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ABSTRACT - Purpose: The main aim of the current research was to develop and apply a 
dermatopharmacokinetic (DPK) approach for the bioequivalence assessment of metronidazole (MTZ) topical 
cream products, indicated in the treatment of rosacea. Methods: A DPK methodology using tape stripping (TS) 
technique was developed by investigating the factors that may influence the TS results viz. tapes, dose 
durations, number of tapes to be used, pressure application, dose applied and gravimetric analysis of the tapes. 
An initial dose duration study was performed on 6 healthy participants to determine an appropriate application 
time duration using the Emax model. The stratum corneum (SC) thickness was normalised between participants 
using transepidermal water loss (TEWL) measurements. A pivotal study was conducted using both the arms of 
10 healthy human participants to demonstrate the ability of the TS method for bioequivalence assessment by 
comparing the reference product, Metrocreme® (0.75% MTZ), to itself as a positive control and including 
products with higher and lower strengths of MTZ to serve as negative controls in order to confirm 
bioinequivalence. Results: Whereas the reference was found to be bioequivalent when compared to itself, the 
creams containing 0.56% and 0.95% MTZ (negative controls) were not bioequivalent (bioinequivalent). 
Furthermore, another product containing 0.75% MTZ was also assessed and was found to be bioequivalent to 
the reference product. In addition, the use of both forearms of each participant offered an important advantage 
of significantly reducing the number of human subjects required to demonstrate BE with a high statistical power 
of > 80%. Conclusion: The data obtained provides compelling evidence that the developed TS method has the 
potential to be a cost-effective surrogate alternative for lengthy and expensive clinical trials. Consequently, its 
application can facilitate faster development of generic products which would, in turn, lower the economic 
burden of healthcare. 

INTRODUCTION 

The cost of prescription medicines is an ongoing 
concern leading to unaffordability and, 
consequently, patients often defer or even abandon 
treatment. The availability of generic products 
provide lower-priced competing versions of 
medications and therefore facilitate patient access to 
marketed medicines (1,2). However, demonstration 
of bioavailability/ bioequivalence (BA/BE) of 
topical semi-solid dosage forms intended for local 
action has been a major challenge amongst 
scientific researchers and regulatory agencies 
around the world (3). Whereas the determination of 
drug concentrations in blood following 
extravascular administration of drug products 
intended for systemic circulation has been 
successfully used to determine BA/BE, such an 
approach is not valid for the BE assessment of 
topically applied products for local action. Apart 

from the FDA’s vasoconstriction assay (VCA) (4) 
which provides only for the BE testing of topical 
corticosteroid products, and more recently, several 
product-specific guidances intended for biowaiver 
applications (5–10), clinical trials have been the 
only means whereby a generic company can 
demonstrate BA/BE of other topical dosage forms 
intended for local activity (3). 

For extravascularly administered drug 
products intended for systemic absorption, the area 
under the curve (AUC) obtained from plasma drug 
concentration vs time profiles gives an estimate of 
their BAs (11). This, however, is not applicable to 
topical products intended for local action since the 
site of application is also the intended site of action 
with minimal systemic uptake (12). Additionally, 
since the dose applied is generally low (~ 5 mg/cm2 
of the product), the determination of the kinetics of 
uptake and elimination following topical 
administration is impractical (13,14). Stratum 
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corneum (SC) functions as a rate limiting barrier for 
topically applied drug products and is also the site 
of action for a number of topically administered 
drug products, such as antifungal agents, while 
some others like MTZ, act in the lower layers of the 
epidermis or the dermis. Tape stripping (TS) 
enables the quantitative determination of drug 
amounts in stripped SC. The 
dermatopharmacokinetic (DPK) approach using TS 
is the most commonly used and accepted method for 
SC sampling because it offers a relatively cheap, 
simple and quick method to do so (15). Moreover, 
it is relatively non-invasive and does not influence 
inflammatory components (16). 

The utility of TS to determine BA/ BE of 
topical products led to the publication of a Guidance 
for Industry entitled  “Topical Dermatological Drug 
Product NDAs and ANDAs – In Vivo 
Bioavailability, Bioequivalence, In Vitro Release, 
and Associated Studies” in 1998 (15). Although the 
protocol described in the guidance yielded 
promising outcomes, the FDA withdrew the 
guidance in 2002 (17) following major concerns 
regarding the appropriateness of the DPK method to 
assess topical products whose site of action was not 
the SC and particularly its lack of reproducibility 
between different laboratories. The basis of the 
latter concern was the contradictory BE assessment 
results for tretinoin gel products obtained by two 
reputed independent laboratories. The reasons for 
the variabilities were attributed to the lateral 
spreading of the formulations and differences in the 
TS protocols used between laboratories (18,19).  

The high degree of variability associated 
with the FDA’s DPK protocol necessitated 
recruitment of a large number of participants to 
achieve statistical power of > 80% to obtain 
satisfactory results (20,21). This variability may be 
attributed to the inconsistencies in the amount of SC 
stripped with each tape strip, the amount of drug 
present in the discarded tape strips and inefficiency 
of the residual product removal procedure (20). 
Some of the additional limitations of the original 
DPK guidance include the trial and error approach 
employed to determine the time points for TS, the 
length of time and the amount of manpower 
required for the procedure (22). The guidance also 
did not take into account the inter individual 
differences in the SC characteristics, especially the 
thickness (18,20). 

After the withdrawal of the guidance in 
2002, various attempts (18,20,23–25) have been 
made to develop a standardised TS method and to 
minimise the variability associated with it. In 2003, 

Japan’s National Institute of Health Sciences 
published a guideline that made provisions to 
include TS for BE studies of generic products for 
topical use (26). Other countries that accepted TS 
for BE assessment of topical products included 
South Africa (27) and Brazil (28) until recently 
when the European Medicines Agency (EMA) 
published a draft guideline on quality and 
equivalence of topical products in 2018 (29). More 
recently, a new FDA draft guidance has been 
published, whose objective is to facilitate the 
development and approval of generic products (30).  

The use of the FDA’s 8 time point profile to 
determine the AUC has largely been criticized due 
to the associated impracticalities (18). An 
alternative approach (31) involving the comparison 
of the total amount of drug found in the SC has been 
used instead of using AUCs to compare cream and 
ointment formulations using a single time point. 
However, this approach involves a relatively rugged 
procedure and assumes that the amount of SC is the 
same amongst the study participants. The results 
also largely depend upon the amount of dose applied 
and the chosen dose duration (DD). Some other 
studies (20,32) have been conducted by employing 
two time points – representing the “uptake” and 
“clearance” phases.  

Several studies have demonstrated the 
utility of TS to establish bioequivalence between 
products (18,21,33–38). N’Dri-Stempfer et al. (18) 
identified the sources of variabilities in the DPK 
approach and designed an improved method that 
minimised the influence of these variables to assess 
bioequivalence between topical products containing 
1% econazole nitrate. The inclusion of a negative 
control i.e. non-bioequivalent product was 
suggested in order to avoid misclassification of 
products. Ortiz et al. (34) developed a TS method 
that had the necessary properties to detect 
differences in drug amounts and establish 
bioequivalence. Similarly, Parfitt et al. (24) 
demonstrated the potential of TS to establish 
bioequivalence between topical products containing 
clotrimazole using an approach wherein the skin 
thickness between the participants was normalised 
and the tape strips were individually weighed, 
extracted and analysed. In a more recent study, 
Nallagundla et al. (23) developed and optimised a 
TS methodology and used it to accurately assess 
bioequivalence between topical products containing 
acyclovir with a high statistical power (> 90%). 
Importantly, these methodologies avoided 
numerous measurements of drug amount by 
performing TS only once, at a DD within the uptake 
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phase, since this phase is sensitive to formulation 
performance, the key component in bioequivalence 
testing. 

The PK parameters, area under the curve 
(AUC), peak plasma drug concentration (Cmax) 
and/or maximum drug quantity per unit area 
(ng/cm2) in the SC (Qmax) and thermodynamic 
parameters, SC-vehicle partition coefficient of the 
drug and diffusivity (D) of the drug across the SC of 
thickness (L) i.e. D/L2 have been employed for 
topical BA and BE assessment (21,24,39–41) 
whereas recently, Ozdin et al. (42) proposed a 
refined strategy that eliminated some of the 
limitations and complexities in DPK approaches 
used thus far using the TS procedure described by 
Nallagundla et al. (23). A total of 56 samples per 
subject were collected for analysis. This number 
would have increased if the FDA proposed method 
(14 TS × 8 sites for Test and 14 TS × 8 sites for Ref 
= 224) or the Two-Time method (28 TS for Test and 
28 TS for Reference in each of uptake and clearance 
phases = 112) were used. As a result, a DPK profile 
that consisted of the SC drug quantity (μg) as a 
function of time was generated using a novel 
method by attributing one time point to each 
stripped layer (i.e. DD of 8 min + each TS procedure 
lasting 30 s). This approach obviates the need to 
tape strip at many DDs and simplifies the DPK 
procedure by eliminating the need for gravimetric 
analysis of the tape strips. In view of the fact that 
the percentage of the dose absorbed after topical 
application is very small and since topical 
dermatological products are not intended to deliver 
the drug into the systemic circulation, PK 
parameters such as clearance and volume of 
distribution are not relevant using this method (42). 

The choice of DD has generally been 
unsubstantiated and usually the dose is left on for an 
arbitrary period of time. Since sampling at a time 
when the amount of drug in the SC has reached 
steady state is likely to mask differences in 
formulations, it is necessary to have a validated 
method to ensure that the chosen dose duration lies 
on a sensitive part of the dose-response curve (dose 
duration vs AUC). It is important to ensure that the 
pivotal study is carried out at a dose duration which 
can provide the necessary discriminatory power to 
identify significant differences between products. 
Hence, the approach described in the FDA’s VCA 
guidance (4) was employed to determine the dose 
duration for topical MTZ creams.  

From the literature accessed, the need to 
develop a standardised TS method with necessary 
discriminatory capability to accurately determine 

bioequivalence was realized. Hence, positive and 
negative controls were included. In addition, unlike 
some previous studies, where only one arm of each 
participant was used, the current study describes the 
use of both arms in the same participant in order to 
reduce the number of participants required to show 
BE using TS. 
 
METHODS 
 
Chemicals  
MTZ was obtained from Sigma-Aldrich and stored 
in a cool, dry area that was free from light exposure. 
HPLC-grade methanol (200 UV ROMIL—SpSTM 
Super Purity Solvent) was obtained from Romil Ltd. 
(Waterbeach, Cambridge, UK). The water used for 
chromatography was prepared by reverse osmosis, 
followed by filtration through a Milli-Q system 
(Millipore, Bedford, MA, USA).  
 
Formulations 
Metrocreme® (Galderma Laboratorium GmbH, 
Düsseldorf, Germany) containing 0.75% MTZ was 
used as the reference MTZ cream and specially 
manufactured creams containing equal strength 
(0.75%), 25% less (0.56%) and 26% more (0.95%) 
MTZ than the reference product were used as test 
products, T1, T2 and T3, respectively to establish the 
utility of the developed TS method for the 
assessment of bioequivalence. A placebo cream was 
used for ultra-performance liquid chromatography 
(UPLC) method validation. 
 
Equipment  
A calibrated MX5 Mettler® Toledo Microbalance 
(Mettler® Inc, Zurich, Switzerland) that is sensitive 
enough to measure low masses was used for 
weighing standards and tape strips. Furthermore, a 
static eliminator (AD 1683 DC, A&D Company 
Ltd., Tokyo, Japan) was used to neutralize the static 
build up on the tape strips to ensure the accuracy and 
reliability of the masses obtained. Micropipettes 
P100 and P1000 (PipetmanTM, Gilson®, Villiers-
le-Bel, France) were used to transfer standard 
solutions and tape strip extracts.  

The amounts of MTZ in the tape strips were 
determined using a Waters Acquity UPLC system 
equipped with a photo diode array detector (PDA), 
Empower® 3 data acquisition system (Waters, 
Milford, MA, USA). The chromatographic 
separation was achieved by using an Acquity UPLC 
BEH C18 1.7 μm (2.1 × 100 mm). A mobile phase 
of methanol/water (40/60 v/v) at a flow rate of 0.2 
mL/min was used, and the eluate was monitored at 
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a wavelength of 318 nm. Samples (2 μL) were 
injected at ambient temperature during analysis.  
 
Tape selection 
Five types of adhesive tapes viz. MicroporeTM 
Surgical Tape (3M, Johannesburg, South Africa), 
TransporeTM Surgical Tape (3M, Johannesburg, 
South Africa), ScotchTM Magic Tape (3M, 
Johannesburg, South Africa), Sellotape® Crystal 
Clear Tape (SSC, Cleveland, South Africa) and 
Sellotape® Easi Tear Invisi Tape (SSC, Cleveland, 
South Africa) were investigated as potential 
candidates. ScotchTM Magic Tape was chosen due to 
its high extraction efficiency, good adhesiveness, 
absence of interference during analysis, and ease of 
handling.  
 
UPLC method validation 
The chosen tapes were individually cut into squares 
(2.4 x 2.4 cm), spiked with 10 μL of the relevant 
standard solutions ranging from 5 – 500 μg/mL 
methanolic solution of MTZ that would yield 
samples with concentrations of 0.05 – 5 μg/mL upon 
extraction. Water (1 mL) was added to the tubes and 
the samples were subjected to ultrasonic treatment 
for 20 min at 55°C using an ultrasonic water bath 
(model 702, Scientech Ultrasonicator, United 
Scientific (Pty) Ltd, Port Elizabeth, South Africa). 
The samples were then vortexed for 4 min on an 
Eppendorf MixMateTM (model PCB-08, 
Eppendorf, Hamburg, Germany) at 1800 rpm, 
followed by centrifugation for 10 min (Eppendorf 
Centrifuge 5415, Hamburg, Germany) at 1300 rpm 
and filtered through a Durapore® (PVDF, 0.22 μm, 
33 mm, Merck Millipore Ltd., Ireland) syringe filter 
prior to chromatographic analysis. Additionally, 
unspiked tapes were extracted and used as blanks. 
The UPLC method was validated in accordance 
with the International Council for Harmonization 
(ICH) guidelines (43). The validation criteria and 
procedures used to validate them are described 
below.  
 
Selectivity, specificity 
In order to assess the ability of the method to detect 
and identify MTZ in the presence of other 
components of the cream and stripped SC, four 
control solutions i.e. extracts from unspiked tape 
(negative control TCn), tape spiked with MTZ to 
yield 1 μg/mL extract (positive control TCp), 
unspiked tape used to strip the skin following 
application of placebo (matrix negative control 
TCnm) and tape used to strip the skin following 
application of placebo spiked with MTZ to yield 1 

μg/mL extract (matrix positive control TCpm). The 
samples thus obtained were investigated for the 
presence of interfering peaks due to the components 
from the placebo cream and SC and to ensure that 
the integrity of the MTZ peaks was not 
compromised following TS studies. According to 
the acceptance criteria, the difference between the 
mean retention times of positive control and 
positive matrix control i.e. RTp and RTpm, 
respectively, should not be more than 10%. 
Furthermore, the negative controls were checked for 
the presence of any detectable MTZ peaks at the 
specified retention time. 
 
Linearity 
A set of eight calibration standards with 
concentrations of 0.05, 0.1, 0.2, 0.5, 1, 2, 4, and 5 
μg/mL were analysed in six runs and a linear 
regression curve established for each of these runs. 
The predetermined specifications for the validation 
were that 75% of the standards, and at least one 
standard per concentration, should meet the 
following acceptance criteria: The measured 
concentration should lie within ± 15% of the 
nominal concentration (TCnom), except for the 
lowest concentration which should lie within ±20% 
of TCnom. Additionally, the coefficient of 
determination (R2) values of each regression curve 
calculated for each batch run should be > 0.95. 
 
Accuracy and precision 
The tapes from the placebo cream TS studies were 
spiked with MTZ to obtain concentrations of 0.5 
(TS0.5), 1 (TS1) and 5 μg/mL (TS5) to be used as 
accuracy standards. Three runs were conducted on a 
single day which were used to determine the 
accuracy and intra-day precision. Additionally, a 
run was carried out every day for three consecutive 
days to determine inter-day precision. To 
demonstrate accuracy the average measurements 
(TSmeas,ac) from the runs for intra-day precision and 
from each of the three solutions (n = 3) should not 
deviate by more than ± 15% for high and medium 
concentrations and by not more than ± 20% for low 
concentration from the respective nominal 
concentrations (TSnom). The intra- and inter-day 
precisions were evaluated by calculating the CV for 
each of the three runs carried out on day 1 for intra-
day precision and across the three days for inter-day 
precision.  
 
Recovery 
To confirm that most of the drug present in tape 
strips was extracted, the percent recoveries of the 
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samples obtained after extraction were compared to 
the standards corresponding to their TCnom. The 
amount of drug recovered after extraction should be 
greater than 85% (23). 
 
Robustness 
Different column temperatures (22.5 and 27.5°C 
instead of 25°C) and different flow rates (0.18 and 
0.22 mL/min instead of 0.2 mL/min) were used to 
assess robustness. These were compared with the 
average measurements from the linearity validation 
to establish robustness. Additionally, a different 
column of the same type was used on a different day 
and validated for its robustness. 
 
Stability 
Solutions TS0.5, TS1 and TS5 were used to test the 
short-term stability of the samples on the bench top 
(21 ± 1°C), in the UPLC sample tray (21°C) and in 
the refrigerator (4 ± 1°C) for 2 days. Sample 
stability was considered acceptable if the mean 
measured concentrations of the 
solutions/calibration standards did not deviate by 
more than ± 15% from the nominal concentration 
(TSnom) for the solutions with high and medium 
concentrations and by not more than ± 20% for the 
lowest concentration. 
 
Lower limit of quantification (LLOQ) and limit of 
detection (LOD) 
The LLOQ and the LOD were determined by 
injecting a 0.05 and 0.1 μg/mL solution of MTZ six 
times. 
 
Participants 
Healthy participants between 18 and 50 years of age 
who were available for the entire study period and 
willing to adhere to the protocol requirements and 
able to give informed consent were included in the 
current study. Participants with a known allergy/ 
hypersensitivity to MTZ or significant contact 
allergy to the adhesive on tape used during the study 
were excluded from the study. In addition, 
participants having excessively hirsute ventral 
forearms and/or abrasions on the application sites or 
with excessive exposure to direct sunlight or 
artificial sun-tanning within 1 month of the study 
date or participated in any other clinical study/trial 
within 2 months of the dose application were not 
included in the study. Participants were asked to 
refrain from applying emollients, skin conditioning 
creams and/or tanning lotions to their forearms 24 
hours before the study and from performing 
strenuous exercise for a period of 12 hours prior to 

the study. No prescription or over-the-counter 
medication (except oral contraceptive pills) was 
allowed to be taken one week before the study and 
with the exception of the study product no 
concomitant medication was permitted during the 
study. Participants were prohibited from alcohol 
consumption 24 hours prior to the study and 
smokers were included only if they smoked less 
than 10 cigarettes per day. All participants were free 
of skin, cardiorespiratory, and neurological 
conditions. None of the participants were chronic 
smokers, and none were taking prescription 
medications.  
 
The inclusion of human participants in the studies 
followed the tenets of the Declaration of Helsinki 
promulgated in 1964 and its amendments. The study 
protocol was approved by the Rhodes University 
Ethical Standards Committee (RUESC). 
 
Study design 
Dose duration study 
The approach described in the FDA’s VCA 
guidance (4) which involves a pilot study with a 
small number of participants using the reference 
product to determine the dose duration where the 
maximum sensitivity can be expected (ED50) using 
the Emax model was employed to determine the dose 
duration for topical MTZ creams. The dose duration 
study involved a single-phase sequential design 
conducted on 6 healthy human participants (4 
males, 2 females) between the ages of 23 and 30 
(mean 26 years). Within this group, 4 participants 
were Black, 1 was of Indian descent and 1 
participant had Mixed Race ancestry. Seven 
sampling sites (2 x 2 cm) were demarcated on the 
volar aspect of the left forearm using a template 
(shown in Figure 1). Six sites were used for product 
application and one site was assigned as a blank. 
Approximately 15 mg of the reference cream was 
accurately dispensed from a calibrated dispenser 
and applied to each application site at time zero. 
Each site was exposed to the cream for a different 
dose duration (1, 2, 4, 6, 8, and 10 h respectively), 
after which the residual formulation was removed, 
and the site was sequentially stripped using 20 pre-
weighed tape strips. The tape strips were weighed 
again immediately after stripping to determine the 
amount of SC removed. The designation of the sites 
was randomised between participants. The tape 
strips were extracted and analysed using the 
validated UPLC method. To determine the 
thickness of the SC on each participant, the blank 
site also underwent TS and TEWL measurements 
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after each strip. The tape strips used on the blank 
site were spiked with standard solutions to obtain a 
calibration curve. From these data a profile of extent 
of drug penetrated through the skin (AUC) vs dose 
duration was plotted and the ED50 determined. 

 
Figure 1. Application template for the dose duration 

study 
 
Bioequivalence study 
The pivotal study was conducted to demonstrate the 
ability of the TS method for bioequivalence 
assessment by comparing the reference product to 
itself as a positive control using both arms of 10 
healthy human participants and also included 
products with lower (T2) and higher (T3) strengths 
of MTZ   to  serve  as  negative  controls.  In 
addition, a further cream product (T1) containing 
0.75% MTZ was tested for BE versus the reference 
product (Metrocreme®, 0.75% MTZ). The 
participants (4 males, 6 females) were between the 
ages of 23 and 31 (mean 27 years) and 6 were Black, 
3 were of Indian descent and 1 participant was 
White. Five sampling sites (2 x 2 cm) were 
demarcated on the volar aspect of each of the 
forearms using a template (shown in Figure 2). 
While four sites were used for product application, 
one site on each arm was assigned as a blank. 
Approximately 15 mg of the test cream was 
accurately dispensed and applied to each application 
site as described above. However, since the duration 
of application was the same for all the sites, the 
application was staggered for practicality and 
convenience. Each site was exposed to the test 
cream for a time (ED50 from the DD study), after 
which the residual formulation was removed, and 
the site was sequentially stripped using 20 tape 
strips. The designation of the treatment sites was 
randomised between participants. Each arm of 
every participant received one treatment each of the 
reference and the three test products.  
 
Templates 
A double template design was used to prevent 
contamination due to lateral spreading by preparing 
an application that was slightly larger than the 
stripping area in order to minimise inter-site 

variability (24). The application template was 
prepared using PVC Binding Covers obtained from 
a local stationery store. Squares (2.25 x 2.25 cm) 
were cut to expose the application sites. The corners 
of each square were demarcated using a permanent 
marker to delineate the application sites after the 
removal of the template. A sampling template 
consisting of a single 2 x 2 cm square was prepared 
using Tegaderm® Transparent Film Dressing (3M, 
St. Paul, MN, USA) since it is a medical tape, hence 
unlikely to cause any allergic reactions. Following 
the removal of the product from each site, the 
sampling template was affixed onto the respective 
site to facilitate stripping of the specific area on that 
site.  
 

 
Figure 2. Application Template for BE Phase for (a) 

Left Arm and (b) Right Arm 
 
Product application  
An Eppendorf dispenser, dial set at 1.5, was used to 
deliver 1 dose of the formulation, totalling ~ 15 mg 
of cream (0.11 mg of MTZ) per site. This amount of 
formulation was in accordance with previous DPK 
studies (24) as well as the pilot studies carried out 
as part of TS method development. A pre-weighed 
fused capillary tube was used to spread the product 
within the area delineated by the template.  
 
Product removal  
After the required dose duration had elapsed the 
residual formulation from each site was removed 
using cotton wool swabs – 3 wipes with a swab 
dipped in lukewarm water and squeezed followed 
by 2 wipes with a dry swab. Care was taken to 
remove all the formulation visible.  
 
Tape stripping  
To harvest the SC, each tape strip was placed on the 
demarcated site and uniform pressure was applied 
using a roller 10 times in both upward and 
downward motion. The strip was removed with a 
single upward pull (shown in Figure 3) and 
immediately weighed to prevent SC desiccation. 
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The direction of stripping was rotated (↑N, →E, ↓S, 
←W) to ensure uniform removal of SC (24).  
 

 
 

Figure 3. Removal of tape strip with a single upward 
pull 

 
TEWL measurements  
TEWL measurements were taken at the blank site 
using a closed chamber Delfin® VapoMeter (Delfin 
Technologies Ltd., Finland). An initial reading was 
taken to determine the initial TEWL and then 20 
tape strips were used to harvest the SC. After the 
removal of each tape strip, the VapoMeter was 
placed vertically and a reading was taken within 10 
s of stripping. The tape strips were weighed 
immediately after stripping. Once the TEWL 
reading was completed, the next strip was promptly 
applied to the site to prevent water loss. 
 
Data Analysis 
Standardisation of skin thickness 
The thickness of the SC varies considerably 
between individuals, therefore it was necessary to 
determine the SC thickness for each participant so 
as to normalise the data obtained. In order to do this, 
the TEWL readings and TS data collected from the 
blank site were used and total thickness of the SC 
determined using Equation 1 (44). 
 

1/ TEWLx = H – x (Equation 1) 
 
where TEWLx = transepidermal water flux when x 
mm of skin is removed, H = total thickness of the 
SC. 

Assuming that the SC adhering to each tape 
strip is uniform and has a density of 1 g/cm3 (45), x 
can be calculated from the SC mass. The x-intercept 
of the plot 1/TEWLx vs x provides the value of H. 

 

Calculation of AUC  
The amount MTZ per tape strip was plotted against 
relative SC depth and the area under this curve 
(AUC) was obtained using the trapezoidal rule. The 
relative SC depth was calculated by dividing the 
thickness of SC removed by a particular tape strip 
(x) by H (25,39). The result was expressed as a 
percentage.  
 
Dose duration profile  
The dose duration profile was constructed using the 
mean of the AUC values obtained for each dose 
duration (n = 6). An AUC value of 0 was assumed 
at time = 0 as no MTZ penetration could have 
occurred. This 6-point profile was fitted to the Emax 
model and the ED50 was calculated using GraphPad 
Prism Version 4 (GraphPadTM Software, San Diego, 
California, USA). 
 
Bioequivalence assessment 
An AUCtest and AUCreference value was determined for 
each participant by taking the mean (n=2) of the 
AUC values for each test and reference cream. The 
study was considered to have a paired/ crossover 
design since each participant received both the 
reference and test products.  

ln-transformed AUC values were evaluated 
by ANOVA using Proc GLM in SAS® (Statistical 
Analysis System) version 9.1.3.  The statistical 
model contained terms for subject and treatment 
effects. The point estimate and the 90% CI for the 
test-to-reference ratio were calculated. The results 
were based on Schuirmann’s two one-sided test 
(TOST) (46) which required that the 90% CI of the 
ratio be contained within the interval 0.80 – 1.25 to 
demonstrate bioequivalence. The residual error term 
from the ANOVA (MSE) was used to estimate the 
within-subject CV according to Equation 2. 
 

CV (%) = (eMSE – 1)1/2 x 100 (Equation 2) 
 
The statistical power  was calculated using 

the Microsoft® Excel (version 16.23) spreadsheet 
accompanying the 5th edition of Pharmaceutical 
Statistics: Practical and Clinical Applications (47).  

For the criss-cross data, Proc GLM 
procedure of SAS® was used for statistical analysis 
(48). The variability between the arms of the 
subjects was assessed using ANOVA and 
VARCOMP in SAS® where the results indicated an 
extremely low degree of variability. 
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RESULTS 
 
UPLC method validation 
The developed UPLC method was validated for the 
analysis of MTZ following TS studies in human 
participants in accordance with the ICH guidelines.  

Table 1 depicts the validation data in terms of 
selectivity, linearity, accuracy, precision, 
robustness and sensitivity as well as sample stability 
up to 7 days. 

 

Table 1. Predefined acceptance criteria and the results obtained from the UPLC validation for the TS method 

Parameter Acceptance criteria Results 

Selectivity 
and 
specificity 

RTp - RTpm < 10%  
TCn = 0 µg/mL, 
TCnm = 0 µg/mL 

RTp - RTpm = 0.09% 
TCn = 0 µg/mL, 𝑇𝐶!" =	0 µg/mL 

Linearity 75% of the standards meet the 
following criteria: 
For 0.1- 5 µg/mL: 
TCmeas,lin ∈ [TCnom ± 15%] 
For 0.05 µg/mL:  
TCmeas,lin ∈ [TCnom ± 20%] 
R2 ≥ 0.95 

30 out of 30 standards (100%) met the acceptance criteria 
R2 ≥ 0.99  

Accuracy For TS5 and TS1 
TCmeas,ac ∈ [TCnom ± 15%] 
For TS0.1 
TCmeas,ac ∈ [TCnom ± 20%] 

For TS5 and TS1 CV was 0.46 and 2.03% 
For TS0.1 CV was 4.56% 

Precision Intra-day CV < 15% for TS5 to TS1 
and CV < 20% for TS0.1 

1.5%, 0.3% and 0.7% for TS5 
1.5%, 0.7% and 2.0% for TS1 
1.6%, 1.7% and 7.4% for TS0.1 

Inter-day CV < 15% for TS5 to TS1 
and CV < 20% for TS0.1 

4.8% for TS5 
2.1% for TS1 
11.0% for TS0.1                                                                

Recovery Recoveries > 85% 93.3% for TS5 
94.5% for TS1 
87.5% for TS0.1 

Robustness Inter-run CV < 15% for TS5 
to TS1 and CV < 20% for TS0.1 

Lower temperature (22.5 °C) 
1.1% for TS5 
0.6% for TS1 
0.1% for TS0.1 

Higher temperature (27.5 °C) 
1.4% for TS5 
0.1% for TS1 
1.4% for TS0.1 

Lower flow rate (0.18 mL/min) 
7.2% for TS5 
6.3% for TS1 
8.3% for TS0.1 

Higher flow rate (0.22 mL/min) 
6.6% for TS5 
6.3% for TS1 
3.8% for TS0.1 

Different column of the same type 
11.0% for TS5 
9.9% for TS1 
1.4% for TS0.1                                                                                     

Stability after 
7 days 

For TS5 and TS1 
TCmeas,ac ∈ [TCnom ± 15%] 
For TS0.1 
TCmeas,ac ∈ [TCnom ± 20%] 

Bench-top 
5.1% for TS5 
4.1% for TS1 
4.4% for TS0.1 

UPLC machine 
4.5% for TS5 
5.4% for TS1 
2.9% for TS0.1 

Refrigerator 
1.4% for TS5 
1.7% for TS1 
1.3% for TS0.1 

LLOQ and 
LOD 

To be reported LLOQ: 0.05 µg/mL LOD: 0.02 µg/mL 
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Dose duration study 
The profile of  1/TEWL vs cumulative skin depth 
obtained from the blank sites showed good linear 
correlation, with R2 values ranging from 0.89 to 
0.97 in accordance with previously published 
reports (15). The mean SC thickness of the 6 
participants was found to be 10.6 ± 1.2 μm which 
was within the expected range. The mean fraction 
of SC harvested from the sites after 20 strips was 
72.6 ± 8.2%. The data showed that MTZ 
penetration was rapid up to 6 h, after which it 
appeared to level out indicating that steady state 
had been achieved (shown in Figure 4). Since the 
ED50 obtained was 60.9 min, a more practical and 
convenient dose duration of 60 min (i.e. 1 h) was 
chosen for the subsequent studies. 

 

 
 

Figure 4. Fitted dose- response curve generated  
(Emax = 85.3 µg.% skin depth and ED50 = 60.9 min) 

 
Bioequivalence study 
The SC thickness between arms of each subject 
did not vary greatly between the two arms (CV < 
10%) (shown in Figure 5). Almost all the SC was 
consistently harvested in all the participants and 
the mean fraction of SC removed was 90.4 ± 
7.0% (n = 100) with a CV = 7.8%. The mean 
thickness of SC between participants was found 
to be 8.2 ± 1.6 μm. 
 

 
 

Figure 5. Comparison of SC thickness between arms 
of the participants 

When the reference product was compared 
against itself, the 90% CI limits for 
AUCtest/AUCreference ratio was found to be well 
within the 0.80 – 1.25 limits confirming BE. 
According to the results, 6 participants were 
sufficient to demonstrate BE with an 80% power 
(Table 2). 
 

Table 2. Summary of results for the BE confirmation 
study 

Reference (left arm) vs Reference (right arm) 

n 10 
AUCleft/AUCright 1.05 
CI 90% limits 0.98–1.13 
CV (%) 8.61 
Bioequivalent? (0.80–1.25) Yes 
n required for > 80% power 6 

 
It was observed that the CI 90% limits for 

products T2 and T3 containing 25% less and 26% 
more MTZ than the reference product, 
respectively when compared with the reference 
product, Metrocreme® did not meet BE 
acceptance criteria of 0.80 – 1.25 as depicted in 
Table 3. The 25% less product’s lower 90% CI 
limit was below 0.80 and the upper 90% CI limit 
for the 26% higher product was above 1.25.   

 
Table 3. Summary of results for the BE assessment of 
T2 and T3 against the reference product 

 T2 vs 
Reference1 

T3 vs 
Reference2 

n 10 10 
AUCtest/AUCreference 0.79 1.25 
CI 90% limits 0.74–0.84 1.18-1.33 
CV% 7.75 7.09 
Bioequivalent? 
(0.80 – 1.25) No No 
1post-hoc power = 0.01, p £ 0.05, 2post-hoc power = 0.03, p £ 0.05.  

 
A further MTZ formulation, test cream (T1) 

which contained 0.75% MTZ was compared 
against the reference product, Metrocreme® 
(0.75% MTZ) for BE assessment. This was done 
in two ways – (i) the site that received T1 on the 
right arm was compared to the reference on the 
left arm of the same participant and vice versa, 
and (ii) means of the AUCs for each product were 
calculated using the respective sites on both arms 
to compare T1 and the reference product. Table 4 
depicts that the number of participants required 
for a statistical power of greater than 80% was 
less than 10. The results of the criss-cross analysis 
indicated that there was no statistically significant 
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difference in the results between arms (p > 0.05). 
The 90% CI limits were within the range of 0.80 
– 1.25 thereby establishing BE between the test 
product, T1 and the reference (Table 4) in both 
cases.  
 
Table 4.  Summary of results for the BE assessment 
of T1 against the reference product 

 T1 vs Reference 
(criss-cross) 

T1 vs 
Reference1 

n  10 10 
AUCtest/AUCreference 1.00 1.00 
CI 90% limits 0.95–1.05 0.95–1.06 
CV 9.84 7.07 
Bioequivalent? 
(0.80 – 1.25) Yes Yes 

n required for  
> 80% power 7 5 
1post-hoc power > 0.99.  

 
In addition, the variability estimates between 

subjects, arms and formulations are summarised 
in Table 5. 
 
Table 5. Variability between subjects, arms and 
products for T1 against the reference product 

Parameter Subjects Arms Products Error1 

Variability 
Estimates 
(CV%) 

15.9  3.2 18.8 11.1 

1Residual error (within-product, within-arm and within-subject 
(CV%)) 

 
DISCUSSION 
 
The UPLC method met the acceptance criteria for 
all the validation parameters and was found to be 
selective, linear over a range of 0.05 – 5 μg/mL, 
accurate, precise, robust, sensitive with an LLOQ 
of 0.05 μg/mL and offering sample stability up to 
7 days.  

Importantly, it was seen that the duration of 
contact with the formulation or the position of the 
site on the arm did not influence the percentage 
of SC removed. The exponential increase in the 
penetration of  MTZ observed was in accordance 
with the study conducted by de Araujo et al. (33), 
which indicated uptake up to 6 h application. 
Measurements were continued for various times 
at sites after removal of the dose at 6 h where the 
amount of MTZ decreased which the authors 
describe as the clearance phase. Generally PK 
measures of maximum drug quantity per unit area 
(ng/cm2) in the SC (Qmax), and the area under the 

curve (AUC) deduced from the DPK profile are 
not the same as the PK parameters, peak plasma 
drug concentration (Cmax) and AUC, respectively, 
evaluated after oral administration of a 
systemically absorbed drug. With the oral route 
of administration where these parameters are 
affected by the kinetics of drug absorption, 
distribution, metabolism and elimination, Cmax is 
measured as a concentration (drug per unit of 
blood volume) unlike Qmax in topical delivery 
which, importantly, is expressed as an amount. 
Furthermore, the mechanisms of uptake into and 
clearance from the SC are primarily controlled by 
penetration across the skin, usually the SC itself. 
Qmax, therefore, represents the amount that 
reaches the SC. The PK parameter, clearance, 
therefore can only be attributed to the manual 
removal of residual amounts on the skin by 
wiping the sites and thus the concept of a volume 
of distribution does not apply, rendering AUC in 
SC to be different from the systemic AUC 
obtained from a plasma drug level-time profile. 
These technicalities led to the development of the 
Relative Depth method (22,39,41) which is 
different from the FDA proposed method where 
the DPK profile is represented by the total 
amount in SC (ng/cm2) as a function of time (h). 
Although this approach involves the 
measurement of drug amount at only one DD in 
the uptake phase instead of 8 as in the FDA 
approach, it necessitates the quantification of the 
SC removed in each layer (ng) and derivation of 
the total SC thickness (cm) from the removed 
mass with the help of assumptions. Due to the 
incorporation of numerous assumptions to 
estimate these parameters, and the complicated 
calculations involved, the credibility of the 
method to directly reflect the rate and extent of 
“absorption” or input into the skin has been 
contested. Furthermore, the movement of drug 
across the SC layer throughout the tape stripping 
procedure is not taken into consideration which 
may result in inconsistent amounts at that location 
when the exposure ends unless tape stripping is 
rapidly conducted ultimately affecting the 
accuracy in the estimation of thermodynamic 
parameters such as SC-vehicle partition 
coefficient of the drug, and the diffusivity of the 
drug across the SC of thickness (49). Therefore, a 
study design in accordance with the withdrawn 
FDA DPK draft guidance (15) does not seem to 
be relevant for topical formulations. After topical 
application of a drug, the amount found at the site 
of action is determined primarily by SC 
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penetration and processes such as partitioning, 
diffusion and keratin binding. This is quite 
different for drugs which are intended to be 
absorbed into the systemic circulation where the 
drug plasma concentration vs time profile is 
controlled by absorption, distribution, 
metabolism and excretion. Furthermore, since the 
objective of this study was to identify a dose 
duration with adequate sensitivity to distinguish 
between different products containing MTZ to 
establish BE, the inclusion of clearance phases 
was deemed irrelevant.  

Since the SC thickness and fraction of SC 
removed were essentially the same in an 
individual participant, the sites treated with the 
same product on both arms were considered to be 
comparable. Hence, to demonstrate the utility of 
the developed method to confirm BE, the 
reference product on the left arms of the 
participants was compared with that on their right 
arms. No significant difference was observed 
between the arms (p > 0.05) where the 90% 
confidence interval for the arm-to-arm ratio met 
bioequivalence criteria.  

The ability of the method to demonstrate BE 
was confirmed from the results comparing the 
reference product to itself, whereas the 
discriminatory power of the method was shown 
by the products used as negative controls 
accordingly failed to be shown as bioequivalent 
to the reference product since the probability of 
BE was less than 5% as shown in Table 3. 
Another cream formulation containing 0.75% 
MTZ (T1) when compared with the reference 
product was shown to be bioequivalent. 

The CV% between subjects which is a 
function of the difference between the subjects 
indicated only moderate subject-to-subject 
differences, was well within the range seen for a 
standard crossover BE study based on blood 
concentration results. The CV% between arms 
were very low indicating that results obtained for 
the right arm are consistent with those obtained 
for the left arm. The residual error CV% was 
relatively low for an in-vivo BE method, 
comparable to what is seen in a typical crossover 
blood level BE study involving a low variability 
drug demonstrating that the methodology had 
excellent precision.   

 
CONCLUSION 
 
A TS method for the assessment of the 
penetration of topical cream products containing 

MTZ into the SC of human participants was 
successfully developed and optimised by taking 
into consideration the variables that could affect 
the results. Furthermore, the method was applied 
to determine the duration of application of the 
formulation necessary to provide adequate 
sensitivity to discriminate possible significant 
differences between creams containing MTZ 
should this occur. The dose duration was 
subsequently used to establish bioequivalence 
between creams containing MTZ. The inclusion 
of positive and negative controls further 
confirmed that the method had the necessary 
discriminatory power to distinguish between 
bioequivalent products and products that were 
truly not bioequivalent. In addition, this TS 
method involved the use of both forearms of each 
participant which resulted in an important 
advantage of significantly reducing the number of 
human subjects required to show BE whilst still 
retaining a statistical power > 80%. The data also 
provided compelling evidence that the developed 
TS method has the potential to be a cost-effective 
surrogate alternative for lengthy and expensive 
clinical trials thereby facilitating faster 
development of generic products which would, in 
turn, lower the economic burden of healthcare. 
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