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ABSTRACT
Purpose The in vitro permeation test (IVPT) with a new sta-
tistical approach was investigated to evaluate the utility of an
IVPTmethodology as a sensitive tool to support a demonstra-
tion of bioequivalence (BE) for topical dermatological drug
products.
Methods IVPT experiments were performed utilizing ex vivo
human skin. The initial screening tests involved four different-
ly formulated acyclovir 5% creams: the U.S. Zovirax® as the
reference product and the U.K. Zovirax®, Aciclovir 1A
Pharma® and Aciclostad® as test products. Subsequently, a
pivotal BE study was conducted comparing the two Zovirax®
creams. The resulting data was used to evaluate BE of test (T)
versus reference (R), T versus T, and R versus R, with an
adaption of scaled average BE approach to address high var-
iability in IVPT data.
Results More acyclovir permeated into and through the skin
from the two Zovirax® creams compared to the two non-
Zovirax® creams. The U.S. Zovirax® cream showed a signif-
icantly higher Jmax and total amount permeated over 48 h,
compared to the U.K. Zovirax® cream. The statistical

analysis indicated that the test and reference products were
not bioequivalent, whereas each product tested against itself
was shown to be bioequivalent.
Conclusions The current study demonstrated that the IVPT
method, with an appropriate statistical analysis of the results,
is a sensitive and discriminating test that can detect differences
in the rate and extent of acyclovir bioavailability in the skin
from differently formulated cream products.
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ABBREVIATIONS
ABE Average bioequivalence
AUC Area under the curve
BA Bioavailability
BE Bioequivalence
Cmax Maximum concentration
dOFM Dermal open flow microperfusion
HPLC High performance liquid chromatography
IVPT In vitro permeation test
IVRT In vitro release test
Jmax Maximum flux
LLOQ Lower limit of quantification
PD Pharmacodynamic
PG Propylene glycol
PK Pharmacokinetic
Q1 Qualitatively
Q2 Quantitatively
Q3 Physically and structurally
QC Quality control
R Reference
RLD Reference Listed Drug
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SABE Scaled average bioequivalence
SC Stratum corneum
T Test
TEWL Transepidermal water loss

INTRODUCTION

The widespread availability of generic versions of many pharma-
ceutical drug products in the United States (U.S.) has had a
profound economic and social impact. Based upon a recent re-
port on generic drug usage in the U.S., 90% of the prescriptions
filled in 2018 were dispensed as generics, amounting to 4 billion
generic prescriptions dispensed and $293 billion in savings dur-
ing 2018, and collectively representing nearly $2 trillion saved in
healthcare costs over the preceding decade as a result of the
availability of generic drug products (1). The magnitude of these
savings is extraordinary on a national level, but is even more
socially significant in the impact it has for individual patients.
The cost of some brand name medications may be prohibitive
for many individuals, including some of the most vulnerable
patients in the population, like elderly patients on limited, fixed
incomes. By contrast, the affordability of generic drug products
makes them more accessible to patients (2), which can improve
patient compliance with medication regimes and mitigate the
individual, social and economic impact of the costly clinical inter-
ventions that might otherwise become necessary for conditions
that remain untreated with medications.

The affordability of generic drug products is a direct conse-
quence of highly efficient scientific and regulatory approaches
utilized to develop most generic drug products, which typically
rely upon a comparative pharmacokinetic (PK) study to evaluate
whether the rate and extent to which the drug becomes available
at or near the site(s) of action is the same for the generic product
and the reference listed drug (RLD) product (3). This approach
to evaluating comparative bioavailability (BA) is considered to be
among the most accurate, sensitive and reproducible ways to
demonstrate bioequivalence (BE) for a generic drug product.

For drugs that are intended to be delivered to the systemic
circulation, as is the case for many oral dosage forms, this ap-
proach involves the PK sampling of the blood at multiple time
points following dose administration, and measuring the concen-
tration of the drug (or a related analyte) in the plasma or serum,
which is a relatively straightforward process. However, for locally
acting drugs, like those in topical dermatological drug products,
evaluating the concentration of the drug at or near the site of
action in the skin has been more challenging (4). As a result, the
development of generic versions of topical drug products has typ-
ically instead relied upon comparative clinical endpoint BE stud-
ies, which are less accurate, sensitive and reproducible than PK
studies and considerably more costly and time consuming. The
expensive and inefficient development pathways to which most
generic topical drug products have been relegated has represented

a barrier to entry for generic drug developers and negatively im-
pacted their availability and their affordability. The notable excep-
tions among topical dermatological drug products have been
those that contain corticosteroid (glucocorticoid) drugs, for which
a more efficient in vivo pharmacodynamic (PD) vasoconstrictor
study has been recommended by the U.S. Food and Drug
Administration for the demonstration of BE (5). As a result, al-
though these corticosteroid creams, ointments and other topical
dosage forms represent a small proportion of topical dermatolog-
ical drug products overall, these RLD products often have multi-
ple generic versions available. The hypothesis of this workwas that
if similarly efficient cutaneous PK BE methodologies could be
developed, these methods could facilitate the greater availability
of affordable generic topical dermatological drug products.

The feasibility of existing in vitro and in vivo cutaneous PK
methodologies have been considered during recent decades,
with each methodology offering different strengths and limita-
tions (reviewed in Raney et al. 2015) (6). One of the most prom-
ising among these cutaneous PK methodologies is the in vitro
permeation test (IVPT) methodology which has been shown to
correlate well with in vivo results, particularly when the IVPT
and in vivo study designs are harmonized (7,8). Notably, IVPT
studies have specifically shown promise to correlate with and be
predictive of in vivo assessments of BE (reviewed in Lehman et al.
2011) (9). The goal of this work was to evaluate whether an
IVPTmethod could be utilized to compare the BA of acyclovir
from different creams and support an evaluation of BE. In vitro
PK endpoints related to the rate (i.e., the flux) and extent (i.e.,
the cumulative amount) of acyclovir permeation through the
skin were identified. Themaximum flux (Jmax) at the peak of the
acyclovir flux profile and the cumulative total permeation of
acyclovir across the study duration, which corresponds to the
area under the curve (AUC) of the incremental acyclovir per-
meation profile, were evaluated as cutaneous PK endpoints.

Pharmaceutically equivalent acyclovir cream, 5% products
from different parts of the world were selected for the study
(Table I). Acyclovir cream, 5% is a product with modest efficacy,
for which the feasibility of a comparative clinical endpoint study
is questionable, and for which no generic versions had been
approved in the U.S., despite the fact that there were no unex-
pired patents or exclusivities (10). This model drug product was,
therefore, representative of themany topical dermatological drug
products for which the historical absence of an efficient generic
drug product development pathway may have been the primary
reason that affordable, generic versions were not available to
patients. The comparison of a product to itself was
intended to serve as a positive control for BE. By contrast,
the comparison of non-U.S. acyclovir cream, 5% products
with different formulation compositions and/or packaging
configurations compared to the U.S. RLD were included
in the study to evaluate the sensitivity of the IVPT meth-
odology to discriminate potential differences in BA and/
or BE for similar, pharmaceutically equivalent products.

210 Page 2 of 13 Pharm Res (2020) 37: 210



A variety of statistical analyses were used to evaluate the
IVPT results. Since the permeation of compounds through
human skin is known to be highly variable, a replicate IVPT
study design was utilized and the results were analyzed statis-
tically using a novel adaptation of an approach previously
developed to evaluate scaled average BE (SABE) for highly
variable drugs. The IVPT BE statistical approach was devel-
oped to capitalize upon the ability of an IVPTmethodology to
sensitively discriminate differences in cutaneous BA through
the skin from any single individual, while compensating for the
variability from one individual compared to another in acy-
clovir permeation through the skin. The intention was to op-
timize the efficiency with which an IVPT study could evaluate
BE by increasing the power of the comparative cutaneous PK
study and reducing the number of individuals whose skin
would be required, thereby reducing the size and cost for
the IVPT study. The overall goal was to develop a more
efficient, cutaneous PK methodology that could support the
evaluation of BE for topical dermatological drug products.

MATERIALS AND METHODS

Materials

Sodium chloride, potassium phosphate, methanol, sodium bo-
rate salt, phosphoric acid and gentamicin sulfate were pur-
chased from Fisher Scientific Inc. (Fair Lawn, NJ). Acyclovir
reference standard (acycloguanosine) was purchased from
Sigma Aldrich (St. Louis, MO). All reagents were of analytical
grade or better. Nanopure water was supplied in-house by a
Milli-Q® system (EMD Millipore; Billerica, MA).

The U.S. acyclovir cream, 5% RLD (Zovirax® in a tube;
NDC 0187–0994-45) was purchased from Cardinal Health
(Dublin, OH). Acyclovir cream, 5% products acquired from
international research colleagues included a Zovirax® cream
sold in the United Kingdom (U.K.) in a pump, as well as two
Austrian acyclovir cream, 5% products in tubes (Aciclovir 1A

Pharma® and Aciclostad®). The four acyclovir cream, 5%
products each have a different inactive ingredient composition
relative to the others, although the two Austrian creams are
compositionally similar to each other (Table I).

Skin Preparation

All human abdominoplasty surgical waste skin pieces used for
IVPT experiments were obtained from the Cooperative
Human Tissue Network (CHTN). The fresh skin samples
were dermatomed to a thickness of 260 ± 40 μm, removing
subcutaneous fat and keeping the outer layers of skin contain-
ing stratum corneum (SC), viable epidermis and some dermis.
The dermatomed skin was stored at−20°C. On the day of the
experiment, skin was cut into a 4.84 cm2 square to fit onto the
diffusion cell and thawed for at least 30 min prior to use. The
barrier integrity of each skin piece was tested by measuring
transepidermal water loss (TEWL) using a cyberDERM RG-
1 open chamber evaporimeter (cyberDERM, Inc.; Broomall,
PA) prior to the experiment. Any skin piece with obvious signs
of physical damage, stretch marks or a TEWL reading higher
than 15.0 g/m2/h was excluded from the experiment.

In Vitro Permeation Test (IVPT)

A PermeGear flow-through In-Line diffusion system
(PermeGear, Inc.; Hellertown, PA) with an automated frac-
tion collector was used for IVPT experiments. Diffusion cells
with a permeation area of 0.95 cm2, and membrane supports
to prevent the skin from sinking into the receptor chamber
were utilized. The receiver solution was isotonic potassium
phosphate buffer (pH 7.4) with 0.005% gentamicin. The flow
rate of the receptor solution was approximately 0.22 mL/
h (pump setting at 0.5 rpm). The dermatomed 4.84 cm2 piece
of skin was mounted in the diffusion cell with epidermis facing
the donor compartment. Once the TEWL measurement for
each skin piece was taken to ensure the skin integrity, a single
dose of 15 mg/cm2 of acyclovir formulation (0.75 mg of

Table I Comparison of Inactive Ingredients in the Screened Acyclovir Cream Products

U.S. Zovirax® U.K. Zovirax® 1A Pharma® Aciclostad®

Cetostearyl alcohol Cetostearyl alcohol Cetyl alcohol Cetyl alcohol

Propylene glycol Propylene glycol Propylene glycol Propylene glycol

Poloxamer 407 Poloxamer 407

Sodium lauryl sulfate Sodium lauryl sulfate

Mineral oil Liquid paraffin Liquid paraffin Liquid paraffin

White petrolatum White soft paraffin White Vaseline White Vaseline

Water Purified water Purified water Purified water

Dimethicone Dimethicone Dimethicone

Arlacel 165 (glycerol monostearate,
macrogol stearate 100)

Polyoxyethylene stearate Macrogol stearate

Glycerol monostearate
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acyclovir per cm2) was applied using a positive displacement
pipette. While the clinical dose is an important factor to con-
sider when selecting the dose for IVPT, additional factors
should be considered. For example, since the therapeutic dose
for most topical products is very small amount, it can be dif-
ficult to apply such small amount and cover the entire perme-
ation area in a consistent manner without high variability. In
this study, the IVPT dose was selected by testing various dose
settings of positive displacement pipette and simulating the
dose application on skin. Although the selected dose of
15 mg/cm2 might be slightly higher than the clinical dose of
acyclovir, it was determined to be the minimum amount to
cover the permeation amount in a consistent manner. After
the cream was dispensed on top of the skin surface, the ex-
posed polytetrafluoroethylene tip of the positive displacement
pipette was used to gently spread the formulation over the
entire permeation area of the skin. The dose application area
was left open to the air without any occlusion for the entire
duration of the experiment. The IVPT experiments were per-
formed for 48 h with continuous sampling every 4 h. The
duration of IVPT was chosen to adequately characterize the
cutaneous PK of acyclovir, including Jmax and a decline of
permeation rate. The two parameters, Jmax and the cumula-
tive total permeation corresponding to the AUC of the acy-
clovir permeation profile, were chosen as two key parameters
for BE assessment. They are analogous to the maximum plas-
ma concentration (Cmax) and the area under the curve of the
concentration-time profile, respectively, which are the PK
parameters used in BE assessment of drugs measured in sys-
temic circulation (11). The resulting receiver solution samples
were analyzed by high-performance liquid chromatography
(HPLC). Among the four acyclovir cream, 5% products
(Table I) that were initially screened using skin from two
donors, the Zovirax® cream, 5% marketed in the U.K. (in a
pump) was selected for expanded comparison with the U.S.
RLD Zovirax® cream, 5% in an additional four donors, col-
lectively representing a pivotal study using ex vivo human skin
obtained from a total of six donors.

Extraction of Acyclovir from Skin

At the end of IVPT experiments, each skin section used for the
experiment was removed from the diffusion cell and analyzed
to determine the amount of acyclovir retained in the skin.
First, the residual formulation on top of the skin surface was
cleaned three times using a 70% isopropyl alcohol pad. Then,
the permeation area of the skin (0.95 cm2) was cut into small
pieces and added to a conical tube. The extraction solvent,
3 mL of 0.05M borate buffer (pH 9.1), was added to the tube.
The tube was capped, covered with Parafilm® and sonicated
for 10min. After sonication, the tubes were placed on a shaker
at 200 rpm for 24 h. The samples were then centrifuged at

20,800 x g and an aliquot of supernatant was used for HPLC
analysis.

HPLC Analysis of Samples

The IVPT samples and skin extraction samples were analyzed
on an HPLC system consisting of a Waters® Alliance e2695
separations module, a 2489 dual-wavelength absorbance de-
tector, and Empower™ software (Milford, MA). A validated
HPLC method was used to quantify the IVPT and extraction
samples. A Waters® Symmetry™ C18 (5 μm, 4.6 × 250 mm)
column with a Waters Symmetry™ C18 Sentry guard car-
tridge (5 μm, 3.9 × 2.0 mm) was used to elute acyclovir. The
mobile phase used was either 5:95 (v/v) or 15:85 (v/v)
methanol:50 mM sodium phosphate, pH adjusted to 6.0 with
phosphoric acid. The flow rate was 1.0 mL/min. The acyclo-
vir peaks were detected at 254 nm. The IVPT samples were
centrifuged for 10 min at 20,800 x g, with or without dilution
with methanol (9:1, v/v). The resulting supernatant was ana-
lyzed with a set of standards prepared in isotonic potassium
phosphate buffer (pH 7.4) with 0.005% gentamicin:methanol
(9:1, v/v) or in isotonic potassium phosphate buffer (pH 7.4),
depending on the IVPT sample preparation procedure for
HPLC analysis. The skin extraction samples were diluted
10x with water and were analyzed with a set of standards
prepared in water. All samples and standards were injected
in duplicate. The injection volume for IVPT samples and skin
extraction samples along with their respective standards were
100 μL and 50 μL, respectively. The lower limit of quantifi-
cation (LLOQ) was 0.005 μg/mL for IVPT diffusion samples
and 0.01 μg/mL for tissue extraction samples, with a linearity
range up to 10 μg/mL. The method (for both of the mobile
phase compositions described above) was precise and accurate
with intra- and inter-day variation less than 5% and accuracy
between 97 to 104% for quality control (QC) samples and the
LLOQ calibration standard.

Statistical Analysis

Statistical analyses, except for BE assessments, were per-
formed using GraphPad Prism® software (GraphPad
Software, Inc.; La Jolla, CA). A Student’s t test was used for
comparisons of Jmax and the total amount permeated. The
homogeneity of variance within a donor was evaluated using
the Brown-Forsythe test (12). Differences were considered to
be statistically significant when p ≤ 0.05 and significant differ-
ences were indicated as follows: *p ≤ 0.05; **p ≤ 0.01; *** p ≤
0.001.

The evaluation of BE was based upon the natural log-
transformed total amount penetrated (total AUC) and maxi-
mum flux rate (Jmax). Since not all donors had the same num-
ber of available replicate skin sections, to establish a balanced
data set, we utilized the maximum number of replicates (r = 4)
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that were consistently evaluable across all treatments in all
donors. For those donors having more than four replicates,
four replicate values were randomly selected. For the sample
of n= 6 donors, each with a minimum of r = 4 replicates each
coming from the two acyclovir cream, 5% products evaluated
in the pivotal study (U.S. Zovirax® cream in a tube as the
reference product andU.K. Zovirax® cream in a pump as the
test product), the donor-averages were calculated as:

I j ¼ 1
4

∑
4

i¼1
T ij−Rij
� �

; j ¼ 1; 2;…; 6

where Tij, Rij are the observations from the ith replicate and
the jth donor from the test and reference formulations,
respectively. Averaging across the donor averages, gives the
point estimate (geometric mean ratio, GMR):

I =1
6 ∑

6

j¼1
I j:

The within-reference standard deviation (SWR) was evalu-
ated from the data as:

SWR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑
6

j¼1
∑
4

i¼1
Rij−Rj

� �2

r−1ð Þn

vuuut

(where Rj is the mean of the jth donor for the reference
formulation) and was used as a cutoff point in the following
way:

a For SWR ≤ 0.294, the test and reference formulations are
declared bioequivalent if the (1-α) *100% 2 one-sided con-

fidence interval I � t n−1ð Þ;α=2*
ffiffiffiffi
S2I
n

q
(13) is contained within

the limits 1
m ;m
� �

.

b. In the case that SWR> 0.294, a scaled criterion is used.
This is a similar to the FDA approach for the analysis of
highly variable drugs (14) modified for the particular de-
sign. The hypotheses to be tested are:

H0 :
μT−μRð Þ2
σ2WR

> θ

Ha :
μT−μRð Þ2
σ2WR

≤θ

Where μT and μR are the population means of the test and

reference formulations respectively, θ = ln mð Þð Þ2
0:25ð Þ2 and m repre-

sents the choice of the bioequivalence limit. The two products
are declared BE if the upper bound of the confidence interval

for the quantity μT−μRð Þ2−θ σ2WR is less than or equal to
zero. This criterion includes an additional constraint that the
point estimate has to fall with the limits 1

m ;m
� �

: Rejection of
the null hypothesis supports BE of the test and reference
products.

RESULTS

In Vitro Permeation Test (IVPT)

When the four acyclovir creams were initially screened
and compared by conducting IVPT experiments using
skin obtained from two donors, the permeation of acy-
clovir into and through the skin from the two Zovirax®
creams was much higher compared to the two non-
Zovirax® acyclovir creams (Fig. 1). The two non-
Zovirax® creams, 1A Pharma® and Aciclostad®,
showed comparable permeation levels to each other.
Many of the IVPT samples from the two non-Zovirax®
acyclovir creams contained acyclovir below the LLOQ
(0.005 μg/mL). Subsequent IVPT experiments were con-
ducted to evaluate the cutaneous PK (i.e., permeation
profiles) of only the two Zovirax® creams (Fig. 2).
When the two Zovirax® creams were compared per
each donor, the mean Jmax value was higher for the
U.S. Zovirax® cream for all donors, except for Donor
6 (Fig. 3). A significant difference (p < 0.05) in Jmax be-
tween the two creams was observed in Donor 3 and
Donor 4 (Fig. 3). The mean Jmax and the total amount
of acyclovir permeated over 48 h from six donors were
both signif icantly (p < 0.05) higher for the U.S.
Zovirax®, compared to the U.K. Zovirax® (Fig. 4a, b).
The mean amount of acyclovir retained in the skin after
the 48 h IVPT experiment was not significantly different
between the two Zovirax® creams (Fig. 4c). The flux
profiles from the two Zovirax® creams in individual skin
sections from each of six donors, with four to seven rep-
licates per donor are shown in Fig. 5. For both Zovirax®
creams, the greatest intra-donor variability was observed
from skin sections obtained from Donor 6, with p value
of 0.0906 and 0.0120 for the U.S. and the U.K.
Zovirax® creams, respectively (Table II). The inter-
donor variability was not significant (p > 0.05) for the
U.S. Zovirax® cream but was significant (p = 0.0024)
for the U.K. Zovirax® cream (Brown-Forsythe test).

Statistical Analysis

Using the statistical analysis of BE and the resulting balanced
data set of n= 6 donors and r = 4 replicates described above,
three comparisons were performed; the test product versus the
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reference product (T vs R), the test product versus itself (T vs
T) and the reference product versus itself (R vs R). The results
are summarized in Table III. In all three comparisons, SWR>
0.294 indicating that it was appropriate to use the scaled ap-
proach. The test and reference products were not BE, whereas
both comparisons of the test versus itself and the reference
versus itself yielded BE results.

The current data set was employed to evaluate the appro-
priateness of an SABE analysis, considering the fact that the
SWR was consistently >0.294 (Table III) and to explore the
statistical power of future IVPT BE studies for such products.
In order to determine the number of donors that would ade-
quately power such an IVPTBE study, power simulations were
performed for both PK parameters (Jmax and AUC) using an
ABE analysis as well as an SABE analysis, and using the BE
limits of 0.8–1.25 as well as 0.75–1.33. These power curves,
based on 500,000 simulations, are depicted in Figs. 6 and 7.

The more permissive BE limits of 0.75–1.33 were in-
cluded in the power simulations comparing ABE and
SABE only to illustrate that the power (and efficiency) of
an IVPT study is increased to a greater magnitude by an
SABE statistical analysis of the results than by widening
the BE limits for an ABE analysis. Instead, using an SABE
analysis when the SWR is >0.294, while maintaining the
traditional BE limits of 0.8–1.25, increases the power of

the study to an even greater degree than by widening the
BE limits to 0.75–1.33 for an ABE analysis. Based, in
part, on the results reported here, the FDA determined
that the marginal additional power gained by an SABE
analysis with more permissive BE limits of 0.75–1.33 was
not warranted (15) and, as a result, a SABE analysis with
traditional BE limits of 0.8–1.25 was developed and rec-
ommended for IVPT studies (16). The more permissive
BE limits of 0.75–1.33 are not currently accepted by the
FDA, and it should not be inferred from the inclusion of
these data in the analysis that the Agency is considering
any widening of the BE limits.

Another simulation study evaluated the statistical power as
a function of the point estimate, GMR (Figs. 8 and 9). For
each PK parameter, the power was determined for a fixed
sample size. The results illustrated that for values of the true
GMR inside the interval [0.80, 1.25], a power of at least 80%
can be achieved with a sample size of 6 or more donors for
total AUC (Fig. 8) and 14 or more donors for Jmax (Fig. 9).

DISCUSSION

In this study, the results of an IVPT study conducted using
multiple replicates from 6 donors were presented. The results

U.S. Zovirax®

U.K. Zovirax®

1A Pharma®

Aciclostad®

Fig. 1 (a) Flux profiles and (b) cumulative permeation levels of U.S. Zovirax®, U.K. Zovirax®, 1A Pharma®, and Aciclostad® acyclovir creams (Mean± SD;
n=7–8 from two donors).

U.S. Zovirax®

U.K. Zovirax®

Fig. 2 (a) Flux profiles and (b) cumulative permeation levels of U.S. Zovirax® and U.K. Zovirax® acyclovir creams (Mean± SEM of 6 donors, n = 4–7
replicates per donor).
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presented in this work are from a pivotal study that was con-
ducted after evaluating various IVPT experimental condi-
tions, including but not limited to the dose amount, dose ap-
plication technique, analytical method, and flow-rate of a dif-
fusion cell system in a pilot study. Since the aforementioned
factors could influence IVPT results (17–20), it is imperative to
conduct a pilot study to determine experimental conditions for
a pivotal study based on the goal of the experiment. In addi-
tion to the experimental conditions, the study also demon-
strated the importance of choosing an appropriate sample size
(number of donors and replicates) when conducting an IVPT,
especially with drug products anticipated to result in high
variability. For example, comparison of Jmax from two
Zovirax® creams in Fig. 3 from individual donors did not
always result in a statistically significant difference; however,
comparison of Jmax using collective data from 6 donors in Fig.
4a resulted in a statistically significant difference between the
two creams. The present study also evaluated the IVPT results

with a statistical approach designed to accommodate the na-
ture of the variability in the data when evaluating the BE of
topical dermatological drug products. Despite the large inter-
and intra-donor variability observed with IVPT data, the
results demonstrated the accuracy, reproducibility, and sensi-
tivity of the IVPTmethod by confirming the BE of the positive
controls (R vs R and T vs T) while discriminating the negative
controls (T vs R).

While it is evident from Table I that the four acyclovir
cream, 5% products appear to be compositionally different,
the amount of each ingredient in these products and how they
contribute to the distinct permeation profiles observed (Figs. 1
and 2) are unknown. Trottet et al. found that the amount of
propylene glycol (PG) in an acyclovir cream and the percuta-
neous permeation of acyclovir are positively related, with the
cream that contained 40% PG delivering 10-fold more acy-
clovir than the similar formulation containing 15% PG (pre-
pared by substituting 25% PG by 25% water) (21). Consistent

U.S. Zovirax®

U.K. Zovirax®

*

***

Fig. 3 Comparison of U.S. Zovirax® and U.K. Zovirax® creams per donor (* p≤ 0.05; *** p≤ 0.001). (Mean± S.D., n=4–7 replicates per donor).

* **

Fig. 4 Comparisons of (a) Jmax, (b) the total amount of acyclovir permeated over 48 h and (c) amount of acyclovir retained in skin layers after 48 h between U.S.
and U.K. Zovirax® creams (* p≤ 0.05; ** p≤ 0.01). (Mean± SE, n = 6 donors with 4–7 replicates per donor).
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with the results from the current study, the U.K. Zovirax®
cream provided a much higher permeation over 24 h com-
pared to Aciclostad® cream, with the U.K. Zovirax cream®
delivering 6.5 times more acyclovir through the dermatomed
skin (21). The same study also determined the PG content in
the U.K. Zovirax® and 10 other generic acyclovir creams
marketed in European countries. The U.K. Zovirax®
contained the highest amount of PG at 40% (w/w), and 9
generic creams, including Aciclostad®, contained 14–15%
(w/w) PG. One generic cream had no PG content. While it
is possible that the Zovirax® and Aciclostad® creams used in
the Trottet et al. study and those used in the current study are
different in terms of formulation and/or manufacturing pro-
cess, the data from the two studies collectively indicate that
formulation differences can result in different permeation pro-
files with PG playing a significant role, and that an IVPT
method was able to detect such differences. We also speculate
that the two Zovirax® creams might have higher levels of PG
content compared to the two non-Zovirax® creams investi-
gated in the current study.

Compositional differences between products may not only
influence acyclovir permeation profiles, but may also have the
potential to affect the retention of acyclovir in the skin.
Therefore, the amount of acyclovir retained in skin after
48 h was compared between the U.K. Zovirax® and the
U.S. Zovirax®. The amount of drug extracted from skin sam-
ples must be interpreted with caution, because even with rea-
sonable efforts to clean the skin surface, the amount of acyclo-
vir extracted from the skin samples may include some acyclo-
vir from residual cream that remains associated with the sur-
face furrows, topographical irregularities of desquamation,
and invaginations into the appendages of the skin. Assuming
that three wipes with an isopropyl alcohol pad is ~97%

efficient at removing the dried cream on the surface of the
skin, the residual amount of cream associated with the skin
surfaces should only be a very small proportion of the applied
dose. However, since the amount of acyclovir applied to the
surface of the skin (750 μg/cm2) is orders of magnitude greater
than the total amount (~2 μg/cm2) that permeates into the
skin, even very small amounts (~3%) of the residual acyclovir
cream that remain associated with the outer layers (or struc-
tures) of the skin may represent an amount of acyclovir
(~22.5 μg/cm2) that is still an order of magnitude greater than
what permeates through the skin across the entire study dura-
tion (which is consistent with the difference in the magnitude
of the data plotted in Fig. 4b vs. 4c). Also, relatively small
differences in the efficiency of skin cleaning (potentially due
to compositional differences between products) could intro-
duce relatively large errors into the apparent amount of acy-
clovir in (or on) the skin between treatment groups.

Thus, the apparent amount of drug retained in (or on) the
skinmay not necessarily be an accuratemeasure of comparative
drug permeation. By contrast, Jmax and total permeation are
not only more accurately measured, they are also more directly
relevant parameters to assess the rate and extent to which acy-
clovir becomes available at or near a site of action in the skin.
Specifically, Jmax and total permeation are, therefore, more
relevant PK endpoints to support an assessment of BE than
the amount of drug apparently retained in the skin, all the more
so when the latter is assessed at only a single point in time.
Nonetheless, in this study the amount of acyclovir retained in
skin after 48 h was compared between the U.K. Zovirax® and
the U.S. Zovirax® and no significant difference in skin content
was observed between the products (Fig. 4c). By contrast, sig-
nificant differences between these products were evident for
Jmax (Fig. 4a) and total permeation (Fig. 4b) which suggests that

Fig. 5 Flux profiles of U.S. Zovirax® (top) and U.K. Zovirax® (bottom) creams per donor, showing intra-donor variability (n = 4–7 replicates per donor).

Table II The p value from Brown-
Forsynthe Test for Each Donor,
Evaluating the Variance of Individual
Skin Sections’ Flux Profiles from the
Same Donor

Donor 1 Donor 2 Donor 3 Donor 4 Donor 5 Donor 6

U.S. Zovirax® 0.1987 (ns) 0.2926 (ns) 0.3085 (ns) 0.1942 (ns) 0.1203 (ns) 0.0906 (ns)

U.K. Zovirax® 0.0933 (ns) 0.0748 (ns) 0.2307 (ns) 0.1056 (ns) 0.0435 (*) 0.0120 (*)
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Jmax and total permeation are not only more relevant and more
accurate, but also more sensitive parameters (than the apparent
amount of drug retained in the skin) to compare the rate and
extent of drug bioavailability from two topical products. Thus,
the focus of this study was to evaluate the BE of two products by
measuring the permeation of acyclovir through the skin rather
than the amount retained in (or on) the skin.

It is important to acknowledge that the current in vitro
study results cannot support conclusions about the relative
clinical (therapeutic) effectiveness of the products evaluated,
however, the differences in acyclovir bioavailability ob-
served in vitro appear to be in agreement with the results from
an in vivo dermal open-flow microperfusion (dOFM) study
comparing the same products (22). In the dOFM study by

Bodenlenz et al., the U.S. Zovirax® and 1A Pharma® acy-
clovir creams were found to be not bioequivalent, which is in
line with the findings from the current study that the two
products deliver different amounts of acyclovir (Fig. 1).
Interestingly, the differences between the two products seem
to be more pronounced in the current IVPT study (based
upon flux profiles) compared to the differences observed
from Bodenlenz et al.’s dOFM study (based upon concentra-
tion vs. time profiles), illustrating the exceptional discrimina-
tion sensitivity of the IVPT method. The efficiency of the
IVPT BE study evaluated with an SABE statistical analysis
is evident in the power curves in Figs. 6 and 7 which indicate
that, based upon the T vs. R comparison in the current data-
set of 6 donors with 4 replicates per donor per treatment

Table III BE Comparisons of the Test and Reference Products

Product comparison IVPT PK parameter Point estimate Within-reference
standard deviation (SWR)

SABE upper bound
m= 1.25

SABE upper bound
m= (1/0.75)

ABE 90% confidence
interval

T vs R Total AUC 0.5314 0.4457 0.5957 0.4993 (0.4208,0.6711)

Jmax 0.4926 0.4238 0.9859 0.8950 (0.3459,0.7014)

R vs R Total AUC 0.9439 0.5032 −0.0864 −0.1629 (0.3390,1.5488)

Jmax 0.8339 0.7618 −0.0326 −0.2459 (−0.0887,1.7565)

T vs T Total AUC 0.9766 0.7132 −0.1894 −0.3409 (0.6724,1.2808)

Jmax 0.9966 0.7392 −0.2244 −0.3768 (0.7645,1.2287)

Fig. 6 Jmax– Power as a function of
the number of donors (n).
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group, a minimum power of 80% could be achieved for an
IVPTBE studywith 16 donors (for Jmax; only 8 donorswould
be needed forAUCwithBE limits of 0.80–1.25). By compar-
ison, without the SABE analysis, using the traditional ABE
analysis, it would likely require approximately 40 donors for
the same IVPTBE studydesign to achieve aminimumpower

of 80% (Figs. 6 and 7; ABEwith BE limits of 0.80–1.25). The
latter estimate is similar to the38 subjects thatwere estimated
to be needed for an in vivo dOFM BE study with the same T
and R products, in order to achieve a minimum power of
80% using an ABE statistical analysis with BE limits of
0.80–1.25 (22).

Fig. 7 AUC– Power as a function
of the number of donors (n).

Fig. 8 AUC– Power as a function
of GMR.
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In addition to the in vivo dOFMmethod described above, a
SC sampling approach via skin stripping in humans was ex-
amined to assess the BE of topical acyclovir products in the
recently published work by Pensado et al. (23). While the ap-
plied dose was left on the skin for the entire duration of the
48 h IVPT study and the 36 h dOFM study, the design of the
skin stripping study was fundamentally different inasmuch as
the results were based upon a 6 h dose duration, after which
the applied dose of each acyclovir creamwas removed and the
clearance of acyclovir from the SC over the subsequent 17 h
was assessed. Despite the differences in study designs, the
results from the skin stripping Study 1 suggested that the
U.S. and the U.K. Zovirax® creams are not bioequivalent,
consistent with the current study’s findings. Furthermore,
Pensado et al. estimated that the average in vivo flux of acyclovir
from the U.S. Zovirax® was higher than the flux from the
U.K. Zovirax®, which is also consistent with the current
study’s findings.

The skin stripping Study 2 suggested that Aciclovir 1A
Pharma® is not bioequivalent to U.S. Zovirax®. This is also
consistent with the results of the current study (in which sub-
stantial differences in acyclovir bioavailability were observed
between Aciclovir 1A Pharma® and U.S. Zovirax®) and con-
sistent with the in vivo dOFM study results reported by
Bodenlenz et al. However, while both the current IVPT study
and the in vivo dOFM study indicated that the bioavailability
of acyclovir from Aciclovir 1A Pharma® was lower than that
from U.S. Zovirax® across 36 to 48 h dose durations, the
results from the skin stripping Study 2 estimated that the flux
of acyclovir from Aciclovir 1A Pharma® is higher than the
flux from U.S. Zovirax® based upon a 6-h dose. Considering
the fundamental differences in the study design of the skin
stripping study compared to the current study, and the fact

that the comparisons of the Zovirax® products to non-
Zovirax® products, including Aciclovir 1A Pharma®, in the
current study were made with limited data from two donors
during the initial screening of products, further evaluation is
necessary to explain the differences observed between the skin
stripping study and the other two studies in relation to
Aciclovir 1A Pharma® and U.S. Zovirax®.

When a relatively small sample size (e.g., 16 donors with 4
replicates per donor per treatment group) can be utilized to
demonstrate BE, it makes the IVPT method attractive; this is
especially true when compared to comparative clinical end-
point studies that were traditionally used to demonstrate BE
for topical drug products. Comparative clinical endpoint stud-
ies usually require hundreds to thousands of subjects with a
long duration of study. Not only is an IVPT study more effi-
cient, but an IVPTmethod allows for a relatively tight control
of critical parameters that may influence drug delivery and the
BA of topically administered drugs (which might be difficult to
attain in clinical studies). For example, the quantity of dose
applied on skin samples in IVPT studies can be precisely con-
trolled without much variation and determined. In the current
study, a positive displacement pipette was utilized. While the
use of a pipette to deliver and spread the dose on skin surface
did not represent an ideal imitation of spreading and rubbing
in a clinical, real-use situation, it did allow for a good control
of the quantity of dose without much variation in the dose
amount applied on different skin samples. Of relevance, the
quantity of the dose from semisolid topical products is often
not standardized but, rather, determined by the patients in
comparative clinical endpoint studies (24,25). Additionally,
since the quantity of the dose being applied can vary depend-
ing on the disease state, and since the size of the affected
surface area with one of the common instructions for dose

Fig. 9 Jmax– Power as a function of
GMR.
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application being “apply a thin layer to affected area”, com-
parative clinical endpoint studies in which subjects with vary-
ing disease conditions are enrolled have an added challenge.

The burden and inefficiency associated with comparative
clinical endpoint BE studies for topical dermatological drug
products are well recognized. As a result, alternative
approaches by which to demonstrate BE for topical dermato-
logical drug products have now been proposed and/or imple-
mented in the U.S., Europe and elsewhere, supported by ev-
idence from cutaneous PD studies (the vasoconstrictor assay)
or cutaneous PK studies (e.g., IVPT and dOFM/ dermal
microdialysis). For example, based in part on the research
described here, the U.S. FDA has published a draft product-
specific guidance on developing a generic version of acyclovir
cream, 5% that recommends an in vitro option by which to
demonstrate BE for acyclovir creams that are Q1 and Q2 the
same, with similar physical and structural characteristics, us-
ing evidence from an IVPT study, including an SABE analysis
of the results (16).

CONCLUSIONS

The current study showed that the use of an IVPT method
with an adaptation of the reference scaled statistical approach
to evaluating BEwas sufficiently sensitive to discriminate com-
positionally similar, pharmaceutically equivalent cream prod-
ucts as not being bioequivalent, while accurately and repro-
ducibly determining each product to be bioequivalent to itself,
even in the presence of significant variability. Furthermore,
the implementation of the SABE statistical analysis was shown
to be an appropriate approach by which to evaluate BE for
this IVPT data based upon the observation that SWR values
that were consistently >0.294, and this analysis was shown to
improve the power of the IVPT BE study, thereby reducing
the number of donors needed to power the study and further
improving the efficiency of the study relative to the un-scaled
ABE analysis. The current findings indicated that an IVPT
method, with an appropriate statistical analysis, can be one of
several useful tools to support a demonstration of BE for top-
ical dermatological drug products.
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