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ABSTRACT
Purpose At elevated temperatures, the rate of drug release
and skin permeation from transdermal delivery systems
(TDS) may be higher than at a normal skin temperature.
The aim of this study was to compare the effect of heat on
the transdermal delivery of two model drugs, nicotine and
fentanyl, from matrix-type TDSs with different formulations,
using in vitro permeation tests (IVPT).
Methods IVPT experiments using pig skin were performed
on two nicotine and three fentanyl TDSs. Both continuous
and transient heat exposures were investigated by applying
heat either for the maximum recommended TDS wear dura-
tion or for short duration.
Results Continuous heat exposure for the two nicotine TDSs
resulted in different effects, showing a prolonged heat effect
for one product but not the other. The Jmax enhancement

ratio due to the continuous heat effect was comparable be-
tween the two nicotine TDS, but significantly different
(p < 0.05) among the three fentanyl TDSs. The Jmax enhance-
ment ratios due to transient heat exposure were significantly
different for the two nicotine TDSs, but not for the three
fentanyl TDSs. Furthermore, the transient heat exposure af-
fected the clearance of drug from the skin depot after TDS
removal differently for two drugs, with fentanyl exhibiting a
longer heat effect.
Conclusions This exploratory work suggests that an IVPT
study may be able to discriminate differences in transdermal
drug delivery when different TDS are exposed to elevated
temperatures. However, the clinical significance of IVPT heat
effects studies should be further explored by conducting in vivo
clinical studies with similar study designs.
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ABBREVIATIONS
AUC Area under the curve
FDA Food and drug administration
HPLC High-performance liquid chromatography
IVPT In vitro permeation tests
Jmax Maximum flux
LOD Limit of detection
LLOQ Lower limit of quantification
Q1 Qualitatively
Q2 Quantitatively
RLD Reference listed drug
TDS Transdermal delivery systems
TEWL Transepidermal water loss
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INTRODUCTION

Since the approval of the first transdermal system by the
United States Food and Drug Administration (FDA) in
1979, there have been numerous advances in the develop-
ment and understanding of transdermal delivery systems
(TDS) [1]. Many TDS products with drugs from diverse clas-
ses and utility in a variety of therapeutic areas are available on
the market today. Generic drug products have also been de-
veloped for some TDS, referencing the innovator, or refer-
ence listed drug (RLD) product [1, 2]. However, most generic
TDS differ in design, drug load and inactive ingredient com-
position relative to their corresponding RLD products; the
formulation composition of generic TDS products is not re-
quired to be qualitatively (Q1) and quantitatively (Q2) the
same compared to their respective RLD [3]. Additionally,
some drugs such as nicotine have more than one innovator
TDS product approved, which collectively results in substan-
tial diversity in the product design and compositional charac-
teristics among marketed TDS products.

In vitro and in vivo studies have shown that the drug release
and skin permeation from TDS can be affected by many fac-
tors, including skin condition, skin type, humidity, tempera-
ture, inactive ingredients and product design [4–10]. Among
these factors, temperature has received considerable attention
from clinicians and regulatory authorities due to reports of
life-threatening adverse events related to the off-label applica-
tion of heat on fentanyl TDS [11–15]. There are many cir-
cumstances in which patients wearing a TDS can be exposed
to elevated temperatures during the normal course of daily
life, potentially from heating pads, tropical climates, strenuous
exercise, saunas and fever. One case report involved a heating
pad which accidently slipped directly over the fentanyl TDS
on a hospitalized patient [14]. Since heating pad usage may
be a part of routine nursing care for pain treatment, the risk of
a TDS being in contact with a heating source exists even in
hospital settings under supervision of healthcare professionals.

Several studies have looked at the effect of heat on various
TDS, both in vitro and in vivo [5, 7–9, 16–18]. These studies
demonstrated that when the skin temperature is higher than
the normal physiological skin temperature of approximately
32°C, a higher amount of drug is released from the TDS in
most cases, and more drug permeates into and across the skin
to become systemically bioavailable. For a nicotine TDS, in-
termittent controlled heat (43°C) application over 30 min re-
sulted in an approximately 9-fold increase in blood perfusion
of the skin by the local vasculature and 13-fold increase in
nicotine uptake in human subjects [8]. In addition, several
other studies investigated the effect of heat on physiology of
skin such as vasomotor response, which may explain the in-
creased drug delivery and absorption due to heat. Gazerani
and Arendt-Nielsen investigated cutaneous vasomotor reac-
tions in response to heat application in healthy subjects [19].

They found that a single exposure to 43°C for 1 min resulted
in a 2-fold increase in perfusion of the skin by the local vascu-
lature and 5°C increase in skin temperature, with its effect
lasting for 15 min after the heat stimulus was terminated [19].

Given the potential risks of overdose and other medica-
tion errors associated with the effects of heat on TDS prod-
ucts dosed in vivo, it was of interest to develop a system to
characterize these heat effects in vitro. One component of the
research strategy was to evaluate the effect of controlled heat
on a set of drug-in-adhesive matrix TDS products. Although
each of the TDS products selected for nicotine or fentanyl
has different construction designs and formulation compo-
nents, they are expected to deliver the same nominal dose
based upon their labeled strengths over the same period of
time, under labeled use conditions. However, there was a
possibility that these TDS might not continue to perform in
a similar manner under controlled conditions of exposure to
elevated temperature due to the differences in construction
and formulation. There have been no other studies reported
in the literature in which the effects of controlled heat ap-
plication were compared for multiple, differently formulated,
matrix-type TDS. Although Moore et al. and Prodduturi
et al. have studied the influence of heat on two different
fentanyl products, their focus was to compare the
reservoir- and matrix-types of TDS [7, 9].

The main objective of the current study was to use
an in vitro permeation test (IVPT) method to evaluate
the change/increase in drug delivery caused by expo-
sure to an elevated temperature among matrix-type
TDS products (with formulation differences e.g., differ-
ent adhesives). Nicotine and fentanyl TDS were chosen
as model drugs because they are widely used in the
United States and multiple TDS products with distinct
formulations and system characteristics are available
from different manufacturers (Tables I and II) for both
molecules. Using the selected products, a series of proof-
of-concept experiments were performed to optimize the
in vitro setup and to understand the effects of heat on
the drug delivery from these TDS. A typical heat expo-
sure was mimicked in vitro by increasing the skin surface
temperature to 42 ± 2°C [14]. The first set of experi-
ments was conducted to evaluate whether differently
formulated TDS deliver drug differently under long-
term, continuous heat exposure (Fig. 1, Continuous
Heat), compared to the normal temperature condition
(Fig. 1, No Heat I). The second set of experiments was
conducted to evaluate how short-term heat exposure at
different time periods post-application would affect the
skin permeation profiles of the drugs delivered by the
TDS (Fig. 1, Early Heat and Late Heat) and to com-
pare the results to those observed under normal temper-
ature condition (Fig. 1, No Heat II). Finally, the third
set of experiments was conducted to examine the effect
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of short-term heat exposure on drug release from the
skin after TDS removal.

MATERIALS AND METHODS

Materials

Nicotine TDS, 14 mg/24 h strength, NicoDerm CQ® (lot #
EG022, exp. 05/2015) and Aveva (lot # 41302, exp. 05/
2015), were purchased from Amazon.com, Inc. (Seattle,
WA). Fentanyl TDS, 25 μg/h strength, Duragesic® (lot #
1304822, exp. 08/2015), Mylan (lot # 6E0194, exp. 01/
2016) and Apotex (lot # 41863, exp. 11/2016) were
purchased through the Department of Pharmacy Services at
the University of Maryland Medical Center (Baltimore, MD).
L-Nicotine (99 + %, Acros Organics), sodium chloride, meth-
anol, acetonitrile, trimethylamine, perchloric acid and ethanol
were purchased from Fisher Scientific Inc. (Fair Lawn, NJ).
Fentanyl citrate salt (98 + %) was purchased from Sigma-
Aldrich (St. Louis, MO). All reagents were of analytical grade
or better. Nanopure water was obtained using a Milli-Q sys-
tem (EMD Millipore; Billerica, MA).

Skin Preparation

Full thickness Yucatan miniature pig skin used for in vitro
experiments was either harvested as approved by the
University of Maryland, Baltimore Institutional Animal

Care and Use Committee (IACUC) or purchased from
Sinclair Bio Resources, LLC. (Auxvasse, MO). The skin was
dermatomed to a thickness of 250 ± 50 μm, removing subcu-
taneous fat and keeping the outer layers of skin containing
stratum corneum, viable epidermis and some dermis. The
dermatomed skin was covered in aluminum foil, sealed in a
plastic bag and stored at −20°C. On the day of the experi-
ment, skin was cut into a 4.84 cm2 square to fit onto the
diffusion cell and thawed for at least 30 min prior to use. A
transepidermal water loss (TEWL) measurement was obtain-
ed using a cyberDerm RG-1 open chamber evaporimeter
(cyberDERM, Inc.; Broomall, PA) to validate skin integrity
for each skin piece prior to use in the skin permeation study.
Skin pieces were excluded from the experiment if the TEWL
value was higher than 15.0 g/m2·h. IVPT studies were con-
ducted with skin from one porcine skin donor with 3–4 repli-
cates per each study condition/product.

in Vitro Permeation Test (IVPT)

A PermeGear® flow-through In-Line diffusion system
(Hellertown, PA) with a permeation area of 0.95 cm2 was used
for IVPT experiments. Diffusion cells with membrane sup-
ports (PermeGear®) were utilized to prevent the skin from
sinking into the receptor chamber due to the weight of the
TDS. The receiver solution was 0.9% saline; 5% ethanol
was added to the saline solution for the 72 h fentanyl experi-
ments. The flow of the receptor solution was set to 7 rpm
(5.70 ± 0.89 mL/h) for nicotine and to 1 rpm for fentanyl

Table I Characteristics of Nicotine TDS (14 mg/24 h) Used in the Study

Nicotine TDS (Polyisobutylene)
(NicoDerm® CQ®)

Nicotine TDS (Polyacrylate/Silicone)
(Aveva)

TDS Size (cm2)1 15.75 20.12

Rate/Area (μg/cm2·h) 37 29

Inactive Ingredients Ethylene vinyl acetate-copolymer, polyisobutylene and high density
polyethylene between pigmented and clear polyester backings

Acrylate adhesive, polyester, silicone adhesive

1 TDS sizes measured due to unavailability of the information on package labels

Table II Characteristics of Fentanyl TDS (25 μg/h) Used in the Study

Fentanyl TDS (Polyacrylate)
(Duragesic®)

Fentanyl TDS
(Silicone)
(Mylan)

Fentanyl TDS
(Polyisobutylene)
(Apotex)

TDS Size (cm2) 10.5 6.25 10.7

Fentanyl Load (mg) 4.2 2.55 2.76

Rate/Area (μg/cm2·h) 2.4 4.0 2.3

Adhesive Type Polyacrylate Silicone Polyisobutylene

Other Inactive Ingredients Polyester/ethyl vinyl acetate backing film Dimethicone NF, polyolefin
film backing

Isopropyl myristate, octyldodecanol,
polybutene, polyethylene/aluminum/

polyester film backing
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(0.82 ± 0.14 mL/h) experiments. The 4.84 cm2 square piece
of skin was arranged in the diffusion cell with epidermis facing
the donor compartment. Immediately before the experiment,
TDS were cut into circular discs with an area of 0.95 cm2 to
match the permeation area of the skin in the diffusion cell, and
applied on top of the skin. Adhesion of the disc to the skin was
ensured by gently rubbing the disc onto the skin surface using
the flat bottom surface of a typical HPLC (high-performance
liquid chromatography) vial three times. A 4.84 cm2 square
piece of polypropylene knitted (non-occlusive) mesh (0.15 mm
monofilament, 3.0 x 2.8 mm pores, 47 GSM; SurgicalMesh™
Division of Textile Development Associates, Inc.) was used
to cover the skin membrane and TDS disc to prevent

lifting of the disc during the experiment. Diffusion samples
were collected into scintillation vials at predetermined time
points using the fraction collector. All samples were ana-
lyzed by HPLC.

IVPT Experimental Designs

The IVPT experiments were performed in five different ex-
perimental designs for nicotine and fentanyl TDS (Fig. 1). In
No Heat I and Continuous Heat designs, nicotine and fenta-
nyl TDS were studied at normal (32 ± 1°C) and elevated
(42 ± 2°C) skin surface temperatures respectively for the entire
duration of the in vitro experiment: 24 h for nicotine (period of

Fig. 1 Schematic diagrams (not to scale) of (a) five IVPTexperimental designs for nicotine TDS and (b) eight designs for fentanyl TDS.
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wear) and 72 h for fentanyl (period of wear). In Early Heat
and Late Heat designs, skin was exposed to heat for a short
duration (1 h for nicotine and 2 h for fentanyl) at different time
points during the course of TDS application (4–5 h or 8–9 h
for nicotine; 10–12 h or 17–19 h for fentanyl). The total time
duration of NoHeat II design for nicotine and fentanyl (Fig. 1)
was the same as Early Heat and Late Heat designs for the
respective drug, except that the skin surface was maintained
at a normal temperature (32 ± 1°) without heat exposure. For
Early Heat, Late Heat and No Heat II experimental designs
in Fig. 1, IVPT samples were collected for three additional
hours after TDS removal. For fentanyl TDS, an additional
experiment (Early Heat-Extended, Late Heat-Extended, and
No Heat II-Extended) was performed in which the perme-
ation rate after TDS removal was investigated for up to 7 h
following TDS removal, with 2 h of temporary heat applica-
tion at different time points for Early Heat-Extended and Late
Heat-Extended.

Temperature Control and Monitoring

A circulating water bath was used to modulate the tempera-
ture of the diffusion cells and thereby the temperature of the
skin surface. For baseline control IVPT (No Heat I and No
Heat II), the skin temperature was maintained at 32 ± 1°C to
mimic normal in vivo skin temperature. A typical heat exposure
scenario was simulated by heating the skin surface to 42 ± 2°C
in Continuous Heat, Early Heat and Late Heat designs. For
Early Heat and Late Heat designs where heat was applied for
a short duration during the IVPT experiment, water inside
the water bath was replaced with pre-heated water to facilitate
a quick heating process. Likewise, ice was used to facilitate the
cooling process and bring down the temperature. Surface
temperature at the top of the TDS was monitored using an
Oakton™ FEB insulated probe connected to a Temp 10
Type J thermocouple thermometer and/or a traceable® in-
frared thermometer. Separate testing was done to ensure no
significant differences existed between the skin surface and
the TDS surface temperatures. Apotex fentanyl TDS’s
backing layer contains aluminum, and was the only prod-
uct tested that showed lower TDS surface temperature
compared to the skin temperature. Since a single water
bath is used to control the temperature of all diffusion
cells simultaneously, diffusion cells dosed with Apotex fen-
tanyl TDS were excluded in determining the temperature
setting to meet the target temperatures. The average time
to reach the target temperature of 42 ± 2°C upon expo-
sure to heat was 9.7 ± 2.4 min. The average time to
reach the target temperature of 32 ± 1°C following heat
exposure was 7.3 ± 0.5 min for experiments with the
nicotine TDS (after 1 h of heat) and 16.7 ± 2.9 min for
experiments with the fentanyl TDS (after 2 h of heat).

HPLC Analysis of IVPT Samples

The HPLC system consisted of a Waters® Alliance e2695
separations module and a Waters® 2489 dual-wavelength
absorbance detector with Waters Empower™ software
(Milford, MA). All IVPT samples and standards were injected
in duplicate.

For nicotine IVPT samples, a Perkin Elmer Brownlee™
Spheri 5 VL C18 column (5 μm, 220 x 4.6 mm) with
Brownlee™NewGuard RP18 Aquapore ODS guard column
(7 μm, 15 x 3.2 mm) was used to quantify nicotine at 260 nm.
The mobile phase used was 80:20 (v/v) methanol:30 mM am-
monium acetate, pH adjusted to 8.5 with triethylamine. The
flow rate of themobile phase was 1.2 mL/min. Nicotine IVPT
samples were diluted with acetonitrile (1:1, v/v) prior to
HPLC analysis. Standards were prepared in 0.9% saline: ace-
tonitrile (1:1, v/v) and analyzed with each set of IVPT sam-
ples. Injection volume was 50 μL and the retention time was
3.99 ± 0.10 min. The concentration of nicotine standards
ranged from 0.05 to 50 μg/mL and the precision for each
concentration level, including lower limit of quantification
(LLOQ), was within 15% of the nominal value. The limit of
detection (LOD) and LLOQ of nicotine were 0.03 and
0.05 μg/mL, respectively.

For fentanyl IVPT samples, a Waters® Symmetry™ C18
column (3.5 μm, 4.6 x 75 mm) with a Phenomenex®
SecurityGuard™ C18 cartridge (5 μm, 4 x 3.0 mm) was used
to quantify fentanyl at 210 nm. Themobile phase was 35:65 (v/
v) acetonitrile:10 mM sodium 1-heptanesulfonate, pH adjusted
to 2.5 with perchloric acid. The flow rate of the mobile phase
was 1.0 mL/min. The fentanyl IVPT samples were directly
injected onto the HPLC column. Standards were prepared in
0.9% saline with 5% ethanol and analyzed with each set of
IVPT samples. Injection volume was 50 μL and the retention
time was 3.34 ± 0.02 min. The concentration of fentanyl stan-
dards ranged from 0.03 to 15.91 μg/mL and the precision for
each concentration level, including LLOQ, was within 15% of
the respective nominal value. The LOD and LLOQof fentanyl
were 0.02 and 0.03 μg/mL, respectively.

Data Analysis and Statistical Analysis

WhenTDS products of the same model drug were compared,
the resultant values from IVPT studies were corrected to ac-
count for the differences in TDS size between the systems.
The corrected values are labeled with the symbol, +.

Statistical analysis of the data was performed using
GraphPad Prism® software (version 6.01, La Jolla, CA).
Data for all experiments are expressed as mean ± SD. An
unpaired Student’s t-test and one-way ANOVA test followed
by Tukey’s post-hoc multiple pairwise comparisons were used
for the data analysis. Differences were considered to be statis-
tically significant when p < 0.05.

in Vitro Permeation Test Heat Effects on Transdermal Delivery 1821



RESULTS

IVPT for Nicotine TDS

The first set of IVPT experiments was performed using two
nicotine TDS (Table I) at two different temperatures for 24 h
(the recommended maximum duration of TDS wear per the
drug product label). At the normal physiological temperature
of 32 ± 1°C (No Heat I in Fig. 1a), both TDS showed a
controlled release of nicotine over 24 h (Fig. 2a). However, at
the elevated temperature of 42 ± 2°C (Continuous Heat in
Fig. 1a), the flux+ from one Nicotine TDS (comprised of a
Polyisobutylene adhesive matrix) was much higher at the initial
time point (2 h) relative to the flux+ from the other Nicotine
TDS (comprised of a Polyacrylate/Silicone adhesive matrix),
and continuously decreased thereafter. The maximum flux+

(Jmax
+) at 42 ± 2°C was significantly higher compared to the

Jmax
+ at 32 ± 1°C for both nicotine TDS (Fig. 2b). The differ-

ence in Jmax
+ between the normal and elevated temperature

treatment groups was 2.5-fold for one Nicotine TDS (with
Polyisobutylene) and 2.1-fold for the other Nicotine TDS (with
Polyacrylate/Silicone) (Fig. 2b and Table III). There was an
8.9-fold difference in flux+ at the 2 h time point between the
normal and elevated temperatures for the Nicotine TDS (with
Polyisobutylene). The total amount of nicotine permeated,
corrected for the size of the whole TDS, at two different tem-
peratures was significantly different for both TDS (Fig. 2c) with
a 2.2-fold increase for one Nicotine TDS (with Polyisobutylene)
and a 1.6-fold increase for the other Nicotine TDS (with
Polyacrylate/Silicone).

Maximum nicotine flux+ during 1 h of heat exposure was
significantly higher (p < 0.05) compared to the flux+ without
heat exposure at the corresponding time point (NoHeat II) for
both TDS (Fig. 3a). This increase in flux+ was observed for
both early and late heat exposures. The mean ratio of the
increase in flux+ was significantly higher (p < 0.05) for the
Nicotine TDS with Polyacrylate/Silicone compared to the
Nicotine TDS with Polyisobutylene, during both early and
late heat applications (Table III). Upon heat application from
4 h to 5 h for Early Heat design, there was a significant 1.6-
fold increase in flux+ for both Nicotine TDS, compared to the
flux+ before heat application (Fig. 3b). For Late Heat design,
the increase of flux+ values from 8 h to 9 h was by 1.9- and
1.7-fold for Nicotine TDS (Polyisobutylene) and Nicotine
TDS (Polyacrylate/Silicone), respectively (Fig. 3b). For
Nicotine TDS (Polyisobutylene) under Early Heat design,
flux+ at 6 h (after heat) was significantly higher (p < 0.05) than
flux+ at 4 h (before heat), suggesting a prolonged heat effect
(Fig. 3b). However, Nicotine TDS (Polyacrylate/Silicone) did
not show such a prolonged effect at 6 h; the flux+ value
returned to baseline quickly when the skin temperature
returned back to normal, after 1 h of transient heat exposure
(Fig. 3b). In Late Heat design where an additional variable is
introduced by removing the TDS at the same time as the
elevated temperature treatment is terminated, the flux+ for
Nicotine TDS (Polyisobutylene) did not significantly decrease
at 10 h (after heat and TDS removal) compared to 8 h (before
heat), unlike the other product, Nicotine TDS (Polyacrylate/
Silicone) (Fig. 3b). For Nicotine TDS (Polyisobutylene), no
significant difference was observed in the total amount+ of

Fig. 2 (a) Mean flux (± SD)
profiles, (b) Jmax (± SD) and (c) the
total amounts (± SD) of nicotine
permeated over 24 h from two
nicotine TDS at 32 ± 1°C (No
Heat I) and 42 ± 2°C (Continuous
Heat) (* p ≤ 0.05; ** p ≤ 0.01; ***
p ≤ 0.001). (n = 3 replicates from
the same donor). + Values
corrected for TDS size.
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nicotine permeated over 12 h fromEarly Heat, Late Heat and
No Heat II designs (Fig. 4). For Nicotine TDS (Polyacrylate/
Silicone), the total amount+ of nicotine permeated from Late
Heat was significantly higher (p < 0.05) compared to the
amounts+ from Early Heat and No Heat II.

The flux+ 1 h after TDS removal was significantly
higher (p < 0.05) for Late Heat, compared to either
Early Heat or No Heat II for both nicotine TDS

(Fig. 5). For Nicotine TDS (Polyisobutylene), the flux+

was 1.7- and 1.3-fold higher when compared to Early
Heat and No Heat II, respectively. For Nicotine TDS
(Polyacrylate/Silicone), the flux+ was 2.0- and 1.5-fold
higher when compared to Early Heat and No Heat, re-
spectively. No significant difference (p > 0.05) of flux+

among the three experimental designs was found for the
remaining time points.

Table III Mean Heat Enhancement Ratios (± SD) of Jmax, Flux During Early Heat and Flux During Late Heat

Nicotine TDS 14 mg/24 h Fentanyl TDS 25 μg/h

Polyisobutylene Polyacrylate/
Silicone

Significance1 Polyacrylate Silicone Polyisobutylene Significance2

Jmax
+

(42°C vs. 32°C)
2.54 (± 0.33) 2.07 (± 0.46) ns 2.91 (± 0.33) 1.72 (± 0.22) 1.67 (± 0.23) Polyacrylate vs. Silicone **

Polyacrylate vs. PIB ***

Silicone vs. PIB ns

Flux+ during Early Heat3

(Early Heat vs. No Heat II)
1.63 (± 0.04) 1.87 (± 0.12) ** 2.07 (± 0.82) 1.94 (± 0.68) 1.45 (± 0.39) Polyacrylate vs. Silicone ns

Polyacrylate vs. PIB ns

Silicone vs. PIB ns

Flux+ during Late Heat4

(Late Heat vs. No Heat II)
1.65 (± 0.11) 2.01 (± 0.05) *** 1.99 (± 0.33) 2.10 (± 0.74) 2.14 (± 0.39) Polyacrylate vs. Silicone ns

Polyacrylate vs. PIB ns

Silicone vs. PIB ns

1 The significance was determined by comparing the ratios of heat enhancement between two nicotine TDS by the unpaired Student’s t-test
2 The significance was determined by comparing the ratios of heat enhancement among three fentanyl TDS by one-way ANOVA test followed by Tukey’s post-
hoc multiple pair comparisons
3 The ratios were obtained by comparing the flux+ values at 5 h for nicotine and 12 h for fentanyl TDS
4 The ratios were obtained by comparing the flux+ values at 9 h for nicotine and 19 h for fentanyl TDS. + Values were corrected for TDS size

ns p > 0.05; **p ≤ 0.01; ***p ≤ 0.001

Fig. 3 (a) Mean flux (± SD)
profiles of the two nicotine TDS
over 12 h with early and late heat
exposures (42 ± 2°C) for 1 h of
duration compared to no heat
exposure. TDS was removed after
9 h. The statistical significances were
tested between flux value during 1 h
of heat exposure and the flux value
at the corresponding time point
from No Heat II experiment (****
p ≤ 0.0001). (b) Mean flux (± SD)
changes upon heat exposure for
Early and Late Heat designs. The
Before Heat, Heat and After Heat
represent flux values at 4 h, 5 h and
6 h, respectively for Early Heat and
8 h, 9 h and 10 h, respectively for
Late Heat. (** p ≤ 0.01; ****
p ≤ 0.0001). (n= 4 replicates from
the same donor). + Values
corrected for TDS size.
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IVPT for Fentanyl TDS

For the three fentanyl TDS studied (Table II), the IVPT study
duration was 72 h, consistent with the recommended duration
of TDS wear (No Heat I and Continuous Heat, Fig. 1b). The
flux+ profiles from the three fentanyl TDS at a temperature of
32 ± 1°C showed a sustained flux+ of fentanyl through the skin
over 72 h with similar flux+ values (Fig. 6a). At the elevated
temperature of 42 ± 2°C, the initial flux+ values were higher for
all three fentanyl TDS, but most notably for Fentanyl TDS
(Polyacrylate) (Fig. 6a). Although the Jmax

+ at the elevated tem-
perature was significantly (p < 0.05) higher for all of the three
fentanyl TDS, Fentanyl TDS (Polyacrylate) exhibited a signifi-
cantly higher heat enhancement ratio of Jmax

+, compared to
Fentanyl TDS (Silicone) and Fentanyl TDS (Polyisobutylene)
(Fig. 6b, Table III). The total amounts+ of fentanyl permeated
over 72 h were significantly higher (p< 0.05) at 42°C compared
to the baseline temperature for all three fentanyl products, but
most notably for Fentanyl TDS (Polyacrylate) at a 1.8-fold,
compared to a 1.4-fold for Fentanyl TDS (Silicone) and a 1.3-
fold for Fentanyl TDS (Polyisobutylene) (Fig. 6c).

During 2 h of heat exposure from both Early Heat and Late
Heat designs, the flux+ values were higher compared to flux+

values without heat exposure (No Heat II) for all three fentanyl
TDS (Fig. 7a). The increase in flux+ was approximately 2-fold,
except for Fentanyl TDS (Polyisobutylene) that had the lowest
increase in mean flux+ (1.5-fold) during Early Heat (Table III).

Significant differences (p < 0.05) in flux+ values during heat
application were observed only for Fentanyl TDS
(Polyacrylate) and Fentanyl TDS (Polyisobutylene) from Late
Heat design, compared to No Heat II design (Fig. 7a).
However, there were no significant differences among the three
fentanyl TDS in terms of heat enhancement ratios of flux+ dur-
ing 2 h of early and late heat applications (Table III). When the
flux+ values before, during and after the 2 h of transient heat
exposure from Early Heat design were compared, no significant
differences were found for the three fentanyl TDS (Fig. 7b). A
significant difference (p < 0.05) in flux+ values was found for
Fentanyl TDS (Polyacrylate) (2.0-fold) and Fentanyl TDS
(Polyisobutylene) (1.8-fold) when heat was applied later (Late
Heat) (Fig. 7b). In addition, Fentanyl TDS (Polyacrylate) and
Fentanyl TDS (Silicone) did not show a significant decrease in
flux+ after TDS and heat removal in Late Heat, unlike Fentanyl
TDS (Polyisobutylene) (Fig. 7b). In terms of the total amounts+

of fentanyl permeated through skin over 22 h, the three fentanyl
products did not show significant difference from the three de-
signs (Early Heat, Late Heat and NoHeat), despite the transient
increases in flux+ due to heat exposures (Fig. 8).

The flux+ after 1 h of TDS removal was significantly higher
from Late Heat, compared to either Early Heat or NoHeat II
for all three fentanyl TDS (Fig. 9). Even after 2 h of TDS
removal, a significant difference in flux+ was found between
Late Heat and No Heat II for Fentanyl TDS (Polyacrylate)
and Fentanyl TDS (Si l icone). For Fentanyl TDS
(Polyacrylate), significant differences in flux+ between Early
Heat and No Heat II were found at 1 h and 2 h after TDS
removal. Subsequently, the flux+ values from the Early Heat
and Late Heat were higher than those from No Heat II up to
7 h after TDS removal for all three TDS, with significant
differences (p < 0.05) found for most of the time points (Fig. 9).

DISCUSSION

The present exploratory study indicated that the effect of heat
on transdermal drug delivery from TDS of different designs

Fig. 4 Total amounts (± SD) of nicotine permeated over 12 h from two
nicotine TDS (*** p ≤ 0.001; **** p ≤ 0.0001). (n = 4 replicates from the
same donor). + Values corrected for TDS size.

Fig. 5 Mean flux (± SD) after
removal of nicotine TDS from IVPT
experiments with early heat, late
heat and no heat exposures (*
p ≤ 0.05; ** p ≤ 0.01; ***
p ≤ 0.001; **** p ≤ 0.0001).
(n = 4 replicates from the same
donor). + Values were corrected
for TDS size.
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and with different drugs can be discriminated and compared
using an IVPT method. A significant influence of heat was
observed when comparing the differently formulated TDS
products with each of the two model drugs, nicotine and fen-
tanyl. Using the IVPT model, it was possible to evaluate the
effect of heat in vitro when heat was applied for the entire
duration of the recommended TDS wear time, as well as
when heat was applied for a short duration at different times.

It would be unusual for patients wearing TDS to be exposed
to heat for the entire duration of TDS wear. Conceivably, it
could happen that a patient wearing a nicotine TDS may sleep
under a heated blanket for as long as 12 h, or that a patient
wearing a fentanyl TDS may be outdoors in extreme heat for
3 days. However, these unusual situations were not the reason
for the evaluation of the worst-case scenario of heat exposure.
Rather, this approachwas taken to evaluate the capabilities and/
or limitations of the IVPT model as a sensitive method with
which to evaluate differences in transdermal drug delivery under
varied conditions of elevated heat – potentially even worst-case
conditions. In addition, it was of interest to evaluate different
study designs to gain insights into those heat exposure conditions
that had the most discriminating influence on the drug delivery
from different TDS; the prolonged depletion of the drug load at
an elevated rate, due to heat, had the potential to impact later
periods of drug delivery for different TDS differently.

The IVPTmodel has been widely used for several decades to
characterize the permeation of compounds into and through the
skin, and its advantages and limitations are well-understood

[20–22]. For the current study, whose aim was to study heat
effects on TDS using the IVPT model, there were several im-
portant experimental conditions to control and limitations to
consider. For example, a non-occlusive mesh on top of the
TDS disc was utilized to ensure adequate adhesion of the TDS
on the skin in vitro throughout the experiment, and tomitigate the
risk that the influence of the heat on the adhesion or surface
contact of the TDS may introduce additional variables that
might confound the interpretation of the results. A preliminary
study (data not shown) indicated that without the mesh, IVPT
results were considerably more variable at the elevated temper-
ature compared to the baseline temperature, possibly due to heat
disrupting TDS adhesion. In addition, replicating a typical in vivo
heat exposure in vitro using the IVPT model was challenging.

The use of a water bath to modulate the temperature of the
receptor solution beneath the skin, and to thereby modulate
the temperatures at the skin surface and/or at the TDS sur-
face, creates a heat gradient whereby it is warmer beneath the
skin and cooler above the skin (in the ambient environment
that is at room temperature). This is a relevant model for real-
world scenarios involving an increase in core body tempera-
ture due to illness or strenuous exercise that can result in
elevated temperatures at the surface of the skin and/or the
TDS. In situations where the heat source is external (e.g., from
a sauna or a heating blanket) the directionality of the heat
gradient would be reversed. However, as long as the temper-
ature is controlled at the skin surface, the actual temperatures
at the rate-limiting stratum corneum and TDS are likely to be

Fig. 6 (a) Mean flux (± SD) profiles, (b) Jmax (± SD) and (c) the total amounts (± SD) of fentanyl permeated over 72 h from three fentanyl TDS at 32± 1°C (No
Heat I) and 42 ± 2°C (Continuous Heat) (* p ≤ 0.05). (n = 3–4 replicates from the same donor). + Values corrected for TDS size.
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very similar in both scenarios, despite differences in the direc-
tionality of the gradient.

This water bath heating method provided adequate con-
trol of the skin surface temperature to modulate rapid and/or
sustained temperature changes for the skin and the TDS, as
verified by the measurement throughout the experiments of
the skin surface and TDS surface temperatures, while in the
diffusion cell setup. Additionally, the cooling process used for

the IVPT study was very effective in decreasing the tempera-
ture rapidly to the baseline, following transient heat exposure
periods (Early Heat and Late Heat designs). Further evalua-
tion may be warranted to evaluate whether the rapid cooling
method used in vitro is representative of the rate at which the
skin and/or TDS surface temperatures changes in vivo after the
exposure to an elevated temperature is terminated. The rate
of cooling using this method could then be modulated
appropriately.

The two nicotine TDS included in the current study have
different adhesive types, along with other differences in prod-
uct characteristics such as inactive ingredient composition, the
size of the TDS and the expected drug delivery rate per unit
area (Table I). Similarly, the three fentanyl TDS examined in
this study each have distinctive characteristics (Table II). The
varied magnitude of the resultant heat effects among differ-
ently formulated TDS observed in the current study indicated
that TDS products containing the same active pharmaceutical
ingredient and same nominal strength under conditions of
labeled use could be affected differently by an increase in
temperature. For example, change in the shape of flux+ pro-
files for Nicotine TDS (Polyisobutylene) was more pro-
nounced compared to Nicotine TDS (Polyacrylate/Silicone),
when heat was applied from the beginning of TDS application

Fig. 8 Total amount (± SD) of fentanyl permeated over 22 h from three
fentanyl TDS. (n= 3–4 replicates from the same donor). + Values corrected
for TDS size

Fig. 7 (a) Mean flux (± SD) profiles of three fentanyl TDS over 22 h with early and late heat exposures (42 ± 2°C) for 2 h of duration compared to no heat
exposure. TDS was removed after 19 h. The statistical significances were tested between flux value during 2 h of heat exposure and the flux value at the
corresponding time point from No Heat II experiment (** p ≤ 0.01). (b) Mean flux (± SD) changes upon heat exposure for Early and Late Heat designs. The
Before Heat, Heat and After Heat represent flux values at 10 h, 12 h and 14 h, respectively for Early Heat and 17 h, 19 h and 21 h, respectively for Late Heat. (*
p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001). (n = 3–4 replicates from the same donor). + Values corrected for TDS size.
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(Fig. 2a). The significantly higher (p < 0.05) flux+ at 42°C was
continuously observed at every time point until the end of the
24 h experiment for Nicotine TDS (Polyisobutylene), whereas
no significant differences in flux+ at two temperatures were
found towards the end of the experiment for Nicotine TDS
(Polyacrylate/Silicone). Also, the pronounced influence of 1 h
t ran s i en t hea t l a s t ed longer on Nico t i ne TDS
(Polyisobutylene), taking a longer time for flux+ to return back
to the baseline after heat, compared to Nicotine TDS
(Polyacrylate/Silicone) in Early Heat (Fig. 3b). The Jmax

+ en-
hancement ratios due to 1 h, transient heat exposure on the
two nicotine TDS were also significantly different, with a
greater effect seen on Nicotine TDS (Polyacrylate/Silicone),
compared to Nicotine TDS (Polyisobutylene) (Table III).
While the two Nicotine TDS products were pharmaceutically
equivalent, the Nicotine TDS (Polyacrylate/Silicone) is not a
generic equivalent of the Nicotine TDS (Polyisobutylene)
product and the two Nicotine TDS products were not neces-
sarily designed to provide the same rate and extent of nicotine
bioavailability under labeled use conditions (at skin surface
temperature of approximately 32°C).

The effect of heat was also differentiated for the three fen-
tanyl TDS, which are considered to be pharmaceutically equiv-
alent, and the Fentanyl TDS (Silicone) and Fentanyl TDS
(Polyisobutylene) are bioequivalent to Fentanyl TDS
(Polyacrylate)). Among the three Fentanyl TDS, Fentanyl
TDS (Polyacrylate) showed the most pronounced effect follow-
ing continuous heat exposure with a significantly higher en-
hancement of Jmax

+ compared to the other two fentanyl TDS
at 2.9-fold (Table III). However, it is beyond the scope of the
current exploratory study (on skin from a single pig) to draw
conclusions about the relative performance of the different
TDS in vivo, and specifically in humans. Although the current
results from the 3–4 replicates show relatively small standard
deviations, a larger sample size with skin obtained from multi-
ple donors would help to confirm the current findings related to
the heat effects on TDS. The intention of this seminal explor-
atory study was to evaluate the potential of an IVPT model to
evaluate differences in transdermal drug delivery at different

temperatures (32°C vs. 42°C), and to be sensitive to distinctive
responses to heat that may arise in situations where different
TDS employ different formulation designs.

One potential consideration for the varied heat effects (i.e.,
varied increase in drug delivery) observed among the different
matrix TDS that were evaluated is the physicochemical na-
ture of the active pharmaceutical ingredient in the TDS. For
example, the increase in flux+ upon transient exposure of the
nicotine TDS to heat was significantly different for both Early
Heat and Late Heat (Fig. 3b) relative to the baseline drug
delivery at 32°C. However, such an increase was less evident
for fentanyl TDS and the increase in flux+ relative to the
baseline drug delivery at 32°C was not statistically significant
for Early Heat, despite the longer duration (2 h vs. 1 h) of heat
exposure for fentanyl (Fig. 7b). Also, significant differences in
heat effect (based upon an assessment of the heat enhance-
ment ratio relative to the baseline 32°C condition) were ob-
served between the two nicotine TDS during the transient
(1 h) heat exposure but not the continuous heat exposure
(Table III). In contrast, significant differences among the three
fentanyl TDS were observed only during continuous heat ex-
posure, and not during the transient (2 h) heat exposure
(Table III). Perhaps the physicochemical characteristics of nic-
otine (MW: 162.2 g/mol; log P: 1.2; melting point: −79°C),
which has a more rapid permeation rate through skin com-
pared to fentanyl (MW: 336.5 g/mol; log P: 4.1; melting
point: 83–84°C), resulted in more rapid and distinct differ-
ences in response to heat exposure [2]. In addition, fentanyl
may deposit in the upper skin layers and slowly diffuse from
that depot into the deeper skin layers and beyond [23]. This
skin depot might contribute to the effective lag in the heat
effects on the permeation of fentanyl through the skin. Thus,
it might be necessary to define the heat effect period for each
drug molecule according to its rate of permeation and delay
within skin layers when evaluating the effect of increased tem-
perature on drug delivery and absorption from TDS.

Despite the significantly higher flux+ rate observed during
heat exposure, relative to the baseline flux+, the total amount+

of fentanyl permeated over the entire duration of IVPT from

Fig. 9 Mean flux (± SD) after removal of fentanyl TDS from IVPT experiments with early (Early Heat-Extended), late (Late Heat-Extended) and no
heat (No Heat II-Extended) exposures (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001). (n = 3–4 replicates from the same donor). +

Values corrected for TDS size.
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Early Heat and Late Heat was not significantly different
(p > 0.05) compared to the amount+ permeated from No
Heat II without heat (Fig. 8). However, the amount+ of nico-
tine permeated from Nicotine TDS (Polyacrylate/Silicone)
under Late Heat was significantly higher (p < 0.05) than the
amount+ under either Early Heat and No Heat II (Fig. 4). It
appeared that the difference for nicotine Late Heat arose pre-
dominantly from the anomalously higher flux+ observed for
that set of replicate skin sections during the initial 4 h of the
study (prior to any elevated temperature exposure, and there-
fore, unrelated to any heat effect) (Fig. 3a).

Overall, the finding from the current study related to the
relatively minor impact of transient heat effects over the longer
wear period of the TDS is consistent with the in vivo study results
of Ashburn et al. That in vivo study demonstrated that no differ-
ences were observed in themean area under the curve (AUC) of
the concentration vs. time profile over 24 h between the two
experimental scenarios: 4 h of heat exposure vs. no heat expo-
sure [5]. It is not appropriate to conclude, however, that lack of
a statistically significant difference in the total cumulative
amount of drug permeated might indicate that there are no
safety concerns associated with transient, significant increases
in systemic concentrations of a drug. Rather, it is apparent that
while a transient, significant difference begins to represent small-
er proportions of an otherwise equivalent pharmacokinetic pro-
file, the relative significance of that effect would be increasingly
diluted until it becomes insignificant. That does not mean that
the transient heat effect, somewhat analogous to Bdose
dumping^, may not be harmful, or even fatal. For drugs like
nicotine and fentanyl, the peak drug level is often associatedwith
serious adverse events, including respiratory depression and
death for fentanyl, or heart arrhythmias for nicotine [24, 25].

The exploration of these study designs and analyses with
the IVPT heat effect model suggests that rather than compar-
ing the total amount of drug permeated between baseline
conditions and a condition with transient heat exposure, a
comparison of partial AUC and peak level may be more ap-
propriate to evaluate the increase in drug delivery following
exposure to elevated temperature conditions. The results of
this study illustrate that transient heat exposure study designs
can provide valuable insights into heat effects with TDS. Yet,
even though continuous, prolonged exposure to elevated tem-
peratures may not be the most clinically relevant scenario of
heat application to a TDS, it may still be an appropriate IVPT
study design to gain insights into the worst-case scenario.

The current study also investigated the effect of a transient
exposure to an elevated temperature on the eventual nicotine
and fentanyl clearance from the skin after TDS removal. For
nicotine TDS, the 1 h heat exposure during the earlier time
point (Early Heat) did not result in a higher clearance of nic-
otine from skin compared to baseline clearance amounts (No
Heat II); rather, the clearance was higher from the baseline
(No Heat II), compared to the Early Heat (Fig. 5). As

expected, the release rate from Late Heat, in which the heat
exposure occurred immediately prior to TDS removal, was
higher than the release rates from Early Heat and No Heat II
at 1 h after TDS removal. However, the release rate quickly
decreased after 1 h. This suggests that the nicotine clears from
the skin rapidly after 1 h heat exposure. In contrast, fentanyl
TDS exhibited a sustained effect on the clearance of fentanyl
from the skin following an exposure to the elevated tempera-
ture for 2 h prior to TDS removal (Fig. 9). Even 7 h after TDS
removal, the clearance with Early Heat was higher than that
with No Heat II (without heat). If such sustained effects were
observed in vivo, even transient heat exposure may potentially
be dangerous for fentanyl TDS, and other potent drugs that
may have a significant skin depot effect.

Even though the results from the present study provide a
comprehensive report on an exploratory IVPTmethod devel-
oped for the evaluation and comparison of TDS heat effects
among differently formulated TDS, substantial further re-
search is still needed to develop and characterize the IVPT
heat effects model. It would be premature to draw conclusions
related to any relative heat responses or effects for the various
TDS evaluated in the current study.

The duration of transient heat exposure was intentionally
increased for fentanyl compared to nicotine, in order to pro-
vide a sufficient exposure of the fentanyl TDS to the heat so
that the relatively slowly permeating fentanyl could exhibit the
heat effects observed for nicotine. However, this difference in
heat exposure duration might also have contributed to the
sustained heat effect on the drug release from the fentanyl skin
depot. The effect of a time-course of heat duration should be
investigated on skin depots of drugs/excipients of varying
physicochemical properties in order to obtain a more thor-
ough explanation.

Of particular note, the IVPT study was conducted
using Yucatan miniature pig skin. Although pig skin is
generally regarded as the closest animal skin surrogate
for human skin in terms of the permeability of topically
applied compounds, the applicability of the results re-
ported here to drug permeation across human skin un-
der the influence of heat is unclear, and the study was
not intended to support such conclusions [26]. The de-
cision to use pig skin for this proof-of-concept IVPT
heat effects method development study was out of an
expectation for lower intra-species (inter-individual) var-
iability compared to human skin [26]. Indeed, inter-
individual skin permeability was relatively similar during
the current study. In fact, the skin used for longer (24 h
for nicotine and 72 h for fentanyl) and shorter (12 h for
nicotine and 22 h and 26 h for fentanyl) IVPT exper-
iments (Fig. 1) were obtained from different donors, and
yet the results were largely consistent. However, the
difference between the donors may explain the occa-
sional discrepancy between the baseline flux+ (No Heat
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II) and the flux+ at an elevated temperature (Early Heat
and Late Heat) (Fig. 9a). Nonetheless, the data set pre-
sented in the current study supports the concept that it
is feasible to design an adequately controlled and ap-
propriately validated IVPT study, with which to evalu-
ate the comparative heat effect on various TDS.

CONCLUSIONS

The results from the study indicate that adequate con-
trols need to be implemented for the use of an IVPT
model to evaluate and/or to compare the effects of heat
on TDS products. The preliminary results from the
TDS evaluated in this study using pig skin suggests that
TDS with different compositions may behave differently
when exposed to an elevated temperature. The results
from the study suggest that some parameters of interest
for further investigation are the magnitude of the heat
effect on flux values, the total amount of drug perme-
ation and the clearance of the drug from the skin depot
after TDS removal. These parameters may vary for dif-
ferently formulated TDS based on many factors, includ-
ing but not limited to, different inactive ingredients
(particularly adhesives) and different drugs. Ultimately,
the observations in this exploratory study underscore the
need for further evaluation of the potential risks arising
from the exposure of some TDS to elevated tempera-
tures. The present study illustrated, in principle, that
IVPT could potentially be used to evaluate and/or
compare the effects of heat on various matrix TDS with
differences in their designs and inactive ingredients. To
understand the clinical significance of IVPT heat effects
studies, the results of future IVPT studies using human
skin should be compared directly with the results of
parallel in vivo clinical studies.
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