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 An in vitro model that exhibits in vitro/in vivo correlations (IVIVC) is a powerful 

tool in biopharmaceutical drug development because it can efficiently predict drug product 

performance in vivo. While the concept of IVIVC has been utilized mostly for oral dosage 

forms, demonstrations of IVIVC with in vitro permeation testing (IVPT) for transdermal 

delivery systems (TDS) are emerging. The objective of this work was to evaluate IVIVC 

for TDS using two model drugs, nicotine and fentanyl, with different physicochemical 

characteristics (e.g. log P).  Additionally, the effect of heat exposure (42 ± 2 °C) on the rate 

and extent of TDS drug delivery was evaluated. IVPT studies using excised human skin 

and in vivo pharmacokinetic (PK) studies in human subjects were conducted under 

harmonized study conditions and designs to evaluate IVIVC. The correlations were 

evaluated in multiple ways, including a single point comparison of parameters such as 

steady-state concentration and heat-induced increase in partial AUCs, as well as a point-

to-point correlation (Level A IVIVC). Level A IVIVC was examined using multiple 

approaches. A strong IVIVC was consistently observed for nicotine TDS in presence and 

absence of heat, suggesting the utility of IVPT as a tool to evaluate and predict in vivo 



performance of nicotine TDS. The IVIVC results for fentanyl were relatively weaker, 

especially when IVIVC for heat effects were examined, with greater in vivo heat effects 

observed compared to the in vitro heat effects. A separate study evaluating IVIVC for 

fentanyl TDS without a heat exposure component and utilization of some PK parameters 

obtained directly from study subjects yielded improved IVIVC results. The findings from 

the present research work suggest that IVPT data generally shows good predictability of in 

vivo performance of TDS at normal temperature conditions. However, the usefulness of 

IVPT for assessing and predicting external factors such as heat, especially for lipophilic 

drug molecules, may have some limitations that could be further improved.  
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Chapter 1: Introduction 

 

1.1 Transdermal Delivery Systems (TDS) 

 It has been more than three decades since the first transdermal delivery system 

(TDS), scopolamine, was approved by the U.S. Food and Drug Administration (FDA) in 

1979.1-3 Many advantages of TDS over other dosage forms, such as avoidance of hepatic 

first-pass metabolism and the gastrointestinal tract, ability to maintain a constant drug 

concentration for a prolonged time and improved patient compliance, have resulted in TDS 

development over the years. Following the approval of scopolamine TDS, many other drug 

molecules of diverse clinical indication entered the transdermal market in the 1980s and 

1990s: nitroglycerin for angina, clonidine for high blood pressure, estradiol for female 

hormone replacement therapy, nicotine for smoking cessation, testosterone for 

hypogonadism, fentanyl for chronic pain, and lidocaine for pain.2-5 These drug molecules 

which entered the transdermal market in the early era possess many favorable 

physicochemical properties for transdermal delivery, which include a small molecular 

weight less than 500 Da, a log P of 1-4, low melting point, adequate solubility in both oil 

and water, and high potency.3,6-8 While some consider the golden era of TDS development 

to be over with the “ideal” drug candidates for TDS having already been exhausted, TDS 

approvals by the U.S. FDA have been ongoing (Figure 1.1), addressing diverse therapeutic 

areas.5,9 In addition, the sales of TDS have been growing steadily into the multi-billions of 

dollars annually.2,3,9 Prausnitz and Langer categorized many of today’s TDS as the first 

generation of systems, whose drug delivery is primarily based on the favorable drug 

properties addressed above.9 The second- and third- generations refer to active TDS which 
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use strategies to overcome the limitation of transdermal drug delivery through the skin 

barrier by increasing skin permeability with driving forces. Such strategies include use of 

chemical enhancers, microneedles, noncavitational and cavitational ultrasound, 

iontophoresis, and electroporation.5,6,9 While several products of these active TDS were 

approved and launched, many of them were discontinued due to safety or business reasons, 

such as Zecuity® sumatriptan iontophoretic TDS and Ionsys® fentanyl iontophoretic 

TDS.4,10,11 However, efforts are still ongoing in developing the newer generation of TDS. 

On top of the continued development of the passive, non-invasive, first generation TDS 

products, the success of the later generation technologies enable transdermal delivery of 

very diverse drug molecules, including macromolecules and vaccines that make TDS a 

more attractive dosage form choice. 

 

Figure 1.1 Transdermal drug approvals based on US Food and Drug Administration (FDA) 
classifications from 2000 to 2014. The data show a fairly stable number of approvals per 
year (2.6/year) from 2000 to 2014. Reprinted with permission from Drug Discov Today. 
2015 Nov;20(11):1293-9.5 
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The current dissertation work focuses on passive non-invasive TDS which are 

available in several designs (Figure 1.2). During the early years of development in the1970s 

to 1980s, TDS were developed mostly as a reservoir-type in which the drug solution is in 

a semi-solid reservoir compartment, separated by a semi-permeable membrane, adhesive 

and release liner (Figure 1.2A).4 Later in the 1980s, the matrix-type TDS was introduced, 

which contained the drug within a matrix (rather than in a gel reservoir) that lies between 

the backing and an adhesive layer (Figure 1.2C) (or adhesive overlay surrounding the drug 

matrix(Figure 1.2B)). Further development led to the drug-in-adhesive (DIA) type TDS in 

which the drug is incorporated into the pressure-sensitive adhesive itself (Figure 1.2D). 

The majority of products on the transdermal market today utilize either membrane-

controlled or DIA deigns, with the latter becoming the standard in practice.4 Two nicotine 

and three fentanyl DIA type TDS were studied in the current work. 
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Figure 1.2 Designs of passive non-invasive transdermal patches. (A) First patch system – 
the reservoir – introduced for scopolamine, nitroglycerin, clonidine and oestradiol. (B, C, 
D) Other types of patches – matrix and drug-in-adhesive (e.g. fentanyl and nicotine 
patches). Reprinted and modified with permission from Br J Pharmacol. 2015 
May;172(9):2179-209.4 

 

1.1.1 Nicotine TDS 

 Nicotine is an excellent candidate for transdermal delivery since it possesses many 

favorable physicochemical properties (Table 1.1). For instance, its molecular weight, 162 

Da, being the smallest among drug molecules currently available as TDS, and it has good 

lipid and aqueous solubility.12 The nicotine TDS dates back to 1991 when it was first 

introduced to the U.S. market  as a treatment for smoking cessation.5 Due to a large market 

size for smoking cessation, many pharmaceutical companies saw the opportunity and as a 

result, four distinctly formulated nicotine TDS were approved in the same year.4,12 The 

total sales of nicotine TDS during the first year on the market approached US $1 billion, 

and over a million smokers were estimated to successfully quit smoking with the help of 

the nicotine TDS.4,12 Although nicotine TDS were only available in the US by prescription 
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until 1996, two of the nicotine TDS became available as over-the-counter medication in 

1996, which increased the popularity of nicotine TDS as a form of nicotine replacement 

therapy (NRT).13 The nicotine TDS is still popular today and is the most widely used form 

of smoking cessation treatment among other forms of NRT such as gum, nasal sprays, 

inhalers and lozenges.13,14 Many nicotine TDS products manufactured by different 

pharmaceutical companies with distinct formulations and designs are available on the 

market today. They are intended to deliver nicotine in the range of 7 to 25 mg (7 to 21 mg 

in the U.S.) for a duration of 16 to 24 h, depending on the strength of the products.4 

Table 1.1 Physiochemical properties of nicotine and fentanyl. 3,4,8 
 Nicotine Fentanyl 

Molecular Weight (Da) 162 337 

Melting Point (°C) liquid 83-84 

Log P 1.17 4.05 

Aqueous Solubility (mg/mL) 100 0.2 

 

1.1.2 Fentanyl TDS  

 Fentanyl, first synthesized in 196015, is a very potent opioid, about 80 times more 

potent than morphine. Its high potency, low molecular weight and low melting point make 

fentanyl suitable for TDS, as compared to other opioids such as morphine.15 Fentanyl was 

the first analgesic to be marketed as a TDS, with the US approval in 1990 for chronic pain 

under the trade name Duragesic® (manufactured by Johnson & Johnson).4 From 1990 to 

2009, the Duragesic® TDS was on the market as a reservoir-type system (Figure 1.2A), 

containing a reservoir of fentanyl and ethanol. However, due to numerous reports related 

to reservoir leakage and consequent safety issues, including deaths and life-threatening side 
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effects from overdose of fentanyl, the product was recalled twice in 2004 and 2008, and 

was replaced by a DIA type TDS (Figure 1.2D).4,15 Besides the leakage problem, the 

fentanyl TDS faced other safety concerns as well. The U.S. FDA issued Public Health 

Advisories following serious adverse event reports related to inappropriate use and 

accidental exposure to fentanyl TDS after use.4,16-20 In particular, the regulatory agencies 

are concerned about the high residual fentanyl content remaining in the TDS after the 

intended duration of use.5 According to the guidance published by the U.S. FDA in 2011, 

some marketed products retain up to 95% of the initial drug content.21 Given its potency 

and serious adverse effects, such as respiratory depression and arrhythmia, fentanyl poses 

more danger than some of the other drugs available as TDS.22 Despite numerous safety 

concerns, the fentanyl TDS is still highly prescribed, with annual sales exceeding US $1 

billion.3 In a randomized crossover study of fentanyl TDS and sustained release oral 

morphine for chronic pain, 65% of patients preferred fentanyl TDS due to better pain relief, 

less constipation and enhanced quality of life, whereas only 28% preferred the morphine 

tablet.23 Like nicotine TDS, many fentanyl TDS products are available on the market today 

with varied formulation and adhesive types. There are five different strengths of fentanyl 

TDS available from 12.5 to 100 µg/h, which are proportional to the size of the TDS (e.g. 

5.25 to 42 cm2 for Duragesic® TDS).24 

 

1.2 In Vitro Permeation Test (IVPT) 

The in vitro permeation test (IVPT) is a valuable in vitro method for evaluating the 

rate and extent of TDS delivery, and is often utilized during the product development stage 

of TDS. There are many factors and conditions influencing the results of IVPT, and thus 
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the study designs need to be well thought out before study initiation. Well-controlled, 

physiologically and clinically relevant conditions using best laboratory practices for 

performance of the IVPT should be ensured in order to obtain data that is useful and 

meaningful. One of the most influential factors to consider is the source of skin membranes 

used in IVPT studies.1 Human skin is considered most relevant to in vivo skin in man and 

is preferred over other animal skin due to structural and functional differences that exist 

between human and animal skin. Human cadaver skin or skin obtained after 

abdominoplasty or breast reduction surgery is most often utilized. However, obtaining 

human skin can be challenging and not always feasible due to limited supply and ethical 

reasons. A wide range of animal models has been studied as an alternate to human skin for 

in vitro permeation studies, including pig, mouse, rat, guinea pig, rabbit and snake.25-27 

Among these animal models, porcine skin is generally accepted as the most relevant model 

for human skin due to its similarity in terms of histology, stratum corneum (SC) thickness, 

hair-follicle density, etc..25-28 Although porcine skin is generally considered to be slightly 

more permeable than human skin, many researchers observed similar permeability across 

porcine and human skin for various compounds.29-31 In addition to the similarities, porcine 

skin offers an advantage of having lower inter-donor variability compared to human skin.26 

Thus, while limited in precisely predicting the extent of drug absorption and delivery from 

TDS in humans, IVPT studies using porcine skin can still be a valuable tool for screening 

formulations during the early phase of product development, and in comparing and 

estimating the rank order of percutaneous absorption of different molecules and/or 

formulations. 27 In addition, the preparation and thickness of skin membranes used for 

IVPT can affect IVPT results. Different researchers and different laboratories prepare skin 
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membranes in different ways with various thickness. They can be categorized into three 

different types: heat-separated epidermal membranes, dermatomed split-thickness skin, 

and full thickness skin, in  order of increasing thickness.32 The use of full thickness skin 

has been found to have limitations, especially when studying lipophilic compounds as they 

tend to be retained in the in vitro skin piece, rather than permeating and partitioning into a 

receptor compartment at a comparative in vivo rate.33-35 On the other hand, heat-separated 

epidermal membranes might over-estimate the extent of drug absorption through skin.36 

Storage conditions of skin, demographic features of skin donor (age, gender, race, etc.) and 

anatomical region from which the skin was obtained are other factors to consider and be 

mindful of when analyzing IVPT data.1 In the current dissertation work, split-thickness 

skin obtained from both pigs and humans was used for IVPT studies. 

There are two common types of diffusion cell systems used for IVPT studies, static 

and flow-through. The most distinguishable feature of the two systems is the receptor 

compartment. In flow-through systems, the contents of the receptor compartment are 

replaced by a continuously flowing receptor solution, whereas in static systems, the 

concentration of permeated compounds builds up in the receptor compartment between 

sampling timepoints.1,37 While there are advantages and disadvantages to each system, both 

van der Sandt et al. and Clowes et al reported that the types of diffusion system did not 

influence absorption measurements.38,39 In the current work, a flow-through type diffusion 

system was used to characterize absorption characteristics of nicotine and fentanyl from 

TDS.  
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1.3 Effect of Heat on drug delivery and absorption from TDS 

 Heat is expected to increase drug release from TDS and permeation through skin, 

based upon thermodynamic principles. In fact, a controlled heat assisted drug delivery 

(CHADDTM) system was developed for delivery of lidocaine and tetracaine, Synera®, and 

approved by the U.S. FDA in 20054,5. While controlled heat certainly offers an opportunity 

to enhance drug delivery from TDS, it can be a safety concern when TDS products are 

exposed to uncontrolled, high temperatures. Many potential sources of heat exist which 

could affect TDS, such as hot baths, saunas, sunbathing, heating pads and tanning beds. 

When there is a significant increase in temperature, the exposure can increase drug delivery 

rates from TDS rapidly and substantially, which could then expose patients to unintended 

high levels of drug. Depending on the drug molecule, the consequences can be severe, 

especially for potent drugs with narrow therapeutic windows. An example of this type of 

drug is fentanyl, for which there have been numerous reports regarding serious side effects 

resulting from exposure of fentanyl TDS to heat.17,40-43  

Several research groups have investigated the influence of heat on TDS, observing 

increased drug release rates, permeation through skin in vitro, and absorption in vivo.44-50. 

The observed effects have been attributed to increased drug permeation into and through 

the SC barrier, increased skin perfusion, and increased dermal clearance into systemic 

circulation.51 Several studies have characterized the SC structure changes due to increased 

temperature and related the enhanced skin permeability of drug due to heat with the 

disordered lipid structure and its fluidization.52-57 In addition, increase in plasma 

nitroglycerin concentrations due to localized heat exposure on nitroglycerin TDS were 

found to be related to increased cutaneous blood flow.58 Given the influences of heat on 
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skin membrane itself, it is noteworthy to mention that heat exposure prior to and after TDS 

application, not just during the TDS wear, would also affect overall drug absorption from 

TDS. Exposing skin to heat prior to TDS application would disrupt the lipid structure of 

SC and increase cutaneous blood flow, resulting in facilitated drug delivery upon TDS 

application. Applying heat on the skin site where TDS has been applied after system 

removal would enhance drug delivery from the skin depot formed while wearing TDS into 

the systemic circulation (Figure 1.3).  

In order to investigate the influence of the barrier membrane when examining the 

effect of heat on drug delivery, exploratory IVPT experiments were conducted using two 

types of biological membranes (ex vivo human and porcine skin) and two types of synthetic 

membrane (EVA-9 and Tuffryn®) as well as without using any membrane at two different 

temperatures, 32 and 42°C, for three fentanyl TDS products (Figure 1.3). The three 

fentanyl TDS products tested are bioequivalent products with the same strength (25 µg/h), 

but with different formulation characteristics including adhesive type. Characteristics of 

the membranes used are summarized in Table 1.2. As expected, the flux (or the release rate 

in the absence of any membrane) profiles were highest when IVPT experiments were 

conducted without using any membrane. Tuffryn® membrane exhibited the next highest 

profiles, which were markedly higher compared to those from biological membranes. The 

other synthetic membrane tested, EVA-9, which is often utilized as a rate-controlling 

membrane in TDS products59-61 resulted in a relatively similar flux profiles to profiles 

obtained when biological membranes were used. All membranes tested exhibited 

significantly higher Jmax at 42°C compared to Jmax at 32°C for the three fentanyl TDS 

(Figure 1.4A). The total permeation amounts over 72 h at two different temperatures were 
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only significantly (p ≤ 0.05) different when the two biological membranes were used 

(human and porcine skin) for all three products and when EVA-9 was used for Duragesic® 

and Myaln TDS (Figure 1.4B). When Jmax enhancement ratios (Jmax at 42°C divided by 

Jmax at 32°C) among the three products were compared per different membrane barriers 

used, data from porcine skin and EVA-9 suggested significantly (p ≤ 0.05) different heat 

effects among three products (Figure 1.5). The lack of significant differences in the Jmax 

enhancement ratios among the three products on human skin might be related to the high 

variability of data, whereas the lack of differences when Tuffryn® membrane might be 

related to the nature of high permeability of the membrane, as evidenced by the similar 

results seen when no membrane was used. Overall, the results from the exploratory study 

suggest that heat effects on differently formulated TDS might be different and such 

differential heat effects may be partially due to the differential response of the skin barrier 

to the heat. In addition, the results suggest that IVPT studies using membranes like 

Tuffryn® might not be useful in understanding heat effects on drug delivery due to lack of 

relevant rate-limiting/barrier function. 
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Figure 1.3 Flux profiles (Mean ± SD; 3-4 replicates) of three fentanyl TDS at two different 
temperatures on two biological (human and porcine) and two synthetic (EVA-9 and 
Tuffryn®) membranes, and no membrane. + Corrected to account for different TDS sizes.  
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Table 1.2 Characteristics of membrane barriers used. 
 Human Skin Porcine Skin EVA-9 Tuffryn® 

Thickness (µm) 
Range 

180 – 300 200 – 300 50.8 145 

TEWL (g/m2/h) 
Mean ± SD 

3.34 ± 1.82 7.69 ± 1.80 - - 

Pore Size (µm) - - Non-porous 0.45 

Membrane 

Medium 

Mostly epidermis with a thin layer 
of dermis 

Ethylene Vinyl 
Acetate (9%) 

Hydrophilic 
polysulfone 

Anatomical Site 
Dorsal & 
Ventral 

Abdominal - - 

 

 

Figure 1.4 Comparisons of Jmax (A; top panel) and total permeation amount (B; bottom 
panel) at two different temperatures on various membranes for three fentanyl TDS. Mean 
± SD; 3-4 replicates; + Corrected to account for different TDS sizes; * p ≤0.05; ** p ≤0.01; 
*** p ≤0.001; **** p ≤0.0001. 
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Figure 1.5 Comparisons of Jmax enhancement ratio due to heat (Jmax at 42°C divided by 

Jmax at 32°C) for three fentanyl TDS on various membranes. Mean ± SD; 3-4 replicates; + 

Corrected to account for different TDS sizes; *** p ≤0.001; **** p ≤0.0001. 
 

Despite many studies investigating heat effects on drug delivery through skin, the 

exact mechanism behind such effects and the relationship between flux and altered skin 

structure and barrier function due to heat remain to be further elucidated. In addition, 

decoupling the heat effects on various aspects of drug absorption through skin is further 

challenged by the complex design and formulation of TDS as well as the intricate 

physiological functions in humans governing temperature control of the body and skin. In 

addition, previously published studies showing heat effects on TDS all differ in the sources 

of heat used and the skin temperature attained by heat, making it challenging to correlate 

the data and decipher the results that could be applied in understanding and predicting heat 

effects on other TDS.  As Hao et al. reported, there have been no standardized methods, 

both in vitro and in vivo, to evaluate and compare the effect of heat on different TDS 
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effectively.51 The current dissertation work was designed to investigate heat effects both in 

vitro and in vivo under harmonized study design and conditions, to investigate the 

feasibility of the in vitro method, IVPT in particular, in evaluating and predicting 

comparative in vivo heat effects on various TDS. 

 

1.4 In Vitro/In Vivo Correlations (IVIVC) 

In vitro/in vivo correlations (IVIVC) refer to a predictive mathematical model 

which describes a relationship between an in vitro property of a dosage form and an in vivo 

response.62 There are three recognized levels of IVIVC, which were defined and 

categorized for oral dosage forms.62 Level A is a point-to-point correlation, describing the 

entire time course of a drug profile and is considered to be most useful. Level B correlation 

compares the mean in vitro dissolution time and in vivo residence time and Level C 

correlation compares a single point parameter (e.g. Cmax and AUC). The value of a well-

established IVIVC is immense as it can facilitate testing of drug candidates and 

optimization of formulation, assist in quality control and serve as a surrogate for 

bioequivalence studies, scale-up and postapproval changes. While the concept has been 

extensively applied for oral dosage forms with numerous products successfully 

demonstrating IVIVC between an in vitro dissolution test and in vivo plasma drug 

concentrations, IVIVC for TDS is still not standardized. However, there have been an 

increasing number of studies and evidence supporting development of IVIVC for TDS 

between IVPT and in vivo pharmacokinetic (PK) data.63 The relevance and predictability 

of IVPT data obtained using human skin to the permeability of compounds across human 

skin in vivo have been reported in many studies.64-66 In addition, a number of studies 
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successfully demonstrated a Level C correlation for TDS between the observed in vivo 

steady-state concentration (Css) and predicted Css calculated from in vitro steady-state flux 

obtained from an IVPT study.67-69 More recently, Yang et al successfully developed and 

validated a Level A IVIVC for DIA type estradiol TDS using IVPT and in vivo PK data.70 

In the current work, multiple ways of evaluating IVIVC between IVPT and in vivo PK data 

were explored, including a Level A IVIVC. 

 

1.5 Research Objectives and Organization of Work 

 The overall objective of this dissertation work was to evaluate IVIVC between 

IVPT and in vivo PK data and investigate feasibility of IVPT as a tool to predict in vivo 

performance of TDS. The influence of heat on TDS was also evaluated from both in vitro 

and in vivo studies to evaluate the utility of IVPT as a tool to assess and predict heat effects 

on TDS in vivo.  

 In Chapter 2, heat effects on two nicotine and three fentanyl TDS are investigated 

by performing IVPT using porcine skin. Both continuous and transient heat exposures with 

the target skin temperature of 42 ± 2 °C are investigated by applying heat either for the 

maximum recommended TDS wear duration or for short duration. The objective of Chapter 

2 is to test sensitivity of IVPT results to the heat exposure conditions designed and to 

explore the worst-case scenario (continuous heat exposure) of heat effects on TDS. 

 In Chapter 3, IVIVC is evaluated for two nicotine TDS using IVPT and in vivo PK 

data, conducted under harmonized study designs. The study designs include 1 h of transient 

heat application at two different time periods after application of TDS. The IVPT study 
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data results from human skin obtained from four donors and the in vivo study data comes 

from ten healthy adult smokers. Multiple ways of evaluating IVIVC, including the 

comparisons of single parameters, Level A IVIVC and heat effects are explored. 

 In Chapter 4, IVIVC is evaluated in a similar manner to the work described in 

Chapter 3, but for three fentanyl TDS instead. The study designs employed also include 1 

h of transient heat application at two different time periods after application of TDS. By 

comparing IVIVC results to the results from nicotine TDS, factors that could influence 

feasibility of IVPT in developing IVIVC are also discussed. 

 In Chapter 5, pharmacokinetic parameters of fentanyl are characterized from a 

three-way crossover study, involving one intravenous dose and two fentanyl TDS products, 

in sixteen healthy adults. In addition, the extent of drug delivery and absorption from two 

fentanyl TDS are further explored by analyzing residual drug analysis after TDS wear. 

Correlations of in vivo PK data and IVPT are also evaluated. 

 Lastly, Chapter 6 summarizes results from each chapter in this dissertation. 
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Chapter 2: On the Road to Development of an In Vitro Permeation Test (IVPT) 

Model to Compare Heat Effects on Transdermal Delivery Systems: Exploratory 

Studies with Nicotine and Fentanyl1  

 

2.1 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 

development and understanding of transdermal delivery systems (TDS).2 Many TDS 

products with drugs from diverse classes and utility in a variety of therapeutic areas are 

available on the market today. Generic drug products have also been developed for some 

TDS, referencing the innovator, or reference listed drug (RLD) product.2,3 However, most 

generic TDS differ in design, drug load and inactive ingredient composition relative to their 

corresponding RLD products; the formulation composition of generic TDS products is not 

required to be qualitatively (Q1) and quantitatively (Q2) the same compared to their 

respective RLD.71 Additionally, some drugs such as nicotine have more than one innovator 

TDS product approved, which collectively results in substantial diversity in the product 

design and compositional characteristics 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 factors, including skin condition, skin type, humidity, 

temperature, inactive ingredients and product design.44-47,54,72,73 Among these factors, 

                                                 
1
 Shin SH, Ghosh P, Newman B, Hammell DC, Raney SG, Hassan HE, Stinchcomb AL. 

On the Road to  Development of an In Vitro Permeation Test (IVPT) Model to Compare 
Heat Effects on Transdermal Delivery Systems: Exploratory Studies with Nicotine and 
Fentanyl. Pharm Res. 2017 Sep;34(9):1817-1830. 
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temperature has received considerable attention from clinicians and regulatory authorities 

due to reports of life-threatening adverse events related to the off-label application of heat 

on fentanyl TDS.17,40-43 There are many circumstances 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.42 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.44-50 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, intermittent controlled heat (43°C) 

application over 30 minutes resulted 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.46 In addition, several other studies investigated the effect of heat on physiology 

of skin such as vasomotor response, which may explain the increased drug delivery and 

absorption due to heat. Gazerani and Arendt-Nielsen investigated cutaneous vasomotor 

reactions in response to heat application in healthy subjects.74 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 

vasculature and 5°C increase in skin temperature, with its effect lasting for 15 minutes after 

the heat stimulus was terminated.74 
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Given the potential risks of overdose and other medication errors associated with 

the effects of heat on TDS products 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 components, 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 application 

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.45,47  

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 exposure to an 

elevated temperature among matrix-type TDS products (with formulation differences e.g., 

different 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 (Table 2.1 and 2.2) 

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 exposure was mimicked in vitro by increasing 
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the skin surface temperature to 42 ± 2°C.42 The first set of experiments was conducted to 

evaluate whether differently formulated TDS deliver drug differently under long-term, 

continuous heat exposure (Figure 2.1, Continuous Heat), compared to the normal 

temperature condition (Figure 2.1, 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 

(Figure 2.1, Early Heat and Late Heat) and to compare the results to those observed under 

normal temperature condition (Figure 2.1, No Heat II). Finally, the third set of experiments 

was conducted to examine the effect of short-term heat exposure on drug release from the 

skin after TDS removal. 

Table 2.1 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 

1TDS sizes measured due to unavailability of the information on package labels. 
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Table 2.2 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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Figure 2.1 Schematic diagrams (not to scale) of (a) five IVPT experimental designs for 
nicotine TDS and (b) eight designs for fentanyl TDS. 
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2.2 Methods 

2.2.1 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, methanol, 

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 system (EMD Millipore; Billerica, MA).  

2.2.2 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 subcutaneous 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 experiment, skin was cut into a 4.84 cm2 square to 

fit onto the diffusion cell and thawed for at least 30 minutes prior to use. A transepidermal 

water loss (TEWL) measurement was obtained using a cyberDerm RG-1 open chamber 

evaporimeter (cyberDERM, Inc.; Broomall, PA) to validate skin integrity for each skin 
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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 conducted 

with skin from one porcine skin donor with 3-4 replicates per each study condition/product. 

2.2.3 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 supports (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 experiments. 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 

(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 analyzed by HPLC. 



26 
 

2.2.4 IVPT Experimental Designs 

The IVPT experiments were performed in five different experimental designs for 

nicotine and fentanyl TDS (Figure 2.1). In No Heat I and Continuous Heat designs, nicotine 

and fentanyl 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 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 No Heat II design for 

nicotine and fentanyl (Figure 2.1) 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 Figure 2.1, 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 permeation rate after 

TDS removal was investigated for up to 7 h following TDS removal, with 2 h of temporary 

heat application at different time points for Early Heat-Extended and Late Heat-Extended.  

2.2.5 Temperature Control and Monitoring  

A circulating water bath was used to modulate the temperature 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 
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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® infrared 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 product 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 fentanyl 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 exposure 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). 

2.2.6 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 
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80:20 (v/v) methanol:30 mM ammonium acetate, pH adjusted to 8.5 with triethylamine. 

The flow rate of the mobile 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: 

acetonitrile (1:1, v/v) and analyzed with each set of IVPT samples. 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. The mobile 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 standards 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 LLOQ of fentanyl were 0.02 and 0.03 µg/mL, respectively. 

2.2.7 Data Analysis and Statistical Analysis 

When TDS products of the same model drug were compared, the resultant values 

from IVPT studies were corrected to account for the differences in TDS size between the 

systems. The corrected values are labeled with the symbol, +.  
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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 

statistically significant when p < 0.05.  

 

2.3 Results 

2.3.1 IVPT for Nicotine TDS 

The first set of IVPT experiments was performed using two nicotine TDS (Table 

2.1) 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 Figure 2.1a), both TDS showed a controlled release of nicotine over 24 h (Figure 

2.2a). However, at the elevated temperature of 42 ± 2°C (Continuous Heat in Figure 2.1a), 

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 (Figure 2.2b). The difference 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) (Figure 2.2b and Table 2.3). 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 
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of the whole TDS, at two different temperatures was significantly different for both TDS 

(Figure 2.2c) 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). 

 

Figure 2.2 (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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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 (No 

Heat II) for both TDS (Figure 2.3a). 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 2.3). 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 (Figure 2.3b). 

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 (Figure 2.3b). 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 (Figure 2.3b). 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 (Figure 2.3b). 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) (Figure 2.3b). For Nicotine TDS (Polyisobutylene), no 

significant difference was observed in the total amount+ of nicotine permeated over 12 h 

from Early Heat, Late Heat and No Heat II designs (Figure 2.4). For Nicotine TDS 
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(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.  

 

Figure 2.3 (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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Figure 2.4 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.  

 

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 (Figure 2.5). 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, respectively. 

No significant difference (p > 0.05) of flux+ among the three experimental designs was 

found for the remaining time points. 
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Figure 2.5 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.  

 

2.3.2 IVPT for Fentanyl TDS 

For the three fentanyl TDS studied (Table 2.2), the IVPT study duration was 72 h, 

consistent with the recommended duration of TDS wear (No Heat I and Continuous Heat, 

Figure 2.1b). 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 

(Figure 2.6a). 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) (Figure 2.6a). 

Although the Jmax
+ at the elevated temperature was significantly (p < 0.05) higher for all of 

the three fentanyl TDS, Fentanyl TDS (Polyacrylate) exhibited a significantly higher heat 

enhancement ratio of Jmax
+, compared to Fentanyl TDS (Silicone) and Fentanyl TDS 

(Polyisobutylene) (Figure 2.6b, Table 2.3). 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, 
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compared to a 1.4-fold for Fentanyl TDS (Silicone) and a 1.3-fold for Fentanyl TDS 

(Polyisobutylene) (Figure 2.6c).   

 

Figure 2.6 (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.  
 

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 (Figure 2.7a). 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 2.3). 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 (Figure 2.7a). 

However, there were no significant differences among the three fentanyl TDS in terms of 
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heat enhancement ratios of flux+ during 2 h of early and late heat applications (Table 2.3). 

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 (Figure 2.7b). 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) (Figure 2.7b). 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) (Figure 

2.7b). 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 designs (Early 

Heat, Late Heat and No Heat), despite the transient increases in flux+ due to heat exposures 

(Figure 2.8). 
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Figure 2.7 (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, 19h 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.  
 

 

Figure 2.8 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.  
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The flux+ after 1 h of TDS removal was significantly higher from Late Heat, 

compared to either Early Heat or No Heat II for all three fentanyl TDS (Figure 2.9). 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 (Silicone). 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 

(Figure 2.9). 

 

Figure 2.9 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.  

 

2.4 Discussion 

The present exploratory study indicated that the effect of heat on transdermal drug 

delivery from TDS of different designs 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 fentanyl. Using the IVPT model, it was possible to evaluate the effect of heat 
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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 hours, 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 

approach was 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 IVPT model 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.27,32,75 For the current study, whose aim was to study heat effects on TDS 

using the IVPT model, there were several important 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 to mitigate 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 
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the mesh, IVPT results were considerably more variable at the elevated temperature 

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 

surface, 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 temperature 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 

temperature is controlled at the skin surface, the actual temperatures at the rate-limiting 

stratum corneum and TDS are likely to be very similar in both scenarios, despite 

differences in the directionality of the gradient.  

This water bath heating method provided adequate control 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 temperature rapidly 

to the baseline, following transient heat exposure periods (Early Heat and Late Heat 

designs). Further evaluation 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 
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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 product characteristics such as inactive ingredient 

composition, the size of the TDS and the expected drug delivery rate per unit area (Table 

2.1). Similarly, the three fentanyl TDS examined in this study each have distinctive 

characteristics (Table 2.2). The varied magnitude of the resultant heat effects among 

differently 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+ profiles for Nicotine TDS (Polyisobutylene) was 

more pronounced compared to Nicotine TDS (Polyacrylate/Silicone), when heat was 

applied from the beginning of TDS application (Figure 2.2a). 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 transient heat lasted longer 

on Nicotine 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 

(Figure 2.3b). The Jmax
+ enhancement 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 2.3).   While 

the two Nicotine TDS products were pharmaceutically equivalent, the Nicotine TDS 
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(Polyacrylate/Silicone) is not a generic equivalent of the Nicotine TDS (Polyisobutylene) 

product and the two Nicotine TDS products were not necessarily 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 fentanyl TDS, which are 

considered to be pharmaceutically equivalent, 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 following continuous heat exposure with a significantly higher enhancement of Jmax
+ 

compared to the other two fentanyl TDS at 2.9-fold (Table 2.3). 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 multiple donors would help to confirm the 

current findings related to the heat effects on TDS. The intention of this seminal 

exploratory 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 nature 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 
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different for both Early Heat and Late Heat (Figure 2.3b) 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 (Figure 2.7b). Also, significant differences in heat effect (based upon an 

assessment of the heat enhancement ratio relative to the baseline 32°C condition) were 

observed between the two nicotine TDS during the transient (1 h) heat exposure but not 

the continuous heat exposure (Table 2.3). In contrast, significant differences among the 

three fentanyl TDS were observed only during continuous heat exposure, and not during 

the transient (2 h) heat exposure (Table 2.3). Perhaps the physicochemical characteristics 

of nicotine (MW: 162.2 g/mol; log P: 1.2; melting point: -79°C), which has a more rapid 

permeation rate through skin compared to fentanyl (MW: 336.5 g/mol; log P: 4.1; melting 

point: 83-84°C), resulted in more rapid and distinct differences in response to heat 

exposure.3 In addition, fentanyl may deposit in the upper skin layers and slowly diffuse 

from that depot into the deeper skin layers and beyond.22 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 

temperature 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 Early Heat and Late Heat was not significantly different (p > 0.05) compared 

to the amount+ permeated from No Heat II without heat (Figure 2.8). However, the amount+ 
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of nicotine 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 

(Figure 2.4). It appeared that the difference for nicotine Late Heat arose predominantly 

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 therefore, 

unrelated to any heat effect) (Figure 2.3a).  

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 differences were 

observed in the mean 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 exposure.44 

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 

smaller proportions of an otherwise equivalent pharmacokinetic profile, 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 “dose dumping”, may 

not be harmful, or even fatal. For drugs like nicotine and fentanyl, the peak drug level is 

often associated with serious adverse events, including respiratory depression and death 

for fentanyl, or heart arrhythmias for nicotine.76,77  

The exploration of these study designs and analyses with the IVPT heat effect 

model suggests that rather than comparing the total amount of drug permeated between 
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baseline conditions and a condition with transient heat exposure, a comparison of partial 

AUC and peak level may be more appropriate 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 temperatures 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 nicotine 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 (Figure 2.5). 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 temperature for 

2 h prior to TDS removal (Figure 2.9). 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. 
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Even though the results from the present study provide a comprehensive report on 

an exploratory IVPT method developed for the evaluation and comparison of TDS heat 

effects among differently formulated TDS, substantial further research 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 provide 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 thorough 

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 

reported here to drug permeation across human skin under the influence of heat is unclear, 

and the study was not intended to support such conclusions.28 The decision 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) variability compared to human skin.28 

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 
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for nicotine and 22 h and 26 h for fentanyl) IVPT experiments (Figure 2.1) were obtained 

from different donors, and yet the results were largely consistent. However, the difference 

between the donors may explain the occasional discrepancy between the baseline flux+ (No 

Heat II) and the flux+ at an elevated temperature (Early Heat and Late Heat) (Figure 2.9a). 

Nonetheless, the data set presented in the current study supports the concept that it is 

feasible to design an adequately controlled and appropriately validated IVPT study, with 

which to evaluate the comparative heat effect on various TDS. 

 

2.5 Conclusions 

The results from the study indicate that adequate controls 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 permeation and the clearance of the drug from the skin depot after TDS removal. 

These parameters may vary for differently formulated TDS based on many factors, 

including 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 temperatures. 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 
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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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Chapter 3: In vitro–in vivo correlations for nicotine transdermal delivery systems 

evaluated by both in vitro skin permeation (IVPT) and in vivo serum 

pharmacokinetics under the influence of transient heat application1 

 

3.1 Introduction 

 Drug delivery from transdermal delivery systems (TDS) has been studied 

extensively over several decades. The existing scientific literature has greatly advanced our 

understanding of  the skin barrier, and of the considerations related to drug molecules and 

drug product formulations that can influence transdermal delivery.3,9,78 While research 

efforts have predominantly focused on improving drug delivery from TDS, a substantial 

body of work has focused on studying the influence of external factors, such as heat, on 

drug delivery from TDS. The effect of temperature on the delivery of molecules through 

skin has been explored since the early work of Blank et al. in 1967.79,80 Since then, the 

effects of heat have been used to enhance drug delivery from TDS, as in the case of the 

lidocaine/tetracaine heat-assisted topical patch, Synera®, and other products using heat-

assisted drug delivery are reportedly under development.53 While TDS may be designed to 

function with controlled heat that modulates its performance, the application of heat to a 

TDS that was not designed to be used at elevated temperatures may lead to unintended 

consequences, most likely associated with an (initial) increase in the rate and extent of drug 

delivery. Multiple such incidents have been reported, including life-threatening toxicities, 

                                                 
1 Shin SH, Thomas S, Raney SG, Ghosh P, Hammell DC, El-Kamary SS, Chen WH, 
Billington MM, Hassan HE, Stinchcomb AL. In Vitro-In Vivo Correlations for Nicotine 
Transdermal Delivery Systems Evaluated by Both In Vitro Skin Permeation (IVPT) and In 
Vivo Serum Pharmacokinetics Under the Influence of Transient Heat Application. J 
Control Release. 2017 Nov 22;270:76-88. 
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from an overdose of fentanyl from a fentanyl TDS.40-43 Consequently, the United States 

Food and Drug Administration (FDA) issued a warning about life threatening side effects 

related to the application of heat or exposure to high body temperatures for the fentanyl 

TDS.17  

There have been several in vitro and in vivo studies investigating the effects of heat 

on drug delivery from TDS.44-48,50,73 These studies have clearly demonstrated that heat 

increases the bioavailability (BA) of drugs from various TDS. However, appropriate 

methods by which to evaluate the relative extent of heat effects on different TDS have not 

been established. The development and validation of such methods would be valuable for 

comparing heat effects on various TDS with different formulations, which would be of 

particular utility for comparing heat effects on brand name and generic TDS. Since clinical 

studies are costly, time consuming, and may expose subjects to risks associated with 

elevated levels of exposure to some drugs, it would be of great value to develop a robust 

in vitro method that can serve as a surrogate for in vivo pharmacokinetic (PK) studies to 

compare the effects of heat on the BA of a drug from a TDS. The in vitro permeation test 

(IVPT) model has been widely studied and frequently compared with in vivo results, and 

when in vitro and in vivo study designs are harmonized, the BA of compounds applied to 

the skin evaluated by IVPT studies has correlated well with the BA observed in vivo.65 

Previous studies have utilized the IVPT model specifically to examine the effect of heat on 

the BA of a drug from various TDS with dissimilar formulations, using excised porcine 

skin.81 The first aim of the current study was to further evaluate the IVPT model using 

excised human skin, as a possible surrogate method to compare heat effects on the in vivo 

BA of nicotine (as a model drug) from two pharmaceutically equivalent nicotine TDS 
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products that have different formulations (the two products are not expected to be 

bioequivalent to each other). The second aim was to evaluate whether there was an in vitro–

in vivo correlation (IVIVC) that could be established between the IVPT and human in vivo 

PK data sets, obtained under matched study designs using five different methods, including 

two approaches for developing Level A IVIVC to describe a point-to-point relationship 

between in vitro and in vivo data sets for the entire duration of the study designs. 

 

3.2 Methods 

3.2.1 Materials and Study Products 

L-Nicotine 99+% (Acros Organics), sodium chloride, methanol, acetonitrile, 

triethylamine, ethyl acetate and ammonium formate were purchased from Fisher Scientific 

Inc. (Fair Lawn, NJ). Nicotine hydrogen tartrate salt and cotinine reference standards were 

purchased from Sigma Aldrich (St. Louis, MO). Nicotine-D4 and cotinine-D3 were 

purchased from Cerilliant Corporation (Round Rock, TX). All reagents were of analytical 

grade or better. Nanopure water was supplied in-house by a Milli-Q® system (EMD 

Millipore; Billerica, MA).  

The two nicotine TDS products that were used in both in vitro and in vivo studies 

were purchased from Amazon.com, Inc. (Seattle, WA). The two TDS from different 

manufacturers were both nicotine transdermal extended release film 14 mg/24 hrs TDS 

drug products:  One of the two nicotine TDS is marketed under the proprietary name 

“NicoDerm CQ®” with a National Drug Code (NDC) of 0135-0195-02 (Sanofi Aventis US 

LLC). The other nicotine TDS is marketed under NDC 0536-5895-88 (Aveva drug delivery 
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systems). While these two over-the-counter matrix-type TDS products have the same 

nominal nicotine delivery rate of 14 mg/24 hrs, they differ in design (size) and formulation 

(adhesive type and other inactive ingredients) and are not listed in the Orange Book as 

being therapeutically equivalent to each other (Table 3.1).82 Since both products have the 

same, lengthy established name (nicotine transdermal extended release film, 14 mg/24 hrs) 

but differ notably in adhesive type (among other product attributes), the products are 

differentiated in this article by codified names. The NicoDerm CQ® nicotine TDS, which 

has a polyisobutylene adhesive, is referred to as “N-Pol”, and the Aveva nicotine TDS, 

which has acrylate and silicone adhesives, is referred to as “A-Sil”.  

Table 3.1 Characteristics of nicotine TDS used in the study. 

 Nicotine TDS (14 mg/24 hr) 

N-Pol 

(NicoDerm CQ) 

A-Sil 

(Aveva) 

TDS Size (cm2)a 15.75 20.12 

Rate/Area (µµµµg/hr/cm2) 37 29 

Inactive Ingredients Ethylene vinyl acetate-
copolymer, polyisobutylene 

and high density 
polyethylene between 
pigmented and clear 
polyester backings 

Acrylate adhesive, 
polyester, silicone 

adhesive 

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

3.2.2 IVPT Studies 

Human skin preparation 

Human skin from four individuals (donors), harvested with consent during 

abdominoplasty surgery, was obtained from the Cooperative Human Tissue Network, 

deidentified, and used for in vitro experiments. A summary of the demographic features of 
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the four donors is presented in Table 3.2. The fresh skin samples were dermatomed to a 

thickness of 260 ± 40 µm, removing subcutaneous fat and keeping the outer layers of skin 

containing stratum corneum, viable epidermis and some dermis intact. The dermatomed 

skin was stored at -20°C until used. On the day of the experiment, 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. The 

barrier integrity of each skin piece was tested by measuring transepidermal water loss 

(TEWL) using a cyberDERM RG-1 open chamber evaporimeter (cyberDERM, Inc.; 

Broomall, PA) prior to the diffusion experiment. Any skin piece with obvious signs of 

physical damage or a TEWL reading higher than 15.0 g/m2/hr was excluded from the 

experiment. The cut of value of 15 g/m2/h for TEWL was determined internally based on 

our research group’s experience and is also in line with the reported TEWL levels in 

healthy skin (0-15 g/m2/hr).83 The mean (SD) TEWL value of all skin pieces used for this 

study was 3.78 (1.42) g/m2/hr.  

Table 3.2 Demographic information for in vitro study donors and in vivo PK study 
subjects. 

 In Vitro 

Donors (n=4) 

In Vivo 

Subjects (n=10) 

Age in years 

Mean (SD) 
Range 

 
57.3 (11.4) 

47 – 69 

 
30.0 (6.3) 
24 – 44 

Sex, n (%) 

Male 
Female 

 
0 (0) 

4 (100) 

 
7 (70) 
3 (30) 

Ethnicity, n (%) 

Black 
Black/Caucasian 
Caucasian 

 
2 (50) 
0 (0) 

2 (50) 

 
9 (90) 
1 (10) 
0 (0) 

BMI (kg/m2) 

Mean (SD) 
Range 

 
Unknown 

 
22.5 (1.5) 

20.8 – 24.9 
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IVPT method 

 A PermeGear flow-through In-Line diffusion system (PermeGear, Inc.; 

Hellertown, PA) with an automated fraction collector was used for IVPT experiments. 

Diffusion cells with a permeation area of 0.95 cm2 were used, membrane supports were 

utilized under the skin to prevent the skin with the TDS applied upon it from sagging into 

the receptor chamber. The receptor solution was 0.9% saline (pH ~5.5) and the flow rate 

of the receptor solution was approximately 5.8 mL/hr (pump setting at 7 rpm). The 

solubility of nicotine in the receptor solution was evaluated to ensure that adequate sink 

conditions were maintained throughout the duration of the experiments. Dermatomed 4.84 

cm2 pieces of skin were mounted in the diffusion cells, with epidermis (SC) facing the 

donor compartment. Immediately prior to the experiment, TDS were cut into a circular disc 

with an area of 0.97 cm2 by a hollow punch to match the permeation area of the skin in the 

diffusion cell, and applied on top of the skin mounted in the diffusion cell. A non-occlusive 

4.84 cm2 piece of polypropylene knitted 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 TDS disc on the skin to prevent lifting of the disc during the experiment. Using 

a temperature regulated water jacket on the diffusion cells, the skin surface temperature 

was modulated and maintained at a target of 32 ± 1°C to model normal in vivo skin surface 

temperature, or 42 ± 2°C to model an in vivo skin surface temperature when exposed to 

heat. All receptor solution samples were analyzed by high-performance liquid 

chromatography (HPLC).  
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IVPT experimental designs 

 The IVPT experiments were performed for a duration of 12 hrs (9 hrs of patch 

application time followed by 3 hrs of receptor solution sampling following TDS removal) 

using three different study designs with both of the nicotine TDS (Figure 3.1). The skin 

was exposed to heat (42 ± 2°C) for a duration of 1 hr, starting at 4 hr or 8 hr post TDS 

application in study design A (early heat) and design B (late heat), respectively. Skin was 

maintained at normal in vivo skin surface temperature of 32 ± 1°C before and after heat 

application. In study design C (baseline, normal temperature), the skin was maintained at 

32 ± 1°C for the entire study duration. In all three designs, the TDS were removed after 9 

hrs and samples were collected into scintillation vials every 1 hr for a 12 hr duration.  

 

Figure 3.1 Schematic diagrams of IVPT studies (designs A, B, and C) and in vivo studies 
(designs A and B). 
 

Temperature control and monitoring 

 A circulating water bath connected to the diffusion cell system was used to control 

the temperature of the diffusion cells and the skin. By controlling the temperature of water 
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circulating inside a metal support which holds the diffusion cells, the skin surface 

temperature was maintained at either 32 ± 1°C or 42 ± 2°C. Water inside the water bath 

was replaced with pre-heated water to facilitate a quick heating process at the 

predetermined time points according to the experimental designs (Figure 3.1). Similarly, 

ice was used to quickly cool down the temperature after 1 hr of heat exposure. Temperature 

at the TDS surface was monitored using a traceable® infrared thermometer.  

Extraction of nicotine from skin and TDS disc 

 After the 12 hr IVPT study duration, each skin section used for the experiment was 

removed from the diffusion cell and analyzed to determine the amount of nicotine retained 

in the skin. The permeation area of the skin (0.95 cm2) was cut into small pieces and added 

to a conical tube. Similarly, the TDS disc was removed from the skin and analyzed for the 

residual amount of nicotine remaining in the disc. The 0.97 cm2 disc was cut into small 

pieces and added to a conical tube. The extraction solvent, 3 mL of methanol and 10 mL 

of ethyl acetate for skin and TDS extractions, respectively, was added; the tube was capped, 

covered with Parafilm® and sonicated for 10 minutes. After sonication, the tubes were 

placed on a shaker at 200 rpm for 24 hrs. The samples were then centrifuged at 20,800 x g 

and an aliquot of supernatant was used for HPLC analysis. The unused TDS discs from 

each product (N-Pol and A-Sil) were extracted in the same manner to determine the amount 

of nicotine contained in an unused TDS disc. 

HPLC analysis of in vitro samples  

 The HPLC system consisted of a Waters® Alliance e2695 separations module, a 

2489 dual-wavelength absorbance detector, and Empower™ software (Milford, MA). A 
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validated HPLC method was used to quantify the IVPT and extraction of TDS disc 

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 elute nicotine. The mobile phase used was 80:20 (v/v) methanol:30 mM ammonium 

acetate, pH adjusted to 8.5 with triethylamine. The flow rate was 1.2 mL/min. The nicotine 

peaks were detected at 260 nm. The IVPT samples were diluted  with an equal volume of 

acetonitrile prior to HPLC analysis and were analyzed with a set of standards prepared in 

0.9% saline:acetonitrile (1:1, v/v). The skin samples were diluted with an equal volume of 

30 mM ammonium acetate buffer (pH 8.5) and TDS extraction samples were diluted 20x 

with methanol:30 mM ammonium acetate (pH 8.5) (1:1, v/v), respectively, prior to HPLC 

analysis, and were analyzed with a set of standards prepared in methanol:30 mM 

ammonium acetate (pH 8.5) (1:1, v/v). All samples and standards were injected (50 µL) in 

duplicate. The lower limit of quantification (LLOQ) was 0.05 µg/mL, with a linearity range 

of 0.05 to 50 µg/mL. The method was precise and accurate with intra- and inter-day 

variation less than 5% and accuracy between 99 to 102% for quality control (QC) samples 

and for the LLOQ standards.   

3.2.3 In Vivo PK Studies in Adult Smokers 

 The study was approved by the University of Maryland, Baltimore Institutional 

Review Board and the Research Involving Human Subjects Committee at the FDA and 

carried out in compliance with the ethical and scientific principles of the International 

Conference on Harmonization Good Clinical Practice E6 (ICH-GCP).  
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Study subjects and designs 

 Ten adult smokers between 24 and 44 years of age at the time of enrollment 

completed the study. For inclusion, subjects had to be cigarette smokers (≥5 cigarettes per 

day for at least a year) and willing to refrain from smoking cigarettes or using nicotine-

containing products 10 hrs prior to and during the study visit. Another inclusion criterion 

was a body mass index of >17 to ≤25.  The protocol criteria excluded  women who were 

pregnant, lactating or had a positive serum pregnancy test at screening, or on the morning 

of the study visit, abnormal vital signs (systolic blood pressure >140 mm Hg or diastolic 

blood pressure >90 mm Hg, heart rate <55 beats per minute (bpm), respiratory rate >20 

breaths per minute, temperature >38°C), symptoms of an acute illness, positive urine drug 

screening test, use of any prescription or over-the-counter medication, history of chronic 

conditions, history of dermatologic diseases or conditions, positive Hepatitis B virus 

antigen, or positive hepatitis C virus, or HIV serologies. A summary of the demographic 

features of the subjects is presented in Table 3.2.  

 The clinical study was an open-label, four-way cross-over study. Each of the ten 

subjects completed four study visits, undergoing study procedures according to study 

designs A and B (i.e., early and late heat treatments, respectively) for both N-Pol and A-

Sil (Figure 3.1). A minimum washout period of at least one week was interspersed between 

each study visit.  

Clinical study procedures 

 A negative urine pregnancy test was confirmed on the morning of each visit for 

female subjects before proceeding into the study. Vital signs were recorded before 
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application of a nicotine TDS, and every 6 hrs until discharge. Subjects were interviewed 

regarding symptoms such as dizziness, headache, sweating, hot flushes, and skin reactions 

at the TDS application site throughout the study, and underwent a symptom-directed 

physical exam by the medically accountable investigator as necessary.  

 Each nicotine TDS was applied on a clean, dry skin surface over the lateral mid-

arm region. A firm pressure was applied for 25 seconds to ensure good contact of the TDS 

to the skin. An Oakton™ FEB insulated probe connected to a Temp 10 Type J thermocouple 

thermometer was placed adjacent to the TDS to monitor skin temperature. Skin temperature 

was recorded every 5 min during the 1 hr of heat application and every 30 min otherwise. 

Prior to the scheduled heat application time, a Kevlar® sleeve was applied on the subject’s 

arm, with an opening to expose the TDS and temperature probe. The sleeve was used to 

minimize the direct  exposure of the skin area not involved in the study to the heat from 

the heating pad, to improve subject comfort. At 4 or 8 hr post-dosing (for early heat and 

late heat study designs, respectively), a pre-heated heating pad (Theratherm® Digital Moist 

Heating Pad; DJO, LLC; Vista, CA) was applied on top of the TDS, the temperature probe, 

and the Kevlar sleeve. An elastic bandage was wrapped around on top of the heating pad 

to secure it in place and to ensure good contact.   

 Blood samples of approximately 5 mL each were withdrawn from an intravenous 

catheter prior to the application of the TDS, and at 1:00, 2:30, 3:45, 4:05, 4:15, 4:30, 5:00, 

5:30, 6:00, 6:30, 7:00, 7:30, 7:45, 8:05, 8:15, 8:30, 9:00, 9:30, 10:00, 10:30, 11:00, 11:30 

and 12:00 hrs post-TDS application. 
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 At 9 hr post-TDS application, TDS was removed from the subjects and analyzed 

for the residual nicotine content. The extraction process was similar to the step described 

in Extraction of nicotine from skin and TDS disc under section 3.2.2, except that 40 mL of 

ethyl acetate was used instead of 10 mL to account for the difference in size between the 

entire TDS that was used in vivo and TDS disc that was used in vitro.  

Safety 

 For safety, adverse events (AEs) were monitored throughout the study visits and 

graded according to severity from a score of 1 to 3 with 1 being mild and 3 being severe. 

Standard laboratory tests, ECG, drug test and physical examinations were completed at 

screening for all subjects. For female subjects of childbearing potential, a pregnancy test 

was performed at screening and each study visit. Vital signs, including blood pressure, 

temperature, pulse and respiratory rate were monitored prior to the application of the TDS 

and at 6 hrs and 12 hrs post-TDS application on each study visit. During the 1 hr of heat 

application, a quick visual inspection of the skin under the heating pad was done every 15 

min to monitor for any redness and/or potential blistering. Additionally, subjects were 

asked every 15 min about whether they were experiencing any pain or whether the level of 

heat during the 1 hr heat application period was uncomfortable. Primary skin irritation 

(PSI) assessment was performed prior to the application of the TDS and at 10 hrs post-

TDS application. After each study visit, subjects were followed up within 3 ± 2 days post-

TDS removal by phone to assess any AEs such as erythema, edema, papules, pustules and 

itching associated with the region of skin involved in study treatments.  
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Processing of blood samples and serum sample extraction procedure  

 Whole blood samples collected into vacutainers (BD Vacutainer® Plus plastic 

serum tube; BD; Franklin Lakes, NJ) were placed at room temperature for at least 30 min 

for clot formation. Within 2 hrs of blood sample collection, the vacutainers were 

centrifuged at 1300 x g for 20 min at 4°C. Aliquots of serum samples were transferred into 

cryovials and stored at -70°C or colder until analysis.  

 For serum sample extraction, nicotine-D4 and cotinine-D3 were used as internal 

standards for nicotine and cotinine, respectively. One mL of ethyl acetate was used as an 

extraction solvent. The samples were vortexed and shaken on a high-speed shaker, then 

centrifuged. The resulting supernatant was evaporated to dryness under a stream of pre-

purified nitrogen gas. The residue was reconstituted in acetonitrile for LC-MS/MS analysis.   

LC-MS/MS Assay of serum nicotine and cotinine concentrations 

 The fully validated LC-MS/MS method that we have described in a previous 

publication was employed for the serum sample analysis for determining nicotine and 

cotinine concentrations 84. Briefly, a Phenomenex® Luna® HILIC column (150 mm x 3.0 

mm, 5 µm) with a Phenomenex® SecurityGuard™ HILIC cartridge (4 mm x 2.0 mm) at 

30ºC was used. The mobile phase consisted of acetonitrile and 100 mM ammonium formate 

buffer (pH 3.2) (90:10, v/v) at a flow rate of 0.4 mL/min. The injection volume was 15 µL. 

Multiple reaction monitoring was carried out with the parent to daughter ion transitions of 

163.05→131.97, 167.08→134.00, 177.01→145.97 and 180.06→100.90, for nicotine, 

nicotine-D4, cotinine and cotinine-D3, respectively. The cone voltage was 28 V for nicotine 

and nicotine-D4, and 35 V for cotinine and cotinine-D3. The collision energy was 20 eV. 
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All samples obtained from each subject were analyzed in a single run along with one set 

of standards and six replicates of LLOQ, and three levels of QC samples. The standard 

curve ranged from 0.26 to 52.5 ng/mL and 7 to 1500 ng/mL for nicotine and cotinine, 

respectively. The deviation from nominal values did not exceed 15% for any of the 

standards and QC samples and 20% for LLOQ.  

3.2.4 In Vitro–In Vivo Correlations (IVIVC) 

 The IVIVC between the IVPT and clinical PK data sets was examined in five ways.  

First, the predicted in vivo serum nicotine steady-state concentration (Css) calculated from 

the IVPT results was compared with the observed Css in vivo before heat application. The 

predicted Css of nicotine after TDS administration was calculated using the following 

equation:  

��� =  ��� ∙ �
��      (3.1) 

where Css is the predicted steady state concentration (ng/mL), Jss is the steady state flux 

from each donor (at 6 hrs from the late heat study design B), A is area of the TDS (15.75 

and 20.12 cm2 for N-Pol and A-Sil, respectively), and CL is the population total body 

clearance of nicotine (72,000 mL/hr) obtained from the literature.85 

Second, the observed (in vivo results) and predicted (from in vitro results) heat-

induced increases in the area under the curve (AUC) of the serum nicotine PK profile were 

compared. Although the heat was applied for 1 hr durations, the duration of the heat effect 

was determined to be 3 hrs, based upon the time period during which the influence of the 

heat caused the nicotine flux or the serum nicotine concentrations to be elevated relative to 
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the baseline levels. The partial AUCs were calculated from the flux+-time curve in vitro 

and serum concentration-time curve in vivo, from 4 to 7 hrs or from 8 to 11 hrs for the early 

heat and late heat study designs, respectively. The heat induced partial AUC increase ratio 

was calculated using the partial AUC’s from the in vitro and in vivo data and the 

corresponding baseline. 

Third, the residual amounts of nicotine remaining in TDS after in vitro (IVPT) and 

in vivo studies were compared. 

Fourth, the observed (in vivo results) and predicted (from in vitro results) steady 

state serum nicotine concentrations across the duration of the study (12 hrs) were compared 

(Approach I). The mean flux value during steady state (from 4 to 8 hrs) obtained from the 

IVPT late heat study design was used as the rate of input for each TDS to predict the serum 

nicotine concentrations in vivo assuming that the rate of elimination of nicotine from the 

systemic circulation followed first-order kinetics.86 The following equation was used for 

prediction while the TDS was worn (time 0 to 9 hrs):  

�� =  ���∙��
��  ∙ (1 − �� !)    (3.2) 

where Cs is the predicted serum concentration (ng/mL), Rin is rate of input obtained from 

mean flux during steady-state in IVPT experiments from each donor, Hi is the in vitro heat 

factor from each donor at the respective timepoint, CL is the population total body 

clearance of nicotine (72,000 mL/hr), k is the elimination constant (0.2475 –hr) calculated 

from the elimination half-life (2.8 hrs) after administration of nicotine TDS obtained from 

literature, and t is the time after administration of TDS (in hrs).85,87 An in vitro IVPT-based 
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heat effect multiple (Hi) was utilized in the calculations for the period during the 3 hr heat 

effect window. Hi was derived as the ratio of flux during the (early or late) heat effect 

window, divided by the steady state flux (i.e., Rin) for each donor at each timepoint. The 

default value of 1 was used as Hi prior to heat exposure, as well as after the calculated Hi 

value returned to ≤ 1 (after the heat effect subsided). For prediction of  Cs after TDS 

removal (time points between 10 and 12 hrs), the following equation was used: 

�� =  �#  ∙  �� !
     (3.3) 

where Cs is the predicted serum concentration (ng/mL), C0 is the initial concentration after 

TDS removal obtained from the predicted Cs at 9 hrs for each donor, k is the elimination 

constant (0.2475 –hr), and t is the time after removal of TDS. 

Fifth, a level A IVIVC model was developed for the baseline (normal temperature) 

profile, with an in vivo PK-based heat multiple (Hii) component added to the model after 

baseline prediction (Approach II). The in vivo study did not include a baseline (normal 

temperature) study design, and therefore, the baseline in vivo profile was reconstructed by 

combining the data from late heat study design B (time 0 to 7.75 hrs) and the early heat 

study design A (time 8.08 to 12 hrs). The in vivo concentration versus time profile for each 

subject was then deconvoluted using the Wagner-Nelson method to obtain the in vivo 

fraction of drug absorption. The input values for deconvolutions were obtained from 

literature and are as following: 

• A1: 1/Vd =3.4375E-06 (unit: 1/mL) 
 

• Alpha1 : kel= 0.004125 (unit: min-1) 
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The fraction absorbed was calculated based on the nominal dose intended for 

delivery from the TDS product label. The IVIVC model between in vitro fraction of drug 

permeation (mean data from study baseline for two donors with total of eight skin sections, 

normal temperature study design C) and in vivo fraction of drug absorption for each subject 

was constructed for both nicotine TDS products. Both linear and polynomial models were 

evaluated and the model with the best regression coefficient (polynomial) was used to 

predict the in vivo fraction of drug absorption using the following equation: 

$%&� '( )')*(+,-.'/!-.) = 0# + 02$%&� '( )'!,*(*&�-,)-.) + 03$%&� '( )'!,*(*&�-,)-.)3  (3.4) 

where Fabs is the fraction of drug absorbed, and B0, B1, and B2 are the coefficients obtained 

from the selected polynomial regression model. The predicted fraction of drug absorption 

for each subject was then convoluted to the predicted serum nicotine concentration versus 

time using the Wagner-Nelson method with the same input values used for the 

deconvolution. The heat factor component was added to the predicted baseline profile in 

the next step. Hii was derived as the ratio of observed in vivo concentration divided by the 

reconstructed in vivo baseline profile, for time periods during and after heat exposure until 

the value becomes ≤ 1 for each subject at each timepoint. For time periods where the 

calculated Hii value was greater than 1, the Hii value was multiplied by the predicted 

concentration to obtain the predicted in vivo nicotine concentration versus time profile with 

the heat effect. In this step, the in vitro heat effect multiple Hi can also be used in place of 

the in vivo heat effect multiple Hii with similar prediction results (data not shown). 
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For Approaches I and II, the prediction error (%PE) was calculated for Cmax and 

total AUC using the following equation:88 

%56 = 7&�-,)-. )%89-�:,-.'/!-. )%89-
7&�-,)-. )%89-  × 100   (3.5) 

3.2.5 Data and Statistical Analysis 

 Samples with calculated concentrations below the LLOQ (0.05 µg/mL and 0.26 

ng/mL for in vitro and in vivo samples, respectively) were treated as zero.  

In order to account for the different TDS sizes of N-Pol and A-Sil, the values from 

IVPT studies were adjusted, whereby the obtained values were divided by the area of the 

TDS disc used (0.95 cm2) and multiplied by the TDS size of each product (Table 3.1). The 

corrected values were labeled with the symbol +.  

Some of the pre-dose serum samples from in vivo clinical study contained 

considerable levels of nicotine, since all the subjects enrolled for the study were smokers. 

Therefore, serum samples obtained from subjects whose pre-dose samples contained 

detectable levels of nicotine (≥ 0.26 ng/mL) were baseline corrected by using a following 

equation: Ccorrected = Ct – Cpre-dose ∙ �� !, where Ct is the quantified concentration at time t 

before baseline correction, Cpre-dose is the concentration from pre-dose sample and k is the 

elimination constant (0.3465 –hr) calculated from the elimination half-life (2 hrs) after 

smoking obtained from literature 85. 

The primary PK parameters (AUC and Cmax) from the in vivo clinical studies were 

calculated using a non-compartmental analysis, performed using Phoenix WinNonlin 

software (Pharsight Corporation; San Diego, CA). Deconvolution and convolution for 
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Approach I and Approach II were also performed using Phoenix WinNonlin software 

(Pharsight Corporation; San Diego, CA). The linear and polynomial IVIVC models for 

Approach II were constructed in GraphPad Prism® software (GraphPad Software, Inc.; La 

Jolla, CA ). 

Statistical analyses were performed using GraphPad Prism® software. A Student’s 

t-test and ANOVA test followed by Tukey’s (one way ANOVA) or Bonferroni’s post-hoc 

(two-way ANOVA) multiple pairwise comparisons were used as appropriate. The IVPT 

data was obtained from four donors (early heat and late heat study designs) or two donors 

(baseline temperature study design), in each case with four replicates per donor and 

expressed as mean ± SEM. The in vivo data was obtained from ten subjects and is expressed 

as mean ± SD. Differences were considered to be statistically significant when p ≤ 0.05 

and significant differences were indicated as follows: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 

0.001; **** p ≤ 0.0001. 

 

3.3 Results 

3.3.1 IVPT Study With Nicotine TDS 

 Nicotine flux values during 1 hr of heat exposure were significantly higher 

compared to baseline flux values at normal temperature (Figure 3.2A). Flux values 1 hr 

after the end of the heat application (i.e., at 6 hrs for the early heat and at 10 hrs for the late 

heat) were also significantly higher compared to the baseline flux values at the same time 

point, except for A-Sil in the early heat study design. Such significant differences (or lack 

thereof for A-Sil in the early heat study design) were also found when flux values from 
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early and late heat study designs were compared to each other within a TDS at the same 

time points. The effect of 1 hr heat application appeared to last for 2 more hours after 

cessation of the heat treatment, demonstrated by the apparent increases of the partial AUC, 

from 4 to 7 hrs for the early heat study design and 8 to 11 hrs for the late heat study design 

(Figure 3.2A). Compared to the partial AUC obtained over the same time period from the 

baseline temperature study design, the partial AUC during and 2 hrs after heat application 

was significantly higher for both TDS for both the early and late heat applications (Figure 

3.2B). There was no significant difference among the three study designs performed with 

each TDS, in terms of the total amount of nicotine permeated over 12 hrs (Figure 3.2C). 

For N-Pol, the maximum flux (Jmax) was observed initially at 2 hr before heat application, 

whereas for A-Sil, Jmax was observed during the 1 hr of heat application for both early and 

heat study designs. When the two TDS were compared based upon Jmax during the entire 

12 hrs, Jmax during heat application, and total amount of nicotine permeated across 12 hrs, 

each of these parameters for the N-Pol TDS was significantly higher than for the A-Sil 

TDS (Table 3.3).  However, when the increases in flux due to heat application from N-Pol 

and A-Sil were compared, there was no significant difference between the two TDS, 

whether the heat was applied early or late during the course of TDS wear (Figure 3.3). The 

mean flux enhancement ratio was approximately 2, with the highest flux enhancement 

observed when heat was applied late in the wear period for A-Sil. 
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Figure 3.2 (A) Mean flux (± SEM) profiles of the two nicotine TDS over 12 hrs with early 
(design A) and late (design B) heat exposures (42 ± 2°C) for a 1 hr duration, compared to 
normal temperature (design C) exposure. The TDS was removed after 9 hrs. (B) Increase 
in partial AUC (3 hr window) due to heat application, compared to the partial AUC under 
normal temperature conditions in vitro. (C) Total amount (± SEM) of nicotine permeated 
across human skin from the two nicotine TDS over 12 hrs from study designs A, B and C. 
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Figure 3.3 The flux enhancement due to heat, calculated by the ratio between the flux during heat 
and the flux during normal temperature conditions for the two nicotine TDS. 
 

Under normal temperature baseline conditions, there was no significant difference between 

N-Pol and A-Sil TDS treatment groups in the amount of nicotine measured in skin after 12 hrs, 

however, under the influence of heat the amount of nicotine in the skin after 12 hrs of TDS wear 

was significantly higher for N-Pol, compared to A-Sil, for both early and late heat study designs 

(Figure 3.4). The total amount of nicotine delivered during the study was calculated based upon 

the amount permeated through skin over 12 hrs, and this was compared to the total amount of 

nicotine calculated based upon depletion of nicotine from the TDS; the results were comparable 

for both calculations for both TDS for all study designs, with no statistically significant differences 

(Figure 3.5). 
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Figure 3.4 The amount of nicotine (± SEM) retained in skin layers after 12 hrs in the IVPT study 
designs A (early heat), B (late heat), C (baseline). 

 

 

Figure 3.5 The amount of nicotine (± SEM) delivered from each TDS after 9 hrs in the IVPT 
studies (based upon residual drug content), compared to the total amount of nicotine (± SEM) 
permeated into the receptor solution in the IVPT studies after 9 hrs of TDS application, with 
sampling up to 12 hrs to capture the gradual clearance of nicotine from the skin following TDS 
removal. 
 

3.3.2 In Vivo PK Studies in Adult Smokers 

 The maximum serum concentration (Cmax) of nicotine was observed immediately following 

the 1 hr period of heat application, for both early and late heat study designs (Figure 3.6A). 

However, the cotinine level remained relatively constant throughout the study duration and did not 

show a significant increase upon early or late heat application (Figure 3.6B). The mean partial 

AUC during the 3 hr heat effect windows (encompassing 1 hr of heat application and 2 hrs 
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afterward) was significantly higher for both early and late heat study designs than for the 

corresponding mean partial AUC of the reconstructed baseline temperature PK profile, for both 

nicotine TDS (Figure 3.7). Although heat had a significant effect on both TDS, the mean Cmax and 

partial AUC during the 3 hr heat effect windows were not significantly different between the N-

Pol and A-Sil TDS, for either early or late heat study designs (Table 3.4). However, the mean 

values were higher for N-Pol in every comparison (Table 3.4), and the two TDSs were significantly 

different in terms of total AUC across the entire study duration, for both early and late heat study 

designs, with N-Pol resulting in higher values compared to A-Sil (Table 3.4, Figure 3.5). When 

the ratio of Cmax heat effect enhancement was compared between the two TDS, there was no 

significant difference between N-Pol and A-Sil (Figure 3.8). The mean Cmax enhancement ratio 

was somewhat higher and more variable for A-Sil during both early and late heat study designs, 

exhibiting an approximately 2-fold enhancement compared to an approximately 1.5-fold 

enhancement for N-Pol (Figure 3.8).  
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Figure 3.6 Mean concentrations (± SD) of (A) nicotine and (B) cotinine after administration of 
the two nicotine TDS over 12 hrs with early (design A) and late (design B) heat exposures (42 ± 
2°C) for a 1 hr duration. The TDS was removed after 9 hrs. 
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Figure 3.7 Increase in partial AUC (3 hr window) due to heat application, compared to the partial 
AUC under normal temperature conditions in vivo. 
 

 

Figure 3.8 The Cmax enhancement due to heat, calculated by the ratio between the Cmax during heat 
and the Cmax during normal temperature conditions for the two nicotine TDS, for both early (design 
A) and late (design B) heat effects. The numbers next to data symbols represent subject 
identification numbers. 

 



 77

                                          



 78

3.3.3 Temperature Measurement In Vitro and In Vivo 

Using the circulating water bath connected to the diffusion cell system, the surface 

temperature of the skin in vitro was well controlled to achieve the target temperatures of 

32 ± 1°C and 42 ± 2°C in the IVPT experiments (Figure 3.9). The average time to reach 

the target temperature of 42 ± 2°C in vitro after increasing heat exposure was 9.6 ± 0.3 

min, and the average time to return to the target temperature of 32 ± 1°C in vitro after 1 hr 

of heat exposure was 9.0 ± 1.6 min. 

 
Figure 3.9 The skin surface temperature measurements from in vitro (mean ± SEM) and 
in vivo (mean ± SD) studies.  

 

The heating pad selected for the study successfully achieved the necessary increase 

in the skin surface temperature to the target range of 42 ± 2°C (typically close to 41°C) in 

all ten study volunteers (Figure 3.9). During the normal temperature part of the study, the 

temperature of the skin was steady within the target temperature range of 32 ± 1°C. The 

average time to reach the target temperature of 42 ± 2°C in vivo upon application of the 

heating pad was 9.3 ± 5.5 min and the average time to return to the target temperature of 

32 ± 1°C in vivo after 1 hr of heating pad application was 149.3 ± 95.7 min, although the 
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skin surface temperature was typically within the range of 32 ± 2°C throughout most of 

that time.  

3.3.4 Safety 

 The ten subjects who initiated the study completed all of the study procedures (four 

study visits) without any serious or unexpected AEs. However, every subject reported at 

least one AE over the course of the study procedures. Of the thirty-three AEs reported, only 

two AEs were moderate (Grade 2) in severity and the rest (94%) were mild (Grade 1). The 

most common AE was elevated respiratory rate (39% of all AEs), with the reported 

respiratory rate ranging from 18 to 20. Five AEs were related to the heating pad, including 

redness, heat rash and erythema. Another six AEs were TDS application-site reactions, 

including itching, hyperpigmentation and erythema. Other AEs (<10%) included headache, 

elevated blood pressure, bradycardia, tachycardia and transient thumb numbness and 

ecchymosis related to the IV catheter placement. 

3.3.5 In Vitro–In Vivo Correlations  

 The predicted in vivo Css calculated from the IVPT study flux values prior to heat 

application (at 6 hr from the late heat study design) correlated well with the observed in 

vivo Css at 6 hr from the corresponding late heat study design. The predicted Css was slightly 

higher than the observed Css for both TDS, but the difference was not significant, with the 

p-value being greater than 0.4 for both N-Pol and A-Sil (Table 3.5). In addition, the heat 

enhancement ratios between partial AUC increase due to heat application and the baseline 

partial AUC without heat predicted from IVPT results correlated well with the 

corresponding observed in vivo study heat enhancement ratios for all TDS and study 

designs (Figure 3.10); the ratios were calculated from partial AUC4-7hr for the early heat 
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design and from partial AUC8-11hr for the late heat study design. No significant difference 

was found between the in vitro and in vivo results for all four study arms, with the mean 

heat enhancement being highest for A-Sil in the late heat study design, and this result which 

was predictable based upon the in vitro results correlated well with the observed in vivo 

study result. The proportion of residual nicotine remaining in each TDS in each study 

design after IVPT experiments also correlated well with the corresponding results for the 

in vivo study, with no significant difference between the in vitro and in vivo results (Figure 

3.11). Approximately 80% of the original nicotine content remained in the two TDS after 

9 hrs of use, for both in vitro and in vivo studies. 

 

Table 3.5 Observed Css in vivo, compared to the predicted Css from IVPT results at 
normal skin temperature. 

 
 

Observed Css 

in vivo (ng/mL) 
Estimated Css 

from IVPT (ng/mL) 
p-value 

(significance) 

N-Pol 15.86 ± 7.13 18.82 ± 0.59 0.4359 (ns) 

A-Sil 10.54 ± 4.77 12.59 ± 0.65 0.4237 (ns) 
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Figure 3.10 IVIVC of heat-induced increases in drug delivery from the two nicotine TDS, 
determined by the ratio between partial AUCs (3 hr windows) from the two study designs 
(AUC4-7hr for early heat and AUC8-11hr for late heat). 
 

 
Figure 3.11 IVIVC of the percent nicotine remaining in TDS after 9 hrs of use.  
 

 The predicted serum nicotine concentrations from Approach I, calculated using flux 

values obtained from IVPT experiments, Equations 3.2 and 3.3, and pharmacokinetic 

parameters obtained from literature, correlated well with the observed serum nicotine 
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concentrations in vivo in all instances except for the A-Sil TDS in the early heat study 

design (Table 3.6, Figure 3.12). With the exception of the latter instance, the prediction 

error for either TDS in either study design was between 6.4 -10.8% for Cmax, and between 

5.5 - 7.4% for Total AUC (Table 3.6). However, for the A-Sil TDS in the early heat study 

design the prediction error was 27.1% for Cmax, and 38.2% for Total AUC (Table 3.6) and 

notably, the in vitro data utilized for the prediction was unusually variable compared to the 

in vitro data in all other study arms (Figure 3.12 predicted serum nicotine concentrations 

for A-Sil in the early heat study design). 

 

Table 3.6 Prediction Errors (%PE) for total AUC and Cmax using Approaches I and II. 

Approach I 
N-Pol ⎯⎯⎯⎯ Early 

Heat 
N-Pol ⎯⎯⎯⎯ Late 

Heat 
A-Sil ⎯⎯⎯⎯ Early 

Heat 
A-Sil ⎯⎯⎯⎯ Late 

Heat 

Total AUC 7.1 6.4 27.1 5.5 

Cmax 10.8 8.4 38.2 6.4 

Approach II 
N-Pol ⎯⎯⎯⎯ Early 

Heat 
N-Pol ⎯⎯⎯⎯ Late 

Heat 
A-Sil ⎯⎯⎯⎯ Early 

Heat 
A-Sil ⎯⎯⎯⎯ Late 

Heat 

Total AUC 5.1 1.2 1.1 4.5 

Cmax 15.0 5.8 8.9 17.7 
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Figure 3.12 The predicted (mean ± SEM) and observed (mean ± SD) concentrations of 
nicotine for the entire duration of both study designs and both TDS, using Approach I. 
 

Approach II used an IVIVC approach based on deconvolution using the Wagner-

Nelson method, but incorporated an additional heat enhancement factor component derived 

from the in vivo results. The predicted results using Approach II, which compensated for 

the variability between the in vitro and in vivo datasets and for small differences in the 

control of the skin surface temperature in vitro and in vivo, correlated well with and 

observed in vivo results and predicted the serum nicotine concentrations to be very similar 

to the observed serum nicotine concentrations at all time points in both study designs with 

both TDS (Figure 3.13). The partial AUCs of the predicted and observed concentration-

time curves during the 3 hr heat effect window were comparable for both TDS in both 
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study designs, without any significant difference (Figure 3.14). Similarly, the predicted and 

observed Cmax of the nicotine serum concentration profiles did not show any significant 

difference for either TDS in both study designs (Figure 3.14). The lack of any significant 

difference between predicted and observed partial AUCs or Cmax values for the different 

TDS and study designs was consistently observed with both Approaches I and II (Figure 

3.14).  

 
Figure 3.13 The predicted (mean ± SD) and observed (mean ± SD) serum concentrations 
of nicotine for the entire duration of both study designs and both TDS, using Approach II. 
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Figure 3.14 The predicted (mean ± SEM for Approach I and mean ± SD for Approach II) 
and observed (mean ± SD) partial AUC of the 3 hr heat effect window and Cmax, from 
Approach I and Approach II. 
 

3.4 Discussion 

The present study was designed to evaluate IVIVC relationships between results 

from IVPT studies using excised human skin in vitro and in vivo serum PK data in humans 

for two different nicotine TDS, each studied with transient heat application (early heat or 

late heat) in two study designs. The results demonstrated that under conditions in which 

study designs are harmonized in vitro and in vivo, an IVPT study with transient heat 

application can correlate with and be predictive of the in vivo serum nicotine concentrations 

throughout the concentration-time profile, including during periods where heat effects 
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transiently increase serum nicotine concentrations. The IVIVC was consistently observed, 

regardless of whether the skin was at a normal physiological temperature of ~32°C (eg., 

Table 3.5) or at the elevated temperature of ~42°C (eg., Figs 12,13,14). Although other 

reports in the literature27,67,68,70,72,89-91 have demonstrated that IVPT studies provide good 

IVIVC with in vivo transdermal drug delivery under normal temperatures of ~32°C, this 

work is the first to demonstrate that an IVIVC can be established when heat is applied in 

vitro and in vivo during the wear period of the TDS.  

Multiple factors were explored to evaluate IVIVC relationships between the IVPT 

and serum PK data sets in the current study. Regulatory guidance documents related to 

developing an IVIVC for oral dosage forms have been available for decades for numerous 

products for which IVIVC relationships have been established, however no such guidance 

is currently available related to developing IVIVC for TDS products.88 To date, most of 

the established IVIVC for TDS include the comparisons of single parameters, such as Css 

(Level C). The only exception is the recent work by Yang et al., who established and 

validated an excellent point-to-point (Level A) IVIVC between their IVPT and in vivo 

human PK data for an estradiol TDS, using a deconvolution method that has been widely 

used for oral dosage forms.70 

The data sets in the current study has successfully demonstrated IVIVC in multiple 

ways, from a single parameter comparison in terms of Css, partial AUCs, and residual 

amount of drug in TDS, to a point-to-point IVIVC. The final IVIVC method used two 

approaches, the first by predicting the in vivo serum nicotine concentrations from the IVPT 

data using PK equations and PK parameters reported in the literature, and the second by 

adding an in vivo-derived heat component to the deconvolution method, which 
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compensated for the variability between the individual in vitro and in vivo datasets. The 

first approach can be used to predict in vivo concentrations from the in vitro data using PK 

parameters available in the literature like clearance and half life, therefore it is a useful 

predictive tool in situations where the corresponding in vivo PK data is not available. The 

second approach is particularly useful for establishing or validating an IVIVC model, when 

both harmonized in vitro and in vivo datasets are available. 

 Despite the relatively small IVPT study sample size with skin from n=4 individuals, 

this in vitro evaluation of TDS heat effects was sufficiently sensitive to discriminate a 

significant increase in partial AUC (during the 3 hr heat effect) compared to the 

corresponding AUC for the baseline normal temperature conditions; this was observed 

consistently for both nicotine TDS, whether the heat was applied early or late during the 

TDS dose application period. The IVPT results were sufficiently sensitive to discriminate 

significant differences between the two differently formulated nicotine TDS, N-Pol and A-

Sil, in terms of Jmax, the total permeation and the amount of nicotine retained in skin at the 

end of the 12 hr experiment for both, early and late heat study designs (Table 3.3, Figure 

3.4). The difference in BA between the two TDS is also reflected in Figure 3.5, and not 

surprising since these TDS are not bioequivalent or therapeutically products. Also, the in 

vivo PK study by Gupta et al. found that N-Pol and the reference listed drug counterpart to 

the A-Sil TDS were not bioequivalent, with Cmax and AUC values being significantly 

higher for N-Pol compared to the other product.92 

The in vivo studies verified the predictions of the in vitro (IVPT) studies, even with 

the relatively small in vivo sample size of n=10 subjects. A significantly higher total AUC 

was observed in vivo for the N-Pol TDS compared to the A-Sil TDS, with both early and 
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late heat study designs (Table 3.4). However, no significant difference was observed 

between the TDS for Cmax or the partial AUC during the 3 hr heat effect windows (Table 

3.4). The fact that total AUC was significantly different between the TDS products, while 

the Cmax and the partial AUC parameters (both associated specifically with heat effects) 

were not, is not unexpected considering other observations with these TDS in this study.  

Specifically, the baseline, normal temperature nicotine delivery was lower for the A-Sil 

TDS compared to the N-Pol TDS (Figures 3.2A, 3.2C, 3.5 and 3.6A), while conversely, 

the heat enhancement ratios were higher for the A-Sil TDS compared to the N-Pol TDS 

(Figure 3.8). As a result, for those parameters that specifically focused on the serum 

nicotine concentrations during the transient heat effect, the two (lower and higher) 

differences of the A-Sil TDS compared to the N-Pol TDS effectively counteracted each 

other, diminishing the remaining difference between the A-Sil and N-Pol TDS to an 

insignificant level. However, across the duration of the entire 12 hrs of the study, the 

transient heat effect, which influenced a relatively small fraction of the total AUC, was 

insufficient to offset the significant difference in total AUC between the A-Sil and N-Pol 

TDS.  

While the nominal nicotine delivery rate across a span of 24 hrs of product wear is 

labeled to be the same for both TDS (i.e., 14 mg/24 hrs), during the 9 hours for which each 

TDS was applied to the skin, and the 3 hrs thereafter while sampling continued, the amount 

of nicotine delivered was evidently different between the A-Sil and N-Pol TDS. Another 

interesting difference between the N-Pol and A-Sil TDS observed in this study was the 

initial burst of nicotine flux through the skin from the N-Pol TDS that was not evident with 

the A-Sil TDS. The contribution of this increased rate of initial nicotine transdermal 
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delivery from the N-Pol to the serum nicotine concentration was also evident in vivo, 

although the effect was less pronounced in vivo (Figures. 3.2A, 3.6A).  

The IVPT data presented in the current study utilized excised human skin from four 

donors. When compared to our earlier IVPT study using excised Yucatan miniature pig 

skin to evaluate the same set of TDS by the same study designs, the permeation rate of 

nicotine was slightly slower through human skin.81 The most noticeable difference in the 

flux profiles between the human and porcine skin was in the initial period, during which 

the rate and extent of nicotine permeation was greater through porcine skin. This may be 

attributable to an increased density of terminal hair follicles in pig skin, compared to human 

skin from the upper arm or abdomen. Nonetheless, the overall flux profiles for both 

nicotine TDS, and the extent of permeation enhancement due to heat application, were 

comparable for the human and porcine skin. Although the similarity of nicotine permeation 

through porcine and human skin has been reported previously, more extensive evaluations 

(similar to those in the current work) would be necessary to ascertain whether a TDS heat 

effects IVPT study with porcine skin can correlate with and be predictive of human in vivo 

results. The exact mechanisms by which heat affects drug permeability within the skin 

layers/follicles, and how these differences between the porcine and human skin play a role 

in response to heat are not well understood.27,28   

The inclusion of a third study design (baseline, normal temperature design C) for 

the in vitro part of the current study was to evaluate whether relevant (normal temperature) 

portions of the early and late heat study designs could serve as baseline controls for each 

other, and to evaluate whether an in vivo baseline might be reconstructed using such an 

approach. The similarity of the flux profiles for the early heat study design and the baseline 
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normal temperature study design from 7 hrs onward indicated that the effect of transient 

heat application on transdermal nicotine delivery resolved precisely back to baseline levels 

from 3 hrs after the initiation of the heat onward, for both TDS (Figure 3.2A). This result 

allowed us to assess the effect of heat on the two TDS at early and late time points post-

dosing with four study arms, instead of six, for the in vivo study. When the baseline in vivo 

profile was reconstructed to evaluate IVIVC in the current study (Approach II), by 

combining the normal temperature portion of the early and late heat study designs, the 

resulting baseline PK profile were as expected, exhibiting relatively consistent serum 

nicotine concentrations from approximately 4 hrs after TDS application until the TDS was 

removed (data not shown, but the result is evident in Figure 3.6A). 

Despite the good IVIVC demonstrated for the in vitro and in vivo data sets in the 

current work, there were some notable limitations with the studies. For example, the ten 

subjects enrolled for the in vivo study were cigarette smokers who smoked at least 5 

cigarettes per day. This inclusion criterion was used to avoid the exposure of nicotine-naïve 

individuals to nicotine from the TDS. Although the subjects were to refrain from smoking 

cigarettes or using any nicotine-containing products for 10 hrs prior to the study visit, 

considerable levels of nicotine were detected in the pre-dose sample from most subjects. 

As a result, the serum concentrations needed to be baseline corrected. In addition, the 

excised human skin used for IVPT was obtained from the abdomen, whereas the TDS was 

applied to the upper-outer arm for the in vivo study. Although the barrier function, tested 

by measuring TEWL values, of the abdomen and upper-outer arm skin have been reported 

to be comparable, the permeability of nicotine through skin at these two different 

anatomical sites might be different.93,94  
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The prediction errors for some study arms from Approaches I and II (Table 3.6) are 

higher than what is considered acceptable for external predictability.88 However, these 

predictability criteria are for oral dosage forms, and considering the relatively high inter-

subject variation in skin permeability, some latitude may be warranted with the prediction 

errors for TDS products. Also, the study designs used here contained an external factor of 

heat, which is likely a source of even higher data variability, and therefore more prone to 

providing higher prediction errors. Of particular significance, even though the skin 

temperature measurements from both in vitro and in vivo studies were generally within the 

target temperature ranges (32 ± 1°C or 42 ± 2°C), it took a longer time for the in vivo skin 

temperature to return to the baseline temperature of 32 ± 1°C after heat application (Figure 

3.9). Since the temperature control for the in vitro study was performed by altering the 

water bath temperature connected to the IVPT setup (with ice to facilitate rapid cooling), 

it appears to have cooled the skin more rapidly in vitro than it cools in ambient room 

temperature in vivo (Figure 3.9). In addition, it is likely that the physiological response to 

high heat in vivo induces molecular signaling processes that lead to vasodilation in order 

to thermoregulate the skin, and that after the heat stimulus ceases it might take a couple of 

hours before the vasodilation can fully resolve. This could explain why the skin surface 

temperature did return relatively rapidly to within 32 ± 2°C, but remained just outside the 

range of 32 ± 1°C for 2 hrs after the heating pad was removed. The slightly higher mean 

skin surface temperature achieved for the in vitro study (~43°C) compared to the in vivo 

study (~41°C) during transient heat application might have contributed to the higher flux 

enhancement ratios observed in vitro compared to the Cmax enhancement ratios observed 

in vivo (Figures 3.3 and 3.8). The greater magnitude of the heat effect seen in the in vitro 
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study might also be due to the better control and adhesion of the TDS to the skin in the 

IVPT diffusion cell, compared to the in vivo study setting where it was not feasible to 

control (inhibit) any movement of study subjects which might affect TDS adhesion. The 

fact that the in vivo-derived Hii component, which compensated for the small differences 

in the magnitude of the heat enhancement in vitro and in vivo, led to a very precise point-

to-point alignment of the IVIVC throughout the study duration (for Approach II) suggests 

that such influences on the control of the skin surface temperature in vitro and in vivo might 

have a substantial impact on the IVIVC of TDS heat effects. 

There are multiple proposed mechanisms by which heat can influence transdermal 

drug delivery that could aid in understanding the results from the current study. First, the 

elevated temperatures can increase the rate and extent of drug release from a TDS. For 

example, a TDS exposed to a temperature of 40°C exhibited a 2.5- to 3.0-fold increase in 

drug release.49 Second, heat can alter the molecular organization of the skin barrier and the 

partitioning of drugs into and through the stratum corneum (SC). Ogiso et al. reported that 

the fluidity of SC lipids, which increases as temperature increases, was positively 

correlated with the penetration of a drug molecule, terodiline, through the skin.55 Third, 

cutaneous vasodilation due to heat can increase the clearance of drugs from the skin into 

the systemic circulation, thereby increasing the serum drug concentration.53 Independently, 

Minson et al. observed that cutaneous blood flow increased 5-fold with an applied 

temperature of 42°C (skin surface temperature of 39 to 40°C).95 The higher delivery rate 

of nicotine from TDS and absorption when heat was applied in the current study can be 

explained by the combination of these proposed mechanisms, although the contribution of 

individual mechanism to the observed heat effects is yet to be deciphered. A separate study 
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is being conducted to examine the effect of skin barriers on drug delivery and absorption 

from TDS under the influence of heat, compared to synthetic membranes and without any 

barrier.   

 

3.5 Conclusions 

 The present work has consistently demonstrated a strong IVIVC between the 

predicted serum nicotine concentrations calculated from IVPT studies using excised human 

skin in vitro and observed in vivo serum nicotine concentrations in human subjects, when 

in vitro and in vivo study designs were harmonized. Furthermore, the results illustrated that 

the IVPT studies continued to predict the in vivo results, even when the external factor of 

heat was incorporated into the study design, for different TDS products and for different 

study designs. The predictability of TDS heat effects in vivo based upon the results of an 

IVPT study, as demonstrated in the present work, suggest that an appropriately designed 

and controlled IVPT study could represent a useful tool for characterizing and comparing 

the influence of product quality differences between TDS in the context of external factors 

such as heat. Further evaluations of the potential utility of IVPT studies to assess TDS heat 

effects with other drugs and additional TDS products with varying excipients is warranted, 

to evaluate the generalizability of the IVIVC relationships established in the current work. 
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Chapter 4: Evaluation of In Vitro/In Vivo Correlations for Three Fentanyl 

Transdermal Delivery Systems by In Vitro Skin Permeation Testing and Human 

Pharmacokinetics Studies under the Influence of Transient Heat Application 

 

4.1 Introduction 

In vitro/in vivo correlation (IVIVC) is defined as a predictive mathematical model 

describing the relationship between an in vitro property of an extended release dosage form 

and a relevant in vivo response.88 An in vitro model that exhibits IVIVC is a powerful tool 

in biopharmaceutical drug development because it can efficiently predict drug product 

performance in vivo. Also, when accepted by regulatory agencies, IVIVC can be used to 

demonstrate bioequivalence during the initial approval process or for certain post-approval 

changes. Even though the concept of IVIVC has been utilized most often for oral dosage 

forms, with the U.S. FDA guidance on developing IVIVC for extended release oral dosage 

forms available since 1997, demonstrations of IVIVC with in vitro models used for other 

dosage forms have been emerging.63,96-99 However, due to the complex nature of drug 

release and absorption processes, and lack of validated in vitro models for non-oral dosage 

forms, no standardized methodologies have been developed for non-oral IVIVC. While in 

vitro release tests have been utilized to characterize drug release from transdermal delivery 

systems (TDS), Ghosh et al. have discussed the concept of IVIVC applicable to TDS in 

detail, as well as the limitations and challenges in developing IVIVC for TDS.63  

Although the concept of developing standardized IVIVC for topically administered 

drug molecules is still relatively new, attempts to correlate in vitro permeation data to in 

vivo percutaneous absorption have been reported for many decades. For instance, Franz 
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demonstrated in 1975 the usefulness and validity of the in vitro skin permeation method by 

correlating 12 compounds in the order of total absorption amount in vitro and in vivo.100 A 

simple rank-order comparison between in vitro and in vivo data then evolved into 

developing a correlation based on mathematical equations and pharmacokinetic (PK) data, 

most often for a single point correlation (Level C) between in vitro steady-state flux (Jss) 

and in vivo steady-state concentration (Css).67,88 More sophisticated, physiologically based 

mathematical models have also been used to predict in vivo concentration profiles from in 

vitro permeation data, PK parameters and physicochemical properties of drug 

molecules.91,101,102 In addition, several recent studies describe attempts to develop a point-

to-point (Level A) IVIVC for various TDS products, including estradiol, lidocaine and 

nicotine.70,88,103,104  

 Previously published work with two nicotine TDS described an evaluation of the 

influence of transient heat exposure on TDS in vitro and in vivo and demonstrated IVIVC 

between IVPT and in vivo PK data.104 The purpose of the present work is to continue 

investigating the feasibility of IVPT as a tool to assess and predict in vivo performance of 

TDS with and without heat exposure, using a different model drug, fentanyl, whose log P 

is higher than nicotine. Three bioequivalent fentanyl TDS with different design and 

formulation components were studied. IVPT experiments using dermatomed human skin 

and an in vivo PK study in human subjects, which included an hour of transient heat 

application at two different time points, were conducted under harmonized study designs. 

The obtained in vitro and in vivo data were used to evaluate IVIVC by multiple approaches. 
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4.2 Methods 

4.2.1 Study Products and Designs 

Three fentanyl TDS products were used in both in vitro and in vivo studies: 

Duragesic®, Apotex and Mylan, marketed under National Drug Code (NDC) of 50458-

091-05, 60505-7006-2 and 0378-9121-98, respectively. Although these three products are 

bioequivalent products with the nominal fentanyl delivery rate of 25 µg/h, they have 

different formulation characteristics in terms of drug load, size, thickness, adhesive type 

and other inactive ingredients (Table 4.1).  

Table 4.1 Characteristics of fentanyl TDS used in the study. 

 
Fentanyl TDS (25 µµµµg/h) 

Duragesic® Apotex Mylan 

Drug Load 

(mg) 
4.20 2.76 2.55 

TDS Size 

(cm2) 10.50 10.70 6.25 

Thickness 

(µµµµm) 
110 200 190 

Adhesive Polyacrylate Polyisobutylene Silicone 

Inactive 

Ingredients 

Polyester/ethyl 
vinyl acetate 
backing film, 
copovidone 

Isopropyl myristate, 
octyldodecanol, polyisobutylene, 
polyethylene/aluminum/polyester 

film backing 

Dimethicone 
NF, polyolefin 
film backing 

 

Both in vitro and in vivo studies were performed under the harmonized study 

designs (Figure 4.1). The total duration of the study was 22 h, with TDS applied on skin 

for the first 19 h and samples collected for 3 more hours following TDS removal. Heat with 

the target skin temperature of 42 ± 2°C was applied for a duration of 1 h, starting at 11 h 

or 18 h post TDS application in Early Heat and Late Heat study designs, respectively. For 

the in vivo study, the area of skin involved in the study was exposed to ambient room 
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temperature without taking artificial action to control the skin surface temperature outside 

the heat application portion of the study. A detailed description of temperature control and 

monitoring both in vitro and in vivo can be found in the previously reported study.104 

 

 

Figure 4.1 Schematic diagrams of IVPT and in vivo PK studies. 
 

4.2.2 In Vitro Permeation Test (IVPT) Study 

IVPT Method and Conditions 

Human skin from four donors, obtained with consent after abdominoplasty surgery 

from the Cooperative Human Tissue Network was used for IVPT experiments. The skin 

preparation method and IVPT setup used were described in a previous publication.104 The 

receptor solution was normal saline with 0.005% gentamicin, with a flow rate of 

approximately 7.5 mL/h. The solubility of fentanyl in the receptor solution was evaluated 

(149.9 µg/mL) to ensure that sink conditions were maintained during the experiments. 

Dermatomed skin pieces (thickness of 260 ± 40 µm) were mounted in the diffusion cells 

with the epidermis side facing up. Immediately prior to the experiment, TDS were cut into 

a circular disc by a hole punch with an area of 0.97 cm2 to match the permeation area of 

the skin in the diffusion cell and applied on top of the epidermis side of the skin. A non-

occlusive polypropylene knitted mesh (0.15 mm monofilament, 3.0 x 2.8 mm pores, 47 
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GSM; SurgicalMesh Division of Textile Development Associates, Inc.) was applied on 

top of the TDS disc on the skin to ensure good contact between the TDS disc and the skin 

during the experiment.  

Extraction of Fentanyl from TDS Disc 

Immediately after the 19 h sample collection, the TDS disc was removed from the 

skin to determine the residual amount of fentanyl in the disc. The disc was cut into small 

pieces and added to a conical tube. Unused TDS discs (n=3-4 per product) of Duragesic®, 

Apotex and Mylan were also analyzed to quantify the amount of fentanyl extracted from 

each unused TDS disc. The extraction solvent, 10 mL of methyl tertiary butyl ether 

(MTBE) for Duragesic® and Apotex discs and 40 mL of methanol for the Mylan disc were 

added to each tube. The tube was capped, covered with Parafilm®, and sonicated for 10 

min. The tubes were then placed on a shaker (200 rpm) for 24 h, centrifuged at 20,800 x g, 

and an aliquot of supernatant from each sample was used for HPLC analysis. The total 

amount of fentanyl delivered from the TDS was calculated by first subtracting the amount 

of fentanyl extracted after the experiment from the mean amount of fentanyl extracted from 

3-4 replicates of unused discs, and then by dividing by the size of disc and multiplying by 

the size of the TDS. 

HPLC Analysis of In Vitro Samples  

All in vitro samples were analyzed and quantified for fentanyl using a previously 

reported HPLC method.81 The concentration of fentanyl standards ranged from 0.05 to 25 

µg/mL, with lower limit of quantification (LLOQ) of 0.05 µg/mL. The IVPT samples were 

diluted with acetonitrile in 7:3 ratio (v/v) prior to HPLC analysis. Standards were prepared 
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in IVPT receptor solution:acetonitrile (7:3, v/v) and analyzed with each set of IVPT 

samples. For extracted fentanyl samples from the Duragesic® and Apotex discs, an aliquot 

was evaporated under a stream of nitrogen gas and reconstituted in methanol:10 mM 

sodium 1-heptane sulfonate (pH 2.5) (1:1, v/v) with 10-fold dilution. For extracted fentanyl 

samples from the Mylan disc and skin, an aliquot of sample was diluted with 10mM sodium 

1-heptane sulfonate (pH 2.5) in 1:1 ratio (v/v). All extraction samples from the TDS disc 

were analyzed with a set of fentanyl standards prepared in methanol:10 mM sodium 1-

heptane sulfonate (pH 2.5) (1:1, v/v). 

4.2.3 In Vivo Pharmacokinetic (PK) Studies in Healthy Adults 

The in vivo clinical PK study was approved by the University of Maryland, 

Baltimore Institutional Review Board and the Research Involving Human Subjects 

Committee at the FDA and carried out in compliance with the ethical and scientific 

principles of the International Conference on Harmonization Good Clinical Practice E6 

(ICH-GCP). 

Study Subjects 

Ten healthy adults completed the in vivo portion of the six-way cross-over study. 

The demographic features of these ten subjects are summarized in Table 4.2. Eligible 

subjects for the study were men or non-pregnant women between the ages of 18 and 45 

years old, non-smokers for at least two months prior to and until the end of study, and 

within a body mass index of >17 to ≤28. Exclusion criteria included women who were 

pregnant, lactating, breast feeding or had a positive serum pregnancy test at screening or 

on the morning of the study visit, abnormal vital signs (systolic blood pressure >140 mm 
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Hg or diastolic blood pressure >90 mm Hg, heart rate <55 beats per minute (bpm), 

respiratory rate >20 breaths per minute, temperature >38°C), symptoms of an acute illness, 

positive urine drug screening test, use of any prescription or over-the-counter medication, 

history of chronic obstructive pulmonary disease, active positive Hepatitis B, C, and HIV 

serologies, any prior serious adverse reaction or hypersensitivity to fentanyl, naltrexone, 

naloxone or any of the inactive ingredients in the study products, a diagnosis of 

schizophrenia or other major psychiatric or mental illness, and the presence of skin 

condition, open sore, scar tissue, tattoo, or coloration that would interfere with placement 

of test product. 

Table 4.2 Demographic information for in vitro study skin donors and in vivo PK study 
subjects. 

 In Vitro 

Donors (n=4) 

In Vivo 

Subjects (n=10) 

Age in years 

Mean (SD) 
Range 

 
57.8 (9.4) 
46 – 69 

 
30.7 (5.9) 
22 – 43 

Sex, n (%) 

Male 
Female 

 
1 (25) 
3 (75) 

 
7 (70) 
3 (30) 

Ethnicity, n (%) 

African-American 
Caucasian 
Asian 

 
1 (25) 
3 (75) 
0 (0) 

 
7 (70) 
2 (20) 
1 (10) 

BMI (kg/m2) 

Mean (SD) 
Range 

 
Unknown 

 
23.3 (1.4) 

20.9 – 25.0 

 

Clinical Study Procedures 

The study was an open-label, six-way crossover study. Each of the ten subjects 

completed six study visits, undergoing study procedures according to the two study designs 

(Figure 4.1) for three fentanyl TDS products. A minimum washout period of two weeks 
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between each study visit was ensured. A negative urine pregnancy test was confirmed on 

the morning of each study visit for female subjects. Vital signs were recorded and an opioid 

dependence challenge test was conducted by injecting naloxone hydrochloride 

subcutaneously and observing subjects for any opioid withdrawal symptoms for each study 

visit. Subjects with normal vital signs who passed the opioid dependence challenge test 

proceeded with the study. To block opioid effects and the associated adverse effects of 

fentanyl, subjects received a naltrexone hydrochloride 50 mg oral tablet 12 ± 1 h prior to 

TDS application, at the time of TDS application, every 12 ± 1 h after TDS application for 

8 doses and then once every 24 ± 1 h for two additional doses.  

 Fentanyl TDS was applied on a clean, dry skin surface over the lateral mid-arm 

region and held firmly in place by applying a firm pressure for 25 seconds. An Oakton™ 

FEB insulated probe connected to a Temp 10 Type J thermocouple thermometer was placed 

adjacent to the TDS to monitor skin temperature. Skin temperature was recorded every 5 

min during the 1 h of heat application portion of the study and every 1 h otherwise. Prior 

to the scheduled heat application time, a Kevlar® sleeve with an opening to expose the TDS 

and temperature probe was applied on the subject’s arm, in order to protect the skin area 

not involved in the study from the heat exposure. At the time of heat application (11 or 18 

h post-dosing for Early Heat and Late Heat study designs, respectively), a pre-heated 

heating pad (Theratherm® Digital Moist Heating Pad; DJO, LLC; Vista, CA) was applied 

on the skin area involved in the study to cover the TDS and temperature probe. An elastic 

bandage was wrapped around on top of the heating pad to ensure good contact between the 

heating pad and TDS. At 19 h post-TDS application, TDS was removed from the subject 

and analyzed for residual fentanyl content in the TDS. The extraction method of fentanyl 
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from TDS was similar to the one used for the in vitro study, except that 40 mL of MTBE 

instead of 10 mL was used for Duragesic® and Apotex products to account for the 

difference in size between the entire TDS (in vivo) and the small TDS disc (in vitro). The 

same 40 mL of methanol was used for the Mylan product. The total amount of fentanyl 

delivered from TDS was calculated by subtracting the remaining amount of fentanyl in the 

worn TDS after the clinical study from the mean amount of fentanyl extracted from three 

replicates of unused TDS.  

Approximately 5 mL of blood was withdrawn from an intravenous catheter 15 min 

prior to the application of TDS, and at 1:00, 10:00, 10:55, 11:05, 11:15, 11:25, 11:35, 

11:45, 12:00, 13:00, 14:00, 16:00, 17:00, 17:55, 18:05, 18:15, 18:25, 18:35, 18:45, 19:00, 

20:00, 21:00, and 22:00 h post-TDS application. The TDS adhesion assessment evaluation 

was performed at 10:00, 13:00, 16:00 and 19:00 h post-TDS application.  

LC-MS/MS Analysis of In Vivo Samples 

Whole blood samples collected into vacutainers (BD Vacutainer® Plus Plastic 

SST™ blood collection tube; BD; Franklin Lakes, NJ) from in vivo studies were processed 

to obtain serum samples. First, samples were placed at room temperature for at least 30 

min for clot formation. Then they were centrifuged at 1300 x g for 20 min at 4°C. The 

resulting aliquots of serum samples were transferred into cryovials and stored at -70°C or 

colder until analysis.  

A fully validated LC-MS/MS method was used to analyze in vivo serum samples. 

The detailed serum sample extraction procedure using liquid-liquid extraction as well as 

the LC-MS/MS assay conditions are described in a previous publication.105 A set of in vivo 
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samples from each subject was analyzed along with one set of standards ranging from 10 

to 10,000 pg/mL, six replicates of LLOQ (10 pg/mL) and three levels of quality control 

(QC) samples.  

4.2.4 In Vitro/In Vivo Correlations (IVIVC) 

The IVIVC between the IVPT and clinical PK data sets was examined in multiple 

ways in similar manners as previously reported for nicotine TDS104, but with some 

modifications to account for physicochemical differences between nicotine and fentanyl. 

First, the predicted in vivo steady-state concentration (Css) was calculated from the IVPT 

data and compared to the observed Css in vivo (mean of serum concentrations at 16, 17, 

and 17.92 h) from the Late Heat study design. The prediction of Css was calculated using 

the following equation101: 

��� =  ��� ∙ < ∙ �
��       (4.1) 

where F is an absolute bioavailability of TDS calculated by the dose-corrected area under 

the curve (AUC) of TDS divided by AUC of intravenous dose (data obtained from an 

ongoing, unpublished study), Jss is the steady state flux from each donor (mean of 16 and 

18 h flux values from the Late Heat study design), A is area of the TDS, and CL is the total 

body clearance of fentanyl (33.6 L/h; weighted mean (n=50 healthy adults) from four 

published and one unpublished studies).106-109 Since no data has been reported for the three 

fentanyl TDS products used in the study, the values of F used in the current study were 

obtained from an ongoing (unpublished) study, which is a three-way crossover study with 

an intravenous dose of fentanyl, Duragesic® TDS and Mylan TDS. The mean of two F 
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values from Duragesic® and Mylan TDS (0.36 and 0.42, respectively) were used for 

Apotex TDS. 

Second, in vitro and in vivo heat effects were compared by calculating heat effect 

ratios for six study arms in three different ways. The first heat effect ratios were determined 

by the ratio of peak value (Jmax for in vitro and Cmax for in vivo) during the heat effect 

window and the value (flux for in vitro and serum concentration for in vivo) immediately 

before heat application. The clinically significant heat effect window was determined to be 

3 h (1 h during heat application plus two more hours following the removal of heat), based 

on the examination of elevated fentanyl flux and serum concentrations relative to the 

baseline levels due to the prolonged influence of heat and the time to return to baseline 

after heat exposure. The heat effect window was defined as 11 to 14 h and 18 to 21 h for 

Early Heat and Late Heat study designs, respectively. The second heat effect ratios were 

the peak value due to heat from the heat effect window divided by the peak value during 

the same corresponding time period without heat. The third heat effect ratios were the 

partial AUC of the heat effect window with heat application divided by the partial AUC of 

the corresponding time period without heat. The partial AUCs were calculated from the 

flux+-time curve in vitro and serum concentration-time curve in vivo.  

Third, a point-to-point (Level A) IVIVC was evaluated for the entire study duration 

by comparing the observed (from in vivo studies) and the predicted (from IVPT) serum 

fentanyl concentrations (Approach I). Eq. 4.2 was used to predict serum concentrations 

while the TDS was worn (time 0 to 19 h), where Cs is the predicted serum concentration 

(ng/mL), F is an absolute bioavailability of TDS (0.36, 0.39 and 0.42 for Duragesic®, 

Apotex and Mylan, respectively), Rin is rate of input obtained from mean flux during 
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steady-state in IVPT experiments from each donor, Hi is the in vitro heat effect multiple 

from each donor, CL is the total body clearance of fentanyl (33.6 L/h; same value used for 

Eq. 4.1), k is the elimination rate constant (0.099 –h) calculated from the elimination half-

life after intravenous dose (7 h),24 and t (in Eq. 4.2) is the time after administration of TDS. 

Hi was calculated by the ratio of flux values with heat and without heat at the respective 

time point. The default value of 1 was used as Hi prior to heat application and after the 

calculated Hi value became ≤ 1.  

�� =  <∙���∙��
��  ∙ (1 − �� !)   (4.2) 

For prediction after TDS removal (time 20 to 22 h), Eq. 4.3 was used, where C0 is the initial 

concentration after TDS removal obtained from the predicted Cs at 19 h, t1/2,TDS is the 

elimination half-life after TDS dose (23.5 h),24 and t (in Eq. 4.3) is the time after removal 

of TDS.  

�� =  �#  ∙  ��= >? @
AB/@,DEFG!

    (4.3) 

Fourth, an IVIVC model was developed for the baseline without heat profile, with 

either Hi (Approach II) or an in vivo heat effect multiple, Hii, (Approach III) added to the 

model after baseline prediction. Since the study designs do not include a baseline without 

heat study design, the baseline in vivo profile was reconstructed by combining the data 

from Late Heat study design (time 0 to 17.92 h) and Early Heat study design (time 18.08 

to 22 h). The baseline in vivo concentration versus time profile was then deconvoluted 

using Phoenix software (Pharsight Corporation; San Diego, CA) with the following input 

values: 
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• A1: 1/Vd = 2.9464E-06 (unit: 1/mL) 

• ɑ1: kel = 0.099 (unit: 1/h) 

The fraction absorbed at each time point was calculated based on the nominal dose intended 

for delivery from the TDS product label (25 µg/h × 19 h = 475 µg). The IVIVC model was 

constructed by plotting in vitro fraction of drug permeation calculated from the mean, 

reconstructed baseline flux profile from four donors on the x-axis and in vivo fraction of 

drug absorption for each subject on the y-axis for three fentanyl TDS products 

independently. A quadratic polynomial model was selected based on the fit of data to 

regression models. The obtained coefficients were then used to predict in vivo fraction of 

drug absorption at each time point. The predicted in vivo fraction of drug absorption was 

then convoluted to the predicted serum concentration versus time using Phoenix software 

with the same input values used for the deconvolution step above. Next, the heat effect 

multiple component (either Hi or Hii for Approaches II and III, respectively) was added to 

the predicted baseline profile. Hii was calculated in the same manner as Hi, except the in 

vivo serum concentration-time profile was used instead of the flux+-time profile. For time 

points where the Hi or Hii was greater than 1, the value of Hi or Hii was multiplied by the 

predicted concentration to complete the predicted profile with the heat effect added into 

Approaches II and III, respectively.  

For Approaches I, II and III, the correlations between IVPT and in vivo PK results 

were quantitatively assessed by calculating prediction error (%) for Cmax and total AUC, 

using Eq. 4.4.88 

%56 = |7&�-,)-. )%89-�:,-.'/!-. )%89-|
7&�-,)-. )%89-  × 100                               (4.4) 
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4.2.5 Data and Statistical Analysis 

The flux values resulting from IVPT studies in µg/cm2/h were adjusted by dividing 

the flux by the area of the TDS disc used (0.95 cm2) and multiplying by the TDS size of 

each product, in order to account for the different TDS sizes (Table 4.1). The adjusted 

values were labeled with the symbol +. 

Samples whose calculated concentrations fell below the LLOQ (0.05 µg/mL and 

0.01 ng/mL for in vitro and in vivo samples, respectively) were treated as zero for data 

analysis.  

 Non-compartmental analysis was performed using Phoenix WinNonlin software 

to calculate the PK parameters (AUC, Cmax, and pAUC) from the in vivo PK studies. 

Deconvolution and convolution for IVIVC were also performed using Phoenix 

WinNonlin software. The IVIVC models were constructed in GraphPad Prism® software 

(GraphPad Software, Inc.; La Jolla, CA). 

 Statistical analyses, including ANOVA test followed by Tukey’s (one-way 

ANOVA) or Bonferroni’s (two-way ANOVA) post-hoc multiple pairwise comparisons 

and Pearson’s correlation, were performed using GraphPad Prism® software. The IVPT 

data was obtained from four human donors with four replicates per donor and expressed as 

Mean ± SEM. The in vivo PK data was obtained from ten subjects and is expressed as 

Mean ± SD. Differences were considered to be statistically significant when p ≤ 0.05 and 

significant differences were indicated as follows: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; 

**** p ≤ 0.0001. 
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4.3 Results 

4.3.1 IVPT Study 

Fentanyl flux values showed a gradual increase when heat was applied for 1 h, 

starting at either 11 h or 18 h for Early Heat and Late Heat study designs, respectively 

(Figure 4.2). The Jmax
+ was observed at the last time point from all six treatment arms, 

among the six samples collected during the 1 h heat application period. The effects of 1 h 

heat application, demonstrated by the elevated flux profiles compared to those without heat 

at normal temperature conditions (32 ± 1°C), were observed to persist for about 2 more 

hours after removal of heat, due to any potential residual heat effect and the duration of 

time needed to return to baseline levels. Increasing the surface temperature of skin and 

TDS disc by about 10°C from the normal temperature condition using the IVPT setup 

resulted in a significantly (p ≤ 0.05) higher Jmax
+ for the three fentanyl TDS from both study 

designs (Figure 4.3). The mean Jmax enhancement ratios from the Early Heat design were 

2.2, 1.9 and 2.3 for Duragesic®, Apotex and Mylan respectively (Figure 4.4). The ratios 

from the Late Heat designs were slightly higher at 2.4, 2.3 and 2.5 for the same three 

products. The different heat application scenarios (early vs. late) did not result in a 

significant difference (p > 0.05) in terms of the total permeation amount over 22 h for all 

three products (Figure 4.5). The three fentanyl TDS showed comparable Jmax
+, partial AUC 

of the 3 h heat effect window and the total permeation amount from both Early Heat and 

Late Heat study designs (Table 4.3). The total amount of fentanyl delivered calculated from 

the residual TDS disc and the total amount of fentanyl permeated from IVPT showed a 

significant correlation (p ≤ 0.05) for all three products (Figure 4.6).  
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Figure 4.2 Mean flux ± SEM (from four donors with four replicates per donor) profiles of 
the three fentanyl TDS over 22 h with 1 h of heat application at 11 h (Early Heat) or 18 h 
(Late Heat). The TDS was removed after 19 h. + Corrected to account for different TDS 
sizes. 

 

 

Figure 4.3 Comparisons of Jmax with and without heat application during the 3 h heat 
effect window from the two study designs (11-14 h for Early Heat and 18-21 h for Late 
Heat). (Mean ± SEM from four donors with four replicates per donor). * p ≤ 0.05; ** p ≤ 
0.01; *** p ≤ 0.001; + Corrected to account for different TDS sizes. 
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Figure 4.4 The Jmax enhancement due to heat, calculated by the ratio between the Jmax 
during heat and the Jmax during normal temperature conditions for the three fentanyl TDS, 
for both early and late heat effects. (Mean ± SEM from four donors with four replicates per 
donor).  

 

 

Figure 4.5 Comparisons of total amount of fentanyl permeated across human skin over 
22 h between Early Heat and Late Heat study designs for the three fentanyl TDS. (Mean 
± SEM from four donors with four replicates per donor). + Corrected to account for 
different TDS sizes.
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Figure 4.6 Correlations between the total amount of fentanyl delivered from residual TDS analysis 
and the total amount of fentanyl permeated over 22 h from IVPT for the three fentanyl TDS. 

 

4.3.2 In Vivo PK Study in Healthy Adults 

Figure 4.7 shows the elevated serum fentanyl concentrations due to the 1 h of heat 

application at either 11 h or 18 h for Early Heat and Late Heat designs for all three TDS. The 

elevated concentrations were also observed after the removal of heat source for at least 2 more 

hours, for the mean concentrations from Duragesic®, Early Heat design showing the longest 

residual heat effects. Application of heat resulted in a significantly (p ≤ 0.05) higher Cmax compared 

to Cmax at normal temperature conditions, for all six treatment arms (Figure 4.8).  The mean Cmax 

enhancement ratios from the Early Heat study design were 3.5, 3.5, and 4.4 for Duragesic®, Apotex 

and Mylan TDS, respectively (Figure 4.9). The ratios from the Late Heat study design were 2.4, 

3.1 and 2.4. The total AUC (0 to 22 h) from the two study designs were comparable for all three 

products (Figure 4.10). They were also comparable without significant differences (p > 0.05) in 

terms of Cmax, partial AUC of the 3 h heat effect window, and total AUC (Table 4.4). When the 

relationship between the total amount of fentanyl delivered from TDS calculated from the residual 

TDS analysis and the total AUC in vivo were evaluated, only the Mylan product showed a 

significant (p ≤ 0.05) correlation, whereas the other two products showed no correlation between 

the two variables (Figure 4.11). 
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Figure 4.7 Mean serum concentrations ± SD (n=10 subjects) of fentanyl after administration of 
the three fentanyl TDS over 22 h with 1 h of heat application at 11 h (Early Heat) or 18 h (Late 
Heat). The TDS was removed after 19 h. 
 

 

Figure 4.8 Comparisons of Cmax with and without heat application during the 3 h heat effect 
window from the two study designs (11-14 h for Early Heat and 18-21 h for Late Heat). (Mean ± 
SD; n=10). ** p ≤ 0.01; *** p ≤ 0.001. 
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Figure 4.9 The Cmax enhancement due to heat, calculated by the ratio between the Cmax during heat 
and the Cmax during normal temperature conditions without heat from the two study designs for 
the three fentanyl TDS, for both early and late heat effects. (Mean ± SD; n=10). The numbers next 
to data symbols represent subject identification numbers. 
 

 

Figure 4.10 Comparisons of total AUC between Early Heat and Late Heat study designs for the 
three fentanyl TDS. (Mean ± SD; n=10).
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Figure 4.11 Correlations between the total amount of fentanyl delivered from residual TDS 
analysis and total AUC from in vivo PK studies for the three fentanyl TDS. 
 

4.3.3 IVIVC 

The predicted Css for three products, calculated from the IVPT flux data from the 

Late Heat study design using Eq. 4.1, correlated well with the observed Css in human 

subjects without a significant difference (Table 4.5). However, when the in vitro and in 

vivo heat effects were evaluated by calculating heat effect ratios in three different ways, 

the mean in vivo heat effects were found to be higher compared to the mean in vitro heat 

effects (Figure 4.12). The in vivo heat effect ratio, calculated by Cmax during the heat effect 

window divided by the concentration immediately prior to heat application, was found to 

be significantly (p ≤ 0.05) higher compared to the in vitro heat effect ratio, calculated by 

Jmax during the heat effect window divided by the flux immediately prior to heat 

application, for Apotex TDS from Early Heat study design (Figure 4.12a). In addition, the 

in vivo inter-subject variability of heat effect ratios was found to be much greater compared 

to the in vitro inter-donor variability. 

  



 117

Table 4.5 Observed Css in vivo, compared to the predicted Css from IVPT results at 
normal skin temperature. 

 
 

Observed Css 

in vivo (ng/mL) 

Predicted Css 

from IVPT 

(ng/mL) 

p-value 
(significance) 

Duragesic® 0.40 ± 0.26 0.38 ± 0.07 >0.9999 (ns) 

Apotex 0.36 ± 0.25 0.44 ± 0.08 >0.9999 (ns) 

Mylan 0.48 ± 0.33 0.39 ± 0.04 >0.9999 (ns) 

 

 

Figure 4.12 Comparisons of in vitro and in vivo heat effect ratios, evaluated by three 
different ways: (a) Jmax (in vitro) or Cmax (in vivo) divided by flux (in vitro) or concentration 
(in vivo) value immediately prior to heat application, (b) Jmax (in vitro) or Cmax (in vivo) 
with heat application during the 3 h heat effect window divided by Jmax (in vitro) or Cmax 
(in vivo) during the same 3 h window in the absence of heat application, and (c) partial 
AUC of the 3 h heat effect window with heat application divided by partial AUC of the 
same 3 h window in the absence of heat. 

 

The predicted fentanyl profiles for the entire study duration using the in vitro 

results, PK parameters obtained from literature and Eq. 4.2 and 4.3 (Approach I) were 

generally in agreement to the observed profiles, except for the heat application period 

(Figure 4.13). While the predicted profiles also showed elevated concentrations due to heat, 

they were lower compared to the elevated concentrations observed in vivo due to the same 

condition of heat application (42 ± 2°C). When the prediction was made after developing 

IVIVC models using both in vitro and in vivo data sets (Approaches II and III), the results 

were more similar to the observed concentrations, compared to those from Approach I 
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(Figure 4.14). The percent prediction errors (%PE) for total AUC and Cmax from 

Approaches I, II and III are listed in Table 4.6. Generally, predictions using Approach I 

showed the highest %PE, except for Apotex in Early Heat study design for total AUC and 

Late Heat study design for Cmax and for Mylan in Late Heat study design for Cmax. When 

the prediction of heat effects were evaluated by comparing the predicted and observed 

partial AUC of the 3 h heat effect window (11 to 14 h and 18 to 21 h for Early Heat and 

Late Heat, respectively), Approach I under-predicted heat effects for all comparisons, 

except for the partial AUC from Late Heat study design for Apotex TDS (Figure 4.15). 

This finding is expected since Approach I used only in vitro data to make predictions and 

the observed heat effects from the in vitro study (Figure 4.4) were lower than the heat 

effects from the in vivo study (Figure 4.9). Nonetheless, no statistically significant 

differences were found between predicted and observed heat effects for all studies, except 

for the partial AUC for Late Heat study design for Mylan TDS (Figure 4.15).  This lack of 

statistical significance for the Approach I predicted and observed heat effects is likely due 

to the large variability in serum concentrations that occurred in the human subjects during 

heat treatment.  This level of variability was not observed in the previous nicotine human 

study.14  
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Figure 4.13 The predicted and observed (Mean ± SD; n=10) concentrations of fentanyl for 
the three TDS for both Early Heat and Late Heat study designs, using Approach I. The 
shaded area represents the range of prediction when inter-subject variability of CL is 
assumed to be 50%.  
 

 

Figure 4.14 The predicted and observed (Mean ± SD; n=10) concentrations of fentanyl for 
the three TDS for both Early Heat and Late Heat study designs, using Approaches II and 
III.  
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Table 4.6 Prediction Errors (%PE) for total AUC and Cmax using Approaches I, II and III. 

 
Duragesic® Apotex Mylan 

Early Heat Late Heat Early Heat Late Heat Early Heat Late Heat 

Approach I (prediction with in vitro data only) 

Total 

AUC 
31.7 17.5 4.0 19.3 24.3 18.4 

Cmax 37.7 36.8 29.8 12.4 34.1 23.2 

Approach II (prediction with in vitro heat effect multiple, Hi) 

Total 

AUC 
3.3 13.1 10.2 11.8 5.1 0.6 

Cmax 23.4 23.6 39.6 11.2 11.4 31.5 

Approach III (prediction with in vivo heat effect multiple, Hii) 

Total 

AUC 
15.2 10.1 11.9 0.8 18.1 8.3 

Cmax 0.5 2.3 4.4 18.7 7.7 40.5 

 

 

 
Figure 4.15 The predicted (Mean ± SEM for Approach I and Mean ± SD for Approaches 
II and III) and observed (Mean ± SD) partial AUC of the 3 h heat effect window and Cmax, 
from the 3 h heat effect window. ** p ≤ 0.01. 
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4.4 Discussion 

The present study evaluated IVIVC in multiple ways for three fentanyl TDS products 

between IVPT studies utilizing excised human skin and in vivo PK studies in human 

subjects. The study designs, which were harmonized for both in vitro and in vivo studies, 

included a transient heat application at two different time points (Early Heat and Late Heat 

study designs; Figure 4.1) to evaluate IVIVC not only in the normal condition for TDS 

wear but also in an instance where an external factor such as heat (42°C) is introduced. The 

study condition of increasing the skin surface temperature by approximately 10°C was 

sensitively detected by both IVPT and in vivo PK results (Figures 4.3 and 4.8), despite a 

relatively small sample size (4 donors in vitro and 10 subjects in vivo). In addition, overall 

conclusions from the in vitro and in vivo studies were in agreement. Specifically, the three 

fentanyl TDS studied were found to be comparable without significant differences (p > 

0.05) in terms of the peak level of fentanyl (Jmax and Cmax) and the total exposure over 22 

h (total permeation and total AUC) from both in vitro and in vivo studies (Tables 4.3 and 

4.4). The influence of transient heat on the three TDS products from Early Heat and Late 

Heat study designs were also found to be similar from both in vitro and in vivo studies 

(Figures 4.4 and 4.9). Lastly, the extent of heat effects, defined as the clinical heat effect 

window in the current manuscript, were found to be approximately 3 hours (11 to 14 h and 

18 to 21 h for early and late heat applications, respectively) from both in vitro and in vivo 

studies. Similar heat effect window of 3 h hours were observed when one hour of heat was 

applied on nicotine TDS from a previous study.104 

However, there were a few noticeable differences between the in vitro and in vivo 

study results. In vivo heat effects were found to be greater compared to in vitro heat effects. 
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The mean nominal heat effect ratios were higher for in vivo data for all three TDS products 

and for three different ways of evaluation, compared to in vitro data (Figure 4.12). In 

addition, in vitro residual TDS analysis showed a significant (p ≤ 0.05) correlation to the 

total amount of fentanyl permeated through skin for all three products, whereas only Mylan 

TDS resulted in a significant correlation between the residual TDS analysis and total AUC 

in vivo (Figures 4.6 and 4.11). These differences between in vitro and in vivo data sets 

were related, at least to some extent, to the discrepancies exhibited in IVIVC analyses, 

especially for the prediction of the heat effect portion of the study. In the absence of 

external heat application, IVPT results were generally predictive of in vivo fentanyl levels. 

For instance, the predicted Css values from in vitro data at normal skin temperature (32 ± 

1°C) were very similar to the observed Css values in vivo (Table 4.5). In addition, the 

predicted fentanyl concentrations using only in vitro data in Approach I are generally close 

to the observed concentrations, outside the heat effect window (Figure 4.13). The 

difference between in vitro and in vivo heat effects and its consequence on IVIVC can be 

more clearly seen in Figure 4.14; when in vivo heat effect multiple Hii was applied in 

Approach III, the prediction of the heat application portion improved compared to when 

the in vitro heat effect multiple Hi was applied in Approach II. Similarly, the %PE for Cmax 

is generally lower in Approach III compared to those in Approach II (Table 4.6). 

At the present time, IVIVC is utilized mostly for extended release oral dosage forms 

due to a well-established guidance and its ability to be used for certain scale-up and post-

approval changes in regulatory submissions.88 However, copious discussions and research 

efforts have been made in recent years to develop and evaluate standardized IVIVC for 

TDS products.63,70,97,103,104,110  IVPT seems to be the most popular in vitro model for the 
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purpose of developing IVIVC for TDS products, as it is a well-understood method with 

many previous studies indicating its usefulness as a surrogate method to in vivo 

studies.65,75,100,102  In fact, an IVIVC between IVPT and in vivo PK data sets for two 

nicotine TDS products with similar study designs as the study designs used for the current 

work, with 1 h of transient heat application at different time points, has also been 

completed.104 The previous work with nicotine TDS products demonstrated better 

correlation between IVPT and in vivo PK data, including heat effects, compared to the 

present work with fentanyl TDS products.  

There are several plausible reasons behind the weaker correlations between in vitro 

and in vivo data sets observed from the current study, compared to the previous work with 

nicotine TDS.  First, the lipophilicity of the two drug molecules are different: LogP of 

nicotine and fentanyl are 1.17 and 4.05, respectively.3 Fentanyl, being a lipophilic molecule 

in contrary to nicotine, is known to form a skin depot with a considerable amount of 

drug.15,24,111 This is evidenced by a much longer elimination half-life of fentanyl after TDS 

removal (17.0 ± 2.3 h), compared to after an intravenous (IV) dose administration (6.12 ± 

2.0 h).112 On the other hand, the elimination half-life of nicotine after TDS removal and an 

IV dose administration are reported to be similar (2.8 ± 0.9 vs. 2.0 ± 0.4 h, respectively).87 

The issue is that the dermatomed skin (240 ± 60 µm in the current study) used in the IVPT 

method is much thinner compared to the human skin in vivo (2.97 ± 0.28 mm)113.  

Additionally, there is subcutaneous tissue that may also contain some of this skin depot of 

drug.114,115 Therefore, the IVPT study may seem to be limited in its ability to mimic the 

formation of the human body skin depot. This limitation can be easily seen by comparing 

the in vitro flux+-time and in vivo concentration-time profiles after fentanyl TDS removal 
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(19 to 22 h) from the Late Heat study design (without the influence of heat application) in 

Figures 4.2 and 4.7. The flux+ values decreased sharply after the TDS removal at 19 h 

(Figure 4.2), whereas in vivo concentrations continued to remain at a relatively constant 

level without decreasing (Figure 4.7). One could argue that using full-thickness skin, 

instead of dermatomed skin, for IVPT could better mimic the in vivo depot, especially by 

providing a similar volume of skin and thus an opportunity to form a skin depot. However, 

due to a lack of microvasculature in vitro, using full thickness skin has been reported to 

retain lipophilic compounds, resulting in a lower permeation rate.33-35 In addition, the lack 

of a full skin depot effect in vitro might explain the significant correlations between the 

total amount of fentanyl delivered calculated from residual TDS analysis and the total 

amount of fentanyl permeated through skin in vitro (Figure 4.6), which were not found 

from in vivo serum data, except for Mylan TDS (Figure 4.11). If a significant amount of 

fentanyl was retained in skin layers and subcutaneous tissue in vivo, which releases 

fentanyl into systemic circulation very slowly, the total AUC value calculated from 0 to 22 

h would represent fentanyl exposure from only the fraction of the dose that was cleared 

from the skin during this period, not accounting for the fraction of dose retained in the skin 

which will continue to be slowly released, resulting in a lack of significant correlation 

between the amount of fentanyl delivered from TDS and the total AUC0-22. Evaluating the 

correlation between the amount of fentanyl delivered from TDS and the total AUC from 

time 0 extrapolated to infinite time would have provided an opportunity to better examine 

the correlation, but given the limited duration of sampling after TDS removal (3 h) in the 

current study designs, such data analysis was not feasible. The presence of a significant 

correlation (p ≤ 0.05) between the two variables (i.e. the total amount of fentanyl delivered 
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from TDS and total AUC) for Mylan in vivo, might be due to its small size compared to 

the other two TDS (Table 4.1). Since its size is approximately 60% of the other two 

products, the Mylan TDS would have a smaller contact area on skin and thus a smaller area 

to create a skin depot, in the absence of significant lateral diffusion into the skin and 

subcutaneous tissues. However, since these three products also differ in formulation with 

different adhesive types and inactive ingredients, further evaluation is needed in order to 

better understand and conclude the different correlation results observed from the three 

products. Evaluating the effect of various aspects of TDS product design including its size 

and formulation constituents on the formation of drug depot in skin would help to better 

translate the results. Second, the inconsistent heat effects observed from in vitro and in 

vivo studies seem to be the major contributor for weaker IVIVC for fentanyl TDS 

compared to IVIVC for nicotine TDS.  Heat effects on fentanyl TDS were higher in vivo 

compared to in vitro from the current study (Figure 4.12), whereas heat effects on the two 

nicotine TDS from the previous study were similar in vitro and in vivo.104 The skin depot 

formed after application of fentanyl TDS, which exists at a significant amount in vivo, 

might have contributed to the higher in vivo heat effects since heat would affect faster 

release of fentanyl from both TDS and skin depot. In addition, enhanced microcirculation 

and local blood flow in vivo due to heat would have facilitated dermal clearance of fentanyl 

from the skin depot.51 On the other hand, the thinner, dermatomed skin used in IVPT as 

well as with non-lipophilic nicotine would not have had a significant depot of drug in skin, 

and therefore most of the observed heat effects from IVPT with fentanyl TDS as well as in 

vitro and in vivo studies with nicotine TDS would have been from the TDS itself. Third, a 

high inter-subject variability observed in fentanyl PK, both from our current and previously 
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reported data made IVIVC more difficult and resulted in weaker predictions. The percent 

coefficients of variation (%CV) of Cmax, pAUC and total AUC from the current study with 

fentanyl TDS (Table 4.4) were generally higher compared to %CV reported from the 

previous study with nicotine TDS.104 The higher %CV of Cmax of the fentanyl TDS 

compared to %CV of the nicotine TDS has also been reported previously.94 However, the 

high-variability of fentanyl PK does not seem to be limited to transdermal dosage forms. 

Although the different skin permeability of individuals certainly contributes, the variations 

in fentanyl PK have been primarily attributed to inter-subject variations in metabolism and 

clearance.94,116,117 In fact, there have been many studies which characterized the 

pharmacokinetics of fentanyl and they yielded extremely different results; reported CL 

values after an IV dose from 11 studies ranged from 10 to 128 L/h.106-109,112,118-123 Since 

most of the methods used to evaluate IVIVC in the current manuscript required PK 

parameters, the results of IVIVC are heavily influenced by these parameters. Considering 

many of the input parameters (F, CL, k, t1/2, Vd) used to make predictions for IVIVC were 

obtained from other studies and the high variability of these parameters, the values used in 

IVIVC evaluations might not describe the PK of fentanyl in the study subjects accurately, 

resulting in relatively higher % PE of the IVIVC approaches evaluated in the current study. 

For predicting in vivo fentanyl concentration in vivo from in vitro data, a term F 

was introduced in Eq. 4.1 and 4.2, which was not present in the earlier work with nicotine 

TDS.104 The reported F for nicotine TDS is high (0.8 – 0.82),124,125 closer to unity, so the 

predictions with and without the incorporation of F are not expected to differ significantly, 

especially given that other parameters used in developing a point-to-point IVIVC are 

estimated values. For fentanyl TDS, the range of reported F was wide (0.3 to 0.95),124 most 
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likely due to differences in formulation as there are many different marketed products 

available, in both matrix and reservoir systems. Since F values for the three fentanyl TDS 

used in the current study were determined to be on the lower side of the reported value 

(0.36 to 0.42), the predictions would be significantly affected by excluding F in Eq. 4.1 

and 4.2. 

There were limitations and conditions which must be considered when interpreting 

the results from the present study. The sampling duration after TDS removal was short (3 

hrs) in the current study and hence the individual PK parameters that could have helped 

improving the IVIVC evaluations could not be obtained. In addition, performing 

genotyping to identify fast metabolizers would have helped to better understand the high 

variability seen from the in vivo data. The prediction of Css using Eq. 4.1 needed to use the 

assumption that the observed concentrations between 16 to 17.92 h were from a pseudo 

steady-state. The concentrations during the specified period from the Late Heat study 

design in Figure 4.7 seem to be unchanging; however, other reports indicated that steady-

state fentanyl levels have been achieved by the second dose of the 72-h system.15,24 Lastly, 

Eq. 4.2 and 4.3 are valid for compounds which follow first-order elimination kinetics and 

the one-compartment model. Fentanyl PK after TDS application has been reported to 

follow one-compartment model, hence Eq. 4.2 and 4.3 were employed.126-130 It is 

noteworthy that fentanyl PK follows multicompartment model after IV administration. 

Different equations and approaches must be adapted for compounds with more complex 

kinetics. 
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4.5 Conclusions 

The present work evaluated influence of a transient heat application on three 

bioequivalent fentanyl TDS and IVIVC between IVPT using dermatomed human skin and 

in vivo PK study in human subjects. The influence of heat was found to be comparable 

among the three differently formulated fentanyl TDS from both in vitro and in vivo studies. 

In addition, IVPT data predicted the in vivo data reasonably well at a normal temperature 

condition (32 ± 1°C). However, the prediction of heat effects was weak, with in vivo heat 

effects being generally greater compared to in vitro heat effects. While further studies with 

different compounds are necessary, the findings from the current and previously reported 

work with nicotine suggest that IVPT could be a useful tool in predicting in vivo 

performance of TDS at normal temperature. However, other methods of evaluation in 

addition to IVPT might be necessary in order to assess the influence of heat on TDS, 

especially for lipophilic drugs which have longer retention time in skin and thus are 

affected to a greater extent by the complex in vivo mechanisms under the influence of heat 

(i.e. increased dermal clearance due to enhanced microcirculation) that cannot be mimicked 

in vitro. 
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Chapter 5: Bioavailability, Pharmacokinetic and Residual Drug Analysis of Two 

Fentanyl Transdermal Delivery Systems and its Correlation to In Vitro Permeation 

Tests 

 

5.1 Introduction 

Fentanyl is the first analgesic to be administered transdermally and is indicated for 

the management of chronic pain in opioid-tolerant patients.15,24 The first fentanyl 

transdermal delivery system (TDS), Duragesic®, was approved in 1990 by the U.S. Food 

and Drug Administration (FDA).4 When it was first approved, the product was in the 

reservoir design in which fentanyl was dissolved in ethanol and gelled with hydroxyethyl 

cellulose, and was released through the rate-controlling membrane.15. The reservoir type 

was later discontinued due to rising concerns and reports related to the fentanyl content of 

TDS leaking out from the TDS, and replaced by matrix, drug-in adhesive (DIA) type 

TDS.4. Currently, many fentanyl TDS products are available in the market, manufactured 

by different pharmaceutical companies with different TDS sizes and different amount of 

fentanyl content. Typically, TDS requires a considerably greater amount of drug in the 

formulation than the amount that gets delivered to patients in order to provide sufficient 

driving force for passive delivery of drug for an extended duration. As a result, a substantial 

amount of drug remains in the TDS after the intended duration of use which poses safety 

concerns. According to a guidance published by the U.S. FDA in 2011 which recommends 

minimizing the residual drug content after use in TDS, currently marketed products retain 

10 to 95% of initial drug content after the intended duration of use.21   
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The definition of a transdermal dose can vary, from the total drug amount contained 

in TDS, the amount of drug released and delivered from TDS, the amount of drug absorbed 

into the systemic circulation to the amount of drug expected to be delivered based on the 

rate of drug delivery per product label (amount per time) multiplied by the duration of TDS 

application.131,132 For instance, the label dose for a marketed clonidine TDS by Teva 

Pharmaceuticals, USA, Inc. (National Drug Code (NDC) 0555-1011-16) is based on the 

amount of drug released from TDS, whereas the label dose for Ortho Evra® norelgestromin 

and ethinyl estradiol TDS by Janssen Pharmaceutical, Inc. (NDC 50458-192-15; 

discontinued in the U.S.) is based on the amount of drug entered into  the systemic 

circulation.131 In addition, bioavailability (F) for TDS can be calculated in different ways. 

Varvel et al. reported 0.92 for F of a fentanyl TDS, calculated as the dose observed into 

the systemic circulation divided by the amount of fentanyl lost from the TDS.112 It can also 

be calculated using a standard absolute bioavailability calculation as the dose-corrected 

area under the curve (AUC) of TDS divided by AUC of intravenous dose. 

Important parameters to understand the permeation behavior of drugs through skin 

from TDS include the flux through the skin into the systemic circulation and the amount 

of drug accumulated in skin layers which results in the skin depot (or reservoir) effect.133,134  

The flux of drug molecules through the skin can be evaluated by conducting in vitro 

permeation test (IVPT) or in vivo pharmacokinetic (PK) studies. The presence of the skin 

depot effect can be evaluated by assessing the elimination phase after removal of TDS. It 

can be postulated that the prolonged terminal half-life after TDS removal, compared to the 

half-life after intravenous (IV) dose is due to continued absorption of drug molecules from 
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the depot in the skin. Examples of drug molecules exhibiting a significant skin depot effect 

are fentanyl and buprenorphine.24,112,135  

The purpose of this study was to explore the extent of drug delivery and absorption 

from two bioequivalent fentanyl TDS, from an in vivo human PK study and residual drug 

analysis post-TDS wear. An open-label, randomized, crossover study with three treatments 

involving a single dose of IV fentanyl citrate and a single dose of two fentanyl TDS 25 

µg/h (Duragesic and Mylan) was conducted in sixteen healthy adults. Additionally, 

correlations of in vivo PK data and IVPT have been explored in multiple ways with IVPT 

performed using dermatomed human skin. 

 

5.2 Methods 

5.2.1 Study Products 

For both in vitro and in vivo study, two matrix, DIA type fentanyl TDS, Duragesic® 

and Mylan marketed under NDC of 50458-091-05 and 0378-9121-98, respectively, were 

used. They are bioequivalent products, both with the nominal delivery rate of of 25 µg/h. 

According to the product labels, Duragesic® (10.50 cm2 in size) and Mylan TDS (6.25 cm2 

in size) contains 4.20 mg and 2.55 mg of fentanyl in each system, respectively. For in vivo 

study, additional study product, fentanyl citrate injection, 100 µg/2mL (NDC 0641-6024-

10), equivalent to 63.65 µg of fentanyl base, was used. 

5.2.2 In Vivo Pharmacokinetic (PK) Study in Healthy Adults  

The clinical study was approved by the University of Maryland, Baltimore 

Institutional Review Board and the Research Involving Human Subjects Committee at the 
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FDA and carried out in compliance with the ethical and scientific principles of the 

International Conference on Harmonization Good Clinical Practice E6 (ICH-GCP). 

Study Subjects 

Sixteen healthy adults completed the in vivo clinical study. The demographic 

features of these subjects are summarized in Table 5.1. Inclusion criteria for the study were 

healthy men or non-pregnant women of any ethnic background between the age of 18 and 

45 years old, non-smokers for at least two months prior to the enrollment, and within a 

body mass index of >17 to ≤28 kg/m2. Exclusion criteria included history of chronic 

obstructive pulmonary disease, substantially decreased respiratory reserve, hypoxia, 

hypercapnia or pre-existing respiratory depression, active positive Hepatitis B, C, and HIV 

serologies, use of any prescription medication within 30 days prior to the enrollment of the 

study or over-the counter medication within 3 days prior to each study session, any prior 

serious adverse reaction or hypersensitivity to fentanyl, morphine, codeine, hydrocodone, 

hydromorphone, oxycodone, oxymorphone, naltrexone, naloxone or any of the inactive 

ingredients in the study products, a diagnosis of schizophrenia or other major psychiatric 

or mental illness, the presence of skin condition, open sore, scar tissue, tattoo, or coloration 

that would interfere with placement of test product, and a failure to pass opioid dependence 

challenge test on the first day of each study session. 
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Table 5.1 Demographic information for in vivo PK study subjects and in vitro study skin 
donors. 

 In Vivo 

Subjects (n=16) 

In Vitro 

Donors (n=3) 

Age in years 

Mean (SD) 
Range 

 
35.3 (8.5) 
19 – 45 

 
55.3 (12.2) 

42 – 66 

Sex, n (%) 

Male 
Female 

 
12 (75) 
4 (25) 

 
0 (0) 

3 (100) 

Ethnicity, n (%) 

African-American 
Caucasian 
Asian 
More than one race 

 
12 (75) 

1 (6) 
2 (13) 
1 (6) 

 
1 (33) 
2 (67) 
0 (0) 
0 (0) 

BMI (kg/m2) 

Mean (SD) 
Range 

 
24.4 (1.7) 

22.0 – 28.0  

 
Unknown 

 

Clinical Study Design and Procedures 

The study was a three treatment, open-label, randomized cross-over study. Each 

subject started the study with the treatment of intravenous fentanyl citrate (Session I), 

followed by randomization to Duragesic® and Mylan fentanyl TDS in Session II and III, 

with a wash-out period of at least one week between each session. Each of sixteen subjects 

completed the three study sessions.  

A negative urine pregnancy test was used to confirm the lack of pregnancy on the 

morning of each study session for female subjects. Vital signs were recorded and an alcohol 

breathalyzer test was performed on the first day of each study session. In addition, an opioid 

dependence challenge test was conducted by injecting the subject subcutaneously with 

naloxone hydrochloride and observing subjects for any opioid withdrawal symptoms. 

Subjects with normal vital signs who tested negative for both the alcohol breathalyzer and 
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opioid dependence challenge were proceeded into the study. In order to block the opioid 

receptors to avoid any clinical effects or adverse effects of fentanyl, each subject received 

a naltrexone hydrochloride 50 mg oral tablet, approximately 12 to 17 h prior to fentanyl 

administration and then every 12 h through 36 h post fentanyl citrate injection and through 

192 h post fentanyl TDS application. Vital signs, heart rate, respiratory rate and pulse 

oximetry was monitored and recorded throughout the study to ensure the safety of subjects. 

Adverse events were also monitored throughout the study visits and evaluated by the 

medically accountable investigator of the study. Primary skin irritation assessment was 

performed prior to the application of TDS and after TDS removal in Session II and III. 

In Session I, a fentanyl citrate solution (100 µg in 2 mL) was intravenously 

administered over 2 minutes. A total of 15 blood samples, with approximately 5 mL per 

sample, were drawn 50 min prior to the administration of dose and at 00:15, 00:30, 00:45, 

01:00, 02:00, 03:00, 04:00, 06:00, 09:00, 12:00, 18:00, 24:00, 30:00, 36:00 h post-dose 

administration.  

In Session II and III, the fentanyl TDS (either Duragesic® or Mylan based on 

randomization) was applied for 72 h, on a clean, dry skin surface over the lateral mid-arm 

region. At 72 h post-TDS application, TDS was removed from the subjects to determine 

residual drug content in TDS. In addition, the sites were cleaned with a piece of wetted 

gauze to remove any adhesive residue from the TDS application site and its surrounding 

area.  A total of 27 blood samples, with approximately 5 mL per sample, were drawn during 

the Session II and III each at 60 min prior to the application of TDS, and at 1:00, 2:00, 

3:00, 4:00, 6:00, 9:00, 12:00, 18:00, 24:00, 30:00, 36:00, 42:00, 48:00, 54:00, 60:00, 72:00, 
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73:00, 74:00, 78:00, 84:00, 96:00, 108:00, 120:00, 144:00, 168:00, 192:00 h post-TDS 

application. 

Quantification of the Amount of Fentanyl Delivered from TDS  

In order to determine the amount of fentanyl delivered from TDS to subjects, TDS 

was analyzed in three different components, XA, XB, and XC. The XA represented the amount 

of fentanyl transferred to other materials from TDS before application to subjects. It was 

comprised of release liners (and cover slips for Mylan), after removed from the intact TDS 

for application on subjects, an isopropyl alcohol swab after wiping the forceps used to 

handle TDS during the TDS application process on subjects and the inside of the pouch 

where the TDS was supplied. The XB was the amount of drug released from TDS and 

transferred to the skin surface after 72 h of TDS wear, but unavailable for delivery into 

systemic circulation because such residue would presumably be washed away. It was 

determined by quantifying the amount of drug retained on a piece of wetted gauze used to 

clean the skin surface where TDS was applied and its surrounding area for any possible 

cold flow after TDS removal at 72 h. The XC represented the residual amount of drug left 

in TDS after the TDS wear for 72 h, and was comprised of the residual TDS that was 

removed at 72 h post-TDS application from each subject, a disposable blade used to cut 

TDS into small pieces, an isopropyl alcohol swab after wiping the forceps used to handle 

TDS from the removal through the cutting processes, and a piece of weighing paper used 

on top of a cutting board while cutting the TDS, which came in contact with the product. 

In addition, the amount of fentanyl in an unused TDS, XCONTROL, was determined by 

extracting fentanyl from an unused product. The XCONTROL consisted of release liners (and 

cover slips for Mylan), an isopropyl alcohol swab used to clean the inside of the pouch, 
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TDS cut into small pieces, a disposable blade used to cut the TDS, a weighing paper used 

to cut the TDS, and an alcohol swab after wiping the forceps used to handle TDS, all in a 

single component. The extraction solvents were methyl tertiary butyl ether (MTBE) and 

methanol for Duragesic® and Mylan TDS, respectively. A volume of 40 mL was used for 

each XCONTROL and XC and 5 mL for each XA and XC. Once the extraction solvent was added 

to tubes containing each component, the tubes were capped, covered with Parafilm® and 

sonicated for 10 minutes. Then the tubes were placed on a shaker (200 rpm) for 24 h, 

centrifuged at 20,800 x g, and an aliquot of supernatant was used for HPLC analysis to 

quantify the amount of fentanyl in each component. The HPLC conditions can be found in 

HPLC Methods and Conditions under section 5.2.3 below. The amount of fentanyl 

delivered, XDELIVERED, to a subject was determined by the following equation: 

  IJK�LMK�KJ = I�7NO�7� − I� − IP − I�   (5.1) 

In Vivo Serum Samples Analysis LC-MS/MS 

Blood samples collected from subjects were process to obtain serum samples for 

LC-MS/MS analysis. The samples that were collected into vacutainers (BD Vacutainer® 

Plus plastic serum tube; BD; Franklin Lakes, NJ) were first placed at room temperature for 

at least 30 in to allow clot formation. They were then centrifuged at 1300 x g for 20 min at 

4°C.  The resulting serum samples were transferred into cryovials and stored -70°C or 

colder until analysis. Fentanyl from the serum samples were extracted using a liquid-liquid 

extraction method and then analyzed using a previously published LC-MS/MS method.105 

The detailed serum sample extraction procedure using liquid-liquid extraction as well as 

the LC-MS/MS assay conditions are described in a previous publication. A set of in vivo 
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samples from the three study sessions from each subject was analyzed along with one set 

of standards ranged from 10 to 10,000 pg/mL, six replicates of LLOQ (10 pg/mL) and three 

levels of QC samples.  

5.2.3 In Vitro Permeation Test (IVPT) Study 

IVPT Method and Conditions 

IVPT experiments were performed using human skin obtained from three donors. 

The skin was supplied by the Cooperative Human Tissue Network, obtained with consent 

after abdominoplasty surgery. The demographic information for these three donors are 

summarized in Table 5.1. Dermatomed skin with a thickness of 260 ± 40 µm was used, 

with 3-4 replicates per donor per product. The details of the IVPT setup used and the skin 

preparation method were reported in a previous publication.104 The receptor solution was 

normal saline with 0.005% gentamicin, with a flow rate of approximately 0.8 mL/h. The 

TDS was cut into a circular disc using a hole punch to match the permeation area of the 

skin (0.95 cm2) in the diffusion cell and applied on top of the epidermis side of the skin.  

On top of the TDS disc, a piece of non-occlusive polypropylene knitted mesh (0.15 mm 

monofilament, 3.0 x 2.8 mm pores, 47 GSM; SurgicalMesh Division of Textile 

Development Associates, Inc.) was applied to cover the disc and the skin to ensure a good 

contact during the experiment. Samples were collected using an automated fraction 

collector every 2 h up to 30 h, then every 5 h up to 72 h. The resulting samples from in 

vitro study were analyzed using a validated HPLC method.  

HPLC Methods and Conditions  
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All in vitro samples and TDS extraction samples from in vivo study were analyzed 

and quantified for fentanyl using a previously reported HPLC method.81 The IVPT samples 

were diluted with acetonitrile in 7:3 ratio (v/v) prior to HPLC analysis. Standards were 

prepared in IVPT receptor solution:acetonitrile (7:3, v/v) and analyzed with each set of 

IVPT samples. For extracted fentanyl samples from Duragesic® TDS in MTBE, an aliquot 

was evaporated under a stream of nitrogen gas and reconstituted in in methanol:10 mM 

sodium 1-heptane sulfonate (pH 2.5) (1:1, v/v). For extracted samples from Mylan TDS, 

an aliquot of sample was diluted so that final samples are in methanol:10mM sodium 1-

heptane sulfonate (pH 2.5) (1:1, v/v). The extraction samples were analyzed with a set of 

fentanyl standards prepared in methanol:10 mM sodium 1-heptane sulfonate (pH 2.5) (1:1, 

v/v). The concentration of fentanyl standards ranged from 0.05 to 25 µg/mL, with LLOQ 

of 0.05 µg/mL. 

5.2.4 In Vitro/In Vivo Correlations (IVIVC) 

Both a single point (Level C) and a point-to-point (Level A) correlations were 

evaluated between the IVPT results using dermatomed human skin and in vivo PK results 

in human subjects. For the Level C correlation, the observed steady-state concentration 

(Css) in vivo was compared to the predicted Css, calculated using the following equation101: 

    ��� =  ��� ∙ < ∙ �
��       (5.2) 

where F is an absolute bioavailability of TDS calculated using Eq. 5.3, Jss is the steady 

state flux from each donor. A is area of the TDS, CL is the mean clearance of fentanyl 

obtained from Session I of the in vivo study (n=16 subjects).  
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$ =  �Q�RST.DEF ∙ J*�-VW
�Q�RST.VW ∙ J*�-DEF                                              (5.3) 

The Level A correlation was evaluated using multiple ways. In the first two 

methods, IVPT data was used in conjunction with PK-based mathematical equations to 

predict the fentanyl concentration in vivo. For prediction while TDS was applied on skin 

from time 0 up to 72, Eq. 5.4 was used. For prediction after removal of TDS up to 192 h, 

either Eq. 5.5 (Method I) or Eq. 5.6 (Method II) was used.  

�� =  <∙���
��  ∙ (1 − �� !)    (5.4) 

�� =  �#  ∙  ��= >? @
AB/@,DEFG!

    (5.5) 

�� =  (�#  ∙  �� !) + X<∙YFZV[
M\ ∙ �� !]   (5.6) 

Cs is the predicted serum concentration (ng/mL), F is an absolute bioavailability of TDS, 

Rin is rate of input obtained from mean flux during steady-state in IVPT experiments from 

each donor. CL, k and Vd are the mean clearance of fentanyl, elimination constant and 

volume of distribution, respectively, obtained from in vivo clinical study Session I (n=16 

subjects), C0 is the initial concentration after TDS removal obtained from the predicted Cs 

at 72 h, t1/2,TDS is the mean elimination half-life after TDS dose obtained from in vivo 

clinical study Session II and III), XSKIN is the amount of fentanyl extracted from skin after 

TDS was removed at 72 h from the IVPT experiment, t in Eq. 5.4, and Eq. 5.5 and 5.6  are 

the time after administration of TDS and removal of TDS, respectively. In the third Level 

A correlation method (Method III), IVIVC model, which was constructed between the 
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fraction of drug absorbed in vivo and the fraction of drug permeated in vitro, was used to 

predict in vivo fentanyl concentrations from in vitro permeation data. Each step of the 

Method III IVIVC evaluation is outlined in Figure 5.1. 

 

Figure 5.1 Flowchart of the steps involved in evaluation of IVIVC using Method I. 

 

For Method I, II and III, the correlations were examined quantitatively by 

calculating prediction error (%) for Cmax and total AUC, using Eq. 5.7.88 

%56 = |7&�-,)-. )%89-�:,-.'/!-. )%89-|
7&�-,)-. )%89-  × 100  (5.7) 

5.2.5 Data and Statistical Analysis 

Samples whose calculated concentrations below the LLOQ (0.01 ng/mL and 0.05 

µg/mL for in vivo and in vitro samples, respectively) were treated as zero for data analysis. 

The flux values resulting from IVPT studies in µg/cm2/h were adjusted by dividing the flux 

by the area of the TDS disc used (0.95 cm2) and multiplying by the TDS size of each 
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product, in order to account for the different TDS sizes (10.50 and 6.25 cm2 for Duragesic® 

and Mylan TDS, respectively). The adjusted values were labeled with the symbol +. 

PK parameters from Session I, II, and III of the in vivo clinical study were 

calculated by non-compartmental analysis using Phoenix WinNonlin software 

(Pharsight Corporation; San Diego, CA). Deconvolution and convolution for Method III 

of IVIVC were also performed using Phoenix WinNonlin software. The IVIVIC models 

were constructed using GraphPad Prism® software (GraphPad Software, Inc.; La Jolla, 

CA). 

Statistical analyses were performed using GraphPad Prism® software. Differences 

were considered to be statistically significant when p ≤ 0.05 and significant differences 

were indicated as follows: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. The in 

vivo PK data was obtained from sixteen subjects and is expressed as mean ± SD. The IVPT 

data was obtained from three human donors with three to four replicates per donor and 

expressed as mean ± SEM. 

 

5.3 Results 

5.3.1 In Vivo PK Study in Healthy Adults  

Figure 5.2 shows the serum fentanyl concentration profiles from the in vivo PK 

study, after administration of intravenous fentanyl citrate and the two fentanyl TDS. The 

distribution and elimination phases were well characterized with the blood sampling 

protocol up to 36 h for IV dose in Session I. Similarly, the elimination phase after 

application of fentanyl TDS for 72 h was well characterized with the blood sampling 
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protocol up to 192 h for the two TDS products in Session II and III. Fentanyl administered 

via both IV and TDS resulted in a considerable inter-subject variability (bottom panel, 

Figure 5.2). Table 5.2 and Table 5.3 present the non-compartmental pharmacokinetic 

parameters obtained from sixteen healthy subjects following an IV injection and 

application of TDS, respectively. The elimination half-life of fentanyl following an 

administration of TDS was approximately 2.8 times longer, compared to the half-life (10.7 

h) following an IV injection of fentanyl. When the two TDS was compared, Mylan resulted 

in a significantly (p ≤ 0.05) higher Cmax and Css, compared to Duragesic® (Table 5.3). Other 

parameters such as Tmax, AUC0-t, AUC0-∞, t1/2, kel and CL/F were similar for the two 

products. 

 

 

Figure 5.2 PK profiles of intravenous fentanyl citrate and the two fentanyl TDS 25 µg/h. 
Top panel: mean ± SD, n=16; Bottom panel: individual profiles of sixteen subjects. 
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Table 5.2 PK parameters obtained following an IV injection of fentanyl in sixteen 
healthy adults. 

 Tmax 

(h) 
Cmax 

(ng/mL) 
AUC0-t

a 

(ng∙h/mL) 
AUC0-∞ 

(ng∙h/mL) 
t1/2 (h) kel 

(1/h) 
Vss 

(L) 
CL 

(L/h) 

Mean 0.27 3.9 8.2 8.9 10.7 0.072 93.4 9.35 

SD 0.06 3.4 5.4 6.0 3.4 0.025 45.6 4.03 

CV % 23.5 87.5 66.0 67.2 31.4 34.8 48.9 43.1 

a Area under the concentration-time curve from 0 to 36 h 

 

 

Table 5.3 PK parameters obtained following an administration of fentanyl TDS, 
Duragesic® and Mylan, in sixteen healthy adults. 

Parameter 
Duragesic® 

Mean ± SD (CV%) 

Mylan 

Mean ± SD (CV%) 
p-valuec 

Tmax (h) 40.9 ± 17.0 (41.5) 41.8 ± 18.2 (43.7) 0.8937 (ns) 

Cmax (ng/mL) 1.06 ± 0.40 (38.0) 1.29 ± 0.56 (43.6) 0.0196 (*) 

Css
a (ng/mL) 0.76 ± 0.27 (35.7) 0.87 ± 0.34 (38.9) 0.0474 (*) 

AUC0-t
b (ng∙h/mL) 71.0 ± 27.1 (38.2) 76.7 ± 32.9 (42.9) 0.2565 (ns) 

AUC0-∞ (ng∙h/mL) 72.8 ± 27.7 (38.0) 78.2 ± 33.3 (42.5) 0.2957 (ns) 

t1/2 (h) 28.9 ± 7.5 (25.8) 27.1 ± 7.0 (25.8) 0.4519 (ns) 

kel (1/h) 0.027 ± 0.009 (32.5) 0.027 ± 0.006 (22.4) >0.9999 (ns) 

CL/F (L/h) 29.0 ± 12.9 (44.0) 28.5 ± 16.8 (58.9) 0.8262 (ns) 

a Mean serum concentrations from 24 to 72 h 
b Area under the concentration-time curve from 0 to 192 h 
c Two-tailed paired t-test 

* p ≤ 0.05; ns p > 0.05 
 

The fraction of fentanyl delivered from TDS was determined for each of TDS 

applied to subjects, calculated as XDELIVERED divided by XCONTROL, then multiplied by 100. 

After 72 h of wear, the intended duration of use for the two fentanyl TDS, a mean of 52 

and 67% of fentanyl was delivered from Duragesic® and Mylan TDS, respectively (Figure 
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5.3). The fraction was significantly (p ≤ 0.05) higher for Mylan TDS. When the correlation 

between the amount of fentanyl delivered from TDS (XDELIVERED calculated using Eq. 5.1) 

and AUC0-∞, Mylan TDS showed a significant (p ≤ 0.05) correlation, whereas Duragesic® 

did not (Figure 5.4). The absorption of fentanyl was comparable (p > 0.05) between the 

two fentanyl TDS, in terms of the total amount of fentanyl absorbed, the amount of fentanyl 

absorbed while TDS was applied for 72 h, and the amount of fentanyl estimated to be 

remaining in skin depot after TDS removal at 72 h (Figure 5.5). Using the residual TDS 

analysis data, the rate of delivery was calculated and compared to the rate of delivery 

calculated from the PK data (Figure 5.6). For Duragesic®, the two different methods of 

calculating the rate of fentanyl delivery from TDS showed a significant difference, whereas 

Mylan resulted in a comparable rate. In addition, absolute bioavailability for the two TDS 

was evaluated using two different ways, by using the residual TDS analysis data and the 

PK data (Figure 5.7). The two ways resulted in similar F values for Duragesic®, but not for 

Mylan. The F calculated based on the DoseTDS coming from the residual TDS analysis was 

significantly higher compared to F calculated using the expected dose per label for Mylan 

TDS. 
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Figure 5.3 Fraction of fentanyl delivered from TDS, calculated as the amount of fentanyl 
delivered from TDS (XDELIVERED) divided by the amount of fentanyl extracted from unused, 

control TDS (XCONTROL). *** p ≤ 0.001; two-tailed paired t-test 

 

 

Figure 5.4 Correlations between the total amount of fentanyl delivered from TDS 
(XDELIVERED) and the total AUC from in vivo study in sixteen subjects for the two fentanyl 
TDS. 
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Figure 5.5 Absorption characteristics of the two fentanyl TDS, evaluated in sixteen 
subjects in vivo. (a) AUC0-∞,TDS × CLIV, (b) AUC0-72,TDS × CLIV, (c) (AUC0-∞ × CLIV) – 
(AUC0-72 × CLIV). No significant differences were found between the two fentanyl TDS 
(two-tailed paired t-test). 

 

 

Figure 5.6 Comparisons of the rate of drug delivery evaluated by residual TDS analysis 

and PK data for the two fentanyl TDS. **** p ≤ 0.0001; two-tailed paired t-test. 

 

Figure 5.7 Comparisons of the absolute bioavailability, ^�Q�RST,DEF × J*�-VW
�Q�RST,VW × J*�-DEF_, evaluated by 

residual TDS dose (XDELIVERED) and label dose (25 µg/h × 72 h = 1800 µg) for the two 

fentanyl TDS. **** p ≤ 0.0001; two-tailed paired t-test. 
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5.3.2 IVPT Study 

The permeation profiles of fentanyl over 72 h from the two fentanyl TDS through 

dermatomed human skin in vitro were similar (Figure 5.8). The flux increased rapidly 

during the first 12 h to a plateau level. The flux levels seemed to decrease from 60 h and 

later. The resulting parameters from the IVPT study, Jmax, Jss and total permeation, showed 

no significant differences (p > 0.05) between the two TDS (Table 5.4). The amount of 

fentanyl retained in skin layers after 72 h of TDS application was also comparable for the 

two TDS without a significant difference (p > 0.05), although the mean value was higher 

for Duragesic® TDS (Figure 5.9). 

 

Figure 5.8 (a) Cumulative permeation and (b) flux profiles of the two fentanyl TDS from 
IVPT. Mean ± SEM from three donors, with three to four replicates per donor. 
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Table 5.4 Comparisons of the two fentanyl TDS in terms of Jmax, Jss and total permeation 
amount in vitro (skin from three donors with three to four replicates per donor). 

Parameter 
Duragesic® 

Mean ± SEM (CV%) 

Mylan 

Mean ± SEM (CV%) 
p-valuec 

Jmax
+ (µg/h) 19.0 ± 1.9 (17.7) 18.1 ± 0.4 (4.7) 0.5940 (ns) 

Jss
+,a (µg/h) 17.4 ± 1.7 (17.4) 14.1 ± 1.8 (21.8) 0.4008 (ns) 

Total Permeation+,b (µg) 1148.0 ± 113.9 (21.7) 962.2 ± 69.4 (12.5) 0.4041 (ns) 

+ Corrected to account for different TDS sizes. 
a Mean flux+ values from 24 to 72 h 
b Total permeation amount+ over 72 h 
c Two-tailed paired t-test 
ns p > 0.05 
 

 

Figure 5.9 The amount of fentanyl retained in skin layers after 72 h from the IVPT study. 
Mean ± SEM from three donors, with three to four replicates per donor. No significant 
differences were found between the two fentanyl TDS (two-tailed paired t-test). 
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Table 5.5 Observed Css in vivo, compared to the predicted Css from IVPT results. 

 
 

Observed Css 

in vivo (ng/mL) 

Predicted Css 

from IVPT 

(ng/mL) 

p-valuea 

(significance) 

Duragesic® 

0.76 ± 0.27 0.65 ± 0.07 0.5146 (ns) 

Mylan 0.87 ± 0.34 0.80 ± 0.10 0.7550 (ns) 

a Unpaired t-test 
ns p > 0.05 
 

The predicted serum fentanyl concentrations from Method I, calculated using the 

IVPT flux values and Eq. 5.4 and 5.5 were similar to the observed concentrations, 

especially when the prediction was made with the F value calculated using the dose of TDS 

coming for the residual TDS analysis (XDELIVERED) for Mylan TDS (Figure 5.10). Even 

though the IVPT experiment was conducted only while TDS was applied on skin (up to 72 

h), the Eq. 5.5 provided adequate prediction of in vivo concentrations after TDS removal. 

Figure 5.11 shows a similar graph, with the predicted concentrations from Method II, 

where Eq. 5.6 was used instead of Eq. 5.5 for the prediction after TDS removal. The 

elimination phase profile was under-predicted when Eq. 5.6 based on the amount of 

fentanyl retained in skin layers from the IVPT study was used, and not as good as the 

prediction made based on the PK parameters in Eq. 5.5, Method I. The IVIVC model built 

between the IVPT and PK data set in Method III predicted the serum concentrations of 

fentanyl well (Figure 5.12). Figure 5.13 shows the comparisons of the predicted and 

observed Cmax and total AUC from the Methods I, II and III, which were comparable 

without significant differences (p > 0.05). The mean values between the predicted and 

observed were most similar when Method III was used. This is also evident from the lowest 

prediction errors from Method III presented in Table 5.6. For Duragesic® TDS, using F 
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calculated per label dose and per residual TDS analysis dose (XDELIVERED) did not result in 

a big difference in %PE in Methods I and II (Table 5.6). However, %PE were much lower 

when F calculated per residual TDS analysis dose was used for Mylan TDS. 

 

Figure 5.10 The predicted and observed (mean ± SD; n=16) concentrations of fentanyl for 
the two TDS using Eq. 5.3 and 5.4 (Method I). The predictions were made with two 
different F values, which were calculated using DoseTDS coming from the residual TDS 
analysis or the label.  
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Figure 5.11 The predicted and observed (mean ± SD; n=16) concentrations of fentanyl for 
the two TDS using Eq. 5.3 and 5.5 (Method II). The predictions were made with two 
different F values, which were calculated using DoseTDS coming from the residual TDS 
analysis or the label.  

 

 

Figure 5.12 The predicted and observed (mean ± SD; n=16) concentrations of fentanyl for 
the two TDS using Method III.  
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Figure 5.13 Comparisons of the predicted (mean ± SEM for Methods I and I and mean ± 
SD for Method III) and observed (mean ± SD) Cmax and total AUC from Methods I, II and 
III. The total AUC was calculated from 0-192 h for Methods I and II and from 0-72 h for 
Method III. No significant differences were found among and between predicted and 
observed values (two-way ANOVA, followed by Bonferroni’s post-hoc analysis).  
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Table 5.6 Prediction Errors (%PE) for total AUC and Cmax using Methods I, II and III. 

 Duragesic® Mylan 

Method I – F per Label Dose 

Total AUC 9.7 20.4 
Cmax 25.4 40.4 

Method I – F per Residual TDS Dose 

Total AUC 12.2 1.3 

Cmax 27.5 26.0 

Method II – F per Label Dose 

Total AUC 28.4 35.7 

Cmax 20.3 30.7 

Method II – F per Residual TDS Dose 

Total AUC 30.4 14.8 

Cmax 22.5 8.1 

Method III 

Total AUC 0.0 2.5 

Cmax 3.4 7.2 

 

5.4 Discussion 

The current study evaluated the absolute bioavailability and PK profiles from the 

two fentanyl TDS, Duragesic® and Mylan, in sixteen healthy adults. In addition, the utility 

of residual TDS analysis as a method to evaluate the extent of drug delivery and absorption 

from TDS and IVPT to predict in vivo levels of fentanyl were explored. The results from 

the study suggest that the residual TDS analysis data might be more relevant and important 

for certain products, not but for others. For example, the Mylan TDS, which showed a good 

correlation between the amount of fentanyl delivered from TDS and AUC0-∞ (Figure 5.4), 

the rate of drug delivery from TDS calculated based on the residual TDS analysis and the 

PK data resulted in a comparable rate (Figure 5.6). However, for Duragesic® TDS which 

showed no significant correlation between the amount of fentanyl delivered from TDS and 

AUC0-∞, the rate of drug delivery calculated based on the residual TDS analysis was 

significantly (p ≤ 0.05) higher compared to the rate calculated based on the PK data (Figure 
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5.6). The study also demonstrated that when determining the absolute bioavailability, F, of 

TDS products, it might be worth investigating the actual dose from the residual TDS 

analysis. For certain products like Mylan TDS, the F value can be different depending on 

which DoseTDS is used for the calculation (Figure 5.7). In addition, the study investigated 

the correlation between the IVPT using dermatomed human skin and the in vivo PK study 

in human subjects in four different ways (Table 5.5, Figures 5.10-5.12). The different ways 

of evaluating IVIVC all resulted in a relatively good prediction of in vivo concentrations 

from the IVPT data, with the best prediction found using Method III where both in vitro 

and in vivo data were used to build the IVIVC model. 

 Considerably large variability was observed from the fentanyl pharmacokinetics 

in our study, both from IV and TDS doses, which could be attributed to individual 

differences in elimination kinetics, in addition to variation in the transdermal absorption 

kinetics arising from individual differences in skin permeability and variability in dose 

delivered from TDS for TDS dose.130 Many other studies also observed a wide range of 

fentanyl pharmacokinetics due to inter-subject variability.106,109,112,118,121,128-130,136,137 Gupta 

et al. reported that the variability in the TDS serum concentrations is mainly due to the 

inherent biologic variability due to CL and the variability due to the TDS system appears 

to be minimal.138 In fact, the reported CL values after administration of the IV dose, the 

best estimate of the inherent variability in fentanyl elimination, are very different to each 

other, ranging from 10 to 128 L/h.106-109,112,118-123 The CL characterized from Session I of 

our study (IV dose arm), 9.35 L/h, is close to the low end of the reported range from other 

studies. Other PK parameters characterized from our study, both from IV and TDS dose, 

seem to be in agreement with other reported values, although wide ranges exist for these 
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parameters as well. 24,117,136,139 Although there is no clear understanding of which factors 

attribute to the wide inter-subject variability of fentanyl PK, individual variability in P450 

3A4 expression (6- to 11-fold differences) seems to play a major role.140 The contribution 

of covariates such as age, gender and BMI (for non-TDS dose) on fentanyl PK seems to be 

little to none.141,142  

 Interestingly, no significant correlation was observed between XDELIVERED from the 

residual TDS analysis and AUC0-∞ for Duragesic® TDS, whereas a significant correlation 

was found for Mylan TDS (Figure 5.4). The lack of correlation between the two variables 

could be due to several reasons. It might be possible that some of the drug content from 

TDS was lost during the 72 h wear period due to cold flow, the movement of adhesive 

beyond the edge of a TDS.143 It is also possible that the value of XB in Eq. 5.1 did not fully 

capture the true amount of drug remaining on the skin surface after TDS removal. A gauze 

wetted with water cannot provide a complete cleaning and removal of the adhesive residue 

on skin; however, the choice was made to avoid introducing other chemicals (i.e. isopropyl 

alcohol) which could influence the remaining blood draws and the pharmacokinetics of the 

elimination phase. Depending on the formulation characteristics of the TDS product, 

especially the adhesive type, the degree of cold flow and the ease of cleaning the residue 

on skin might vary, which might have contributed to the different results in the correlation 

seen in Figure 5.4. In addition, the calculation of XDELIVERED contains some error related to 

the extraction and analytical methods. Indeed, the value of XCONTROL evaluated from 3-5 

replicates per lot per product was lower than the specified amount of fentanyl contained in 

TDS per product label. The extraction and analytical methods employed resulted extracting 

on average about 83 and 76% of the specified amount for Duragesic® and Mylan TDS, 
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respectively from the unused, control TDS. This potential error might have contributed to 

the significant (p ≤ 0.05) difference found between the rates of drug delivery calculated 

from the residual TDS data and the PK data for Duragesic® TDS (Figure 5.6).  

 In the current study, absolute bioavailability of the two TDS was determined, based 

on the dose-corrected comparisons of AUC from TDS and IV doses using Eq. 5.3. The 

calculation was done using either the residual TDS analysis data (XDELIVERED) or the label 

dose (25 µg/h × 72 h = 1800 µg) as the input for DoseTDS and the results were compared in 

Figure 5.7. A significantly (p ≤ 0.05) higher F resulted when DoseTDS was coming from the 

residual TDS analysis (0.53 compared to 0.40 when the label dose was used) for Mylan 

TDS suggests the importance of residual TDS analysis when characterizing the absorption 

and pharmacokinetic characteristics of drug administered transdermally. Unlike some other 

dosage forms whose entire portion of the prepared product is administered to patient such 

as oral tablets, the dose delivered from TDS can differ significantly from one patient to 

another. For example, Solassol et al. observed a high inter-subject variability in the fraction 

of fentanyl released, ranging from 18 to 100% in 35 subjects. In our study, the fraction of 

fentanyl released in 16 subjects ranged from 37 to 61% (%CV=13.9) and 34 to 89% 

(%CV=22.1) for Duragesic® and Mylan TDS, respectively (Figure 5.3). Although the error 

associated with extraction and analytical methods must be recognized, the residual TDS 

analysis from individual subjects might provide a better estimation of dose for TDS 

products rather than the label dose, since the variation in adhesion during the TDS wear 

period and skin permeability of individuals would affect the amount of drug delivery from 

TDS.  
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 The results from IVPT performed on dermatomed human skin obtained from three 

donors showed comparable permeation profiles from the two fentanyl TDS (Figure 5.8) 

without significant (p > 0.05) differences in terms of Jmax
+, Jss

+, and the total permeation+ 

(Table 5.4). The similar results were expected since the two TDS are therapeutically 

equivalent products.82 However, when the in vivo PK data from the two TDS was 

compared, they were significantly (p ≤ 0.05) different in terms of Cmax and Css (Table 5.3), 

which are analogous parameters to Jmax
+ and Jss

+, respectively from the IVPT study. The 

difference might be due to the high variability observed from in vivo PK data and the small 

number of study subjects. For instance, the %CV values for PK parameters from the in 

vivo study (Table 5.3) were higher compared to %CV values for the in vitro parameters 

from the IVPT study (Table 5.4). Besides the statistically significant differences in these 

two parameters, IVPT data correlated generally well with the in vivo PK data. The amounts 

of fentanyl retained in skin after 72 h of TDS application were comparable from the two 

TDS both in vivo (Figure 5.5c) and in vitro (Figure 5.9). In addition, good IVIVC results 

from the prediction of Css from the in vitro Jss
+ (Table 5.5) and the three different Level A 

IVIVC (Methods I, II and III) evaluations suggest that IVPT can be a valuable tool in 

predicting and comparing the in vivo performance of TDS in product development. 

 

5.5 Conclusions 

 The current study evaluated and characterized pharmacokinetics of fentanyl 

administered via intravenous injection and two bioequivalent TDS products (Duragesic® 

and Mylan fentanyl TDS) by performing a three-way crossover clinical study in sixteen 

healthy adults. The extent of drug delivery and absorption of the fentanyl TDS was further 
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evaluated by residual TDS analysis and compared with in vivo PK data, which suggested 

that residual TDS analysis can provide useful information in addition to PK data. In 

addition, correlations of in vivo PK data and IVPT performed using dermatomed human 

skin have been explored in multiple ways, which indicate that IVPT has a generally good 

predictability for in vivo performance of TDS. 
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Chapter 6: Conclusions 

 

 The overall objective of this dissertation was to evaluate IVIVC for TDS between 

IVPT and in vivo PK data sets. Two model drugs with different physicochemical properties, 

nicotine and fentanyl, were selected and differently formulated TDS products with the 

same intended delivery rate (14 mg/24 h for nicotine TDS and 25 µg/h for fentanyl TDS) 

were studied. Additionally, the influence of heat on TDS was also evaluated both in vitro 

and in vivo under harmonized study conditions and designs in an attempt to investigate 

IVPT as a potential tool to assess heat effects on drug delivery and absorption from TDS 

in vivo. 

 In Chapter 2, heat effects on two nicotine and three fentanyl TDS were evaluated by 

IVPT using porcine skin. Both continuous heat exposure (24 h and 72 h for nicotine and 

fentanyl TDS, respectively) and transient heat exposure (1 h and 2 h for nicotine and 

fentanyl TDS, respectively) were studied by increasing the skin surface temperature to 42 

± 2 °C using IVPT setup, mimicking a typical heat exposure in vivo. Different heat effects 

on differently formulated TDS were observed when two nicotine and three fentanyl TDS 

were compared. The chapter concluded that an IVPT study seems to be a promising in vitro 

method which may be able to discriminate differences in heat effects that may arise from 

different formulation characteristics of various TDS products. 

 In Chapter 3, the feasibility of IVPT as a surrogate in vitro method to assess in vivo 

performance of TDS, including the effect of 1 h of transient heat was investigated. IVPT 

studies were performed using human skin and a harmonized four-way crossover in vivo 



 160

PK study were conducted in ten adult smokers to evaluate IVIVC, for two nicotine TDS. 

The bioavailability of two nicotine TDS characterized by the IVPT studies correlated well 

with and was predictive of in vivo bioavailability of nicotine from the respective TDS. The 

comparisons of single parameters such as steady-state concentration, heat-induced increase 

in partial AUCs and residual drug content in TDS after wear from the in vitro and in vivo 

data sets showed no significant (p > 0.05) differences. A good point-to-point Level A 

IVIVC for the entire study duration (12 h) was also demonstrated using two approaches, 

suggesting that a well-designed IVPT study with adequate controls can be a useful tool to 

evaluate heat effects of nicotine TDS with different formulation characteristics. 

 In Chapter 4, further evaluations of the potential utility of IVPT to assess heat effects 

on TDS and its predictability of in vivo performance of TDS were investigated using a 

different drug molecule, fentanyl. Three differently formulated fentanyl TDS were studied 

through a six-way crossover in vivo PK study in ten healthy adults. IVPT experiments were 

performed using human skin obtained from four donors, under the matched study 

conditions and designs to in vivo studies. While IVPT data showed reasonably good 

predictability of in vivo performance of fentanyl TDS at a normal temperature condition 

(32 ± 1°C), the prediction of heat effects was weak, with in vivo heat effects being greater 

than the in vitro heat effects. The chapter concluded that while IVPT could be a useful tool 

in predicting in vivo performance of TDS at normal temperatures, it might have a limitation 

in evaluating heat effects, especially for lipophilic drugs. The suggested potential reasons 

for weaker IVIVC results for fentanyl TDS in Chapter 4 compared to IVIVC results for 

nicotine TDS in Chapter 3 include drug lipophilicity, high inter-subject variability 

associated with fentanyl, and limitation of IVPT in mimicking the in vivo drug depot effect. 
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 In Chapter 5, the extent of drug delivery and absorption from two fentanyl TDS was 

studied from in vivo PK data and residual drug analysis post-TDS wear via a three-way 

crossover study in sixteen healthy adults. A single dose of IV fentanyl citrate and a single 

dose of two fentanyl TDS were administered to each of the sixteen subjects. A high inter-

subject variability in pharmacokinetics of fentanyl, both from IV and TDS dosage forms 

was observed, which is in agreement with other reported studies. The residual TDS analysis 

was shown to provide useful information in addition to PK data in characterizing the extent 

of drug delivery and absorption from TDS. Specifically, when reliable extraction and 

analytical methods are used, residual TDS analysis offers an opportunity to more precisely 

determine the amount of drug delivered and administered to patients and consequently 

improved characterization of absorption characteristics of drug administered via TDS. In 

addition, IVIVC was explored between IVPT and in vivo PK data. Unlike IVIVC 

evaluations in Chapters 3 and 4, the evaluations in Chapter 5 utilized PK parameters 

obtained directly from study subjects since the data from the IV treatment arm, in addition 

to longer study duration allowed full characterization of pharmacokinetics of fentanyl, 

including elimination phase. The improved IVIVC results for the two fentanyl TDS studied 

in Chapter 5 compared to IVIVC results from Chapter 4 suggest the importance of reliable 

PK parameters used as input for evaluating IVIVC.  

 Overall, results from the present dissertation work suggest the usefulness of IVPT 

in predicting in vivo performance of TDS, especially at normal temperature conditions. For 

non-lipophilic drug molecules such as nicotine, IVPT has a potential to be further 

developed into a useful tool in assessing and predicting in vivo heat effects. Although 

weaker correlations were observed between in vitro and in vivo heat effects for fentanyl 
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TDS, factors that might have contributed to such results have been suggested. Further work 

studying IVIVC between IVPT and in vivo PK data for a diverse set of drug molecules 

with varying physicochemical properties would help to better understand the usefulness 

and limitations of IVPT as a surrogate tool for the in vivo PK study. Better understanding 

and recognition of strengths and limitations of IVPT in evaluating IVIVC for TDS would 

then open an opportunity to improve and develop in vitro tools with better predictability of 

in vivo performance of TDS. 
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