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Solute Absorption from the Airways of the Isolated Rat Lung.
I. The Use of Absorption Data to Quantify Drug Dissolution or
Release in the Respiratory Tract
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Coprecipitates of fluorescein and magnesium hydroxide demonstrate delayed absorption relative to
fluorescein solutions when administered to the airways of the isolated perfused rat lung (IPRL). Per-
fusate concentration vs time profiles showed that dissolution and not epithelial permeability was the
rate-controlling factor in the airway-to-perfusate transfer process. A simple data deconvolution
method was developed to determine the fluorescein release from the microparticulate coprecipitates
in the airways. The deconvolution technique is generally applicable and provides values for undis-
solved solute remaining in the airways as a function of time provided that (a) significant binding and/or
metabolism does not occur, (b) absorption from solution is apparent first order, and (c) all solid or
dissolved material reaching perfused regions is absorbed within the lifetime of the preparation. In-
creased release rates of fluorescein occurred from precipitates containing greater starting concentra-
tions of the dye. Dissolution profiles were similar to those that occur for log-normally distributed
powders. The analysis of two unusual time profiles implied that the regional distribution of solid and
dissolved material, between perfused areas and nonperfused areas, could be nonhomogeneous despite
the use of a standardized dosing technique. The studies describe a method of using the IPRL with the

potential to screen aerosol formulations for extended dissolution in the respiratory tract.
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INTRODUCTION

Chemical compounds have been administered to the
lungs of different species in many ways (1-9). When ab-
sorption is the purpose of the study, administration to the
respiratory tracts of intact whole animals may produce dif-
ferent results for solute transfer kinetics dependent upon the
sites of deposition in the airways (1,2,4,6,9). This is due, at
least in part, to the existence of a complete bronchial, as
distinct from pulmonary, circulation but is not the case in
isolated lungs, where absorption is limited to transfer from
alveolar regions into the pulmonary vasculature (4). Absorp-
tion studies usually employ drug dissolved in aqueous solu-
tions, despite the fact that therapeutic aerosols often deposit
drug in dry particulate form (10,11) and many hazardous en-
vironmental aerosols are highly water insoluble. Thus, xeno-
biotic dissolution. within the respiratory tract is of impor-
tance pharmaceutically and toxicologically. Chowhan and
Amaro (12) have shown that Schanker’s in situ rat lung tech-
nique can be used to document a decreased rate of absorp-
tion when compounds are administered to the airways as
free acids in suspension, as opposed to salts in aqueous so-
lution. In the isolated lung, where absorptive transfer is
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easier to quantify than it is in whole animals (4), we have
previously studied the behavior of solutes administered as
solid aerosols when dissolution is not rate determining. The
present study demonstrates how the dissolution or release
kinetics of a compound may be determined from the per-
fusate concentration versus time profile in the isolated lung,
following administration to the respiratory tract in solid par-
ticulate form. The technique has potential as a means of
screening aerosol formulations for sustained-release proper-
ties within the lungs.

THEORY

An isolated rat lung preparation developed by Byron et
al. (4) was used to study the deposition and absorption of
solid aerosols of disodium fluorescein. The dye was neither
metabolized nor bound significantly to lung tissues at the
doses studied. Transfer, from airways to perfusate, was con-
trolled by pulmonary epithelial permeability and was unaf-
fected by dissolution or perfusate flow rate. The bronchial
circulation was incomplete, and dye deposition and absorp-
tion conformed to Scheme I,
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where the total deposited dose, D, was divided into a trans-
ferable amount, A, and an untransferable amount, U. Disso-
lution was assumed to be instantaneous so that A could dif-
fuse (apparently irreversibly) into the perfusate according to
a first-order rate constant, £, which, for fluorescein, was
0.057 * 0.025 min~! and independent of dose. When a com-
pound is formulated so that dissolution or release becomes
rate determining in the absorption process, Scheme I must
be modified so that the transferable dose, A, is split into a
solid or unreleased component, A’, and a dissolved compo-
nent, A", where A = A’ + A” (Scheme II).
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As undissolved drug cannot transfer, the rate of appearance
of A” (in the regions of the lung from which absorption can
take place) will dictate the rate of its appearance in the per-
fusate (dB/dt; Scheme II). Thus, provided that a value for %,
the rate constant for transfer, can be assigned to the absorp-
tion process, it should be possible to determine A’ and A” as
a function of time from the concentration versus time pro-
files obtained for B. The rate of appearance of B is given (by
definition) as

dBldt = k x A" (1)

If a value is assigned to & and the rate of change, dB/dt or
d(concentration in perfusate X volume)/dt, is known
(through frequent sampling and analysis of the circulating
perfusate), then Eq. (1) can be rearranged to provide a solu-
tion for A” (Scheme II) as

A" = (dBldt)lk 2

Then, provided a value is known for the total dose delivered
to lung regions from which transfer is possible, A, the
amount of undissolved material, A’, can be determined by
mass balance from

A=A A 3)
MATERIALS AND METHODS

Disodium fluorescein (Fisher Scientific, Cincinnati,
Ohio) was administered in a series of liquid bolus doses to
the respiratory tract of the isolated rat lung. Four separate
formulations were employed: solutions in double-distilled
water and three coprecipitates of disodium fluorescein with
magnesium hydroxide. The latter were prepared according
to the method of Hickey and Byron (13) with the initial con-
ditions selected to produce low, medium, and high concen-
trations of the dye in each of the formulations. In their pub-
lication, Hickey and Byron dried and compressed the copre-
cipitates in order to determine their release rates. This
procedure interferes with the submicrometer size distribu-
tion (13) of the original precipitate suspension and was not
employed here. Instead, the washed precipitates (13) were
diluted in saturated magnesium hydroxide solution so they
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contained 1.4% (w/v) undissolved solids. These were stored
at 4°C prior to their administration in 0.1-ml quantities to the
isolated perfused rat lung (IPRL).

Lung Preparation and Dosing. The procedure is de-
scribed in detail elsewhere (14). Briefly, adult, male Wistar
rats weighing 300-350 g were anesthetized intraperitoneally
with sodium pentobarbitone (60 mg/kg, 50 mg/ml; Nembutal,
Abbott Laboratories, North Chicago, Ill.). The trachea was
cannulated with a stainless-steel tube. On opening the
thorax, the pulmonary artery was cannulated and the left
side of the heart removed, allowing continuous, free perfu-
sion of Krebs Henseleit buffer containing 4% (w/v) bovine
serum albumin. The preparation was removed from the
thorax and suspended horizontally in a jacketed glass
chamber. The basis of dosing the lungs required expulsion of
either a suspension or a solution into the airways while si-
multaneously inflating the lungs with a fixed volume of gas
(6.1 ml). A dosing cartridge filled with 0.1 ml of the liquid
dose was slipped through the tracheal cannula until its tip
Jjust projected into the rat trachea. A gas-tight seal was ob-
tained, and a 25-pl per actuation, metered-dose inhaler
(MDI) (containing fluorocarbon propellants alone) con-
nected to the liquid-free end of the dosing cartridge. The
MDI was actuated, expelling the dose into the airways and
inflating the lungs reproducibly (14). One second after de-
pressing the valve, the dosing cartridge was removed com-
pletely, allowing the lungs to deflate.

Fluorescein Transfer from Solution. Dye transfer to the
perfusate was determined after solution bolus administration
by two methods. In the first, doses (D, Scheme I) were de-
livered to the airways by syringe in 100-pl quantities with
fluorescein concentrations ranging up to 1 mg/ml. This tech-
nique proved to be less consistent than desired in terms of
the reproducibility with which the transferable dose, A
(Scheme I), could be delivered to the alveolar regions. For
this reason the dosing cartridge technique (Ref. 14 and
above) was employed to administer similar solution doses by
simultaneous expulsion and lung inflation with fluorocarbon
propellants. Samples of perfusate were removed at fixed
time intervals after administration to determine their fluo-
rescein content using a fluorimetric assay described pre-
viously (15).

Fluorescein Transfer from Coprecipitates. Three sus-
pension formulations were prepared and tested. Each was
administered as a 100-pl dose using the cartridge technique
described above (14). Each dose contained 29.6, 55.2, and
74.1 pg (fluorescein) coprecipitated with 1.4 mg Mg(OH),.
As fluorescein exists in solution together with coprecipitate,
a bolus dose, D (Scheme II), primed both the untransferable
pool, U, and the transferable pools, A’ and A", simulta-
neously. Sampling and assay for fluorescein were performed
as for solution administration above (15). A series of five
experiments was completed for each coprecipitate, and the
resulting perfusate versus time profiles were compared with
those collected from solution transfer experiments.

RESULTS AND DISCUSSION

Fluorescein Transfer from Solution. The time depen-
dence of dye transfer to the perfusate after 100-pl solution
administrations at several different concentrations is shown
in Fig. 1. The data are shown as the percentage of the trans-
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Fig. 1. Profile of the mean percentage of transferable dose versus
time for fluorescein administered directly as a solution (N = 12).
Values for A (Scheme I) ranged from =3 to 100 pg. The error bars
are standard deviations.

ferred dose versus time. The transferred dose was deter-
mined from the product of the concentration and volume of
the perfusate in the plateau region of each transfer profile
(4). At pH 7.4 1luorescein is mainly ionized and the com-
pound is absorbed by apparent first-order kinetics. There
was no difference in fluorescein absorption half-lives deter-
mined with either the dosing cartridge technique or solution
instillation by syringe (Fig. 2) (P < 0.01). Half-lives were in
agreement with those documented previously following 20
min of aerosol administration to the IPRL (12.2 = 4.2 min)
4).

Fluorescein Transfer from Coprecipitates. Three pre-
cipitates were prepared to bracket the extremes of release
noted by Hickey and Byron (13). The coprecipitate suspen-
sions would always contain a quantity of free fluorescein in
solution besides that associated with the Mg(OH),. Each
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Fig. 2. A comparison of the half-lives of absorption obtained by the
dosing cartridge delivery system (N = 6) and simple intratracheal
injection by syringe (N = 6). The error bars are standard devia-
tions. No significant difference existed between the means by Stu-
dent’s 1 test (P < 0.01).
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Fig. 3. The mean percentage of transferable dose (l) versus time
for a magnesium hydroxide coprecipitate with fluorescein (N = 3),
administered as a suspension containing 29.6 pg/0.1 ml. Error bars
are the experimental range. A fifth-order polynomial fit runs
through the data points. Profiles for A’ and A” were generated using
Egs. (3) and (4).

precipitate was administered to a total of five lung prepara-
tions. When data were expressed as the percentage of the
transferable dose vs time, three or four experiments from
each group produced similar time profiles for dye transfer to
the perfusate. These profiles are shown in Figs. 3-5. For
reasons discussed later, one or two experiments from each
group could not be included in these figures. Nevertheless,
data from all experiments demonstrated slower transfer than
that observed from solution (Fig. 1). When curves of B vs ¢
reached a plateau, the product of the final concentration and
perfusate volume (corrected for amounts withdrawn at
various times throughout the experiments) provided a value
for A = A’ + A” (Scheme II). In many cases following the
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Fig. 4. The mean percentage of transferable dose (W) versus time
for a magnesium hydroxide coprecipitate with fluorescein (N = 3),
administered as a suspension containing 55.2 p.g/0.1 ml. Error bars
are the experimental range. A fifth-order polynomial fit runs
through the data points. Profiles for A’ and A” were generated using
Egs. (3) and (4).
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Fig. 5. The mean percentage of transferable dose (Hl) versus time
for a magnesium hydroxide coprecipitate with fluorescein (N = 3),
administered as a suspension containing 74.1 pg/0.1 ml. Error bars
are the experimental range. A fifth-order polynomial fit runs
through the data points. Profiles for A’ and A” were generated using
Egs. (3) and (4).

form of administration used here, the value of U was negli-
gible (U was calculated from the difference in values be-
tween B at the end of an experiment and D at its commence-
ment). In these cases A could be determined even in the
absence of a plateau. The results were consistent with a pre-
vious observation that immediately after dosing, <7% of a
solution dose remained in the trachea and major bronchi
when delivered in this way (14). In instances where transfer
plateaued before the preparation became nonviable (4) or U
tended to zero (Schemes I and II), the value of the transfer-
able dose, A, could be determined unequivocally. This en-
abled data to be presented as ‘‘percentage transferable
dose’’ vs time [(B X 100)/A; Schemes I and II]. In other
cases where U was significant and/or absorption appeared to
continue beyond the preparation lifetime, an unequivocal
value for A could not be determined. As we show below, the
deconvolution technique requires a known value for A
(Scheme I). Given that apparent first-order absorption of flu-
orescein occurs from solution, the rate of transfer can be
described by Eq. (1). Rearranging and writing in finite terms
gives

A = [M]/k = [AB/Af)/k )
(tn - tn‘l)

where n is the sample number. If the interval between sam-
pling is short enough, then it becomes possible to estimate
A" and consequently apply mass balance [Eq. (3)] to obtain
release as a function of time. In practice, the presence of
experimental error in the raw data requires a smoothing
function to prevent the generation of erratic plots of A" vs ¢.
To smooth the fluorescein absorption profiles, a fifth-order
polynomial regression (16) was performed on each set of
data, which produced close fits in all cases (smooth curves
through data in Figs. 3-6). Gradients of the B vs ¢ curves
generated by these polynomial equations were determined at
each sampling time, ¢. The rate constant, k£, was held con-
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stant at its experimentally determined value of 0.055 = 0.01
min~! (cartridge insufflation method), and A” estimated
using Eq. (4). Undissolved fluorescein, A’, was determined
from Eq. (3) and all results are expressed in terms of the
percentage of the total transferable dose, A.

The ratios of bound (solid) to free (dissolved) fluores-
cein in these aqueous coprecipitate suspensions vary with
the dye concentrations that are used during their preparation
due to complex adsorption and desorption behavior (13). In
aqueous suspension these coprecipitates are therefore not
an ideal dosage form. But they do constitute a means of
evaluating the usefulness of the IPRL to detect dissolution
determined solute transfer. The ratio of solid:dissolved fluo-
rescein (A’/A” intercept ratio in Figs. 3—6) reaching the
transferable regions of the lung was, in most cases, repro-
ducible for a chosen precipitate. These ratios increased with
increasing dye content. In the case of the precipitate suspen-
sion containing 74.1 pg fluorescein (Fig. 5), solid dye
reaching the transferable regions appeared to predominate,
producing a biphasic time profile for A”. The pattern of dis-
solution in this case (A’ vs ¢; Fig. 5) appeared to mimick that
predicted for particles that have log-normal size distribu-
tions (17,18), with linear release being maintained until the
last particle of the smallest diameter dissolves, then the
overall particle number decreasing with time.

Figures 4-6 contain data from three, as opposed to five
experiments that were actually performed in each group.
When data sets were rejected, in most cases this was due to
the fact that an unequivocal value could not be assigned to
the transferable amount, A = A’ + A". This occurred either
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Fig. 6. Percentage of transferable dose versus time for .(a) 29.6 He
and (b) 74.1 pg fluorescein in Mg(OH), showing possible dosing
aberrations.
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when profiles did not plateau or when U (Scheme II) was
significant due to dosing difficulties or both. Other experi-
ments that, for reasons of clarity are not reported here, con-
sistently defied this form of data analysis because it was im-
possible to assign a value for A due to release in the airways
continuing well beyond the preparation lifetime (3 hr). Inevi-
table differences in dose distribution between preparations
require that data are ‘‘normalized”” with respect to the trans-
ferable amount, A, in order to avoid error accumulation in
the calculated values for the amount of undissolved material
remaining at a given time. If, for example, 5 pg of fluores-
cein was incorrectly assigned to the transferable pool, A,
when in fact it belonged in the untransferable pool, U, this 5
p.g would appear, incorrectly and continuously, to reside in
the undissolved pool, A'.

On two occasions in this series of experiments, dye in
perfusate vs time profiles indicated an abnormal distribution
of dissolved and undissolved fluorescein among the perfused
airways. There was no reason to doubt the value for the
transferable amount, A, in either case. These data and the
results of deconvolution are presented in Figs. 6a and b. In
spite of attempts to ensure reproducible administration (vali-
dated for aqueous solutions) (14), it appeared that suspen-
sion dosing can sometimes lead to uneven distribution of
solid and dissolved material in the perfused regions. Results
of this nature should come as no surprise to workers familiar
with the study and dosing of isolated organ preparations; the
difficulty lies in explaining and justifying their exclusion
from the main body of data. Retrospectively, there were
dosing aberrations in both cases. In Fig. 6a, for example,
less than 40% of the dose in the dosing cartridge was trans-
ferable, which compares with values closer to 63% for Fig. 3
and 65.9% for solutions (14). Nevertheless, it was still neces-
sary to presume that the distribution of solid and solution
occurred unevenly between the lung regions from which
transfer was possible and those where it was not. There are
several possible solutions to these problems of reproduci-
bility. The inclusion of an internal standard alongside the
test solute may enable each preparation to act as its own
control. An independent assay for A’ and A” remaining in
the tissue is also desirable. In the case of isolated organ
preparations such as IPRLs, the data collected during the
experiment must be examined critically in order to define
criteria that enable acceptance or rejection as appropriate.
This population selection process is widely accepted in
whole-animal studies, although no corresponding proce-
dures appear to exist for IPRLs. While improvements con-
tinue to be made, the wide variation in experimental objec-
tives between groups requires that each group or worker
carefully define standard practices as well as quality limits
for data acceptance. Although it introduces additional com-
plexity, it is likely that the inclusion of an internal standard
whose absorption Kinetics are known would be a valuable
improvement in experiments of this nature.

In summary, occasional dosing aberrations and the
preparation’s viable lifetime are the two factors constraining
the use of this technique for studying dissolution or release
in the respiratory tract. Problems with dosing have been
largely eliminated by the use of the cartridge technique de-
scribed previously (14). The present method’s mathematical
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dependence on mass balance requires, for the collection of
reliable results, that transfer is completed during the lifetime
of the IPRL. This may be manifested by the existence of
either a plateau in the B vs ¢ profile or similar values for B
and D (indicating that U is negligible; Scheme II) at the end
of an experiment. In the event that transfer is incomplete
during an experiment, solute recovery from homogenized
lung containing undissolved solids can result in assay
problems, which we have seen in the case of some copre-
cipitate suspensions. While the use of whole-animal or in
situ lung techniques may overcome some of the problems
associated with the IPRL, variations in whole-body clear-
ance, in these cases, place severe limitations on the use of
absorption data to estimate dissolution or release kinetics
within the airways (19). The subject is important because
compounds with intermediate or low aqueous solubilities
may exhibit dissolution rate-determined absorption from the
lung (4,11,19-21) depending on factors such as solubility,
size, surface characteristics, deposition pattern, and in vivo
mixing dynamics.
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NOMENCLATURE

D Fluorescein dose reaching the airways

U Untransferable fluorescein dose depositing in upper
airways

A Transferable dose reaching the lower airways

A’ Solid component of A

A" Solution component of A

B Amount transferred or absorbed into the recircu-

lating perfusate

k Apparent first-order rate constant for absorption
t Time in minutes

AB The amount absorbed between sample points

At The time interval between sample points

n Sample number
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