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Purpose: This work investigated whether topical pain relief diclofenac gels can form
a diclofenac reservoir in the epidermal and dermal layers of human skin.

Methods: Excised human skin samples were treated with three topical diclofenac gels ex
vivo and examined using Raman microscopy of transversally microtomed sections. The
relative diclofenac concentration in the skin layers was calculated as the ratio of the
integrated areas of bands characteristic of diclofenac (~445 em ') and skin (Amide I).
A customized masking algorithm ensured that only diclofenac-specific signal was mapped
in the resulting Raman images.

Results: A heterogenous spatial distribution of diclofenac was clearly visible in both the
epidermis and the dermis in all samples, with a markedly higher diclofenac relative content
and number of pixels above the detection limit in the epidermis compared to the dermis.
Conclusion: The Raman images evidenced that the studied topical gels deliver diclofenac
through the stratum corneum skin barrier and form a drug depot localized in the epidermis.
The data are in line with earlier clinical findings that this depot acts like a true reservoir and
enables sustained drug release.

Keywords: diclofenac, drug permeation, epidermal reservoir, Raman microscopy, skin
depot, topical pain relief

Introduction
The first prerequisite of efficacious topical formulations is their ability to enable drug
transport across the main skin barrier, the stratum corneum (SC). For topical products
targeting sites of action situated underneath the skin, the formulation must also ensure
favorable drug distribution throughout the viable skin layers and underlying tissues.'
A well-known example of such products is diclofenac-containing topical products with
anti-inflammatory and pain-relief action targeting soft tissue or articulations. Their
clinically proven efficacy has been attributed to their ability to deliver diclofenac across
the skin barrier and to form an intradermal depot of diclofenac capable of sustaining
extended drug release.' > The ability of diclofenac topicals to form a drug tissue reservoir
is well known. It has been demonstrated using single-pass perfusion models combined
with physiological pharmacokinetic modelling* and supported using tape-stripping’ and
in vivo animal models.®” The reservoir existence was further strengthened by clinical
observations: the plasma levels of diclofenac were upheld throughout 24h after single
post-steady state application and were measurable even after completion of a 14-day
washout period.®’ Its exact localization, however, is not fully understood.

While diclofenac retention within the SC is well documented (see for example®),
it does not preclude additional sequestration and binding of the drug to constituents
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of the underlying epidermal and dermal layers,
actions dependent largely on co-penetrating formulation
excipients. While it is possible to quantify the diclofenac
content in each skin layer by time-consuming and techni-
cally challenging differential extraction, this methodology
cannot evidence the depth distribution of the drugs within
the layers, information crucial to provide insight in the
excipient-dependent transport and partitioning of the
drug.'?

This paper reports the direct visualization of diclofenac
skin distribution following application of three different
topical gels. The formation of an epidermal diclofenac
reservoir by the gels was demonstrated using Raman
microscopy of transversally microtomed human skin sam-

ples ex vivo.

Materials and Methods

Topical Diclofenac Gels

Table 1 shows the composition of the three commercial pro-
ducts used in the study (Voltaren Sodium Gel 1%, Voltaren
Emulgel 1.16%, and Voltaren Emulgel 2.32% denoted further
as V1% DNa, V1.16% DDEA, and V2.32% DDEA,
respectively).

Skin Sample Preparation

Full-thickness, abdominal, Caucasian human skin samples
were obtained from 8 patients (6 female and 2 male, aged 31
to 64 years) attending the Plastic Surgery Unit of St John’s
Hospital (Livingston, Scotland UK) or from tissue banks
(Biorepository, NHS Glasgow & Clyde, Glasgow, UK
and Tissue Solutions, Glasgow, Scotland, UK) and stored at
—20 °C until use. All donors have provided a written informed
consent for skin sample collection which was performed in
accordance with the Declaration of Helsinki. Ethical approval
for receipt and use of human skin by Biorepository, NHS
Glasgow & Clyde was obtained from Glasgow Royal
Infirmary REC (Ethical approval number: 08/S0704/30) and
for Plastic Surgery Unit of St John’s Hospital from Lothian
Local Research Ethics Committee (Ethical approval number:
06/S1101/19). All sources that supply skin to Tissue Solutions
have certified that Ethical Approval has been put in place.
Split-thickness membranes (350400 pm) were prepared
using an electric dermatome (Zimmer Ltd., Swindon, SN2
4FP, UK). Treated samples were generated using PermaGear
diffusion cells having an exposure area of 0.64 cm?, a receptor
compartment volume of 5 mL filled with phosphate buffered
saline containing bovine serum albumin (5% w/v), and

Table | Composition of the Three Topical Gels Used in the

Study

Excipient Voltaren 1% Voltaren Voltaren

Function Na 1.16% DDEA | 2.32% DDEA
(V1% DNa) (VI1.16% (V2.32%

DDEA) DDEA)

Gelling Carbomer Carbomer Carbomer

agent

Emulsifier Macrogol Macrogol Macrogol
cetostearyl cetostearyl cetostearyl
ether ether ether

Emollients Liquid paraffin, Liquid paraffin, Liquid paraffin,
cocoyl cocoyl cocoyl
caprilocaprate caprilocaprate caprilocaprate

Permeation | — - Oleyl alcohol

enhancer

pH Ammonia Ammonia Diethylamine

adjustment

Solvents, Purified water, Purified water, Purified water,

co-solvents | isopropyl isopropyl isopropyl
alcohol, alcohol, alcohol,
propylene propylene propylene
glycol glycol glycol

Preservative - Butylated

hydroxytoluene
Fragrance Cream 45 Cream 45 Eucalyptus sting

maintaining a skin surface temperature of 32 + 1 °C. The
barrier function of all skin samples was confirmed by measur-
ing the electrical resistance before the start of the
experiment;'? in experiments using formulations of low diclo-
fenac content (V1% DNa and V1.16% DDEA), a range of
electrical resistance was used to reduce the impact of the
normal skin variability and to ensure the barrier function
was similar across all dosed samples. The products were
applied to the skin surface according to their maximal recom-
mended daily doses: 40 mg/cm? for V1% DNa and V1.16%
DDEA, and 20 mg/cm? for V2.32% DDEA. Following a 24-
hour incubation, the exposed skin was isolated using a biopsy
punch, snap-frozen in liquid nitrogen as flat as possible, and
stored at a temperature of —80 °C for less than three months
before being used for imaging. Sections were microtomed
perpendicular to the skin surface to a thickness of ca 200 pm
and placed on wet filter paper supported by a microscope
slide; a glass coverslip was placed on top. This protocol was
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essential to maintain sample hydration and fidelity during
Raman measurements.

Raman Measurements and Data Analysis
A WITec Alpha-300R Plus confocal Raman microscope
(Ulm, Germany) equipped with a 785 nm excitation laser
(~105mW of power) and a 100x oil immersion objective (NA
1.25) was used for all measurements. An exposure time of 30
s was used for collecting all images. Despite the theoretically
high lateral spatial resolution of the microscope objective,
a 2-um step-size between spectra was employed for all
images. In practice, factors such as rapidly changing refrac-
tive index gradients at multiple interfaces both in the tissue
and in the Raman microscope degrade the spatial resolution.
In addition, to prevent sample destruction by local heating,
the stage was continually moving in the x-direction while
collecting data so that each spectrum was averaged over the
~2um pixel dimension. The overall image sizes varied as
indicated by the scale bars in each figure.

Raman images were analyzed using WITec Project
FOUR Plus software version 4.1. Initial data treatment
included cosmic ray removal and baseline correction.
The integrated area of peaks (sum) and intensity at peak
maxima (max) were generated. Ratios of various spectral
parameters were obtained. Control spectra of untreated
skin, diclofenac powders, formulations, and placebo for-
mulations are shown in Figure 1A and B. Upon compar-
ison of all spectra, it became obvious that the peak at
~445 cm™' was best suited for diclofenac detection in
skin following application of each formulation. Relative
diclofenac concentration was reported as the integrated
band area ratio of the diclofenac ~445 cm™' band/skin
Amide I band (both marked in Figure 1). The ratio
accounts for variations in the sampling parameters.

A signal to noise (S/N) filter was devised based on the
ratio of the intensity of the Amide I band to the average
intensity of the noise in a peak-free wavenumber region
(1800-1900 cm ). Spectra with S/N < 10 were excluded
in all images shown herein.

Cluster analysis (Project FOUR Plus software: k-means,
Euclidian normalization and distance mode with a minimum
number of clusters) was used to delineate the dermal-
epidermal junction (DEJ) in the images. The analysis created
a binary mask and an average spectrum for each cluster. The
demarcation was based to a significant extent on differences in
the 820-990 cm ' spectral region between keratin (epidermis)
and collagen (dermis) where collagen displays a well-known
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Figure | Raman spectra of controls (A) untreated dermis, untreated epidermis,
DDEA powder, DNa powder and (B) placebo and diclofenac-containing formula-
tions. The skin Amide | band is marked in (A), and the diclofenac marker band at
~445 cm ™' — in both (A) and (B).

doublet-of-doublets pattern (see Figure 1A). The position of
the DEJ is marked by a horizontal white line in all images.
Upon comparison of untreated and treated skin images,
additional masking was found to be necessary due to the
very low intensity of the diclofenac-specific signal in the
deeper regions of the viable epidermis (VE) and dermis.
Thus, detection limits for relative diclofenac concentra-
tions in these skin regions were established to avoid false-
positive identification of diclofenac. Based on the images
of the untreated controls, relative diclofenac detection
limits of 0.06 and 0.002 in the VE and dermis, respec-
tively, were used to mask the images in the respective
regions. As an example, Figure 2 shows Raman images
of relative diclofenac concentration in an untreated skin
section before and after application of the VE detection
limit mask. As is evident in the Figure, application of the
VE mask removed essentially all pixels where the initial
tentative detection of diclofenac was in fact below the
limit of statistical significance and ensured that only diclo-
fenac-specific signal was mapped in the Raman images.
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Figure 2 Raman images of the relative diclofenac concentration in untreated skin
sections before (A) and after (B) application of the detection limit VE mask. The VE
(top) and dermal (bottom) regions are delineated in the images by a white line
indicating the position of DEJ. Scale bar, 20 um.

Results

Figure 3A-C shows Raman images of relative diclofenac con-
centration obtained from skin treated with V1% DNa, V1.16%
DDEA and V2.32% DDEA, respectively. A heterogenous
spatial distribution of diclofenac is clearly visible in both the
VE and the dermis in all samples, with a markedly higher
diclofenac relative content and number of pixels above the
detection limit in the VE compared to the dermis.

To firm up these observations, we also examined spec-
tra extracted from the pixels in which diclofenac was
detected in the VE and dermis.

Figure 4A-C shows average spectra obtained from all
pixels in which diclofenac was detected within the VE,
with a grey box highlighting the region used to obtain the
integrated area of the diclofenac peak. Inspection of this
region revealed a well-defined, broad band, confirming the
data visualized in Figure 3.

Because of the overall low relative content of diclofenac
observed in the dermis (Figure 3), we examined spectra
extracted from individual pixels instead of averaging across
the entire dermis. Figure 5A-C shows several overlaid single
pixel spectra from the dermis of samples treated with V1%
DNa, V1.16% DDEA and V2.32% DDEA formulations,

Figure 3 Raman images of the relative diclofenac concentration in skin treated with
V1% DNa (A), VI.16% DDEA (B), and V2.32% DDEA (C). The horizontal white
line indicates the location of DEJ, with the VE situated above and the dermis —
below the line. The images in (A) and (B) were collected from two different skin
donors (three images per donor), and those in (C) — from four different skin
donors (one image per donor, different donors than those used in (A) and (B)).

respectively. The spectra revealed a characteristic band
within the spectral region used for diclofenac detection
(highlighted with a grey box).
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Figure 4 Overlaid average spectra of pixels where diclofenac was detected in the viable epidermis of skin treated with V1% DNa (a), V1.16% DDEA (b), and V2.32% DDEA
(c) (average of all donors shown in Figure 3 A-C, respectively). The grey shaded bar highlights the region of the marker diclofenac peak.
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Figure 5 Overlaid single pixel spectra from dermal regions of skin treated with V1% DNa (a), VI.16% DDEA (b), and V2.32% DDEA (c) formulations. The grey shaded bar

highlights the region of the marker diclofenac peak.

Discussion

The reliable application of the imaging approach we pre-
sent here was made possible by implementing a rigorous
data treatment algorithm to eliminate the risk of false-

positive identification of diclofenac. The data shown in
Figures 1 and 2 confirm that all Raman images collected
from treated samples reflect exclusively signal originating
from diclofenac.
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The images shown in Figure 3 demonstrate that topical
application of the three gels enables diclofenac to cross the SC
skin barrier and to be partially retained in the VE as a reservoir.

Additional confirmation of the presence and relative
content of diclofenac in the VE and dermis was obtained
by examining averaged or individual pixel spectra
extracted from these layers (Figures 4 and 5). The spectral
characteristics — position, width, and overall shape — of the

bands observed at ~445 cm !

confirm the presence of
diclofenac throughout the skin thickness. The relative
intensity of these bands was considerably higher in spectra
collected in the VE compared to the dermis, indicating
higher drug concentrations in the epidermal reservoir and
lower ones in the dermis (close to the detection limit).
Evidently, the extent of drug binding in the dermis is
considerably lower compared to the VE, which in turn
may explain why passive drug diffusion through skin
towards the site of action is not slowed down.! In vivo,
additional factors (eg, convection through the local vascu-

lature) may aid its transport towards muscles and joints.'*

Conclusions

Taken together, the data presented here indicate that the three
topical gels enable both diclofenac penetration through the
SC skin barrier and the formation of a diclofenac reservoir in
the viable epidermis. These observations are in line with the
clinically observed upheld diclofenac plasma levels through-
out 24h after single dosing post-steady state and even after
a 14-day washout™ — findings which indicate that the reser-
voir is capable of sustaining extended drug release.

In this proof of principle study, we did not attempt to
compare quantitatively the magnitude of the epidermal reser-
voir between formulations in view of the low number of
donors and samples per donor imaged. It is safe to conclude,
however, that the reservoir contains only a fraction of the
topically applied drug since all three formulations have been
shown to sustain a transdermal diclofenac flux ex vivo
(reviewed in'). Even more importantly, their clinically pro-
ven pain- and inflammation-relieving action is a further proof
that therapeutically-relevant amounts of the drug can reach
the tissues underlying the skin layers.

It was intriguing to find the diclofenac reservoir loca-
lized almost exclusively in the epidermis, even in the
absence of functioning blood circulation promoting dermal
clearance.'® Further work is needed to establish the formu-
lation-dependent differential binding of diclofenac to the
epidermal and dermal constituents, a factor that can skew
skin retention predictions based on blood clearance alone.

The need for accurate and reproducible methods to effec-
tively analyze topical drug delivery has been highlighted in
recent years by industry and regulatory authorities alike.'® The
availability of such methodologies is expected to drive the
development of highly performing and broadly accessible
topical products whose formulations can deliver the drug at
the right place, in the right amount, for the right duration of
time. The most recent push in this direction came earlier
this year with the announced grant by the US Food and Drug
Administration (FDA) supporting the development of Raman
spectroscopy and mass spectrometry imaging methods to
determine the rate and extent at which topically administered
drugs become available at their site of action within the skin.'®
Our proof of principle study suggests that Raman spectro-
scopic imaging can be applied also to assess topical formula-
tions of drugs whose site of action is located beneath the skin,
in soft tissues and articulations. The data shown here demon-
strate that it provides easy to interpret visuals evidencing the
ability of diclofenac formulations to form reservoir of the drug
within the skin and its localization.

In principle, the methodology is applicable to both ex
vivo treated skin explants and skin biopsies ensuing from
clinical treatment. We believe that its future application in
time-resolved studies would help understanding the compo-
sition-dependent correlations between the magnitude of the
epidermal reservoir, the kinetics of its maintenance, and the
formulation efficacy — insights that can drive the successful
design of efficacious next-gen topical pain relief products.
Furthermore, this work lends additional support to the pos-
sibility of using Raman imaging as a tool to evaluate the
bioequivalence of topical pain relief products.'”
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