1t is not considered likely that a set of process variables exists such
that R;(t) will precisely equal R(t) fori =1, 2,.. ., p. However, one
set will minimize the sum of the deviations for all dosage forms. One
approach to determining an approximation to this set of process
variables is to find the minimum value of Eqs. A15 and A16.

This alternative approach is seen to obviate open loop operation
runs which would otherwise be required to be performed with R (¢).
It should be noted that with the alternative performance criterion for
optimization, as expressed by Eqs. A15 and A16, the influence of the
in vivo bioavailability data for each dosage form is implicit in R;(¢)
by virtue of its use in providing a reference for the closed operation
of the apparatus. In any event, this alternative procedure is an indirect
approach to the problem of minimizing the deviation of in vitro data
from in vivo data. It may best be considered as a method for more
rapidly attaining a set of process variables in the neighborhood of the
optimum set. The fidelity of an in vitro test may best be gauged from
a statistical comparison between drug release results obtained with
the apparatus operated with optimal R(¢) and fixed process variables
with in vivo bioavailability data using dosage forms previously un-
studied in vitro and not included in the optimization procedure.
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Subnanogram Assay for Pilocarpine in Biological Fluids

W. F. BAYNE %, L.-C. CHU, and F. T. TAO

Abstract O A method for the determination of pilocarpine was de-
veloped in which the imidazole ring of pilocarpine was acylated with
heptafluorobutyric anhydride, using triethylamine as a catalyst. After
cleanup, the pilocarpine derivative was analyzed using GLC with
electron-capture detection. The limit of sensitivity was 25-50 pg of
pilocarpine, which had been subjected to the derivatization and

cleanup procedures. The method was specific for pilocarpine, with
the isopilocarpine derivative eluting prior to the pilocarpine deriva-
tive.

Keyphrases O Pilocarpine—GLC analysis, biological fluids 0O
GLC—analysis, pilocarpine, biological fluids O Ophthalmic cholin-
ergic agents—pilocarpine, GLC analysis in biological fluids

Pilocarpine is used extensively in clinical ophtha-
mology as a topical agent for lowering intraocular
pressure of patients suffering from open- and closed-
angle primary glaucoma. Much interest and analytical
development (1) have recently been focused on this drug
because of its incorporation into a new dosage form
called an ocular therapeutic system (2, 3). This system
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is placed beneath the eyelid and provides continuous
delivery of pilocarpine at a controlled low rate into the
tear film, as opposed to intermittent pulses of drug into
the tear film by conventional eyedrops.

Colorimetric methods based on the oxidation of the
tertiary amino group or on opening the lactone ring with
hydroxylamine have been reported (4). Pilocarpine has



successfully been chromatographed by GLC using
several stationary liquid phases (5-7); one article (7)
reported the separation of pilocarpine and isopilocar-
pine. This laboratory observed significant tailing and
loss of resolution when pilocarpine and isopilocarpine
were chromatographed and a tendency for pilocarpine
to epimerize thermally to isopilocarpine, even with rigid
control of the injector and column temperatures.

Repta and Higuchi (8) developed an analytical
method for pilocarpine based on the catalytic action of
its imidazole ring on the hydrolysis of 2,4-dinitrophenyl
acetate. The product of hydrolysis, the 2,4-dinitro-
phenozxide ion, was determined spectrophotometrically.
They suggested that the assay was capable of measuring
100 ng of pilocarpine with suitable modifications. Since
the ability to measure absolute quantities of pilocarpine
as low as 0.05 ng was desired, development of such an
assay was undertaken with the intent to measure pilo-
carpine in biological fluids.

EXPERIMENTAL

Reagents—Methylene chloride, hexane, benzene, and ethyl ace-
tate!, used in the derivatization and cleanup procedures, were highly
purified, commercially available solvents. Methylene chloride was
distilled from phosphorus pentoxide prior to use; the other solvents
were used as received. All other chemicals were reagent grade unless
otherwise specified. Triethylamine? (I) and heptafluorobutyric an-
hydride? (IT) were used for the acylation of pilocarpine.

Pilocarpine base, when used as the standard, was prepared by ex-
tracting pilocarpine with methylene chloride from an aqueous solution
of pilocarpine nitrate adjusted to pH 9, followed by evaporation of
the organic solvent, which had been dried with sodium sulfate. This
pilocarpine base contained less than 1% isopilocarpine as determined
using a liquid chromatographic procedure (1). A methanol! solution
of the extracted pilocarpine was diluted down to a working standard
and was stable at 0° for at least 1 month.

Borate buffer was made from 0.0625 M sodium tetraborate and 0.25
M H3BO; adjusted to pH 8.5. Similarly, carbonate buffer was made
from 1 M KHCO3 adjusted to pH 9.25 with fresh concentrated po-
tassium hydroxide. Hydrochloric acid, 0.5 N, was prepared by diluting
the concentrated acid.

The dimethylated derivative of methazolamide, verified by mass
spectrometry, was synthesized by an extractive alkylation technique
using iodomethane in methylene chloride and tetrahexylammonium
hydrogen sulfate® and used as an internal standard. This technique
has been used to form a peralkylated derivative of chlorthalidone,
which also contains a primary sulfonamide group (9). The suggestion
(10) that silver sulfate be used to remove any tetrahexylammonium
iodide formed during the alkylation from the organic phase was also
followed.

Glassware—All glassware was silanized by soaking for several
hours in 5% dimethyldichlorosilane in toluene and rinsing with tol-
uene, methanol, and methylene chloride.

Apparatus—A gas chromatograph equipped with a scandium
tritide detectort was used. A 2-mm i.d., 1.8-m (6-ft) silanized glass
column was packed with 3% OV-175 on Chromosorb W5 (100-120
mesh). This support was inactivated and coated with the liquid phase
according to a published procedure (11). Nitrogen was used as the
carrier gas.

Retention times were 5 min for dimethylmethazolamide (III) and
6 min for the pilocarpine derivative (IV) at a column temperature of
190° and a gas flow of 25 ml/min. The detector temperature was 250°.
To prevent on-column formation of the isopilocarpine derivative, the
injector temperature was kept below 210°.

Mass spectra of the pilocarpine derivative and the internal standard

! Nanograde solvents, Mallinckrodt, St. Louis, Mo.

2 Sequanal grade, Pierce Chemical Co., Rockford, Tll.

3 Synthesized by a method supplied by Labkemi AB, Sweden.
4 Varian model 2100, Walnut Creek, Calif.

5 Applied Science Labs, State College, Pa.

were obtained with a quadrupole mass spectrometer® interfaced with
a gas chromatograph. The electron energy was 70 ev, and the emission
current was 1 mamp. The column conditions and flow rate were
identical with those employed-in the GLC analysis, using either a
flame-ionization detector or an electron-capture detector.

The PMR spectra were obtained on a spectrometer’ in the pulse
mode. The solutions analyzed were 20% (w/v), using chloroform-d;
as a solvent with tetramethylsilane as an internal reference.

Derivatization and Purification for Electron-Capture De-
tection—An aliquot of a dilution of a pilocarpine nitrate aqueous
solution (1 ug/ml) was added with a microsyringe to a stoppered?
15-ml centrifuge tube. Then 0.5 ml of borate buffer was added to the
aliquot, and the aqueous solution was extracted twice with 1 ml of
methylene chloride. The combined organic extract was evaporated
at 40° under a stream of nitrogen. Then 0.5 ml of benzene was added
to the residue, and the organic solvent was evaporated at 40° with
nitrogen. '

When an aliquot of pilocarpine base in methanol was used, the
methanol was evaporated before the addition and evaporation of
benzene since any residual methanol will consume II. In either case,
200 ul of methylene chloride, 2 ul of I, and 4 ul of II were added to the
residue with careful mixing. After 15 min at 50°, 1 ml of borate buffer
was added, and the solution was vortexed for 1 min and centrifuged.
Excess II was thus removed from the organic phase by hydrolysis to
the acid, with the pH chosen to minimize the breakdown of IV.

After the addition of 0.5 ml of 0.5 N HC! and vigorous vortexing,
first nine volumes and then 2.5 volumes of hexane were used to wash
the derivative to eliminate any organic soluble impurities. Complete
removal of hexane was followed by the addition of 0.5 ml of benzene
and approximately 0.8 ng of III. (Observation in this laboratory in-
dicated that III had an appropriate retention time under similar
chromatographic conditions for use as an internal standard.)

Adjusting the pH of the solution to 9 by addition of 1 ml of car-
bonate buffer permitted the partitioning of IV into the benzene layer.
This benzene was transferred to a clean vessel, evaporated to dryness
under a nitrogen flow, and then reconstituted in 50 ul of 20% ethyl
acetate in hexane. Aliquots of this solution were injected into the gas
chromatograph.

Preparation of Microgram Quantities of Derivative—Micro-
gram samples were prepared in the same manner outlined for the
submicrogram procedure, except that 4 ul of I and 8 ul of II in 200 ul
of methylene chloride were used to derivatize pilocarpine. A few mi-
croliters of the final ethyl acetate-hexane solution was either injected
onto a gas chromatograph equipped with a flame-ionization detector
and chromatographed or onto a GLC-mass spectrometry system,
which was employed to obtain the mass spectrum of IV.

Preparation of Milligram Quantities of Derivative—Milligram
quantities of IV were prepared by reacting 100 mg of pilocarpine base
with 2 ml of I and 4 ml of II in 90 ml of methylene chloride overnight
at 40°. The solution was then transferred to a 250-m! separator and
washed with 100 ml of carbonate buffer. After removal of the aqueous
phase and addition of 90 ml of hexane to the methylene chloride, the
organic layer was extracted three times with 50 ml of 1 N HCIL.

The pooled acid extract was adjusted to pH 9 with sodium car-
bonate followed by two extractions of IV with 75 ml of carbon tetra-
chloride. The organic solvent was then removed with a rotary evap-
orator. The resulting 93 mg of yellow, oily residue was reconstituted
with chloroform-d; to make a 20% (w/v) solution for PMR analy-
sis.

Derivatization of Base-Catalyzed, Hydrolyzed Pilocarpine—A
methanol solution (1 ug/ul) of a pilocarpine sample that had been
subjected to base-catalyzed hydrolysis in butanol was prepared. Al-
iquots of this working solution, representing approximately 100 ug
of hydrolyzed pilocarpine, were either derivatized directly after re-
moval of methanol or extracted twice with 1 ml of methylene chloride
from 0.5 ml of borate buffer after removal of the methanol. The con-
ditions employed were those described in the microderivatization
procedure.

Standard Curve and Calibration—The standard curve was
constructed by transferring microliter quantities of pilocarpine nitrate
aqueous solution, ranging from 0.05 to 10 ng of pilocarpine base, to
the centrifuge tubes. The derivatization was then conducted as al-

8 Finnigan 1015 SL, Sunnyvale, Calif.
7 Varian XL-100 FT, Palo Alto, Calif.
8 Lined with Teflon (du Pont).
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Table [—Proton Chemical Shifts (Parts per Million) Relative to Tetramethylsilane

for Pilocarpine and Derivative in Chloroform-d, ¢

—CH, (Bridge)

Imidazole Protons

CH,CH,— CH,CH,— 30,4H . 5H, 4'H 2'H N—CH,
Pilocarpine 12(t) 1.71(m)  2.64 Em) 4.05 (dd; 4.19 (dd)  6.76(s)  7.42(s) 3.63 (s)
Derivative 1.14 (1) 1.72 (m) 2.70 (m) 4.04 (dd 4.26 (dd) 7.22 (s) (2’ Hor 4'H) 4.00 (s)

as = singlet, t = triplet, m = multiplet, and dd = doublet of doublet.

ready described; a constant amount of III, approximately 0.8 ng, was
added after the addition of benzene in the cleanup procedure. The
standard curve was constructed by measuring the area, peak height
times width at half-height, for [V and I11. The ratio of the area of IV
to III was then plotted against the amount of pilocarpine and yielded
a linear plot (slope, 0.37; intercept, 0.008; and r2, 0.997).

Sampling of Aqueous Humor in Rabbits—Samples of aqueous
humor, 24 hr after instillation of 50 ul of a 2% pilocarpine nitrate®
solution or insertion of a membrane-controlled delivery system!?, were
obtained using a 1-ml syringe with a 27-gauge needle. The cornea of
anesthetized rabbits was punctured near the limbus, and 50-100 ul
of fluid was withdrawn. A few microliters of aqueous humor was added
to 0.5 ml of borate buffer, and the assay was conducted as already
described.

RESULTS

Samples containing subnanogram quantities of pilocarpine were
derivatized and analyzed with good detection (Fig. 1). The minimum
detectable quantity was between 25 and 50 pg/25 ul of 20% ethyl ac-
etate-hexane when 9 ul of solution was injected. This limit is practical
since 25-50 pg of pilocarpine can be derivatized and carried through
the cleanup procedure.

The mass spectrum of IV (Fig. 2) exhibited a molecular ion peak,
m/e 404, which was consistent with a monoacylated heptafluo-
robutyryl derivative of pilocarpine. The m/e 291 fragment resulted
from the loss of the lactone ring from the molecular ion. Further
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Figure 1-—Representative chromatograms of pilocarpine derivative
prepared from aqueous pilocarpine nitrate solutions carried through
extraction, derivatization, and cleanup steps. Key: A, internal
standard, methazolamide derivative; B, pilocarpine derivative; I,
pilocarpine base equivalent to 50 pg; and II, pilocarpine base
equivalent to 1 ng.

9 P. V. Carpine Liquifilm, Allergan, Irvine, Calif.
10 Qcusert P-20, Alza Corp., Palo Alto, CA 94304
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cleavage with the loss of the heptafluorobutyryl group resulted in the
m/e 94 fragment, which was the base peak. The m/e 235 fragment
arose from the loss of the C3F; radical from the molecular ion and
underwent further loss of the lactone ring to give the m/e 122 frag-
ment. Thus, the mass spectrum indicated the loss of one imidazole
proton during the acylation.

The PMR spectrum of the derivative contained only one imidazole
proton, whereas pilocarpine had two distinct resonances for the two
imidazole protons (Table I). The PMR spectrum also showed a large
downfield shift of the N-methyl protons in the derivative relative to
pilocarpine. This shift can readily be explained by the withdrawal of
electron density from the nitrogen by the fluorinated acyl group. It
has been reported that a direct correlation between the electron
density on the nitrogen and the chemical shift of the attached methyl
group exists for a large number of azoles (12). No coupling of the 4’-
imidazole proton to the methylene bridge protons was observed in
pilocarpine; such coupling has been shown to occur in some 1,5-di-
substituted imidazoles (13). Therefore, it is not possible to assign
unequivocally the acyl group to either the 2’- or 4’-position of the
imidazole ring.

When 100 ug of pilocarpine, which had been subjected to base-
catalyzed hydrolysis, was derivatized, only isopilocarpine was ob-
tained. When an extraction from borate buffer (pH 8.5) was per-
formed prior to derivatization, no derivative was obtained. When a
sample of pilocarpine was either derivatized directly or extracted and
derivatized, the same response was obtained. This response was the
same as that obtained for the derivatized sample of pilocarpine
subjected to hydrolysis. Thus, it may be concluded that:

1. The sample subjected to hydrolysis was isopilocarpic acid or
isopilocarpate.

2. Isopilocarpic acid was not extracted with methylene chloride
from a pH 8.5 aqueous solution.

3. Isopilocarpic acid underwent quantitative ring closure to iso-
pilocarpine under the reaction conditions of the derivatization pro-
cedure.

4. Pilocarpine can be extracted quantitatively.

The derivatives of pilocarpine and isopilocarpine elicited the same
responses from the flame-ionization detector used in this study.
Therefore, an extraction from a borate buffer should be performed
for biological samples to separate the acids from the lactones if pilo-
carpine and isopilocarpine are to be specifically determined.

When the described procedure was used to measure pilocarpine
concentrations in the aqueous humor of rabbits 24 hr after adminis-
tration of 50 ul of a 2% solution of pilocarpine nitrate, no pilocarpine
was detected (<3 ng/g). However, 24 hr after insertion of the mem-
brane-controlled delivery system, the average concentration in the
aqueous humor was 520 + 16 (SE) ng/g (n = 5). This value compares
favorably with results obtained using N-1*CHjs-pilocarpine (14) in-
corporated into the membrane-controlled delivery system; after ap-
propriate corrections for metabolism (15), an average concentration
of 450 + 16 (SE) ng/g (n = 5) was obtained during steady-state de-
livery.

DISCUSSION

Grimison and Ridd (16) studied the kinetics and deuterium isotope
effects of the reaction of imidazole with the electrophiles formed from
iodine and iodide and diazotized sulfanilic acid. The 4- or 5-position
was the initial site of attack by the iodonium electrophile, while the
2-position was attacked by the diazonium electrophile. The difference
in site of attack was rationalized in terms of the position of the tran-
sition states along the reaction coordinate, attack by the diazonium
species being governed by charge density of imidazole and attack by
the iodonium species being controlled by the localization energy of
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Figure 2—Mass spectrum of pilocarpine derivative obtained with electron energy of 70 ev and emission current of 1 mamp.

a high energy intermediate (17). The investigators postulated that
the conjugate base of imidazole was the species that reacted with the
electrophiles. No reaction occurred when 1-methylimidazole was
used.

However, in this laboratory, the acylium electrophile generated
from I and I acylated, in methylene chloride or benzene, the imidazole
ring of pilocarpine, which has a tertiary amino group. Sulfonation and
nitration of imidazole have been reported to occur in the 4- or 5-
position, the conjugate base not existing in the acidic medium (18).
Blake et al. (19) indicated that aromatic compounds can be acylated
with fluorinated anhydrides in ethyl acetate, using aluminum chloride
as a catalyst. This approach was not successful with pilocarpine in this
laboratory.

The derivative (IV) could be made with no apparent epimerization
of pilocarpine to isopilocarpine. When microgram samples of pilo-
carpine were derivatized and chromatographed, separation between
the isopilocarpine and pilocarpine derivatives was achieved. The small
peak proceeding IV in Fig. 3 had the same retention time as a deriv-
atized sample of isopilocarpine. Figure 3 is a chromatogram of de-
rivatized pilocarpine base, reported to contain less than 1% isopilo-
carpine. The GLC analysis indicated that the sample contained 0.65%
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Figure 3—Chromatogram of derivatized pilocarpine base, showing
presence of isopilocarpine. Key: B, pilocarpine derivative; and C,
isopilocarpine derivative. The column temperature was lowered to
170° to ensure complete resolution of the two peaks.

isopilocarpine. Therefore, the derivatization can be conducted without
significant epimerization to the more thermodynamically stable
trans-configuration of the 3- and 4-protons of the lactone ring (iso-
pilocarpine).

The base-catalyzed epimerization of pilocarpine to isopilocarpine
and the base-catalyzed ring opening to pilocarpate, reported pre-
viously (20), were minimized due to the high lipophilicity of IV. The
derivative (IV) cannot be reextracted to any measurable extent from
benzene or methylene chloride with pH 4.5 acetate buffer. Thus, when

. the benzene and internal standard are added to the aqueous acid and
the aqueous phase is made alkaline, IV overwhelmingly favors the
organic phase, minimizing residence time in the basic medium. Thus,
the extraction procedure could be conducted with little or no epi-
merization. Furthermore, a linear standard curve resulted.

The cleanup procedure was checked by derivatizating microgram
samples of pilocarpine, injecting a microliter of the solution, and
comparing the response after the cleanup. The procedure was nearly
100% efficient.

The internal standard was a matter of convenience. Any compound
that has favorable partitioning toward benzene relative to an aqueous
basic phase, a favorable retention time relative to the pilocarpine
derivative, good chromatographic properties in the subnanogram
range, and reasonably good sensitivity toward electron-capture de-
tection can be used.
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Note added in proof: The authors of a recent Communication in
J. Pharm. Sci. [65, 1262(1976)], accepted after this research article,
reported the formation of a heptafluorobutyramide derivative of pi-
locarpine. The chemical structure of pilocarpine would seem to pre-
clude formation of an amide. The evidence presented in this research
article indicates that either the 2'- or 4’-position of the imidazole ring
is acylated with heptafluorobutyric anhydride when the reaction is
catalyzed with triethylamine. Since the authors of the Communication
employed reaction conditions similar to those presented in this article,
it is likely that they formed the same acylated derivative of pilocar-
pine.
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Tetracycline Complexes with Mg*2 and Ca*?

E. C. NEWMAN * and C. W. FRANK *

Abstract O The study of Ca*Z and Mg*2 complexes of tetracycline
in buffered solution was undertaken to determine their stoichiometry
and the chelation sites. Circular dichroism was used to follow complex
formation. Modified tetracyclines, in which potential complexation
sites were blocked, were used to determine the participation of par-
ticular sites in complexation. Calcium formed a 2:1 metal-ion to ligand
complex, while the magnesium complex formed at a 1:1 ratio. For-
mation of the calcium complex involved addition of one metal ion to
the C-10, C-11 site with subsequent addition of a second metal ion at
the C-12, C-1 site. The magnesium chelate occurred at the C-11, C-12
B-diketone site.

Keyphrases O Tetracycline—complexes with Ca*2 and Mg*2, cir-
cular dichroism spectral investigation of binding properties OO
Metal-ion complexes—Cat2 and Mg*?2 with tetracycline, circular
dichroism spectral investigation of binding properties 0 Complexes,
metal ion—Cat? and Mg*? with tetracycline, circular dichroism
spectral investigation of binding properties O Spectrometry, circular
dichroism—investigation of binding properties of tetracycline com-
plexes with Ca*2 and Mg*2 [0 Antibiotics—tetracycline, complexes
with Ca*? and Mg*2, circular dichroism spectral investigation of
binding properties

The mode of action of the tetracycline (I) antibiotics
is dependent upon the presence of certain metal ions,
and the metal-ion complexation of these drugs has been
the subject of numerous investigations. The complex
chemistry of the tetracyclines and the large number of
potential binding sites have led to much confusion as
to the location of these sites. A major contributing factor
in this problem has been the failure of the commonly
used spectroscopic techniques to pinpoint the com-
plexation centers. Circular dichroism, however, seems
to be capable of filling this void, as indicated by recent
work (1-4).

From an antimicrobial standpoint, the tetracycline
complexes with Mg*2 and Ca*?2 are probably the most
important, because the concentrations of these cations
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and the large formation constants of their complexes
with tetracycline dictate that in vivo tetracycline would
exist as one of these two complexes.

The tetracycline complexes of Mg*2 and Ca*2 were
studied in pH 7.4 buffered 90% methanol, and differ-
ences found in the circular dichroism (as well as fluo-
rescence and UV-visible) spectra were attributed to
different conformations and thus different binding sites
for the two complexes (1). A four-coordinate binding
involving positions C-11, C-12, C-2, and C-3 was pro-
posed for the Ca*2 complex; the Mg*2 complex was
thought to be at a different, unspecified site.

Mitscher et al. (2) concluded that, in aqueous solu-
tions of pH 7.4 or below, Ca*2 and Mg*? both bind
somewhere at the B, C, or D complexation site (C-10,
C-11; C-11, C-12; or C-12, C-1) of tetracycline. Above
pH 7.5, Ca*? binds between the C-4 dimethylamine
group and the C-12a hydroxyl group, but Mg*?2 can-
not.

EXPERIMENTAL
Circular Dichroism Spectra—All circular dichroism spectra were

recorded on an optical rotatory dispersion—circular dichroism in-
strument!. Concentrations of tetracyclines were always 1 X 1074 M.

1 Cary 60.





