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The utilization time for a parenteral prodrug solution with a bioavailable fraction of unity was defined
as the time during which the roral of the prodrug concentration and the drug concentration equals or
exceeds 90% of the initial prodrug concentration. This utilization time was calculated as a function of
pH, buffer, and temperature using the experimentally determined rate expressions for bacampiciilin
and talampicillin. The results were compared to the shelf life of ampicillin solutions under identical
storage conditions. First-order rate constants were determined for conversion of the prodrugs to am-
picillin (k.), for B-lactam degradation of the prodrugs (k,.), for the overall loss of prodrugs (k,,), and
for B-lactam degradation of ampicillin (k,) in aqueous solutions at 25.0 to 60.0°C, w = 0.5, in the pH
range 0.90 to 8.4. Loss of bacampicillin proceeded primarily by degradation at pH levels below 4 but
was due predominantly to conversion at pH levels above 5. Loss of talampicillin was due primarily to
conversion throughout the entire pH range. While the prodrug utilization times were approximately
twice the shelf life of ampicillin in acidic solutions, ampicillin was significantly better in neutral solu-
tions. The results illustrate the potential for increased prodrug storage periods when utilization time is
defined on the basis of the bioactivity rather than on the prodrug concentration alone.
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INTRODUCTION

The expiration date for a drug in solution is convention-
ally based on the time during which the formulation main-
tains 90% of its labeled concentration (To). The application
of this criterion to a prodrug solution may underestimate the
time during which the formulation maintains 90% of its
bioactivity. Consider, for example, an intravenous solution
of a prodrug which is rapidly and completely bioconverted
to drug in the blood. Using the Ty, convention, the solution
would expire if 10% of the prodrug hydrolyzed to the drug
during storage. However, if drug degradation is neglible, in-
travenous administration of this expired solution would pro-
vide a drug plasma concentration time course that is bioe-
quivalent to the original solution. Schwartz and Hayton (1)
have defined the true utilization time (UT) as the time during
which the total concentration of prodrug and drug equals or
exceeds 90% of the original prodrug concentration. The cur-
rent paper is the first report which examines how the use of
that UT definition can influence the prodrug pH-shelf-life
profiles.
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In the above example, the hypothetical prodrug hydro-
lyzed exclusively to drug without degrading to inactive
products. In practice, the degree to which the Ty, underesti-
mates the UT for such a solution depends upon the rate of
prodrug conversion to drug relative to the competing rates
for degradation to inactive products during storage. These
processes are illustrated in Scheme I using two ampicillin
prodrugs where the rate constant, k., represents conversion
to ampicillin; &, and &, represent p-lactam hydrolysis to in-
active products. ‘

These ampicillin esters, bacampicillin and talampicillin
(Scheme I), were studied as model prodrugs for two
reasons. (i) Based on the in vitro reactivity of other penicillin
prodrugs (2—4), these esters were expected to reduce the
B-lactam hydrolysis rate (k) in acid and increase this rate in
base while simultaneously undergoing conversion to ampi-
cillin (k.). Thus, UT can be assessed under both favorable
and adverse conditions. (ii) These two prodrugs undergo
such rapid and complete bioconversion to ampicillin in the
blood (5-9) that intravenous prodrug solutions would be
bioequivalent to solutions of ampicillin itself.

In vitro Kinetic studies on the hydrolysis of bacampi-
cillin and talampicillin are limited (5,9,10). In this report, the
kinetics of hydrolysis of these prodrugs and ampicillin were
studied as a function of pH, temperature, and buffer compo-
sition. These data were then used to calculate prodrug UT
values based on the rotal concentration of the prodrug and
ampicillin remaining as a function of time. Subsequently,
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these UT values were compared to the Ty, values calculated
from the concentration of prodrug alone. The potential for
gaining a storage advantage by using a solution containing
prodrug in place of ampicillin was also examined by com-
paring the prodrug UT values to the ampicillin Ty, values.
The specific aims of this research were:
to determine the kinetics for degradation and conver-
sion of these selected prodrugs as a function of pH,
buffer, and temperature;
to determine the Kinetics of ampicillin degradation
under identical experimental conditions;
to calculate the UT for these prodrug solutions as a
function of pH and temperature using the experimen-
tally determined rate expressions;
to compare the prodrug UT versus pH profiles to the
prodrug Ty, versus pH profiles and also to the ampi-
cillin Ty, versus pH profiles;
to quantify the influence of the rates in Scheme I on the
extent of the observed differences between a prodrug
UT and a prodrug T, and between a prodrug UT and
an ampicillin Ty, under identical conditions; and
to provide the experimental basis for a subsequent
paper on the kinetic requirements for optimizing pro-
drug UT.

MATERIALS AND METHODS

Chemicals. All chemicals and solvents were reagent or
high-performance liquid chromatographic (HPLC) grade ex-
cept the prodrugs and ampicillin, which were used as re-
ceived from suppliers: bacampicillin (Pfizer), talampicillin
(Yamanouchi Pharmaceutical, Tokyo), and ampicillin
(Wyeth).

Kinetics. Reaction conditions are described in Tables
I-III. The ionic strength (i) was maintained at 0.5 using
NaCl and the pH values were measured at reaction tempera-
tures. Samples (~0.8 ml) were removed as a function of time
from the constant-temperature reactions, then cooled, and
0.5-ml aliquots were diluted 10-fold to a final pH of 5-6 and
refrigerated to quench the reaction. No loss of bacampicillin
or ampicillin was observed after refrigeration for 4 days. Ta-
lampicillin dilutions were assayed on the same day as the

kinetic experiment without loss of prodrug during storage
and assay.

HPLC Analysis. Convenient retention times could be
attained only by using separate HPLC conditions for the
prodrugs and ampicillin (11). The isocratic assays were car-
ried out at a flow rate of 1 ml/min using a liquid chromato-
graph system (Model 332, Beckman Instruments, Inc.)
equipped with an Altex 20-pl injection loop, reverse-phase
columns for bacampicillin and ampicillin (Altex Ultra-
sphere-ODS, 5 pm, 4.6 x 250 mm) and for talampicillin (p.-
Bondapak C18, Waters Associates), together with a UV de-
tection wavelength of 220 nm (Model 1040A, Hewlett
Packard) and a recorder (Model 3090A, Hewlett Packard).
The mobile phases contained aqueous 0.005 M NaH,PO,
and 0.001 M Na,HPOQ, with an acetonitrile concentration of
60% (v/v) for bacampicillin, 52% (v/v) for talampicillin, and
12% (v/v) for ampicillin. The aqueous phase was filtered
through a type HA 0.45-um membrane filter (Millipore
Corp.), degassed under vacuum, mixed with the acetonitrile,
and deaerated by sonication. Following assays for ampicillin
in mixtures, the columns were cleaned of bacampicillin or
talampicillin by elution with 60% (v/v) acetonitrile. The re-
tention times, detection ranges, and coefficients of variation
(%CV) were as follows: ampicillin—7.5 min, (0.10-10.0) X
10-5 M, and 4%; bacampicillin—7.0 min, (1.0-10.0) x 10~3
M, and 2.6%; and talampicillin—8.1 min, (0.25-5.0) x 103
M, and 1.5%.

RESULTS

Kinetics of Transformations. Ampicillin degradation in
aqueous solution proceeds through two competing rate pro-
cesses, hydrolysis and polymerization. The balance depends
upon the ampicillin concentration and the pH of the solu-
tion. Hou and Poole (12) studied the hydrolysis of ~7.3 X
10-* M ampicillin. Bundgaard (13) reported simultaneous
hydrolysis and polymerization in concentrated solutions
(0.054-0.673 M) in the pH range 8.1 to 9.1. At a constant
ampicillin concentration, polymerization decreased with in-
creasing pH values. At 0.054 M, for example, polymerization
decreased from 59 to 13% during an increase in pH from 8.1
to 9.1. At a constant pH, polymerization increased with the



Table 1. Experimental Conditions and First-Order Rate Constants (min~1!) for Overall Loss of Ba-

campicillin (kg,,), Conversion to Ampicillin (k.), and Hydrolysis of Ampicillin (k,)*

°C pH Buffer concentration (M) 1034, 103, 103k,
HCOOH HCOONa NaCl
50.5 2.62 0.800 0.100 0.40 1.71 1.59 12.8
(x0.02) 0.600 0.075 0.44 1.33 1.46 9.73
0.400 0.050 0.45 1.19 1.16 7.12
0.200 0.025 0.48 0.715 0.367 4.29
CH,COOH CH,;COONa NaCl
35.0 3.52 0.384 0.0384 0.46 0.203 0.0301 —
(£0.02) 0.288 0.0288 0.47 0.188 0.0310 0.326
0.192 0.0192 0.48 — — 0.251
0.096 0.0096 0.49 0.148 0.0340 0.173
50.5 3.52 0.384 0.0384 0.46 0.797 0.148 1.61
(+0.02) 0.288 0.0288 0.47 0.670 0.119 1.29
0.192 0.0192 0.48 0.602 0.0825 1.06
0.096 0.0096 0.49 0.515 0.0566 0.760
4.64 0.400 0.400 0.10 2.38 0.586 1.53
(+0.04) 0.300 0.300 0.20 — —_ 1.21
0.200 0.200 0.30 1.50 0.272 0.850
0.100 0.100 0.40 0.936 0.160 0.500
5.64 0.040 0.400 0.10 2.35 0.682 0.320
(£0.05) 0.030 0.300 0.20 2.09 0.607 0.270
0.020 0.200 0.30 1.57 0.462 0.210
0.010 0.100 0.40 1.09 0.366 0.170
60.0 3.52 0.384 0.0384 0.46 1.65 0.388 —
(%0.02) 0.288 0.0288 0.47 1.54 0.340 3.21
0.192 0.0192 0.48 — — 2.60
0.096 0.0096 0.49 1.10 0.204 1.92
5.64 0.040 0.400 0.10 — — 0.810
(=0.04) 0.030 0.300 0.20 — — 0.720
0.020 0.200 0.30 — - 0.570
0.010 0.100 0.40 — — 0.400
NaH,PO, Na,HPO, NaCl
35.0 7.52 0.0150 0.120 0.12 8.26 2.62 0.390
(£0.04) 0.0096 0.077 0.26 591 2.39 0.260
0.0048 0.038 0.38 3.48 1.44 0.170
50.5 6.56 0.058 0.058 0.27 12.0 2.15 0.900
(+£0.04) 0.048 0.048 0.31 10.4 1.91 0.750
0.029 0.029 0.38 6.87 1.65 0.510
0.019 0.019 0.42 4.91 1.42 0.390
7.52 0.0150 0.120 0.12 33.1 12.9 1.45
(+0.04) 0.0096 0.077 0.26 26.4 10.1 1.02
0.0072 0.058 0.32 19.9 8.77 0.860
0.0048 0.038 0.38 — — 0.600
0.0024 0.0192 0.44 12.8 6.34 0.530
60.0 7.52 0.0150 0.120 0.12 92.5 33.3 3.60
(+0.06) 0.0096 0.077 0.26 — — 2.63
0.0072 0.058 0.32 56.5 25.2 2.28
0.0048 0.038 0.38 47.8 23.5 1.90
Boric acid Sodium borate NaCl
25.0 8.40 0.100 0.0125 0.49 6.29 3.37 0.106
(+0.05) 0.0693 0.00867 0.49 6.29 4.10 0.099
0.0500 0.00625 0.49 6.28 4.23 —
35.0 8.40 0.100 0.0125 0.49 19.3 12.7 0.370
(=0.05) 0.0693 0.00867 0.49 16.1 11.5 0.346
0.0500 0.00625 0.49 14.0 10.1 0.351
50.5 8.40 0.100 0.0125 0.49 84.0 47.2 1.93
(+0.05) 0.0693 0.0087 0.49 76.4 47.6 1.62
0.0500 0.0062 0.49 74.0 47.7 1.50

e All initial concentrations were 1.0 x 10~3 M except for bacampicillin (0.5 x 10-2 M) at pH 7.52 and

8.40.



Prodrug Utilization Time

Table II. First-Order Rate Constants (min~!) for Overall Loss of
Bacampicillin (k,), Conversion to Ampicillin (k;), and Ampicillin
Hydrolysis (k,) in HCI and in the pH Range 2.60-8.40¢

°C HCI(M)  pH  10%g, 10% 103,
35.0 0.15 0.89 1.36 0.309 3.32,3.60°
0.10 1.04 1.05 0.141 —
0.06 118 0.630 0.0986 —
0.04 1.38 0.480 0.0443 1.30, 1.36
50.5 0.15 0.89 4.84 0.991 14.1
0.10 1.04 4.06 0.345 9.41
0.06 1.18 2.35 — 6.48
0.04 1.38 1.86 0.260 4.76
0.01 1.98 0.710 0.0662 2.42
60.0 0.15 089 115 3.12 324
0.10 1.04 9.54 0.895 21.0
0.06 118 5.72 — 13.7
0.04 1.38 3.75 0.556 11.3
35.0 3.52 0.129 0.0353 0.0978
7.52 1.31 1.03 0.0646
8.40 8.80 7.72 0.356
50.5 2.62 0.458 0.152 1.45
3.52 0.418 0.024 0.434
4.64 0.493 — 0.156
5.64 0.596 0.237 0.115
6.56 1.48 1.10 0.130
7.52 9.00 5.08 0.240
840  63.5 475 1.05
60.0 3.52 0.880 0.143 1.27
5.64 — — 0.248
752 257 18.5 1.08
25.0 8.40 6.29 5.19 0.103

2 Based on intercept values for kg, k., or &, vs buffer concentra-
tion. Initial concentrations were 1.0 x 103 M except for bacam-
picillin (0.5 x 10-3 M) at pH 7.52 and 8.40.

b Reported by Hou and Poole (12).

ampicillin concentration. When the concentration was in-
creased from 0.054 to 0.673 M at pH 9.1, polymerization
increased from 13 to 85%. Equations reported by Bundgaard
(13) indicate that polymerization would be insignificant and
that ampicillin loss can be attributed to hydrolysis under the
present conditions. While the prodrug degradation products
have not been elucidated here or elsewhere (10), B-lactam
hydrolysis is the expected route for competing loss.

Determination of Rate Constants. At a constant pH, in
buffers or dilute hydrochloric acid, loss from a solution of
ampicillin or a prodrug was described by —dC/dt = kt,
which integrates to

Ln[C], = Ln[C], — kt (1)

where [C], is the initial concentration of ampicillin or pro-
drug, k¥ = k, for ampicillin, and k = kg, = k. + k. for
prodrug. The apparent first-order rate constants obtained
from linear plots based on Eq. (1) are reported in Tables
I-III.

In accordance with Scheme I, the concentration of the
prodrug [PD] and drug [D] as a function of time, ¢, may be
written
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[PD]‘ = [PD]oe_(knc + ko)t (2)

[PD]ok,

D), = —————
[kh - (knc + kc)]

[e—(k“c + k)t e(—kh)t] (3)

where [PD], is the initial prodrug concentration.

Based on Eqgs. (2) and (3), simultaneous nonlinear re-
gression (14) was applied to the ampicillin and prodrug con-
centration time course data to estimate k. and k., while 4,
was independently determined from Eq. (1) using data for
ampicillin degradation under identical conditions (Fig. 1).
The k_ values were verified using a published method (15),
whenever reliable estimates for the area under the curve for
formation and loss of ampicillin from ¢ = 0 to « could be
obtained.

pH—-Rate Profiles. The apparent first-order rate con-
stants in the absence of general acid—-base catalysis were
used to construct pH-rate profiles for prodrug conversion
(k.), prodrug degradation (k,), overall loss of prodrug (k)
and hydrolysis of ampicillin (k). The rate constants were
obtained either in dilute hydrochloric acid or from the inter-
cepts of plots for k versus buffer concentration at a constant
pH. When values were too small for reliable intercept esti-
mates, k,. was determined from the difference between the
intercept values for the overall rate constant and the conver-
sion constant, k., — k.. In each case, rate constants were
defined in terms of pH-dependent expressions containing
pH-independent rate constants which were estimated using
nonlinear regression.

The equation reported by Hou and Poole (12) was em-
ployed to describe ampicillin hydrolysis as a function of pH

ky = kmaufia + kmaufra + k(ha + fid
+ kou(Kwau)fq 4@

where ay is the hydrogen ion activity; K, is the autoproto-
lytic constant for water at the reaction temperature; ki, and
ky, are catalytic constants for hydrogen ion; kgy is the cata-
lytic constant for hydroxide ion; k, is the first-order rate
constant for spontaneous solvolysis of the zwitterionic and
anionic species; and fi4, f>4, and f34 are the cationic, zwitter-
ionic, and anionic fractions calculated from the dissociation
constants, K; and K, reported for ampicillin (16).

The pH-rate profiles for loss of bacampicillin and ta-
lampicillin were described by

ksum = kHaHflp + ks(flp + f2p) + kOHl(Kw/aH)flp
+ kom(Kw/aH)fzp (&)

where ko, and koy, are catalytic rate constants for hy-
droxide ion, ky is the catalytic constant for hydrogen ion, &
is the first-order rate constant for spontaneous solvolysis,
and fj, and f;, are the fractions of protonated and unproton-
ated prodrug. These fractions were calculated from the dis-
sociation constants for bacampicillin determined from par-
tial potentiometric titrations owing to alkaline instability (s
= 0.5): 25°C, pK, = 7.20; 35°C, pK, = 6.91; 50.5°C, pK, =
6.58; and 60°C, pK, = 6.35. Talampicillin could not be ti-
trated due to extreme alkaline instability. Its pH-rate profile
data were adequately described by assigning a pK, value
equal to that for the pK, of ampicillin. The catalytic rate
constants which produced the curves representing %, and
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Table ITI. First-Order Rate Constants (min~?!) for Overall Loss of Talampicillin (k) and Conversion

to Ampicillin (k.)

°C pH Concentration (M) 103 gy 10%,
HCl1 NaCl
50.5 0.89 0.15 0.35 8.46 5.53
1.18 0.06 0.44 4.68 2.72
1.38 0.04 0.46 3.94 2.32
1.68 0.02 0.48 3.84 2.31
1.98 0.01 0.49 3.09 2.27
CH,COOH CH,COONa NaCl
50.5 3.52 0.288 0.0288 0.47 4.08 3.01
(=0.01) 0.19 0.019 0.48 3.62 2.49
0.096 0.0096 0.49 2.98 2.21
0.038 0.0038 0.50 2.75 1.96
Intercept® 2.51 1.79
50.5 4.64 0.400 0.400 0.10 20.0 16.2
(+£0.04) 0.300 0.300 0.20 16.3 12.6
0.200 0.200 0.30 11.2 8.64
0.100 0.100 0.40 7.33 5.79
Intercept® 2.93 2.01
50.5 5.67 0.040 0.400 0.10 24.3 16.8
(£0.03) 0.030 0.300 0.20 20.4 14.5
0.020 0.200 0.30 14.9 10.8
0.010 0.100 0.40 9.95 7.75
Intercept® 5.24 3.75
NaH,PO, Na,HPO, Na(Cl
50.5 6.56 0.058 0.058 0.27 S1.1 38.8
(x0.01) 0.048 0.048 0.31 48.6 37.1
0.029 0.029 0.38 359 29.0
0.019 0.019 0.42 32.7 27.3
Intercept® 24.7 20.7
50.5 7.52¢ 0.0096 0.077 0.26 212 195
(+0.05) 0.0072 0.058 0.32 180 158
0.0048 0.0385 0.38 158 138
0.0024 0.019 0.44 124 114
Intercept? 97.9 86.1
HCl1 NaCl
25.0 0.89 0.15 0.35 1.27 0.350
CH,COOH CH,COONa NaCl
25.0 3.53 0.288 0.0288 0.47 0.726 0.462
(£0.01) 0.192 0.0192 0.48 0.635 0.455
0.038 0.0038 0.49 0.507 0.414
Intercept? 0.473 0.409
NaH,PO, Na,HPO, NaCl
25.0 7.526 0.0096 0.077 0.26 14.5 11.2
(+0.05) 0.0072 0.058 0.32 14.0 9.61
0.0048 0.038 0.38 13.4 11.4
Intercept?® 12.3 10.6¢

@ Obtained from plots of kg, or k. versus total buffer concentration.
b Initial concentration was 2.5 x 10-4; all others were 5.0 X 10-4 M.

¢ Average of the k_ values listed.
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Table IV. Catalytic Constants and Energetics for Overall Loss (k)¢ of Talampicillin
and Bacampicillin and for Hydrolysis of Ampicillin (k)%

10%ky, ki 10%; 1073k opy 10~ 3o

Ampicillin

35.0°C 1.69 0.336 0.116 0.0414

50.5°C 7.23 1.02 1.15 0.0709

60.0°C 13.6 3.05 2.90 0.235

E, (kcal/mol-deg) 17.1 17.6 26.5 13.4

InA“ 24.1 27.7 322 25.6
Bacampicillin

35.0°C 8.88 1.24 1.95 1.59

50.5°C 334 4.14 6.66 4.51

60.0°C 79.4 8.38 10.5 7.52

E, (kcal/mol-deg) 17.8 15.5 13.9 12.7

InA¢ 24.4 16.5 30.4 28.3
Talampicillin

50.5°C 3.66 25.7 140. 441.

@ Defined by Eq. (5).

b Defined by Eq. (4).

¢ Units are M~! min—! except k, = min~!.
4 Units for A = M~ ! min—1.

kem in Eqgs. (4) and (5) as shown in Figs. 2, 3, and 4 are listed
in Table IV.

Values for £, as a function of pH in the absence of gen-
eral acid—base catalysis are listed in Tables II and III. The
pH-rate profiles for conversion were described by the fol-
lowing equation:

kc = kHaHflp + ks(flp + f2p)
+ kom(K,Jawfip
+ kou(Ko/awfap (6)

1.0 .. T H] T T 1
0.8 |-\ D ]
0.6 g T

04t A AN 4

FRACTION REMAINING
O

0.2 +

0.0 I} 1 1 1 1
0o 5 10 15 20 25 30

HOURS

Fig. 1. The loss of bacampicillin
(0O) and formation of ampicillin (O)
in 0.44 M acetate buffer at pH 5.64,
= 0.5, 50.5°C, plotted as the
fraction of the initial bacampicillin
concentration as a function of time.
Curves A and B, joining the data
points, are computer fits based on
Eqgs. (2) and (3). Curve C repre-
sents the rozal of bacampicillin and
ampicillin. Curve D is the indepen-
dently observed loss of ampicillin
under identical conditions.

The pH-rate profile for non-drug-forming degradation
of prodrug was described by

knc = kHaHflp + ks(flp + pr) + kOH(Kw/aH)pr (7)

The components of Eqgs. (6) and (7) are defined under Eq.
(5). Values for the individual catalytic rate constants de-
fining k_ and k,. in Eqgs. (6) and (7) are listed in Table V. The
curves representing k. and k., as a function of pH are shown
in Figs. 4 and 5.

Temperature Dependence. Linear plots of kp versus
1/T, based on the Arrhenius relationship

Inkr = InA — E/RT ®)

where R = 1.987 kcal/mol-deg and T is the absolute temper-
ature, were used to determine the activation energies (E,)
and preexponential constants (A) for the first- and second-

10-‘5 T T T T T T T T T §
= o =
S107E
~ =
= C
Z. o
S107
2] =
= C
[e] =
© R
TP
<(1O 3
@ E

10 J S T G 1

012345678 910
pH

Fig. 2. The pH-rate profiles for the ob-
served first-order hydrolysis (k) of ampi-
cillin in the absence of general acid—base
catalysis, p = 0.5, at 60°C (4), 50.5°C
(0), and 35°C using observed () and re-
ported (O) values (12). The curves are cal-
culated using Eq. (4).



294

100 T T T T T ¥ T U T

@]
L

RATE CONSTANT (1/MIN)
3 39

2 3 45

pH
Fig. 3. The pH-rate profiles for the ob-
served first-order loss (k) of bacampi-
cillin in the absence of general acid—base
catalysis, p = 0.5, at 60°C (4A), 50.5°C
(), and 35°C (O). The curves are calcu-
lated using Eq. (5).

10—‘ i A1
0 1 6 7 8 910

order catalytic rate constants, &y, as a function of tempera-
ture (Table IV).

DISCUSSION

Kinetic Scheme. Although the in vivo conversion of
bacampicillin and talampicillin proceeded through a step-
wise process to form ampicillin (17-19), there was no evi-
dence for accumulation of intermediates in the present study
if, indeed, they were formed. The observed rate processes
were Kinetically equivalent to Scheme I. There was no lag

0.9

FRACTION

0.4
10°

T TTTTHY

107"

10’;
107
o 1

Fig. 4. Top: The fraction of talampiciilin
converted to ampicillin as a function of
pH at 50.5°C, p. = 0.5. Bottom: the pH-
rate profiles at 50.5°C, p = 0.5, for (A)
ampicillin degradation, k, (---); (B)
overall loss of talampicillin, &k, (A); (C)
talampicillin conversion to ampicillin, k.
(O); and (D) talampicillin degradation,
k.. (). The curves are calculated from
Eqgs. (4), (5), (6), and (7), respectively.

RATE CONSTANT (1/MIN)
(@]
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Table V. Catalytic Constants Defining Conversion (k.)* and Degra-
dation (k,.)? of Talampicillin and Bacampicillin at 50.5°C*

103y 105, 10~ 3kom; 10 3kop,
Bacampicillin
ke, 5.73 1.93 8.68 2.66
kne 0.295 29.9 1.13
Talampicillin
k. 19.6 176. 107. 41.8
kne 16.6 78.2 6.05

a Defined by Eq. (6).
® Defined by Eq. (7).
< Units are M~! min~! except k, = min~!.

time in the ampicillin formation time course. Furthermore,
when ampicillin was relatively stable, linear first-order plots
using ampicillin data showed no induction period. Based on
similar observations using pivampicillin and bacampicillin,
Bundgaard (10) reported that any intermediate which may
have formed spontaneously decomposed to ampicillin.

Relative Rates of Conversion and Degradation. At
50.5°C, ampicillin degradation was 2.7 times faster than the
overall loss (kg of bacampicillin at pH 0.9, approximately
equal to pH 3.5, and 1/40 as fast at pH 7.5 (Fig. 5). The
conversion of bacampicillin to ampicillin, which was less
than 20% in acid, increased above pH 4 and passed through
a maximum of 75% at pH 6.5 (Fig. 5, top). Thus, ester hy-
drolysis yielding ampicillin (k) predominated near pH 6.5,
whereas k,. was nearly equal to k,,, below pH 4 (Fig. S,
bottom). At pH 0.9, bacampicillin was 3.3 times more stable
to degradation (k,.) than ampicillin (Fig. 5, bottom). Degra-
dation rates were equal at pH 3.5 but ampicillin was 15 times
more stable at pH 7.5.

Ampicillin degradation at 50.5°C was 1.6 times faster
than the overall loss of talampicillin at pH 0.9, approxi-
mately equal at pH 2, 1/6 as fast at pH 3.5, and 1/400 as fast
at pH 7.5 (Fig. 4). Unlike bacampicillin, the fraction of
talampicillin converted to ampicillin increased as a function
of pH, having a minimum of 0.6 at pH 0.9 and reaching a
maximum value of 0.93 at pH 8 (Fig. 4, top). Consequently,
the overall loss of talampicillin at 50.5°C was due primarily
to conversion throughout the entire pH range.

The individual rate constants and fractions converted
were also compared at 25°C using the three pH values, 0.9,
3.5, and 7.5, which represent three unique regions in the
pH-rate profiles. Talampicillin constants were experimen-
tally determined at 25°C (Table III), while the remaining
constants were determined by extrapolation from higher
temperatures using Eq. (8). The extrapolated rate constants
(10%k in min—1Y at 25°C, for pH values of 0.9, 3.5, and 7.5,
are as follows: &, = 1.21, 0.0306, and 0.0170 for ampicillin;
kem = 0.519, 0.0546, and 0.352; and k. = 0.105, 0.0189, and
0.274 for bacampicillin. The corresponding fractions con-
verted are as follows: bacampicillin = 0.20, 0.35, and 0.78;
and talampicillin = 0.28, 0.86, and 0.88.

The ratios of the reactivities of the prodrugs relative to
ampicillin hydrolysis at 25°C were similar to those at the
higher temperature. Ampicillin degradation was two times
faster than overall bacampicillin loss (k,,) at both pH 0.9
and pH 3.5 but 1/21 as fast at pH 7.5. Relative to overall
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Fig. 5. Top: The fraction of bacampi-
cillin converted to ampicillin as a func-
tion of pH at 50.5°C, u = 0.5. Bottom:
the pH-rate profiles at 50.5°C, p = 0.5,
for (A) ampicillin degradation, k, (--);
(B) overall loss of bacampicillin, kg,
(A); (C) bacampicillin conversion to am-
picillin, 4, (O); and (D) bacampicillin
degradation, k. ((J). The curves are cal-
culated from Egs. (4), (5), (6), and (7),
respectively.

talampicillin loss, ampicillin degradation was similar at pH
0.9, 1/15 as fast at pH 3.5, and 1/700 as fast at pH 7.5.

At 25°C, bacampicillin was three times more stable to
degradation (k,) than ampicillin at pH 0.9 and approxi-
mately equal at pH 3.5. At pH 7.5, ampicillin was five times
more stable to degradation. Talampicillin was 1.3 times more
stable to degradation (k,.) than ampicillin at pH 0.9, one-half
as stable at pH 3.5, and 1/100 as stable at pH 7.5.

Page er al. (2,3) have studied the effect of substituents
at the C-3 carboxylate position in penicillins on B-lactam re-
activity. Methyl esters stabilized benzylpenicillin and peni-
cillanic acid to degradation under acidic conditions while
enhancing degradation under basic conditions. In the
present study, the slight reduction in the k,. values relative
to the observed &, values for hydrolysis of ampicillin was
similar to that observed for the methyl ester prodrugs re-
ported by Page ef al. This reduction can be attributed to the
electron-donating effect of the ester group, relative to the
hydrogen on an unsubstituted penicillin, stabilizing the pro-
tonated nitrogen atom and reducing the rate of C—N fission.

Page et al. also reported that alkaline hydrolysis of pen-
icillins involved B-lactam opening via expulsion of a weak
amine. The rates of alkaline hydrolysis of B-lactams showed
an inverse dependency on the pK, of the amine-leaving
group. The alkaline hydrolysis rate for the B-lactam of the
methyl ester of benzylpenicillin was about 20 times faster
than that of benzylpenicillin. This was attributed to a de-
crease of 2 units in the pK, of the amine-leaving group. The
pK, values for the amine-leaving groups in bacampicillin and
talampicillin are not known but would be expected to show a
reduction relative to ampicillin as observed for the benzyl-
penicillin methyl ester relative to benzylpenicillin.
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Storage Stability: A Comparison of UT to Ty, Values
For a first-order degradation having a rate constant, k, the
time during which a solution maintains 90% of its initial con-
centration is defined as Ty, = 0.105/k. Figure 6 shows Ty
values as a function of pH at 50.5°C for ampicillin (curve A;
T = 0.105/k,), bacampicillin (curve C; Ty = 0.105/k,n),
and talampicillin (curve E; Toy = 0.105/kgyp).

Since bacampicillin and talampicillin convert rapidly
and completely to ampicillin in the blood (5-9), the sum of
the prodrug and drug concentration in an intravenous solu-
tion constitutes the bioactivity. The UT can therefore be de-
fined as the time during which the sum of the concentration
of prodrug [PD}, and ampicillin [D], exceeds 90% of the ini-
tial prodrug concentration [PD],. Equations (2) and (3) were
used to describe [PD}, and [D], as a function of time in
aqueous solutions where the observed values for k,,, were
substituted for (k,. + k). The rate constants kg, ke, Knc,
and k, were characterized as a function of hydrogen ion ac-
tivity in Egs. (4)—(7). The utilization time for a solution of
bacampicillin and talampicillin was calculated by using Eqs.
(2) and (3) to determine reiteratively the time at which the
sum of [PD], and [D], decreased to 90% of [PD],. The UT
values as a function of pH are shown in Fig. 6 for bacampi-
cillin (curve B) and talampicillin (curve D).

As illustrated in Fig. 6 using 50.5°C data, prodrug UT
values are alwasy equal to or greater than prodrug Ty
values. In addition, both the bacampicillin and the talampi-
cillin UT values showed a two- to threefold storage advan-
tage over ampicillin at pH values below 3. The UT values
were equal to the ampicillin Ty, value at pH 3.0 and 3.5.
Above pH 3.5, the Ty, for ampicillin exceeded the UT values
and became 8 times larger than that for bacampicillin and 18
times larger than that for talampicillin at pH 7.5.

The rate constants at 25°C were used to compare the
prodrug UT values to the Ty values for ampicillin at pH
values of 0.9, 3.5, and 7.5. The UT/T,, ratios comparing ba-
campicillin to ampicillin at pH 0.9 and 3.5 at 25°C were sim-
ilar to those at 50.5°C (Table VI). The UT/Ty, ratio at pH 7.5
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Fig. 6. Comparison of the utilization
time (UT) and the time for 10% first-
order loss (Tg) as a function of pH.
Curves represent (A) ampicillin Ty, (B)
bacampicillin UT, (C) bacampicillin T,
(D) talampicillin UT and (E) talampi-
cillin Ty, at 50.5°C.
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Table VI. Utilization Times (UT in Hours) for Bacampicillin (BAC)
and Talampicillin (TAL), T4 (Hours) for Ampicillin (AMP), and

UT/T,, Ratios®
Too UT UT/Ty,
°C pH AMP BAC TAL BAC/AMP TAL/AMP
25.0 0.89 1.45 4.15 2.14 2.86 1.48
3.52 57.2 49.4 329 0.864 0.575
7.52  103. 26.6 5.65 0.258 0.0548
50.5 0.89 0.124 0.44 0.476 3.55 3.84
3.52 4.03 4.46 2.57 1.11 0.638
7.52 7.29 0.481 0.287 0.066 0.0394

« Initial concentrations: AMP, 1 X 10-3 M; BAC, 1 X 1073 M ex-
cept at pH 7.52 (which is 0.5 X 1073 M); and TAL, 5 X 10-* M
except at pH 7.52 (which is 2.5 x 10~* M).

and 25°C increased fourfold relative to that at 50.5°C be-
cause the k. /k, ratio decreased threefold at 25°C. In addi-
tion, since the bacampicillin B-lactam is less stable at both
temperatures, the larger fraction converted at 25°C in-
creased the relative concentration of the more stable ampi-
cillin.

The UT/Ty, ratios comparing talampicillin to ampicillin
at pH 3.5 and 7.5 were similar at 25 and 50.5°C (Table VI).
At pH 0.9 and 25°C, the k. value was nearly equal to k, so
that the UT/T,, ratio was close to unity. The greater advan-
tage for talampicillin at pH 0.9 and 50.5°C resulted from the
fact that k. = 0.2 k. The observed 2.3-fold increase in the
fraction converted at 50.5 relative to 25°C was insufficient to
offset this 5-fold increase in 3-lactam stability.

Although bacampicillin and talampicillin did not pro-
vide a dramatic improvement in the storage stability of am-
picillin via prodrug formation, these results illustrate the po-
tential for increased prodrug storage periods when utiliza-
tion time is based on the sum of the prodrug and the drug
remaining in solution. This approach is applicable to intrave-
nous solutions of bioequivalent prodrugs since their poten-
tial for storage improvement depends only on their conver-
sion rate and their rate of degradation relative to the drug
itself. A detailed determination of the effects of the relative

Nguyen, Mortada, and Notari

bioavailability and the rate constants, k;, k.., and k., all of
which influence the utilization time of oral prodrug solu-
tions, is presented in a subsequent paper.

ACKNOWLEDGMENTS

The authors wish to thank Drs. J. L. DeYoung, J. B.
D’Silva, T. Suzuki, and S. Kawamuru, The Wyeth Com-
pany, Pfizer Inc., and Yamanouchi Pharmaceuticals for
kindly supplying ampicillin, bacampicillin, and talampicillin.

REFERENCES

1. M. A. Schwartz and W. L. Hayton. J. Pharm. Sci. 61:906—909
(1972).

2. M. 1. Page. Acc. Chem. Res. 17:144~151 (1984).

. P. Proctor, N. P. Gensmantel, and M. 1. Page. J. Chem. Soc.

Perkin Trans. 11:1185-1192 (1982).

4. A. Tsuji, E. Miyamoto, T. Terasaki, and T. Yamana. J. Pharm.
Sci. 68:1259-1263 (1979).

5. 1. P. Clayton, M. Cole, S. W. Elson, and H. Ferres. Antimicrob.
Agents Chemother. 5:670-671 (1974).

6. Y. Shiobara, A. Tachibana, H. Sasaki, T. Wantanabe, and T.
Sado. J. Antibio. 27(9):665-673 (1974).

7. N. O. Bodin, B. Ekstrom, U. Forsgren, L. P. Jalar, L. Magni,
C. H. Ramsey, and B. Sjoberg. Antimicrob. Agents Che-
mother. 8:518-525 (1975).

8. T. Bergan. Antimicrob. Agents Chemother. 13:971-976 (1978).

9. J. Sjovall, L. Magni, and T. Beran. Antimicrob. Agents Che-
mother. 13:90-96 (1978).

10. H. Bundgaard. Arch. Pharm. Chem. Sci. 7:81-94 (1979).
11. N.-A. T. Nguyen. Ph.D. dissertation, The Ohio State Univer-
sity, Columbus, 1987, pp. 1-25.

12. J. P. Hou and J. W. Poole. J. Pharm. Sci. 58:447-455 (1969).

13. H. Bundgaard. Acta Pharm. Seuc. 13:9-26 (1976).

14. C. M. Metzler, G. L. Elfring, and A. J. McEwen. Biometrics
30:3-4 (1974).

15. R. E. Notari and J. L. DeYoung. J. Pharm. Sci. 64:1148-1157
(1975).

16. J. P. Hou and J. W. Poole. J. Pharm. Sci. 58:1510—-1515 (1969).

17. H. Shindo, K. Kawai, K. Fukuda, M. Matsumura, K. Tanaka,
M. Takana, and T. Yokata. Annu. Rep. Sankyo Res. Lab.
27:150-151 (1975).

18. H. Shindo, E. Shigehara, and K. Kawai. Oyo Yakuri 17(6):923 -
933 (1979).

19. A. Swahn. Eur. J. Clin. Pharmacol. 9:299-303 (1976).

w



