
Evaluation of skin tape stripping in healthy human
volunteers as a methodology for quantifying

local drug bioavailability from dermal products

Item Type dissertation

Authors Shukla, Sagar

Publication Date 2020

Abstract Stratum corneum (SC) tape stripping is a valuable methodology
that has been used for quantifying bioavailability (BA) of topical
drug products at the site of action. Although the Food and Drug
Administration (FDA) tape stripping guidance was withdra...

Keywords tape stripping; Diclofenac; Lidocaine; Pharmacokinetics;
Pharmacology, Clinical

Download date 19/05/2023 14:57:10

Link to Item http://hdl.handle.net/10713/13074

http://hdl.handle.net/10713/13074


Sagar Shukla, PharmD
Ph.D. Candidate

Department of Pharmaceutical Sciences
University of Maryland, School of Pharmacy

Sagar.shukla@gmail.com

EDUCATION
Ph.D., Pharmaceutical Sciences, University of Maryland, Baltimore 2014-2020
Pharm.D., University of Maryland, Baltimore 2007-2011

EXPERIENCE

Ph.D. Candidate: University of Maryland, Baltimore 2014 - 2020
Advisor: Audra Stinchcomb, Ph.D., Hazem E. Hassan, Ph.D.

Focus on transdermal drug delivery
Thesis: Evaluation of tape stripping as a methodology for quantifying local
bioavailability by in vitro permeation testing and in vivo tape stripping studies

 Trained and advised several junior Ph.D. candidates, Pharm.D. and high school
students in transdermal drug delivery including in vitro permeation testing and
HPLC

Project: Comparison of two topical patches: 2014 - 2016
lidocaine and diclofenac in porcine skin model

 Performed in vitro permeation testing (IVPT) and in vitro tape stripping experiments
using porcine skin on two topical patches.

 Investigated the impact of different physicochemical properties on the flux of drug
through the skin and retention in the stratum corneum.

Project: Fentanyl Clinical Study Jul 2016 - Dec 2016
 Primarily responsible for the clinical study coordinator duties
 Coordinated with the medically accountable investigator, hospital staff and

volunteers. Ensured the protection and safety of volunteers as described in the
protocol

 Prepared documents for review, documented adverse events, protocol deviations and
reviewed documents for accuracy

Project: Diclofenac Clinical Tape Stripping Study 2016 - 2019
 Assisted in writing the protocol and answering questions directed by the University

of Maryland IRB and FDA RIHSC regarding volunteer safety



 Designed the clinical study design and procedures for the tape stripping study.
Prepared topical drug products for application on volunteers and conducted tape
stripping on volunteers

 Conducted sample preparation for both serum samples and tape stripping samples.
 Analyzed collected samples using high performance liquid chromatography (HPLC)

(tape stripping samples) and liquid chromatography-tandem mass spectrometry (LC-
MS/MS) (serum samples)

 Evaluate the impact of the investigator on the variability of tape stripping
 Performed IVPT studies harmonized with the clinical study. Developed an in

vitro/in vivo correlation (IVIVC) model to predict the local bioavailability systemic
concentrations of diclofenac based on the IVPT results

Project: Lidocaine Clinical Tape Stripping Study 2016 - 2019
 Assisted in every aspect of the clinical study from writing parts of the protocol to

data analysis
 Investigated the impact of a cleaning protocol for the skin following topical patch

removal. Compared lidocaine flux with and without skin cleaning to determine the
need for skin cleaning for the clinical study

 Coordinated with lab members to conduct a combined clinical study to investigate
both heat effect and a tape stripping study to determine the local bioavailability of
two lidocaine topical patches.

Research Assistant: 2013 – 2014
University of Maryland, Baltimore
Supervisor: Joga Gobburu, Ph.D., MBA

 As a research assistant in the Center for Translational Medicine in the Department of
Pharmacy Practice and Science I worked on investigating the use of item response
theory in understanding ACR20 (American College of Rheumatology) criteria for
rheumatoid arthritis.

 Assisted in peer reviewing two journal papers which required me to critically
analyze scientific data and methodologies for the scientific community

 I also took the full course work for the Masters in Pharmacometrics at the University
of Maryland School of Pharmacy

Project: Rheumatoid Arthritis 2013-2014
 Worked with a pharmaceutical company in an attempt to better understand

rheumatoid arthritis and what factors are important in discriminating when
rheumatoid arthritis patients are improving from treatment.

 Investigated the utility of item response theory in understanding the impact of
individual factors of the ACR20 criteria, HAQ (Health assessment questionnaire),
joint score and other tests for rheumatoid arthritis. Utilized both Phoenix NLME
and NONMEM in modeling item response theory.

Pharmacist,Walgreens 2011 - 2013
MD license



 Registered Pharmacist responsible for ensuring patient safety and conducting
medication therapy management and patient education

 Counseled patients on adverse effects, drug-drug interactions, food-drug interactions
and proper use and selection of over-the-counter medications

 Consulted with health care professions to best ensure my patients compliance, safety
and efficacy of medications

 Developed customer service skills
 Utilized clinical knowledge to triaged patients who come in seeking help
 Verified and checked prescriptions for accuracy and interactions
 Performed vaccinations and medication therapy management
 Managed a staff of technicians

PUBLICATIONS
Hassan, H. E., Kelly, D., Honick, M., Shukla, S., Ibrahim, A., Gorelick, D. A., … Wang,
J. B. (2017). Pharmacokinetics and Safety Assessment of l-Tetrahydropalmatine in
Cocaine Users: A Randomized, Double-Blind, Placebo-Controlled Study. Journal of
Clinical Pharmacology, 57(2), 151–160. https://doi.org/10.1002/jcph.789

Merchan, L. M., Hassan, H. E., Terrin, M. L., Waites, K. B., Kaufman, D. A.,
Ambalavanan, N., … Viscardi, R. M. (2015). Pharmacokinetics, Microbial Response, and
Pulmonary Outcomes of Multidose Intravenous Azithromycin in Preterm Infants at Risk
for Ureaplasma Respiratory Colonization. Antimicrobial Agents and Chemotherapy,
59(1), 570–578. https://doi.org/10.1128/AAC.03951-14

Minocha, M., Shukla, S., & Gobburu, J. (2014). Integration of Pharmacogenomics and
Pharmacometrics to Support Drug Development, Regulatory and Therapeutic Decisions.
Current Pharmacogenomics and Personalized Medicine, 12(1), 32–42.
https://doi.org/10.2174/1875692112666140315005909

Jung, K.-Y., Samadani, R., Chauhan, J., Nevels, K., Yap, J. L., Zhang, J., … Fletcher, S.
(2013). Structural Modifications of (Z)-3-(2-aminoethyl)-5-(4-ethoxybenzylidene)
thiazolidine-2,4-dione that Improve Selectivity for Inhibiting the Proliferation of
Melanoma Cells containing Active ERK Signaling. Organic and Biomolecular Chemistry,
11(22). https://doi.org/10.1039/c3ob40199e

Shukla S, Hammell DC, Shin SH, Hassan HE, Bunge A, Stinchcomb AL. Evaluation of
Diclofenac and Lidocaine Topical Patches by Dermal Pharmacokinetic Methods: In Vitro
Tape Stripping and In Vitro Permeation Testing (IVPT). In preparation.

Shukla S, Hammell DC, Hassan HE, Ghosh P, Raney SG, Bunge A, Stinchcomb AL. In
Vitro Permeation Testing (IVPT) Evaluation of a Skin Cleaning Method After
Application of Lidocaine 5% Topical Patches. In preparation.

Shukla S, Thomas S, Hammell DC, Fox D, Hassan HE, Ghosh P, Raney SG, Bunge A,
Stinchcomb AL. Predicting Serum and Stratum Corneum Drug Concentrations

https://doi.org/10.1002/jcph.789
https://doi.org/10.1128/AAC.03951-14
https://doi.org/10.2174/1875692112666140315005909
https://doi.org/10.1039/c3ob40199e


Following Administration of Two Lidocaine 5% Topical Patches: In Vitro/In Vivo
Correlation. In preparation.

Shukla S, Thomas S, Hammell DC, Fox D, Shin SH, Hassan HE, Ghosh P, Raney SG,
Bunge A, Stinchcomb AL. In Vitro/In Vivo Correlations of Two Diclofenac Topical
Drug Products using In Vitro Permeation Testing and In Vivo Pharmacokinetic and Tape
Stripping Studies. In preparation.

Shukla S, Thomas S, Hammell DC, Fox D, Bunge A, Shin SH, Hassan HE, Ghosh P,
Raney SG, Stinchcomb AL. Investigator Impact on Tape Stripping Reproducibility. In
preparation.

Shukla S, Hassan HE, Kelly D, Wang JB. Randomized, Open-label, Placebo controlled,
Phase I Study for Evaluating L-Tetrahydropalmatine (L-THP) for Treatment of Cocaine
Addiction: Population Pharmacokinetics of L-THP and Cocaine. In preparation.

ORAL PRESENTATIONS
Shukla S, Thomas S, Hammell DC, Bunge A, Hassan HE, Stinchcomb AL. Impact of
Operator Variability on the Reproducibility of Tape Stripping Results, Oral
Presentation, Gordon Research Conference on Barrier Function of Mammalian Skin
(Aug. 14, 2019)

Shukla S, Thomas S, Hammell DC, Bunge A, Hassan HE, Stinchcomb AL. In Vivo
Evaluation of Lidocaine Bioavailability from Two Topical Patch Products by
Pharmacokinetic and Skin (Tape) Stripping Analyses, Oral Presentation, AAPS Student
Conference, Rutgers University (June 15, 2018)

POSTER PRESENTATIONS
Shukla S, Thomas S, Hammell DC, Bunge A, Hassan HE, Stinchcomb AL. Impact of
Operator Variability on the Reproducibility of Tape Stripping Results, Poster
Presentation, AAPS PharmSci 360 Annual Meeting (Nov. 5, 2019)

Shukla S, Thomas S, Yu M, Shin S, Hammell DC, Bunge A, Hassan HE, Stinchcomb
AL. Assessment of Bioavailability of Diclofenac from Two Topical Drug Products using
Pharmacokinetic and Skin (Tape) Stripping Analyses, Poster Presentation, AAPS
PharmSci 360 Annual Meeting (Nov. 06, 2018)

Shukla S, Thomas S, Hammell DC, Bunge A, Hassan HE, Stinchcomb AL. Assessment
of Local and Systemic Bioavailability of Lidocaine from Two Lidocaine Topical
Delivery Systems using Pharmacokinetic and Skin (Tape) Stripping Analyses, Poster
Presentation, AAPS PharmSci 360 Annual Meeting (Nov. 05, 2018)

Shukla S, Thomas S, Hammell DC, Bunge A, Hassan HE, Stinchcomb AL. In Vivo
Evaluation of Lidocaine Bioavailability from Two Topical Patch Products by
Pharmacokinetic and Skin (Tape) Stripping Analyses, Poster Presentation, AAPS
Annual Meeting (Nov. 14, 2017)



Shukla S, Thomas S, Hammell DC, Bunge A, Hassan HE, Stinchcomb AL. In Vivo
Evaluation of Lidocaine Bioavailability from Two Topical Patch Products by
Pharmacokinetic and Skin (Tape) Stripping Analyses, Poster Presentation, Gordon
Conference on Barrier Function of Mammalian Skin (Aug. 14-18, 2017)

Shukla S, Raney SG, Ghosh P, Hassan HE, Bunge A, Stinchcomb AL. Evaluation of
Two Lidocaine Topical Patch 5% Products by Cutaneous Pharmacokinetic Methods: In
Vitro Tape Stripping and In Vitro Permeation Testing, Poster Presentation, AAPS
Annual Meeting (Nov. 16, 2016)

Shukla S, Hassan HE, Raney SG, Newman B, Ghosh P, Bunge A, Stinchcomb AL.
Evaluation of Diclofenac Epolamine 1.3% and Lidocaine 5% Topical Patches by Dermal
Pharmacokinetic Methods: In Vitro Tape Stripping and In Vitro Permeation Testing
(IVPT), Poster Presentation, AAPS Annual Meeting (Oct. 29, 2015)

LEADERSHIP SKILLS
Pharmacist 2011 - 2013
 In charge of managing a staff of technicians
 Responsible for the well-being of patients
 Responsible for any incidences that occur between patients and pharmacy staff and

for dispelling the situation

Pharmaceutical Sciences Graduate Student Association (PGSA) 2016 - 2017
Executive Board Technology Officer
 Planned with fellow PGSA executive board members to address student concerns,

organized fund raisers, Thanksgiving potluck and department volleyball game
 Helped organize and set up presentations at a local STEM event for middle and high

school students to encourage young students to join a STEM field



Abstract

Title of Dissertation: Evaluation of skin tape stripping in healthy human volunteers as a

methodology for quantifying local drug bioavailability from dermal products

Sagar Jayant Shukla, Doctor of Philosophy, 2020

Dissertation Directed by: Dr. Audra L. Stinchcomb, Ph.D., Professor, Pharmaceutical

Sciences and Dr. Hazem E. Hassan, Ph.D., Clinical Pharmacologist, U.S. Food and Drug

Administration

Stratum corneum (SC) tape stripping is a valuable methodology that has been

used for quantifying bioavailability (BA) of topical drug products at the site of action.

Although the Food and Drug Administration (FDA) tape stripping guidance was

withdrawn several years ago due to variable results, with an appropriate study design,

tape stripping procedures can be a reproducible BA method. Therefore, the objective of

this work was to investigate the use of tape stripping to quantify BA and evaluate in

vitro/in vivo correlations (IVIVC) of two model compounds (lidocaine and diclofenac).

These compounds were selected for their differing physicochemical properties and skin

permeation rates. Two healthy human volunteer pharmacokinetic and tape stripping

studies were conducted to quantify the BA in the SC and measure the elimination rate

constant through the skin (kesc).

Investigator variability from the in vivo tape stripping study was also examined,

and the method variability potentially induced by the investigator can be mitigated by the

quality by design (QBD) approach of using transepidermal water loss (TEWL) for

determining when most of the SC has been removed in each individual volunteer. TEWL



readings assisted the investigator by representing the SC tape stripping endpoint, and the

SC masses removed from each volunteer were similar for the two investigators.

Harmonized IVPT studies were also conducted and key parameter estimates were

determined (absolute bioavailability (F) and (kesc)). These parameter estimates were used

to simulate in vivo SC drug concentrations. The error in the SC drug concentration

predictions from both in vivo studies was usually less than 20% compared to observed

values, which demonstrates the predictive power of carefully harmonized IVPT studies.

IVPT studies require less time and expense than human studies, and therefore these

models play an important role in the early stages of drug development to predict in vivo

SC drug concentrations, and absorption of drug through the skin. In this study, in vivo

kesc for a quickly permeating drug (lidocaine) appears to be well predicted by IVPT;

however, further work needs to be done to predict a slowly permeating drug’s (diclofenac)

SC drug concentrations and kesc.



Evaluation of skin tape stripping in healthy human volunteers as a methodology for
quantifying local drug bioavailability from dermal products

by
Sagar Shukla

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, Baltimore in partial fulfillment

of the requirements for the degree of
Doctor of Philosophy

2020



©Copyright 2020 by Sagar Shukla

All rights reserved



iii

Acknowledgments

I would like to thank all those you have contributed to this work. In particular I would

like to express my sincerest gratitude to my advisers, Dr. Audra Stinchcomb and Dr.

Hazem Hassan for providing me the opportunity to learn and grow through their guidance.

They have provided the support and direction I have needed every step of the way and it

has been my absolute pleasure to be able to call them my advisers.

I also want to thank my committee members, Dr. James Polli, Dr. Stephen Hoag, Dr.

Ryan Pearson and Dr. Richard Dalby for providing their time and experience. Your

comments and advice through the years have given me insights on ways of improving

and bettering this work.

I appreciate the contribution of many who have collaborated on these projects including

Dr. Sam Raney, and Dr. Priyanka Ghosh from the FDA and Dr. Annette Bunge, Dr.

Richard Guy, Dr. Begona Delgado-Charro and Dr. Thomas Franz for always providing

insight and encouragement during every step of the projects. I would also like to thank

all my former and current lab members and everyone from the School of Pharmacy who

have helped me thought the years in particular, Danielle Fox for being a fantastic study

coordinator, Dana Hammell for assistance in near every aspect of my research work and

Sherin Thomas for helping me with tape stripping which required long hours and late

nights at the GCRC. I would also like to acknowledge and thank the staff of the GCRC

who without them I wouldn’t have been able to complete the clinical studies.

I want to thank my family for supporting me and always being there for me. I want to

thank my son for always putting a smile on my face even when I’m stressed, and I



iv

especially want to thank my wife who has encouraged and helped me through this long

and rewarding time of my life. Without you all I don’t know how I could have done this.

Finally, I want to thank the FDA for providing the funding for the projects through grant

1U01FD004947.



v

Table of Contents

List of Tables.................................................................................................................... viii

List of Figures......................................................................................................................x

List of Abbreviations...................................................................................................... xviii

Chapter 1: Introduction........................................................................................................ 1
1.1 Topical Bioequivalence and Bioavailability: What are the issues?....................... 1
1.2 Stratum Corneum: The Primary Barrier................................................................ 3
1.3 Topical and Transdermal Drug Products............................................................... 6
1.4 Tape Stripping........................................................................................................8
1.5 In Vitro Permeation Testing (IVPT).................................................................... 15
1.6 Lidocaine..............................................................................................................17
1.7 Diclofenac............................................................................................................ 19
1.8 In Vitro/In Vivo Correlation................................................................................ 20
1.9 Research Objectives and Organization of Chapters.............................................21

Chapter 2: Evaluation of Diclofenac and Lidocaine Topical Patches by Dermal
Pharmacokinetic Methods: In Vitro Tape Stripping and In Vitro Permeation Testing
(IVPT)................................................................................................................................24

2.1 Introduction..........................................................................................................24
2.2 Materials and Methods.........................................................................................25

2.2.1 Materials................................................................................................... 25
2.2.2 Skin Donor................................................................................................26
2.2.3 Study Design.............................................................................................26
2.2.4 Tape Stripping...........................................................................................27
2.2.5 UPLC Analysis......................................................................................... 28
2.2.6 Sample Preparation................................................................................... 28
2.2.7 Statistical Analysis....................................................................................29

2.3 Results..................................................................................................................29
2.3.1 Lidocaine...................................................................................................29
2.3.2 Diclofenac................................................................................................. 33

2.4 Discussion............................................................................................................37

Chapter 3: In Vitro Permeation Testing (IVPT) Evaluation of a Skin Cleaning Method
After Application of Lidocaine 5% Topical Patches......................................................... 40

3.1 Introduction..........................................................................................................40
3.2 Materials and Methods.........................................................................................43

3.2.1 Materials................................................................................................... 43
3.2.2 IVPT..........................................................................................................43
3.2.3 Sample Preparation................................................................................... 46



vi

3.2.4 UPLC Analysis......................................................................................... 46
3.2.5 Statistical Analysis....................................................................................46

3.3 Results..................................................................................................................47
3.3.1 Lidoderm® Patch.......................................................................................49
3.3.2 Mylan Patch.............................................................................................. 53

3.4 Discussion............................................................................................................56
3.5 Conclusion........................................................................................................... 58

Chapter 4: Predicting Serum and Stratum Corneum Drug Concentrations Following
Administration of Two Lidocaine 5% Topical Patches: In Vitro/In Vivo Correlation..... 60

4.1 Introduction..........................................................................................................60
4.2 Materials and Methods.........................................................................................63

4.2.1 Materials................................................................................................... 63
4.2.2 In Vivo Clinical Study.............................................................................. 64
4.2.3 IVPT..........................................................................................................71
4.2.4 Sample Preparation................................................................................... 72
4.2.5 Bioanalytical Methods.............................................................................. 74
4.2.6 Predicting Stratum Corneum Drug Concentration....................................76
4.2.7 IVIVC....................................................................................................... 78
4.2.8 Statistical Analysis....................................................................................80

4.3 Results..................................................................................................................80
4.3.1 IVPT..........................................................................................................80
4.3.2 In Vivo Clinical Study.............................................................................. 84
4.3.3 Predicting Stratum Corneum Drug Concentration....................................90
4.3.4 IVIVC....................................................................................................... 93

4.4 Discussion............................................................................................................94
4.5 Conclusion........................................................................................................... 99

Chapter 5: In Vitro/In Vivo Correlations of Two Diclofenac Topical Drug Products using
In Vitro Permeation Testing and In Vivo Pharmacokinetic and Tape Stripping Studies 101

5.1 Introduction........................................................................................................101
5.2 Materials and Methods.......................................................................................103

5.2.1 Materials................................................................................................. 103
5.2.2 In Vivo Clinical Study............................................................................ 104
5.2.3 IVPT........................................................................................................109
5.2.4 Sample Preparation................................................................................. 111
5.2.5 Bioanalytical Methods............................................................................ 112
5.2.6 Stratum Corneum Drug Concentration Predictions................................ 114
5.2.7 IVIVC..................................................................................................... 118
5.2.8 Statistical Analysis..................................................................................119

5.3 Results................................................................................................................119
5.3.1 IVPT........................................................................................................119
5.3.2 In Vivo Clinical Study............................................................................ 125
5.3.3 Stratum Corneum Drug Concentration Predictions................................ 130
5.3.4 IVIVC..................................................................................................... 133

5.4 Discussion..........................................................................................................134



vii

5.5 Conclusion......................................................................................................... 139

Chapter 6: Investigator Impact on Tape Stripping Reproducibility.................................140
6.1 Introduction........................................................................................................140
6.2 Materials and Methods.......................................................................................142

6.2.1 Materials................................................................................................. 142
6.2.2 Clinical Study..........................................................................................143
6.2.3 Study Design...........................................................................................144
6.2.4 Tape Stripping.........................................................................................146
6.2.5 Sample Preparation................................................................................. 147
6.2.6 Analysis...................................................................................................148

6.3 Results................................................................................................................149
6.3.1 Investigator Ratio: Skin Mass Removed.................................................154
6.3.2 Investigator Ratio: Skin Drug Amount...................................................157
6.3.3 Investigator Ratio: Skin Drug Clearance................................................ 158

6.4 Discussion..........................................................................................................159
6.5 Conclusion......................................................................................................... 166

Chapter 7: Conclusion......................................................................................................168

References........................................................................................................................172



viii

List of Tables

Table 1.1 Differences in physicochemical properties between lidocaine and diclofenac.19

Table 2.1: Lidocaine IVPT and tape stripping.................................................................. 30

Table 2.2: Diclofenac IVPT and tape stripping................................................................ 34

Table 3.1: Properties of each lidocaine topical patch........................................................42

Table 3.2: Comparison of mean cumulative permeation and skin drug amount between

cleaned and not cleaned skin..............................................................................................51

Table 4.1: Demographic information for lidocaine in vivo and in vitro studies...............65

Table 4.2: Comparison of the Jmax and cumulative permeation of the three study designs

for both lidocaine 5% patches............................................................................................81

Table 4.3: Comparison of the in vivo and in vitro parameter estimates and SC drug

concentration for two lidocaine 5% patches...................................................................... 83

Table 4.4: Mean Cmax and AUC calculated from the mean profile of two lidocaine 5%

patches................................................................................................................................86

Table 4.5: Predicted SC drug concentrations from the simulation model and predicted

Cmax and AUC from the IVIVC model.............................................................................. 92

Table 5.1: Demographic information for diclofenac in vivo and in vitro studies...........105

Table 5.2: Jmax and cumulative permeation of the three study designs for two diclofenac

topical drug products........................................................................................................120

Table 5.3: Comparison of the in vitro and in vivo parameter estimates and SC drug

concentration for two diclofenac topical drug products.................................................. 124

Table 5.4: Mean Cmax and AUC calculated from the mean profile of two diclofenac

topical drug products........................................................................................................125



ix

Table 5.5: Predicted SC drug concentrations from the simulation model and predicted

Cmax and AUC from the IVIVC model for two diclofenac topical drug products........... 132

Table 6.1: Demographic information for lidocaine and diclofenac clinical study..........144

Table 6.2: Mean number of tape strips used, final TEWL, skin mass removed and skin

per time point, topical drug product and investigator...................................................... 151

Table 6.3: Geometric mean investigator ratio for skin mass, skin drug amount and drug

skin clearance ratio (90% confidence interval) for both lidocaine and diclofenac clinical

studies.............................................................................................................................. 156



x

List of Figures

Figure 1.1: Layers of Skin. The skin is composed of two main layers: the epidermis,

made of closely packed epithelial cells, and the dermis, made of dense, irregular

connective tissue that houses blood vessels, hair follicles, sweat glands, and other

structures. Beneath the dermis lies the hypodermis, which is composed mainly of loose

connective and fatty tissues. Reprinted with permission by OpenStax.21............................4

Figure 1.2: Layers of the Epidermis. The epidermis of thick skin has five layers: stratum

basale, stratum spinosum, stratum granulosum, stratum lucidum, and stratum corneum.

Reprinted with permission by OpenStax.21..........................................................................6

Figure 1.3: Adhesive tape stripping of stratum corneum. Reprinted with permission by

Brazilian Journal of Pharmaceutical Sciences. Brazilian Journal of Pharmaceutical

Sciences, 49(3), 423-434.50 ................................................................................................. 9

Figure 1.4: Schematic diagram illustrating the drug application and tape stripping

protocols. Reprinted with permission by Pharmaceutical Research Journal. Pharm Res.

2009;26:316–28.55..............................................................................................................11

Figure 1.5: a Progressive increase of transepidermal water loss (TEWL) as a function of

the absolute depth (μm) of stratum corneum removed. b The data in a, re-plotted as a

linear relationship between (TEWL)−1 and the depth of SC removed. The x-axis intercept

equals the SC thickness. Reprinted with permission from Pharm Res. 2008 Jan;25(1):87-

103.3................................................................................................................................... 13

Figure 1.6: Components of a flow-through diffusion cell. Reprinted with permission and

full resolution image provided by PermeGear, Inc............................................................17



xi

Figure 2.1: Lidocaine flux profile from three study designs (8, 12 or 16 h patch

application with patch removal of 16, 12 and 8 h, respectively) on porcine skin. (n=3;

Mean ± SD). ......................................................................................................................31

Figure 2.2: Lidocaine SC concentration from three study designs on porcine skin at

uptake and clearance phases (8, 12 or 16 h patch application with patch removal of 16, 12

and 8 h, respectively). (n=3; Mean ± SD). (** p ≤ 0.01, one-way ANOVA, followed by

Tukey’s post-hoc analysis)................................................................................................ 32

Figure 2.3: Lidocaine concentration (µg/µg skin) per tape group at different depths of the

SC from three study designs (8, 12 or 16 h patch application with a patch removal of 16,

12 8 h, respectively). (n=3; Mean ± SD). ......................................................................... 33

Figure 2.4: Diclofenac flux profile from three study designs (12 h uptake and A: 12 h

clearance; B: 24 h clearance; C: 72 h clearance) on porcine skin. (n=3; except 72 h

clearance, n =2; Mean ± SD)............................................................................................. 35

Figure 2.5: Diclofenac SC concentration from three study designs on porcine skin at

uptake and clearance phases (12 h patch application with patch removal of 12, 24 or 72 h).

(n=3; Mean ± SD; except for 72 h clearance, n=2). (* p ≤ 0.05, one-way ANOVA,

followed by Tukey’s post-hoc analysis).…....................................................................... 36

Figure 2.6: Diclofenac concentration (µg/µg skin) per tape group at different depths of

the SC from three study designs (12 h patch application with patch removal of 12, 24 or

72 h). (n=3; Mean ± SD; except clearance 72 h, n=2). ...................................................37

Figure 3.1: Lidocaine IVPT study designs (10 h patch application with three tape

stripping time points; uptake (10 h), Cl 1 (15 h) and Cl 2 (24 h) following patch

application)........................................................................................................................ 45



xii

Figure 3.2: Depiction of SC removed by the Lidoderm® patch from a human skin sample

following patch removal.................................................................................................... 48

Figure 3.3: Example of human skin samples following removal of Lidoderm® patch.....48

Figure 3.4: Lidocaine flux profiles from human dermatomed skin following

administration of Lidoderm® patch with and without cleaning from three study designs

(10 h patch application followed by 0, 5 or 14 h clearance phase). (cleaned: n=3 donors (4

replicates per donor); not cleaned: n=2 donors (4 replicates per donor, permeation of

Donor 1 was excessively high); Mean ± SEM)................................................................. 50

Figure 3.5: Lidocaine skin drug concentrations from human dermatomed skin following

administration of Lidoderm® patch for three study designs (10 h patch application

followed by 0, 5 or 14 h clearance phase). (n=3 donors (2-4 replicates per donor); Mean ±

SEM). (** p ≤ 0.01, one-way ANOVA, followed by Tukey’s post-hoc analysis)............53

Figure 3.6: Lidocaine flux profiles from human dermatomed skin following

administration of Mylan lidocaine 5% patch with and without cleaning from three study

designs (10 h patch application followed by 0, 5 or 14 h clearance phase). (n=3 donors (4

replicates per donor); Mean ± SEM)................................................................................. 54

Figure 3.7: Lidocaine skin drug concentrations following administration of Mylan patch

for three study designs (10 h patch application followed by 0, 5 or 14 h clearance phase).

(n=3 donors (4 replicates per donor); Mean ± SEM). No significant difference for SC

drug concentrations at any tape stripping time point between cleaned and not cleaned skin

pieces (one-way ANOVA, followed by Tukey’s post-hoc analysis).................................55

Figure 4.1: Template of application site locations on the volar forearm.......................... 68



xiii

Figure 4.2: Lidocaine tape stripping study design. Tape stripping occurs at 10 h post

application and 5 or 14 h post product removal.................................................................69

Figure 4.3: Example tape strip from the clinical study..................................................... 70

Figure 4.4: Simulation model of lidocaine kinetics through the skin. The patches are

assumed to follow a pseudo zero order input with bioavailability (F) over 10 h and first

order elimination rate constant through the skin (kesc)......................................................78

Figure 4.5: Lidocaine flux profiles of two lidocaine 5% patches from three different

study designs (10 h patch application followed by 0 (uptake), 5 (Cl 1) or 14 h (Cl 2)

clearance phase) conducted with three human skin donors and four replicates per study

design. (n=3 donors (4 replicates per donor); Mean ± SEM)........................................... 81

Figure 4.6: Lidocaine skin drug concentrations of two lidocaine 5% patches from three

different study designs (10 h patch application followed by 0 (uptake), 5 (Cl 1) or 14 h

(Cl 2) clearance phase) conduct on three human skin donors with four replicates per study

design. (n=3 donors (4 replicates per donor); Mean ± SEM). (*** p ≤ 0.001, one-way

ANOVA, followed by Tukey’s post-hoc analysis)............................................................84

Figure 4.7: (A) Observed individual serum concentrations (circles) and mean

concentration versus time profile (lines) of two lidocaine 5% patches (Lidoderm®: blue,

Mylan: light blue). (n=12; Mean ± SD). (B) Zoomed in plot of (A). ............................... 85

Figure 4.8: Observed skin mass collected from tape strips from each tape stripping time

point (uptake: 10 h, Cl 1 and Cl 2: 5 and 14 h following patch removal) and patch

(Lidoderm® and Mylan). (n=12; Mean ± SD). No significant difference for skin mass



xiv

collected at any tape stripping time point or product (two-way ANOVA, followed by

Bonferroni’s post-hoc analysis)......................................................................................... 87

Figure 4.9: Observed lidocaine skin drug concentration from tape strips from each tape

stripping time point (uptake: 10 h, Cl 1 and Cl 2: 5 and 14 h following patch removal)

and patch (Lidoderm® and Mylan). (n=12; Mean ± SD). No significant difference for

lidocaine skin drug concentration at any tape stripping time point between the lidocaine

products (one-way ANOVA, followed by Tukey’s post-hoc analysis).............................88

Figure 4.10: Observed lidocaine concentration versus cumulative skin mass collected for

each tape group at all three tape stripping time points (uptake, Cl 1 and Cl 2). (n=12)....89

Figure 4.11: Observed lidocaine skin drug amount per tape group at all three tape

stripping time points (uptake, Cl 1 and Cl 2). (n=12; Mean ± SD)................................... 90

Figure 4.12: Visual predictive check from 100 replicates predicting the SC drug

concentration at each tape stripping time points (uptake, Cl 1 and Cl 2) for (A)

Lidoderm® and (B) Mylan. Grey shaded region represents the 90th predicted percentile,

the black line represents the predicted 50th percentile, the red line represents the observed

50th percentile and the circles represent the observed data. (n=12)................................... 92

Figure 4.13: Observed and predicted concentration versus time profile following the

administration of two patches of (A) Lidoderm® and (B) Mylan. (n=12; Mean ± SD)... 94

Figure 5.1: Diclofenac tape stripping study design. Tape stripping occurs at 6 or 10 h

post application (uptake) for Pennsaid® and Flector®, respectively and 17 (Cl 1) or 41 h

(Cl 2) post product removal............................................................................................. 108

Figure 5.2: Simulation model of diclofenac kinetics through the skin. Flector® is

assumed to follow a pseudo zero order input over 10 h and Pennsaid® a first order



xv

absorption with bioavailability (F) and first order elimination rate constant through the

skin (kesc)......................................................................................................................... 117

Figure 5.3: Diclofenac flux profiles of two diclofenac topical drug products (Flector®

and Pennsaid®) from three different study designs (uptake, Cl 1 and Cl 2). (n=4 donors (4

replicates per donor); Mean ± SEM)............................................................................... 121

Figure 5.4: (A) Diclofenac skin drug concentrations of two diclofenac topical drug

products (Flector® and Pennsaid®) from three different study designs (uptake, Cl 1 and Cl

2). (n=4 donors (4 replicates per donor); Mean ± SEM) and (B) magnification of (A).

(*** p ≤ 0.001, one-way ANOVA, followed by Tukey’s post-hoc analysis)................. 123

Figure 5.5: (A) Observed individual serum concentrations (circles) and mean

concentration versus time profile (lines) of two diclofenac topical drug products (Flector®:

blue and Pennsaid®: light blue). (n=12; Mean ± SD). (B) Zoomed in plot of (A)..….... 126

Figure 5.6: Observed skin mass collected from tape strips from each tape stripping time

point (uptake: 6 or 10 h for Pennsaid® and Flector®, respectively; Cl 1 and Cl 2: 17 and

41 h following product removal) and topical drug product (Flector® and Pennsaid®).

(n=12; Mean ± SD; except for Cl 2, n=11). No significant difference for skin mass

collected at any tape stripping time point or product (two-way ANOVA, followed by

Bonferroni’s post-hoc analysis)....................................................................................... 127

Figure 5.7: Observed diclofenac skin drug concentration from tape strips from each tape

stripping time point (uptake: 6 or 10 h for Pennsaid® and Flector®, respectively; Cl 1 and

Cl 2: 17 and 41 h following product removal) and topical drug product (Flector® and



xvi

Pennsaid®). (n=12; Mean ± SD; except for Cl 2, n=11). (** p ≤0.01, *** p ≤0.001, one-

way ANOVA, followed by Tukey’s post-hoc analysis).................................................. 128

Figure 5.8: Observed diclofenac concentration versus cumulative skin mass collected for

each tape group at all three tape stripping time points (uptake, Cl 1 and Cl 2). (n=12;

except for Cl 2, n=11)...................................................................................................... 129

Figure 5.9: Observed diclofenac skin drug amount per tape group at all three tape

stripping time points (uptake, Cl 1 and Cl 2). (n=12; Mean ± SD; except for Cl 2,

n=11)…............................................................................................................................130

Figure 5.10: Visual predictive check from 100 replicates predicting the SC drug

concentration at each tape stripping time points (uptake, Cl 1 and Cl 2) for (A) Flector®

and (B) Pennsaid®. Grey shaded region represents the 90th predicted percentile, the black

line represents the predicted 50th percentile, the red line represents the observed 50th

percentile, and the circles the observed data. (n=12; except for Cl 2, n=11).................. 132

Figure 5.11: The observed and predicted concentration versus time profile following the

administration of (A) four Flector® patches and (B) 4 g Pennsaid® solution. (n=12; Mean

± SD)................................................................................................................................133

Figure 6.1: Observed skin mass removed per topical drug product (Flector®, Pennsaid®,

Lidoderm® and Mylan) and tape stripping time point (uptake, Cl 1 and Cl 2) for each

investigator (Investigator 1 and 2) (n=12; Mean ± SD; except for Flector® and Pennsaid®

Cl 2, n=11). No significant difference for skin mass collected between Investigator 1 and

2 (two-way ANOVA, followed by Bonferroni’s post-hoc analysis)............................... 150

Figure 6.2: Skin drug concentration per topical drug product (Flector®, Pennsaid®,

Lidoderm® and Mylan) and tape stripping time point (uptake, Cl 1 and Cl 2) for each



xvii

investigator (Investigator 1 and 2). (n=12; Mean ± SD; except for Flector® and Pennsaid®

Cl 2, n=11). No significant difference for skin drug concentration between Investigator 1

and 2 (one-way ANOVA, followed by Tukey’s post-hoc analysis)................................154

Figure 6.3: Investigator ratio (Investigator 2/1) for skin mass removed from tape strips

(geometric mean and 90% confidence interval) for lidocaine and diclofenac clinical study

at all three tape stripping time points (uptake, Cl 1 and Cl 2). (n=12). *n=11 volunteers155

Figure 6.4: Investigator ratio (Investigator 2/1) for skin drug amount from tape strips

(geometric mean and 90% confidence interval) for lidocaine and diclofenac clinical study

at all three tape stripping time points (uptake, Cl 1 and Cl 2). (n=12). *n=11

volunteers….....................................................................................................................158

Figure 6.5: Investigator ratio (Investigator 2/1) for skin drug clearance from tape strips

(geometric mean and 90% confidence interval) for lidocaine and diclofenac clinical study

between uptake and Cl 1 or Cl 2. (n=12). *n=11 volunteers........................................... 159



xviii

List of Abbreviations

Amt Amount

ANDA Abbreviated new Drug Application

API Active Pharmaceutical Ingredient

AUC Area Under the Curve

BA Bioavailability

BCS Biopharmaceutical Classification System

BE Bioequivalence

BIE Bioinequivalence

CHTN Cooperative Human Tissue Network

Cl Clearance

Cmax Maximum Concentration

dMD Dermal Microdialysis

DMSO Dimethyl sulfoxide

dOFM Dermal Open Flow Microperfusion

F Absolute Bioavailability

FDA U.S. Food and Drug Administration

HPLC High Performance Liquid Chromatography

IRB Institutional Review Board

IV Intravenous

IVIVC In Vitro/In Vivo Correlation

IVPT In Vitro Permeation Testing

IVRT In Vitro Release Testing



xix

J Flux

Jmax Maximum Flux

ka Absorption Rate Constant

kesc Elimination Rate Constant through the skin

LC-MS/MS Liquid Chromatography-Tandem Mass Spectrometry

LLE Liquid-Liquid Extraction

LLOQ Lower Limit of Quantification

LOD Lower Limit of Detection

MAI Medically Accountable Investigator

NDC National Drug Code

PE Prediction Error

PK Pharmacokinetics

RIHSC Research Involving Human Subjects Committee

SC Stratum Corneum

SUPAC Scale-Up and Post-Approval Changes

TDS Transdermal Delivery System

TEWL Transepidermal Water Loss

TFA Trifluoroacetic Acid

Tmax Time to Maximum Concentration

UPLC Ultra Performance Liquid Chromatography



1

Chapter 1: Introduction

1.1 Topical Bioequivalence and Bioavailability: What are the issues?

More than thirty-five years ago, the “Drug Price Competition and Patent Term

Restoration Act of 1984” was approved allowing pharmaceutical companies to use

bioequivalence (BE) studies as the primary method in the approval process for generic

products.1 This method was approved based on the assumption that blood drug levels are

an adequate surrogate for the site of action. The method is relatively simple and requires

the comparison of two different metrics, area under the curve (AUC) and Cmax. For oral

dosage forms this is still valid; however, this may not be the case when looking at topical

drug products. The relevance of systemic drug levels, even when detectable, compared to

local bioavailability (BA) of topical drug products is unclear.2,3 Since topical drug

products target the skin or surrounding local tissue, the drug products are ideally designed

to have high local and low systemic BA. Therefore, it can be difficult to conduct

traditional BE studies for topical drug products and accurately measure Cmax and AUC.

Currently there are multiple methods for approval of a generic topical drug products, but

they are all product specific. The FDA recommends methods based on the active

pharmaceutical ingredient (API), topical drug classification system and physicochemical

properties. Corticosteroids for example have a special pharmacodynamic test,

vasoconstriction assay, that can be used for assessing BE.4 Lidocaine due to its high

permeation rate across the skin has detectable blood levels; therefore, lidocaine 5%

generic topical patches were approved based on traditional BE studies.5–7 However, there

are limited uses for pharmacokinetic (PK) studies outside of transdermal products due to
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low systemic drug levels.6 For this reason, acyclovir has two options for proving BE

stated in the FDA draft guidance on acyclovir. The first method allows for in vitro

release testing (IVRT) and in vitro permeation testing (IVPT) if the reference and test

product are Q1, Q2 and Q3 similar. The second method, the most common method used

for topical drug products including diclofenac, is a BE study with a clinical endpoint.8–11

Although there are a few different BE testing options approved by the FDA, the majority

of drug products require a clinical endpoint study. Clinical endpoint studies can be both

costly and time consuming, as well as subject healthy volunteers to potentially

unnecessary clinical studies.12 In addition, clinical endpoint studies are not considered to

be sensitive enough or reproducible enough for evaluating the BE of some types of

topical drug products, and therefore require a large sample size.13,14 For this reason,

alternative methods to clinical endpoint studies need to be evaluated for use in the

approval process for topical drug products. A more diverse selection of BE

methodologies and fewer requirements for clinical endpoint studies would allow for a

faster approval process, which could lead to more abbreviated new drug application

(ANDA) submissions, potentially increasing the number of generics in the market.15

Since there is no one standard for the approval of topical drug products, many new

methods have been developed in hopes to avoid clinical trials. These methods include

dermal open flow microperfusion (dOFM), dermal microdialysis (dMD) and tape

stripping. dOFM and dMD are similar and require the placement of a probe in the dermis.

A perfusate flows though the probe and allows sampling of drug levels in real time.16

dOFM has been shown to accurately determine the dermal BA of some topical drug

products.17 Tape stripping on the other hand samples the stratum corneum (SC) and
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requires the use of tape strips to quantify the amount of drug present in the SC.

Following removal of a topical drug product, the site is tape stripped by applying and

removing successive tape strips in order to collect the SC. Tape stripping is minimally

invasive compared to dOFM and dMD.18

Unlike oral dosage forms, which usually provide higher plasma concentrations, topical

drug products are unique in that even without quantifiable plasma concentrations the drug

products can still be efficacious as long as the local skin and tissue concentrations are

high enough. Quantifying local BA of topical drug products can be difficult;

consequently, this is why finding a single methodology for all topical drug products may

not be feasible.19 Selecting a product or physicochemical property specific method may

be more beneficial and provide more accurate and reproducible results.20 The current

work is directed towards understanding the strengths and weaknesses of tape stripping as

a methodology to quantify local BA of topical drug products. Lidocaine and diclofenac

were chosen as model compounds due to their differing physicochemical properties

(Table 1.1), with the main differences being skin permeation rates and skin protein

binding.

1.2 Stratum Corneum: The Primary Barrier

The skin is composed of multiple layers including the epidermis, dermis and hypodermis

(Figure 1.1). The epidermis is a stratified squamous epithelium and consists of mainly

keratinocytes. Unlike the epidermis, the dermis is much thicker and contains blood

vessels, nerves, hair follicles and sweat glands.21 For the active drugs in topical drug

products to get into the systemic circulation, they must first pass through the epidermis
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into the blood vessels located in the dermis. One of the most important functions of the

epidermis is to act as the first line of defense to physical and chemical stresses. The SC,

the outermost layer of the epidermis, plays a vital role as a barrier against the

environment. The SC is composed primarily of corneocyte layers (differentiated

keratinocytes) and keratin. The dead layers of the SC are continuously shed and replaced

by cells from the stratum granulosum. The life cycle of the epidermal cells are

approximately 4 weeks.21

Figure 1.1: Layers of Skin. The skin is composed of two main layers: the epidermis,
made of closely packed epithelial cells, and the dermis, made of dense, irregular
connective tissue that houses blood vessels, hair follicles, sweat glands, and other
structures. Beneath the dermis lies the hypodermis, which is composed mainly of loose
connective and fatty tissues. Reprinted with permission by OpenStax.

Access for free at https://opentextbc.ca/anatomyandphysiology/chapter/5-1-layers-of-the-
skin/.21

https://opentextbc.ca/anatomyandphysiology/chapter/5-1-layers-of-the-skin/
https://opentextbc.ca/anatomyandphysiology/chapter/5-1-layers-of-the-skin/
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The barrier function of the SC is vital to protecting the body. There are multiple

methods for measuring barrier function including, transepidermal water loss (TEWL) and

transepidermal electrical resistance.22,23 The barrier function of the SC is not only

responsible for protecting the body from physical and chemical stresses, but also from

dehydration, which the TEWL determines by measuring the water loss through the skin.

The volar forearm SC thickness is approximately 10-20 μm and it takes approximately

three days for 80-90% of the SC to be replenished following tape stripping and 8-11 days

for TEWL measurements to return to baseline.24 During this time the stripped skin is still

intact and able to protect the body. The SC is also the primary barrier to the absorption

of drug from most topical products; therefore, SC removal can also increase drug

permeability. As demonstrated with EMLA™ cream, after 20 tape strips were used to

partially remove the SC prior to product application, a quicker anesthetic effect was

observed as compared to the control group which was not tape stripped.25,26

In the current work we utilize TEWL measurements to determine when the majority of

SC has been removed, which is critical when tape stripping.27,28 As the SC layers (Figure

1.2) are removed, the TEWL will increase due to the decreased SC barrier function,

allowing more water to escape through the epidermis.
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Figure 1.2: Layers of the Epidermis. The epidermis of thick skin has five layers: stratum
basale, stratum spinosum, stratum granulosum, stratum lucidum, and stratum corneum.
Reprinted with permission by OpenStax.

Access for free at https://opentextbc.ca/anatomyandphysiology/chapter/5-1-layers-of-the-
skin/.21

1.3 Topical and Transdermal Drug Products

Topical drug products as well as transdermal delivery systems (TDS) have been widely

used for the administration of a multitude of APIs. There are many advantages to topical

and transdermal drug formulations, such as avoiding first-pass metabolism, directly

targeting the site of action, and steady state drug delivery for an extended duration.

These advantages allow for drug administration while reducing many of the adverse

https://opentextbc.ca/anatomyandphysiology/chapter/5-1-layers-of-the-skin/
https://opentextbc.ca/anatomyandphysiology/chapter/5-1-layers-of-the-skin/
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effects associated with oral dosage forms. Decreased systemic drug exposure while still

maintaining efficacy is a hallmark of topical drug products such as Flector® (diclofenac

epolamine 1.3% topical patch) and Lidoderm® (lidocaine 5% topical patch). Both

products are good pain relievers, while still reducing the risk of gastrointestinal adverse

events and arrhythmias, respectively.29–32

While these advantages are ideal for pain indications where the site of action is in the

skin or surrounding local tissue, not all APIs are ideal for topical or transdermal drug

delivery. Many of the APIs used in topical drug products and TDS were selected due to

their physicochemical properties, which ideally have a low molecular weight less than

500 Da, a low melting point less than 250°C, moderate lipophilicity (log P 1-5) and high

potency.33–38 With few ideal molecules to choose from, new technologies have been

developed (chemical enhancers, microneedles, iontophoresis and electroporation) that are

being used for transdermal delivery of APIs that were unimaginable years ago.35,39–41

Dimethyl sulfoxide (DMSO) is an example of a chemical enhancer that is used in

Pennsaid® 2% (diclofenac sodium solution) to increase penetration across the skin

because diclofenac has poor permeation.42

TDS have been widely used over the past four decades for motion sickness, angina,

hypertension, hormone replacement therapy, pain and many others.33 There are three

major types of patches, reservoir, matrix and drug in adhesive. The first FDA approved

patch was scopolamine which used a reservoir system; however, recently drug in

adhesive patch have become more common and have fewer drawbacks.43–45 For example,

some types of reservoir systems are not able to be cut, and if the patch is damaged there

is potential for dose dumping which does not occur with drug in adhesive patch. In this
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work the three topical patch products, Lidoderm®, Flector® and Mylan lidocaine 5% are

drug in adhesive topical patches which is why they were able to be cut for the tape

stripping studies.

Excipients, like DMSO and others, can play a critical role in the performance of topical

drug products by altering BA. They can be used to alter the drug release from the

product, skin barrier integrity or drug penetration through the skin. A classification

system for topical drug products was developed based on excipients which can be used in

the FDA approval process. The topical drug classification system describes the

importance of Q1, Q2 and Q3 which corresponds to qualitative, quantitative composition

of inactive ingredients and the microstructure of the topical drug product, respectively. A

similarity in microstructure includes particle size distribution and rheological

properties.46 Using these principles could be vital in determining if a specific BE study

can be performed and if biowaivers would be available.

1.4 Tape Stripping

Tape stripping is a methodology used to quantify the SC drug amount following

successive tape strips. The tape strips are used to remove thin layers of the SC which are

used to calculate the local BA within the skin (Figure 1.3). The principle behind tape

stripping is that SC drug levels could be used to characterize both the absorption of drug

into the SC and the clearance out of the SC.47 Tape stripping can be performed at

different time points following drug product application in order to calculate the flux and

clearance of drug through the skin. Multiple studies investigating different
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corticosteroids found a correlation between vasoconstriction assays and SC drug levels,

which illustrates that skin drug levels correlated to a pharmacodynamic effect.47–49

Figure 1.3: Adhesive tape stripping of stratum corneum.

Reprinted with permission by Brazilian Journal of Pharmaceutical Sciences. Brazilian
Journal of Pharmaceutical Sciences, 49(3), 423-434.50

The FDA published a draft guidance for industry for the use of dermatopharmacokinetics

(tape stripping) for assessing BE of topical drug products in 1998.51 The draft guidance

outlined the clinical study design required for conducting a tape stripping study. Multiple

tape stripping time points were needed prior to and following Cmax. Three different tape

stripping time points are recommended prior to Cmax, one at Cmax and four following Cmax.

The time points at steady state or Cmax are designated as uptake time points and after Cmax

are designated as clearance time points. Another way to visualize it is the uptake phase

relates to when the drug is entering the skin and clearance phase relates to any period

following the uptake phase. Following the uptake phase, the drug product is removed

from the application site in order to get an accurate measurement of the uptake and
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clearance phase. The draft guidance was later withdrawn in 2002 due to inconsistencies

found in two studies.52 The two tretinoin gel comparison studies were performed by

Pershing et al. and the Franz research group.47,53 The Pershing et al. study showed that

tape stripping was able to accurately demonstrate two reference products were BE and

still accurately discriminate that Retin-A® and Avita® were not equivalent. Retin-A®

contains a volatile excipient that enables it to dry rapidly while Avita® has a non-volatile

excipient which requires longer to dry. The main difference between the two groups was

that in the Pershing et al. study SC tretinoin levels were higher for Retin-A® compared to

Avita®, while the opposite result was demonstrated in the Franz study. These

inconsistencies were due to differences in the study design and procedures between the

two studies. The predominant reason being that the tape stripping area was vastly

different and the Avita® product had a tendency to spread outside the application area due

to the formulation composition. Due to the two studies using different tape stripping

areas (34.7 and 212.5% greater than the application site for the Pershing et al. and Franz

studies, respectively), there were different tretinoin levels measured in the SC.47

Following the withdrawal of the FDA draft guidance, N’Dri-Stempfer et al. developed an

alternative method that did not require the use of eight tape stripping time points, just two;

a single uptake and clearance time point.54 They discovered using just two time points

did not reduce the validity of the methodology, and allowed for time points to be tested in

duplicate and the ability to test more topical drug products simultaneously.54–56 Testing

duplicate time points reduced variability caused by variations in the application sites

(inter-site variability) and thereby provided more reproducible results. They also

implemented the use of a template inside the application site which standardized the tape
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stripping area. This could ensure that only a portion of the application area would be tape

stripped (Figure 1.4).

Figure 1.4: Schematic diagram illustrating the drug application and tape stripping
protocols.

Reprinted with permission by Pharmaceutical Research Journal. Pharm Res.
2009;26:316–28.55

N’Dri-Stempfer et al. also advocated for an entirely new approach for conducting tape

stripping. The first new approach was performing a cleaning of the application site
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following the uptake phase. Cleaning the application site allowed for the inclusion of the

first two tape strips which contain a large percent of the drug in the SC. The previous

method excluded the first two tape strips due to the residual topical formulation being left

on the surface of the skin. By excluding the first two tape strips, a large amount of the

drug present in the top layers of the SC was not accounted for and due to the inherent

variability of the amount of SC removed by each tape strip would introduce additional SC

drug level variability for each tape stripping time point. Using a set number of tape strips

would also introduce additional variability between volunteers, between sites on the same

volunteer and even between the investigators performing the tape stripping. N’Dri-

Stempfer et al. recommended using TEWL measurements for determining when the

majority of SC had been removed to reduce the variability of SC removed during tape

stripping. For these reasons, using TEWL which has been well correlated with the

depth of SC removed, would greatly reduce variability (Figure 1.5).

A formula correlating TEWL to depth of skin removed was derived by Kalia et al. It

allowed for TEWL to be used for tape stripping studies to determine how much SC was

removed and if further tape strips were required.

xH
CKDTEWLx




 (1.1)28

Where xTEWL represents the TEWL at x depth, D is the diffusion coefficient of water

in the SC; K is the SC-viable tissue partition coefficient of water, C is the water

concentration gradient, H is the thickness of the SC and x is depth of SC removed.
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Figure 1.5: a Progressive increase of transepidermal water loss (TEWL) as a function of
the absolute depth (μm) of stratum corneum removed. b The data in a, re-plotted as a
linear relationship between (TEWL)−1 and the depth of SC removed. The x-axis intercept
equals the SC thickness. Reprinted with permission from Pharm Res. 2008 Jan;25(1):87-
103.3

There were multiple instances when TEWL did not increase even following SC removal.

This showed that the first few SC layers may not play a major role in SC barrier function,

for that reason an alternative method was devised to determine the depth of SC removed

based on the TEWL value. If the initial data points with consistent TEWL measurements

are removed, the remaining data points should form a straight line when xTEWL/1 is

plotted against cumulative SC depth removed.

CKD
xH

TEWLx 



1 (1.2)24

This equation can be used to determine the SC depth for each individual and therefore,

the x-intercept or when Hx  is equal to the SC depth. Based on this it was
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determined that an adequate end point for tape stripping was a TEWL of six times higher

than the baseline or 60 g/m2h.

This new methodology was tested on three bioequivalent econazole nitrate 1% creams

(one reference product and two generic products). With the new method, the two generic

topical drug products’ SC drug amount at both uptake and clearance tape stripping time

points were within the 80-125% BE criteria when compared to the reference product. In

addition, the study only required 14 volunteers to adequately power the study to prove

BE.47,55 In addition to assessing BE, Parfittet et al. conducted a study demonstrating tape

stripping accurately evaluated both BE and bioinequivalence (BIE) using clotrimazole

1% creams versus itself and cream vs gel, respectively.57

The relevance of tape stripping for topical drug products is its ability to measure the rate

and extent of drug absorption and clearance from the site of action, the SC. For drugs

which work in the surrounding local tissue, it has been demonstrated that SC drug

concentrations correlate with the drug concentration in surrounding tissue.47 Although

SC BA can be accurately measured, the relevance of its use on healthy skin may be

questionable if the topical drug product is intended for use on diseased skin. While a

difference in drug absorption through the skin is expected, it may be preferable to use

healthy skin due to its ability to better discriminate the rate and extent of drug absorption

and clearance between two different topical drug products.47 In addition, there are

multiple factors that influence the variability of tape stripping including the skin cleaning

procedure following drug product removal, skin hydration, cell cohesion which increases

with SC depth and force used to remove the tape strips.18
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1.5 In Vitro Permeation Testing (IVPT)

IVPT is a methodology of quantifying drug permeation through the skin. It has been

widely used in the development of topical drug products and recently in the approval

process of generic acyclovir topical drug formulations.8,9 These studies also have the

capability to detect flux differences following the addition of external factors like

heat.58,59 IVPT studies can be vital in studying the impact of environmental factors, such

as the effect of transient heat, formulation changes and dose escalation studies to reduce

subjecting volunteers to potentially unnecessary clinical or PK studies. The studies have

proven to be more sensitive compared to vasoconstriction assays when assessing

clobetasol BA.60

In order to have meaningful data from IVPT, used for BE studies, the study design needs

to be clinically relevant.43 There are multiple factors to ensure its relevance; the first one

is study design harmonization between IVPT studies or between IVPT and respective in

vivo clinical studies. This allows data to be compared accurately with the least

variability. The receiver solution used in this current work was isotonic phosphate

buffer because the APIs evaluated had good solubility, and it is a close relevant medium

to blood having a similar osmolarity and pH. The skin temperature and receiver solution

are maintained at physiological conditions to best match clinical relevance, 32° and 37°C,

respectively. The type and thickness of skin used can also have a large impact on the

results.

Although human skin is the most relevant skin model, there are limitations on the ability

to procure enough, especially during a pandemic. Therefore, alternative skin models are
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used including porcine, rat, mice, guinea pig, rabbit and snake.61–64 Of these, porcine skin

is the most similar to human skin which is why it is the most commonly used skin model

when it is difficult to acquire human skin.61–63,65 Skin needs to be prepared for IVPT

studies by removing most of the dermis. There are multiple ways of preparing skin

including: chemical separation, heat separation and dermatoming skin for split-thickness

and full thickness skin.66,67 For this current work, split-thickness skin was used since it

was most relevant to the work and clinical study conditions, as full thickness skin can

underestimate permeation, especially when using lipophilic compounds, and chemical

and heat separated skin may overestimate permeation.68–71 Human skin procured from

abdominoplasty, provided by NCI Cooperative Human Tissue Network (CHTN), was

dermatomed to a thickness of approximately 250-300 µm and frozen until used for IVPT.

TEWL was used for determining the integrity of the barrier function in skin prior to drug

application to ensure skin pieces had adequate barrier function. Many studies use a

TEWL measurement of 15 g/m2h as a maximum value to determine the barrier function is

intact.72,73 The final parameter for the IVPT study is the type of diffusion cell.

There are two major types of diffusion cells, flow-though and static. A flow-through cell

collects receiver solution as it flows under the skin for a designated period of time while a

static cell allows drug to permeate through the skin and collect into a single reservoir of

receiver solution (Figure 1.6). In the current work a flow through diffusion cell was

utilized in order to continuously sample receiver solution throughout a prolonged IVPT

study.
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Figure 1.6: Components of a flow-through diffusion cell. Reprinted with permission and
full resolution image provided by PermeGear, Inc.

In order to harmonize IVPT and clinical studies, the method of rubbing in the drug

product can prove to be critical since the method can affect the rate and extent of drug

permeation through the skin.74,75 One study demonstrated that permeation across the SC

and SC drug concentrations were similar when comparing a gloved finger to a glass rod

for rubbing in the formulation.76 In the current study, an upside down HPLC vial,

similar to a glass rod, was used to rub the formulation onto the skin. This method was

used to ensure proper adhesion of topical patches onto the skin as well.

1.6 Lidocaine

Lidocaine has been used as an anesthetic for many years. One formulation of lidocaine is

the lidocaine 5% topical patch and it is indicated for pain caused by post-herpetic

neuralgia, although it has been shown to be effective in alleviating other forms of

neuropathic pain.77–79 Up to three lidocaine 5% topical patches (Lidoderm® and
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bioequivalent Mylan topical patch) can be applied to the affected area only once a day for

12 h. Since lidocaine plasma concentrations from the topical patch are relatively high

compared to other topical drug products, a PK study was conducted to demonstrate BE.5–7

Although lidocaine plasma concentrations from the topical patch are high compared to

other topical drug products, plasma concentrations are still very low compared to

lidocaine IV administration; therefore, the risk of arrhythmias are low even with the

administration of multiple topical patches or prolonged topical patch application.31,32 The

average Cmax observed with three Lidoderm® topical patches were 0.13 ± 0.06 µg/mL; the

risk of arrhythmias can be expected at concentrations above 5 µg/mL.77 For this reason,

it has been shown to be used safely in cats and dogs for local analgesic effects.80–83

However if the SC barrier function is compromised, it could lead to higher plasma

concentrations putting patients at risk.84

Table 1.1 illustrates the important physicochemical properties associated with lidocaine

with the main interest being skin permeation. As lidocaine is highly permeable, both

plasma and skin concentrations will be readily quantifiable from PK and tape stripping

studies. The major differences between the two lidocaine 5% topical patches are drug

load and the adhesive matrix. The brand name product, Lidoderm® (lidocaine 5%), has a

drug load of 700 mg and an aqueous hydrogel base while the Mylan lidocaine 5% topical

patch has only a 140 mg drug load with a lipophilic pressure sensitive adhesive base.

Studies have shown that lidocaine present in a nonaqueous vehicle has greater skin

penetration compared to if present in an aqueous vehicle.85,86 For this reason, even

though the Mylan topical patch drug load is five times less, the Cmax and AUC is similar

to Lidoderm®.
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Table 1.1: Differences in physicochemical properties between lidocaine and diclofenac

Lidocaine87 Diclofenac88
Skin permeation High Low
Protein binding Low High
Water solubility (mg/L) 9.8 (pH 7, 25°C) 2.3 (pH 7, 25°C)
LogP 2.20 ± 0.37 4.55 ± 0.57

pKa 7.96 ± 0.10
Weak base

4.18 ± 0.10
Weak acid

1.7 Diclofenac

Diclofenac is a non-steroidal anti-inflammatory drug that has been used both orally and

topically for pain and inflammation treatment. Flector® (1.3% diclofenac epolamine)

topical patch is indicated for acute pain due to minor strains, sprains and contusions while

Pennsaid® (2% diclofenac sodium) solution is indicated for osteoarthritis pain of the

knee.89–94 Flector® is dosed by applying one topical patch to the most painful area twice a

day and Pennsaid® is dosed by applying two pumps (40 mg of diclofenac sodium) on

each painful knee twice a day. Flector® and Pennsaid® are both brand name products

with Flector® recently having generic products approved by the FDA. Table 1.1

illustrates the important physicochemical properties for diclofenac, in particular low skin

permeation and high protein binding.95 Due to the low permeation, Flector® has very low

plasma concentrations, but can still maintain high local tissue concentrations, there by

maintaining its efficacy over time.2,96,97 One of the major PK differences between the

two products is the skin penetration rate. Pennsaid®, with the permeation enhancer

DMSO, has a substantially higher skin permeation rate as compared to Flector®.42

Although Pennsaid® provides a faster diclofenac permeation rate, the plasma
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concentrations are still low compared to oral dosage forms, and therefore there is a lower

risk of developing GI issues while still being efficacious.29,30,98,99 Other factors

minimized due to targeted therapy include not having to worry about potential food

interactions or CYP2C9 polymorphisms having a clinically significant impact on the PK

parameters.100–103 A recent tape stripping study of Pennsaid®, Voltaren® and Solaraze®

was conducted by Cordery et al. showing slow clearance of diclofenac through the SC

even 17 h after product removal.104 Diclofenac is a good model compound for evaluation,

due to its differing physicochemical properties to lidocaine.

1.8 In Vitro/In Vivo Correlation

In vitro/in vivo correlation (IVIVC) is a mathematical model using in vitro data to predict

expected in vivo responses. There are four different levels of IVIVC. The least relevant

is Level D which is a qualitative rank order correlation and is not used for any regulatory

purpose.105,106 Level C is a single point correlation which can be used to correlate a

single dissolution time point to a single PK parameter (Cmax or AUC). Level C can be

useful during drug development in predicting if a desired AUC or Cmax has been achieved.

Level B is used to correlate the in vitro mean dissolution time to the mean in vivo

residence time. This correlation does not reflect systemic drug levels; therefore, it is

considered one of the least useful methods for regulatory use. Level A is considered the

most useful method and can be used for biowaivers. It is a point-to-point correlation that

can predict individual time point concentrations.105,106

Level A IVIVCs have been developed for multiple topical patches and topical drug

products including azasetron, nicotine and anti-fungals.19,107–109 Level A models are
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preferred due to their ability to provide detailed PK profiles which can be used in the

drug development process and scale-up and post-approval changes (SUPAC). They can

be used as surrogates for BA studies and in assisting in dose and formulation

selection.110,111 For this reason, developing models can reduce the number of required

studies for drug development and post approval changes. IVPT appears to be the most

popular method for determining flux of drug through the skin. These studies using

human skin have been heavily researched in order to determine accuracy and

reproducibility of predicting in vivo PK studies from topical drug products which is why

it is the most popular method used for developing an IVIVC for topical and transdermal

drug products.47,105,109,112–119

1.9 Research Objectives and Organization of Chapters

The goal of this dissertation work was to determine the feasibility of tape stripping as a

methodology for quantifying the BA of topical drug products at the site of action, the skin

or surrounding local tissue. This was completed in two ways. The first was development

of an IVIVC model to predict both the healthy volunteer SC drug amounts and clinical

serum concentrations. The second was assessing the variability associated with multiple

tape stripping investigators (individuals performing the tape stripping) on the tape

stripping results.

In Chapter 2, IVPT and in vitro tape stripping on porcine skin were performed on two

different topical patches, Lidoderm® and Flector®, in order to investigate the impact of

some key physicochemical properties. The major properties of interest, vastly different

for lidocaine and diclofenac, are skin permeation rate and protein binding. We
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hypothesized that due to the differences in skin permeation rates that the clearance tape

stripping time point selection for Flector® would be longer compared to Lidoderm® in

order to adequately quantify the skin drug clearance rate. In order to investigate the

impact of these properties, multiple uptake and clearance tape stripping time points were

tested. Diclofenac studies required more prolonged clearance time points than the

lidocaine protocol design.

In Chapter 3, IVPT was conducted in order to determine the impact of cleaning the

surface of the skin following topical patch removal. Multiple human skin donors were

tested with two different lidocaine 5% topical patches (Lidoderm® and Mylan lidocaine

5%). Although these two topical patches have been proven to be bioequivalent, the

adhesive matrices are vastly different (Table 3.1). We hypothesized that following patch

removal there will be adhesive residue present on the skin surface, which will need to be

cleaned to adequately detect skin drug clearance rates. In order to test this an IVPT study,

harmonized with the lidocaine clinical study, was performed and cumulative permeation,

flux profile and skin drug amounts were compared between skin pieces cleaned (three

swipes of an alcohol swab followed by two swipes with cotton gauze) and uncleaned

following topical patch removal.

In Chapter 4, an IVIVC model was established for two lidocaine topical patches,

Lidoderm® and Mylan lidocaine 5%, using IVPT data and literature values for clearance

and volume. We hypothesized that the harmonized IVPT studies would accurately

predict in vivo PK and SC drug concentrations. The model was a simple one

compartment PK model with a SC compartment. The predicted serum concentrations

and SC drug amounts were compared to observed values obtained from a harmonized PK
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and tape stripping study. The IVPT data using human skin was obtained from three

donors and the clinical study data was obtained from twelve healthy volunteers.

In Chapter 5, a similar model to that described in Chapter 3 was developed for two

diclofenac topical drug products, Flector® 1.3% topical patch and Pennsaid® 2% solution.

We hypothesized that the harmonized IVPT studies would be able to accurately predict in

vivo PK and SC drug concentrations. The IVPT data used human skin and was obtained

from four donors and the clinical study data from twelve healthy volunteers.

In Chapter 6, the tape stripping clinical study data from both studies was used to

determine what impact individual investigators have on the variability of tape stripping

results. We hypothesized that different investigators utilizing TEWL to determine SC

tape stripping endpoint would get more reliable SC mass removed. The study design

implemented two investigators tape stripping duplicates of two different topical

formulations at three different tape stripping time points. To test the impact of

investigators on the skin mass removed, skin drug amount and clearance at all tape

stripping time points were compared between investigators.

In Chapter 7, the results from the previous five chapters were summarized and discussed.

Additional recommendations and potential future work needing to be conducted and

tested is also discussed.
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Chapter 2: Evaluation of Diclofenac and Lidocaine Topical Patches by Dermal

Pharmacokinetic Methods: In Vitro Tape Stripping and In Vitro Permeation

Testing (IVPT)

2.1 Introduction

Topical drug products have been regulated by the Food and Drug Administration (FDA)

for decades, but there is still not an adequate validated methodology to determine drug

bioavailability (BA) at the site of action (within the skin or surrounding tissues).15,52 Skin

concentrations and BA skin concentrations of topical drug products may be the most

relevant metrics for efficacy and bioequivalence.3 In order to prove bioequivalence (BE)

of topical drug products, a costly clinical study is usually required.15 There have been

some exceptions to this, including corticosteroids, acyclovir, and recently with the

approval of generic lidocaine topical patches.120 There are a few methods that have

shown promise for determining BA of topical drug products in the skin, including tape

stripping, dermal open flow microperfusion (dOFM), and dermal microdialysis (dMD).16

In particular, tape stripping was approved for use in assessing the BE of topical products

by the FDA in 1998, but was subsequently withdrawn due to inconsistent results and

concerns that the sites of action of many topical drugs are in various layers of the skin

and not just the SC.51,52,120 Tape stripping measures the drug amount in the stratum

corneum (SC), and it involves repeatedly applying and removing new pieces of tape on

the skin where the drug product had been previously applied. Skin tape stripping is a

minimally non-invasive method to quantify the drug amount in the skin compared to
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other methods (dOFM and dMD).18 In addition to tape stripping, in vitro permeation

testing (IVPT) can be conducted to complement tape stripping by characterizing the drug

permeation through the skin. The combination of these two methods allows for better

drug characterization of BA in the skin and the clearance profile through the skin. The

1998 FDA guidance recommended the use of multiple time points prior to and following

Cmax.51 An alternative method with only a single uptake and clearance phase has been

shown to be just as effective.51,54–56

In order to investigate the potential use of tape stripping and IVPT, lidocaine and

diclofenac were selected as initial model drugs. They were chosen in part due to

differing physicochemical properties (Table 1.1). Diclofenac has slower skin permeation

as compared to lidocaine, as well as being highly protein bound.95 These differences

have a dramatic impact on skin clearance of the drug.104,121 Tape stripping has been

performed on various lidocaine formulations, including ointments and creams, but studies

have only been conducted with short uptake phases and have not included clearance

phases.122,123

The goal of this study is to investigate the potential use of tape stripping and IVPT to

determine BA of topical products with both fast and slow permeation rates. This

investigation also includes how different uptake and clearance times will impact the

percent drug clearance from the SC.

2.2 Materials and Methods

2.2.1 Materials
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Lidocaine 5% patch, Lidoderm®, and diclofenac epolamine 1.3% patch, Flector® were

purchased through Cardinal Health (Dublin, OH). Lidocaine standard was purchased

from MP Biomedicals Inc. (Solon, OH). Diclofenac epolamine was purchased from

Toronto Research Chemicals Inc. (Toronto, ON, Canada). Acetonitrile, methanol,

potassium phosphate monobasic and potassium phosphate dibasic were purchased from

Fisher Scientific Inc. (Fair Lawn, NJ). Trifluoroacetic acid was purchased from EMD

Millipore Corporation (Billerica, MA). Scotch™ permanent double-sided tape and

Scotch™ shipping packaging heavy duty tape were purchased from 3M™ (St. Paul,

MN). Water was obtained from a Milli-Q® system (EMD Millipore; Billerica, MA).

2.2.2 Skin Donor

Porcine skin from 5-6 month old Yucatan miniature pigs was obtained from Sinclair Bio

Resources, LLC (Auxvasse, MO). Skin including attached fat was shipped cold using ice

packs. Upon arrival the skin was cleaned with water, dermatomed to a 250–300 µm

thickness, wrapped in plastic and aluminum foil and stored at -20°C until needed. Prior

to use the skin pieces were thawed at room temperature for 15 min, cut into 4.84 cm2

square pieces and mounted on flow-through In-line diffusion cells (PermeGear, Inc.;

Hellertown, PA). A cyberDERM RG1 evaporimeter (Broomall, PA) was used to

measure the skin integrity; skin was deemed to be intact if the transepidermal water loss

reading (TEWL) measurement was below 15 g/m2h.

2.2.3 Study Design

Lidocaine 5% and diclofenac epolamine 1.3% patch (0.97 cm2) were applied to the

dermatomed porcine skin which was maintained at 32 ± 1°C. Isotonic phosphate buffer
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(pH 7.4) with gentamicin was used as the receiver solution. Three different study designs

with three replicates were implemented for both lidocaine and diclofenac patch discs,

consisting of different application times (uptake phase) and disc removal times (clearance

phase). The lidocaine study was performed over a 24 h period with disc application times

of 8, 12 or 16 h and disc removal times of 16, 12 or 8 h, respectively. The diclofenac

study had a 12 h disc application time with varying clearance times of 12, 24 or 72 h.

Both IVPT and tape stripping were performed for both topical products. Receiver

solution was collected every 2 or 3 h using a Gilson FC 204 fraction collector (Middleton,

WI). Drug was extracted from tape strips immediately following the uptake or clearance

phase.

2.2.4 Tape Stripping

3M™ Scotch™ packaging tape was used for tape stripping. Tape was cut into

approximately 2 x 4 cm strips and stored adhesive side up on a piece of paper with strips

of 3M™ Scotch™ double-sided tape in a sealed container. A template with a 0.97 cm2

circular hole was placed over the skin piece following completion of the study in order to

tape strip only the permeation area. A metal forceps was used to apply and secure tape

onto the skin. The tape was quickly removed and stored back on the paper with the

double-sided tape. Tape strips were performed until the skin surface appeared shiny,

which indicated removal of the SC.

In order to measure the skin weight acquired from tape stripping, tapes were weighed

prior to and following tape striping. Successive tape strips with a minimum 400 μg SC

weight or a maximum of six tapes were combined into a tape group. The first two tapes
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were always analyzed separately due to the possibility of drug/adhesive residue present

on the SC surface.

2.2.5 UPLC Analysis

A Waters Acquity UPLC® system with Acquity UPLC PDA detector (Milford, MA) and

an Agilent ZORBAX 300SB-C8 (3.5 µm, 4.6 x 150 mm) column (Santa Clara, CA) with

Phenomenex SecurityGuard™ C8 cartridge (5 µm, 4 x 3.0 mm) (Torrance, CA) were

used for the analytical method for both lidocaine and diclofenac.

Lidocaine

The mobile phase composition used for lidocaine was (A):acetonitrile and (B):50 mM

phosphate buffer (pH 5.9) (20:80) with a flow rate of 1.0 mL/min. An injection volume of

10 µL was used with a 6 min run time. The concentration curve linearity range for

lidocaine was determined to be 0.1–10 µg/mL for the IVPT samples and 0.05–10 µg/mL

for the tape stripping samples at a wavelength of 210 nm.

Diclofenac

The mobile phase composition used for diclofenac was (A):methanol and (B):20 mM

phosphate buffer with TFA (pH 2.3) (65:35) with a flow rate of 1.0 mL/min. An injection

volume of 10 µL was used with a 5 min run time. The concentration curve linearity range

for diclofenac was determined to be 0.025–10 µg/mL at a wavelength of 280 nm.

2.2.6 Sample Preparation
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Lidocaine and diclofenac were extracted from tape strips using 3 mL of methanol and

shaken at 200 rpm for 20 h. Lidocaine extracted samples were prepared by diluting

samples in a 1:1 ratio of methanol and mobile phase. Diclofenac samples were prepared

by diluting samples in a 1:1 ratio of methanol and 20 mM phosphate buffer. IVPT

samples for both lidocaine and diclofenac were prepared by diluting the collected

receiver solution in a 1:1 ratio of receiver solution and mobile phase.

2.2.7 Statistical Analysis

Differences in the mean flux values, cumulative amounts and skin concentrations were

compared using a one-way ANOVA test followed by Tukey’s post-hoc comparison (R

version 3.3.2, Vienna, Austria). Statistical significance was declared at p ≤ 0.05.

2.3 Results

Porcine skin mounted in flow-through In-line diffusion cells was used to gather two key

pieces of information: drug permeation through the skin (flux) and drug concentration

present in the SC immediately following the uptake and clearance phase.

2.3.1 Lidocaine

In vitro permeation testing

IVPT was performed with porcine skin using a 0.97 cm2 lidocaine 5% patch disc. The

permeation rate was relatively high (Table 2.1) and decreased following patch removal

(Figure 2.1). There was no significant difference (p > 0.05) between lidocaine
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permeation profiles of uptake and clearance cells. The concentrations in receiver solution

samples never went below the lower limit of quantification (LLOQ).

Table 2.1: Lidocaine IVPT and tape stripping

Lidocaine
8 h/16 h
(Mean ± SD)

Lidocaine
12 h/12 h
(Mean ± SD)

Lidocaine
16 h/8 h
(Mean ± SD)

Total permeation (µg/cm2)
Uptake
Clearance

37.2 (20.6)
60.9 (11.2)

119.6 (38.6)
168.5 (53.2)

151.3 (34.6)
188.8 (11.7)

Lidocaine skin concentration
(µg/cm2) (initial two tapes
removed)

Uptake
Clearance
p-value

14.7 (3.3)
2.4 (1.5)
0.004

20.7 (5.8)
2.5 (1.3)
0.006

17.7 (2.7)
6.4 (1.4)
0.003

Lidocaine skin concentration
(µg/cm2) (initial two tapes
included)

Uptake
Clearance
p-value

34.0 (8.9)
8.9 (3.4)
0.011

44.8 (6.8)
9.8 (4.1)
0.002

34.8 (2.2)
16.0 (0.3)
0.0001

Total SC removed (mg/cm2)
Uptake
Clearance

1.39 (0.29)
3.01 (0.21)

2.14 (0.49)
1.78 (0.86)

1.51 (0.30)
1.87 (0.64)

Percent remaining
in the skin (%)* 12.4 (6.8) 16.6 (11.0) 36.5 (9.5)

*initial two tapes not included
** one-way ANOVA, followed by Tukey’s post-hoc analysis
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Figure 2.1: Lidocaine flux profile from three study designs (8, 12 or 16 h patch
application with patch removal of 16, 12 and 8 h, respectively) on porcine skin. (n=3;
Mean ± SD).

Tape stripping

Tape stripping was performed following the uptake (8, 12 or 16 h) or clearance phase (16,

12 or 8 h), respectively. The skin drug concentration was measured both with and

without the first two tape strips. Both analysis methods yielded a significant decrease in

SC lidocaine concentrations comparing uptake to clearance phases (Figure 2.2, Table 2.1).

This was demonstrated by the percent cleared from the SC of 83.4, 87.6 and 63.5% (for 8,

12 and 16 h patch application time, respectively) when the first two tape strips were

excluded (Figure 2.2, Table 2.1). There were certain tape groups that did not have
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quantifiable lidocaine concentrations; those were usually in the final clearance tape group.

Unfortunately, more SC was removed from skin pieces designated to the clearance group

which is why the amount of SC removed was usually greater in the clearance groups

compared to uptake groups. Although it is still likely there is a high degree of clearance

from the SC which is illustrated in Figure 2.3. The lidocaine concentrations at uptake,

particularly in the upper layers of the SC, are much greater than those observed at

clearance.

Figure 2.2: Lidocaine SC concentration from three study designs on porcine skin at
uptake and clearance phases (8, 12 or 16 h patch application with patch removal of 16, 12
and 8 h, respectively). (n=3; Mean ± SD). (** p ≤ 0.01, one-way ANOVA, followed by
Tukey’s post-hoc analysis).
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Figure 2.3: Lidocaine concentration (µg/µg skin) per tape group at different depths of the
SC from three study designs (8, 12 or 16 h patch application with a patch removal of 16,
12 8 h, respectively). (n=3; Mean ± SD).

2.3.2 Diclofenac

In vitro permeation testing

IVPT was performed with porcine skin using a 0.97 cm2 diclofenac epolamine 1.3%

patch disc. Permeation was relatively slow as compared to that observed from lidocaine

discs (Table 2.2). High variability was associated with the permeation profiles, but there

did not appear to be a significant difference between diclofenac permeation profiles for

uptake and clearance cells (Figure 2.4). A few IVPT samples collected during the 72 h

clearance study below LLOQ were treated as zero values.
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Table 2.2: Diclofenac IVPT and tape stripping

Diclofenac
12 h/12 h
(Mean ± SD)

Diclofenac
12 h/24 h
(Mean ± SD)

Diclofenac
12 h/72 h
(Mean ± SD)

Total permeation (µg/cm2)
Uptake
Clearance

8.8 (8.4)
9.8 (3.7)

10.5 (4.4)
12.3 (3.5)

1.8 (1.1)
9.8, 3.4

Diclofenac skin concentration
(µg/cm2) (initial two tapes
removed)

Uptake
Clearance
p-value

8.4 (1.1)
9.3 (1.3)
0.441

8.6 (2.4)
3.9 (1.2)
0.037

5.2 (0.8)
2.8, 2.2
0.018

Diclofenac skin concentration
(µg/cm2) (initial two tapes
included)

Uptake
Clearance
p-value

17.5 (3.1)
21.4 (3.6)
0.217

14.4 (3.8)
10.5 (3.3)
0.253

10.7 (1.3)
8.6, 5.9
0.110

Total SC removed (mg/cm2)
Uptake
Clearance

0.99 (0.35)
2.23 (0.89)

1.55 (0.71)
2.58 (0.46)

1.02 (0.24)
1.41, 1.02

Percent remaining
in the skin (%)* 109.6 (20.3) 45.4 (18.0) 48.8 (11.0)

*initial two tapes not included
** one-way ANOVA, followed by Tukey’s post-hoc analysis
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Figure 2.4: Diclofenac flux profile from three study designs (12 h uptake and A: 12 h
clearance; B: 24 h clearance; C: 72 h clearance) on porcine skin. (n=3; except 72 h
clearance, n =2; Mean ± SD).

Tape stripping

Tape stripping was performed following either the uptake (12 h) or clearance phase (12,

24 or 72 h). As with the lidocaine study designs, the concentration present in the skin

was measured both with and without the addition of the first two tape strips. The study

design with 12 h uptake and 12 h clearance did not yield a significant difference between

the uptake and clearance diclofenac SC concentrations. However, the other two study

designs did yield a significant decrease observed at clearance compared to uptake, when

the first two tape strips were not included (Table 2.2). This was not the case when all

tape strips were included in the analysis (Table 2.2). Clearance was not as fast when

compared to lidocaine; however, a clearance of 54.6 and 51.2% was observed for the 24

and 72 h clearance study designs, respectively (Figure 2.5, Table 2.2). A greater amount

of SC was removed with the initial two tapes in the clearance cells compared to uptake
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cells, which could lead to an inflated clearance observation (Figure 2.6). There were a

few tape groups that did not have quantifiable diclofenac concentrations, which were

only found in the final tape group of the 72 h clearance study.

Figure 2.5: Diclofenac SC concentration from three study designs on porcine skin at
uptake and clearance phases (12 h patch application with patch removal of 12, 24 or 72 h).
(n=3; Mean ± SD; except for 72 h clearance, n=2). (* p ≤ 0.05, one-way ANOVA,
followed by Tukey’s post-hoc analysis).
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Figure 2.6: Diclofenac concentration (µg/µg skin) per tape group at different depths of
the SC from three study designs (12 h patch application with patch removal of 12, 24 or
72 h). (n=3; Mean ± SD; except clearance 72 h, n=2).

2.4 Discussion

The goal of this preliminary in vitro feasibility study was to investigate the methodology

of tape stripping to determine if it may be a viable option for investigating bioavailability

for topical products. Before a healthy human volunteer tape stripping study is done, one

needs to determine what the appropriate clearance times might be for the design. For this

reason, two topical drugs were selected with different physicochemical properties in

order to examine different pharmacokinetic (PK) profiles in the SC, and therefore

different clearance study designs would be needed in order to get the most accurate

information.
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As observed, lidocaine, a much more polar compound than diclofenac, cleared more

quickly from the SC and had a higher flux compared to the more lipophilic

diclofenac.87,88 Diclofenac is also very highly protein bound, which may play a role in

the observed decreased skin clearance.95 This may also be why a difference was not

observed in the clearance value between the 24 and 72 h clearance studies.124 Based on

the results, clearance time selection is crucial for drugs with higher clearance rates, as the

alterations in times may impact whether the percent cleared is too low to detect a

significant difference from the baseline levels, or the drug is no longer quantifiable.

Although a single uptake and clearance phase has previously been shown to provide

similar results that may not be the case with poorly permeable drugs.54 Having two

clearance time points for poorly permeable drugs provides a better chance at having an

accurate clearance parameter identification, albeit for some drugs the clearance time may

be so prolonged as to make the in vitro and or human study impractical.

Due to the variability in skin amount removed with in vitro tape stripping, it is difficult to

fully determine how much drug is cleared. For the diclofenac study with a 12 h uptake

and 12 h clearance, there was a greater amount of SC removed from the clearance cells

compared to uptake cells. This may have led to a higher diclofenac concentration being

measured in the clearance cells than in the uptake cells. Additionally, during the

diclofenac studies, the amount of SC removed in the first two tape strips was greater in

the clearance cells compared to uptake cells. This may have led to artificially elevated

clearance rates because the majority of drug is located in the upper layers of the SC, so if

more SC was removed there could be a substantial decrease in the concentration of

diclofenac remaining following the removal of the first two tape strips.125 This could also
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be one of the reasons removing the first two tape strips from the analysis caused the

concentration of diclofenac present in the SC to be significantly different between uptake

and clearance cells. This increased removal of SC from the first two tapes was not

observed in the lidocaine studies.

In terms of methodology development for determining BA of topical products; tape

stripping as the sole method may not provide enough vital information. For example,

clearance rates for lipophilic drugs like diclofenac may be difficult to determine.

Although tape stripping may be a more useful tool when used for highly permeable

compounds; its use along with IVPT may be beneficial as IVPT may be more sensitive to

measuring permeation across the SC.47,60 Therefore, when clearance rates are low

(diclofenac), calculating percent cleared may not be possible in a practical experiment;

although the concentration of drug present in the SC after uptake and clearance may hold

value individually.

The FDA has already approved generic lidocaine topical patches using traditional BE

studies.7 In order to test the robustness of tape stripping, future clinical studies using

brand and generic lidocaine 5% patch will be performed.
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Chapter 3: In Vitro Permeation Testing (IVPT) Evaluation of a Skin Cleaning

Method After Application of Lidocaine 5% Topical Patches

3.1 Introduction

Understanding the pharmacokinetics of drug delivered from patches has become

increasingly important since the first patch, scopolamine was approved in 1979.43 Since

then there has been a steady influx of patch products available in the market.39 Unlike

traditional oral or parenteral dosage forms, where the dose applied is fixed based on the

amount of drug present in the formulation, topical dosage forms are more complicated

due to the numerous variables present following product application. For example, with

semi-solid formulations, the amount of product applied is variable based on multiple

factors, including the amount of formulation applied and amount wasted while rubbing in

the formulation. Even under ideal conditions during clinical studies, there is variability

associated with proper dosing of topical drug products. In addition, following application

it is also possible for the product to wash or rub off; therefore, the dose applied following

product application is more variable compared to oral and parenteral formulations.

Developing an appropriate study design for a clinical study is very important, especially

if the goal is to quantify pharmacokinetic (PK) parameters like clearance of drug through

the skin.

For semi-solid formulations, cleaning the skin surface is necessary to adequately measure

the clearance of drug through the skin; however, it is unclear if this is also the case for

topical patch products.54 Unlike semi-solid formulations, where formulation is left on the
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surface of the skin and in skin furrows, it is unclear to what degree this relates to topical

patch formulations.126 The cleaning method used also needs to minimize the effects on

the skin and skin barrier function. For example, the use of alcohols, although effective in

removal of adhesive residue may slightly impair the skin barrier function and increase

permeation across the skin.127 In order to accurately measure drug clearance through the

skin it is vital to ensure no further drug or very minimal drug is entering the skin

following product removal. This can be important for drug in adhesive type patches. If

adhesive residue is left on the skin surface following product removal, it could alter the

measured kinetics and drug release of the topical patch, in particular drug flux

measurements across the skin during in vitro permeation testing (IVPT) studies or drug

clearance rates through the skin during in vivo tape stripping studies. Maximizing

removal of adhesive residue while minimizing the impact on the stratum corneum (SC) is

key to designing an effective cleaning method. In order to test this, IVPT studies using a

total of six donors (three per cleaning procedure) were conducted on human skin with and

without cleaning following patch removal.

IVPT is a methodology by which the flux of drug across the skin can be measured. IVPT

studies have been widely used for testing transdermal delivery systems (TDS) and topical

drug products in early drug development, as well as in regulatory decision making by

assessing bioavailability (BA) of certain products.8,9 For this reason, it is considered the

main standard for in vitro testing and has been shown to closely mimic and predict in

vivo results.116–118 Since IVPT is an inexpensive and time saving method used for early

drug development, as compared to clinical trials, it is ideal for use in predicting the

impact of different permeation-altering factors including skin cleaning.47
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The goal of the current work was to investigate the impact of cleaning the skin surface

following the removal of two lidocaine 5% topical patches (Lidoderm® and Mylan).

These two lidocaine topical patches were tested to compare their differing adhesive

composition. Lidoderm® contains an aqueous hydrogel base and five times the adhesive

amount compared to the Mylan patch, which contains a lipophilic pressure sensitive

adhesive base (Table 3.1).77,128 Differences in the adhesive composition can have an

impact on skin cleaning of residual formulation.129 For example, the Mylan patch

contains a thin layer of a pressure sensitive adhesive, and its residual amount of drug-in-

adhesive remaining on the skin as compared to the thick layer of the Lidoderm® hydrogel

may require different types of effective cleaning procedures. The results from these

IVPT studies will be used for a harmonized lidocaine PK and tape stripping study in

addition to a diclofenac clinical study using a similar adhesive matrix to Lidoderm®.

Table 3.1: Properties of each lidocaine topical patch

Lidoderm® Mylan lidocaine 5%

Lidocaine (mg) 700 140
Adhesive (g) 14 2.8
Bioavailability (%) 3 ± 2 11 ± 4

Inactive Ingredients

dihydroxyaluminum
aminoacetate, disodium
edetate, gelatin, glycerin,
kaolin, methylparaben,

polyacrylic acid, polyvinyl
alcohol, propylene glycol,
propylparaben, sodium
carboxymethylcellulose,
sodium polyacrylate, D-

sorbitol, tartaric acid, and urea

polyisobutylene adhesive
matrix
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3.2 Materials and Methods

3.2.1 Materials

Lidocaine 5% topical patch, Lidoderm® (NDC: 63481-687-06) and Mylan lidocaine 5%

topical patch (NDC: 0378-9055-93) were purchased through the Investigational Drug

Service Pharmacy at the University of Maryland Medical Center (Baltimore, MD).

Lidocaine standard was purchased from MP Biomedicals Inc. (Solon, OH).

Acetonitrile, 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).

3.2.2 IVPT

Human skin donors

Human skin (provided by NCI Cooperative Human Tissue Network (CHTN)) from six

different donors was obtained from abdominoplasty patients. Abdominal skin included

attached fat and was shipped overnight cold using ice packs. Upon arrival the skin was

cleaned with water, dermatomed to 250 ± 50 µm thickness to ensure the removal of most

of the dermis, then wrapped in plastic wrap and aluminum foil and stored at -20°C until

needed. Prior to use the skin pieces were thawed at room temperature for 15 min, cut

into 4.84 cm2 square pieces and mounted on flow-through In-line diffusion cells

(PermeGear, Inc.; Hellertown, PA). CyberDERM RG1 evaporimeter (Broomall, PA)

was used to measure the skin integrity. The skin pieces were deemed to be intact if the

transepidermal water loss (TEWL) reading was below 15 g/m2h. Only pieces with
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TEWL less than 15 were used in the study. The skin pieces were maintained at 32 ± 1°C

during the diffusion experiment, normal skin surface temperature conditions.

Study design

Lidoderm is a drug in adhesive style patch; therefore, cutting the patch into smaller

pieces is acceptable and will not lead to dose dumping or altered release from the patch.77

Two lidocaine 5% topical patches (Lidoderm® and Mylan) were cut using a metal hollow

punch (0.97 cm2) and hammer to closely match the permeation area of the diffusion cells

(0.95 cm2). The prepared patch pieces were applied to the human skin pieces and secured

using a mesh lining (0.15 mm monofilament, 3.0 x 2.8 mm pores, 47 GSM; Surgical

Mesh Division of Textile Development Associates, Inc.) placed between the patch and

top of the diffusion cell. Each patch piece was then pressed down using an upside down

HPLC vial for 10 sec to ensure appropriate adhesion and uniform contact with the skin.

Isotonic phosphate buffer (pH 7.4) with 0.005% gentamicin was used as the receiver

solution and was heated using a heated water bath to 37°C. Receiver solution was

automatically collected into scintillation vials at multiple time points following patch

application (every 2 h for 12 h then every 3 h through 51 h following patch application)

using a Gilson FC 204 fraction collector (Gilson Incorporated; Middleton, WI).

The IVPT study was harmonized with the proposed lidocaine clinical PK and tape

stripping study. The IVPT study performed utilized two lidocaine topical patches and

three different study designs in order to quantify the drug present in the skin. Three

replicates were implemented for each study design of the IVPT study. The study designs

were designated as uptake (10 h), clearance 1 (Cl 1) (15 h) or clearance 2 (Cl 2) (24 h)
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(Figure 3.1). The uptake phase refers to the time when drug is still entering the skin,

while clearance refers to the period following uptake when no new drug is being added to

the skin. For all three study designs the patches were applied for 10 h. Following

removal of the patches, skin pieces were either left uncleaned (not cleaned cells) or

cleaned with three swipes of a 70% isopropyl alcohol swab followed by two swipes with

cotton gauze (cleaned cells). Following patch removal, the uptake diffusion cells were

disassembled. The Cl 1 and Cl 2 study design diffusion cells continued to have time

points collected in determine the duration drug cleared from the skin pieces. The

diffusion cells were disassembled following an additional 5 h or 14 h for Cl 1 and Cl 2,

respectively. Upon disassembly, skin pieces were either tape stripped using 3M™

Scotch™ heavy duty packaging tape (St. Paul, MN) or the intact skin pieces were placed

in methanol for drug extraction. For this study the entire drug amount present in the skin

was used; therefore, when tape stripping was performed the amount of drug in the tapes

was combined with the amount of drug in the skin following tape stripping.

Figure 3.1: Lidocaine IVPT study designs (10 h patch application with three tape
stripping time points; uptake (10 h), Cl 1 (15 h) and Cl 2 (24 h) following patch
application).
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3.2.3 Sample Preparation

Lidocaine was extracted from tape strips and skin using 3 mL methanol and shaken at

200 rpm overnight for 20 h. Lidocaine extracted samples were prepared by diluting

samples in a 1:1 ratio of methanol and mobile phase (total 1 mL). The IVPT samples

were prepared by diluting the collected receiver solution at each time point in a 1:1 ratio

of receiver solution and mobile phase (total 1 mL). The diluted samples were centrifuged

at 20,817 x g for 10 min and 800 µL was transferred to an HPLC vial and analyzed using

ultra performance liquid chromatography (UPLC).

3.2.4 UPLC Analysis

A Waters Acquity UPLC® system with an Acquity UPLC PDA detector (Milford, MA)

an Agilent ZORBAX 300SB-C8 (3.5 µm, 4.6 x 150 mm) column (Santa Clara, CA) and

Phenomenex SecurityGuard™ C8 cartridge (5 µm, 4 x 3.0 mm) (Torrance, CA) was used

for the analytical method for both lidocaine topical patches similar to that used in for

preliminary IVPT studies on porcine skin. The mobile phase composition used for

lidocaine was (A):acetonitrile and (B):50 mM phosphate buffer (pH 5.9) (20:80) with a

flow rate of 1.0 mL/min. An injection volume of 10 µL was used with a 6 min run time.

The concentration curve linearity range for lidocaine was determined to be 0.1–10 µg/mL

for the IVPT samples and 0.05–10 µg/mL for the skin samples at a wavelength of 210 nm.

3.2.5 Statistical Analysis
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One-way ANOVA test followed by Tukey’s post-hoc comparison and Two-way ANOVA

test followed by Bonferroni’s post-hoc comparison were used for statistical analysis

using R software (R version 3.6.2; Vienna, Austria). Statistical significance was declared

at p ≤ 0.05.

3.3 Results

IVPT studies using two lidocaine 5% topical patches were conducted using human skin

to investigate the effects of cleaning versus not cleaning the surface of the skin following

patch removal. Multiple parameters were investigated to determine the impact of

cleaning including cumulative permeation, permeation through the skin (flux) profiles

and SC drug concentrations. Differences between adhesion were also observed between

the two topical patches. During removal of Lidoderm® patch pieces there were occasions

with the first donor when nearly the entire SC was removed along with the patch itself

(Figure 3.2 and 3.3). This was not observed during the removal of the Mylan patch;

removal of the Mylan patches was relatively effortless and did not appear to remove any

skin. Extra care was taken with the subsequent Lidoderm® treated skin pieces as not to

damage the skin during patch removal.
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Figure 3.2: Depiction of SC removed by the Lidoderm® patch from a human skin sample
following patch removal.

Figure 3.3: Example of human skin samples following removal of Lidoderm® patch.
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3.3.1 Lidoderm® Patch

Lidocaine permeation

IVPT was performed with human skin using 0.97 cm2 Lidoderm® patch pieces.

Permeation was relatively low compared to Mylan lidocaine patch reaching a maximum

flux around 2 µg/cm2*h. The flux decreased steadily following patch removal from the

skin pieces that were cleaned; however, this was not the case in skin pieces not cleaned.

For skin that was not cleaned there was an initial increase in flux followed by a slower

decrease in observed flux following patch removal (Figure 3.4). The mean cumulative

permeation for the uptake study design was similar between the cleaned and not cleaned

skin (13.8 and 12.3, respectively). However, there was greater permeation of drug

through the skin in the not cleaned skin cells compared to the cleaned skin cells for both

clearance time points (Table 3.2). There was a 20% and 40% increase in cumulative

permeation for Cl 1 and Cl 2, respectively, comparing cleaned to not cleaned skin.

Although there was no statistical difference between the cumulative permeation it

appears there is a decrease in permeation associated with cleaning the skin surface

following patch removal based on the IVPT permeation results.
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Figure 3.4: Lidocaine flux profiles from human dermatomed skin following
administration of Lidoderm® patch with and without cleaning from three study designs
(10 h patch application followed by 0, 5 or 14 h clearance phase). (cleaned: n=3 donors (4
replicates per donor); not cleaned: n=2 donors (4 replicates per donor, permeation of
Donor 1 was excessively high); Mean ± SEM).
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Lidocaine skin concentration

Lidocaine skin concentrations were also measured by extracting lidocaine from the skin

and tape strips. The lidocaine skin concentrations were substantially higher at all three

time points compared to Mylan having on average a 4-fold increase at each time point.

The skin drug concentrations decreased steadily following patch removal in the skin that

was cleaned. Similar to the permeation results, a much lower decrease was observed in

the not cleaned skin pieces (Figure 3.5). There was no significant difference between the

skin drug concentration during uptake, but there was a significant difference between the

skin drug concentration between cleaned and not cleaned skin in the Cl 1 and Cl 2 study

designs. There was a 66% and 260% increase in the mean skin drug concentration for Cl

1 and Cl 2, respectively, when comparing not cleaned to cleaned skin. It appears there is

a decrease in the skin clearance associated with cleaning the surface of the skin following

patch removal based on the IVPT skin drug concentrations.
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Figure 3.5: Lidocaine skin drug concentrations from human dermatomed skin following
administration of Lidoderm® patch for three study designs (10 h patch application
followed by 0, 5 or 14 h clearance phase). (n=3 donors (2-4 replicates per donor); Mean ±
SEM). (** p ≤ 0.01, one-way ANOVA, followed by Tukey’s post-hoc analysis).

3.3.2 Mylan Patch

Lidocaine permeation

IVPT was performed with human skin using 0.97 cm2 Mylan lidocaine 5% patch pieces.

Permeation was greater than that observed with Lidoderm® and reached a maximum flux

around 9 µg/cm2*h (range 7-11). Much like with Lidoderm®, the lidocaine flux

decreased for both cleaned and not cleaned skin pieces; however, it did appear that the

decrease was much sharper for the cleaned skin (Figure 3.6). This was not observed with
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cumulative permeation, as there was no difference seen between uptake or Cl 1 study

designs cumulative permeation when comparing cleaned and not cleaned skin. Cl 2

cleaned skin had a higher cumulative permeation than Cl 2 not cleaned skin (Table 3.2).

From the flux profiles it appears there may be a decrease in permeation associated with

cleaning the skin surface following patch removal based on the IVPT permeation results.

Figure 3.6: Lidocaine flux profiles from human dermatomed skin following
administration of Mylan lidocaine 5% patch with and without cleaning from three study
designs (10 h patch application followed by 0, 5 or 14 h clearance phase). (n=3 donors (4
replicates per donor); Mean ± SEM).

Lidocaine skin concentration
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Lidocaine skin concentrations for Mylan were quantified in the same fashion as

Lidoderm®. Previously discussed, lidocaine skin concentrations following application of

the Mylan patch were significantly lower compared to the Lidoderm® patch. The skin

drug concentrations decreased steadily following patch removal and were very similar

between cleaned and not cleaned skin pieces (Figure 3.7). There was no significant

difference between the skin drug concentration during any of the time points (Table 3.2).

It appears from IVPT the skin drug concentrations demonstrated no decrease in skin

clearance associated with cleaning the skin surface following patch removal.

Figure 3.7: Lidocaine skin drug concentrations following administration of Mylan patch
for three study designs (10 h patch application followed by 0, 5 or 14 h clearance phase).
(n=3 donors (4 replicates per donor); Mean ± SEM). No significant difference for SC
drug concentrations at any tape stripping time point between cleaned and not cleaned skin
pieces (one-way ANOVA, followed by Tukey’s post-hoc analysis).
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3.4 Discussion

Two separate IVPT studies were conducted to examine the difference between cleaning

the skin surface following application of two lidocaine 5% patches (Lidoderm® and

Mylan lidocaine 5%). The studies show that not cleaning the skin may leave adhesive

residue on the skin surface and lead to increased permeation following patch removal

compared to if the skin had been cleaned (Figure 3.5, Figure 3.7). Therefore, it is

important to have in place an appropriate and thorough cleaning procedure for the

removal of topical drug products or adhesive residue from a patch.

Although the concentrations of the two patches are the same (lidocaine 5%) the total

amount and types of adhesive in the patches are different. The Lidoderm® hydrogel

adhered to the skin surface much better than the Mylan patches. This was clearly

observed when removing the patch (Figure 3.2 and 3.3). This could implicate what types

of products require a more aggressive cleaning technique compared to a standard

technique. For example, the adhesive difference between these two patches could explain

the differences observed for skin permeation and drug skin concentrations for cleaned

and not cleaned skin.130 Therefore for a patch with strong adhesion, a thorough cleaning

procedure may be recommended. During the patch removal for subsequent donors, great

care was taken to very delicately remove the patch to prevent SC removal along with the

patch.

In previous studies conducted on porcine skin using Lidoderm® there did not appear to be

an issue of excessive adhesion (Chapter 2). There are many factors that can contribute to

SC removal, such as strong adhesion, compromised SC, removing the patch too rapidly
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or potentially pinching the skin with forceps used to remove the patch. However, since

this only occurred in a single donor it is likely due to donor variability. This is a key

difference in the comparison of in vitro and in vivo skin samples. Skin integrity is much

lower in vitro and even more pronounced with longer IVPT studies, particularly studies

over 3-4 days. During in vivo clinical studies, instead of pulling off the SC, even more

adhesive residue could be left on the skin surface following patch removal.

Cumulative permeation with Mylan Cl 2 showed greater permeation in the cleaned skin

pieces, which was the opposite of what was predicted. This appears to be due to a much

higher flux observed with cleaned skin compared to the not cleaned skin. For this reason,

the impact of cleaning should be based on more than the IVPT permeation data alone.

However, the skin drug concentrations do demonstrate there was no difference in the

drug concentration present in the skin for all three time points, which supports there is

little to no residual adhesive left on the skin surface following Mylan patch removal.

Although alcohol is effective in adhesive residue removal, the integrity of the SC can be

altered.127 The increase in permeation immediately following cleaning can be due to the

introduction of alcohol from the alcohol swab. In addition, the act of swabbing the skin

can inadvertently increase permeation by pushing the surface drug further into the SC.

These are concerns with skin adhesive residue removal; the cleaning method can lead to

results showing much higher skin drug levels than expected. However, the effects from

alcohol are temporary and should only impact drug permeation immediately after

cleaning.



58

When tape stripping studies were initially conducted the procedure called for the initial

two tape strips to be discarded due to residual drug on the skin surface contaminating the

samples of SC drug concentration collected on the tape strips.51 Therefore to eliminate

the necessity to discard the first two tape strips, the skin surface needs to be adequately

cleaned by a validated method for the test product. From the results of these IVPT

studies, it appears there is residue left on the skin surface following Lidoderm® patch

removal. Based on the IVPT results it appears that following Lidoderm® removal a

cleaning method needs to be implemented. Even though there doesn’t appear to be a

difference between cleaned and not cleaned skin for Mylan patches, a single procedure

for the lidocaine clinical study cleaning method was implemented. In addition, a similar

clinical study was conducted with lidocaine and diclofenac (Flector®) products. Since

Flector® contains a similar adhesive matrix as Lidoderm®, a cleaning method will be

implemented for the diclofenac clinical study.89

3.5 Conclusion

The goal of the IVPT studies was to evaluate the impact of cleaning procedures for two

lidocaine patches to determine if skin cleaning is necessary following the patch removal.

IVPT studies were conducted in a harmonized clinical PK and tape stripping study

utilizing the same two lidocaine patches. Using six different human donors, three

replicates per cleaning procedure (cleaned and not cleaned) were conducted. The studies

consisted of three different study designs in order to quantify the skin drug concentration

at different time points. For all three study designs, the patches were applied for 10 h and

drug was allowed to clear from the skin for 0, 5 or 14 h for uptake, Cl 1, and Cl 2,

respectively. Due to the hydrogel adhesive content of Lidoderm®, it adhered more
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strongly to the skin leading to residual skin adhesive following patch removal for the not

cleaned skin compared to cleaned skin. This was not observed with the Mylan group

since the amount of adhesive is a thin layer of polyisobutylene pressure sensitive

adhesive. To ensure accurate and reproducible results from PK and tape stripping studies,

it is vital to ensure little residual drug is left on the skin surface. Thus, it is recommended

the skin surface be cleaned with three swipes of an alcohol swab followed by two swipes

with cotton gauze following Lidoderm® patch removal. Different types of cleaning

methods may need to be validated for other topical dosage forms, especially in the case of

semisolids. However, the type of study design described here may be very useful as part

of that validation study.
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Chapter 4: Predicting Serum and Stratum Corneum Drug Concentrations

Following Administration of Two Lidocaine 5% Topical Patches: In Vitro/In Vivo

Correlation

4.1 Introduction

Bioequivalence (BE) studies have been a staple for assessing BE for oral dosage forms

since 1984.1 Although this is a simple methodology for oral dosage forms, it is not quite

as straightforward for topical drug products.47 One reason is that many topical drug

products have very low permeation and therefore have low systemic concentrations. In

some cases, like Flector®, they have blood concentrations below quantifiable levels for an

average of 4.5 h.2 For these low permeating topical drug products, performing traditional

BE studies is not feasible because accurately quantifying area under the curve (AUC)

may not be possible without highly sensitive analytical methods. Currently there are only

two FDA accepted methods for assessing BE. The first is a vasoconstriction assay which

is only accepted for corticosteroids. The second is a clinical endpoint study which is both

costly and time consuming. There have been other methods accepted including in vitro

permeation testing (IVPT) studies (acyclovir) and pharmacokinetic (PK) BE study

(lidocaine); however, these are the only drug specific exceptions.5–9 For drugs like

Flector® and Pennsaid® 2%, clinical endpoint studies are the only accepted methodology

for assessing BE.10,11 For this reason, drugs with low permeation need an alternative

method for assessing BE.
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Tape stripping is a method used to quantify the stratum corneum (SC) drug amount,

especially when serum drug levels are not measurable. This is accomplished by

measuring the drug amount extracted from the SC removed by successive tape strips.

Tape stripping is minimally non-invasive compared to other methodologies used for

quantifying skin drug levels like dermal open flow microperfusion (dOFM) and dermal

microdialysis (dMD).18 In 1998, there was a draft guidance for industry published by the

FDA on the use of tape stripping for assessing BE of topical drug products.51 However

due to inconsistencies between two studies comparing tretinoin gel formulations, the draft

guidance was withdrawn in 2002.52,120

Compared to the FDA guidance, which recommended the use of eight tape stripping time

points (four uptake and four clearance), N’Dri-Stempfer et al. investigated an alternate

method to utilize only two tape stripping time points, a single uptake and clearance time

point.51,54 The utilization of a single uptake and clearance time point was shown to be

just as effective as using multiple time points and the removal of extra tape stripping time

points would allow for the inclusion of replicates at each tape stripping time point.54 For

drugs, like diclofenac, which have very low permeation across the skin, selection of an

appropriate clearance time point could be critical. A tape stripping study at the

University of Bath was conducted by Cordery et al. looking at the bioavailability (BA) of

Pennsaid® 2% and two other diclofenac topical drug products. They found that after a 6

h uptake phase (product application for 6 h) and 17 h clearance phase, there was only an

average diclofenac skin clearance of 33%.104 Therefore it was decided that in order to

adequately capture drug clearance through the skin, one uptake and two clearance tape

stripping time points may be preferred.
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In vitro/in vivo correlation (IVIVC) has been used for oral dosage forms for regulatory

decision making in the form of biowaivers for years; however, this is not the case with

topical drug products due to the complexities associated with them. The development of

IVIVC using IVPT studies utilizing human skin has been investigated in the past showing

promising results.105,113 There have been a few models developed quantifying the drug

BA in the SC. There have been a few tape stripping studies examining different dosage

forms of lidocaine.121–123,131 There have also been a couple of models developed looking

at lidocaine skin PK following topical and tumescent solution dosing in rats and humans,

respectively.132,133 An interesting PK model was developed for acyclovir by Ozdin et al.

using tape stripping to model acyclovir permeation through multiple SC layers.134 The

advantage of tape stripping as a methodology is that it can be used to quantify drug at the

site of action. Although blood samples are more convenient and easier to acquire, the

relevance of systemic concentration to the local drug levels is unclear.2,3

Lidocaine, 5% topical patch is a topical drug product that works in the local tissue where

the patch is applied. Due to its high permeability, there are correlating measurable

systemic drug concentrations. For this reason, it was chosen as a model compound to

investigate the use of tape stripping to quantify lidocaine BA and develop an IVIVC

based off of IVPT work. To evaluate the two lidocaine topical patches (Lidoderm®

[lidocaine 5%] and Mylan [lidocaine 5%]) were tested on twelve healthy volunteers. An

IVIVC for the two lidocaine patches was investigated for both PK profiles and SC drug

concentrations based on a harmonized IVPT study design.
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4.2 Materials and Methods

4.2.1 Materials

Lidoderm® 5% topical patch, (NDC: 63481-687-06) and Mylan lidocaine 5% topical

patch (NDC: 0378-9055-93) were purchased through the Investigational Drug Service

Pharmacy at the University of Maryland Medical Center (Baltimore, MD). Lidocaine

standard was purchased from MP Biomedicals Inc. (Solon, OH). Acetonitrile (high

performance liquid chromatography (HPLC) and liquid chromatography-mass

spectrometry (LC-MS) grade), methanol (HPLC grade), water (LC-MS grade), methyl

tert-butyl ether, dichloromethane, 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). 3M™ Scotch™

permanent double-sided tape and 3M™ Scotch™ shipping packaging heavy duty tape

were purchased (3M™; St. Paul, MN).

The two lidocaine 5% patches (Lidoderm® and Mylan) have been approved as BE

products through traditional PK studies.5–7 Although the products are BE, the

formulation of the two products are vastly different. First the drug in adhesive patches

have the same dose of 50 mg of lidocaine per gram of adhesive; however, Lidoderm®

contains 700 mg of lidocaine (14 g adhesive) while the Mylan patch contains 140 mg

lidocaine (2.8 g adhesive). Another major difference is the matrix composition.

Lidoderm® is composed of an aqueous hydrogel matrix while Mylan is composed of a

lipophilic pressure sensitive adhesive matrix, altering the delivery rate per mg of

lidocaine in the formulation compared to Lidoderm®. As previous studies have shown,
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lidocaine permeation is enhanced when present in a lipophilic formulation and this is

observed with the Mylan patch.85 Lidoderm® delivers approximately 3 ± 2% of its drug

content compared to the Mylan generic, which delivers approximately 11 ± 4% (Table

3.1).

4.2.2 In Vivo Clinical Study

The study protocol was approved by University of Maryland’s Institutional Review

Board (IRB) and the FDA’s Research Involving Human Subjects Committee (RIHSC).

Twelve healthy volunteers between the age of 18-45 completed the study. Demographic

data can be found in Table 4.1. Volunteers were included if they were deemed to be

healthy as judged by the medically accountable investigator, had a negative urine drug

screening test, normal electrocardiogram, normal screening labs for white blood cells,

hemoglobin, platelets, sodium, potassium, chloride, bicarbonate, blood urea nitrogen,

creatinine, alanine transaminase, aspartate aminotransferase, urine protein and urine

glucose. Volunteers were also included if they had a volar forearm a minimum of 24 cm

long and upper arms a minimum of 28 cm in circumference large enough to allow for the

placement of one or two 140 cm2 patches. Volunteers were excluded if they were

currently or had used any tobacco products in the last two months, taking prescription

medication, had a skin disorder or skin cancer, had experienced any adverse reaction to

lidocaine or adhesive tape, body mass index (BMI) ≥ 30 kg/m2, active positive Hepatitis

B, C and/or HIV serologies or women who were pregnant, lactating, breast feeding or

had a positive serum pregnancy test at enrollment or positive urine pregnancy test on the

initial morning of any study session. Volunteers were also excluded if they had an
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obvious difference in skin color between arms or the presence of a skin condition,

excessive hair at application site (volar forearms/upper arms), 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.

Table 4.1: Demographic information for lidocaine in vivo and in vitro studies

In vivo (n=12) In vitro (n=3)
Age (years)

Mean (SD)
Range

32.2 (7.1)
20-44

42.0 (4.0)
38-46

Sex, n (%)
Male
Female

8 (66.7)
4 (33.3)

0 (0)
3 (100)

Race, n (%)
African American
Caucasian
Asian
American Indian/Alaskan Native
More than one race

6 (50.0)
2 (16.7)
2 (16.7)
1 (8.3)
1 (8.3)

1 (33.3)
2 (66.7)
0 (0)
0 (0)
0 (0)

BMI, (kg/m2)
Mean (SD)
Range

26.5 (2.4)
23.1-29.4 NA

The lidocaine study was an open-label, six-way crossover PK study with an additional

tape stripping session. For the purposes of this paper, only two baseline PK sessions for

Lidoderm® and Mylan and the tape stripping session will be discussed.

Pharmacokinetic study design

For each study session, vitals were obtained prior to patch application and the application

sites were inspected for any signs of compromised skin integrity including cuts or

inflammation. The sites were then cleansed with water and carefully patted dry. Patch
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adhesion and vitals, to ensure volunteer safety, were obtained at regular intervals during

each study session.

There were two PK study sessions, one for each product. Study Session 1 was designated

for Lidoderm® and Study Session 2 for Mylan. During each study session blood samples

were obtained over a 15 h period. For the first two volunteers, two lidocaine patches

were applied to one upper arm and held in place for 25 sec. Due to poor adhesion of the

Mylan patch and small application area, the patch did not adhere to the upper arm

properly and was lifting off near the edges. For the remaining ten volunteers, one

lidocaine patch was applied to each upper arm. A minimum of one-week washout period

was kept between each study session to ensure near complete clearance of lidocaine from

systemic circulation. A self-adhesive Coban™ wrap was used to secure the patch to the

skin for the remainder of the application time. The patch was removed 10 h following

application and blood samples were obtained for an additional 5 h. Approximately 3 mL

of blood was drawn during each sampling time point (within 60 min prior to application,

2:00, 3:00, 3:55, 4:50, 5:30, 6:00, 6:30, 7:00, 8:25, 9:20, 10:00, 10:30, 11:00, 11:30,

12:00, 13:00, 14:00, 15:00 h following patch application). The blood samples were

centrifuged and approximately 1.5 mL of serum was transferred in equal portions into

two cryovials and stored in an ultralow freezer until analyzed.

Tape stripping study design

A total of 12 sites for two patches per volunteer were used for the tape stripping session.

The patch pieces were prepared the morning of the session. Six patch pieces per product

were cut to a size of 5.5 x 1.5 cm (8.25 cm2) and weighed prior to application. The patch
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liners were weighed separately following application and the patch pieces (without the

liner) were weighed a final time following product removal. A template with the

locations of the application sites was placed over both volar forearms similar to that

conducted by Cordery et al. and is depicted in Figure 4.1.104 The patches were then

applied to six sites on the volar forearm of both arms (six sites per product for a total of

12 sites). The sites were randomized to one of six configurations based on product and

three different tape stripping time points (uptake, clearance (Cl 1), and clearance (Cl 2))

and duplicated on the other arm. Uptake signifies any time point when drug is entering

the skin (patch application) while clearance signifies time points following patch removal

when drug is exiting the skin. The application times were staggered to allow ample time

for product application, product removal, site cleaning and tape stripping. Following

application, a single control site was also tape stripped to ensure there was no

contamination.
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Figure 4.1: Template of application site locations on the volar forearm.

The tape stripping session was conducted over two days (24 h). The patch pieces were

applied to the designated site and held in place for 25 sec to ensure adhesion. The patch

pieces were further secured using 3M™ Durapore™ surgical tape (silk-like cloth,

hypoallergenic) (St. Paul, MN) and adhesion was assessed by the nursing staff every 4 h.

All patch pieces were removed following a 10 h application period and the application

site was cleaned of any adhesive residue using three swipes of a 70% isopropyl alcohol

swab followed by two swipes with cotton gauze. The uptake sites were immediately tape

stripped following product removal and application site cleaning. The remaining sites

were tape stripped 5 or 14 h following patch removal for Cl 1 and Cl 2, respectfully

(Figure 4.2).
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Figure 4.2: Lidocaine tape stripping study design. Tape stripping occurs at 10 h post
application and 5 or 14 h post product removal.

Tape stripping procedure

The day prior to the tape stripping session approximately 300 tape strips were cut (1.6 x 6

cm) and weighed using 3M™ Scotch™ heavy duty packaging tape. The tape strips were

weighed on an analytical balance after being run under an anti-static bar in order to

eliminate any static build up. The tape strips were stored in a plastic box adhesive side

up on a sheet of paper with lines of 3M™ Scotch™ double-sided tape.

Prior to tape stripping a 5 cm2 template (1 x 5 cm) is placed over the site to specify the

tape stripping site. The template was printer paper covered front and back with 3M™

Scotch™ heavy duty packaging tape. A transepidermal water loss (TEWL) reading is

taken at baseline using a Delfin VapoMeter (Kuopio, Finland). Subsequent TEWL

reading were taken after 8, 15, 20, 25 and 30 tapes based on the number of tape strips

required. In order to maintain consistency, the TEWL value was used as the metric to

determine when most of the SC had been removed.27,28 Therefore, tape stripping of each

site was conducted for a minimum of 12 tape strips and up to a maximum of either 30
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tape strips, when the TEWL value reached six times baseline or a TEWL value of 60

g/m2h.

A pair of forceps was used to apply and secure the tape onto each site. The forceps were

rubbed back and forth across the tape to ensure the tape securely adhered to the skin

surface. The tape strip was removed using a quick upward motion and placed adhesive

side up back in the plastic box (Figure 4.3). This was repeated until most of the SC was

removed or 30 tape strips were used. The tapes were then weighed following tape

stripping in order to quantify the amount of skin removed per tape strip. Successive tape

strips were grouped together based on a maximum of six tape strips or a weight of at least

750 μg, whichever came first.

Figure 4.3: Example tape strip from the clinical study.
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4.2.3 IVPT

Human skin from three donors, provided by NCI Cooperative Human Tissue Network

(CHTN) from abdominoplasty surgery was used for the IVPT studies. A description of

the human skin preparation procedure is detailed in Chapter 3. Demographic information

for the three donors is provided in Table 4.1. The frozen skin stored in an ultralow

freezer was taken out and allowed to thaw for 15 min prior to being cut into a 4.84 cm2

square and placed into diffusion cells. The diffusion cells with a permeation area of 0.95

cm2 contained membrane supports to prevent skin sagging and allow for proper

application without damaging the skin. The skin integrity was quantified by TEWL using

a cyberDERM RG1 evaporimeter (cyberDERM, Inc; Broomall, PA) prior to dosing. A

TEWL value greater than 15 g/m2h was deemed to be skin with compromised barrier

function and was not used in the IVPT and replaced with another skin piece with a

TEWL below 15 g/m2h. The receiver solution utilized to ensure sink conditions during

the IVPT study was isotonic phosphate buffer pH 7.4 with 0.005% gentamicin heated to

37°C and a flow rate of 1 rpm (~0.75 mL/h).

IVPT study design

The diffusion cells were mounted on a PermeGear flow through In line diffusion system

(PermeGear, Inc; Hellertown, PA) and heated to 32 ± 1°C to mimic the average

temperature of human skin. The lidocaine patches (Lidoderm®, Mylan) were cut into

0.97 cm2 discs using a metal hollow punch of similar size to the permeation area and

applied to the skin surface. A non-occlusive 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 over the patch to ensure skin

adherence. The patch was also pressed down for 10 sec onto the skin using an upside

down HPLC vial. Receiver solution was collected into scintillation vials every 1 to 3 h (3,

6, 9, 10, 12, 15, 18, 21, 24 h) following patch application using a Gilson FC 204 fraction

collector (Gilson Incorporated; Middleton, WI).

The IVPT study was harmonized with the in vivo study. Therefore, each patch product

consisted of three different study designs (uptake, Cl 1 and Cl 2) with four replicates per

patch and study design and was conducted for up to 24 h. For all three study designs, the

patch was applied for 10 h. Upon removal of the patch, the surface of the skin was

cleaned with three swipes of an alcohol swab followed by two swipes with cotton gauze.

The three study designs were conducted for different periods of time to be able to

quantify drug in the SC at different uptake and clearance time points. The uptake study

design diffusion cells were run for 10 h and skin sample was processed immediately

following product removal. For both clearance study designs, the IVPT study continued

for an additional 5 or 14 h for Cl 1 and Cl 2 diffusion cells, respectively, and skin

samples were processed. For IVPT, tape stripping was only performed for Lidoderm

Donor 1 and was not performed for any other donors. Drug was extracted from the entire

skin sample permeation area. The amount of drug present in the entire skin piece was

used for the analysis.

4.2.4 Sample Preparation

After all the tapes had been weighed and sorted into their tape groups, lidocaine was

extracted from the tape strips and skin samples using 3 mL of methanol and shaken at
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200 rpm for 20 h. Lidocaine extracted samples were prepared by diluting samples in a

1:1 ratio of methanol and mobile phase.

Two different liquid-liquid extraction (LLE) methods were used for the PK serum

samples. The method used for the first five volunteers included 400 µL of serum sample,

250 µL of 1 M sodium hydroxide, 20 µL bupivacaine (200 µg/mL), 10 µL methanol and

1 mL methyl tert-butyl ether in a 5 mL centrifuge tube. The contents were vortexed and

placed in a high-speed shaker at 2500 rpm for 15 min then centrifuged at 1500 x g for 10

min and placed in an ultralow freezer for 20 min. The contents were centrifuged again at

1500 x g for 2 min and the upper organic layer was transferred into a clean 2 mL

centrifuge tube and evaporated in a 50°C water bath under a stream of nitrogen until dry.

The residue was reconstituted in 150 µL of acetonitrile, vortexed and centrifuged at

20,817 x g at 4°C for 10 min. The eluent (100 µL) was transferred to a HPLC vial and

injected into the LC-MS/MS.

The LLE method used for the final seven volunteers included 100 µL of serum sample,

100 µL of 1 M sodium hydroxide, 20 µL bupivacaine (50 µg/mL) and 1 mL

dichloromethane in a 2 mL centrifuge tube. The contents were vortexed and placed in a

high-speed shaker at 2500 rpm for 20 min then centrifuged at 20,817 x g for 25 min. The

upper 200 µL of aqueous layer was discarded and the organic layer (800 µL) was

transferred into a clean 2 mL centrifuge tube and evaporated in a 50°C water bath under a

stream of nitrogen until dry. The residue was reconstituted in 50 µL of acetonitrile,

vortexed and centrifuged at 20,817 x g at 4°C for 10 min. The eluent (40 µL) was

transferred to an HPLC vial and injected into the LC-MS/MS.



74

4.2.5 Bioanalytical Methods

UPLC - UV analysis

All samples were analyzed using a Waters Acquity UPLC® system with Acquity UPLC

PDA detector (Milford, MA) and an Agilent ZORBAX 300SB-C8 (3.5 µm, 4.6 x 150

mm) column (Santa Clara, CA) with a Phenomenex SecurityGuard™ C8 cartridge (5 µm,

4 x 3.0 mm) (Torrance, CA). Lidocaine tape stripping samples were analyzed using a

validated UPLC method with a concentration curve linearity range of 0.05–10 µg/mL at a

wavelength of 210 nm. Further details on the analytical method can be found in Chapter

2.

LC-MS/MS analysis

The first five volunteers were analyzed using a Waters® Alliance e2695 Separations

Module with column heater (Waters Corporation; Milford, MA) and mass detection was

determined using a Waters® Acquity triple quadruple mass spectrometer (Waters

Corporation; Milford, MA) in electrospray ionization positive mode. Liquid

chromatography was conducted using a Waters® Atlantis HILIC (3 µm, 3 x 50 mm)

column (Waters Corporation; Milford, MA) with a Phenomenex® SecurityGuard™

HILIC (4 x 3.0 mm) cartridge (Torrance, CA). The following method was validated

according to FDA bioanalytical guidances.135 Inter-day (three day), intra-day validation

was determined as well as autosampler, bench-top, processed sample, freeze-thaw, long-

term and stock solution stability were also validated. The mobile phase used was

acetonitrile and 10 mM ammonium formate pH 3.2 (91:9 v/v) under isocratic conditions

with a flow rate of 0.5 mL/min, a total run time of 5 min and an injection volume of 10
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µL. The mass to charge ratio (m/z) for lidocaine and bupivacaine (internal standard)

were optimized for the protonated ions: m/z 235.20→86.00 [M + H]+ (lidocaine) and m/z

289.85→138.90 [M + H]+ (bupivacaine). The optimized cone and collision voltage for

lidocaine were 30 V and 15 eV, respectively, and for bupivacaine 35 V and 22 eV,

respectively. The retention time for lidocaine was approximately 3.0 min and 3.8 min for

bupivacaine. The limit of detection (LOD) was 0.05 ng/mL and the lower limit of

quantification (LLOQ) was 0.1 ng/mL with a concentration curve linearity range of 0.1–

50 ng/mL. A method for diluting the samples up to 10-fold was also validated.

The final seven volunteers were analyzed using a Waters® Acquity UPLC® H-Class

(Waters Corporation; Milford, MA) and mass detection was determined using a Waters®

Xevo TQ-XS mass spectrometer (Waters Corporation; Milford, MA) in electrospray

ionization positive mode. Liquid chromatography was conducted using the same column

and guard column. A partial validation was conducted due to changes in the instrument

as well as changes in the sample preparation method. Inter-day (three day) and intra-day

validation was determined using the new instrument and preparation method. The mobile

phase, flow rate and run time were kept the same; however, the injection volume was

decreased to 2 µL due to saturation. The m/z for the new instrument were optimized for

the protonated ions: m/z 234.91→85.53 [M + H]+ (lidocaine) and m/z 289.82→138.90

[M + H]+ (bupivacaine). The optimized cone and collision voltage for lidocaine were 8 V

and 14 eV, respectively, and for bupivacaine 35 V and 22 eV, respectively. The limit of

detection (LOD) was 0.05 ng/mL and the lower limit of quantification (LLOQ) was 0.1

ng/mL with a concentration curve linearity range of 0.1–100 ng/mL. A dilution method

for diluting samples up to 20-fold was also validated.
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4.2.6 Predicting Stratum Corneum Drug Concentration

Stratum corneum concentration comparison

The SC drug concentrations in vivo were predicted using three different methods. The

first method attempted to compare the skin drug concentrations in both in vivo tape

stripping and IVPT studies at all three tape stripping time points. The in vivo and IVPT

lidocaine concentrations at each tape stripping time point were calculated as the amount

of drug present in the SC or skin over the tape stripping area.
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(4.1)

Where Csc represents the concentration of drug in the SC or skin per cm2, Amtsc

represents the amount of drug in the SC or skin, and Asc represents the tape stripping area

in vivo (5 cm2) or in vitro (0.95 cm2).

Elimination rate constant comparison

The second parameter investigated was the elimination rate constant of drug through the

skin kesc both in vitro and in vivo. The kesc was estimated between the three tape

stripping time points following patch removal in order to quantify the elimination of drug

through the skin for uptake to Cl 1, Cl 1 to Cl 2 and uptake to Cl 2 as follows:
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(4.2)

Where kesc is the elimination rate constant of drug through the skin and t is time. The

average elimination rate constants from both the in vitro and in vivo studies at each time
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point were compared to determine what degree the elimination of lidocaine from the skin

can be predicted using IVPT data.

Modeling stratum corneum drug concentrations

The third method was a simulation-based model using Phoenix® NLME® (Pharsight

Corporation; San Diego, CA) software. A SC compartment with a continuous input over

10 h was modeled to represent a pseudo zero order absorption of drug through the patch

and a first order elimination through the skin (Figure 4.4). One hundred replicates were

run in order to get an accurate prediction of the means. The kesc parameter estimate was

obtained using in vitro SC drug concentrations between uptake and Cl 1. Bioavailability

for both products was estimated using IVPT data:

� � �th��PT�쳌t
�

(4.3)

Where F is the absolute BA of Lidoderm® and Mylan, AmtSC + perm is the average amount

of lidocaine present in the skin as well as permeated through the SC in all three IVPT

donors, and D is the dose applied for Lidoderm® or Mylan. Parameters used in the model

are provided in Table 4.3. The inter-individual variability on all parameters was set to a

variance of 30% and was incorporated as exponential error model:

��� � �� � exp ����� (4.4)

where θij represents the estimate for parameter j and the ith subject, θj represents the

typical value for parameter j, and ηij represents the standard deviation from θj and follows

a normal distribution with mean 0 and variance ω2. A multiplicative residual error model

with 30% error was used:
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where Yik obs represents the observed concentration for the ith subject and kth concentration,

Yik pred represents the predicted concentration for the ith subject and kth concentration, εik

represents the multiplicative residual error assumed to follow a normal distribution with

mean 0 and variance σ2.

Figure 4.4: Simulation model of lidocaine kinetics through the skin. The patches are
assumed to follow a pseudo zero order input with bioavailability (F) over 10 h and first
order elimination rate constant through the skin (kesc).

4.2.7 IVIVC

A Level A IVIVC model was built to predict individual systemic concentrations based on

the cumulative permeation through the skin over time. The mean in vivo study
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concentration versus time profile was deconvoluted using Phoenix® WinNonlin®

(Pharsight Corporation; San Diego, CA). The input parameters were obtained from a

two-compartment model built on Phoenix® NLME® using the mean concentration versus

time profile from two clinical studies obtained from literature conducted using

intravenous (IV) lidocaine.136,137 The input parameters obtained from the two-

compartment model were: A1 = 0.012 L-1, Alpha1 = 6.11 h-1, A2 = 0.005 L-1, Alpha2 =

0.46 h-1. Based on the parameter estimates, total lidocaine dose and in vivo lidocaine

concentration versus time profile in vivo fraction of drug absorbed for both Lidoderm®

and Mylan were estimated. A correlation was calculated between the in vivo fraction of

drug absorbed and in vitro fraction of drug permeated (mean of fraction of drug

permeated over three human donors from the IVPT studies) for both lidocaine patches. A

polynomial regression model was determined to have the best fit based on the regression

coefficient and was used to predict in vivo fraction absorbed from in vitro fraction

permeated.

�쳌T쳌�⿏� ��� � �� P ���쳌T�쳌t P ���쳌T�쳌t� (4.6)

where Frpred, abs is the predicted in vivo fraction of drug absorbed, Frperm is the in vitro

fraction of drug permeated through the skin and P0, P1 and P2 are the coefficients from

the polynomial regression model. The predicted lidocaine concentrations were then

estimated by convoluting the predicted in vivo fraction of drug absorbed and using the

initial parameters used to deconvolute the in vivo data. To test the model, the predicted

error was calculated for Cmax and AUC as follows:

�t � ����T쳌�⿏
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Where PE is the predicted error (%), obs is the in vivo observed parameter estimate (Cmax

and AUC) and pred is the predicted parameter estimate. Due to the high variability,

mean profiles were used to calculate the observed Cmax.

4.2.8 Statistical Analysis

Concentrations for both IVPT and in vivo PK data whose estimated value fell below the

LLOQ 0.05 µg/mL for the UPLC/UV-Vis method and 0.01 ng/mL for the LC-MS/MS

method were treated as 0 for data analysis.

Paired Student’s t-test, one-way ANOVA test followed by Tukey’s post-hoc comparison

and two-way ANOVA test followed by Bonferroni’s post-hoc comparison were used for

statistical analysis using R software (R version 3.3.2, Vienna, Austria). Statistical

significance was declared at p ≤ 0.05.

4.3 Results

4.3.1 IVPT

Four replicates per study design from three human donors were used for the IVPT study.

Permeation over 24 h and skin concentrations at three different time points (10, 15 and 24

h) were measured. For both lidocaine patches, the flux (J) increased over the 10 h patch

application phase and decreased steadily following patch removal and skin cleaning

(Figure 4.5). Although the two patches are BE the flux profiles are vastly different.

Mylan patch has approximately a 5 and 4-fold increase in both Jmax and cumulative

permeation over 24 h, respectively (Lidoderm®: 2.4 ± 0.9 µg/cm2h and 25.9 ± 17.1

µg/cm2; Mylan: 11.2 ± 1.1 µg/cm2h and 106.2 ± 20.0 µg/cm2, respectively) (Table 4.2).
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Overall, the total amount of lidocaine released from Mylan patch (106.7 ± 9.0 µg/cm2)

was 2-fold higher than Lidoderm® (56.9 ± 10.3 µg/cm2).

Table 4.2: Comparison of the Jmax and cumulative permeation of the three study designs
for both lidocaine 5% patches

Lidoderm® Mylan

Jmax (µg/cm2h) (Mean ± SEM) 2.4 (0.9) 11.2 (1.1)
Cumulative Permeation (µg/cm2)
(Mean ± SEM)

Uptake 16.2 (9.8) 75.5 (16.8)
Clearance 1 20.8 (11.3) 99.9 (18.8)
Clearance 2 25.9 (17.1) 106.2 (20.0)

Figure 4.5: Lidocaine flux profiles of two lidocaine 5% patches from three different
study designs (10 h patch application followed by 0 (uptake), 5 (Cl 1) or 14 h (Cl 2)
clearance phase) conducted with three human skin donors and four replicates per study
design. (n=3 donors (4 replicates per donor); Mean ± SEM).
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The lidocaine concentration in the skin steadily decreased following product removal at

both clearance time points compared to uptake. The opposite of cumulative permeation

and flux was observed for the drug concentration present in the skin. Lidoderm® had

approximately 3-fold higher skin drug concentration at uptake (53.1 ± 15.0 µg/cm2)

compared to Mylan patch (18.0 ± 0.5 µg/cm2). The elimination rate constant of lidocaine

through the skin was also calculated for both products between 10 and 15 h (0.089 h-1 and

0.178 h-1 for Lidoderm® and Mylan patch, respectively) (Figure 4.6 and Table 4.3).
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Figure 4.6: Lidocaine skin drug concentrations of two lidocaine 5% patches from three
different study designs (10 h patch application followed by 0 (uptake), 5 (Cl 1) or 14 h
(Cl 2) clearance phase) conduct on three human skin donors with four replicates per study
design. (n=3 donors (4 replicates per donor); Mean ± SEM). (*** p ≤ 0.001, one-way
ANOVA, followed by Tukey’s post-hoc analysis).

The BA of Lidoderm® and Mylan patches were calculated from the cumulative

permeation through the skin and skin drug amounts. The measured BA of Lidoderm®

was calculated to be 1.11 ± 0.20% which is lower than the expected 2.5% (3.0% over a

12 h application time) and 10.4 ± 0.88% for Mylan patch which is greater than the

expected 9.2% (11.0% over a 12 h application time).77

4.3.2 In Vivo Clinical Study
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Pharmacokinetic study

Twelve healthy volunteers completed the study and the within-subject variability in the

serum concentrations was very high even within the same study session. The serum

concentrations following Lidoderm® application increased up until the patch was

removed and application site cleaned at 10 h and slowly decreased over the 5 h clearance

phase. The serum concentrations following Mylan patch application was similar; the

average Tmax occurred at 8 h and slowly decreased over the next 7 h (Figure 4.7). One

volunteer’s serum concentration at time point 10:30 h during the Lidoderm® session

increased the mean concentration by 3.4-fold. Unlike the IVPT data where the Mylan

flux through the skin was much higher than Lidoderm®, there was no statistical difference

calculated in the serum concentration profile between the two patches. Parameter

estimates of AUC and Cmax are provided in Table 4.4.

Figure 4.7: (A) Observed individual serum concentrations (circles) and mean
concentration versus time profile (lines) of two lidocaine 5% patches (Lidoderm®: blue,
Mylan: light blue). (n=12; Mean ± SD). (B) Zoomed in plot of (A).
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Table 4.4: Mean Cmax and AUC calculated from the mean profile of two lidocaine 5%
patches

Lidoderm® Mylan

Cmax (ng/mL) (SD) 306.8 (756.3) 214.9 (280.5)
AUC (ng/mL*h) (SD) 1089.9 (1281.7) 1646.4 (2076.0)

Tape stripping

Tape stripping was conducted at 10, 15 and 24 h following patch application. The SC

mass collected by the tape strips was similar between both products and tape stripping

time points (Figure 4.8). The highest drug concentration measured in the SC was during

uptake (Figure 4.9). The concentration decreased over time and the percent clearance of

drug from the skin observed for Lidoderm® was 30.4 and 76.5% for Cl 1 and Cl 2,

respectively. For Mylan the percent clearance was 58.9 and 79.0% for Cl 1 and Cl 2,

respectively. The within-subject and between-subject variability appears to be much less

than that observed in the PK study sessions for both Lidoderm® and Mylan. The drug

concentration present at all tape stripping time points was not statistically different. The

drug concentration present in the skin decreased as subsequent tapes were removed and

deeper SC was reached (Figure 4.10 and 4.11) forming a concentration gradient across

the SC.104
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Figure 4.8: Observed skin mass collected from tape strips from each tape stripping time
point (uptake: 10 h, Cl 1 and Cl 2: 5 and 14 h following patch removal) and patch
(Lidoderm® and Mylan). (n=12; Mean ± SD). No significant difference for skin mass
collected at any tape stripping time point or product (two-way ANOVA, followed by
Bonferroni’s post-hoc analysis).



88

Figure 4.9: Observed lidocaine skin drug concentration from tape strips from each tape
stripping time point (uptake: 10 h, Cl 1 and Cl 2: 5 and 14 h following patch removal)
and patch (Lidoderm® and Mylan). (n=12; Mean ± SD). No significant difference for
lidocaine skin drug concentration at any tape stripping time point between the lidocaine
products (one-way ANOVA, followed by Tukey’s post-hoc analysis).
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Figure 4.10: Observed lidocaine concentration versus cumulative skin mass collected for
each tape group at all three tape stripping time points (uptake, Cl 1 and Cl 2). (n=12).
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Figure 4.11: Observed lidocaine skin drug amount per tape group at all three tape
stripping time points (uptake, Cl 1 and Cl 2). (n=12; Mean ± SD).

4.3.3 Predicting Stratum Corneum Drug Concentration

Stratum corneum concentration comparison

The SC concentrations for both patches were compared between the in vitro and in vivo

studies. Although the permeation through the skin for Mylan patch during the IVPT

study was high, the skin concentrations were much lower compared to Lidoderm®. This

translated to much lower skin drug concentrations following the administration of Mylan

patch in vitro compared to in vivo (Table 4.3). This was not observed with the

Lidoderm® arm where the lidocaine skin concentrations were similar for the first two tape

stripping time points for IVPT and in vivo (Table 4.3).
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Elimination rate constant comparison

The kesc for both patches were compared between the IVPT and in vivo studies.

Although skin concentrations during IVPT and in vivo were vastly different for Mylan

patch, this was not the case when observing the kesc between the tape stripping time

points. The kesc was similar particularly when comparing the initial elimination rate from

uptake to Cl 1 (10 - 15 h). The initial kesc calculated for Lidoderm® was 0.089 and 0.109

h-1 for IVPT and in vivo, respectively. For Mylan patch, the initial kesc was calculated to

be 0.178 and 0.184 h-1 for IVPT and in vivo, respectively (Table 4.3). The elimination

rate was lower during the IVPT studies compared to in vivo from Cl 1 to Cl 2 for both

patches products and therefore the overall kesc (10 - 24 h) was also lower during the IVPT

studies (Table 4.3).

Modeling stratum corneum drug concentration

A simple SC compartment with pseudo zero order input model was simulated to predict

SC drug concentration during each tape stripping time points. This approach made

predictions based solely on parameters estimated from the IVPT studies, including BA

and elimination rate constant through the skin. The predictions from the model gave

prediction errors of less than 20% for all tape striping time points except Mylan Cl 2

which was under predicted (Table 4.5). This showed good prediction of in vivo SC drug

concentrations using only in vitro parameter estimates (BA and kesc) (Figure 4.12).



92

Table 4.5: Predicted SC drug concentrations from the simulation model and predicted
Cmax and AUC from the IVIVC model

Lidoderm® Mylan

Predicted SC drug concentration
(µg/cm2) (Mean ± SEM)

Uptake
PE (%)

38.6 (3.4)
19.8

50.9 (5.3)
2.6

Clearance 1
PE (%)

24.9 (2.6)
14.3

21.9 (3.4)
-2.9

Clearance 2
PE (%)

11.8 (1.8)
-23.1

5.5 (1.5)
48.3

Predicted Cmax (ng/mL) (Mean ± SD)
PE (%)

141.1 (171.7)
54.0

166.7 (221.3)
22.4

Predicted AUC (ng/mL*h) (Mean ± SD)
PE (%)

1161.3 (1434.0)
-6.6

1445.5 (1894.1)
12.2

Figure 4.12: Visual predictive check from 100 replicates predicting the SC drug
concentration at each tape stripping time points (uptake, Cl 1 and Cl 2) for (A)
Lidoderm® and (B) Mylan. Grey shaded region represents the 90th predicted percentile,
the black line represents the predicted 50th percentile, the red line represents the observed
50th percentile and the circles represent the observed data. (n=12).
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4.3.4 IVIVC

An IVIVC model correlating IVPT cumulative permeation over time and in vivo

cumulative absorption over time was developed for each volunteer. The predicted

lidocaine profiles over time was similar to the mean lidocaine concentration over time

profile (Figure 4.13). There was far more variability associated with serum drug

concentrations compared to the SC drug concentrations. Due to this, the Cmax was not

able to be accurately captured in the IVIVC model and the prediction error was 54.0 and

22.2% for Lidoderm® and Mylan, respectively. The AUC was less impacted by the

variability and the predicted AUC was similar to the observed AUC (Table 4.5) due to

occasions when individual serum concentrations spiked much higher than other serum

samples in the same volunteer. When comparing the mean profiles of observed and

predicted concentration versus time, the profiles are very similar showing a good

prediction.
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Figure 4.13: Observed and predicted concentration versus time profile following the
administration of two patches of (A) Lidoderm® and (B) Mylan. (n=12; Mean ± SD).

4.4 Discussion

Although there is no standard methodology for determining BE of topical and

transdermal drug products, the FDA has recommended the use of multiple different

methodologies including traditional BE studies, IVPT and clinical endpoint studies.5–9

These methodologies have certain flaws that prevent their use for every circumstance.

For example IVPT studies, although very sensitive in detecting differences between two

products, are not an in vivo methodology. Traditional BE studies are only viable when

drug permeation is high and AUC can be accurately measured. Finally, clinical endpoint

studies are expensive and a very insensitive methodology. Whereas tape stripping can be

a good methodology for most topical and transdermal drug products and it measures the
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local BA at or close to the site of action and therefore is a relevant metric to use as a

surrogate for efficacy.

IVIVC and predictive models can be used in drug development and post approval

changes.138 It may be possible to use drug clearance through the skin estimated through

in vitro studies to make early decisions for determining which topical or transdermal

product to further pursue. Bioavailability and drug clearance through the skin are key

factors that may be used to model and predict SC drug concentrations during in vivo

studies.134 Multiple methods were investigated to predict the SC drug concentrations in

vivo. Single point comparisons looking at the skin drug concentrations in vitro and in

vivo. Parameter estimates for elimination rate constant of drug though the skin were also

compared which indicated a better correlation for comparing in vivo skin drug clearance

to in vitro. Finally, these factors were combined in a simulation model aimed at

predicting SC drug concentrations following the administration of a lidocaine 5% patch

over 10 h using IVPT BA and skin drug clearance estimates.

Lidocaine SC concentration predictions and IVIVC were assessed for two lidocaine 5%

patches (Lidoderm® and Mylan). Twelve volunteers completed the in vivo study and

three excised human skin donors were used for the IVPT studies. The study design

between the in vitro and in vivo studies were harmonized including the tape stripping

time points and patch application period. Tape stripping was conducted at three different

time points, immediately following patch removal and 5 or 14 h following patch removal.

Overall, the predicted SC drug concentrations and serum concentration profile were well

predicted excluding the prediction of a few volunteers with serum concentration that
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spiked much higher than expected in comparison to their other serum concentrations

(Figure 4.12 and 4.13). The elimination rate of drug through the skin was also similar

between in vitro and in vivo particularly for uptake to Cl 1 (10-15 h) (Table 4.3). The

benefit of these models is that SC drug concentrations from lidocaine 5% patch may be

accurately predicted with minimal data from only in vitro results. These predictions are

accurate even though the IVPT skin drug concentrations do not always correlate very

well with the in vivo observed concentrations. This can be observed with Mylan where

the skin concentration in vitro under predicts the skin concentration observed in vivo.

Based off the drug labels, the estimated BA over 12 h patch application is only 3 ± 2%

and 11 ± 4% for Lidoderm® and Mylan, respectively.77,128 Therefore, assuming a pseudo

zero order release rate over 10 h, the lidocaine release from the patch on average would

be 2.5 and 9.2%. This difference in BA is due primarily to the inactive ingredients and

adhesive matrix. Lidoderm® adhesive is an aqueous base while Mylan is a lipophilic base.

Topical lidocaine BA has been demonstrated to increase by increasing the lipophilicity of

the product vehicle.85 The BA calculated in vitro for Mylan (10.7%) was similar to that

calculated for Mylan over 10 h patch application. However, the SC drug concentrations

were not comparable between in vitro and in vivo. The BA over 10 h application time

calculated from the IVPT studies for Lidoderm® (1.11%) was lower compared to the

Lidoderm® label (2.5%). This difference did not negatively impact the prediction of the

SC drug concentrations and since kesc was similar from uptake and Cl 1. The predictions

were relatively accurate, although slightly under predicted, this provides confidence in

the accuracy of the parameter estimates.
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Although the BA of the Lidoderm® does not match the label and Mylan does, the SC drug

concentrations observed are similar at uptake and Cl 2 tape stripping time points between

the two patch products, indicating a similar observed kesc over the 14 h clearance phase.

It is unclear why SC drug concentrations were different at Cl 1 between the two patch

products. If the uptake and Cl 2 SC drug concentrations and elimination rate constant are

similar it stands to reason that the SC drug concentrations in between time points should

also be similar.

Ideally the drug clearance through the skin should be consistent throughout the study

duration, but there may be factors that lead to the clearance being greater during the

initial 5 h clearance phase which is more profoundly observed during the IVPT study.

During the IVPT study, the kesc from uptake to Cl 1 is significantly higher for Mylan

compared to the kesc from Cl 1 to Cl 2. One potential factor could be the cleaning the

skin surface with alcohol swabs which could increase drug permeation through the

skin.127 The effect of alcohol on lidocaine permeation should at most only have a short

term effect immediately following cleaning the skin, although it is plausible that it could

have enough of an effect to cause a difference in drug clearance through the skin between

uptake and Cl 1 and Cl 1 and Cl 2.

One of the dilemmas with working with topical and transdermal drug products is

accurately quantifying drug clearance through the skin. This is because it is difficult to

ensure adequate removal of the drug product from the skin surface. However if there was

adhesive residue left on the skin surface following patch removal, it is likely that it would

have the opposite effect and apparent drug clearance from the SC would be lower due to
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contamination of the tape strips with drug product left on the skin surface as well as drug

releasing into the SC from the drug product. Therefore, it is likely that an adequate

cleaning of the skin was performed.

The skin depths used for quantifying the skin drug clearance were different for the in

vitro and in vivo study designs. However, the vast majority of drug present in the skin is

located in SC, so even though the in vitro study in addition to quantifying SC drug also

quantified drug in the viable epidermis and a thin layer of dermis (Figure 4.10 and

4.11).125 The elimination rate constants measured should be relatively accurate and the

skin drug concentrations should only be slightly over estimated. For that reason, the

estimated kesc through the skin in vitro should be a close approximation to the kesc

through the SC alone.

An IVIVC model was developed using cumulative permeation data from the IVPT

studies in order to predict the lidocaine concentration versus time profile from the in vivo

study (Figure 4.13). The within-subject variability observed in the serum concentrations

made it difficult to accurately capture the Cmax; however, the AUC was able to be more

accurately measured. The variability observed in the in vivo PK study may have been

due to multiple factors. It is possible that because a patch was applied to both arms (final

10 volunteers) there may have been some contamination due to the patch being close to

the catheter site. Another factor could be that more inter-subject variability is present in

products with low BA.139 The concentrations measured in this population were higher

than that expected following the application of two lidocaine patches. The mean Cmax

following the application of three patches is around 130 ng/mL (approximately 87 ng/mL
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for two patches).77 The mean Cmax measured in this in vivo study was 307 ng/mL;

although that was mainly due to a single sample increasing the mean by more than 3-fold.

If that single sample was removed, the mean Cmax would still be nearly two times greater

at 163 ng/mL. However, the prediction error for the Cmax would have been much lower

(13%) (Table 4.5).

The major reason for the withdrawal of the FDA topical BE draft guidance on tape

stripping was due to variable tape stripping results.47 Although there is variability in the

tape stripping data, the variability is much lower than that observed in the PK data. The

in vivo tape stripping results closely match the predicted SC drug concentrations. Due to

the lower variability, the BE was assessed at uptake tape stripping time points between

Lidoderm® and Mylan (1.10 [0.96 - 1.25]). This demonstrates that tape stripping can be

used to assess BA and BE for topical or transdermal drug products; however, it may

require a larger sample size than the twelve volunteers utilized in this study.

4.5 Conclusion

Bioequivalence studies have been used in the approval process of generic drugs for over

30 years; however, topical and transdermal drug products do not have a standardized

methodology for approval. Tape stripping is one such methodology that can be used to

quantify the BA of topical drug products at or near their site of action. The work

presented here shows that tape stripping is a viable methodology for assessing BA, and

IVPT studies can be used to accurately predict both SC drug concentrations and PK

profiles following the application of two lidocaine 5% patches. Overall predictions based

solely on in vitro parameter estimates, accurately predicted in vivo observed SC drug
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concentrations for both patch products. In addition to predicting SC drug concentrations,

an IVIVC model using cumulative permeation data from IVPT studies accurately

predicted the observed AUC and Cmax even though there was large Cmax variability. In

order to determine the potential of IVPT studies in predicting SC drug concentrations in

vivo, more studies will need to be conducted with other topical and transdermal drug

products with different physicochemical properties. One such study was conducted

looking at two diclofenac topical drug products in hopes to investigate tape stripping as a

methodology for determining BA and evaluating different IVIVC and predictive models.
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Chapter 5: In Vitro/In Vivo Correlations of Two Diclofenac Topical Drug Products

using In Vitro Permeation Testing and In Vivo Pharmacokinetic and Tape

Stripping Studies

5.1 Introduction

Regulatory agencies have had a challenging time developing and validating

methodologies to investigate topical and transdermal drug products, which fall into the

complex drug product category. Over the years, regulatory agencies have approved the

use of multiple methodologies in the assessment of bioequivalence (BE) and

bioavailability (BA) studies for oral dosage forms. This includes the use of BE studies

for the approval of oral generic dosage forms, the use of the biopharmaceutical

classification system (BCS) and dissolution testing for biowaivers of immediate release

formulations.140 Biowaivers and new approvals can also be granted for extended release

oral dosage forms using an in vivo/in vitro correlation (IVIVC) for new strengths, lower

strengths and even for changes in excipients.138 IVIVC is a mathematical model used to

predict in vivo pharmacokinetic (PK) profiles based on in vitro studies, PK parameters

(clearance and volume) from literature, and a PK study for the formulation of interest.

Once an IVIVC model has been developed, it can be used to predict the PK profile of

new formulations or doses. This has vast implications in early drug development or

scale-up and post approval changes (SUPAC) since clinical PK studies don’t need to be

performed for each individual dosage form or dose.138 These small in vitro dissolution

studies can save not only time and money, but also reduce the burden of clinical studies.
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For certain drugs, like antibiotics, the trough concentration is strongly correlated to

efficacy and therefore even a simple Level C correlation, which is a single point

correlation, can be a valuable tool. The majority of IVIVCs used in regulatory decision

making are a Level A IVIVC, which is a point to point correlation and can be used to

predict an entire PK profile for formulations of interest.

Although there have been a few IVIVCs developed for topical and transdermal drug

products, there are currently no FDA guidances on its use in regulatory decision

making.19,107–109,141 The most widely-used in vitro methodology for transdermal and

topical drug products is the in vitro permeation testing (IVPT).47 IVPT is a method for

quantifying the drug flux through the skin. There have been many studies conducted on

the accuracy and reproducibility of IVPT using human skin to predict the in vivo PK

profile of topical drug products.105,109,113–118,141 For this reason, IVPT is also the most

popular methodology for developing an IVIVC, in particular Level A IVIVCs.

Another methodology that may be of interest in regulatory decision making is tape

stripping. Tape stripping is a method used to quantify the BA of topical drug products at

the site of action, the skin or surrounding local tissue. This is done by applying and

removing successive tape strips from the application site. Doing so allows for the

quantification of drug in the stratum corneum (SC) at multiple time points following

product removal. The use of multiple tape stripping time points allows for the

quantification of drug elimination rate through the SC.

An in vivo PK and tape stripping study, similar to the lidocaine study (Chapter 4), was

conducted with two diclofenac topical drug products (Flector® [diclofenac epolamine
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1.3% topical patch] and Pennsaid® [diclofenac sodium 2% solution]). Diclofenac was

chosen for its differing physicochemical properties (skin permeation, protein binding and

log P) compared to lidocaine; the two diclofenac products were chosen for the same

reason, their differing permeability through the skin. Flector® provides slow diclofenac

permeation through the skin, but since Pennsaid® contains dimethyl sulfoxide (DMSO), a

permeation enhancer, diclofenac permeation from Pennsaid® is substantially faster as

compared to Flector®.42 An IVIVC for these two diclofenac formulations was

investigated for both the PK profiles as well as for SC drug concentrations, based on

results from permeation and skin drug amounts from the harmonized IVPT study design.

5.2 Materials and Methods

5.2.1 Materials

Flector® diclofenac epolamine 1.3% topical patch, (NDC: 60793-0411-30) and

Pennsaid® diclofenac sodium 2% solution (NDC: 75987-040-05) were purchased from

R & H Pharmacy, Inc. (New Hyde Park, NY) and Cardinal Health (Dublin, OH),

respectively. Diclofenac epolamine standard was purchased from Toronto Research

Chemicals Inc. (Toronto, ON, Canada). Acetonitrile (liquid chromatography-mass

spectrometry (LC-MS) grade), methanol (high performance liquid chromatography

(HPLC) grade), hexanes, water (LC-MS grade), potassium phosphate monobasic,

potassium phosphate dibasic and ammonium formate were purchased from Fisher

Scientific Inc. (Fair Lawn, NJ). Trifluoroacetic acid was purchased from EMD

Millipore Corporation (Billerica, MA). 3M™ Scotch™ permanent double-sided tape

and 3M™ Scotch™ shipping packaging heavy duty tape were purchased (3M™; St.
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Paul, MN). Water was obtained from a Milli-Q® system (EMD Millipore; Billerica,

MA).

5.2.2 In Vivo Clinical Study

The clinical study protocol was approved by University of Maryland’s Institutional

Review Board (IRB) and the FDA’s Research Involving Human Subjects Committee

(RIHSC). Demographic data for the twelve healthy volunteers who completed the study

are found in Table 5.1. Volunteers were included if they were deemed to be healthy as

judged by the medically accountable investigator, between the age of 18 - 45 years, had a

negative urine drug screening test, normal electrocardiogram, normal screening labs for

white blood cells, hemoglobin, platelets, sodium, potassium, chloride, bicarbonate, blood

urea nitrogen, creatinine, alanine aminotransferase, aspartate aminotransferase, urine

protein and urine glucose. Volunteers also had to have a volar forearm at least 24 cm

long and upper arms at least 28 cm in circumference and 35 cm long from the acromion

process of the scapula to olecranon process, or large enough to allow for the placement of

two 140 cm2 patches or 200 cm2 area for application of solution. Volunteers were

excluded from the study if they were currently or had used any tobacco products in the

last two months, taking prescription medication, had a skin disorder or skin cancer,

experienced any adverse reaction to diclofenac or adhesive tape, had an obvious

difference in skin color between arms or the presence of a skin condition, excessive hair

at application site (volar forearms/upper arms), sunburn, raised moles and scars, open

sores at application site, scar tissue, a tattoo or coloration that would interfere with

placement of formulations. Volunteers were also excluded if they had a body mass index
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(BMI) ≥30 kg/m2, active positive Hepatitis B, C and/or HIV serologies, or women who

were pregnant, lactating, breast feeding or had a positive serum pregnancy test at

enrollment or positive urine pregnancy test on the initial morning of any study session.

The diclofenac study was an open-label, two-way crossover PK study with an additional

tape stripping session.

Table 5.1: Demographic information for diclofenac in vivo and in vitro studies

In vivo (n=12) In vitro (n=4)
Age (years)

Mean (SD)
Range

36 (6.8)
26 - 44

49 (9.4)
40 - 62

Sex, n (%)
Male
Female

8 (66.7)
4 (33.3)

0 (0)
4 (100)

Race, n (%)
African American
Caucasian
Asian
American Indian/Alaskan Native
More than one race

3 (25.0)
4 (33.3)
3 (25.0)
1 (8.3)
1 (8.3)

1 (25)
3 (75)
0 (0)
0 (0)
0 (0)

BMI, (kg/m2)
Mean (SD)
Range

26.7 (2.2)
23.6 - 29.9 NA

Pharmacokinetic study design

Prior to product application for each study session, volunteers were reevaluated to

determine if they were still eligible to continue the study. Vitals were obtained and the

application site was examined for any signs of compromised skin integrity including cuts,

bruises or inflammation. Upon physical examination, if any signs of compromised skin

integrity were detected volunteers were asked to return when the skin was healed or if the

compromised area could be avoided, they were permitted to continue the study. The sites
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were then cleaned with water and patted dry to ensure good adhesion. Vitals and patch

adhesion were obtained at regular intervals during each study session.

There were two PK study sessions, one for each topical drug product. Study Session 1

was designated for Flector® and Study Session 2 for Pennsaid®. During Study Session 1,

two Flector® patches were applied to each upper arm (four total patches) and held in place

for 25 sec. To secure the patch to the skin, self-adhesive Coban™ wrap was used for the

remainder of the application time. Flector® was removed 10 h following patch

application and blood samples were obtained for an additional 41 h. Approximately 5

mL of blood was drawn during each sampling time point (within 60 min prior to

application, 1:00, 2:00, 3:00, 4:00, 5:00, 6:00, 7:00, 8:00, 9:00, 10:00, 24:00, 27:00,

30:00, 32:00, and 51:00 h following patch application). The blood samples were spun

and processed, and approximately 2 mL of serum was transferred equally to two

cryovials and stored in an ultralow freezer. Between each study session, a minimum of

one-week washout period was kept ensuring diclofenac had cleared from the systemic

circulation.

During Study Session 2, 2 g of Pennsaid® was applied to each upper arm over 200 cm2 (4

g total) and spread over 2 min using a silicone applicator. Both syringes (2 g per syringe)

and silicone applicator were weighed prior to and following application to determine the

exact dose of Pennsaid® applied. Pennsaid® was removed 6 h following application and

blood samples were obtained for an additional 41 h. Approximately 5 mL of blood was

drawn during each sampling time point (within 60 min prior to application, 1:00, 2:00,

3:00, 4:00, 5:00, 6:00, 7:00, 23:00, 26:00, 29:00, 31:00, and 47:00 h following Pennsaid®

application).
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Tape stripping study design

Six sites per volar forearm for two topical drug products were used during tape stripping.

Both topical products were prepared in the morning of the tape stripping study session.

Six patch pieces for Flector® were cut to a size of approximately 5.5 x 1.5 cm (8.25 cm2)

and weighed. The patch liners and pieces were weighed a final time following patch

removal. For the diclofenac study, 0.1 mL of the solution was drawn up into six separate

1 mL syringes. The syringe and silicone applicator were weighed prior to application.

The syringe and applicator were weighed again following product application in order to

quantify the dose of solution applied. Similar to the lidocaine study, a template with the

site locations cut out was placed on each volar forearm to designate the application sites

for the products (Figure 4.1).104 The six sites on each volar forearm were randomized to

one of six configurations based on two different topical drug formulations and three

different tape stripping time points (uptake, clearance 1 (Cl 1) and clearance 2 (Cl 2)).

The randomized locations were then duplicated on the opposite arm; therefore, each

configuration was tested with two replicates. The uptake time point represents the phase

when drug is entering the skin (product application) while clearance time points represent

the phase following product removal when drug is exiting the skin. To guarantee enough

time for product application, removal and tape stripping, the application times were

staggered. A control site was also tape stripped following product application to confirm

there wasn’t any contamination.

Similar to the PK study, the tape stripping study session was conducted over 51 h. The

patch pieces were applied to the designated sites and held in place for 25 sec to ensure

adhesion. The patch pieces were further secured using 3M™ Durapore™ surgical tape
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(silk-like cloth, hypoallergenic) (St. Paul, MN) and adhesion was assessed by the nursing

staff periodically. The solution was dispensed onto its designated site at a dose of 10

mg/cm2 and applied using a silicone applicator. The product was rubbed on for 30 sec

and allowed to air dry. The products were removed following either a 6 or 10 h

application period for solution and patch, respectively. The application site was cleaned

of any product or adhesive residue using three swipes of a 70% isopropyl alcohol swab,

followed by two swipes with a cotton gauze. The uptake sites were immediately tape

stripped following product removal and application site cleaning. The remaining sites

were tape stripped 17 or 41 h following product removal for Cl 1 and Cl 2, respectively

(Figure 5.1).

Figure 5.1: Diclofenac tape stripping study design. Tape stripping occurs at 6 or 10 h
post application (uptake) for Pennsaid® and Flector®, respectively and 17 (Cl 1) or 41 h
(Cl 2) post product removal.

Tape stripping procedures

The tape stripping study was conducted in a similar manner to the lidocaine in vivo study

(Chapter 4). Approximately 300 tapes were needed for each volunteer and were prepared

by cutting 3M™ Scotch™ heavy duty packaging tape into 1.6 x 6 cm tape strips. The

tapes were run under an anti-static bar to neutralize any static build up caused by pulling
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tapes apart and weighed using an analytical balance to get a blank weight prior to tape

stripping. The tape strips were placed adhesive side up on a sheet of paper lined with

3M™ Scotch™ double-sided tape and stored prior to use in a plastic box.

A 1 x 5 cm template was placed over the application area to isolate a 5 cm2 tape stripping

area. Prior to tape stripping, a baseline transepidermal water loss (TEWL) reading was

recorded using a Delfin VapoMeter (Kuopio, Finland). Following a set number of tape

strips (8, 15, 20, 25 and 30 tape strips) additional TEWL readings were obtained. TEWL

has been highly correlated to the depth of SC removal; therefore, it was used to determine

when the majority of the SC had been removed.27,28 A minimum of 12 tape strips and up

to a maximum of either (a) 30 tape strips, (b) a TEWL value of six times baseline or (c)

60 g/m2h, whichever came first, was used for each volunteer.

Tape strips were applied to the tape stripping area using forceps. The tape strips were

adhered to the surface of the skin by rubbing the forceps back and forth across the top the

of the tape strips. As illustrated in Figure 4.3, the tape strips were removed by a quick

upward motion. Successive tape strips were used until 30 tapes were used or the majority

of SC was removed. The used tape strips were weighed in a similar fashion to the way

they were prior to tape stripping. The difference in weight following tape stripping and

prior to tape stripping was used to determine the amount of SC removed with each tape

strip. The tape strips were grouped based on a minimum weight of SC of 750 μg or a

maximum of six tape strips, whichever came first.

5.2.3 IVPT
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For the IVPT studies, human skin from four individual donors, provided by NCI

Cooperative Human Tissue Network (CHTN) from abdominoplasty surgery was used. A

detailed description of the human skin preparation procedure is provided in Chapter 3.

Demographic information for the four donors is described in Table 5.1. A full detailed

description of the IVPT set up and procedure is provided in Chapter 4. Skin pieces were

cut into a 4.84 cm2 square and placed into a diffusion cell with a permeation area of 0.95

cm2 and membrane support. TEWL was used prior to dosing to ensure skin integrity with

a cyberDERM RG1 evaporimeter (cyberDERM, Inc; Broomall, PA). The receiver

solution used was isotonic phosphate buffer pH 7.4 with 0.005% gentamicin heated in a

water bath to 37°C and a flow rate of approximately 0.75 mL/h (1 rpm).

The prepared diffusion cells were mounted on a PermeGear flow through In line

diffusion system (PermeGear, Inc; Hellertown, PA) and maintained at 32 ± 1°C, skin

surface temperature. For the Flector® IVPT study, the patch was cut into a 0.97 cm2 disc

using a metal hollow punch. A non-occlusive polypropylene knitted mesh (0.15 mm

monofilament, 3.0 x 2.8 mm pores, 47 GSM; Surgical Mesh™, Division of Textile

Development Associates, Inc.; Brookfield, CT) was placed over the patch to secure it

onto the skin. The patch was held in place for 10 sec using an upside down HPLC vial.

Receiver solution was collected using a Gilson FC 204 fraction collector (Gilson

Incorporated; Middleton, WI) every 2 to 3 h (2, 4, 6, 8, 10, 12, 15, 18, 21, 24, 27, 30, 33,

36, 39. 42, 45, 48, 51 h). For the Pennsaid® IVPT study, approximately 9.5 mg was

applied to the skin using an upside down HPLC vial to spread the topical drug product

over the skin for 10 sec. Receiver solution was collected every 2 to 3 h (2, 4, 6, 8, 11, 14,

17, 20, 23, 26, 29, 32, 35, 38. 41, 44, 47 h).
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The IVPT and in vivo studies were harmonized together. For that reason, each drug

product consisted of three different study designs (uptake, Cl 1 and Cl 2) with four

replicates per product and study design. There were three different study designs so SC

drug levels could be measured at all three time points similar to the in vivo study. For all

three study designs, the drug products were applied for 6 and 10 h for the Pennsaid® and

Flector® products, respectively. Upon removal of the products, the skin was cleaned

using three swipes of an alcohol swab followed by two swipes with cotton gauze. The

uptake IVPT study design was conducted for 6 and 10 h for Pennsaid® and Flector®,

respectively, and skin samples were processed following skin cleaning. The two

clearance IVPT study designs continued for an additional 17 and 41 h following product

removal for Cl 1 and Cl 2, respectively, and skin samples were processed.

5.2.4 Sample Preparation

Diclofenac was extracted from the tape groups by submerging the tape strips in 3 mL of

methanol and shaken at 200 rpm for 20 h. Diclofenac samples were prepared by diluting

samples in a 1:1 ratio of methanol and 20 mM phosphate buffer. For diclofenac samples

(in vitro and in vivo) below the quantification limit (0.025 µg/mL), they were extracted

using a liquid-liquid extraction (LLE) method. In a 5 mL centrifuge tube, 1 mL of

sample, 100 µL of internal standard (flufenamic acid 1 µg/mL), 1 mL of 0.1 M

phosphoric acid and 3 mL ethyl acetate were combined. The centrifuge tube was shaken

with a high-speed shaker at 2,500 rpm for 20 min. The contents were centrifuged at

3,005 x g for 10 min, and 2.5 mL of the top organic layer was obtained and evaporated in

a 50°C water bath under a stream of nitrogen. The residue was reconstituted in 100 µL of



112

mobile phase and injected into the ultra performance liquid chromatography (UPLC)

instrument for analysis.

A LLE method was also used for the PK serum samples. In a 2 mL centrifuge tube, 200

µL of serum sample, 100 µL of 2 M phosphoric acid and 50 µL flufenamic acid (5 ng/mL)

were vortexed. Hexanes (1 mL) was added and shaken again in a high-speed shaker

(2,500 rpm) for 20 min. The content was centrifuged at 20,817 x g at 4°C for 25 min.

The upper organic layer (950 µL) was transferred to a clean centrifuge tube and

evaporated in a water bath at 50°C under a stream of nitrogen until dry. The residue was

reconstituted in 50 µL of mobile phase (90:10, acetonitrile:10 mM ammonium acetate pH

5.2), vortexed and centrifuged at 20,817 x g at 4°C for 10 min. The eluent (40 µL) was

transferred to a HPLC vial and injected into the LC-MS/MS.

5.2.5 Bioanalytical Methods

UPLC - UV analysis

All IVPT and tape stripping samples were analyzed using a Waters Acquity UPLC®

system with Acquity UPLC PDA detector (Milford, MA) and an Agilent ZORBAX

300SB-C8 (3.5 µm, 4.6 x 150 mm) column (Santa Clara, CA) with a Phenomenex

SecurityGuard™ C8 cartridge (5 µm, 4 x 3.0 mm) (Torrance, CA).

Diclofenac IVPT and tape stripping samples were analyzed using a validated UPLC

method utilizing an isocratic flow of 1.0 mL/min and a mobile phase of (A): methanol,

(B): 20 mM phosphate buffer with trifluoroacetic acid (TFA) (pH 2.3) (65:35). An

injection volume of 10 µL was used with a 5 min run time. The concentration curve
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linearity range for diclofenac was determined to be 0.025–10 µg/mL at a wavelength of

280 nm. For samples below 0.025 µg/mL, a LLE method was used to quantify the tape

stripping samples. An injection volume of 40 µL was used with a 10 min run time. The

concentration curve linearity range was determined to be 1 – 3000 ng/mL at a wavelength

of 280 nm.

LC-MS/MS analysis

The serum samples were analyzed using a Waters® Acquity UPLC® H-Class (Waters

Corporation; Milford, MA) and mass detection was determined using a Waters® Xevo

TQ-XS mass spectrometer (Waters Corporation; Milford, MA) in electrospray ionization

negative mode. Liquid chromatography was conducted using a Waters® C18 (100 Å, 3.5

µm, 2.1 x 150 mm) column (Waters Corporation; Milford, MA) with a Waters®

VanGuard C18 (4 x 2.0 mm) pre-column and cartridge (Waters Corporation; Milford,

MA). The method was validated based on the FDA bioanalytical guidance.135 Inter-day

(three day), intra-day validation was conducted in addition to autosampler, bench-top,

processed sample, freeze-thaw, long-term and stock solution stability validations. The

mobile phase used was acetonitrile and 10 mM ammonium acetate with 0.01% formic

acid pH 5.2 (90:10 v/v) under isocratic conditions with a flow rate of 0.3 mL/min, a total

run time of 2 min and an injection volume of 5 µL. The column and sample temperatures

were set to 25 and 4°C, respectively. The mass to charge ratio (m/z) for diclofenac and

flufenamic acid (internal standard) were optimized for the protonated ions: m/z

295.90→251.81 [M - H]- (diclofenac) and m/z 279.93→235.83 [M - H]- (flufenamic

acid). The optimized cone and collision voltage for diclofenac used were 14 V and 10 eV,

respectively, and for flufenamic acid 46 V and 18 eV, respectively. The retention time
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for diclofenac was approximately 1.01 min and 1.03 min for flufenamic acid. The limit

of detection (LOD) was 0.05 ng/mL and the lower limit of quantification (LLOQ) was

0.1 ng/mL with a concentration curve linearity range of 0.1–200 ng/mL.

5.2.6 Stratum Corneum Drug Concentration Predictions

Comparison of skin concentrations

Three different methods were used to predict in vivo SC diclofenac concentrations using

parameters estimated from IVPT studies. The first method investigated compared the

diclofenac skin concentrations from in vivo tape stripping and in vitro at each tape

stripping time point. The diclofenac skin concentrations were calculated as the amount of

diclofenac present in the tape strips or skin at each tape stripping time point over the tape

stripping area.

��钘 �
�th�钘
��钘

(5.1)

Where Csc is the diclofenac concentration in the SC or skin per cm2. Amtsc is the amount

of drug present in the SC or skin and Asc is the tape stripping area.

Comparison of elimination rate constant through the skin

The second method investigated compared the diclofenac elimination rate constant

through the skin (kesc) between in vitro and in vivo. The diclofenac concentration in skin

for Flector® was not able to be quantified do to slow permeation and variability; therefore,

it was quantified as follows:

�th�钘��� � �th�钘�ITh��� � �thT�쳌t�h��h� (5.2)
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Where Amtsc represents the amount of drug present in the skin and Amtperm represents the

amount of diclofenac that has permeated through the skin between uptake and Cl 1 or

between uptake and Cl 2. The kesc was estimated between uptake and clearance tape

stripping time points as follows:

���钘 �
ln

�th�钘� �
�th�钘� �
h��h�

(5.3)

Where kesc is the diclofenac elimination rate constant through the skin and t is time. The

elimination rate constants from both in vitro and in vivo studies between each time point

were compared. In addition, fold differences between in vitro kesc and in vivo were also

compared to determine if kesc estimated in vitro can be used to predict kesc in vivo.

Predicting SC drug concentration: simulation approach

A simulation-based model utilizing PK parameters obtained from IVPT data was used to

predict SC drug concentrations. Phoenix® NLME® software (Pharsight Corporation; San

Diego, CA) was used to build the model. A SC compartment with either continuous

infusion over 10 h (Flector®) or absorption compartment with first order release was

modeled with a first order elimination through the skin (Figure 5.2). Flector® was

assumed to follow a pseudo zero order input rate was used to mimic the absorption of

diclofenac from Flector® with an infusion duration of 10 h due to the extremely high dose

load in the patch compared to the amount delivered.33,142 Bioavailability was calculated

from the IVPT data as follows:

� � �th��PT�쳌t
�

(5.4)
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Where F is the BA of Flector® or Pennsaid®, AmtSC + perm is the average amount of

diclofenac present in the SC and permeated through the SC in all four IVPT donors, and

D is the dose applied for Flector® or Pennsaid®. For Pennsaid®, the absorption rate

constant was calculated as follows:

ht�ᄘ �
ln �� �ln ������

������钘
(5.5)143

Where tmax = time when maximal flux is reached, and ka is the absorption rate constant.

The predicted SC clearance rate was also calculated based off of a linear correlation

between IVPT kesc and in vivo kesc as follows:

���钘 T쳌�⿏ � �� P �����钘 ���⿏ (5.6)

Where kesc pred represents the predicted elimination rate constant through the skin of the

test product, kesc IVPT represents the IVPT elimination rate constant through the skin

between uptake and Cl 1 or Cl 2 of the test product and P0 and P1 represents the

coefficients from the linear regression model fold difference between in vitro and in in

vivo kesc of the reference product between uptake and Cl 2. Although Flector® and

Pennsaid® flufenamic are not BE, the assumption is that once diclofenac is in the skin

they will behave in a similar manner, since the Pennsaid® vehicle diffuses away from the

application site very quickly as compared to the absorption rate of diclofenac. Therefore,

each was used as the others reference product. Parameters used in the model are

provided in Table 5.2. The inter-individual variability on all parameters followed an

exponential error model and for the purpose of the simulation the assumed variance for

all parameters was set to 30%:
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��� � �� � exp ����� (5.7)

where θij represents the estimated value for jth parameter and the ith subject, θj represents

the typical value for parameter j, and ηij represents the standard deviation from θj and

assumed to follow a normal distribution with mean 0 and variance ω2. A multiplicative

residual error model with 30% error was used:

��� ��� � ��� T쳌�⿏ � �� P ���� (5.8)

where Yik obs represents the observed concentration for the ith subject and kth

concentration, Yik pred represents the predicted concentration for the ith subject and kth

concentration, εik represents the multiplicative residual error assumed to follow a normal

distribution with mean 0 and variance σ2.

Figure 5.2: Simulation model of diclofenac kinetics through the skin. Flector® is
assumed to follow a pseudo zero order input over 10 h and Pennsaid® a first order
absorption with bioavailability (F) and first order elimination rate constant through the
skin (kesc).



118

5.2.7 IVIVC

The second IVIVC method investigated predicts systemic concentrations based on

cumulative permeation across the skin over time. The IVIVC was constructed in a

similar fashion to that of the lidocaine method in Chapter 4. The average diclofenac

concentration versus time profile was deconvoluted using Phoenix® WinNonlin®

(Pharsight Corporation; San Diego, CA). The input parameters to simulate the

pharmacokinetic profile was built using a three-compartment model using Phoenix®

NLME® (Pharsight Corporation; San Diego, CA). The data was obtained from literature

from two IV diclofenac studies.144–146 The input parameters obtained from the three-

compartment model were: A1 = 0.35 L-1, Alpha1 = 1.79 h-1, A2 = 0.030 L-1, Alpha2 =

10.35 h-1, A3 = 0.008 L-1, Alpha3 = 0.29 h-1. The in vivo fractions of drug absorbed for

both Flector® and Pennsaid® were estimated based on the input parameters, diclofenac

dose and in vivo diclofenac concentration versus time profile. A correlation was

estimated between in vitro fraction of drug permeated through the skin (mean from four

donors from the IVPT studies) and in vivo fraction of drug absorbed for both products. A

polynomial regression model was used to predict in vivo fraction of drug absorbed for

each volunteer.

�쳌T쳌�⿏� ��� � �� P ���쳌T�쳌t P ���쳌T�쳌t� P ���쳌T�쳌t� (5.9)

where Frpred, abs is the predicted in vivo fraction of drug absorbed, Frperm is the in vitro

fraction of drug permeated through the skin and P0, P1, P2 and P3 are the coefficients

from the polynomial regression model. The predicted in vivo fraction of drug absorbed

was convoluted using the initial parameters used during deconvolution to estimate the
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predicted diclofenac concentrations. Phoenix® WinNonlin® was used to calculate Cmax

and AUC for the estimated concentrations versus time profile and the prediction error

was calculated as follows;

�t � ����쳌吠�⿏�T쳌�⿏�钘h�⿏
����쳌吠�⿏

� ��� (5.10)

Where PE is the predicted error (%), observed is the in vivo observed parameter estimate

(Cmax and AUC) and predicted is the predicted parameter estimate. Based on the FDA

extended release guidance on IVIVC a PE less than 10% establishes the predictability of

an IVIVC.138 Due to the high variability, mean profiles were used to calculate the

observed Cmax.

5.2.8 Statistical Analysis

Estimated concentrations for both IVPT and in vivo PK with values below the LLOQ 1.0

ng/mL for the UPLC/UV-Vis method and 0.1 ng/mL for the LC-MS/MS method were

reported as 0 for the purpose of data analysis.

Paired Student’s t-test, one-way ANOVA test followed by Tukey’s post-hoc comparison

and two-way ANOVA test followed by Bonferroni’s post-hoc comparison were used for

statistical analysis using R software (R version 3.3.2, Vienna, Austria). Statistical

significance was declared at p ≤ 0.05.

5.3 Results

5.3.1 IVPT



120

Four replicates per study design from four human skin donors were used for the IVPT

study. Permeation over 47 or 51 h for Pennsaid® and Flector®, respectively, and skin

concentrations at three different time points (6 or 10 h following product application, and

17 and 41 h following product removal) were measured. During the Pennsaid® study, the

diclofenac flux increased rapidly over the initial 4 h and reached a Jmax at 6-8 h where it

decreased slowly over the remainder of the study. For the Flector® study, the diclofenac

flux increased steadily over the first 6 h and very slowly decreased over the remainder of

the study (Figure 5.3). Pennsaid® by design is expected to have higher permeation

compared to Flector® due to the presence of DMSO in its formulation. Pennsaid® has

approximately a 35 and 20-fold increase in both the Jmax and cumulative permeation over

the duration of the study, respectively (Flector®: 0.086 ± 0.084 µg/cm2h and 1.60 ± 0.71

µg/cm2; Pennsaid®: 3.05 ± 1.82 µg/cm2h and 31.64 ± 18.49 µg/cm2, respectively) (Table

5.2).

Table 5.2: Jmax and cumulative permeation of the three study designs for two diclofenac
topical drug products

Flector® Pennsaid®

Jmax (µg/cm2h) (Mean ± SEM) 0.086 (0.084) 3.05 (1.82)
Cumulative Permeation (µg/cm2)
(Mean ± SEM)

Uptake 0.86 (0.76) 10.6 (7.48)
Clearance 1 1.48 (0.72) 28.78 (18.22)
Clearance 2 1.60 (0.71) 31.64 (18.49)
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Figure 5.3: Diclofenac flux profiles of two diclofenac topical drug products (Flector®
and Pennsaid®) from three different study designs (uptake, Cl 1 and Cl 2). (n=4 donors (4
replicates per donor); Mean ± SEM).

The diclofenac concentration in the skin were variable, but similar to that observed in the

Cordery et al. study.104 Although 41 h following product removal, there was a decrease

in the diclofenac concentration present in the skin, it was not a substantial decrease due to

diclofenac’s slow permeation (Figure 5.4). While the drug clearance from the skin was

quantifiable following the administration of Pennsaid®, the same was not true for

Flector®. Following the initial 17 h clearance period, the diclofenac present in the skin

was actually similar to that observed in the uptake study design. This was not observed

for Pennsaid® Cl 1 or Cl 2 or for Flector® Cl 2. Therefore, an alternate method was used

to estimate the clearance of drug through the skin. Much like the permeation and flux

data, there was substantially more diclofenac present in the skin for Pennsaid®. At uptake,
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the concentration of diclofenac in the skin was approximately 15 times greater for

Pennsaid® (64.9 ± 42.7 µg/cm2) compared to Flector® (4.4 ± 1.6 µg/cm2) (Table 5.3).

The elimination rate constant for diclofenac elimination from the skin was calculated for

both products between uptake and Cl 1 time points and was estimated to be 0.0186 and

0.0138 h-1 for Pennsaid® and Flector®, respectively (Table 5.3).

Overall, the total amount of diclofenac absorbed (total between cumulative permeation

and amount in the skin) from the Pennsaid® (73.8 ± 25.5 µg/cm2) was 13-fold higher than

Flector® (5.7 ± 2.79 µg/cm2). The BA was calculated from the total amount of diclofenac

absorbed from each product. The BA measured for Pennsaid® was calculated to be 39.2

± 13.5% compared to Flector® with a much lower BA of 0.60 ± 0.31% (Table 5.3).
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Figure 5.4: (A) Diclofenac skin drug concentrations of two diclofenac topical drug
products (Flector® and Pennsaid®) from three different study designs (uptake, Cl 1 and Cl
2). (n=4 donors (4 replicates per donor); Mean ± SEM) and (B) magnification of (A).
(*** p ≤ 0.001, one-way ANOVA, followed by Tukey’s post-hoc analysis).
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5.3.2 In Vivo Clinical Study

PK study

Twelve healthy volunteers were enrolled and completed all three sessions of the clinical

study. As expected, based off the IVPT study results, the serum concentrations following

administration of Pennsaid® were significantly higher than following administration of

Flector®. The Pennsaid® Cmax (40.0 ng/mL) was reached in approximately 3 h following

administration. The Flector® Cmax (5.6 ng/mL) was reached at 10 h following patch

application (Table 5.4). The diclofenac concentrations fell steadily following product

removal over the duration of the study session (Figure 5.5). One volunteer’s serum

concentration at 10 h during the Flector® study session increased the mean concentration

by 2-fold. Although the variability in serum concentrations was high, the variability

appeared to be less than that observed in the lidocaine clinical study.

Table 5.4: Mean Cmax and AUC calculated from the mean profile of two diclofenac
topical drug products

Flector® Pennsaid®

Cmax (ng/mL) (SD) 5.6 (10.8) 40.0 (54.3)
AUC (ng/mL*h) (SD) 79.7 (91.0) 591.6 (562.0)
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Figure 5.5: (A) Observed individual serum concentrations (circles) and mean
concentration versus time profile (lines) of two diclofenac topical drug products (Flector®:
blue and Pennsaid®: light blue). (n=12; Mean ± SD). (B) Zoomed in plot of (A).

Tape stripping

Tape stripping was conducted at three different time points uptake (6 or 10 h following

product application for Pennsaid® and Flector®, respectively), Cl 1 (17 h following

product removal) and Cl 2 (41 h following product removal). The skin mass removed

was similar between the products and tape stripping time points (Figure 5.6 and Table

5.3). Skin drug concentrations were highest at uptake and decreased more rapidly as

compared to the IVPT data (Figure 5.7). This is often the case because the

microcirculation of the skin is not mimicked in vitro, therefore in vivo data is often

slightly underpredicted for many drugs.19 The diclofenac percent cleared at each

clearance time point between Flector® and Pennsaid® was similar. The percent drug

clearance from the skin observed for Flector® was 68.5 and 84.1% for Cl 1 and Cl 2,
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respectively. For Pennsaid®, the percent clearance from the skin observed was 78.8 and

91.9% for Cl 1 and Cl 2, respectively. The concentration of drug present at all tape

stripping time points was significantly higher for the Pennsaid® application sites

compared to Flector®. This was expected based on the skin drug concentrations

measured from the IVPT studies. The drug concentration in the skin decreased as further

SC depths were reached (Figure 5.8 and 5.9), forming a concentration gradient across the

SC.104

Figure 5.6: Observed skin mass collected from tape strips from each tape stripping time
point (uptake: 6 or 10 h for Pennsaid® and Flector®, respectively; Cl 1 and Cl 2: 17 and
41 h following product removal) and topical drug product (Flector® and Pennsaid®).
(n=12; Mean ± SD; except for Cl 2, n=11). No significant difference for skin mass
collected at any tape stripping time point or product (two-way ANOVA, followed by
Bonferroni’s post-hoc analysis).
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Figure 5.7: Observed diclofenac skin drug concentration from tape strips from each tape
stripping time point (uptake: 6 or 10 h for Pennsaid® and Flector®, respectively; Cl 1 and
Cl 2: 17 and 41 h following product removal) and topical drug product (Flector® and
Pennsaid®). (n=12; Mean ± SD; except for Cl 2, n=11). (** p ≤0.01, *** p ≤0.001, one-
way ANOVA, followed by Tukey’s post-hoc analysis).
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Figure 5.8: Observed diclofenac concentration versus cumulative skin mass collected for
each tape group at all three tape stripping time points (uptake, Cl 1 and Cl 2). (n=12;
except for Cl 2, n=11).
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Figure 5.9: Observed diclofenac skin drug amount per tape group at all three tape
stripping time points (uptake, Cl 1 and Cl 2). (n=12; Mean ± SD; except for Cl 2, n=11).

5.3.3 Stratum Corneum Drug Concentration Predictions

Comparison of skin concentrations

The SC concentrations at uptake between in vitro and in vivo had the best correlation and

were not statistically different (Flector®: 4.4 ± 1.6 and 5.9 ± 2.5 µg/cm2; Pennsaid®: 64.9

± 42.7 µg/cm2 and 44.4 ± 20.0 µg/cm2 for in vitro and in vivo, respectively). The in vitro

skin concentrations were significantly higher compared to in vivo for both the clearance

tape stripping time points and ranged from 2 to 10-fold different (Table 5.3). The

differences for the clearance time points were expected, considering the percent cleared

through skin was different between the in vitro and in vivo studies.
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Comparison of elimination rate constant through the skin

Based on the IVPT data, it was expected that the skin drug concentrations would slowly

clear through the skin. However, the in vivo drug clearance through the skin for both

products was 5 to 7-fold higher between the tape stripping time points. The fold

difference between the products for a specific tape stripping time point was very similar

(Table 5.3), which is promising for predicting SC drug concentrations.

The observed in vitro and in vivo elimination rate constants were also investigated to

determine if there was a correlation between Flector® and Pennsaid®. The ratio of

Flector® and Pennsaid® in vivo kesc were calculated and determined to be 0.75 and 0.73

for uptake to Cl 1 and uptake to Cl 2, respectively. Meaning the clearance of diclofenac

following Pennsaid® administration was approximately 33% greater than that following

Flector® administration. The ratio of Flector® and Pennsaid® in vitro kesc were calculated

and determined to be 0.74 and 0.69 for uptake to Cl 1 and uptake to Cl 2, respectively.

This indicated excellent correlation between the two products in terms of drug clearance

through the skin.

Predicting SC drug concentration: simulation approach

A SC compartment with first order elimination was developed to simulate the kinetics of

diclofenac through the skin. The predictions were relatively low, less than 25%; however,

Pennsaid® Cl 1 was over predicted (Figure 5.10 and Table 5.5). The visual predictive

check and predicted kesc values illustrated that although the predicted mean SC drug

concentrations for Pennsaid® have a high predictive error the SC clearance rate is well

approximated (Figure 5.10, Table 5.3). Overall, the predictions simulated by the model
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using predicted kesc closely matched the observed SC drug concentrations for Flector®,

however were over predicted for Pennsaid®.

Table 5.5: Predicted SC drug concentrations from the simulation model and predicted
Cmax and AUC from the IVIVC model for two diclofenac topical drug products

Flector® Pennsaid®

Predicted SC drug concentrations
(µg/cm2) (Mean ± SEM)

Uptake
PE (%)

4.7 (0.4)
19.5

55.9 (5.0)
-25.9

Clearance 1
PE (%)

2.2 (0.2)
-17.4

22.7 (2.9)
-142.0

Clearance 2
PE (%)

0.8 (0.1)
16.1

6.6 (1.4)
-83.1

Predicted Cmax (µg/cm2) (Mean ± SD)
PE (%)

5.1 (8.7)
9.4

38.7 (64.7)
3.3

Predicted AUC (µg/cm2) (Mean ± SD)
PE (%)

99.1 (130.3)
-24.4

652.2 (825.6)
-10.2

Figure 5.10: Visual predictive check from 100 replicates predicting the SC drug
concentration at each tape stripping time points (uptake, Cl 1 and Cl 2) for (A) Flector®

and (B) Pennsaid®. Grey shaded region represents the 90th predicted percentile, the black
line represents the predicted 50th percentile, the red line represents the observed 50th

percentile, and the circles the observed data. (n=12; except for Cl 2, n=11).
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5.3.4 IVIVC

An IVIVC model was investigated which correlated IVPT cumulative permeation and

cumulative absorption over time from each volunteer. The predicted mean profiles for

both products were well predicted at each time point (Figure 5.11). However for Flector®,

the later time point concentrations (t ≥ 24 h) were slightly over predicted. Due to this the

predicted error for the Cmax and AUC for Flector® was 9.4 and -24.4%, respectively. The

Pennsaid® predictions matched the mean observed PK profile and the predicted errors for

Cmax and AUC was only 3.3 and -10.2%, respectively (Table 5.5).

Figure 5.11: The observed and predicted concentration versus time profile following the
administration of (A) four Flector® patches and (B) 4 g Pennsaid® solution. (n=12; Mean
± SD).
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5.4 Discussion

Quantifying the BA for topical drug products at the site of action (skin or surrounding

local tissue) is important, especially for products that have poor permeation and therefore

low serum drug concentrations. For example, Flector® delivers low serum diclofenac

concentrations and has been observed to take an average of 4.5 h to reach detectable

serum concentrations.2 For this reason, developing a methodology like tape stripping in

order to quantify BA at the site of action can be extremely valuable. In addition, tape

stripping may be of value in drug development as developing translational tools like

IVIVC may be difficult if serum drug concentrations are difficult to acquire. Developing

predictive models for use in drug development can assist in reducing time and costs

required in the early stages of research. Therefore, one of the goals of the in vivo study is

to develop an IVIVC and simulation model to predict serum and SC drug concentrations

using IVPT studies.

Diclofenac SC concentration predictions and an IVIVC were assessed for two diclofenac

topical drug products (Flector® [diclofenac epolamine 1.3% patch] and Pennsaid®

[diclofenac sodium 2% solution]). Twelve volunteers completed the in vivo study and

four donors were used for the IVPT studies. The study design for the in vitro and in vivo

studies were harmonized in order to gather data necessary to develop an IVIVC for both

serum and SC drug concentrations. Tape stripping was conducted at three different time

points: uptake (6 or 10 h following product application for Pennsaid® and Flector®,

respectively), Cl 1 (17 h following product removal) and Cl 2 (41 h following product

removal). Overall, the predicted SC drug and serum concentrations versus time profile

matched very well with the observed data. Four different methods were used to
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investigate and compare in vitro and in vivo results and parameters. A direct single point

comparison of the data shows that SC drug concentrations are significantly different

between in vitro and in vivo for both drug products (Table 5.3). In addition to the skin

drug concentrations, the drug clearance though the skin was also different between in

vitro and in vivo.

As observed in the lidocaine in vivo study (Chapter 4) the elimination rate constant

through the skin may be a key factor in predicting SC drug concentrations. Although the

kesc between in vitro and in vivo may not be the same, there may be a correlation between

the two that could predict the kesc in vivo using previous in vivo tape stripping results and

in vitro work. Although the two diclofenac products tested in this in vivo study are not

BE, a linear correlation was observed comparing the in vitro and in vivo kesc. This

correlation was used to predict kesc values which was then subsequently used to predict

SC drug concentrations at each tape stripping time point.

The AUC following the administration of a single Flector® patch is less than 1% of a

single oral 50 mg diclofenac sodium tablet.89 Therefore, the estimated BA of Flector® is

less than 0.36%. The in vitro estimated BA of Flector® was 0.60%, approximately two

thirds larger. With such low BA, the patch is likely to have a variable drug delivery.139

In addition due to slow drug absorption and large residual diclofenac left in the patch

following product removal, the patch was assumed to follow a pseudo zero order process.

Pennsaid® on the other hand has a much higher fraction absorbed. According to the in

vitro permeation data, approximately 39% of diclofenac was absorbed from the

formulation. The difference in the absorption rate between the two products is due to the

addition of DMSO in the Pennsaid® formulation. DMSO is a permeation enhancer, and
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therefore helps facilitate drug permeation through the skin.42 It also impairs the integrity

of the skin barrier facilitating drug absorption from the formulation into the skin.147

The Cordery et al. study investigating three different diclofenac semi-solid formulations

including Pennsaid®, and similar to this study, reported a kesc from uptake to Cl 1 for

Pennsaid® that was not very different from the other products, even though it contains

DMSO.104 It appears that the effect of DMSO on drug permeation through the skin is

minimal at the uptake time point (6 h). Since DMSO impacts both the penetration into

the skin and permeation through the skin, it appears the predominant factor may be the

penetration into the skin. Since the diclofenac skin concentration is considerably greater

in the Pennsaid® sites compared to the Flector® sites, and the clearance of drug through

the skin is not significantly different from uptake to Cl 1, it would be reasonable to

conclude that DMSO plays a much greater role in diclofenac absorption from the vehicle,

compared to clearance from the skin. Due to this in vivo kesc, values were predicted

using a linear correlation between the in vitro and in vivo kesc of both drugs (Flector® or

Pennsaid®). The observed and predicted kesc values were similar (Table 5.3), showing

that even if there is an external factor causing a difference between in vitro and in vivo

results, accurate predictions for kesc can still be made.

The observed SC drug concentrations at uptake in vivo (44.4 ± 20.0 µg/cm2) were similar

to those observed by Cordery et al. (36 ± 7.7 µg/cm2).104 Since the skin drug clearance is

different, the drug concentration present at Cl 1 was also different. The application sites

in the Cordery et al. study were protected throughout the study; however, since the uptake

SC drug concentrations were similar, the protection prior to product removal may not

have produced these differences. It is possible that protecting the sites following product
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removal may have led to increased clearance during this study, however it is unlikely to

have caused such a drastic difference since the skin surface should already be cleaned of

any drug product.

Although IVIVC is usually developed to be used within the same formulation, the linear

correlation presented here illustrate that elimination rate constants through the skin can be

relatively accurate if the same active pharmaceutical ingredient (API) is used. The

assumption made is that once diclofenac is within the skin, the clearance through the skin

is similar, even between different formulations as illustrated above. Therefore, the major

factor in determining the skin drug concentrations is estimating the kesc and BA based on

IVPT and previous tape stripping studies conducted using the same API. To ensure the

assumptions are valid, it is important to ensure that excipients present in the formulations

do not affect the drug clearance rate through the skin.

Under ideal conditions the drug clearance through the skin should be constant (first order)

throughout the study. However during both the in vitro and in vivo studies, the kesc

during the first clearance phase (17 h) was greater than that observed during the second

clearance phase (24 h). This may be why the Pennsaid® Cl 1 tape stripping time point

was over predicted. One possible reason for this is the use of alcohol swabs to clean the

skin surface following product removal. Alcohol can disrupt the SC and increase the

drug permeation through the skin leading to a greater clearance through the skin than

expected.127 To minimize the effect of alcohol, the site was wiped immediately after with

a cotton gauze. For certain formulations, it may be possible to avoid the use of alcohol.

However due to the adhesive in the patch, it is preferred to use alcohol to in order to

adequately clean the skin surface of any adhesive residue present.
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One difference between the in vitro and in vivo studies was how the drug in skin was

quantified. In the in vivo study tape strips were used to sample the SC; however, during

the in vitro study the entire dermatomed skin piece was used to quantify the drug

concentration in the skin. Although using the drug amount present in the SC and viable

epidermis to represent just the SC will overestimate the SC drug amount, since the

majority of drug in the skin is present in the SC, it is still a close approximation as can be

seen in Figure 5.8 and 5.9, where there is much less diclofenac present in the deeper

tissue.125

The IVIVC model to predict serum concentrations was developed using cumulative

permeation data from the IVPT study. The between-subject variability was high;

however, the mean predicted concentrations matched well with the observed

concentrations, especially for Pennsaid® (Figure 5.11). Flector® concentrations,

particularly later time points after patch removal, were slightly over predicted. This was

most likely due to the IVIVC model not being able to adequately quantify the initial drug

clearance following 10 h, because up until 10 h the serum concentration was still

increasing. The AUC and Cmax were well predicted even with the over prediction for the

later time points (Table 5.5).

Developing different methodologies for assessing BE and BA may be crucial since

traditional BE PK studies may not be an option since blood levels are not always

quantifiable for topical drug products like Flector®. In addition, SC drug concentrations

can be predicted using kesc and BA estimated from IVPT studies as well as previous tape

stripping studies. These predictive models have value, particularly during drug

development where they can be used to predict in vivo SC drug concentrations.
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5.5 Conclusion

There are a few different methods available to quantify the BA of topical drug products at

the site of action. Tape stripping is one method that has shown promise in quantifying

the drug concentration in the SC. In this work SC drug concentrations obtained through

tape stripping studies were predicted using parameter estimates (BA and elimination rate

constant through the skin) obtained through IVPT studies conducted on two diclofenac

topical drug products (Flector® and Pennsaid®). The work presented shows that even

between different formulations IVIVC developed can still accurately predict SC drug

concentrations. An IVIVC was also developed to predict the serum concentrations which

predicted the observed AUC, Cmax and concentration versus time profile well. Results

observed here show that an IVIVC can be developed for topical drug products to

accurately predict not just serum drug concentrations, but also SC drug clearance.

Further studies need to be conducted to determine if predictions of SC drug concentration

can be replicated for other topical drug products.
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Chapter 6: Investigator Impact on Tape Stripping Reproducibility

6.1 Introduction

In 1984 the FDA passed the “Drug Price Competition and Patent Term Restoration Act of

1984” which allowed for the approval of generics using bioequivalence (BE) studies. BE

studies have been the primary standard for approval of particular generic oral drug

products since systemic drug levels are used as a surrogate for the site of action.1

Unfortunately, BE studies for topical drug products are more complicated due to blood

concentrations being undetectable at times for many hours, and when it is detectable it is

unclear how relevant it is to local bioavailability (BA).2,3 Topical drug products are

meant to work in the skin or in surrounding local tissue; therefore, for these drug products

the ideal kinetics would be high local BA and very low blood concentrations. Thus for

drugs with very low permeation, an alternate method besides the standard BE study needs

to be implemented.

In terms of establishing BE between two topical products there is no set required criteria

for approval. Determination of the approved methodology for assessing BE is made

based on multiple factors including the active pharmaceutical ingredient (API) and

topical drug classification system.46 One consideration would be to use a BE study

comparable to studies designed for oral drug products. The FDA has allowed some

topical patches to be approved based on traditional BE studies, but it is possible that for

other products (diclofenac sodium or epolamine topical drug products) a full clinical

study may also be required.5,6,10,11 The FDA has allowed in vitro permeation testing
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(IVPT) for acyclovir due to very low systemic drug levels.8,9 In addition, quantifying

stratum corneum (SC) BA could be incorporated as the primary endpoint for the BE

study. Tape stripping is one such method that quantifies drug SC amount following

topical drug product application by repeatedly applying and removing successive tape

strips to the drug application site. Tape stripping is minimally non-invasive compared to

other methods of quantifying BA in the skin (dermal open flow microperfusion (dOFM)

and dermal microdialysis (dMD)).18

In 1998 the FDA published a draft guidance for industry for the use of tape stripping for

determining BE of topical drug products.51 Recommendations outlined in the guidance

were to use multiple time points prior to and following Cmax in order to capture the uptake

and clearance phase. Unfortunately, it was later withdrawn in 2002 due to inconsistent

results from two studies comparing tretinoin gel formulations.52,120 The inconsistencies

were attributed to differences in study design and procedures between the two studies.47

Quantifying the rate and extent of topical drug moieties reaching the site of action can be

difficult. Therefore, attempting to find a single method may not be the best approach and

selecting a method based on the individual product may yield more accurate and

reproducible results.20 For this reason, it is important to understand the strengths and

weaknesses of each method; in order to accomplish this, tape stripping as an accurate and

reproducible methodology for quantifying SC BA using lidocaine and diclofenac as

model compounds was examined. Lidocaine and diclofenac were chosen for their

differing physicochemical properties, particularly differences in permeability (lidocaine

is highly permeable compared to diclofenac) and protein binding (diclofenac is highly

protein bound compared to lidocaine).95
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N’Dri-Stempfer et al. investigated an alternative methodology to the 1997 FDA draft

industry guidance that utilized only a single uptake and clearance time point.54 Using a

single uptake and clearance has been shown to be as effective as multiple tape stripping

time points. Therefore with few sites needed for additional time points, it allowed for

replicates of each time point to be obtained as well.54–56 For drugs like diclofenac, high

protein binding and very slow drug clearance across the skin, selecting the correct

clearance time point can be crucial in accurately quantifying drug clearance across the

skin. Cordery et al. performed a clinical study with three topical diclofenac formulations

using a single uptake (6 h) and clearance (17 h) tape stripping time point. Diclofenac

clearance of the Pennsaid® sites over 17 h was approximately 33%.104 For this reason,

two time points were selected in hopes to better capture and measure the drug clearance

through the skin. In addition to the 17 h clearance time point, a 41 h clearance time point

was selected.

One of the goals of the study was to determine what impact individual investigators

conducting the tape stripping have on the variability of the data. In order to determine

this, two separate clinical studies were conducted (lidocaine and diclofenac). In both

studies two different topical formulations at three different tape stripping time points

were tested in duplicate with the same two investigators (Investigator 1 and 2).

6.2 Materials and Methods

6.2.1 Materials

Topical drug products used were Lidoderm® lidocaine 5% topical patch, (NDC: 63481-

687-06) and Mylan lidocaine 5% topical patch (NDC: 0378-9055-93) were purchased
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through the Investigational Drug Service Pharmacy at the University of Maryland

Medical Center (Baltimore, MD). Flector® diclofenac epolamine 1.3% topical patch,

(NDC: 60793-0411-30) and Pennsaid® diclofenac sodium 2% solution (NDC: 75987-

040-05) were purchased through R & H Pharmacy, Inc. (New Hyde Park, NY) and

Cardinal Health (Dublin, OH), respectively. Lidocaine standard was purchased from

MP Biomedicals Inc. (Solon, OH). Diclofenac epolamine standard was purchased from

Toronto Research Chemicals Inc. (Toronto, ON, Canada). Acetonitrile, methanol,

potassium phosphate monobasic and potassium phosphate dibasic were purchased from

Fisher Scientific Inc. (Fair Lawn, NJ). Trifluoroacetic acid was purchased from EMD

Millipore Corporation (Billerica, MA). 3M™ Scotch™ permanent double-sided tape

and Scotch™ 3850 shipping packaging heavy duty tape was purchased from 3M™ (St.

Paul, MN). Water was obtained from a Milli-Q® system (EMD Millipore; Billerica,

MA).

6.2.2 Clinical Study

The study protocol was approved by University of Maryland’s Institutional Review

Board (IRB) and the FDA’s Research Involving Human Subjects Committee (RIHSC).

Twelve healthy volunteers for each study were enrolled. Demographic data can be found

in Table 6.1. The inclusion/exclusion criteria for both studies can be found in Chapters 4

and 5 for lidocaine and diclofenac studies, respectively.

The diclofenac study was an open-label, two-way crossover pharmacokinetic (PK) study

with an additional tape stripping session. The lidocaine study was an open-label, six-way

crossover PK study with an additional tape stripping session. This chapter will only
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address the tape stripping sessions for both studies. Details pertaining to the remainder of

the study can be found in Chapters 4 and 5.

Table 6.1: Demographic information for lidocaine and diclofenac clinical study

Lidocaine (n=12) Diclofenac (n=12)
Age (years)

Mean (SD)
Range

32.2 (7.1)
20-44

36 (6.8)
26-44

Sex, n (%)
Male
Female

8 (66.7)
4 (33.3)

8 (66.7)
4 (33.3)

Race, n (%)
African American
Caucasian
Asian
American Indian/Alaskan Native
More than one race

6 (50.0)
2 (16.7)
2 (16.7)
1 (8.3)
1 (8.3)

3 (25.0)
4 (33.3)
3 (25.0)
1 (8.3)
1 (8.3)

BMI, (kg/m2)
Mean (SD)
Range

26.5 (2.4)
23.1-29.4

26.7 (2.2)
23.6-29.9

6.2.3 Study Design

For complete details on the procedures of the tape stripping study please refer to Chapters

4 or 5 for the lidocaine and diclofenac clinical studies, respectively. The volar forearm of

each volunteer was inspected to ensure the skin was not compromised or there weren’t

any signs of cuts or inflammation. During the tape stripping session, a total of thirteen

sites were designated for tape stripping, six application sites per arm, six sites per product

plus a control site. Six patch pieces per product were prepared the morning of the session

to minimize any variability potentially caused from the patch being cut and allowed to sit

overnight. The patch pieces were cut to an approximate size of 5.5 x 1.5 cm (8.25 cm2).

For Pennsaid® 0.1 mL of solution was transferred to six separate 1 mL syringes and
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capped to prevent any formulation loss. The syringe along with its corresponding

silicone applicator were weighed prior to and following solution application in order to

calculate the exact amount of Pennsaid® solution applied. A template with similar

dimensions to that used by Cordery et al in their tape stripping study investigating

Pennsaid® and two other diclofenac semi-solid formulations was placed over both volar

forearms to designate each application site (Figure 4.1).104 Application sites were

randomized based on one of six configurations for two different products and three tape

stripping time points (uptake, clearance 1 (Cl 1) and clearance 2 (Cl 2)). The site

locations were duplicated on each arm. Each investigator was responsible for a one arm.

Investigator 1 was always responsible for the volunteer’s right arm and Investigator 2

was always responsible for the volunteer’s left arm. In order to ensure enough time for

product application, tape stripping and site cleaning application times were staggered. A

control site on the left arm was also tape stripped.

Diclofenac clinical study

The tape stripping session was conducted over three days (51 h). The patch pieces were

applied to their randomized application sites and held for 25 sec to ensure adhesion. A

3M™ Durapore™ surgical tape (silk-like cloth, hypoallergenic) (St. Paul, MN) was

placed over top of the patch pieces due to the Flector® patch not adhering adequately to

the skin. Pennsaid®, 82.5 mg (10 mg/cm2), was dispensed onto its randomized site and

rubbed on using a silicone application for 30 sec and allowed to air dry. The product was

removed, and the application site cleaned using three swipes of an alcohol swab followed

by two swipes with cotton gauze following 6 or 10 h application period for Pennsaid®

and Flector®, respectively. Immediately after cleaning of the application site, uptake sites
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were tape stripped. The remaining Cl 1 and Cl 2 sites were tape stripped at 17 or 41 h

following product removal, respectively (Figure 5.1).

Lidocaine clinical study

The tape stripping session was conducted over two days (24 h). The patch pieces were

applied to their randomized application sites and held for 25 sec to ensure adhesion. A

3M™ Durapore™ surgical tape (silk-like cloth, hypoallergenic) (St. Paul, MN) was

placed over top of the patch pieces. The product was removed, and the application site

cleaned using three swipes of an alcohol swab then two swipes with cotton gauze

following a 10 h application period. Immediately after cleaning the application site, the

uptake sites were tape stripped. The remaining Cl 1 and Cl 2 sites were tape stripped at 5

or 14 h following product removal, respectively (Figure 4.2).

6.2.4 Tape Stripping

Approximately 300 tape strips (3M™ Scotch™ heavy duty packaging tape) were cut (1.6

x 6 cm) and prepared the day prior to the tape stripping session. Tape strips were passed

under an anti-static bar and weighed. They were stored in a plastic box adhesive side up

on a sheet of paper lined with 3M™ Scotch™ double-sided tape until needed the

following day.

A 5 cm2 tape stripping template (1 x 5 cm) was placed over the application site

designated for tape stripping. A transepidermal water loss (TEWL) reading was obtained

at baseline and following a specific number of tape strips (8, 15, 20, 25 and 30) based on

the number of tape strips required using a Delfin VapoMeter (Kuopio, Finland). To
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ensure consistency TEWL readings were used as the determining factor for when the

majority of SC had been removed. Therefore, the number of tape strips used was based

on the TEWL value. A minimum of 12 tape strips were obtained and tape stripping

continued until the TEWL reached 60 g/m2h, six times baseline or 30 tape strips were

used whichever came first.

Forceps were used to apply and adhere the tape strips to the surface of the skin by

rubbing back and forth over the tape strips. The tape strips were removed with a quick

upward motion and placed back in the plastic box as depicted in Figure 4.3. This

procedure was repeated until the majority of the SC was removed. Following tape

stripping, tape strips were weighed again in order to quantify the SC amount removed by

each tape strip. The tape strips were then grouped based on a combined weight of at least

750 μg or a maximum of six tapes, whichever came first.

6.2.5 Sample Preparation

Lidocaine and diclofenac were extracted from the tape strip groups with 3 mL of

methanol. The samples were shaken at 200 rpm overnight for 20 h. Lidocaine samples

were diluted to a ratio of 5:4:1 of methanol:50 mM potassium phosphate buffer pH

5.9:acetonitrile and centrifuged at 20,817 x g for 10 min. Diclofenac samples were

diluted to a ratio of 1:1 of methanol:20 mM potassium phosphate buffer pH 2.3 and

centrifuged at 20,817 x g for 10 min. For the diclofenac samples below the quantification

limit (0.025 µg/mL) an alternative liquid-liquid extraction (LLE) method was developed.

A 1 mL sample, 100 µL internal standard (flufenamic acid 1 µg/mL), 1 mL of 1 M

phosphoric acid and 3 mL ethyl acetate were combined in a 5 mL centrifuge tube. The
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sample was shaken in a high-speed shaker (2,500 rpm) for 20 min then centrifuged at

3,005 x g for 10 min. A 2.5 mL aliquot of the organic layer was transferred to a 5 mL

centrifuge tube and evaporated under a stream of nitrogen in a 50°C water bath. The

sample was reconstituted in 100 µL of methanol:20 mM phosphate buffer pH 2.3 (65:35).

The sample was analyzed using UPLC/UV-VIS.

All samples were analyzed using a Waters Acquity UPLC® system with Acquity UPLC

PDA detector (Milford, MA) and an Agilent ZORBAX 300SB-C8 (3.5 µm, 4.6 x 150

mm) column (Santa Clara, CA) with a Phenomenex SecurityGuard™ C8 cartridge (5 µm,

4 x 3.0 mm) (Torrance, CA). Details on the UPLC method for lidocaine can be found in

Chapter 2 and the method details for diclofenac in Chapter 5.

6.2.6 Analysis

Investigator ratio: skin mass removed

The total skin mass removed was determined based on taking the sum of the differences

between the pre- and post-tape strip weights. The 90% confidence interval was then

calculated for the geometric mean of the ratios of skin masses between investigators (2/1)

for both drug products and tape stripping time points.

�����⿏ ���� ��t�吠�⿏ �
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�T��h� �⿏吠��h�⿏�h�쳌 ���T쳌�� �⿏吠��h�⿏�h�쳌 �
(6.1)

Where M represents the mass of the tape either prior to and following tape stripping for

Investigator 1 and 2 at each tape stripping time point.

Investigator ratio: skin drug amount
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The amount of drug present in the skin was calculated from the total drug amount present

in all the tape groups for each product and tape stripping time point. The 90% confidence

interval was then calculated for the geometric mean of the ratios of skin drug amount

between investigators (2/1) for both drug products and tape stripping time points.

�����⿏ �쳌I⿏ �t�I⿏h �
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(6.2)

Where A represents the amount of drug present in the tape strips for Investigator 1 and 2

at each tape stripping time point.

Investigator ratio: skin drug clearance

The percent of drug remaining in the SC at Cl 1 or Cl 2 was calculated by comparing the

amount of drug present in the SC at Cl 1 or Cl 2 to the amount at uptake. The 90%

confidence interval was then calculated for the geometric mean of the ratios of the

percent of drug remaining in the SC at clearance between investigators (2/1) for both

drug products and clearance time points.
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(6.3)

6.3 Results

Tape stripping was performed at uptake (lidocaine: 10 h; diclofenac: patch 10 h and

solution 6 h), Cl 1 (lidocaine: 5 h, diclofenac: 17 h post product removal) and Cl 2

(lidocaine: 14 h, diclofenac: 41 h post product removal) (Figure 4.2 and 5.1). One

diclofenac volunteer did not complete the tape stripping for Cl 2; therefore, only 11
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volunteers were tape stripped at that time point. The skin amount removed was very

consistent between the investigators, topical products (within study) and tape stripping

time points (Figure 6.1, Table 6.2). Even though the skin amount removed was similar,

the number of tape strips required to achieve the desired TEWL value appeared to be

different between investigator, and even sometimes tape stripping time points (Table 6.2).

This was usually seen between uptake and clearance time points because the skin is

partially occluded due to the presence of the patch. Out of all twelve configurations,

Investigator 1 used on average more tapes in eleven of the configurations. This shows

that on average Investigator 1 needed more tape strips to remove the majority of SC.

Figure 6.1: Observed skin mass removed per topical drug product (Flector®, Pennsaid®,
Lidoderm® and Mylan) and tape stripping time point (uptake, Cl 1 and Cl 2) for each
investigator (Investigator 1 and 2) (n=12; Mean ± SD; except for Flector® and Pennsaid®
Cl 2, n=11). No significant difference for skin mass collected between Investigator 1 and
2 (two-way ANOVA, followed by Bonferroni’s post-hoc analysis).
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Since the skin surface was cleaned prior to tape stripping the first two tape strips were not

discarded. The amount of drug in the tape strips decreased with each subsequent tape

stripping time point (Figure 6.2). The drug clearance from the SC over Cl 1 and Cl 2 was

also similar between the two investigators. For Lidoderm® the percent cleared from the

skin following the first 5 h was 35.3% and 41.7% for Investigator 1 and 2, respectfully,

and 80.8%, and 82.7% for 14 h clearance. There were two volunteers that had higher

drug amounts in the skin for Lidoderm® Cl 1 compared to uptake for one of the

investigators. For the Mylan lidocaine patch, the percent cleared from the skin following

the first 5 h was 56.2% and 60.7% for Investigator 1 and 2, respectfully, and 81.7%, and

82.0% for 14 h clearance. For Flector® the percent cleared from the skin following the

first 17 h was 73.7% and 72.2% for Investigator 1 and 2, respectfully, and 83.7%, and

85.7% for 41 h clearance. For Pennsaid® the percent cleared from the skin following the

first 17 h was 78.6% and 75.4% for Investigator 1 and 2, respectfully, and 94.0%, and

91.2% for 41 h clearance.
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Figure 6.2: Skin drug concentration per topical drug product (Flector®, Pennsaid®,
Lidoderm® and Mylan) and tape stripping time point (uptake, Cl 1 and Cl 2) for each
investigator (Investigator 1 and 2). (n=12; Mean ± SD; except for Flector® and Pennsaid®
Cl 2, n=11). No significant difference for skin drug concentration between Investigator 1
and 2 (one-way ANOVA, followed by Tukey’s post-hoc analysis).

6.3.1 Investigator Ratio: Skin Mass Removed

Figure 6.3 shows the majority of 90% confidence intervals calculated lie within the 80-

125 BE criteria. There were only three occurrences where the confidence interval did not

lie between 80-125 and two of those were only off by 1 on the lower bound (Table 6.3).

For Mylan Cl 1 time point, it appears that there are two volunteers causing the mean to be

much lower compared to the other configurations. Investigator 1 and 2 removed a similar

amount of skin during the diclofenac study but for the lidocaine study Investigator 1
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removed more skin on average for all six configurations. The one configuration where

Investigator 2 used more tape strips on average was the Pennsaid® uptake configuration.

In that configuration Investigator 2 removed less skin on average than Investigator 1.

There doesn’t appear to be a pattern showing that more tape strips used was equivalent to

a larger skin mass removed. The least variability in skin mass removed can be seen in the

uptake configurations where all four confidence intervals lie between 80-125. All four

topical drug products appear to have a similar investigator variability around the mean.

Figure 6.3: Investigator ratio (Investigator 2/1) for skin mass removed from tape strips
(geometric mean and 90% confidence interval) for lidocaine and diclofenac clinical study
at all three tape stripping time points (uptake, Cl 1 and Cl 2). (n=12). *n=11 volunteers.
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6.3.2 Investigator Ratio: Skin Drug Amount

Compared to the investigator ratio for skin mass removed there is more variability

associated with skin drug amount (Table 6.3). As Figure 6.4 illustrates many of the 90%

confidence intervals did not lie within the 80-125 BE criteria. The ratios for uptake were

more consistent and less variable compared to both clearance time points. For Cl 1 and

Cl 2 the ratios are affected greatly by two or three volunteers which are causing the ratios

to drift away from 1.0. Overall, the trend seen with the skin mass removed correlates to

skin drug amount. When a greater amount of skin is removed there is a greater amount of

drug present in the tape stripped skin. The Pennsaid® solution appears to have the most

variability compared to the three patch products at all three tape stripping time points.

The variability around the mean investigator ratio was similar between the patch products.
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Figure 6.4: Investigator ratio (Investigator 2/1) for skin drug amount from tape strips
(geometric mean and 90% confidence interval) for lidocaine and diclofenac clinical study
at all three tape stripping time points (uptake, Cl 1 and Cl 2). (n=12). *n=11 volunteers.

6.3.3 Investigator Ratio: Skin Drug Clearance

Much like the investigator ratios for skin drug amount, there is a greater amount of

variability associated with the investigator ratio for skin drug clearance compared to skin

mass removed (Table 6.3). As Figure 6.5 shows only a quarter of the investigator ratios

lies within the 80-125 BE criteria. Similar to the investigator ratio for skin drug amount,

Pennsaid® solution appears to have the most variability when compared to the three patch

products. For Cl 1 and Cl 2 the ratios are affected greatly by two or three volunteers

which are causing the ratios to drift away from 1.0.
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Figure 6.5: Investigator ratio (Investigator 2/1) for skin drug clearance from tape strips
(geometric mean and 90% confidence interval) for lidocaine and diclofenac clinical study
between uptake and Cl 1 or Cl 2. (n=12). *n=11 volunteers.

6.4 Discussion

One of the goals of this study was to determine if tape stripping could be used as a

methodology to quantify the BA of topical drug products in the skin or as a BE metric.

To address that question, we first needed to review some of the reasons the FDA draft

guidance for industry on tape stripping was withdrawn. One of the major reasons was the

lack of consistency associated with tape stripping.47 The results here demonstrate that it

is possible to perform tape stripping studies while reducing the investigator impact on the

results. The diclofenac tape stripping session was partially harmonized with the study
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conducted by Cordery et al. at the University of Bath and the lidocaine study also utilized

many of the procedures from that study.104

Twelve healthy volunteers completed the study, but one volunteer failed to complete the

Cl 2 tape stripping time point in the diclofenac study. Tape stripping occurred at three

different tape stripping time points, uptake (lidocaine: 10 h; diclofenac: patch 10 h and

solution 6 h), Cl 1 (lidocaine: 5 h; diclofenac: 17 h post product removal) and Cl 2

(lidocaine: 14 h; diclofenac: 41 h post product removal) (Figure 4.2 and 5.1). All tape

stripping time points were collected in duplicate and the same two investigators

performed all the tape stripping for both studies. There was low investigator variability

associated with the skin mass removed in the tape strips as well as a similar skin mass

removed at each tape stripping time point for both investigators. There was greater

investigator variability associated with both the skin drug amount and skin drug clearance

(Table 6.2).

The key factor to reducing variability is creating a reproducible procedure. One method

of determining when most of the SC is removed is when the skin surface begins to appear

shiny. Another way of accomplishing that is to use TEWL as an endpoint. The TEWL

value is a more quantitative and robust metric that is objective and therefore will produce

fewer variable results. Although different investigators may have differing techniques of

applying and removing the tape strips, the addition of monitoring the TEWL value can

compensate for those differences. It was observed that the speed used to remove the

tapes was different between the two investigators. Investigator 1 removed the tape more

quickly compared to Investigator 2. This is further illustrated in Table 6.2 which shows

that on average Investigator 1 required more tape strips to remove the same amount of
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skin. Even with this difference the amount of skin removed was still similar and that is

due to the TEWL value being the indicator to determine when the investigator stops tape

stripping. For this reason, using a set number of tapes is not recommended and in fact

would drastically increase the variability, not only from the investigator but even the

volunteers themselves due to inter-site variability (between the sites).49 Inter-site

variability could play a major role due to differences in skin thickness and integrity at

different sites even in the same volunteer. Utilizing the TEWL value as the endpoint can

have a drastic impact on reducing investigator variability since it can compensate for

many of the physical impacts the investigators have on the SC, like different pressure

applied to the tape, speeds of removing the tape strips or force used to remove the tape.

A template was used over top of the application site during tape stripping to specify the

tape stripped area (Figure 4.1). Doing so allowed for greater reproducibility since the

patch would not be cut to the exact size. It also allowed for calculating the total skin

amount removed in just the tape stripping site. Previous experiments conducted by Franz

and Pershing showed increased variability due to differences in tape stripping area. The

Franz study tape stripped an area 212.5% greater than the application area and the

Pershing et al. study tape stripped an area 34.7% greater. Variability in these studies was

primarily due to product significantly spreading outside the application site.47 Although

this usually will not occur with patches it is a concern with semi-solid products like

Pennsaid® which have a tendency to spread outside the application site. To avoid

additional variability, the tape stripping area was designated within the application site.

Since the entire application area was not being tape stripped, an even distribution and

application of product across the entire application site was critical.
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To reduce loss of data the application site was cleaned following product removal. This

allowed for the quantification of all the tape strips and therefore the first two tape strips

did not need to be discarded. If drug was still left on the skin surface while tape stripping,

the variability would likely be much higher. While there is an increase in variability

when comparing the mass of skin removed to the skin drug amount, that variability is

likely due to within subject variability. We would expect to see higher variability if

adhesive or solution was left on the skin, particularly with the patch formulations since

there is such a high drug load compared to skin drug amounts. We would also likely see

a difference in the uptake skin drug amounts comparing the two lidocaine formulations

because of the difference in drug load if the cleaning process was inadequate. By not

discarding the first two tape strips with potentially a large amount of drug present in it,

the loss of valuable data is avoided. In addition if the first two tapes were discarded, it

would increase investigator variability. Since the TEWL value is used as the indicator

for when most of the SC is removed it compensates for investigator variability. Removal

of the first two tape strips would not be controlled by the TEWL value; therefore,

investigator variability could be an important factor if tapes were discarded.

The least variability observed in the skin mass removed was during the uptake phase

(Figure 6.3, Table 6.2 and 6.3). This may be due to that time point using the least

number of tape strips on average; therefore, there were fewer times 30 tape strips were

required. This guaranteed that the majority of SC was able to be removed by both

investigators for more volunteers for the uptake time point compared to other time points.

There were occasions when one investigator stopped at 30 tape strips while the other was

able to reach the desired TEWL value prior to 30. The average mass of SC removed was



163

still similar between the two investigators, so it is likely that the impact of a difference in

one of two volunteers may impact the investigator ratio for skin mass removed more than

the average mass of SC removed for each investigator.

The Pennsaid® solution appears to have the most variability compared to the three patch

products (Figure 6.4 and 6.5, Table 6.2 and 6.3). This may be due to multiple factors

including differences in cleaning compared to the patches, or product spreading outside

the application area leading to variable dosing or uneven dosing across the application

site. Differences in cleaning may be one of the major factors due to semi-solid dosage

formulations getting trapped in skin furrows more easily compared to patch

formulations.126 Therefore, it may be important to have a detailed skin cleaning protocol

following product removal in order to reduce variability caused by the force applied to

the alcohol swab and cotton gauze by each investigator. Patches usually have a visible

adhesive residue left after product removal which can then easily be removed during

cleaning. Uneven dosing may be important for topical semi-solid dosage forms due to

the tape stripping area being smaller than the application site. This may be even more

important for a formulation that does not rub completely into the skin and needs time to

air dry like Pennsaid®. Additionally, Pennsaid® contains a very high percentage of

dimethyl sulfoxide (DMSO), which perturbs the SC barrier; therefore, this increased level

of variability may be inherent to the product itself.147

The amount of diclofenac in the SC is vastly different when comparing the two products

(Table 6.2). Flector® was not designed to deliver a high flux of diclofenac through the

skin, and instead allows diclofenac to permeate slowly and concentrate in the top layers

of the skin. Pennsaid® 2% on the other hand was designed with the addition of a
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permeation enhancer, DMSO, to allow more rapid diclofenac penetration into the skin.42

Even with these vastly different products, we observe that the clearance out of the skin is

similar between the products. The diclofenac percent cleared from the SC is similar

between the two products at 17 h (72.9% and 77.0%) and 41 h (84.7% and 92.6%) post

product removal for Flector® and Pennsaid®, respectively. These findings were equally

observed even when comparing individual investigator results. This was also partially

observed with lidocaine; however, Cl 1 appeared to be different (38.5% and 58.4% for

Lidoderm® and Mylan, respectively). However, the percent of lidocaine cleared from the

SC is similar between the two products at 14 h (81.7% and 81.9% for Lidoderm® and

Mylan, respectively).

The results from the diclofenac study are different than those observed in the Cordery et

al. study. The diclofenac clearance for Pennsaid® over 17 h was approximately 33%

compared to the clearance in this study being approximately 77%.104 The skin drug

concentrations during uptake are relatively similar at 36 and 44.4 µg/cm2 for the Cordery

et al. study and this study, respectively. The skin drug concentrations following 17 h

clearance was different between the two studies at 24 and 9.4 µg/cm2, for the Cordery et

al. study and this study, respectively. There are a few reasons for this, but the

predominant reason may be due to how the sites were protected. While the formulation

was applied the Cordery et al. study placed a plastic mesh over the formulation and

following product removal a light gauze was placed over the application site. However,

those procedures were not done for this study. Since the skin drug concentrations at

uptake were similar for both studies, it is unlikely that protection during the application

period had much of an effect, but since the skin drug concentrations are so different
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following the clearance phase it may be possible that the light gauze had an effect.

Another possibility is that the cleaning procedure could have driven drug through the skin

more quickly. There may not have been enough time during the uptake phase for the

alcohol swabs to have made an impact on the drug penetration through the skin, however

there may have been enough time during the clearance period to have made an impact.

One of the draw backs of this study is the sample size used. Even though many of the

90% confidence intervals for the amount of drug present in the skin did not lie in the 80-

125 BE criteria, it is likely that with a larger sample size the mean will converge towards

1.0 and the confidence interval will shrink as well. Also many of the investigator ratios

were affected by one or two volunteers, which gives more credence that a larger sample

size could have a big impact yielding to less variability. Since the majority of the 90%

confidence intervals for skin amount removed did fall in the 80-125 BE criteria, it is

likely that there was less variability due to the tape stripping itself and more variability on

other factors including inter-site variability or cleaning.

For drugs similar to the diclofenac in Flector® that have high protein binding and low

permeability, performing a traditional BE study may prove to be difficult. Peterson et.al.

demonstrated that applying a single Flector® patch has a pharmacodynamic effect prior to

any quantifiable plasma drug levels, and half the volunteers did not have quantifiable

plasma levels until 5 h post patch application; therefore, skin drug concentrations may be

a more relevant metric for BE compared to blood levels.2 One of the major advantages of

a technique like tape stripping is that even if systemic concentrations are low like from

Flector®, there are still quantifiable drug levels in the SC.2,96 Tape stripping may prove to

be a vital addition to traditional BE studies when quantifying AUC can prove to be
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difficult, particularly when methods are established to reduce investigator variability

including TEWL to determine when the majority of SC is removed and a proper

standardized cleaning method is implemented.

6.5 Conclusion

The clinical studies evaluated the use of tape stripping as a method for quantifying BA.

One of the objectives was to test the extent of variability from different investigators. To

test this, all configurations were collected in duplicate and two different investigators

performed the tape stripping for all time points. The number of tape strips required to

remove the majority of SC and the SC mass removed by each tape strip is extremely

variable even for the same investigator and volunteer. Even still, tape stripping can be

performed with reduced variability if the impact of procedures and investigators are

minimized. In order to reduce variability, TEWL needs to be used as the endpoint metric

for tape stripping. This will reduce the impact investigators have by negating the effects

of different pressures applied to the tape, speeds of removing tape strips, or force used to

remove the tape. This can be observed when looking at the investigator ratio for mass of

SC removed (Figure 6.3). It indicates good reproducibility even though the number of

tape strips required was higher on average for Investigator 1 (Table 6.2). Even with that

there are still other variables that cannot be accounted for, including inter-site variability,

although a larger sample size should minimize its impact. These effects are evident when

we look at the increase in the variability in investigator ratios of skin drug amount

compared to skin mass removed (Figure 6.3 and 6.4). Further studies need to be

performed to confirm the results with a larger sample size which should shrink the 90%

confidence intervals and hopefully move the mean ratios closer to 1.0. The results are
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encouraging and illustrate it is possible to perform tape stripping studies with decreased

variability.
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Chapter 7: Conclusion

The overall goal of this work was to evaluate the use of tape stripping to quantify the BA

of topical or transdermal drug products at the site of action. To accomplish this, two

clinical studies were conducted with two different model compounds (lidocaine and

diclofenac). In addition, harmonized IVPT studies were conducted in order to develop

IVIVC and predictive models for use in predicting both serum and SC drug

concentrations. Finally, investigator variability was investigated to determine what, if

any impact the two investigators who conducted the tape stripping procedures may

impact the overall variability observed.

In Chapter 2, multiple IVPT and tape stripping study designs were performed on porcine

skin to test the clearance of drug through the skin from two topical drug products

(Lidoderm® [lidocaine 5% topical patch] and Flector® [diclofenac epolamine 1.3%

topical patch]). The studies illustrated that lidocaine permeates extensively through the

skin; whereas, diclofenac clears through the skin slowly and therefore careful selection of

clearance tape stripping time points are very important. For this reason, it was

determined that selecting two clearance tape stripping time points may be beneficial over

a single clearance tape stripping time point to accurately capture the clearance of drug

through the skin.

In Chapter 3, a cleaning method was investigated to determine if cleaning of the skin

surface was required following the removal of two lidocaine 5% topical patches

(Lidoderm® and Mylan). The cleaning method tested consists of using three swipes of a

70% isopropyl alcohol swab followed by two swipes with cotton gauze. To evaluate the
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effect of skin cleaning, IVPT studies were conducted with and without cleaning the skin

surface following product removal. The results from the IVPT study show that for

Lidoderm® there was more drug present in the skin at each clearance tape stripping time

point when the skin was not cleaned compared to when it was cleaned. Therefore, it was

recommended that during the clinical studies the skin surface should be cleaned

following product removal.

In Chapter 4, PK and tape stripping studies were conducted using lidocaine (Lidoderm®

and Mylan) as a model compound due to its high permeation through the skin. A PK

model of the SC was developed in order to predict in vivo SC drug concentrations

utilizing parameter estimates (BA and elimination rate constant through the skin)

obtained from harmonized IVPT studies. The model predicted the SC drug concentration

relatively well considering parameter estimates were obtained exclusively from in vitro

data. An IVIVC model was also developed correlating the in vitro fraction permeated to

in vivo fraction absorbed. Although the variability of the serum drug concentrations was

very high, the model was able to capture the mean AUC. Due to the variability, it was

not able to capture the Cmax although the mean predicted concentrations did match well

with the observed concentration vs time profile. Overall, the models were able to predict

the overall serum and SC drug concentration profile versus time.

In Chapter 5, a PK and tape stripping study was conducted using diclofenac (Flector® and

Pennsaid®) as a model compound due its differing physicochemical properties (slow skin

permeation) to lidocaine. IVIVC was investigated to determine the ability of IVPT

studies to accurately predict serum concentrations. Overall, the IVIVC model was able to
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accurately predict the mean observed concentration vs time profile. A linear correlation

between in vitro elimination rate constant through the skin (kesc) and in vivo kesc was

developed for two diclofenac products with different formulations. The correlation was

able to estimate in vivo kesc and used a model similar to Chapter 4. This model was able

to reasonably predict the SC drug concentrations for most of the tape stripping time

points, even though the in vitro study skin concentrations were significantly different

from the in vivo observations.

In Chapter 6, investigator variability on tape stripping reproducibility was investigated.

The objective of the research was to determine if and to what degree different

investigators can have on the variability of tape stripping. For that reason, all in vivo tape

stripping samples were collected in duplicate and each investigator was responsible for

one replicate. Multiple factors were investigated, including skin mass removed and skin

drug amount. TEWL was used to determine when the majority of the SC had been

removed; therefore, even though the number of tape strips used between the investigators

was different on average, the amount of skin mass removed was similar. This was

observed as many of the 90% confidence intervals for investigator ratios for skin mass

removed was within the 80-125 BE criteria. However, there was more variability

observed when skin drug amounts were compared between the investigators. The

majority of 90% confidence intervals for investigator ratios of skin drug amount were not

within the BE criteria. This difference may be due to between site variability more than

being related to the investigator. For this reason, it is very likely that with a sample size

greater than twelve the variability will be much lower and the results more reproducible.
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The work presented here suggests the value tape stripping has as a methodology for

quantifying BA of topical drug products at the site of action and IVIVC as a method for

predicting serum and SC drug concentrations. These types of IVIVC and predictive

models show it is possible to develop IVIVC for use even between products that are not

BE and have vastly different PK profiles. The ability to predict SC drug concentrations

with primarily parameter estimates from in vitro studies is extremely valuable. These

types of models may be very useful for early stage drug development. Additional work

needs to be completed to validate IVIVC models, as well as tape stripping for use in

evaluating topical and transdermal drug products, including what study procedures are

recommended to reduce tape stripping variability.
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