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Purpose. To develop and demonstrate a rapid and simple colorimetric film assay for evaluating lipid
interactions of pharmaceutical compounds and gel formulations.

Methods. The colorimetric assay comprises glass-supported films of phospholipids and polydiacetylene,
which undergo visible and quantifiable blue-red transformations induced by interactions with
amphiphilic molecules applied in very small volumes on the film surface. The color transitions are
recorded by scanning of the films, and quantified through a simple image analysis algorithm.

Results. We show that pharmaceutical molecules and gel formulations induce blue-red transformations
after short incubation with the lipid/polydiacetylene (PDA) films. Colorimetric dose-response curves
exhibit dependence upon the lipid affinity and extent of membrane binding of the pharmaceutical
compounds examined. The colorimetric lipid/PDA film assay was employed for distinguishing the
contributions of individual molecular components within gel formulations.

Conclusions. The colorimetric data yield insight into the degree of lipid binding of the molecules tested.
The film assay is particularly advantageous for analysis of semi-solid (gel or lotion) formulations,
elucidating the lipid interaction characteristics of specific molecular components within the mixtures. The
new colorimetric film assay constitutes a generic, rapid, and easily applicable platform for predicting and
screening interactions of pharmaceutical compounds and complex formulations with lipid barriers.

KEY WORDS: gel formulations; lipid barriers; lipid interactions; passive diffusion; percutaneous

absorption.

INTRODUCTION

Evaluating the adsorption and interactions of pharma-
ceutical compounds and formulations with physiological lipid
barriers, such as the blood-brain barrier and the stratum
corneum (SC), is a critical parameter in pharmaceutical
research and development. Lipid interactions play a particu-
larly important role in situations of passive diffusion, in which
the hydrophobic environment intimately affects the transport
properties (1,2). Prediction of molecular diffusion through the
skin is especially challenging due to its laminated and
complex structure. The need to facilitate transfer of pharma-
ceutical substances through the hydrophobic SC, and in case
of a systemic product through the hydrophilic epidermis and
dermis, is a complicated task to achieve. The need for a fast
and high throughput prediction tool is thus evident.

Delivery of drugs through the SC (or other physiological
lipid barriers) is often facilitated through the creation of
formulations comprising varied functional ingredients beside
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the active pharmaceutical ingredient (API), such as surfac-
tants, penetration enhancers, and molecular stabilizers (3,4).
Gel-type formulations have become an attractive configura-
tion for topical administration of pharmaceutical substances
and percutaneous drug delivery due to environmental stabil-
ity, permeation effectiveness, and ease of practical use (5).
When designing formulations, a critical need thus arises for
evaluating the impact of individual constituents upon the
interactions with the lipid barrier and upon the actual input
(rate) of drug transport through human skin.

Existing assays for assessment of lipid barrier interac-
tions and permeation are still limited. Prediction of molecular
adsorption onto lipid barriers generally rely upon simplistic
parameters such the molecular weights and partition coef-
ficients between hydrophilic/hydrophobic phases (logP/logD
values), determined by either the shake flask method (6), or
by high performance liquid chromatography (HPLC) (7). Cell
culture assays are experimentally demanding and suffer from
poor reproducibility (8). Determination of molecular adsorp-
tion onto the air—water interface (9) and into lipid monolayers
(10-12) have been utilized for analysis of lipophilic properties
of pharmaceutical substances, however these techniques are
experimentally demanding and time consuming.

We have recently introduced a new rapid colorimetric
platform for detection and analysis of interactions and
relative penetration of pharmaceutical compounds through
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lipid layers (13). The colorimetric assay consists of vesicles
comprising phospholipids and polydiacetylene (PDA)—a
cross-linked polymer which undergoes dramatic blue-red
transformations corresponding to structural transitions within
its conjugated framework (14). Previous studies demonstrated
that PDA constitutes a useful biosensing element for
membrane interactions since the colorimetric transitions can
be directly induced by binding of lipophilic substances to
PDA-based assemblies (15). In particular, vesicles comprising
phospholipids and PDA were shown to exhibit distinct
colorimetric dose-response profiles, which depend upon the
degree of lipid binding and bilayer insertion, providing an
effective platform for rapid analysis of membrane interactions
of pharmaceutical compounds (16).

Application of vesicle-based assays is restricted, howev-
er, to evaluation of lipid interactions of soluble molecules.
Here we demonstrate the utilization of glass-supported lipid/
PDA thin films (17) for rapid colorimetric screening of the
interactions of pharmaceutical compounds and semi-solid (gel)
formulations with hydrophobic barriers. We show that PDA-
based film systems offer significant advantages for practical
pharmaceutical screening applications. The presented data
demonstrate quantitative colorimetric analysis using conventional
desktop scanning instrumentation and the possibility for testing
samples in their actual physical states, such as gel formulations.

MATERIALS AND METHODS

Materials. 10,12-Tricosadiynoic acid was purchased from
Alfa Aesar (Ward Hill , MA) and purified by dissolving the
powder in chloroform, filtrating the resulting solution through
a 0.45 pm Nylon filter, and evaporation of the solvent.
Dimyristoylphosphatidylcholine (DMPC) [Avanti Polar Lip-
ids, Alabaster, AL] was used as received. The diacetylene
and phospholipids were dissolved in chloroform to give
final concentration of 2 mM. Amitriptyline hydrochloride,
promethazine hydrochloride, metoprolol tartrate salt, acebuto-
lol hydrochloride, procaine hydrochloride, and procainamide
hydrochloride were purchased from Sigma and were dissolved
in water. All solvents were HPLC-grade pure.

Diclofenac gel formulations were supplied by Perrigo Israel
Pharmaceutical Ltd, and contain (beside the API) polyethylene
glycol monomethyl ether (MPEG 350), hydroxyethyl cellulose,
diethylene glycol monoethyl ether (transcutol), and glycerin (18).

Film Preparation. All diacetylene/DMPC films were
prepared at 20°C in a computerized Langmuir trough
manufactured by NIMA (model Nima 312D (7x50 cm?),
Nima Technology Ltd, Coventry, U.K.) (19,20). The surface
pressure was monitored using a 1-cm-wide filter paper as a
Wilhelmy plate. For each experiment, 35 uL of the lipid/
diacetylene chloroform solution was spread on the water
subphase (pH 6.3). Compression started after solvent
evaporation (15 min) and was carried out at a constant
barrier speed of 8 cm? min~'. The films were compressed up
to 15 mN/m and then allowed to equilibrate at constant
surface pressure for 10 min, subsequently transferred onto
modified glass slides by the horizontal touch method
(Langmuir—Schaefer method) (21,22). The glass-supported
films were irradiated at 254 nm to polymerize the diacetylene.
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Color scanning and image analysis. Aliquots of the tested
compounds (6 pl) were placed on the surfaces of the
polymerized films and incubated at 37°C for 45 min. The films
were sealed in a Petri dish to minimize evaporation. Following
incubation, the drops were removed with a filter paper and the
dry films were scanned on an Epson 4990 Photo scanner to
produce high resolution RGB images. The films were placed in
a special film adaptor and scanned in transmitted mode at
2,400 dpi optical resolution and 24 bit color depth. Quantifi-
cation of the blue-red color transformations was carried out
using digital colorimetric analysis (DCA) (18). DCA was
carried out by cropping the spots within the film images which
the sample volume covered, and application of MATLAB®
mathematical software for calculating the total intensity and
abundance of red pixels on the surface (17).

Molecular adsorption at the air/water interface. The water
subphase used in the Langmuir trough was doubly purified
(18.3 m{) resistivity) by using a Barnstead D7382 water
purification system (Barnstead Thermolyne Corporation,
Dubuque, IA-USA). Adsorption experiments were carried
out at 20°C using the Nima 312D Teflon trough. Aliquots
from the samples were injected into the gently-stirred water
subphase (total volume of 50 cm?®) through a short vertical
tube, yielding different initial concentrations used in the
experiments. The adsorption isotherms (Aw-time) of the
pharmaceutical compounds at a constant air/water interface
area (12 cm?) were monitored using the Wilhelmy plate. In the
experiments examining compound penetration into lipid
monolayers, the chloroform lipid solution was spread over the
clean air/water interface prior to compound injection and allowed
to equilibrate for 15 min reaching the desired initial surface
pressure (m;). The error in all measurements was 0.2 mNm .

RESULTS

Colorimetric Screening of Pharmaceutical Compounds Using
Lipid/PDA Films

Figure 1 depicts the principles of the colorimetric phar-
maceutical screening concept. The blue polymerized DMPC/
PDA films constitute the adsorption platform and signal
generator (Fig. 1A). Previous studies have determined that
the phospholipids and polydiacetylene modules adopt micro-
scopic domains within the film (20). We have further observed
that mixing phospholipids with the diacetylene contributes to
film stability, aids the efficient transfer from the air/water
interface onto the glass surface, overall significantly improving
the uniformity and long-term stability of the films. The thrust of
the colorimetric screening methodology is the induction of
visible blue-red transformations upon the film surface follow-
ing incubation with membrane-active and lipophilic compounds
which interact and bind to the film interface, disrupting the
conjugated network of the polymer (15) (Fig. 1A).

Figure 1B depicts a typical colorimetric image of a lipid/
PDA film incubated around 30 min with increasing concen-
trations of acebutolol, a p-adrenoceptor blocking agent which
exhibits a wide range of physiological effects associated with
cell membrane interactions (23,24). The scanned image in
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Fig. 1. Colorimetric pharmaceutical screening using lipid/PDA films. A Schematic figure showing the blue-red transformations induced in
glass-supported lipid/PDA film by adsorbed compounds. Phospholipids are depicted in black, polydiacetylene is in blue (initially) and red (after
structural transformation induced by adsorbed species); B Scanned film after incubation with acebutolol: (i) control (no addition), (if) water,
(#if) incubated with 0.0005 M acebutolol, (iv) 0.001 M, (v) 0.005 M, (vi) 0.01 M, (vii) 0.05 M, (viii) 0.1 M, (ix) most intense red color, induced

upon film heating. Scale bar corresponds to 3 mm.

Fig. 1B highlights several important aspects of the colorimet-
ric analysis. First, the intensity of red spots on the film surface
is directly related to compound concentrations. Moreover,
Fig. 1B demonstrates that blue-red transformations can be
distinguished by the naked eye even at very low concen-
trations (sub-millimolar concentrations in case of acebutolol).
The scanned image also shows that very low sample volumes
can be analyzed using the chromatic film technology—the
diameter of each spot in Fig. 1B is only around 3 mm.

The blue-red transformations occurring upon the film
surface can be easily quantified through DCA, a simple image
analysis algorithm designed to measure the abundance and
intensity of the red pixels in a desired area within the scanned
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Fig. 2. Colorimetric dose response curves. Degree of blue-red
transformations (%RCS) obtained following incubation of pharma-
ceutical compounds upon the surface of DMPC/PDA film: (open
circles) Amitriptyline, (closed circles) Promethazine, (open squares)
Acebutolol, (closed squares) Metoprolol, (open triangles) Procaine,
(closed triangles) Procainamide.

image (17). Figure 2 depicts the DCA results obtained for
several pharmaceutical compounds (Table T) incubated on the
DMPC/PDA film, revealing significant differences among the
molecules tested. Figure 2 depicts the relationship between
compound concentrations and the percentage of the red
chromaticity shift (%RCS), which is a quantitative parameter
measuring the extent of the blue-red transformation in the film
surface (17). Amitriptyline and promethazine induced pro-
nounced blue-red transitions at very low concentrations
(<10~* M) (Fig. 2). Acebutolol and metoprolol, in comparison,
gave rise to less intense red spots when placed upon the film
surface (lower %RCS values), which were moreover induced at
much higher concentrations (note the logarithmic concentration
scale). Procaine and procaineamide did not give rise to blue—
red transformations when placed on the film surface (Fig. 2).

Monolayer Adsorption Analysis

To examine whether the distinct colorimetric dose—
response curves in Fig. 2 reflect different interactions of the
pharmaceutical compounds with the lipid/PDA films, we
carried out phospholipid monolayer adsorption analysis
(Fig. 3). Isothermal adsorption experiments have been
employed for characterization of lipid affinity and binding of
pharmaceutical compounds (9,25). In such experiments, the
surface-pressures of phospholipid monolayers at the air/water
interface was shown to increase following injection of lipophilic
molecules into the water subphase. Furthermore, the surface
pressures increase mirrored the relative lipid affinity of the
tested molecules (10-12). In the context of the colorimetric
assay examined here, transfer of water-soluble molecules onto
lipid monolayers at the air/water interface closely resembles
the situation encountered in the lipid/PDA film experiments
shown in Figs. 1 and 2, in which the blue-red transitions are
induced through interactions between molecules dissolved in
the aqueous solution and the lipophilic films.
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Table I. Pharmaceutical Compounds Examined in this Work

Pharmaceutical compounds LogP Mode of action
Anmitriptyline 5.04 Analgestic, antidepressant, adrenergic uptake inhibitor
Promethazine 4.946 Antiallergic, H;-antagonist
Acebutolol 2.356 anti-arrhythmic, 3;-adrenoceptor blocking agent, local anesthetic
Metoprolol 2.477 Antihypertensive, pi-adrenoceptor blocking agent
Procaine 1.845 Local anesthetic
Procainamide 1.282 Anti-arrhythmic

The adsorption isotherms in Fig. 3A point to significantly
different lipid-monolayer affinities by the examined mole-
cules, which echo the colorimetric dose-response curves in
Fig. 2. Specifically, amitriptyline and promethazine induced
the highest increase in surface pressures, followed by
metoprolol and acebutolol (Fig. 3A, curves i-iv). Importantly,
the injected concentrations of amitrptyline and promethazine
used in the adsorption isotherms in Fig. 3A were an order of
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Fig. 3. Adsorption isotherms. A Adsorption isotherms onto DMPC
monolayers at initial pressures of 8 mN/m: () amitriptyline at 50 pM
concentration, (ii) promethazine 50 uM, (iif) metoprolol 500 pM, (iv)
acebutolol 500 pM, (v) procaine 1 mM, (vi) procainamide 1 mM. B
Correlations between A (the difference between the final and initial
surface pressures of the DMPC monolayer) and initial pressure ,
after injection into the water subphase of (squares) promethazine
50 uM, (circles) acebutolol 500 uM, (triangles) procaine 1 mM.

magnitude lower than the respective concentrations of
metoprolol and acebutolol (50 pM for amitriptyline and
promethazine compared to 500 pM in case of metoprolol
and acebutolol)—indicating significantly stronger adsorption
of amitrptyline and promethazine to the phospholipid mono-
layer. Procaine and procainamide gave rise to minimal
increase in surface pressures, at higher injected concentra-
tions of 1 mM (Fig. 3A, curves v, vi), mirroring their minimal
interactions with the DMPC/PDA films (Fig. 2).

Figure 3B depicts the net pressure increase (Anm—
difference between the initial surface pressure and final
equilibrium pressure) recorded in DMPC monolayers com-
pressed to different initial pressures (;) following injection of
representative compounds into the water subphase. The
linear dependences apparent in Fig. 3B reflect the extent of
binding and insertion of the tested molecule into the lipid
monolayer (26). Specifically, for all w; examined, the net
pressures (Aw) decreased in the order promethazine >
acebutolol > procaine.

The extent of lipid interactions is also manifested in the
intersections of the straight lines in Fig. 3B with the x axis (m;).
The intersection values are essentially the “exclusion pres-
sures” (mex) at which the molecules cannot transfer from the
aqueous phase into the phospholipid monolayer (26). The ey
values, extracted from Fig. 3B, of approximately 17 mN/m
(promethazine), 14 mN/m (acebutolol), and 12.7 mN/m (pro-
caine), clearly distinguish between the capacities of the mole-
cules to adsorb and penetrate into the lipid monolayers, and
again point to a relative monolayer affinity of promethazine >
acebutolol > procaine.

Colorimetric Screening of Gel Formulations

Prediction of lipid interactions and membrane permeation
of semi-solid gel formulations poses particular challenges since
analysis cannot be carried out in conventional liquid environ-
ments (i.e. the gel configuration of the sample needs to be
maintained). Figure 4 depicts an experimental setup for
analysis of lipid interactions of gel formulations using glass-
supported lipid/PDA films. The gel samples are placed upon
circular glass-supported DMPC/PDA films, and subsequently
covered with a thin glass slip to maintain stability and prevent
environmental contamination (Fig. 4A). Visible colorimetric
transformations induced by gel formulations of different
compositions are shown in Fig. 4B.

The color transitions induced by the formulations can be
also monitored in situ through color scanning (Fig. 4C).
Figure 4C depicts the kinetic colorimetric profiles of several
diclofenac formulations designed for enhanced skin perme-
ation (18). The tested formulations comprised diclofenac (the
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API), transcutol (penetration enhancer) and other molecular
components (18). Importantly, neither diclofenac nor trans-
cutol gave rise to color transitions when placed individually
on DMPC/PDA films (data not shown). This result indicates
that the colorimetric transformations in Fig. 4B and C
correspond to membrane interactions affected by the for-
mulations as a whole. Furthermore, the distinct kinetic
behavior of formulations having different compositions, as
shown in Fig. 4C, points to contributions of specific constit-
uents within the formulation to lipid interactions.

In particular, increasing the concentration of diclofenac
in the gel formulation from 3% (Fig. 4C, curve ii) to 5%
(Fig. 4C, curve iv) significantly enhanced film interaction of
the gel mixture—apparent as the higher %RCS values in
Fig. 4C. This result is consistent with previously-reported
observations suggesting that enhanced skin permeation goes
hand in hand with an increase in diclofenac concentration
(27). In contrast, decreasing the weight-percentage of trans-
cutol from 5% (Fig. 4C, curve ii) to 1% (Fig. 4C, curve iii)
seems to actually enhance lipid binding (i.e. more pronounced
blue—red transformation). Such an inverse relationship between
transcutol concentration and lipid permeation has indeed been
reported in high transcutol concentration ranges (28).

Figure 5 depicts an application of the colorimetric film
assay for multicomponent analysis of gel formulations.
Specifically, the 3-dimensional bar diagram in Fig. 5A
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Fig. 4. Colorimetric analysis of gel formulations: A schematic descrip-
tion; B scanned image recorded after 1 h incubation of diclofenac gel
formulations: 5% diclofenac, 5% transcutol (left spot), 0%, 0% (middle
spot), 3%, 5% (right spot). C Kinetic curves recorded in situ for
formulations containing: squares—S5% diclofenac, 5% transcutol,
triangles—3%, 1%, circles—3%, 5%, diamonds—0%, 0%.
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Fig. 5. Multi-component analysis of gel formulations: A three-

dimensional matrix depicting %RCS values recorded for formula-

tions having different contents of diclofenac and transcutol; B
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Fig. 6. Multi-component analysis of ceramide/PDA film: Three-dimen-
sional matrix depicting % RCS values recorded for formulations shown in
Fig. 5 (having different contents of diclofenac and transcutol).
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summarizes the quantitative determination of the blue-red
transformations (e.g. DCA analysis) induced by formulations
having different compositions. The colorimetric data in Fig.
5A, recorded approximately 60 min after deposition of the
formulations upon the film surface, highlight the different
effects of diclofenac and transcutol in the mixtures upon lipid
interactions.

Indeed, the linear relationships in Fig. 5B, extracted from
the bar diagram in Fig. 5A, clearly point to the opposing
effects of diclofenac and transcutol upon lipid interactions.
While increasing diclofenac mole percentage seems to
linearly amplify the color response of the film (broken line
in Fig. 5B), the impact of transcutol upon the color change
was opposite (solid line in Fig. 5B). In particular, increasing
transcutol concentration (at a constant diclofenac concentra-
tion) actually reduced lipid binding. This inverse relationship
essentially replicates the kinetic curves depicted in Fig. 4C.

It should be emphasized that the choice of DMPC as the
lipid molecule incorporated within the PDA films was due to
the fact that this phospholipid is inexpensive, readily avail-
able, and widely-used in diverse model systems of membrane
and physiological barriers. However, different lipid composi-
tions can be readily incorporated within the PDA framework.
Ceramide, for example, which comprises a major component
of the SC, has been included in the chromatic films and
yielded colorimetric data that were similar to the results
reported above for the DMPC/PDA film (Fig. 6).

DISCUSSION

This study depicts the design and application of a simple
colorimetric film platform for prediction and analysis of lipid
interactions of pharmaceutical compounds and formulations.
The new colorimetric approach relies upon color scanning
and quantification of the blue-red transformations induced
by pharmaceutical substances in glass-supported phospholip-
id/PDA films; the color changes are directly related to the
extent of lipid binding by the molecules tested. The technol-
ogy is generic, easily applicable, and capable of distinguishing
among different lipid interaction and binding properties of
the tested molecules.

The experiments revealed significantly different colori-
metric responses induced by representative pharmaceutical
compounds. Specifically, the diverging colorimetric dose
response curves depicted in Fig. 2 most likely reflect the
different affinities of the examined compounds to lipid
barriers, and the lipid interaction/penetration profiles of the
compounds. As summarized in Table I, amitriptyline and
promethazine are highly lipophilic, exhibiting logP values that
are greater than 4, which most likely contribute to the
considerable affinity to the lipid/PDA film as manifested in
Fig. 2. The logP values of acebutolol and metoprolol are
lower — around 2.5 — which might explain their lesser
association with the lipid/PDA film compared to amitriptyline
and promethazine (i.e lower %RCS values, further induced at
a higher concentration range, as depicted in Fig. 2). The
colorimetric dose response analysis in Fig. 2 also suggests that
procaine and procainamide do not adsorb onto lipid barriers.
This observation might be related to the relatively low logP
values, at around 2.0, of these two compounds (Table I).
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Monolayer adsorption experiments (Fig. 3) corroborated
the proposed lipid interactions corresponding to the colori-
metric phenomena. The isothermal adsorption profiles in
Fig. 3 feature differences among the pharmaceutical mole-
cules which exactly mirror the colorimetric data, and con-
firmed the relationships between the color changes and lipid
interactions. In particular, the data highlighted the pro-
nounced affinity of amitriptyline and promethazine to lipid
monolayers compared to the other molecules examined, the
lesser lipid binding of acebutolol and metoprolol, and the
minimal lipid interactions of procaine and procainamide.

An important advantage of the lipid/PDA film platform
as a practical pharmaceutical screening tool is the feasibility
for analysis of semi-solid, gel formulations. Figures 4 and 5
demonstrate that lipid interactions of physically-intact gel
formulations can be easily monitored through incubation
upon the film surface. In particular, the color response of
different formulations facilitates elucidation of the contribu-
tions of specific components. The colorimetric analysis
depicted in Fig. 5 revealed, on the one hand, the increased
lipid adsorption induced by higher concentrations of dicloef-
nac (the API) and, and, on the other hand, the inverse
relationship between lipid binding and transcutol concentra-
tion in the gel formulation. It should be emphasized that the
formulations we have examined here were thoroughly
analyzed for their skin penetration capabilities using conven-
tional techniques such as Franz cell apparatus (18). Such
methods, which are overall more cumbersome and time-
consuming, yielded similar information concerning lipid
interactions as the simple model presented here.

The colorimetric lipid/PDA film platform constitutes a
generic, easy-to-apply technology for evaluation of binding,
interactions, and penetration into lipid barriers by pharma-
ceutical substances. The colorimetric approach is a fast and
simple technique for evaluating membrane/lipid affinities,
particularly in comparison with common methods such as
logP/logD measurements, both because of the ease of
performing the experiments and data interpretation, and also
because the lipid/PDA films mimic two-dimensional lipid
barriers. The lipid/PDA film platform can be employed for
high throughput screening utilizing extremely low sample
volumes, making the technique a practical R&D tool. The
technology is particularly amenable for investigating lipid
interactions and percutaneous adsorption of gel-type formu-
lations and pharmaceutical lotions as the analysis examines
the actual semi-solid configuration of the tested materials.
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