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Quantitative structure-activity relationships of a series of perfluorochemicals (PFCs) for use as
oxygen transporters were investigated in terms of their in vivo half-lives (1,,,). The logt,, values
can be correlated by a linear combination of lipophilic (e.g., critical solution temperature (CST)),
physicochemical (e.g., molecular weight and vapor pressure (P,)) and topological (e.g., number of
fluorines (NOF)) parameters on regression analyses. The most important excretion-rate-determin-
ing factor was the CST. The P, alone of PFCs did not correlate well with log?, 2- However, a
combination of CST and P, produced the most meaningful and important correlation, indicating
that P, plays a pivotal role in the excretion and can be considered a kind of correction factor to the
CST. The 1,, can thus be predicted from the combination of CST and P,. It can also be predicted
from structural information: the smaller the NOF, the shorter the ¢, ,. The incorporation of hetero
atom(s) such as nitrogen and oxygen in the PFC molecule, which has been considered to produce
better emulsion stability but results in persistence ih the body, had relatively little effect in terms of
t5- These results suggested that, taking the emulsifiability of hetero atom-containing PFCs into
consideration, a cyclic F-ether and F-tertiary amine with fused ring(s), containing fewer fluorines
than acyclic analogues, might be a good candidate compound as an oxygen transporter.

Keywords——oxygen transporter; perfluorochemical emulsion; structure—excretion relation-
ship; regression analysis; lipophilicity; topological effect; physicochemical effect

Remarkable characteristics of perfluorochemical (PFC) liquids, low surface energy and
biological inertness," have attracted considerable attention and resulted in biomedical
applications as exemplified by an oxygen transporter candidate.?’ One of the oxygen transport
fluids, a mixed-PFC emulsion,® exhibits potent usefulness as an oxygen-carrying plasma
expander,® but leaves room for improvement; viz., it must be stored frozen to prevent
deterioration of the emulsion particles, and one of the PFCs used is rather slowly excreted
from the body.” Faced with these problems, we have been concerned with the synthesis of
novel PFCs which could give an emulsion storable in a liquid state as well as having a
reasonably large excretion rate. The screening test performed by Yokoyama et al.® has shown
that bicyclic perfluoro-tertiary amines with fused rings such as F-4-methylquinolizidine
possess favorable properties as candidate PFCs. In the present paper, a quantitative
structure—in vivo half-life relationship study of PFCs is described, with the aim of providing a
basis for the design of better PFCs.

Results

In our previous paper,” we showed that PFCs are mainly excreted through the lung, and
their expiratory excretion rates® seem to correlate with their vapor pressures. With the use of -
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the rate constants (K) and vapor pressure (P,) data reported therein, this situation can be
formulated by Eq. 1.

log K=1.59(+0.83) log P, —4.62(+0.75) (1)
(r=0.937, 5=0.278, n=6, F,=28.64)

In Eq. 1, the numbers in parentheses are 959, confidence intervals, r is the correlation
coeflicient, s is the standard deviation, and # is the number of data points used in deriving the
equation. F, denotes the F-test showing 999/ statistical confidence.

The expiratory excretion rate thus appeared to be governed by evaporation through the
cell membrane of the lung largely owing to the vapor pressure. We have also found that cis-F-
decalin has a slightly greater excretion rate than the trans-isomer, despite a slightly lower
vapor pressure and the same molecular weight.®’ These findings indicate that the excretion of
PFCs is not governed solely by the vapor pressure. Moore and Clark proposed one physical
property, critical solution temperature (CST), as the rate determining factor.'® They found a
good correlation between the transpiration rate and CST for eight PFCs which they
synthesized, and suggested that the CST is a measure of relative lipid solubility. However,
there has remained to be determined whether the CST values can be an exact measure to
explain the excretion rate in case of intravenous injection of PFC in an emulsified form, since
Clark’s transpiration rates were obtained by intraperitoneal injection of 100 ul of neat PFC
liquid.'®

On the basis of the preceding work, we decided to study the empirical parameters—in vivo
half-life relationships for 52 kinds of PFCs, in the hope of identifying the best influential
factor(s) to the excretion rate of PFCs. At this stage as many independent indices as possible
were primarily considered. Table I shows the empirical parameters for PFCs.

The in vivo half-life (¢, ,) was obtained from the elimination profiles of PFC derived from
organ retention data (see the experimental section for details). In the strict sense, the ¢, used
here may represent the disappearance rate of PFC from the organs, but it can also be regarded
as a representative excretion rate from the whole body, because there has been reported a
good correlation between the expiratory excretion rate and the excretion rate obtained from
organ retention data, although values of the former are usually smaller than the those of the
latter.!? The parameters CST and 6 (solubility parameter) refer to the lipid solubility of PFCs
and log P, and 4S (entropy of vaporization) represent thermodynamic properties which have
been thought to be important in the expiratory excretion system. The M, (molecular weight),
M, (molar volume), V,, (van der Waals volume), 4, (van der Waals area) and F (molar
attraction constant)'? are physicochemical parameters which indicate the steric bulk. The 'y
(molecular connectivity) denotes the molecular branching. The NOF (number of fluorines),
NOC (number of carbons) and NOR (number of rings) are also considered indicators of
topological features of the molecules. A dummy variable used is HA (hetero atom), which
takes a value of 0 or 1 according to the absence or presence of nitrogen and/or oxygen in the

molecule.
The logarithm of Clark’s transpiration rate has been shown to correlate linearly with the

CST.1 A similar effect may be observed for ¢, ,, because the excretion of PFC from the body
apparently follows a first-order process, and consequently ¢;,=0.693/K. In fact, the
preliminary calculations for single-parameter Egs., ¢, , versus empirical parameters, showed
that the logarithm of the #, , can be best correlated with the present parameters (X) except for
the P, according to Eq. 2,

log t,,, =aX +constant (2)

thus allowing that the CST was best correlated with the #,, to give Eq. 3. As to P,, the
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logarithm of P, was found to give much better correlation than P, itself (r=0.394), as
exemplified by Eq. 4.

log ,,,=0.055(+0.007)CST— 15.51(+2.12) 3)
(r=0.917, s=0.247, n=51, F,=258.4)

log 1,,, = —0.079(%0.350) log P, +2.20( +0.37) @)
(r=0.535, s=0.517, n=52, Fy=20.03)

In the case of ¢, we could not find a good correlation with t,), for our compounds (r=0.745),
although Moore and Clark demonstrated that & correlates well with the transpiration rate.!?’
An attempt to analyze individual groups, which were classified according to structural
features, was also made, but no significant advantage over the following treatments could be
found. Therefore, the 52 compounds are treated as a single group in this paper.
Then two-parameter equations were considered; Eq. 5 seemed to be the most interesting
and meaningful, though Eq. 6 gave the best correlation.

log t;,,=0.050(  0.006)CST—0.331(+0.155) log P, — 13.64( + 1.97)

(r=0.941, s=0.212, n=51,'3 F,=184.7) (5)
log t,,,=0.032(+0.011)CST+0.102( 0.04)NOF — 10.57(+ 3.41)

(r=0.946, s=0.202, n=51,'¥ F,=205.7) (6)

Equation 5 resulted from the addition of log P, over Eq. 3 is significant at better than 0.99
level of significance (F; 44 =18.51, F| 45 40, =7.20 for P,). This probably reflects an important
role of the vapor pressure of the PFC that is not accounted for by the CST, and also suggests
that the P, be a parameter independent of the CST. It may probably be regarded as
correction factor for CST. Although the NOF shows the highest correlation coefﬁment
together with the CST in the two-parameter equations, and Eq. 6 is significant at better than
0.99 level of significance (F; 44 =25.12 for NOF), the contribution of NOF in Eq. 6 may not be
as meaningful as the correlation in Eq. 5. The reason for this is that CST is mostly determined
by NOF, as discussed later.

Correlations between representative parameters used are shown in Table II.

As indicated by these results, 7,,, seems likely to be predominantly determined by the
CST. This situation means that multi-parameter equations, which produce only little
improvement, may not be important. We thus believe that Eq. 5 is an important and useful
equations for predicting the 7, , of PFCs. Calculated ¢, ., obtained by using Eq. 5 are shown in
Table I.

TaBLE I1.  Correlation Matrix for the Representative Parameters

NOC  NOF M,  logP, CST 5 A4S y ts
NOC 1.00 0.72 079  —0.94 038 —0.58 0.96 0.75 0.51
NOF 1.00 098  —0.70 0.86  —0.60 0.69 0.90 0.91
M, .00  —0.73 081  —0.58 0.74 0.94 0.86
log P, 100 —039 —0.01 —095 —065 —0.549
CST 1.00  —0.75 0.35 0.71 0.929
E) 1.00 003 —062  —0.70
AS 1.00 0.95 0.48
1y 1.00 0.78

a) Equation 4. b) Equation 3.
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In order to predict ¢, , of a PFC from only structural information, e.g., formula weight
and chemical structure, Egs. 7 and 8 may be useful.

log 1,,,=0.254( + 0.035)NOF—0.151(+0.077)NOC —2.19( + 1.06)

(r=0.927, s=0.232, n=>52, F,=149.8) (7)
log ;,,=0.166( + 0.031) NOF—0.169( + 0.083)NOR — 1.75( +0.64)

(r=0.929, s=0.229, n=52, F,=153.6) (8)

Equations 7 and 8 give a good approximation of ¢, ,, by which a rough 7,,, can be simply
obtained without determining physical constants. Calculated 7, , obtained by using Eq. 7 are
shown in Table 1. Addition of the HA dummy variable over Egs. 7 and 8 does not improve the
correlations, suggesting that the presence of hetero atom(s) such as nitrogen in the PFC
molecule is not a major factor influencing the ¢, ,. However, the introduction of a nitrogen
into the PFC, for instance, means an increase of one fluorine atom,'® by which the 7, , may be
correspondingly increased. Addition of 'y over Eq. 6 or substitution of M, for NOC also does
not produce much better correlations.

The reason why the combination of NOF and NOC is significant may simply be
attributed to the good correlation with the CST in Eq. 9, by which the CST can be predicted.

CST=4.669(+0.597)NOF —4.409( + 1.322)NOC +259.9( + 18.2)
(r=0.926, s=3.95, n="51,'% F,=144.4) 9)

We, therefore, believe that Eq. 7 is more general than Eq. 8 in representing the ¢, , of PFCs.

Discussion

The object of this study was to obtain reliable equations which would be applicable to all
types of PFCs without classification according to chemical structure (such as amines or ethers)
in order to permit the design of better PFCs. Therefore, it is of particular interest to find the
most meaningful variables which reflect precisely the in vivo half-life of PFC.

As represented by Eq. 5, the ¢, , of PFC can be described by the use of CST and P,. The
contribution of this combination to the excretion may be rationalized by the following
hypothesis for the excretion mechanism: after intravenous administration of a PFC emulsion
into mammals, the PFC particles gradually disappear from the blood stream while being
exhaled in part through the lung and accumulated in the reticuloendothelial system (RES)
organs. Since the PFC is expelled from the body even after being taken up into the RES
organs,”’ one might be led to propose that there is a critical pathway of PFC from the cell
membrane of the organs into the blood stream then to the lung. In fact, a recent
morphological study indicates that monocytes and macrophages might phagocytose PFC
particles retained in the RES organs and move into the blood stream, then to the lung, and
PFC leaves the body through the alveoli.'> On this hypothesis, the ease of the phagocytosis
across the cell membrane of the monocytes or macrophages is probably the rate-determining
step of the excretion. Therefore, the CST, which indicates the lipid solubility, is considered to
be the predominant factor in the excretion.

On the other hand, the vapor pressure apparently plays an important role in the excretion
system. Its negative sign in Eq. 5 indicates that a greater P, is preferred to shorten the 7, ,
(within an acceptable limit so as not to cause lung damage).'® It is likely that P, contributes to
the movement of PFCs from the blood stream to the alveolar ridge and to evaporation via the
lung into expired air. Thus, P, may play a critical part in the expiratory excretion, especially
when PFC particles exist abundantly in the blood stream, since there will be more active
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vaporization of PFC in the lung. When the blood level of the PFC particles decreases due to
accumulation of the particles in the RES organs, the role of vapor pressure probably becomes
minimized. Therefore, the P, can be considered a correction factor in Eq. 6.

Then we wish to know what factors have influence on the CST. The parameter which best
correlates with CST is NOF, even though it is a simple factor. The M, ranked second (see
Table II). The amount of fluorine of PFC and the M, are thought to reflect simply the bulki-
ness of PFC. Consequently, the CST may be best predicted by the combination of NOF and
NOC (Eq. 9).

The unexpectedly modest correlation of 'y to 1,,, and CST may possibly be explained by
the following hypothesis: a saturated perfluorocarbon structure around a carbon chain or ring
system may be present without significant overcrowding. Recent spectral studies on F-alkanes
revealed that planar zig-zag conformations, in which carbon chains twist to relieve repulsions
between fluorines on alternate carbons, are most stable.!” An analogous situation could be
possible with the PFCs being discussed, and might provide quite similar molecular geometry
for each PFC. Thus, it is likely that 7, , is quite insensitive to conventional connectivity indices
for a class of PFCs.

The presence of hetero atom(s) in a PFC molecule seems likely to be fairly less important
in relation to ¢, ,. If F-ether and F-tertiary amines actually underwent some sort of chemical
binding in tissue, as discussed in an earlier paper,'® the effect of hetero atom(s) on the 7, ,
might be significant and then the HA dummy variable could serve as an important parameter.
However, the addition of HA over Eq. 7, for instance, does not improve the correlation,
indicating that the hetero atom(s) of PFCs is not a key factor influencing the 7, 2

Furthermore, since there is an increase of one fluorine with each incorporation of
nitrogen into a PFC molecule, variation of the NOF will become of importance rather than
the presence of nitrogen. In other words, variation of the NOF seems more likely to be
influential in relation to the excretion. If this is the case, it will be of particular interest to
discuss electric features of PFCs such as the dipole moment, although data are not fully
available at present. In Eqs. 7 and 8, NOF was also shown to be the key factor: the smaller the
NOF is, the shorter the ¢, is. Thus, cyclic structures containing less fluorine are favored.

It can be concluded from these results that the 7;,, of PFC may be delineated by two
physicochemical parameters, CST and P,, and ultimately a topological parameter, NOF.
Taking account of the excellent emulsifiability of hetero atom-containing PFCs,? it thus
appears that a cyclic F-ether or cyclic F-tertiary amine with fused ring(s), which contains
fewer fluorines than acyclic analogues, may be the best PFC for use as an oxygen transporter.
This further suggests that a PFC having, for instance, one or two hydrogens instead of
fluorine (although such a compound would no longer be a PFC) might be a potential
candidate compound as an oxygen transporter, if it is biologically inert.

Experimental

Perfluorochemical is abbreviated as PFC and F- stands for perfluoro- throughout this article.

Materials——The PFCs indicated alphabetically under source in Table I were mostly gifts, the sources of which
are given in the footnotes. All other PFCs were prepared by conventional electrochemical fluorination method, the
details of which were reported elsewhere,!® or will be reported separately. Chemical structures given in Table I are
expressed without showing the fluorine symbol, i.e., all unmarked bonds are to fluorine unless otherwise stated.

Preparation of Test Emulsion” A mixture of a PFC and an aqueous yolk phospholipid suspension was
emulsified using a Manton Gaulin high-pressure homogenizer. The emulsion used for animal experiments consisted of
1095 (w/v) PFC, 29 (w/v) yolk phospholipid and 0.9% (w/v) sodium chloride. The average particle sizes of all PFC
emulsions ranged from 0.09 to 0.15 um in diameter.

Determination of in Vivo Half-Life Forty ml of PFC emulsion per kg body weight (4g/kg as PFC) was
intravenously administered into each of ten Wistar strain male rats weighing 100——110 g, and the PFC contents in the
liver, spleen, lung and kidney were determined by gas chromatography?® 3, 7, 14 and 28 d after injection. The in vivo
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half-life (¢,,,) of PFC was calculated from the excretion rate estimated from the change of total PFC content in the
above organs. Since the PFC injected into rats is mostly retained in the RES organs,*® the sum of the PFC in those
organs may be regarded as the PFC content in the whole body. Thus, the total PFC contents in the four organs were
plotted against time on a log 10 scale; linear plots were obtained, showing that the process is first order. The slopes of
the lines for each PFC injection were obtained by linear regression analyses of the data and give the excretion rate
constants for each PFC. With the use of the rate constants, in vivo half-lives were calculated representing the required
period (days) for a decrease of the body load to 2 g of PFC after injection of 4 g of PFC. The accuracy of the in vivo
half-life values thus obtained was better than 159, when 10 rats were used for each PFC.

Determination of CST——Liquid-liquid solubilities were measured in a sealed tube (ca. 3cm long, 3mm i.d.):
PFC and n-hexane, 50 ul each, were placed in the tube, which was then sealed under cooling at around —60°C. A
typical procedure for determining liquid-liquid miscibility was to raise or lower the bath temperature slowly, and
when two phases. appeared (or disappeared), the temperature was recorded. The average values obtained from three
determinations showed a standard deviation within 0.2% and the coefficient of variation was less than 0.4%. All CST
values are expressed in K.

Calculations Molecular connectivity indices (‘y) were calculated throughout this paper according to the
method of Randi¢.?" The influence of fluorine atoms was disregarded for calculating !y, i.e., only carbon skeletons of
PFCs are considered in obtaining an index of molecular branching. Entropies of vaporization (4.5) were obtained by
using the equation developed by Sato: 4S=H,/T.?® Calculations of H, were carried out according to the method of
Lawson et al.*®: H2°®=0.0724Tb*—17.17Th+ 5309. Solubility parameters (5) were given by the equation: §=
[(H,—RT)/V}'*?* Molar attraction constants (F) were given by the equation: d=(E/MV)'?=F/MV.?»
Calculations of van der Waals volume (V) and area (4,,) were carried out according to the method of Moriguchi et
al.> Molar volume (M,) was given by the equation: M, =M,/d (d; density).>>® Regression analyses were carried out
on an NEC PC8801 computer and an OKI if800 model 50 computer.

References and Notes

1) a) K. Yokoyama, K. Yamanouchi, H. Ohyanagi, and T. Mitsuno, Chem. Pharm. Bull., 26, 956 (1978); b) J. C.
Tatlow, “Organofluorine Chemicals and Their Industrial Applications,” ed. by R. E. Banks, Ellis Horwood
Ltd., Chichester, 1979, pp. 19—43.

2) a) K. Yokoyama, K. Yamanouchi, M. Watanabe, T. Matsumoto, R. Murashima, T. Daimoto, T. Hamano, T.
Suyama, R. Watanabe, and R. Naito, Fed. Proc., Fed. Am. Soc. Exp. Biol., 34, 1478 (1975); b) J. G. Riess and M.
Le Blanc, Angew. Chem. Int. Ed. Engl., 17, 621 (1978); ¢) K. Yokoyama, K. Yamanouchi, and T. Suyama, Life
Chem. Report, 2, 35 (1983).

3) R. Naito and K. Yokoyama, “Perfluorochemical Blood Substitutes,” Green Cross Co., Technical Information
Ser. No. 5, 1978.

4) K. Tremper, A. Friedman, E. Levine, R. Lapin, and D. Camarillo, New Engl. J. Med., 307, 277 (1982).

5) Forexample, see a) R. P. Geyer, “Proc. 5th Int. Symposium on Perfluorochemical Blood Substitutes,” ed. by R.
Frey, H. Beisbarth, and K. Stosseck, Mainz, March 1981, W. Zuckschverdt Verlag, Munich, 1982, pp. 19—29;
b) R. Dagani, Chem. Eng. News, 60 (18), 31 (1982).

6) K. Yokoyama, C. Fukaya, Y. Tsuda, T. Suyama, R. Naito, K. Yamanouchi, and K. V. Scherer, Jr., Abstracts
of Papers, 183rd National Meeting of the American Chemical Society, Las Vegas, Nevada, March 1982,
FLUO 9.

7) K. Yokoyama, K. Yamanouchi, and R. Murashima, Chem. Pharm. Bull., 23, 1368 (1975).

8) The expiratory excretion rate was calculated from the amounts of PFC expelled into expired air over various
intervals.

9) K. Yokoyama, K. Yamanouchi, and R. Murashima, “Proc. 4th Int. Symposium on Perfluorochemical Blood
Substitutes,” Kyoto, August 1975, Medical Publisher, Osaka, 1975, pp. 103—111.

10) R. Moore and L. C. Clark, Jr., “Proc. 5th Int. Symposium on Perfluorochemical Blood Substitutes,” March
1981, W. Zuckschverdt Verlag, Munich, 1982, pp. 50—60.

11) C. Heldebrant and K. Yokoyama, Phase I Report, Vol. I to NHLBI, U.S.A. Contract number NOI-HB-9-2927,
RFP-NHLBI-HB-79-15. ' '

12) a)J. A. Ostrenga, J. Med. Chem., 12, 349 (1969); b) A. F. M. Barton, Chem. Rev., 75, 731 (1975).

13) Compound 52 was omitted from the correlation, because its CST value was not available.

14) For example, if a nitrogen atom is introduced into compound 3 to give a representative compound such as PFC
28, total fluorines will change to 19 from 18, viz., C;(Fi3>C FioN.

15) a) N. Schnoy and F. Pfankuch, Virchows Arch. B. Cell Path., 34, 269 (1980); b) T. Suyama, M. Watanabe, and
K. Yokoyama, “Advances in Blood Substitute Research,” ed. by R. B. Bollin, R. P. Geyer, and G. J. Nemo,
Alan R. Liss, Inc., New York, 1983, p. 452.

16) Too high a vapor pressure will result in a bloated lung. An appropriate vapor pressure range of PFCs is
considered to be 10—20mmHg at 37 °C. See ref. 24.

NII-Electronic Library Service



No. 3 1231

17) P. Piaggio, P. G. Francese, G. Masetti, and G. Dellepiane, J. Mol. Struct., 26, 421 (1975).

18) L. C. Clark, Jr., E. Becattini, S. Kaplan, V. Obrock, D. Cohen, and C. Becker, Science, 181, 680 (1973).

19) For example, @) K. Yamanouchi, K. Yokoyama, and K. V. Scherer, Jr., Abstracts of Papers, The 9th Fluorine
Conference, Sapporo, August 1983, pp. 18—19; b) Y. Inoue, Y. Naito, Y. Arakawa, T. Ono, C. Fukaya, K.
Yamanouchi, and K. Yokoyama, Abstracts of Papers, The 47th Annual Meeting of the Japan Chemical
Society, Kyoto, April 1983, p. 2A33 and 2A34; ¢) Y. Naito, Y. Inoue, Y. Arakawa, T. Ono, C. Fukaya, K.
Yamanouchi, K. Yokoyama, and Y. Kobayashi, J. Fluorine Chem., 26, 485 (1984); d) C. Fukaya, Y. Arakawa,
K. Yamanouchi, and K. Yokoyama, Abstracts of Papers, The 48th Annual Meeting of the Japan Chemical
Society, Tokyo, April 1984, p. 3K12; ¢) K. Yamanouchi, Y. Inoue, T. Ono, C. Fukaya, K. Yokoyama, and T.
Suyama, Abstracts of Papers, The 6th Winter Fluorine Conference, Daytona Beach, Florida, February 1983, p.
18.

20) K. Yamanouchi, R. Murashima, and K. Yokoyama, Chem. Pharm. Bull., 23, 1363 (1975).

21) a) M. Randi¢, J. Am. Chem. Soc., 97, 6609 (1975); b) L. B. Kier, L. H. Hall, W. J. Murray, and M. Randi¢, J.
Pharm. Sci., 64, 1971 (1975).

22) K. Sato, Kagaku Kikai, 14, 270 (1950).

23) D.D. Lawson, J. Moacanin; K. V. Scherer, Jr., T. F. Terranova, and J. D. Ingham, J. Fluorine Chem., 12, 221
(1978).

24) E. S. Thomsen and J. G. Gjaldbaek, Acta Chem. Scand., 71, 127 (1963).

25) a) I. Moriguchi, Y. Kanada, and K. Komatsu, Chem. Pharm. Bull., 24, 1799 (1976); b) T. Kubota and M.
Yamakawa, “Structure-Activity Relationships, The Significance in Drug Design and Mode-of-Action Studies,”
(Japan.) Kagaku No Ryoiki, Special Edition, No. 122, Nankodo, Tokyo, 1979, pp. 122—139 and references
cited therein.

NII-Electronic Library Service





