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Heating pads and electric blankets are widely used for relief from pain and to 

provide warmth, respectively. Their unintentional application simultaneously with a 

transdermal or topical system can result in unexpected drug levels in systemic circulation. 

Designing well-characterized in vitro and in vivo methods are vital to understanding the 

effect of heat and hence can aid in the development and evaluation of these products. The 

objective of this work was to evaluate the effect of heat on products with the same active 

pharmaceutical ingredient (API) but different inactive ingredients. Four drug molecules 

with different physicochemical properties were chosen. For each drug, formulations with 

different excipients were selected. In vivo serum drug profile and in vitro flux profile data 

can provide mechanistic understanding of heat effect on these formulations. Four topical 

diclofenac formulations were evaluated for heat effect in vitro under continuous heat 

exposure. Their flux profiles demonstrated the influence of formulation design and 

excipients on drug permeation at elevated skin temperature. Serum profiles of two 

different oxybutynin formulations evaluated under heat exposure showed very different 

magnitude of enhancement in serum levels under similar heat exposure conditions.  



Another objective of this work was establishing an in vitro - in vivo correlation  

(IVIVC) of heat effect on topical and transdermal formulations. This will help in 

characterizing and predicting heat effect minimizing the need of clinical trials and 

support the regulatory evaluation of these dosage forms. For buprenorphine patch, study 

design for in vitro permeation testing (IVPT) using human skin was well characterized to 

align with and mimic in vivo conditions of heat exposure. Level A and Level C IVIVC 

were established under normal as well as elevated temperature conditions. For lidocaine 

patches, IVIVC was observed for early heat effect. However, poor correlation was 

observed for late heat effect. The findings from this work determined IVPT studies can 

correlate with and be predictive of in vivo results under normal temperature conditions. 

But under suboptimal conditions like heat exposure, IVPT may have limitations and 

should be used in addition to other methods to evaluate heat effect. 
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Chapter 1: Introduction 
 

1.1 Skin Penetrants and Physicochemical Properties 

The ability of a molecule to penetrate the skin largely depends on its 

physicochemical properties. Partition coefficient is described as logP or logKow. There 

exists a parabolic relationship with skin permeability and logP, where skin permeability 

increases to a plateau at logP 2-3 and decreases thereafter.1, 2 This plateau is formulation 

dependent. Since stratum corneum (SC) is the rate-limiting step in skin permeation, 

molecules with lipophilic properties are preferred. Lower skin layers are hydrophilic; 

hence, highly lipophilic molecules may be retained in the upper layer. Ionization state of 

a molecule depends on its pKa and pH of the surroundings like skin layers and vehicle in 

the formulation. Permeation of unionized molecules is greater than that of ionized 

molecules since SC is lipophilic.3 According to Stokes Einstein equation diffusion 

coefficient is inversely proportional to solute size. Cut-off limit to absorption is around 

500Da based on Lipinski’s rule. Based on the different physicochemical properties, four 

different molecules (diclofenac, buprenorphine, lidocaine and oxybutynin) were selected 

to explore heat effect and evaluate in vitro-in vivo correlation (IVIVC). 
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Figure 1.1 Selection of molecules based on physicochemical properties. 

Lipophilic molecules (logP>1) can easily partition into the SC, which is 

composed of mostly lipids. Highly lipophilic molecules (logP>3) clear slowly from the 

skin and hence tend to remain as a depot in the skin even after formulation removal. 

Diclofenac, oxybutynin and buprenorphine with a logP >3 are considered highly 

lipophilic while lidocaine with a logP of 2.26 is considered to have intermediate 

lipophilicity. The pKa of a molecule determines its ionization state and charge; therefore, 

the more unionized molecule has greater skin permeation. A weak acid, similar to 

diclofenac, will have a different ionization profile compared to other weak base drugs at 

physiologic pH encountered during skin permeation and its consequent systemic 

absorption. The activation energy of lipophilic molecules increases with molecular size.4 

Heat application may influence percutaneous absorption of molecules with distinct 

physicochemical properties differently. Hence the physicochemical properties of drug 

and drug products require careful consideration. 

1.2 Dermal Formulation Selection  

1.2.1 Diclofenac 

Diclofenac is a highly lipophilic, weakly acidic drug with a logP 4.51 and pKa 

4.15. It is a non-steroidal anti-inflammatory drug and is used for pain relief from arthritis, 

minor strains, sprains and contusions. The site of action is local or regional, in the deeper 
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tissues and musculature beneath or immediately surrounding the application area. Four 

different topical formulations of diclofenac are evaluated for in vitro heat effect 

(diclofenac epolamine 1.3% patch, diclofenac sodium 2% solution, diclofenac sodium 

1% gel and diclofenac sodium 3% gel). These formulations vary greatly in formulation 

design and inactive ingredients. Comparing the heat effect on these formulations will 

evaluate if heat application could have significantly different influences on products with 

the same API but different dosage forms with different inactive ingredients.  

1.2.2 Buprenorphine 

Buprenorphine is a highly lipophilic, weakly basic drug with a logP 4.98 and pKa 

8.31. It is a partial mu receptor agonist. It is an opioid indicated for chronic pain 

management requiring long-term opioid treatment and for which alternative treatment 

options are ineffective. It is also used for treatment of opioid addiction. Lower doses are 

used for pain management while treatment of opioid addiction requires higher doses. 

Buprenorphine must reach systemic levels to be clinically effective. BuTrans® 

transdermal delivery system (TDS) is evaluated for its in vitro heat effect. A clinical 

pharmacokinetic (PK) study to evaluate heat effect was conducted by the manufacturer as 

part of the drug approval process. This data was utilized to explore IVIVC approaches at 

normal as well as elevated temperature conditions. 

1.2.3 Lidocaine 

Lidocaine is a weakly lipophilic, weakly basic drug with a logP 2.44 and pKa 

8.01. Lidocaine is a local anesthetic and is used topically to treat pain. The site of action 

is local or regional, in the deeper tissues and musculature beneath or immediately 

surrounding the area of application. Two bioequivalent lidocaine topical patches are 
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evaluated for in vitro and in vivo heat effect (Lidoderm® and a Mylan generic 5% 

lidocaine patch). The datasets obtained from harmonization of study designs were utilized 

to explore IVIVC approaches at normal as well as elevated temperature conditions.  

1.2.4 Oxybutynin 

Oxybutynin is a highly lipophilic, weakly basic drug with a logP 4.2 and pKa 

8.04. It is an anticholinergic drug used in the treatment of overactive bladder. Oxybutynin 

must reach systemic levels to be clinically effective. Two transdermal formulations of 

oxybutynin are evaluated for in vitro and in vivo heat effect (Oxytrol® for Women patch 

and Gelnique® 10% oxybutynin gel). The two formulations vary greatly in formulation 

design and inactive ingredients. Comparing heat effect on these formulations evaluates if 

heat application could have significantly different influences on products with the same 

API but different dosage forms with different inactive ingredients. 

1.3 Heat Effect 

In everyday life one can come across several incidences of heat exposure such as 

using a hot water bottle, an electric heating blanket, a sauna, a hot bath and even working 

out in an excessively hot room. All of the aforementioned incidents can elevate skin 

temperature. The question that needs to be addressed is whether elevation of skin 

temperature can alter drug delivery from topically applied formulations. Several possible 

mechanisms, which by itself or in combination, can contribute towards increased 

bioavailability (BA) from dermal formulations when exposed to elevated temperatures. 

Heat can increase drug release from formulations. Increased skin temperature can 

increase diffusion of drug molecules in the vehicle, thereby increasing drug release from 

the formulation.5 The formulation itself can modulate the rate of drug release. This may 
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potentially lead to differences in heat effect for reference listed drug (RLD) versus 

generic formulations. Elevated skin temperature can alter the skin barrier properties.6 The 

lipids in the SC undergo phase transition at 37°C and 40°C.5 However, this phase 

transition is reversible upon heat removal. This change in lipid phase increases SC 

fluidity thereby compromising skin barrier properties. For all the experiments conducted, 

the elevated skin temperature was maintained at 42 ± 2°C.  

In literature, most studies involving the use of heat sources such as a heating pad, 

electric blanket, sauna, controlled heat-assisted drug delivery (CHADD) systems and 

exercise have specified skin temperatures in the range of 37-43°C.  In addition to 

observing maximal heat-induced effects, irreversible skin damage is undesirable. 

Literature references, pertaining to skin burns and thermal injury, have shown prolonged 

heat exposure over 40°C or 43°C can cause skin burns and blisters. Heat can increase 

solute diffusion through skin.7 Diffusion is directly proportional to temperature as shown 

by the Arrhenius equation. Peck et al. has demonstrated heat effect on the skin 

permeation pathway.8 Lipophilic permeants were shown to undergo faster diffusion 

compared to ionic or polar permeants. Increased skin temperature can increase local skin 

perfusion. This can alter the residence time of drugs in skin and underlying tissues, thus 

increasing dermal clearance of the drug molecule.9 It is hard to deconvolute the effect of 

each previously discussed factor and consequently difficult to predict the final magnitude 

of heat effect. Therefore, experimental evaluation of heat effect on drug products is 

necessary. 



	 6	

1.4 In Vitro Permeation Testing (IVPT) 

IVPT is a quantitative in vitro technique to measure the amount of drug 

permeation through the skin over time. Drug permeation is quantified as flux over time 

and is related to the drug amount in the receiver solution, receiver solution volume and 

diffusional area of the cell.10, 11 A flow-through diffusion cell system by PermeGear was 

used for all studies. When compared to static diffusion cells, with an In-Line flow-

through set up the receiver solution is continuously replaced thereby maximizing sink 

conditions. This is beneficial for lipophilic drugs with low aqueous solubility.  

An important experimental consideration for IVPT experiments is the source and 

type of skin used. Use of ex vivo human skin as a model membrane provides the most 

clinically relevant study design. In addition to human skin, porcine, hairless mouse and 

snake skin have been widely used.12-15 Porcine skin is histologically most similar to 

human skin with similar SC thickness and follicle density but differs in SC 

composition.16-18	Porcine skin is used for some of the preliminary studies. Hairless mouse 

skin is known to be about 3-fold more permeable than human skin.19, 20 There is a lack of 

studies comparing use of shed snake skin to human skin. Ex vivo human skin is the best 

surrogate for in vivo humans but is not readily available. High permeation variability 

between different skin donors and age groups has been reported. Variability can be 

attributed to several factors including anatomical site, gender, race and age.21, 22 All 

pivotal IVPT studies were performed using dermatomed split thickness human skin. 

Human skin used in IVPT studies can be of three types: heat separated epidermis, split 

thickness dermatomed skin and full-thickness skin. Full thickness skin can limit 

permeation of a lipophilic drug by retaining the drug in the skin and increasing lag time.23 
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Heat separated epidermis can limit permeation of hydrophilic drugs and increase lag time 

due to partitioning between SC and viable epidermis.24 Dermatomed human skin (250 ± 

50 µm) includes the SC, viable epidermis and upper part of the dermis. This mimics the 

clinical scenario very closely since the capillaries are concentrated on the top part of the 

dermis layer.  

1.5 In Vitro-In Vivo Correlation  

IVIVC is a predictive mathematical model that describes the relationship between 

an in vitro property and its in vivo response.25 The predictive ability of such models may 

enable in vitro methodologies to act as a surrogate for human clinical trials. IVIVC can 

be classified into three different levels: Levels A, B and C.26 Level A correlation 

describes a point – to – point correlation of in vitro and in vivo profiles. In case of dermal 

formulations, the in vitro and in vivo data is described by fraction permeated (Fp) and 

fraction absorbed (Fa) or in vivo input rate, respectively. The correlation can be linear or 

non-linear.27 Level A is the highest level of correlation and is the most informative. Since 

it is predictive of the entire in vivo plasma profile, it holds importance from a regulatory 

perspective. In recent years, several studies have demonstrated a Level A correlation for 

patch formulations of nicotine, lidocaine and estradiol.28-30 Level B correlation compares 

in vitro dissolution time to in vivo residence time for oral extended release formulations. 

Level C correlation establishes a single point relationship. In case of dermal formulations, 

it compares in vitro permeation parameters (e.g., Jss, Jmax, cumulative amount) to in vivo 

PK parameters (e.g., Css, Cmax, AUC). Even though it does not predict the entire plasma 

profile, it is still of value in evaluating correlations for suboptimal conditions like heat 

effect on dermal formulations. Level C correlation for predicting in vivo Css has been 
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demonstrated in literature.28, 31, 32 Multiple Level C correlations can be established 

between multiple PK parameters and in vitro parameters at several time points. 

Current literature lacks in data comparing heat effect on generic versus RLD 

formulations. Most existing work focuses on patch formulations and not on semisolids. 

Some existing clinical study designs fail to mimic clinically relevant scenarios. For 

example for Voltaren® gel, PK was evaluated under conditions of moderate heat 

application for 15 min prior to gel application.33 Heat application only to the skin in 

absence of the formulation may not reflect worst-case scenario. Contradictory data for the 

oxybutynin patch showing lack of heat effect can be attributed to the study design. In the 

reported study, heat was applied on the patch on cadaver skin but skin temperature was 

not monitored.34 Lack of harmonization between in vitro and in vivo study designs limits 

the ability to develop IVIVC. Advantage of predictive ability of an in vitro study design 

will minimize the requirement of clinical trials and support the regulatory evaluation of 

these products. The goal is to develop an IVIVC to assist the regulatory agency in 

developing guidance for heat effect evaluation of transdermal and topical products.  

1.6 Research Objectives and Organization of Work 

Data sets obtained from physicochemically distinct molecules and formulations 

will not only aid in the development of a well characterized IVPT protocol but also 

enable a better understanding of the factors influencing heat-induced enhancement in 

drug permeation. Four molecules with distinct physicochemical properties were evaluated 

for heat effect. After choosing a drug of interest, experiments were expected to proceed in 

four sequential stages. Stage 1 is exploratory IVPT studies. In this stage, preliminary 

IVPT studies are conducted on porcine and human skin to determine if the drug shows 
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increased in vitro permeation. Stage 2 is the in vivo studies in humans. Clinical PK 

studies are conducted to evaluate heat effect on healthy human volunteers. Stage 3 is 

pivotal IVPT studies. The goal is to evaluate if heat effect is similar in vitro and in vivo 

under harmonized study conditions. Skin from four to six human skin donors are used to 

conduct IVPT studies. Stage 4 is to explore IVIVC. This stage evaluates the ability of in 

vitro data to predict in vivo data under the influence of heat.  Several approaches to 

IVIVC are explored. 

In Chapter 2, heat effect on four topical diclofenac formulations (Flector® 1.3% 

patch, Pennsaid® 2% solution, Voltaren® 1% gel and Solaraze® 3% gel) is investigated as 

part of Stage 1 exploratory studies. Preliminary IVPT studies are conducted on porcine 

and human skin. The study conditions evaluate worst-case scenario of heat application by 

continuous heat exposure throughout the wear period of the formulations. The objective 

of Chapter 2 is to evaluate if heat application can significantly influence products with 

the same API but different dosage forms with different inactive ingredients. The 

hypothesis is that formulation design and excipients can influence drug permeation at 

elevated skin temperature. 

In Chapter 3, heat effect on a buprenorphine TDS (BuTrans®) is investigated.  

Clinical PK data for heat effect is obtained from publicly available literature for the TDS. 

Pivotal IVPT studies are conducted as part of Stage 3. The IVPT study design is 

harmonized to the PK study design. The objective of this chapter is to evaluate 

approaches to IVIVC at normal and elevated temperature conditions as part of Stage 4. 

The hypothesis is that IVPT studies performed under the same conditions as those of 
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interest in vivo may have the potential to correlate with and be predictive of in vivo 

results. 

In Chapter 4, heat effect on two topical lidocaine patches (Lidoderm® and a 

Mylan generic 5% lidocaine patch) is investigated.  This chapter progresses through all 

four stages beginning from preliminary exploratory IVPT studies to IVIVC. The 

objective of this chapter is to evaluate the BA of two bioequivalent lidocaine patches 

under normal and elevated temperature conditions using IVPT and a PK study with 

harmonized study designs. The goal of the study is to explore different approaches to 

IVIVC. The hypothesis is that IVPT studies performed under the same conditions as 

those of interest in vivo may have the potential to correlate with and be predictive of in 

vivo results. 

In Chapter 5, heat effect on two oxybutynin transdermal products (Oxytrol® for 

Women patch and Gelnique® 10% oxybutynin gel) is investigated. The hypothesis is that 

formulation design and excipients can influence drug permeation at elevated skin 

temperature. This work described is still in progress and the dataset presented is 

incomplete. The data shown are limited to preliminary in vitro experiments on porcine 

and human skin and limited human PK data. The datasets once completed will encompass 

all four stages and will be analyzed to explore different approaches to IVIVC. 

Chapter 6 summarizes results from each chapter. 
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Chapter 2: Effect of Controlled Heat Application on Topical Diclofenac 
Formulations Evaluated by In Vitro Permeation Tests (IVPT) using Porcine and 

Human Skin14 

2.1 Introduction 

The topical drug delivery market in North America is growing at a compound 

annual growth rate of 8% and is projected to double its market value by 2024 compared 

to 2017, according to DataBridge Market Research. Topical formulations have several 

advantages including ease of administration and local action with minimal systemic 

effects. Pharmacokinetic (PK) characteristics of some of these products under optimal 

conditions are provided on the package insert. However, several external factors such as 

exposure to heat, humidity and occlusion can alter drug release and permeation.35, 36 

Therefore, it is possible that these environmental factors can alter the PK profile and 

influence safety and clinical efficacy of transdermal and topical drug products. Heating 

pads and electric blankets are widely used for pain relief and to provide warmth, 

respectively. Their unintentional application simultaneously with a transdermal or topical 

product can result in an unexpected increase in drug delivery.37, 38 Other sources of heat 

that can potentially elevate skin temperature include saunas, hot tubs and exercise. In vivo 

application of heat has been shown to result in increased plasma levels of fentanyl, 

nicotine, nitroglycerin and glyceryl trinitrate.9, 28, 39-42 Use of controlled heat-aided drug 

delivery (CHADD) systems that utilize controlled heat to aid transdermal delivery of 

fentanyl, lidocaine and testosterone significantly increased plasma levels of these 

drugs.43-45 Studies investigating the influence of heat on topically applied formulations 

were focused on patch evaluation with a few exceptions.9, 15, 39, 42, 45 For example, the
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effect of heat when evaluated for lidocaine, caffeine, methyl and butyl paraben 

suspensions indicated a significant increase in flux at 45°C.5 Likewise, an increase in 

acyclovir release from Zovirax® cream was reported in vitro when the temperature was 

increased to 37°C.46 There are a few reports investigating the influence of heat 

application on semisolid formulations. For example, heat application on the skin of 

human volunteers prior to the application of Voltaren® gel showed no significant increase 

in diclofenac permeation.33  

Heat is expected to induce enhancement of drug release and permeation which 

can be attributed to several factors, including increased drug release from the 

formulation, increased stratum corneum fluidity, enhanced diffusivity of solute through 

skin (as suggested by the Arrhenius equation) and increased dermal clearance due to 

enhanced skin perfusion.6, 8 Study designs including heat exposure on formulation as well 

as the skin are therefore expected to have a greater influence on drug permeation due to 

the elevated temperature. Most semisolid topical agents are locally acting and hence these 

formulations are not designed to achieve high systemic drug levels, thus having a better 

systemic safety profile to their oral counterparts. However, higher than expected systemic 

drug levels may be reached upon exposure of topical formulations to immoderate 

conditions. For example, patients with known cardiovascular (CV) disease or its risk 

factors are more sensitive to elevated levels of diclofenac and hence more prone to CV 

adverse effects.47 Heat can influence products with the same active pharmaceutical 

ingredient (API) but different inactive ingredients to a similar extent or to different 

extents. A study on two types of fentanyl patches showed a 2-fold increase in in vitro 

release profiles under heat exposure.40 The magnitude of heat-induced enhancement in 
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drug permeation can be affected by the physical and chemical nature of the formulation, 

drug load and physicochemical properties of the drug molecule. This can result in altered 

PK profiles in both patch and semisolid topical or transdermal formulations.  

The purpose of this study was to evaluate the influence of heat on the permeation 

of a model lipophilic, weakly acidic drug, diclofenac (logP = 4.51 and pKa = 4.15), 

through human and porcine skin compared among four topical products (Flector® 

diclofenac epolamine 1.3% patch, Pennsaid® diclofenac sodium  2% solution, Voltaren® 

diclofenac sodium  1% gel and Solaraze® diclofenac sodium 3% gel) (Table 2.1) using 

IVPT. In vitro flux profile data can provide a mechanistic understanding of heat effect on 

topical formulations. Our aim was not to deconvolute the complicated mechanisms 

involved in heat-induced drug delivery at this stage in the project, but to determine 

whether or not heat application with topical formulations could increase systemic drug 

levels. A central consideration in the study was to evaluate if heat application could have 

significantly different influences on products with the same API but different dosage 

forms with different inactive ingredients. 

2.2 Materials and methods 

2.2.1 Materials 

Flector® 1.3% patch, Pennsaid® 2% solution, Voltaren® 1% gel and Solaraze® 3% 

gel diclofenac topical products were purchased from Cardinal Health™ (Dublin, OH). 

Potassium phosphate monobasic and dibasic salts, methanol, acetonitrile, ethyl acetate 

and ethanol were purchased from Fisher Scientific Inc. (Fair Lawn, NJ). Phosphoric acid 

(95%) was purchased from EMD Millipore (Billerica, MA). Flufenamic acid was 

purchased from Sigma-Aldrich (St. Louis, MO). Diclofenac sodium salt (≥98%) was 
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obtained from TCI America (Portland, OR). All reagents used were of analytical grade. 

Water filtered using a Milli-Q system (EMD Millipore; Billerica, MA) was used for 

preparing buffers. Porcine skin sourced from a Yucatan miniature pig was purchased 

from Sinclair Bio Resources, LLC. (Auxvasse, MO). Human skin was obtained from NCI 

Cooperative Human Tissue Network (CHTN) skin repository (Charlottesville, VA). 

Table 2.1 Comparison of the four topical diclofenac products 
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2.2.2 In Vitro Permeation Testing (IVPT) 

Both porcine and human skin were dermatomed to a thickness in the range of 250 

± 50 µm, retaining the entire stratum corneum (SC), viable epidermis and part of the 

dermis. The dermatomed skin was stored at -20°C until the day of the experiment. The 

skin was thawed at room temperature and cut into 4.84 cm2 square-shaped pieces. Each 

piece of skin was positioned between the donor and receiver chamber such that the 

dermis-side faced the receiver chamber of the diffusion cell. The barrier integrity of the 

skin was checked by recording transepidermal water loss (TEWL) using a cyberDERM 

RG-1 open chamber evaporimeter (cyberDERM, Inc.; Broomall, PA) prior to formulation 

application. Any skin piece with a reading higher than 15.0 g/m2/h, indicating 

compromised barrier integrity, was replaced. 

IVPT was performed using PermeGear flow-through In-Line diffusion cells 

(Hellertown, PA). All preliminary experiments were done using dermatomed skin 

obtained from a single Yucatan miniature pig donor in a pilot study. For the pivotal 

studies, dermatomed human skin from three donors was used for each treatment group. 

Donor 1a, 1b, 1c, 2 and 3 indicate different human skin donors. Skin samples obtained 

from donors 2 and 3 were large enough to be used for all four formulations. The first 

treatment group was the baseline temperature group where skin temperature was 

maintained at 32 ± 1°C to mimic normal baseline skin temperature. The second treatment 

group was maintained at 42 ± 2°C to mimic elevated skin temperature conditions attained 

due to an external heat source since skin temperatures have been reported to reach around 

40-43°C upon exposure to common heat sources.28, 41-44 Three to four replicates per donor 

were used for each treatment group. Each diffusion cell had a permeation area of 0.95 
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cm2. Dermatomed skin was cut, positioned between the donor and receiver chamber of 

the diffusion cell and held in place by a membrane support. For the patch, a 0.97 cm2 

circular disc of the patch was applied to the permeation area of the diffusion cell. For the 

diclofenac sodium products (Table 2.1), clinically relevant doses of 2% solution (5 

mg/cm2), 1% gel (10 mg/cm2) and 3% gel (20 mg/cm2) were applied to the skin. Isotonic 

potassium phosphate buffer solution at pH 7.4 ± 0.1 was used as the receiver solution 

maintained at 37°C in a water bath. Receptor solution was collected every two or three 

hours for 12 h and analyzed using a validated high performance liquid chromatography 

(HPLC) method. In order to prevent the patch from lifting, a 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.; Brookfield, CT) was 

applied on top of the patch disc and held in place by the donor chamber. The three 

semisolid formulations were dosed on the skin using a positive displacement pipette; then 

distributed over the permeation area of the skin using an inverted HPLC vial. 

2.2.3 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). Samples were injected by an autosampler onto an Agilent Zorbax® 

300SB-C8 column (3.5 µm, 4.6 × 150 mm) with Phenomenex SecurityGuard™ C8 

cartridge (5 µm, 4 × 3.0 mm). Mobile phase consisting of methanol and 20 mM 

potassium phosphate buffer in 65:35 (v/v) ratio was set at a flow rate of 1 mL/min to 

elute diclofenac at 4.1 min. The maximum wavelength for UV detection of diclofenac 

was set at 280 nm. Receiver solution was diluted with methanol in a 1:1 (v/v) ratio. The 
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diluted sample (40 µL) was injected onto the column. The concentration of the calibration 

standard samples ranged from 0.025 to 10 µg/mL. The method was precise with intra-day 

and inter-day variation less than 6% and with accuracy between 98 to 107% for all 

quality control (QC) samples and for the lower limit of quantification (LLOQ).  

IVPT samples obtained from the two gel products were subjected to liquid-liquid 

extraction (LLE) due to the low concentration of diclofenac in the samples (below 0.025 

µg/mL). For LLE, 1 mL of receiver solution was spiked with 100 µL of 1 µg/mL 

flufenamic acid as an internal standard. Phosphoric acid (0.1 M) was used to acidify the 

samples. Diclofenac was extracted into 3 mL of ethyl acetate after shaking for 20 min on 

a high-speed shaker. The mixture was centrifuged for 10 min at 1341 × g. The upper 

organic layer (2.5 mL) was transferred into a clean microcentrifuge tube and evaporated 

under a light stream of nitrogen at 50°C. The residue was reconstituted with 100 µL of 

mobile phase and 40 µL was injected onto the HPLC column for quantification. The 

same HPLC conditions described above were utilized to analyze samples prepared using 

the LLE procedure. The concentration of the calibration curve used for these samples 

ranged from 0.001 to 3 µg/mL. The method was precise with intra-day and inter-day 

variation less than 7% and with accuracy between 93 to 102% for all QC samples and for 

the LLOQ.   

2.2.4 Statistical Analysis 

Differences in the mean flux values and cumulative amounts were compared 

using Student’s t-test and one-way ANOVA followed by Tukey’s post-hoc tests. 

(GraphPad Prism® software version 5.0, La Jolla, CA). Statistical significance was 

declared at p < 0.05. 
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2.3 Results 

2.3.1 IVPT on Porcine Skin 

Porcine skin is widely used as a surrogate for human skin in diffusion studies due 

to its structural similarity to human skin and its availability in larger quantities. As part of 

a pilot study, IVPT was performed on porcine skin obtained from a single donor for the 

four diclofenac topical products. Flux profiles for all four diclofenac products at normal 

and elevated temperature are shown in Figure 2.1. Pseudo-zero order drug delivery from 

the patch was observed at baseline and elevated skin temperatures over 12 h. A decrease 

in lag time was observed at the elevated temperature for the patch and solution. Heat-

induced enhancement in Jmax and cumulative amount of drug permeation were calculated 

by dividing the value obtained at an elevated skin temperature of 42°C by the 

corresponding value at a skin temperature of 32°C. Table 2.2 summarizes the calculated 

heat-induced enhancement in flux and cumulative amount permeated, and the 

corresponding p values obtained from the comparison of values at the two temperatures. 

The most significant increase in Jmax was seen for the 1% gel followed by the solution, 

patch and 3% gel in descending order of significance based on p values. A similar order 

of ranking for the four products was seen in cumulative amounts of drug permeated. 



	 19	

 

Figure 2.1 Flux profile from porcine skin for 1.3% patch (a), 2% solution (b), 1% gel (c) 
and 3% gel (d). (Mean ± SD) (n=1 donor, 3-4 replicates/donor) 

Table 2.2 Summary of heat enhancement on porcine skin (n=1 donor). p values were 
obtained using unpaired t-test. 
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2.3.2 IVPT on Human Skin 

Pivotal studies using human skin confirmed heat-induced enhancement in drug 

permeation for the four products. Human skin from three different donors was used to 

perform IVPT on four diclofenac topical products. Mean flux profiles for the three donors 

for the four products are shown in Figure 2.2. The patch showed a sustained increase in 

flux at the elevated skin temperature throughout the 12 h of wear duration accompanied 

by a decrease in lag time (Fig. 2.2). All four diclofenac formulations showed a decrease 

in the time required to reach Jmax at the elevated temperature (Fig. 2.2). At elevated skin 

temperature, all three semisolid formulations showed an initial rapid rise in flux followed 

by a slow decline, compared to their respective baseline profiles. Table 2.3 summarizes 

the calculated mean heat-induced enhancement in flux and cumulative amount permeated 

obtained from the three donors for each product and the corresponding p values obtained 

from the comparison of values at the two temperatures. The most significant increase in 

Jmax was seen for the solution, followed by the patch and gels in descending order of 

significance based on p values. A similar order of ranking for the four products was seen 

in the cumulative amount of drug permeated. These results are consistent with the porcine 

skin data for three products except 1% gel. One percent gel showed greater differences at 

elevated temperature in flux and cumulative amount permeated on porcine skin as 

compared to human skin.  
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Figure 2.2 Flux profile from human skin for 1.3% patch (a), 2% solution (b), 1% gel (c) 
and 3% gel (d). (Mean ± SD) (n=3 donors, 3-4 replicates/donor) 

Table 2.3 Summary of heat enhancement on human skin (n= 3 donors). p values were 
obtained using paired t-test for three donors.   

aHeat enhancement in Jmax and Cum. Amt. at 4 h was calculated. 
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Figures 2.3a and 2.3c compare the maximum flux and cumulative amount values 

at 12 h for the four diclofenac products at baseline skin temperature of 32°C. Diclofenac 

solution (2%) showed a much larger flux and cumulative amount of drug permeation 

compared to patch and gels. Flux and cumulative amount values were not significantly 

different for the latter three products. Results for the three semisolid products were 

consistent with the observation on porcine skin by Cordery et al., which attributes the 

increased flux of solution to its ability to deliver more drug both into and through SC 

compared to the gels. This inference was made based on tape-stripping data from healthy 

human volunteers showing a greater amount of drug in the SC at the end of the uptake 

period from solution compared to gels. This distinct behavior of the solution may be 

attributed to the presence of dimethyl sulfoxide (DMSO) in its composition.48 

Figures 2.3b and 2.3d compare the maximum flux values for the four diclofenac 

products at an elevated skin temperature of 42°C. Diclofenac solution (2%) showed a 

much larger flux compared to patch and gels. Flux values were not significantly different 

for the latter three products. These observations were similar to that at baseline skin 

temperature of 32°C. These differences in permeation seen among the four products at 

baseline and elevated temperature cannot be justified by the drug load in the applied 

dose. If one were to dose normalize across the three semisolid formulations, the inference 

would still remain the same. Hence it can be said that the inherent differences in 

formulation design and excipient composition of the products have an impact on drug 

permeation.  
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Figure 2.3 Jmax from human skin donors at skin temperature 32°C (a) and 42°C (b). 
Cumulative amount at 12 h from human skin donors at skin temperature 32°C (c) and 
42°C (d). (* p ≤0.05; ** p ≤0.01) (Mean + SD) (n=3 donors, 3-4 replicates/donor) 

 

2.4 Discussion 

Based on the physicochemical classification of drug molecules, most drugs used 

for topical application are either moderately or highly lipophilic weak bases. Diclofenac 

is representative of the weak acid drug class that is highly lipophilic with a logP >3. 

Highly lipophilic drugs have a greater affinity for the lipophilic SC and may be slow 

permeating and cleared slowly from the skin.1, 3, 49 The pKa values of weak acids and 
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bases along with the pH of the surrounding vehicle and skin layers govern the ionization 

profile of the molecule. Diclofenac was chosen as a model drug to represent the class of 

slow permeating, weakly acidic drugs. The IVPT performed demonstrated the effect of 

elevated skin temperature on drug permeation from four different topical diclofenac 

formulations, each containing different concentrations of the same API and different 

inactive ingredients. Comparison of flux profiles among such distinctly different products 

can provide us with a better mechanistic understanding of the influence of heat exposure 

on topically applied formulations. Unlike patches, topically applied semisolid 

formulations have not been widely evaluated for their ability to provide enhanced drug 

permeation under the influence of heat exposure. The amount of diclofenac/cm2 

contained in the clinically relevant dosing and inactive ingredients in the four products 

are specified in Table 2.1.  At clinically relevant dosing/cm2, the patch has the highest 

drug load followed by 3% gel. The solution and 1% gel have the lowest applied drug load 

among the four products. Despite the lower drug load applied, the highest flux and 

cumulative amount of permeation levels were observed for the solution for baseline and 

the elevated skin temperature of 42°C (Fig. 2.2). This distinct behavior of diclofenac 

solution was also observed by Cordery et al. and may be attributed to the high percentage 

(>40% w/w) of penetration enhancer DMSO present in the formulation.48 DMSO is 

known to be quickly absorbed into the SC and alters the protein and lipid structure. The 

dissolution power of DMSO enables it to generate solvent filled spaces in the SC thereby 

improving the solubility of drugs.50 The patch and gels did not show statistically 

significant differences in penetration amounts and Jmax values when compared to each 

other at baseline and elevated temperatures. 
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Continuous heat application enables evaluation of the worst-case scenario in the 

case of prolonged heat exposure. The calculated flux enhancement represents the possible 

enhancement in plasma levels of the drug in vivo (Tables 2.2 and 2.3). Many topical 

drugs, such as diclofenac, are not expected to reach high systemic levels. However, a 

spike in systemic levels of diclofenac may still pose a potential safety concern in a 

susceptible patient population predisposed to any CV adverse effect caused by elevated 

systemic levels of the drug.47 Systemic toxicity from increased percutaneous absorption 

of lidocaine from a topical formulation due to compromised skin barrier integrity has 

been reported to cause adverse reactions in patients.51   

Unlike patches, semisolids are not self-contained but are left open to air post-

application. Evaporation of volatile excipients post-application can alter the composition 

and performance of these topically applied formulations. Flynn et al. have shown that 

evaporation and permeation of solvents can result in a saturated solution of the drug 

followed by precipitation of the drug. The initial evaporation and saturation of solution 

accelerate drug delivery, but this advantage is lost once the drug precipitates. The 

resultant thermodynamic activity of the drug drives the kinetics of topical drug delivery.52 

These processes are expected to occur at a faster rate at an elevated skin temperature. 

Volatile solvents like ethanol and water evaporate very quickly after application, after 

which drug is in pure non-volatile solvents like propylene glycol and polyethylene glycol 

which can permeate and evaporate after topical application, albeit very slowly.53 This can 

affect drug permeation at the later time points. In the pivotal study, the semisolid 

products under heat influence showed a rapid rise in flux to reach Jmax earlier than the 

respective baseline flux profile. This rapid rise in flux is followed by a steady decline 
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until a plateau is reached resulting in a dome-shaped flux profile curve. The shape is 

steeper for the solution compared to the two gels. In the early stage, when the vehicle 

(solution or gel) is in its essentially native form, the increased temperature can cause 

decreased vehicle viscosity, increased drug solubility and rapid evaporation of volatile 

solvents.  All these events result in increased thermodynamic activity of drug resulting in 

increased permeation. Temperature-induced decrease in vehicle viscosity has previously 

been suggested as the reason for increased release of acyclovir from Zovirax® cream.46 

The continued heat application will eventually exhaust the solvents and consequently 

cause the drug to precipitate or crystallize, decreasing the drug delivery and permeation 

rate, regardless of the influence of clinically-relevant elevated heat. This may impact the 

efficacy of the solution since drug permeation from the solution under the influence of 

heat application decreases compared to the levels in the absence of heat after 8 h.  

In the pivotal studies conducted using three human skin donors, the most 

significant enhancement in flux and cumulative amount of drug permeation was seen for 

diclofenac solution 2%. As mentioned earlier, this solution contains >40% w/w DMSO 

which is a well-known penetration enhancer. The ability of DMSO to promote drug 

partitioning into the SC results in a greater amount of drug.48 The low viscosity of the 

solution in combination with the permeation enhancing effect of DMSO results in a more 

significant increase in drug permeation at elevated temperature compared to the patch and 

gels.  

The patch contains 1.3% of diclofenac epolamine in a polymeric hydrogel to 

compose a matrix type topical patch in contrast to the sodium salt in the semisolid 

formulations. The epolamine salt of diclofenac has improved solubility in both aqueous 
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as well as organic solvents and demonstrated surfactant properties resulting in improved 

skin permeation compared to the sodium salt of diclofenac.54 The large reservoir of 

diclofenac (highest applied drug load compared to the three semisolid formulations) and 

the closed environment provided by the backing membrane is designed to maintain 

pseudo-zero order absorption kinetics. This pseudo-zero order absorption kinetics is not 

disrupted even under the influence of heat throughout the 12 h wear duration. Both 

porcine and human skin demonstrated similar absorption kinetics. The backing 

membrane results in a closed environment of the patch, unlike that of semisolid 

formulations, which prevents any drastic changes in the physical nature of the patch 

formulation. At the higher skin temperature, the flux showed a rapid rise to reach steady-

state flux levels more quickly than compared to the baseline profile resulting in a 

decreased lag time. Such increased in vitro permeation at 42°C has been reported for 

fentanyl patches.40 Despite the improved permeation of epolamine salt, the closed 

environment of the patch and lack of penetration enhancers prevent any drastic 

enhancement in drug permeation at an elevated skin temperature. 

When comparing heat-induced enhancement results for porcine and human skin 

for three products, the 3% gel showed greater differences at elevated temperature in flux 

and cumulative amount permeated on human skin compared to porcine skin while 1% gel 

showed greater differences at elevated temperature in flux and cumulative amount 

permeated on porcine skin as compared to human skin. This could be due to the slow 

permeating nature of diclofenac which imparts variability to the drug permeation in 

different donors. In addition, the unprotected and unoccluded environment of semisolids 

can impart additional variability. Porcine skin is known to be similar to human skin, but 
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freeze thaw conditions may add to the variability.18, 55 However, it is still fair to say that 

screening some formulations in porcine skin for heat effect in the absence of readily 

available human skin may be a reasonable study design. Both gels showed the least 

significant heat-induced enhancement in flux and cumulative amount of drug permeated 

in human skin. The higher gel vehicle viscosities compared to the solution and lack of the 

large percentage of the potent DMSO permeation enhancer does not support a significant 

increase in drug permeation at an elevated temperature. The 3% gel formulation contains 

2.5% sodium hyaluronate (HA) which has been shown to enhance partitioning, retention 

and localization of diclofenac in the epidermis. This results in the formation of a depot of 

drug in the epidermis and minimizes percutaneous absorption of diclofenac.56 The 

presence of HA, which limits drug permeation, could possibly help to prevent substantial 

increases in flux at elevated skin temperature.  It is also interesting to note that despite the 

higher application dose/cm2 of the 1% and 3% gels, both products provided an overall 

similar heat enhancement effect, as compared to the smallest formulation dose (albeit 

same diclofenac application/cm2 as the 1% gel) of the 2% solution which provided the 

most significant heat enhancement effect. If drug load alone was predictive of magnitude 

of heat-induced enhancement in permeation, one might have expected that 10 mg/cm2 of 

a 1% gel would have a less significant heat-enhanced absorption effect than 20 mg/cm2 of 

a 3% gel, 2-fold more gel excipients and 6-fold more amount of drug applied/cm2.  These 

observations further confirm the importance of formulation components and their 

respective concentrations on the potential for significant heat-enhanced dermal 

absorption.  
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Taken together, these results demonstrate that application of topical diclofenac 

products in conjunction with external heat application can result in increased drug 

permeation through the skin and hence could increase systemic drug levels. According to 

the National Drug Monograph, an oral 50 mg tablet can result in a Cmax of 1500–1600 

ng/mL which is approximately 20-fold higher than the levels that the solution can 

potentially reach under the influence of heat application at clinically relevant dosing. The 

levels that can be potentially reached by the other three products under the influence of 

heat will be even lower. Hence, it can be concluded that the four diclofenac topical 

formulations studied in this thesis are not expected to reach concerning systemic levels of 

drug even under the worst-case scenario of heat application. However, increased systemic 

levels caused by exposure to heat on transdermal systems containing drugs with a narrow 

therapeutic window, unlike diclofenac, can be a safety concern. Among the four 

diclofenac products considered in this thesis, only Voltaren® gel has been studied with 

heat application on human volunteers as described in its package insert. In this study, 

moderate heat was applied for 15 min before application of formulation and no clinically 

relevant difference in systemic absorption was reported.33 Increased permeation of 

diclofenac in human volunteers has been reported in a previous study when a heating pad 

was placed on top of diclofenac plasters for 4 h.57  

2.5 Conclusions 

The results demonstrated that heat application in conjunction with topically 

applied formulations can result in increases in flux values. Events in everyday life that 

can result in an elevated skin temperature have the potential to alter the PK profile of 

topical products. Topical products usually are not expected to reach high systemic levels, 



	 30	

but it has not been well characterized whether elevated plasma levels could be a result of 

unintentional heat exposure. Our results show that predicted increases in drug levels 

resulting from heat application may not exceed drug exposure resulting from a 

therapeutic oral dose of diclofenac. Hence, under heat exposure, diclofenac topical 

formulations are not expected to reach systemic levels that are of concern. The relatively 

large drug reservoir and closed environment of the patch design may enable it to maintain 

a sustained increase in drug permeation throughout the duration of heat application. In the 

case of the semisolid formulations, a transient increase in drug permeation is seen due to 

the nature of the semisolid formulation. At elevated temperatures, the altered viscosity 

and accelerated vehicle evaporation would affect the thermodynamic activity of the drug, 

which results in altered permeation. Formulation design and excipients can influence the 

extent or significance of heat-induced enhancement in drug permeation.    
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Chapter 3: In Vitro-In Vivo Correlation of Buprenorphine Transdermal System 
under Normal and Elevated Skin Temperature 

3.1 Introduction 

	 An average person can be exposed to several heat sources in daily life that can 

result in a local increase in skin temperature. Exposure to heating pads for pain relief, 

electric blankets for warmth, intense exercise or saunas at the gym can elevate skin 

temperature. A local increase in skin temperature at the application site of a topically 

applied formulation can potentially alter the drug delivery profile resulting in increased 

bioavailability (BA) from these formulations. Application of controlled external heat over 

nicotine transdermal delivery systems (TDS) applied on human volunteers resulted in an 

increased delivery of nicotine from the TDS.9, 28 Increased drug delivery into the systemic 

circulation can be life-threatening especially with drugs with a narrow therapeutic index 

like fentanyl. A case of fentanyl overdose in an elderly patient was reported when a 

heating pad was accidently in contact with the fentanyl TDS.37 A study on human 

volunteers with controlled heat application over a fentanyl TDS showed elevated 

systemic levels of fentanyl.39 Heat application in vivo can increase systemic levels of 

nitroglycerin and glyceryl trinitrate from their respective TDS formulations.41, 42 The 

ability of heat to enhance drug delivery across skin has been utilized by designing 

CHADD (controlled heat-aided drug delivery) systems for lidocaine, testosterone and 

fentanyl.43-45 Enhanced heat-induced drug delivery from topically applied formulations 

can be attributed to increased drug release from formulations, increased diffusion of drug 

across skin, increased cutaneous perfusion and increased dermal clearance.58 

Buprenorphine is lipophilic and a weakly acidic drug (logP = 4.98 and pKa = 

8.31). It is a partial mu receptor agonist. It is an opioid indicated for the management of 
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chronic pain requiring long-term opioid treatment and for which alternative treatment 

options are inadequate. It is also used for treatment of opioid addiction. Lower doses are 

used for pain management while treatment of opioid addiction requires higher doses. The 

abuse potential is greater at higher doses of buprenorphine especially in individuals who 

have a lower level of physical dependence on other opioid drugs.59, 60 Use of heat 

application on buprenorphine TDSs can be employed to abuse the drug. Hence, it is 

important to have a better understanding of the extent of heat exposure effects on 

buprenorphine transdermal delivery system (BTDS).  

Effect of internal and external heat on pharmacokinetics (PK) of BTDS was 

previously reported.61  Briefly, the effect of an elevated internal body temperature on 

buprenorphine absorption from BTDS was evaluated in 22 healthy volunteers. Volunteers 

received either a placebo or endotoxin on day 2 after application of BTDS 10 mg/h 

system. No significant differences in primary PK parameters (Cmax and AUC) were 

observed between the endotoxin and placebo treatment groups. Two separate studies 

were conducted to evaluate external heat effect on BTDS. The first study looked at 28 

healthy volunteers who wore BTDS 5 mg/h system for three sequential applications. On 

the third week after removal of BTDS, local heat at 38°C was applied for 3 h. No 

increase in Cmax or AUC was observed during heat application. In the second study with 

19 healthy volunteers, external heat was applied using a heating pad for three 2 h periods 

over 7 h on day 2 and day 4 post application of BTDS 10 mg/h system. On day 2, heat 

was applied from 24 h–26 h, 26.5–28.5 h and 29 h–30 h. On day 4, heat was applied from 

72 h–74 h, 74.5 h–76.5 h and 77 h–79 h.61 Increased plasma levels of buprenorphine were 

observed during the 7 h of intermittent heat application and up to 5 h later after heat 
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removal. Thus a 12 h of heat effect interval/window was observed. Increase in mean 

plasma buprenorphine concentrations (26-55%) was observed compared to the volunteers 

with no heating pad application. An increase in opioid-related adverse effects was also 

noted in volunteers receiving external heat application. Thus, application of external heat 

over the BTDS demonstrates the worst-case scenario with respect to heat exposure 

resulting in an altered PK profile. 

In vitro permeation tests (IVPT) have been used to evaluate the effect of heat on 

topically applied formulations of fentanyl and nicotine patches.15, 40 Caffeine, methyl 

paraben, butyl paraben and acyclovir have shown an increase in flux at increased 

temperature conditions.5, 46 Several in vitro-in vivo correlation (IVIVC) studies have 

demonstrated the ability of IVPT studies to adequately predict in vivo results.29, 62 

Harmonization of in vitro and in vivo study designs are vital to the ability of IVPT studies 

to predict in vivo BA and develop IVIVC models.62 Such harmonized study designs have 

been employed by our group to adequately predict heat-induced increase in BA from 

TDS and an IVIVC was established for nicotine and fentanyl TDS.28 The objective of this 

study was to investigate the effect of heat on buprenorphine delivery (skin permeation) in 

vitro by using BTDS (BuTrans®) and to evaluate the ability of IVPT studies to correlate 

and be predictive of the potential heat-enhanced drug delivery in vivo. Use of IVPT as a 

tool to evaluate bioequivalence (BE) and change in BE due to heat effects in vitro would 

be of considerable value. Such in vitro studies require fewer resources, are rapid and 

minimize exposure of healthy volunteers to drugs. Development of IVIVC may facilitate 

development of generic TDS. 
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3.2 Materials and Methods 

3.2.1 Materials  

BuTrans® TDSs were purchased from Cardinal Health™ (Dublin, OH). 

Potassium phosphate monobasic and dibasic salts, methanol, acetonitrile, Brij™ 98 and 

gentamycin sulfate were purchased from Fisher Scientific Inc. (Fair Lawn, NJ). 

Buprenorphine hydrochloride salt (≥98%) was obtained from Sigma Aldrich (St Louis, 

MO). All reagents used were of analytical grade. Water from Milli-Q® system (EMD 

Millipore; Billerica, MA) was used for preparing solutions and buffers. Human 

abdominal skin tissue was sourced from NCI Cooperative Human Tissue Network 

(CHTN) skin repository (Charlottesville, VA). 

3.2.2 In Vitro Permeation Testing  

 Dermatomed abdominal human skin with a mean thickness of 297 ± 35 µm 

retaining the topmost layers and part of the dermis was stored at -20°C. On the day of the 

experiment, skin was thawed and cut into 4.84 cm2 square pieces. The pieces were 

positioned between the donor and receiver chambers of the diffusion cell with the dermis-

side facing the receiver chamber. The skin was held in place by a membrane support. 

Transepidermal water loss (TEWL) readings were recorded using a cyberDERM RG-1 

open chamber evaporimeter (cyberDERM, Inc.; Broomall, PA) and skin pieces with 

readings higher than 15.0 g/m2/h were considered damaged and replaced.  Once barrier 

integrity of the skin was evaluated, a 0.97 cm2 circular disc of the BTDS was applied on 

the stratum corneum-side of the skin covering the entire 0.95 cm2 permeation area of the 

diffusion cell. A 4.84 cm2 square piece of polypropylene knitted mesh (0.15 mm 

monofilament, 3.0 x 2.8 mm pores, 47 GSM; SurgicalMesh™ Division of Textile 
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Development Associates, Inc.; Brookfield, CT) was placed on top of the BTDS disc to 

ensure complete adhesion to the skin. PermeGear flow-through In-Line diffusion cells 

(Hellertown, PA) were used for IVPT studies. Isotonic potassium phosphate solution at 

pH 7.4 ± 0.1 containing 0.1% Brij™ 98 and 0.008% gentamycin sulfate was used as the 

receiver solution maintained at 37°C in a water bath. Receiver solution was collected at 

predetermined time points and analyzed using a validated high performance liquid 

chromatography (HPLC) method.  

The in vitro study design was harmonized to the previously published clinical 

study, which had two study arms.63 First, the baseline study arm where skin temperature 

was maintained at 32 ± 1°C to mimic normal baseline skin temperature for 168 h. 

Second, the heat study arm where the skin was maintained at 42 ± 2°C from 24 h to 31 h 

and from 72 h to 79 h to mimic elevated skin temperature conditions attained due to the 

heating pad used in the clinical study.63 In both study arms, the BTDS was removed from 

the skin after 168 h and receiver solution was collected through 174 h. Dermatomed 

human skin from four donors indicated as donor 1, 2, 3 and 4 was used for each study 

arm. Four replicates per donor were used for each study arm. 

3.2.3 HPLC Analysis of IVPT Samples 

 HPLC system consisting of a Waters® Alliance e2695 separations module and a 

Waters® 2489 dual-wavelength absorbance detector with Waters Empower™ software 

(Milford, MA) was used. Samples were injected by an autosampler onto an Agilent 

Zorbax® 300SB-C8 column (3.5 µm, 4.6 × 150 mm) with Phenomenex SecurityGuard™ 

C8 cartridge (5 µm, 4 × 3.0 mm). Gradient elution was employed with mobile phase 

consisting of acetonitrile (A) and 50 mM potassium phosphate buffer pH=5.7 (B) at a 
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flow rate of 1 mL/min to elute buprenorphine at 6.7 min. The initial gradient conditions 

were 35% (A) for 8 min, increased to 65% for 9 min and then lowered to 35% for 3 min.  

The higher organic percentage after 9 min of the run elutes surfactant with each run thus 

preventing column accumulation. The wavelength for UV detection of buprenorphine 

was set at 210 nm. Receiver solution was diluted with mobile phase in a 1:1 (v/v) ratio. 

The diluted sample (20 µL) was injected onto the column. The calibration standard 

samples used ranged from 0.05 to 10 µg/mL. The method was precise with intra- and 

inter-day variation less than 8% and with accuracy between 96 to 105% for all quality 

control (QC) samples and for lower limit of quantification (LLOQ). 

3.2.4 Approaches to IVIVC 

 Two approaches were used to evaluate IVIVC. First approach towards IVIVC was 

to compare the heat-induced enhancement ratios between in vitro and in vivo data.28  Heat 

ratios were calculated three different ways resulting in three sets of ratios. First set of heat 

ratio was calculated by dividing the peak value (flux in vitro with Cmax in vivo) for heat 

arm with corresponding value in baseline arm. Second set of heat ratio was calculated by 

the ratio of partial cumulative amount permeated (in vitro) or partial AUC (in vivo) in the 

heat study arm divided by the baseline arm value calculated for the same time period. 

Third heat ratio set was calculated by dividing the peak value (flux in vitro with Cmax in 

vivo) for heat arm with value before heat application in the same study arm. Heat effect 

window was defined as the time period spanning from the beginning of heat application 

to the time point in which elevated plasma drug levels decreased back to baseline plasma 

levels. Even though heat was applied over a period of 7 h both on day 2 and 4, heat effect 

window was defined to be 12 h for the two heat application periods. 
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Second approach towards IVIVC was to obtain a point-to-point prediction (Level A 

IVIVC) of the entire plasma concentration profile for both baseline and heat study arms 

using the unit impulse response (UIR) based deconvolution method.28, 29, 64 Intravenous 

(IV) PK data for buprenorphine was obtained from literature using a plot digitizer tool 

and used to calculate UIR values.64 Transdermal PK data for baseline study arm was 

obtained from Clinical Pharmacology and Biopharmaceutics Review(s) document for 

BuTrans® using a plot digitizer tool.61 This transdermal PK data was deconvoluted using 

the calculated UIR values to obtain in vivo fraction absorbed into systemic circulation 

(Fa) based on the total amount of drug present in the BTDS. Numerical UIR based 

deconvolution method was used to deconvolute the baseline in vivo PK data.  This 

approach required UIR values obtained from IV buprenorphine data. Published IV PK 

data for buprenorphine seen in Figure 3.1 was best described by a two-compartment PK 

model using the following bi-exponential equation: 

𝐶! = (𝐴×𝑒!!")+ (𝐵×𝑒!!") (1) 

Where CT is the concentration at time T. Following are the parameter estimates for the 

above equation:  

• A = 161.82   (units: ng/mL) 

• B = 45.50   (units: ng/mL) 

• Alpha = 5.93   (units: h-1) 

• Beta = 0.38   (units: h-1) 

Based on these parameter estimates, UIR values were calculated as follows: 

• A1 = A/stripping dose   (units: mL-1) 
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• A2 = B/stripping dose   (units: mL-1) 

• Alpha1= Alpha   (units: h-1) 

• Alpha2= Beta     (units: h-1) 

Stripping dose is the IV bolus dose of buprenorphine (12 mg). Fraction absorbed (Fa) 

obtained from numerical deconvolution and fraction permeated in vitro (Fp) obtained 

from IVPT data was used to construct an IVIVC model. The correlation was best 

described by the following polynomial equation with a R2 value of 0.9995 (Fig. 3.1). An 

internal validation was conducted using the above established correlation. Fp was 

calculated by dividing the cumulative amount of drug permeated at time (t) by the total 

amount of drug present in the BTDS section used in a single diffusion cell. The 

correlation between Fa and Fp was developed. 

A      B 

 

Figure 3.1 (A) In vivo concentration versus time profile obtained from Huestis et al.64 
Intravenous Buprenorphine and Norbuprenorphine Pharmacokinetics in Humans for 12 
mg intravenous bolus dose of buprenorphine (n=5 volunteers).  (B) Level A correlation 
plot for Fa versus Fp 
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To perform internal validation of the established correlation, Fa was predicted 

using the correlation, then convoluted using numerical UIR based method to obtain 

predicted baseline plasma drug concentrations. Two heat enhancement factors (Hv: heat 

factor obtained from in vivo data (equation # 2) and Hr: heat factor obtained from in vitro 

data (equation # 3)) were introduced into the calculations to obtain predicted 

concentration following application of transient heat.28 The predicted baseline 

concentration was multiplied by either Hv or Hr to obtain predicted heat study arm 

concentration. The use of heat enhancement factor was restricted to the time points within 

the heat effect window only. The following relationships were used: 

𝐻! =  
𝑀𝑒𝑎𝑛 ℎ𝑒𝑎𝑡 𝑎𝑟𝑚 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒

𝑀𝑒𝑎𝑛 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑎𝑟𝑚 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 
(2) 

𝐻! =  
𝑀𝑒𝑎𝑛 ℎ𝑒𝑎𝑡 𝑎𝑟𝑚 𝑓𝑙𝑢𝑥 𝑣𝑎𝑙𝑢𝑒

𝑀𝑒𝑎𝑛 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑎𝑟𝑚 𝑓𝑙𝑢𝑥 𝑣𝑎𝑙𝑢𝑒 
(3) 

Percent prediction error (%PE) was calculated for predicted AUC and Cmax values using 

the following formula: 

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛 𝐸𝑟𝑟𝑜𝑟 =
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 − 𝑃𝑟𝑒𝑑𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 ×100 
(4) 

3.2.5 Data Analysis 

 Statistical analysis was performed using GraphPad Prism® software version 7.0 

(La Jolla, CA). Differences in mean flux and cumulative amount were compared using 

Student’s t-test. Statistical significance was declared at p < 0.05. Phoenix WinNonlin® 

software version 7.0 (Princeton, NJ) was used to obtain UIR values from IV bolus PK 

data for buprenorphine and to perform numerical deconvolution and convolution of data. 
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GraphClick, a graph digitizer software (Arizona Software; Los Angeles, CA) was used to 

digitize the in vivo concentration versus time profiles for BTDS and IV bolus dose. 

3.3 Results 

3.3.1 IVPT on Human Skin 

 Dermatomed human skin from four different donors was used to perform IVPT. 

Mean flux profile for the four donors is shown in Figure 3.2A. The baseline study arm 

demonstrates a pseudo zero order release profile of buprenorphine. The heat study arm 

shows an increase in flux values during the duration of heat application on day 2 and day 

4. This increase in flux induced by elevated temperature persists even after removal of 

heat for another 5 h on both day 2 and day 4. The 7 h of heat application plus 5 h of 

enhancement observed post heat removal constitutes 12 h of observed heat effect and was 

defined as the heat effect window. At elevated skin temperature, an initial rapid rise in 

flux is followed by a slow decline after heat removal and flux levels fall lower compared 

to respective baseline profiles. In vitro parameters Jmax and cumulative amount and in 

vivo parameters Cmax and partial AUC were calculated for the period spanning the heat 

effect window.  
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Figure 3.2 (A) Flux profile for BuTrans® (Mean ± SEM) (n=4 human skin donors, 4 
replicates/donor) from IVPT data. (B) In vivo concentration versus time profile obtained 
from the Clinical Pharmacology and Biopharmaceutics Review document for BuTrans® 
available at Drugs@FDA (n=19 and 20 volunteers for heat and baseline arm respectively) 

 

3.3.2 IVIVC 

 For Approach 1, Table 3.1 summarizes the three sets calculated heat-induced 

enhancement ratios in vitro and in vivo on day 2 (early heat) and day 4 (late heat). The p-

values were obtained from comparison of values in the heat arm and baseline arm for 

either early or late heat effect window. The mean Jmax observed during the early and late 

heat effect window is significantly higher than the corresponding baseline value. This 

observation stands true for both first and third sets of heat ratios. Mean cumulative 

amount of drug permeated during the early heat effect window is significantly higher 

than the corresponding value in baseline arm while no significant difference was found 

between the values during the late heat window.  An enhancement in Jmax and cumulative 

amount of drug permeated during the early heat is significantly greater compared to the 

late heat window (Fig. 3.3). The in vitro data from four donors showed an 89% and 25% 
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increase in Jmax during early and late heat window, respectively. It showed a 49% and 4% 

increase for amount of drug permeated during early and late heat window, respectively. 

With the in vivo study, 100% (early heat window) and 37% (late heat window) increase 

in peak levels and 63% (early heat window) and 19% (late heat window) increase in BA 

were observed. 

 

Figure 3.3 Comparison of in vitro heat enhancement ratios for individual donors 
calculated as Set I (A) Set II (B) and Set III (C) during early versus late heat window 
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Table 3.1 Heat-induced enhancement ratio Set I, Set II, and Set III. (Mean ± SD, n=4 
human skin (HS) donor for in vitro and n=20 for volunteers in vivo) aDonor 2 values 
were not included for calculation of p value due to differences in flux values between 
baseline and heat arm before 24 h time point. 
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Approach 2 for IVIVC using deconvolution method was able to achieve a point-

to-point prediction of plasma concentrations for baseline study arm as shown in Figure 

3.4A. Figure 3.4B shows the predicted concentrations for heat study arm using both Hv 

and Hr. Table 3.2 describes the predicted Cmax and AUC values and the calculated 

prediction errors. The IVIVC model was able to adequately predict the in vivo Cmax and 

AUC values shown in Table 3.2 with each individual %PE being less than 20%. 

 

Figure 3.4 Plot for observed and predicted in vivo concentration versus time profiles for 
baseline arm (A) and heat arm (B) 
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Table 3.2 Predicted vs. observed PK parameters (Cmax and AUC0-168h) as well as %PE for 
baseline arm and heat arm 

 

 

3.4 Discussion 

 The effect of external heat on buprenorphine absorption from BTDS was 

evaluated in healthy volunteers as part of the drug development process by the 

manufacturer. The heat application resulted in an increase in systemic concentrations of 

buprenorphine. A warning against exposure of BTDS to a heating pad or to other external 

heat sources, resulting in a potential increase in the BA of buprenorphine and hence a 

possibility of overdose and death, was incorporated into the product label.59  

Such clinical trials are expensive, time consuming and also put human volunteers 

at risk of exposure to higher drug levels. Hence it is necessary to evaluate other surrogate 

methods for predicting the effect of external heat on TDS. Ex vivo human abdominal skin 

model when used for IVPT studies have been shown to retain most of its barrier integrity 

over an eight-day period unlike mouse and snake skin models.12, 65 IVPT experiments 

have been shown to be predictive of in vivo PK data for topically applied formulations. 

Successful demonstration of IVIVC was observed in several cases. Importance of study 

design harmonization between in vitro and in vivo studies has been emphasized for 
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establishing good IVIVC.28, 66 Our IVPT study design was harmonized to match the 

clinical study design with respect to duration of heat application and sampling time 

points.61 When exposed to an elevated temperature in vitro, under conditions that closely 

matched the in vivo study conditions, BTDS exhibited an increase in the rate and extent 

of drug delivery relative to its baseline drug delivery at normal (32 ± 1°C) skin 

temperature conditions. This increase in rate and extent of drug delivery is reflected in 

the increase in flux (Jmax) and cumulative amount of drug permeated. The in vitro 

enhancement in Jmax and cumulative amount of drug permeated observed during early and 

late heat effect window for each of the four human skin donors is predictive of mean 

enhancement in Cmax and AUC seen in vivo (Table 3.1).  

The elevated rate of buprenorphine delivery through the skin did not return to 

baseline levels until several hours after the external heat source was removed. This 

observation was made in vivo as well as in vitro. It seems that the effect of heat on drug 

delivery persisted even after removal of applied heat for a total duration of 12 h. This 

prolonged heat effect might be a result of the following contributing factors; 

buprenorphine is a highly lipophilic compound with a logP>4 and lipophilic compounds 

tend to form a reservoir in the skin from which they are slowly cleared.67  Lipids in skin 

undergo phase transition at around 40°C which contributes to enhanced permeation of the 

compound.68 The change in lipids is reversible but it is unknown how fast the lipid 

structures revert back. 

At the end of early heat effect window, buprenorphine levels reach baseline levels 

after which, it continues to fall further and reaches values lower than corresponding 

baseline levels.  This dip in the profile post early heat effect window is not drastic and 
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soon reaches steady levels and is captured in the IVPT flux profile as well. The drug 

levels rise up to and then past baseline levels only after heat application on day 4. As a 

result, the heat-induced enhancement in Jmax or Cmax and AUC or cumulative amount of 

drug permeated calculated relative to the baseline during the late heat effect window is 

significantly lower than that during early heat effect window (Fig. 3.2). In this case, 

where both early and late heat exposure was on the same arm, it can be concluded that 

early heat application during the wear period of BTDS results in greater heat-induced 

enhancement in buprenorphine permeation compared to heat exposure later in the wear 

period. However, in a case where early heat exposure and late heat exposure were on two 

separate arms, the earlier conclusion might not stand true. In a previous study by our 

group, evaluating the effect of controlled heat on two nicotine TDSs, no difference in 

heat-induced enhancement in Cmax and AUC was observed between early versus late heat 

exposure.28 

Level A IVIVC allows point-to-point prediction of the PK profile. Current 

literature has limited examples of Level A IVIVC for TDSs. Level A IVIVC for estradiol 

TDS was reported but only under normal skin temperature conditions.29 Two different 

approaches were considered towards establishing Level A IVIVC for nicotine TDSs 

under immoderate conditions such as exposure to external heat source.28 In this study, 

Level A IVIVC was achieved using numerical deconvolution approach under both 

baseline as well as elevated skin temperature conditions. The %PE in Cmax and AUC 

values for baseline study arm was less than 20% (Table 3.2). Two different heat factors 

were used for concentration predictions for the heat study arm. The in vivo heat factor 

gives more accurate prediction for Cmax values than the in vitro heat factor. This can be 
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attributed to the inherent differences in in vitro versus in vivo experimental conditions 

such as method of skin temperature manipulation, thermoregulaion and vasodilation. The 

%PE in Cmax and AUC values for the heat study arm was less than 20% (Table 3.2). 

There are no available guidelines to establish IVIVC for topically applied formulations. 

Guidelines for oral formulations require the individual %PE to be less than 20%.25 

Accounting for variability between the in vitro and in vivo study populations, the in vivo 

plasma PK profile of buprenorphine predicted based upon our IVPT study results 

compares well with the observed in vivo results. Our results indicate that an IVIVC can 

be established for BTDS, both under normal temperature conditions and when the BTDS 

is exposed to an elevated temperature.  

3.5 Conclusions 

 Exposure to external sources of heat can increase the rate and extent of drug 

delivery from BTDS. Delivery of buprenorphine increased throughout the period of heat 

application and remained elevated for 5 h after removal of heat both in vitro and in vivo.  

Heat-induced enhancement in buprenorphine delivery observed in vivo can be mimicked 

in vitro when IVPT study designs are harmonized to the in vivo clinical study design. 

Predictions of Cmax and AUC under both baseline as well as elevated temperature 

conditions were possible based on Level A IVIVC established using both in vitro and in 

vivo data. The results suggest that IVPT studies performed under the same conditions as 

those of interest in vivo may have the potential to be predictive of in vivo results and may 

have the utility to evaluate TDS heat effect in vitro. 
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Chapter 4: Evaluation of Heat Effect on Two Lidocaine Patches using In Vitro 
Permeation Testing (IVPT) and Serum Pharmacokinetics and its In Vitro-In Vivo 

Correlation (IVIVC) 

4.1 Introduction 

 Heat effect on dermal formulations has raised safety concerns in recent years. 

Drug labels for buprenorphine and fentanyl patches contain warnings against exposure to 

heat while wearing the patch.59 Increased bioavailability (BA) from patches exposed to 

heat can be caused by several factors including increased drug release from formulation, 

altered skin barrier properties, increased drug diffusion through the skin and increased 

rate of dermal clearance.5, 7-9 In vitro permeation testing (IVPT) studies have 

demonstrated increased drug permeation for diclofenac, nicotine and fentanyl patches 

with elevated temperatures.14, 15, 40 Studies have demonstrated heat effect of 

buprenorphine, nicotine, testosterone and fentanyl patches in healthy human volunteers.28, 

39, 43, 61 Heat effect on drugs with narrow therapeutic index can be life threatening. Hence 

understanding of the impact of heat on BA of patch formulations and the correlation 

between in vitro and in vivo data is essential. Drugs with wider therapeutic index can be 

ideal candidates to study heat effect in vivo. 

Lidocaine was chosen as a model drug for our study due to its distinct 

physicochemical characteristics. It is weakly lipophilic and a weak base with a logP of 

2.44, pKa of 8.01 and molecular weight of 234. Weakly lipophilic drugs are expected to 

clear quickly from the skin into the systemic circulation.  Lidocaine is a local anesthetic 

and is used topically to treat pain. Topical application of lidocaine results in low but 

quantifiable systemic levels of lidocaine. It is a safe drug with a wide therapeutic 

window. With recommended dosing of Lidoderm®, the peak blood concentration is about 
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0.13 µg/mL.69  Toxicity from lidocaine is only expected at concentrations above 5 

µg/mL.70 Under elevated temperature conditions, the predicted increase in BA based on 

our preliminary data was not expected to exceed the toxicity levels for lidocaine. Hence it 

was considered a safe drug to be administered in vivo as patch formulations in the 

presence of heat exposure. 

IVPT studies quantify the in vitro skin diffusion for skin permeants. For most 

drugs, permeation through the lipophilic stratum corneum (SC) is the rate limiting step in 

skin absorption in vivo.71 The molecule has to partition into the SC, pass through the full 

epidermis and reach the upper part of the dermis to be able to enter the capillaries and 

into systemic circulation.72 During IVPT studies, dermatomed skin is used where the SC 

integrity is preserved and ensured by measuring transepidermal water loss (TEWL). A 

skin thickness of approximately 250 µm includes the SC, entire viable epidermis and 

upper part of the dermis. Hence IVPT is comparable to in vivo skin permeation and can 

be a promising platform to establish IVIVC models. The ability of IVIVC models to 

accurately predict serum concentration profiles has been explored for other patch 

formulations. Recent studies with estradiol, nicotine and fentanyl patches have shown 

that Level A IVIVC can be established.28, 29 IVIVC for extended release oral dosage 

forms is widely accepted and regulatory agencies use IVIVC as a surrogate for human 

bioequivalence (BE) studies. However, more IVIVC datasets for dermal formulations 

need to be established for it to be potentially considered as a surrogate for human clinical 

studies. This study was an attempt to build one such dataset, in addition to several other 

datasets our group has established.  

IVIVC, when successfully achieved, can be used as a surrogate for clinical studies 
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aimed to establish BE, evaluate batch-to-batch variability, optimize formulation 

development and evaluate safety profile under suboptimal conditions like heat exposure.  

This can save time and resources in product development and manufacturing. One of the 

major challenges of IVIVC for topical and transdermal formulations is generating 

harmonized in vitro and in vivo datasets. The in vitro and clinical study design should be 

tightly controlled and duplicated as closely as possible.73 Suboptimal study conditions, 

like heat exposure, add additional variables to the study design making harmonization 

and IVIVC more challenging.  

4.2 Materials and Methods 

4.2.1 Materials 

Two bioequivalent lidocaine patches were used for the in vitro and in vivo studies: 

Lidoderm® and Mylan 5% lidocaine patch for the in vitro studies were purchased through 

Cardinal Health (Dublin, OH)	 and for the	 in vivo study were purchased through the 

Investigational Drug Service Pharmacy at the University of Maryland Medical Center 

(Baltimore, MD).  Formulation differences between the two patches are shown in Table 

4.1.  Acetonitrile (high performance liquid chromatography (HPLC) and liquid 

chromatography-mass spectrometry (LC-MS) grade)), methanol (HPLC grade), water 

(LC-MS grade), tetrahydrofuran (HPLC grade), methyl tert-butyl ether, 

dichloromethane (HPLC grade), gentamycin sulfate, sodium hydroxide, potassium 

phosphate monobasic and potassium phosphate dibasic were purchased from Fisher 

Scientific Inc. (Fair Lawn, NJ).  Water was obtained from a Milli-Q® system (EMD 

Millipore; Billerica, MA). 
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Table 4.1 Characteristics of lidocaine patches used in the studies 

 

4.2.2 IVPT 

IVPT study design  

Two sets of IVPT studies were conducted with both lidocaine patches. First, 

preliminary studies were completed on one porcine skin (Sinclair Bio Resources, LLC; 

Auxvasse, MO) and three human skin donors (NCI Cooperative Human Tissue Network 

(CHTN)). The goal of these preliminary studies was to evaluate the maximum heat effect 

in vitro. The study design involved two study arms.  For the baseline arm, skin 

temperature was maintained at 32 ± 1°C to mimic normal skin temperature. Heat study 

arm had continuous heat application (42 ± 2°C) for the entire 24 h study duration.   

Second, pivotal studies were completed on five human skin donors. Patch discs 

were applied for 10 h of the 15 h study duration.  For the two baseline study arms, skin 

temperature was maintained at 32 ± 1°C for the entire 15 h study duration.  For early and 

late heat application, heat was applied for a period of 1.5 h at 4 h and 8.5 h, respectively.  

During heat exposure the target skin temperature was 42 ± 2°C.  The goal of the pivotal 

studies was to produce an in vitro data set for developing a Level A IVIVC. Hence the 



	 53	

pivotal IVPT study design was harmonized to the clinical pharmacokinetic (PK) study 

design as shown in Figure 4.1.  For all IVPT studies, four replicates per donor were used 

for each study arm. 

 

 

 

Figure 4.1 Schematic diagrams of IVPT and in vivo PK studies (A) Baseline study arms 
(B) Early heat study arms (C) Late heat study arms 

 

Skin preparation and permeation method 

Dermatomed porcine or abdominal human skin with a mean thickness of 250 ± 60 

µm, retaining the topmost layers and part of the dermis, was stored at -20°C. For the 

pivotal studies, skin thickness was 278 ± 50 µm.  On the day of the experiments, skin was 

thawed and cut into 4.84 cm2 square pieces. Pieces were positioned between the donor 

and receiver chamber of the diffusion cell with the dermis-side facing the receiver 

chamber. Skin was held in place by a membrane support. Transepidermal water loss 

(TEWL) readings were recorded using a cyberDERM RG-1 open chamber evaporimeter 
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(cyberDERM, Inc.; Broomall, PA) and skin pieces with readings higher than 15.0 g/m2/h 

were considered damaged and replaced.   

Once barrier integrity of the skin was evaluated, a 0.97 cm2 circular disc of the 

respective lidocaine patch was applied on the SC-side of the skin covering the entire 0.95 

cm2 permeation area of the diffusion cell. A 4.84 cm2 square 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.; Brookfield, CT) was placed on top of 

the patch disc to ensure complete adhesion to the skin. PermeGear flow-through In-Line 

diffusion cells (Hellertown, PA) were used for IVPT studies. Isotonic potassium 

phosphate solution at pH 7.4 ± 0.1 containing 0.005% gentamycin sulfate was used as the 

receiver solution maintained at 37°C in a water bath. Receiver solution was collected at 

predetermined time points and analyzed using a validated HPLC method.  Skin 

temperature during the study was monitored using an infrared thermometer. Skin 

temperature was frequently measured and recorded during the period of heat application 

as shown in Figure 4.2. A heated circulating water bath was connected to the water-

jacketed cell warmers holding the diffusion cells. Efficiently controlling the temperature 

of the circulating water by rapid heating using preheated water or rapid cooling using ice 

enabled maintenance of desired skin temperatures. 
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Figure 4.2 Mean temperature ± SD (A) In vivo (n=12 volunteers) (B) In vitro (n=5 
donors) 

 

Extraction of lidocaine from patch disc and skin 

For the preliminary IVPT studies, patch disc was removed at the end of the 24 h 

study and for the pivotal IVPT studies, patch disc was removed at 10 h and extracted for 

lidocaine content. Disc was cut into small pieces and transferred into a conical tube. 

Thirty mL of extraction solvent was added to the tube. Methanol was used for the 

Lidoderm® disc while tetrahydrofuran was used for the Mylan patch disc for extraction. 

The tubes were centrifuged for 5 min at 20,800 x g to settle material followed by 

sonication for 10 min. Tubes were then placed on a shaker at 200 rpm for 24 h 

(Lidoderm®) or 36 h (Mylan patch). The tubes were then centrifuged again for 10 min 

and an aliquot was used for HPLC analysis. The percentage of lidocaine remaining in 

patch disc was calculated relative to the amount of extracted from unused patch discs. 

Skin pieces were extracted for lidocaine post IVPT using 3 mL of methanol. Tubes 

containing the skin pieces were centrifuged for 10 min at 20,800 x g followed by 

sonication for 10 min. Tubes were then placed on a shaker at 200 rpm for 20 h. 
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4.2.3 HPLC Analysis of IVPT Samples 

HPLC system consisting of a Waters® Alliance e2695 separations module and a 

Waters® 2489 dual-wavelength absorbance detector with Waters Empower™ software 

(Milford, MA) was used. Samples were injected by an autosampler onto an Agilent 

Zorbax® 300SB-C8 column (3.5 µm, 4.6 × 150 mm) with Phenomenex SecurityGuard™ 

C8 cartridge (5 µm, 4 × 3.0 mm). Mobile phase consisting of acetonitrile and 50 mM 

potassium phosphate buffer pH=5.9 (20:80 v/v) at a flow rate of 1 mL/min was used to 

elute lidocaine at 5.1 min. The wavelength for UV detection of lidocaine was set at 210 

nm. Receiver solution was diluted 2 to 8-fold with 1:1 (v/v) ratio of receiver solution and 

mobile phase. The diluted sample (10 µL) was injected onto the column. The calibration 

standard samples used ranged from 0.1 to 10 µg/mL. The method was precise with intra- 

and inter-day variation less than 12% and with accuracy between 91 to 108% for all 

quality control (QC) samples and for lower limit of quantification (LLOQ). For lidocaine 

samples extracted from Lidoderm® disc, an aliquot of sample was diluted with 50 mM 

potassium phosphate buffer in 1:1 ratio (v/v) to obtain 40-fold dilution. For lidocaine 

samples extracted from Mylan patch disc, an aliquot was evaporated under nitrogen and 

then reconstituted with methanol:mobile phase in 1:1 ratio (v/v) to obtain 4-fold dilution. 

4.2.4 In vivo PK Study in Healthy Human Volunteers  

Clinical study volunteers 

The clinical study was approved by Research Involving Human Subjects 

Committee at the FDA and the University of Maryland, Baltimore Institutional Review 

Board and was registered at ClinicalTrial.gov (NCT03145207). The study was carried out 
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in compliance with the ethical and scientific principles of the International Conference on 

Harmonization Good Clinical Practice E6.  

An open-label six-way crossover study design was conducted in twelve healthy 

volunteers. Table 4.2 summarizes the demographic information. The study included men 

and non-pregnant women ages 18 to 45 years. Eligible volunteers were non-smokers, 

having normal lab screening tests (white blood cells, complete blood count, hemoglobin, 

platelets, sodium, potassium, chloride, bicarbonate, blood urea nitrogen, creatinine, 

alanine aminotransferase, aspartate aminotransferase, urine protein and urine glucose) 

and having normal vital signs (body temperature 35-37.9°C, systolic blood pressure 90-

140 mmHg, diastolic blood pressure 60-90 mmHg, heart rate 55-100 beats per minute 

and respiration rate 12-20 breaths per minute). Volunteers were also required to have 

upper arms (minimum 28 cm (11 inch) circumference) large enough to allow for the 

placement of two 140 cm2 patches on one upper arm or one 140 cm2 patch on each upper 

arm.  Exclusion criteria include any pre-existing chronic pulmonary or respiratory 

conditions, active positive Hepatitis B, C and/or HIV serologies, known anemia, positive 

urine drug screening test, use of any prescription medication during the period 0 to 30 

days or over-the counter medication 0 to 3 days before entry to the study, prior adverse 

reaction to lidocaine, body mass index ≥ 30 kg/m2,	consumption of alcohol within 24 h 

prior to dose administration, history of skin disorders and dermatologic cancers, sunburn, 

raised moles and scars, open sores at application site, scar tissue, tattoo or coloration that 

would interfere with placement of formulations, skin assessment or reactions to lidocaine. 
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Table 4.2 Demographic information for in vitro study skin donors (n=5 skin donors) and 
in vivo PK study (n=12 volunteers) 

 

Clinical PK study design 

 The study design for the pivotal IVPT study and clinical PK study was 

harmonized as shown in Figure 4.3. The study duration was 15 h and the patch was worn 

for the first 10 h on all procedure days. The baseline study arm did not involve heat 

application.  Heat was applied for a period of 1.5 h during the early and late heat 

procedure days at 4 h and 8.5 h, respectively. During heat exposure the target skin 

temperature was 42 ± 2°C. 

Clinical study procedures 

Each of the twelve volunteers was enrolled to complete six study sessions. Each 

patch product had three study arms as shown in Figure 4.1. There was at least a one-week 

washout period between each study session. Before the beginning of each study session, 

clinical staff reviewed any changes in medical history, obtained vital signs, conducted 
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urine pregnancy test (for female volunteers) and examined patch application sites for any 

skin irritation. An intravenous (IV) catheter was then placed under sterile technique. Prior 

to adhering patches, skin was cleaned with water and dried carefully.  The patches were 

applied and held in place with firm pressure for 25 sec to ensure good skin contact. Two 

lidocaine patches were applied for each study session. Both patches were applied on the 

same upper arm (one below the other) for the first two volunteers. For the remaining 

volunteers, one patch was applied on each upper arm. This change was made to reduce 

the restriction on upper arm dimension to enable enrollment of more volunteers.  

A temperature sensor (Novatemp® skin temperature sensors 400 series; 

NOVAMED USA; Elmsford, NY) was placed adjacent to each patch and skin 

temperature was recorded before, during and after the period of heat application. Coban® 

self-adherent wrap (3M™; St. Paul, MN) was used to overlay the patches to ensure 

complete skin contact. (For the first two volunteers, an Oakton™ FEB insulated probe 

connected to a Temp 10 Type J thermocouple thermometer was used to monitor skin 

temperature. In place of Coban® wrap, Durapore™ tape was used to secure the patch 

edges.) The wrap was removed during heat application since the heating pads secured the 

patches. Before the scheduled time for applying the heating pads, the theratherm® heating 

pads were pre-heated for approximately 20 min at the maximum setting (~74°C) to 

ensure the volunteer’s skin temperature reached the target temperature of 42 ± 2°C within 

the desired time frame.  Skin temperature was monitored closely for the first 5 min and 

temperature was reduced as needed by lifting the pads and decreasing the temperature 

setting.  A separate heating pad was used for each patch/arm or one heating pad when 

both patches were on the same arm. Heating pads were aligned to avoid exposure of bare 
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skin to heat. A Kevlar® sleeve (DuPont) with window for patch and sensor was wrapped 

around the arm for this purpose. The heating pads were held in place using the attached 

Velcro® strap or Ace™ bandage. At 10 h post patch application, the patches were 

removed and sites were cleaned with an alcohol wipe followed by wiping with a dry 

cotton swab. Each patch was cut into smaller pieces and transferred into a 500 mL glass 

bottle containing organic solvent for extraction. The extraction procedure was the same 

as used for the in vitro studies.  Blood samples were collected at specified times over a 16 

h period of the clinical study with more frequent sampling during heat application and 

immediately following heat application at predetermined time points. 

Safety 

Assessment of adverse events (AEs) throughout each of the procedure days was 

monitored and vital signs (blood pressure, temperature, pulse and respiratory rate) for 

each volunteer was periodically monitored by a qualified nurse. AEs at patch application 

site (e.g., erythema, edema, itching, hyperpigmentation) were assessed subjectively by 

the staff or volunteer. Lidocaine administration was not anticipated to cause health 

problems. If a health problem would occur, the volunteer was discontinued from the 

study. If AEs would occur, clinical judgment was used with the results recorded as part of 

medically accountable physician’s assessment that an event was linked to the treatment or 

procedure.  Volunteers with ongoing AEs at completion of the study were contacted until 

resolved.  

Serum sample collection 

 Approximately 3 mL of blood was drawn into a vacutainer at all time points. The 

vacutainer was placed at room temperature for clot formation for at least 30 min, then 
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placed in a refrigerator (4°C) if it was not centrifuged within an hour. The vacutainer was 

centrifuged at 1300 g for 20 min at 4°C. Serum was aliquoted into two cryovials and 

placed in an ultralow freezer.  

4.2.5 LC-MS/MS Assay for Serum Lidocaine Concentrations 

Two validated liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

methods were used to analyze the serum samples from the PK study. First method was 

used to analyze samples from the first five volunteers. However, the HPLC-MS/MS 

system was replaced with an ultra performance liquid chromatography-tandem mass 

spectrometry (UPLC-MS/MS) system and the assay was modified.  The second method 

was used to analyze samples from the remaining seven volunteers. 

  For the first method, 400 µL of serum sample spiked with 20 µL of bupivacaine 

(200 µg/mL), as internal standard (IS), was extracted by addition of 250 µL 1 M sodium 

hydroxide, 1 mL methyl tert-butyl ether and 10 µL methanol. The extraction steps 

involved shaking for 15 min at 2500 rpm on a high-speed shaker, centrifuging at 1,500 x 

g at 4°C for 10 min, placing in an ultralow freezer for 20 min and centrifuging again for 2 

min. The upper organic layer was transferred into a clean tube and evaporated in a 50°C 

water bath under nitrogen. The residue was reconstituted in 150 µL of acetonitrile and 

centrifuged for 10 min and 10 µL was injected into the HPLC-MS for analysis. HPLC-

MS/MS system consisting of a Waters® Alliance e2695 Separations Module with 

Waters® Acquity triple quadruple mass spectrometer (Milford, MA) was used. The 

calibration standard samples used ranged from 0.1 to 50 ng/mL. The method was precise 

with intra- and inter-day variation less than 13.7% and with accuracy between 96 to 

106% for all QC samples and for LLOQ. 
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For the second method, 100 µL of serum sample spiked with 20 µL of 

bupivacaine (50 µg/mL), as internal standard (IS), was extracted by addition of 100 µL 1 

M sodium hydroxide and 1 mL dichloromethane. The extraction steps involved shaking 

for 20 min at 2500 rpm on a high-speed shaker and centrifuging at 20,817 x g at 4°C for 

25 min. The upper 200 µL of aqueous layer was discarded and lower organic layer (800 

µL) was transferred into a clean tube and evaporated in a 50°C water bath	under nitrogen. 

The residue was reconstituted in 50 µL acetonitrile and centrifuged for 10 min and 2 µL 

was injected into the UPLC-MS for analysis. UPLC-MS/MS system consisting of a 

Waters® Acquity H class UPLC with Waters® Xexo TQ-XS mass spectrometer (Milford, 

MA) was used. The calibration standard samples used ranged from 0.1 to 100 ng/mL. 

The method was precise with intra- and inter-day variation less than 14.23% and with 

accuracy between 87 to 108% for all QC samples and for LLOQ. 

Samples were injected by an autosampler onto a Waters® Atlantis HILIC column 

(3 µm, 50 x 3.0 mm) with Phenomenex SecurityGuard™ cartridge HILC (4 x 3.0 mm). 

Mobile phase consisting of acetonitrile and 10 mM ammonium formate buffer pH=3.2 

(91:9 v/v) at a flow rate of 0.5 mL/min was used to elute lidocaine within 5 min. After the 

initial analysis if a sample was outside of the standard curve, a smaller aliquot of the 

respective sample was diluted with blank serum and extracted accordingly, as described 

for the second method.  

4.2.4 Approaches to IVIVC 

Four approaches were used to evaluate IVIVC. The first two approaches evaluate 

single parameter predictions establishing a Level C correlation.  The latter two 
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approaches attempt point-to-point prediction of the entire concentration versus time 

profile establishing a Level A correlation for all the study arms.  

Approach 1 was to predict steady state lidocaine concentration (Css) in vivo based 

on observed steady state flux (Jss) value. Predicted Css for the two lidocaine patches was 

calculated using the following equation.28, 66 

𝐶!! =  
𝐽!! × 𝐴
𝐶𝐿                                                                  (1) 

Where, Css is the predicted steady-state lidocaine concentration in vivo (ng/mL), Jss is the 

observed steady-state flux in vitro (µg/cm2h) calculated for each donor as the mean flux 

observed from 4 h to 10 h, A is the total active surface area of the two patches used in 

vivo (cm2), CL is the total body clearance for lidocaine, which is 38,400 mL/h obtained 

from Lidoderm® package insert.69 

Approach 2 towards IVIVC was to compare the heat-induced enhancement ratios 

between in vitro and in vivo data.  Heat ratios were calculated two different ways 

resulting in two ratio sets. First set of heat ratios was calculated by dividing the peak 

value (flux in vitro and Cmax in vivo) for each heat arm with corresponding value in 

baseline arm. Second set of heat ratios was calculated by the ratio of partial cumulative 

amount permeated (in vitro) or partial AUC (in vivo) for each heat study arm divided by 

the baseline arm value calculated for the same time period.  

Approach 3 was to obtain a point-to-point prediction (Level A IVIVC) of the 

entire serum concentration profile. Rate of input (Rin) was calculated from the mean flux 

observed from 4 h to 10 h. In vivo lidocaine concentrations were predicted using the 

following equation. 28 
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𝐶! =  
𝑅!!
𝐶𝐿  (1− 𝑒!!")                                                                  (2) 

Where Cs is the predicted in vivo lidocaine concentration (ng/mL), Rin is the rate of input 

calculated from the mean flux observed from 4 h to 10 h for each donor, CL is the total 

body clearance for lidocaine (38,400 mL/h), k is the elimination rate constant which is 

0.389  h-1 calculated from Lidoderm® package insert and t (h) is the time after patch 

application. For prediction of Cs after patch removal (time points between 10 and 12 h), 

the following equation was used:  

𝐶! =   𝐶!(1− 𝑒!!")                                                                  (3) 

Where C0 is the concentration obtained after patch removal at 10 h. 

Approach 4 towards IVIVC was also to obtain a point-to-point prediction (Level 

A IVIVC) of the entire serum concentration profile for both baseline and heat study arms 

using the unit impulse response (UIR) based deconvolution method.28, 29 Patch PK data 

was deconvoluted using the calculated UIR values to obtain in vivo fraction absorbed into 

systemic circulation (Fa) based on the total amount of drug present in two patches. 

Numerical UIR based deconvolution method was used to deconvolute the baseline in vivo 

patch PK data. This approach required UIR values obtained from IV lidocaine data. IV 

data for lidocaine and calculated parameters listed below were obtained from literature.29, 

59  IV PK data for lidocaine was best described by a two-compartment PK model using 

the following bi-exponential equation: 

𝐶! = (𝐴×𝑒!!")+ (𝐵×𝑒!!") (1) 

Where CT is the concentration at time T. Following are the parameter estimates for the 

above equation:  
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• A = 4698.51   (units: ng/mL) 

• B = 1303.71   (units: ng/mL) 

• Alpha = 9.6    (units: h-1) 

• Beta = 0.54    (units: h-1) 

Based on these parameter estimates, UIR values were calculated as follows: 

• A1 = A/stripping dose   (units: mL-1) 

• A2 = B/stripping dose   (units: mL-1) 

• Alpha1= Alpha   (units: h-1) 

• Alpha2= Beta     (units: h-1) 

Stripping dose is the IV bolus dose of lidocaine (50 mg). Fa obtained from numerical 

deconvolution and fraction permeated (Fp) obtained from IVPT data was used to 

construct an IVIVC model. The correlation was best described by the following 

polynomial equation with a R2 value of 0.9995 (Figure 4.3). An internal validation was 

conducted using the above established correlation. In vitro Fp was calculated by dividing 

the cumulative amount of drug permeated at time (t) by the total amount of drug present 

in the patch section used in a single diffusion cell. The correlation between Fa and Fp 

was developed. 
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Figure 4.3 Level A correlation plot for Fa versus Fp for Approach 4 

 

To perform internal validation of the established correlation, Fa was predicted 

using the correlation, then convoluted using numerical UIR based method to obtain 

predicted baseline serum drug concentrations. Two heat enhancement factors (Hv: heat 

factor obtained from in vivo data (Equation # 4) and Hr: heat factor obtained from in vitro 

data (Equation # 5)) were introduced into the calculations to obtain predicted 

concentration following application of transient heat.28 The predicted baseline 

concentrations were multiplied by Hv, Hri or Hrii to obtain predicted heat study arm 

concentrations. The use of heat enhancement factor was restricted to the time points 

within the heat application time only. The following equations were used: 

𝐻! =  
𝑀𝑒𝑎𝑛 ℎ𝑒𝑎𝑡 𝑎𝑟𝑚 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒

𝑀𝑒𝑎𝑛 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑎𝑟𝑚 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 
(4) 

𝐻!" =  
𝑀𝑒𝑎𝑛 𝐽𝑚𝑎𝑥 𝑣𝑎𝑙𝑢𝑒

𝑀𝑒𝑎𝑛 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑎𝑟𝑚  𝑎𝑣𝑔. 𝑓𝑙𝑢𝑥 𝑣𝑎𝑙𝑢𝑒	
 (5) 

𝐻!"" =  
𝑀𝑒𝑎𝑛 ℎ𝑒𝑎𝑡 𝑎𝑟𝑚 𝑎𝑣𝑔. 𝑓𝑙𝑢𝑥 𝑣𝑎𝑙𝑢𝑒

𝑀𝑒𝑎𝑛 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑎𝑟𝑚 𝑎𝑣𝑔. 𝑓𝑙𝑢𝑥 𝑣𝑎𝑙𝑢𝑒 
(6) 
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Percent prediction error (%PE) was calculated for predicted AUC and Cmax values using 

the following equation: 

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛 𝐸𝑟𝑟𝑜𝑟 =
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 − 𝑃𝑟𝑒𝑑𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 ×100 
(7) 

 

4.2.5 Data Analysis 

 Statistical analysis such as Student’s t-test and ANOVA was performed using 

GraphPad Prism® software version 7.0 (La Jolla, CA). Statistical significance was 

declared at p < 0.05. Phoenix WinNonlin® software version 7.0 (Princeton, NJ) was used 

for non-compartmental analysis and to perform numerical deconvolution and convolution 

of data.  

4.3 Results 

4.3.1 IVPT on Porcine and Human Skin 

Dermatomed porcine and human skin was used to conduct preliminary studies 

under 24 h continuous heat conditions. Figures 4.4 and 4.5 show the flux versus time 

profile under continuous heat conditions for porcine and human skin, respectively. For 

porcine skin, Lidoderm® showed a 3.0-fold and Mylan patch showed a 2.4-fold 

enhancement in Jmax. For the three human skin donors, Lidoderm® showed a 3.5 ± 0.4-

fold and Mylan patch showed a 2.3 ± 0.2-fold enhancement in Jmax. 
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Figure 4.4 Mean flux ± SD (one porcine skin donor; n= four replicates) profiles for both 
lidocaine patches over 24 h with continuous heat application (A) Lidoderm® (B) Mylan 
patch.  (24 h patch application) 

 

Figure 4.5 Skin mean flux ± SD (n=three human skin donors with four replicates/donor) 
profiles for both lidocaine patches over 24 h with continuous heat application (A) 
Lidoderm® (B) Mylan patch (24 h patch application) 

 

Dermatomed human skin from five different donors was used to obtain the pivotal 

IVPT dataset. Table 4.2 summarizes the demographic information of the skin donors. 

Mean flux profile for the five donors is shown in Figure 4.6. The baseline study arm 

demonstrates a pseudo zero order release profile of Lidoderm®. The heat study arms for 

both patches show an increase in flux values during the duration of heat application. This 
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increase in flux induced by elevated temperature persists even after removal of heat for 

another 2 to 3 h for both early and late heat application. The 1.5 h of heat application plus 

2 to 3 h of enhancement observed post heat removal constitutes 3.5 to 4.5 h of observed 

heat effect in vitro. Figure 4.7 shows the comparison of Jmax enhancement values in the 

presence and absence of heat for the two different patches. Significant increase in flux 

was observed during the period of heat application. Lidoderm® showed a Jmax 

enhancement of 3.85 ± 1.47 and 4.05 ± 1.02 µg/cm2h during early and late heat, 

respectively. Mylan patch showed a Jmax enhancement of 1.88 ± 0.37 and 1.88 ± 0.22 

µg/cm2h during early and late heat, respectively. This Jmax enhancement was calculated 

by dividing Jmax in the heat window of the heat arm with Jmax of baseline arm during heat 

application. Lidoderm® shows increased variability in flux values during the period of 

heat application. Figure 4.8 shows the percentage of lidocaine extracted from the patch 

discs after IVPT studies. 

 

 

Figure 4.6 Mean flux ± SD (n=five donors with four replicates/donor) profiles for both 
lidocaine patches over 15 h with 1.5 h of heat application at 4 h (Early Heat) or 8.5 h 
(Late Heat). Patches removed after 10 h. (A) Lidoderm® (B) Mylan patch 
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Figure 4.7 Jmax enhancement ratios with and without heat exposure (A) Early heat (B) 
Late heat 

 

Figure 4.8 Comparison of residual drug in patch quantified after in vitro (n=5 donors; 4 
replicates/donor) and in vivo studies (n=12 volunteers) [Mean + SD] (* p ≤0.05; ** p 
≤0.01; *** p ≤0.001; **** p ≤0.0001) 
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4.3.2 In Vivo PK Study 

Table 4.2 summarizes the demographic information of the twelve volunteers. 

Serum PK concentration versus time profiles for all procedure days is shown in Figure 

4.9. The thick line represents mean concentration for twelve volunteers and the thin lines 

represent individual serum concentrations. The early heat procedure days show elevated 

serum lidocaine concentrations during the 1.5 h of heat application for the two different 

patches. However, the late heat procedure days for both patches did not show distinct 

spike in serum levels during heat exposure period. High interindividual variability is seen 

in the serum concentration profiles. Figure 4.8 shows the percentage of residual lidocaine 

extracted from the patches after PK studies. 
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Figure 4.9 Mean (thick line) and individual (thin lines) serum concentrations ± SD (n=12 
volunteers) for both lidocaine patches over 15 h with 1.5 h of heat application at 4 h 
(Early Heat) or 8.5 h (Late Heat). Patches removed after 10 h.  
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4.3.3 Safety 

Fourteen volunteers started the study, but only twelve completed all six study 

procedures days.  One volunteer withdrew from the study due to having to start taking 

allergy shots and other volunteer withdrew due to repeatedly high blood pressure 

readings before starting the second procedure day.  Both withdraws were not related to 

lidocaine.   

4.3.4 Skin Temperature Measurements 

Skin temperature was controlled during the IVPT studies using a heated 

circulating water bath that was connected to the diffusion cell warmer. The temperature 

of the water bath was manipulated to achieve target temperatures of 32 ± 1°C or 42 ± 2°C 

in the IVPT experiments (Fig. 4.2). The heating pad used for the clinical study was 

wrapped over the patch on the upper arm to reach a target skin temperature of 42 ± 2°C 

for all study volunteers (Fig. 4.2). During the period when no heat was applied, baseline 

skin temperatures of the volunteers were recorded. 

4.3.5 IVIVC 

For Approach 1, predicted Css was calculated to be 28.61 ± 17.19 ng/mL and 

89.51 ± 12.89 ng/mL for Lidoderm® and Mylan patch, respectively (Table 4.3). Observed 

Css from the in vivo PK study calculated as mean of concentration from 3.92 h to 10 h 

was 96.88 ± 110.24 ng/mL and 130.25 ± 134.87 ng/mL for Lidoderm® and Mylan patch, 

respectively. The predicted Css is a closer estimate to the observed Css value in case of 
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Mylan patch. However, the predicted Css for Lidoderm® is almost 3-fold lower than the 

mean observed value. 

Table 4.3 Observed (n=12 volunteers) and predicted steady state concentration (ng/mL) 

 

For Approach 2, heat-induced enhancement in Jmax and partial cumulative amount 

of drug permeated in vitro was compared to heat-induced enhancement in Cmax and 

partial AUC in vivo. Table 4.4 and 4.5 lists the two sets of heat enhancement ratios for 

Lidoderm® and Mylan patch, respectively. Due to high variability observed in the 

individual in vivo PK profiles, all the heat enhancement ratios for in vivo data were 

calculated from the mean PK profile of the respective study arm. Even though the use of 

mean values does not allow the ability to conduct pairwise statistical tests, one can still 

compare the closeness of the in vitro and in vivo values. The in vitro ratios seem to 

overpredict late heat enhancement in vivo for both patches.  
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Table 4.4 Heat-induced enhancement ratios Set I and Set II for Lidoderm® (Mean ± SD, 
n=5 human skin (HS) donors for in vitro and n=12 volunteers in vivo) 
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Table 4.5 Heat-induced enhancement ratios Set I and Set II for Mylan patch (Mean ± SD, 
n=5 human skin (HS) donors for in vitro and n=12 volunteers in vivo) 

 

Using Approach 3, an attempt was made to make a prediction of the entire 

concentration versus time profile for the baseline study arms for both patches. This 

approach utilizes in vitro IVPT data and in vivo PK parameters obtained from the 

package insert for each patch product.  The predicted profiles underpredicted the 

observed baseline study arms for both patches as shown in Figure 4.10. Since heat study 

arm predictions are built on the predicted baseline arms, Approach 3 was not used for 

heat arm predictions. 
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Figure 4.10 Predicted and observed (Mean + SD; n=12 volunteers) serum concentrations 
of lidocaine for both patches for baseline study design, using Approach 3. (A) Lidoderm® 
(B) Mylan patch.  Patches removed after 10 h. 

Approach 4 uses an UIR based deconvolution approach to make a point-to-point 

prediction of the entire concentration versus time profile for the baseline study arms for 

both patches. Figure 4.3 shows the polynomial equation that describes the Fa vs Fp 

correlation for both patches. The predicted baseline profiles align with the respective 

observed PK profiles as shown in Figure 4.11. Predicted baseline study arm profiles were 

further used to build the predicted heat study arm profiles by incorporating three different 

heat factors into the equation. Figure 4.11 also shows the predicted concentrations for 

baseline study arm and heat study arm using Hv, Hri and Hrii. Table 4.6 describes the 

predicted Cmax and AUC values and calculated PE.  
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Figure 4.11 Plot for observed and predicted in vivo serum concentrations versus time 
profiles for baseline arms (A, B), early heat arms (C, D) and late heat arms (E, F).  
Patches removed at 10 h. 
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Table 4.6 Predicted vs. observed PK parameters (Cmax and AUC0-15 h) as well as %PE for 
baseline arm and early and late heat arms.  Patches removed at 10 h. 

	

 

4.4 Discussion 

Our study was aimed at the evaluation of the effect of increased skin temperature 

resultant of external heat application on the BA from lidocaine patches. Some patches 

have included a warning in the label against use of external sources of heat while wearing 

the patch. This warning is based on in vivo clinical data on healthy human volunteers. 

Development of robust IVIVC models can replace such human studies and hence it is of 

paramount importance in the development and approval of generic patch products. The 

goal of our study was to explore IVIVC approaches to enable prediction of PK 

parameters or entire concentration versus time profiles, if possible, under normal as well 

as elevated temperature conditions.  
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Approach 1 towards IVIVC was a single point prediction of the Css value. Patch 

clearance can be calculated from available IVPT and clinical data by dividing the rate of 

input with steady state concentration (7.16 L/h and 23.12 L/h for Lidoderm® and Mylan 

patch, respectively). In vivo clearance of lidocaine obtained from IV data in literature is 

38.4 L/h. Differences in the calculated clearance values versus known PK clearance were 

greater for Lidoderm® compared to Mylan patch. Hence the predicted Css is closer to the 

observed value for Lidoderm®. For the Mylan patch, predicted Css is more than 3-fold 

lower than the observed value. The large variability in the observed values contributes to 

the lack of significance between the observed versus predicted values. High 

interindividual variability in the PK data for both patches may be attributed to 

physicochemical properties of lidocaine; lower lipophilicity and molecular weight.74 

Another possible reason for the differences between both patches in their in vitro based 

predictions may be factors contributed by the inherent formulation differences. Lidocaine 

being a hydrophilic compound should clear quickly from the skin. IVPT data show faster 

clearance of lidocaine from skin post patch removal for Mylan compared to Lidoderm® 

patch (Figure 4.12). One may conclude that differences in formulation design and 

excipients may influence drug clearance from skin. Similar to Approach 1, Approach 3 to 

IVIVC also uses an in vitro based prediction equation using input rate, but this approach 

attempts to predict the entire concentration versus time profile. Shown in Figure 4.9, this 

approach under predicts the baseline study arm for Lidoderm® compared to the Mylan 

patch. The above-mentioned reasons for differences seen in Approach 1 will also impact 

predicted results obtained using Approach 3 for both patches. The inadequate prediction 

of concentration post patch removal may be attributed to the ability of skin to release 
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drug even after patch removal. This results in a longer half-life for lidocaine from the 

patch than predicted by the in vivo half-life of lidocaine when administered IV.  

 

Figure 4.12 Flux profiles at baseline skin temperature (Mean ± SD, 1 donor, 4 replicates) 
for the two patches (A) porcine skin (B) human skin (24 h patch application) 

 

Approach 2 IVIVC compares the enhancement of in vitro parameters Jmax and 

partial cumulative amount against enhancement of in vivo parameters Cmax and partial 

AUC (Table 4.4 and 4.5).  Two sets of enhancement ratios were calculated. Enhancement 

ratios represent the increased BA in presence of heat application. For late heat application 

period in vivo, the enhancement ratios calculated were closer to unity indicating an 

absence of late heat effect in vivo. However, late heat enhancement ratios calculated from 

the IVPT data are similar to the early heat in vitro enhancement ratios. The IVPT flux 

profile shown in Figure 4.6, demonstrates a distinct spike in flux during late heat period 

similar to that seen during early heat period. The in vivo PK profile as shown in Figure 

4.9 does not show a distinct spike in serum concentrations during late heat period unlike 

that seen during early heat period. This difference in in vitro versus in vivo heat effect for 

late heat period may be attributed to two reasons. Curvature of the upper arms 
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contributed by the musculature may worsen the adhesion of a poorly adhering patch. 

Patch adhesion may also worsen over time as the volunteer moves throughout the 

procedure day duration. Application of heat later in the wear period at 8.5 h when patch 

adhesion has decreased compared to earlier wear time at 4 h, may have contributed to a 

lack of late heat effect in vivo.  

Approach 4 towards IVIVC utilizes both IVPT and in vivo PK data to build a 

correlation for the baseline study arms. A numerical UIR based deconvolution step is 

used to calculate fraction absorbed from the PK data. Figure 4.11 shows an overall good 

alignment of predicted and observed PK profiles for the baseline study arms. The %PE 

calculated for Cmax for the two baseline arms are higher than that for AUC 0-15 because 

of one or two time points with high variability in the observed baseline profiles. Since 

Cmax is based on a single time point, high variability in in vivo datasets can result in 

higher %PE. For both patches, Hri overpredicts late heat Cmax by >90%. This 

overprediction for late heat Cmax when in vitro heat factor is used for the calculation is 

because the in vitro late heat effect is more distinct compared to in vivo profiles which 

show an absence of late heat effect. Overall overprediction of AUC is observed for early 

and late heat arms since heat arm predictions are based on predicted baseline arm 

profiles. This approach assumes that the non-heat exposed portions of the heat arm study 

profiles have same concentration values as the predicted baseline arm. The in vivo dataset 

shows intra-subject variability between the procedure days. Hence the non-heat portions 

of the observed PK profiles for the three study designs do not overlay perfectly.  

Differences were observed between in vitro and in vivo datasets in the shape of 

the curve (flux versus time curve and concentration versus time curve in vitro and in vivo, 
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respectively) during heat effect and duration of heat effect. The IVPT profiles show a 

slow and steady increase in flux upon heat application. Jmax is reached towards the end of 

the heat application period. Upon heat removal, the flux slowly declines and does not 

reach baseline levels until 2 to 3 h post heat removal. The in vivo PK profiles show a very 

rapid increase in flux upon heat application. Cmax is reached towards the beginning of the 

heat application period. Upon heat removal, the flux rapidly declines and reaches baseline 

levels almost immediately post heat removal. These differences between in vitro and in 

vivo heat effects may be due to the inherent differences of in vitro and in vivo mechanism 

of heat effects since an IVPT setup does not mimic increased percutaneous blood flow or 

sweating in response to heat application.  

4.4 Conclusions 

IVIVC was successfully established at normal temperature conditions for the 

baseline study arms. The data show heat effect for both in vitro and in vivo. IVPT was 

more sensitive in detecting heat effect when compared to in vivo results. Heat application 

in vitro can be predictive of in vivo heat effects. Physicochemical properties of the drug 

molecule along with inherent differences in clinical study design and IVPT study design 

can contribute to differences and variability in the datasets causing IVIVC development 

for heat effect to be more challenging. Based on previous heat effect studies completed 

by our group with nicotine and fentanyl patches, along with the current results from 

lidocaine patches, IVPT is a useful tool when coupled with other methods to evaluate 

heat effects on BA from patch formulations. 
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Chapter 5: Evaluation of Heat Effect on Two Oxybutynin Transdermal 
Formulations using In Vitro Permeation Testing (IVPT) and Serum 

Pharmacokinetics 
 

5.1 Introduction 

Transdermal formulations are extended release dosage forms that can bypass first 

pass metabolism and deliver drug to the systemic circulation. Ease of administration 

along with improved bioavailability (BA) and reduced systemic side effects make them 

more attractive than traditional delivery systems. Transdermal formulations include 

patches and semisolids. Increased BA, resulting from heat exposure, has raised safety 

concerns about these formulations in recent years. Our in vitro studies with diclofenac 

semisolid and patch formulations have demonstrated increased drug permeation at higher 

temperatures.14 Contributing factors to heat effect include altered release from 

formulation, compromised skin barrier properties, increased skin permeation and 

increased rate of dermal clearance.5, 7-9 Most studies evaluating heat effect on transdermal 

formulations have focused on patch formulations of drugs such as fentanyl, nicotine and 

testosterone.9, 28, 39, 40 Semisolid formulations have not been widely explored for heat 

effect. Increase in in vitro flux was reported for acyclovir cream Zovirax® and suspension 

of caffeine, methyl and butyl paraben and diclofenac formulations.5, 14, 75  

Oxybutynin is highly lipophilic and a weak base with a logP of 4.2, pKa of 8.04 

and molecular weight of 357.5. It is an anticholinergic drug used in the treatment of 

overactive bladder. Oxybutynin transdermal formulations have greater BA than oral 

dosage forms and can reach systemic levels higher than the Ditropan XL® tablet.76 

Oxybutynin is associated with anticholinergic side effects such as dry mouth, 

constipation, abnormal vision, headache and dizziness.77 Toxicity due to an overdose may 
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include symptoms such as central nervous system overactivity, fever, cardiac 

arrhythmias, vomiting, respiratory failure, paralysis and coma. Elevated temperature 

conditions can increase BA from transdermal oxybutynin formulations. It is essential to 

evaluate the magnitude of heat-induced enhancement in BA for these formulations to 

define safety profiles. 

The two oxybutynin transdermal products are very different formulations in 

design and excipient composition. Oxytrol™ is a 39 cm2 patch composed of three layers: 

occlusive backing film, drug-polymer-adhesive matrix and release liner. The matrix 

contains triacetin, which acts as a permeation enhancer. Triacetin interacts with the lipids 

in the stratum corneum (SC) to control drug delivery. Oxytrol™ went through a partial 

prescription to over-the-counter (OTC) switch which is now marketed as Oxytrol® for 

Women. The Summary Review document for the OTC patch available on FDA website 

states that, “The prescription product is approved for both men and women; however, 

because of clinical concerns about men with undiagnosed prostate disease who might be 

at risk for urinary retention in the OTC setting if they were to use the oxybutynin patch 

the OTC population is adult women”. The prescription and OTC patches are the same 

according to the Chemistry Review data available on FDA website. Gelnique® is a 10% 

oxybutynin chloride gel formulation. It contains alcohol, which acts as permeation 

enhancer. Such differences in formulation design and excipients may have an impact on 

heat-induced enhancement in drug permeation.14 

The current work discussed in this chapter is still in progress and the datasets 

presented are incomplete. The data shown are limited to preliminary in vitro experiments 

on porcine and human skin and limited human pharmacokinetic (PK) data. The datasets 
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once completed will be analyzed to explore different approaches to in vitro-in vivo 

correlation (IVIVC). IVIVC, when successfully achieved, can save time and resources in 

product development and evaluation in human volunteers. One of the major challenges to 

IVIVC for topical and transdermal formulations is generating harmonized in vitro and in 

vivo datasets.  

5.2 Materials and Methods 

5.2.1 Materials 

Two oxybutynin transdermal products were used for the in vitro and in vivo 

studies: Oxytrol® for Women patch and Gelnique® 10% oxybutynin gel.  Formulation 

differences and dosage information are shown in Table 5.1. For the in vitro studies, 

patches were purchased through Target (Minneapolis, MN) and gel through Cardinal 

Health (Dublin, OH)	and for the	in vivo study, patches were purchased through Amazon 

(Seattle, WA) and gel through Cardinal Health (Dublin, OH) and R & H Pharmacy 

(New Hyde Park, NY).  Acetonitrile (high performance liquid chromatography (HPLC) 

and liquid chromatography-mass spectrometry (LC-MS) grade)), methanol (HPLC 

grade), water (LC-MS grade), ethyl acetate, gentamycin sulfate, sodium hydroxide, 

trifluoracetic acid (TFA), triethylamine (TEA) and sodium chloride were purchased 

from Fisher Scientific Inc. (Fair Lawn, NJ).  Water was obtained from a Milli-Q® 

system (EMD Millipore; Billerica, MA).	  
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Table 5.1 Characteristics of oxybutynin products used in the study 

 

5.2.2 In Vitro Permeation Test (IVPT) 

IVPT study design 

Preliminary IVPT studies were performed using porcine skin (Sinclair Bio 

Resources, LLC; Auxvasse, MO) and human skin (NCI Cooperative Human Tissue 

Network (CHTN). The goal of the preliminary study on porcine skin was to evaluate the 

maximum heat effect in vitro. The study design included two study arms.  For the 

baseline arm, skin temperature was maintained at 32 ± 1°C to mimic normal skin 

temperature. Heat study arm had continuous heat application (42 ± 2°C) for the entire 

study duration (72 h for patch and 48 h for gel). For the patch, the same study design was 

conducted with the human skin donor. For the gel, an IVPT study with a short duration of 

heat application was performed on human skin. Heat was applied from 6-8 h while the 

skin was occluded from 0-8 h. 

Skin preparation and permeation method 

Dermatomed porcine or abdominal human skin with a thickness of 250 ± 50 µm 

retaining the topmost layers and part of the dermis were stored at -20°C. On the day of 

the experiment, skin was thawed and cut into 4.84 cm2 square pieces. Skin was positioned 

between the donor and receiver chamber of the diffusion cell with the dermis-side facing 
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the receiver chamber. Skin was held in place by a membrane support. Transepidermal 

water loss (TEWL) readings were recorded using a cyberDERM RG-1 open chamber 

evaporimeter (cyberDERM, Inc.; Broomall, PA) and skin pieces with readings higher 

than 15.0 g/m2/h, were considered damaged and replaced.   

Once barrier integrity of the skin was evaluated, a 0.97 cm2 circular disc of the 

patch was applied on the SC-side of the skin covering the entire 0.95 cm2 permeation area 

of the diffusion cell. A 4.84 cm2 square 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.; Brookfield, CT) was placed on top of the patch disc to 

ensure complete adhesion to the skin. Ten mg/cm2 of the gel was dosed on the skin using 

a positive displacement pipette; then distributed over the permeation area of the skin 

using an inverted HPLC vial. PermeGear flow-through In-Line diffusion cells 

(Hellertown, PA) were used for IVPT studies. Saline solution 0.9% containing 0.005% 

gentamycin sulfate was used as the receiver solution maintained at 37°C in a water bath. 

Receiver solution was collected at predetermined time points and analyzed using a 

validated HPLC method. Skin temperature during the study was monitored using an 

infrared thermometer. A heated circulating water bath was connected to the water-

jacketed cell warmer holding the diffusion cells. Efficiently controlling the temperature 

of the circulating water by rapid heating using preheated water or rapid cooling using ice 

enabled maintenance of desired skin temperatures. 

5.2.3 HPLC Analysis of IVPT Samples 

HPLC system consisting of a Waters® Alliance e2695 Separations Module with 

column heater and a Waters® 2489 UV/Visible Detector with Waters Empower™ 
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software (Milford, MA) was used. Samples were injected by an autosampler onto an 

Agilent Zorbax® 300SB-C8 column (3.5 µm, 4.6 × 150 mm) with Phenomenex 

SecurityGuard™ C8 cartridge (5 µm, 4 × 3.0 mm). Mobile phase consisting of 

acetonitrile and 0.1% TFA in water pH=3.0 with TEA (35:65 v/v) at a flow rate of 0.5 

mL/min was used to elute oxybutynin at 9.8 min. The wavelength for UV detection of 

oxybutynin was set at 204 nm. Receiver solution was diluted with mobile phase in 1:1 

(v/v) ratio. The diluted sample (100 µL) was injected onto the column. The calibration 

standard samples used ranged from 0.05 to 10 µg/mL.  

5.2.4 In Vivo PK Study in Healthy Human Volunteers  

Clinical study volunteers 

The clinical study was approved by Research Involving Human Subjects 

Committee at the FDA and the University of Maryland, Baltimore Institutional Review 

Board and was registered at ClinicalTrial.gov (NCT03205605). The study was carried out 

in compliance with the ethical and scientific principles of the International Conference on 

Harmonization Good Clinical Practice E6 (ICH-GCP).  

An open-label, four-way crossover study design was conducted in twelve healthy 

volunteers (data presented for four volunteers). The study included men and non-pregnant 

women ages 18 to 45 years. Eligible volunteers were non-smokers, having normal lab 

screening tests (white blood cells, hemoglobin, platelets, sodium, potassium, chloride, 

bicarbonate, blood urea nitrogen, creatinine, alanine aminotransferase, aspartate 

aminotransferase, urine protein and urine glucose) and having normal vital signs (body 

temperature 35-37.9°C, systolic blood pressure 90-165 mmHg, diastolic blood pressure 

60-100 mmHg, heart rate 55-100 beats per minute and respiration rate 12-20 breaths per 
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minute). Volunteers were also required to have upper arms (minimum 30 cm 

circumference) large enough to allow for application of 200 cm2 area of gel on each 

upper arm.  Exclusion criteria included any pre-existing chronic pulmonary or respiratory 

conditions, active positive Hepatitis B, C and/or HIV serologies, known anemia, positive 

urine drug screening test, use of any prescription medication during the period 0 to 30 

days or over-the counter medication 0 to 3 days before entry to the study, prior adverse 

reaction to oxybutynin, body mass index ≥ 30 kg/m2, consumption of alcohol within 24 h 

prior to dose administration, history of skin disorders and dermatologic cancers, sunburn, 

raised moles and scars, open sores at application site, scar tissue, tattoo or coloration that 

would interfere with placement of formulations, skin assessment or reactions to 

oxybutynin. 

Clinical PK study design 

For the clinical study, the original design is shown in Figures 5.1 and 5.2 for patch 

and gel, respectively, for a total of six procedure days. A patch was used for Study 

Session 1 & 3 (baseline and heat study arm, respectively) and gel was used for Study 

Session 2 & 4 (baseline and heat study arm, respectively). For Study Session 3, a patch 

was applied for 30 h; a heating pad (42 ± 2°C) was applied over the patch for a 90 min 

duration at 24 to 25.5 h (early heat) and 30 to 31.5 h (late heat) time point. For Study 

Session 4, gel was applied for 12 h with heating pad (42 ± 2°C) applied to the gel for a 90 

min duration at 0 to 1.5 h (early heat) and 7 to 8.5 h (late heat) time point.  

After analyzing data from three volunteers, the design was adjusted for Study 

Sessions 2 & 4 and to focus on permeation increases due to occlusion over the gel. 

Therefore, the study design was adjusted accordingly as shown in Figure 5.3.  Study 
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Session 2 was gel baseline arm with no occlusion. For Study Session 4, gel was applied 

for 12 h with occlusive membrane applied for a period of 3 h from 7–10 h. 

 

 

Figure 5.1 Schematic diagrams of Oxytrol® for Women PK studies (A) Baseline study 
arm (B) Heat study arm. 

 

 

 

Figure 5.2 Schematic diagrams of Gelnique® PK studies (A) Baseline study arm (B) Heat 
study arm 
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Figure 5.3 Schematic diagrams of modified Gelnique® PK studies (A) Baseline study 
arm (B) Occlusion study arm 

 

Clinical study procedures 

Each of the twelve volunteers was enrolled to complete four study sessions. The 

study design for Study Sessions 2 and 4 was changed after three volunteers completed the 

study. These three volunteers returned to repeat Study Sessions 2 and 4 under the revised 

study design.  Each product has two study arms as shown in Figure 5.1 and Figure 5.2. 

For patch study sessions, blood sampling started at 24 h since steady state serum levels 

were not expected to reach before 24 h.  There was at least a one-week washout period 

between each study session. Before the beginning of each study session, clinical staff 

reviewed any changes in medical history, obtained vital signs, conducted urine pregnancy 

test (for female volunteers) and examined application sites for any skin irritation. An 

intravenous (IV) catheter was then placed under sterile technique. Prior to adhering the 

patch or rubbing in the gel, skin was cleaned with water and dried carefully.  One patch 

was applied to the upper arm and held in place with firm pressure for 25 sec to ensure 

good skin contact. The areas for gel application were marked with a template. A silicone 
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applicator was used to apply 0.5 g gel on the identified location to each upper arm and 

was simultaneously rubbed into the 200 cm2 area by two personnel for 1 min.  If 

additional time was required, rubbing was continued for 30 sec; up to an additional 1 min 

with not exceeding 2 min. After gel application, an occlusive 3M™ polyester backing 

(St. Paul, MN) was placed over the application sites at 0 to 1.5 h and 7 to 8.5 h time 

point.  New backing was used for each 90 min duration and retained for residual drug 

content extraction.  

A temperature sensor (Novatemp® skin temperature sensors 400 series; 

NOVAMED USA; Elmsford, NY) was placed adjacent to the patch or gel application 

area, and skin temperature was recorded before, during and after the period of heat 

application. Before the scheduled time for applying the heating pads, the theratherm® 

heating pads were pre-heated for approximately 20 min at the maximum setting (~74°C) 

to ensure the volunteer’s skin temperature reached the target temperature of 42 ± 2°C 

within the desired time frame. Skin temperature was monitored closely for the first 5 min 

and temperature was reduced as needed by lifting the pads and decreasing the 

temperature setting. A separate heating pad was used for each arm with gel. Heating pads 

were aligned to avoid exposure of bare skin to heat. A Kevlar® sleeve (DuPont) with 

window for patch and sensor was wrapped around the arm for this purpose. The heating 

pads were held in place using the attached Velcro® strap or Ace™ bandage. For Study 

Session 2, a heating pad (turned off) was wrapped around over the occlusive backing 

during the periods corresponding to heat application in Study Session 4. The purpose of 

the heating pad in Study Session 2 was to occlude the gel to the same extent as Study 

Session 4. 
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At 30 h post patch application, the patch was removed, and the site was cleaned 

with an alcohol wipe followed by wiping with a dry cotton swab. The patch was cut into 

smaller pieces and transferred into a glass bottle containing 200 mL acetonitrile for 

extraction. At 12 h post gel application, the skin areas where the gel was applied were 

cleaned with alcohol wipes and cotton gauze. The wipes and cotton gauze were extracted 

using methanol to quantify residual drug.  

Serum sample collection 

Blood samples were collected at predetermined time points over the period of the 

clinical study with more frequent sampling during heat application and occlusion and the 

period immediately following heat application and occlusion.  Approximately 4 mL of 

blood was drawn into a vacutainer at all time points. The vacutainer was placed at room 

temperature for clot formation, then placed in a refrigerator (4°C) if it was not 

centrifuged within an hour. The vacutainer was centrifuged at 1300 x g for 20 min at 4°C. 

Serum was aliquoted into cryovials and stored in an ultralow freezer.  

5.2.5 LC-MS/MS Assay for Serum Oxybutynin Concentrations 

A validated liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

method was used to analyze the serum samples from the PK study. The method was used 

to analyze samples from the first four volunteers. A 200 µL of serum sample spiked with 

50 µL of oxybutynin d-11 (30 ng/mL) as internal standard (IS) was extracted by addition 

of 1.5 mL ethyl acetate. The extraction steps involved shaking for 20 min at 2500 rpm on 

a high-speed shaker and centrifuging at 1,500 x g at 4°C for 30 min. The upper organic 

layer (1.3 mL) was transferred into a clean tube and evaporated under nitrogen. The 

residue was reconstituted in 50 µL acetonitrile and centrifuged for 10 min and 20 µL was 
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injected into the ultra performance liquid chromatography-tandem mass spectrometer 

(UPLC-MS/MS) for analysis. UPLC-MS/MS system consisting of a Waters® Alliance 

e2695 Separations Module with Waters® Acquity™ TQD (Milford, MA) was used. The 

calibration standard samples used ranged from 0.05 to 50 ng/mL for oxybutynin. The 

method was precise with intra- and inter-day variation less than 6.4% and with accuracy 

between 95 to 98% for all quality control (QC) samples and for lower limit of 

quantification (LLOQ). 

Samples were injected by an autosampler onto a Phenomenex Luna® HILIC 

column (5 µm, 150 x 3.0 mm) with Phenomenex SecurityGuard™ cartridge HILC (4 x 

2.0 mm). Mobile phase consisting of acetonitrile and 10 mM ammonium formate buffer 

(98:2 v/v) at a flow rate of 0.6 mL/min was used to elute oxybutynin within 4.5 min. 

After the initial analysis if a sample was outside of the standard curve, a smaller aliquot 

of the respective sample was diluted with blank serum and extracted. 

5.3 Results 

5.3.1 Preliminary IVPT study 

Dermatomed porcine and human skin was used to conduct preliminary studies 

under 24 h continuous heat conditions. Figure 5.4 shows the flux versus time profile 

under continuous heat conditions for porcine skin. For porcine skin, Oxytrol® for Women 

showed a 3.0-fold enhancement in Jmax. Gelnique® baseline levels were below the level of 

quantification but exhibited quantifiable levels reaching a Jmax of 2.7 µg/cm2h with 

continuous heat. Figure 5.5 shows flux profiles from human skin. Oxytrol® for Women 

showed 2.2-fold enhancement in Jmax when continuous heat was applied. Gelnique® was 
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exposed to heat from 6–8 h while being occluded from 0–8 h resulting in a 1.5-fold 

enhancement in Jmax.  

 

Figure 5.4 Mean flux ± SD (one porcine skin donor; n=4 replicates) profiles of the two 
oxybutynin products with continuous heat application (A) Oxytrol® for Women (B) 
Gelnique® (At 32°C, receiver solution concentrations were below LLOQ) 

 

 

Figure 5.5 Mean flux ± SD (one human skin donor; n= 3-4 replicates) profiles of the two 
oxybutynin products (A) Oxytrol® for Women with continuous heat application (B) 
Gelnique® with heat application from 6-8 h. 
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5.3.2 In Vivo PK Study 

Serum PK concentration versus time profiles for all study procedure days are 

shown in Figures 5.6 and 5.7. In Figure 5.7, the thick line represents mean concentration 

for three volunteers for Gelnique® and four volunteers for Oxytrol® for Women and the 

thin lines represent individual serum concentrations. The patch showed a 1.3 to 22.9-fold 

and 1.1 to 4.5-fold Cmax enhancement during early and late heat period, respectively. The 

gel showed a 5.5 to 176.7-fold and 1.1 to 102.7-fold Cmax enhancement during early and 

late heat period, respectively. Figure 5.8 shows the Cmax values for all study sessions. 

 

Figure 5.6 Mean concentration ± SEM profiles. (A) Oxytrol® for Women (n=4 
volunteers) (B) Gelnique® (n=3 volunteers) 
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Figure 5.7 Mean (thick line) and individual (thin lines) serum concentrations for (A, C) 
Oxytrol® for Women baseline and heat arm, respectively, (n=4 volunteers) and (B, D) 
Gelnique® baseline and heat arm, respectively, (n=3 volunteers) 

 

 

Figure 5.8 Cmax comparisons for (A) Oxytrol® for Women (n=4 volunteers) (B, C) 
Gelnique® (n=3 volunteers) 
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Serum samples from the first three completed volunteers for Study Session 4, 

demonstrated a much higher than expected oxybutynin concentrations during heat 

application. A thorough literature search was conducted to determine in any previously 

published data could justify proceeding with the current study design.  Based on the lack 

of published safety data with higher oxybutynin serum concentrations, it was determined 

to adjust the design for Study Sessions 2 & 4 and focus on permeation increases due to 

occlusion over the gel.  The Gelnique® baseline study arm showed 4.2 to 4.5-fold 

increase in serum levels under occlusion. Therefore, the study design was adjusted 

accordingly as shown in Figure 5.3.   

 

5.4 Discussion 

The purpose of our study was to evaluate the effect of increased skin temperature 

resulting from external heat application on BA from oxybutynin products. Patch and gel 

are different in their formulation design and excipient composition. Evaluation of heat 

effect on such vastly distinct formulations containing the same active ingredient can 

provide valuable information on the influence of inactive ingredients and formulation 

design on BA changes. Current literature lacks in clinical data evaluating heat effect on 

semisolids. 

Gelnique® showed a large spike in serum concentrations with heat exposure in 

human volunteers. Such high concentrations were not predicted by preliminary IVPT 

data. The difference observed between in vitro and in vivo results may be attributed to 

several reasons. Heat exposure to the gel was accompanied with occlusion of the gel 

application area.  The baseline study arm was occluded during the time period 

corresponding to heat application in the heat study arm. The purpose of including 
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occlusion in the baseline study arm was to deconvolute the effects of occlusion from heat 

effect. However, simultaneous occlusion and heat application might have led to a 

synergistic effect in vivo. Occlusion increases skin hydration causing an increase in 

permeation by several folds.78 Lipophilic molecules can have greater permeation during 

occlusion compared to hydrophilic molecules.36 Temperature and hydration affects 

permeability more than drug concentration.79 Alcohol present in the formulation can alter 

the barrier properties of SC.80 

One may argue that the occlusive backing of the patch along with heat exposure 

should produce high levels of enhancement similar to that observed for the gel. However 

for the patch, the drug adhesive matrix controls the drug delivery rate. Structural integrity 

of this matrix is retained during heat exposure preventing dose dumping. Surface area of 

the patch, with its occlusive backing membrane, is smaller than the gel application 

surface area by approximately 10-fold. Gel formulation can undergo thermodynamic 

changes under increased temperature conditions.14 These changes, in combination with 

occlusive conditions, along with physiologic factors like sweating and increased 

percutaneous blood flow could have resulted in the large spike in oxybutynin 

concentration under heat exposure. 

5.5 Conclusions 

Our data show heat effect both in vitro and in vivo. More datasets from different 

semisolids may help understand the differences in heat effect seen in vitro versus in vivo. 

Lack of safety data on oxybutynin at higher concentrations prevented continuing the 

clinical PK study for the gel with heat exposure. A similar heat effect study design on 

semisolid products with drugs having a wider therapeutic index and established safety 
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data needs to be explored. Physicochemical properties of the drug molecule along with 

inherent differences in formulation design and excipients may contribute to the 

magnitude of heat effect. For the patch, heat effect data from the first four volunteers 

looks promising. A completed dataset will enable us to explore IVIVC approaches. 
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Chapter 6: Conclusions 
	

The objective of this dissertation was to evaluate the effect of heat on topically 

applied formulations using IVPT and in vivo PK and explore IVIVC approaches at 

normal and suboptimal conditions of heat exposure. Four drug molecules were selected to 

be studied based on their physicochemical properties. For each of the four molecules, 

formulations with different design and inactive ingredients were evaluated for the 

influence of heat in vitro and/or in vivo. Preliminary IVPT studies explored the effect of 

continuous heat exposure to evaluate the worst-case scenario of heat application. Pivotal 

IVPT studies were designed to evaluate clinically relevant scenarios of heat exposure. 

The study design was harmonized to the in vivo clinical study design and different 

approaches to IVIVC were explored.  

In Chapter 2, IVPT studies on porcine and human skin were able to demonstrate 

heat-induced enhancement in flux and cumulative amount of drug permeated from the 

four diclofenac products. The pivotal data showed the most significant heat-induced 

enhancement for the solution, followed by the patch and two gels in decreasing order of 

significance based on p values. Diclofenac solution showed the highest flux and 

cumulative amount permeated at both baseline and elevated skin temperature compared 

to the patch and gels. The studies demonstrated that heat exposure can alter drug 

permeation from topical formulations, but the increased levels are not expected to lead to 

systemic concentrations of concern. It was concluded that formulation design and 

excipients can influence drug permeation at elevated skin temperature. 

 In Chapter 3, IVPT studies on human skin were able to demonstrate that heat-

induced enhancement in flux and cumulative amount of drug permeated from BTDS was 
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reasonably consistent with the corresponding enhancement observed in vivo. Level A 

IVIVC was established using UIR based deconvolution method for both baseline and heat 

arms of the study. The %PE calculated for AUC and Cmax values were less than 20%. The 

studies indicate that IVPT studies performed under the same in vivo conditions may have 

the potential to correlate with and be predictive of in vivo results. IVPT studies can be 

used to evaluate heat effect on transdermal systems and predict associated serum 

concentrations in vivo. 

 In Chapter 4, preliminary IVPT studies using porcine and human skin were 

followed by pivotal IVPT studies using human skin from five donors for two lidocaine 

patches. A six-way crossover clinical PK study was conducted on twelve healthy human 

volunteers. The study design for the pivotal IVPT study and PK study was harmonized. 

When compared, the heat effect was similar in vitro and in vivo between the patches. 

Level A and Level C IVIVC approaches were evaluated for both normal and elevated 

temperature conditions. Early heat effect was predicted reasonably well by the IVIVC 

models. However, late heat effect was less predictive due to the differences observed 

between the in vitro and in vivo datasets and variability between volunteers’ PK profiles. 

IVPT is a valuable tool to evaluate heat effect in vitro. However topical products with 

higher variability in PK data can pose challenges to establishing robust IVIVC models. 

In Chapter 5, two vastly distinct oxybutynin formulations were evaluated for heat 

effect using exploratory IVPT studies and in vivo PK studies. The limited dataset showed 

high magnitude of heat-induced enhancement in serum concentrations when the gel was 

exposed to elevated temperature under occlusive conditions. For the patch, heat effect 
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data from the first four volunteers looks promising. A completed dataset will enable us to 

explore IVIVC approaches. 

In conclusion, results from this dissertation work demonstrate that heat exposure 

to topically applied formulations can alter drug permeation in vitro and in vivo PK. The 

formulation design and inactive ingredients influence the magnitude of heat effect seen in 

different formulations. Our results show that IVIVC can be successfully achieved at 

normal temperature conditions. Hence, IVPT can be a predictive tool for in vivo 

performance of topically applied formulations. However, under suboptimal conditions 

like heat exposure IVIVC may not be always successfully established. 
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