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Abstract

The transmembrane permeability coefficient of the K-hydroxyacid, glycolic acid, has been measured for egg
phosphatidylcholine large unilamellar vesicles. The determination of the vesicle concentration independent first-order rate
constant for membrane transport and the permeability coefficient were made using an NMR technique employing shift
agents. Both the temperature dependence and the dependence on cholesterol content were investigated. The activation energy
and the Arrhenius pre-exponential factor were found to be dependent on the cholesterol content. A marked increase in both
parameters was observed up to 20 mol% cholesterol, with a further, small increase up to 50%. The pH dependence of
permeability was also investigated. An increase in permeability is observed with a decrease in pH, providing a possible
explanation for the effectiveness of glycolic acid in skin treatment. ß 1999 Published by Elsevier Science B.V. All rights
reserved.
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1. Introduction

Glycolic acid (hydroxyacetic acid) is the smallest in
a series of naturally derived K-hydroxyacids (AHAs)
which includes lactic, malic, tartaric, and citric acid.
Their structures are illustrated in Fig. 1. The moti-
vation for studying the permeability of glycolic acid
was two-fold. Firstly, having shown the usefulness of
NMR to examine permeants, such as DMA [1], with
permeability coe¤cients greater than 1039 m s31, we
wished to expand this range to cover faster permeat-
ing molecules. Alger and Prestegard [2], showed the
permeability of acetic acid in phospholipid mem-

branes to be about 1036 m s31, from which it can be
estimated that glycolic acid should permeate at a
similar, or perhaps slightly slower rate. This pre-
sumption is based on the fact that glycolic acid
(log P =31.11) is more hydrophilic than acetic acid
(log P =30.31) as measured by octanol/water parti-
tion coe¤cients (P) [3].

Secondly, glycolic acid is used within the cosmetic
industry and is reported to improve acne as well as
premature aging of the skin. [4,5]. Information on its
permeability may be of practical use to dermatolo-
gists as they attempt to decipher the mechanisms of
its action. Glycolic acid is hydrophilic and may
therefore di¡use freely throughout the intercellular
phase in plasma and skin, without the need for pro-
teins to act as carriers. This has been proposed as an
explanation for the skins mild secondary reactions to
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glycolic acid compared to the harsh e¡ects of more
hydrophobic skin products [6]. Also, glycolic acid
has been shown to have a pH-dependent ability to
stimulate cell renewal [7]. Its maximal stimulation
was observed at about pH 3, while very little stim-
ulation was observed above pH 6. As well, glycolic
acid has been shown to exhibit its e¡ects quickly,
possibly due to its ability to penetrate the skin rap-
idly.

By studying the passive permeability of glycolic
acid, explanations for some of its observed e¡ects
may be provided.

2. Materials and methods

All materials used throughout this work were pur-
chased in the purest form available from Sigma-Al-
drich Canada (Oakville, ON, Canada) unless other-
wise stated.

2.1. EPC storage and use

Egg phosphatidylcholine (EPC) is received as 1 g
of powder in vials (Northern Lipids, Vancouver, BC,
Canada). Once the vial is opened, the EPC is dis-
solved in 10 ml chloroform and stored in a freezer
(318³C). When needed, the EPC solution is meas-
ured by volume, dried ¢rst by rotary evaporation,
then under vacuum.

2.2. LUV preparation

LUVs were prepared by the extrusion procedure of
Cullis and colleagues [8,9]. A 1.5-ml solution of gly-
colic acid (8 mg ml31) in D2O was adjusted with
NaOH or HCl to the desired pH as monitored by
a pH meter. This solution was used to hydrate 0.1 g
of a mixture of dried EPC and cholesterol. The mix-
ture was vortexed to produce a multilamellar suspen-
sion and was allowed to equilibrate, at room temper-
ature, overnight. This suspension was frozen in liquid
nitrogen (30 s) and thawed in warm water (40³C) ¢ve
times to increase the bilayer unilamellarity [8]. This
freeze^thawed suspension was transferred into an
extruder (Lipex Biomembranes, Vancouver, BC,
Canada) and passed, ten times, through two polycar-
bonate ¢lters (Nucleopore Canada, Toronto, ON,

Canada) under 600 psi nitrogen gas to produce
LUVs.

2.3. NMR sample preparation

In a typical experiment, 0.4 ml of the LUVs were
added to an NMR tube. To this was added 3 Wl of
50 mM PrCl3 in D2O as a shift reagent.

2.4. NMR data collection

1H-NMR spectra were accumulated with a Bruker
AM400 NMR spectrometer using quadrature detec-
tion. The temperature was controlled with a BVT-
100 temperature controller. Spectra were acquired
with two dummy scans followed by eight scans of
8192 data points, 2-s relaxation delay, a 90³ detection
pulse, and a 3800-Hz sweep width.

2.5. NMR data analysis

NMR data was analyzed using the Bruker WIN-
NMR program (version 940401). Typically, no line
broadening was applied to the FIDs. After Fourier
transformation, and phase correction, a 5th order
baseline correction was applied to the spectrum.
Peak widths at half height (accurate to þ 1 Hz) of
the internal glycolic acid resonance were analyzed
using either the AM400s Aspect 3000 console (EP
mode), or the WIN-NMR deconvolution routine.

3. Results

The glycolic acid region of a typical 1H-NMR
spectrum is depicted in Fig. 2a. A single resonance
is observed with a natural linewidth of about 2.5 Hz.

Fig. 1. The K-hydroxyacid family.
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The addition of a shift agent, in this case PrCl3,
causes the glycolic acid on the outside of the vesicles
to shift down¢eld, as is seen in Fig. 2b. Both reso-
nances are exchange broadened, but still have sepa-
rate frequencies, exhibiting that di¡usion is still in
the slow exchange regime. The increase in linewidth
of the inner resonance as a result of exchange is
given by

vX � kapp

Z
�1�

where vX is the line broadening (in Hz) arising from
exchange processes and kapp is the pH-dependent,
vesicle concentration independent rate constant of
transport across the membrane (in s31). In order to
calculate vX, the linewidth in the absence of ex-
change, X0, is subtracted from the observed line-
width, X. As the temperature decreased, the linewidth
decreased, but no further decrease in X was observed
below 283 K (X0W5 Hz). Hence, Xo was taken to be
the linewidth at this temperature. Fig. 3 illustrates
the e¡ect of the temperature on the broadening of

the inner peak as the temperature is increased from
283 to 303 K. From the di¡erence in linewidth kapp is
calculated to be 22 þ 4 s31.

The pH dependence of kapp is analogous to that
observed previously in our studies of dimethylarsinic
acid (DMA) [1]. The pH dependent rate constant is
related to the rate constant for permeation of the
uncharged acid (ka), the negatively charged base
(kb), and the fraction of undissociated acid, K, as
in Eq. 2 [1].

kapp � �ka3kb�K� kb �2�

Fig. 2. Glycolic acid resonance before (a), and after (b), the ad-
dition of a shift agent to the vesicle system. pH 3.94, T =
303 K, 100 nm vesicle diameter.

Fig. 3. The e¡ect of temperature on the inner, exchange broad-
ened, glycolic acid resonance. The top trace was taken at 283
K and has a linewidth at half height, Xo, of 5.2 Hz, the wider,
bottom trace was taken at 303 K and has a linewidth, X, of
12.0 Hz. pH 3.94, 100 nm vesicle diameter.

Fig. 4. E¡ect of pH (and therefore K) on the apparent rate con-
stant of permeation, kapp. The observed data points are repre-
sented by 8, and the line represents linear regression analysis.
A slope of 43.7 s31 (SD = 2.1 s31) and intercept of 3.1 s31

(SD = 1.2 s31) were obtained. (R2 = 0.982) T = 303 K.
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K � �H��
�H�� � Ka

�3�

For a monoprotic acid, such as glycolic acid
(Ka = 3.83), K is given by Eq. 3. The plot of kapp

vs. K, depicted in Fig. 4, exhibits a linear relation-
ship. Applying Eq. 2, a pH-independent rate con-
stant of ka = 41 þ 4 s31 was obtained for the undis-
sociated form of glycolic acid. As judged by the
magnitude of the intercept, the anionic base perme-
ates with a rate constant of 3 þ 2 s31, approximately
zero when compared to the undissociated species.

Papp � kappV i

Amem
�4�

As previously discussed [1], the rate constant, kapp,
is related to the trapped volume/inner vesicular sur-
face area ratio, Vi/Amem, as in Eq. 4. Since the
vesicles formed using the extruder are of uniform
size [9], this ratio is approximately constant. Assum-
ing that all the vesicles are spherical, we obtain the
equation:

V i

Amem
�

4
3
Zr3

i

4Zr2
i

� ri

3
� d i

6
� do32vr

6
�5�

where ri, and di are the inner radius and diameter of
the vesicles, respectively. The outer diameter of the
vesicles is represented by do, and vr is the membrane
thickness. The outer radius of the vesicles is calcu-
lated from light scattering methods [9]. For unilamel-
lar, EPC membranes vr is approximately 40 Aî . As
an example, for an outer diameter of 100 nm, the
ratio of Vi to Amem is 15.3 nm.

The permeability coe¤cient may now be de¢ned
as:

Papp � kapp�do32vr�
6

�6�

The results for two di¡erent vesicle sizes are tabu-
lated in Table 1. Permeability did not change with
vesicle size within error which was on the order of
1U1037 m s31.

The e¡ect of membrane composition on the per-
meability of glycolic acid was investigated by the
addition of varying amounts of cholesterol to the
lipids used to form the LUVs. At all cholesterol lev-
els, the linewidth, Xo, at low temperature (283 K),
varied only slightly (6 þ 1 Hz). The subsequent cho-
lesterol e¡ect on the rate constant of permeation is
depicted in Fig. 5.

Table 1
Vesicle diameter e¡ect on the permeation of glycolic acid through phospholipid vesicles, pH 3.46

kapp at 303 K/ þ 4 s31 Filter size (nm) Actual diameter [9] (nm) Papp/ þ 1U1037 m s31

34 100 103 5.4
20 200 151 4.7

Fig. 5. The e¡ect of cholesterol on the apparent rate constant
for permeation (kapp) of glycolic acid through EPC LUVs at
299 K (F), 303 K (8), and 308 K (R). pH 3.46, 100 nm vesicle
diameter. pH 3.46, 100 nm vesicle diameter.

Table 2
Arrhenius parameters obtained from temperature variation of
glycolic acid exchange (kapp) experiments performed with
100 nm vesicles, pH 3.46

Mass% cholesterol mol% ln A Ea (kJ mol31)

0 0 29.6 60
5 10 31.5 70

15 26 38.2 89
30 47 39.3 93

Standard deviations of 0.1 for ln A and 9 kJ mol31 for Ea

were estimated.
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The temperature dependence on the rate constant
for permeation was investigated at several cholesterol
contents. The data from this investigation were ana-
lyzed using Arrhenius kinetics with A representing
the pre-exponential Arrhenius factor, Ea the activa-
tion energy, R the gas constant, and T temperature.
The Arrhenius parameters obtained, exhibited a de-
pendence upon membrane composition, as summar-
ized in Table 2.

4. Discussion

The ability to use NMR as a tool for probing
membrane permeabilities in LUVs, too fast for the
method outlined previously [1] has been demon-
strated. By forming vesicles in a solution of glycolic
acid, we were able to extract rate constants for per-
meation under equilibrium conditions. The paramag-
netic shift reagent, Pr3�, was employed to resolve the
1H signals arising from glycolic acid inside and out-
side the LUVs. The linewidth of the inner signal,
being exchange broadened, was measured and com-
pared to the width at low temperature.

A series of experiments were performed to study
the e¡ects of pH, temperature, vesicle size, and mem-
brane composition on the rates of permeation of gly-
colic acid in EPC vesicular membranes. By applying
slow NMR exchange kinetics, permeation rate con-
stants (independent of vesicle concentration) were
calculated from the data. Using these rate constants,
in conjunction with the known vesicle diameter and
membrane width parameters, permeability coe¤-
cients were obtained. As predicted by the partition
coe¤cients, the permeability coe¤cient for glycolic
acid is about an order of magnitude slower than
that of acetic acid.

The correlation between the rate constant for per-
meation and the fraction of undissociated acid is
similar for glycolic acid as has been observed previ-
ously for DMA [1] and other systems [10^12]. A rate
constant for permeation of 41 þ 4 s31 was obtained
for undissociated glycolic acid. This translates into a
permeability coe¤cient of (6.4 þ 1)U1037 m s31. The
anionic form of glycolic acid has a rate constant of
permeation of approximately 3 þ 2 s31 and a perme-
ability coe¤cient of (5 þ 3)U1038 m s31. At low pH,
where a higher percentage of undissociated acid is

present, the rate constant is larger than that at a
higher pH, where more of the anion is present.
This e¡ect has been observed in several studies,
and is attributed to the relative inability of the anion
to partition into the neutral bilayer when compared
with the undissociated species [1,10^12]. This e¡ect
also o¡ers an explanation for the pH dependence on
glycolic acid's ability to stimulate cell renewal, where
e¡ectiveness is enhanced at lower pH [7].

The trends observed here for the transport of gly-
colic acid across phospholipid membranes with an
increased presence of cholesterol are similar as those
previously reported by ourselves [1] as well as others
[13^30]. The results reported here show that the ma-
jor e¡ect of cholesterol occurs up to the 20% (mol)
level, and that further increase in the cholesterol
content has only a limited e¡ect. This behavior is
probably due to the balance between the increase
in the partition coe¤cient and decrease in the rate
of membrane transport as cholesterol content is in-
creased.

The activation energies observed in this work, for
membranes free of cholesterol, are comparable to
those observed for the permeability of a variety of
charged and uncharged solutes [31]. Being hydro-
philic, we would expect that the barrier of di¡usion
to glycolic acid is the hydrophobic membrane interi-
or. Our observations of an increasing Ea with in-
creasing cholesterol up to 20 mol%, followed by a
leveling o¡ is consistent with the growth and leveling
of the hydrophobic barrier as described by Subczyn-
ski and coworkers [32] and will be the subject of
further investigation by ourselves.
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