino
acid could yield additional valuable information. Quantitative results
could be used to evaluate the effects of mechanical trauma, geometry,
and chemical toxicity as related to the implant material.

Another method which might prove of value is differential counting of
the number of inflammatory cells per high powered field. This method
simply elaborates the system of Sewell et al. [25] devised in 1955 in
which the number of different types of cells and their concentrations
were assigned an arbitrary value. The summation of the various factors
measured offered a means of grading tissue reactions from very slight (0
to 16 points) to extensive (>112 points) with six grades in between. It
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seems logical to assume that the number of inflammatory cells partici-
pating in the reaction is directly related to the severity of the response. If
the number of inflammatory cells per high power field (HPF) (we use
400x and a wide field eyepiece) were counted and averaged arour?d the
implant, then an estimate of the relative number of cells involved in the
reaction could be obtained. Since the number of cells would be expected
to vary among individuals, it would be necessary to subtract the average
number of inflammatory cells found in the sham control samples. By
using a micrometer grid the percent viable tissue vs. necrotic or con-
nective tissue can also be estimated.

This method could be used in conjunction with the autoradiographic
technique to evaluate factors that contribute to the tissue response to an
implanted material. [t might also be used to analyze the lmpor'tance‘of
each type of cell participating in the tissue reaction, i.e., eosinophils,
neutrophils, lymphocytes, giant cells, ete.

Certainly, gross and microscopic observation should not h.e
abandoned but should be used to confirm and complement more quanti-
tative methods, Evidence of degenerative changes or neoplasia should be
confirmed by visual examination of the tissue surrounding the implant.

The above methods may be too cumbersome for routine evaluation of
some materials. Tissue culture techniques (see [27] for review) may be
meore practical for some purposes. The real value of quanlil,allivc_ in vivo
methods is in detailed studies of the factors affecting tissue-implant
reactions. Such questions as, to what extent does mechanical lr;uu}fm
contribute to the reaction; what is the most tolerable structural unit size
for an implant; how much of the reaction is contributed by surface mor-
phology? Such questions remain to be answered. S

In providing a criteria for the acceptance or rejection of a material ‘lor
in vivo use it must be remembered that the conditions of the im-
plantation may be more important in determining the tissue reaction
than the material per se. Therefore, it is absolutely necessary that a.ll
procedural and observed data be reported before final judgment is
made.

DISCUSSION

Many of the materials available for implant medicine do _not exl}ibil
gross tissue reactions. Even for new materials or modifications of es-
tablished materials, the methods discussed in this paper may prove too
cumbersome and detailed for routine evaluation and screening. The
detailed and specific nature of the foreign body reaction may be rela-
tively insignificant for some implant applications. Indeed in some ap-
plications a certain degree of reaction may be desirable.
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There are a number of applications wherein subtle changes in the
tissue reaction may seriously affect the functioning of the device, such as
electrodes for stimulations and for detection of physiologic events,
particularly biochemical sensors [28], biochemically active surfaces and
devices can be compromised by tissue reactions, including drug delivery
systems, enzymatically active surfaces or membranes, surfaces for the
binding of toxic agents, etc.

The nature of the interactions which occur at the interface between
implant materials and their living host are still largely unknown or
misunderstood (see [26] for a review). Detailed studies of the tissue
reaction to implant materials, assuming such materials are very well
characterized, especially with respect to their surface properties, should
provide the data base which will aid us in understanding the nature of
the phenomena which take place when a “foreign” object is placed in
contact with living tissues. Once we begin to understand these reactions,
then we will be able to engineer them for special applications, such as
minimum or maximum implant-host tissue fixation.

CONCLUSIONS

A selected portion of the tissue reaction literature was reviewed to es-
tablish the need and basis for a foreign body reaction experimental pro-
tocol. A complete, detailed protocol was presented, including animal se-
lection, sample configuration, surgery, sample harvesting, and fixation.
A discussion of semi-quantitative means of evaluating the samples was
also presented.
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Summary

A brief discussion is presented of some of the problems and artifacts inherent
in the festing of soft tissue reactions to artificial implants. The process of
inflammation and wound healing is presented. The various factors affecting the
foreign body reaction (chemical, mechanical, geometrical, and others) are dis-
cussed. The cellular components of the foreign body reaction are described and
the sequential cellular changes that may occur as a result of implanting an
artificial device are examined. The foreign body reaction should be considered
as a chronie inflammatory response.

INTRODUCTION

The importance of tissue reactions to implant materials s becoming
increasingly more apparent as new materials and new devices become
available. An in depth understanding of foreign body and inflam-
matory reactions is a necessary prerequisite to solving the biological
problems that presently exist with some artificial implants.

A brief review of the process of inflammation and wound healing
will be given before describing the classical foreign body reaction.
Soft tissue reactions to materialst? will be analyzed in terms of
possible factors which might influence the foreign body reaction, or
more properly, the ‘foreign implant reaction,” and in terms of the
sequential events that constitute the tissue’s reaction to an implant.

* This represents part of the work done by D. L. Coleman as the thesis require-
ment for an M.S. degree from the Department of Pathology, University of Utah,
Salt Lake City, Utah 84112,
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At this point in time, many investigators have considered the
foreign body reaction as a distinet mechanism completely unrelated
to the course of events which take place in normal wound healing,
Acute and chronic inflammatory responses are usually mentioned
only in passing, if at all.* It must be kept in mind that inflammation
is a dynamic process, and this process is broken down into stages only
for convenience. The stimulus necessary to initiate an inflammatory
response can vary greatly, but it is the continued presence or absence
of the stimulus that dictates the eventual classification of the in-
flammatory response. In the case of the foreign body reaction there
are many stimuli acting at the same time to maintain the inflam-
matory response. Attempts by the organism to neutralize or elimi-
nate inflammatory stimuli can lead to eventual problems with an
implanted device.

INFLAMMATION

Although inflammation is & complex dynamic process, it can be
simply defined as the reaction of tissues to injury.* The ultimate
goal of inflammation is to facilitate healing; i.e., repair or regenera-
tion of the injured tissue. Inflammation aids healing by destroying
or neutralizing the injurious agent, or if this is not possible, by
restricting the effects of the injurious agent to the smallest possible
zone. The inflammatory process also facilitates repair by removing
debris from the injured area and providing a fluid medium for the
migration of repair cells into the area.?

Acute inflammation is short lived and results in rapid healing of the
injury. Such is the case with most surgical wounds inflicted under
sterile conditions. The acute inflammatory response (I'ig. 1) is
characterized microscopically by the infiltration into the injured
tissue of polymorphonuclear leukocytes which remove cellular
debris from the wound area prior to the appearance of fibroblasts.
Although acute inflammation is usually not the predominant feature
of tissue reactions to implant materials it must be kept in mind that
an acute response is initially present in all implantation studies due
to the fact that surgical trauma is a necessary condition for im-
plantation.

When the injurious agent is present for a long period of time the
inflammatory process is then classified as chronic; tissue destruction

FOREIGN BODY REACTION 201

connective
tissue

: Fig.‘].‘ Schematic drawing of an acute inflammatory response. The injured
tissue is infiltrated by neutrophils which remove cellular debris from the wound
area prior to the appearance of fibroblasts (vepair cells). Note the random
appearance.

and edema may be minimal or nonexistent! in contrast to acute
inflammation. At the cellular level chronic inflammation (Fig. 2) is
characterized by large numbers of macrophages and lymphocytes
which outnumber polymorphonuclear leukocytes in the exudate.
Chronic inflammation is unique in that the proliferative changes of
healing are active at the same time that the mild inflammatory
response is going on.* '

One specific type of chronic inflammation is the classical foreign
body reaction. Pathologists have generally used this term to
describe tissue reactions to foreign bodies; e.g., splinters, bullets,
trichina infestations, ete. Usually these objects are not sterile so
that the inflammatory response is complicated by infection. Infec-
tion involves the presence of pathogenic bacteria in the wound.
However, bacteria are not a prerequisite for an inflammatory
response.

The most prominent cell in a foreign body reaction is the macro-
phage, although some granulocytes and monocytes are also present.
The macrophage generally attempts to phagoyctize the material,
faut usually the foreign body is much larger than the macrophage and
1s not easily degraded. Some of the macrophages then merge their
cytoplasm to become multinucleate giant cells (Fig. 3) or poly-
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— fibrous tissue

fibroblasts

: macrophages \/

Fig, 2. Schematic representation of e¢hronic inflammation. Large numbers of
macrophages and lymphoeytes are characteristic of chronie inflammation,
although neutrophils are oceasionally seen. This drawing also demonsirates
an orientation of cells and fibrous tissue, as often observed in a chronic response
to an implant. This orientation is usually parallel to the surface of the implant.

karyoeytes.® Polykaryocytes do not form in all foreign body
reactions and the concept that giant cells form in an attempt to
phagocytize larger materials may be an erroneous one. Giant cells
¢an vary in size from 40 to 100  in diameter and can contain from
10 to 200 nuclei.® If the foreign body is too large to be phagocytized
and removed, granulation tissue, consisting of fibroblasts and angio-
blasts in a matrix of collagen, begins to form about the mass of
phagocytes and encapsulates the foreign body in a tight, dense
membrane of connective tissue. This tends to isolate the implant
from the rest of the body tissues. With time this localized lesion
can undergo caseation (cheese-like) necrosis, calcification, ligquifaction
and hyperplasia.!

After fibrous encapsulation has occurred the lesion is generally
referred to as a granuloma. A foreign body granuloma (Iig. 4) is
thus composed of the foreign body surrounded by giant cells with a
zone of macrophages, lymphocytes, and granulocytes around the
giant cells, and finally, an encapsulating membrane of fibrous tissue.

It is the inflammatory process that eventually initiates and
facilitates the end result of wound healing. Tissue injury, no matter
how minute, disrupts tissue continuity (both structure and composi-
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Fig. 3. Photomicrograph of multinucleate giant cells surrounding polyester
fibers implanted in rabbit musele. Giant cells can vary in size from 40 to 100 &
in diameter and can contain from 10 to 200 nuelei.

tion) and often causes a loss of function in the injured area. Ideally,
restoration of injured tissue should be such that the new tissue is
identical to the tissue before the injury. However, complete re-
generation, restoration of continuity and function, is usually the
exception rather than the rule. Generally, as cells become more
specialized they loose their ability to proliferate, and their regenera-
tive potential is poor. Healing of specialized tissue involves repair
by fibrous tissue substitution (scar tissue); i.e., tissue continuity is
restored but the original function of the injured tissue may be
partially or completely lost.

There are many factors, besides degree of specialization, that may
influence wound healing. [lorey describes these factors in more
detail® than can be covered in this review. All of these variables
should be reviewed when designing an implantation protocol.
Briefly, some of the more important factors which divectly affect
wound healing are: 1) position of the wound in the body, 2) inter-
ference of blood supply to the surrounding tissue, 3) apposition and



204 COLEMAN, KING, AND ANDRADE

Foreign Body

Giant Cells

Macrophages

Fibrous Tissue

Lymphocytes and Granulocytes

Fig. 4. A diagrammatic representation of a foreign body granuloma. The
major component of this reaction is the maerophage, but giant cells may also
surround the foreign body. Enecapsulation by fibrous tissue aids in localizing
the lesion, thus isolating it from normal tissue. (Redrawn from reference 5).

immobilization of cut surfaces, and 4) general health and nutritional
status of the experimental animals. Factors which contribute to the
severity of the tissue reaction to implants will be considered later in
this paper.

To summarize the process of fibrogenesis and tissue repair, it is
beneficial to examine the events in terms of time-dependent changes
(Fig. 5). Gould has outlined® the following five phase process for
ingisions and excised wounds.

Phase I—Days 0-2 Post-Operative. Acute (nonproliferative) in-
flammation. Vasodilatation, edema, neutrophil, and mononuclear
cell accumulations extravascularly. Death and dissolution - of
previously injured cells and extracellular fibers.

Phase 1I—Days 2-3 Post-Operative. ‘‘Activation’” and possible
“transformation” of extravascular mononucleocytes and/or fibro-
blasts, all of which are involved in the phagocytosis of damaged
tissue components.

Phase I11—Days 3-6 Post-Operative. Mitosis of extravascular
cells and growth of new blood vessels within the edematous tissue in
or bounding the wound space.
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Intensity
Histiccytes
LSHooites Fibroblasts
Exudation Angicblasts

Hyperemia

Lymphocytes
Plasma Cells

Erythrocytes !
Fibrin 3

Fibrosis

Acute Chronic " Scar
Inflammation

Fig. 5. Bchematic representation of the course of events in acute and chronic
inflammation (Redrawn from reference 31).

Phase IV—Day 4 or § Post-Operative. Extracellular collagen
deposition (random at first); ingrowth of granulations into the
wound space and to the surface blood clot.

Phase V—Day 6 Post-Operative and Thereafter. Remodeling of
intact tissue abutting the site of repair; union of old and new collagen
fibrils,

This general scheme is applicable to most soft tissue wounds. The
expansion of this scheme to include events in a chronie foreign bady
reaction is difficult in terms of a time sequence. It must be remem-
bered that the foreign body reaction represents a continuum of mild
to severe chronic reactions. At about Phage I1I or 1V the neutrophil
population deereases and increased numbers of macrophages and
lymphocytes appear in the wound area. As the events of Phase IV
and V are taking place, the macrophages continue their attempt to
phagocytize the foreign body. Giant cells appear on the scene and
both macrophages and giant cells persist in the area as long as the
foreign body remains.!* Evidence for the longevity of these cells is
demonstrated by their presence in tatoos. Macrophages ingest the
rarbon particles and remain in the area for an indefinite length of
time as seen by the continued presence of the tatoo. Calcification
of the fibrous capsule, hyperplasia, caseation necrosis, and ligui-
faction can all result from the chronic lesion.
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SOFT TISSUE REACTION TO IMPLANTS

Evaluation of the foreign body reaction to ‘“inert” materials is
usually very difficult because many of the variables involved in the
reaction are difficult to control. Not only must investigators
contend with the factors discussed above for wound healing; i.e., site
of the wound, interference of the blood supply, apposition of cut
surfaces, and general health of the animals, but also variables char-
acteristic of the implant itself. If the implant produces noxious
stimuli, chemical or physical, a chronic state of inflammation will
exist as long as the stimulus is present.

Chemical Factors

Unfortunately, most implants are not fruly inert. “Inert”
implants ecan be the source of many chemical irritants.  The stimulus
can be due to ions evolved during the corrosion of implanted metals.
It can be due to monomer or catalyst residues in polymers leaching
into the tissues as well as plasticizers, antixoidants, and other addi-
tives. It may also be the result of impurities or filler material in the
polymer, mold-release agents, machining oils, ete. Virtually any
chemical or material that can make its way to the tissue-implant
interface may result in some degree of chemical stimulus to the tissue.

Laing et al.!* differentiated four basic reactions, based on eapsule
thickness, to a large variety of metals in rabbit muscle. Fibrous
membrane thickness ranged from 0.002 to 0.008 mm in their Group I
and from 0.1 mm to several millimeters in their Group 1V."* The
fibrous membrane thickness was correlated with the degree of
implant corrosion. The capsule thickness varied from 2 to 8 p for a
mild reaction to in excess of 1000 p for a very severe response. Not
only did they find a correlation between membrane thickness and
ion concentration, but also between thickness and ion toxicity.
More recent investigations concluded that no correlation of mem-
brane thickness with toxic products could be established.? 712 A
possible explanation is that the method of Laing et al.' involved
implants of variable size, shape, and surface roughness which could
account for the results in their study. Some of the materials tested
varied in membrane thickness from a Group 1 reaction to a Group
IV reaction for the same metal. It is indeed possible that toxic
corrosion products will affeet the tissue reaction, but it is also ex-
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pected that the type and number of cells participating in the reaction
would vary as well ag the membrane thickness.”#

Homsy!® has shown that eytotoxic material from many polymers
and metals can be quantitated by using #n vilro tissue culture tech-
niques. Test materials were placed in a ‘“pseudo-extracellular
fluid"” containing physiological concentrations of NaHCO,, K;HPO,,
NaCl, KCI for 62 hr at a temperature of 115°C. TFollowing the
exposure period the physiological fluid was analyzed by infrared
spectrophotometry for low molecular weight degradation products.
The electrolyte solution was then used to prepare the nutrient
medium for tissue culture of new-born mouse heart. The tissue
culture response generally correlated with the amount of extracted
material detected in the pseudo-extracellular fluid.

Nontoxic chemical interactions of the implant and physiological
substances can also play an important role in determining the success
of implant materials. Such interactions can lead to changes in the
surface properties and also mechanical funetion of an implant. This
may be the case with the absorption of lipid by silicone rubber in
heart valve prostheses.!* A similar phenomenon may take place
during the #n vive degradation of polyvinyl aleohol (Ivalon) sponge
implants. Chen et al.' noted increased deposits of adipose tissue
as the implantation time of the Ivalon sponge inecreased. Further
investigation into the effects of nontoxic c¢hemical interactions may
be of great value in explaining why some implant materials fail in
one part of the body but are tolerable if implanted in another site.

Denaturation of proteins as a result of an implanted material may
evoke an immunologic response which could contribute to the
inflammatory response. Evidence for immunogenicity of wvarious
materials has been elaborated by Stern et al.!® by exposing plasma
from individual rabbits to large surface areas of various test ma-
terials. The plasma was then repeatedly injected into the original
animal. Antibody determinations were made by several in vitro
tests. Stern’s method may be useful as a means of characterizing
materials for implantation. '

Mechanical Factors

Movement of an implant with respect to adjacent or surrounding
tissue will produce cellular irritation, thus provoking a tissue response.
The effects of prolonged mechanical movement of an object in con-
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tact with tissue should be obvious to anyone who has worn a shirt
with an over-starched collar. Mechanical trauma must be con-
sidered as a contributing factor to the foreign body reaction in most
implant studies.

It is not difficult to visualize movement, to a greater or lesser
degree, in almost any part of the body; muscles contract and relax,
skin and subcutaneous tissue are very pliable, joints bend and
rotate, and bulk fluid movements take place in many compartments
of the body. Animal implant studies have the added variable of
mechanical trauma due to the host biting or seratching the wound
or due to rubbing the wound against the cage.

I't is interesting to note that in a study comparing several different
sites of implantation, the anterior ealvarium, mandible, and the
paravertebral and thigh muscles, the conclusion was that muscle
showed the greatest reaction,'? probably due to the extension and
contraction movement invariably present in muscle. However, it
was also concluded that the thigh and paravertebral muscles showed
no difference in tissue reactions to implants even though one would
expect the two museles to have different degrees of mechanical
activity.12

Geometrical Factors

The foreign body reaction is also dependent on the size and shape
of the implant with respect to the cells and surrounding tissue. Less
severe tissue reactions have been observed with powder forms as
compared to solid structures of the same material 31618

Davilal®? suggests that larger implants impair the nutrient
supply of surrounding tissue. Studies of tumor production by im-
planted polymers suggest similar causes.'®2' Thin fibers, 30 to 50 x
in diameter, of most materials are well tolerated in tissue and have
only a thin fibrous capsule, a good blood supply and good cellularity.2
Davila has shown?®® for a variety of inert materials that the diameter
of the fiber has a greater influence on the foreign body reaction than
the type of material. Davila’s work establishes an explanation for
the success of velours, felts, weaves, knits, and other textile struc-
tures in implant applications.

Oppenheimer et al.?*?® have shown that in certain cases the
presence of the implant is the primary factor inducing a severe
reaction; the presence of the implant exerts an influence for a mini-
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mum of gix months, after which the wall of fibrous tissue encapsulat-
ing the implant becomes the essential irritating structure. They
also noted that with textiles and also with plastic films perforated
with holes, the material was ingrown with connective tissue fibers
penetrating between textile threads or through the perforations in
the plastic film. A gross “‘pocket’” of fibrous encapsulation was not
seen with these materials.

It should be noted that studies of human implants have revealed
no malignant tumor production due to long term polymeric im-
plants.’®:24:28  Such studies indicate that the rat and his relatives
are poor models for studying solid state carcinogenesis in man.
8. C. Woodward states that: “the Oppenheimer effect is meaningless
in terms of neoplasm induction in man and primates. Useful ma~
terials should not be excluded from human use on the basis of a
positive Oppenheimer test.”’2¢

Other Factors

The very presence of an interface between the implant and the
surrounding tissue serves to permit a variety of phenomena which
may be important in the foreign body reaction. Some of these
factors have been speculatively discussed by Kordan.?”

The presence of an implant grossly changes the local dielectric
environment, thus affecting local intermolecular interactions. The
possibility exists that cells very near to or touching an implant will
have their membrane potential altered due to the lack of physiological
ions at the implant interface.?® Surface defects and local crystal-
linity or lattice orientations on the implant surface can affect the
tissue reaction as can residual surface charge or dipole orientations.?®
Interfacial free energy is an important consideration.?®

Cellular interactions at the implant interface and the need for
restoration of tissue continuity appear to play a very important
role in the tolerability of artificial materials implanted in biological
systems. At present, these phenomena are poorly understood and
deserve more intensive investigation. -

DISCUSSION AND CONCLUSIONS

Although there are many materials available for implant medicine
that exhibit an ‘“‘insignificant” tissue reaction, there are a number of
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applications wherein subtle changes in the tissue reaction may
seriously affect the functioning of the device. Electrodes for stimu-
lation and for detection of physiologic events (particularly bio-
chemical sensors or enzyme electrodes)?, biochemically active
surfaces and devices (including drug delivery systems), enzymatically
active surfaces or membranes, etc., can be seriously compromised by
“mild” tissue reactions.

The nature of the interactions which oceur at the interface between
implant materials and their living host are still largely unknown and
often misunderstood (see reference 28 for a review). It is important
to have a basic understanding of inflammation and wound healing
before detailed studies of the tissue reaction to implants can be
properly evaluated. Such studies should provide the data base
which will aid us in understanding the nature of the phenomena
which take place when a “foreign” object is placed in contact with
living tissues. Once we begin to understand these reactions, then
we will be able to engineer them for special applications, such as
minimum or maximum implant-host tissue adhesion and fixation.

We have presented a brief review of wound healing and inflam-
matory reactions in soft tissues. The foreign body reaction has
been examined. We have also discussed the factors which may be
inherent in and the cause of foreign body reactions to implanted
materials,

Methods for the evaluation of tissue reactions on a quantitative
level must become available if mechanisms are to be determined and
meaningful events and components of the tissue reaction are to be
understood. Such protocols are becoming available,*
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Summary

Ex vivo platelet retention by albuminated glass and poly-
styrene beads has been evaluated as a function of flow rate,
bead surface area, blood exposure time and albumin treatment.
The stability of the albumin coatings as well as scanning elec-
tron microscopy of the various surfaces before and after blood
exposure has also been included. Results indicate that platelet
retention is sensitive to changes in the above parameters and
that albumin pretreatment of different substrates can decrease
platelet retention. This decrease is substrate dependent in
that platelet retention is different for the albuminated glass and
polystyrene substrates. Chemical analysis of the substrate
materials by X-ray photoelectron spectroscopy (XPS) as well as
bulk chemical analysis is also reported.

The interaction of native blood proteins with a foreign surface is becom—
ing recognized as an important process in the eventual success or failure of
materials required to interface with blocd (1-4). The interaction of cellular
blood components with various materials has been the subject of a great deal of
investigation, not only in terms of mechanisms (5-8), but also as a tool to
evaluate general blood tolerability of various materials which must contact
blood (9-12). Blood proteins that are known to adsorb and play a role in the
eventual adhesion of cells, mainly platelets, include fibrinogen, Y-globulin
and albumin. Kim et. al. (7) have demonstrated that polymers which preferen-
tially adsorb greater amounts of albumin over fibrinogen or Y-globulin adhere
fewer platelets. 1In fact, the general biocompatible nature of albuminated sur-
faces has been shown to be of value in extracorporeal systems including charcoal
hemoperfusion (13-15) and membrane oxygenators (16, 17).

To evaluate further the effectiveness and initial stability of adsorbed
albumin and glutaraldehyde crosslinked albumin coatings of a more permanent
nature, a modified ex vivo platelet retention test was used in our studies. The
original platelet retention test described by Hellem (18) has been modified by
many investigators (19, 20) to become a popular diagnostic aid in von Willebrand's
disease. The importance of controlled blocd flow rate, bead surface area, hema-
tocrit, temperature, and anticoagulants have been examined using human blcod
(18, 19). This study is directed towards defining test parameters using the
rabbit as an experimental model to evaluate the blcod tolerability of materials
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prior to and after surface modification by different albumin treatments. The
stability of albumin adsorbed to glass and polystyrene beads is also examined
over a 24 hour pericd. Scanning electron microscopy of the bead surfaces before
and after the platelet retention test is used as a check on the retention data.

Methods and Materials

A. Test Chambers. Glass beads, 1.00 - 1.05 mm diameter (B. Braun Melsunger
Apparatebau) were extracted in a Soxhlet apparatus with 95% ethanol for 48 hours
followed by distilled water extraction. The beads were oven dried for 24 hours
at 60°C and stored dry as stock test material. A sample of the stock beads was
evaluated for chemical composition (Emhart Corp., Hartford, Conn.) and found to
contain the following:

Silica (Si03) 56.9

Baria (Ba0O) 0.66
Alumina plus Iron Oxides (Rz03) 1.27
Soda (Naz0) 3.95
Potassia (K20) 9.90
Lead Oxide (PbO) 26.53
Boron Oxide (B203) 0.83

Total 100.00

Polystyrene beads, 1.00 mm diameter (Sinclair-Koppers Co.), were extracted
in a Soxhlet apparatus using petroleum ether for 24 hours followed by vacuum
drying.

The beads were examined by X-ray photoelectron spectroscopy (XPS) (21) using
a du Pont 650B source. The surface of the polystyrene beads was highly oxidized,
which is typical for many commercial hydrocarbon polymers. The glass beads exhib-
ited the expected silicon and oxygen photoelectron lines. No lead lines were
observed indicating that the lead is not present in detectable concentrations at
the surface but is present in the subsurface and bulk regions of the sample.

Test chambers were made from 9.5 cm lengths of %" i.d. polyvinyl chloride
tubing (Tygon S-50-HL, Norton Plastics). Nylon screen, mesh size approximately
100, was used to contain the packed beads. Columns were packed with about four
grams of glass beads or 1.2 grams of polystyrene beads.

B. Adsorbed Albumin. The columns were packed with stock glass beads,
primed with 1%/w albumin in normal saline and allowed to stand at least one hour
at room temperature. Several types of commercially available albumins (Sigma
Chemical) were used: 1) Rabbit Albumin, Fraction V (RAFV); 2) Rabbit Albumin,
Crystalline (RAC):; 3) Bovine Albumin, FractionV (BAFV); and 4) Bovine Albumin,
Crystalline (BAC).

Polystyrene beads were only adsorbed with crystalline type rabbit albumin
using the same procedure as for glass beads.

C. (Crosslinked Albumin. To 200 ml of acetate buffer, pH 4.9, one gram of
RAC was dissolved. Stock glass beads were added and allowed to stand for 15-20
minutes with mild agitation. Two milliliters of 25% glutaraldehyde (Sigma Chem-
ical) were added to the albumin solution. The mixture was placed on a shaker and
allowed to react for one hour at 37°C. The albumin solution was decanted and the
beads rinsed in phosphate buffered saline (PBS), pH 7.0; three changes of 15 min-
utes each. The beads were then stored in PBS until use. Columns with glut-
araldehyde treated albumin were primed at least one hour before use with 1%/w RAC
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in normal saline. This step was neceasary to quench any reactive aldehyde
remaining from the original crosslinking procedure (16).

D. Pump Circuit. The extracorporeal circuit was designed as a low prime
(6.5 ml) controlled flow system (Figure 1). An intravenous infusion pump
(Extracorporeal™, Model RL 175) was used to remove blood at a constant flow
rate. The arterial cannulggyas made from polyethylene tubing, 1.40 mm i.d..
Circuit tubing was Silasti (Dow Corning), 2.64 mm i.d..

ARTERIAL =

__.r

L1

TEST CHAMBER
CONTAINING BEADS

PUMP

INFLOW
OUTFLOW SAMPLE
SAMPLE

FIG. 1
A schematic representation of the low prime, controlled flow, ex vivo circuit
used to evaluate platelet retention of albuminated glass beads.

Experimental Procedure

A. In Vitro Testing. Glass beads coated with 1'?% Human Albumin as des-
cribed in B and C of the 'Materials and Methods' section, and polystyrene beads
coated as described in part B were extracted in either PBS, pH 7.4, or citrated
human plasma, pH 7.0-7.3 for periods up to 24 hours at 37°C. The radiocactivity
on the beads was monitored as a function of extraction time. The total amount
of albumin per bead was calculated from the radioactivity values.

These experiments were necessary not only to insure the presence of albumin
on the beads during the platelet retention test, but also to evaluate the longer
term stability of albumin coatings.

B. Ex Vivo Testing. New Zealand White Rabbits of both sexes, weighing
from 3.2 to 4.5 Kg were used in this study. Animals were anesthetized with pen-
tobarbital sodium, 30 mg/Kg given intravenously. The left carotid artery was
surgically isolated and just prior to cannulation the animal was given sodium
heparin (Upjohn, beef lung) 400 units/Kg i.v.. The pump circuit was primed with
physiologic saline (0.9% NaCl) to avoid a blood/air interface. After cannula-
tion of the artery the infusion pump was started at a flow rate of 10 ml/min.
and the saline prime was flushed out of the system by the animal's blced. An
afferent blood sample was collected for eight seconds (1.3 ml), the tubing
clamp on the end of the test chamber was removed to allow blood to flow through
the chamber and efferent blood was collected. The blood transit time from
afferent to efferent was 30 seconds. Blood samples were collected in tubes con-
taining 7.5 mg discdium EDTA. Platelet counts were performed with the aid of
an automatic cell counter (Technicon Autocounter).

C. Scanning Electron Microscope (SEM) Studies. Bead samples before and

after blood exposure were rinsed with phosphate buffered saline (PBS), pPH 7.3.

The samples were then fixed in 37°C 3% glutaraldehyde (Polysciences, E.M. grade)
for 30 to 60 minutes. The beads were rinsed with distilled water and postfixed
in 1% osmium tetroxide (Polysciences), and dehydrated through absolute ethanol.
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Samples with glass as the substrate material were dried by using the liquid CO2
critical point drying (CPD) method described by Porter et. al. (22). sSamples
evaluated using polystyrene as the substrate material were air dried out of 100%
ethanol because the CPD method caused the beads to swell.

Results

A. In Vitro Stability. Preliminary in vitro studies indicate that for pur-
poses of the short term platelet retention studies, both adsorbed and crosslinked
albumin coatings were stable. However, longer extraction in plasma, up to 24
hours, suggests that the original adsorbed albumin on glass is virtually gone and
that glutaraldehyde crosslinked albumin on glass is much more resistant to extract-
tion in plasma (Table 1). It is interesting to note that polystyrene beads adsorbed
with albumin and extracted in the same manner do not adsorb as much albumin per
bead, yet maintain very close to the original adsorbed concentration throughout
the 24 hour extraction period.

Extraction in PBS offers some insight into what might happen if albuminated
samples were stored wet for any length of time. Desorption is evident after 24
hours and depending on the material, may be quite dramatic. In the case of
adsorbed albumin on glass the albumin decreases by 86%, and adsorbed albumin on
polystyrene is reduced by about 50% after a 24 hour extraction in PBS. Others
have reported (23, 24) that desorption and exchange of adsorbed albumin is char-
acteristic of many substrate materials.

TABLE 1
A Summary of Albumin Stability of Substrate Materials Extracted for a 24 Hour
Period.

Substrate ug Albumin Hg Albumin
and Surface per Bead, Ex;::i::fn per Bead, $ Drop
Treatment Pre-Extraction Post-Extraction
®
Glass 0.186 & 051 PBS 0.023 £ .001 86.3 4.6
Adsorbed Albumin : ) Plagma** 0.003 £ ,001 97.2 £+ 0.4
Glass PBS** 0.183 ¢ .081 40.0 * 11.7
Glutaraldehyde 0.279 = .063
rosslinked Albumin Plasma** 0.156 % .017 44.5 £ 9.4
*
Polystyrene 0.02 & .004 PBS 0.013 & .002 49.6 t 12.0
Adsorbed Albumin ‘ - Plasma*#® 0.004 £ ,001 81.1 £ 2.7

*Phosphate Buffered Saline 0.01 M pH 7.4
#*Citrated Human Plasma pH 7.0 - 7.3

B. Blood Flow Rate Studies. The platelet retention of untreated glass beads
(UGB) , glutaraldehyde crosslinked rabbit albumin-crystalline (GARAC) and empty
chambers (EC) was evaluated as a function of blood flow rate. Flow rates were
precalibrated to deliver 1.0, 3.0, 5.0 and 10 ml/min.. The first 1.3 ml of undil-
uted blood was collected for platelet counting.

Results suggest, as expected, that as the flow rate decreases the platelet
retention increases (Table 2). More importantly, it appears that the reliabil-
ity of the test diminishes as the flow rate decreases below 5 ml/min, i.e. the
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E. Albumin Treatment Studies. Various commercial grades of albumin, rabbit
and bovine, were adsorbed on the glass beads. Test conditions included a bead
surface area of about 60 cm? and a flow rate of 10 ml/min.

In a comparison between adsorbed bovine and adsorbed rabbit albumin evaluated
with rabbit blcod there is a significant difference (P < .0l) in platelet reten-
tion only at the first time interval sampled. The superiority of rabbit albumin
in retaining fewer platelets is quickly negated in the following samples. Varia-
tion in surface treatments with the resultant changes in platelet retention are
summarized in Figure 4. It is interesting to note that even though there is a
difference in the platelet retention of rabbit and bovine albumins of the crys-
talline type the same is not true of fraction V rabbit and bovine albumins.

The superior behavior of GARAC was conspicuous throughout all experiments.
Adsorbed albumin, although showing a decrease in the initial platelet retention
over UGB, was not as impressive as the glutaraldehyde treated albumin samples in
reducing platelet retention.

The point should be made that not only can the type, i.e. species, fraction,
purity, etc., of albumin influence the platelet-material interaction, but also
the substrates' influence on the albumin layer, i.e. adhesive strength, molecule
orientation, etc., can be important. This phenomenon is evident from a comparison
of the polystyrene and glass retention experiments.

4
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FIG. 4

A summary of the platelet retention data as a function of variation in albumin
surface treatments (¥S.D.).

F. SEM Evaluation. In order to check the reliability of the retention
results scanning electron microscopic evaluation of the beads before and after
perfusion was done. The spherical shape and size of the beads was also confirmed
by this method.

The control glass beads were reasonably smooth in appearance (Figure 5a),
although imperfections and a definite surface texture could be seen. After
exposure to blood the bead surface was well populated with platelets (Figure 5b).
Albumin adsorbed on glass did not visibly change the surface. However, after
blood exposure the albuminated beads were generally free of adhered platelets.
Glutaraldehyde crosslinked albumin on glass did reveal a rougher surface than
the control beads (Figure 6a). After blood exposure the surface was strikingly
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FIG. 5
Scanning electron micrograph of the surface of untreated glass beads before blood
exposure (A) and after 30 sec. of blood flowing at 10 ml per minute (B). After

exposure to blood numerous adhered platelets and platelet aggregates are deposited
on a sublayer of protein-like material. Cracking of this sublayer is a preparation

artifact. (1000x)

FIG. 6
The surface of crosslinked albumin on glass beads prior to blood contact (A) is
somewhat rougher than the control glass beads (Fig. 5A). After blood exposure
(B) the surface appears eroded but adhered platelets are strikingly absent. (1000x)




Vol. 1 PLATELET RETENTION BY ALBUMINATED BEADS 41

FIG. 7
Scanning electron micrographs demonstrate the striking difference between blood
exposed control polystyrene (A) which is heavily populated with adhered pPlatelets
and albumin adsorbed polystyrene beads (B) which are consistently free of plate-
lets. (1000x)

free of adhered platelets (Figure 6b). The polystyrene showed similar results
‘to- that of glass except the difference in the blood exposed control polystyrene
(Figure 7a) and the adsorbed ‘albumin beads (Figure-7b) was even more dramatic.
This'data compares favorably with that reported by Chang (15).

Discussion

The use of the standard glass bead platelet retention test first described
by Hellem(18) and later revised by Salzman (10) and others (19) has proven to
be a useful tool in the evaluation of platelet interactions with materials. Evans
and Mustard (6) have examined the effect of the surface on adhesion and the re-
lease reaction of platelets using glass beads as a substrate for adsorbing various
proteins. Their methods were not sensitive enough to show striking differences
between uncoated and albumin coated beads. Mustard et. al. (25) also studied the
influence of plasma proteins adsorbed to polystyrene on platelet interaction.
Conclusions from these studies indicated that fibrinogen and gamma globulin coated
surfaces aid both platelet adhesion and release of platelet factors. Albumin
coated surfaces were less thrombogenic.

The ex vivo platelet retention test described in this study has proven to
be moderately sensitive in that differentiation of two surfaces treated by adsor-
bing albumin in the same way can be identified as such by.this method. However,
we have also demonstrated that the results of this test can be greatly affected
by changes in flow rate, surface area, individual variation among the test popu-
lation, and the nature, quality and purity of the albumin coating.

Negative platelet retention, i.e. more platelets coming out than going in,
although theoretically impossible over a long time interval, is observed in some
experimental situations. Goldsmith, et. al. (26) have shown that red blood cells
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do accumulate at the air-blood interface as noted by the increase in the first
few drops coming out of the column. This phenomenon was not observed with plate-
lets in whole blood but only platelets in platelet rich plasma. The system util-
ized in this study eliminated the air-blood interface by priming the columns with
normal saline prior to blood exposure. However, accumulation of cells at the
saline-blood interface may occur. It is also reasonable to expect that initially
platelets might be delayed in many different ways by the bead column accounting
for observed bursts of platelets on the outflow side. Since this phenomenon was
more consistently associated with albumin coated materials and not uncoated glass
or polystyrene and usually affiliated with the first one or two milliliters of
blood collected it may be that platelets can interact with surfaces in several
ways. In the case of glass and polystyrene this interaction may be irreversible,
that is adhesion occurs, but in prealbuminated surfaces platelets may interact
with beads and are delayed on the surface until the shear from the blood flow
washes them into the bulk and out of the column giving an apparent negative reten-
tion. Platelets could only adhere when small areas of the albumin coating desorbed
or exchanged with native blood proteins such as fibrinogen and gamma globulin,
Substrate materials having a greater affinity for adsorbed protein allowing little
exchange of albumin with bulk protein would be more likely to maintain a negative
or low (< 5%) platelet retention.

Evaluation of platelet retention based on a theoretical model put forth by
Robertson and Chang (27) suggests that retention is independent of both hemody-
namic factors and column geometry. Evaluation of data from the present study
using the method of Robertson et. al. revealed that platelet retention in this
system does not follow their equations. Assumptions made in the derivation of
their analysis simply do not hold in our study. They assume desorption of plate-
lets to be negligible, that platelets adhere only as individuals not as aggregates,
and that only a platelet monolayer is formed on the glass beads. Such assumptions
are inconsistent with our experimental observations. Other investigators who have
examined platelet retention as a function of time (20, 28-30) have reported that
Platelet retention increases with time in normal subjects. This is just the oppo-
site of the findings of Robertson and Chang (27).

The albumin stability studies offer some insight into the potential useful-
ness of albuminated surfaces. The continued presence of pre-adsorbed albumin is
not only dependent on the extraction media and albumin treatment, but also on the
substrate material. In Table 1 it can be seen that although glass initially
adsorbs almost 6 times more albumin than does polystyrene, the amount remaining
after 24 hours of extraction in PBS is about twice that of polystyrene. Extrac-
tion in plasma is much more severe, as might be expected. The amount of adsorbed
albumin remaining on glass and polystyrene is about the same when extracted in
Plasma. However, the crosslinked albumin is extracted at about the same rate in
both PBS and plasma. The amount of albumin on the beads after crosslinking is
much greater than either adsorbed albumin on glass or polystyrene.

Long term stability of immobilized proteins is important in areas other than
blood compatibility including enzyme electrodes (31), detoxification (13, 15),
hepatic assist, and others (16, 17). Efforts to understand and control protein
surface chemistry are necessary before the potential of proteinated surfaces is
functionally realized.

In terms of blood compatible protein surfaces there is some evidence to sug-
gest that other macromolecules might be better than albumin (33). However, in
terms of a model protein system for surface alteration albumin offers one major
advantage in that it is one of the most well characterized and easily handled
proteins available (34). The observation that platelet retention appears to cor-
relate with the stability of the protein is currently under more intensive inves-
tigation. Platelet retention as a function of extraction time should provide
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some idea of the sensitivity of the retention test and may also aid in defining
storage and handling of albuminated surfaces.

Conclusions

Albumin is a useful tool in passivating normally thrombogenic surfaces which
may contact blood. The ex vivo platelet retention test has been shown to be of
value in characterizing different albuminated surfaces. The degree of retention
has also been shown to be a function of flow rate, surface area, substrate nature,
albumin source and purity, and exposure time. The tenacity of albumin for a sur-
face is substrate dependent and for the two surfaces evaluated in this study the
ex vivo platelet ratention test has been discriminating.

Continued efforts to evaluate long term stability and correlate it with
platelet retention are necessary to define storage and handling conditions.
Future efforts to define sterilization procedures and possible effects of chronic
exposure of blood to albuminated surfaces should be undertaken. The ex vivo
platelet retention test should be expanded to include measurement of the plate-
let release reaction, sublethal damage to red cells, and changes in normal plate-
let aggregability resulting from the interaction of blood with different surfaces.

vVarious methods of immobilizing albumin on surfaces and the chemistry involved
should be explored in greater detail. Crosslinking with glutaraldehyde decreases
platelet retention but the mechanism of this observation remains speculative at
present. It is felt that efforts to completely characterize albuminated surfaces
to serve as a model system for other coatings of biological origin (proteins, car-
bohydrates, lipids, etc.) will lead to useful technology and applications in the
medical arena.
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Scanning Electron Microscopic
Evaluation of the Surfaces of
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ABSTRACT

This report summarizes the surface changes seen in
artificial hearts implanted in calves for periods up to
four months. Fabrication defects as well as degrada-
tion resulting from wear are identified. SEM evalua-
tion of the blood contacting surface as well as the
surface of the diaphragm associated with the drive
mechanism has revealed potential problems with
current heart designs and methods of fabrication.
Materials evaluation of implanted hearts is crucial
for a clinically useful system to evolve.

artificial hearts, fabrication defects, degradation,
SEM (Scanning Electron Microscope), blood con-
tacting surface

INTRODUCTION
Calves with artificial hearts are now beginning to
survive for several months: Kolff and associates, six
months, several three months;! Nosé, five months:?2
Biicherl, four months; Pierce, two months;? Akutsu,
one month* and Atsumi, two months (goats).? This
suggests that human trials may be warranted in the
near future. With increased survival times, more
emphasis is placed on the mechanical properties of
materials and it is important to gain as much
information as possible on the wear and possible
degradation of artificial heart materials, especially
the flexing diaphragms. Such degradation and/or
wear may be theresult of micro defects resulting from
fabrication procedures, absorption of physiological
constituents such as lipids by the material, calcium
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deposition, abrasion, etc. Use of the scanning electron
microscope for this purpose is reported herein.

While not inclusive of all the evaluation required
or indicated, the SEM evaluation does supply infor-
mation at a level in which other testing and evalua-
tion may be indicated. Early detection of the begin-
ning of wear problems and their subsequent correction
will improve the reliability of future artificial hearts
for implantation in humans.

Pathological evaluation of implant materials,
not only in the classical sense of studying tissues af-
fected by implant materials but also studying the na-
ture of the implant, must be done before cause and
effect relationships are clearly defined. By studying
the “intima” of artificial hearts with the SEM, we
hope to recognize the beginning of wear, factors that
induce thrombus formation and other conditions
which may cause device failure,

Improvements in the design of artificial hearts
have provided satisfactory results with various non-
fibril surfaces,® mostly polyurethane, Avcothane®
and even Silastic®, Yet complete freedom from throm-
boembolism has not been achieved. It should be
remembered that the design of the artificial heart
and the use of artificial valves may lead to thrombo-
embolism for which the ventricle material is not the
cause.”

MATERIALS AND METHODS

This study provides qualitative information, by
means of scanning electron microscopy, on artificial
heart diaphragms from two heart designs (Jarvik IIT
and ERDA) made from three materials, Biomer®
(Ethicon Inc., Somerville, N. J.), Avcothane® (Aveco
Medical Products, Everett, Mass.) and Silastic®
(Dow Corning, Midland, Mich.) with a polyester fibril
surface. Implant times ranged from 69 hours up to
122 days (Table).

All hearts for scanning microscopy were treated

at autopsy by rinsing the inside of the right ventricle

with physiological saline. The heart was disassembled
while in saline and the pumping diaphragm removed.
Sections of the diaphragm which contact blood were
placed in 2% phosphate buffered glutaraldehyde, pH
7.2, for preservation of any blood elements which
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May, 1978 SEM Evaluation
TABLE
CALVES EVALUATED
Galf Design - Material Bl AD?;‘;?E;;{BM
ERDA 23 ERDA Silastic® 69 hours no
with
fibrils
Burk Jarvik ITT Biomer® 94 days no
James Bond Jarvik 1T Biomer® 46 days yes
NASA-Tu Jarvik IIT Avcothane® 64 days ves
Mohammad Jarvik IIT Biomer® 10 days no
ERDA 17 ERDA Avcothane® 11 days no
AOPA Jarvik II1 Avcothane® 122 days yes
might have been present. Other components of the RESULTS

diaphragm, the polyester mesh and the air contact-
Ing portion, were not exposed to any fluids and were
stored dry for mounting on SEM stubs. The blood ex-
posed surfaces were dehydrated with absolute etha-
nol and critical point dried with liquid carbon diox-
ide.® The samples were mounted on stubs and coated
with carbon and gold by vapor deposition. Samples
for SEM were selected from areas of the diaphragm
suspected, from macroscopic examination, to have
imperfections. If such areas were not evident, samples
were then selected at random.

Air driven hearts have a pumping diaphragm
that consists of three separate layers: one layer of
polyurethane facing the blood, a layer of polyester
mesh and a layer of polyurethane facing the air
chamber (Fig. 1). Both sides of the blood contacting
and air contacting portions of the diaphragm were
examined as well as the reinforcing mesh.

ERDA (Energy Research and Development Ad-
ministration) hearts are driven by a mechanical
pusher-cup over which a rolling diaphragm is draped.?
The majority of ERDA hearts are fabricated from
silicone rubber since fabrication is easier and, as yet,
long survivals are not expected from this type of
heart. Polyester fibrils have occasionally been used
to cover the surface of the Silastic® hearts.

Blood Sicle
G :

Fic. 1. A diagrammatic cross section of the pumping diaphragm

of the Jarvik II1 artificial heart design. This type of design is used
with polyurethane materials and is air driven.
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Silastic

Polyester fibril-coated Silastic® hearts have not
been successful in this laboratory, though others
have utilized fibril surfaces successfully.1? The fibrils
have come off the surface and have been seen in his-
tologic sections of kidney, lung, brain and other vital
organs.!! Direct observation of the pumping dia-
phragm of ERDA 23 (Fig. 2) reveals areas devoid of
fibrils with only the imprint of the fibril left in the
surface. ERDA 23 lived only 69 hours and was not
treated with anticoagulants. Histopathology demon-
strated multiple small infarcts in the liver and kid-
neys, although no gross emboli were seen. Fibrils are
no longer used by this group to coat heart surfaces.

The pusher-cup side of the ERDA 23 diaphragm
was filled with sperm oil as a coolant. These cham-
bers were initially overpressurized when filled with

i

Fig. 2. The blood contacting surface, as seen by SEM, of a
polyester fibril-coated silicone rubber heart which was implanted
for 69 hours (ERDA 23). Note the loss of fibrils from the surface.
Anticoagulant therapy was not used. Magnification 100X.
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Fic. 3. A fracture in thediaphragm (ERDA 23) on the pusher-cup
side resulted from overpressurizing the heart while filling with a
coolant (sperm oil). The crack had not completely penetrated the
diaphragm. Magnification 500X.

2

) )
)

Fic. 4. A cross section of the diaphragm used in the ERDA
designed heart. Silicone rubber or polyurethane is used for con-
struction purposes. This heart is mechanically driven by a pusher-
cup.

F1c.5. A SEM of the blood contacting surface of a Biomer® heart
after 94 days implantation (Burk). Anticoagulant therapy was not

used, yet the surface is remarkably thrombus free. The surface
appears to have adsorbed a fine layer from the blood. Magnifi-
cation 4800X.

168

Vol. 2, No. 2

0il and the stress of this technical error is seen in
Fig. 3. A fracture, which does not completely pene-
trate, in the Silastic® diaphragm is observed where
the ridge holding the diaphragm to the pusher-cup
joins the diaphragm (Fig. 4).

Polyurethane

In this laboratory, the greatest success has been
with polyurethane (Biomer®) and a blend of polyure-
thane and Silastic® (Avcothane®-51 elastomer).
Blood contacting surface

The first long-term survivor was a calf named
Burk, which lived 94 days with a Biomer®, air driven,
Jarvik III type of heart. The diaphragm from the
right ventricle was remarkably free of formed blood
elements and fibrin deposition even though no anti-
coagulants were used (Fig. 5). There was, however,
some indication of an adsorbed film, possibly protein,
on the surface of this diaphragm. There were a few
infarcts in the kidneys and there was thrombus for-
mation on the rings of the heart valve.

A Biomer® Jarvik III type heart was implanted
in a calf named James Bond which survived 46 days
and was treated with warfarin, dipyridamole and
aspirin.l?2 Unlike Burk, numerous surface defects
were observed on the diaphragm (Fig. 6) along with
well organized thrombi. Although thrombus forma-
tion is occasionally associated with surface irregu-
larities (Fig. 7), it is also likely that these defects act
as emboli generators. Since thrombus-free areas are
populated with surface defects, such defects appear
to be the result of microbubbles trapped in the poly-
mer surface during fabrication of the heart.

Like James Bond’s, the artificial heart of the calf
named NASA-Tu (Fig. 8) revealed areas of organized
fibrin deposition on the diaphragm surface even
though a warfarin, dipyridamole and aspirin regi-
men!? was used. This heart was fabricated from
Avcothane® and the calf survived 64 days with the
Jarvik III type heart. Surface defects were not seen
on the sections chosen for microscopic evaluation.

Mohammad survived only ten days with a Jar-
vik ITI Biomer® heart. Like James Bond’s, this heart
showed a pitted surface with thrombi frequently
adherent to the surface defects. This animal was not
treated with anticoagulants and had multiple small
infarctions at autopsy.

In contrast to the Jarvik III design, the two
ERDA type Avcoathane® hearts subjected to SEM
evaluation demonstrated fibrin and thrombus deposi-
tion especially where the diaphragm flexes. ERDA 17
survived eleven days with no anticoagulant therapy.

AQPA represented the summum bonum of what
had been attained at the time of this study: morethan
four months survival, In contrast to Burk (three
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F1G. 6. The blood exposed side of a Biomer® heart which pumped F1a. 8. An Avcothane® heart surviving 64 days (NASA-Tu) also
46 days in James Bond. Anticoagulant therapy was used. Numer- revealed areas of fibrin deposition even though anticoagulant
ous surface defects can be seen in an area where thrombus therapy was initiated. Magnification 2000X.

formation is evident. Magnification 600X.

Fic. 7. At/a higher magnification, the thrombus in Figure 6 is F1g. 9. Surface defects in this Avcothane® heart which pumped

clearly seen to be associated with surface irregularities. Magni- 122 days (AOPA) are surprisingly free of thrombus and formed
fication 5000X. blood elements. Anticoagulant therapy was used in this animal.

Magnification 500X.

months), warfarin, dipyridamole and aspirin!? were diaphragm revealed a thin protein-like layer (Fig. 10).
used to chronically anticoagulate the animal. AOPA At postmortem, AOPA showed emboli only in the
had a Jarvik III type of artificial heart made of Avco- lungs with no evidence of multiple small emboli.
thane®. A new surgical technique!? developed to eli- There was no coagulopathy which indicates that
minate synthetic heart valves allowed retention of there was no large consumption of clotting factors.

the animal’s aortic and pulmonary artery valves. Diaphragm facing the mesh

After 122 days, the diaphragm from this heart was Wear resulting from rubbing of the polyurethane
free of formed blood elements even though many sur- against the polyester mesh appears to be a potential
face defects ranging in size from 2 to 20 microns could problem with the Jarvik III type of heart, even

be seen (Fig. 9). A sample taken from the center of the though this heart has performed well for over a year
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on mock circulation testing. This problem is drama-
tically demonstrated in Fig. 11, a scanning electron
micrograph of the diaphragm of Burk which pumped
for 94 days. Samples from unpumped hearts are
extremely smooth at the same magnification (4500X).

This type of wear contributed to failure of the
restraining polyester mesh in James Bond (46 days).
Wear particles penetrated the strands of the mesh
ultimately leading to fracture of the fibers making up
the strand (Fig. 12). The uniformly abraded surface
seen in Fig. 11 has frequently been seen in other
hearts constructed of Biomer®,

e R

F1G. 10. A sample taken from the center of the diaphragm shown
in Figure 9 revealed a thin protein-like layer adsorbed to the sur-
face. Magnification 1000X.

Fic. 11. The polyester mesh used in the Jarvik I1I design has
abraded the pumping diaphragm of a Biomer® heart implanted
for 94 days (Burk). Magnification 4500X.
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Avcothane® hearts do not show the samekind of
abrasion as the Biomer® hearts. Wear effects of the
mesh on Avcothane® appear to be the result of knots

in the mesh (Fig. 13) taken from NASA-Tu (64 days).

However, this effect was not seen in the heart from
AOPA which pumped for 122 days (Fig. 14).

The ERDA design avoids the problem of abra-
sive wear seen in the Jarvik III type of heart.
Fabrication defects have been observed (Fig. 15) in
the pusher-cup side of several ERDA diaphragms.
The potential hazard for diaphragm failure from
such defects remains to be clarified.

Fic. 12. Failure of the polyester mesh asa result of penetration of
polyurethane wear particles is evident in this sample after 46 days
of pumping (James Bond). Magnification 220X.

Fig. 13. Wear effects on Avcothane®, even after 64 days
(NASA-Tu), do not appear to be as generalized as with Biomer®
(Fig. 12). Wear is apparent where the knots in the polyester mesh
contacted the surface. Magnification 100X,
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F1c. 14. Minimal wear was observed in an Avcothane® heart sur-
viving 122 days (AOPA). Magnification 500X.

CONCLUSIONS

There is enough evidence that the polyester mesh
causes damage to the polyurethane diaphragms to
come to the conclusion that the mesh should be
avoided in the future. Small surface defects created
during fabrication are not always avoidable. As a
rule, our blood facing surface is air dried during
fabrication, whereas the surface of the membrane
away from the blood is cured against the mold and
may, therefore, have imprints of irregularities on the
mold. Small irregularities on the blood side dia-
phragm can sometimes be seen in areas where blood
elements have been adherent, which indicates that
either some adherent thrombus has come off or thatit
has been bare all the time. One would hope that the
amount of thrombus formed on these surfaces would
be so small that it could be routinely processed by the
body. It is significant that Burk, who lived three
months without anticoagulants, revealed only minor
signs of thromboembolism and AOPA, who lived
122 days, showed less than Burk. Moreover, there
were no overt changes in platelet count, platelet ad-
hesion, total fibrinogen, prothrombin time and par-
tial thromboplastin time which could not be accounted
for by the anticoagulant therapy. Fibrin degrada-
tion products, as measured by the protamine sulfate
dilution method, returned to normal two weeks post-
implantation.

Fibril-coated hearts have consistently released
fibril emboli which have been discovered in the vital
organs of the animals. For this reason, non-fibril
surfaces are preferred and have been more successful
in this laboratory. SEM evaluation of hearts to date
has not revealed any consistent discernable differ-
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SEM Evaluation

Fic. 15. Fabrication defects on the pusher-cup side of the ERDA
type of heart are frequently seen (ERDA-17). Potential problems
from such defects remain to be clarified. Magnification 500X.

ence in the blood contacting surface of Avcothane®
or Biomer® hearts, nor has it been possible to clearly
distinguish between animals treated with anticoagu-
lants or left untreated in terms of microscopic de-
posits on the surface of the diaphragm.

The hearts from animals that had survived for a
long time do not show more significant changes than
those from animals that died early in the experiment.
Anticoagulation is usually not started until 48 hours
after surgery for fear that hemorrhages may occurin
the chest. It is during the first hours following
surgery, when the heparin is neutralized, that one
might expect the thrombotic process to begin. For
this reason, we are looking for any method that will
give relief from the initial thrombus formation seen
in the first days following implantation of the arti-
ficial heart. It may be that the heparin binding
method of Schmer,!* which allows release of heparin
for several weeks, has something to offer the arti-
ficial heart system.

Another possibility is the use of glutaraldehyde
crosslinked albumin!®1€ to treat the inside of the
artificial heart cavities. It is unlikely that the albu-
min will remain for extended periods of time, but it
might offer protection during the first days of pumping.

An artificial heart which has been implanted and
pumping for some period of time is a valuable source
of information relating to interface-induced throm-
bosis and coagulation, lipid or other sorption, wear or
degradation of the material and changes in the
physical and mechanical properties of the heart
material. Continued efforts to provide feedback in-
formation to designers, fabricators and surgeons
must improve artificial hearts for future human use.
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CALCIFICATION OF NONTEXTURED IMPLANTABLE BLOOD PUMES

D. L. Coleman, D. Lim, T. Kessler, and J. D. Andrade

Improvements in surgical techniques, implant design and fabrication, and the materials used to construct
blood pumps have greatly contributed to the increased longevity of animals implanted with total artificial heartsl,
However, with this increase in survival time, new problems and unanswered questions have become apparent.
Degradative changes in the bulk and surface properties of long-term mechanically active polymers have been
suggested? to account for diminished function or complete failure of the device. -

Calcification of the pumping diaphragm has been reported by numerous groups including Nosé et al®, Kolff
et al%, Pierce et al%, Norman et al®, Lian Levy7, and Hennig et al®. Since calcification has not been reported in
adult goats implanted for long periodsg but has been seen in calves3~8, there has been some speculation that
species and/or age is a predisposing factor10,

This report reviews the evidence accumulated from total artificial hearts implanted in 33 calves and 2 sheep
surviving from 30 days to 268 days. Observations made in this study support the hypothesis that surface defects

serve as a nidus for mineralization and that this process is accelerated by, but not totally dependent on, mechani-
cal stress or shear stress.

MATERIALS AND METHODS

Total Artificial Hearts. Two heart designs, the Jarvik 511 and Jarvik 71, were fabricated from either
Avcothane 51® or Biomer® and implanted in calves for variable time periods up to 268 days. Upon termination
of the experiment the ventricles were rinsed with normal saline and either the right or left ventricle submitted
for more extensive examinationl2, A summary of these experiments is given in Table I.

The amount or severity of mineralization was qualitatively graded from 0 to 5 according to the following
criteria: 0, no caleium detected at the SEM level 1000 X magnification; #, rare (one plaque/10 fields examined);
1+, "sandpaper' appearance under the stereomicroscope using Alizarin red S; 2+, localized areas < 1 em? and
< 2 mm thick; 3+, patchy areas > 2 mm thick covering < 25% of the surface area of the diaphragm; 4+, patchy
areas > 2 mm thick covering < 50% of the pumping diaphragm; 5+, > 50% of the blood contacting area calcified.

TABLE I. -SUMMARY OF THE HEARTS SUBMITTED FOR AUTOPSY

Material Anticoagulant Therapy* % with
Avcothane Detectable
Heart Design Biomer 5] None PCA CA Pa C Calcification
Jarvik 5
(# of Animals) 13 7 9 I l 2 3 77% (20/26)
Jarvik 7 + =
(# of Animals) / : ~ . 2 T - 78% (7/9)
Median Survival
Time (days) /5.5 86 74 64 124 142 111
Range (days) 35-268  40-210 36-210  35-184  35-221 63-268  35-217
Detectable
Calcification 77 67 82 5l 100 100 60
(Percent)

Calcification

Grade# 1.1£1.15 1.0+1.09 1.1£0.74 0.7+0.83 0.840.29 3.0%1.7 1.0%1.22
(mean + SD)

*Persantine, Coumadin, Aspirin
:2 Sheep
7See text for description.

Anticoagulation. Various combinations of Persantine (dipyridamole), Coumadin, and aspirin were ad-
ministered in daily doses, 200 mg, 5-10 mg, and 10 grains, respectively. Eleven animals, 9 calves and 2 sheep,
did not receive any anticoagulants. Thirteen calves were given a daily dose of Persantine, Coumadin and aspirin;
Coumadin and aspirin were given to 3 calves; Persantine and aspirin were given to 3 animals; and Coumadin

From the Division of Artificial Organs, Departments of Bioengineering and Pharmaceutics, University of
Utah, Salt Lake City, Utah.
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alone was administered to 5 calves. A summary of the median survival times for each anticoagulation therapy is
given in Table I.

Microscopic Analysis. The entire pumping diaphragm and housing was examined under a stereomicroscope
to aid in identifying possible area of early calcification. These areas were stained with von Kossa's stain or
Alizarin red S to identify caleium deposits13. Some of the diaphragms were embedded in epoxy and cross sections
cut with a low speed diamond saw as previously described!4. The cross sections were examined by optical and
scanning electron microscopy coupled with X-ray microanalysis.

Energy Dispersive Analysis of X-Rays (EDAX). Selected areas of the pumping diaphragm were critical
point dried using COq substitutionl5, and coated with carbon and chromium using a standard vapor deposition
technique. Elemental maps for calcium were generated for visual identification of local calcium deposits. Identi~
fication of subsurface caleium deposits was accomplished by varying the accelerating voltage of the primary
electron beam.

Chemical and Biochemical Analyses. Calcified deposits on most heart samples were not extensive enough
for normal chemical and biochemical techniques. However, a 268 days animal (TH80 C12) did have severe calcifi-
cation which allowed for a more extensive analysis.

A sample of this diaphragm was evaluated for osteocalcin levels by Dr. Jane Lian (Children's Hospital
Medical Center, Boston, MA) using a radioimmunoassay techniquel®. This technique has also been reported by
Price and Nishimotol7 to identify vitamin K-dependent protein of bone in bovine plasma,

Deposits from THS0 C12 were also sent to Galbraith Laboratories, Inc. (KEnoxville, TN) for microanalyses
to determine the atomic percent of nitrogen, phosphorus, sulfur, calcium and carbonate (COg).

Removal of the deposits in 10% w/v ethylenediaminetetra-acetic acid (EDTA) followed by 1% sodium
dodecylsulfate (SDS) was not completely effective at removing all of the material. Treatment with 5% HCI and 1%
trichloroacetic acid for 24 hrs was more effective at removing deposits from the pumping diaphragm.

Thin-layer chromatography of deposits extracted in chloroform:methanol (2:1) was performed using a
solvent developing system of hexane:ether:acetic acid (85:15:1).

RESULTS

Gross Observations. It was apparent in reviewing the location of the mineralized areas that permanent
set creases and fiber contaminants were associated with the heaviest mineral deposits. In the case of fiber-
associated calcification, a small local thrombus was usually firmly attached to the fiber. Mineralization was
clearly localized to fiber contaminants and associated with the thrombus. The solution to eliminating this type of
calcification is obvious and will not be further discussed.

A second type of calcification was seen along creases. These deposits were not necessarily associated

with thrombotic material, were heaviest along the crease, and frequently resulted in failure of the blood diaphragzn_

due to a small hole or holes worn in the material. On closer macroscopic examination, espeeially near the
margins of the mineral deposits, an apparent orientation of the deposits at right angles to the crease could be
seen (Figure 1). Removal of these deposits with trichloroacetic acid reveal what appear to be small surface
cracks at right angles to the crease (Figure 2).

A third type of calcium pattern consisted of a movre general type of mineralization that was not easily de~-
tected without the aid of a microscope. Macroscopically, the deposits appeared as small plaques on the surface
of the pumping diaphragm giving a "sandpaper' feel to the blood-contacting surface. Thrombus was generally not
seen in areas where this type of mineralization was occurring.

Evaluation of the degree of calcification and the percent of animals with detectable calcium phosphate is
summarized in Table I. It appears that Coumadin treated animals may have a slightly decreased amount of

mineralizatiqn. However, increased numbers are required to confirm these data, and it is clear that calcification
will eventually occur in these animals.

Microscopic and X-Ray Microanalysis. In the case of type 2 calcification removal of deposits with trichloro-

acetic acid did reveal microscopic cracks (Figure 2) in the diaphragm where deposits had been. Abrasive wear
was also evident in areas of heavier deposits. Abrasive wear on the housing has been observed when diaphragm
deposits had grown thick enough to contact the housing during systole.

Type 3 calcium deposition was usually a more general phenomenon. Cross sections of the diaphragm
examined under the scanning electron microscope (SEM) suggests that deposits are associated with microbuhble
defects in the blood contacting surface. Figure 3 is a calcium x-ray map of a secondary image of a diaphragm
cross section. A surface irregularity is associated with the caleium deposit. En face examination demonstrates
microbubble defects in an area of numerous caleium plaques (Figure 4). Some of the plaques still have a small
hole in the center suggesting that microbubbles acted as a nidus for the calcium phosphate deposition. This was
also seen in a small area of a heart implanted in a sheep surviving 77 days (Figure 5A and 5B).

Until recently these deposits had not been seen on the housing of the ventricles even though mierobubbles
could be detected. However, a ventricle implanted 268 days in a calf did show this same pattern of deposition on
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Figure 2. After treat-
ment with 10% trichloro-
acetic acid the calcium
deposits have been re-
moved from Figure 1
revealing small cracks
underneath the deposits
and numerous microbub-
ble defects. Original
magnification 500X.
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Figure 1. Calcified
areas on a pumping dia-
phragm of a total artj-
ficial heart implanted
for 104 days in a calf.
Original magnification
15X.

Figure 3. A calcium map
of a cross section of a
diaphragm implanted 184
days. Note surface ir-
regularities associated
with concentrated calcium
areas (arrows).
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Figure 4. Microbubble
defects are a common feature
of type 3 calcium deposition.
Occasionally a hole can still
be seen in the center of a
developing plaque (arrow).

| Figure 5. Type 3 calcification is also apparent on the pumping dia-
phragm of a heart implanted for 77 days in a sheep (A). A calcium
EDAX map confirms the localization of the deposits (B).
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the housing. Subsequent SEM/EDAX did demonstrate that the calcium acecumulation could be detected subsurface
in microbubble defects (Figure 6A). Reduction of the accelerating voltage of the primary electron beam from 20
KEV to 10 KEV gave the same chromium signal from the coating material but the caleium and phosphorus signals
disappeared (Figures 6C and 6D), suggesting that the calcium is subsurface. An EDAX map for calcium of the
same area clearly defines the subsurface deposit (Figure 6B).

Chemical Analysis. Deposits from the ventricle of a 268 days animal (TH80 C12) did contain osteocalcin
levels of 195 ng/ml/0.25 cm? as determined by radioimmunoassayls. Circulating osteocalein levels in control
calves (7-9 mos) was 16~23 ng/m116, The total weight percent of osteocalcin in the deposits is still being deter-
mined.

Elemental analysis of deposits analyzed by Galbraith Laboratories revealed a nitrogen content of 5. 89,
phosphorus level of 9.27%, sulfur content of 0.41%, calcium content of 18, 15% and a carbonate level of 0. 74%.
Assuming that all of the carbonate is in the form of caleium carbonate the resulting Ca/P ratio is 1.88. This sug-
gests that hydroxyapatite is present in the deposits.

Results of the SDS electrophoresis have not been fully analyzed at this point but do demonstrate the presence
of at least 8 different bands in both the SDS and EDTA extracted material. Additional analyses are continuing.

Samples of the SDS extracted material were further extracted in chloroform:methanol (2:1) containing
0.005% butylated hydroxy toluene as an antioxidant. The thin-layer chromatography results demonstrate the
presence of cholesterol esters, cholesterol and possibly free fatty acids in the deposits.

DISCUSSION

Interest in the calcification of eardiovascular devices, especially blood pumps, continues to ETOW as various
research centers increase the survival time of these devices. Ultimate failure of mechanically active portions of
the pump will result if mineralization continues unchecked. 3 ) e

Causes or contributing factors in the calcification process have been discussed at a recent symposium10, -
Animal species and age have been implicated as an important factor in this process10 especially in the case of =
valve heterografts18., Adult sheep implanted with Biomer total artificial hearts for up to 77 days have revealed
early signs of mineralization at the microscopic level. This suggests that the phenomenon is not unique to calves.

The anticoagulation regime, especially Coumadin, has been reported by Piercel® to reduce the incidence
and severity of mineralization by inhibition of the vitamin K-dependent protein, osteocalcin. Results reported
here do suggest that Coumadin may reduce the incidence and severity of mineralization, but it is clear in our
experience that long-term animals (> 100 days) given Coumadin consistently show evidence of calcification. Thus,
Coumadin simply delays the onset or growth rate of calecium deposition. ; & = .

The hypothesis that microbubble defects and surface eracks serve to accumulate calcium binding proteins
or result in denaturation of trapped proteins creating an environment for calcification has not been totally demon- -
strated in this study. However, the facts presented here are consistent with this hypothesis in that mineral
deposits are clearly seen subsurface in microbubble defects. Even though osteocalein has been measured in large
amounts (195 ng/ml1/0.25 cmz) in areas of gross deposits, microscopic evidence of osteocalein associated with
the developing plaques and/or surface defects should be demonstrated. Future work in this area is under way.

Likewise, the role of lipids and lipoproteins in this process has not been satisfactorily demonstrated even
though the deposits clearly contain these components.

Surface defects have been reported by Harasaki et al2 and Hennig et al® to be indirectly responsible for
calcification by inducing thrombus which ultimately will calcify. Empirical observations in this study suggest

that this process ean oceur without prior thrombus formation. In either case it is clear that mechanical or shear

stresses accelerate the process. However, evidence presented in this study (Figure 6) does suggest that micro-
defects'will eventually calcify even on mechanically inactive portions of the pump.

CONCLUSIONS

Calcification is a problem that is not unique to calves. Adult sheep surviving up to 77 days also show
early signs of calcification. Vitamin K-dependent osteocalcin is present in unusually large amounts in gross de-
posits but evidence for microscopic involvement should he generated. Anticoagulants to inhibit osteocalcin pro-
duction may delay but do not prevent mineralization in long-term animals. Efforts to eliminate microbubble
defects and prevent microfractures in the surface of blood contacting materials should pPrevent or substantially
reduce calcification. Invitro studies are necessary to confirm this hypothesis and to explore variations in fabri-
cation methods to solve this problem.
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Figure 6. A microbubble defect seen on the housing of a heart implanted 268 days in a calf (A)
contains subsurface calcium as determined by a calcium EDAX map (B). The subsurface nature of
the deposit is verified by reducing the accelerating voltage from 20 KEV (C) to 10 KEV (D) and
noting the disappearance of the calcium and phosphorus signal but the chromium signal remains

constant.
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DISCUSSION OF MANUSCRIPT #19

DR. ATSUMI: We use adult goats, and no case of calcification in valves or pumps has been seen.
| think it may depend on the age of the animal,
DR. COLEMAN: | don't know the age of the sheep that we used, perhaps Dr. Olsen can comment.

DR. OLSEN: They were 9 mos and one and a half years.
DR. COLEMAN: How old are your goats, Dr. Imachi?
DR. IMACHI: From one year to 2 or 3 yrs.

DR. COLEMAN: | think the fact that calcification does occur as a pathological process in adults
and aging individuals, suggests that age is not the only factor involved in mineralization.

DR. IMACHI: In our laboratories we use a sac-type pump in which calcification has not occurred.
Do you think that is closely related to calcification?

DR. COLEMAN: It may be. As | pointed out, stress can accelerate the process, but | don't

completely understand why. Perhaps it causes denaturation of proteins adsorbed or trapped at the
surface, but the fact that we have seen it on the housing does indicate that it is a potential problem

on mechanically inactive parts of the pump. | think that the causal factors have to be worked out in
an in vitro system, however.
DR. HARASAKI: You are using the SEM for classification of the severity of calcification. | am

wondering if you can detect the calcification simply from the morphology on the surface.
DR. COLEMAN: The morhology is consistent but x-ray microanalysis is used to confirm composition

of deposits. | should point out that we do stain with calcium specific stains to determine exactly
where mineral deposits are located.
DR. HARASAKI: | saw in one of your SEM photomicrographs that the calcified deposits look very

uniform about 50 pUM diameter, and very similar to flattened cells or their debris. Do you think
there is any possibility that calcification occurs in dead cells or debris of cells?

DR. COLEMAN: That certainly is a pessibility. | think the crystalline nature of hydroxyappatite
is somewhat plate-like. However, the photoaraph you refer to is obviously several crystals that have
grown out to form large plaque-like structures. If cells were involved in this process, | would expect

to see them in various stages of the process relative to the survival time of the hearts we have
evaluated and this has not been the case. However, | have no positive proof to rule out mummification
of dead cells, 4

DR. W. KOLFF: | would 1ike to thank my younger collaborators for their presentations, and |
would like to say that if this process of calcification does persist in all older sheep and perhaps

other species, we can fortunately take the heart out since we have quick connections and give it a
new heart.
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Blood-materials interactions: the minimum
interfacial free energy and the optimum polar/

apolar ratio hypotheses
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Department of Pharmaceutics and Department of Bioengineering, University of Utah, Salt Lake

City, Utah 84112

Numerous hypotheses exist to explain ob-
served blood-materials interactions. Tt is
the purpose of this article to test two popular
hypotheses, namely, the minimum interfa-
cial free energy hypothesis and the optimum
polar/apolar ratio hypothesis. Methacry-
late polymers and copolymers were charac-
terized using the captive bubble underwater
contact angle method; bulk water content
was determined by gravimetric methods;
streaming potential measurements were
made; and surface roughness and possible
particulate contamination were evaluated by
reflected light microscopy. In vitro blood
tests include whole blood clotting time
measurements on polymer-coated tubes;
centrifugal force platelet adhesion on
polymer-coated coverslips; and a measure of

the partial thromboplastin time, Russell’s
viper venom time (Stypven time), and the
prothrombin time of native whole blood
exposed to polymer-coated microscope
slides. Results suggest that platelet adhe-
sion correlates in the opposite direction of
whole blood clotting time and partial
thromboplastin time, emphasizing the need
for a multiparameter approach to blood-
materials testing. Based on these tests the
minimum interfacial free energy hypothesis
is not supported. In fact, the data suggest
the opposite to be true. It is apparent that
platelet adhesion can be a misleading indi-
cator of blood compatibility. Neither hy-
potheses can explain the apparent conflict
between the platelet adhesion data and the
coagulation time data.

INTRODUCTION

The basic premise of the minimal interfacial free energy hypothesis is that
as the interfacial free energy approaches zero, the driving force for protein
adsorption decreases. Thus, nonspecific protein adsorption should not occur
and proteins at or near a low interfacial energy interface should not feel any
greater effects from the surface than they do from the bulk solution. The
concept of interfaces as they relate to biomaterials has been reviewed by An-
drade et al.1-2

The hypothesis that interfacial free energy (ys,) is responsible for blood-
material interactions is attractive because it attempts to integrate the contri-
bution of the solid phase (implant) and the liquid phase (blood) to the eventual
physiological end results.® Also, the interfacial free energy concept reflects

* To whom correspondence should be addressed.

Journal of Biomedical Materials Research, Vol. 16, 381-398 (1982)
© 1982 John Wiley & Sons, Inc. CCC 0021-9304/82/040381-18502.80
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changes in either the solid or liquid phase and should account for changes in
the electrical nature of the substrate, as well as the hydrophobic or hydrophilic
nature of the surfaces, surface entropy, etc. Unfortunately, the components
that make up the 7., may change dramatically, yet the vy, can remain nearly
the same, as the effects of contributing components may cancel each other out.
Current methods of calculating 7y.,, based on contact angle determinations
and several assumptions! only allow one to separate out, in a very crude
fashion, the contribution of the polar and dispersion components of the solid
and aqueous phases to the ye,.*° If the liquid phase is held constant in
composition, as is generally the case with implants in vive and for in vitro tests
which utilize a constant liquid phase, then it is reasonable to assume that
changes in the activation of the coagulation mechanism should correlate with
changes in the solid surface phase.

Early efforts of Fowkes,® Good and Elbing,” Kaelble® and others evolved the
concept that materials have both a hydrophilic and hydrophobic character.
This hypothesis has recently been applied by Nyilas et al.? to blood-compatible
materials. Nyilas et al. concluded that surface properties and hemodynamic
characteristics are interrelated in thrombus induction and that thrombogenicity
increases as the polar contribution to the surface free energy increases. Kaelble
and Moacanin,® using contact angle data generated by R. Baier, have provided
an extensive list of the polar and dispersion energetics of biomaterials. They
conclude from a comparison of the surface energetics with literature results
of blood compatibility that a high dispersion force, low polarity surface will
favor the adherence of a stable protein film while materials with a disper-
sion-free, highly polar surface will have a weak affinity for plasma proteins
with the possible result of emboli generation.

The hypothesis that the hydrophilic and hydrophobic natures of a surface
must be in balance has been suggested by Ratner et al.’” as a somewhat novel
extension of the polar/dispersion argument of Nyilas® and of Kaelble and
Moacanin.® The general premise of the hydrophilic-hydrophobic ratio hy-
pothesis represented by Ratner et al.1 is that suitable proteins will be adsorbed
and remain adherent if the polar and apolar surface character is properly
balanced.

This study attempts to test these hypotheses using well-characterized ma-

terials and simple in vitro blood assays to probe activation of_coggulatio

__platelet adhesion, and a rough measure of increased platelet factor 3 activity.
Activation of extrinsic activation is monitored as a check on the blood handling
methods.

MATERIALS AND METHODS

Materials preparation

Selection of materials specifically to test these hypotheses required that vy,
be varied over a reasonably wide range without significantly changing
chemical composition or polymer type and that ionic contributions to the v,
be minimal (the effect of surface charge is the subject of another study.)!!
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Copolymers of hydroxyethyl methacrylate and methyl methacrylate allowed
for a variation in water content from about 1 to 40% by weight, with the cal-
culated 4, varying from essentially zero to about 20 erg/cm?. Since water
contents above 40% were unattainable in this methacrylate series without the
addition of ionic species, agarose was therefore evaluated as an uncharged,
high water content, low 7., surface. Glass, filler-free poly(dimethyl siloxane)
(PDMSQO)* and Avcothane-51 elastomer* were included as relevant control
materials.

Details of the methacrylate polymerization conditions have been reported
elsewhere #1213 Briefly, these materials were prepared as soluble uncross-
linked polymers by mixing the monomer or comonomers at 10:1 v/v sol-
vent-to-monomer concentration and polymerizing at 60°C using azobis(methyl
isobutyrate) to initiate the reaction. The polymers were precipitated in ap-
propriate nonsolvents and dried to constant weight under vacuum.

Polymer solutions were made up in appropriate solvents as either a 10% w/v
solution for coating test tubes or a 1% w/v solution for spin casting!*15 cov-
erslips and microscope slides. The solutions were filtered through a 0.5 ym
or 1.0 um Fluropore filterf and stored in particulate-free brown glass bot-
tles.

Glass test tubes (12 X 75 mm), coverslips (circular, 25 mm diam), and mi-
croscope slides (1 X 3 in.) were used as support substrates for the test polymers.
All glass was precleaned in hot chromic acid, rinsed four times in filtered
distilled deionized water, rinsed two times in filtered absolute ethanol, and
exposed to Freon THF vapor to accelerate drying. Polymers that did not ad-
here well to clean glass were cast on vapor silanized glass.!® All test substrates
were extracted and hydrated overnight in distilled water and calcium-free
Tyrode’s buffer, respectively.

The filler-free PDMSO-coated samples were cured for 6 h at room temper-
ature in a closed container with a small amount of distilled water in the bottom.
After removal from this humid environment, they were placed in a 60°C ni-
trogen-purged oven for4 h.

Agarose, 3 mg in100 mLidistilled water, was coated on test tubes by adding
a small amount of the warm solution to the tube, tilting 90°, and rotating the
tube until a gel formed. The tubes were then filled with calcium-free Tyrode’s
buffer and stored at 4°C overnight.

Avcothane-51* was heat cured at 60°C in a nitrogen-purged oven.

Materials characterization

Characterization of the test substrates was generally done on a quality
control basis to insure that the polymers used for blood studies were within
acceptable limits for our laboratory. Most of the characterization tests are
included as either level I, II, or III tests in the NHLBI Task Force Report on
Physicochemical Characterization of Biomaterials?Z The characterization
protocol is schematically represented in Figure 1.

* Avco Medical Products, Inc.,, Everett, MA.
t Millipore Corporation, Bedford, MA.
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MATERIAL EVALUATION PROTOCOL
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Figure 1. A schematic diagram of the materials evaluation protocol.

The use of differential scanning calorimetry (DSC) is not directly applicable
to polymers containing significant amounts of water and is therefore not
routinely reported for all of the polymers evaluated. Electron spectroscopy
for chemical analysis (ESCA) was used in this particular study to screen for
surface contamination.

The captive bubble underwater contact angle method*!8 was used to cal-
culate surface energetics of fully hydrated surfaces. Bulk water content was
determined on separate samples of bulk polymer and assumed to be the same
for the thin film system.’® Surface roughness and possible particulate con-
tamination were evaluated with reflected interference light microscopy.
Streaming potential measurements were done on polymer thin films cast on
microscope slides.!®

Blood studies

Evaluation of blood-materials interactions consisted of primary static in vitro
tests described in the Guidelines for Blood-Materials Interactions, issued by
NHLBL® These tests were selected for their simplicity and general usefulness
in screening activation of the intrinsic coagulation system, extrinsic system,
and platelet contribution to the overall interaction of blood with biomater-
ials.



BLOOD-MATERIALS INTERACTIONS

L%
o0
wn

Blood collection

Blood from rabbits was collected via cardiac puncture using an 18 g needle
and a two-syringe technique. Calf blood was collected from the jugular vein
using a 19 g butterfly catheter and a two-syringe technique. The blood was
not anticoagulated prior to exposure to the test surfaces except in the case of
platelet adhesion tests where 0.1M sodium citrate was added to the syringe
at a ratio of 1 mL citrate to 9 mL blood.

Whole blood clotting time (WBCT)

This test is a modification of the standard Lee and White test.?® Three tubes
coated with the test polymer were hydrated overnight in calcium-free Tyrode’s
solution. Five different polymers and a glass control were tested with each
blood collection. One milliliter of blood was added to each tube and incubated
at 37°C. The first tube was tilted for each test material until a firm clot formed.
The second and third tubes were tilted in a similar fashion, and the clotting
time was recorded as the time required for the third tube to clot. Since there
was a high correlation (r = 0.91) between the results of materials treated with
calf and rabbit blood, the combined results are presented in this article.

The WBCT for each experiment has been normalized to the glass control
WBCT. The mean clotting time for glass controls was 12.7 £ 1.59 (SD) min
for the calf and 11.3 + 1.67 min for the rabbit. These values are similar to re-
ported normal human values (11.9 + 1.77) using this technique.?!

Platelet adhesion and morphology

The adhesion of platelets to artificial surfaces is thought to be an important
indicator of blood compatibility.322-2¢ Although a variety of methods have
been used to monitor platelet adhesion successfully, a modification?® of the
adhesion test described by George?® was used in this work.

Citrated rabbit blood was centrifuged at 200 ¢ for 10 min to prepare plate-
let-rich plasma (PRP). A 0.2 mL sample of PRP was removed, and platelet-poor
plasma (PPP) prepared by recentrifuging the blood at 1400 ¢ for 20 min.
During this time the PRP was counted using Rees-Ecker platelet diluent.?”
Platelet counts from 11 animals were (5.1-16.8) X 10° platelet/uL. Platelet-free
plasma (PFP) was prepared by filtering PPP through a 0.45 um filter, and a
platelet concentration of roughly 2000 platelet/uL was made by adding 1.0
uL of PRP to 5.0 mL of PFP.

The adhesion cell and test conditions have been described by Mohammad
et al.?> Briefly, the dilute platelet suspension is added to the test chamber
where the bottom coverslip has been coated with the polymer to be tested and
the top coverslip is coated with poly(methyl methacrylate). The platelets are
centrifuged to the bottom coverslip 1.0 min at 1000 g and the platelets are al-
lowed a 5-min contact time. The test chambers are turned over and again
centrifuged 1.0 min at 1000 g to remove nonadherent platelets from the test
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surface. The percent of platelet adhesion is calculated by dividing the mean
number of platelets on the test surface by the sum of the mean number of
platelets attached to the PMMA and the test surface.

Since the polymer films were frequently damaged during the disassembly
of the test chamber, the morphology studies required a modification of the
centrifuge adhesion technique. Round (25 mm diam) coverslips coated with
the test polymer were placed in a 35-mm petri dish (Falcon) and 0.8 mL of the
dilute platelet suspension was allowed to cover the entire surface of the cov-
erslip without running over the edge. The petri dishes were centrifuged for
1.0 min at 1000 g and allowed a 5-min contact time with the surface. The
coverslips were rinsed two times with Tyrode’s buffer and fixed with 2%
electron microscopy grade glutaraldehyde for 30 min. This was followed by
two rinses with distilled water and dehydration through absolute ethanol.
The coverslips were critical point dried using liquid CO; as the transition
fluid.?®

The coverslips were mounted on SEM stubs and coated with carbon and
chromium. Samples were then examined by reflected light microscopy and
scanning electron microscopy.

Elliptical cell test

Two glass microscope slides coated with the polymers to be tested were
separated by an elliptically shaped gasket (2.0 mm thick) made of Estane* and
coated with Avcothane-51 elastomer.? This type of cell has been described
by Mason, Shermer, and Rodman.??

The test cells were assembled using a clamping device to hold the microscope
slides in firm contact with the gasket. Six test chambers were run with each
blood collection. The chambers were primed with calcium-free Tyrode’s so-
lution until blood exposure. The volume of each cell was 2.5 mL.

Rabbit blood was collected as discussed above, and a timer was started as
blood entered the syringe. A 2.5 mL blood sample was immediately citrated
to act as a control sample. Each of the six test chambers were filled in random
order, after which another 2.5 mL sample was citrated to serve as a control for
possible activation due to the syringe during filling. The chambers were left
undisturbed at room temperature for 15 minutes. Blood from each chamber
was successively injected into tubes containing 0.28 mL citrate (9:1) and
thoroughly mixed.

Platelet factor-3 determination

The citrated blood was centrifuged at 200 ¢ for 10 min, and the PRP was
collected for platelet factor-3 (PF-3) determinations. The method described
by Spaet and Cintron3® was modified to allow the test surface to be the activator
rather than using kaolin or ovolecithin to activate platelets or supplement the

* B. F. Goodrich Chemical Co., Cleveland, OH.
T Aveco Medical Products, Inc., Everett, MA.
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Russell’s viper venom (RVV) reaction. Therefore, platelets activated by the
test material should be the main sources of PF-3 in this test system. The
Russell’s viper venom™ was reconstituted with 2.0 mL isotonic saline to give
a one-in-10,000 solution. The RVV was prewarmed to 37°C as was the calcium
chloride solution (0.02M). All tests were completed using a Fibrometer' test
system. A PRP sample (0.1 mL) was added to a Fibrometer cup, and 0.1 mL
of prewarmed RVV was added and mixed. Exactly 30 slater, 0.1 mL of CaCl,
was added at the same time, triggering the Fibrometer timing and mixing
system. The test was repeated two or three times for each blood sample. The
pretest control averaged 40.7 £+ 3.22 s (£SEM, n = 8), and the post-test control
averaged 35.6 & 2.54 s (£SEM, n = 8) for the same animals. Therefore, some
activation was occurring during the time the blood was in the syringe. Ad-
dition of celite shortened the time of the control PRP to 8-10 s, indicating that
syringe activation was minimal. The RVV time for the test polymers is re-
ported as a percent of the mean pre- and post-test control samples for each
experiment. Glass could not be used as a control because it clotted in the test
chamber in 10 min or less.

Intrinsic activation

After the PRP had been collected for PF-3 tests, the blood samples were
centrifuged at 1400 ¢ for 10 min (4°C) and the PPP was collected and stored
on ice. The partial thromboplastint time (PTT) was evaluated using the Fi-
brometer method with minor modifications.

A 0.1 mL volume was prewarmed in a fibrometer cup for 5 min, and a 0.1
mL sample of test plasma (4°C) was added to the prewarmed partial throm-
boplastin. Exactly 30 s later, 0.1 mL of prewarmed 0.02M CaCl, was added,
activating the Fibrometer. Each test plasma was evaluated two or three times.
The mean precontrol value was 149.3 £ 15.35s (£SEM, n = 11), and the mean
post-control PTT was 152 + 15.65 s (X5EM, n = 11). Celite-activated plasma
gave a PTT of 30-40 s, indicating that syringe activation of the intrinsic system
was minimal.

The PTT was designed to test activation of the intrinsic system, and modi-
fications for this study allowed the test surface to serve as the activator.?? The
PTT results are reported as the percent of the mean pre- and post-controls for
each experiment.

Extrinsic activation

Activation of the extrinsic system was monitored by means of the one-stage
prothrombin time (PT)?! using PPP obtained from experiments described
above. Strictly speaking, this test could not be modified to examine activation

* Wellcome Reagents Ltd., Beckenham, England.
I Becton-Dickinson, Laboratories, Inc., Baltimore, MD.
* Ortho Diagnostics, Inc., Raritan, NJ.
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TABLEI
Physical Characterization of Materials
Zeta
Contact angle Surface energetics potential
Polymer % HaO (degrees) (erg/cm?) (mV)
mol % (n=4) Air (n) Octane (1) Yo Y* vd yPlyd  (n=3)
Agarose 96 0+00 (3) 16+34 (3) 01 486 236 242 —180+13
HEMA 37+04 18+17 (5 18414 (5) 0.1 486 201 242 —241+07
75 HEMA
25 MMA 31+£35 24414 (2) 33104 (2) 07 425 230 185
50 HEMA
50 MMA 21+14 30£06 (4) 43+38 (3) 09 417 228 183 —2874+10
25 HEMA
75 MMA 706 42412 (2) 63+£28 (2) 7.1 303 320 095
MMA 1+03 62411 (4) 87414 (3) 192 176 354 050 —315+18
PDMSO-FF <1 84+ 77 (5) 120  (2) 364 7.2 367 020 —496+16
Avco-51 <1 53+36 (3) 82442 (2) 195 418 201 048 —3356+18
B. Glass g <10 <10 01 497 213 233
5. Glass d <10 <10 01 497 213 233 —523413°
—62.7¢
@ £5EM.

b Calculated from air values.

€ P = Proper bevel edge slides.

d High surface content, low bulk content.

€ Gold seal, Becton-Dickinson.

of Factor VII by the test surface but was used as a check on the Russell’s viper
venom time, which should be the same as the prothrombin time when PE- 3
is available in adequate amounts.?!

ENERGETICS (ergs/cmz)

p
50 T T 1 s

40

=
E
E
Z
30 L 23 X
23 £
z
i
=
20 S
E
10 1 - 31 ¢
o ' —— &ﬂ-o-l -35
o 20 40 60 80 100
% WATER

Figure 2. The water content appears to control not only surface energetics
but is also important in the zeta potential of hydrogels containing up to 95%
water by weight.
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Figure3. The yP/vy"is greatly affected by water content up to 40%, but is rel-
atively constant above that value.

RESULTS

Physical characterization

Table I summarizes the physical characterization data of the materials used
in this study. :

The interfacial free energy of hydrogel systems rapidly approaches zero as
the water content is increased up to 20%.3! Therefore, it seems reasonable that
for the hydrogel materials used in this study the water content should control
the interfacial parameters including the zeta potential and 7y, as well as the

polar (y£,) and dispersion (v2,) components of the surface free energy (Vs =
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Figure 4. A linear correlation exists between Y., and WBCT (r = 0.93). A
similar correlation is apparent for platelet adhesion (r = 0.99).
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vE, + v%). This effect is graphically demonstrated in Figure 2. Examination
of the y?/ 9 ratio as a function of water content (Fig. 3) suggests that a water
content above 40% will not alter the ratio of the polar to dispersion forces as
measured by the captive bubble technique.

It is interesting to note that although none of the hydrogel polymers and
copolymers contained ionic groups, the calcualted zeta potential became more
electronegative as the water content decreased (Fig. 2).

Blood evaluation

The in vitro blood data are summarized in Table II. The whole blood clotting
time data are mean values of both rabbit and calf experiments. The correlation
coefficient for testing materials in the calf versus the rabbit was high enough
(r = 0.91) to justify pooling the data. All other tests were done with rabbit
blood.

The WBCT data expressed as a function of water content suggest that an
increased water content activated the coagulation mechanism and at 20% water
is essentially the same as glass (Fig. 4). This observation is confirmed by the
PTT data. Platelet adhesion, however, decreases as the water content increases
(Table II). The RVVT and PT tests appear to be less predictive, although the
rapid decrease in the RVVT for HEMA relative to the control suggests that
activation of the platelets increases even though platelet adhesion decreases
(Fig. 5).

Platelet morphology, frequently considered an indicator of platelet release,
does not vary in a strikingly different way among PHEMA, 50 HEMA /50 MMA
copolymer, and PMMA [Figs. 6(A)-(C)], although more dendritic platelets seem
to be associated with PMMA. This may be somewhat deceiving because a
significant number of platelets are removed from the low adhesion surfaces

100 Er \ & T g

% OF CONTROL (:SEM)

4 8 12 16 20
2

1., ERGS/CM

Figure 5. The PTT does correlate with vy, (r = 0.98), but RVVT and PT do
not, r = 0.42 and —0.36, respectively.
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Figure 6. Platelet morphology on (A) HEMA, (B) 50 HEMA /50 MMA, (C)
PMMA, and (D) glass after critical point drying. Some platelet loss does
occur during processing. Reflected light microscopy (X400).

during fixation and critical point drying (CPD). Platelets adhered to glass
[Fig. 6(D)] have increased pseudopod formation relative to HEMA but are not
strikingly different from platelets adhered to PMMA. The CPD process does
cause surface pitting in the gel materials. Further studies are necessary before
any useful conclusions can be made about changes in platelet morphology
versus platelet release. Rabbit platelets do not spread like human platelets,
but it is well established that release can occur throughout the time course of
spreading.® Rabbit platelets on glass resemble the early polypodial stage
described for human platelets adhering to glass.32

DISCUSSION

It is quite obvious from the data in Table I that increasing water content has
a profound effect on interfacial energetics. Somewhat surprising is that the
charge measured by streaming potential at or near the interface of nonionic
polymers of increasing water content are significantly different. Significance
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(p <0.01) in this case is determined from the calculated critical value for the
correlation coefficient reported in Figure 2 (df = 2).3% Possible explanations
include specific ion adsorption at the surface, water dipole orientation, or
electron injection from the water into the polymer.* Williams33 suggests that
both positive and negative ions are repelled from an insulator interface with
a dielectric constant lower than water, although there is considerable evidence
for specific anion binding at such surfaces. Brown et al.3¢ have reported zeta
potentials for selected neutral hydrophobic polymers using 0.01 or 0.02M
Tris-HC] at pH values ranging from 3.0 to 7.2. Specific ion adsorption is
thought to be the primary cause of negative electrophoretic mobility seen with
oil droplets and air bubbles® and is the likely cause of the streaming potential
data reported in this study.

Blood interactions with this series of polymers are strikingly different, and
the majority of the variation of WBCT, platelet adhesion, and PTT can be ex-
plained by changes in the v, (*2 = 0.96,0.99, and 0.97, respectively). Platelet
adhesion data support the hypothesis that a decrease in vy, improves blood
compatibility, but this assumes that increased platelet adhesion is indicative
of poor blood compatibility. Closer examination of the data reveals that WBCT
and PTT decreases as 7, decreases, indicating activation of the coagulation
system. This apparent conflict is the reason why a multiparameter approach
is important in assessing blood-material compatibility. For this series of
methacrylates, platelet adhesion appears to be a desirable quality and correlates
(r = 0.94) quite well with prolonged WBCT (Fig. 7). Activation of the intrinsic
system (PTT) does correspond to the WBCT results (r = 0.99) as one would
predict (Fig. 7).

Model copolymers used by Ratner et al.!? to test the hydrophilic/hydro-
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Figure 7. It is surprising that the percent of platelet adhesion correlates in
a positive way with prolonged WBCT (r = 0.94). As expected, WBCT is pro-
longed when PTT is not activated by the material (r = 0.99).
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phobic ratio hypothesis were hydroxyethyl methacrylate/ethyl methacrylate
radiation grafted to silicone rubber tubing. The copolymer with the best blood
compatibility, as determined by minimal platelet consumption, was HEMA /
EMA (1:1). The measured contribution of the polar and dispersion compo-
nents of these copolymers is not provided in this study, but assuming a
HEMA /EMA copolymer system similar to the HEMA /MMA series in Table
I'and a water content of 14%, then from Figure 2 the polar contribution would
be about 36 erg/cm? and the dispersion component would be around 27 erg/
em?, giving a y?/ v ratio of about 1.3. Again, it is important to remind the
reader that these values are calculated from underwater air and octane contact
angles* which give higher values for the polar contribution than the technique
of Kaelble and Moacanin® which are based on classical advancing contact angle
data.

Data presented in Figures 8 and 9 suggest that the coagulation system is
sensitive to changes in y?/y?. It is even tempting to suggest that platelets
begin to sense changes in y?/v4 around 1.3 to 1.4, since the RVTT is rapidly
reduced as the ratio increases beyond these values.

In considering the results of all the in vitro tests in Table I reported as a
function of y?/ 4, it appears that a correlation does exist for WBCT (r = —0.86)
and PTT (r = —0.97) to indicate that for this series of polymers, as the dispersion
component begins to dominate the surface, blood compatibility improves.

The data presented in this study do not support the minimal interfacial free
energy hypothesis as stated in the introduction, but suggests that the opposite
situation may be true: increasing vy, of nonionic polymers may lead to im-
proved blood compatibility. The explanation for this observation logically
must reside in the nature of protein adsorption during initial blood or plasma
contact. Exactly how %, or the components of y, control protein adsorption
and conformation is still unknown.
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Figure 8. Platelet adhesion and WBCT decrease as the polar contribution of
the material increases.
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Figure 9. The intrinsic system (PTT) becomes more activated as y?/ ¢, in-
creases but platelet activation (RVVT) is not significantly affected until the

polar contribution of the material is greater than about 1.4 times the disper-
sion component.

The original study by George?® using centrifugal force to measure platelet
adhesion also reported that platelet adhesion was low on poly(ethylene
oxide)-coated glass, but the WBCT was not prolonged by this coating. Like-
wise, silane-treated glass had a prolonged WBCT and increased platelet ad-
hesion, which supports the results reported here. Brash3® noted that platelet
adhesion and platelet release were roughly inversely related and that adhesion
was higher on the low water content urethanes. It appears that a reassessment
of the importance of platelet adhesion to blood compatibility is in order.

CONCLUSIONS

The data presented in this study clearly demonstrate the need for a multi-
parameter evaluation of both the material properties and the biological in-
teractions. Changes in any one material property can result in changes in all
the physical properties of that material. This is demonstrated by the signifi-
cant increase in the negative charge of nonionic hydrogel copolymers as the
water content decreases.

Results of the in vitro blood studies presented in Table II do not support the
minimal interfacial free energy hypothesis, but a strong correlation in the
opposite direction does suggest that interfacial energetics are important. This
misconception has resulted from the longstanding observation that platelets
do not adhere to high water content materials. Platelet adhesion is nota good
indicator of “hemocompatibility” and should not be used as the only test to
screen polymers. A rather surprising and strong linear correlation (r = 0.94)
between platelet adhesion and WBCT supports this conclusion.

The optimal polar/dispersion ratio hypothesis is consistent with the data
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presented in this study but does not explain the platelet adhesion data. It
appears that as the dispersion component begins to dominate the interface the
general hemocompatibility (WBCT, PTT, and RVVT) improves.

Since g, and y”/ v values are calculated from contact angle measurements,
one would expect the blood tests to correlate with 0 or cos . This is the case,
but the linear correlation is best when the data are plotted as functions of the
calculated vy 4,-
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THE EFFECTS OF RADIOIODINATION AND FLUORESCENT LABELLING
ON ALBUMIN
R.E. Crandall, J. Janatova, J.D. Andrade
Department of Bioengineering
University of Utah
Salt Lake City, Utah 84112 U.S.A.

ABSTRACT

The preparation and characterization of fluorescamine -,
fluorescein isothiocyanate (FITC) -, and radioiodine-Tabelled
bovine serum albumin is critically evaluated. Electrophoretic
mobility and ion-exchange chromatography, together with measures
of degree of conjugation and sulfhydryl content, are used to
assess the changes due to conjugation. Fluorescamine labelling
results in drastic changes in chromatographic behavior and elec-
trophoretic mobility. FITC labelling also results in significant
changes in chromatographic and electrophoretic properties. Radio-
iodination leads tominor changes in chromatographic properties and
oxidation of sulfhydryl groups, with 1ittle or no change in
electrophoretic properties. All three Tabels have some degree of
Tability and show increased levels of free label with time, even
after extensive initial purification. It is concluded that the
two fluorescent labels and possibly the radioiodine labelling
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method used here are unsuitable for certain studies of BSA, such as
its adsorption at solid-liquid interfaces.

INTRODUCTION!

The widespread practice of labelling proteins with radioiodine

and/or fluorescent dyes warrants the need of definitive characteri-
zation to establish if there are significant changes in the physi-
cal properties and/or behavior of a protein due to conjugation.
When interpreting the results of experiments performed with tracer
proteins the following criteria should be considered:2_4

i The labelled protein should behave in vitro or in vive
like native protein.

2. The Tabelling should be uniform and homogeneous (among
all the protein subfractions).

3. The label should remain bound to the protein during the
experiment.

4. Protein conjugates should be free of unreacted
fluorescent materials, unbound radioisotopes. and
degradation products.

Before using a protein conjugated with any Tabel 7t must be

established that the conjugate is identical in its behavior to
the native molecule for the experiment or processes under study.

This paper describes the application of ion exchange gel

chromatography on DEAE Sepharose CL-6B as a method of analysis
to evaluate the character of bovine serum albumin conjugates. This
method permits relatively fast analysis of small samples (< 100 mg)

after the removal of unreacted Tabel. Other methods, such as

ol
ol
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Sephadex G-25 gel filtration, sulfhydryl content titration, poly-
acrylamide gel electrophoresis, agar gel immunoelectrophoresis,
and cellophane membrane dialysis, provide supportive evidence of
instability and change inproperties induced by the tested tracer
methodologies.

MATERIALS AND METHODS

Materials

The bovine serum albumin (BSA) used in these studies was lyo-
philized BSA, Fraction V, Tot 283, from Miles Laboratories. The
bovine mercaptalbumin (BMA) was prepared in our laboratory by the
method of Janatova, et a1.5 The BSA preparation contained 0.43
sulfhydryl group per molecule and about 10-11% dimer as determined
by polyacrylamide gel electrophoresis (PAGE). The BMA preparation
contained 0.9 sulfhydryl group per molecule directly after fraction-
ation. After a brief exposure to air, the sulfhydryl group per
molecule content dropped and stabilized at 0.83. 5,5'-dithiobis
(2-nitrobenzoic acid) {lot 072677) was a product of the Aldrich
Chemical Company. DEAE Sepharose CL-6B (lots 3102 and 5717), and
Sephadex G25 coarse (lot 5115) were obtained from Pharmacia Fine
Chemicals. Centriflo membrane cones CF25, and PMIO membranes were
products of Amicon. Activated charcoal type 517 was produced by
the Witco Company. Fluorescamine (lot 0002-02) was obtainea from
Hoffman-LaRoche, Inc., Mutley, New Jersey. Fluorescein isothio-
cyanate Isomer I (lot 56C-5017) was a product of Sigma Chemical
Company. Lactoperoxidase immobilized on Sepharose beads was

supplied by Worthington Biochemical Corporation.
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General

Osmolarity measurements were performed on an osmometer (mode
3L, Advanced Instruments, Inc.). Conductivity of buffers was mea-
sured using a General Radio conductivity bridge, model 1650-B.

Absorbance measurements were made on Hitachi Perkin Elmer 139,
Gilford 240, and Beckman Acta II spectrophotometers using Beckman
quartz 1.0 and 0.5 cm cells. A Corning Model 12 research pH meter
and Corning glass electrode was used for pH monitoring of buffers.
Color pHast pH indicator sticks from E. Merck Laboratories Ihc.
were used to estimate the pH of protein solutions.

Protein concentration was determined routinely by measuring

: : %
absorption at 279 nm. An absorption coefficient (A}Em

at 279 nm)
of 6.67 was used for BSA. The molecular weight of albumin was
taken as 66,500. A modification of the biuret reaction as des-
cribed by Janatova6 was also performed occasionally and found

to agree with the UV absorption method within + 5%.

Sul fhydryl content was determined by spectrophotometric titra-
tion with 5,5'-dithiobis (2-nitrobenzoic acid) by the procedure
of E'Hman7 as modified by Janatova, et a1.6 The method was per-
formed in our laboratory using 0.06 M phosphate buffer, pH 7.00,
in all reagent and protein solutions. The final pH of the protein
reaction mixture was found to be 7.0. Protein samples were tested
for sulfhydryl content within 24 h of elution or immediately
after dissolving the starting materials. Typically, individual
fractions or pools were concentrated by means of dry Sephadex GZ25
coarse centrifugation in order to fall within the required

concentration range.
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The methods used for protein desalting, and the concentrating
of protein solution have been described.S

Fractionation Procedures

Gel Filtration on Sephadex G25: Gel filtration on Sephadex

G25 coarse can be used for separation of BSA conjugates from free,
unbound tracer molecules. Separation of conjugates and free label
has been achieved when up to 100 mg of BSA in up to three ml has
been fractionated on a 2.0 x 25 cm gel bed under the following
conditions: six g ofISephadex G25 provided Vt of 30 ml in 0.04

M phosphate buffer, pH 7.0, with elution by gravity at about five
ml/min: two ml per tube collected; VE of BSA conjugates was 16 ml;
Ve of fluorescent or iodinated molecules was 30 ml,

Analytical Chromatography on DEAE Sepharose CL-6B: M1 buffers

used were prepared by mixing monobasic and dibasic phosphate solu-
tions of particular molarities in ratios to obtain pH 7.0 (mea-
sured at room temperature). Each new batch was checked for osmolar-
ity:

molarity 0.05 0.06 0.08 0.125

milliosmols 125 140 180 270

3

conductivity X10 6.21 7.14 9.09 13.42

(25°) @t cml
A11 buffers contained 0.02% NaN, which had to be removed from
some serum albumin (SA&) fractions over Sephadex G25 prior to
further study.
Various commercial SA samples of quantities 70 to 200 mg were
dissolved in two to five ml 0.05 M phosphate buffer, pH 7.00 and

fractionated at 25°C on DEAE Sepharose CL-6B using a Glenco column
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(0.9 cm x 30 cm, Vt of 19 ml) prewashed with > 60 ml 0.05 M phos-
phate buffer, pH 7.00. A freshly dissolved albumin solution was
applied to the top of the DEAE Sepharose CL-6B, and the albumin was

allowed to flow down the column by gravity. The protein was moved

into the regin bed by several three ml additions of 0.05 M phosphate.

Two phosphate solutions (240 m1 of 0.06 M phosphate, pH 7.00, and
240 ml of 0.08 M phosphate, pH 7.00) were employed to obtain the

1cm_T/mh 25°).

first linear phosphate gradient (4.063 x 1073"

The column eluate was collected in three ml fractions by a
Gilson Medical Electronics fraction collector using a constant
flow rate of 25 ml/h provided by an Extracorporeal Medical Special-
ties, Inc., infusion pump model #RDO 74-110 (several runs were
performed at 72 ml/h yielding no adverse effects on the resolution
using this small analytical column).

After 110 fractions were collected, a second gradient was
employed using 200 ml of 0.08 M phosphate pH 7.00, and 200 ml 0.125

Zolon 1o, 255

M phosphate with 0.2 M NaCl pH 7.00 (5.42 x 10°°q”
After 100 more fractions were collected, 0.125 M phosphate with 0.2
M NaCl pH 7.00 was passed down the column until all the protein

had been eluted from the column®. In some instances buffers of
greater ionic strength were used to elute tightly bound fractions
from the column. The concentration of the eluate was estimated by

absorbance measurements at 279 nm on every second or third tube.

After inspection of the absorbance profile of the eluate,
sul fhydryl determination, polyacrylamide gel electrophoresis, and
immunoelectrophoresis were performed on certain pooled fractions

after concentration by dry Sephadex G25 or by centrifugation in
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Centriflo membrane cones (CF25).

Electrophoresis

Polyacrylamide gel electrophoresis (PAGE) was performed

using an Ortec pulsed power system5. Agar gel electrophoresis
was performed on a Pol-E-Film precast agarose film (1% agarose,

5% sucrose in 0.075 M barbital buffer at pH 8.6) on a flexible
backing at 90 volts (Pfizer Diagnostics). Rabbit antisera to

bovine serum were obtained from Microbiological Associates (Lot

#15016). The plates were stained as required in Amido Black 10B,

0.2 g% in 5% acetic acid.

Spectrofluorometry and Radioactivity

Fluorescence measurements and spectra were made with an
Aminco-Bowman Spectrophotometer. For fluorescein isothiocyanate
(FITC) an excitation wavelength of 490 nm and an emission wavelength
of 520 nm gave maximum fluorescence. Optimum fluorescence for
fluorescamine (FA) conjugates occurred at an excitation wavelength
of 388 nm and emission wavelength of 470 nm. The FITC concentra-
tion and dye/protein ratios were calculated according toS. The
radioactivity of radio-iodine labelled proteins was counted by a

Beckman Gamma counter.

PREPARATION OF CONJUGATES

BSA-112°

Bovine serum albumin was labelled by the solid state Tacto-

9-11

peroxidase enzyme method . In our laboratory ~ 100 mg BSA or

BMA in two ml acetate buffer, pH 4.0, I = 0.025, 37 m osmol, was

reacted with 150 pl lactoperoxidase beads for 30 minutes while
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stirring with a magnetic stirrer. The KI and H202 molarities of
the reaction mixtures were varied to test the effect of iodine
incorporation on the -SH content of MA.

The reaction was stopped by the addition of 0.02% NaN3 (100

125 was removed by passing

ul/ml reaction mixture). The free I
over four g of Sephadex G25 coarse and centrifﬁging; the pro-
cess was repeated six times.
BSA-FA

Fluorescamine - BSA derivatives were prepared at + 4°C
according to Brynda, et al.12 Typically 2.0 mg fluorescamine,
dissolved in ice cooled 7.0 ml acetone, was added to a ten ml
solution of BSA (five mg/ml) in 0.1 M borate buffer pH 9.0 while
mixing rapidly on a vortex mixer for two minutes. Acetone and non-
fluorescent hydrolysis products of fluorescamine were eliminated

by dialysis for 24 hours in 1000 ml 0.04 M phosphate buffer + 4°C

using cellophane tubing. The final volume was adjusted to appro-

ximately five ml by adding dry Sephadex G25 coarse and centrifuging.

The vesulting ten mg/ml of BSA-FA could be used for chromato-
graphic or electrophoretic analysis.
BSA-FITC

The procedure described by Goldman13 was used for the pre-
paration of BSA-FITC conjugates. 150 mg of BSA or BMA was dissolved
in or transferred into 5.0 ml 0.9% NaCl. 7.5 mg of FITC (50 ng
FITC/mg BSA) was dissolved in 0.6 ml 0.5 M carbonate bicarbonate
buffer pH 9.6. These solutions were mixed (4°) and gently stirred
with a magnetic stirrer for 24 hours at 4°. Unreacted FITC was

removed from the reaction mixture by desalting over four g Sephadex

RADIOTODINATION OF ALBUMIN 119

G25 four times and finally passing the mixture through a 1 x 40 cm

Sephadex G25 column using 0.04 M phosphate as the eluant buffer.
Dialysis of BSA conjugates was accomplished in 0.04 M phosphate

buffer pH 7.0 at 4°C using cellophane dialysis bags tied with three

knots to insure no leakage. Dialysates were checked for protein

leakage using a modification of the Biuret methodG. The dialysate

solution was stirred during dialysis with a magnetic stirrer.

RESULTS AND DISCUSSION

Fractionation of Commercial BSA-Fraction V on DEAE Sepharose CL-6B

A typical elution profile of BSA-Fraction V fractionated at
pH 7.0 with Tinear gradients of increasing ionic strength is shown
in Figure 1. The DEAE Sepharose CL-6B gel bed used repeatedly gave
highly reproducible results. Whole fractionation as shown in
Figure 1, is achieved under ten hours with good resolution of the
fractions. A detailed description of the BSA fractions (and their
signhificance) as isolated by DEAE Sepharose CL-6B chromatography
is given by Janatova, et aT.S
BsA-1'25

Studies utilizing albumin may be further complicated by iodin-
ation if the conjugated protein is different from that of the
native molecule. The need for a mild jodination method as wéll as
for unaltered préducts is apparent. The Tactoperoxidase method was -
chosen because of its mild reaction condit'ions.14 What constitutes
a change in protein behavior, and how deviant must that behavior
be before results lose their validity, is dependent on the sensi-

tivity of the property under study. For example, protein inter-
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actions which are a function of charge may be affected by altera-

CONDUCTIVITY X IO'Z’I‘L_'CFH“[(ES‘)) tion of the total charge of the protein or its distribution. A
O (98] <) < o (@ o method that could measure slight differences in ionic interactions
i 1
: I g may be a good means of monitoring subtle change in protein char-

acteristics.

125

Fractionation of BSA-I on DEAE Sepharose CL-6B

&
= @
oo
ols B : ; 125
o >c£0w@ Fractionation of BSA-I on the DEAE Sepharose CL-6B gel bed
O = v e O y : . y .
o~ E%’_zgg has yielded results which are highly reproducible. Changes in
(8] (sl
T Tabelling conditions are reflected by changes in the elution pro-
I.L..g =Y h‘tl—-
£obok files. The elution profile of BSA-1'2> is given in Figure 2, where
%.— =28 6 5
o ﬂi o= g KIwas 8.0 x 10 ~ M and H,0,was 7.0 x 107 M, yielding mild iodin-
- TSl
Tg) o ] = = ;
= Hﬂ EwrE0 o ation (2.0 x 10 3m1 /1.0 M BSA). The Tatter non-mercaptalbumin
= ESosE
5 — R R fractions are in greater concentration as compared to unlabelled
Z & gpv_o 279
o = -ED EJFS 2 Fraction V (Figure 1). MNote the larger Cpr/A°'” ratios for
b o0 = a
IS % S yanreo the non-mercaptalbumin fractions Bl, B2, C, and D. This suggests
&= Ha=e®
= e a greater iodine affinity of these albumin fractions. It has been
Sl e e
B well shown that proteins differ in their susceptibility to enzy-
EWw S — W
o S e T T o5
e S matic iudinations]s 17. The data in Figure 2 suggests this may also
(] L =
o L Y= D
o 5 §E§§ be true for the fractions of heterogeneous protein preparations.
) — ™ o
Do = Dialysis was chosen to characterize how the protein-I binding
PSS E ol ; ; G et e e LA
= might result in fluctuations in the Cpm/A ratio (Figure 2).
S8 ke RO S
Desalted BSA-I was first dialyzed in four 500 ml dialysates of
o 0.1 M PBS to remove loosely bound 1. Equilibration could be reached

within about 48 hours. However, when subsequently dialyzed in 0.05 M

KI in 0.1 M PBS at 4°, 1125 was rapidly exchanged for nonradio-
127

VS8 ‘Wue) 2y

active T with an apparent first order rate constant. After 42
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Analytical fractionation of 1125_Fy. V on DEAE Sepharose CL-6B using the same

FIGURE 2.

The lower dashed line is the absorbance at

1.

279 mm (1 cm cell), representing protein concentration. The upper solid

elution conditions and gradient as in Fig.

ine is the rad-

%cm
=
L

_S,IA

measure of the level of radioiodine bound in each protein fraction. Note the increased

which is a

cpm x 10

The dot—-dash line is the ratio of

-4.

ioactivity in cpm % 10

2

labelling in the non-mercaptalbumin fractioms (tubes 80-150) and their increased concen-

tration relative to unlabelled material (Fig.

The monomer mercaptalbumin fraction

1oy

1), in-

(tubes 40-60) is shifted to the right relative to the unlabelled material (Fig,

fraction.

the chromatographic behavior of the

T T e S T A
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days of dialysis over 50% of the activity had exchanged across
the cellophane membrane. It was shown that at least 30% of this

125

released I was probably originally strongly bound to BSA mole-

cule. In the iodination of BSA without H202 or lactoperoxidase,

125

BSA would only bind 20% as much I as compared to enzymatically-

Tabelled BSA using lactoperoxidase. The dialyzed BSA~I125

conju-
gate was fractionated on DEAE Sepharose CL-6B. Again the Cpm/
protein ratio approached its highest point with the non-mercaptal-
bumin fractions. A significant inflation of the non-mercaptalbumin
populations was evident as well as broadening and shifting of the
peaks. Sulfhydryl analysis of several pooled fractions showed
little mercaptalbumin to be present. As the dialyses were per-
formed under an Argon atmosphere in physiological buffer, the
striking changes in fraction distribution may be attributed to

the prolonged exposure to KI. One plausible explanation for this

result is sulfhydryl oxidation.

Effect of Iodination Level on Sulfhydryl Content

When mercaptalbumin is labelled with increased levels of
iodine, a corresponding drop in sulfhydryl content is noted. Thomas
and »5‘\une-IB have discussed how lactoperoxidase can catalyze the
peroxide-dependent oxidation of protein sulfhydryls in the pre-
sence of iodide. Sulfhydryls were oxidized to the sulfenyl iodide
derivative. At Nal concentrations above one uM sulfhydryl oxida-
tion is preferred to lactoperoxidase catalyzed iodination of tyro-
sine residues. At low I concentrations protein derivatives decom-

pose to yield I” and the oxidized derivative. The released I~ may
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then be reoxidized and participate in the oxidation of another
sulfhydryl. If peroxidase or H202 are in low concentration accom-
plished by dialysis, reoxidation of 1™ is stopped and I~ is simply
released without oxidation of more sulfhydryls.

This 1055 in sulfhydryl function caused by lactoperoxidase
jodination casts serious doubt on its applicability for the study
of albumin. Figure 2 demonstrates the alteration in chromatographic
properties. As the mercaptalbumin fraction is a significant compon-
ent of native BSA and is affected by the oxidation of its sulfhydryl
group, the peroxidase-catalyzed side reaction precludes the accept-
ability of this method for the iodination of proteins which reguire
unoxidized cysteinyl residues for natural activity]g

The effect of iodination level has been shown to effect biolo-
gical clearance behaviorzo, heterogeneity21, electrophoretic mobil-

1ty22, metabolic behavi0r23, coagulability of fibrinogen24"2?,

immunologic reactivityzS_BD

5 antigenicitySi, and interchain
disulfide bond reactivityaz.

The enzymatic method for protein iodination has been shown to
give better results, considering the above protein properties, than
the iodine monochloride, chloramine -T, and electrolytic methods
When performed under the proper conditions, the peroxidase catalyzed
halogenation may be more selective and reproducible than these
other methods.

Nevertheless, for studies requiring absolute integrity of sulf-
hydryl groups several new methods have been introduced which may

19, 41, 42

be void of such side reactions , though the chromatographic

33-41.

i
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behavior of the labelled BSA products must still be thoroughly
examined.

Instability of BSA-I Conjugates

The instability of BSA—I125 conjugates and the release of

125 43-45

free I into the test media can have serious ramifications
The increased concentration of unbound iodine in bulk solution
has been shown to alter the results of protein adsorption onto

43, 45. Protein adsorption experiments on hydro-

platinum surfaces
gels (high water content polymers) have shown that the polymer
may take up free I from bulk solution (S.W. Kim and U.R. Kim,
personal communication). Typically, the unreacted free iodine

has been removed by gel filtration and/or dialysis. Sephadex G-25

hasal removes greater than 99%

gel filtration by centrifugation
of the free iodine (original activity).

lodinated BSA has been fractionated on Sephadex G25 before
and after Sephadex G25 separation and centrifugation. Only about

54 of the total activity in the reaction mixture is bound to the

BSA.

After six runs of Sephadex G25 separation, BS!’&—I125 only had
2% free 1125 (Figure 3a). This represents removal of 99.9% of the
free 1125 that was in the original reaction mixture. After 200

minutes (Figure 3b) incubation at 37°C, the activity due to free

125 was now 7.5%. Release of free iodine was measured up to 2640

I
minutes, at which time 19.2% of the activity was now unbound
(Figure 3d). A mechanism is not offered as to which bonds are

responsible for degradation and subsequent release of iodine but
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FIGURE 3

Separation of free iodine from iodinated-BSA by gel filtration on
Sephadex G-25. a) Immediately after initial purification and removal
of unbound fodine; no unbound iodine is present. b) After 200 minutes
unbound iodine is 7%. ¢) After 1000 minutes unbound iodine is about
16%. d) After 2640 minutes (v 44 hours), unbound iodine is up to
nearly 20%. No free jodine was detected immediately after initial
purification. This study demonstrates the l1ability of the protein-
bound jodine with time, thus casting some doubt on Tong time studies
(over one hour) with jodinated albumin unless the effect of free label
is taken into account.
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several possibilities may be suggested. Diffusion of Toosely bound
iodine, oxidation of sulfide bonds, and radiocactive degradation
of the I bond of tyrosine may all be involved in the process.

Agar Gel Electrophoresis

Iodinated BMA migrates identically to the control mercapt-
albumin. Apparently. the heterogeneity of the labelled conjugate
demonstrated by DEAE Sepharose CL-6B chromatography is not made
evident in the electrophoretic properties shown by agar gel elec-
trophoresis.

BSA-FITC

The study of fluorescent protein-dye conjugates has been under-

taken by several investigators. Most of the work on FITC has

focused on labelling technique548_54

and fluorescence or absorption
propertie355.
Lande12 and Schiller, et a1.3 concluded that FITC-Tabelled
BSA retains its chromatographic, electrophoretic and immunological
properties as well as its integrity in serum. Covalent, stable
FITC bonds were reported. These studies suggested that low degrees
of saturation yielded conjugates similar to native protein and
suitable for investigations of capillary permeability and tissue
distribution. _
However, the use of FITC-BSA conjugates for tracer studies
in protein adsorpfion onto solid surfaces may yield different
results due to the change in charge character. The formation of
an e-fluorescein thiocarbamyl-1ysyl bond upon conjugation yields

a product with an isoelectric point at pH 4.80, whereas native
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2

BSA has an isoelectric point at pH 4.92
Our studies establish that there are significant changes in
chromatographic behavior on DEAE Sepharose CL-6B as well as non-

specificity upon conjugation, instability of the FITG bond. and

increased heterogeneity of the FITC-labelled fractions.

Fractionation of BMA-FITC on DEAE Sepharose C1-6B

The elution profile of FITC-Tabelled mercaptalbumin frac-
tionated on DEAE Sepharose CL-6B is shown in Figure 4. Purified
BMA isolated from Cohn's Fraction Y by the method of Janatova,
et a1.5 was labelled with FITC by the method described earlier.
Untreated BMA is shown together with Tabelled BMA: the two samples

were fractionated separately on an identical column. An elution

shift would be expected, considering the formation of an e-fluores-
2

cence thiocarbamyl-lysyl bond upon conjugation of BMA with FITC
However, the gross broadening and new heterogeneity of the BMA-FITC
conjugate suggests a microheterogeneity of FITC labelling even
within this highly purified mercaptalbumin. We attempted to com-
pletely fractionate FITC-labelled Fraction V by increasing the
ionic strength in the elution gradients. Even with 0.125 M phos-
phate in 0.5 M NaCl, all of the conjugates could not be eluted.

We also observed striking fluctuations in the FITC/protein molar

ratio among the eluted fractions (not shown) by ratioing A279 and

Ago6-

Electrophoresis

The optimal pH for greatest incorporation of FITC in BSA is

53

9.57". Some investigators have reported FITC/protein ratios up to
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FIGURE 4

Effect of FITC-labelling on the chromatographic behavior of bovine
mercaptalbumin, utilizing DEAE Sepharose CL-6B. The unlabelled BMA
is the sharp peak on the far left. The FITC-Tlabelled-BMA (after
removing free FITC by G-25 treatment) is the series of fractions at
the right. These were eluted by a 0.08 M-phosphate going to 0.125

M phosphate in 0.2 M NaCl gradient (tubes 92-160). Beyond Tube 160
0.125 M phosphate in 0.5 M NaCl was used to elute the remaining

two peaks. Thus, FITC-BMA could not be eluted using normal gradi-
ents. Ionic solutions greater than about 0.1 M phosphate were needed
and it was necessary to go to 0.125 M phosphate and 0.5 M NaCl to
get all of the material off the column.
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12. Conjugates of lower ratios can be made by varying pH, temper-
ature, reaction time, or FITC concentration.

BMA Tabelled with FITC at pH 7.0 and pH 9.6 with all other
parameters constant, was electrophoresed on agar gel plates. Both
conjugates have greater electrophoretic mobilities and heterogeneity
than untreated MA. The BMA labelled at pH 7.0 and 9.6 had dye:pro-
tein ratios of 2.16 and 2.37, respectively. The more highly con-
jugated material had a higher electrophoretic mobility and greater
broadening.

Lability

The stability of FITC-BSA conjugates has been a subject of
investigation by several authors. Release of the FITC label during
an in vive or in vitro experiment could yield misleading resu]tsg.

Storage of BMA-FITC cenjugates for six months at + 4°C gave solu-

tions with a high content of free FITC in the bulk solution. The
greatest fluorescence observed was due to unbound FITC rather
than conjugated FITC. Furthermore, even freshly prepared FITC-BMA
purified four times by Sephadex G25 centrifugation shows already
a significant amount of free FITC.

BSA-FA

2

The presence of free label in solution as shown with FITCT

125 45

and I has lead some investigators to study fluorescamine as

a Tabel for protein tracing. Fluorescamine labelling produces con-
jugates of a light blue fluorescence which can be detected with

57-63

great sensitivity . The free label in solution is non-fluores-

cent, thus minimizing many of the problems involved with other

N
»
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conjugates; for example, small amounts of free label could be
tolerated in many experiments.

The properties of fluorescamine-protein conjugates have been

64, 65

investigated, including electrophoretic mobility , conforma-

tional integrityﬁﬁ, and fluorescence propertiesﬁ7.
Fluorescamine reacts with the e-amino group of lysine and the
M-terminal amino groups, generating a negative charge on the fluoro-

phor65. The resultant conjugate has a net charge change of -2 for

every molecule of label.

Fractionation of Fluorescamine-Labelled BSA Fraction V on DEAE

Sepharose CL-6B

The elution profile of BSA-FA on DEAE Sepharose CL-6B is not
reproducible. In every case more than 60% of the conjugate applied
to the column would not elute even under conditions of high fonic
strength and a pH of 4.0. This strong affinity for the DEAE Sepha-
rose CL-6B anion exchanger can be attributed to the e-fluores-
camine-1ysyl bond upon conjugation of BSA with fluorescamine and
the ionizable carboxyl group on each fluorescamine molecule.

Due to the great sensitivity of the anion exchange column to
the electronegative character of the protein conjugates, great
differences could be seen in elution patterns with only slight
changes in labelling parameters. The dye/protein ratio couid be
varied by altering the pH, temperature, or amount of fluorescamine.
Evan at relatively low ratios great heterogeneity is evident. The
mercaptalbumin fraction as well as the non-mercaptalbumin-fraction
which could be eluted were shifted indicating more electronegative

character.



¥

132 ; CRANDALL, JANATOVA, AND ANDRADE  RADTOTODINATION OF ALBUMIN 133

Electrophoresis

Electrophoresis on agar plates, shown in Figure 5, demonstrates ] L 5:' | Wb _ e %@_%,{-

the great heterogeneity of the BSA-FA conjugates. Reaction condi-

The far left

column is a filtered serum as a reference followed by (left to right), FITC control, bovine mer—

tions at pH 9 yielded the highest dye/protein ratio but also the
greatest electronegativity and heterogeneity. When reacted at pH
7.0 the increase in electrophoretic mobility was smaller, however,

the heterogeneity was still pronounced.

Note significant changes in

CONCLUSIONS
The conjugation of BSA with fluorescamine results in large
changes in electrophoretic mobility and ion exchange properties,

as measured by polyacrylamide gel electrophoresis (PAGE) and ion-

exchange chromatography on DEAE Sepharose CL-6B. Such conjugates

are clearly unsuitable for any studies dealing with the ionic

character of the protein, including studies of albumin adsorption
at solid-1iquid interfaces.

The conjugation of BSA with fluorescein isothio-cyanate at
dye:protein ratios of roughly two results in significant changes

in ion exchange chromatographic character. In addition, conjuga-

tion results in increased heterogeneity of the purified protein
and the release of free FITC. Although these effects are not as
drastic as with fluorescamine, they are significant enough to

preclude any serious studies with FITC-BSA in which ionic char-

Agar gel electrophoresis of the various samples discussed in this paper.

acter, chromatographic character, and/or adsorptive character is

important.

captalbumin, iodinated mercaptalbumin, FITC-albumin labelled at pH 7.0 and 9.6, respectively, and

fluorescamine-mercaptalbumin labelled at 7.0 and 9.0, respectively.

Figure 5.

The radioiodination of BSA by the lactoperoxidase-peroxide .

method results in no change in electrophoretic mobility as mea-

Note no significant change in mobility for iodinated BMA.

electrophoretic mobility for the FITC- and fluorescamine-labelled BMA, particularly at higher

levels of dye binding (pH 9.0, 9.6).
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sured by PAGE, as expected because the reaction should not produce
any net charge change. However, the cﬁ}omatographic properties

are very sensitive to the iodination conditions. The apparent
lability of the bond results in release of free label with time.
Of particular toncern with albumin is the decrease in the free

sul fhydryl content due to the labelling procedure, a problem

with all common methods for iodination.

The change in chromatographic properties of the protein, the
sulfhydryl oxidation problem, and the problem of free Tabel may pre-
clude the use of radioiodinated albumin for certain studies, pernaps
including the study of albumin adsorption at solid-Tiguid inter-

face368’69_

ACKNOWLEDGEMENTS

This work was supported by MWIH Grant 18519. The technical
assistance of Kathryn Irons and Lyle Brostrom is appreciated.
Discussions with D.L. Coleman and D.E. Gregonis have been very
helpful. We thank Gary Bates for the agar gel immunocelectrophoresis
work.

REFERENCES AND NOTES

1% Abbreviations used include: T, bovine serum albumin; BMA,
bovine mercaptalbumin; PAGE, polyacrylamide gel electrophore-

sis: DEAE, diethyl aminoethyl; SA, serum albuminy FITC., fluores-

cein isothiocyanate; FA, fluorescamine (4-phenylspiro [furan-
2(3H), 1'-phthalan] - -3,3'dione).

2. A.M. Landel, Anal. Biochem., 73, 280-289 (1976).

3 A.A. Schiller, R.W. Schayer, and E.L. Mess, J. Gen. Physiol.,
36, 489-505 (1953).

4. S. Margen and H. Tarver, Advances in Tracer Methodology. 2,
S. Rothchild, ed., Plenum Press, New York, 61-72 (1965).

2~

RADIOTODINATION OF ALBUMIN 135

5. J. Janatova, R.E. Crandall, and J.D. Andrade, Prep. Biochem..
10, 405-430, (1980). '

6. J. Janatova, J.K. Fuller, and M.J. Hunter, J. Biol. Chem.,
243, 3612-3622 (1968).

7. G. Ellman, Arch. Biochem. Biophys., 82, 70-78 (1959).

8. A. Jobbagy and K. Kiraly, Biochim. Biophys. Acta, 124. 166-175
(1966). =t

9. G.S. David and R.A. Reisfeld, Biochemistry, 13, 1014-1021
(1974). =

10.  G.S. David, Biochem. Biophys. Res. Commun., 48, 464-471 (1972).

1 I. Schenkien, M. Levy, and J.W. Uhr, Cell Immuno., 5., 490-493
(1972). >

1t E. Brynda, J. Drobnik, J. Vacik, and J. Kalal, J. Biomed.
Mater. Res., 12, 55-65 (1978).

13, M. Goldman, Fluorescent Antibody Materials, Academic Press,
New York and London, 101 (1968).

14, M. Morrison and G.S. Bayse, Biochemistry, 9, 2995-300 (1970).

15.  §.S. Sarimo and J. Tenovuo, Biochem. J., 167, 23-29 (1977).

16.  J. J. Marchalonis, Biochem. J., 113, 299-305 (1969).

1T J. Gow and A.C. Wardlaw, Biochem. Biophys. Res. Commun.., 67,
43-49 (1975). =S

18. E.L. Thomas and T.M. Aune, Biochemistry, 16, 3581-3586 (1977}.

19. C.E. Hayes and I.J. Goldstein, Anal. Biochem., 67. 580-584
(1975). —

20.  S.S.L. Harwig, J.F. Harwig, R.E. Coleman, and M.J. Welch,
Thromb. Res., 6, 375-386 (1975). i

21. U. Rosa, F. Pennisi, R. Bianchi, G. Federighi, and L. Donto,
Biochim. Biophys. Acta, 133, 486-498 (1967).

225 C. Ambrosino, G.A. Scassellati, G. Papa, and U. Rosa, J.
Labeled Compounds, 3, 380-386 (1967).

23 G. Federighi, R. Bianchi, C. Ambrosino, F. Pennisi, G.

Scassellati, and U. Rosa, J. Nucl. Biol. Med., 10, 58-65
(1966) . 5



136

24.
25,
26.

2

28.
29.

30.

31.

32.

33.

34.

35,
36.

7=

38.
39;

40.

41.
42.

y;

CRANDALL, JANATOVA, AND ANDRADE

A.S. McFarlane, J. Clin. Invest., 42, 346-361 (1963).
B. Ly and P. Kierulf, Thromb. Res., 6, 387-398 {1975).

F.A.G. Teulings and G.J. Biggs, Clin. Chim. Acta, 27, 57-64
(1970).

M.F. Scully, V.V. Kakkar, and J.G. Nievel, Biochem. S5oc.
Trans. 2, 1333-1334 (1974).

H.M. Eisen and A.S. Keston, J. Immunol.., 63, 71-80 (1949).

€. Gandolfi, R. Malvano, and U. Rosa, Biochim. Biophys.
Acta, 251, 254-261 (1971).

W.A. Hemmings and M. Redshaw, Int. J. Appl. Radiat. Isotopes,
26, 426-429 (1975).

M. Morrison, G.S. Bayse, and R.G. Webster, Immunochem, 8,
289-297 (1971).

U. Rosa, A. Massaglia, F. Pennisi, I. Cozzani, and C.A. ROSST ,

Biochem. J., 103, 407-412 (1967).

R.E. Coleman, K.R. Krohn, J.M. Metzger, M.J. Welch, R.H.
Secker-Walker, J. Lab. Clin. Med., 83, 977-982 (1974).

J.1. Thorell and B.G. Johansson, Biochim. Biophys. Acta, 251,
363-369 (1971).

N. Ardaillou and M.J. Larrieu, Thromb. Res., 5, 327-341 (1974).

K.A. Krohn and M.J. Welch, Int. J. Appl. Radiat. Isotopes, 25,
316-323 (1974).

V. Jovanovic, D. Nemoda, and K. Lwin, Int. J. Appl. Radiat.
Isotopes, 23, 242-244 (1972).

J.M. Burrin, Clin. Chim. Acta, 70, 153-159 (1976).

S.-L. Karonen, P. Morsky, M. Siren, and U. Seuderling, Anal.
Biochem., 67, 1-10 (1975).

G.S. Sundaram, H.S. Sodhi, and R. Bhatnagar, Clin. Chim. Acta,
39, 115-123 (1972).

A.E. Bolton and W.M. Hunter, Biochem. J., 133, 529-539 (1973).

F.T. Wood, M.M. Wu, and J.C. Gerhart, Anal. Biochem., 69, 339-
349 (1975).

RADIOTIODINATION OF ALBUMIN 137

43. W.H. Grant, L.E. Smith, and R.R. Stromberg, J. Biomed. Mater.
Res. Symposium, 8, 33-38 (1977).

44 . R.A. Caro, V.A. Ciscato, S.M.V. De Gfacomini, S. Quiroga, and
R. Radicella, Int. J. Appl. Radiat. Isotopes, 26, 527-532 (1975).

45. W.H. Grant, L.E. Smith, and R.R. Stromberg, J. Biomed. Mater-
ials Res. Symp., 8, 33-38 (1977).

46. M. Franek and K.J. Hruska, J. Chromatogr., 93. 471-474 (1974).

47. M. Ceska, P. Pihl. L. Holmgvist, and F. Grossmuller, J.
Chromatogr., 57, 145-147 (1971).

48. C.A. Gabel and B.M. Shapiro, Anal. Biochem., 86, 396-406 (1978).

49, R.P. Tengerdy and C-A. Chang, Anal. Biochem., 16, 377-383,
(1966).

50. H. Rinderknecht, Nature, 193, 167-168 (1962).

51. R. McKinney, L. Thacker, and G.A. Hebert, J. Dent. Res. Special
Issue A, 55, A38-A44 (1976).

52. R.M. McKinney, J.T. Spillane, and G.W. Pearce, Anal. Biochem.,
14, 421-428 (1966).

53. R.M. McKinney., J.T. Spillane, and G.W. Pearce., J. Immunol.,
93, 232-242 (1964).

54. A.F. Wells, C.E. Miller, and M.K. Nadel, Appl. Microbiol., 14,
271-275 (1966). T

55. R.F. Chen, Arch. Biochem. Biophys., 133, 263-276 (1969).

56. R.W. Watkins, Ph.D. Dissertation, Stanford University (1976).

57. S. Steiq, P. Bohlen, J. Stone, W. Dairman, and S. Udenfriend,
Arch. Biochem. Biophys., 155, 203-212 (1973).

58. S. Udenfriend, S. Stein, P. Bohlen, W. Dairman, W. Leimgruber,
and M. Weigele, Science, 178, 871-872 (1972). ]

59. B. Klein and F. Standaert, Clin. Chem., 22, 413-416 (1976).

60. M. Weigele, J.F. Blount, J.P. Tengi, R.C. Czajkowski, and
W. Leimgruber, J. Amer. Chem. Soc., 94, 4052-4054 (1972).

61. U.E. Handschin and W. Ritschard, Clin. Chem., 21, 18 (1975).

P

ok



