Fluorocarbon Aerosol Propellants V:

Binding Interaction with Human Albumin
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Abstract O Binding of trichloromonofluoromethane, dichlorodi-
fluoromethane, and dichlorotetrafluoroethane was studied in
aqueous 5% human albumin solution, using the partition coeffi-
cient method in sealed serum bottles. The partition coefficient and
the fraction of fluorocarbons bound were highly dependent on
fluorocarbon concentrations. The average binding sites per mole-
cule of albumin were 2.17, 0.30, and 0.42 and the binding associa-
tion constants were 1.11 X 103, 1.73 X 103, and 5.06 X 103 M1, re-
spectively. At the lowest concentration studied, 62.3, 25.5, and
65.6% were found bound to albumin, respectively. This appears to
represent the first extensive study on any gas-albumin interaction.

Keyphrases O Fluorocarbon propellants—binding to human
serum albumin determined using partition coefficient method in
sealed serum bottles O Trichloromonofluoromethane—binding to
human serum albumin 0 Dichlorodifluoromethane—binding to
human serum albumin O Dichlorotetrafluoroethane—binding to
human serum albumin O Binding of fluorocarbon propellants to
human serum albumin—determined using partition coefficient
method in sealed serum bottles O Interactions, gas—albumin—
binding of fluorocarbon propellants to human serum albumin

Fluorocarbons such as  trichloromonofluo-
romethane (bp 23.7°), dichlorodifluoromethane (bp
—29.8°), and dichlorotetrafluoroethane (bp 4.1°)
have been widely used as aerosol propellants in vari-
ous pressurized aerosol packages. In 1973, an esti-
mated 3 billion units were manufactured in this
country (1). The possible acute and chronic toxicities
of these previously regarded “inert” propellants have
been the subjects of intensive studies in recent years
(1-6).

Based on the partition coefficient study, it was
shown previously that these volatile or gaseous fluo-
rocarbons were much more soluble in human plasma

0.9

o
oo

e
~

0.6

PARTITION COEFFICIENT

o
o

0.4 i | 1 ]
0 0.2 0.4 0.6 0.8
EQUILIBRIUM CONCENTRATION, mg/mi

Figure 1—Effect of concentration of trichloromonofluoro-
methane (both bound and unbound form) on its partition coeffi-
cient between 5% human albumin solution and air.
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than in water or normal saline (7). It was postulated
that such a solubility enhancement might be partly
due to the binding of the fluorocarbons to plasma
proteins. This postulation was subsequently con-
firmed by the fluorocarbon-human albumin binding
study with one single concentration, using the parti-
tion coefficient method (8). In that study, a surpris-
ingly high degree of binding of the three fluorocar-
bons to the purified human and bovine albumins was
found. Since the possible effect of concentration vari-
ation on the extent of protein binding for numerous
nonvolatile compounds has been well established, it
was decided to extend the investigation by using a
wide range of fluorocarbon concentrations. This ap-
proach also allows the number of the binding sites
per molecule of protein and the protein-binding asso-
ciation constant to be calculated.

EXPERIMENTAL

Materials—Only the three most widely used fluorocarbon pro-
pellants, trichloromonofluoromethane! (mol. wt. 137.4), dichloro-
difluoromethane! (mol. wt. 120.9), and dichlorotetrafluoroethane!
(mol. wt. 170.9), were studied. The crystallized and lyophilized
human albumin (mol. wt. 69,000) was purchased commercially?2.

Preparation of Fluorocarbon-Albumin Solutions—The al-
bumin solution (5% w/v) was freshly made by dissolving albumin
into isotonic pH 7.4 phosphate buffer solution, prepared according
to the method of Sorensen (9). One milliliter of this albumin solu-
tion was then pipetted into a 5-ml serum bottle3, which was then
sealed with a flange-type lacquer-coated stopper and aluminum
cap (7). In the previous partition coefficient study (7, 8), the fluo-
rocarbons were first dissolved in normal saline prior to introduc-
tion into plasma or protein samples. Due to their limited solubili-
ties in normal saline or phosphate buffer and the high concentra-
tions of the fluorocarbons used in the present study, their gaseous
stock preparations were prepared by diluting the pure fluorocar-
bons from their liquid state (dichlorodifluoromethane and dichlo-
rotetrafluoroethane were stored in pressurized steel cylinders at
room temperature and trichloromonofluoromethane was stored in
an aluminum container at 5°) into the sealed 50-ml empty serum
bottles.

The albumin solutions, containing various amounts of the fluo-
rocarbon, were prepared by transferring approximately 0.05-1 ml
from the fluorocarbon stock preparations, using a gastight sy-
ringe?, to the sealed 5-ml serum bottle containing 1 ml of the albu-
min solution. A 27-gauge disposable hypodermic needle was insert-
ed briefly into the headspace of the serum bottle to reduce the
pressure in the headspace to the atmospheric pressure. The three
fluorocarbons were studied individually.

Determination of Partition Coefficients between Protein
Solution and Air Phase—The fluorocarbon-albumin solution in
the sealed serum bottle was shaken in a vortex mixer® for 30 min
and allowed to stand at room temperature (25 + 1°) for another 30
min. The preliminary study showed that the equilibration of the
fluorocarbons between the protein solution and headspace was

1 Supplied by E. L. du Pont de Nemours and Co., Wilmington, Del.
2 Sigma Chemical Co., St. Louis, Mo.

3 Wheaton Scientific, Millville, N.J.

4 Hamilton.

5 Vortex mixer, Fisher Scientific Co., Springfield, Mass.



reached under these conditions since the partition coefficient re-
mained the same even after 1 hr of shaking. A much shorter period
(less than 5 min) was required to obtain an equilibrium by the
same method of shaking when the fluorocarbon dissolved in nor-
mal saline was first introduced into the protein solution as used
previously (7, 8).

The concentration of the fluorocarbon in the headspace was an-
alyzed directly by injecting an appropriate volume of the sample
into the GC column using a 50- or 100-ul gastight syringet. The
GC operation conditions were identical to those reported previous-
ly (8, 10, 11). A proper dilution of the sample, using the sealed
empty serum bottle, was made when the concentration of the fluo-
rocarbon in the headspace was too high and the amount injected
would have exceeded the linear response range of the electron-cap-
ture detector (10).

After determination of the fluorocarbon in the headspace, its
concentration in the albumin solution was analyzed by transferring
about 0.2 ml of the solution to a 3- or 5-ml vacuum tube® contain-
ing a known amount of cyclohexane. The tube was shaken in a
shaker’ for 5 min followed by centrifugation for 5 min in a clinical
centrifuge®. The fluorocarbon concentration in the cyclohexane
phase was determined by drawing 5-10 ul of the solution, using a
10-xl syringe?, and injecting onto the GC column.

During the transferring of the fluorocarbon-albumin solution to
the vacuum tube, the following special procedure was used to avoid
loss of the fluorocarbon when the conventional pipet or syringe
was employed. A 6.3-cm (2.5-in.) 22-gauge disposable hypodermic
needle was cut to remove the hub and sharpened with a file. One
end of the needle was inserted into the albumin solution of the in-
verted serum bottle, and the other end was then immediately in-
serted into the vacuum tube. When the liquid stopped flowing into
the tube, another 23-gauge disposable needle was inserted into the
headspace of the serum bottle to equilibrate the whole system to
atmospheric pressure. The volume of the liquid transferred was
measured by weighing after correction for its density. The exact
volume (about 2.8 ml for a 3-ml tube and 4.8 ml for a 5-ml tube) of
cyclohexane used in the extraction was also measured by weighing
after correction for its density.

The extraction recovery of the fluorocarbons into the cyclohex-
ane was essentially 100%. This recovery can be expected because of
their high solubility in this solvent (7) and the relatively smaller
volumes of the protein solution and headspace used. Throughout
the present study, duplicate and excellent reproducible readings
(less than 3% of variation) were obtained for each GC assay.

The partition coefficient, P,, between the protein solution and
the air phase was calculated according to the following equation:

c, cCv.
PP:C_g=CV (Eq. 1)

where:

C)p = concentration of fluorocarbon in protein solution at the
equilibrium state (weight per unit of volume)

Cq = concentration of fluorocarbon in air phase (i.e., head-
space) at the equilibrium state (weight per unit of volume)

C. = concentration of fluorocarbon in cyclohexane extract

V. = volume of cyclohexane used for extraction

Vp = volume of protein solution transferred for extraction

RESULTS AND DISCUSSION

Partition Coefficient Study—The partition coefficients of the
three fluorocarbons between the 5% human albumin solution and
the air phase were found to change with the total fluorocarbon
concentration in the albumin solution at the equilibrium state.
This finding is clearly demonstrated by a typical plot of the parti-
tion coefficient of trichloromonofluoromethane as a function of its
total concentration in protein solution (Fig. 1). The partition coef-
ficient decreased markedly and approached the value between the

8 Vacutainer, Becton-Dickinson Co., Rutherford, N.J.
7 Catalog Number 65885, Precision Scientific Co., Chicago, Ill.
8 Catalog Number 67477, Precision Scientific Co., Chicago, Ill.

Table I—Number of Fluorocarbon Binding Sites per
Molecule of Human Albumin, n, and of the Binding
Association Constant, K

Fluorocarbons n K, M~
Trichloromonofluoromethane 2.18 1.11 X 103
Dichlorodifluoromethane 0.30 1.73 X 103
Dichlorotetrafluoroethane 0.42 5.06 X 103

plain pH 7.4 phosphate buffer without protein and the air phase,
Py (8, 12). The Py values for the three fluorocarbons (0.347 for tri-
chloromonofluoromethane, 0.105 for dichlorodifluoromethane, and
0.032 for dichlorotetrafluoroethane) were independent of their
total concentrations in the protein solution. These values are
slightly higher than those previously reported for both water and
normal saline systems (7). The discrepancies were caused by the
depressing effect on the sensitivity of the electron-capture detector
in the presence of water when the aqueous sample was injected di-
rectly onto the GC column (12) and by the inherent lack of a high
degree of accuracy in the low partition media (such as partition
coefficients less than 0.2) when the simple headspace method (7)
was employed. This latter aspect will be dealt with in a future re-
port.

The concentration-dependent partition coefficient phenomenon
could be rationalized by the classical drug—protein interaction. As
the fluorocarbon concentrations increase, the protein binding sites
become more saturated; therefore, the solubilities or partition
coefficients tend to decrease. A detailed analysis of the binding
properties will be discussed later. There appears to be some dis-
crepancies between this study and the results published previously
(7) that showed a concentration-independent partition coefficient
phenomenon in the human blood and plasma systems. This previ-
ous finding could be attributed to the much lower concentrations
of fluorocarbons used in that study. As will be shown later, the
partition coefficients in the human albumin solution actually
change only slightly in these lower concentration ranges.

Principles of Partition Coefficient Method to Study Pro-
tein Binding—Most reported protein binding studies were pri-
marily limited to the nonvolatile compounds. The most common
methods employed in the binding studies were equilibrium dialysis
and ultrafiltration (13). Due to the existence of these fluorocar-
bons at the gaseous state at 25 or 37°, these conventional methods
could not ‘be easily adopted for their binding study. Since one can
reasonably assume that only the free or unbound form is in equi-
librium with the fluorocarbon in the headspace and that the parti-
tion coefficient is the same as that between the plain buffer solu-
tion without protein and the air phase, P;, the data from the parti-
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Figure 2—Scatchard plot for the binding of trichloromono-
fluoromethane to human albumin.
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tion coefficient study can be used to quantify the percentage of the
fluorocarbon bound, the number of binding sites per molecule of
protein, and the binding association constant. Mathematically,
these values could be derived or determined as follows.

For the determination of the percent bound:

C—(IOO)

4

Cp
% bound = (Eq. 2)

where C; and Cy are the total concentration (bound and unbound
form) and the concentration of the unbound or free form in the
protein solution, respectively.

Dividing Eq. 2 by Cg, the concentration in the headspace, one
obtains (8):

Cp/cg - Cf/Cg

% bound = Cp/Cg (100) (Eq. 3)
Pp - Pf

% bound = ———=(100) (Eq. 9

P

P

To determine the number of fluorocarbon molecules bound per
molecule of albumin (r):

= (C,)(fraction bound)(mol.wt.,) (Eq. 5)
C.(mol.wt., )
where C,, and C, are concentrations of the fluorocarbon and albu-
min expressed in the same unit, and mol. wt.y and mol. wt., are
their molecular weights, respectively.

The number of binding sites, n, and binding association con-
stant, K, can be obtained from the Scatchard plot based on the fol-
lowing relationship (14):

% =nK — rK (Eq. 6)

where A is the molar concentration of the free form of the fluoro-
carbon. The plot of r/A versus r yields a straight line. The n value
can be determined from the intercept on the abscissa and the nK
value from the intercept on the ordinate.

Binding of Fluorocarbons with Human Albumin—Based on
the partition coefficient data and Eq. 4, the percentages in the
bound form for the three fluorocarbons at various concentrations
can be calculated. The percentage bound decreased from 62 to 23,
23 to 8, and 60 to 24 as the total concentration increased from 0.06
to 0.83 mg/ml for trichloromonofluoromethane, from 0.03 to 0.27
mg/ml for dichlorodifluoromethane, and from 0.006 to 0.170
mg/ml for dichlorotetrafluoroethane. These concentration ranges
are close to some reported fluorocarbon concentrations encoun-
tered in in vitro and in vivo toxicity studies (1, 15, 16).

A typical Scatchard plot for trichloromonofluoromethane is
shown in Fig. 2. The two parameters, n and K, obtained from this
and similar plots are summarized in Table I. All plots showed a
straight line, which indicates that there are only primary binding
sites for all three fluorocarbons. The highest binding constant
found for dichlorotetrafluoroethane was not unexpected in view of
its higher molecular weight and higher solubility in the lipoid me-
dium (8), which may result in stronger van der Waals interaction
and hydrophobic binding. Although the binding constant for di-
chlorodifluoromethane was slightly higher than for trichloromono-
fluoromethane, its binding capacity, n, was only about one-seventh
of the latter. This finding explains why the percentages bound for
dichlorodifluoromethane were much lower compared to trichloro-
monofluoromethane at similar concentrations.

When lower concentrations (about 130-8000 times lower) were
used, the percentages bound were in good agreement with the pre-
dicted values, using the parameters listed in Table I. The binding
data at these low concentrations are relevant because of the low
blood levels that may be encountered clinically (17, 18) or in phar-
macokinetic studies (10, 19, 20). The moderate to extensive protein
binding found at these lower concentrations could explain in part
the higher partition coefficients or solubilities of these fluorocar-
bons in blood and plasma of humans and other species (7, 20, 23).
In light of these results, one can assume that these fluorocarbons
may also be bound extensively to other macromolecules in various
tissues of the body. This probably contributes partly to the high
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apparent volume of distribution of dichlorotetrafluoroethane in a
dog estimated to be about eight times body weight based on the
blood concentration (19). Similar findings for other fluorocarbons .
were also obtained with other dogs and will be reported.

Trichloromonofluoromethane has been shown in vitro to de-
crease significantly and irreversibly the invertase activity (21), and
dichlorodifluoromethane has also been shown to inhibit markedly
the in vitro o-diphenol oxidase activity (22). Hydrophobic binding
and conformational modification of enzyme molecules have been
proposed to explain the results, but no binding constants and
binding sites were investigated in the two studies.

From a search of literature, it appears that no detailed binding
studies on gas—protein interactions have been reported. The parti-
tion coefficient method proposed, using a sealed serum bottle and
analyzing by the headspace and extraction method, appears to
offer a simple and promising tool for studying the binding interac-
tions between macromolecules and volatile or gaseous compounds.

There is some discrepancy in the percentage of dichlorodifiuo-
romethane bound to the human albumin reported from this study
and previous preliminary studies (8); the reason is unknown. Since
the results from the previously reported concentration could not
be reproduced and the present study employed a very wide range
of concentrations, it is concluded that the value obtained from the
present study is more reliable.
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