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Abstract 

Title of Dissertation: Evaluation of In Vitro-In Vivo Correlations in Topical and 

Transdermal Drug Delivery Systems by In Vitro Permeation Testing and Pharmacokinetic 

Studies for Bioavailability/Bioequivalence and Heat Effect Assessment 

Qing Zhao Zhang, Doctor of Philosophy, 2022 

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

Sciences 

In vitro-in vivo correlation (IVIVC) has gained great attention in the biopharmaceutical 

field because of its potential ability to predict drug performance in vivo, eliminating costly 

and time-consuming clinical trials. However, the regulatory guidance on IVIVC has only 

been established for extended-release oral dosage forms, and not for topical and 

transdermal formulations. An in vitro model is necessary to establish IVIVC. The present 

work showed that the in vitro permeation test (IVPT) using excised human skin can 

quantify and distinguish bioavailability (BA)/bioequivalence (BE) between a brand-name 

topical metronidazole gel, a bioequivalent generic gel, and a non-bioequivalent generic 

cream. A harmonized pharmacokinetic (PK) study in healthy human subjects was 

conducted to evaluate IVIVC. The scaled average bioequivalence approach was used to 

establish BE between the gels and distinguish the cream from the gels. The metronidazole 

PK study didn’t provide reproducible serum levels; therefore, IVIVC’s predictability was 

weak.  The present work also showed IVPT’s ability to predict BA for two rivastigmine 

TDS under transient heat exposure. A harmonized PK study was conducted. A Level C and 

a Level A IVIVC were established under baseline temperature (32.0°C). IVPT 

demonstrated significantly increased maximum flux for both TDS with a comparable fold 



  

enhancement. However, the PK study didn’t demonstrate a consistent heat effect on 

maximum serum concentrations of rivastigmine under elevated temperature (42.0 °C). The 

IVIVC’s predictability for the heat effect was therefore weak. Encouragingly, findings 

suggested that IVPT is useful in assessing BE for topical drug products. For hydrophilic 

drugs, such as metronidazole, it is possible that IVPT may have limited predictability in 

vivo if significant absorption of the drug occurs via the shunt route, and/or if significant 

reproducible systemic absorption can’t be quantified from dosing the semisolid over a large 

surface area. In conclusion, IVPT was able to quantify the magnitude of heat effect on the 

absorption from rivastigmine TDS, and data also suggested that under baseline temperature, 

IVPT will likely show good predictability of TDS performance in vivo. However, 

experimental conditions should be further altered to validate IVPT’s usefulness in the 

prediction of TDS BA in vivo under the heat exposure.  
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Chapter 1. Introduction 

1.1 Structure of the Skin  

Skin is the largest organ of the human body, extending over an area of 22 ft2 for an 

average adult, it receives about one-third of the total blood circulating throughout the body 

and most importantly, acts as a protective barrier to diverse physical and chemical stressors 

from a hostile external environment.2, 3  It comprises three distinct layers, i.e.: the stratified 

and avascular epidermis, the dermis, and the underlying hypodermis. The entire epidermis 

is a continually self-renewing, stratified squamous and keratinizing epithelium and is 

primarily made up of two parts: the dead and anucleated keratinocytes (also termed 

corneocytes) of the stratum corneum (SC), which is the outermost layer of epidermis, and 

the living keratinocytes from viable epidermis.4  The SC, with a thickness varying 

between 10-20 μm depending on its state of hydration and a composition of only 20% water 

and mostly ceramides, fatty acids, cholesterol, cholesterol sulfate and sterol esters, is a 

highly lipophilic barrier through which most drug molecules permeate.3  Closer scrutiny 

of SC reveals a brick-and-mortar structure where the brick is the corneocytes with the lipids 

filling the gap in between corneocytes as the mortar that is organized into bilayers.5  Below 

the SC is the avascular viable epidermis with a thickness between 50 to 100 μm and it is 

further classified into four distinct layers. Going inwards, it consists of stratum lucidum, 

stratum granulosum, stratum spinosum, and the stratum basale.6  The keratinocytes in the 

stratum basale constantly self-renew, proliferating and as they mature up through the 

epidermis. The keratinocytes lose proliferative potential and undergo keratinization, and 

eventually differentiate to corneocytes and replace the loss of dead corneocytes from the 

skin surface.5  The dermis is hosted between the viable epidermis and the underlying 
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subcutaneous fatty layer, i.e. hypodermis and measures 3-5 mm thick and contains rich 

blood vasculature, nerve endings, lymphatic vessels, hair follicles, sebaceous glands, sweat 

glands and apocrine glands.7  With the extensive blood circulation, the dermis is essential 

in body thermoregulation. The dermis is often viewed as a very hydrophilic layer that is 

gelled with water and thus allows the delivery of most polar drugs.8  The innermost layer 

is the subcutaneous layer, which is made up from connective fibers and fat, and carries 

principal blood vessels and nerve vessels. The base of hair follicles and secretory ducts of 

sweat glands are also located in this layer.  This layer not only serves as a calorie depot 

that that provides nutrition support for outer skin layers, but also acts as an insulator and 

cushion for the body against external temperature and shock.9  Skin is also associated with 

a variety of appendages that are housed in the dermis layer and extended to the surface of 

the skin. The main skin appendages are hair follicles, sebaceous glands, and eccrine and 

apocrine sweat glands. On average, human skin contains 40-70 hair follicles and 200-250 

sweat ducts/cm2 of skin and these skin appendages occupy approximately 0.1% of the total 

skin surface area.10 

 

Figure 1. 1 Schematic illustration of the anatomy of the skin 4 
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Figure 1.2 Schematic representation of epidermis layer of human skin4 

1.2 Routes of Drug Delivery Through Skin 

Topical active pharmaceutical ingredients (API) are typically presented to the skin 

surface in a delivery vehicle as simple as an aqueous liquid, such as a solution, to more 

complex vehicles such as semisolids (e.g., foams, ointments, pastes and gels), suspension, 

emulsion (e.g., creams), solids (e.g., powders) and sprays. For API to exert therapeutic 

effect to the body either locally (as topical drugs) or systemically (as transdermal delivery 

system) through the percutaneous route, it must undergo sequential steps to cross skin 

layers.  Percutaneous absorption typically involves: the release of API from the 

formulation, penetration through SC, partitioning from the SC into the aqueous viable 

epidermis, diffusion through the viable epidermis and into the upper dermis, uptake of API 

into systemic circulation.11  Physiochemical properties of the API and the nature of the 
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formulation significantly affect the rate and extent of this process. For instance, APIs that 

have higher affinity for SC (i.e., small molecule with less than 500 Da and lipophilic) 

readily cross the SC; however, API that are very lipophilic will be retained in the SC and 

will not readily permeate into the deeper aqueous epidermis/dermis. For example, the 

fentanyl transdermal delivery system (TDS), an opioid agent, is known to form a drug 

depot within the skin tissue upon the placement of the TDS, and results in a significant 

delay in therapeutic efficacy.12, 13 

Drug transport across skin can be achieved through different pathways, mainly 

transepidermal pathways and trans-appendageal pathways. Transepidermal routes can be 

further divided into the intercellular route and intracellular route. While the intercellular 

route allows lipophilic drug to circumvent hydrophilic corneocytes and to cross through 

the lipid mortar, this intercellular route also accommodates hydrophilic drugs diffusing 

through the lipids at a slower rate. Trans-appendageal (shunt) routes through either the 

sweat glands or hair follicles offer alternative pathways for drugs that are ionized and/or 

have higher molecular weights, as these drugs would have difficulty crossing the primary 

SC barrier. 

1.3 Topical and Transdermal Drug Delivery  

Percutaneous absorption through skin mainly occurs via SC that is made up of dead, 

keratinized epidermal cells that are highly structured and embedded in a lipid-rich matrix.14  

These structured lipid lamellar layers strictly control the input and output of water and 

oxygen, minimize xenobiotic entry and allow only the entry of molecules of favorable 

physiochemical properties, such as low molecular weight, low melting point and optimal 

lipid solubility.15  Topical and transdermal drug delivery are promising routes for drug 
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administration as they offer major advantages over delivery routes such as oral, pulmonary, 

and parenteral, despite the barrier challenges imposed by SC. The advantages these 

delivery forms provide are minimally invasive and painless application that improves 

patient compliance, controlled drug release that avoids frequent need for dose 

administration, first-pass hepatic metabolism avoidance of active ingredient and 

gastrointestinal irritation.7 According to a market analysis report published in July 2020, 

the North American topical and transdermal delivery market is expected to grow at a 

potential rate of 5.18% between the forecast period of 2020 to 2027, accounting for 

approximately one fourth of the global market.16  The growth is driven by a high 

prevalence of skin disease, burn injuries, diabetic patients (increasing number in geriatric 

population) and the need for creating better formulated drug products that meet patient 

needs.16, 17  Percutaneous drug products currently on the market are used to treat bacterial, 

fungal, and viral infections, autoimmune and inflammatory disease, other dermatological 

ailments, and as aesthetic medicine for skin appearance.18 

There are two categories of drugs administered via skin, topical drugs and 

transdermal drugs. In topical delivery, drug exerts effect locally in one or more skin layers 

(i.e,, SC, epidermis, dermis and hypodermis) and usually takes the form of solution, 

collodion, suspension, emulsion (e.g. creams), semisolid (e.g, foams, ointments, pastes and 

gels), solid (e.g., powders) and sprays.19  Part of this work will focus on a semisolid topical 

formulation of metronidazole. While topical drugs provide local therapeutic effect on the 

skin, transdermal drug products target systemic circulation to exert therapeutic effect. The 

very first TDS of scopolamine was approved in 1979. A decade later, the nicotine TDS 

received broad attention and recognition in the medical field as well as among the public.20  
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Currently more than 30 TDS systems have been U.S. Food and Drug Administration 

(FDA)-approved as either prescription or over-the-counter (OTC) drug products for 

transdermal administration which include a wide range of therapeutic classes.21  Based on 

the type, TDS are segmented into transdermal patches and transdermal semisolids. 

According to a 2019 market report, transdermal patches will dominate the TDS market in 

the upcoming years attributing to the benefits such as controlled drug release, reduced 

dosing frequency, improved bioavailability (BA), minimized adverse events as well as the 

ability to modify barrier property for better drug absorption.22, 23  However, transdermal 

semisolids also offer some significant advantages, like less complex and expensive 

development and manufacturing processes, no issues with skin adhesion, the inability of 

resistant patients to remove the dose once absorbed into the skin and decreased skin 

reactions at the administration site. 

Due to the inherent barrier property of the SC, the first TDS originally developed 

was only able to deliver selected lipophilic drug candidates with low molecular weight 

(MW), adequate solubility and high potency. Some of the early TDS were formulated to 

be liquid spray, gel or other semisolid form, e.g., testosterone gel, estradiol transdermal 

spray and nitroglycerin ointment.24, 25  The major research focus on transdermal drug 

delivery is to develop technology that enhances drug permeation into and across the skin. 

Technologies used to modify the barrier properties of the SC can be categorized into 

passive/chemical or active/physical technologies. “Passive” technologies emerged around 

the 1970s and mainly focus on the modification of drug and vehicle interactions and 

formulation optimization by incorporating chemical penetration enhancers that alter the 

barrier property.26  Several mechanisms of action were proposed: increasing the fluidity of 
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the SC lipid bilayers, interaction with intercellular proteins, disruption or extraction of 

intercellular lipids, increasing the drug’s thermodynamic activity and increasing SC 

hydration.27, 28, 29 Commonly investigated penetration enhancers are alcohols, sulfoxides, 

azone, pyrrolidones, essential oil, terpenes and terpenoids, fatty acids, water and urea.30, 31  

A major limitation for penetration enhancers is skin irritation, including local inflammation, 

erythema, swelling and dermatitis that often comes with increased drug transport.11, 32 

“Active” technologies emerged around the 2000s and utilize an external driving 

force that apply an energy source to the skin surface to increase diffusivity of an applied 

solute in the SC thus enhancing drug delivery.26  Energy sources could be electrical 

(iontophoresis and electroporation), thermal (laser and radiofrequency ablation), 

ultrasound, mechanical (microneedles) and velocity driven (jet injector).11, 24  The 

emergence of these technologies greatly expanded the number of drugs that can be 

delivered through skin. There are two main types of TDS:  reservoir and matrix system. 

In the matrix system there is either a single-layer drug adhesive matrix or a multilayer drug-

in-adhesive (DIA) matrix system.33  The very first TDS pioneered in the early 1970s was 

structured with a reservoir compartment containing drug solution/suspension sandwiched 

between a backing layer and rate-controlling membrane followed by adhesive layer and 

release liner.26  This design was revolutionary at the time as it provided precisely controlled 

drug delivery into the systemic circulation exerting adequate therapeutic effect, but also 

minimizing adverse events.26  Some drug molecules that were incorporated into a 

reservoir-type TDS included scopolamine (Transderm Scop®, 1981), clonidine (Catapres-

TTS®, 1984), oestradiol (Estraderm®, 1986), fentanyl (Duragesic®, 1990), nicotine 

(Nicoderm CQ®, 1991) and testosterone (Androderm®, 1995).  However, the major 
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limitation in this system is potential reservoir leakage caused by a ruptured backing 

membrane leading to uncontrollable drug release and thus overdose.26  For example, 

fentanyl, a synthetic opioid that is 80-100 times more potent than morphine and 50 times 

more potent than heroin has been associated with many cases of overdose deaths.34, 35  

Concerns related to defects in reservoir-type fentanyl TDS and leakage of the reservoir gel 

from the TDS onto intact skin triggered product recalls in 2004 and in 2008.36  In the late 

1980s, to overcome the limitations of the reservoir system, the idea of a matrix-type system 

was introduced replacing the reservoir with an adhesive matrix. The first matrix-type TDS 

was approved in 1990 for nicotine (Habitrol®).  Later matrix systems adapted the DIA 

approach by incorporating the drug entirely in the pressure sensitive adhesive (PSA).25   

This approach significantly advanced TDS development with the DIA design being lighter, 

thinner, more flexible patches improving comfort, improved conformity with skin surface 

variations and patient acceptance.37, 38, 39  The current work focuses on a reference listed 

drug (RLD) and generic rivastigmine TDS.  

1.4 Metronidazole Topical Product   

Metronidazole is classified in the World Health Organization Essential Medicine 

as an antibiotic, antiamoebic and antigiardiasis medicine.40  The drug was initially 

developed in the 1950s and commercialized in 1960 in France.41, 42  In 2019, 

metronidazole was the 138th most commonly prescribed medication in the United States, 

with more than four million prescriptions.43  It is available as a capsule, tablet, topical 

semisolid and intravenous form.44, 45  Topical metronidazole can be used to treat 

inflammatory lesions such as papules and pustules associated with rosacea; a chronic skin 

disorder targeting mainly the dermis, affecting an estimated 3 million Americans in 2019.43 
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Metronidazole is usually preferred over oral antibiotics in treating rosacea because long-

term systemic antibiotic use carries risks for systemic complications and adverse 

reactions.46  The efficacy of topical metronidazole in patients with rosacea has been 

established in several randomized, double-blind placebo-controlled studies.47-51  Many 

topical formulations are available on the market as a 0.75% or 1.0% cream, gel or lotion. 

As the patent expired, the race for developing and commercializing bioequivalent generic 

versions began amongst generic pharmaceutical companies. Fougera Pharmaceuticals Inc. 

was the first company to offer a complete range of generic metronidazole products for all 

three formulations including 0.75% cream, lotion and gel. The advancement of generic 

drug research benefits both medical care provider and patients with alternative treatment 

options to reduce cost.52 

 
Table 1.1 Physiochemical properties of metronidazole and rivastimine53, 54 

 Metronidazole Rivastigmine 
Chemical structure 

  

Molecular weight (Da) 171.16 250.34 

Partition coefficient in 
octanol-water -0.15 2.3 

Aqueous solubility (mg/mL) 10 2.04 

Melting point (°C) 161 123 

pKa 2.62 8.85 
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1.5 Rivastigmine TDS 

Rivastigmine, an acetylcholinesterase inhibitor, is a cognition and behavior 

enhancing medication mainly used to treat mild to moderate dementia associated with 

Parkinson’s disease (PD) and Alzheimer’s disease (AD).55  Its physiochemical properties 

such as low molecule weight (~250 Da) and good solubility (both lipophilic and 

hydrophilic) properties allow for skin permeation, and thus make it chemically well-suited 

for transdermal delivery.56  Rivastigmine was first patented in 1985 and commercialized 

in 1997 as an oral capsule and solution.57  The novel brand name rivastigmine transdermal 

TDS (Exelon®) became available in 2007 and was marketed in three strengths (4.6 mg, 9.5 

mg or 13.3 mg over 24 h) and was intended to provide a controlled release of 

rivastigmine.58-60  In patients with mild-to-moderate AD, the efficacy of rivastigmine has 

been shown to be dose-dependent; however, increasing incidences of gastrointestinal 

adverse events (AE) (e.g. nausea, vomiting and diarrhea) have been associated with use of 

high oral doses.61  What’s more, these gastrointestinal AE, along with tremor and fall, also 

most commonly occur in patients with mild-to-moderate PD dementia on long-term-

prescribed oral rivastigmine.62  Gastrointestinal AEs are often caused by a rapidly elevated 

serum concentration as well as a greater maximum serum concentration (Cmax) in the 

central nervous system (CNS) following an oral dose.63 A once-daily TDS can lower Cmax 

and prolong time to reach Cmax by providing continuous release of drug through the skin 

into the blood stream leading to a sustained plasma and CNS concentration over a 24-hour 

period.64  A smoother pharmacokinetic (PK) profile would improve tolerability compared 

with oral capsules twice daily, and may allow higher and more efficacious doses of 

rivastigmine.65 Besides the improved tolerability, a TDS can be administered 
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independently from food, as the transdermal route bypasses first-pass metabolism and 

increases BA.56  And a simple, once-daily dose of a rivastigmine TDS also greatly 

improves patient compliance and reduces burden on the caregiver.66-68  

A six-month double-blinded, randomized, controlled trial has demonstrated that the 

9.5 mg/24 h rivastigmine TDS provided similar efficacy to the highest rivastigmine capsule 

dose, with three times fewer reports of nausea and vomiting.69  In another open-label, 

parallel-group, randomized study in AD patients, either rivastigmine capsules (1.5–6 mg 

BID; 3–12 mg/day) or TDS (4.6–17.4 mg/24 h; 5–20 cm2) in ascending doses were 

administered through four 14‑day periods. Results demonstrated comparable exposure and 

similar efficacy, yet improved tolerability with the TDS compared to capsules.70  Since 

memory and reasoning ability of AD patients tend to be affected as the disease progresses, 

taking an oral/solution medication on a regular basis can be problematic. A TDS system 

improves the clinical utility of this drug and benefits many patients, especially elderly 

patients with dementia, who account for 6.1% of the world population aged 65 years or 

older. 71, 72 

1.6 Generic Drug and Bioequivalence Testing 

The Drug Price Competition and Patent Term Restoration Act of 1984, also known 

as the Hatch-Waxman Amendments, authorized the FDA to approve generic drug products 

through BA and bioequivalence (BE) studies, laying the foundation for modern generic 

drug development.73, 74  When it was first enacted, generic drugs accounted for only 19% 

of all prescription drugs dispensed in the United States. Today, almost 90% of prescriptions 

are filled with generic drugs.75  In fact, consumers have saved more than 2.2 trillion USD 

during the last decade (2010-2020) due to the affordability of generic drugs compared to 
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the RLD.76  Hatch-Waxman Amendments were largely founded upon the ability of PK 

methods to evaluate the BE of generic drug products.77 

The  FDA has defined BE as "the absence of a significant difference in the rate and 

extent to which the active ingredient or active moiety in pharmaceutical equivalents or 

pharmaceutical alternatives becomes available at the site of drug action when administered 

at the same molar dose under similar conditions in an appropriately designed study."78  

With respect to systemically absorbed drug, such as many oral dosage forms, the accepted 

BE approach is based on matching blood level profiles since drug concentration in the 

blood reflects drug availability at the site of action. With respect to locally acting drugs, in 

the case of topical dermatological drug products, the PK end point approach was not 

typically considered applicable and adequate to assure BE between the RLD and generic 

drug since the drug concentration in the blood does not truly reflect drug availability at the 

local site of action (e.g., skin tissue layers).  For topical drug products in the United States, 

investigators rely on a comparative clinical endpoint BE study for generic topical product 

approval, except for corticosteroids (where a vasoconstriction study is allowed) and a few 

other products (i.e., acyclovir 5% topical cream, metronidazole 1% or 0.75% topical cream, 

dapsone topical gel, ivermectin topical cream) (where IVPT is allowed). Q1/Q2 are terms 

referring to inactive ingredient assessments in an Abbreviated New Drug Application 

(ANDA) where Q1 is defined as the identity of an inactive ingredient while Q2 is defined 

as the quantity of an inactive ingredient. For certain drug products, waiver of evidence in 

vivo BA/BE may be allowed providing the test formulation is composed of the same API 

and inactive ingredients (qualitative sameness, Q1) in the same concentration (quantitative 

sameness, Q2) as the RLD.79 
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A comparative clinical endpoint study involves treating a large population of 

subjects with either the RLD, generic drug product of interest, or a placebo, and compares 

the clinical effect on the skin between the RLD and generic product for BE evaluation. 

Clinical endpoint studies are often considered to be less accurate, sensitive, reproducible 

and more costly and time consuming because of the large number of subjects, clinical sites 

and subjective observations.80  These disadvantages have largely hindered the 

development of generic topical drug products thus negatively impacting accessibility and 

affordability to the public. Considerable efforts have been made toward identifying, 

developing, and validating alternative surrogate methods for BE evaluation to expedite the 

approval process for both an ANDA and an updated existing New Drug Application.81, 82  

Some alternative identified surrogate methods include the vasoconstrictor assay 

(VCA), in vitro permeation test (IVPT) with excised human skin, in vivo SC sampling, 

dermal microdialysis (DMD) and dermal open flow microperfusion (dOFM). VCA is a 

pharmacodynamic assay accepted by regulatory agencies for BE assessment of topical 

corticosteroids specifically for their capability of skin blanching response because of 

microvasculature vasoconstriction.83, 84  

IVPT is a valuable accepted BE method and product specific. It requires a diffusion 

cell equipped with a donor and receptor compartment separated by a membrane. The donor 

compartment holds the topical formulation while the receptor compartment the receiver 

solution. A major advantage of IVPT is its potential to correlate or be predictive of in vivo 

performance.81, 82, 85, 86  Similar to VCA, IVPT is also recommended by FDA for specific 

drug formulations. For example for acyclovir topical cream 5% and metronidazole topical 

cream 0.75%, IVPT is recommended as an in vitro option to demonstrate BE if the test and 
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RLD listed product are Q1and Q2 the same as well as physically and structurally similar.87, 

88  Part of the present work was to evaluate the BA and BE of metronidazole topical gel 

and cream 0.75% with IVPT using excised human skin and to conduct a harmonized 

clinical study to see if IVPT can be predictive of in vivo BA/BE.  

There are a few other promising methods for BE assessment yet to be accepted for 

regulatory purposes. In vivo SC sampling is a procedure in which tape strips are 

sequentially applied and removed from the skin to obtain SC in order to measure the drug 

content of the SC throughout the study duration, representing the drug BA in SC.86,87 An 

FDA draft guidance was withdrawn due to inconsistent results from two laboratories in the 

1990s.89  Current regulatory acceptance of the SC sampling approach is still uncertain. 

However, research on refined protocols has demonstrated promising results with SC 

sampling and is encouraging for further consideration of SC sampling as a valuable BE 

tool. 90-93 

DMD and dOFM are also in vivo techniques where drug concentration in the tissue 

is continuously monitored from the perfusate collected with the inserted probe from dermis 

or subcutaneous tissue. The major difference between DMD and dOFM is DMD uses a 

probe with a semipermeable membrane that collects only free unbound drug that has low 

MW, while dOFM uses a membrane-free probe that allows collection of free drug that is 

large and lipophilic and protein-bound drug.94, 95  They are both promising tools in dermal 

BE assessment since real-time measurements of PK parameters such as drug absorption, 

half-life, metabolism and elimination can be obtained.96  The major disadvantage of these 

techniques is that the techniques are very complicated to perform and the surface area 

underneath the skin that is sampled is very small. 
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1.7 Heat Effect on Drug Delivery and Absorption from Topical and TDS 

The absorption of drug through skin is dependent on both physiological and 

physicochemical factors.8, 97-100  There has been increasing evidence reported in the 

literature demonstrating enhanced drug absorption through skin with increased skin 

temperature in multiple ways.101-107  First, heat increases molecular motion in the vehicle 

and enhances drug diffusivity, promotes drug release, partitioning into the epidermis and 

increases epidermal diffusion.108  Secondly, heat which elevates skin surface temperature, 

increases SC fluidity by disrupting its organized structure and thus drug epidermal 

permeability increases, by drug partitioning into the expanded intercellular space.109  

Thirdly, elevated temperature from external heat sources can cause physiological stress and 

lead to vasodilation which enhances local skin perfusion, dermal clearance into systemic 

circulation and percutaneous absorption.110  To overcome barrier challenges imposed by 

SC and improve skin delivery, formulation strategies have focused on using both chemical 

(e.g., penetration enhancers) or physical methods (such as ultrasound, iontophoresis, 

microneedle, etc).111  The use of heat to increase drug uptake into the skin has also been 

documented.112  TDS can also be exposed to unintentional heat exposure from a hot bath, 

sauna, heating pad, electric blanket or heat lamp that increases skin temperature and thus 

TDS temperature. Most scenarios mentioned fall outside the RLD’s label. In addition, TDS 

can be exposed to internal heat that arises from an elevated core body temperature resulting 

from pyrexia or strenuous exercise.108  Heat exposure will potentially alter the rate and 

extent of drug delivery and impact pharmacodynamics in patients leading to drug efficacy 

and safety concerns.113  Permeation changes may be heavily dependent on the TDS design, 

formulation and composition, such as API and excipients.  
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Although a generic TDS is expected to be bioequivalent to its RLD TDS as 

described in the RLD product label, the generic TDS and corresponding RLD are not 

required to be Q1 and Q2 similar, as compared to other generic drug products, where 

sameness of Q1 and Q2 are needed.114  Therefore, the effect of elevated temperature can 

affect drug delivery from a RLD TDS product and its generic to a different extent due to 

formulation variations. Since clinical studies are costly, time consuming and may expose 

subjects to increased drug levels, it is important to develop an optimized and clinically 

relevant in vitro method to serve as a surrogate for in vivo PK studies to compare heat 

effects on drug BA from a TDS. 

1.8 IVPT  

IVPT, also known as a skin permeation test, measures drug absorption from the 

formulation using a membrane in conjunction with diffusion cells, such as Franz (vertical) 

or Bronaugh (flow-through) types.115-117  This in vitro dermal PK assessment is critical 

and valuable for new chemical entities selection, prototype formulation optimization 

during preclinical drug development and BE determination of generics.118, 119  Skin models 

used in IVPT vary from an artificial membrane (i.e.,polydimethoxysilane or silicone 

membrane, lipid-based or phospholipid vesicle-based membrane), ex vivo animal skin (i.e. 

porcine, mouse, etc), reconstructed skin (i.e., culture-based, polymeric matrix with layers 

of human cells), and ex vivo human skin.120-122  Excised human skin has been demonstrated 

to be the most appropriate in vitro skin model as a surrogate for in vivo BE studies.86, 123, 

124 

To perform an IVPT, the SC must be intact and damage-free, thus a skin integrity 

test is always performed as part of any IVPT protocol. Widely used methods are the 
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measurement of transepidermal electrical resistance (TEER) or the transepidermal water 

loss (TEWL). Proper regulation of integrity testing and clear definition of limit values for 

the proper evaluation of skin sections are still underway, and will be essential for those 

wishing to generate data for ANDA’s.125  However, more than 50 years of studies done 

with IVPT and TEER or TEWL have well established limits in the primary literatures.126-

135  Studies have utilized either vertical or flow through diffusion cells. A major 

disadvantage of IVPT is the lack of microvasculature, present in the in vivo environment, 

which helps with rapid drug clearance.136  However, sink conditions are maintained in 

diffusion cells by modifying receiver fluid appropriately.  Flow-through In-Line cells 

allow the receptor fluid to be continuously removed from the diffusion chamber to maintain 

sink conditions, which mimics actual in vivo conditions.137  A recently published paper has 

demonstrated utility of IVPT with flow-through cells using ex vivo human skin as a 

sensitive in vitro test to evaluate BE for four acyclovir 5% cream products.138  Choosing 

the appropriate skin model, diffusion apparatus and having a standardized IVPT study 

protocol are essential in order to characterize drug permeation and permit reliable 

comparison between BA/BE of a proposed generic topical product and its respective RLD. 

1.9 IVIVC 

An IVIVC refers to a mathematical model which describes a relationship between 

in vitro properties of a modified-release dosage form and a relevant in vivo response. 

Establishment of IVIVC helps predict in vivo drug behavior by employing in vitro drug 

performance. There are three levels of IVIVC. Level A is the highest category of 

correlation and represents a point-to-point relationship between in vitro and in vivo profiles. 
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In a Level B correlation, the mean in vitro dissolution time of the product is compared to 

either mean in vivo residence time or mean in vivo dissolution time. 

In Level C, a single dissolution time point (t50%, t90%, etc.) is compared to one 

mean PK parameter such as AUC, Tmax or Cmax.139  In 1997, the FDA published a 

regulatory guidance on the development, evaluation, and applications of IVIVC for 

extended release (ER) oral dosage forms. The purpose of this guidance was to minimize 

the number of in vivo BE studies (which are time-consuming and expensive) during the 

initial pre-approval process or when certain scale-up post-approval changes are made in 

formulation composition, manufacturing process, equipment and/or site.140, 141  Currently, 

establishment of a transdermal IVIVC is not used to support biowaiver claims in the late 

phases of clinical drug development or post-approval changes for generic topical and 

transdermal products.142  One major challenge of establishing transdermal IVIVC is to 

mimic the process of drug permeation across human skin as close as possible to the actual 

in vivo condition.143  Instead of in vitro dissolution methods that are typically used for ER 

oral dosage forms and may not reflect the complex mechanism of drug permeation through 

skin, IVPT is often more suitable to study topical and transdermal drug absorption. 

Harmonization of study parameters between in vitro and in vivo studies such as skin source, 

vehicle composition, dose, study duration and temperature are the key to improve 

transdermal IVIVC.146  There has been an increasing number of studies with matching in 

vitro and in vivo protocols that produce evidence for the feasibility of transdermal IVIVC. 

Lehman et al. examined percutaneous absorption data across 92 data sets from 30 published 

studies and concluded that data from ex vivo human skin closely matched clinical in vivo 

results when study conditions are harmonized.147 In the current work, multiple ways of 
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evaluating IVIVC between IVPT and in vivo PK data will be explored for metronidazole 

topical products as well as rivastigmine TDS.              

1.10 Research Objectives and Organization of Work  

The overall objective of this work was to evaluate IVIVC between IVPT and in 

vivo human PK data and investigate IVPT feasibility as a tool to evaluate and be predictive 

of in vivo BA/BE of a metronidazole topical drug product. The influence of heat on 

rivastigmine TDS was also investigated to establish the usability of IVPT to compare heat 

effect on the BA of rivastigmine from RLD and generic TDS.  

In Chapter 2, BA of metronidazole absorption through human skin from topical 

drug products was characterized using IVPT. We hypothesized that well designed and 

controlled IVPT studies will provide percutaneous PK results to predict BA and support 

BE evaluation for topical drug products. In this study, a metronidazole gel, 0.75% RLD 

was selected as a reference product, to which a generic metronidazole gel, 0.75% and 

generic metronidazole cream, 0.75% were compared as a positive and negative control, 

respectively, for BE. Each drug product was tested on skin from the same set of five 

different human skin donors using IVPT. 

In Chapter 3, Relationships were explored for three metronidazole topical drug 

products using IVPT data from Chapter 2 and in vivo PK data, conducted under harmonized 

study designs. We hypothesized that under harmonized study design, IVPT can correlate 

and be predictive of in vivo performance. The IVPT data using human skin was obtained 

from five different human skin donors and the in vivo study data from seven healthy 

subjects. Multiple ways to evaluate IVIVC including Level A IVIVC and Level C IVIVC 

were evaluated. 
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In Chapter 4, the rate and extent of permeation from two rivastigmine TDS through 

porcine and human skin was characterized using IVPT with and without heat exposure. We 

hypothesized that well designed and controlled IVPT studies would predict the drug 

absorption behavior of RLD and generic rivastigmine TDS under the influence of heat 

exposure.  IVPT experiments were first performed on porcine skin with both continuous 

and transient heat exposure. Study conditions were optimized, and further studies were 

performed under the exposure of transient heat on human skin (n=5 donors) to characterize 

the heat effect on two rivastigmine TDS. One RLD rivastigmine TDS and one generic TDS 

of the same strength were used in these studies. 

In Chapter 5, multiple methods of IVIVC were examined with two rivastigmine 

TDS with IVPT data obtained from five different human skin donors and in vivo human 

PK data from seven healthy subjects. We hypothesized that under harmonized study 

designs, IVPT results could be correlated and be predictive of performance of RLD and 

generic rivastigmine TDS in vivo under normal physiological temperature as well as under 

the influence of heat exposure. The study design was harmonized between in vitro and in 

vivo studies both including a 1.5 h short term of transient heat application after TDS was 

applied. By developing an appropriate IVIVC, feasibility of IVPT as a tool to assess heat 

effect between RLD and generic TDS are discussed. 

In the final Chapter 6, results from each chapter are summarized. 
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Chapter 2: Evaluation of the Bioavailability and Bioequivalence of Metronidazole 

Dermal Products with the In Vitro Permeation Test Model  

2.1 Introduction 

Drug products formulated for topical use on the skin are commonly used to treat 

dermatological disease. Developing an applicable bioequivalence (BE) approach and 

guidance for evaluating the quality and performance of generic topical drug products has 

been a critical goal for regulatory agencies. The generic drug approval process requires the 

abbreviated new drug applicant to demonstrate both pharmaceutical equivalence (same 

active ingredient, dosage form, route of administration and strength) and BE between the 

generic product and its corresponding reference listed drug (RLD) product (innovator or 

brand) to be approved for marketing.144  Once approved, the marketed generic drug product 

will provide the same safety and efficacy as the RLD, but will be a low-cost alternative for 

the public.  

BE can be established when there is absence of a significant difference in the rate 

and extent (bioavailability (BA)) to which the active ingredient or active moiety is absorbed 

from a drug product and becomes available at the site of drug action, when administered at 

the same molar dose under similar conditions.145   Both in vitro and in vivo approaches can 

be used to determine BA or BE of a drug product. In fact, a comparative clinical endpoint 

study (in vivo testing in humans) is the only feasible route for approval of several of the 

generic topical drug products. Topical corticosteroids (where the vasoconstrictor assay 

could be employed as a surrogate method), acyclovir ointment and cream, the lidocaine 

patch, dapsone and ivermectin topicals have product specific guidances (PSG).83, 87, 146-148  

In 1997, the U.S. Food and Drug Administration (FDA) published a regulatory guidance 
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on the development, evaluation and applications of in vitro-in vivo correlations (IVIVC) 

for extended release oral dosage forms. The purpose of this guidance was to minimize the 

number of in vivo BE studies (which are time-consuming and expensive) during the initial 

pre-approval process or when certain scale-up post-approval changes (SUPAC) are made 

in formulation composition, manufacturing process, equipment and site.140  The lack of a 

similar guidance for generic topical drug products has largely impeded the approval 

process.      

Traditional pharmacokinetic (PK) studies used to demonstrate oral BE, though 

applicable for certain transdermal drug products that act systemically, are not suitable for 

topical dermatological drug products due to differences in intended site of action (local 

versus systemic). Four alternative topical drug delivery BA/BE methods to in vivo (other 

than traditional blood-drawn PK) studies can be found in the published literature:  tape 

stripping (TS), dermal microdialysis (DMD), dermal open-flow microperfusion (dOFM) 

and in vitro permeation testing (IVPT).82  Tape stripping is a minimally invasive technique 

that uses tape to successively remove layers of stratum corneum (SC). With the TS 

technique, the drug permeation through the skin can be evaluated by plotting the amount 

of drug present in SC as a function of time.90, 149  A draft guide describing TS methodology 

was published but later withdrawn by FDA due to inconsistent results generated by two 

different laboratories.89  Efforts are still being investigated in the science community to 

verify TS validity as a surrogate test to a PK study.150-152  Compared to TS, DMD is more 

invasive as it requires a probe to be inserted in the dermis or hypodermis, creating an inlet, 

and fluid perfuses through the probe at a very low flow rate to the outlet. The skin becomes 

a flow through membrane, where passive diffusion of drug occurs, driven by concentration 
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gradient. The drug content is then recovered at the outlet and analyzed.153  Recent studies 

have demonstrated the utility of microdialysis in determining in vivo BE in humans.153-156 

Similar to DMD, dOFM utilizes a probe to collect samples from dermis. However, its probe 

features an open exchange area that allows direct contact between the perfusate and 

interstitial fluid without dialysis or filtering.95  Bodenlenz et al. evaluated two acyclovir 

cream 5% drug products that have different formulation composition in 20 healthy human 

subjects and results showed dOFM as a promising cutaneous PK approach to support BE 

evaluations between two cream drug products.96 

IVPT, the focus of this chapter, measures drug absorption from the formulation 

through a flow-through diffusion system followed by chromatographic analysis. Skin 

models used in IVPT vary from artificial membrane, ex vivo animal skin (i.e. porcine, 

mouse, etc.), reconstructed skin and ex vivo human skin.120  Previous studies involving 

acyclovir creams suggest that different physiochemical properties of various synthetic 

membranes may have different effects on diffusion rates, and ex vivo human skin studies 

can produce inconsistent diffusion results if not done with careful attention to detail.121, 122  

Despite the inherent variability in absorption among individuals and anatomical sites (e.g. 

abdominal vs forearm skin), excised human skin has been demonstrated to be the most 

appropriate in vitro skin model as a surrogate for in vivo BE studies.123  Variability in 

IVPT studies reflects the real variability in drug absorption exhibited in the clinic, except 

at a lower variance level because of the additional systemic clearance variation in human 

investigations.   Studies have utilized either vertical diffusion cells (Franz cell) or flow 

through cells. A major disadvantage of IVPT is the lack of microvasculature present in the 

in vivo environment, which helps with rapid drug clearance.136  However, sink conditions 
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are maintained in diffusion cells by modifying receiver fluid appropriately.  Flow-through 

In-Line cells allow the receptor fluid to be continuously removed from the diffusion 

chamber to maintain skin sink conditions, which mimics actual in vivo conditions.137  A 

recently published paper has demonstrated the utility of IVPT with flow-through cells 

using ex vivo human skin as a sensitive in vitro test to evaluate BE for four acyclovir 5% 

cream drug products.138  Choosing the appropriate skin model, diffusion apparatus and 

having a standardized IVPT study protocol are essential in order to characterize drug 

permeation and permit reliable comparison between BA/BE of a proposed generic topical 

product and its respective RLD. 

The drug of interest in this study was metronidazole, an antibacterial drug.48  This 

specific drug was chosen as it is representative of a weak base drug that is moderately 

lipophilic and has a low molecular weight (171 g/mol), typical characteristics of a drug 

molecule favored to permeate the skin.157 Metronidazole is commercially available in 

different formulation types (cream, gel, lotion) at the same strength. In this study, a 

metronidazole gel, 0.75% RLD was selected as a reference product, to which a generic 

metronidazole gel, 0.75% and generic metronidazole cream, 0.75% were compared as a 

positive and negative control, respectively, for BE (Table 2.1).  The purpose of the present 

study was to characterize percutaneous absorption of metronidazole through human skin 

to evaluate whether IVPT studies may provide cutaneous PK information to assess the BA 

and BE of the tested topical formulations for developing a consistent testing protocol for 

BA and BE evaluation. It was hypothesized that well designed and controlled IVPT studies 

will provide cutaneous PK results to predict BA and support BE evaluation between RLD 

and generic topical drug products. 
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2.2 Material and Methods 

2.2.1 Materials  

Metronidazole topical gel, 0.75% (w/w) RLD from Prasco Laboratories (Cincinnati, 

OH) and a generic metronidazole topical cream, 0.75% (w/w) from Fougera Laboratories 

(Melville, NY) were purchased through Cardinal Health (Dublin, OH).  The generic 

metronidazole topical gel, 0.75% (w/w) from Impax Laboratories, LLC (Hayward, CA) 

was purchased through Premium Health Services (Columbia, MD).  Formulation 

characteristics are presented in Table 2.1.  Ammonium acetate, sodium chloride, 

monopotassium phosphate and dipotassium phosphate were purchased from Fisher 

Scientific Inc. (Fair Lawn, NJ). Metronidazole was purchased from Research Products 

International (Mount Prospect, IL).  Acetonitrile, methanol, and ethanol were purchased 

from Sigma Aldrich (St. Louis, MO). All reagents were of analytical grade or better.  

Ultrapure water was supplied in-house with a Milli-Q® system (EMD Millipore; Billerica, 

MA). 

2.2.2 Human Skin Preparation 

Skin was harvested with consent from five individuals during abdominoplasty 

surgery. Biospecimens were provided by the NCI funded Cooperative Human Tissue 

Network. The demographic information of the five donors is summarized in Table 2.2. 

Skin samples were dermatomed to a thickness of 0.250 ± 0.05 mm on the day of its delivery, 

double wrapped with aluminum foil, placed in a sealed plastic bag, and stored at -20°C 

until used. To prepare the skin for IVPT, skin was cut with a surgical blade into 4.8 cm2 

square pieces and fitted into diffusion cells with epidermis facing upward. To ensure the 

integrity of each skin piece, transepidermal water loss (TEWL) was measured using an 
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open chamber cyberDERM RG1 evaporimeter (cyberDERM, Inc; Broomall, PA). Skin 

pieces with TEWL reading less than 15 g/m2/h were considered acceptable for IVPT. The 

mean (SD) skin thickness and TEWL reading of all skin pieces used was 0.254 (0.023) mm 

and 3.36 (1.72) g/m2/h, respectively. 

Table 2.1 Inactive ingredient comparison in the metronidazole drug products 
 

 

Table 2.2 Demographic information for in vitro study donors 

 Donors (n=5) 
Age in years 
   Mean (SD) 
   Range 
Sex, n (%) 
   Male 
   Female 
Ethnicity, n (%) 
   African-American 
   Caucasian 

 
57.2 (9.4) 
45-68 
 
0 (0) 
5 (100) 
 
2 (40) 
3 (60) 

 

 
Metronidazole gel, 

0.75% (RLD) 
NDC# 66993-962-45 

Metronidazole gel, 
 0.75% (generic) 

NDC# 0115-1474-46 

Metronidazole cream, 
0.75% (generic) 

NDC# 0168-0323-46 

Formulation Topical gel Topical gel Topical cream 
Targeted 
Dose 10 mg/cm2 10 mg/cm2 10 mg/cm2 

Inactive 
ingredients 

Carbomer 940 Carbopol 980 Emulsifying wax 
Isopropyl palmitate 

propylene glycol propylene glycol glycerin 
methylparaben methylparaben benzyl alcohol 
propylparaben propylparaben 

sodium hydroxide sodium hydroxide sodium hydroxide 
/lactic acid 

 purified water purified water purified water 
edetate disodium edetate disodium sorbitol solution 
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2.2.3 Solubility Test 

Metronidazole solubility in the receiver solution was measured to ensure sink 

conditions throughout IVPT duration. An excess amount of metronidazole was dissolved 

in isotonic phosphate buffer solution (PBS) (pH 7.4 ± 0.1) and stirred for 24 h at 32 ± 1°C. 

Suspensions were then filtered through a 0.20 µm nylon membrane (EMD Millipore; 

Billerica, MA), and metronidazole concentration in the clear filtrate was analyzed by the 

validated high performance liquid chromatography (HPLC) method. 

2.2.4 IVPT 

IVPT was conducted with a PermeGear In-Line flow-through diffusion cell system 

(PermeGear; Hellertown, PA) (Figure 2.1). The surface temperature of each skin piece was 

maintained at 32 ± 1°C with a heated circulating water bath, verified prior to dosing using 

a Traceable™ infrared thermometer (Fisherbrand™; Fair Lawn, NJ). PBS (pH 7.4 ± 0.1) 

was used as the receiver solution and connected with the flow-through receptor 

compartment via the input port and filled; pumped continuously through the diffusion cells 

at a rate of 1 rpm (approximately 1.0 mL/h).  

Figure 2.1 Flow-through In-line diffusion cell system 



 28 

Three formulations were rubbed into (circular motions) 0.95 cm2 area of skin pieces 

with a standard inverted HPLC vial after dispensing a pre-determined amount of 13.5 µL 

gel or 13 µL cream with a positive displacement digital microdispenser (Drummond®; 

Broomall, PA) to achieve the target dose of 10 mg/cm2.  More gel was dispensed than 

cream to account for relatively higher loss of gel than the cream on the vial after 

formulation application; this was done to ensure the target dose of 10 mg/cm2 was achieved. 

The mass applied was determined by weighing the vial before and after application. The 

fraction collector was programmed to automatically collect samples every 2 h for 24 h. 

Metronidazole concentrations in the collected fractions were analyzed using a validated 

HPLC method. 

 

2.2.5 Mass Balance Analysis (Metronidazole Extraction and Recovery) 

At the end of IVPT, the remaining receptor fluid inside the diffusion cell was 

collected into a scintillation vial for further analysis. The skin was gently cleaned three 

times to remove surface drug product with one isopropyl alcohol wipe. The alcohol wipe 

was transferred to a 15 mL centrifuge tube and 3 mL of methanol was added as the 

extraction solvent.  The tube was centrifuged at 20,800 x g for 10 min and shaken at 200 

rpm for 20 h. The skin piece was then removed from the cell, cut into small pieces with a 

disposable blade and processed similarly as the alcohol wipe. In addition, the diffusion cell 

itself was cleaned using two additional alcohol wipes and metronidazole was extracted 

from the wipes. The percent metronidazole recovered was determined based on the ratio of 

the sum of cumulative permeation of metronidazole during IVPT, the amount from 

extractions and the actual dose of metronidazole formulation applied onto the skin surface. 
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2.2.6 Analytical Method  

The HPLC system employed was a Waters® Alliance e2695 Separations Module 

with column heater coupled with a Waters® 2489 Dual Absorbance Wavelength Detector 

operated by Waters Empower™ software (Milford, MA). 

Metronidazole was detected with a Waters Symmetry C18 column (5 µm, 4.6 x 250 

mm) with Phenomenex SecurityGuard™ C18 cartridge (5 µm, 4 x 3.0 mm) at wavelength 

of 315 nm. The mobile phase consisted of 20:80 (v/v) methanol:10 mM ammonium acetate 

buffer. Flow rate was set to 1.0 mL/min. Metronidazole IVPT samples were diluted with 

methanol (80:20, v/v) prior to analysis. Fresh standards were prepared in the same matrix 

as the IVPT samples and extraction samples (for mass balance purposes). Injections were 

carried out in duplicate and injection volume was 50 µL with a retention time of 7.58 ± 0.1 

min. The linearity ranged from 0.025 to 25 µg/mL and precision for each concentration 

level including the lower limit of quantification (LLOQ) was within 15% of the nominal 

value.  

2.2.7 Scaled Average Bioequivalence Analysis 

BE assessment was based upon the natural log-transformed total permeation and 

maximum flux (Jmax), and a scaled average BE evaluation was adopted from Shin et al. 

with a point estimate constraint.86, 158, 159  

2.2.8 Data and Statistical Analysis 

The permeated metronidazole amount during each sampling interval (2 h) was the 

product of the concentration in the collected fraction (µg/mL), sample volume and dilution 

factor (1.25).  Sample volumes were obtained by weighing the receiver solution and 

adjusting for density (measured at 1 g/mL). Cumulative absorption (24 h) in receiver 
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solution for each replicate skin section after drug application was obtained by summing the 

amount absorbed during each sampling interval and expressed as percentage of applied 

dose instead of µg/cm2 due to the slightly variability of applied dose from replicate cell to 

cell. Mean flux (µg/cm2/h) was calculated by dividing the amount of metronidazole 

absorbed during each sampling interval by the interval duration (2 h) and permeation area 

(0.95 cm2). The flux profile for each product was obtained by plotting the mean flux against 

time (0-24 h).  Mass balance was calculated from the metronidazole skin surface 

concentration, in the skin, receptor solution, diffusion cells parts and all other supplies used 

in application or cleaning procedures. Mean of each parameter for each formulation was 

obtained by first averaging within the donor and then between donors. Standard error of 

mean (SEM) was calculated as the ratio of standard deviation (SD) for the mean of each 

parameter for each donor and number of donors (n=5). Relative BA was calculated as 

cumulative absorption of test formulation divided by that of the reference formulation. 

Relative BA of both generic drug products to the RLD was calculated assuming that the 

relative BA for the RLD was 1. Relative BA of the cream to the generic gel was also 

calculated, assuming relative BA for the generic gel was 1. 

Statistical analysis was performed by GraphPad Prism® software (version 7, La 

Jolla, CA). Data for IVPT experiments were obtained from five human skin donors, with 

four replicates per product per donor, so data is expressed as mean ± SEM.  Individual 

skin donor data is expressed as mean ± SD. One-way ANOVA followed by Tukey’s post-

hoc multiple pairwise comparisons when appropriate, for comparing the differences in 

formulation means and significant differences were declared at p < 0.05. 
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2.3 Results 

2.3.1 Metronidazole Solubility  

The equilibrium solubility values of metronidazole in receiver solution, PBS, pH=7 

at 32°C was  8.93 ± 0.16 mg/mL (mean ± SD), which is close to the reported solubility 

values in other aqueous solutions (~10 mg/mL).160  From literature reviews, 

metronidazole is stable in aqueous solution at pH 7.161, 162  This high solubility of 

metronidazole in the aqueous receiver solution used in the current in vitro study provides 

confirmation that metronidazole concentration in the receiver chamber was always less 

than 20-fold the saturation solubility of the drug, thus ensuring sink conditions throughout 

the IVPT duration. 

2.3.2 IVPT Results 

For this study, all three metronidazole drug products were tested on ex vivo human 

skin from the same set of five different donors, with four replicates per skin donor per 

product. Mean flux profiles are presented in Figure 2.2 A. The cutaneous PK profiles of 

metronidazole from the RLD and generic gels were similar, while the cutaneous PK 

profiles from the generic metronidazole cream were significantly different as compared to 

both gels. Following the early peak in metronidazole flux from these gels, the flux declined.  

In contrast, the flux profile of generic metronidazole cream showed an increasing flux 

during the initial 12 h followed by a relatively steady flux for the remainder of the 24 h 

study. This trend was similar for each individual donor (Figure 2.3 and Figure 2.4). 

Mean (± SEM) Jmax was observed at 4 h for both metronidazole gels, 0.69 (0.38) 

μg/cm2/h for the RLD gel and 0.85 (0.44) μg/cm2/h for the generic gel. The mean Jmax for 

the generic cream was 0.72 (0.34) μg/cm2/h and was observed at ≥ 12 h.  The highest mean 
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(± SEM) total cumulative amount of metronidazole permeated through the skin per unit 

area was observed from the generic cream (15.0 ± 7.31 μg), as compared to 7.30 ± 1.88 μg 

and 7.76 ± 2.07 μg for the RLD and generic gels, respectively (Figure 2.2 B). There was 

no significant difference between Jmax and cumulative permeation among the three 

formulations per donor except donor 2, where the cumulative permeation from the generic 

cream product was significantly higher (p ≤ 0.01) than either of the gel products (Figure 

2.5). 

 

Figure 2.2 (A) Flux profiles and (B) Cumulative permeation of RLD gel, generic gel and 
generic cream of metronidazole (Mean ± SEM of 5 donors, 4 replicates skin sections per 
donor per product) 
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Figure 2.3 Flux profile comparison for RLD gel, generic gel and generic cream of 
metronidazole between individual donor (Mean ± SD, n=4 replicates per donor) 
  

 
Figure 2.4 Flux profiles of RLD gel, generic gel, and generic cream of metronidazole per 
donor, showing intra-donor variability (n=4 replicates per donor) 
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Figure 2.5 Comparison of (A) Jmax and (B) cumulative permeation from RLD gel, generic 
gel, and generic cream of metronidazole per donor (one-way ANOVA followed by Tukey’s 
post-hoc multiple pairwise comparisons, significance was indicated as follows:  **p ≤ 
0.01) (Mean ± SD, n=4 replicates per donor) 
 
Table 2.3 Metronidazole level and percent recovery after 24 h topical application 

Parametera RLD gel Generic gel Generic cream 

Drug in the skin (µg) 9.66 ± 1.60 9.18 ± 1.47 10.66 ± 1.37 

Diffusion cell parts (µg) 4.98 ± 1.39 6.28 ± 1.31 9.76 ± 1.07 

Drug on skin surface (µg) 43.84 ± 2.73 45.62 ± 2.42 33.12 ± 3.63 

Total extracted (µg) 58.49 ± 0.54 61.08 ± 2.08 53.54 ± 4.13 

RF (remaining fluid) (µg) 0.10 ± 0.02 0.10 ± 0.02 0.64 ± 0.25 

Cum. absorption (IVPT) (µg) 6.93 ± 1.78 7.38 ± 1.97 14.24 ± 6.95 

Total extraction + IVPT (µg) 65.51 ± 2.05 68.56 ± 2.60 68.42 ± 3.43 

Mass applied (mg) 9.92 ± 0.40 10.11 ± 0.41 10.17 ± 0.37 

Actual applied dose (μg)b 74.43 ± 0.95 75.79 ± 1.02 75.86 ± 0.87 

% Recovery 87.93 ± 2.61 90.35 ± 2.56 90.21 ± 4.47 

a n=5 donors, four replicate skin sections per donor per product.  All data are expressed as 
Mean ± SEM. 
b Real applied dose=product labeled strength (0.75%) times mass applied 
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Relative BA was assumed to be 1 for the reference metronidazole gel. Relative BA 

for generic gel and generic cream was then calculated to be 1.04 ± 0.04 and 1.65 ± 0.40, 

respectively. The relative BA for cream to generic gel is 1.56 ± 0.36. No significant 

difference was observed for relative BA between each drug product. The mass balance 

results indicate a high mean recovery of 88% for RLD gel, 90% for generic gel and 90% 

for generic cream (Table 2.3). Scaled-average bioequivalence (SABE) analysis was 

adapted from was based upon the natural log-transformed total amount permeated and 

Jmax.138  SABE indicated that RLD and generic gel were BE, whereas generic cream was 

not BE to either gel formulation (Table 2.4). 

 
Table 2.4 Bioequivalence assessment between RLD gel, generic gel and generic cream of 
metronidazole drug products 

Product  
comparison PK-metric Point 

estimate Swr 
Between-
Donor 
SD 

Upper 
95% 
SABE 
bound 

BE 
outco
me 

Generic gel 
(T) 
vs. RLD gel 
(R) 

Total  
Permeation 1.020 0.4763 0.0891 -0.1086 

ü Jmax 1.065 0.5580 0.1626 -0.1388 

Generic 
cream (T) 
vs. RLD gel 
(R) 

Total  
Permeation 1.4430 0.4763 0.5990 0.7019 

û 
Jmax 0.9879 0.5580 0.4043 -0.0657 

Generic 
cream (T) 
vs. Generic 
gel (R) 

Total  
Permeation 1.4151 0.5074 0.5129 0.4993 

û 
Jmax 0.9278 0.4929 0.2907 -0.1967 

*T= Test product; R=reference product 

2.4 Discussion  

Three topical drug products with the same metronidazole concentration were 

compared using IVPT studies. The IVPT cutaneous PK results for the gels (comparable to 
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each other) and the cream (distinct with respect to both gels) were consistent with the 

expectation that differences in physical and structural critical quality attributes between 

topical semisolid drug products (e.g., between a gel and cream) can alter the BA of 

metronidazole. With respect to both the RLD gel and generic gel, flux profiles follow the 

trend where metronidazole flux constantly increased in the initial 4 h followed by rapid 

declining in flux thereafter. Unlike the gels flux profiles, generic cream showed a rise in 

flux during the initial 12 h, followed by a relatively steady flux for the remainder of the 

study. Excipients have shown to impact drug permeability through the skin and inherently 

contribute to the structure of the semisolid.163  Present in both gel and cream formulations 

are non-volatile permeation enhancers such as propylene glycol and isopropyl palmitate, 

thus flux increases were observed for all three profiles at the beginning of the study. 

However, since gel formulations have high water content and evaporate more quickly after 

application, the loss of water (hydration) at the SC and drug interface triggered structure 

deformation that slows down the drug permeation through the skin, thus resulting in 

decreased flux values.164  In contrast, non-volatile excipients such as emulsifying wax, 

isopropyl palmitate and glycerin that are present in the cream formulation likely maintained 

metronidazole diffusivity across the SC resulting in a relatively steady flux.165, 166 

The IVPT results also suggested that these studies may have utility to support a BE 

evaluation for topical drug products, since the IVPT results demonstrated the two gels 

(positive controls for BE relative to each other) to have a similar rate and extent of 

metronidazole delivery and discriminated the cutaneous PK of the cream (negative control 

for BE relative to the reference gel) as being different from both gels. As previously 

mentioned, ex vivo human skin is subject to inherent variability due to differences between 
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individual skin donors and between anatomical sites being used. Furthermore, the 

technique used to evaluate cutaneous absorption of metronidazole through skin can also 

have a profound influence on the data collected and the interpretation of these results. To 

date, the technique used in evaluating metronidazole cutaneous absorption varied from 

DMD, TS, in vitro release and permeation testing using either vertical or flow through cells 

or other diffusion apparatus with either cellulose membrane, ex vivo human skin or in vivo 

human studies (either healthy skin or with dermatitis). Ortiz and colleagues compared 

metronidazole penetration from Flagyl® 1% cream through skin with mild irritant 

dermatitis and normal skin with DMD and TS. DMD showed better quantification of drug 

in the dermis than TS, with significant (p < 0.001) 3-fold increase in penetration with 

irritant dermatitis than with normal skin.167  In a similar study of theirs, DMD and TS were 

conducted on skin with atopic dermatitis, similar result showed that DMD detected a 

significant (p < 0.004) 2.4 fold increase in penetration of metronidazole in skin with atopic 

dermatitis than in normal skin while TS was not able to disclose the difference in 

penetration.168  Both reported studies demonstrated the superiority of DMD to TS when 

the dermis is the target organ, as TS did not disclose a significant increase in penetration.167, 

168  In another study by Ortiz et al., BE of three marketed metronidazole creams 

(Metronidazol® cream 1%, Flagyl® cream 1% and Rozex® cream 0.75%) was compared in 

14 healthy human volunteers with no history of atopy or skin disease. TS established BE 

between the two 1% creams and rejected any BE between the two 1% and 0.75% creams. 

In comparison, there was no statistical difference (p > 0.05) in penetration of the three 

topical drug products determined by DMD due to inter-individual variability exceeding the 

criteria for BE evaluation.153   In a similar study conducted by Araujo et al., an improved 
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SC sampling approach from N’Dri-Stempfer et al was adopted.90, 169  A two-time point 

method was used to compare two extemporaneous test formulations (same drug 

concentration and excipients but differed in the quantity of gelling agent used) to the RLD 

(0.75% Rozex® cream) on 28 healthy volunteers.169  This improved approach was able to 

confirm BE of one test formulation to Rozex® and distinguish the other formulation that is 

more viscous and less spreadable from Rozex®.169  The IVPT method employed in the 

present study provides an alternative way to assess BE. The experiment can be 

accomplished in a lab setting, eliminating more complicated and expensive in vivo studies. 

IVPT has also been utilized to study the percutaneous absorptive PK of different 

metronidazole formulations.170, 171  Wagner et al. evaluated three different metronidazole 

formulations: generic gel and cream with lower percent (0.75% ) metronidazole vs a second 

cream formulation with higher percent (1%) metronidazole with six full-thickness (0.85 

mm-1.7 mm) human chest/abdomen skin donor on flow-through diffusion cells over a 15- 

hour sampling period and found both the 0.75% gel and cream had a significantly (p < 

0.05) greater cutaneous permeation of metronidazole than the 1% cream (with 0.75% gel 

having the highest flux value).170  In another study conducted by Elewski et al., six 

metronidazole formulations (MetroGel 0.75%, MetroGel 1%, MetroLotion 0.75%,  

MetroCream 0.75%, generic metronidazole cream 0.75% and metronidazole cream 1%) 

were evaluated with three human cadaver trunk skin donors (with split-thickness between 

0.25-0.90 mm). The study was done with Franz diffusion cells over a 48-hour sampling 

period. Results showed contradictory observations to Wagner et al, where both 0.75% 

creams had the highest Jmax and cumulative permeation, followed by 0.75% lotion, 1% 

cream, and 1% gel and 0.75% gel had the least Jmax and cumulative permeation.171 
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Compared to these two published IVPT studies, the present study with a 24-hour sampling 

period showed similar shapes for flux profiles where both RLD and generic gel followed 

an upward-downward trend and the generic cream followed a continuing-upward trend; 

however, significant difference in Jmax or cumulative permeation was not detected among 

the three formulations for each donor except for donor 2. The discrepancy likely attributes 

to difference in the length of sampling period, inter-donor variability, as well as intra-donor 

variability in the skin used. 

The present study showed that IVPT with the flow through cell and ex vivo human 

skin model can distinguish in vitro BE of RLD drug products and its generic versions. BE 

was assessed with a SABE approach and results showed similarity in percutaneous 

permeative characteristics between the two gels and differentiate that of the cream from 

the gels. IVPT was able to show comparable relative BA of the generic gel to the RLD gel; 

however, it did not differentiate relative BA of the cream from either the gels. This suggests 

that although IVPT was able to show difference in percutaneous permeative characteristics, 

there are still limitations in IVPT use to characterize BA. Study conditions such as the 

length of sampling period, number of skin donors, skin site to be studied and skin thickness 

should all be taken into consideration for the appropriate BA characterization.  

2.5 Conclusions  

This study demonstrated that percutaneous PK of metronidazole was similar 

between the RLD gel and generic gel but different between the gels and generic cream. 

IVPT coupled with flow-through cells and ex vivo human skin model can be utilized to 

distinguish in vitro BE between the RLD and its generic version; however, additional 

similarly designed studies are still needed to identify appropriate study conditions in 
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evaluate BA and to validate the use of IVPT to distinguish BA between RLD and generic 

versions. In Chapter 3, an in vivo data set was generated from the clinical study with a 

harmonized study design to this IVPT study with the same three metronidazole 

formulations. The in vivo data, along with the IVPT data may help to develop a potential 

IVIVC model to demonstrate that IVPT can be reliably correlated with and be predictive 

of the in vivo performance of metronidazole delivery from topical products. These 

evaluations were also done to establish the validity of IVPT to be used as an acceptable in 

vitro testing method for the approval of generic topical drug products.	
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Chapter 3: In Vitro-In Vivo Correlations for Metronidazole Topical Drug Products 

Evaluated by In Vitro Skin Permeation and In Vivo Pharmacokinetic Study  

3.1 Introduction 

In vitro-in vivo correlation (IVIVC) is a valuable tool in biopharmaceutical research 

and has gained wide attention among the regulatory sectors, pharmaceutical industries, and 

academia. It is formally defined as “a predictive mathematical model describing the 

relationship between an in vitro property of a dosage from and a relevant in vivo response. 

Generally, the in vitro property is the rate and extent of drug dissolution or release while 

the in vivo response is the plasma drug concentration or amount of drug absorbed”.139  The 

main purpose of an IVIVC is to support and/or validate the use of a dissolution test as a 

surrogate for human oral bioavailability (BA)/bioequivalence (BE) studies which are costly 

and time consuming, and to assist in quality control when certain scale-up and post-

approval changes (SUPAC) are required.141  Such a model, once validated, can be used to 

shorten and economize the development and optimization process of formulation, which is 

an integral part of the manufacturing and marketing of any therapeutic drug.141  In 1997, 

U.S. Food and Drug Administration (FDA) published a regulatory guidance related to the 

development, evaluation and application of IVIVC for extended-release (ER) oral dosage 

forms.140  For generic drug developers, the guidance provides recommendations on how 

to develop documentation in support of IVIVC of an oral ER dosage form for submission 

of an abbreviated new drug application (ANDA). An acceptable IVIVC allows sponsors to 

waive in vivo BA and/or BE study requirements when sufficient safety and efficacy have 

been established. However, for over two decades, only a handful of ANDA submissions 

included IVIVC data, most of which failed to provide adequate information.172  Compared 
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to an oral ER dosage form, the value of developing IVIVC for percutaneous drugs lies 

mainly in facilitating in vitro permeation testing (IVPT), which is often used for the 

evaluation of absorption for topical and transdermal drug products.136, 142  The IVPT 

model has demonstrated IVIVC in previous studies using different drug molecules and 

formulations. Yang et al. reported a successful IVIVC model for a drug-in-adhesive type 

estradiol transdermal delivery system (TDS) with IVPT across human skin and an in vivo 

PK study in post-menopausal women.173, 174  In another study by Kondamudi et al., 

correlation between IVPT across ex vivo human skin and in vivo PK studies were well 

developed and evaluated a lidocaine patch.175  In Patel et al., IVIVC was developed for 

the iontophoretic transdermal delivery of the anticancer drug, etoposide, with IVPT across 

porcine skin and an in vivo PK study in a rabbit model.176, 177  Similarly, Simon et al. 

compared rivastigmine permeation from a TDS in the Franz cell using synthetic 

membranes and porcine ear skin and developed a point-to-point correlation between in 

vitro data and previously published in vivo plasma concentration data from patients.178  

IVIVC has also been employed to evaluate performance of reference listed drug 

(RLD) TDS and generic TDS with heat exposure. Shin et al. evaluated two matrix-type 

nicotine TDS under transient heat exposure and achieved a good point-to-point IVIVC for 

the entire study duration based on IVPT studies using excised human skin and harmonized 

in vivo human PK studies.179 Most of the aforementioned IVIVC models were established 

for systemically absorbed drugs, since they were designed and formulated to reach 

systemic circulation. Since topical drug products act locally in skin layers, whereas most 

BE tests use systemic blood measurements, it has been particularly challenging to develop 

successful IVIVC.180  In addition, harmonized in vitro and in vivo study designs are highly 
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desired to achieve a point-to-point IVIVC; however, there are few reported cases of IVIVC 

where study designs were matched. The goal of this study was to establish an IVIVC model 

between data collected from harmonized protocols of IVPT and an in vivo PK study to 

determine whether an IVIVC based on such carefully harmonized protocols could predict 

BA accurately from in vitro data.  

The model drug for this study was metronidazole, which is available in a variety of 

topical formulations, gel, cream, and lotion, approved by FDA. The metronidazole gels and 

cream were chosen for this study due to the therapeutically equivalent metronidazole gels 

used to evaluate BE in vivo. The metronidazole cream was used as the non-BE control for 

this project.  This study with a RLD and generic metronidazole topical gel, 0.75% and 

generic metronidazole topical cream, 0.75% used a dose amount that provided sufficient 

systemic metronidazole concentrations to characterize systemic BA. The same products 

were studied (under a parallel but separate in vitro study protocol) using an IVPT model 

with excised human skin. It was hypothesized that under harmonized study design, IVPT 

will be an accurate, sensitive, reproducible, and efficient in vitro method that can correlate 

with and be predictive of in vivo BA/BE. The results will contribute to a collective weight 

of evidence demonstrating that IVPT can be utilized as an approach to support a more 

efficient approval pathway for topical drug product evaluation. Additionally, these 

coordinated evaluations will collectively provide the in vivo reference datasets needed to 

establish IVIVC for the IVPT model which may then be utilized to support a new pathway 

for approval of numerous generic topical drug products for patients. 
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3.2 Materials and Methods 

3.2.1 Materials  

Metronidazole standard was acquired from Research Products International (Mount 

Prospect, IL). Metronidazole d-4, the internal standard, was acquired from Toronto 

Research Chemicals (Toronto, Ontario). Ammonium acetate, monopotassium phosphate, 

dipotassium phosphate and sodium chloride were acquired from Fisher Scientific Inc. (Fair 

Lawn, NJ). Methanol of high-performance liquid chromatography (HPLC) grade and 

liquid chromatography-mass spectrometry (LC-MS) grade, acetonitrile HPLC grade and 

LC-MS grade, ethyl alcohol and ethyl acetate were purchased from Sigma Aldrich (St. 

Louis, MO). All reagents used were of analytical grade or higher. Metronidazole topical 

gel, 0.75% (w/w) RLD from Prasco Laboratories LLC and a generic metronidazole topical 

cream, 0.75% (w/w) from Fougera Laboratories Inc. were purchased through Cardinal 

Health (Dublin, OH).  The generic metronidazole topical gel, 0.75% (w/w) from Impax 

Laboratories, LLC was purchased through Premium Health Services (Columbia, MD).  

Formulation differences are shown in Table 3.1. Ultrapure water was supplied in-house 

with a Milli-Q® system (EMD Millipore; Billerica, MA). 
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Table 3.1 Formulation characteristics for three metronidazole topical drug products 
  

Metronidazole gel, 
0.75% (RLD) 

NDC# 66993-962-45 

Metronidazole gel, 
0.75% (generic) 

NDC# 0115-1474-46 

Metronidazole cream, 
0.75% (generic) 

NDC# 0168-0323-46 
Formulation Topical gel Topical gel Topical cream 
Targeted dose 
(Equivalent 
metronidazole 
amount) 

10 mg/cm2 
(75 µg/cm2) 

10 mg/cm2 
(75 µg/cm2) 

10 mg/cm2 
(75 µg/cm2) 

Inactive 
ingredients 

Carbomer 940 
propylene glycol 
methylparaben 
propylparaben 

sodium hydroxide 
purified water 

edetate disodium 
(EDTA) 

Carbopol 980 
propylene glycol 
methylparaben 
propylparaben 

sodium hydroxide 
purified water 

EDTA 

emulsifying wax 
benzyl alcohol 

glycerin 
isopropyl palmitate 
sodium hydroxide 

lactic acid 
purified water 

sorbitol solution 

Manufacturer Prasco Laboratories Tolmar Inc 
Impax Generics Fougera Laboratories 

 

3.2.2 IVPT Human Skin Study  

Skin preparation  

Skin was harvested with consent from five individuals during abdominoplasty 

surgery. Demographic information is summarized in Table 3.2.  Biospecimens were 

provided by NCI funded Cooperative Human Tissue Network. Skin samples were 

dermatomed to a thickness of 0.25 ± 0.050 mm when received, double wrapped with 

aluminum foil, placed in a sealed plastic bag, and stored at -20°C until used. To prepare 

skin for IVPT, skin was cut with a surgical blade into 4.8 cm2 square pieces and fitted into 

diffusion cells with epidermis facing upward. To ensure the integrity of each skin piece, 

transepidermal water loss (TEWL) was measured using an open chamber cyberDERM 

RG1 evaporimeter (cyberDERM, Inc; Broomall, PA). Skin pieces with TEWL reading less 

than 15 g/m2/h were considered acceptable for IVPT. The mean ± SD skin thickness and 
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TEWL reading of all skin pieces used was 0.254 ± 0.0229 mm and 3.36 ± 1.72 g/m2/h, 

respectively. 

Table 3.2 Demographic information for in vitro study skin donors (n=5 skin donors) and 
in vivo PK study (n=7 subjects) 
 

  In vivo 
(n=7 subjects) 

In vitro 
(n=5 human skin donors) 

Age in years 
   Mean (SD) 
   Range 

 
31.9 (7.6) 

21-40 

 
57.2 (9.4) 

45-68 

Sex, n (%) 
   Male 
   Female 

 
3 (43) 
4 (57) 

 
0 (0) 

5 (100) 

Ethnicity, n (%) 
   African American 
   Caucasian 
   Asian 
   More than one race 

 
2 (29) 
2 (29) 
2 (29) 
1 (13) 

 
2 (40) 
3 (60) 
0 (0) 
0 (0) 

BMI (kg/m2) 
   Mean (SD) 
   Range 

 
27.5 (1.2) 
26.1-29.8 

 
Unknown 

 

IVPT 

IVPT was conducted with a PermeGear In-Line flow-through diffusion cell system 

(PermeGear, Inc; Hellertown, PA). The surface temperature of each skin piece was 

maintained at 32 ± 1°C with a heated circulating water bath, verified prior to dosing using 

a Traceable™ infrared thermometer (Fisherbrand™; Fair Lawn, NJ). Isotonic phosphate 

buffer (pH 7.4 ± 0.1) was used as the receiver solution and pumped continuously through 

the diffusion cells at a rate of 1 rpm (approximately 1.0 mL/h).  Three formulations were 

rubbed into (circular motions) 0.95 cm2 area of skin pieces with a standard inverted HPLC 
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vial after dispensing a pre-determined amount of 13.5 µL gel or 13 µL cream with a 

positive displacement digital microdispenser (Drummond®; Broomall, PA). More gel was 

dispensed than cream to account for relatively higher loss of gel than the cream on the vial 

after formulations application, this was done to ensure the target dose of 10 mg/cm2 was 

achieved. The actual amount applied was determined by weighing the vial before and after 

application. The fraction collector was programmed to automatically collect samples every 

2 h for 24 h. Metronidazole concentrations in the collected fractions were analyzed using 

a validated HPLC method. 

3.2.3 In Vivo PK Study in Healthy Subjects 

The open-label, three-way crossover clinical trial was reviewed and approved by 

the Institutional Review Board at the University of Maryland, Baltimore.  University of 

Maryland, Baltimore and FDA had an Institutional Review Board Authorization. This 

study was registered at ClinicalTrials.gov with identifier code NCT03271983 and was 

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

Conference on Harmonization Good Clinical Practice E6 at the General Clinical Research 

Center (GCRC) at the University of Maryland Medical Center. 

Eligible adult subjects were men or non-pregnant, non-lactating women of any 

ethnic background between the age of 18 to 45 years old, non-smokers/tobacco users two 

months prior to screening, with upper arms large enough (minimum of 30 cm 

circumference) to allow for 200 cm2 area for gel or cream application. Subjects enrolled in 

the study had negative urine drug screening test for cannabinoids, amphetamines, 

barbiturates, benzodiazepine, cocaine, methadone, opiate, and phencyclidine. Each had 

normal screening laboratories for white blood cells, hemoglobin, platelets, sodium, 
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potassium, chloride, bicarbonate, blood urea nitrogen, creatinine, alanine transaminase, 

aspartate aminotransferase, urine protein and urine glucose, normal electrocardiogram, and 

normal vital signs (temperature 35.0-37.9°C, systolic blood pressure (BP) 90-140 mm Hg, 

diastolic BP 60-90 mm Hg, heart rate (HR) 55-100 beats per minute, respiration rate 12-20 

breaths per minute). In addition, each subject had a body mass index (BMI) lower than 30 

kg/m2 and were deemed to be healthy judged by the Medically Accountable Investigator 

(MAI) after physical examination and review of medical history and medication history. 

Potential subjects were excluded if they met any of the following conditions: prior donation 

or loss of greater than one pint of blood within 60 days of entry to the study, active positive 

Hepatitis B, C, and/or human immunodeficiency virus serologies, prior allergy or 

hypersensitivity to metronidazole, parabens, other inactive ingredients in the topical gel or 

cream formulations, BMI ≥ 30 kg/m2, positive urine drug test, history of lung, heart, 

respiratory and blood disease, history of asthma, history of diabetes, history of Crohn’s 

disease, history of infectious disease or skin infection or chronic skin disorder (e.g. 

psoriasis, atopic dermatitis), hereditary skin disorders or any skin inflammatory  

conditions, history of significant dermatologic cancers (e.g. melanoma, squamous cell 

carcinoma) involved with application sites, obvious skin discoloration on application sites, 

a presence of a skin condition, excessive hair on upper arms, sunburn, raised moles and 

scars, open sores, scar tissue, tattoo, or coloration that would interfere with product 

placement, skin assessment, use of daily anticoagulant or other chronic prescription 

medication during the period of 0 to 30 days, over the counter or short term (<30 days) 

prescription medication during the period of 0-3 days before a study session (vitamin, 

herbal supplement and birth control medications excluded), or alcohol consumption 48 h 
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prior to dose administration. A total of nine healthy human subjects were screened; seven 

were enrolled. Table 3.2 summarizes the demographic information of these seven subjects. 

Each of the seven subjects completed three study sessions with two procedure days per 

session. A minimum of one week wash-out period was in between each study session to 

ensure near complete metronidazole clearance from systemic circulation. 

Each subject underwent a total of three PK sessions, one for RLD metronidazole 

topical gel, 0.75%, generic metronidazole topical gel, 0.75% and generic metronidazole 

topical cream, 0.75%. At each study session, ongoing eligibility questions were asked to 

ensure each subject had not consumed alcohol within 48 h prior or used any prescription 

medication to disqualify the subject’s eligibility. For female subjects only, a urine 

pregnancy test was performed to ensure the subject was not pregnant. Vital signs 

assessments (HR, BP, respiration rate and temperature) were then performed and 

confirmed within the normal range, subject’s upper arm area was visually examined for 

any signs of raised moles scars, open sores, sunburn, tattoo, or coloration and upper arms 

were rinsed with water and dried with cotton gauze.  

For procedure day 1 of each study session, 2 g (total of 4 g) of topical gel or cream 

was applied to 200 cm2 upper arm area of each arm.  The 200 cm2 area was first measured 

on each upper arm using template and defined by a marker. Using the tip of tear drop 

silicone applicators (Qosmedix; Ronkonkoma, NY), two people rubbed 2 g of gel or cream 

into the 200 cm2 area of each arm simultaneously initially for 1-2.5 min. Approximately 5 

mL (1 tsp) of blood was drawn into BD vacutainer tubes (BD; Franklin Lakes, NJ) within 

60 min pre-gel/cream application and then at 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 h following 

gel/cream application. At 10 h, the upper arm areas of the subject were wrapped with non-
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occlusive MediChoice tubular net bandage (Owens & Minor; Mechanicsville, VA) prior 

to the subject going home.  For procedure day 2, upon subject’s arrival, the tubular net 

bandage was carefully removed from the upper arms and retained. Blood samples were 

obtained at 23, 24 and 25 h post gel/cream application. At 25 h, the gel or cream was 

removed with an alcohol wipe followed by a cotton gauze. Blood samples were placed at 

room temperature for at least 30 min for clot formation and then centrifuged at ~ 1300 x g 

for 20 min at ~4°C. Serum was aliquoted into two separate cryovials with target of 1-1.5 

mL within each cryovial. Serum samples were stored in an ultralow freezer within one hour 

after centrifugation.  

3.2.4 Safety  

On each procedure day, after gel/cream application, duration of their stay at GCRC 

and after gel/cream removal, subjects were interviewed about occurrence of adverse events 

(AE) such as erythema, edema, burning, itching, rash or pain at the application site, nausea, 

dizziness and tingling in extremities. A grade for each AE was assigned from a score of 1 

to 3 with 1 being mild and 3 severe. Vital signs were recorded during the study sessions at 

5 h, 10 h and 23 h.  If the subject reported any symptoms during the study sessions, a 

symptom-directed physical exam was completed by the MAI or designee. Results of the 

physical examinations and vital sign assessments were evaluated by the MAI for evidence 

of immediate safety concerns or for changes in vital signs indicating a need to withdraw 

the subject.  After discharge from GCRC, subjects were asked to report all AE including 

events not solicited for up to 72 h. Subjects were contacted (within 72 h) after each study 

session to determine if any AE occurred in the 72 h post-discharge. For this study, no 

serious adverse events were reported. 
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3.2.5 Metronidazole Sample Extractions Obtained from IVPT and Clinical Study 

For IVPT, the remaining receptor fluid inside the diffusion cell was collected into 

a scintillation vial at the end of IVPT for residual metronidazole analysis. Then, skin was 

removed and gently cleaned three times to remove surface drug product with one isopropyl 

alcohol wipe. The wipe was transferred to a 15 mL centrifuge tube and 3 mL of methanol 

was added as the extraction solvent.  The tube was centrifuged at 20,800 x g for 10 min 

and shaken at 200 rpm for 24 h. The skin piece was then cut into small pieces with a 

disposable blade and processed similarly as the isopropyl alcohol wipe. In addition, the 

diffusion cell itself was cleaned using two additional wipes and obtained wipes extracted 

for metronidazole content. The percent metronidazole recovered was established based on 

the ratio of the sum of cumulative metronidazole permeation during IVPT, the amount from 

extractions and the actual dose of metronidazole formulation applied onto the skin surface. 

For the clinical study, the gel or cream was removed from the upper arms at 25 h 

post-application.  The skin area where gel or cream was applied was wiped with an 

isopropyl alcohol wipe three times in a circular motion and then wiped two times with 

cotton gauze. Each arm was processed separately. All wipes and cotton gauze from each 

arm were placed into the same bottles as the tubular net bandages (previously removed 

from the arms).  The gloves and all objects in contact with the gel or cream for each arm 

was wiped with an alcohol wipe and then the wipe was put in the same bottle labeled with 

the Subject ID, date, and respective arm (L or R). Four hundred mL of methanol was added, 

and bottles shaken at 200 rpm for 24 h.   Samples were analyzed for residual 

metronidazole content with a validated HPLC method. 
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3.2.6 Bioanalytical Methods 

HPLC analysis of IVPT samples 

The HPLC system employed was a Waters® Alliance e2695 Separations Module 

with column heater coupled with a Waters® 2489 Dual Absorbance Wavelength Detector 

operated by Waters Empower™ software (Milford, MA).  Metronidazole was detected 

with a Waters Symmetry C18 column (5 µm, 4.6 x 250 mm) (Waters; Milford, MA) with 

Phenomenex SecurityGuard™ C18 cartridge (5 µm, 4 x 3.0 mm) at a 315 nm wavelength. 

Mobile phase consisted of 20:80 (v/v) methanol:10 mM ammonium acetate buffer. Flow 

rate was set to 1.0 mL/min. Metronidazole IVPT samples were diluted with methanol 

(80:20, v/v) prior to analysis. Fresh standards were prepared in the same matrix as IVPT 

and extraction samples (for mass balance purposes).  Injections were carried out in 

duplicate and injection volume was 50 µL with a retention time of 7.58 ± 0.1 min. The 

linearity ranged from 0.025 to 25 µg/mL and precision for each concentration level, 

including the lower limit of quantification (LLOQ), was within 15% of the nominal value. 

PK sample LC-MS/MS analysis  

Sample preparation 

Twenty µL of internal standard (IS) (500 ng/mL) was added to 50 µL human serum 

sample followed by1 mL of ethyl acetate. The sample was placed on a high-speed shaker 

(VWR International; Radnor, PA) (2,500 rpm) for 20 min under ambient temperature and 

then centrifugation at 1,500 x g at 4°C for 20 min. The upper organic layer was transferred 

into a culture tube and evaporated under a light stream of nitrogen gas in a heated water 

bath (50°C) until completely dry. Residue was reconstituted with 200 µL of mobile phase 

(98:2 acetonitrile:10mM ammonium formate buffer pH 3.2 with 0.1% formic acid), 
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vortexed for 10 sec and centrifuged at 1,500 x g at 4°C for 10 min. Eluent was transferred 

into a HPLC vial. One µL was injected onto the column and analyzed by LC-MS/MS. 

Calibration standard samples and quality control (QC) samples were prepared by spiking 

thawed blank serum with appropriate standard working solutions to obtain final 

concentrations of 1, 5, 10, 50, 100, 200 and 500 ng/mL for calibration curve and 3, 30 and 

300 ng/mL for QC samples. 

Serum metronidazole LC-MS/MS assay  

Analysis for serum metronidazole concentration was carried out using a 

Phenomenex Luna® HILIC column 200 Å, (5 µm, 3.0 x 150 mm) (Phenomenex; Torrance, 

CA) coupled with a Phenomenex SecurityGuard™ HILIC (4 x 2.0 mm). The column and 

sample temperatures were set to 50°C and 5°C, respectively. The mobile phase 

composition was acetonitrile and 10 mM ammonium formate buffer (w/ 0.1 % formic acid) 

(pH=3.2) (98:2, v/v). Isocratic elution was used with a flow rate of 0.5 mL/min for a total 

run time of 4 min with an injection volume of 1 µL. The retention time for metronidazole 

and IS was 1.9 min.  

Mass spectrometric detection was carried out in positive electrospray ionization 

mode.  The mass spectrometric parameters were optimized with a cone voltage and 

collision energy of 26 V, 12 eV and 28V, 14 eV, respectively, for metronidazole and IS. 

Multiple reaction monitoring transition was detected with the precursor ion to product ion 

transitions of 171.77 →127.47 and 175.84 →127.53, for metronidazole and IS, 

respectively. The LC-MS/MS assay was validated according to the FDA bioanalytical 

guidance. Variability of inter-day and intra-day measurement, as well as the stability of 

stock solution and solution after long term storage, in autosampler, on bench-top, after 
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processing and after cycles of freeze thaw were validated. The deviation of the mean from 

the nominal value served were less than 15% for standards and QC samples and 20 % for 

LLOQ.  

3.2.7 Noncompartmental Analysis and IVIVC  

Noncompartmental analysis (NCA) 

NCA was carried out to estimate primary PK parameters (AUC and Cmax) from the 

clinical study using Phoenix® WinNonlin® software (Pharsight Corporation; San Diego, 

CA).  

Level A IVIVC 

The following sequential steps were used to build a Level A IVIVC. Fraction 

absorbed (Fa) was obtained by a unit impulse response (UIR) based deconvolution of the 

mean in vivo serum concentration versus time profile using Phoenix® WinNonlin® software. 

Intravenous (IV) PK data for 500 mg IV dose of metronidazole was obtained from literature 

using a plot digitizer tool.15  Metronidazole IV PK was best described by an open two-

compartment model built on Phoenix® NLME®. The following bi-exponential equation 

was obtained:   

Eq1  𝐶(𝑇) = 𝐴 × 𝑒!"# + 𝐵 × 𝑒!$# 

where C(T) is the concentration at time T, A=5.03 µg/mL, B=10.4 µg/mL, Alpha= 1.97 h-

1, Beta= 0.0973 h-1 are the key parameter estimates for the bi-exponential equations. UIR 

parameters were calculated and was shown in Table 3.3. 
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Table 3.3 UIR parameters 
 

Parameter Estimate Units 

A1=A/Stripping dose* 0.01006 L-1 

A2=B/stripping dose 0.0208 L-1 L-1 

Alpha 1=Alpha 1.97 1/h 

Alpha 2 =Beta 0.0973 1/h 

*Stripping dose=500 mg IV dose of metronidazole.  

Fraction permeated (Fp) was the fraction of cumulative drug amount permeated at 

time (t) over the total drug amount in a single application of gel/cream (75 µg/cm2) in IVPT 

studies and is the mean result from IVPT done with five human skin donors. A correlation 

was established between Fa and Fp for all three-metronidazole topical gels/cream used in 

the clinical study. A polynomial regression model was chosen since it provided the best fit 

based on regression coefficient R and was used to predict the in vivo fraction absorbed 

from observed in vitro fraction permeated. Lastly, the predicted in vivo fraction absorbed 

was convoluted to the predicted serum metronidazole concentration versus time with the 

same numeric UIR parameters from deconvolution using the Phoenix® WinNonlin® 

software. The predicted in vivo concentration versus time profile was compared to the 

observed in vivo concentration versus time profile. Predicted AUC and Cmax from the 

predicted in vivo concentration versus time profile were obtained and percent prediction 

error (%PE) was calculated for the predicted AUC and Cmax values according to the 

following equations: 

%𝑃𝐸 =
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑	𝑣𝑎𝑙𝑢𝑒 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑	𝑣𝑎𝑙𝑢𝑒

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑	𝑉𝑎𝑙𝑢𝑒 × 100 
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Figure 3.1 In vivo concentration versus time profile obtained from Loft et al.1 

3.2.8 Data and Statistical Analysis 

Statistical analysis was performed using GraphPad Prism® software (version 9, La 

Jolla, CA).  Repeated measure (RM) one-way ANOVA test followed by Tukey’s post-hoc 

multiple comparisons was used to compare the difference of resulting parameters (Jmax, 

cumulative permeation, Cmax, AUC, etc.) among the three drug products. Difference was 

considered statistically significant when p ≤ 0.05 and significance was indicated as follows: 

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Data for IVPT experiments were 

obtained from five human skin donors, with four replicates per product per donor, so data 

is expressed as mean ± SEM. Data for in vivo studies were obtained from seven healthy 

human subjects, and are expressed as mean ± SD. 

Primary PK parameters such as AUC and Cmax from in vivo studies were estimated 

using NCA with Phoenix® WinNonlin® software.  Deconvolution and convolution for a 

Level A IVIVC were performed using Phoenix® WinNonlin® software. The polynomial 
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IVIVC correlation was established in GraphPad Prism® software (GraphPad Software, Inc, 

La Jolla, CA). 

3.3 Results 

3.3.1 IVPT Human Skin Study  

For this study, each of the three metronidazole topical products was tested on ex 

vivo human skin from the same set of five different donors, with four replicates per skin 

donor per product. Flux profiles are presented in Figure 3.2.  

Figure 3.2 Arithmetic mean flux (± SEM) profiles of RLD gel, generic gel and generic 
cream over 24 h. (n=5 human donors) 
 

The cutaneous PK of metronidazole were similar for the RLD and generic gels, 

while cutaneous PK of the generic metronidazole cream was different compared to both 

gels. Following the early peak in metronidazole flux from these gels, thereafter the flux 

from the gels declined.  In contrast, the flux profile of generic metronidazole cream 

showed an increasing flux during the initial 12 h followed by a relatively steady flux for 

the remainder of the 24 h study. Maximum flux (Jmax) was observed at 4 h for both 

metronidazole gels. The Jmax for the generic cream was observed at ≥ 12 h. The percent 

0 4 8 12 16 20 24
0.0

0.5

1.0

1.5

2.0

Time (h)

Fl
ux

 (µ
g 

/c
m

2 
h)

Generic gel (n=5)

RLD gel (n=5)

Generic cream (n=5)



 58 

drug recovery was around 90% for all three drug products. Jmax and total permeation for 

individual skin donors were shown in Table 3.4. 

Table 3.4 Jmax and total permeation from individual skin donor in IVPT  
 
 Jmax (μg/cm2/h) Total permeation (μg) 

RLD Generic 
gel 

Generic 
cream RLD Generic 

gel 
Generic 
cream 

Donor 1  0.720 1.26 0.892 8.51 10.2 16.4 
Donor 2 2.17 2.44 2.30 14.0 14.7 42.8 
Donor 3 0.330 0.377 0.491 5.68 5.83 6.37 
Donor 4 0.279 0.263 0.171 3.31 3.05 2.61 
Donor 5 0.576 0.555 0.498 4.98 5.13 6.80 
Geomean 
± SDa 

0.608 ± 
2.25 

0.701 ± 
2.48 

0.612 ± 
2.59 

6.45 ± 
1.73 

6.71 ± 
1.84 

9.55 ± 
2.89 

a n=5 donors, four replicate skin sections per donor per product.   

 

There was no significant difference among the three metronidazole drug products 

in terms of Jmax, total permeation per unit area over 24 h, residual metronidazole amount 

and percent drug recovery (Figure 3.3, Table 3.5).  Relative BA was assumed to be 1 for 

the RLD metronidazole gel. The mean (± SD) relative BA calculated was 1.0 ± 0.10 and 

1.6 ± 0.88 for generic gel and generic cream, respectively. 

Figure 3.3 Comparisons of (A) Jmax, (B) Total amount of metronidazole permeated over 
24 h and (C) Residual amount of metronidazole extracted (Geometric mean ± geometric 
SD, n=5 human donors with 4	replicates per donor) 
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Table 3.5 Comparison of three metronidazole topical drug products in terms of Jmax from 
the entire study duration, total permeation, residual amount after extraction and percentage 
recovery 
 
 

RLD gel 
(R) 

Generic 
gel 
(Ta) 

Generic 
cream 
(Tb) 

Generic 
gel (Ta) 
vs. RLD 
gel (R) 

Generic 
cream 

(Tb) vs. 
RLD gel 

(R) 

Generic 
cream 

(Tb) vs. 
Generic 
gel (Ta) 

Geometric 
mean 

(90%CI) 

Geometric 
mean 

(90%CI) 

Geometric 
mean 

(90%CI) 

Adjusted 
p value* 

Adjusted 
p value* 

Adjusted 
p value* 

Jmax  
(μg/cm2/h) 
 

0.608 
(0.280-
1.32) 

 

0.701 
(0.295-

1.67 

0.612 
(0.247-
1.51) 

0.1896 
(ns) 

0.8019 
(ns) 

0.4349 
(ns) 

Total 
Permeation 
(μg/cm2) 
 

6.45 
(3.82-
10.9) 

6.71 
(3.75-
12.0) 

9.55 
(3.47-
26.2) 

0.9939 
(ns) 

0.2498 
(ns) 

0.2872 
(ns) 

Residual 
amount 
(μg/cm2) 

61.7 
(60.4-
62.9) 

64.3 
(59.9-
68.9) 

56.4 
(47.7-
66.6) 

0.7310 
(ns) 

0.4324 
(ns) 

0.1573 
(ns) 

Percentage 
recovery 

87.8 
(82.4-
93.5) 

90.2 
(84.9-
95.8) 

89.8 
(80.9-
99.7) 

0.5195 
(ns) 

0.5572 
(ns) 

0.9975 
(ns) 

*Significance was tested with repeated measure (RM) one way ANOVA followed by 
Tukey’s post hoc multiple comparison, ns= not significant. 
 

Scaled-Average Bioequivalence (SABE) analysis was based upon the natural log-

transformed total amount permeated and maximum flux rate (Jmax) (Table 3.6). Approach 

of SABE was provided in Chapter 2. SABE indicated that RLD and generic gel were BE, 

whereas generic cream was not BE to either gel. 
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Table 3.6 Formulation comparison 
 

Product  
comparison PK-metric Point 

estimate Swr 
Between
-Donor 

SD 

Upper 
95% 

SABE 
bound 

BE 
outcome 

Generic gel (Ta) vs. RLD gel (R) 
 Cumulative 

permeation 1.020 0.4763 0.0891 -0.1086 
ü 

Jmax 1.065 0.5580 0.1626 0.1388 
Generic cream (Tb) vs. RLD gel (R) 
 Cumulative 

permeation 1.4430 0.4763 0.5990 0.7019 
û 

Jmax 0.9879 0.5580 0.4043 0.0657 
Generic cream (Tb) vs. Generic gel (Ta) 
 Cumulative 

permeation 1.4151 0.5074 0.5129 0.4993 
û 

Jmax 0.9278 0.4929 0.2907 0.1967 
 

3.3.2 In Vivo PK Study on Healthy Subjects 

Seven healthy subjects were enrolled to complete the metronidazole PK study. The 

room temperature varied from approximately 22°C to 25°C. The room humidity varied 

from 32% to a little over 50%. Serum metronidazole concentration versus time profiles are 

shown in Figure 3.4.  Thin line represents the PK profiles for individual subject and the 

bold line represents the mean (± SD) serum concentration versus time profiles.  

 

Figure 3.4 Arithmetic mean ± SD (n=7 subjects) (bold line) and individual (thin line) 
metronidazole serum concentrations for three metronidazole topical drug products over 25 
h. Drug products were removed at 25 h. 
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High variability within and between individual profiles as well as PK parameters 

was demonstrated (Figure 3.5 and Figure 3.6).   

Figure 3.5 Individual metronidazole serum concentrations for three metronidazole topical 
drug products over 25 h. Drug products were removed at 25 h. TMET=metronidazole 
subject. 
 

Figure 3.6. Inter-individual variability in drug exposure (AUC0-25), Cmax and Tmax for 
metronidazole topical formulations used in clinical study. Black line represents geometric 
mean (± geometric SD). 
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After topical application of 4 g of metronidazole gel or cream, 0.75% (30 mg of 

metronidazole) to the upper arms in healthy adults, serum metronidazole concentrations 

ranged from undetectable to 250.6 ng/mL in samples obtained during the 25 h study 

duration following administration; serum metronidazole concentrations were below the 

limit of quantification of the assay (1 ng/mL) for a few time points in many of the subjects’ 

samples (one subject had no detectable serum concentrations at a majority of the time 

points for all three formulations). 

Cmax and AUC from individual subjects are summarized in Table 3.7. The key PK 

parameters are summarized in Table 3.8. There were no statistically significant differences 

among the two generics and RLD metronidazole topical drug products.   

Table 3.7 Cmax and AUC from individual subjects in clinical study  
 
 Cmax (ng/mL) AUC (ng/mL*h) 

RLD Generic 
gel 

Generic 
cream RLD Generic 

gel 
Generic 
cream 

TMET-002 71.8 42.1 114 592 520 332 
TMET-003 98.4 20.5 56.4 787 227 350 
TMET-005 8.03 13.5 8.28 67.2 118 51.8 
TMET-006 35.6 77.8 85.5 421 487 488 
TMET-007 125 171 15.9 229 332 131 
TMET-008 199 143 9.99 977 424 34.0 
TMET-009 11.8 112 251 48.9 559 668 
Geomean ± 
geometric 
SD 

48.0 ± 
3.37 

59.0 ± 
2.68 

40.6 ± 
3.73 

283 ± 
3.28 

341 ± 
1.75 

189 ± 
3.16 
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Table 3.8 Comparison of the three metronidazole 0.75% products in vivo (n=7 subjects) 
 

 

RLD gel 
(R) 

Generic 
gel 
(Ta) 

Generic 
cream 
(Tb) 

Generic 
gel (Ta) 
vs. RLD 
gel (R) 

Generic 
cream 

(Tb) vs. 
RLD gel 

(R) 

Generic 
cream 

(Tb) vs. 
Generic 
gel (Ta) 

Geometric 
mean 

(90%CI) 

Geometric 
mean 

(90%CI) 

Geometric 
mean 

(90%CI) 

Adjusted 
p valuee 

Adjusted 
p valuee 

Adjusted 
p valuee 

Tmax (h) 10.8 
(4.98-23.2) 

5.69 
(2.45-13.2) 

11.1 
(6.17-20.0) 0.3153 0.9406 0.4818 

Cmaxa 
(ng/mL) 

48.0 
(19.7-117) 

59.0 
(28.6-122) 

40.6 
(15.4-107) 0.9931 0.9995 0.9888 

Cssb 
(ng/mL) 

9.70 
(3.99-23.6) 

12.5 
(6.72-23.1) 

8.53 
(3.08-23.6) 0.9951 0.9824 0.9960 

Cssc 

(ng/mL) 
11.3 

(4.72-27.1) 
13.6 

(9.02-20.6) 
7.58 

(3.25-17.6) 0.8881 0.5375 0.8098 

AUC0-25 d 

(ng∙h/mL) 
283 

(118-677) 
341 

(226-515) 
189 

(81.3-441)	 0.8881 0.5375 0.8098 

AUC0-∞ 
(ng∙h/mL) 

433 
(203-924) 

516 
(421-631) 

356 
(177-717) 0.6748 0.4287 0.9024 

t1/2 (h) 5.36 
(3.37-8.54) 

5.72 
(3.21-10.2) 

5.81 
(3.73-9.06) 0.9580 0.9963 0.9789 

kel (1/h) 
0.129 

(0.0812-
0.206) 

0.121 
(0.0682-
0.216) 

0.119 
(0.0765-
0.186) 

0.9509 0.8848 0.9840 

CL/Fobs 
(L/h) 

68.9 
(32.5-146) 

58.3 
(47.1-72.2) 

79.3 
(39.4-160) 0.8227 0.9810 0.7186 

a Cmax is based on Cmax average of individual observed concentration vs time profile from 
n=7 subjects 
b Geometric mean serum concentrations from 0 to 25 h 
c AUC0-25h ÷ 25 h 
d Area under the concentration-time curve from 0 to 25 h 
e Significance was tested with RM one way ANOVA followed by Tukey’s post hoc 
multiple comparison 
AUC0-∞, t1/2, kel, Cl/Fobs for generic gel and generic cream are based on observed 
concentration vs time profile from n=6 subjects (TMET-005:  non-detectable serum 
concentrations at majority of time points) 
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For the equivalence analyses, 90% CI for geometric mean of ratio of log-

transformed AUC of generic gel over RLD gel, generic cream over RLD gel were 0.892-

1.24 and 0.720-1.20, respectively, and 90% CI for geometric mean of ratio of log-

transformed Cmax of generic gel over RLD gel, generic cream over RLD gel were 0.842-

1.38 and 0.640-1.40, respectively. The geometric mean of ratio of log-transformed AUC 

successfully predicted BE between the two gel products since the 90% CI was within the 

range of 0.80-1.25 based on the FDA definition of BE and distinguished the cream from 

the RLD gel. Whereas the 90% CI for Cmax was outside the predetermined range of 0.80-

1.25 for either gel to gel or gel to cream, and hence failed the BE criteria (Table 3.9). 

 
Table 3.9 BE criteria of metronidazole topical products with geometric mean ratios 
(test/reference) and 90% CI* 
 

 Geometric mean of ratio 90% CI 

Generic gel/RLD gel 
(Ta/R) 

Generic cream/RLD 
gel (Tb/R) Ta/R Tb/R 

AUC0-25 
(ng∙h/mL) 1.05 0.927 0.892-1.24 0.720-1.20 

Cmax 
(ng/mL) 1.08 0.948 0.842-1.38 0.640-1.40 

*AUC0-25 and Cmax was first log-transformed and the ratio of AUC0-25 (or Cmax) of test (T) 
versus reference (R) (T/R) and 90% CI of the geometric means were calculated. The 
formulations considered bioequivalent if the 90% CI for AUC0-25 and Cmax were within the 
range 0.80-1.25. 
 
3.3.3 Safety 

AEs were reported including pruritus, erythema, IV site pain, decreased BP and HR. 

TMET-002 had two occurrences of mild pruritus on right arm in one spot within the 

dosing area at 6 h during RLD gel session and at 1 h during generic cream session. Both 

occurrences were resolved as the subject moved arm, without sequelae and were assessed 

by the MAI and deemed to be within normal findings. TMET-005 experienced mild pain 
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at IV site at 5 h time point. TMET-007 developed mild erythema on the right antecubital 

from Coban tape due to skin sensitivity to Coban tape. TMET-006, TMET-007 and TMET-

009 experienced slight decrease in either BP or HR during the study likely due to extended 

bed rest. All AEs were grade 1 which indicated mild severity and were not associated with 

metronidazole and were all resolved without sequelae. 

3.3.4 IVIVC 

Level A IVIVCs were established between IVPT and in vivo PK study and best 

described by either a cubic or a quadratic polynomial equation, shown in Figure 3.7. 

Predicted serum concentration versus time profiles were compared with the observed 

values and are shown in Figure 3.8. Predicted serum concentration versus time profile 

aligned well with the observed mean in vivo profile. Predicted AUC for the two gels that 

are bioequivalent to each other matches very well to the observed AUC with %PE<10%. 

The IVIVC for the cream AUC was not as predictive with %PE=15.6%. The IVIVC model 

was not able to accurately predict Cmax as %PE was greater than 20% (Table 3.10). 

 

Figure 3.7 Correlations between the Fp from IVPT and Fa from clinical study for three 
metronidazole topical drug products 
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Figure 3.8 The predicted and observed (Mean ± SD; n=7 subjects) concentrations of 
metronidazole for the three metronidazole topical products using numerical deconvolution 
approach. 
 
Table 3.10 %PE for total AUC and Cmax using numerical deconvolution 

 

3.4 Discussion 

Generic drugs are approved based upon BE evaluation to show the same efficacy 

and safety as the RLD.  Clinical endpoint studies with matching effect on the disease state 

and clinical PK studies with matching blood level profiles are often desired for approval of 

a generic product. In vitro dissolution tests can be used as a surrogate BE test for specific 

types of oral drug products. For topical drug products, such as metronidazole, whose site 

of action is local tissues instead of systemic circulation, it is difficult to quantify drug in 

blood because the clinically relevant dose is often minimally detectable or even 

undetectable in the blood. Therefore, IVPT is a valuable methodology to develop to be 
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used as a surrogate in vitro test to quantify drug BA. In addition, IVPT can be essential for 

developing a predictive model such as IVIVC for use in drug development, which can save 

time and money in early or late-stage research. Hence, a harmonized in vivo study was also 

conducted so that IVIVC could be built and validated to determine if IVPT can be 

predictive of in vivo BA/BE of topical metronidazole products.  

BA, BE and IVIVC were assessed for one RLD and one generic metronidazole 

topical gel, 0.75% product and one generic 0.75% metronidazole topical cream, 0.75% 

product. Five human skin donors were used for IVPT studies, and seven healthy human 

subjects were recruited for in vivo clinical studies. The experimental conditions for in vitro 

and in vivo studies were harmonized. From flux profiles, IVPT results were able to indicate 

an overlapping trend of percutaneous metronidazole absorption between the RLD gel and 

generic gel, but a different trend for percutaneous absorption between the cream and either 

of the gel products. Even though the human subject enrollment had to be truncated at a 

smaller number of subjects than the original power analysis required, IVIVC and BE were 

evaluated with the available data.  Unlike the in vitro profile, in vivo serum concentration 

profiles showed no differentiation between gels and cream, with serum concentrations 

peaking at several time points during the study duration as well as toward the end of the 

study. High inter-individual variability between PK parameters (AUC, Cmax, Tmax) were 

also observed (Figure 3.5).  IVPT using SABE-based statistical approach showed two gels 

were bioequivalent while the cream was not bioequivalent to either gel. A 90% CI for AUC 

and Cmax were used in the in vivo PK study to evaluate BE. The CI for both AUC and Cmax 

for generic cream/RLD gel fell outside the expected BE limit of 0.80-1.25, which conforms 

with the IVPT BE prediction that the cream was not bioequivalent to the RLD gel. CI for 
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AUC for generic gel/RLD gel fell within the traditional bioequivalent limit indicating the 

bioequivalent relationship between the gels, whereas CI for Cmax fell outside the upper 

bound with a value of 1.377. The high inter-subject and within-subject variability observed, 

as well as the equivalent analyses result from the in vivo study were anticipated with studies 

involving topical metronidazole products. Topical antimicrobials are designed to treat 

infections at the surface of the skin or within the skin and are not designed to provide 

consistent controlled release of drug into the systemic circulation. The discrepancy arises 

from multiple reasons, including a truncated sample size (n=7 subjects) as compared to the 

projected n=12 based on the power analysis calculation and similar to that reported by 

Panetta et al.16 to achieve a power of at least 80% with an acceptable maximum predicted 

error within 25% on the AUC.181, 182  In addition to small sample size, the site of action 

of metronidazole topical drug product is local tissue instead of systemic circulation; 

therefore, it was minimally absorbed into the bloodstream, even though a large surface area 

was dosed. Additionally, the difference in absorptive profiles delineated in the highly 

sensitive IVPT studies was very small and may be very difficult to discern in clinical data, 

even with a larger number of subjects.  A major difference between the skin from human 

subjects used in the clinical study and the excised human skin used for IVPT is the presence 

of skin appendages (mainly hair follicles and the sweat glands). Metronidazole, with a 

partition coefficient in octanol-water of -0.15,  is an extremely hydrophilic drug; therefore, 

it may have had significant transport through these skin appendages (shunt route).53  These 

skin appendages lack the significant SC lipid bilayers and may offer low resistance to rapid 

diffusion of metronidazole bypassing the SC.183  Thus, the shunt route transport of 

metronidazole may introduce more variability to the serum concentration profile and make 
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it not as uniform as IVPT, which mostly provides a measurement of drug traversing through 

lipid bilayers of the SC.  Furthermore, the vehicles used in the metronidazole topical 

formulations can highly impact the extent of shunt route drug delivery.184  The presence of 

an organic solvent can remove sebum from the follicular duct and enhance drug permeation 

through the shunt route; therefore, exhibiting multiple peaks in serum profiles in vivo that 

are not seen in IVPT.185  The presence of organic cosolvents and permeation enhancers like 

propylene glycol in the gel formulations may enhance metronidazole absorption via the 

shunt route in vivo, as well as cause an earlier peak in the absorptive profiles from the gels 

in the IVPT data.  However, the magnitude of the propylene glycol effect in the IVPT data 

is not significant enough to translate to a difference in the human study profiles.  The 

cream formulation contained an oil phase of wax, which can retain the metronidazole on 

the surface of the skin for a longer period, as seen in the IVPT study without significant 

shunt route absorption.  However, high water solubility of the metronidazole still shows 

significant potential shunt route absorption peaks in the healthy subject cream data. It 

would be interesting to examine the IVIVC between a gel and a cream that have a much 

more significant difference in absorption in IVPT and see at what point that difference can 

be detected in a human study. 

Many studies have demonstrated similarities between IVPT studies through excised 

human skin and in vivo PK studies with humans.77, 86, 123, 143, 186  The main goal of this 

work was to develop a IVIVC model between datasets from harmonized IVPT studies and 

an in vivo PK study for topical drug products. An IVIVC model was developed by first 

UIR based deconvolution of an in vivo PK profile to obtain the in vivo fraction of absorption. 

A correlation between in vivo fraction absorbed and in vitro fraction permeated was 
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established based on seven overlapping time points between the in vitro and in vivo study 

designs. Currently, there is no FDA guidance on IVIVC for topical and transdermal 

formulations, thus, the FDA guidance on IVIVC for ER oral dosage forms was used as a 

reference guidance for the current study. Overall, for the two gel products, the predicted 

serum concentration versus time profile matched well with the observed data with %PE 

less than 10% between predicted AUC and observed AUC, which established the 

predictability of the IVIVC correlation model based on this guidance, but the IVIVC for 

the cream AUC was not as predictive, %PE=15.6%, which indicated inconclusive 

predictability of the IVIVC correlation model. The polynomial regression models were 

built from the observed in vitro drug permeation and in vivo drug absorption, and therefore 

used to predict in vivo drug absorption from observed in vitro drug permeation. The IVPT 

results (Table 3.4), with the exception of donor 4, showed the highest percutaneous 

absorption over time for the generic topical cream among the three tested topical products 

and are contradictory to what was observed from in vivo data, where the cream has the 

lowest AUC for more than half of the subjects (Table 3.7). This contradiction likely over-

predicted the in vivo drug absorption in the polynomial regression models, which lead to 

the over-predicted AUC under the serum concentration time curve, although all the data 

from the three products is quite similar in this small number of subjects. As expected, due 

to high variability associated with complex topical drug products as well as inherent inter-

subject variation, Cmax values were underpredicted for all three formulations (Table 3.10).  

This suggests that Cmax may not be an ideal indicator for IVIVC model predictability for 

topical formulations.  In the present study, data from IVPT with excised human skin and 

in vivo PK study on healthy human subjects were used, along with a numerical 
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deconvolution method to establish IVIVC. There are some limitations associated with this 

approach. IVPT was likely not as predictable for the humans because it has no shunt routes 

for absorption. Another limitation with the use of excised and dermatomed human skin is 

the lack of living tissue, underlying supportive structure, metabolic activity and general 

circulation that might affect metronidazole absorption through the skin into the receptor 

solution.187, 188  Furthermore, variations in anatomical site (abdomen vs upper arms) used 

as well as age groups investigated (45-68 years old vs 21-40 years old) between the in vitro 

and in vivo protocol might also influence metronidazole BA. The use of in vivo PK study 

assumed that the selected dosing amount (4 g) would provide sufficient systemic 

metronidazole concentrations to characterize systemic BA. However, the results have 

shown most subjects had metronidazole serum concentrations that were undetectable at 

some time points during the study and one subject had undetectable concentration for most 

time points. Therefore, the percentage of in vivo absorption of drug would possibly be 

underestimated.  

3.5 Conclusions  

IVIVC is a useful biopharmaceutical tool for the validation of in vitro methods to 

accurately quantify the BA of drug products in vivo. The work presented here used the in 

vivo data set obtained from the PK study, along with the IVPT data to develop a Level A 

IVIVC model following the administration of three metronidazole 0.75% topical drug 

products to demonstrate whether IVPT can be reliably correlated with and be predictive of 

the in vivo performance of metronidazole delivery. Overall, predicted AUC for the two gels 

that are bioequivalent to each other matched very well to the observed AUC (%PE <10%). 

The predicted AUC for the cream also matched the observed value with %PE < 20%. The 
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IVIVC model was not able to predict Cmax due to large inter-subject variability associated 

with a highly variable drug product not intended for reproducible systemic absorption. 

Standard procedures for IVPT method development and validation have only been 

established for a handful of topical drug products. To determine and validate the usefulness 

of IVPT studies and predictability of IVIVC models in determining topical drug BA, more 

studies with additional topical drug products that have different physiochemical properties 

are necessary. 
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Chapter 4: Evaluation of Heat Effects on Rivastigmine Transdermal Delivery 

System in Porcine and Human Skin using In Vitro Permeation Testing  

4.1 Introduction 

The transdermal route of drug administration is known to be an advantageous and 

reliable method of drug delivery, as it provides controlled drug absorption into the 

bloodstream, maintains a steady plasma concentration, and avoids first-pass metabolism of 

drug. Potential side effects such as nausea and diarrhea are often associated with the oral 

drug delivery route, and some of these can be avoided or reduced with transdermal 

administration. Improved patient compliance and convenience are benefits of transdermal 

drug administration, because of its painless, non-invasive and infrequent dose 

administration.189  Scopolamine, used to treat motion sickness or postoperative nausea and 

vomiting, was the first drug approved for use in the United States in 1979 as a transdermal 

delivery system (TDS).26 Within 20 years, nine additional TDS (including estradiol, 

fentanyl and nicotine) were approved for medical use.20  Currently, more than twenty 

drugs have been U.S. Food and Drug Administration (FDA)-approved for transdermal 

administration and commercialized as prescription products as well as over-the-counter 

products.190  Due to wide acceptance and high demand for transdermal drugs by patients 

and medical care professionals, it is essential to develop generic versions that are 

therapeutically equivalent to the reference listed drug (RLD) products and affordable to the 

public. As with the development of any generic product, complex quality and critical 

attributes must be evaluated in comparison to the RLD.191  Independently, multiple factors 

such as skin condition, skin source, humidity, excipients and components of the TDS 

design can affect drug release and skin permeation from TDS.192  TDS can also be 
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subjected to heat exposure externally from a hot bath, sauna, heating pad, electric blanket 

or heat lamp that is outside the RLD’s labeled use or internally from an elevated body 

temperature due to fever or strenuous exercise.108  Exposure to heat may alter the rate and 

extent of drug delivery, impacting pharmacodynamics in patients leading to drug efficacy 

and safety concerns.113  Such changes may be heavily dependent on the TDS design, 

formulation and composition, such as the active pharmaceutical ingredient (API) and 

excipients. Though a generic TDS is expected to be bioequivalent to its RLD TDS as 

described in the RLD product label, generic TDS and the corresponding RLD are not 

required to be Q1 and Q2 similar.114   Therefore, the effect of an elevated temperature can 

affect drug delivery from a RLD product and its generic to a different extent due to 

formulation differences. Since clinical studies are costly, time consuming and may expose 

human subjects to risks associated with increased drug exposure, it is important to develop 

an optimized and clinically relevant in vitro method to serve as a surrogate for in vivo 

pharmacokinetic (PK) studies to compare heat effects on drug bioavailability (BA) of a 

TDS. Multiple topical and transdermal products have been evaluated with in vitro methods 

under elevated temperatures, and the effect from heating can impact drug release and skin 

permeation of the products differently.102-106   For instance, IVPT studies with porcine and 

human skin demonstrate enhancement in flux and cumulative drug permeation under 

elevated (42°C) skin temperature compared to normal skin temperature (32°C) for topical 

diclofenac 1.3% patch, 2% solution, 1% gel and 3% gel, with 2% diclofenac solution 

showing the most significant heat induced enhancement effect.102  In another study 

conducted by Otto and de Villiers, drug release of a topical gel of ketoprofen, diclofenac 

sodium and lidocaine hydrochloride were studied under two heated systems.105 The first 
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system was a Vanderkamp 600 dissolution tester, where the temperature was modulated to 

increase the dissolution medium from 32°C to 42°C.  The second system involved 

incorporating iron powder as a heating source in a transdermal patch. As the patch was 

exposed to oxygen, heat was produced from the oxidation reaction of the iron powder and 

increased the temperature of the patch to close to 40°C. Both heated systems increased flux 

and percent drug release as the temperature increased.105  Oxybutynin TDS and isosorbide 

dinitrate TDS were both examined at room temperature, 36°C and 45°C on human 

epidermal membrane with Franz diffusion cells. Heat increased flux values of isosorbide 

dinitrate 2.6 to 2.8-fold higher compared to room temperature, while heat had a less 

profound impact on oxybutynin TDS as flux values were only approximately 1.2-fold 

higher than at room temperature.103  Depending on the design and composition of TDS 

systems with the same drug, heat effect can also vary. Prodduturi et al. evaluated heat effect 

on fentanyl release and permeation through heat-separated human epidermis from a 

reservoir and matrix TDS using a US Pharmacopoeia dissolution apparatus 5 at either 32°C 

or 40°C for up to 72 h.106  Results showed comparable fentanyl release and permeation for 

both TDS types with normal skin temperature (32°C). Permeation rate at 40°C was 2-fold 

higher compared to 32°C over the initial 24 h for both TDS, but total drug permeation at 

72 h was higher with the reservoir fentanyl TDS than the matrix fentanyl TDS.106 Shin et 

al. studied the effect of short-term heat exposure on percutaneous drug absorption from 

nicotine and fentanyl TDS on porcine skin with In-Line flow through diffusion cells.104  

They concluded IVPT could demonstrate heat effect in vitro when heat was applied for the 

entire recommended wear time duration (24 h for nicotine; 72 h for fentanyl) for each 

respective TDS, as well as when heat was applied for a short period of time (1 or 2 h; 
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nicotine and fentanyl, respectively). However, heat influenced nicotine and fentanyl TDS 

to a different extent depending on how the TDS was formulated.104  In-Line flow through 

cell use was more suitable than a vertical diffusion cell since the design allowed continuous 

flow of receptor solution to maintain sink conditions and allow rapid drug clearance, which 

can better mimic the in vivo situation.136, 137 

In this research, the model drug was rivastigmine. It is used to treat mild to 

moderate dementia related to Alzheimer’s and Parkinson’s disease and is available in oral 

capsules and TDS.55 The RLD rivastigmine TDS was U.S. FDA approved in 2007 followed 

by the first generic version in 2015. The two rivastigmine TDS evaluated have the same 

delivery rate and are both matrix-type TDS with two separate matrix layers containing drug 

and adhesive individually. However, they are different in adhesive type, drug matrix 

composition, drug load, as well as excipients, as shown in Table 4.1.59, 193  Therefore, the 

effect of controlled heat on the comparative BA of rivastigmine from a RLD and generic 

TDS, different in composition, was investigated in these studies. 

The IVPT studies involved two parts: 1) initial studies evaluating the effect of 

continuous and transient heat exposure on rivastigmine delivery through porcine skin to 

optimize experimental conditions and 2) studies characterizing heat effect on rivastigmine 

delivery through human skin. During IVPT, the surface temperature of porcine skin or 

human skin was controlled to mimic typical physiological temperature (32 ± 1°C) or 

elevated temperature (42 ± 2°C) to study the effect of short and long-term heat exposure. 

It was hypothesized that well designed and controlled IVPT studies will predict the heat-

influenced drug absorption behavior of RLD and generic rivastigmine TDS that have 

different formulations. The findings of this research will be valuable for establishing 
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validated methods for future heat effect comparisons of a generic product to its respective 

RLD. 

4.2 Material and Methods 

4.2.1 Materials  

Ammonium phosphate monobasic, monopotassium phosphate, dipotassium 

phosphate and sodium chloride were purchased from Fisher Scientific Inc. (Fair Lawn, NJ). 

Buffers were all filtered through a membrane filter, 5 µm pore size (MilliporeSigma; 

Burlington, MA). Methanol, acetonitrile, and ethyl alcohol were purchased from Sigma 

Aldrich (St. Louis, MO). All reagents used were of analytical grade or better. Purified water 

was supplied in-house with a Milli-Q® purification system (EMD Millipore; Billerica, MA). 

Exelon® TDS (RLD rivastigmine) (Novartis; Basel, Switzerland) and generic rivastigmine 

TDS (Alvogen; Pine Brook, NJ) were purchased through Cardinal Health (Dublin, OH).  

Two delivery rates (4.6 mg/24 h and 9.5 mg/24 h) were used. Exelon® TDS of 5 

cm2 or 10 cm2 has a drug load of 9 mg or 18 mg of rivastigmine, respectively. Generic 

rivastigmine TDS of either 4.6 cm2 or 9.2 cm2 contains 6.9 mg or 13.8 mg of rivastigmine, 

respectively.  Since the delivery rate differences are only based on the size of the TDS, the 

amount of rivastigmine applied would be equivalent despite the difference in delivery rates 

being used in IVPT studies (Table 4.1). 
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Table 4.1 Characteristics of rivastigmine TDS used in the study 
  

Exelon® TDS (RLD) 
4.6 mg/24 h; 

NDC#0078-0501-15 
9.5 mg/24 h; 

NDC#0078-0502-15 

Alvogen TDS (generic) 
4.6 mg/24 h; 

NDC#47781-304-03 
9.5 mg/24 h 

NDC #47781-305-03 

Adhesive type Silicone Polyisobutylene 
acrylate-vinyl acetate 

Inactive 
ingredients acrylic copolymer, poly 

(butylmethacrylate, 
methylmethacrylate), 

flexible polymer backing film, 
silicone oil and vitamin E 

colloidal silicon dioxide, light 
mineral oil, polyisobutylene 

adhesive, acrylate-vinyl acetate 
pressure sensitive adhesive, 
aluminum coated polyester 

backing 

TDS 
description 

5 cm2, 9 mg rivastigmine 
10 cm2, 18 mg rivastigmine 
IVPT:0.97 cm2, 1.8 mg/cm2 

4.6 cm2, 6.9 mg rivastigmine 
9.2 cm2, 13.8 mg rivastigmine 
IVPT:0.97 cm2, 1.5 mg/cm2 

 

4.2.2 Skin Preparation 

Full thickness female Yucatan miniature porcine skin (six months old) was obtained 

from Sinclair Bio Resources, LLC (Auxvasse, MO). Porcine skin was used for the initial 

IVPT studies with four replicates per study condition per product.Human skin was acquired 

through the NCI Cooperative Human Tissue Network. Each skin piece was harvested 

during abdominoplasty surgery with patient’s consent. Five human skin donors were used 

for final IVPT studies; demographic information is summarized in Table 4.2. 

Dermatomed skin samples, with thickness of 0.250 ± 0.050 mm, were used for the 

IVPT studies. On the day of the experiments, skin was thawed and measured to make sure 

its thickness was within the accepted criteria. Transepidermal water loss (TEWL) was 

measured using an open chamber cyberDERM RG1 evaporimeter (cyberDERM, Inc; 

Broomall, PA) to verify barrier integrity of the skin to eliminate aberrant skin sections with 



 79 

microscopic holes or tears. Skin pieces used in the IVPT studies had TEWL reading less 

than 15 g/m2/h. The mean (± SD) porcine skin thickness and TEWL measurement across 

all porcine skin used was 0.243 (0.0254) mm and 4.81 (2.63) g/m2/h, respectively. The 

mean (± SD) human skin thickness and TEWL measurement for all human skin pieces used 

was 0.254 (0.0247) mm and 3.01 (1.73) g/m2/h, respectively. 

Table 4.2 Demographic information for human skin donors 
 

 Donor (n=5) 
Age in years 
   Mean (SD) 
   Range 
Gender, n (%) 
   Male 
   Female 
Ethnicity, n (%) 
   African American 
   Caucasian 

 
54.4 (16.5) 
41-79 
 
0 (0) 
5 (100) 
 
1 (20) 
4 (80) 

 

4.2.3 In Vitro Permeation Testing 

IVPT was carried out using a PermeGear In-Line flow-through diffusion cell 

system (PermeGear, Inc; Hellertown, PA) coupled with a heated circulating water bath 

serving as the temperature modulator under various study conditions. Skin was cut into 4.8 

cm2 square pieces and placed on the membrane support inside the diffusion cell with 

epidermis layer facing upwards. Isotonic potassium phosphate buffer (PBS) (pH 7.4 ± 0.1) 

was used as the receiver solution to fill the receptor chamber and the flow rate was set to 1 

rpm (~1.0 mL/h). Skin in the diffusion cell system was allowed to equilibrate. Skin surface 

temperature was adjusted to either 32 ± 1°C or 42 ± 2°C according to the individual study 

requirement and verified with a Traceable™ infrared thermometer (Fisherbrand™; Fair 

Lawn, NJ) prior to dosing. To achieve an elevated skin temperature for the transient heat 
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design, the water in the heated circulating water bath was replaced with pre-heated water 

30 min prior to targeted skin temperature. Immediately following the end of heat exposure, 

ice was used to cool the water and return the skin surface to 32 ± 1°C. TDS was cut into a 

circular disc to cover the permeation area of 0.95 cm2 and was applied on top of the skin. 

To ensure good adhesion and prevent lifting, an inverted HPLC vial was used to apply mild 

pressure on the disc followed by placing a 4.8 cm2 square piece of polypropylene fabricated 

surgical mesh (0.15 mm monofilament, 3.0 x 2.8 mm pores, 47 GSM; SurgicalMesh™ 

Division of Textile Development Associates, Inc; Brookfield, Connecticut) over the disc. 

Fraction collector was programmed to automatically collect samples at predetermined time 

points. Rivastigmine concentrations were analyzed using a validated high performance 

liquid chromatography (HPLC) method. 

IVPT studies were performed in two stages. For IVPT studies with porcine skin, 

three different experimental sets were conducted. In porcine skin study 1, the study was 

performed according to Baseline I and the Continuous Heat study design. In porcine skin 

study 2, the study was performed according to Baseline II and Transient Heat I study design. 

In porcine skin study 3, a comparison was performed based on Baseline II and Transient 

Heat II study design.  For both Baseline I and Baseline II study designs, skin temperature 

was maintained at 32 ± 1°C. For the Continuous Heat design, skin temperature was 

maintained at 42 ± 2°C. Transient Heat I and Transient Heat II designs, skin temperature 

was maintained at 32 ± 1°C except when the skin was exposed to heat 42 ± 2°C between 5 

to 6.5 h. Sampling points are shown in Figure 4.1 A. In stage II, IVPT studies were 

performed on human skin. For Baseline III design, skin temperature was maintained at 32 

± 1°C. For Transient Heat III design, skin temperature was maintained at 32 ± 1°C except 
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when the skin was exposed to heat 42 ± 2°C between 5 to 6.5 h. Sampling points are shown 

in Figure 4.1 B.  

(A) 

(B)  

 
Figure 4.1 Schematic diagrams of (A) Five IVPT porcine skin study designs and (B) Two 
IVPT human skin study designs. Bold is where heat was applied. 
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4.2.4 Analytical Method 

A Waters® Alliance e2695 Separations Module with column heater coupled with a 

Waters® 2489 Dual Absorbance Wavelength Detector operated by Waters Empower™ 

software (Milford, MA) was used to analyze the samples.  The rivastigmine peak was 

detected with a Waters Symmetry C18 column (5 µm, 4.6 x 250 mm) with a Phenomenex 

SecurityGuard™ C18 cartridge (5 µm, 4 x 3.0 mm) at wavelength of 210 nm. The mobile 

phase was composed of 25:75 (v/v) acetonitrile:20 mM ammonium phosphate monobasic 

and flow rate was set to 1 mL/min. Rivastigmine stock solution was prepared in methanol 

and stored at -20°C. Rivastigmine IVPT samples were diluted with acetonitrile (25:75, v/v) 

prior to analysis. Calibration standards were freshly prepared in the same matrix as the 

IVPT samples (25:75, v/v acetonitrile:PBS) and extraction samples (25:75, v/v 

acetonitrile:20 mM ammonium phosphate monobasic).  Fifty µL of prepared sample was 

injected into the HPLC and injections were carried out in duplicate. Rivastigmine had a 

retention time of 5.5 min. Linearity of the calibration curve ranged from 0.05 to 100 µg/mL. 

Precision for each concentration level including the lower limit of quantification (LLOQ) 

was measured and within 15% of the nominal value. The limit of detection and LLOQ of 

rivastigmine were both 0.05 µg/mL. 

4.2.5 Data and Statistical Analysis  

Rivastigmine permeation was calculated for each sampling interval in each study. 

The amount of rivastigmine permeated was the product of the rivastigmine concentration 

in each fraction (µg/mL), volume of fraction fluid and dilution factor (4/3). The volume of 

fraction fluid was measured as the weight of fluid (in g) over its density (~1 g/mL). Average 

flux (µg/cm2/h) was calculated by dividing the amount of rivastigmine permeated during 
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each sampling interval by the duration of the interval and area of permeation (0.95 cm2). 

Flux profile for each product was obtained by plotting average flux against time (0-24 h). 

For studies with porcine skin, mean of each parameter for each formulation was obtained 

by averaging the replicates (n=4). For studies with human skin, mean of each parameter 

was obtained by first averaging within the donor and then between donors. SEM was 

calculated as the ratio of SD for the means of each parameter for each donor and the number 

of donors (n=5).  

Statistical analysis was performed using GraphPad Prism® software (version 7, La 

Jolla, CA). All data for porcine skin studies are expressed as mean ± SD and all data for 

human skin studies are expressed as mean ± SEM, unless otherwise noted. An unpaired or 

paired Student’s t test, when appropriate, was used for comparing the differences in the 

means in the baseline and heat design for each TDS and significant differences declared at 

p < 0.05 and significance was indicated as follows: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; 

****p ≤ 0.0001.   

4.3 Results  

The initial IVPT study evaluated the RLD and generic TDS either under normal 

physiological skin temperature (32 ± 1°C) or under continuous exposure of heat (42 ± 2°C) 

for 24 h (label wear time). Rivastigmine samples were collected every 2 h. Both RLD and 

generic TDS showed a steady and continuous absorption of rivastigmine under normal 

physiological temperature over 24 h (Figure 4.2 A). Mean maximum flux (Jmax) was 

calculated from averaging the Jmax across each individual flux profile for each experimental 

condition for both TDS. A significantly higher Jmax for continuous heat was observed (RLD 

TDS: **p=0.0026; generic TDS: ***p=0.0001) compared to the baseline skin temperature 
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(Figure 4.2 B). The impact of continuous heat was more profound with the generic TDS 

compared to RLD TDS during Jmax.  In addition to Jmax, the mean flux values at 42 ± 2°C 

measured at all time points were significantly higher (p < 0.05) compared to the mean 

baseline flux values for both RLD and generic rivastigmine TDS. Cumulative rivastigmine 

permeation for both TDS were significantly higher with continuous heat exposure 

compared to the baseline with a 2.5-fold and 2.1-fold increase for RLD (**p=0.0053) and 

generic TDS (***p=0.0002), respectively (Figure 4.2 C). Mean heat enhancement ratio 

was 2.7 and 2.2 for RLD and generic TDS, respectively.  

Figure 4.2 (A) Mean (± SD) flux profiles. (B) Mean Jmax (± SD). (C) The mean (± SD) 
total cumulative amount of rivastigmine permeated over 24 h from two rivastigmine TDS 
with continuous heat exposure (42 ± 2°C) compared to Baseline I (32 ± 1°C) (**p ≤ 0.01; 
***p ≤ 0.001). (n=4 replicates per study design per product) 
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Therefore, transient heat effect at worst-case scenario between 5 to 7 h was selected for the 

second study. In the second study, a short heat duration (~1.5 h) was applied to the RLD 

and generic TDS between 5 h and 6.5 h. Similar to the first study, skin temperature was 

maintained at 42 ± 2°C during heat exposure and samples were collected every 2 h for 24 

h.  Mean flux profiles are shown in Figure 4.3 A. No significant difference (p > 0.05) 

between heat and baseline Jmax for RLD TDS was observed (Figure 4.3 B). In comparison, 

Jmax and cumulative permeation were significantly higher under transient heat exposure for 

the generic TDS. (Figure 4.3 B, Figure 4.3 C).  

Figure 4.3 (A) Mean (± SD) flux profiles of the two rivastigmine TDS over 24 h with 
Transient Heat I design (42 ± 2°C) compared to Baseline I (32 ± 1°C).  (B) Mean Jmax (± 
SD). (C) The mean (± SD) total cumulative amount of rivastigmine permeated over 24 h 
from two rivastigmine TDS with transient heat exposure (42 ± 2°C) compared to Baseline 
I (32 ± 1°C). Statistical significance was tested between Jmax for RLD and generic TDS 
during heat exposure and that from baseline profile (*p ≤ 0.05; **p ≤ 0.01). (n=4 replicates 
per study design per product) 
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Jmax calculated for each replicate from baseline was between 8 h to16 h and 8 h to 14 h for 

RLD and generic TDS, respectively, which varied more than from the Transient Heat I 

design that remained constant at 8 h for both RLD and generic TDS. The mean heat 

enhancement ratio was 1.4 and 2.3 for RLD TDS and generic TDS, respectively.  

The third study characterized the flux profile with increased sampling frequency as 

shown in the Figure 4.4 A. Mean Jmax with heat exposure (42± 2°C) for each TDS occurred 

at 6.75 h and 6.5 h for RLD and generic TDS, respectively, and was significantly higher (p 

< 0.05) compared to Jmax under the baseline condition (p=0.0207 for RLD TDS; p=0.0091 

for generic TDS) (Figure 4.4 B). No significant increase in total permeation of the two TDS 

was observed (Figure 4.4 C). Mean heat enhancement ratios at 6.75 h and 6.5 h for RLD 

and generic TDS were 1.9 and 2.3, respectively. 

Figure 4.4 (A) Mean flux (± SD) profiles of the two rivastigmine TDS over 24 h with 
Transient Heat II design (1.5 h heat exposure at 42 ± 2°C) compared to Baseline II design 
(32 ± 1°C).  (n=4 replicates per study design per product). (B) Mean Jmax (± SD). (C) The 
mean (± SD) total cumulative amount of rivastigmine permeated over 24 h from two 
rivastigmine TDS with transient heat exposure (42 ± 2°C) compared to Baseline I (32± 
1°C). Statistical significance was tested between Jmax for RLD and generic TDS during heat 
exposure and that from baseline profile (*p ≤ 0.05; **p ≤ 0.01). (n=4 replicates per study 
design per product) 
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 With the IVPT studies conducted with human skin, the number of sampling time 

points during heat application was increased to best capture the profile changes due to 

transient heat exposure. Based on the mean flux profiles, Jmax during heat exposure (42 ± 

2°C) occurred at 6.5 h and was significantly higher (p=0.0018 for RLD TDS; p=0.0069 for 

generic TDS) compared to the baseline flux for both TDS (Figure 4.5 A, Figure 4.5 B). In 

addition to a flux increase during heat exposure, flux remained significantly higher than 

before heat exposure and after heat was removed, and the heat effect lasted longer with the 

RLD TDS compared to the generic TDS (Figure 4.6).  

Figure 4.5 (A) Mean flux (± SEM) profiles of the two rivastigmine TDS over 24 h with 
Transient Heat III design (1.5 h heat exposure at 42 ± 2°C) compared to Baseline III design 
(32 ± 1°C). (B) Statistical significance was tested between Jmax for RLD and generic TDS 
during heat exposure and that from baseline profile (ns: not significant; **p ≤ 0.01) (n=5 
human skin donors per study design per product). (C) Statistical significance was tested 
between the Jmax enhancement ratio for RLD and generic TDS. 
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Figure 4.6 Statistical significance was tested using paired t-test between flux value before 
heat application (at 4 h) and the flux values at corresponding time points (6.5 h, 7.5 h, 8 h, 
8.5 h and 9 h) during heat application and after heat was removed. (*p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001, ns=not significant)  
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Figure 4.7 Comparison of (A) Partial permeation (± SEM) during heat effect window and 
(B) Total permeation (± SEM) of rivastigmine over 24 h between Transient Heat III design 
and Baseline III design from RLD and generic TDS. (n=5 human skin donors, with 4 
replicates per study design per product) Statistical significance was tested using paired t-
test between partial permeation during heat effect window of Transient Heat III design and 
that value from same period of Baseline III design. Similar paired t-test was used to 
compare total permeation of rivastigmine over 24 h IVPT study from Transient Heat III 
design and that from Baseline III design. (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001, ns=not 
significant) 
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that the maximum tolerable skin surface temperature in humans is approximately 42-43°C, 

rivastigmine TDS studies at this temperature will likely represent the worst-case scenario 

for TDS exposure to an elevated temperature.196-198 

In the current study, the duration of heat application was set at 1.5 h to avoid 

potential thermal injury to skin to healthy subjects for the harmonized clinical study. Two 

main heating methods are discussed in the literature, heat lamp method or a water bath 

method.24 The former provides evenly distributed heat to diffusion cells from ~15-20 cm 

above the external surface of the TDS to model an external heat source in vivo. The 

circulating water bath controlled the skin temperature in the diffusion cells via the Cell 

Warmers. Thus, the water-bath method can be viewed as a model for an internal heat source 

in vivo, similar to the temperature increase caused by a fever or exercise.24 The current 

study employed the water bath method, because it is more precise and the heat is evenly 

distributed to the skin surface, similar to a heating pad. To optimize a heat effect IVPT 

protocol, it is essential to select a heat application duration that is clinically relevant and 

when heat effect will be most pronounced. From the initial study, the RLD and generic 

TDS both exhibited an enhanced delivery of rivastigmine when exposed to continuous heat 

for 24 h, with a higher delivery rate than the respective baseline delivery at normal skin 

temperature. Heat effect was most prominent at approximately 6 h for both RLD and 

generic TDS. The mean flux at 6 h for both TDS under continuous heat exposure was 

significantly higher (p < 0.05) compared to the baseline condition. Total cumulative 

amount of rivastigmine delivered through porcine skin under elevated temperature 

exposure at 6 h was also significantly higher (p < 0.05) compared to the baseline conditions 
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(Figure 4.2). Thus, an early heat application between 5 h and 6.5 h was selected to evaluate 

the effect of transient heat exposure in the subsequent experiments.  

Based on the studies, frequency of sampling time points is crucial for determining 

the magnitude and amplitude of the heat effect, especially for future regulatory guidance 

development. For studies 2 and 3, eleven additional sampling points were added during 

and after heat application. There was a clear shift in the time when mean Jmax was observed 

for both RLD and generic TDS from 8 h to 6.75 h and 8 h to 6.5 h, respectively. 

Significantly higher flux values during peak flux period were observed at 42°C in study 3 

for both RLD and generic TDS relative to baseline temperature. However, a significantly 

higher flux was only observed for the generic TDS during heat exposure in study 2 with 

transient heat application, which may be due to an insufficient number of sampling points 

(Figure 4.3).  

Overall, studies with a single porcine skin donor were able to provide valuable 

information for the identification of critical factors when designing heat effect studies. This 

was also evident in the human skin studies. By increasing the number of sampling points 

during heat exposure, the amplitude of heat effect was able to be assessed. Furthermore, 

given the design or composition complexity of TDS products, it was reasonable to 

anticipate that the magnitude of heat effect might be different for TDS of the same drug as 

well. Results demonstrated the RLD TDS has a more prolonged heat effect compared to 

the generic TDS as the flux remained significantly elevated even after 2 h of heat removal, 

whereas the flux for generic TDS only remained significantly elevated after 1.5 h of heat 

removal (Figure. 4.7). However, both TDS showed a comparable heat enhancement ratio 

of 2 during the heat effect window. Both TDS evaluated have the same API at the same 
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delivery rate, while they varied in adhesive type (silicone vs polyisobutylene/acrylate-vinyl 

acetate mixed), excipients (silicone oil/vitamin E vs mineral oil/colloidal silicon dioxide) 

and drug load per unit area (1.8 mg/cm2 vs 1.5 mg/cm2), which could likely affect 

rivastigmine permeation through skin to a different extent under transient heat exposure.  

In vivo studies with human subjects will be discussed in Chapter 5 and are warranted to 

further understand the effect of heat exposure on systemic absorption of the same two 

rivastigmine TDS. This will evaluate the effectiveness of the IVPT model to be used for 

the comparative heat effect on generic TDS products.  

4.5 Conclusion 

Carefully designed and optimized IVPT studies using excised porcine and human 

skin have the potential to compare changes in the rate and extent of transdermal drug 

delivery from RLD and generic TDS under the influence of heat exposure. The clinical 

study with healthy human subjects using a harmonized study design was completed. Data 

from the human skin IVPT studies was used, along with serum PK data from human 

subjects to develop an in vitro-in vivo relationship to demonstrate that in vitro 

measurements can be reliably correlated and predictive of the in vivo performance of drug 

delivery under the influence of heat exposure.  
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Chapter 5: Evaluation of In Vitro-In Vivo Correlations for Two Rivastigmine 

Transdermal Delivery Systems under the Influence of Transient Heat Application 

by In Vitro Skin Permeation Testing and a Human Pharmacokinetics Study 

5.1 Introduction 

There are numerous transdermal delivery systems (TDS) that are currently 

available in the United States with the first approved by the U.S. Food and Drug 

Administration (FDA) in 1979.20  TDS offer important advantages over other routes of 

administration, particularly oral dosage forms. Transdermal delivery is often used as an 

alternative to oral formulations for circumventing liver first-pass metabolism and providing 

controlled drug release which helps maintain a steady plasma drug concentration, 

alleviating potential side effects such as nausea and vomiting often associated with oral 

formulations. Most TDS on the market are matrix type with drug mixed into adhesive or 

an adhesive overlay. Both types of TDS are minimally invasive and easy-to-apply systems 

that improve patient compliance. Due to wide acceptance of TDS by patients and medical 

care professionals, it is essential to develop lower-cost generic TDS that are similar in 

efficacy and safety as the reference listed drug (RLD) products. Drug permeation from 

these TDS can vary significantly depending on a number of factors including system design, 

physicochemical properties of the drug, excipients, occlusion, sweat, skin condition, skin 

type and temperature.192  Heat from external sources such as a hot bath, sauna, heating pad, 

electric blanket or heat lamp, and potentially from an elevation of core body temperature 

as a result of fever or strenuous exercise, may alter the rate and extent of drug delivery 

impacting pharmacodynamics in patients leading to drug efficacy and safety concerns.108 

Since generic TDS and the corresponding RLD are not required to be qualitatively (Q1) 
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and quantitatively (Q2) similar, the TDS performance under elevated temperatures may 

vary.114  The FDA published the draft Guidance for Industry for Transdermal and Topical 

Delivery Systems in Nov. 2019. The guidance addresses FDA’s perspective on safety 

issues related to the impact of applied heat on drug delivery and recommendation of 

product characterization studies such as parallel heat effect assessment between test and 

reference TDS. Multiple topical and transdermal products, specifically RLD products, 

have been evaluated either in vitro or in vivo for exposure to internal or external heating 

sources, and heat effects impacting drug release and skin permeation differently.102-106 

For instance, Thomas et al. evaluated the impact of continuous heat application on 

various topical diclofenac formulations with an In-Line flow through diffusion cell 

system on porcine and human skin, and found significantly greater flux and drug 

permeation under elevated (42°C) skin temperature compared to normal skin temperature 

(32°C).102  In another study by Shin et al., a similar In-Line flow through diffusion cell 

system was used to evaluate two nicotine and three fentanyl TDS on porcine skin at 32°C 

versus 42°C. Heat effect was demonstrated when heat was applied for the entire 

recommended wear time duration for each respective TDS as well as when heat was applied 

for a short duration.104  In both studies forementioned, heated circulating water through 

the Cell Warmers surrounding the receiver compartment was used as the mechanism of 

heat exposure. However, depending on how the drug product was formulated, the 

magnitude of heat effect varied.  Prodduturi et al. evaluated a reservoir and matrix fentanyl 

TDS using a US Pharmacopoeia dissolution apparatus 5 with either intact or partially 

compromised heat-separated human epidermis at either 32°C or 40°C for up to 72 h.106  

Results demonstrated comparable fentanyl release and permeation through intact skin for 
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both TDS systems under normal skin temperature (32°C).  The permeation rate of fentanyl 

at 40°C was 2-fold higher compared to 32°C over the initial 24 h for both TDS, but the 

total drug permeation in 72 h was higher with the reservoir system compared to the matrix 

system. When applied to compromised skin, the reservoir system showed less permeation 

enhancement effect than the matrix system at 40°C due to the intrinsic rate limiting 

membrane regulating drug permeation when the skin barrier was compromised.106  

In vivo clinical studies of the effect of heat application on transdermal products 

have been reported, and occasionally the significant heat effect often demonstrated in the 

IVPT studies, heat effect was not always observed. For example, one study evaluated a 

transdermal clonidine system in eight healthy subjects with and without bathing (40°C for 

a very short duration of 5 min) during either winter or summer. The findings suggested that 

5 min of bathing had no effect on peak plasma concentrations or area under the curve 

(AUC), despite the observation that plasma clonidine levels were higher during the summer 

trial.199  Heat exposures of longer durations would likely be needed to identify significant 

differences in an eight subject human PK study.11  In addition, heat effect studies using 

either a dry sauna, whirlpool, swimming pool, treadmill or an exercise combination were 

done with several contraceptive TDS including ethinyl estradiol/levonorgestrel TDS, 

ethinyl estradiol/norelgestromin TDS and ethinyl estradiol/gestodene TDS.200, 201  Overall, 

hormone delivery was all within, if not, under the reference range of delivery under normal 

conditions; therefore, no heat effect was observed.  However, when heat and hydration 

have a significantly negative effect on TDS adhesion, slower drug absorption can be 

observed. However, TDS studies including fentanyl, glyceryl trinitrate, nitroglycerin, 

nicotine, and testosterone showed greater increases on plasma or serum peak drug 
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concentration and drug exposure AUC when heat was either applied internally or 

externally.197, 202-211 

While heat effect is evident in many of these in vitro and in vivo heat effect studies, 

there are very few head-to head comparisons for the heat effect on RLD versus generic 

TDS, or for harmonized testing conditions in vitro versus in vivo. To help ensure TDS are 

safe for patients, an in vitro protocol is used to characterize the heat effect for these systems 

by correlating the in vivo data with in vitro data using IVPT with excised human skin.  

This necessitates that a small number of human subject heat effect studies are performed 

under controlled and monitored conditions with selected products to serve as an in vivo 

reference for parallel IVPT heat effect studies. The intent of this research was to establish 

an in vitro-in vivo correlation (IVIVC) for the IVPT model in the specific context of heat 

effect studies, so that IVPT studies can be utilized as a surrogate for costly and time-

consuming clinical endpoint studies and to evaluate whether future generic products are 

similar to the respective RLD in terms of heat effect.  IVIVC is a mathematical model that 

describes the relationship between in vitro properties of a dosage form and in vivo response. 

A successful IVIVC can help predict in vivo drug behavior, which is vital for product 

development, formulation selection and optimization and after certain scale-up post-

approval changes (SUPAC) are made. Under certain study interventions such as heat 

application, IVIVC may become useful for predicting the magnitude of increased drug 

bioavailability (BA) of TDS. IVIVC studies have been reported on several transdermal 

products including estradiol, nicotine, fentanyl and lidocaine.174, 175, 179  In particular, Shin 

et al. reported a successful Level A correlation between the IVPT model using excised 

human skin and harmonized in vivo human serum pharmacokinetic (PK) studies for two 
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matrix-type nicotine TDS.179  Both in vitro and in vivo study designs included 1 h of 

transient heat (42 ± 2°C) application during early or late time periods post-dosing.  In 

another in press publication by Shin et al., a strong Level A IVIVC was reported for three 

bioequivalent matrix-type fentanyl TDS at a normal temperature condition. However, 

under similar heat study design as in the nicotine study, a weaker prediction of the impact 

of heat on BA in vivo was shown, as greater heat enhancement in fentanyl BA was observed 

in vivo than those observed in vitro.212 

The goal of this study was to build a correlation, or minimally a relationship, 

between IVPT data and harmonized clinical study data to compare the influence of heat 

on rivastigmine drug permeation from FDA approved products; Exelon® TDS versus 

rivastigmine generic TDS. It was hypothesized that under harmonized study designs, 

IVPT results could be correlated and predictive of performance of RLD and generic 

rivastigmine TDS in vivo under the influence of heat exposure. In addition, the residual 

drug content of the used rivastigmine TDSs was analyzed for the purpose of estimating the 

amount of drug absorbed into the skin, subcutaneous tissues, and systemic circulation. 

5.2 Materials and Methods 

5.2.1 Materials  

Ammonium phosphate monobasic, monopotassium phosphate, dipotassium 

phosphate and sodium chloride were purchased from Fisher Scientific Inc. (Fair Lawn, NJ). 

Buffers were all filtered through a membrane filter, 5 µm pore size (Millipore Sigma; 

Burlington, MA). Methanol (high performance liquid chromatography (HPLC) grade and 

liquid chromatography-mass spectrometry (LC-MS) grade), acetonitrile (HPLC grade and 

LC-MS grade), ethyl alcohol and methyl tert-butyl ether (MTBE) (HPLC grade) were 
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purchased from Sigma Aldrich (St. Louis, MO). All reagents used were of analytical grade 

or better. Highly purified water was supplied in-house with a Milli-Q® purification system 

(EMD Millipore; Billerica, MA). (R)-Rivastigmine tartrate salt (standard) and 

rivastigmine-d6 internal standard (IS) were purchased from Toronto Research Chemicals 

(Toronto, Ontario).  Exelon® patch (rivastigmine TDS) RLD (Novartis; Basel, 

Switzerland) and generic rivastigmine patch (Alvogen; Pine Brook, NJ) were purchased 

through Cardinal Health (Dublin, OH). Dose strength at 9.5 mg/24 h and 4.6 mg/24 h was 

used in IVPT studies and 4.6 mg/24 h was used for the clinical study. Exelon® 5 cm2 and 

10 cm2 TDS have a drug load of 9 mg or 18 mg of rivastigmine, respectively. Generic 

rivastigmine TDS of either 4.6 cm2 or 9.2 cm2 contain 6.9 mg or 13.8 mg of rivastigmine, 

respectively. Since the delivery rate differences are only based on the size of the TDS, the 

amount of rivastigmine applied would be equivalent despite the difference in delivery rates 

being used in IVPT studies. Formulation differences are shown in Table 5.1. 

Table 5.1 Formulation characteristics for rivastigmine TDS 
  

Exelon® TDS (RLD) 
9.5 mg/24 h; 4.6 mg/24 h 

Alvogen TDS (Generic) 
9.5 mg/24 h; 4.6 mg/24 h 

Adhesive and  
other inactive 
ingredients 

Silicone, acrylic copolymer, 
poly(butylmethacrylate, 

methylmethacrylate), 
flexible polymer backing film, 

silicone oil and vitamin E 

Polyisobutylene adhesive, acrylate-
vinyl acetate pressure sensitive 

adhesive, colloidal silicon dioxide, 
light mineral oil, aluminum coated 

polyester backing 

TDS description 

10 cm2, 18 mg rivastigmine 
5 cm2, 9 mg rivastigmine 

In vitro: 0.97 cm2, 1.8 mg/cm2 
In vivo: 5 cm2, 1.8 mg/cm2 

9.2 cm2, 13.8 mg rivastigmine 
4.6 cm2, 6.9 mg rivastigmine 

In vitro: 0.97 cm2, 1.5 mg/cm2 
In vivo: 4.6 cm2, 1.5 mg/cm2 
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5.2.2 IVPT Study on Human Skin 

Human skin preparation 

Human skin was acquired through the NCI Cooperative Human Tissue Network. 

Each skin piece was harvested during abdominoplasty surgery with patient’s consent. Five 

human skin donors were used for IVPT studies; demographic information is summarized 

in Table 5.2.  

Table 5.2 Demographic information for in vitro study skin donors (n=5 skin donors) and 
in vivo PK study (n=7 subjects) 
 

  In vivo 
(n=7 subjects) 

In vitro 
(n=5 human skin donors) 

Age in years 
Mean (SD) 
Range 

 
28.57 (4.43) 

25-37 

 
54.4 (16.5) 

41-79 

Sex, n (%) 
Male 
Female 

 
5 (71.4) 
2 (28.6) 

 
0 (0) 

5 (100) 

Ethnicity, n (%) 
African American 
Caucasian 
Asian 
More than one race 

 
0 (0) 

1 (14.3) 
5 (71.4) 
1 (14.3) 

 
1 (20) 
4 (80) 
0 (0) 
0 (0) 

BMI (kg/m2) 
Mean (SD) 
Range 

 
25.01 (4.43) 
(22.7-29.5) 

Unknown 

 

Dermatomed skin samples, with thickness of 0.25 ± 0.050 mm, were used for the 

IVPT studies. On the experiment days, skin was thawed and measured to make sure its 

thickness was within the accepted criteria. Transepidermal water loss (TEWL) was 

measured using an open chamber cyberDERM RG1 evaporimeter (cyberDERM, Inc; 

Broomall, PA) to verify barrier integrity of the skin to eliminate aberrant skin sections with 
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microscopic holes or tears. Skin pieces used in the IVPT studies had TEWL reading less 

than 15 g/m2/h. The mean (SD) human skin thickness and TEWL measurement for all 

human skin pieces used were 0.254 (0.0247) mm and 3.01 (1.73) g/m2/h, respectively. 

IVPT was carried out using a PermeGear In-Line flow-through diffusion cell 

system (PermeGear, Inc; Hellertown, PA) coupled with heated circulating water bath 

served as the temperature modulator under various study conditions. Skin was cut into 4.8 

cm2 square pieces and placed on a membrane support inside the diffusion cell with 

epidermis layer facing upwards. Isotonic potassium phosphate buffer (pH 7.4 ± 0.1) was 

used as the receiver solution to fill the receptor chamber and the flow rate was set to 1 rpm 

(~1.0 mL/h). Skin surface temperature was adjusted to either 32 ± 1°C or 42 ± 2°C 

according to individual study requirement and verified with a Traceable™ infrared 

thermometer (Fisherbrand™; Fair Lawn, NJ) prior to dosing. To achieve an elevated skin 

temperature, the water in the heated circulating water bath was replaced with pre-heated 

water 30 min prior to targeted skin temperature. Immediately following the end of heat 

exposure, ice was used to cool the water and return the skin surface to 32 ± 1°C. TDS was 

cut into a circular disc to cover the permeation area of 0.95 cm2 and applied on top of the 

skin. To ensure good adhesion and prevent lifting, an inverted HPLC vial was used to apply 

mild pressure on the disc followed by placing a 4.8 cm2 square piece of polypropylene 

fabricated surgical mesh (0.15 mm monofilament, 3.0 x 2.8 mm pores, 47 GSM; 

SurgicalMesh™ Division of Textile Development Associates, Inc; Brookfield, 

Connecticut) over the disc. Fraction collector was programmed to automatically collect 

samples at predetermined time points.  
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Rivastigmine concentrations were analyzed using a validated HPLC method. 

Rivastigmine permeation was calculated for each sampling interval in each study. The 

amount of rivastigmine permeated was the product of the rivastigmine concentration in 

each fraction (µg/mL), fraction fluid volume and dilution factor (4/3). The fraction fluid 

volume was measured as the weight of fluid (in g) over its density (~1 g/mL). Average flux 

(µg/cm2/h) was calculated by dividing the amount of rivastigmine permeated during each 

sampling interval by interval duration and permeation area (0.95 cm2). The flux profile for 

each product was obtained by plotting the average flux against time (0-24 h).  

IVPT study design 

IVPT was conducted with five human skin donors in two designs: a baseline design 

and transient heat design. For the baseline design, temperature was maintained at 32 ± 1°C 

throughout the entire study duration of 24 h. For transient heat design, skin temperature 

was maintained at 32 ± 1°C except when the skin was exposed to heat at 42 ± 2°C between 

5 to 6.5 h. Sampling points are shown in Figure 5.1.  

Figure 5.1 Schematic diagrams of IVPT baseline design (top) and transient heat design 
(bottom).  
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5.2.3 In Vivo PK Studies in Healthy Subjects 

The open-label four-way crossover clinical study was reviewed and approved by 

the Institutional Review Board at the University of Maryland Baltimore. University of 

Maryland, Baltimore and FDA had an Institutional Review Board Authorization. This 

study was registered at ClinicalTrials.gov with identifier code NCT03915626 and was 

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

Conference on Harmonization Good Clinical Practice E6 at the General Clinical Research 

Center (GCRC) at the University of Maryland Medical Center. 

Eligible participants were men or non-pregnant, non-lactating women between the 

age of 18 to 45 years old, non-smokers/tobacco user, have negative urine drug screening 

test (cannabinoids, amphetamines, barbiturates, benzodiazepine, cocaine, methadone, 

opiates and phencyclidine), normal screening laboratories results (white blood cells, 

hemoglobin, platelets, sodium, potassium, chloride, bicarbonate, blood urea nitrogen, 

creatinine, Alanine aminotransferase and aspartate aminotransferase, urine protein and 

urine glucose), normal electrocardiogram, and normal vital signs (temperature 35.0-37.9°C, 

systolic blood pressure 90-140 mm Hg, diastolic blood pressure 60-90 mmHg, heart rate 

55-100 beats per minute, respiration rate 12-20 breaths per minute), have a body mass 

index (BMI) lower than 30 kg/m2 and were deemed to be healthy as judged by the 

Medically Accountable Investigator (MAI) determined by medical history, physical 

examination and medication history.  

Potential subjects were excluded if they had any of the following conditions: history 

of lung, heart, respiratory or blood disease, active positive Hepatitis B, C, and/or HIV 

serologies, allergies to rivastigmine, other carbamate derivatives, other ingredients in the 
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TDS, problem with urinary retention, gastric retention or gastrointestinal obstruction, 

continuous spasms, muscle contraction, motor restlessness, rigidity, slowness of movement, 

tremors, ulcers or gastrointestinal bleeding, history of asthmas, diabetes, infectious disease 

or skin infection or chronic skin disorder (e.g. psoriasis, atopic dermatitis), hereditary skin 

disorders or any skin inflammatory conditions, history of significant dermatologic cancers 

(e.g. melanoma, squamous cell carcinoma) involved with formulation application sites, 

obvious skin discoloration of application sites (upper arms), a presence of a skin condition, 

excessive hair and refuses to shave, sunburn, raised moles and scars, open sores, scar tissue, 

tattoo, or coloration that would interfere with product placement, skin assessment or 

reactions to rivastigmine, use of chronic prescription medication during the period of 0 to 

30 days, over the counter or short term (<30 days) prescription medication during the 

period of 0-3 days before a study session (vitamin, herbal supplement and birth control 

medications excluded) or alcohol consumption within 24 h prior to dose administration.  

Total of fourteen human subjects were screened; seven healthy human subjects 

were enrolled with six completing all four study sessions and, one withdrawal after 

completing the first two sessions due to work schedule conflicts. Table 5.2 summarizes the 

demographic information of these seven subjects. Each of the six subjects completed four 

12 h study visits. A minimum of one week wash-out period was in between each study visit 

to ensure near complete clearance of rivastigmine from systemic circulation. 

Each subject underwent a total of four study sessions, two baseline arm design and 

two heat arm design (Figure 5.2). At each study session, ongoing eligibility questions were 

first asked to ensure the subject had not consumed alcohol within 24 h or used prescription 

medication that would disqualify the subject’s eligibility. For female subjects only, a urine 
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pregnancy test was performed to ensure the subject was not pregnant. Vital sign 

assessments (heart rate, blood pressure, respiration rate and temperature) were obtained to 

ensure vitals were within normal range. Subject’s upper arm area was visually examined 

for any signs of raised moles scars, open sores, sunburn, tattoo, or coloration and then 

cleansed with water and dried with cotton gauze (sterile, 12 ply 3 x 3 inches; Masune 

Company; Amherst, NY).  

For study session 1 and 3, Exelon® TDS containing 9 mg (4.6 mg/24 h) of 

rivastigmine base was applied to upper arm area of the subject for 9 h. For study session 2 

and 4, one rivastigmine generic TDS containing 6.9 mg (4.6 mg/24 h) of rivastigmine base 

was applied for 9 h. A NOVATEMP® skin temperature sensor (NOVAMED USA; 

Elmsford, NY) was placed adjacent to the TDS and skin temperature monitored and 

recorded throughout the 12 h study duration. For heat effect PK study (study session 3 and 

4), a pre-heated heating pad (Theratherm® Digital Moist Heating Pad; DJO, LLC; Dallas, 

TX) was applied over the TDS and set to induce a skin temperature of 42 ± 2°C and was 

applied for 1 h 30 min at 5 h post TDS application. A Kevlar® protective sleeve with an 

opening was used in between to protect the rest of upper arm area exposed to the heating 

pad. After heating pad was removed, the TDS remained on the skin through 9 h.  Each 

subject was his/her own control (pre-dose blood sample). Blood samples (approximately 4 

mL each) were collected in vacutainer tubes (BD; Franklin Lakes, NJ). Blood samples were 

obtained within 60 min pre-TDS application and at specified times over a 13 h period of 

the clinical study. Blood samples were placed at room temperature for at least 30 min for 

clot formation and then centrifuged at 1300 x g for 20 min at ~4°C. Serum was aliquoted 

into two separate cryovials with 1-1.5 mL target within each cryovial. Serum samples were 
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stored in an ultralow freezer within one hour of centrifugation. At 12 h, the TDS was 

removed, and area was gently wiped with an isopropyl alcohol wipe twice followed by a 

cotton gauze and analyzed for the residual rivastigmine content.  

Figure 5.2 Schematic diagrams of baseline arm design (top) and heat arm design (bottom) 
Bold is when heat was applied in the heat arm design. 
 

5.2.4 Safety  

Throughout each study session, subjects were interviewed about adverse event (AE) 

occurrence such as erythema, edema, burning, itching, rash or pain at the application site, 

nausea, dizziness and tingling in extremities. A grade for an AE was assigned a 1 to 3 score 

with 1 being mild and 3 being severe. 

Vital signs were recorded prior to heat application and at 2 h, 5 h, 9 h and 12 h. HR 

and BP were obtained at 5 h 30 min, 6 h and 6 h 30 min during heat application for the two 

heat arm sessions.  If the subject notified us of any AE, a symptom-directed physical exam 

was completed by the MAI or designee. Results of the physical examinations and vital sign 

assessments were evaluated by the MAI for evidence of immediate safety concerns or need 

for study discontinuation.  After discharge from the GCRC, subjects were asked to report 
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all AE for up to 72 h. Subjects were contacted (within 72 h) after completion of each study 

session to determine if any AE occurred in the 72 h post-discharge. For this study, no 

serious adverse events (SAE) were reported. 

5.2.5 Residual Drug Extraction from IVPT Study and Clinical Study 

At the end of IVPT study, the remaining receptor fluid inside the diffusion cell was 

collected into a scintillation vial to analyze residual rivastigmine inside the receptor 

compartment. Then, TDS was removed and placed on a piece of weighing paper, cut into 

pieces, and then transferred to a 15 mL centrifuge tube.  The blade and alcohol swab used 

to clean the cutting board were also transferred to the same 15 mL centrifuge tube and 3 

mL of acetonitrile was added as the extraction solvent. The tube was centrifuged at 20,800 

x g for 10 min and shaken at 200 rpm for 24 h. The skin piece was also removed from the 

cell, cut into small pieces with a disposable blade and processed similarly as the TDS. In 

addition, the diffusion cell itself was cleaned using two alcohol wipes and processed 

similarly as the TDS to determine residual rivastigmine. Residual drug content was 

analyzed with a validated HPLC method. The percent rivastigmine recovered was 

established based on the ratio of cumulative rivastigmine permeation during IVPT and the 

amount from extractions over the theoretical amount of rivastigmine present in the TDS 

disc based on the package insert. Rivastigmine amount delivered from TDS was calculated 

by subtracting the total extraction from total amount of rivastigmine present in the TDS 

based on package insert and it was compared with total rivastigmine amount permeated 

through the skin in both study designs. 

For the clinical study, TDS was removed at 9 h.  The skin area where the TDS was 

applied was wiped with an alcohol wipe three times in circular motion and then wiped two 
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times with a cotton gauze.  The gloves and all objects that came contact with the TDS 

were wiped with an alcohol wipe and then the wipe was put in the same bottle labeled with 

the Subject ID, date, and session number. The extraction solvent was 70 mL of methanol 

and 70 mL of acetonitrile for Exelon® TDS and generic TDS, respectively. Bottles were 

shaken at 200 rpm for 72 h and residual drug content was analyzed with a validated HPLC 

method.  The total amount of rivastigmine delivered from TDS was calculated by 

subtracting the amount of rivastigmine extracted after the experiment from the mean 

amount of rivastigmine extracted from three replicates of unused TDS of the same lot 

number.  

 

5.2.6 Bioanalytical Methods 

HPLC analysis of IVPT samples 

The HPLC system employed was a Waters® Alliance e2695 Separations Module 

with column heater coupled with a Waters® 2489 Dual Absorbance Wavelength Detector 

operated by Waters Empower™ software (Milford, MA). Rivastigmine was detected with 

a Waters Symmetry C18 column (5 µm, 4.6 x 250 mm) (Waters; Milford, MA) with 

Phenomenex SecurityGuard™ C18 cartridge (5 µm, 4 x 3.0 mm) at wavelength of 210 nm. 

The mobile phase consisted of 25:75 (v/v) acetonitrile:20 mM ammonium phosphate buffer. 

Flow rate was set to 1.0 mL/min.  Rivastigmine IVPT samples were diluted with 

acetonitrile (75:25, v/v) prior to analysis. Fresh standards were prepared in the same matrix 

as the IVPT samples and extraction samples (for mass balance purposes). Injections were 

carried out in duplicate and injection volume was 50 µL with a retention time of 5.5 ± 0.1 
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min. The linearity ranged from 0.05 to 100 µg/mL and precision for quality control samples, 

and the lower limit of quantification was within 15% of the nominal value. 

 

LC-MS/MS analysis of PK samples 

Sample preparation 

Twenty µL of IS (50 ng/mL) was added to 100 µL human serum sample. One mL 

of MTBE was used as an extraction solvent. The sample was placed on high-speed shaker 

(2,500 rpm) [Digital multi-tube vortexer; Fisher Scientific [model no. 945093] or VWR 

International [model no. 945063] for 15 min under ambient temperature and then samples 

were further centrifuged at 1,500 x g at 4°C for 15 min. Then upper organic layer was 

transferred into 16 x 100 mm culture tube and evaporated under a light stream of nitrogen 

gas in a heated water bath (50°C) until completely dry. Residue was reconstituted with 200 

µL of acetonitrile and vortexed for 10 sec. Eluent was transferred into a HPLC vial and 10 

µL was injected onto the column and analyzed by LC-MS/MS. Calibration standard 

samples and quality control (QC) samples were prepared by spiking thawed blank serum 

with appropriate standard working solutions to obtain final concentration of 0.5, 1, 2, 5, 10, 

50 and 100 ng/mL for calibration curve and 1.5, 6 and 60 ng/mL for QC samples. 

LC-MS/MS assay of serum rivastigmine concentration 

Analysis for serum rivastigmine concentration was carried out using Waters® 

Symmetry C18 column 100 Å, (5 µm, 2.1 x 150 mm) coupled with a Phenomenex 

SecurityGuard™ C18 cartridge (5 µm, 4 x 3.0 mm). The column and sample temperature 

were set to 40°C and 4°C, respectively. The mobile phase composition was acetonitrile and 

10 mM ammonium formate buffer (w/0.2 % formic acid) (90:10, v/v). Isocratic elution was 
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used with a flow rate of 0.5 mL/min for a total run time of 3 min. The injection volume 

was 10 µL. The retention time for rivastigmine and rivastigmine d-6 was 1.3 min.  

Mass spectrometric detection was carried out in positive electrospray ionization 

mode (ESI+).  Mass spectrometric parameters were optimized with the cone voltage and 

collision energy of 50 V, 22 eV and 52 V, 22 eV, respectively, for rivastigmine and IS. 

Multiple reaction monitoring transition were detected with the precursor ion to product ion 

transitions of 251→85.47 and 257→85.47, for rivastigmine and rivastigmine d-6, 

respectively. The LC-MS/MS assay was validated according to FDA bioanalytical 

guidance. Variability of inter-day and intra-day measurement, as well as the stability of 

stock solution and solution after long term storage, in autosampler, on benchtop, after 

processing and after cycles of freeze thaw were validated. 

5.2.7 Noncompartmental analysis and IVIVC  

Noncompartmental analysis (NCA) was carried out to estimate primary PK 

parameters (AUC and Cmax) from clinical study using Phoenix® WinNonlin® software 

(Pharsight Corporation; San Diego, CA).  Level C and Level A IVIVC was developed on 

time-period 0-9 h when study designs were harmonized between in vitro and in vivo.  

Level C IVIVC:  Estimation of steady-state concentration (Css) in vivo 

The predicted in vivo serum rivastigmine steady state concentration (Css) is 

compared with the observed in vivo serum rivastigmine steady state concentration and is 

calculated using the following equation:                

Eq. 1      𝐶!! =
"!!×	%
&'

 

Where Css is the predicted in vivo serum steady state concentration in ng/mL, Jss is the 

steady state flux from each human skin donor (mean of concentration from 5 h to 9 h of 
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the baseline study design), A is the area of the TDS used in vivo (5 cm2 and 4.6 cm2 for 

RLD and generic TDS, respectively).  CL=72,000 mL/h is the total body clearance of 

rivastigmine. The observed Css is obtained from the mean of concentrations across 5-9 h 

for each subject from the baseline arm profiles. 

Level C IVIVC: Heat induced enhancement in vitro vs in vivo 

Heat induced enhancement ratios of in vitro and in vivo datasets were calculated in 

three different ways and compared. First, heat induced enhancement ratio was evaluated 

by the peak level during the 4 h heat effect window, that is, the ratio of Jmax (from in vitro) 

or Cmax (from in vivo) divided by the flux value or serum concentration value right before 

heat application. 

𝐸𝑞. 2			𝐻𝑒𝑎𝑡	𝑒𝑛ℎ𝑎𝑛𝑐𝑚𝑒𝑛𝑡	𝑟𝑎𝑡𝑖𝑜	𝐼 = 	 	&'()	*+(,
	-./)	(,	0+123+	*+(,		

	𝑜𝑟		 4'()	*+(,
5+3/'	4267	0+123+	*+(,

            

Secondly, heat enhancement ratio was also calculated as the peak level during the heat 

effect window, divided by peak level from the baseline design.  

𝐸𝑞. 3				𝐻𝑒𝑎𝑡	𝑒𝑛ℎ𝑎𝑛𝑐𝑚𝑒𝑛𝑡	𝑟𝑎𝑡𝑖𝑜	𝐼𝐼 = 	
	𝐽𝑚𝑎𝑥	ℎ𝑒𝑎𝑡

𝐽𝑚𝑎𝑥	𝑏𝑎𝑠𝑒𝑖𝑛𝑒	 	𝑜𝑟		
𝐶𝑚𝑎𝑥	ℎ𝑒𝑎𝑡

𝐶𝑚𝑎𝑥	𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 

Lastly, the heat enhancement ratios were calculated as the partial permeation (from in vitro) 

or partial AUC (pAUC from in vivo) during the 4 h heat effect window divided by the 

partial permeation or pAUC from the baseline study design.   

𝐸𝑞. 4							𝐻𝑒𝑎𝑡	𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡	𝑟𝑎𝑡𝑖𝑜	𝐼𝐼𝐼 = 	
	𝑝𝐴𝑈𝐶	𝑓𝑟𝑜𝑚		ℎ𝑒𝑎𝑡	
𝑝𝐴𝑈𝐶	𝑓𝑟𝑜𝑚		𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 

Heat effect window was the period when heat induced an elevation in flux relative to that 

of baseline flux until when flux returned to baseline. From the mean in vitro flux profile, 

the heat effect window was determined to be 4 h (from 5 h to 9 h).  

Level A IVIVC: Approach I 
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In Approach I, entire serum concentration profiles for the baseline arm design and 

heat arm design were predicted and compared with the observed steady state rivastigmine 

concentration across the study duration (9 h). The following equations were used to predict 

the steady state rivastigmine concentration when the TDS was worn (0-9 h): 

For baseline arm prediction 

Eq. 5   𝐶8 =
9!"
4:
	(1 − 𝑒!;,) 

For heat arm prediction                          

Eq. 6     𝐶8 =
9!"∙=!
4:

	 ∙ (1 − 𝑒!;,) 

Where Cs was the predicted in vivo rivastigmine concentration (ng/mL), Rin was the rate of 

input obtained from the mean flux observed from 5 h to 9 h of the baseline arm flux profile 

from each donor, CL was the total body clearance for rivastigmine (72,000 mL/h), k was 

the elimination rate constant (0.231049 h-1) calculated from the elimination half-life after 

rivastigmine TDS administration obtained from the package insert, and t was the time after 

TDS administration (h), Hi was the heat effect multiple derived from IVPT studies and was 

calculated as heat flux value divided by the baseline flux value at respective time points.59 

The Hi value of 1 was assumed before heat application and whenever the ratio fell under 1 

during heat effect window (5-9 h). 

Level A IVIVC:  Numerical UIR based deconvolution approach 

In this approach, a point-to-point prediction of the entire serum concentration 

versus time profile was obtained using a numerical UIR based deconvolution method. The 

following sequential steps were used. In vivo fraction absorbed (Fa) was obtained by a UIR 

based deconvolution of the mean in vivo serum concentration versus time profile using 

Phoenix® WinNonlin® software (Pharsight Corporation; San Diego, CA). Oral PK data for 
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6 mg dose of rivastigmine was extracted from literature using a plot digitizer tool (Figure 

5.3).213 Rivastigmine oral PK was best described by a simple one-compartment model 

(with linear absorption and elimination) built on Phoenix® NLME® and dose used in 

deconvolution was the rivastigmine amount presented the TDS (9 mg for RLD TDS and 

6.9 mg for generic TDS) according to the package insert. The following UIR input 

parameters were used to deconvolute the in vivo rivastigmine serum concentration versus 

time profile to the in vivo fraction absorbed: 

• A1= 1/Vd = 9.8441E-06 (unit: mL-1) 

• Alpha 1=kel =0.49172 (unit: h-1) 

In vitro fraction permeated (Fp) was the fraction of cumulative amount of drug 

permeated at time (t) over the drug load amount present in a single TDS punch (0.97 cm2) 

(1.746 mg for RLD TDS and 1.455 mg for generic TDS) used on the diffusion cell in IVPT 

studies and the mean result from in vitro permeation tests done with five human skin donors. 

A correlation was established between the Fa and Fp for Exelon® TDS and generic 

rivastigmine TDS used in the clinical study. A polynomial regression model was chosen 

because it provided the best fit based on regression coefficient and it was selected to predict 

Fa from observed Fp.  
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Figure 5.3  In vivo concentration versus time profile obtained from Abhyankar et al. 213 

 

Lastly, the predicted Fa was convoluted to the predicted ser um rivastigmine concentration 

versus time with the same numeric UIR parameters from the deconvolution using the 

Phoenix® WinNonlin® software. The predicted baseline serum concentration time curve 

was modified with the addition of three in vitro (Hi) heat factor multiple and one in vivo 

(Hii) heat factor multiple to obtain prediction of the in vivo heat arm serum rivastigmine 

concentration time profile. Hi (1) was obtained by dividing mean heat arm average flux 

value by mean baseline arm average flux value at respective time points from IVPT studies. 

Hi (2) was calculated by dividing mean heat arm average flux value at each time points by 

a fix value of rate of input (obtained by averaging mean flux value from 5 h to 9 h). Hi (3) 

was obtained by dividing mean heat arm Jmax (a fixed value) by mean baseline arm average 

flux value at respective time points. Hii was obtained by dividing mean heat arm serum 

rivastigmine concentration over mean baseline arm serum rivastigmine concentration value 

at respective time points.  The predicted in vivo concentration versus time profile was 

compared to the observed in vivo concentration versus time profile. Predicted AUC and 

Cmax from the predicted in vivo concentration versus time profile were obtained and percent 
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prediction error (%PE) was calculated for the predicted AUC and Cmax values according to 

the following equation: 

%𝑃𝐸 =
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑	𝑣𝑎𝑙𝑢𝑒 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑	𝑣𝑎𝑙𝑢𝑒

𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑	𝑉𝑎𝑙𝑢𝑒 × 100 

5.2.8 Data and Statistical Analysis 

Statistical analysis was performed using GraphPad Prism® software (version 9, La 

Jolla, CA).  Student’s t-test and ANOVA test followed by Tukey’s post-hoc multiple 

pairwise comparisons were used to compare the difference of resulting parameters (Jmax, 

cumulative permeation, Cmax, AUC, etc.) between two rivastigmine TDS with and without 

heat exposure. Difference was considered statistically significant when p ≤ 0.05 and 

significance was indicated as follows: *p ≤0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. 

Data for IVPT experiments were obtained from five human skin donors, with four 

replicates per product per donor and expressed as mean ± SEM. Data for in vivo studies 

were obtained from seven healthy human subjects and expressed as mean ± SD.Primary 

PK parameters such as AUC and Cmax from in vivo studies were estimated using non-

compartmental analysis with Phoenix® WinNonlin® software. Deconvolution and 

convolution for Level A IVIVC were performed using Phoenix® WinNonlin® software. 

The polynomial IVIVC correlation was established in GraphPad Prism® software 

(GraphPad Software, Inc, La Jolla, CA). 

 

5.3 Results 

5.3.1 IVPT Study with Rivastigmine Transdermal Delivery System 

Based on the mean heat and baseline flux profile, as shown in Figure 5.4 A, the 

elevated rivastigmine flux relative to baseline flux was observed between 5 h and 9 h, thus 
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a heat effect window was defined to be 4 h. The maximum flux (Jmax) during heat effect 

window (42 ± 2°C) was significantly higher (p=0.0063 for RLD TDS, p=0.0022 for generic 

TDS) compared to Jmax observed from the baseline profile for both TDS (Figure 5.4 B). 

Both TDS demonstrated approximately 2-fold increases in Jmax during heat exposure 

relative to the baseline which had no significant difference of mean enhancement ratios 

between RLD TDS (2.0 ± 0.23) and generic TDS (1.8 ± 0.10) (Figure 5.4 C).  

 

Figure 5.4 (A) Mean flux (± SEM) profiles of RLD TDS and generic TDS over 24 h with 
transient heat exposure (42 ± 2°C) for a 1.5 h duration compared to baseline temperature 
(32 ± 1°C). (B) Jmax comparison with and without heat application during the 4 h heat effect 
window (5-9 h). Mean Jmax (± SEM) was from five donors with four replicates per donor. 
(C) Jmax enhancement ratio (± SEM) from five donors with four replicates per donor, 
calculated as the Jmax during heat and Jmax during baseline temperature. (ns: not significant; 
**p ≤ 0.01) (n=5 human skin donors per study design per product) 
 

In addition to an increase in Jmax during heat exposure, flux remained significantly 

higher as compared to the flux before heat exposure (4 h) up to the 9 h time point (e.g., 2.5 
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h after heat was discontinued) (Figure 5.5).  Mean partial permeation during the 4 h heat 

effect window was higher compared to the partial permeation from the baseline design. The 

generic TDS showed a significantly higher partial permeation with heat exposure relative 

to baseline (Figure 5.6 A). Despite the increased rivastigmine permeation during heat 

exposure, the total rivastigmine amount permeated over the 24 h study duration from 

transient heat design was not significantly different compared to the baseline study design 

for either TDS (Figure 5.6 B). Residual drug content analysis showed that the rivastigmine 

amount delivered from TDS (based on package insert) was significantly higher than total 

rivastigmine amount permeated through the skin in both study designs (Figure 5.7). There 

was no significant difference between the recovered rivastigmine percentage from both 

study designs for either TDS (~approximately 87%). 

Table 5.3 Comparison of the two rivastigmine TDS for Jmax and partial permeation from 
the heat application period and total permeation in vitro from baseline and heat study 
designs 

a Jmax from 5 h to 9 h; significance was tested with two-tailed paired t-test; *p ≤ 0.05; **p 
≤ 0.01; ns= not significant 

IVPT 
 RLD TDS Generic TDS 

Baseline 
arm 

Mean ± 
SEM 

(CV%) 

Heat arm 
Mean ± 

SEM 
(CV%) 

p-
valuea 

Baseline 
arm 

Mean ± 
SEM 

(CV%) 

Heat arm 
Mean ± 

SEM 
(CV%) 

p-
valuea 

Jmax 
(µg/cm2/h) 

24.70 ± 
3.00 

(27.20) 

53.74 ± 
4.69 

(19.51) 

0.0056 
(**) 

27.39 ± 
2.86 

(23.34) 

54.96 ± 
5.20 

(21.14) 

0.0036 
(**) 

Partial 
Permeation 
(µg) 

116.89 ± 
13.56 

(25.94) 

157.19 ± 
14.79 

(21.04) 

0.0730 
(ns) 

128.92 ± 
11.38 

(19.75) 

164.32 ± 
15.78 

(21.47) 

0.0303 
(*) 

Total 
Permeation 
(µg) 

467.8 ± 
37.8 

(18.05) 

462.9 ± 
33.5 

(16.20) 

0.9047 
(ns) 

536.1 ± 
34.8 

(14.51) 

506.9 ± 
37.9 

(16.70) 

0.2845 
(ns) 
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Figure 5.5 Statistical significance was tested using paired t-test between flux value before 
heat application (at 4 h) and the flux values at corresponding time points (6.5 h, 7.5 h, 8 h, 
8.5 h and 9 h) during heat application and after heat was removed. (*p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001; ns=not significant) 
 

Figure 5.6 (A) partial permeation (± SEM) during 4 h heat effect window under elevated 
temperature compared to partial permeation under baseline temperature in vitro. (B) Total 
amount (± SEM) of rivastigmine permeated across human skin from the two rivastigmine 
TDS over 24 h under heat design and baseline design. Statistical significance was tested 
using paired t-test between partial permeation during heat effect window of Transient Heat 
III design and that from same time-period of Baseline III design. Similar paired t-test was 
used to compare total permeation of rivastigmine over 24 h IVPT study from Transient 
Heat III design and that from Baseline III design. (*p ≤ 0.05; ns= not significant) (n=5 
human skin donors, with 4 replicates per study design per product. 
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Figure 5.7 The amount of rivastigmine (± SEM) delivered from each TDS over 24 h IVPT 
study based on residual drug analysis, compared to the total permeation of rivastigmine (± 
SEM).  Statistical significance was tested using paired t-test between amount delivered 
and amount permeated under each study design for RLD and generic TDS. (*p ≤ 0.05; **p 
≤ 0.01) (n=5 human skin donors, with 4 replicates per study design per product. 
5.3.2 In Vivo PK Study in Healthy Subjects 

Figure 5.8 showed the mean observed serum rivastigmine profiles from the baseline 

design and heat arm design with heat application from 5 h-6.5 h.  Heat application did not 

result in significantly higher Cmax and pAUC during the heat effect window (5-9 h) 

compared to Cmax and pAUC from the baseline arm design for either TDS (Figure 5.9, 

Table 5.4, Table 5.5).  

 
Figure 5.8 Mean concentration (± SD) of RLD rivastigmine TDS and generic rivastigmine 
TDS after administration of one TDS over 12 h with heat arm design (42 ± 2 °C for 1.5 h 
duration) and baseline arm design.  TDS were removed at 9 h. 
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Figure 5.9 Comparison of mean Cmax and pAUC (4 h window) between heat arm design 
(grey) and baseline arm design (black) 
 

There was also no significant difference in Cmax, partial AUC and total AUC observed from 

heat arm design compared to baseline arm design for both RLD TDS and generic TDS 

(Figure 5.10, Table 5.4, Table 5.5, Table 5.6, Table 5.7).   

Figure 5.10 Comparison of total AUC between heat arm design (grey) and baseline arm 
design (black) 
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Table 5.4 Comparisons of Cmax, partial AUC from 5-9 h, and total AUC in vivo from 
baseline and heat arm study designs in each rivastigmine TDS (n=7 for baseline arm design, 
n=6 for heat arm design, include TDR-004 data) 
 

PK study 
Parametera RLD TDS Generic TDS 

Baseline 
arm 

Mean ± 
SD 

(CV%) 

Heat arm 
Mean ± 

SD 
(CV%) 

p-valueb 

(significance) 

Baseline 
arm 

Mean ± 
SD 

(CV%) 

Heat arm 
Mean ± 

SD 
(CV%) 

p-valueb 

(significance) 

Cmax 
(ng/mL) 

5.29 ± 
4.03 

(76.11%) 

5.91 ± 
2.87 

(48.63%) 

0.7602 
(ns) 

4.53 ± 
1.84 

(40.49%) 

3.86 ± 
1.58 

(41.03%) 

0.4987 
(ns) 

pAUC5-9 

(ng*h/mL) 
6.84 ± 
3.72 

(54.39%) 

8.92 ± 
5.49 

(61.53%) 

0.4356 
(ns) 

7.29 ± 
3.07 

(42.14%) 

6.54 ± 
4.01 

(61.29%) 

0.7099 
(ns) 

Total 
AUC0-12 

(ng*h/mL) 

20.57 ± 
13.19 

(64.12%) 

19.22 ± 
11.41 

(59.38%) 

0.8483 
(ns) 

19.28 ± 
7.89 

(40.94) 

16.57 ± 
9.66 

(58.28%) 

0.5885 
(ns) 

a n=7 for baseline arm design, n=6 for heat arm design, TDR-004 included 

b Statistical significance was tested with two-tailed unpaired t-test, ns=not significant 
 
Table 5.5 Comparisons of the two rivastigmine TDS in terms of Cmax, partial AUC from 
5-9 h, and total AUC in vivo from baseline and heat arm study designs (n=7 for baseline 
arm design, n=6 for heat arm design, include TDR-004 data) 
 

Adjusted p valuea Cmax pAUC5-9 
(ng*h/mL) 

Total AUC0-12 
(ng*h/mL) 

RLD Heat vs. RLD 
Baseline 0.9840 (ns) 0.8006 (ns) 0.9958 (ns) 

RLD Heat vs. Generic 
Heat 0.6766 (ns) 0.7496 (ns) 0.9731 (ns) 

RLD Heat vs. Generic 
Baseline 0.9062 (ns) 0.8913 (ns) >0.9999 (ns) 

RLD Baseline vs. Generic 
Heat 0.8474 (ns) 0.9992 (ns) 0.9072 (ns) 

RLD Baseline vs. Generic 
Baseline 0.9874 (ns) 0.9969 (ns) 0.9958 (ns) 

Generic Heat vs. Generic 
Baseline 0.9587 (ns) 0.9874 (ns) 0.9682 (ns) 

a Statistical significance was tested ANOVA followed by Tukey’s post-hoc analysis; ns= 
not significant 
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Table 5.6 Comparisons of Cmax, partial AUC from 5-9 h, and total AUC in vivo from 
baseline and heat arm study designs in each rivastigmine TDS. (n=6, exclude TDR-004 
data) 
 

PK study 
Parametera RLD TDS Generic TDS 

Baseline 
arm 

Mean ± 
SD 

(CV%) 

Heat arm 
Mean ± 

SD 
(CV%) 

p-valueb 

(Significance) 

Baseline 
arm 

Mean ± 
SD 

(CV%) 

Heat arm 
Mean ± 

SD 
(CV%) 

p-valueb 

(Significance) 

Cmax 
(ng/mL) 

5.40 ± 
4.40 

(81.46) 

5.91 ± 
2.87 

(48.63) 

0.67889 
(ns) 

4.66 ± 
1.98 

(42.36) 

3.86 ± 
1.58 

(41.03) 

0.3939 
(ns) 

pAUC5-9 

(ng*h/mL) 
7.06 ± 
4.03 

(57.04) 

8.92 ± 
5.49 

(61.53) 

0.3050 
(ns) 

7.60 ± 
3.25 

(42.75) 

6.54 ± 
4.01 

(61.29) 

0.3853 
(ns) 

Total 
AUC0-12 

(ng*h/mL) 

19.99 ± 
14.35 

(71.79) 

19.22 ± 
11.41 

(59.38) 

0.8798 
(ns) 

19.22 ± 
11.41 

(59.37) 

16.57 ± 
9.66 

(58.28) 

0.4211 
(ns) 

a n=6, TDR-004 excluded 

b Statistical significance was tested with two-tailed paired t-test, ns=not significant 
 

Table 5.7 Comparisons of the two rivastigmine TDS in terms of Cmax, partial AUC from 
5-9 h, and total AUC in vivo from baseline and heat arm study designs. (n=6, exclude TDR-
004) 
 

Adjusted p valuea Cmax pAUC5-9 
(ng*h/mL) 

Total AUC0-12 
(ng*h/mL) 

RLD Heat vs. RLD Baseline 0.9954 (ns) 0.8744 (ns) 0.9994 (ns) 
RLD Heat vs. Generic Heat 0.7055 (ns) 0.7713 (ns) 0.9759 (ns) 
RLD Heat vs. Generic Baseline 0.9389 (ns) 0.9493 (ns) 0.9992 (ns) 
RLD Baseline vs. Generic Heat 0.8319 (ns) 0.9966 (ns) 0.9509 (ns) 
RLD Baseline vs. Generic Baseline 0.9861(ns) 0.9963 (ns) >0.9999 (ns) 
Generic Heat vs. Generic Baseline 0.9566 (ns) 0.9730 (ns) 0.9477 (ns) 

a Statistical significance was tested ANOVA followed by Tukey’s post-hoc analysis; ns= 
not significant 
 

High intra-subject and inter-subject variability was observed in the serum 

rivastigmine PK profiles (Figure 5.11 and Figure 5.12). Figure 5.13 showed the comparison 

between baseline arm and heat arm design of partial AUC and Cmax during the 5 h and 9 h 

from each subject. Transient heat application increased both AUC and Cmax in subject TDR-



 122 

001 and TDR-004 for the RLD TDS; however, no apparent heat effect was seen for all 

subjects from the generic TDS. Percentage of rivastigmine remaining after 12 h was 

calculated and compared between IVPT and clinical study. Since TDS was applied for 24 

h in the IVPT design, the percentage of rivastigmine remaining after 12 h was calculated 

as the sum of the total rivastigmine amount extracted and total amount of rivastigmine 

permeated between 12 h and 24 h over the total rivastigmine amount applied. Figure 5.14 

showed that there was no significant difference in % rivastigmine remaining between IVPT 

and clinical study, except in the baseline design for RLD TDS where more rivastigmine 

are remained in the TDS after IVPT than clinical study. 

 
Figure 5.11 Individual serum concentration ± SD (n=6 subjects) for RLD rivastigmine 
TDS over 12 h with 1.5 h of heat application at 5 h. TDS was removed after 9 h. *fold-
increase of pAUC and Cmax of heat effect window in the present of heat compared to 
baseline. TDR=rivastigmine subject 
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Figure 5.12 Individual serum concentration ± SD (n=6 subjects) for generic rivastigmine 
TDS over 12 h with 1.5 h of heat application at 5 h. TDS was removed after 9 h.  *fold-
increase of pAUC and Cmax of heat effect window in the present of heat compared to 
baseline. TDR=rivastigmine subject 
 
 

 
 
 
Figure 5.13 pAUC and Cmax from heat effect window (5-9 h) of RLD TDS and generic 
TDS for each subject 
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Figure 5.14 Comparison of residual drug in TDS quantified after in vitro (n=5 human skin 
donors; 4 replicates/ donor) and in vivo studies (n=7 subjects for baseline arm, n=6 subject 
for heat arm) (mean ± SD).  Statistical significance was done with two-tailed unpaired t-
test and was indicated as follow: *p≤0.05. + Residual drug amount was corrected for 9 h 
IVPT study. 
 

5.3.3 Safety 

Adverse events reported included erythema post-TDS or post-skin sensor removal, 

dizziness, somnolence, decreased heart rate, increased, or decreased blood pressure, and 

increased heart rate. All subjects experienced erythema post-TDS or post-skin sensor 

removal due to skin sensitivity to adhesive components presented in the TDS and skin 

sensor. All occurrences of erythema were resolved usually within a day or two. TDR-006 

experienced mild dizziness at 12 h that resolved after 1 h. The AE was reviewed by MAI 

and was deemed to be related to rivastigmine since rivastigmine TDS was known to have 

side effect such as dizziness. TDR-001 experienced mild sleepiness at 5 h 25 min that 

resolved itself the following morning after bed rest. This AE was reviewed by MAI and 

was deemed to be within normal finding since the subject had been in recliner for 12 h 
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during the study. Except for TDR-007, all subjects experienced slight increase or decrease 

in BP or HR during the study and were deemed to be within normal findings as they sit in 

the recliner (or lay in the bed) for an extended period. BP and HR all returned to normal 

after they started moving around. 

5.3.4 Skin Temperature Monitoring 

For IVPT studies, temperature was modulated by a heated circulating water bath 

connected to the Cell Warmers which held the diffusion cells. Hot water was added to 

facilitate a quick heating just prior to the designated time (5 h or 300 min) to an elevate 

skin temperature (42 ± 2°C) and ice was used to cool down the water temperature to 

maintain skin at baseline temperature (32 ± 1°C). The temperature profile is shown in 

Figure 5.15 A for IVPT. For the clinical study, under baseline arm design, the skin surface 

temperatures from individual subjects were recorded. For the heat arm design, a heating 

pad was placed over the TDS and wrapped around the subject’s arm. An ACE™ bandage 

was used to ensure good contact between the TDS and heating pad. Although the recorded 

temperatures during heat application were within the ideal temperature range (40-44°C), 

they were closer to the lower end of the expected range as shown in Figure 5.15 B. 
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 (A) 

(B)  

 

Figure 5.15 Mean temperature ± SD (A) In vitro (n=5 human skin donors), (B) In vivo 
(n=6 subjects for heat arm temperature, n=7 subjects for baseline arm temperature) 
 

5.3.5 IVIVC 

IVIVC was examined in multiple ways during the period between 0-9 h since the 

study designs were harmonized during this period between IVPT studies and clinical study. 

First, steady state concentration (Css) was used in a single parameter Level C IVIVC. The 

predicted Css for both RLD TDS and generic TDS, calculated from IVPT steady state flux 
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using Eq. 1 was 1.69 ± 0.45 ng/mL and 1.72 ± 0.34 ng/mL, respectively, and correlated 

well with observed Css (1.80 ± 1.16 ng/mL for RLD; 1.85 ± 0.78 for generic TDS) obtained 

from the mean of concentration from 5-9 h of the baseline arm profile with percent error 

of 6.04% and 6.76% for RLD TDS and generic TDS, respectively (Table 5.8). 

Table 5.8 Observed Css in vivo, compared to the predicted Css calculated from IVPT steady 
state flux at baseline skin temperature 
 

Mean ± 
SD 

(%CV) 

Observed Css 
in vivo (ng/mL) 

(CV%) 

Predicted Css 
from IVPT 

(ng/mL) 
(CV%) 

p-valuea 
(significance) % Error 

RLD TDS 1.80 ± 1.16 
(64.6) 

1.69 ± 0.45 
(26.4) 0.8271 (ns) 6.04% 

Generic 
TDS 

1.85 ± 0.78 
(42.2) 

1.72 ± 0.34 
(19.4) 0.7148 (ns) 6.76% 

a Statistical significance was tested with two-tailed unpaired t-test, ns=not significant 

 

In addition, heat induced enhancement ratio was calculated in three different ways 

and compared between in vitro and in vivo datasets, as shown in Figure 5.16 and Table 5.9. 

Values were reported as mean ± SD in Table 5.9. In ratio set I where the fold increase was 

calculated by the ratio of Jmax (from in vitro) or Cmax (from in vivo) obtained from the heat 

effect window (5-9 h) over the value before heat application, mean in vivo heat induced 

enhancement ratio for the RLD TDS was 16.4 ± 12.6 though it was not significantly higher  

(p=0.0796) than the similarly calculated in vitro heat ratio (4.01 ± 1.26), it was a four-fold 

difference. Generic TDS showed comparable heat enhancement ratio between in vitro and 

in vivo with no significant difference (3.17 ± 0.78 in vitro and 3.85 ± 3.26 in vivo; p=0.6885) 

(Figure 5.16 A). In ratio set II where heat induced enhancement ratio was based on the Jmax 

(Cmax) during the heat effect window (5-9 h) in heat arm profile and Jmax (Cmax) from the 
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same time in baseline arm profile, in vitro and in vivo heat enhancement ratio were 

comparable for RLD TDS (p=0.1024). However, the in vitro data set demonstrated 

significantly higher heat enhancement ratio compared to the clinical study (p=0.0005) 

(Figure 5.16 B). Lastly, in ratio set III where ratios of partial AUC5-9 increased due to heat 

application and partial AUC without heat obtained from IVPT results were compared, 

partial AUC enhancement of RLD TDS was shown to be comparable for both in vitro and 

in vivo (p=0.8599). However, partial AUC enhancement for the generic TDS was 

significantly higher in vitro then in vivo (p=0.0313) (Figure 5.16 C).                    

Figure 5.16 Comparisons of in vitro and in vivo heat effect ratios, evaluated by three  
different ways: (A) Jmax (in vitro) or Cmax (in vivo) divided by flux (in vitro) or 
concentration (in vivo) value immediately prior to heat application, (B) Jmax (in vitro) or 
Cmax (in vivo) with heat application during the 4 h heat effect window divided by Jmax (in 
vitro) or Cmax (in vivo) during the same 4 h window in the absence of heat application, (C) 
pAUC of the 4 h heat effect window with heat application divided by partial AUC of the 
same 4 h window in the absence of heat (*p ≤ 0.05; ***p ≤ 0.001) 
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Table 5.9 Heat-induced enhancement ratios set I, II and III for RLD TDS and generic TDS 
(mean ± SD) n=5 human skin donors for in vitro and n=7 subjects for baseline arm design, 
n=6 subjects for heat arm design in vivo  
 

 
Baseline Arm 

(x) 
Mean ± SD (CV%) 

Heat Arm 
(y) 

Mean ± SD (CV%) 

Enhancement ratio 
(y/x) 

Mean ± SD (CV%) 
In vitro- Ratio Set I 

RLD 
(µg/cm2/h) 

14.6 ± 5.33 
(36.5) 

53.7 ± 10.5 
(19.51) 

4.01 ± 1.26 
(31.53) 

Generic 
(µg/cm2/h) 

18.8 ± 8.13 
(43.2) 

55.0 ± 11.6 
(21.1) 

3.17 ± 0.78 
(24.5) 

In vivo- Ratio Set I 
RLD 

(ng/mL) 
0.78 ± 0.74 

(95.4) 
5.38 ± 2.66 

(49.4) 
16.4 ± 12.6 

(77.1) 
Generic 
(ng/mL) 

1.47 ± 0.83 
(56.0) 

3.52 ± 1.58 
(44.9) 

3.85 ± 3.26 
(84.7) 

In vitro- Ratio Set II 

RLD 
(µg/cm2/h) 

28.6 ± 7.71 
(27.0) 

53.7 ± 10.5 
(19.5) 

1.99 ± 0.60 
(30.1) 

Generic 
(µg/cm2/h) 

30.9 ± 4.86 
(15.7) 

55.0 ± 11.6 
(21.1) 

1.78 ± 0.22 
(12.3) 

In vivo- Ratio Set II 

RLD 
(ng/mL) 

4.81 ± 4.20 
(87.2) 

5.38 ± 2.91 
(54.1) 

1.31 ± 0.65 
(49.5) 

Generic 
(ng/mL) 

4.31 ± 1.60 
(37.2) 

3.52 ± 1.73 
(49.2) 

0.84 ± 0.34 
(39.8) 

In vitro- Ratio Set III 

RLD 
(µg) 

116.9 ± 30.3 
(25.9) 

157.2 ± 33.1 
(21.0) 

1.41 ± 0.37 
(26.5) 

Generic 
(µg) 

128.9 ± 25.5 
(19.8) 

164.3 ± 35.3 
(21.5) 

1.28 ± 0.20 
(15.3) 

In vivo- Ratio Set III 
RLD 

(ng*h/mL) 
6.84 ± 3.72 

(54.4) 
8.92 ± 5.49 

(61.5) 
1.34 ± 0.77 

(57.4) 
Generic 

(ng*h/mL) 
7.29 ± 3.07 

(42.1) 
6.54 ± 4.01 

(61.3) 
0.87 ± 0.31 

(35.6) 
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Level A IVIVC approach I: Rin based approach 

Using Eq. 5, the input rate obtained from the mean flux between 5-9 h from the 

IVPT study, total body clearance, elimination half-life (t1/2) and elimination rate constant 

obtained from the literature, Approach I under-predicted serum concentration profile of 

rivastigmine from baseline arm design for both RLD and generic TDS (Figure 5.17).  The 

observed and predicted total AUC0-9 were 14.7 ng*h/mL and 8.74 ng*h/mL for RLD TDS 

with %PE of 40.6% and 13.7 ng*h/mL and 8.65 ng*h/mL for generic TDS with a %PE of 

36.8%. The observed and predicted Cmax were 4.97 ng/mL and 1.481 ng/mL for RLD TDS 

with %PE of 70.2% and 4.31 ng/mL and 1.47 ng/mL for generic TDS with a %PE of 66.0%. 

For the prediction of heat arm profile, an in vitro heat effect multiple Hi derived from the 

IVPT studies was used (Eq. 6). The predicted total AUC0-9 did not correlate well with the 

observed total AUC0-9 with %PE of 21.3% and 14.0% for RLD and generic TDS, 

respectively. However, due to large variability in individual serum profiles, the predicted 

Cmax was under-predicted and did not correlate well with the observed Cmax for both TDS 

with %PE of 51.2% and 27.7% (Table 5.10). 

Table 5.10 Prediction error (%PE) for total AUC0-9 and Cmax using Rin based approach 
 
Approach 

I 
AUC0-9 

(ng*h/mL) 
Cmax 

(ng/mL)  
RLD TDS Generic TDS RLD TDS Generic TDS 

Baseline Heat Baseline Heat Baseline Heat Baseline Heat 

Observed 14.7 14.6 13.7 12.9 4.97 5.47 4.31 3.72 

Predicted 8.74 11.5 8.65 11.1 1.48 2.67 1.47 2.69 

%PE 40.6 21.3 36.8 14.0 70.2 51.2 66.0 27.7 
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Figure 5.17 The predicted (Mean ± SEM) and observed (Mean ± SD) concentrations of 
rivastigmine for the entire duration of both study designs and both TDS using Rin based 
Approach I. 
 

Level A IVIVC:  Numerical UIR based deconvolution approach-in vitro heat factor 

The correlation between fraction absorbed (Fa) from clinical study versus fraction 

permeated (Fp) from IVPT studies in the absence of heat for the two TDS was best 

described by second order polynomial equations shown in Figure 5.18. Predicted Fp based 

off the correlation was convoluted to predict the entire serum concentration profile under 

baseline temperature condition. The predicted baseline profiles aligned well with the 

respective observed profiles for the RLD and generic TDS as shown in Figure 5.19. The 

observed and predicted AUC0-9 were 14.7 ng*h/mL and 13.1ng*h/mL for RLD TDS with 
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a %PE of 10.7% and 13.7 ng*h/mL and 12.6 ng*h/mL for generic TDS with a %PE of 

8.33%.  Like the predicted Cmax from Approach I, the predicted Cmax of baseline profile 

from Approach II was also underpredicted and has a %PE of 53.6% and 41.1% relative to 

the observed Cmax for both RLD and generic TDS, respectively (Table 5.9). 

 

Figure 5.18 Level A correlation plot for Fa versus Fp for Approach II 

 

Figure 5.19 Observed ((mean ±SD); n=7 for baseline arm) vs predicted concentrations for 
baseline arm design using Approach II 
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Heat arm predictions were built on the predicted baseline arm profile by 

incorporating three different heat factor multiples. The predicted concentration profiles for 

heat study arm using Hi (1), Hi (2) and Hi (3) are shown in Figure 5.20. The predicted total 

AUC and Cmax and calculated %PE are described in Table 5.11. In all cases, total AUC for 

heat study arm were overpredicted with %PE greater than 10%. In terms of Cmax, the 

predicted Cmax for generic TDS did not correlate well with the observed Cmax with %PE 

great than 10% in all three cases while the Cmax for RLD TDS under heat arm study design 

was underpredicted with %PE greater than 20% with heat multiple Hi (1) and Hi (2). 

Figure 5.20 Observed ((Mean ± SD); n=6 for heat arm) vs predicted concentrations for 
heat arm design using Approach II in vitro heat factor multiple (A) Hi (1), (B) Hi (2), (C) 
Hi (3) 
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Table 5.11 Prediction error (%PE) for total AUC0-9 and Cmax using Approach II 
 

Approach II  AUC0-9 
(ng*h/mL) 

Cmax 
(ng/mL) 

RLD TDS Generic TDS RLD TDS Generic TDS 
Baseline Heat Baseline Heat Baseline Heat Baseline Heat 

Approach II Heat multiple Hi (1) 

Observed 14.7 14.6 13.7 12.9 4.97 5.47 4.31 3.72 

Predicted 13.1 16.8 12.6 15.2 2.31 3.96 2.54 3.35 

%PE 10.7 -14.5 8.33 -17.6 53.6 27.6 41.1 10.0 
Approach II Heat multiple Hi (2) 

Observed 14.7 14.6 13.7 12.9 4.97 5.47 4.31 3.72 

Predicted 13.1 16.7 12.6 15.0 2.31 3.98 2.54 3.29 

%PE 10.7 -14.5 8.33 -16.4 53.6 27.3 41.1 11.6 
Approach II Heat multiple Hi (3) 

Observed 14.7 14.6 13.7 12.9 4.97 5.47 4.31 3.72 

Predicted 13.1 22.9 12.6 20.4 2.31 5.09 2.54 4.44 

%PE 10.7 -56.6 8.33 -58.0 53.6 6.88 41.1 -19.2 
 

Level A IVIVC:  Numerical UIR based deconvolution approach-in vivo heat factor  

The predicted profiles from Approach III are shown in Figure 5.21. Approach III 

used an in vivo heat factor to make a point-to-point prediction of the entire heat arm profile. 

The predicted total AUC for the heat arm profile correlated well with the observed values 

with %PE less than 15% for both RLD and generic TDS. However, Cmax were 

underpredicted in Approach III (Table 5.12). 
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Figure 5.21 Observed ((Mean ± SD); n=6 for heat arm) compared to predicted 
concentrations (with in vivo heat factor) 
 

Table 5.12 Prediction error (% PE) for total AUC0-9 and Cmax using Approach III 
 

Approach 
III  

AUC0-9 
(ng*h/mL) 

Cmax 
(ng/mL) 

RLD TDS Generic TDS RLD TDS Generic TDS 

Baseline Heat Baseline Heat Baseline Heat Baseline Heat 

Observed 14.7 14.6 13.7 12.9 4.97 5.47 4.31 3.72 

Predicted 13.1 16.7 12.6 13.1 2.31 4.39 2.54 2.92 

% PE 10.7 -14.5 8.33 -1.70 53.6 19.7 41.1 21.6 
 

5.4 Discussion  

The present study evaluated IVIVC relationship between drug percutaneous 

absorption results from IVPT studies using excised human skin with In-Line flow-through 

diffusion system and harmonized in vivo PK study with healthy human subjects for FDA 

approved rivastigmine products; Exelon® TDS versus generic rivastigmine TDS. In both 

in vitro and in vivo studies, RLD TDS and generic TDS were subjected to baseline and 

elevated temperatures that was induced by a transient heat application. Under baseline 

0 1 2 3 4 5 6 7 8 9
0

2

4

6

8

RLD TDS Heat Arm

Time (hr)

R
iv

as
tig

m
in

e 
co

nc
 (n

g/
m

L) Predicted (Approach III)
Observed in vivo

0 1 2 3 4 5 6 7 8 9
0

2

4

6

8

Generic TDS Heat Arm

Time (hr)

R
iv

as
tig

m
in

e 
co

nc
 (n

g/
m

L)



 136 

temperature, IVPT and in vivo PK profile showed a similar profile shape with initial 

increase in rivastigmine concentration followed by a controlled release of rivastigmine 

for the remaining study duration (Figure 5.4 A and Figure 5.8), despite in vivo serum 

concentration time profiles demonstrating higher intra- and inter-subject variability 

(Figure 5.11 and Figure 5.12). Heat significantly increased higher Jmax across all five 

human skin donors in vitro (Table 5.3 and Figure 5.4). Therefore, it was anticipated that 

rivastigmine peak serum concentrations should elevate under transient heat exposure. 

However, the in vivo PK study did not show any significantly enhanced peak serum 

concentrations (Table 5.4 and 5.5, Figure 5.9). Previous IVIVC heat studies with nicotine 

TDS, fentanyl TDS and oxybutynin TDS used comparable in vitro and in vivo 

experimental conditions as in the present study and results have demonstrated the 

consistent elevation in Jmax across ex vivo human skin and Cmax in healthy human 

subjects in these studies.179  The discrepant results from the present study might be due 

to several reasons. In this study, twelve subjects were estimated based on power analysis 

and similar to that reported by Panetta et al.214  to achieve a power of at least 80% with 

an acceptable maximum predicted error within 25% on the AUC.215  However, the study 

was truncated to a lower number of subjects (n=7) and only less than half of the subjects 

demonstrated an increasing AUC and Cmax under transient heat exposure. The smaller 

sample size leads to a reduced statistical power in detecting significant heat impact in those 

who demonstrated heat impact in AUC and Cmax compared to the forementioned studies 

with nicotine (n=10 subjects), fentanyl (n=10 subjects) and oxybutynin (n=12 subjects). 

Rivastigmine has unique characteristics as an acetylcholinesterase inhibitor with brain-

region selectivity, it extensively distributes into the central nervous system and 
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undergoes substantial biotransformation in the brain, liver, and intestine into its 

metabolite, which possibly lead to even more intra-individual and inter-individual 

variability in the clinical data.216  Therefore, the small number of subjects was definitely 

not sufficient for detecting any significant change in AUC and Cmax induced by the 

transient heat application.31  Due to the lower number of subjects, it is not certain whether 

significant heat effect would be observed in humans for this particular TDS, more subjects 

need to be done to evaluate clinical heat effect. From the current study, some people (for 

example, subject TDR-001 and TDR-014) may still experience significant heat effect on 

blood level if they use a heating pad. This heat effect is similar in magnitude to what has 

been observed with other TDS, and respective heat effect from generic TDS does not seem 

to be significantly higher compared to the RLD TDS (Figure 5.13). In addition to sample 

size, it is possible that the complex design and formulation of rivastigmine TDS made 

them less susceptible to heat influence. Both RLD and generic rivastigmine TDS were 

composed of multi-layer laminate as compared to the fentanyl, nicotine and oxybutynin 

TDS which were composed of a single layer drug adhesive system.217-221 However, a 

significant heat effect was observed in the highly sensitive and discriminating IVPT test. 

RLD rivastigmine TDS was comprised of a four-layer laminate with backing layer, drug 

matrix, adhesive matrix, and release liner while the generic rivastigmine TDS was 

comprised of a cover sheet, backing film, reservoir layer, adhesive layer, and release liner. 

The RLD and generic rivastigmine TDS used for the clinical study had a much smaller 

patch size (5 cm2 and 4.6 cm2, respectively) compared to other forementioned transdermal 

systems that had bigger TDS size between 6.25 cm2 and 39 cm2. With the heat arm study 

design, a Kevlar® sleeve was wrapped around the subject’s arm with an opening to expose 
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TDS the heating pad and protect the skin outside the dosing area from thermal injury. 

Therefore, when heat was applied, only a small area of skin that was underneath the TDS 

and skin sensor was subjected to an elevated skin temperature.  There are several proposed 

mechanisms on how elevated skin temperature from heat exposure can affect drug delivery 

across skin, that included enhanced drug diffusivity from its vehicle increasing drug release 

from TDS, increased fluidity of SC increasing penetration of drug molecule through the 

skin and increased cutaneous vasodilation increasing drug clearance from skin into 

systemic circulation.108  In the current work due to the small active drug permeation area 

and complexity of TDS formulation design, it is possible that the elevated temperature has 

less of an in vivo effect on drug release and permeation across the skin. 

Future studies are still necessary since with different heat mechanisms other than 

the one used in the current clinical study, significant elevation in rivastigmine absorption 

could be possible. In addition, the current study took a conservative approach and evaluated 

the lowest dose strength (4.6 mg/24 h) of rivastigmine TDS, which is typically the initial 

dose for the treatment of a patient with Alzheimer’s dementia, for the safety of participating 

subjects. One modification to the study design would have been to give subjects the lower 

dose patch (4.6 mg/24 h) to ensure drug tolerance followed by a subsequent dose at the 

same strength, and then use the next higher dose such as the recommended daily effective 

dosage of rivastigmine TDS 9.5 mg/24 h to complete PK sampling and heat effect study.55  

This approach would have addressed the safety issue, increased the probability of heat 

impact on rivastigmine absorption and provide the best opportunity for higher blood levels.  

In the current study, heat effect enhancement ratios represented the fold increase of 

BA under heat application and was calculated from three approaches comparing in vitro 
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and in vivo datasets (Table 5.9 and Figure 5.16).  The in vivo dataset exhibited 

inconsistencies in heat enhancement between individual subjects as compared to the in 

vitro dataset with nearly identical heat effect ratio across individual skin donors. For 

example, in the first approach where heat effect ratio was based on the fold increase relative 

to the drug performance prior to heat exposure, RLD TDS showed different values in vivo 

compared to in vitro while generic TDS demonstrated a comparable heat effect ratio. 

However, for the other two approaches where Jmax/Cmax (or partial permeation) was 

compared between the heat and baseline profile, RLD TDS showed comparable level of 

enhancement whereas the generic TDS showed significantly lower enhancement from the 

in vivo study relative to in vitro studies. Therefore, this is crucial to take into consideration 

when selecting the appropriate approach to evaluate heat enhancement. 

The data sets in the current study have successfully demonstrated two levels of 

IVIVC under baseline arm design, a Level C IVIVC of steady state serum concentration 

and a Level A point-to-point IVIVC of the entire serum concentration-time profile with 

numerical UIR-based deconvolution approach. For the baseline arm Level A IVIVC 

prediction, two approaches were used. The first approach used a PK equation with rate of 

input (Rin, i.e., Jss obtained from IVPT study), clearance and elimination rate constant value 

from existing literatures which underpredicted in vivo serum concentration-time profile 

compared to the observed in vivo PK profile. Since in vivo results showed high variability 

for both within and between individual subjects’ PK profiles, it likely contributed to overall 

higher mean serum concentration time profile than the predicted profile from Rin based 

approach. The second approach using a numerical deconvolution method closely predicted 

the in vivo serum concentration-time profiles of rivastigmine from the baseline arm design 
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at most time points, similar to the predicted profiles reported by X. Liu et al., except in the 

beginning (i.e., 2-4 h), which could be attributed to one or two outliers that have larger 

values.222  An overall good alignment of observed and predicted PK profile for both RLD 

and generic TDS are shown in Figure 5.19. IVIVC was also evaluated for the heat arm 

design and incorporated in vitro and in vivo heat effect multiples on the predicted baseline 

serum concentration-time profile from numerical UIR deconvolution approach. The 

incorporation of heat effect multiples was to account for the fold-increase of serum 

rivastigmine concentration at each respective time points during the period when heat was 

applied as well as for prolonging the heat effect window. Since in vitro heat effect multiple 

was calculated based on the fold increase of flux from heat application in the IVPT study, 

incorporating in vitro heat effect multiples overpredicted BA of rivastigmine in vivo (as 

shown in the higher predicted AUC compared to observed AUC in Table 5.11) especially 

during heat application, since in vivo PK studies did not show any significant heat influence 

on overall BA. For the same reason, the in vivo heat effect multiple is more appropriate in 

the current study, as shown in closely matched predicted and observed PK profile (Figure 

5.12). 

Currently, there is no available guidance on IVIVC for topical and transdermal drug 

products. However for the extended release oral dosage forms, the following criteria is 

used for evaluating IVIVC: %PE of 10% or less for Cmax and AUC indicates external 

predictability, %PE between 10-20% indicates inconclusive predictability and %PE greater 

than 20% indicates inadequate predictability.140  In the present study using a UIR 

numerical deconvolution method (Approach II), IVIVC between IVPT and in vivo PK 

study can be predictive of drug BA under baseline temperature, with the predicted serum 
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concentration time profile closely aligning with observed baseline profile and %PE for 

AUC around 10% for both RLD and generic TDS. However, %PE for Cmax was greater 

than 40% due to large intra- and inter-variability as well as the complexity of transdermal 

formulations and study design. To predict rivastigmine BA under heat application, IVIVC 

was built by incorporating three in vitro heat effect multiples (Approach II) and one in vivo 

heat effect multiple (Approach III). The %PE of AUC of the predicted profiles from the 

first two in vitro heat effect multiples (Hi (1) and Hi (2)) for both RLD and generic TDS 

in Approach II were between 10-20% indicates inconclusive predictability of the IVIVC 

models which means additional data sets are needed, attributed to the small sample size in 

this study. AUC of the predicted profiles of RLD and generic TDS from the last in vitro 

heat effect multiple (Hi (3)) in Approach II were both greater than 50% indicates 

inadequate predictability, due to that Hi (3) was based on the fold increase between average 

flux from baseline IVPT and Jmax from heat IVPT that were larger compared to the other 

two in vitro heat effect multiples. The %PE of AUC of the predicted profiles from 

Approach III with in vivo heat effect multiple (Hii) are -14.5% and -1.70% for the RLD 

and generic TDS, respectively, indicate the predictability of IVIVC of generic TDS and 

inconclusive predictability for the RLD TDS. 

5.5 Conclusion 

The present work evaluated a RLD and generic rivastigmine TDS under normal 

physiological temperature and elevated temperature (42°C) by transient heat application 

with harmonized IVPT and PK study design. Level A and Level C IVIVC were 

successfully established for both TDS under baseline temperature implied the usefulness 

of IVPT as a convenient and efficient tool for the prediction of drug BA in vivo under 



 142 

normal physiological temperature. However, IVPT did not provide good IVIVC with in 

vivo results under heat application since no significant heat effect was demonstrated for in 

vivo rivastigmine transdermal delivery. Multiple reasons were proposed for the lack of 

significant heat effect in the current study compared to other heat effect studies of TDS of 

different drug molecules using similar experimental conditions. 

Overall, the present work demonstrated good Level A and Level C IVIVC for the 

TDS of interest using harmonized IVPT and PK study designs under normal physiological 

temperature.  However, more studies with harmonized study designs are needed with 

respect to determining the best experimental conditions and statistical IVIVC approaches 

for the evaluation of heat effect for the TDS. 
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Chapter 6: Conclusion 

The overall aim of this dissertation was to evaluate IVIVC for topical and 

transdermal drug products by IVPT with excised human skin and a harmonized in vivo PK 

study in healthy human subjects. The first aim was to evaluate IVIVC for three 

commercially available metronidazole topical drug products to see if IVPT would be able 

to correlate and be predictive of BA/BE of the RLD and its generics in vivo. The second 

aim was to evaluate IVIVC for two rivastigmine TDSs (RLD and generic) that varied in 

formulation composition to determine if IVPT could accurately predict BA in vivo under 

clinically relevant scenarios of external heat exposure. Preliminary IVPT studies were 

completed with porcine skin to optimize the study conditions. Effects of continuous and 

transient heat exposure were investigated to select an optimal period for application, where 

heat effect would be the most prominent in vivo. Pivotal IVPT studies with ex vivo human 

abdominal skin and a harmonized PK study were completed, followed by investigating 

multiple levels of IVIVC. 

In Chapter 2, IVPT conducted with excised human skin demonstrated similar 

percutaneous PK of metronidazole RLD gel and generic gel and differentiated the generic 

cream from both gels, as characterized by flux profiles.  A further SABE approach 

demonstrated that the two gels were BE in nature and the cream was not BE to either gel. 

BA was predicted for each drug product with IVPT, but Jmax and cumulative amount 

permeated were not very different between the cream and gels. It was concluded that IVPT 

can be used to predict BA/BE for generic topical drug products; however, more studies 

with other topical drug products and their generic versions would be necessary to fully 
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establish its validity as an in vitro testing model for differentiating BA/BE that can be 

critical for the approval of generic topical drug products. 

In Chapter 3, BE analysis of in vivo data generated from a harmonized three-way 

cross over PK study in healthy human subjects indicated a 90% CI within 0.80-1.25 of the 

BE criteria for AUC of the two bioequivalent gels, but not Cmax with a 90% CI outside the 

BE criteria. Large inter-subject variabilities in PK profiles were observed and also expected 

from topical drug products that were not developed to provide consistent systemic blood 

levels. IVIVC was explored with a numerical deconvolution approach, using PK 

parameters like a CL value obtained from literature, along with in vitro data from Chapter 

2 and in vivo data. The predicted AUC for the two bioequivalent gels matched well with 

the observed AUC (%PE <10%) but the IVIVC for the cream AUC was not as 

predictive, %PE=15.6%. In addition, IVIVC did not accurately predict Cmax for the three 

topical metronidazole products. It was concluded that the design for the in vivo PK study 

should be further evaluated and optimized. Additional drug molecules of different 

physiochemical properties should be evaluated with similar IVPT and PK studies to 

validate a protocol to generate strong IVIVC to accurately predict in vivo BA. 

In Chapter 4, results from IVPT studies with porcine and ex vivo human abdominal 

skin were compared for the rate and extent of rivastigmine transdermal drug delivery from 

RLD and generic TDS under influence of heat exposure. Pilot studies on porcine skin have 

shown enhancement in flux induced by both continuous and transient heat exposure. 

Continuous heat induced significant enhancement in cumulative amount of drug permeated 

that is more prominent than the effect from transient heat exposure. The results from pilot 

studies also showed that increased sampling frequency during heat exposure better 
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characterized the amplitude of heat effect. Pivotal studies on human skin demonstrated a 

slightly different magnitude of heat effect for the rivastigmine TDS with the RLD TDS 

having a more prolonged heat effect compared to the generic TDS. It was concluded that 

carefully designed and optimized IVPT studies using excised porcine and human skin have 

the potential to compare changes in the rate and extent of transdermal drug delivery from 

RLD and generic TDS under the influence of heat exposure. 

In Chapter 5, RLD and generic rivastigmine TDS were evaluated in healthy human 

subjects with an IVPT harmonized four-way crossover PK study under normal 

physiological temperature (32°C) and elevated temperature (42°C). A strong Level C 

(single point) and Level A (point-point) IVIVC under normal physiological temperature 

was established which suggests the utility of IVPT in the prediction of drug BA in vivo. 

However, the prediction of heat effect from IVIVC was weak with the in vivo heat effect 

being much less consistent and prominent than the in vitro heat effect. Multiple reasons 

were proposed for the lack of significant heat effect in the current study compared to other 

heat effect studies with TDS of different drug molecules using similar experimental 

conditions. These included intra-individual and inter-individual variability due to smaller 

sample size, unique distribution, and biotransformation characteristics of rivastigmine, 

complex design and formulation of these TDS, and a conservative approach taken using 

the lowest dose strength (4.6 mg/24 h) for rivastigmine TDS that reduced the probability 

of a more prominent heat effect on serum rivastigmine concentration. It was concluded that 

study designs are very critical for establishing a strong IVIVC that can be used to reliably 

predict BA of TDS in vivo. 
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In conclusion, results from this dissertation work demonstrated the utility of IVPT 

in evaluation of BA/BE in vitro for generic topical drug products and heat effect for 

transdermal drug products.  IVPT can correlate and be predictive of drug exposure (AUC) 

of topical drug products and for transdermal drug products under normal physiological 

temperature; and it has been shown in other studies to predict entire PK profiles based on 

a strong established IVIVC. For hydrophilic drug molecules, such as metronidazole, the 

potential of IVPT to correlate with a PK study may be complicated by the presence of a 

shunt route in the skin of human subjects from the PK study that offers an alternative 

permeation pathway for metronidazole not seen in excised human skin from IVPT. For the 

evaluation of heat effect of TDS, consideration should be taken when selecting proper 

sample size, dose, heat mechanism and duration of heat application to establish a strong 

IVIVC. 
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