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T R O N

CHAPTER 1
COMPUTER AIDED DOSAGE FORM DESIGN I:
THEORETICAL CONSIDERATIONS FOR CONTROLLED
RELEASE DRUG DELIVERY SYSTEMS



SUMMARY

Theories employing the clinical pharmacokinetic characteristics of a
drug candidate were developed to define the required release rate
constants and payloads for controlled zero-order and first-order
release delivery systems (DDS). Both one and two compartmental
drugs were considered. The goal is to maintain steady state plasma
drug concentrations within a selected concentration range when a DDS
is administered at a constant dosing interval. Steady state plasma
concentration equations were derived. All the acceptable combinations
of release rate constants and doses were determined using the steady
state equations and computer reiterative simulation method.
Mathematical descriptions for the resultant release rate constant - dose
profiles were also developed based on the steady state equations and
the selected concentration range (or therapeutic window). The effects
of absorption (k,), distribution (k;5 and ksg1), elimination (k for one
compartment and kg for two compartment), clearance (CL), and the
window on the release rate constant - dose profiles were examined. In
the case of zero-order systems, a maximum dosage range was
observed. This range appears when the duration of the DDS is an
integral multiple of the dosing interval. It is dependent only on the
window, clearance, and the dosing interval. A minimum required
duration was also observéd for zero-order systems. This duration can
be estimated from the dosing interval, the therapeutic index, and the
apparent half-life of the drug candidate. However, in the case of

first-order systems, the dosage range increases as the release rate



constant decreases and no maximum dosage range was observed. The
utilization of these theories requires values for the micro rate
constants, the volume of distribution, the dosing interval and a
selected window. The application of these theories to the description

of a specific goal in DDS design was also illustrated.



INTRODUCTION

The purpose of a controlled release drug delivery system (DDS) is
to control the rate of drug delivery and thereby control the drug
concentration at the target site. A well designed system may fail to
achieve its clinical goals if the drug which it delivers represents an
irrational choice for the performance characteristics of the system.
Therefore, defining the required delivery system specifications for a
drug candidate can provide an a priori basis for: (1) deciding whether
or not to begin formulation work by comparing the required behavior
to that achievable by the available technology; (2) establishing the
widest range of acceptable performance criteria; and (3) providing a
reference standard to measure the degree of success if formulation is

undertaken.

Drug disposition is determined by the pharmacokinetic properties of
the drug itself. The associated pharmacokinetic parameters can be
used to establish quantitative relationships between the rate of
administration and the steady state drug concentrations in the plasma.
Since this is the basis for the design of controlled release drug
delivery systems, the utilization of clinical pharmacokinetic

characteristics to define performance specifications is expeditious.

The goal for a controlled release drug delivery system may be to
maintain steady state concentrations within a recognized therapeutic
window or to duplicate the range encountered with the usual dosage

forms on a normal regimen. Repetitively dosing a zero-order DDS at a



dosage interval of 1 equal to the duration of the system (T) wil
provide constant steady state concentrations similar to those obtained
by constant-rate i.v. infusion.1 This product specification is
restrictive since it requires a DDS to behave according to T = D/k,

= T,

Several reports discuss controlled release drug delivery system
design using pharmacokinetic approaches.l'11 However, most of these
studies use a single dose plasma concentration time course to define
these parameters.z-10 In addition, previous studies used only a one
compartment model drug which is released from the delivery system
either by a zero-orderl™" or a first-order4’8-10 process. Nelsonz,
Rowland and Beckett3, Robinson and Eriksen?, Dobrinska and Welling®
and Kwan6 have proposed methods to calculate the zero-order release
rate and dose for the.maintenance portion of the delivery system and
the required instantaneous dose to provide a rapid and constant drug
level. However, a single dose plasma concentration time course
equation was used and a single product specification, not a range, was

defined in all previous reports.lm11

Consequently, certain limitations have been imposed when
controlled release drug delivery systems are designed according to the
methods proposed by these authorsl—loz
(1) The use of a single dose equation for the determination of

release rate and dosage size may not be adequate when multiple

dosing is required.

(2) The calculated zero-order release pattern and dosage size are



restricted to delivery systems whose functioning duration T is

equal to the multiple dosing interval, =t.

The current study avoids these limitations by defining the widest
range of product specifications which will satisfy the product goal.
The design and evaluation of these delivery systems is based on
multiple dosing. The criterion used for an acceptable delivery system
is the maintenance of steady state plasma drug concentrations within a
desired concentration range, such as the therapeutic window for the
drug on a repetitive dosage schedule. Moreover, the functioning
duration of the zero-order DDS (T) is not be limited to T= «t,

Multiple dose steady-state plasma drug concentration equations have
been derived and successfully employed to define the required product
specifications by comparing the simulated steady state concentrations

to those desired for the drug candidate.

The method involves three steps to define the release rate and
dosage size profiles for controlled release drug delivery systems using
pharmacokinetic parameters: (1) a mathematical model is established to
describe drug release, absorption, distribution, and elimination; (2)
the behavior of the drug in each component of the model, and the
interdependency of these kinetics, are characterized mathematically;
(3) the performance characteristics for the delivery systems are then
determined by comparing simulated steady-state plasma
concentration-time courses to the desired concentrations and
establishing the maximum range of acceptable specifications by

reiteration.



THEORETICAL SECTION

Scheme I represents zero-order (ky,) or first-order (k;) release
from an orally administered drug delivery system, DDS, followed by

first-order absorption (k,) and disposition (kq12, kyq, and kqg).

kl (First-Order)

DRUG IN DRUG
CONTROLLED DISSOLVED IN
RELEASE DDS ko (Zero-Order) G.I. FLUIDS
ka (Absotption)
kyp M
DRUG << - DRUG IN
DISTRIBUTION - k21 i BLOOD

k1 0 (Elimination)

EXCRETION AND
METABOLISM

Scheme 1

The amount contained in each phase as a function of time will be
designated: [DDS] = drug in the DDS; [DS] = drug in solution in the
g.i. tract; [Al] = drug in the central compartment; [A2] = drug in

the peripheral compartment.

Scheme II represents the oral administration of a drug described

by one compartment model disposition,



4
E

[DDS] » [DS]

Scheme II

where [A] is the amount of drug in the body and k is the elimination

rate constant.

In both cases, the bioavailability of dissolved drug [DS] will be
assumed to be complete (F = 1). This is a reasonable criterion for an

oral controlled release drug candidate.12

Zero-order Release, General. -- The following assumptions have been

invoked to provide all-inclusive solutions. The results are easily
translated to more restrictive situations where limiting assumptions
apply. Previous investigations have assumed that absorption is much
faster than release from the DDS and that T is smaller than the
dosage interval, t. The current treatment places no restrictions on

either ka or T.

In deriving the steady-state equations, it is assumed that all of
the drug is eventually released and absorbed. However, when the
duration of the device (T) is longer than its gastrointestinal transit
time (GIT), part of the dose will be expelled before delivery is
complete. This situation is accommodated by presenting results as

profiles showing the duration of the drug delivery system versus dose



(T vs D). This allows one to select any GIT value and directly
identify from the profiles those products wherein T < GIT. These
profiles also provide a means to define the minimum possible duration

which would result in an effective product.

The overall zero-order release rate at any given time, t, depends
upon the number of functioning units present. When t < T, this
number equals the total number of administered doses (n) since none
have expired. During each dosing interval, when t > T, this number

repetitively alternates between the two values (M + 1) and M where
T = M(1) + At (1.1)

When T < 1, M =0 and At = T. When T > 1, M is a positive integer
defined as M = INT(T/t) and the limits for At are therefore,

0 £ At < 1.

Repetitive dosing equations for zero-order systems have therefore
been derived under two conditions: t <€ M(t) and t > M(t). When
t € M(1), each newly administered dose increases the release rate but
a single multiple dose equation containing the dose number describes
the drug plasma concentration time course. When t > M(1), one unit
expires at t' = At during each 1 interval where 0 £ t' £ ©. This
requires two separate equations to describe the time course during a
dosing interval: one during the period t' < At and another for

t' > At.
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Two Compartment, Zero-order, n-th Dose, Condition 1: t < M(t) --

The total rate of release is nk, during the period, 0 < t < M(1), since

the number of functioning units equals the total number of

-administered doses, n. The differential equations for the amount of

drug in each site in Scheme I during this period are:
-d[DDS]/dt = nk;, (1.2)

d[DS]/dt = nk, - k,[DS] (1.3)

and those for any time period are

d[A1]/dt = ky[DS] - (kqy *+ kyg)[A1] + kyq[AZ] (1.4)

d[A2]/dt = ky9[A1] - ko [A2] (1.5)

Equation (1.4) may be solved for the drug concentration in plasma

during each dosing interval, 0 < t' < 1:

1 nkgkpikg koka(kap—ky)(1-e~KaT)
C = == - e"kat' -
Vi  kzaB ka(a-kz)(Bk,)(1-e~KaT)
koka(kpj-a)(l-e~0OT) koka(kp1—B)(L-e~nBT)
e"at’ — e~Bt'} (1.6)
a(kz-a) (B-a) (L-e~0T) B(ka=B)(a-B)(1-eBT)

where Vy is the volume of the central compartment.

Two Compartment, Zero-order, n-th Dose, Condition 2: t > M(t) --

When t > M(1), one unit expires every time t' reaches At. Therefore,
(M + 1) units function from t' = 0 to At and M units function from At

to 1 ylelding two release rates: (M + 1)k, and (M)k,.
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Once the condition, t > M(1), is satisfied, the same alternating
input pattern is repeated during each dosing interval. The dose
number corresponding to this constantly repeating input pattern is
j = n - M which has an initial value of 1 at t = M(t). The initial
period during each t interval, 0 £ t' <€ At, is described by

1 (MHl)kgkgkay koka(ka1-kya)

T e ka(o-ka) (B-k,)

e-kar(eka(At)_l)(l_e—(j-Z)kaT)

- e~ (j-1 )kaT(eka(At)—Xk ))e Kat !
a

(1-e"kaT)
koks(kap—a) e—aT(ea(dt)-1)(1-e~(i-2)aT)
a(ky-a)(B~a) (1-e~aT)

koka(kp1-8)
(L) at(ealat) g y)emat’ - 2 2L () .

B(ka’ﬁ)(a‘ﬂ)

e~ BT(eB(At)-1)(1-e~(3-2)8BT)

- - e~(3-1)B1(eB(8t)x;5))eBt"} (1.7)
(1-e7PT)

The terminal period, At < t' <€ t, is described by

1 Mkgkgkay koka(kpp=ky)  (eka(dt)-1)(1-e~(i-1)kaT)
C= ——'{ + ( +
Vi  kgaB ka(a-ky) (B-k,) (1-e7kaT)

koka(ko1—a)

a(kz~a)(B-a)

e~(J-1)ka7(eka(at)-x, )) ekat' 4
a

(ea(At)_l)(l_e—(j-l)aT)

+ e—(j—l)a'r(eu(At).xa))e-at' +
(1-e~aT)

koka (kg =B) (eB(8t)-1)(1-e~(3-1)8T)

+ e_(j_l)BT(eB(At)—XB))e_Bt'} .
B(k,~B8)(aB) (1-e~BT)
(1.8)
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where each X factor is X; = (l-e'(M*l)it)/(l-e_it) and i represents

k,, a, or B.

a’

Two-Compartment, Zero-order, Steady State. -- These equations will

describe steady state drug plasma concentration time courses when

j = «» so that eq. (1.7) becomes

1 (M )kgkako koka(kip-kg) (eka(Bt)-1)eKaT
CSS = { - 1 - e~ kat'
Vi  kuaB ky(aky) (8-k,) (1-e7kaT)
koka(ko=a)  (ea(At)-1)earT) o Koka(ka1-8)
- 1 - . e—at’ - -
a(ka—a) (B~a) (1-e7T) B(ka=B)(a—B)
(eB(8t)-1)e—BT)
)eBt'} (1.9)
(1-e~BT)
and eq. (1.8) becomes
1 - ko (AE)-1)
cs8 = — | Mkokakay N koka(ky1-ky)(e*a l)e'kat' +
Vi kpaB kg (ok,)(Bk,)(1-e"KaT)
koka(kz1—a) (e®(AE)-1) koka (ko1 -B) (eB(AL)-1)
e—at' 4 e"Bt'} (1.10)
a(kg-a)(B-a)(l-e™eT) B(kg~8)(a-B)(1-e~BT)

One Compartment, Zero-order, Steady State. -- Using the same

approach for Scheme II, where commonly employed literature

restrictions on T and k, are again omitted, leads to
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1 (M+l)ko koka (eka(At)-1)ekaT ,
CS8 = ___{ - 1~ )e—kat
v k  kalk-kyp) (L-e"kaT)
k. k (ek(At)_]_)e-k'r
- —_— - Jekt'} (1.11)
k(kg-k) (1-e7kT)

when 0 € t' € At and

1 Mko kokqeka(At)-1) k. k,(ek(At)-1)
CSS = _--{ + o’a e—kat' + o4 e"kt'}
Vo ok kq(k-k ) (1-e7kaT) K(ka-k) (L1-e7kT)
(1.12)
when At € t' € 1,
First-order Release, General. -- Contrary to zero-order release, a

first-order process approaches completion asymptotically making the
mathematical solution for the time required to release the full dose
approaches . A practical approach is to consider the effective
duration of the DDS as the time required to release some acceptable
percentage of the total dose. The influence of the time to deliver a
selected fraction of the dose upon the product specifications will be

presented later in the discussion.

Two Compartment, First order, Steady State. -- Solving the

differential equations for Scheme I, where release is first order,

12

applying the multiple dosing factor'“ and setting n = «» provides



k1kaDg (ka1-ky) \
C88 = { e"k]_t +
vy (ka—kyp ) Coky ) (B-ky ) (1-e7KLT)
ko1-k
(k21-ka) et 4
(kp—kg) (akg)(B-ky)(1-e7KaT)
(k1-a) at'
(ki-a)(kz-a)(B-a)(1-e72T)
k -
(k21-8) eBE' )

(k1-B) (ka=B) (a-B)(L-e7BT)

14

(L.13)

One Compartment, First order, Steady State. -- Applying the same

treatment to Scheme II yields

ki kD 1
css = Lav { ekt +
v (ka-ky ) (k=kj ) (1-e~k1T)
1 . 1
e Kat' +
(kp-k,) (k-k ) (l-e7kaT) (k1-k) (ky=k)(1-e~KT)

e~kt' ]

(L.14)
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EXPERIMENTAL

Reiterative Simulations of Steady State Concentration-Time Courses To

Describe DDS Specifications. -- Since eqs. 1.9-1.14 contain both dose

size and release rate constants, there exists the possibility for an
infinite number of combinations capable of maintaining steady-state
concentrations within a selected therapeutic window. These successful
combinations can be found using computer simulations by the following

procedure.

For a given set of vaiues for 1 and the pharmacokinetic parameters
in Schemes I or II, egs. 1.9 - 1.14 are initialized with small values for
dose and release rate constants. Resultant steady state levels are
then compared to the desired limits (Fig. 1.1). For each release rate
constant, the dose size is reiteratively increased and the levels are
tested until all successful dose sizes are found. Then the release rate
constant value is increased and the process repeated. The resultant
release rate-dosé profiles (illustrated in Fig. 1.2) can then be

employed to choose final product specifications.
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RESULTS AND DISCUSSION

Onset of Steady State -- Onset time may be defined as the time

required to reach 94% of the steady state concentration which normally
requires four times the terminal half-life (t’; /z).lz The onset for
first-order systems was observed to occur at four half lives after
initiating the regimen. However, the onset for zero-order systems was
found to be four times the biological half-life plus M(1) since the
release pattern becomes repetitive only after t = M(1). Then

(M + 1)k, is operating during 0 < t' < At and Mk, is in effect during

At < t' < 1.

Verification of Steady State Equations by Comparison to Superposition

Method -- Single dose equations for the four cases represented in
Schemes I and II for k, and k; were derived in the usual manner
(Table 1.1) and the method of superposition was used to generate
steady state time courses using the computer.13 The data points in
Fig. 1.1 are steady state concentrations using superposition while the
curves are calculated using eqgs. 1.9 to 1.14, All tests showed
agreement between the two methods thus verifying the validity of egs.

1.9 to 1.14.

Reiterative Simulations of Steady State Concentrations to Define

Release Rate-Dose Profiles -- Figure 1.2 shows typical release rate

constant - dose profiles (delivery profiles) for zero-order and
first-order systems as obtained by reiteration of release rate constants

and dose sizes in eqs. 1.9 to 1.14 using the therapeutic window and
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rate constant values indicated in the figure. The enclosed area
represents the release rate constant and dose combinations that can
provide steady state concentrations within the therapeutic window.

The shapes of these profiles are similar for both Schemes I and II.

Relationship of the Delivery Profiles to the Steady State Plasma

Concentration - Time Courses, Zero-order DDS -- Figure 1.3 shows a

zero-order release rate profile and its transformed duration-dose
profile (duration profile) for a DDS given every 12 hours with a
therapeutic window of 10 to 20 mg/L. Any DDS on curve A-E will
provide a steady state minimum concentration equal to the lower limit
of the window, Cri?n = Chin = 10 mg/L. Any DDS located on curve
A-F will provide a steady state maximum concentration equal to the
upper limit of the window, C;‘l;x = Cpax = 20 mg/L. The Systems
described within these boundaries have steady state concentrations
which lie within the window without reaching the upper or lower
limits. Furthermore, the DDS at position A will produce a steady
state concentrationv profile which traverses the entire window,

C:l?n = Cphin 8nd Cr?];x = Chax’ since it lies on the iﬁtél:section of
curves A-E and A-F. Those systems located on dotted line E-F all
have a duration equal to the dosage interval: T = t = 12 hours.
These will maintain constant steady state concentrations similar to a

continuous constant rate i.v. infusion. Each of these examples (A

through F) are illustrated in Fig. 1.4.
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Relationship of the Delivery Profile to the Steady State Plasma

Concentration - Time Courses; First-order DDS -- Figure 1.5 shows

the delivery profile for a first-order release DDS when it is given
every 12 hours. Under the conditions given in the figure the
resultant correlations with steady state plasma concentration profiles
are similar to those produced by zero-order release DDS. Any DDS

S8 = C while any DDS on

located on curve A-E will provide Cp 7, = Co.i0
curve A-F will result in C35, = C ... Furthermore, a system at

point A will produce a steady state plasma concentration-time course
which traverses the entire window since it is located on the
intersection of these two curves (Fig. 1.6). However, unlike the
zero-order DDS, there are no first-order systems which can provide

constant steady state plasma concentrations.

Basis for Direct Calculation of Release Rate - Dose Profiles -- Assume

that a successful DDS must provide steady state concentrations which
fall within a desired range; C_; < C% < C_. . Since curve A-F is
associated with C_ . (Figs. 1.3 and 1.5) and A-E is associated with

allows direct calculation

SS and CS% = C

C setting Chax = Crax min

min* min
of the upper and lower dosage boundaries of these rate constant-dose
profiles. This calculation requires values for the time of maximum
(tnax) and minimum (t . ) concentration during each 1t interval.
These values can be calculated for the zero-order case in Scheme II
and approximated by computer reiterative techniques which solve the
equations for dCSS/dt' = 0 in the three remaining cases (see section on

Derivations). The bisectional method used to solve for t .. and t ..
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is a successive approximation similar to that known as Regula Falsi. 14
It locates a root of a function by determining a small interval during
which the function changes sign. This direct calculation method of

boundaries is demonstrated in the following treatment.

Direct Calculations for Delivery Profiles for Zero-order, Two

Compartment -- For a zero-order DDS described by Scheme I, tin’

the time at which CJ§, occurs, is always during the period 0 to At

(confirmed in Derivations). Therefore eq. 1.9 can be used to define

CSS as follows:

ko (M ko1~ (ex(88)-1)e0T
css = — e - (o) [1 - - le”%tmin -
min Vi k1o a(B-a) (1-e™0T)
kp1-8 (eB(At)-1)e BT
Go1™® Je~Btutn) (1.15)
B(a-B) (1-e7B7)

where t .. is expressed in terms of t'. Substituting Cmin for Cr&r}l?n

in eq. 1.15 provides kg(min), the minimum zero-order release rate, for

a DDS of specified duration is defined by eq. 1.16.

(M+1) (kp1-a) (ex(At)-1)emat
ko(min) = {CpiaVil}+{ - - Je"%tmin
kio0 a(f-a) (l-e-aT) :
(k21-B) (eB(Bt)-1)eBT
- —_—1 - ——— e Btmin} (1.16)
3(o-B) (1-e"BT)

Since D = k T = k [M(1) + At], the minimum required dose, Dmin
may be calculated from k (min)[M(t) + At], which follow from

eq. 1.16:
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(M+1) (kp1-a) (e®(At)-1)e-at
Dmin ={CpinVy (Mr+at)}s - [Lr- Je~%tmin
k10 a(B-a) (L-e™aT)
o
(kZ].—B) (eB(At)—l)e_BT
- —I1 - Je Btmin} (1.17)
B(o-B) (1-e™BT)

These equations require reiterative computer techniques to
establish the true value for tmin: Simplified equations were also
developed using the approximation, tnin = 0, based on the observation
that t . is close to O because: (1) the'release rate increases when a
new dose is introduced at t' = 0 and (2) the C;jn value calculated

from eq. 1.15 using the true tni value is greater than or equal to

n
that approximated by setting tmin = 0. Consequently, egs. 1.16 and
1.17 can be simplified to:

(M+1) (k21-a) (ea(Bt)-1)emart
ko(min) = {CpiqVy}e] - - ]
k10 a(B-a) (1~e~aT)
(k31-8) (eB(at)-1)eBT
- - 1} (1.18)
B(cB) (1-e~87)
(1+1) (k21-a) (ex(8t)-1)e~atT
Dpin = {CpinVi(Mrtar)}s{ - -
k1o a(B-a) (1-e~aT)
(k21-8) (eB(Bt)-1)e—BT
B [ - 1} (1.19)
B(oB) (1-e~B7)

Therefore the k (min) and Dp,in Velues can be estimated for any

chosen duration, T=[M(1) + At], since the remaining variables in
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eqs. 1.18 and 1.19 are pharmacokinetic parameters of the drug itself.

The error is small and always errors on the safe side as shown later.

Applying reiterative computer techniques to establish the t .

values, substituting in eq. 1.10 and applying the condition,

C:uslx = Chhaxe leads to
M (kg1-a)(ea(At)-1)
ko(max) = {CpaxVyls{ + e”atmax
kio a(p-a)(l-e™CT)
(kp1-8) (eB(AE)-1)
e~ Btmax} (1:20)
B(a-B)(1-e~BT)
M (k21-a)(ea(At)-l)
Dpax = {CpaxViMrHat)}s{ + e~ Otpax
kio a(B~a)(l-e™0T)
(k1-8)(eB(AE)-1)
e Btmax} (1.21)

B(a-B)(1-e~BT)

Simplified equations were developed using the approximation,

thax = At based on the observations that tnax Is close to At since:

(1) the number of functioning units decreases from (M + 1) to M at At

and (2) the true C35_ is less than or equal to that approximated
max

using t .. = At. Equations 1.20 and 1.21 were thus simplified to
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M (kpp-a)(1-e~a(At))

ko(max) = {CpapVi}+ +
o max' 1l { kLo o( B-a) (1-e~aT)

(kg1-8)(1-e~B(AL))

B(aB)(1-e~BT)

M (kgp—a)(L-e~a(At))

D = {CpauVy (MTHAL) }2{ +
max max" 1l k10 o(B-a) (1-e-aT)

(kg1-B)(1-e~B(AL))

+
B(a-B)(1-e~BT)

Direct Calculations of Delivery Profiles for Zero-order, One

Compartment -- Applying the same approach used for the two

compartment zero-order DDS, the minimum and maximum required

22

(1.22)

(1.23)

release rates and doses for each specific duration for a DDS which

behaves according to Scheme II can be described by eqs. 1.24 to 1.29

based on the computer-calculated values for tin a2nd too.:
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Simplified equations were also developed using the approximations
tmin = 0 and tmax = At based on observations similar to those
described for the two compartment zero-order DDS. In this way,

eqs. 1.26 to 1.29 were simplified to eqs. 1.30 to 1.33.

(ek(st)-1)e kT

ko(min) = {CpinCL}+{(M+1) - [1 - 1}
(1-e7kT)

(ek(At)-1)e~kT

Dpin = {CpinCL(MT+aL)}s{(M+1) - [1 -
(1-e7kT)
(1-e~k(At))
ko(max) = {CpayCL}s{M + }
(1-e7kT)
(1-e~k(at))

Dpax = {CpaxCL(MT+AL)}:{M +
(1-e7kT)

Direct Calculations of Delivery Profiles for First-order, Two

Compartment -- Using the eq. 1.13, after substituting C,, and

Chax for C23%, and Chax: the minimum and maximum dose size fo

given k, can be defined by eqs. 1.34 and 1.35 using the t_ , an

tax Values obtained by computer reiterations.
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(1.30)

(1.31)

(1.32)

(1.33)

T a

d



CninVl (k21-k1)
Dpin = { }+{ e Kitpin +
ki kg, (ka-kq ) (a~ky ) (B-ky ) (1-e7KLT)
(ko1-kj,)
21 "a e Katpin +
(k1 —ka) (k) (B-ky) (L-e"KaT)
(k21-a)
e"otnin +
(k=) (kg=a)(B-a)(1-e™2T)
(k21-8)
21 e Ptmin}
(k1 -B)(ka=B) (a-B)(1-e~BT)
CpaxV'1 (ka1-k1)
Dpax = = e e-kltmax +
ki kg (ky=ky ) (a—ky ) (B-ky ) (L-e7K1T)
(kai-ky)
217 %a ekat 4
(ky-ky) (oky) (B-kg) (L-e7KaT)
(kg1-a)
e" % pax +
(kp-a)(kg-a)(B-a)(l-e™2T)
(ko1-B)
e_Btmax}

(k1—-B)(kg=B)(a-B)(1-e BT)
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(1.34)

(1.35)
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Since the controlled release of drug should be the rate-limiting step
relative to absorption (ky << k,), t. . can be approximated as zero.

However, t must be reiteratively determined by computer methods.

max
Therefore, approximate equations were not examined as substitutes for

eqs. 1.34 and 1.35.

Direct Calculation of Delivery Profiles for First-order, One

Compartment -- The minimum and maximum required doses for each

first-order release rate constant can be calculated from eq. 1.14 by

substituting the t . and t .. values to give:
CoinV 1
Dpin = { e Kitpin +
kika  (ka=kp)(k-kj)(1-e7K1T)
1
e Katpin +
(ky-kg)(k-k,) (1-e"KaT)
1
e Ktpin } (1.36)

(k1-k) (k k) (1-e7kT)
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CpaxV 1
= { e~kitpax +

kiky  (kgkp)(k-kp)(l1-e7kLT)

1
e Katmax +

(k1-kg) (k-kg) (1-e7kaT)

1
e Ktpax } ’ (1.37)

(ky—k) (ky~k)(L-e7kT)

Verification of Boundary Equations for Delivery Profiles by Comparison

to Simulation Method -- Typical boundaries for delivery profiles

calculated by eqgs. 1.16 to 1.37 are shown in Figs. 1.7-1.10. Solid
curves represent the boundaries determined using the thin 2nd tnax
values. The dashed curves represent boundaries calculated using the
approximate t . and t . values. The data points were determined
by the simulation method. In all cases, good agreement between these
three methods verified the validity of eqs. 1.16 to 1.37. The profiles
determined with approximate tnin 8nd thax Values showed minor
differences compared to those determined by the other two methods.
However, the differences are small and the estimates describe a
slightly reduced profile which is contained within the profile described

by simulations for successful systems.
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Since the equations for zero-order systems do not restrict duration
(T) relative to 1, this unique approach can define performance
specifications for systems of any T. Figure 1.11 shows a typical
duration profile for durations up to 41. However, for an orally
administered DDS, a practical limit is imposed on the duration by the
gastrointestinal transit time. The following discussions for oral
zero-order DDS will be limited to those systems where 1 = 12 hours
and the duration is less than or equal to 2t. Any estimated G.I.
transit time less than 24 hours can be accommodated using the

resultant profiles.

In order to better understand the delivery profiles and the

duration profiles, those factors which influence their boundaries were

investigated.

Influence of Therapeutic Window on the Zero-order Duration Profiles --

As shown in Fig. 1.12, the duration profile is reduced when the
therapeutic window is reduced. The D_ .. and D . for a DDS of
specified duration is proportional to the Chax and C.,; as shown by
eqgs. 1.21 and 1.17. It was found that the minimum required duration
(Tipin) observed on any duration profile was dependent upon the
therapeutic index (T.I.), or C_ .. /C ;. The T, for a successful
DDS increased when the T.I. was reduced (Table 1.2). In addition,

values are in agreement with those predicted by

the observed Tmin

Tin =t - ln(cmax/cmin)/k or T =1+ ln(Cmax/Cmin)/B provided

that the B-phase is predominant during t' >t ..
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Influence of Absorption on the Zero-Order Duration Profiles -- For a

long-acting orally administered DDS, release should be the
rate-limiting step. If absorption is rate-determining, the delivery of
drug to the blood will not be controlled by the DDS. As indicated in
Fig. 1.13, the duration profile for a successful delivery system is
reduced as the absorption rate constant, ky, is increased if k, is
involved in the plasma time course. When ka is increased, the Tmin
values increase and the dose range decreases except for the unique
case where T, the duration, is equal to 1 (or its integer multiples).‘
When T=nt, the maximum dose range is independent of k,. Once k,
increases beyond a certain value, further increase will not change the
profile. Then the profiles are identical to those described by

eqs. 1.18, 1.19, 1.22, and 1.23 wherein release is rate limiting. Such
a profile represents the best goal for zero-order DDS design since this

profile is governed by the behavior of the DDS.

Influence of Distribution on the Zero-Order Duration Profiles -- The

influence of apparent volume of distribution was simulated by
examining the effect of changing the k21/k12 values. As shown in
- Fig. 1.14, T .. is increased when the kg;/k 9 ratio is increased.
The dose range for a DDS with a specified T is decreased when
k21/k12 is increased except for the special case, T = nt, where the

dose range remains constant and independent of ky1/kyj.

Influence of Elimination on the Zero-Order Duration Profiles -- The

influence of elimination on the product specifications for successful
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delivery systems was investigated by changing the values for total

body clearance (CL) and biological half-life (Y4 /Z)'

In the case of Scheme I, this was implemented by changing the k10
values. As the clearance value increases (with concomitant decrease
in half-life), .the dose and minimum required duration also increase
(Fig. 1.15). However, the observed required dose is not directly
proportional to the clearance value except when the duration is an
integral multiple of 1. This special case (T=n1) can be verified by

setting At = 0 in eqs. 1.17 and 1.21 to give the following equations.

DLTBT = (C_ ;) (CL) (1) (1.38)
DL-0T = (C o) (CL) (1) (1.39)

For the other conditions (T # nt), both the dosage sizes and ranges

are complicated functions of CL and At.

The observed increase in required dose can be explained by the
fact that the body eliminates the drug more rapidly when the clearance
is increased. As a result, delivery systems designed for drugs with
large clearance values may require payloads which are too large‘ to be

incorporated into the device.

In contrast, the minimum required duration increases as the
biological half-life decreases and clearance increases (Fig. 1.15).
However, when the half-life is kept constant while increasing CL (by
changing kg, kg1, and kqj), Tinin 1s maintained nearly constant
(Fig. 1.16). Thus the Tinin is apparently related to the half-life

value rather than to clearance.
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The steady state time course for a successful DDS with T = Tmin

will transverse the entire therapeutic window resulting in C33, = Cpin

and C35 = C may be approximated by

max max: In addition, since tmi

n
! - | B $
t' =0 (or 1) and t_ .. is approximately t' = At, the time period

SS  can be approximated by t - At. If the concentration

following C_ oo

time course during t' > At is approximated by monoexponential loss,
the maximum time for this phase can be approximated by

C }/B. Consequently, the minimum required duration

te = ~In(Cpin/Crnax

for a successful zero-order DDS can be approximated by:

Toin = T - t (1.40)

This approximation provides a good estimate for a one compartment
zero-order DDS when k, is not rate limiting. A reasonable estimate is
obtained for a two compartment zero-order DDS, when the model

collapses to approach that of a one compartment model!3 (Table 1.3).

Comparison of Zero-order Duration Profiles Between One and Two

Compartment Models -- The duration profiles for one and two

compartment models are similar in shape provided that the therapeutic
window, clearance and dosage intervals are kept constant. The
observed maximum dosage size ranges are then identical and the values
can be calculated using eqs. 1.38 and 1.39. The minimum required
durations are also similar but not always equal. However, values used
for kq9 and kg in the two compartment model can produce a slightly

different duration profile compared to the one compartment model.
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As observed in Fig. 1.17, the difference between a one
compartment model and its corresponding two compartment model (same
CL and t, /2) becomes insignificant when ky; becomes sufficiently
larger than kqg5. As ky; >> kyg, the equilibration between central and
peripheral compartments becomes sufficiently fast to produce a collapse
of the two compartment behavior to that of one compartment.13
However, k;9 does not have a similar effect (Fig. 1.18). As kyp

becomes larger, the peripheral compartment begins to behave as a

second reservoir for the drug.

Determination of Drug Candidacy for Zero-order DDS -- It is both

prudent and expedient to establish a priori information regarding the
suitability of a particular drug for a DDS. Without the benefit of the
current theory, Notari12 has suggested that half-life is one primary
concern for a priori evaluation of drug candidacy. A drug with a
long half-life will not require a long acting DDS. On the other hand,
a short half-life drug may impose technical difficulties due to the large
amount of drug needed to be incorporated in the device. In addition,
as shown in Fig. 1.15, a short half-life drug will require a larger

T,

min thus reducing the tolerance in range of acceptable values for

duration.

In the previous discussions, eq. 1.40 was used to estimate T ;.
for zero-order DDS. Rewriting this equation in terms of the half-life

provides:

Tnin = T~ [t1/9I0(Crqy/Croin)/0.693) (1.41)



S R

33

In addition to either determining T, from the duration profiles or
estimating it from eqs. 1.40 and 1.41, T, values can also be
estimated from plots of the dosage form index (D.I.) versus the DDS
duration (Fig. 1.19). The D.I. (as defined by Theeuwes and
Baynels) is the ratio of the maximum to minimum steady state plasma

concentration. This index represents the fluctuation in the steady

state time course.

Curves representing D.I. vs. duration can be used to estimate
Tinin values for a zero-order DDS which would maintain steady state
levels within the required window for various biological half-life
values. The utilization of these curves can be achieved by first
choosing the desired therapeutic index. Since T.I., the chosen
therapeutic index, represents the maximum D.I. value for the DDS, a
line where D.I. = T.I. (parallel to the x axis) will intersect the
curves at the minimum required duration (T ,,) for a DDS containing
a drug of that tl/Z' All of those systems having D.I. values less
than or equal to this T.I. value will be acceptable. Therefore, the

greater the portion of the curve below the D.I. = T.I. line, the wider

the range of choices and the better the drug candidate.

For example, assuming that the therapeutic window is 10 to 20
mg/L yields a T.I. value of 2. Assuming that t = 12 hours, the
intersection of curve A for t1/2 = (1/12) = 1 hour 'and the D.I. = 2
line occurs at T = 11 hours. Thus a drug with a one hour half-life

will have a Tmin value of 11 hours. For the other half-lives



34

illustrated, the T, values are 10, 9, 8, and 6 hours when t1/2 = 2,

n
3, 4, and 6 hours respectively. All of the curves converge at the
value D.I. = 1 which is the resulting ratio during the constant steady

state concentrations observed when T = 1

Influence of Therapeutic Window on the First-Order Delivery Profile --

Figure 1.20 shows the delivery profiles for first-order release systems
using five different therapeutic windows. As previously observed for
zero-order release, increasing the therapeutic window increases both
the dosage size and range for a DDS with a specified release rate
constant. This increase in the required dose is proportional to the
increase in the size of the window. However, the maximum release
rate constant is dependent only upon the therapeutic index and

independent of the absolute values for C . and C_ ..

Influence of Absorption on the First-Order Delivery Profile --

Figure 1.21 shows delivery profiles for a first-order DDS combined
with various absorption rate constants. When k, increases, the
maximum release rate and the dose range both decrease. However,
the profiles approach & constant boundary when k, becomes

sufficiently large to ensure that release is rate limiting.

Influence of Elimination on the First-Order Delivery Profiles --

Figure 1.22 shows the effect of k, the elimination rate constant, on
the profiles for first-order drug delivery. As k increases, the
required dose increases while the maximum release rate constant

decreases. This can affect the feasibility for designing a first-order
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release DDS in two ways. First, the dose size may become too large
to be incorporated into a single unit when the candidate is rapidly
eliminated (large k). On the other hand, the combination of a slow
release rate constant and a large dose may result in reduced
bioavailability owing to expulsion from the G.I. tract. As illustrated,
the maximum release rate constant for a candidate with k = 0.51 h™! is
0.1 h'1 Assuming the GIT is 12 hours, only 70% of the drug is

released from the DDS during this time.

Defining Specifications for Zero-order DDS Design -- The broader the

product specification goals, the greater is the likelihood for success in
developing a controlled release device. There are two considerations
defined by the duration profiles: (1) duration , which is a function
of release rate; (2) dosage range, which governs the final product
sizes and therefore clinical flexibility. If the widest dosage range is
considered, maximum dose range, then the maximum flexibility in
product size is obtained. However, in that case the DDS must release
its payload uniformly over the exact dosage interval (T=1).
Conversely, if the widest range for the duration is employed, then the
acceptable payload range is minimized. The duration profiles can be
used to reach a compromise between these two conflicting limitations as

illustrated below.

The selection of a dosage size and duration for a twice a day DDS
is illustrated in Fig. 1.23., If the maximum dose range is selected as

the primary consideration (Fig. 1.23A), the DDS will be required to
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uniformly deliver its contents over a period of 12 hours with a release
pattern such as that shown in Fig. 1.23B. Although maximum product
size flexibility is obtained, this restriction on the release pattern will
make formulation difficult and also predispose to clinical failure when
products do not perform within this narrow range. On the other
hand, the widest range of duration, as shown in Fig. 1.23D, allows
specifications for uniform release of the entire contents within the
range of 6 to 12 hours. But then only a narrow dosage range would
be considered as adequate (Fig. 1.23C). Some compromise must be
made to minimize these limitations on the duration and dose range.
Figures 1.23E and F represent one such set of choices. Here, a DDS
which can uniformly release its contents within 8 to 11 hours shows
reasonable flexibﬂity in both the release pattern and also the dosage

range.

Thus, in order to provide a broader target for DDS design, the
duration and dosage range must be optimized. Neither of the extreme
cases, i.e. the widest dosage range or duration range, represent the
most feasible specifications since maximizing one range will restrict the
other. The goal should provide reasonable flexibility in both the

duration and dosage range.

Since intersubject variability in clearance is generally expected,
different dosage sizes, ranges, and T . values are required in
clinical practice. An ideal DDS should provide the necessary

flexibility to accommodate all the patients. The minimum duration
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therefore has to be greater than or equal to the longest required T .
value in a patient population. As illustrated in Fig. 1.24, patients A,
B and C have different clearance values thus producing three
different duration profiles. Based on these three profiles, a duration
of 10 to 12 hours would satisfy the T ;, for all three patients. For
this release pattern, patient A requires a dose size range of 69-102
mg, B 150-196 mg and C 245-286 mg. The ideal payload for a DDS
should accommodate these required dose ranges by changing the
number of units administered. As a result, a 90 mg product of 10-12
hour duration is one choice which provides successful therapy for all

three patients by administering 1, 2 or 3 doses every 12 hours.

Defining Specifications for First-order DDS Design - In contrast tc', a

zero-order system, 100% delivery from a first-order system occurs as
time approaches infinity. Since tp = -In(1-f)/kq, the selected fraction
to be released during a given time interval will determine the minimum
allowable k; value as shown in Table 1.4, The minimum practical
release rate constant will depend upon the fraction (f) selected to be
released during a specified time (t;) and the release rate constant vs.
dose profile. The selected values can be used to evaluate the number
of subjects in a group which may be treated with a given DDS. For
example, the 80% and 95% delivery values associated with te = 12 hours
have been entered as dashed lines in Fig. 1.22. At 95% release in 12
hours, only patient A may be treated with the product while at 80%,
A, B and C but not D may be treated. In order to treat all four

patients, a ky value of 0.1 h™1 is required which corresponds to only
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70% delivery in 12 hours. This would predispose to bioavailability
problems. The determination of payloads and dosage ranges is similar

to that discussed under the zero order systems.
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CONCLUSIONS

A traditional solution for the design of a zero-order controlled
release drug delivery system has been to make T, the duration, equal
to 1, the dosing interval. This restrictive product specification
requires a DDS to behave according to T = D/k, = t. This report
employs clinical pharmacokinetics to define a wide range of product
specifications for a DDS (zero-order and first-order) which can
provide steady state concentrations within a desired range during
repetitively dosing schedules. In addition, this study did not apply
any restrictions on the duration of the delivery system. Therefore, it
provides specifications for a zero-order DDS not only when T = 1, but

also when T < 1t and T > =.

The delivery profiles and duration profiles thus defined provide
the widest acceptable range of product specifications. The utilization
of these theories requires the pharmacokinetic micro rate constants for
the drug candidate and the selection of a desired steady state plasma
concentration. In addition, the theories allow a priori feasibility
assessment for designing a DDS by comparison of the calculated

performance specifications to the available technology.

For a zero-order DDS, the method provides a means to calculate

T the minimum required duration, for a DDS to be successful.

min’
Furthermore, the method can also provide information on the maximum
potential dosage range. These two sets of information can then be

used to determine the suitability of the drug candidate for the DDS.
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For example, a short half-life drug will require a large dose size
which may be impossible to incorporate into the device. Also, it will
require a high T ;. value close to or equal to 1 which limits the
flexibility of the duration selection. Consequently, it may be a poor
candidate. However, for a first-order DDS, the candidacy of the
drug can be determined by examining either the required dose size or
by comparing the acceptable release rate constant, k;, to the minimum
required release rate constant. This is defined as the rate constant

which will release a certain fraction of the dose during a selected time

period.

Since various subjects may represent different pharmacokinetic
behavior for a single drug, the individual pharmacokinetic constants
used in the design calculations for a DDS should be representative of
all the individual patient requirements. This will restrict the range of
the design of an adequate DDS. For example, different T, . ~values
exist for different individuals when a zero-order DDS is examined.
The ideal DDS would require a duration that is longer than the largest
Tinin Value among a group of subjects. Therefore, individual
pharmacokinetic data for a number of subjects which represent the
population are required for the design. In addition, the selection of
the product specifications will also depend on the percentage of
patients to be satisfied. Since the current theories provide
information on the individual requirements based on the delivery

profiles and duration profiles, the influence of patient variablility,

(such as the intersubject variability in the clearance) can be
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considered a priori. The ideal DDS which would accommodate this
variability could then be defined.
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DERIVATIONS

Mathematical Derivation of Boundaries for Delivery Profiles Using Two

Compartment Zero-order Release DDS as Example

The steady state plasma concentration - time course during the

(M+1)k, phase (0 < t < At) can be described by eq. 1.42.

1 (M+l)kok ko Kok (kap—ky) (eka(At)-1)eKaT
CSS = .._.{ - 1 - )e-kat'

Vi ka8 k,Cok,)(B-ky) (1-eKaT)
Koka(kop-a) (e®(8t)-1)e=aT

- 1 - : e—at'
a(ka—a)(B~a) (1-e72T)
kok 4 (ko1 =8) (eB(At)—l)e_BT ,

-2 (1 - Je~Bt'} (1.42)
B(ky-B) (B-) (1-e™BT)

Since the CJ3§, appears during this phase, the first derivative of

eq. 1.42 at t'=t . will equal to O, i.e.,

koka(ka1-ky) (eka(At)-1)e kst Kok, (kp1—a)
1 - le Katmin + [L-
(akg)(Bk,) (L-e7kaT) (ka~a) (B-a)
(e®(At)-1)e-ot Koka(ka1—B)
Je~otmin + -
(1-e™0T) (kg-8)(cB)

(eB(At)—l)e_BT

le Btmin = 0 (1.43)
(1-e~BT7)

Therefore, C3§, can be expressed as eq. 1.44 when t' in eq. 1.42 is
replaced by t .. and then being simplified further by using the

relationship shown in eq. 1.43 and aB=(kyg) (kgy).
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- a(At)-1)eaT
oss = 1 ( M+1)k, ) ko(kap—a) L - (e JeStatn
min vy ko a(B-a) (L-e~9T)
- B(At)-1)e BT
) ko(k21-8) - (e de Je-Btaia} (1.44)
B(B-a) (1-e~BT)

For a successful zero-order released drug delivery system, the Cri?n

has to be greater than or equal to the lower limit of the therapeutic

window, C_ . . Therefore,

1 (MK, Ko (kpp=a) (e(Bt)-1)e~ 0T
css = —| - 1 - Je™%tmin
wn oy kg a(B-a) (1-e70T)
ko(ky1=B) (eB(At)-1)e BT
=2 1 - Je"Btmin} > Cpin (1.45)
B(B-a) (1-e"BT)
Consequently,
(M+1)k ko(kp1—a) (e®(At)-1)eaT
ko > {CminV1}+] > - = 1 - Je"otmin
k10 a(p-a) (1-e™2T)
ko(ko1-8) (eB(At)-1)e~BT
e Je~Btmin] (1.46)
B(B-a) (1-e~BT)

As a result, the minimum release rate (k,(min)) for the successful
delivery system with a specific duration M1 + At can be expressed by
eq. 1.47. Furthermore, since the dose is equal to (M1 + At) (kg), the
minimum required dose for these delivery systems can be expressed by

eq. 1.48.
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(ML )k ko(kpp-a) (ex(8t)-1)e-aT
ko(min) ={CpinV1}+{ - (L - Je"@tmin
k10 a(B~-a) (l-e0T)
ko(k21-B) (eB(At)-1)eBT
o (- ° Je~Btmin} (1.47)
B(B-a) (1-e~BT)
(1) (kp1-e) (emt)-l)e'f“] catyg
D ={CrhinV] (MTHAL) ]} - - e n
min min'l { k1o o(B-a) (1-e-aT)
k21~ 8) (eB(2E)-1)e™BT |
Je® Je~Btnin) (1.48)
B8(a-8) (1-e7BT)

To simplified these two eqs, the assumption of tnin=0 was made and

the results were shown by eqs. 1.49 and 1.50.

(+l) (k21-a) (ea(At)-1)emaT
ko(min) = {Cminvl}%{ - [L - ]
kio a(B-a) (L-e-at)
(k21-8) (eB(Bt)-1)e~BT
) th- 1} (1.49)
B(o—B) (1-e~BT)
(+1) (k21-a) (ea(At)-]_)e—ar
Dpin = {CpinViMt+at)}s{ - 1 -
ko a(B-a) (1-e™0T)
(k21-8) (eB(At)-l)e"BT
) (- 1} (1.50)
B(a—RB) (l—e_BT)

These simplified eqs. were absorption independent since there is no kg

present in these expressions.
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On the other hand, the CJ5.  appears during the Mk, phase of the

steady state plasma concentration - time profile (At < t' £ t). The
equation describes this phase is shown by eq. 1.51.

1 Mkokaka) Kok (kp1—k,) (eka(At)-1) '
css = - + ekat' +

Vi kaoB ka(a-ka) (B-ky) (1-e7KaT)

koka (kg1 ~a) (ex(AE)-1) koka(ky) ~B)(eB(AE)-1)
e—at' 4 e~ Bt } (1.51)

a(kz—a)(B-a)(l-e72T) B(ka=B)(a—B)(L-e~BT)

The first derivative of concentration will equal to 0 when t'ztmax since

it is the maximum concentration. Therefore,

koka(kp1—kg) (eka(At)-1) koka(Kp1—a) (e@(AE)-1) |
e katmax + e~ %tnax

(oky) (Bky)(L-eKaT) (ky—a)(B-a) (L-e~0T)

koka(kop-B) (eB(At)-1)
e Btnax = 0 (1.52)

(ka~B) (a-B) (L-e™BT)
As a result of mathematical manipulation, the Crflzx can be expressed

as eq. 1.53.

1 Mk,  ko(kpy-a)(e®(8E)-1)
CSS = — + e~ %tmax

max V1 ko a(B-a)(1-e~aT)

- g(at)-1
. ko(ka1-B)(e ) e Btnax) (1.53)

B(B-a)(1~e~BT)

For a successful delivery system, the C35.  can not exceed the upper

limit of the therapeutic window, C Therefore, the relationship of

max*

Coax < Cmax has to be satisfied. In other words,
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kg M ky1-a)(e®(At)-1)
C88 = ° + (2170 e"%tmax

max Vi kio a(B-a)(l-e~oT)

kp1-8) (eB(AE)-1)
+ (o - e”Btmax} < Cpax

B(B-a)(L—-e~BT)

(1.54)

Thus,

{ M (kpp-a)(e®(At)-1) .
ko € {CpaxVil® + e Ctmax
©~ max kio a(B-a)(1-e~aT)

(ko1- B) (eB(At)-1)

e Ptmax} (1.55)
B(B-a)(1~e~BT)

As a result, the maximum release rate (kp(max)) and the maximum

dose (D ) for the successful DDS with a specific duration Mt + At

max

can be determined by using eqs. 1.56 and 1.57.

M (kp1-a)(e®(At)-1)
ko(max) = {CpapVi}s{ + e~ atmax
kio a(f-a)(l-e™QT)

(kZL—B)(eB(At)—l)

e Btmax (1.56
B(B-a)(1-e~BT) } )

M " (kg1-a)(ex(At)1)
Dpax = {CpaxVyMt+at)}s{ + e~ atpax
kio a(B-a)(l-e™aT)

(kg)-B)(eB(At)-1)

e~ Btmax} (1.57)
B(B~a)(L-e™BT)
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Further simplification of these two equations were made based on the

assumption of t .. = At, and the simplified equations for ky(max) and

Dihax Were shown as eqs. 1.58 and 1.59.
( M (k21-a)(1-e—a(At))
ko(max) = {Cpa4V1l+ +
° nax k10 a(B-a)(1-e~2T)
(kg1 -B)(1-e~B(AL))
+
B(B-a)(1-e~BT)
M (ky1-a)(L-e~a(AL))
D = {CpaxVi(MTHAt)}+ +
max = {CnaxV1( 2 k1o a(B-a)(1-e™4T)
(kp1-B)(L-e~B(AE))
+

B(B-a)(1-eBT)

(1.58)

(1.59)
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Table 1.1

Single Dose Plasma Concentration-Time Equations for Drug
Delivery Systems Described by Scheme 1 and 1I.

Two Compartment, First—Order DDS, Single Dose Equation

kyk,D (ko1-ky1) (k21-ky)
C = 1¥%a%0 { 2171 ekit 4 217 %a ekt
\A1 (kg=ky)(aky )(B-ky) (k1-kgy)(a-ky) (Bk,)
(k21~a) (ko1-8)
. 21" @ at 4 21 6t]
(k1=a)(kg=a)(B~a) (k1=B)(ka~B)(a-B)

One Compartment, First—Order DDS, Single Dose Equation

k1kaDo 1
C = { e-klt +
v (ka~kp)(k-k1)

L 1
e Kat + ekt

(k1 —ky) (k-k,) (k1=k)(kz~k)

Two Compartment, Zero-Order DDS, Single Dose Equation
(L) £ LT

c=—| - e Kat - e
Vy Ko ka(aky)(B-ky) a(ky=a) (B-a)

L ko koka(ka1-ka) K kokga(kyy-a)

koka(ka1-8)
_ o*al®2l e-Bt)

B(kg~B)(a=8)




Table 1.1 (Continue)

(2) t>T
1 koka(kaj—k,)(ekal-1) koka(kp1~a)(e®T-1)
C=— e"Kat + eat
Vi ka(oka)(B-kg) a(kg—a)(B-a)

koka(ka1=B)(efT-1)

B(ka~B) (a=B)

e~ Bt}

One Compartment, Zero-Order DDS, Single Dose Equation:

(1) t LT
Vo ok k, (k-k,) k(kg—k)
2)t>T
1 kgky(ekaT-1) koka(ekT-1)
C = —{ ekat + e~kt]

v kg (k-k,) k(kgk)

51
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Table 1.2

Effect of Therapeutic Window on the Duration-Dose Profile
for a Successful Zero-order Release DDS.Z

Therapeutic Maximurg Dose T.I. Tin (hours) d
Window (mg/L) Range’(mg) Predicted® Observed

10-15 108-162 1.5 8.7 8.7
20-30 216-324 1.5 8.7 8.7
5-10 54-108 2 6.4 6.3
10-20 108-216 2 6.4 6.3
5-15 54-162 3 3.1 2.9
10-30 108-324 3 3.1 2.9

®k19=3.0 b1, kpy=5.0 b1, ky5=0.2 b1, Kky=5.0 71,
22g.076 h'1, #l0.124 n71, {71=4.5 L, 1=12 hours.

bRequired dose size range for DDS with duration T=nrt.
®Tpin = © - In(T.1.)/8.

dTmin determined from the duration-dose profiles.
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Table 1.3

Comparison of T . Predicted Using Eq. 1.40 to those
Observed for One-amd Two Compartment Zero-order DDS.

A%(h") BP(h™1) Ty, (Hours)

k kg3 kg kg B A%¢  BP:C  Predicted?

0.382 1.0 1.0 1.0 0.382 10.2 10.9 10.2
0.191 0.5 0.5 0.5 0.191 8.3 9.1 8.4
0.293 0.5 1.0 0.5 0.293 9.6 10.1 9.6
0.134 1.0 0.5 0.5 0.134 6.8 8.8 6.8
0.363 1.0 3.0 0.5 0.363 10.1 10.2 10.1
0.114 3.0 1.0 0.5 0.114 5.8 7.0 5.9
0.410 1.0 5.0 0.5 0.410 10.3 10.3 10.3
0.078 5.0 1.0 0.5 0.078 2.9 4.7 3.1

80ne compartment: k,=10.0 h™l, V=4.5 L, and 1=12 hours.
brwo compartment: ka=10'0 h'l, V1=4.5 L, and 1=12 hours.
chin observed from duration-dose profiles.

dTmin calculated using eq. 1.40.



Table 1.4

Comparison of Required k;_for First-order DDS which
Release a Defined Percentage of Its Payloads in 10 and 12

54

Hours
% Released Minimum Required k; (h'l)
100f Tf=10 hours Tf=12 hours
80 0.161 0.134
85 0.190 0.158
90 0.230" 0.192

95 0.300 0.250
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Repetitive dose steady state concentration-time profiles
for DDS described by Scheme I(A) and II(B). Solid
curves are predicted profiles using eqgs. 1.9 - 1.14.
(o) and (*) are predicted values using superposition
and single dose equations (Table 1.1). ¢ represents
zero-order DDS (a and c) and o represents first-order
DDS (b and d) Pharmacokiiletlc parametg_\lrs used :

(A)k 30h1 =5.0 h 0=0-2 h
50‘211,v 45,andzlz}murs(B)k021h1
-4 5 L, and 'r =12 hours. Dashed lines (----- )

represent therapeutic window which is selected as 10 to
20 mg/L.
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Figure 1.2: Typical release rate constant-dose profiles for a

zero-order or first-order release DDS described by
Scheme I. _ Pharmacokinetic values 1ised: k{9=3.0 h'l,
kyy=5.0 h™1, k;=0.2 ™1, k =10 h™!, V=45 L,

and 1=12 hours. Any combination of dose and release
rate constant within the limit will maintain the
therapeutic window in Fig. 1.1.
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Figure 1.3:

Release rate constant-dose profile (a) and transformed
duration-dose profile (b) for a zero-order DDS _ 1
described by Scheme I. _ with valuei: ky9=3.0 h -,
kpy=5.0 h™L, k;p=0.2 b1, k=10 h'1, Vi%a.5 L,

and t=12 hours.
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Steady state plasma concentration-time profiles for the
corresponding DDS and doses indicated in Fig. 1.3.
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Release rate constant-dose profile for a first-order

DDS descriped by Scheme I. with values:

k1573.0 h™}, k=50 h™!, k;5=0.2 b1, ky=10 h71,
174.5 L, and t=12 hours.
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Steady state plasma concentration-time profiles for the
corresponding DDS and doses indicated in Fig. 1.5
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Release rate constant-dose profile for a zero-order DDS
described by Scheme I. (o) represents profile
predicted using reiterative simulation method. Solid
curve (——) represents profile predicted using
eqs. 1.16, 1,17,1.20, and 1.21. Dashed curve (---)
represents profile predicted using eqs. 1.18, 1.19,
1.22, and }.23. Pharmalcokinetic para eters use
k 2-3 Oh » k9175.0 h k{0=0.2 h™ k,=10 h™

1=4.5 L, and =12 hours
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Release rate constant-dose profile for a zero-order DDS
described by Scheme II. (o) represents profile
predicted using reiterative simulation method. Solid
curve (—) represents profile predicted using
eqgs. 1.26 - 1.29. Dashed curve (---) represents
profile predicted using eqs. 1.30 - 1.33.
Pharmaco]&lnetic parameters used: k=0.21 h™ 1

a=5.0 h V=4.5 L, and 1t=12 hours.
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Figure 1.9: Release rate constant-dose profile for a first-order

DDS described by Scheme I. (o) represents profile
predicted using reiterative simulation method. Solid
curve (—) represents profile predicted using

eqs. 1.34 gnd 1.35. Pl_lfrmacokinetic_ 1parameters_ 1used:
k19=3.0 h *, kq¢=5.0 » k1050.2 h *, k=10 h -,
V‘}=4.5 L, and 1=12 hours,



o o o o ‘o
o - -t N N
(€))] o 16) IS o ()]

RELEASE RATE CONSTANT (1/HOUR)

o
o

Figure 1.10:

64

.l R | . | ] k| 1 1 [ 2

0
120 130 140 150 160 170 180 190 200 210 220

DOSE (mq)

Release rate constant-dose profile for a first-order
DDS described by Scheme II. (o) represents profile
predicted using reiterative simulation method. Solid
curve (——) represents profile predicted using

eqs. 1.36 and 1,37. Pharmagokinetic parameters
used: k=0.21 h'1, k,;=5.0 h™1, V=4.5 L, and t=12
hours.
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Figure 1.12:

DOSE (mg)

Influence of therapeutic window on the duration-dose
profile for zero-order DDS. Therapeutic window: (A)
15 - 20 mg/L and (B) 10 - 15 mg/L Phafmacokinetic
parameters_used: k Z'f 0 h™ 155.0 h

k10%0.2 h 1, ky 10]h 4 5 f and 1= 12 hours,
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Influence of absorption on the duratigli-dose profile
for zero-order DDS. k_ used: 0.5 h ~ (- ¢ -)
1.0h 1 (-e-) 2.0n2 (----); and 10 b1 (—).
Pharmacokipetic parameters used: k;9=3.0 hl
k91=5.0 h™%, k45=0.2 h™%, V4=4.5 L, and t=12 hours.
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Figure 1.14:
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Influence of distribution on the duration-dose profile
for zero-order DDS. k21/k12 used: 5.0 (----);
1.67(- * -) and 0.5 (—)., Pharmacokinetic
parameters used: ky;=5.0 h 1, k,=10 h”

k1070.2 hl » V4=4. glL and 1= 12 hours.
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Influence of elimination on the duration-dose profile

for zero-order DDS. kj; used: 0.2 (A); 0.4 (B);

and 1.0 (C) h™ Pharmaiokinetic paraineters used:

k19=3.0 h™*, k,4=5.0 h™*, k,=10.0 h™*, V4=4.5 L,
1 s 221 a 1

and 1=12 hours.
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Figure 1.16:

DOSE (mg)

Influence of elimination on the duration-dose profile
for zero-order DDS with constant B values,
Pharmacokinetic parameters used: ka=10'o-li-1’
V4=4.5 L, and t=12 hours. A: k{y=3.0 h ~, 1
k21=5.0 h_l, and k10=0.2 h_l; B: 12=14.7 h_l,
k91=5.0 h-l’ and k4=0.5 h_l; C: kq9=42.2 h -,
k21=5.0 h -, and k10=1.2 h =,
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Comparison of duration-dose profiles for a one and
two compartment zero-order DDS. Pharmacokinetic
parameters used: k,=10.0 h™ _B,fld =12 hours. One
compartment (——): k=0.363 h ~, and V=6.206 L.
Two compaptment (----): kqp=1.0 h™", ky;=3.0 b1,
k10=0.5 h *, and V4=4.5 L.
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Comparison of duration-dose profiles for a one and
two compartment zero-order DDS. Pharmacokinetic
parameters used: k,=10.0 h™ _afnd 1=12 hours. One
compartment (——): k=0.114 h *, and V=19.74 L.
Two compgitment (----): k{9=3.0 h™%, ky4=1.0 h'l,
k40%0.5 h %, and V4=4.5 L. '
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Dosage form index vs duration of DDS for one
compartment zero-order DDS containing different

half-lives drugs. Pharmacokinetic parameters used:

k_=10.0 h™* V=4.5 L, and 1=12 hours. Half-lives:
l?A), 2(B), 3(C), 4(D), and 6(E) hours. Dashed
line (----) represents D.I. = 2.
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Influence of therapeutic window on the release rate
constant-dose profiles for a first-order DDS described
by Scheme II. Therapeutic window: (A) 5-10 mg/L,
(B) 10-20 mg/L, (C) 15-30 mg/L, (D) 5-15 mg/L, and
(E) 10-30 mg/L. Pharmacokinetic parameters used:
k=0.21 h"%, kg=5.0 h™%, V=4.5 L, and =12 hours.
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Influence of absorption on the release rate
constant-dose profiles for a fir§i—order DDS describ_eid
by Scheme II. k, used: 1.0 h = (— ¢ —), 2.0 h
(=), 3.0 (----), 5.0 (— ¢ ¢ —), and 10 (- .* -)
h™! Pharmacokinetic parameters used: k=0.21 h'l,
V=4.5 L, and t=12 hours.



©o o o o o
- N (& S 8]

RELEASE RATE CONSTANT (1/HOUR)

o
o

Figure 1.22:

76

100 200 300 400 500
DOSE (mgq)

Influence of elimination on the release rate
constant-dose profiles for a first-order DDS described
by Scheme II. k usgt}: 0.11 (A), 0.21 (B), 0.31
(C), and 0.51 (D) h * Pharmacokinetic parameters
used: k. =10.0 h™*, V=4.5 L, and t=12 hours.

Dashed Tinei represent k required 1for a 95%

(k=0.250 h™1) and 80% (k=0.134 h™!) payloads
released during 12 hours interval.
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Possible specified targets for zero-order DDS design.

A, C, and E are the duration-dose profile with
different specified design target. B, D, and F are
the corresponding release profiles for target A, C,

and E, respectively. Explanations refer to the text.
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Determination of DDS specifications for a drug
candidate with intersubject variation on the
duration-dose profiles. A represents the
duration-dose profiles for three patients. B
represents the corresponding release profiles.
Explanations refer to the text.
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SUMMARY

The clinical pharmacokinetic properties of theophylline were used to
define the required release rates and payloads for a controlled release
drug delivery system (DDS). The selected goal was to describe oral
delivery systems (zero-order and first-order) which would maintain
steady state theophylline plasma concentrations between 10 and 20
mg/L when administered every 12 hours. Literature values for
individual pharmacokinetic parameters for 10 children and 23 adults
were employed. The individual required duration-dose profiles
(zero-order DDS) and release rate constant-dose profiles (first-order
DDS) were defined. In the case of zero-order systems, a minimum
duration of 10 hours was required to accommodate all of the children
and adults studied. However, the time required for first-order
systems to release 90% of their payloads (T90) was longer than 14
hours for adults and 18 hours for children in order to provide
successful therapy for all of these patients, An apparent first-order
controlled-release DDS having a release rate constant equal to 0.19 hl
(T90 = 12 hours), while not ideal for every child, was also acceptable.
Simulations using this DDS showed that the worst case did not differ
significantly from the desired plasma concentrations. In addition,
results show that different formulations are required for the pediatric
and adult DDS, For the 10-hour duration zero-order system and the
12-hour T90 first-order system, a unit dose size of 120 mg is
suggested for the pediatric DDS and 500 mg for the adult DDS,

These represent the smallest theophylline payloads.
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INTRODUCTION

The clinical pharmacokinetic properties of a candidate for a
controlled release drug delivery system (DDS) can be employed to
define, a priori, the release rates and payloads required to achieve
the product goals.1 The feasibility for success can be assessed by
comparing these calculated specifications to what is possible using
available technology. This approach provides a basis for establishing:
(1) whether or not the drug is a good candidate for incorporation in
the proposed drug delivery system; (2) the largest possible range of
acceptable product specifications; (3) whether or not it is technically
feasible to achieve specifications within this range, and (4) an ideal
pattern to be used as a reference for the evaluation of product

performance.

Theophylline was selected to illustrate the application of the
previously developed theory to a specific drug.1 Theophylline clinical
pharmacokinetics and pharmacology in humans, together with the
rationale for employing sustained release formulations, have been
reviewed.2:3 In addition to the fact that extensive clinical
pharmacokinetic data have been reported in humans, theophylline is
also a drug with a well-documented, narrow, therapeutic window.

This window, combined with high interpatient variability in clearance,
necessitates carefully monitored administration with individualized
dosage for safe and effecbtive ’cherapy.‘1 Theophylline therefore

constitutes a challenging candidate for application of this theory since
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the required pharmacokinetic data are known but the product
specifications must take into account a narrow therapeutic window and

a need for variable dosage requirements between patients.

The selected goal for this computer-designed drug delivery system
is to maintain steady-state plasma theophylline concentrations within
the therapeutic window using a maintenance dosage interval of 12
hours. The specifications are based on two populations, adults and
children, because of the well recognized higher clearance values in
children relative to adults.? Results will therefore be in the form of

two different sets of product specifications.
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THEORETICAL SECTION

The time course for the concentration (C) of theophylline in plasma

following rapid intravenous administration has been described by:5'8
C = Ae™@t 4 Bo Bt (2.1)

Therefore, Scheme I can be used to represent the oral administration

of a drug delivery system (DDS) which releases theophylline with

either a zero-order (ko) or first-order (kl) release rate constant.

kl (First-Order)

DRUG IN DRUG
CONTROLLED > DISSOLVED IN
RELEASE DDS  k, (Zero-Order) G.I. FLUIDS
ka (Absorption)
DRUG < —  DRUG IN
DISTRIBUTION k2 1 i BLOOD

k1 0 (Elimination)

EXCRETION AND
METABOLISM

Scheme 1

The steady-state plasma concentration - time course equations for

theophyline from a zero-order DDS are
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1 (koq- ka(At)-] ye—k
o5 = | UtHldkokakpy — koka(kp1-ka) S a(At)-1)ekaT g
Vi kyaB ka(a-kg)(B-k,) (1-e~kaT)
koka(koy-a) (ex(At)-1)emart) Kok, (ko1 =B)
- ) e—at' - 1 -
a(kz—a)(B-a) (1-e72T) B(kaz~B)(aB)
(eB(At)-1)e~BT)
e Bt' 2.2
(1-e~BT) ) } @2
where 0 < t' < At and
1 Mkkpk Kok, (kop-k,) (eka(At)-1
css = — oXakK21 . 0 a(kp1-kgz) (eXa )e‘kat' +
Vi k,aB ka(a-ky) (B~ky)(1-e~kaT)
koka(kgi=a)(e®(AE)-1) = K k,(kpj-B)(eB(At)-1)
e~ot' ¢ e"Bt'} (2.3)
a(ka-a) (B-a) (1-e~aT) B(ka~B)(o-B8)(1-eBT)

where At £ t' < 1 and M and At are defined by

T

M(t) + At (2.4)
The duration (T) of the DDS can be calculated from T = D/kg where D
is the dose. Then M is the integer ratio between duration and the

dosing interval (t), M = INT(T/1), and the remaining difference, At,

has the limits 0 € At < 1.

In contrast, a single equation describes the steady-state

concentration for a first-order release DDS.
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css = 1X¥alo 217FL kit' 4
vy (ka-ky ) Ca—ky ) (B-kp ) (1-e7K1T)
(k21'ka)

(k3-k,) Coky) (B-k,y) (1-e"KaT)

e~kat '+

(kp1-a) .
e"at’ +
(ki-a)(ky=a)(B-a) (1-e™aT)
(k21-8)
21 e‘Bt'} (2.5)

(k1-B) (ka-B8) (a-B) (1-e™BT)

By using the reported pharmacokinetic parameters for theophy]lineE"7
in these steady-state equations, profiles representing the acceptable
duration of the DDS versus the dose for a zero-order DDS and the

release rate constant versus the dose for a first-order DDS can be

established. 1

Duration-Dose Profiles for a Zero-Order Release Theophylline DDS --

The boundaries for the region of acceptable product specifications for
successful zero-order release drug delivery systems can be determined

by eqs. 2.6 and 2.7,

(M+1) (k21-a) ' (ea(At)-l)e-aT
Dpin ={CpinV1 (Mt+at)}=f - - Je-atatn
k10 a(p-a) (1-e~0T)
(k21-B) (eB(At)-1)e—BT
) (- Je”Btmin} (2.6)

B(aB) (1-e~BT)
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( M (kzl-a)(ea(At)—l) o
D ={C . Vi (MTt+at)}s + . e~ ®tmax
max max'l k10 o(B-a) (1-e-aT)

(kp1-8)(eB(At)-1)

e Ptmax} (2.7)
B(a-B)(L-e"BT) .

where tmi and tma are the times of minimum and maximum

9 X

steady-state plasma concentration during a single dosing interval
respectively, where 0 < t < 1, The Cmin and Cmax Values represent
the plasma concentration range desired for the drug during therapy.
These two equations can be further simplified to eqs. 2.8 and 2.9 with

the approximations, t =0 and t .. = At.1

min
(M'H-) (kzl-a) (eG(At)_l) -aT
Dinin ={CpinV1 (Mr+at)}+{ - [ - °
kio a(B-a) (l-e—0T)
(kp1-8) (eB(At)-1)e=B8T
T men T 2.
B(o-B) (1-e~BT) 1) (2.8)

M (k21-a)(1-e~a{At)
Dpax ={CpaxVi(Mrtat)}s{ + Gl ° )

k1o a(B-a)(1-e~@T)
(ko1-B)(1-e~B(AL))

B(o-B)(1-e~BT) (2.9
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Release Rate-Dose Profiles for a First-Order Release Theophylline DDS

-- As reported previously,1 the product specification boundaries for
successful first-order release theophylline delivery systems can be

determined by eqs. 2.10 and 2.11.

CpinV (ko1-ky)
Dpin = { min’l }+{ 21 e Kitpin +
. kikg (ka—ky ) (a-ky ) (B-kp ) (L-e7KLT)
(k21-ka)
21 "a e Katmin +
(kp-ky) (oky ) (B-ky)(1-e7KaT)
(kg1-a)
e Otmin +
(kp~a)(kg—a)(B-a)(1-e™2T)
(k91-8)
21 e Btmin} (2.10)
(k1-B8)(ka=B) (a-B)(1-e~BT)
ChnaxV1 ‘ (k21-k1) K
Dpax = { }s e X1 bpay +
kik, (ka-kp)(a-kp )(B-ky ) (L-e7k1T)
(ko1-ka)
217 Ka e_katmax'*'
(kp—kg) (oky) (B-ky) (1-e"kaT)
(kg1-a) :
e_m:max +
(k1-a)(ky—a) (B~a)(1~e™2T)
(k21-B)
e Pt 1ax} (2.11)

(k1-B)(kz=B) (a=B)(1-e~BT)

Using the approximation t = 0, eq. 2.10 can be further simplified
min

cannot be approximated and must be
g

to eq. 2.12. However, t ..

determined by computer reiterative techniques.



CainV1

(k21-k1)

kiky

(ka~ky ) Co~ky ) (B~k) ) (1~e"KLT)

(k21-kg)

(ky~kz) (a~kz) (B~ky)(1~e"kaT)

(k21-a)

(k=) (kz=a)(B-a) (1-e™2T)

(k21-B)

(k1~B)(ka~B)(a-8)(1-e~BT)

+

+

+
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(2.12)
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EXPERIMENTAL

Values for theophylline pharmacokinetic parameters (kqy, koy, kqg
and V;) for each of ten children, ages 1 to 5 years old, reported by
Loughnan et :;1_16 and those for each of 7 adults determined by
Kaﬁmeier et a_18 and 16 adults determined by Mitenko et 8_110 were used
in the current study. However, due to the lack of reported body
weight information in the Mitenko et a_l,lo study, those 16 patients
were used only in the discussions of parameters that do not require
the body weight. For parameters which require individual body
weights, such as the individual required doses, data for the 7 adults

and 10 children were used.

The oral absorption of theophylline in solution is known to be
rapid and complete in children and adults. 2 Reported estimates for k,
(h_l) in adults range from 2.9 to 8.9 h 1,11 Ap estimated mean kg
value of 2.6 h™1 following oral administration of an aqueous solution of
choline theophylline in 6 children (0.6 to 4.5 years old) was reported
by Bolme et g.lo The k, values used in this study are 2.6 hl

(children) and 2.9 h™! (adults).

Calculations are based on oral administration of one controlled
release theophylline delivery system to each of the ten children and
twenty-three adults every 12 hours. The goal used was to maintain
steady-state plasma theophylline concentrations (CSS) within the
therapeutic window of 10 to 20 mg/L.4 The acceptable duration-dose

profiles (duration profiles) representing successful theophylline
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zero-order systems were determined using eqs. 2.6 and 2.7 which
calculate the minimum and maximum dose sizes for each specified
duration. In the case of a first-order theophylline DDS, the release
rate constant-dose profiles (delivery profiles) were defined by
calculating the minimum and maximum required dose sizes for each
individual release rate constant using eqs. 2.10 and 2.11. For the 16
adults studied by Mitenko et 9_!,10 the absolute values for the volume
of the central compartment (V4 in L) cannot be determined since the
body weights for these patients were not reported. Consequently, the
dose sizes calculated for these patients using eqs. 2.6, 2.7, 2.10, and
2.11 provide dose per unit body weight (mg/kg) instead of total dose
(mg). Therefore, only those seven adults reported by Kaumeier et g}B

were used in the selection of dose size for the adult DDS.



91

RESULTS AND DISCUSSION

As previously demonstrated,1 the product specifications for a
successful zero-order or first-order release system can be defined
using the observed clinical pharmacokinetic properties:of the drug
candidate. Therefore, each drug and dosage form presents a unique
problem for the application of this approach. Theophylline was chosen
to demonstrate how to apply this theory to the selection of
performance characteristics for delivery systems employing a 12-hour
dosing interval with a narrow therapeutic window and significant
interpatient variability in clearance.

Zero-order Release -- The acceptable zero-order duration-dose profiles

for two of the ten children (AP and GL) and that determined by the
mean pharmacokinetic parameters for those ten children are shown in
Fig. 2.1. In addition, the duration-dose profiles for each child are
shown in Fig. 2.2, Figure 2.1 shows why profiles that are defined
using mean values of pharmacokinetic parameters cannot be used to
satisfy the individual patient's dosage requirements for theophylline.
Figure 2.3 shows the acceptable duration-dose profiles for two of
seven adults (1 and 7) and that determined by the mean values of the
pharmacokinetic parameters for those seven adults. Figure 2.4 shows

the profiles for all of those seven adults.

Each subject presents a unique profile and each profile has a
different minimum required duration Tmin and effective dose range.

The differences between these profiles are due mainly to intersubject
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variability in clearance (CL).1 Consequently, the selection of delivery
system specifications must allow individualized theophylline dosing to

provide successful therapy by considering each patient's requirements.

These duration-dose profiles are used to define both parameters of
the DDS: ideal duration and dose size. Once these two parameters
are selected, the release rate is determined since zero-order release

rate is defined as dose/duration.

It is necessary to establish the T ;. value required for each
subject in order to determine the ideal duration. These T, ; values
can be observed in the duration-dose profiles constructed using
eqgs. 2.6 and 2.7 (Figs. 2.2 and 2.4) or from the duration-dose
profiles determined using eqs. 2.8 and 2.9 when absorption is a
sufficiently fast process. In addition, when absorption is fast and
assuming that the steady state plasma concentration- time course
during time period of t' 2 At is approximately mono- exponential, the

. 1
Tpin ©an be estimated using eq. 2.13,

T = 1t - (InT.I1./B) (2.13)

min

where the therapeutic index is defined as T.I. = Cmax/cmin'13 Tables

2.1 and 2.2 summarize the Tmin values for children and adults.

The ideal delivery system duration should be equal to or longer
than the minimum value observed for all of the patients. Figure 2.5
shows the relationship between the duration and the percentage of

patients which would receive satisfactory therapy by combining this
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duration with an appropriate dose size. As seen in this histogram,
the minimum required duration to accommodate all of the patients is 9
hours for 7 adults or 10 hours for all 23 adults and 10 hours for
children. The calculated duration for adults is in agreement with the
reported duration of the zero-order release DDS, Theo-Dur, which was

observed by Spangler et al. to be 9.2 hours.14

The required payload depends upon the duration of the DDS,
When the duration is an exact integer multiple of 1, the dose size

range can be determined by eqs. 2.14 and 2.15.

DIAT = (c ) (CL) (1) (2.14)
DI*DT = (C . )(CL)(1) (2.15)

where CL is the total body clearance of the drug and DL;2% and

DrTne:l;(“ are the minimum and maximum dose sizes for a DDS with

T = nt. Assuming all of the payload is absorbed, this is a reliable
indication of the maximum dose range for a zero-order release DDS.
This is a useful first step since it provides largest degree of dosage
flexibility for each patient. However, it would be very restrictive to

use this range for the design of a delivery system since it requires

that the duration must be an integer multiple of .

Figure 2.6 is a histogram showing how the dosage ranges change
as a function of product duration using two children as examples.
Although the observed dosage ranges change markedly as the

durations change, all of these ranges fall within the maximum range
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calculated from eqs. 2.14 and 2.15. . As illustrated by patient MG, the
observed. change in dose range is not significant in some patients. In
contrast, this change can be too large to be ignored (patient JL).
Whether this change in dose range as a function of duration is
significant or not is dependent upon the drug clearance value in a
particular patient. The larger the clearance, the more significant will
be the change in dose range. Therefore, maximum flexibility for
defining product specifications can only be realized by examining the
duration-dose profiles for the entire group and not by the limited

estimate at T = nt. This can be achieved as described below.

Theophylline pharmacokinetics show a high degree of intersubject
variability. Each patient presents a unique dosing problem.4 As
shown by the duration-dose profiles for these patients (Figs. 2.2 and
2.4), each subject has an individual required dose range. An ideal
theophylline delivery system must allow clinical dosage adjustment to
provide appropriate plasma levels for each patient. Tables 2.3 and
2.4 summarize the individusal maintenance dose ranges for both children
and adults using a 12 hour dosage interval. As seen in these tables,
a 10 hour zero-order release DDS of 120 mg provides sufficient
flexibility to dose all of the children in this study. A 500 mg 10-hour
DDS would accommodate the 7 adults. The number of units to be

given every 12 hours to each patient for acceptable individualization is

also listed.
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Even though the suggested maximum 12-hour maintenance dose for
theophylline without serum monitoring is 300 mg for adults whose body
weights range from 35 to 70 kg and 450 mg for those with body

15 some patients may require doses as high

weights greater than 70 kg,
as 1600 mg.16 Using the steady state trough and peak levels observed
during a multiple dose study with a commercially available zero-order
theophylline sustained release product,14 11 out of the 12 adults
studied would require maintenance doses ranging from 280 to 1400 mg
every 12 hours to provide a steady state plasma time course within the

window of 10 to 20 mg/L assuming a body weight of 70 kg and linear

kinetics to calculate the dose.

In addition, adults usually require a smaller dose than children
when doses are normalized according to their total body weights.4 In
this study, the normalized dose range for children is 6.8 to 39.3
mg/kg while that for adults is 4.4 to 24.9 mg/kg for 22 out of 23
subjects. However, it is necessary to desigh two different systems,
specifically for adults and children, since the total dosage ranges for
these two groups do not overlap (see selected DDS ranges).

First Order Release -- Although zero-order release is considered ideal,

prolonged action can also be achieved through controlled exponential
release (apparent first order).13 The release rate constant-dose
profiles for first-order systems are shown in Figs. 2.7 (children) and
2.8 (adults). The mathematical solution for the duration required for
100% release from a first-order system is infinite time. It is therefore

necessary to select a practical limit for the duration. If 12 hours is
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selected as the time for 90% delivery, T90, the release rate constant,
kq, value is 0.192 h"l. This value is indicated by the broken lines in
Figs. 2.7 and 2.8. As seen in Fig. 2.7, only 5 of the 10 children
would be maintained within the therapeutic window (10-20 mg/L) when
properly dosed every 12 hours with this DDS. In contrast, all 7
adults in Fig. 2.8 would exhibit satisfactory concentrations taking the

appropriate dose of a DDS with ky = 0.192 hl every 12 hours.
1

Figure 2.9 summarizes the relationship between the percentage of
patients having acceptable steady-state theophylline concentrations and
the T90 values for the delivery systems. As seen in this histogram,

the minimum T90 value required to accommodate all 7 adults is only 8

0.164 h™1)

hours (k; = 0.288 h™1)and 14 hours for all 23 adults (k;

whereas that required for all 10 children is 18 hours (k; = 0.128 h_l).
A DDS with a.T90 value of 18 hours would deliver only 79% of the
payload during a 12-hour period. This would predispose the product
to bioavailability problems since gastrointestinal transit time may not
be sufficiently long to allow adequate delivery. Although T90 = 12
hours accommodated only half the children (Fig. 2.9), simulations
which combine this release rate constant with the dose corresponding
to each peak k; value in Fig. 2.7, provided steady-state
concentrations within or close to the therapeutic window in all cases.
The greatest deviation was observed for patient GF (Fig. 2.7, No. 7)
where the observed steady-state range was 8.2 to 22.9 mg/L. Of the

two choices, T90 = 12 hours represents a more practical compromise

than T90 = 18 hours since the observed deviation using the 12-hour
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T90 is small. However, tailoring the dose size for at least half the
subjects would become difficult due to the relatively narrow dose range

(Table 2.3).

In addition to the selection of an adequate release rate constant,
the unit dose size must also be determined. The approach used for
zero-order systems can also be applied to first-order drug delivery.
The dosage ranges assocliated with each release rate are listed for the
individual subjects in Tables 2.3 and 2.4. Although the individual
dosage ranges differ for the various release rates, a 120 mg unit size
would accommodate all of the children (Table 2.3) and a 500 mg unit
size all of the adults (Table 2.4) independent of the order.
Individualization of regimens, which is required for theophylline,
would be achieved by administering one to three units every 12 hours
as shown in the tables., Theophylline serum concentrations would have

to be used to individualize the regimen for each patient.
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CONCLUSIONS

The clinical pharmacokinetic properties of a candidate for a controlled
release drug delivery system (DDS) can be employed to define,

a priori, the release rate constants and payloads required to achieve
the product goal. The application of these methods to describe a
theophylline DDS for children and adults has been used to illustrate
the methodology. Although adults usually require less theophylline
than children, when the doses are normalized according to total body
weight,4 the results in this study show that adults require a larger
DDS payload because they require a larger total dose of theophylline,
This is primarily due to the differences in the total body weights. In
addition, the product specifications for the adult system show a
broader range of release patterns for both the zero-order and
first-order systems. This is due to the fact that theophylline has a
longer biological half-life and reduced clearance in adults relative to

children.

Although both zero-order and first-order theophylline systems for
children and adults were described in this report, the zero-order DDS
represents a better choice for theophylline. The first-order
theophylline DDS required at least 18 hours for 90% release in children
and 14 hours in adults. Under these circumstances, bioavailability
would become a primary limitation for the first-order systems.
However, a zero-order DDS of 10 hour duration satisfied the
requirements for both children and adults and this represents a more

reasonable choice considering the gastrointestinal transit time.
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The theories developed for defining the required product
specifications of controlled release drug delivery systems using clinical
pharmacokinetic approach not only provide the widest acceptable
product specifications a priori, but also aid in choosing the release
pattern goal for development of the DDS. Figure 2.10 shows the
required release rate profiles for both zero-order and first-order
theophylline DDS for children and adults. It indicates that zero-order
technology is clearly more likely to succeed and easier to achieve.
First-order systems for children require a release rate constant
providing 90% release in 18 hours. While either zero- or first-order
release may be acceptable for adults, zero-order still remains the
better choice since it provides a range of acceptable release rates not

observed for the first-order case.
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Table 2.1

The Minimum Required Duration (Tmir-) of Theophylline
Zero-Order Release DDS for—Children

Tipin (Hours)

Patient(No.)? Predicted? Observed® Observedd
AP (1) 6.49 6.10 6.70
MG (2) 7.43 7.10 7.50
DN (3) 9.03 9.00 9.40
JM (4) 8.15 8.00 8.40
EC (5) 8.15 8.10 8.50
JC (6) 9.21 9.00 g 30
GF (7) 10.13 9.90 10.30
MA (8) 8.20 7.90 8.30
JL (9) 9.73 9.70 10.10
GL (10) 9.50 9.40 9.80

8Numbers refer to Figure 2.1, initials refer to reference (7).
PCalculated using T, ;, = 1 - In(T.1.)/B.

CObserved from duration-dose profiles determined using
eqs. 2.5 and 2.6.

dobserved from duration-dose profiles determined using
eqgs. 2.7 and 2.8,
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Table 2.2

The Minimum Required Duration (T n) of Theophylline
Zero-Order Release DDS for Adults

Tinin (Hours)
Patient® Predicted? Observed® Observedd
1 4.65 4.20 4.80
2 3.61 3.40 4.10
3 2.94 2.40 3.30
4 5.70 5.40 5.90
5 5.69 5.50 6.00
6 7.12 6.80 7.20
7 8.43 8.20 8.60

8Numbers refer to reference (8).
bCalculated using T, = 1 - In(T.1.)/B.

CObserved from duration-dose profiles determined using
egs. 2.5 and 2.6.

dObserved from duration-dose profiles determined using
eqs. 2.7 and 2.8.



Table 2.3

Individual 12-Hour Maintenance Dose Range for Oral

Theophylline Delivery Systems in Children.

The Selected Drug Delivery System (DDS) Represents One Potential

Unit Size.

104

Dose Range (mg)

Selected DDSY

Patient(No.)® T90=12h T90=18h _ (mg) Units
k,=D/10h k;=0.190h"! X;=0.13h"1
AP (1) 88-140 99-135 92-140 120 1
MG (2) 105-161  120-153 110-160 120 1
DN (3) 150-190 (175)¢ 153-186 180 1.5
IM (4) 164-233  191-219 170-231 180 1.5
EC (5) 167-230  194-220 173-233 180 1.5
JC (6) 196-253 (233)¢ 204-247 240 2
GF (7) 235-244 (230)° 230 240 2
MA (8) 213-306  249-288 222-301 240 2
JL (9) 339-375 (350)°¢ 335-359 360 3
GL (10) 363-432 (399)¢ 367-417 360 3

8Numbers refer to Fig.2.1; Initials refer to reference (7).

bUni'c dose size

= 120 mg/DDS.

®Taken from the dose at peak kq value.
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Table 2.4

Individual 12-Hour Maintenance Dose Range.for Oral
Theophylline Delivery Systems in Adults.

The Selected Drug Delivery System (DDS) Represents One Potential
DDS Unit Size.

Dose Range (mg) Selected DDS?
Patient T90=12h (mg) Units
k,=D/10h k;=0.190n"1
1 364- 612 399- 598 500 1
2 371- 631 403- 620 500 1
3 500- 867 540- 852 750 1.5
4 499- 815 555- 791 750 1.5
5 575- 933 639- 906 750 1.5
6 629- 973 719- 932 750 1.5
7 1161-1630 1378-1525 1500 3

8Unit dose size = 500 mg/DDS
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Duration versus dose profiles for zero-order delivery
systems orally administered every 12 hours to children
AP(1) and GL(10). The dashed curve profile is the
profile defined by the mean values of pharmacokinetic
parameters for the ten children in Table 2.1. The
specifications within each profile provide steady state
theophylline plasma concentrations within the range of
10 to 20 mg/L in the corresponding patient.
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Figure 2.2: Duration versus dose profiles for zero-order delivery

systems orally administered every 12 hours to the ten
children in Table 2.1. The specifications within each
profile provide steady state theophylline plasma
concentrations within the range of 10 to 20 mg/L in the
corresponding patient.
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Figure 2.3: Duration versus dose profiles for zero-order delivery
systems orally administered every 12 hours to adults(1
and 7). The dashed curve profile is the profile
defined by the mean values of pharmacokinetic
parameters for the seven adults in Table 2.2. The
specifications within each profile provide steady state
theophylline plasma concentrations within the range of
10 to 20 mg/L in the corresponding patient.
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Figure 2.4: Zero-order dosage form duration versus dose profiles

for the seven adults in Table 2.2 based on a 12-hour
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Figure 2.6: The range of the acceptable dose size as a function of
the duration of the zero-order delivery system given
every 12 hours as observed in Fig. 2.2 for patient JL
(No. 9) and MG (No. 2). Maximum ranges are
represented by the solid bars where T = n1 and
n=1,2,
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Comparison of the calculated release rate profiles for
zero-order and first-order theophylline delivery
system for children (A) and adults (B): solid lines
represent the ranges for zero-order systems where 12
hours is the selected maximum duration. Dashed
curves represent the required release rate profiles
for first-order systems. Systems are designed to
maintain steady-state theophylline plasma
concentrations between 10 to 20 mg/L when they are
given orally every 12 hours. (-*-°-) represents 10%
payloads remaining to be released from the system.
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KINETICS AND MECHANISM OF CAPTOPRIL OXIDATION
IN AQUEOUS SOLUTIONS UNDER CONTROLLED OXYGEN
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SUMMARY

The stability of captopril in aqueous solutions was studied in the
pH range 6.6 to 8.0 under controlled oxygen partial pressure
(90 - 760 mmHg) with and without the addition of cupric ion at 32°C.
The oxidative product, captopril disulfide, was found to be the sole
degradation product under these conditions. A change in reaction
rate from first order to zero order occurs as the captopril
concentration decreases. The concentration at which the reaction
order changes is a function of pH, oxygen partial pressure, and
cupric ion concentration. The apparent first-order rate constants
show a first-order dependency on both the oxygen partial pressure
and cupric ion concentfation. However, the apparent zero-order rate
constants show a first-order dependency on oxygen partial pressure
and a second-order dependency on cupric ion concentration. As the
pH increases from 6.6 to 8.0, the first-order process becomes more
predominant. A mechanism which consists of cupric ion and molecular

oxygen catalyzed oxidation is proposed to explain those observations.
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INTRODUCTION

Captopril (1-[(25)-3-Mercapto-2-methyl-1-oxopropyl]-L-proline, I)
is a potent and specific inhibitor of the enzyme which catalyzes the
conversion of angiotensin I to angiotensin II.l’2 As a result of this
angiotensin-converting enzyme (ACE) inhibitory activity, captopril is
an effective antihypertensive agent. In addition, captopril is the first
non-peptidic ACE inhibitor and it can be administered both orally and

parenterally.

L Q-COOH HOOC-Q
|

" cooH \
0C. . CHzSH OC—('ZH—CH;—S—S-CHz—(':H—CO
\
o CH, CHa Chy

Like all thiols, captopril is expected to have some degree of
oxidative degradation to form its dimer, captopril disulfide (II).3 In
addition, the amide hydrolysis in aqueous solutions is also possible.
Some studies have been performed to investigate the solution stability
of captopril.4 ¢ Timmins et a_l.4 have shown that oxidation is the
predominant route of degradation over the pH range of 2 to 5.6. As
the pH increases, the thiol oxidation becomes more and more
impor!:ant.3 However, previous studies have not controlled the oxygen
partial pressure above the head space of the reaction mixture. The
role of oxygen was therefore not determined since it was variable

during each reaction.
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In order to characterize the progress of the oxidation and to
elucidate the possible mechanism, studies which control the oxygen
partial pressure are essential. The current studies investigate the
oxidative mechanism of captopril in aqueous solutions under controlled
oxygen partial pressure. In addition, it has been observed that
cyclodextrins can form inclusion complexes with some compounds and
stabilize them against oxidation by molecular oxygen.7'10 This study
also examines the possible stabilization of captopril against oxidation

by cyclodextrins.
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EXPERIMENTAL

Apparatus -- The apparatus had to satisfy the following
requirements: (1) to allow the selection of various oxygen partial
pressures; (2) to maintain constant oxygen partial pressure
throughout an experiment; (3) to permit rapid equilibrium between the
oxygen gas phase and the reaction solution; (4) to provide convenient
introduction of captopril stock solution and sampling. Therefore, the
system had to be a closed system equipped with a gas source and
sufficient stirring to provide efficient mixing between gas phase and
reaction mixture. A modification of the apparatus used by Sokoloski
{11

and Higuch was employed.

The following experimental design (Fig. 3.1) was finalized using
the studies described later in the "Selection of Experimental Methods".
The 5 gallon jar, which serves as the oxygen source, was attached to
the reaction vessel by pressure tubes. A three way valve connected
the oxygen source to the reaction vessel and provided a convenient
port to evaluate the head space of the reaction vessel by vacuum
before introducing the oxygen into the reaction vessel. A mechanical
stirring unit (ACE Glass Inc., Vineland, N.J.) was found to assure
sufficient mixing between oxygen and the reaction mixture. The
reaction vessel (a 50 mL three-neck flask) was immersed in an
isothermal water bath (Haake, Model F, Berlin-Steglitz, West Germany)
to maintain a constant temperature. Serum bottle stoppers were used

to provide & closed system and to serve as a sampling port.
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High Performance Liquid Chromatograph (HPLC) Analysis -- An HPLC

method was developed for the assay of captopril (I) and its
degradation product (II). The isocratic assay was carried out using a
liquid chromatograph system (Model 332, Beckman Instruments, Inc.,
Irvine, CA) equipped with a variable wavelength ultraviolet detector
(Model 1040A, Hewlett Packard, Inc., Waldbronn, West Germany), an
integrator (Model 3090A, Hewlett Packard, Inc.), reversed-phase C-18

column (p-Bondapak C18, Waters Associates), and injection loop size of

20 uL.

Captopril and its disulfide were assayed in reaction mixtures by
HPLC with UV detection at 210 nm due to the lack of significant
absorbance at higher wavelengths (Table 3.1). The flow rate was
1 mL/min. using a mobile phase containing 25% acetonitrile (Omni
Solv., EM Science, Gibbstown, N.J.) and 75% aqueous phosphoric acid
(0.05%). The aqueous portion of the mobile phase was filtered and
degassed before use. The resultant chromatographic characteristics
for these compounds are summarized in Table 3.1. The ratio of the
capacity factors yields an adequate resolution value of 2.68, The peak
area versus concentration detection ranges are shown in Fig. 3.2.
These calibration plots were prepared daily using fresh standard

solutions.

Stability-Indicating Assay -- Figure 3.3 shows HPLC chromatograms

for samples taken at various times during a reaction. These

chromatograms clearly indicate the conversion of peak I to peak II.
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Furthermore, the UV spectra taken at upslope, apex, and downslope
for each peak (1040A detector, Hewlett Packard, Inc.) indicated that
these two peak are consistent with the spectra for each of the two

reference standards (Fig. 3.4).

In addition, mass balance during the reactions (Tables 3.2 - 3.4)
indicates that captopril disulfide is the sole degradation product fc;r
the oxidation of captopril under these conditions. This mass balance
also indicates that the assay is capable of following the progress of
the reaction and quantitatively detecting all the components in the

reaction.

Selection of Experimental Methods -- Two stirring methods (magnetic

and mechanical) were evaluated for their ability to provide adequate
mixing of oxygen with the reaction mixture. The oxidation of
captopril as a function of time, at pH 6.62, 0.1 M phosphate buffer
(u = 0.18) under 1 atm oxygen partial pressure, 32°C, was used to
monitor the influence of these two stirring methods. The continuous
diffusion oxygen bubbles through the reaction was used as a control.
Initial slopes of semi-logrithmic plots show that mechanical stirring

simulated the control condition but magnetic stirring did not

(Table 3.5).

Methods for Captopril Oxidation Studies -- The 5 gallon jar was first

filled with water (Fig. 3.1). The desired oxygen partial pressure was
obtained by displacing known volumes of water with high purity of

oxygen (U.S.P., Liquid Carbonic Co., Chicago, IL) and nitrogen
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(AGA Gas, Inc., Cleveland, OH) through port H. The atmospheric
pressure was determined by a barometer (Springfield Instrument Co.,
Hackensack, N.J.) at the time of preparing oxygen source. The
oxygen partial pressure is calculated according to eq. 3.1.

POy = P(VQ)/(VyN) - Pgon 3.1)
.Where pOy, P, and pygpy represent oxygen partial pressure, total
pressure (barometer reading), and saturated water vapor pressure
under the reaction condition; V5 and V) represent the volumes of

water displaced by oxygen and nitrogen, respectively.

Twenty-five milliliters buffer solutions using salts recrystallized
from hot water to reduce trace metals (Table 3.6) were placed in the
50 mL three-neck round bottom flask, After evacuating the head
space for 5 minutes at 32+0.2°C, the three way valve was turned to
connect the reaction vessel to the oxygen source. The buffer solution
was then equilibrated with oxygen with stirring for one hour. One
milliliter of captopril aqueous stock solution (approximately 5.0><10'3 M)
was introduced into the reaction mixture through the sampling port
using a tuberculine syringe. The reaction mixture was protected from
exposure to light by wrapping the entire water bath and reaction
vessel with aluminum foil. The pH values of reaction mixtures before
and after the reaction did not show significant changes. At
predetermined time periods, approximately 0.8 mL samples of reaction
mixture were taken using a tuberculine syringe. After cooling,

0.5 mL aliquots were quenched by dilution with equal volume of 1% or

2% phosphoric acid solution depended upon the pH of the reaction
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mixture. The pH after this quench was approximately 2 to 3. TFor
those studies with higher initial captopril concentrations, quenched
samples were further diluted to the concentration range of the
calibration curve using a mixture of equal volumes of reaction buffer

and 1% or 2% phosphoric acid solution.

Influence of Cupric Ion (Cu*') -- Various volumes (10 to 50 uL) of

cupric acetate stock solution (7.04x 1073 M) were mixed with 25 mL of
reaction buffer to provide Cu*i+ éoncentration ranging from 2.7><10-6 to
1.35><10_5 M. The reaction was studied using the procedure described

previously.

Influence of Oxygen Partial Pressure -- Reactions were studied using

various ratios of oxygen and nitrogen to provide an oxygen partial
pressure ranging from 90 mmHg to ambient. The influence of oxygen
partial pressure on the oxidation of captopril was examined at 32°C

and pH 6.62 with a Cu** concentration of 1.35x10™° M.

Due to the decreased rate of oxidation of captopril under low
oxygen partial pressure, initial rate studies were employed to
characterize the reaction under these conditions. Three to four
different initial concentrations of captopril (ranging from 1.0x10"% to
5.0><10'4 M) were used in the studies. Loss of captopril and the
formation of captopril disulfide were followed for the initial 10% of the

reaction.
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Influence of pH -- The effects of pH on the oxidation of captopril

were examined from pH 6.6 to 8.0 at constant ionic strength
(v = 0.18)., The studies were performed under pure oxygen with

Cu** concentration of 1.35x10™° M at 32°C.

Influence of Metal Chelating Agents -- Ethylenediaminetetraacetate

(EDTA, G. Frederick Smith Chem. Co., Columbus, OH) and
8-hydroxyquinoline (Aldrich Chemical Co., Inc., Milwaukee, WI) at
concentrations of 2.80x10"4 M were used to examine the influence of

chelating agents on the oxidation of captopril at pH 6.62,

Influence of Cyclodextrins -- Three cyclodextrins (a-, B-, and ¥-,

P.L. Biochemicals Inc., Milwaukee, WI) were examined for their
possible stabilization of captopril against oxidation by the formation of
inclusion complexes. Three conditions were employed in this study:

(1) A pH 6.62 buffer containing approximately 1.0x10™3 M
cyclodextrin (a-, B-, or ¥-) and 1.35x10™° M Cu** ion was
prepared. Reactions were carried out by the addition of
captopril in the usual manner.

(2) Captopril (5.0><10'4 M) and cyclodextrin (2.5x10_3 M) were
dissolved in 25 mL of 0.001 N hydrochloric acid solution and
stirred under nitrogen at 59.0+0.1°C overnight (approximately
18 hours). A 10 mL sample of this captopril-cyclodextrin
mixture was mixed with 15 mL of pH 6.60 0.167 M phosphate
buffer solution to make the final Cu*’ concentration of
1.35x10™° M.

(3) The same experimental procedures described in (2) were



employed except that the reactions between captopril and the
cyclodextrins were carried out at 32.0:0.160 instead of

59.0+0.1°C.
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RESULTS

Identification of Degradation Products -- The conversion of peak I

(captopril) to peak Il was observed in a series of chromatograms
during an experiment (Fig. 3.3). DPeak II was identified as captopril
disulfide by the comparison of its chromatographic behavior and its UV
spectra at various positions on the HPLC peak to that of the reference
standard. In addition, a mixture of a reference standard solution of
known peak area of captopril disulfide shows only one peak at the
retention time of peak II with the expected peak area when mixed with
reaction mixture., The mass balance values (the concentration of
captopril plus twice the concentration of captopril disulfide) are
summarized in Table 3.2 to 3.4 and illustrated in Fig. 3.5. For all
conditions in this study, the mass balance equals the initial captopril
concentration throughout the entire period of reaction indicating that
captopril disulfide is the only degradation product for captopril under

these conditions.

Evaluation of Factors Influencing Concentration - Time Courses of

Captopril Oxidation -- The influence of oxygen partial pressure,

cupric ion, and initial captopril concentration on the stability of
captopril against oxidation were examined. Figure 3.6 shows the loss
of captopril and the formation of captopril disulfide as a function of
time at pH 6.62 under four different oxygen partial pressures.

Figure 3.7 shows the loss of captopril and and the formation of
captopril disulfide as a function of time at pH 6.62, pure oxygen with

four different concentrations of added cupric acetate.



128
The influence of initial concentration of captopril on the reaction
was examined at pH 6.62 with pure oxygen in the presence of

**. The time courses for the loss of captopril and

1.35x107° M of Cu
the formation of captopril disulfide are shown in Fig. 3.8. The
profiles in Fig. 3.8A show that captopril loss is apparent zero order at
low initial captopril concentrations and when the higher initial
condition reactions fall below a certain level. In addition, the
corresponding time courses for disulfide formation also appear zero

order when the captopril concentrations are below a certain level

(Fig. 3.8B).

However, the initial oxidation rate studies for the same range of
captopril concentrations under low oxygen partial pressures (90 -
125 mmHg) suggest that this condition provides apparent first order
loss. The relationship between initial rates and initial captopril

concentrations is shown in Fig. 3.9.

These results indicated that oxidation of captopril cannot be
described by a simple mechanism which applies to all conditions in this
study. Both first-order and zero-order behavior are possible

depending upon the experimental conditions.

Apparent Zero- and First-Order Rate Constants as a Function of

Captopril Concentrations -- Figure 3.10 shows the first-order plots of

captopril and captopril disulfide for the studies at pH 6.62 containing

1.35x10°2 M cu*?

with four different initial captopril concentrations
under pure oxygen. The profiles indicate that oxidation of higher

concentrations of captopril is initially first order. The zero-order
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plots for these same data are shown in Fig. 3.8 which indicate that
after the captopril concentration falls below 1.80x 1074 M, the reaction
was apparent zero order. In addition, Fig. 3.10B indicates that the
formation of captopril disulfide also follows an initial first-order
process changing to zero-order when captopril concentrations are low.
Therefore, first-order behavior is evident at high captopril
concentrations while zero-order becomes predominant when captopril
concentration falls below 1.8x 104 M under these conditions. The
resultant apparent first-order (k;) and zero-order (k) rate constants

are summarized in Table 3.7.

Apparent Zero- and First-Order Rate Constants as a Function of

Cupric Ion Concentrations -- The presence of Cu*' in the reaction

mixture was also found to change the reaction rate from first-order to
zero-order as shown in Fig. 3.11. The captopril concentration at

which the reaction order changes from first to zero-order decrease as
Cu*’ concentration decreases. The resultant apparent first-order and
zero-order rate constants for each Cu'' concentrations are summarized

in Table 3.8.

Apparent Zero- and First-Order Rate Constants as a Function of

Oxygen Partial Pressure -- Figure 3.12 shows the zero-order and

first-order plots for loss of captopril under four oxygen partial
pressures. A change of order from first to zero-order during each of
these reactions was also observed. However, the concentration of

captopril at which the order changes from first to zero decreases as
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the oxygen partial pressure decreases. At a lower oxygen partial
pressure of 90 mmHg, only first-order behavior was studied since
initial rate studies were used because of the slow rates. Table 3.9
summaries the resultant apparent first-order and zero-order rate

constants for these conditions.

Influence of pH and Buffer concentrations on the Oxidation of

Captopril -- The effect of pH on captopril oxidation was examined
under pure oxygen in the presence of 1.35><10"5 M cu*’ at 32°C in
the pH range 6.6 to 8.0. Figure 3.13 shows the zero-order and
first-order plots for the loss of captopril under these conditions.
Both first-order and zero-order behavior was again observed.

Figure 3.14 shows the relationship between pH and the three pairs of
apparent first-order and zero-order rate constants. In addition, the
apparent influence of buffer species on the oxidation of captopril was

insignificant (Fig. 3.14 insert).

Influence of Chelating Agents and Cyclodextrins on the Oxidation of

Captopril -- Figure 3.15 shows the loss of captopril as a function of
time with and without the presence of chelating agents (EDTA and
8-hydroxyquinoline). The results indicated that the chelating agents

have completely stabilized the captopril.

The effect of cyclodextrins (a¢-, B-, and ¥-) were examined under
conditions where the predominant reaction pathway is zero order. The
results are summarized in Table 3.10. Since the resultant zero-order

rate constants were similar to the control studies, either no
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cyclodextrin-captopril inclusion complexes were formed or the inclusion

process does not protect the thiol group against oxidation.
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DISCUSSION

Reaction Order with respect to Captopril -- The oxidation of captopril

in the presence and absence of added cupric ion was found to be a
complex reaction. Results from the studies under pure oxygen and in
the presence of 1.35x 10 M Cu** with various initial captopril
concentrations show that the reaction is zero-order with respect to
captopril when its concentration falls below a certain level (Fig. 3.8).
In contrast, the results from the initial rate studies under low oxygen
partial pressures suggest a first-order reaction with respect to
captopril (Fig. 3.9). Therefore, both zero- and first-order reactions

are possible depending upon the reaction conditions.

Examination of the data in Fig. 3.8 suggest that high captopril
concentrations favor reactions which initially follow first-order kinetics
but later change to zero-order when captopril concentrations decrease
below a minimum level (Fig. 3.10). The results from studies on the
influence of oxygen partial pressure, cupric ion concentration, and pH
also suggest that a change in order occurs (Figs. 3.11 and 3.12).
Based on these observations, the oxidation of captopril appears to
follow a first-order process at the beginning of the reaction when
captopril concentration is high and then change to zero order at lower
concentrations. The concentration of captopril at which the reaction
order changes depends upon the reaction conditions such as oxygen

partial pressure, cupric ion concentration and pH.
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Effects of Trace Metals on the Oxidation of Captopril -- The possible

influence of trace metals in the reaction mixture was examined. The
water used in preparing the buffer solutions and stock solutions of
captopril was filtered (Milli-Q, System, Millipore Co., Bedford, MA) to
minimize the possible contamination by trace metals. Successive
recrystallization of buffer salts from hot water was used to remove the
trace metals present in the commercially available buffer sa.lts.12
However, results indicated that either there is no significant amount of
trace metals in the salts or the purification process did not remove the

trace metals since no significant change in the oxidation rate was

observed.

To further verify the catalysis by trace metals, two chelating
agents were added to reaction mixtures. As shown in Fig. 3.15, no
reaction was observed in the presence of either EDTA or
8-hydroxyquinoline. Since EDTA and 8-hydroxyquinoline represent
two different chemical types of chelating agents, this retardation of
the oxidation of captopril was believed to be due to the inactivation of
trace metals in the reaction mixtures and not a direct participation by

the agents themselves.

Cupric Ion Dependency of the Oxidation of Captopril -- The

dependency of the apparent first-order and zero-order rate constants
on the cupric ion concentration is shown in Fig. 3.16. The
first-order rate constants show a linear relationship with the

concentration of added cupric ion (Fig. 3.16A). The intercept in this
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plot represents the first-order rate constant when there is no added
Cu'*. This value is in agreement with the results determined for the
captopril oxidation in the absence of additional Cu'*. 1In contrast, the
zero-order rate constants represent a more complicated relationship to
added Cu'** (Fig. 3.16B). This relationship can be described by a
second-order dependency since ko/CuH versus Cu'’ is linear. In
addition to the cupric ion dependency for both the apparent first- and
zero-order rate constants, the concentration of captopril at which
reaction changes from first- to zero-order decreases as the cu*t

concentration decreases.

Oxygen Dependency of the Oxidation of Captopril -- Figure 3.17

shows the dependency of apparent first- and zero-order rate constants
on oxygen partial pressure. This indicates that oxygen molecules are
involved in the rate limiting step for both cases in which the
first-order and zero-order reaction is predominant. While the rate of
loss of captopril may be either first-order or zero-order with respect

to captopril, it is first order with respect to [O,]

Mechanism -- The autooxidation of thiols by molecular oxygen has
been previously studied and the following mechanism was proposed

(Scheme 1),13-15

K
RSH + B~ mRS- + BH (3.2)
_ ky .
RS + Oy ———>RS* + Oy (3.3)
k3

RS™ + 05 ———>RSe + 0,2 (3.9)
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k

JRSe ———1t> RSSR (3.5)
-2 k5

20,2 +2BH ——2—» 0, + 2B + 20H" (3.6)

Scheme 1

Using this scheme and applying steady state assumptions for RS¢ and
05, the reaction rate law can be described by eq. 3.7 which predicts
a first-order dependency on thiol concentration after the initial lag
time,

d[RSH]p/dt = -2k2{K[B']/(K[B']+[BH])}[02][RSH]T (3.7)
where [RSH]r represents total thiol concentration, K is the
equilibrium constant for step 3.1, and [O,] is the dissolved oxygen
concentration. However, results in this study show that first-order
behavior was not followed under all conditions. In addition, this
scheme cannot explain the rate change from first order to zero order.
This phenomenon of order change has also been observed by Cullis
et _a__l.16 The existence of a zero-order process was reported by
Rippie and Higuchi in the oxidation of 2,3-Dimercapto-1-propanol
(BAL).17’18 Consequently, Scheme I cannot satisfy these

observations.

A mechanism has previously been proposed for the case where

heavy metal ions are present in the reaction mixture (Scheme II).19

RS™ + MM*D* ey R5e 4+ M0 (3.8)

2RSe » RSSR (3.9)
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aMP* + Op ———2m(P*1D)* 4 ;2 (3.10)
032 + 2Hy,0 ——H,0, + 20H" (3.11)
Scheme II

Cullis et _a_l.zo and Swan et a_.l.z1 observed that the reaction order with
respect to thiol concentration is dependent upon the kind of heavy
metal ions present. A zero-order reaction was observed when copper
and cobalt were added while addition of nickel resulted in a first-order
reaction. According to Scheme II, when step 3.10 becomes
rate-limiting the reaction rate will become independent of thiol
concentration and reaction order becomes zero with respect to thiol.
On the other hand, when step 3.8 becomes rate-limiting, the reaction
is first-order. In this study, reactions were first-order when the
captopril concentration was high and zero-order when this
concentration decreased. According to Scheme II, however, when the
captopril concentration is high, step 3.10 should become rate-limiting

and a zero-order reaction should result. This is contrary to the

observed results,

Although the oxidation of thiol catalyzed by heavy metal jons is
usually faster than that catalyzed by molecular oxygen, these two
reactions co-exist when metal ions are present. The competition by

these two pathways can explain the observations (Scheme III),

k
RS™ + Cu** — L L RS+ + Cu* (3.12)
+ kz +4+ -2
2Cu* + 0, —2Cu’* + 0, (3.13)
k3

RS™ + 0O, ——>RS* + 0, (3.14)
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kq
RS~ + 05 ——> RS+ + 02 : (3.15)
ks
2RSs. ——> RSSR (3.16)
kg
032 + 2H,0 —— H,0, + 20H" (3.17)

Scheme III

Employing the steady state assumptions for 05, the rate of loss of
captopril can be described by eq. 3.18,

d[RS"]/dt = -k{[RST][Cu’*] - 2k4[RS7][0,] (3.18)
Since the oxidation of cuprous (Cu+) to cupric (Cu“) jon is known to
be the slow reaction when the pH of the reaction mixture is
increased,22 reaction 3.13 can represent the rate-limiting step relative
to reaction 3.12. Applying the steady state assumptions for Cu“,
eq. 3.18 can be rewritten as eq. 3.19.

d[RS ]/dt = -2k2[Cu+]2[02] - 2k3[RS7][0,] (3.19)
When the captopril concentration is small, the contribution of the
second term in eq. 3.19 becomes insignificant and the reaction becomes
zero-order with respect to captopril (eq. 3.20).

d[RS"]/dt = -2k2[Cu+]2[02] (3.20)
However, when the captopril concentration is high, the direct

oxidation of captopril by molecular oxygen becomes significant and the

reaction becomes first-order with respect to captopril.

Both the observed first- and zero-order rate constants are
dependent upon cupric lon concentrations. When the cupric ion

concentration is low, the rate-limiting step for cupric-ion catalyzed
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oxidation is reaction 3.12. Consequently, the reaction follows a
first-order process with respect to captopril concentration (eq. 3.18).
These first-order rate constants show a first-order dependency on
cupric ion. In addition, as cupric ion concentration decreases, the
change in the rate-limiting step from reactlion 3.12 to 3.13 is observed
at lower captopril concentrations. Consequently, the change in order
was observed at lower captopril concentrations. When the cupric ion
concentration was increased to a certain level, the importance of
reaction 3.13 as rate-limiting step increases and the cupric ion
catalyzed oxidation becomes zero-order. Therefore, the observed
first-order rate constant becomes independent of cupric ion
concentration. When the zero-order reaction was observed, the rate

law indicates a second-order dependency on cupric ion concentration

(eq. 3.20).

The saturated oxygen solubility can be described by Henry's law
when oxygen pressure is under 1 a'cm,23 [O,] = k[pOy], where [O,]
represents oxygen solubility and [pO4] represents the oxygen partial
pressure above the solution. A first-order dependency on dissolved
oxygen concentration for the rate of loss of captopril shown by
eqgs. 3.19 and 3.20 can be translated to first-order dependency on
oxygen partial pressure. This is the type of behavior that was

experimentally observed.

When the pH was increased from 6.62 to 7.94, the captopril

concentration at which the reaction rate changes from first order to
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zero order is decreased. As the pH increases, the concentration of
thiol anion (RS™) increases. Consequently, the direct oxidation of
captopril by molecular oxygen becomes more significant and competes
more favorably with cupric-ion catalyzed pathway. Therefore, the

apparent first-order process becomes more dominant.

Based on the above discussions, Scheme IIl represents a mechanism

which is consistent with the experimental observations.
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CONCLUSION

The oxidation of captopril to its disulfide is the predominant
degradation pathway in pH range of 6.6 to 8.0 with or without the
presence of cupric ion. Depending upon the reaction conditions, the
progress of the reaction follows first-order and zero-order kinetics
with respect to captopril. Usually, a first-order reaction will change
to zero order when captopril concentration decreases below minimum
value. The concentration at which the order changes is a function of
pH, cupric ion concentration, and oxygen partial pressure. The
apparent first-order rate is first-order with respect to both the
oxygen partial pressure and cupric ion concentration. However,the
zero-order rate process shows a first-order dependency on the oxygen
partial pressure and a second order dependency on cupric ion

concentration.

It was found that previously proposed mechanisms for thiol
oxidation in the presence and absence of heavy metal ions cannot
adequately describe the observed results. A mechanism which involves
both heavy metal ion catalyzed and direct molecular oxygen catalyzed
oxidation is proposed. This proposed mechanism describes the
experimental results including the. observed change in rate-limiting

step which occurs as a function of reaction conditions.

Although cyclodextrins have been reported to protect some
compounds against oxidation, the rate of captopril oxidation was not

reduced by a, B or ¥ cyclodextrin. This may be due either to
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unsuccessful formation of inclusion complexes or the fact that inclusion

complex formation does not protect captopril against oxidation.
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Table 3.1

HPLC analyses and chromatographic charcteristics for
captopril and captopril disulfide

Compound A-aax Retention Capacity Detection 4 gcvP
(nmy Time (mL) Factor(k) Range(107M)

Captopril 198 5.6 1.24 0.1-1.0 1.8
Captopril 198 10.9 3.32 0.05-0.5 1.8
Disulfide

UV wavelength of maximum absorptivity in the mobile phase.

bCoefficient of variation is based on the area under the peak
from four replicate analyses of standard solutions containing
15.5 ug/mL of captopril and 8.5 ug/mL of captopril disulfide.



Mass balance for captopril oxidation at pH 6.62,0.1M

Table 3.2

phosphate buffer(u=0.18),p0,=732.9mmHg,322C in absence

of hight
Time Captopril Captopril. Disulfide %
(min.) (10¥ M) (10° M) Recovery?
3 18.32 0.21 98.8
10 18.09 0.25 98.0
20 17.51 0.49 97.4
30 16.41 0.74 94.3
45 16.22 1.10 97.1
61 15.02 1.55 95.5
90 13.41 2.29 94.9
120 12,04 2.92 94.3
180 9.57 4.05 93.2
240 7.19 5.29 93.7
300 3.66 6.97 92.7
360 0.95 8.39 93.4

8% Recovery

100x (Captopril + 2xCaptopril Disulfide)/Cap,
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Table 3.3

Mass balance for captopril oxidation at pH 6.62,
2 =729mmHg, Cu— =1.35x10—-M, 32°C in absence of

lght.

Time Capgoprﬂ Captopril. Disulfide % o

(min.) (10° M) Recovery
2 31.52 1.17 98.9
15 30.20 1.93 99.5
30 27.42 2.97 97.5
50 24,29 4.63 98.0
70 21.28 6.08 97.7
90 18.31 7.62 98.1
120 14.34 9.35 96.6
150 11,37 11.49 100.4
180 7.64 12.98 98.2
210 5.13 15.25 104.5
270 -- 17.03 99.5

8% Recovery = 100x (Captopril + 2xCaptopril Disulfide)/ Cap
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Table 3.4

Mass balance for captopril oxidation at pH 6.62,
P0,=322mmHg, Cu™™ =1.35x10—“M, 32°C in absence of

‘ Hght.

Time Capgopril Captopril Disulfide % a

(min.) (10° M) (10° M) Recovery
2 16.93 0.78 99.4
15 15.94 1.07 97.2
30 15.60 1.38 98.7
45 14.52 1.91 98.6
60 13.28 2.15 94.6
80 13.00 2,79 99.9
150 9.85 4.50 101.3
180 8.16 5.09 98.6
210 7.23 5.82 101.4
240 5.34 6.18 95.1
270 3.99 7.19 98.8
300 2.66 7.82 98.4
360 0.53 8.55 94.8
600 -- 8.56 92.0

8% Recovery = 100x (Captopril + 2xCaptopril Disulfide)/Capy,
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Table 3.5

Selection of experimental conditions which simulate the
continuous flow of oxygen bubbles through the reaction

mixture.2
Method SlopeP % Residual®
Magnetic 3.16+0.11 50%
Stirring
Mechanical 4,04+0.08 40%
Stirring
Controld 3.99+0. 14 35%

8Experimental condition: pH 6.62, 0.1M phosphate
buffer (u=0.18), 1 atm O, at 32°cC.

bAverage(iS.D.) slope of semi-logarithmic plots
for 3 reactions.

CFinal value as % initial captopril concentration
on log-linear plot.
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Table 3.6

Summary of reaction conditions at 32°C

pH Buffer (M)
NaH,PO, Na,HPO, NaC1®
6.62 0.063 0.038 ——--
 0.0%0 0.020 0.09
7.44 0.015 0.055 ——--
7.94 0.005 0.055 0.01

8Tonic strength was adjusted to 0.18 by sodium chloride.
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Table 3.7

Effect of captopril initial concentration on observed rates.2

Captopril ko kq
Concelatration
(10%M) (105 M/min) (min. 1)
5.26+0.01 1.14+0.02 6.01
3.55+0.13 1.05+0.01 6.35+0.02
1.93+0.02 1.02+0.01 .-
1.31 0.936 --

80.1M phosphate buffer, pH 6.62, u=0.
pure O, at 32°C.

18, [Cu**)=1.35x1072M,



Table 3.8

Effect of added cupric ion on observed rates.2

Cu’! ko ki
(105Mm) (107 M/min) (10%min. 1)
13.50 10.20+0. 12 6.24+0.20
10.79 7.37+0.13 6.95+0.30
6.74 5.19+0.13 5.91+0.34
2.70 3.27+0.12 4.52+0.06
0 2.83+0.04 3.41+0.17

80. 1M phosphate buffer, pH 6.62, u=0.18, pure 0, at 32°cC.
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Table 3.9

Effect of oxygen partial pressure on observed rates.2

POy ko ky
(mmHg) (107 M/min) (103min. 1)
724.0+2.5 10.20+0.12 6.24+0.20
525,7+17.3 7.59+0.17 3.96+0.13
315.6+7.1 4.83+0.04 2.49+0.10
189.5+4.6 3.82+0.04 --
123.5+5.2P - 0.95

92.0+2.6P -- 1.01

80.1M phosphate buffer, pH 6.62, 1=0.18, [Cu‘*]=1.35x10"°M
at 32°C.

bFrom initial rate studies.



Table 3.10

Effect of cyclodextrins on observed rates of captopril
oxidation.2

kg (107M/min.)

ProcessP A B C
Cyclodextrin
a 10.17+0.27 10.70+0.29 10.42
10.46+0.24 10.46 9.04+0,34°
Y -- 9.90 10.23
Controld 10.30+0.68

20.1M phosphate buffer, pH 6.62, 1=0.18, [Cu**]=1.35x107OM
at 32°C.

bgee experimental section for description of
processes A, B, and C,.

CTerminal slopes from linear plots.

dNo cyclodextrinsdwere added.
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Figure 3.1:

Schematic representation of the reaction vessel used in
the study of captopril oxidation under various oxygen
pressures. A. 5 gallon jar serves as oxygen
atmosphere; B. Three way valve; C. 50 mL
three-neck round bottom flask; D. Mechanical stirre:
unit; E. Transformer; F. Serum bottle stopper
(sampling port); G. Isothermal water bath flow cell
unit; H. Gas inlet and vaccum port.
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Figure 3.2: Standard curves for captopril and captopril disulfide.

(o): captopril, (o): captopril disulfide.
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HPLC Chromatograms of reaction mixture samples taken
at different time points during the reaction. 1I:
captopril, II: captopril disulfide.
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Figure 3.4: UV spectra taken at various points of the peak and

that of reference standards for captopril (A) and
captopril disulfide (B)
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Examples of mass balance for captopril oxidation. (A)
pH 6.62, 0.1 M phosphat% buffer
(u=0.18),[Cu”]=1.35x10" M , p0O,=322 mmHg at 32°C.
(B) pH 6.62, 0.1 M phosphate buifer
(1=0.18),[Cu**]=0, p0,=733 mmHg at 32°C. (°):
captopril (o): captopril disulfide, (0): two times
captopril disulfide (A): total recovery.
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Captopril (A) and captopril disulfide (B)
concentrations as a function of time under various
oxygen partial pressures. pH 6,62, 0.1 M phosphate
buffer (u=0.18), [Cu**]=1.35x107°M at 32°C. pO, =
721(*), 526(0), 338(0), and 185 mmHg(A).
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Figure 3.7:

CONCENTRATION (M) -
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Captopril (A) and captopril disulfide (B)
concentrations as a function of time under various
Cupric ion concentrations. pH 6.62, 0.1 M phosphate
buffer (g=0.18), pure ? , at 32°C. Cu”] =
1.35x1072(*), 1.08x10° &), 6.74x10"°(n),
2.70x10°6(A), and OM (O ).
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Captopril (A) and captopril disulfide (B)
concentrations as a function of time with various initial
captopril concentrations. pH 6 62 0.1 M xgnosphate
buffer (u=0.18), pure 0,, [Cu ] 1 35><12 M at 32°C
Initial captopril concentr%tions 5.244x10 2;

3.421x10 4(:1), 1.945x10 °(*), and 1.315x10°°(A).
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Figure 3.9:

1 2 3 4 5 6
CAPTOPRIL INITIAL CONCENTRATION (10%+4 M)

Initial rates as a function of initial captopril
concentrations. pH 6.62, 0.1 M phosphate buffer

(1=0.18), p0,=92mmHg, [Cu'*]=1.35x107°M at 32°C.
2
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Semi-logrithmic plots of captopril (A) and captopril
disulfide (B) vs time with various initial captopril
concentrations. pH 6.62, 0.1 M phogphate buffer
(u=0.18), pure O,, [Cu'*]=1.35x10"°M at 32°C.
Initial captopril concentr%tions: 5.244x10-4(oz;,
3.421x10 3(0), 1.945x107°6(*), and 1.315x107%(a).
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Zero-order(A) and first-order(B) plots of captopril as
a function of time under various Cupric icn
concentrations. pH 6.62, 0.1 M phosphate buffer:
(1=0.18), pure O, at 32°C. [Cu'’] =
1.35x10792(*), 1. x10'5(o), 6.74x10"°(n),
2.70x1076(A), and O M (& ).
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Zero-order(A) and first-order(B) plots of captopril as
a function of time under various oxygen partial
pressures. pH 6.62, 0.1 phosphate buffer
(1=0.18), [Cu**]=1.35x107°M at 32°C. POy = 721(°),
526(0), 338(o), and 185 mmHg(A).
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Zero-order(A) and first-order(B) plots of captopri.lsas
a function of time at various pH. [Cu**)=1.35x10"°M
at 32°C. with pure oxygen. pH: 6.62(°), 7.44(0),
and 7.94(o).
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Figure 3.14: Paired apparent zero-(o) and first-order(o) rat

constants as a function of pH. [Cu”]=1.35x10'95M at
32°C. with pure oxygen. Insert is the comparison of _
apparent rate constants under different buffer
concentrations.
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Figure 3.15: Comparison of captopril concentration as a function of
time with the presence of chelating agents. (o):
EDTA (o): 8-hydroxyquinoline and (®): no
chelating agent added pH 6.62, 0.1 M ghosphate
buffer (u=0.18), [Cu ] =0, pure 02 at 32
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Figure 3.16: Apparent first-order(A) and zero-order(B) rate

constants as a function of cupric ion concentration.
pH 6.62, 0.1 M phosphate buffer (u=0.18), pure O,
at 32°C.
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Figure 3.17: Apparent first-order(A) and zero-order(B) rate
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