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Purpose. This work describes diffusivity measurements of drug (adinazolam mesylate) and water in a
variety of solutions including polymer gels. Methods. Pulsed-field-gradient spin-echo (PFGSE) NMR
methods were employed to measure the diffusivity. Results. In binary component solutions, adinazo-
lam diffusivity is generally found to exhibit an exponential dependence on the concentration of the
viscosity-inducing agent (VIA), which is glucose, lactose, maltoheptaose, hydroxypropyl methylcel-
lulose (HPMC) or drug itself. An increasing obstruction power to drug diffusion from glucose to
HPMC is observed, which can be related to the polymerization degree of the VIA. In contrast,
adinazolam diffusivity in HPMC gels shows little dependence upon the polymer viscosity grades
examined (K100LV, K4M, and K15M). The temperature dependence of adinazolam diffusivity in
dilute VIA solutions reveals that the diffusion barrier for the drug is similar to that for self-diffusion of
water. Conclusions. The retarding effect from the VIA for drug diffusion is concluded to be primarily
associated with a steric obstruction mechanism. In multicomponent gels with varied concentrations of
drug, lactose and HPMC, the drug diffusivity can be approximately described as an exponential
function of the summation of the products of the proportionality constant (K;) and concentration for
each VIA component. In contrast, water diffusion behavior shows an universal exponential depen-
dence upon the VIA concentration and small dependence upon the nature of the VIA. The interpre-
tation of the diffusivity data is discussed and compared to two existing diffusion models (Yasuda and
Mackie-Meares models).

KEY WORDS: nuclear magnetic resonance spectroscopy; pulsed-field-gradient spin-echo NMR; hy-
droxypropyl methylcellulose; HPMC; extended release; diffusion; self-diffusion; diffusion coefficient;

adinazolam mesylate.

INTRODUCTION

Diffusion is an important subject for research in medical
and pharmaceutical applications. One method of achieving
sustained drug delivery is by the use of a hydrophilic poly-
meric matrix, which swells in the presence of water to form
hydrogel structures, from which drugs are released by diffu-
sion (1-3). It is of interest to study the diffusional behavior
of drug and water molecules in polymer gels in order to
develop and optimize sustained release (SR) formulations of
such systems. Although a significant amount of research in-
volving a variety of techniques has been conducted on the
diffusivity measurement of such systems (3), little work has
focused on the systematic evaluation of diffusivity of drug
and water as a function of formulation factors. In particular,
the conventional techniques of membrane permeation, sorp-
tion/desorption, and radiotracers are commonly applied and
usually provide an apparent (or averaged) diffusivity through
a matrix (3). Besides other technical challenges, it is also
difficult to apply these methods for determination of solute
diffusivity as a function of the matrix composition. Drug
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diffusivity is also often estimated from a cumulative release
profile using predetermined theoretical models (3,4) which
usually either involves assumptions or requires previous
knowledge of the system. Furthermore, diffusivity measure-
ment in multicomponent systems is usually complex and has
been rarely reported.

Pulsed-ficld-gradient spin-echo (PFGSE) NMR tech-
niques provide an elegant method of self-diffusion coeffi-
cient measurements (3,6). A self-diffusion coefficient is a
measure of transport due to the Brownian motion of mole-
cules in the absence of a chemical concentration gradient.
Thus self-diffusion can serve as a starting point for probing
diffusional process in polymeric systems. With the advent of
the Fourier transform version of the PFGSE NMR methods
(7), it is possible to measure self-diffusion coefficients of
individual components in a complex mixture with high sen-
sitivity (the concentration of species of interest ca. 0.1%)
and precision over a broad range of molecular mobilities
(107 % to 10~° cm?/s). This technique provides an indepen-
dent approach to characterize the diffusion behavior of drug
and water molecules in a complex, multicomponent poly-
meric matrix.

In the present study we report the measurements of the
diffusivity of drug and water molecules in hydroxypropyl
methylcellulose (HPMC) gels and related media applying
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PFGSE NMR methods. Adinazolam mesylate was selected
as a model drug for a systematic study. Particular attention
has been given to the examination of drug diffusivity as a
function of the concentration of glucose-based viscosity-
increasing agents and the degree of polymerization. The in-
terpretation of the diffusivity data will be discussed and com-
pared to two existing diffusion models (Yasuda and Mackie-
Meares). The significance and application of the diffusional
information to predict the relative drug release rate resulting
from a variety of HPMC based sustained release formula-
tions will be discussed in detail in a companion report (8).

MATERIALS AND METHODS

o-D-glucose and maitoheptaose hydrate (90%) were ob-
tained from Aldrich Chemical and used without purification.
Lactose was obtained from Foremost Whey Products. D,O
(99.9%) was used as solvent and obtained from ISOTEC.
HPMC 2208 polymer was supplied by Dow Chemicals as
METHOCEL with viscosity grades of K100LV, K4M, and
K15M each having nominal viscosities of 100, 4,000 and
15,000 cps, respectively, in 2% aqueous solution (9). Adina-
zolam mesylate (ADM) was manufactured by The Upjohn
Company.

Glucose, lactose, maltoheptaose, and HPMC solutions
containing adinazolam mesylate were prepared with D,0.
All HPMC gels were made according to the preparation pro-
cedure described in reference 9. Moderately concentrated
HPMC gels (ca. 20% for K100LV and K4M; 10% for K15M)
were difficult to load into S-mm NMR tubes because of their
extremely high viscosities and viscoelasticities; therefore the
diffusivity measurements were limited to the equilibrium
swollen gels with HPMC concentration less than 20%. The
partial specific volume of lactose (0.610 ml/g) was calculated
using the solution density data reported in ref. 10. The partial
specific volume of HPMC (0.717 ml/g) was provided in ref. 9.
Volume fractions of lactose, HPMC or water in the solutions
were converted from the concentrations (%, w/w) using
these partial specific volumes and D,0 density (10).

The self-diffusion coefficients were measured based on
the method established by Stejskal and Tanner (11). The
pulse sequence consists of a standard 90°-1-180°-1 echo se-
quence with two field gradient pulses of duration, 3, during
the 7 periods. The integrated peak intensity, I, of the species
of interest in a FT-NMR spectrum is given (6) by

I(G) = I, exp (-27/T,) exp -[y*G?D3*(A-3/3)] (1)

where I(G) and 1 are the echo intensities with and without
the field gradient, respectively; T, is the transverse relax-
ation time of the species; vy is the magnetogyric ratio of pro-
ton; G is the magnitude of the field gradient; and A is the time
interval between the field gradient pulses (6). Multiple spec-
tra are collected by systematically varying G, while keeping
A constant. Absorption mode spectra were obtained by ap-
plying a symmetric (sinebell squared) window function to
each echo data set before Fourier transformation, followed
by a magnitude mode calculation (12). The self-diffusion co-
efficient, D, of the species of interest is determined from the
slope of a linear least squares fit of the natural logarithm of
its integrated peak intensity, I, against G*> which is further
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divided by [y?8*(A-8/3)}. The drug examined in this study,
adinazolam mesylate, is a salt and dissociates in water. The
diffusivity of the adinazolam moiety was extracted utilizing
its 7.4 ppm resonance (from the aromatic moiety) while the
water diffusivity was extracted utilizing the 4.6 ppm (HDO/
H,O0) resonance. The linear least-square fitting of the peak
intensities was performed using SigmaPlot 5.1. The self dif-
fusion coefficient will be simply called diffusion coefficient
in the following text.

NMR experiments were performed on a Bruker MSL-
200 spectrometer equipped with a Bruker ASPECT 3000
computer. A dedicated diffusion measurement probe
(Bruker) was used which can impose a magnetic field gradi-
ent of 125 gauss/cm across the sample. The probe gradient
coil is driven by a Techron 7570 audio power amplifier, which
in turn is driven from a computer controlled pulse generator
associated with the Bruker imaging accessory of the MSL-
200. A selective excitation of the water signal with a Gaus-
sian shaped pulse at the resonance frequency prior to the
spin-echo pulse sequence was applied for solvent suppres-
sion (13) when adinazolam diffusivity was measured. The
multiple spectra (typically a series of 8—16 echoes) were
acquired sequentially with an automation program which
systematically varied the amplitude of the pulsed field gra-
dient.

Standard 5 mm NMR tubes were used for all measure-
ments. All measurements of diffusivity were conducted at
ambient temperature (23 = 1°C) except the temperature-
dependent diffusivity experiments. The temperature of the
probe was controlled by an external device (FTS Systems,
Model TC-44). The probe temperatures were calibrated with
a 100% ethylene glycol standard (Varian) according to the
Bruker’s manual (14). The gradient magnitudes were cali-
brated by using samples of pure water and dry glycerol with
their known self-diffusion coefficients, 2.40 X 10~° cm?/s
and 1.73 X 10~ 8 cm?/s, respectively (15).

RESULTS

Adinazolam Diffusivity in VIA Solutions

Results from studies of diffusion coefficient in solutions
are often compared to the diffusion coefficient in the absence
of the additives, i.e., in the solvent, and reported as the
normalized diffusion quotient, D/D° (16). D° is the diffusion
coefTicient of the solute extrapolated to infinite dilution. Dif-
fusion coefficients of adinazolam were initially examined as
a function of its concentration as shown in Figure 1. Plotted
in Figure 2 is the natural logarithm of the normalized diffu-
sion quotient of adinazolam vs. the concentration. Denoting
D, as the adinazolam diffusivity, a linear relationship is ob-
served between In(D,/D,°) and drug concentration, suggest-
ing an exponential dependence of the drug diffusivity upon
its own concentration. The diffusion coefficients of adinazo-
lam were similarly examined as a function of HPMC con-
centration in the equilibrium swollen gels using different vis-
cosity grades. Since the drug concentration is fixed at the
level of 0.5% (w/w), these systems are considered as binary
component systems (HPMC and water) by ignoring drug
presence. The adinazolam diffusivities are plotted against
HPMC concentration (%, w/w) and also shown in Figure 1.
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Fig. 1. Diffusion coefficients of adinazolam, D,, plotted against
ADM or HPMC concentration (%, w/w). D, values were obtained
from: (®) x% ADM; (O) 0.5% ADM + x% HPMC(K100LV); (C1)
0.5% ADM + x% HPMC(K4M); and (V) 0.5% ADM + x%
HPMC(K15M). The solid curves were obtained through a non-linear
curve fitting of the data using y = A exp (—kx).

Adinazolam diffusivities in HPMC media show a distinct
dependence upon HPMC concentration and appear to be
indistinguishable among the three viscosity grades (K100LV,
K4M, and K15M) within the concentration range examined.
We conclude that adinazolam diffusivity in HPMC solutions
is mainly determined by HPMC concentration and essen-
tially independent of HPMC viscosity grade. Adinazolam
diffusivity observed in HPMC gels also shows an approxi-
mately exponential dependence upon HPMC concentration
(represented by the K4M data) as depicted in Figure 2.
Since glucose can be considered as the pseudo-
repeating unit of HPMC polymer and lactose is the dimer of
glucose, each molecule may be considered as the lower ex-
treme of HPMC polymer chain length. Since lactose is often
used as an inert filler in sustained release tablet formulations,
it is of interest to study drug diffusivity as a function of
glucose or lactose concentration. In order to further examine
the dependence of drug diffusivity upon polymer chain
length, especially at the lower chain length of HPMC, the
diffusion coefficients of adinazolam were also obtained from
maltoheptaose (containing seven glucose units) solutions.
Diffusion coefficients of adinazolam obtained from glu-
cose, lactose, and maltoheptaose solutions, respectively, are
plotted against their concentrations in Figure 3 in compari-
son with the drug diffusion coefficients obtained in HPMC
gels. For clarity, only the natural logarithms of the normal-
ized diffusion quotients of adinazolam obtained from lactose
solutions are plotted against the lactose concentration and
shown in Figure 2. Although linear relationships are gener-
ally achieved between In (D,/D,°) and the VIA concentra-
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Fig. 2. Natural logarithm of normalized diffusion quotients of adi-
nazolam, In (D/D°),, plotted against the VIA concentration (%,
w/w). D, values were obtained from: (¢) x% ADM; (O) 0.5% ADM
+ x% lactose; and (O) 0.5% ADM + x% HPMC(K4M). The solid
lines were obtained through a linear least-squares analysis of the
data.

tion within a wide concentration range, apparent deviations
of this relationship are observed at relatively low VIA con-
centrations (<3%, w/w). For simplicity, adinazolam diffusiv-
ity, D4, is approximately formulated as an exponential func-
tion of the VIA concentration:

D, = Ds%exp (—K; C) 2

where K; is a proportionality constant and C; is the concen-
tration of the VIA (%, w/w). These K, values for adinazolam
were obtained .through a linear least squares fit of the diffu-
sivity data from these binary component systems and are
reported here: K ,(adinazolam) = 5.22; K5(glucose) = 3.34;
K, (lactose) = 3.48; K,(maltoheptaose) = 4.22; and
K(HPMC) = 7.85.

Adinazolam Diffusivity in VIA Mixtures

Adinazolam diffusivity was also examined in equilib-
rium swollen gels with varied concentrations of drug, lactose
and HPMC. For instance, a set of adinazolam diffusivity
values was obtained from a series of gels with a fixed lactose
concentration of 10% and varied concentrations of HPMC
(K100LV). Drug diffusivities are plotted against HPMC con-
centration and shown in Figure 4. Also plotted in Figure 4 for
comparison is the drug diffusivity obtained in HPMC
(K100LV) gels without the presence of lactose. Apparently,
drug diffusivity is determined by both HPMC and lactose
contributions rather than HPMC alone when a multicompo-
nent gel is encountered. The two curves shown in Figure 4
suggest a similar dependence of the drug diffusivity upon
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Fig. 3. Diffusion coefficients of adinazolam, D,, plotted against the
VIA concentration (w/w, %). D, values were obtained from: (0)
0.5% ADM + x% glucose; (¢) 0.5% ADM + x% lactose; (V) 0.5%
ADM + x% maltoheptaose; and (O) 0.5% ADM + x%
HPMC(K4M). The curves were obtained through a non-linear curve
fitting of the data using y = A exp (—kx).

HPMC concentration with the offset between lines attribut-
able to the retarding effect of 10% lactose. This implies that
the retarding effect from each individual component, HPMC
and lactose, respectively, is additive in nature.

Drug diffusivity data observed from the multicompo-
nent gels, D,(Obs), are summarized in Table I along with the
gel compositions. These results further indicate that the drug
diffusivity in a multicomponent gel is affected by all existing
components (i.e., adinazolam, HPMC and lactose). Consid-
ering an additive retarding effect from these VIA compo-
nents, Equation 2 is expanded to describe adinazolam diffu-
sivity in a quaternary component gel:

D, =Dp%exp(~KyCy — K . C. —K,C,) (3

where Cy, C. and C, are the concentrations (w/w, %) of
HPMC, lactose and drug, respectively. By applying the K;
values determined from the binary component systems and
the concentration of each component, the diffusion coeffi-
cients of adinazolam in these multicomponent gels were cal-
culated according to Equation 3 and these values are re-
ported in Table I as D,(Cal). A linear least-square analysis
using y = mx + b where x = D,(Cal) and y = D,(Obs)
yields m = 0.958 * 0.028 and b = 0.005 = 0.038 with the
coefficient of determination (R?) = 0.994. In general, a good
agreement is achieved between the observed and calculated
adinazolam diffusion coefficients, even at moderately con-
centrated gels (total VIA concentration up to 31%, w/w) (Ta-
ble I).

Water Diffusivity
Water diffusivity is also of interest in these systems be-
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Fig. 4. Diffusion coefficients of adinazolam, D,, plotted against
HPMC concentration (%, w/w). D, values were obtained from: (O)
0.5% ADM + x% HPMC(K100LV); and () 0.5% ADM + 10%
lactose + x% HPMC(K100LV). The solid curves were obtained
through a non-linear curve fitting of the data usingy = A exp (—kx).

cause the water penetration rate determines the kinetics of
the gel layer formation of a sustained release tablet and,
therefore, significantly affects drug dissolution and diffusion
in the gel. Water diffusivities in glucose, lactose, or HPMC
solutions were similarly measured to discern a possible dif-
ference in the dependence upon the nature of VIA. The nat-
ural logarithms of normalized diffusion quotients of water, In
(D /D), are plotted as a function of glucose, or lactose, or

Table I. Comparison Between Adinazolam Diffusion Coefficients
Observed in Multicomponent Gels, D,(Obs), and Calculated,
D ,(Cal), Based on the Gel Composition Using Equation 3

Gel Composition

D, (X105 D, (x10%
% ADM % HPMC % Lactose (Obs) (Cal)
0.5 1.0 10.0 2.54 2.64
0.5 4.1 10.0 2.03 2.06
0.5 8.1 10.0 1.35 1.51
0.5 10.0 10.0 1.15 1.30
0.5 16.0 10.0 0.76 0.81
0.5 15.5 —_ 1.22 1.19
1.0 149 — 1.14 1.18
2.0 14.9 —_ 1.04 1.12
39 14.9 — 0.96 1.05
6.0 14.9 —_ 0.88 091
7.5 14.9 — 0.82 0.84
2.0 8.0 10.0 1.31 1.37
2.0 15.0 10.0 0.84 0.80
39 8.0 10.0 1.13 1.24
5.8 15.0 10.0 0.64 0.66
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HPMC concentration (w/w, %), respectively, in Figure 5. In
contrast to adinazolam, water diffusivity shows essentially
the same dependence upon the concentrations of glucose,
lactose or HPMC regardless of the nature of the VIA. Atlow
VIA concentrations, significant deviations of the data points
from the linear least-squares fit line is consistently observed
(Figure 5), suggesting a biexponential behavior. Thus a more
significant reduction of water diffusivity is observed by ad-
dition of smaller amounts of VIA in the low VIA concentra-
tion range.

Water diffusivities in multicomponent HPMC gels were
similarly examined. Representative data obtained from the
gels with varied concentrations of drug, lactose and
HPMC(K4M) are plotted against the total VIA concentration
and also shown in Figure 5. Consistent with the observation
in binary component systems, these data indicate an approx-
imately linear relationship between In (D, /D°y,) and the total
VIA concentration, especially at relative high VIA concen-
trations. An additive retarding effect from all VIA compo-
nents towards water diffusion is also concluded. In general,
water diffusivity, Dy,, can only be approximately described
by Equation 4:

Dy = Dy’ exp (-Kw 2 C) )]

Where Dy,° (2.06 X 10~5 cm?/s) is the water diffusivity ex-
trapolated from the intercept of the linear least-squares fit
which significantly deviates from the true water diffusivity
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Fig. 5. Natural logarithm of normalized diffusion quotients of water,
In (D/D°)y, plotted against the VIA concentration (O, [, and <)
(%, wiw) or the total VIA concentration (ZC;; ¥ and A). Dy, values
were obtained from: (O) 0.5% ADM + x% glucose; ((O) 0.5% ADM
+ x% lactose; (<) 0.5% ADM + x% HPMC(K4M); (V) 0.5% ADM
+ 10% lactose + x% HPMC(K4M); and (A) x% ADM (x = 2-6%)
+ y% lactose (y = 8-12%) + z% HPMC(K4M) (z = 8-16%). The
solid line was obtained through a linear least-squares analysis of the
data.
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(2.40 x 107 % cm?s); Ky (3.53) is a universal constant for
those VIAs studied in this report. Notice that the fit of water
diffusivity data to Equation 4 is much poorer compared to
the fit of drug diffusivity data to Equation 3, especially at the
low VIA concentrations (Figure 2).

Diffusivity-Temperature Dependence

The temperature dependence of drug and water diffu-
sion coefficients in these gels/solutions were studied be-
tween 10°C and 50°C. The logarithms of adinazolam diffu-
sion coefficients observed in solutions containing a fixed
0.5% adinazolam mesylate with 2% glucose, or 2% lactose,
or 2% HPMC, respectively, are plotted versus the reciprocal
of absolute temperature in Figure 6; the data are approxi-
mately linear, implying Arrhenius behavior. The apparent
diffusion activation energies were determined from the
slopes of these plots. The apparent diffusion activation en-
ergy for adinazolam, E ,, from these solutions are essentially
the same (=5.0 — 5.3 = 0.4 kcal/mol), as easily judged by
the parallel lines in Figure 6, regardless of the nature of VIA,
or HPMC viscosity grade (K100LV, K4M and K15M).

A systematic small deviation of the plot of In D, versus
1/T is apparent in Figure 6 near 50°C; it was noted that
HPMC gels became cloudy at this temperature. These ob-
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Fig. 6. A) Logarithm of diffusion coefficients of adinazolam, log D,,
plotted against the reciprocal of absolute temperature. D, values
were obtained from: (W) 0.5% ADM; (#) 0.5% ADM + 1.7% glu-
cose; (@) 0.5% ADM + 2% lactose; (O) 0.5% ADM + 2%
HPMC(K100LV); (O) 0.5% ADM + 2% HPMC(K4M); and (V)
0.5% ADM + 2% HPMC(K15M). B) Logarithm of diffusion coef-
ficients of water, log Dy, plotted against the reciprocal of absolute
temperature. Dy, values were obtained from: (B) 0.5% ADM; and
() 0.5% ADM + 2% HPMC(K4M). The solid lines were obtained
through a linear least-squares analysis of the data.



960

servations are presumably due to the thermal gelation pro-
cess of the polymer solutions (9). This thermal gelation re-
stricts the study of diffusion activation energy in gels at
higher temperatures and the study in HPMC gels of higher
concentration.

Examination of the dependence of water diffusivity
upon temperature was also conducted in the same tempera-
ture interval (5-50°C). Representative Arrhenius plots of the
water diffusion coefficient observed in 0.5% adinazolam so-
lutions with and without the presence of 2% HPMC (K4M)
are displayed in Figure 6 for comparison. The apparent ac-
tivation energies of water diffusion are essentially the same
(=4.3 —-4.6 = 0.5 kcal/mol) regardless of the presence of 2%
HPMC. The apparent activation energies for drug and water
diffusion observed in this study are consistent with the sim-
ilar studies in dilute agarose hydrogels (17) or water itself
(18~19) and are comparable to the hydrogen bonding energy
of water (20).

DISCUSSION

One goal in the present study is the utilization of the
PFGSE NMR methods to study the diffusion behavior of
drug and water in a multicomponent gel as a function of the
gel composition. There are several fundamental issues that
may now be addressed: (a) What is the mechanism of drug
and water diffusion in a HPMC gel? (b) What is the nature of
the interactions among adinazolam, HPMC and other VIA
component in such matrices? (c) What is the influence of
polymer molecular weight, or chain length, upon drug diffu-
sion process? (d) What structural information can be de-
duced for a gel solution? () How does our diffusivity data fit
with the current diffusional models? We now discuss these
and related issues.

Yasuda Model

The Yasuda model has been developed based on the free
volume theory and is considered one of the most useful mod-
els for describing diffusion of small molecules in moderately
swollen gels (21-23). The Yasuda equation is:

D; = D% exp [—(B Q4/Vgy) (/g — D] &)

where D and D° are the diffusion coefficients in a polymer
gel and in a solvent, respectively; integer subscripts refer to
solvent, polymer, and solute, respectively; B is a proportion-
ality constant for a given system; Q; is the effective cross
section of the diffusing solute; V ; is the free volume in pure
water; and ¢, is the volume fraction of water in polymer gel
(21-23).

A representative set of adinazolam diffusivity data ob-
tained from HPMC(K4M) gels with a fixed concentration of
0.5% adinazolam mesylate is analyzed according to Yasuda
model and all related parameters are reported in Table II.
The volume fraction of drug is ignored since this model is
only applicable to a binary component system. A linear re-
lationship, which is predicted by this model, is observed as
the values of (In D,/D°,) for adinazolam are plotted against
(V/¢upo — 1) and shown in Figure 7.

The solvent is also expected to follow the Yasuda model
(21-23). The values of (In Dy,/D°,) for water obtained from
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Table II. Diffusion Quotients of Adinazolam and Volume Fractions
of HPMC-K4M (¢ypmc) and Water (¢ypo) in 0.5%ADM + x%
HPMC-2208-K4M

[D/Dols  In[D/Dgla Wipmc (%) ¢upmc (%) Voupo — 1
1.00 0 0 0 0
0.87 -0.139 1.0 0.8 0.008
0.80 -0.223 2.0 1.6 0.016
0.70 —~0.356 39 31 0.032
0.60 -0.510 5.9 4.7 0.049
0.51 —~0.673 7.8 6.3 0.067
0.42 -0.868 9.8 7.9 0.086
0.35 -1.050 12.8 10.4 0.116
0.30 —1.204 14.6 119 0.135
0.26 -1.347 17.0 14.0 0.163

the same gels show an approximately linear relationship ver-
sus (1/¢gpo — 1) in Figure 7 although significant deviations
are observed at low VIA concentrations. It is worth noting
that the slope of Yasuda plot is proportional to the molecular
size of the solute, which has been verified by several studies
(21-~24). The different slopes obtained for adinazolam and
water in Figure 7 are qualitatively consistent with the differ-
ences in their molecular sizes.

The diffusional behavior of drug and water described by
this work, particularly Equation 2, can be related to the Ya-
suda model through the reasoning given below. The solvent
volume fraction, 1/p,, can be approximately expressed as

Vo, =101-9) =1+, + 3+ ... (6)

assuming that ¢, and ¢, sum to unity (ignoring the drug
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Fig. 7. Natural logarithm of normalized diffusion quotients of both
(D) adinazolam and (B) water, obtained from gels of 0.5% ADM +
x% HPMC(K4M), are plotted against (1/¢ypo — 1). The solid lines
were obtained through a least-squares-analysis.
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concentration) and the polymer volume fraction, ¢,, is small
(¢, < 1). Therefore, ¢, is a good approximation to (1/¢, — 1)
in dilute gels. Given the proportional relationship between ¢,
and the weight percentage of polymer, or Cy, at least at low
polymer concentrations, there is a linear relationship be-
tween values of Cy and (1/¢ype — 1) (see columns 3 and 5,
Table II). Therefore, Equation 2 is equivalent to Equation 5
when the terms B, Q, and V are combined to a single con-
stant K.

In some reported cases, the solute (usually small mole-
cule) diffusivity has been similarly found to show an expo-
nential dependence on polymer concentration (28-30).
However, these data were usually fit to Equation 2 without
justification. Given the arguments above, our empirical ob-
servations of the approximately exponential dependence of
the drug diffusivity upon the VIA concentration in a non-
interactive binary component system is inherently linked to
the Yasuda model. '

More important, we further develop an empirical for-
mula to describe drug and water diffusion behavior in non-
interactive multicomponent gels. Nearly all current theories/
models as well as experiments are based on (pseudo) binary
modeling. Particularly, theoretical works have not yet been
properly developed for multicomponent systems (16,25-27).
For the ternary and quaternary mixtures examined in this
study, drug diffusivity can be adequately predicted using
Equation 3 by incorporating the individual VIA contribu-
tions (K;C;) and assuming an additive obstruction effect from
these VIA components. Based upon the relationship be-
tween Equations 2 and 5, Equations 3 and 4 are a natural
extension of the Yasuda model for describing solute or sol-
vent diffusivity in non-interactive multicomponent gels, re-
spectively. These formulas describe the drug and water dif-
fusivity appropriately even for moderately concentrated gels
(up to 31% VIA, due to experimental restraints). Therefore,
they are very useful for estimation of drug and water diffu-
sivities in HPMC or related solutions of a similar chemical
nature without conducting diffusional measurements. An ex-
ample dealing with alprazolam diffusivity will be discussed
in the companion paper.

Degree of Polymerization

Diffusion coefficients of adinazolam observed in glu-
cose or lactose solutions decrease similarly as the concen-
tration of glucose or lactose increases (Figure 3). Although
drug diffusivities obtained from glucose and lactose solu-
tions closely resemble each other, slightly greater depen-
dence of adinazolam diffusivity upon lactose concentration
is obvious. However, the dependence of adinazolam diffu-
sivity upon lactose or glucose concentration is dramatically
different from its dependence upon HPMC concentration as
depicted in Figure 3. Adinazolam diffusivities obtained from
maltoheptaose solutions falls between the diffusivity curves
obtained from lactose and HPMC solutions. There is a par-
tial substitution of the hydroxyl groups by methyl (22-24%,
w/w) and hydroxypropyl (8—10%, w/w) groups in HPMC
2208 polymer (9); nonetheless, glucose, lactose, maltohep-
taose and HPMC are essentially chemically similar sub-
stances from a simplified point of view, except for the dif-
ference in their chain length. Evidently, a gradually in-
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creased retarding effect of these VIAs on adinazolam diffu-
sivity is observed from glucose, lactose, maltoheptaose to
HPMC; it indicates a distinct dependence of retarding effect
upon the degree of polymerization of the VIA molecules.
The K value for each VIA determined from their binary
component systems (Table I) clearly suggests a trend:

Kglucose < Klaclose < Kma.ltoheptaose < KHPMC

Intuitively, these K values are indicative of the relative ob-
struction power of the VIA molecules for drug diffusion on
the same weight basis.

The physical obstruction mechanism we propose for
drug diffusion in HPMC gels or related solutions is also sup-
ported by the temperature—dependence of the drug diffusiv-
ity data. As reported in the Results section, similar apparent
activation energies for drug and water diffusion are ob-
served, suggesting a common mechanism. This energy is
comparable to the hydrogen bonding energy, which is pre-
sumably the minimum diffusion barrier in aqueous solutions
assuming no other chemical interactions. Thus drug mole-
cules move through the water filled regime of the gel with
little partition in the polymer phase. The diffusion barrier for
both adinazolam and water in these solutions is determined
solely by the interactions between water molecules. Micro-
scopically, the presence of VIA molecules simply imposes a
tortuous diffusional path to drug or water molecule. This is
consistent with the free volume theory, which predicts that
the solute diffusivity is determined by the interaction of the
solvent with its environment (25-27).

As already mentioned, little dependence of adinazolam
diffusivity is observed upon the viscosity grade of HPMC
polymer (K100LV, K4M, and K15M). This finding is consis-
tent with the conclusion of a recent report (31) which studied
the diffusion of verapamil hydrochloride in HPMC media
including E4M, E10M and K100M. Since the macroscopic
viscosity of HPMC polymer in solution is directly related to
its molecular weight or chain length (9), both results suggest
that drug diffusion in swollen HPMC gels shows little depen-
dence upon the molecular weight of HPMC. There must be
a plateau to this dependence as the polymer chain length
elongates. Based on the rapid shift of diffusivity curve with
the degree of polymerization (Figure 3) and the lowest po-
lymerization degree of HPMC-K100LV about 150 (32), then,
a low degree of polymerization of HPMC is estimated (n =
30-50) beyond which a plateau is reached for the drug dif-
fusivity dependence upon the VIA polymerization.

The rapid decrease of adinazolam diffusivity upon the
increased degree of polymerization of the VIA molecules,
can also be rationalized based on the free volume theory. It
is essentially the motion of the polymer segments which de-
termines the solute diffusivity regarding the ease of forma-
tion of a solvent ‘‘hole’’ for solute to diffuse. The diffusion of
adinazolam definitely requires highly cooperative, corre-
lated motions between the solvent molecule and the sur-
rounding segments of VIA molecules to form such holes.
That probability decreases as the polymerization degree of
VIA molecules increases, and therefore, the ease of forma-
tion of such a ‘‘hole’’ greatly decreases. A decrease of the
solute diffusion coefficient is anticipated as the mobility of
the polymer chain becomes less appreciable due to the ex-
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tension of chain length. A significant decrease of adinazolam
diffusivity is thus anticipated along with the increased poly-
merization degree of the VIA.

Tortuosity and Mackie-Meares Model

Since polymer macromolecules are less mobile than
small solute or solvent molecules, the polymer acts as an
obstructing stationary phase in the gel solutions. Obstruction
theories have been developed to evaluate the degree of tor-
tuosity of polymers (21,24,25). One of the most widely used
obstruction theories is the Mackie-Meares model (24,25),
which is usually expressed as Equation (7):

DD’ = (1 — /(1 + ¢)* M

where D and D° are the same as defined in Equation 5; and
¢ is the polymer volume fraction. The theoretical depen-
dence of D/D° of the solute upon the volume fraction of
polymer, ¢,, is shown in Figure 8 using Equation 7. Also
depicted in Figure 8 are the diffusion quotients of adinazo-
lam, (D,/D,°), obtained from lactose and HPMC solutions,
respectively, as a function of the volume fraction of each
VIA. As shown in Figure 8, the diffusion quotients of adi-
nazolam obtained from lactose solutions show a reasonably
good agreement with the theoretical prediction. However,
the diffusion quotients of adinazolam obtained from HPMC
solutions deviate significantly from the Mackie-Meares
model (Figure 8). Similar observations regarding small mol-
ecules diffusing in polymeric matrices are reported in the
literature (33).

A directly related, and perhaps clearer interpretation for
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Fig. 8. Normalized diffusion quotients of adinazolam plotted against
the VIA volume fraction. D, values were obtained from: ((0) 0.5%
ADM + x% lactose; and (¢) 0.5% ADM + x% HPMC(K4M).
Theoretical prediction of the Mackie-Meares model is also plotted
for comparison.

Gao and Fagerness

the large deviations of adinazolam diffusivity in HPMC gels
from the Mackie-Meares model is the formation of a three
dimensional gel structure in HPMC solution. Mathematical
treatment of free volume theory for diffusion in equilibrium
swollen gels (34-36) indicates that for uncrosslinked poly-
mers, this three-dimensional network is formed by entangled
chains of the polymer. Associated with this network, is a
characteristic correlation length of the ‘‘mesh size”’, which
is in turn a function of the polymer concentration, polymer
chain length, rigidity of the chains, and molecular weight
between crosslinks, degree of hydration etc. (34-39). The
solute diffusion coefficient in such a network matrix de-
creases rapidly due to the combined results of (1) an increase
in the hydrodynamic drag; (2) steric restriction imposed on
the solute by a sieving mechanism; and (3) hydrophobic or
other specific interactions between the solute and the poly-
mer network segments. Thus, under such circumstances, the
Mackie-Meares model would overestimate a solute diffusiv-
ity even at low polymer concentration.

The distinct dependence of the drug diffusivity upon the
degree of polymerization of VIA molecules can also be in-
terpreted by the polymer network structure. Small VIA mol-
ecules, such as glucose and lactose, can not possibly form an
extensive network in the solution because of their extremely
short chains. As the polymerization degree increases, the
entanglements of the chains of the VIA molecules in addition
to the extensive hydrogen bonding become more important
and affect the drug diffusion more effectively, as in malto-
heptaose solutions. As the polymerization degree reaches
the ‘‘plateau value’’ (as we propose in this work), a “‘sta-
tionary”’ polymer network is presumably interwoven and
mainly responsible for the transport characteristic of solute
and solvent. Further extension of the polymer chain length
beyond the threshold does not change the microscopic or-
ganization of the network structure. Nonetheless, it changes
the macroviscosity of the solution dramatically. This ex-
plains the independence of the adinazolam diffusivity upon
the HPMC viscosity grades. Supporting this argument is the
observation that the drug diffusivity shows a more signifi-
cant deviation from the prediction of the Mackie-Meares
model, or from the drug diffusivity in lactose solutions (Fig-
ure 8), at relatively higher HPMC concentrations. The extent
of the deviation of the experimental data from the Mackie-
Meares theory would be expected to increase with increas-
ing polymer concentration, since the ‘‘mesh size’” of the
polymer network in the gels becomes progressively smaller.
In contrast, a nearly constant deviation between the drug
diffusivity in lactose solutions and the Mackie-Meares the-
ory is observed within a wide range of lactose concentration.

The normalized diffusivity of water plotted versus the
HPMC volume fraction is shown in Figure 9, which also
deviates from the predictions of the Mackie-Meares model.
Water diffusivity appears to be independent of the degree of
polymerization of VIA molecules, and is primarily deter-
mined by an additive concentration of VIA (Equation 4). A
more rapid decrease of water diffusivity at the lower VIA
concentration regime is apparent (Figures 5 and 9) in con-
trast to the drug diffusivity at the same concentration region
(Figures 2 and 8). We do not offer an interpretation regarding
these observations. Since the water molecule is small, the
cooperative motion between obstructing stationary objects
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Fig. 9. Normalized diffusion quotients of water plotted against the
VIA volume fraction. Dy, values were obtained from: (O0) 0.5%
ADM + x% lactose; and (¢) 0.5% ADM + x% HPMC(K4M).
Theoretical prediction of the Mackie-Meares model is also plotted
for comparison.

and diffusing species is unlikely as important as for large
solute (e.g., drug), and the sieving mechanism of the poly-
mer network is also less operative for water. The deviation of
water diffusivity from Mackie-Meares model is probably
caused by the extensive interactions (such as hydrogen
bonding) between water and these hydroxyl rich VIA mole-
cules. This deviation is not surprising because this model
ignores solute-VIA interactions.

CONCLUSIONS

Diffusional behavior of both adinazolam and water in
solutions containing glucose based VIA molecules (glucose,
lactose, maltoheptaose, and HPMC) have been systemati-
cally studied using PFGSE NMR. These results demonstrate
that the PFGSE NMR technique is a reliable and appropriate
method for accurate determination of the diffusion coeffi-
cient of species of interest in a complex multicomponent
system. The present work also demonstrates the significant
potential of the PFGSE NMR methods for obtaining insight
into the diffusion mechanism, Kinetics and gel structure. We
report for the first time that the drug diffusivity in a non-
interactive multicomponent system can be described as an
exponential function of an additive contribution from each
VIA component. We have also demonstrated a relationship
between our empirical formula and the Yasuda model. An
Arrhenius type of temperature dependence of the drug and
water diffusivity in these systems is observed, and their ap-
parent diffusion activation energies are comparable to the
hydrogen bonding energy. Retardation from the VIA com-
ponents to drug diffusion in these systems is mainly caused

963

by a steric obstruction mechanism. The hypothesis of a three
dimensional network of polymer in the gels is generally con-
sistent with the drug diffusion behavior in HPMC gels we
observed through this work, which show a significant devi-
ation from the Mackie-Meares model. In contrast, the diffu-
sion coefficient of water is only determined by the VIA con-
centration and is independent of the nature of the VIA. The
deviation of water diffusivity from the Mackie-Meares model
is presumably due to its extensive hydrogen bonding inter-
actions with the hydroxyl groups of the VIA.

ACKNOWLEDGMENTS

We thank N. L. Stemm for preparing polymer samples
for NMR measurements and E. L. Ulrich for technical as-
sistance on the temperature calibration of the NMR probe.
We thank J. W. Skoug, P. R. Nixon, M. S. Bergren, B. A.
White, and G. E. Amidon for their contributions in the form
of enlightening discussions and suggestions. We also thank
Ken Manning, Jim Freeman, and John Landis for their vision
in supporting this project. We appreciate the reviewers thor-
ough criticism of and insightful comments on our manu-
script.

REFERENCES

1. A. Peterlin. Transport of small molecules in polymers. In S. D.
Bruck (ed.), Controlled Drug Delivery, Vol. I: Basic Concepts,
CRC Press, Boca Raton, 1983, pp 15-51.

2. S. H. Gehrke, and P. 1. Lee. Hydrogels for drug delivery sys-
tems. In P. Tyle (ed.), Specialized Drug Delivery Systems. Mar-
cel Dekker, Inc., New York, 1990, pp. 333-392.

3. W. Kuu, R. W. Wood, and T. J. Roseman. Factors influencing
the kinetics of solute release. In A. Kydonieus (ed.), Treatise on
Controlled Drug Delivery. Marcel Dekker, Inc., New York,
1991, pp 37-153.

4. J. H. Kou, G. L. Amidon, and P. L. Lee. pH-dependent swell-
ing and solute diffusion characteristics of poly(hydroxyethyl
methacrylate-CO-methacrylic acid) hydrogels. Pharm. Res.
5:592-597 (1988).

5. K. P. Datema, J. A. Bolt-Westerhoff, G. J. Nesbitt, P. K.
Maarsen, W. Yistra, P. N. Tutunjian, H. Vinegar, and J. Karger.
Petrochemical applications of pulsed field gradient NMR. In B.
Blumich and W. Kuhn (eds.), Magnetic Resonance Microscopy.
VCH Publisher, New York, 1992, pp 395-416.

6. P. Stilbs. Fourier transform pulsed-gradient spin-echo studies of
molecular diffusion. Prog. NMR Spect. 19:1-45 (1987).

7. T. L. James, and G. G. McDonald. Measurements of the self-
diffusion coefficient of each component in a complex system
using pulsed-gradient Fourier transform NMR. J. Mag. Res.
11:58-61 (1973).

8. P. Gao, P. R. Nixon, and J. W. Skoug. Diffusion in hydrogels II.
The prediction of drug release rates from hydrophilic matrix
extended release dosage forms. Pharm. Res. 12(7):965-971
(1995).

9. Methocel cellulose ethers technical handbook. Dow Chemical
Company.

10. The Merck Index, 11th Ed., Merck & Co., Inc. Rahway, N.J.
(1989).

11. E. O. Stejskal and J. E. Tanner. Spin diffusion measurements:
spin echoes in the presence of a time-dependent field gradient.
J. Chem. Phys. 42:288-292 (1965).

12. A. Bax, A. F. Mehlkopf, and J. Smidt. Absorption spectra from
phase-modulated spin echoes. J. Mag. Res. 35:373-377 (1979).

13. C. J. Turner. Multipulse NMR in liquids. Progress in NMR
Spectroscopy. 16:311-370 (1984).

14. Bruker AM Series User’s Manual. pp. 8-11.

15. M. 1. Hrovat, and C. G. Wade. NMR pulsed-gradient diffusion
measurement I. Spin-echo stability and gradient calibration. J.
Mag. Res. 44:62-75 (1981).



964

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.
26.

27.

28.

29.

L. Johasson, U. Skantze and J. E. Lofroth. Diffusion and in-
teraction in gels and solutions 2. Experimental results on the
obstruction effects. Macromolecules 24:6019-6023 (1991).

S. M. Upadrashta, B. O. Haglund, and L. O. Sundelot. Diffu-
sion and concentration profiles of drugs in gels. J. Pharm. Sci.
82:1094-1098 (1993).

D. Eisenberg and W. Kauzmann. The Structure and Properties
of Water, Oxford University Press, New York, 1969, pp. 218.

K. Krynicki, C. D. Green, and D. W. Sawyer. Pressure and
temperature dependence of self-diffusion in water. Discuss.
Faraday Chem. Soc. 66:199-208 (1978).

L. Pauling. The Nature of the Chemical Bond. Cornell Univer-
sity, New York, 1960, pp 468-469.

H. Yasuda, and C. E. Lamaze. Permselectivity of solutes in
homogeneous water-swollen polymer membranes. J. Macro-
mol. Sci. Phys. B5:111-134 (1971).

H. Yasuda, A. Peterlin, C. K. Colton, K. A. Smith, and E. W.
Merrill. Permeability of solutes through hydrated polymer mem-
branes, part III. Theoretical background for the selectivity of
dialysis membranes. Die Mackomole. Chemie. 126:177-186
(1969).

H. Yasuda, C. E. Lamaze, and A. Peterlin. Diffusive and hy-
draulic permeabilities of water in water-swollen polymer mem-
branes. J. Poly. Sci. Part A2. 9:1117-1131 (1971).

S.J. Lee, T. K. Bergstorm, and S. W. Kim. Nonaqueous drug
permeation through synthetic membrane. J. Control. Rel.
5:253-262 (1988).

J. A. Wesselingh. Controlling diffusion. J. Cont. Rel. 24:47-60
(1993).

A. H. Muhr, and J. M. V. Blanshard. Diffusion in gels. Poly-
mer. 23:1012-1026 (1982).

G. L. Flynn, S. H. Yalkowsky, and T. J. Roseman. Mass trans-
port phenomena and models: theoretical concepts. J. Pharm.
Sci. 63:479-510 (1974).

M. L. White, and G. H. Dorion. Diffusion in a crosslinked ac-
rylamide polymer gel. J. Poly. Sci. §5:731-740 (1961).

W. Brown, P. Stilbs, and T. Lindstrom. Self-diffusion of small
molecules in cellulose gels using FT-pulsed field gradient NMR.
J. Appl. Poly. Sci. 29:823-827 (1984).

30

32.

33.

34,

3s.

36.

37.

38.

39.

Gao and Fagerness

W. Brown, and R. M. Johnsen. Diffusion in polyacrylamide
gels. Polymer. 22:185-189 (1981).

. J. C. Bain, D. Ganderton, and M. C. Solomon. A novel tech-

nique to determine verpamil HCI diffusion coefficients through
hydroxypropyl methylcellulose gels. J. Pharm. Pharmacol. 42:
supplement 27P (1990).

The approximate number average degree of polymerization
(DP) is obtained by dividing the number average polymer mo-
lecular weight, M,,, of a viscosity grade of HPMC polymer by
the unit molecular weight of 192 for METHOCEL K polymers
(9). The values for M, obtained from the molecular weight-
viscosity relationship for K100LV, K4M, and K15M are around
30,000, 90,000, and 150,000, respectively (9). Consequently,
then, the values of DP are 150, 470, and 780 for K100LV, K4M,
and K15M, respectively.

W. Brown, G. Kloow, K. Chitumbo, and T. Amu. Solute diffu-
sion in polymer networks Part 3. Hydroxylethylcellulose gels;
Solvent effects and fluorescence depolarization measurements.
J. Chem. Soc. Faraday Trans I. 72:485-494 (1976).

S. R. Lustig, and N. A. Peppas. Scaling laws for solute diffusion
in equilibrium swollen gels. Polymer Preprints. 26:72—73 (1985).
A. R. Allenberger, M. Tirrell, and J. S. Dahler. Hydrodynamic
screening and partial dynamics in porous media, semidiluted
polymer solutions and polymer gels. J. Chem. Phys. 84:5122—
5130 (1986).

L. Johansson, C. Elvingson, and J. Lofroth. Diffusion and in-
teraction in gels and solutions 3. Theoretical results on the ob-
struction effects. Macromolecules 24:6024-6029 (1991).

A. G. Langdon, and H. C. Thomas. Self-diffusion studies of gel
hydration and the obstruction effect. J. Phys. Chem. 75:1821—
1826 (1971).

J. Hjartsam, M. Eklund, L. Johansson, J. E. Lofroth, and U.
Skantze. Diffusion and interactions in solutions and gels I:
Methods and experimental results. Proceed. Intern. Symp.
Control. Rel. Bioact. Mater. 18:144—145 (1991).

J. E. Lofroth, C. Elvingson, and L. Johansson. Diffusion and
interactions in solutions and gels II: theory. Proceed. Intern.
Symp. Control. Rel. Bioact. Mater. 18:146—147 (1991).



