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Gel formulations are often used in topical drug delivery, and the drug release is controlled by two
factors, the thermodynamic activity of the drug and the microviscosity of the gel. The latter property
has been probed by observing the dynamic light scattering from polystyrene lattices of known particle
size dispersed within Carbopol gels. The effect of gel concentration and temperature has been ob-
served and related to the ability of the gel to release a series of salicylates.
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INTRODUCTION

The rate of drug release from topical preparations can
influence the bioavailability of the formulation (1). This is
especially apparent if the product is used on diseased skin
where the barrier function of the stratum corneum has been
impaired. In order to optimize formulations it is conse-
quently desirable to understand the basic physicochemical
factors that influence their release properties. The main con-
trolling factors are the thermodynamic activity of the drug
and its diffusion through the preparation. It is difficult to
separate the two effects (2) but in this publication we con-
centrate on the diffusional properties.

The diffusion coefficient of a solute in a base is in-
versely related through the Stokes—Einstein equation to the
viscosity of the continuous phase. The main difficulty is to
establish which rheological property should be used to pre-
dict the diffusion rate of the drug. In the case of the gel
systems in which we are interested, it may be more appro-
priate to investigate the microviscosity of the formulation
rather than any bulk properties. The microviscosity of gels
may be investigated by a variety of spectroscopic tech-
niques, including nuclear magnetic resonance and electron
spin resonance (3), but little attention has been given to the
use of photon correlation spectroscopy (PCS) (4).

PCS may be used to measure the diffusion coefficients
of macromolecules or particles in solution, provided that the

into optically clear gels and their motion studied using PCS.
Although large compared with the molecular structure of the
gel network, the microviscosity of the gel appears to control
the movement of the particles. Thus this technique can be
used to study the microviscosity of optically clear gels and
the results compared with the release properties of the for-
mulation.

MATERIALS AND METHODS

Carbopol 940 was a gift from B. F. Goodrich and was
used as supplied. It produces an optically clear gel when
neutralized by the following procedure. Prefiltered triply
distilled water was stirred at 100 rpm and the required
weight of Carbopol 940 added slowly. Stirring was continued
until the powder was completely dispersed. The mixture was
allowed to stand for 6 hr to allow entrapped air to escape.
Stirring was recommenced and the mixture adjusted to pH
7.2 with a solution of sodium hydroxide. For the light-scat-
tering studies, polystyrene latices of diameter 0.642 pm
[(Dow Chemicals) were gently mixed into the gel to form a

Table I. Apparent Diffusion Coefficients (D,,;) of 0.642-pm Poly-
styrene Latices in Carbopol 940 Gels and the Corresponding Micro-
viscosity

! : ; N % (w/w) Carbopol D,,/em? sec™! x 10° w/cp
motion of the particle is controlled by random Brownian
movement (5). If spherical particles scatter the light, their 0 7.87 0.88
size can be estimated from their diffusion coefficient and the 0.01 5.20 1.33
viscosity of the medium in which they are suspended. Poly- gg; 5 :ig ggé
styrene latices of known particle size can be incorporated 0.10 087 795
0.25 0.72 9.65
- X - 0.50 0.51 13.46
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Fig. 1. Arrhenius plots for the microviscosity data of Car-
bopol 940 gels. (O) 1% (w/w); (@) 0.5% (w/w). Water (H) is
included for comparison but the data (from Ref. 8) have been
expressed as 3 + ¢n (viscosity/cp).

uniform suspension. The gel was then introduced into a
sealed cylindrical PCS cell and allowed to stand for 24 hr.
The formulations for the solute release studies were pre-
pared similarly except the solute was added in place of the
latices and the gel was mixed thoroughly in a Silverson ho-
mogenizer. The solutes used were:- methyl salicylate, ethyl
salicylate, phenyl salicylate [BDH, Analar] and glycol salic-
ylate which was a gift from Boots plc.

Dynamic light-scattering experiments were conducted
using a Malvern Instruments photon correlation spectrom-
eter, K7025, with 64 channels and a Liconix 14-mW HeCd
laser. The correlator was interfaced to a Commodore 32K
Pet, and the signal analyzed using the Malvern Application
Program. Sample times were set using visual observation of
the oscilloscope and the experiment duration was based on
the scattering intensity of the gel formulation. Samples of gel
without dispersed polystyrene did not produce correlelo-
grams at the sample times used. Using the Stokes—Einstein
equation,

_ kT
B 67rrn

D 1)

where D is the diffusion coefficient, & is the Boltzmann con-
stant, m is the viscosity, and r is the particle radius. The
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Fig. 2. Glycol salicylate release from 1% Carbopol gel at 30°C. The
effect of varying the drug concentration is shown and the data are
plotted according to Eq. (2).

effective viscosity of the preparation was assessed from the
measured diffusion coefficient and the known particle
radius.

The release properties of the gels were measured using
the method described by Billups and Patel (6). The inert
membrane used was polydimethylsiloxane of 0.13-mm
thickness and was shown in all experiments to provide no
contribution to the rate of release of the drug. The release
rates from the gels were analyzed (7) according to Eq. (2):

Q = [2 Dcgeyt)” @

where Q is the amount of drug released per unit area at time
t, ¢, is the concentration of the drug in the gel, ¢ is the
solubility of the drug in the gel, and D is the effective diffu-
sion coefficient of the drug in the gel. The appearance of the
salicylate in the normal saline receptor phase was monitored
by uv spectrophotometry on the removal of samples at 30-
min intervals.

RESULTS AND DISCUSSION

Carbopol 940 gels containing different concentrations of
the gelling agent were studied at 30°C. The results from dy-
namic light scattering are shown in Table I. The microviscos-
ities of the gels compared with water (0.798 cp; Ref. 8)
change by a factor of 30; this is considerably less than the
bulk viscosity, which changes by five orders of magnitude as
determined by continuous shear rheometry (9). Clearly the
technique of PCS is probing the microstructure of the gel
rather than the bulk properties.

At two gel concentrations, 0.5 and 1.0% (w/w), the mi-
croviscosity was studied as a function of temperature. The

Table II. Solubility of Salicylate (mg/ml) in 0.9% (w/v) Sodium Chloride Solution at Different Temperatures

Temperature Methyl Ethyl Glycol Phenyl
“C) salicylate salicylate salicylate salicylate
25 0.67 0.64 9.08 0.16
30 0.95 0.77 10.57 0.18
35 1.23 0.89 11.98 0.20
40 1.52 1.02 12.89 0.24
45 1.81 1.14 13.72 0.27
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Table III. Apparent Diffusion Coefficient of Salicylates from Various Concentrations of Carbopol Gel and Different Drug Concentrations

at 30°C
Methyl Ethyl Glycol Phenyl
Carbopol gel Drug conc. salicylate salicylate salicylate salicylate
conc. (%, wiw) (%, wiw) (D x105cm?sec™!) (D x 1075cm?sec™) (D x 107Scm?sec™!) (D X 1077 cm? sec™!)

0.5 2.0 0.96 0.55 — —
5.0 0.97 0.68 2.65 —

8.0 1.32 0.94 — 5
1.0 1.0 — — 0.55 —
2.0 0.7 0.37 1.21 —
3.0 — —_ 1.36 —
4.0 — — 1.57 —
5.0 0.8 0.38 1.97 2.43
8.0 0.85 0.62 — 2.22
10.0 1.05 — — 5.57
2.0 2.0 0.58 0.09 — —
5.0 0.70 0.17 1.72 —
8.0 0.77 0.25 — 3.08
10.0 0.94 — — —

results are given in the form of an Arrhenius plot in Fig. 1.
The gradients are used to calculate the energy of activation
of particle movement and hence microviscosity. For the two
gel concentrations 0.5 and 1%, the values are 32 and 23
kJ - mol~!, respectively. These values may be compared
with that of water, which is 20 kJ - mol~!. This suggests that
in the 1.0% gel the microenvironment which the particle ex-
periences is very similar to that of bulk water.

Release studies from the carbopol gels were conducted
on four salicylates, methyl, ethyl, glycol, and phenyl. The
solubilities of these esters were determined in normal saline
and are presented in Table II. Release was studied as a func-
tion of solute concentration, gel concentration, and temper-
ature. The results were analyzed using the relationship given
in Eq. (2) and typical results are reproduced in Fig. 2. The
gradients of these lines give a value of the apparent diffusion
coefficient of the drug in the gel matrix. Table III summa-
rizes the results showing the effects of solute and gel con-

centration at a fixed temperature, 30°C. From the results it
can be seen that the apparent diffusion coefficient of the sa-
licylate decreases with increasing gel concentrations. This is
in agreement with the microviscosity results. The diffusion
coefficient of a solute within a polymeric gel network is in-
fluenced by the volume fraction of the polymer (¢) present.
This obstruction effect can be described (10) by Eq. (3):

Dy = Dy/(1 — K&) 3

where D, and D,, are, respectively, the diffusion coefficients
of the solute in the gel and water. If the solute is not ab-
sorbed onto the polymer, the value of K assumes a value of
0.66. It is clear from the data in Table III that the diffusion
coefficient of the solute is being influenced by more than a
simple obstruction effect. It is possible that at the higher
polymer concentrations, the solvent is trapped in smaller
polymer cells and is structured by its close proximity to the
polymer molecules. This increases the diffusional resistance

Table IV. Apparent Diffusion Coefficient of Salicylates in Various Concentrations of Carbopol Gel at Different Temperatures?

Methyl Ethyl Glycol Phenyl
Carbopol gel Temperature salicylate salicylate salicylate salicylate
(%, wiw) (4O (D x 1073 cm? sec™Y) (D x 107% cm? sec™}) (D x 1076 cm? sec™}) (D x 10-7 cm? sec™!)

0.5 25 0.99

30 1.32

35 1.58

40 1.73

45 2.16
1.0 25 0.73 0.33 1.56 2.81

30 0.87 0.62 1.98 4.22

35 1.0 0.77 2.49 5.41

40 1.14 1.07 2.78 8.88

45 1.31 1.3 3.11 11.25
2.0 25 0.52 0.2

30 0.66 0.22

35 0.78 0.33

40 0.93 0.35

45 1.16 0.48

< Drug concentration 8% (w/w) except glycol 5% (w/w).
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Table V. Apparent Activation Energy (kJ mol~!) for Salicylate Release from Different Ointment Bases®

Methyl Ethyl Phenyl Glycol
Gel salicylate salicylate salicylate salicylate
0.5% (wiw)
Carbopol gel 28.93 (0.99) — —_ —
1.0% (wiw)
Carbopol gel 23.03 (0.999) 52.09 (0.99) 55.50 (0.995) 27.23 (0.99)
2.0% (wiw)

Carbopol gel 30.72 (0.998) — — _

< The figures in parentheses are the correlation coefficients of the appropriate Arrhenius plot.

by more than that expected. It is interesting that this effect is
monitored by the laser light scattering technique. As the
solute concentration increases, the apparent diffusion coeffi-
cient also increases. At the higher drug concentrations the
diffusive barrier to drug release is reduced. This is probably
a result of the drug loading influencing the gel structure by
increasing the unit cell size.

The release properties of the gels were investigated as a
function of temperature over the range 20—45°C. One per-
cent Carbopol gels were used containing 8% (w/w) salicylate
except the glycol derivative, where 5% (w/w) salicylate was
employed. Additionally, the methyl ester was studied in
0.5% and 2.0% w/w carbopol. The apparent diffusion coeffi-
cients obtained were analyzed by employing the Arrhenius

(apparent diffusion coefficient)

x 1072 cn®s™!
1.5 geo
1.0 =
0.5
o 4 Jd
3 5.5 8

-1

(microviscosity/cp x 1072)
Fig. 3. Rélationship between the apparent diffusion coefficient
of methyl salicylate (O) and ethyl salicylate (@) and the micro-

viscosity of 1% Carbopol gels at different temperatures.

expression to calculate the energy of activation for diffu-
sional release. The results are presented in Tables IV and V.
It is interesting to note that the energies of activation for
methyl and glycol salicylate are similar in magnitude to
those found in the microviscosity experiments. The higher
values for the ethyl and phenyl esters are possibly a result of
their very low water solubility.

It is possible to compare the apparent diffusion coeffi-
cients with the microviscosity as determined by dynamic
light scattering. If the light-scattering experiments are pro-
ducing a realistic measure of the microviscosity of the gel
networks, there should be an inverse relationship between
the viscosity and the apparent diffusion coefficient. This is
predicted by the Stokes—Einstein equation. In all cases
studied there was such a relationship and Fig. 3 shows typ-
ical data. We can conclude from this that the technique of
photon correlation spectroscopy can be used to probe the
microenvironment of optically clear gel networks. Conse-
quently it should be possible to use this experimental proce-
dure to aid the optimization of gel formulations used in top-
ical therapy.
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