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With the aim of developing an in vitro model for the bioavailability (BA) prediction of drugs,
we focused on the study of levonorgestrel (LVN) released by 1.5 mg generic and brand-
name tablets. The developed method consisted in combining a standard dissolution test
with an optimized parallel artificial membrane permeability assay (PAMPA) to gain insights
into both drug release and gastrointestinal absorption. Interestingly, the obtained results
revealed that the tablet standard dissolution test, combined with an optimized PAMPA,
highlighted a significant decrease in the release (15 ± 0.01 μg min−1 vs 30 ± 0.01 μg min−1)
and absorption (19 ± 7 × 10–6 ± 7 cm/s Pe vs 41 ± 15 × 10–6 cm/s Pe) profiles of a generic
LVN tablet when compared to the brand-name formulation, explaining unbalanced in vivo
bioequivalence (BE). By using this new approach, we could determine the actual LVN drug
concentration dissolved in the medium, which theoretically can permeate the
gastrointestinal (GI) barrier. In fact, insoluble LVN/excipient aggregates were found in
the dissolution media giving rise to non-superimposable dissolution profiles between
generic and brand-name LVN tablets. Hence, the results obtained by combining the
dissolution test and PAMPA method provided important insights confirming that the
combined methods can be useful in revealing crucial issues in the prediction of in vivo BE
of drugs.

Keywords: levonorgestrel, bioavailability, drug–excipient interaction, gastrointestinal passive permeability, PAMPA,
bioequivalence, dissolution model

INTRODUCTION

The development of an in vitro method for the prediction of drugs’ BA is an interesting challenge,
mostly because of the possibility to save both time andmoney in the approval process of a given drug.
The prediction of drugs’ BA in vitro can be especially useful in those studies aimed at determining the
BE of a generic and a brand-name drug. Indeed, despite the public concern in having access to
generic drugs as quickly as possible due to their lower price, the regulatory process for their approval
takes time like any other process related to this aspect (Chazin et al., 2020). However, if the chemical
equivalence between two chemical entities is relatively easy to establish, it is more complex to prove
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the BE between two or more formulations, with the same active
pharmaceutical ingredients (APIs). The differences noticed in BE
for the studied products can be mainly related to the physical
properties of the excipients used in the compared formulations
(Zarmpi et al., 2017). The ability of detecting the factors
influencing the physicochemical properties, as well as drug
delivery, will make it possible to thoroughly depict both its BA
and BE profiles (Niazi, 2007).

Most of the studies comparing a generic drug to a brand-name
product, in terms of BE, include the determination of active
compounds or their metabolites in biological fluids. Other studies
may involve comparative pharmacodynamic (PD) investigations
in humans or comparative clinical trials. Nevertheless, it is not
always possible or necessary to use in vivo human data for
evaluating drug bioavailability, at least in the formulation
optimization process (Chen et al., 2001a). A large number of
physicochemical and physiologic factors that may influence the
adsorption of drugs can indeed be monitored by applying some
designed in silico (Mathias and Crison, 2012) and in vitromodels.
For all these reasons, the application of model-based drug
development, as well as precise and accurate analytical
methods supported by statistical considerations (Lalonde et al.,
2007; Kim et al., 2018; Martinez and Zhao, 2018; Zhao et al.,
2019), seems to offer a reliable approach for the in vitro
characterization of a drug before in vivo BE studies. For these
reasons, there is a great need to develop surrogate models able to
provide information about the BA or BE profile for all the classes
of studied drugs. Starting from the fact that the BA of a drug,
released from a solid oral form, is influenced by dissolution,
solubility, and intestinal permeability, the proposed methods
should provide the characterization of both the dissolution
and adsorption profiles. This is pivotal considering the need
for pharmaceutical industries to develop and apply methods
able to evaluate the bioavailability of a large fraction of poorly
water-soluble drug compounds (Ku and Dulin, 2012; Sironi et al.,
2017). Indeed, many in vitro models have been developed to
evaluate the capacity of new drug delivery systems or
formulations to enhance the permeability of poorly soluble
drugs (Buyukozturk et al., 2010; Kanzer et al., 2010; Fischer
et al., 2011a; Fischer et al., 2011b; Fischer et al., 2012). Despite
the meaningful results obtained by these types of experiments, it
is also essential to consider that, before any absorption can take
place, the drug needs to be in solution. Indeed, such drugs can
often exhibit an unreal high absorption rate if the experimental
setup does not take into account the dissolution of the drug prior
to membrane permeation. For this purpose, some combined
dissolution/permeability models have been proposed (Ginski
et al., 1999; Kobayashi et al., 2001; Kataoka et al., 2003;
Kataoka et al., 2006; Motz et al., 2007; Kataoka et al., 2011;
Kataoka et al., 2014). Some of the proposed models mimicking
the in vivo environment were developed in order to forecast the
oral absorption of pH-independent and -dependent drugs in a
more and more reliable manner (Kobayashi et al., 2001; He et al.,
2003; Kataoka et al., 2003; Noureddine et al., 2005; Sugawara
et al., 2005; Kataoka et al., 2006). The application of these systems
able to assess both the dissolution and the permeation process
was found to be particularly suitable for poorly soluble drugs.

However, their application still remains very limited in the
conventional drug discovery process because of the various
drawbacks shown. In particular, for low aqueous solubility
molecules, the precipitation of drugs in the aqueous buffer
system may represent a critical step. At the same time,
sufficient concentrations of the solubilized drug in both the
donor and the receiver compartment must be guaranteed to
carry out a permeability assay and ensure measurement
sensitivity.

With all this in mind, the aim of this work was to validate an
in vitro system combining dissolution and PAMPA for the
assessment of both the dissolution and the in vitro oral
adsorption profile of LVN from oral formulations. The
designed method, combining both the tests, was intended to
provide an integrated approach for BE prediction of the drug
before moving on in vivo studies.

The dissolution test is routinely used for stability and quality
control studies. The reliability of this kind of assay in predicting
the in vivo performance of a drug product is related to its
capability of reconstructing in vitro the distinctive
conditions registered in the gastrointestinal (GI) tract
(Dressman et al., 1998). Indeed, the FDA has now
recognized the major role of this assay in reducing the
regulatory burden in predicting the human studies in
generic drug development (Anand et al., 2011). Moreover,
according to the biopharmaceutics classification system
(BCS) approach, which classifies drug substances into four
primary groups (highly soluble/highly permeable, highly
permeable/poorly soluble, highly soluble/poorly permeable,
and poorly soluble/poorly permeable), the highly permeable/
highly soluble drug substance formulated into a rapidly
dissolving drug product may need only in vitro dissolution
studies to establish its BA (Amidon et al., 1995; Dahan et al.,
2009). As for the permeability (Pe) test, several methods such
as in situ rat intestinal perfusion (Kim et al., 2006), the ex vivo
rat intestinal tissue, the MDCK (Irvine et al., 1999) and Caco-
2 (Artursson, 1990) cell monolayers, and the PAMPA
(Avdeef, 2005) have been optimized to simulate drugs’
absorption across biologic membranes, and it can be
applied for permeability determination. These models are
mostly suitable for the description of permeability across the
GI membrane. Moreover, different cellular and non-cellular
models combined with dissolution systems have been
developed and adapted in order to evaluate the Pe even of
poorly soluble drug entities (Buckley et al., 2012). With the
intention to give mechanistic insights or evaluate the effect of
different excipients on the performance of formulations,
many approaches combining dissolution and Caco-2
permeation testing were suggested (Ginski et al., 1999;
Kataoka et al., 2003; Kataoka et al., 2006; Motz et al.,
2007). Since the application of the Caco-2 model
unfortunately presents many drawbacks, more innovative
approaches, employing non-cellular biomimetic barriers,
were developed for the same purpose (Fischer et al.,
2011b; Fischer et al., 2012; Gantzsch et al., 2014). Other
methods affected the development of dialysis-based
dissolution/permeation models (Lovering and Black, 1973;
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Blanquet et al., 2004). Unfortunately, even these methods are
partially flawed, mainly due to the interaction of amphiphilic
weak basic and acidic drugs with such biomimetic
membranes (Bibi et al., 2016). None of the suggested
models specifically concerns the prediction of BE for two
oral formulations containing the same API. Since the
experimental setup, in this case as well, should predict the
in vivo behavior of tested formulations, we combined the
dissolution test previously described to the PAMPA one to
achieve this objective. The PAMPA, using the phospholipid
artificial membrane, is considered a suitable model for the
detection of passive transport of epithelial cells. Due to its
versatility, this method is more suitable for the detection of
passive permeability than the Caco-2 model, even for poorly
soluble drugs (Buckley et al., 2012). Moreover, it offers
several features such as low cost and higher reproducibility
that make it certainly more suitable for the high-throughput
setup as a first approach than cellular models. The PAMPA
model is now widely used for the assessment of passive
transport of epithelial cells (Avdeef et al., 2007). Indeed,
despite the real-life properties and reliable outcomes
provided by cellular models applied to permeability studies
(Borchardt et al., 2011), the PAMPA method is to be
preferred for the determination of passive permeability,
since it overcomes such issues as long cultivation time,
high cost, high degree of variability and low capacity in
characterizing poorly soluble drugs (Buckley et al., 2012;
Berben et al., 2018). Indeed, the PAMPA model is
described by Handbook of Bioequivalence Testing as a
cost-effective and high-throughput method (Niazi, 2007).
Moreover, due to its ability of providing the benefits of a
more biologically relevant system, it is considered a very
common assay nowadays (Avdeef, 2005).

The combination of the dissolution test and PAMPA method
was applied to characterize and compare the BA of LVN released
from a generic formulation (formulation A) to that of LVN
released from the brand-name tablets (formulation B). This
was done because in vivo BE failed after performing only a
dissolution study. The idea is based on the awareness that the
combination of the dissolution test with the PAMPA gives the
opportunity to characterize the studied drugs in terms of
solubility and absorption and to eventually point out some
peculiarities that might influence these parameters in the
studied formulations. The application of UV spectroscopy for
the determination of LVN released and absorbed during the
proposed assays was found to be more predictive of in vivo
studies, since it guarantees the direct quantification of the real
amount of analyte. Indeed, the direct UV analysis turned out to be
appropriate for these studies, avoiding further modifications in
the sample dissolution that might compromise the results, which
may occur by using a reversed-phase HPLC method with the
organic modifier.

Hence, starting from the necessity of understanding the
different in vivo BE profiles shown by the two LVN oral
formulations, the developed method was found to be able to
provide a new set of information and recommendations useful for

resolving existing or emerging problems in BE studies of new oral
formulations, more capable of predicting the in vivo behavior.

MATERIALS AND METHODS

Materials
HPLC-grade acetonitrile and ethanol (VWR, Radnor,
Pennsylvania, United States) and water obtained from the
Milli-RX apparatus (Millipore, Burlington, Massachusetts,
United States) were used to prepare solutions and mobile
phases. Sodium dodecyl sulfate (SDS) was purchased from
Panreac Quimica (Barcelona, Spain). 37% hydrochloric acid
(HCl) was obtained from VWR (Radnor, Pennsylvania,
United States).

The water solution for dissolution studies was prepared by
mixing 0.1% SDS in 0.1N HCl solution. The solutions were
filtered through a 0.45 μm membrane filter and degassed
before their use in HPLC.

UV Spectrophotometry
The spectrophotometric analyses were performed on a Jasco V-
530 double beam spectrophotometer, using a 1 cm quartz cell.
Suitable settings were a slide width of 2 nm, scan speed of 400 nm
min−1, and UV range of 210–450 nm. A stock solution was
prepared by dissolving the appropriate amount of LVN in
ethanol in order to obtain 1 mg/ml solution. LVN analytical
solutions were obtained by diluting to volume with 0.1% SDS
0.1N HCl solution (0.37–6 μg/ml).

Calibration Graph
The zero-order UV spectra of LVN (0.375–6 μg/ml in 0.1% SDS
0.1N HCl) were recorded using 0.1% SDS 0.1N HCl solution as
the blank; the absorbance values at λmax � 245 nm were plotted
against the corresponding concentration to obtain the
calibration graph.

HPLC Analysis
The HPLC Waters Alliance apparatus comprised a Waters
Alliance 2489 UV detector, a Waters Alliance e2695 separation
module, and a Waters column heater (Waters, Milford, MA,
United States). The chromatographic separations were performed
on a 2.5 μm C8 Luna (150 mm × 4.6 mm i.d.) column
(Phenomenex, Torrance, CA, United States) kept at 30°C,
using a mobile phase consisting of acetonitrile: water at 60:40
(v/v) at a flow rate of 1.0 ml/min. UV detection at 247 nm
was used.

Reference Solution
A 1.5 μg/ml LVN solution was obtained by transferring about
30 mg of LVN working standard, exactly weighted, in a 200 ml
volumetric flask. The powder was dissolved by sonication in
150 ml of ethanol. The solution was cooled down and brought to
volume with the same solvent. 2 ml of the obtained solution was
diluted to 200 ml with dissolution medium (0.1N HCl containing
0.1% SDS) in order to obtain 1.5 μg/ml solution.
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Calibration Graph
A stock solution of LVN (0.15 mg/ml) was prepared in the mobile
phase of acetonitrile:water at 55:45 (v/v). This solution was then
used to prepare standard solutions of LVN (0.3–3.0 μg/ml) by
diluting to volume with 0.1N hydrochloric acid containing 0.1%
sodium dodecyl sulfate. Each standard solution was injected in
triplicate into the chromatograph; the peak areas were plotted
against the corresponding LVN concentrations to obtain the
calibration graph.

Samples Analysis
At least seven injections of the dissolution medium or as many as
needed to obtain a good baseline were performed. Then, the
standard solution was injected five times. The standard deviation
of the areas was verified to be less than 2.0%. Then, the six
dissolution samples derived from the dissolution test were
analyzed.

Dissolution Test
In order to determine the LVN kinetics of release from
formulations A and B in a time-course experiment, a
dissolution experiment was carried out following the
procedure reported in European Pharmacopoeia 9.0 (2.9.3.
Dissolution Test for Solid Dosage Form). Apparatus 2
(paddle) described in European Pharmacopoeia 9.0 and a
thermostatic bath regulated at 37 ± 0.5°C were used. The
apparatus consisted of six vessels, each one equipped with a
paddle. Three vessels for each tablet type were used. 0.1N
hydrochloric acid containing 0.1% sodium dodecyl sulfate was
adopted as the dissolution medium. The experiments were
carried out under the following conditions: 1,000 ml
dissolution medium volume, the rotation speed of the paddle
of 75 ± 3 rpm, and the distance of the plate from the bottom of the
vessel of 25 ± 2 mm. An equal volume of dissolution medium was
poured in each of the six glass vessels. The liquid was kept at 37 ±
0.5°C. Every single tablet obtained by two different manufacturers
was transferred in the vessel before starting the test. 3 ml of
solution was withdrawn from each vessel from an intermediate
zone between the surface of the dissolution medium and the top
of the paddle, and not less than 1 cm from the vessel wall. The
solutions were then filtered through a 0.45 µm polypropylene
(PP) filter and subjected to determination of LVN using the
chromatographic conditions described above.

For the spectroscopic determination of LVN released during
the dissolution test, the samples obtained as previously described
were subjected to centrifugation at 1,500 rpm for 3 min. The
collected samples were later analyzed by both RP-HPLC, as
described in HPLC Analysis, and UV spectrophotometry (UV
Spectrophotometry) in the wavelength range from 210 to
450 nm.

Dissolution Test in 100ml Volumetric Flask
Both formulations A and B were left under constant stirring in
0.1N hydrochloric acid (Sigma-Aldrich) containing 0.1% sodium
dodecyl sulfate (Sigma-Aldrich) solution at 37°C.

An aliquot of 1 ml of solution was withdrawn at different times
from each flask. The UV spectra of the collected samples were

registered after centrifugation at 1,500 rpm for 3 min in the
wavelength range from 210 to 450 nm.

PAMPA Test Validation
The quality control compounds atenolol, carbamazepine,
coumarin, norfloxacin, and ranitidine hydrochloride (Sigma-
Aldrich) of known intestinal permeability were used to
validate the analysis set. Stock solutions of the reference drugs
were prepared in DMSO (Sigma-Aldrich) at 10 mm and then
diluted to reach the concentration of 500 μM in PBS of pH � 7.4,
so that the concentration of DMSO does not exceed 5% of the
total volume. The acceptor 96-well microplate (MultiScreen®,
catalog no. MASSACCEPTOR from Millipore) was filled with
180 μl of pH � 7.4 PBS solution containing 5% of DMSO. The
donor 96-well plate (MultiScreen® IP Sterile Plate PVDF
membrane, pore size of 0.45 µm, catalog no. MAIPN4510
from Millipore) was coated with 5 μl fresh solution of L-α-
phosphatidylcholine from egg yolk (Sigma-Aldrich) in
dodecane (20 mg ml−1) and left at 70°C for 5 min.

Then, it was filled with drug solution (180 ul per well). The
obtained “sandwich” was left under constant slight shaking
(50 rpm) overnight at 30°C.

LVN Stability Test
In order to investigate the stability of LVN in PAMPA conditions,
the absorbance of the analyte was registered at different
concentrations ranging from 6 to 30 μg/ml in 0.1% SDS 0.1N
HCl. The parameters were set as reported in UV
Spectrophotometry. The stability was monitored over 6 days.

PAMPA Test Applied to 1.5mg LVN Tablets
An exact aliquot of 50 ml of the solutions obtained from 35′ and
75′ dissolution tests, performed in 100 ml flasks, was transferred
to a Falcon tube and centrifuged for 10 min at 1,400 rpm at RT.
Then, 10 ml of supernatant for each sample was transferred to a
15 ml Falcon tube and centrifuged under the described
conditions. The acceptor 96-well microplate was filled with
180 μl of 0.1% SDS 0.1N HCl solution. The donor 96-well
plate was prepared as previously described. Then, the wells
were filled with 180 μl of drug solution (at least four wells for
each sample). The “sandwich”was left for 1, 1.5, 2, and 4 h at 37°C
under continuous slight shaking (50 rpm). After incubation, the
solutions in the acceptor plate wells were collected for each
sample, and the UV spectra were registered. A Jasco V-630Bio
spectrophotometer (Jasco, Tokyo, Japan) was used for the UV
measurements.

RESULTS AND DISCUSSION

This work was conceived after the failure of LVN in vivo
bioequivalence studies, which were planned after only
dissolution studies were carried out on the two formulations.
In-house HPLC dissolution studies of generic and brand-name
formulations did not show any differences in the LVN kinetics
and equilibrium parameters. Therefore, the two formulations
were considered “similar” and submitted to in vivo studies.
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However, the application of in vitro models for the evaluation of
excipient effects on API solubility and permeability is crucial in
particular for drugs which exhibit poor aqueous solubility (Ku
and Dulin, 2012). Indeed, especially for these kinds of
compounds, the demand for fast and economical in vitro
models able to appraise the effects of new formulations on
drugs’ BA is urgent. Since even BE may be affected by drug/
excipient interactions, providing insights into dissolution and
permeability profiles becomes crucial to predict and certify the BE
of generic formulations compared to the corresponding brand-
name ones. Moreover, the ability of predicting BA and BE profiles
of a new drug gives the opportunity to avoid generic formulations
which behave differently from the brand-name ones.

Both the definitions of BA and BE imply the use of
pharmacokinetic measures to evaluate the rate of the drug
released from the medicinal product and the amount of drug
absorbed into the systemic circulation (Chen et al., 2001a).
Hence, whatever the different approaches adopted in
establishing the BE or BA profile of a drug are, the most
important goal is to assess the rate and extent of drug
absorption (el-Tahtawy et al., 1998; Chen et al., 2001b; Tozer
et al., 1996; el-Tahtawy et al., 1994), since the obtained
information will make it possible to consider the safety and
the effectiveness of the studied drugs. So, the application of
in vitro methodologies, able to predict the in vivo drug release
and absorption from the solid oral formulation, has to be
considered the key point to predict both the BA and the BE of
oral products (Leslie, 1993).

All things considered, in order to offer new insights into a
specific case, we developed a new approach whose scope may be
extended to every oral formulation. Indeed, the new method was
designed to be applied to the early detection of important
formulation implications that might affect LVN BE in vivo.

In this regard, we focused on the optimization and
development of a combined analytical approach for the
in vitro characterization of dissolution and absorption profiles
of LVN released by 1.5 mg generic and brand-name tablets. LVN
is one of the most widely used progestogens (Figure 1), and

different dosage forms containing this API are on the market. The
formulations we studied are classified as emergency contraceptive
pills (ECPs) (Kitanova, 2019). According to the BCS (Amidon
et al., 1995), LVN belongs to class I since it is considered a highly
soluble [Guidance for industry, 2000; Multisource (generic)
pharmaceutical products, 2000; Committee for Medicinal
Products for Human Use, 2008] and highly permeable drug
(Lindenberg et al., 2004). Indeed, it is characterized by a BA
of almost 100%. This parameter is not influenced by a first-pass
effect of the liver. LVN is rapidly and completely absorbed after
oral administration. Indeed, with a single 1.5 mg tablet, a Cmax of
20 ng/ml with a Tmax of 1.4 h has been observed (Devoto et al.,
2005).

In order to detect the reasons for the failure of the in vivo BE
studies (data not shown) of these formulations, we combined a
dissolution test following the criteria proposed by the European
Pharmacopoeia and a PAMPA study to predict permeability.
Indeed, once the rate of LVN time-course release by the
dissolution test was established by UV spectroscopy, in
comparison with the HPLC assay, the kinetics of
permeation was measured by the PAMPA test, under
optimized conditions, to identify any differences in LVN
dissolution and absorption profiles. Indeed, what matters
most is that the reliability of all these measurements
regarding the release, along with the rate and extent of
absorption of an active pharmaceutical ingredient (API),
makes them applicable to studies intended to assure
comparable therapeutic effects among different formulations.

Dissolution Test
The in vivo dissolution process is the first step on which the
curative effect of a drug depends. The pharmaceutical
products, in solid oral dosage forms, indeed have to
undergo dissolution in the GI fluid, before being absorbed
and reaching the systematic circulation. The results obtained
from the dissolution test, in the field of BE studies, might be
influenced by the physicochemical status of drugs and
excipients and by the differences in applied manufacturing
processes (Paus et al., 2015). In light of this, the dissolution
assay can significantly reduce the number of in vivo studies,
but it is also useful to assess batch-to-batch quality and
support batch release, to provide process control and
quality assurance and to assess the need for further BE
studies. As mentioned before, in the case of such
molecules as LVN, endowed with high solubility and
absorption rate, the application of the dissolution test can
be considered adequate for BA determination.

In the present study, the dissolution test was carried out for
both 1.5 mg LVN formulations A and B, following the procedure
reported by European Pharmacopoeia 9.0 (2.9.3. Dissolution Test
for Solid Dosage Form. Apparatus 2) (Europe, 2016). The used
apparatus consisted of six vessels equipped with a paddle which
represents the stirring element. An equal number of three vessels
were designed for each tablet type. The medium used for the
dissolution test was 0.1N hydrochloric acid containing 0.1%
sodium dodecyl sulfate (SDS). In order to obtain an LVN

FIGURE 1 | LVN structure.
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kinetics release plot from the dissolution test, HPLC and UV
analyses were carried out.

HPLC Analysis
Different solutions were withdrawn from paddles at 15, 30, 45,
and 60 min. The solutions containing LVN released by
formulation A and formulation B were then analyzed by
HPLC coupled with the UV detector (Görög, 2011). The
method was validated by determining linearity, reproducibility,
and specificity. Specificity was assessed by analysis under the
same chromatographic conditions and the LVN and blank
formulations, verifying no interferences eluting at the LVN
retention time. The linearity of the method was assessed by a
calibration curve obtained using standard solutions of LVN at
different concentrations ranging from 0.30 to 3.00 μg/ml. The
obtained equation was y � 74,149.7× + 75.8 (R2 � 1.000). The
samples withdrawn from paddles were replaced with an equal
volume of dissolution media and injected in the HPLC system
after being filtered. The obtained peak area for each sample was
then compared to the standard average area obtained injecting
five times a 1.5 μg/ml LVN standard solution (theoretical
concentration). The percentage of the active ingredient
released was calculated by the following formula:

% � SAMPLEAREA ×Ws ×Wu
STANDARDAVERAGEAREA × 20 × 1.5

,

where Ws is the weight of the LVN standard, in mg; Wu is the
assay percentage of the LVN standard; and 1.5 refers to the
theoretical assay result of one tablet.

The graph reported in Figure 2 describes a release profile very
close to both the formulations. The original and generic
formulations showed an extremely similar pattern of
dissolution, both reaching the maximum released concentration
equal to 1.36 ± 0.05 μg ml−1 and 1.41 ± 0.02 μg ml−1 in 1 h for
formulations A and B, respectively. This analysis did not reveal
any substantial evidence of different behavior between the generic
and brand-name LVN formulations failing to explain the
unsuccessful results obtained in in vivo BE studies. Moreover,
we also calculate the fit factors f1 (similarity factor) and f2
(difference factor) applying the following equations:

f1 � ⎧⎨⎩⎡⎣∑n

t�1 |Rt − Tt|⎤⎦|⎡⎣∑n

t�1 Rt
⎤⎦⎫⎬⎭x100,

f2 � 50 · log⎧⎨⎩⎡⎣1 + 1
n
∑n
t�1
(Rt − Tt)2⎤⎦−0,5x100⎫⎬⎭,

where Rt is the percentage of the dissolved product at time point t
for the reference formulation (formulation B), Tt is the
percentage of the dissolved product for the test batch, and n is
the number of time points. The comparison of this value gives the
opportunity to easily calculate and compare pairs of dissolution
profiles. The values obtained were equal to 0.88 and 85.67 for f1
and f2, respectively, indicating a very similar releasing profile for
the two drugs (Anderson et al., 1998).

UV Spectroscopy Analysis
UV spectroscopy was used to detect and quantify LVN release
kinetics during the dissolution test as an alternative to HPLC

FIGURE 2 | LVN delivery profiles obtained by HPLC analysis. The graph shows the percentage of drug released vs time in minutes. Data are the mean of six
replicates. RSD% ranged from 1.2 to 6.1%.
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analysis. The LVN standard solution UV spectrum, examined
between 210 and 350 nm, shows one absorption band with a
maximum at 245 nm. Therefore, the linearity of the method was
assessed by a calibration curve obtained by using standard
solutions of LVN at different concentrations (0.375–6 μg/ml).
A linear calibration graph was obtained by plotting A245 against
the LVN standard corresponding concentrations. The obtained
equation was y � 0.045 ± 0.004× + 0.009 ± 0.003 (n � 6;
correlation coefficient 0.9952). The LoD and LoQ were found
to be 5.6 and 56 ng/ml. The UVmethod was found to be selective,
since the excipients did not interfere at the LVN absorption
maximum wavelength. The selectivity was proved by comparing
the absorption spectra registered for LVN standard solution, LVN
solution obtained after the dissolution test, and the one obtained
after the dissolution of tablets without API.

At fixed time intervals, ranging from 15 to 150 min, aliquots of
3 ml samples were withdrawn from paddles and replaced with an
equal volume of dissolution media. The absorbance of LVN in
different samples was registered at 245 nm. Therefore, the
application of the zero-order UV analyses to the LVN
analytical solution was performed, which allowed for a
selective determination of LVN in the dissolution experiments.
The concentration of LVN expressed as μg/ml, for each sample,
was calculated interpolating the absorbance values in the
calibration curve. The results were then expressed as
percentage of the LVN theoretical maximum concentration
released from the tablet content, namely, 1.5 μg/ml. The time
course of LVN release during the dissolution test, for both
formulation A and formulation B, expressed as % of released
drugs, is reported in Figure 3. Data points are the mean of three
independent experiments, each repeated three times. RSD% was
in the range from 1 to 15%. Unlike the results obtained by HPLC
analysis, the graph reported in Figure 3 shows that the kinetic
profile for the release of LVN from both the tablets is quite

different. Indeed, the fit factors obtained were found to be equal to
16.18 and 63 for f1 and f2, respectively, indicating a different
releasing profile for the two drugs.

This difference is already significant in the first 30 min
(Figure 3). Indeed, the LVN concentration values of 0.89 and
1.32 μg/ml were calculated for formulations A and B, respectively,
by applying the equation obtained from the calibration curve and
transforming the absorbance values registered for the two spectra
of the solutions after 30 min dissolution. After 30 min, the
percentage of LVN released by formulations A and B was 60
and 88%, respectively. The maximum amount of levonorgestrel
released from formulation B is quickly obtained after 45 min
following the results obtained by HPLC analysis (Figure 2). In
contrast, at this time, the percentage of LVN released by
formulation A is still 67%, lower than that detected by HPLC
analysis. Afterward, at longer times, there is still a substantial
difference between the amount of LVN released from the two
tablets: the rate of LVN released from formulation A is 20% lower
than the one from formulation B. In fact, for formulation A, the
maximum amount of LVN released is stabilized after 90 min,
twice as long as formulation B’s. This result is in agreement with
the high BA characterizing the studied drug and with the reported
Tmax equal to 1.4 h (Devoto et al., 2005). Despite that the
equipment used to carry out this assay might present
limitations in its ability to replicate the dynamic process of the
oral forms in the complex GI luminal environment, the
evaluation/prediction of bioequivalence of solid oral
preparations can be considered reliable. Moreover, since the
active compound studied belongs to class I of the BCS, it is
reasonable to consider the obtained results as robust and reliable.
Since the two formulations have the same qualitative and
quantitative composition, the differences noticed in the release
of LVN can be ascribed to the physicochemical difference, such as
granulometry superficial areas, in excipient/drug

FIGURE 3 |Overlaid kinetic plots showing the percentage of LVN released by formulations A and B in time-course experiments. Data are the mean of six replicates.
RSD% ranged from 1 to 15%. The graph clearly shows a difference in the dissolution trend for the two tablets.
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physicochemical status. LVN from formulation A might establish
different stronger non-covalent interactions with excipients,
causing a decreased solubility. The application of UV
spectroscopy, as the detection method, made it possible to
detect and quantify LVN solubility, excluding the possibility of
false-positive results. Despite that the dissolution method was the
same, analyzing the two LVN different samples by UV
spectroscopy, the theoretical maximum drug concentration
was not attained until 90 min, demonstrating the formation of
insoluble LVN excipient aggregates. Instead, the application of
HPLC analysis to the same study did not reveal any kinetics
difference in the amount of LVN released by the two
pharmaceutical products during the dissolution experiment. In
this case, the percentage of LVN released in 60 min for both the
formulations resulted to be the same and very close to 100%. This
result can be related to the presence of an organic modifier in the
mobile phase, which can solubilize drug/excipient aggregates
caused by non-covalent interactions with excipients,
hypothetically due to different solid-phase states between same
excipients (Paus et al., 2015; Zarmpi et al., 2017). Other
differences may arise in the morphology of more stable and
less soluble LVN crystals used for the two formulations.

PAMPA Test Validation
Five standard compounds of known permeability were used to
validate the permeability assay. Atenolol, carbamazepine,
coumarin, norfloxacin, and ranitidine hydrochloride are
indeed characterized by different oral permeability ranging
from low to high values. The concentrations of drug solutions,
before incubation, and of those collected from the acceptor wells,
after incubation time, were determined by UV measurements in
the wavelength range from 210 to 450 nm. The permeability
coefficient (Pe) of each drug, in centimeter per second, was then
calculated by applying the following formula (Avdeef et al., 2007):

Pe � Vd · Vr
(Vd + Vr) · S · t In

100 · Vd
100 · Vd −%T(Vd + Vr),

%T � Vr · Ar
Ad0 · Vd 100,

where Vd and Vr are the volume of the donor and the receptor
solutions (0.18 cm3), S is the membrane area (0.266 cm2), t is the
time of incubation expressed in seconds, Ar is the absorbance of
the receptor plate after the experiment, and Ad0 is the initial
absorbance in the donor compartment (Alex, 2012).

A correlation graph for experimental and theoretical Pe
obtained for quality control compounds revealed a good
correlation between the reported Pe (Zhu et al., 2002) and
experimental ones (R2 > 0.95) (Figure 4).

LVN Stability
As reported before (PAMPA Test Validation), the Pe value of
substances determined by the PAMPA test is calculated taking
into account the absorbance of analyte solutions in the receptor
plate, after the experiment, and the initial absorbance of the
analyte solutions in the donor compartment. The LVN solutions
obtained by performing the dissolution test, as previously
described, were not suitable for the PAMPA test since they
showed A245 values corresponding to too low concentrations
(<1.35 μg/ml) to get adequate analytical sensitivity. In order to
determine the LVN Pe by the PAMPA test, we optimized the
concentration for LVN solution suitable for the assay. The tested
solution has indeed to be stable and has to ensure the assay
sensitivity. Moreover, since the determination of Pe by the
PAMPA requires long incubation time, ranging from few
hours to more than 12 h, the stability of LVN in assay
conditions was investigated. The absorbance of LVN at
different concentrations ranging from 6 to 30 μg/ml in 0.1%
SDS 0.1N HCl was monitored over 6 days. The obtained
results showed a substantial decrease in the absorbance value,
for the 30 μg/ml solution, during the first 24 h. At concentrations
equal to 15 and 6 μg/ml, the absorbance values registered over
days did not change, demonstrating LVN stability.

For these results, the PAMPA test was applied to 15 μg/ml
LVN standard solution since it represents the highest
concentration at which LVN solutions are stable.

PAMPA Test Applied to LVN Tablets
Dissolution Assay in 100 ml Volumetric Flasks
Since the maximum concentration of LVN solution obtained by
applying the paddle apparatus for the dissolution test was 1.35 ±
0.18 μg/ml and 1.35 ± 0.03 μg/ml for formulations A and B,
respectively, we reproduced the dissolution test in a 100 ml flask
in order to obtain solutions with concentrations close to 15 μg/ml.
Indeed, one of the most common experimental issues in carrying
out a permeability assay is to provide sufficient concentration
levels of the drug in order to easily evaluate the permeability value
(Lakeram et al., 2008; Buckley et al., 2012). Thanks to the
previously shown advantages, the use of UV spectroscopy
as the detection method was applied also in this experiment.
The kinetic profile obtained for formulations A and B was
very similar to that achieved by the dissolution test carried
out according to European Pharmacopoeia 9.0, described in
paragraph 2.1.2. The results, expressed as percentage of LVN
released over time, are quite similar to those obtained by
using the dissolution test as reported in Figure 5, showing

FIGURE 4 | Correlation graph for experimental and theoretical Pe of
standard compounds obtained carrying out a PAMPA test for oral absorption
assessment.
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Tmax at 45′ and 105′ for formulation B and formulation A,
respectively.

PAMPA
We applied this method to understand the differences in BE that
emerged in the in vivo studies of two LVN oral formulations. Since
the aim of this work was to offer a dissolution/permeation model to
apply for the BE study, we adopted the LVN solutions obtained from
the dissolution test, performed as reported in Dissolution Assay in
100 ml Volumetric Flasks, in order to investigate the effect of drug/
excipient interactions also on permeability in a time-course
experiment. The use of solutions derived from the dissolution test

allowed to keep LVN in the dissolved state, thus avoiding the
formation of supramolecular assemblies that could have altered
the results by precipitation on the layer of the membranes
(Flaten et al., 2008; Fischer et al., 2011a). Moreover, the
application of solutions obtained as described in Dissolution
Assay in 100 ml Volumetric Flasks allowed us to reach an optimal
concentration level of the drug in the receiver compartment,
overcoming analytical difficulties that may occur since the
concentrations obtained may be lower than the limit of detection
of the most common method of analysis such as HPLC (Liu et al.,
2003). However, the choice and the pH of the medium used to carry
out the assay are an essential step. They have to fulfill the criterion of

FIGURE 5 | Results referring to the dissolution test adjusted to obtain more concentrated LVN solutions, suitable for the PAMPA test. Overlaid kinetic plots show
the percentage of the time-course LVN release from generic (A) and brand-name tablets (B).

FIGURE 6 | Graph reporting the Pe values for LVN released from both formulations A and B after 30′ and 75′ dissolution time. The Pe values are plotted against
different incubation time in hours. Data are the mean of at least four replicates. RSD% ranged from 7.70 to 70.23%.
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analyte solubility and do not have to alter the test conditions. The
membrane integrity indeed has to be preserved.

After PAMPA test validation carried out by using standard
compounds of known Pe coefficient, the same system has been
adopted for the characterization of LVN permeability released by
both the 1.5 mg formulations A and B. Solutions containing LVN
released by both the tablets at 30 and 75 min, during the
dissolution test, carried out as reported in Dissolution Assay
in 100 ml Volumetric Flasks, were used in the PAMPA test, in
order to highlight the permeability when the extent of LVN
released by the tablet is different. As shown before, 30′ and 75′
represent the times at which the maximum and minimum
differences, for the amount of LVN released by formulations
A and B, were obtained during the dissolution test. The
permeability assay was then carried out at different
incubation times, ranging from 30 min to 4 h. In parallel, a
15 μg/ml LVN standard solution was applied to the same
procedure. The Pe values obtained for LVN released by both the
tablets and LVN 15 μg/ml standard solution, at increasing times, are
reported inFigure 6. In this graph, the Pe values are plotted against the
PAMPA experiments’ incubation times. The two formulation
solutions, taken at 30min from the release kinetic experiments,
showed the most different Pe values. A Pe value of 19.33 ×
10−6 cm/s was obtained for LVN from formulation A, significantly
lower than and almost half of the formulation B Pe value of 41.26 ×
10−6 cm/s. After 2 h, the results were very similar when the LVN
solution was taken from the release at 75min. The maximum Pe
values of 39.14 × 10−6 and 41.49 × 10−6 cm/s are reached for LVN
released by formulations B and A, respectively, presumably because at
this time the maximum extent of release was reached by both the
tablets. For the LVN standard solution, the maximum Pe value
(132.14 × 10–6 cm/s) was reached after 2 h incubation time. This
result could be ascribed to the absence of excipients that could interfere
with the permeation of the drug.

The results are the mean value of four different experiments
and are reported in Table 1. The RSD% value ranges from 8 to
70%. The results show a significant difference between
formulations A and B at 30′ dissolution time, 2 h incubation
in the PAMPA, in agreement with the dissolution experiment UV
data (Figures 3, 5). In contrast, the highest RSD% values were
found for the experiments carried out on solutions derived from
the 75′ dissolution test and by applying 2 h incubation time.
Despite the high RSD% value, the difference in Pe mean values
obtained for LVN derived from both the tablets can be considered

not statistically significant (p > 0.05). This variability could be
ascribed to the decrease in membrane stability probably due to
the higher incubation time.

With that in mind, an incubation time of 2 h was found to be
suitable for determining the LVN Pe value. The PAMPA data
obtained after 2 h incubation time clearly show that LVN
released from formulation B was able to reach the highest Pe
value in half an hour. The obtained results underline the
substantial difference, already highlighted in the dissolution
test, in the amount of LVN released from the two tablets over
time (almost half rate for formulation A vs formulation B).
Therefore, PAMPA test results gave a clear picture of the
absorption profile of LVN released from the two oral
formulations and demonstrated that the LVN/excipient
insoluble aggregates cannot pass through the GI tract.

CONCLUSION

With the intention of developing a new approach for the
characterization of the in vitro BA profile of oral
formulations, we focused on the case study of LVN. The
determination of the dissolution and permeability profiles of
two oral formulations, a generic and a brand-name one, was
carried out to set up a reliable in vitromodel to resolve or predict
problems in in vivo BE studies.

By using a solvent simulating the intestinal fluid, a dissolution test
was carried out in order to compare the LVN solubility and kinetics of
release from the two oral formulations A and B. Interestingly, the UV
spectroscopy direct determination of the LVNsolutions obtained from
the dissolution test in a time-course experiment was able to show
different LVN kinetic releases in the two formulations, with a much
slower dissolution profile for the generic formulation. In fact, it was
found out that the presence of acetonitrile in the mobile phase of the
HPLC system altered LVN solubility, increasing the dissolution of
insoluble aggregates. As a consequence, by using the HPLC analysis,
statistically equal LVN kinetics of release were determined for the two
formulations, predicting a wrong equal behavior in in vivo
experiments, which conversely failed to demonstrate in vivo BE.

Meanwhile, the optimization of the PAMPA for drug tablets allowed
us to determine LVN permeability as an indication of passive oral
absorption of LVN released by both formulations. This parameter was
found to be statistically different for LVN generic and brand-name
formulations, obtained after the 30′ dissolution test (p < 0.05).

TABLE 1 |Mean values and RSD% of the LVN Pe. The results were obtained by applying the equation reported in PAMPA test validation paragraph taking into account the
different incubation times. The results refer to both the experiments carried out after 30′ and 75′ dissolution time. The reported values are the mean of four independent
experiments.

Incubation time (h) Formulation B 309
dissolution time

Formulation A 309
dissolution time

Formulation B 759
dissolution time

Formulation A 759
dissolution time

Pe mean value RSD% Pe mean value RSD% Pe mean value RSD% Pe mean value RSD%

1 4.04 13.78 10.54 7.70
1.5 8.54 12.89 9.53 15.00
2 41.26 37.53 19.33 37.72 39.14 70.23 41.49 65.42
4 39.99 33.33 37.06 44.33
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Thus, the combination of solubility and PAMPA methods
demonstrated to be predictive of in vivo BE. Indeed, the capability
of the in vitro model to predict the unmet BE studies among the
two studied oral formulations was demonstrated. The obtained
results explained and justified the unsuccessful results of the in
vivo BE study. The studied case provided important insights into
confirming that the new approach combining solubility and
permeability studies can be useful in revealing crucial issues in
the prediction of in vivo BE. Hence, during the formulation
process, the two combined approaches can be recommended
to analyze the drug performances resulting from dissimilar
ingredient/drug interactions in generic formulations.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

VA and SA conceived and supervised the work and wrote the
manuscript. FT and VT performed HPLC studies. SM, AD, and
LD carried out UV spectroscopy and dissolution studies.

ACKNOWLEDGMENTS

The authors are grateful for financial support from UniRimini
and the University of Bologna (CIRI-MAM funds), Italy.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2021.741876/
full#supplementary-material

REFERENCES

Alex, A. (2012). Absorption and Drug Development: Solubility, Permeability, and
Charge State. 2nd Edition ed. Hoboken, NJ: Wiley.

Amidon, G. L., Lennernäs, H., Shah, V. P., and Crison, J. R. (1995). A Theoretical
Basis for a Biopharmaceutic Drug Classification: The Correlation of In Vitro
Drug Product Dissolution and In Vivo Bioavailability. Pharm. Res. 12 (3),
413–420. doi:10.1023/a:1016212804288

Anand, O., Yu, L. X., Conner, D. P., and Davit, B. M. (2011). Dissolution Testing
for Generic Drugs: An FDA Perspective. AAPS J. 13 (3), 328–335. doi:10.1208/
s12248-011-9272-y

Anderson, N. H., Bauer, M., Boussac, N., Khan-Malek, R., Munden, P., and
Sardaro, M. (1998). An Evaluation of Fit Factors and Dissolution Efficiency
for the Comparison of In Vitro Dissolution Profiles. J. Pharm. Biomed. Anal. 17
(4-5), 811–822. doi:10.1016/s0731-7085(98)00011-9

Artursson, P. (1990). Epithelial Transport of Drugs in Cell Culture. I: A Model for
Studying the Passive Diffusion of Drugs over Intestinal Absorbtive (Caco-2)
Cells. J. Pharm. Sci. 79 (6), 476–482. doi:10.1002/jps.2600790604

Avdeef, A., Bendels, S., Di, L. I., Faller, B., Kansy, M., Sugano, K., et al. (2007).
PAMPA-critical Factors for Better Predictions of Absorption. J. Pharm. Sci. 96
(11), 2893–2909. doi:10.1002/jps.21068

Avdeef, A. (2005). The Rise of PAMPA. Expert Opin. Drug Metab. Toxicol. 1 (2),
325–342. doi:10.1517/17425255.1.2.325

Berben, P., Brouwers, J., and Augustijns, P. (2018). The Artificial Membrane Insert
System as Predictive Tool for Formulation Performance Evaluation. Int.
J. Pharm. 537 (1-2), 22–29. doi:10.1016/j.ijpharm.2017.12.025

Bibi, H. A., Holm, R., and Bauer-Brandl, A. (2016). Use of Permeapad for
Prediction of Buccal Absorption: A Comparison to In Vitro, Ex Vivo and In
Vivo Method. Eur. J. Pharm. Sci. 93, 399–404. doi:10.1016/j.ejps.2016.08.041

Blanquet, S., Zeijdner, E., Beyssac, E.,Meunier, J.-P., Denis, S., Havenaar, R., et al. (2004). A
Dynamic Artificial Gastrointestinal System for Studying the Behavior of Orally
Administered Drug Dosage Forms under Various Physiological Conditions.
Pharm. Res. 21 (4), 585–591. doi:10.1023/b:pham.0000022404.70478.4b

Borchardt, R. T., Hidalgo, I. J., Raub, T. J., and Borchardt, R. T. (2011). Hidalgo, I.
J., Raub, T. J., and Borchardt, R. T.: Characterization of the Human Colon
Carcinoma Cell Line (Caco-2) as a Model System for Intestinal Epithelial
Permeability, Gastroenterology, 96, 736-749, 1989-The Backstory. AAPS J. 13
(3), 323–327. doi:10.1208/s12248-011-9283-8

Buckley, S. T., Fischer, S. M., Fricker, G., and Brandl, M. (2012). In Vitromodels to
Evaluate the Permeability of Poorly Soluble Drug Entities: Challenges and
Perspectives. Eur. J. Pharm. Sci. 45 (3), 235–250. doi:10.1016/j.ejps.2011.12.007

Buyukozturk, F., Benneyan, J. C., and Carrier, R. L. (2010). Impact of Emulsion-
Based Drug Delivery Systems on Intestinal Permeability and Drug Release
Kinetics. J. Controlled Release 142 (1), 22–30. doi:10.1016/j.jconrel.2009.10.005

Chazin, H., Woo, J., Han, J., Grosser, S., and Luan, J. (2020). FDA’s Generic Drug
Program: Decreasing Time to Approval and Number of Review Cycles. Ther.
Innov. Regul. Sci. 54 (4), 758–763. Available at: https://www.fda.gov/drugs/
generic-drugs/what-approval-process-generic-drugs (Accessed February 14,
2021). doi:10.1007/s43441-019-00016-2

Chen, M.-L., Lesko, L., and Williams, R. L. (2001). Measures of Exposure versus
Measures of Rate and Extent of Absorption. Clin. Pharmacokinet. 40 (8),
565–572. doi:10.2165/00003088-200140080-00001

Chen, M. L., Shah, V., Patnaik, R., Adams, W., Hussain, A., Conner, D., et al.
(2001). Bioavailability and Bioequivalence: an FDA Regulatory Overview.
Pharm. Res. 18 (12), 1645–1650. doi:10.1023/a:1013319408893

Committee for Medicinal Products for Human Use (2008). Guideline on the
Investigation of Bioequivalence (CPMP/EWP/QWP/1401/98 Rev. 1). London,
UK: European Medicines Agency.

Dahan, A., Miller, J. M., and Amidon, G. L. (2009). Prediction of Solubility and
Permeability Class Membership: Provisional BCS Classification of the World’s
Top Oral Drugs. AAPS J. 11 (4), 740–746. doi:10.1208/s12248-009-9144-x

Devoto, L., Fuentes, A., Palomino, A., Espinoza, A., Kohen, P., Ranta, S., et al.
(2005). Pharmacokinetics and Endometrial Tissue Levels of Levonorgestrel
after Administration of a Single 1.5-mg Dose by the Oral and Vaginal Route.
Fertil. Sterility 84 (1), 46–51. doi:10.1016/j.fertnstert.2005.01.106

Dressman, J. B., Amidon, G. L., Reppas, C., and Shah, V. P. (1998). Dissolution
Testing as a Prognostic Tool for Oral Drug Absorption: Immediate Release
Dosage Forms. Pharm. Res. 15 (1), 11–22. doi:10.1023/a:1011984216775

el-Tahtawy, A. A., Jackson, A. J., and Ludden, T. M. (1994). Comparison of Single
and Multiple Dose Pharmacokinetics Using Clinical Bioequivalence Data and
Monte Carlo Simulations. Pharm. Res. 11 (9), 1330–1336. doi:10.1023/a:
1018906931100

el-Tahtawy, A. A., Tozer, T. N., Harrison, F., Lesko, L., and Williams, R.
(1998). Evaluation of Bioequivalence of Highly Variable Drugs Using
Clinical Trial Simulations. II: Comparison of Single and Multiple-Dose
Trials Using AUC and Cmax. Pharm. Res. 15 (1), 98–104. doi:10.1023/a:
1011961006297

Europe, C. O. (2016). European Pharmacopoeia. 9th ed. Strasbourg: European
Directorate for the Quality of Medicines & HealthCare.

Fischer, S. M., Buckley, S. T., Kirchmeyer, W., Fricker, G., and Brandl, M. (2012).
Application of Simulated Intestinal Fluid on the Phospholipid Vesicle-Based
Drug Permeation Assay. Int. J. Pharm. 422 (1-2), 52–58. doi:10.1016/
j.ijpharm.2011.10.026

Fischer, S. M., Brandl, M., and Fricker, G. (2011). Effect of the Non-Ionic
Surfactant Poloxamer 188 on Passive Permeability of Poorly Soluble Drugs
across Caco-2 Cell Monolayers. Eur. J. Pharmaceutics Biopharmaceutics 79 (2),
416–422. doi:10.1016/j.ejpb.2011.04.010

Fischer, S. M., Flaten, G. E., Hagesæther, E., Fricker, G., and Brandl, M. (2011). In-
Vitro Permeability of Poorly Water Soluble Drugs in the Phospholipid Vesicle-

Frontiers in Chemistry | www.frontiersin.org November 2021 | Volume 9 | Article 74187611

De Simone et al. Combined Methodologies for Bioequivalence Study

https://www.frontiersin.org/articles/10.3389/fchem.2021.741876/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2021.741876/full#supplementary-material
https://doi.org/10.1023/a:1016212804288
https://doi.org/10.1208/s12248-011-9272-y
https://doi.org/10.1208/s12248-011-9272-y
https://doi.org/10.1016/s0731-7085(98)00011-9
https://doi.org/10.1002/jps.2600790604
https://doi.org/10.1002/jps.21068
https://doi.org/10.1517/17425255.1.2.325
https://doi.org/10.1016/j.ijpharm.2017.12.025
https://doi.org/10.1016/j.ejps.2016.08.041
https://doi.org/10.1023/b:pham.0000022404.70478.4b
https://doi.org/10.1208/s12248-011-9283-8
https://doi.org/10.1016/j.ejps.2011.12.007
https://doi.org/10.1016/j.jconrel.2009.10.005
https://www.fda.gov/drugs/generic-drugs/what-approval-process-generic-drugs
https://www.fda.gov/drugs/generic-drugs/what-approval-process-generic-drugs
https://doi.org/10.1007/s43441-019-00016-2
https://doi.org/10.2165/00003088-200140080-00001
https://doi.org/10.1023/a:1013319408893
https://doi.org/10.1208/s12248-009-9144-x
https://doi.org/10.1016/j.fertnstert.2005.01.106
https://doi.org/10.1023/a:1011984216775
https://doi.org/10.1023/a:1018906931100
https://doi.org/10.1023/a:1018906931100
https://doi.org/10.1023/a:1011961006297
https://doi.org/10.1023/a:1011961006297
https://doi.org/10.1016/j.ijpharm.2011.10.026
https://doi.org/10.1016/j.ijpharm.2011.10.026
https://doi.org/10.1016/j.ejpb.2011.04.010
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Based Permeation Assay: The Influence of Nonionic Surfactants. J. Pharm.
Pharmacol. 63 (8), 1022–1030. doi:10.1111/j.2042-7158.2011.01301.x

Flaten, G. E., Luthman, K., Vasskog, T., and Brandl, M. (2008). Drug Permeability
across a Phospholipid Vesicle-Based Barrier 4. The Effect of Tensides, Co-
solvents and pH Changes on Barrier Integrity and on Drug Permeability. Eur.
J. Pharm. Sci. 34 (2-3), 173–180. doi:10.1016/j.ejps.2008.04.001

Gantzsch, S. P., Kann, B., Ofer-Glaessgen, M., Loos, P., Berchtold, H., Balbach, S.,
et al. (2014). Characterization and Evaluation of a Modified PVPA Barrier in
Comparison to Caco-2 Cell Monolayers for Combined Dissolution and
Permeation Testing. J. Controlled Release 175, 79–86. doi:10.1016/
j.jconrel.2013.12.009

Ginski, M. J., Taneja, R., and Polli, J. E. (1999). Prediction of Dissolution-
Absorption Relationships from a Continuous dissolution/Caco-2 System.
AAPS PharmSci. 1 (2), E3. doi:10.1208/ps010203

Görög, S. (2011). Advances in the Analysis of Steroid Hormone Drugs in
Pharmaceuticals and Environmental Samples (2004-2010). J. Pharm.
Biomed. Anal. 55 (4), 728–743. doi:10.1016/j.jpba.2010.11.011

Guidance for industry (2000).Waiver of in Vivo Bioavailability and Bioequivalence
for Immediate Release Solid Oral Dosage Forms Based on a Biopharmaceutics
Classification System. Center for Drug Evaluation, USFDA.

He, X., Sugawara, M., Kobayashi, M., Takekuma, Y., andMiyazaki, K. (2003). An In
Vitro System for Prediction of Oral Absorption of Relatively Water-Soluble
Drugs and Ester Prodrugs. Int. J. Pharm. 263 (1-2), 35–44. doi:10.1016/s0378-
5173(03)00343-0

Irvine, J. D., Takahashi, L., Lockhart, K., Cheong, J., Tolan, J. W., Selick, H. E., et al.
(1999). MDCK (Madin-Darby Canine Kidney) Cells: A Tool for Membrane
Permeability Screening. J. Pharm. Sci. 88 (1), 28–33. doi:10.1021/js9803205

Kanzer, J., Tho, I., Flaten, G. E., Mägerlein, M., Hölig, P., Fricker, G., et al. (2010).
In-vitro Permeability Screening of Melt Extrudate Formulations Containing
Poorly Water-Soluble Drug Compounds Using the Phospholipid Vesicle-Based
Barrier. J. Pharm. Pharmacol. 62 (11), 1591–1598. doi:10.1111/j.2042-
7158.2010.01172.x

Kataoka, M., Itsubata, S., Masaoka, Y., Sakuma, S., and Yamashita, S. (2011). In
Vitro dissolution/permeation System to Predict the Oral Absorption of Poorly
Water-Soluble Drugs: Effect of Food and Dose Strength on it. Biol. Pharm. Bull.
34 (3), 401–407. doi:10.1248/bpb.34.401

Kataoka, M., Masaoka, Y., Sakuma, S., and Yamashita, S. (2006). Effect of Food
Intake on the Oral Absorption of Poorly Water-Soluble Drugs: In Vitro
Assessment of Drug Dissolution and Permeation Assay System. J. Pharm.
Sci. 95 (9), 2051–2061. doi:10.1002/jps.20691

Kataoka, M., Masaoka, Y., Yamazaki, Y., Sakane, T., Sezaki, H., and Yamashita, S.
(2003). In Vitro system to Evaluate Oral Absorption of Poorly Water-Soluble
Drugs: Simultaneous Analysis on Dissolution and Permeation of Drugs. Pharm.
Res. 20 (10), 1674–1680. doi:10.1023/a:1026107906191

Kataoka, M., Tsuneishi, S., Maeda, Y., Masaoka, Y., Sakuma, S., and Yamashita, S.
(2014). A New In Vitro System for Evaluation of Passive Intestinal Drug
Absorption: Establishment of a Double Artificial Membrane Permeation Assay.
Eur. J. Pharmaceutics Biopharmaceutics 88 (3), 840–846. doi:10.1016/
j.ejpb.2014.09.009

Kim, J.-S., Mitchell, S., Kijek, P., Tsume, Y., Hilfinger, J., and Amidon, G. L. (2006).
The Suitability of an In Situ Perfusion Model for Permeability Determinations:
Utility for BCS Class I Biowaiver Requests. Mol. Pharmaceutics 3 (6), 686–694.
doi:10.1021/mp060042f

Kim, T. H., Shin, S., and Shin, B. S. (2018). Model-Based Drug Development:
Application of Modeling and Simulation in Drug Development. J. Pharm.
Investig. 48, 431–441. doi:10.1007/s40005-017-0371-3

Kitanova, M. (2019). “Axiological Aspects of Some Models of Euphimisation in
Bulgarian Language and Traditional Bulgarian Culture,” in A View on Slavic
Axiology, 159–168. Available at: https://extranet.who.int/prequal/sites/default/
files/documents/31%20BE_guidance_RH_medicines_March2019.pdf. doi:10.31168/
0428-2.9

Kobayashi, M., Sada, N., Sugawara, M., Iseki, K., and Miyazaki, K. (2001).
Development of a New System for Prediction of Drug Absorption that
Takes into Account Drug Dissolution and pH Change in the Gastro-
Intestinal Tract. Int. J. Pharm. 221 (1-2), 87–94. doi:10.1016/s0378-5173(01)
00663-9

Ku, M. S., and Dulin, W. (2012). A Biopharmaceutical Classification-Based Right-
First-Time Formulation Approach to Reduce Human Pharmacokinetic

Variability and Project Cycle Time from First-In-Human to Clinical Proof-
Of-Concept. Pharm. Develop. Technol. 17 (3), 285–302. doi:10.3109/
10837450.2010.535826

Lakeram, M., Lockley, D. J., Pendlington, R., and Forbes, B. (2008). Optimisation of
the Caco-2 Permeability Assay Using Experimental Design Methodology.
Pharm. Res. 25 (7), 1544–1551. doi:10.1007/s11095-008-9556-9

Lalonde, R. L., Kowalski, K. G., Hutmacher, M. M., Ewy, W., Nichols, D. J.,
Milligan, P. A., et al. (2007). Model-based Drug Development. Clin. Pharmacol.
Ther. 82 (1), 21–32. doi:10.1038/sj.clpt.6100235

Leslie, Z. B. (1993). “The Role of Pharmacokinetics in the Drug Development
Process,” in Integration of Pharmacokinetics, Pharmacodynamics, and
Toxicokinetics in Rational Drug Development. (MA: Springer B), 115–123.

Lindenberg, M., Kopp, S., and Dressman, J. B. (2004). Classification of Orally
Administered Drugs on the World Health Organization Model List of Essential
Medicines According to the Biopharmaceutics Classification System. Eur.
J. Pharmaceutics Biopharmaceutics 58 (2), 265–278. doi:10.1016/
j.ejpb.2004.03.001

Liu, H., Sabus, C., Carter, G. T., Du, C., Avdeef, A., and Tischler, M. (2003). In
VitroPermeability of Poorly Aqueous Soluble Compounds Using Different
Solubilizers in the PAMPA Assay with Liquid Chromatography/Mass
Spectrometry Detection. Pharm. Res. 20 (11), 1820–1826. doi:10.1023/b:
pham.0000003380.44755.5a

Lovering, E. G., and Black, D. B. (1973). Drug Permeation through Membranes I:
Effect of Various Substances on Amobarbital Permeation through
Polydimethylsiloxane. J. Pharm. Sci. 62 (4), 602–606. doi:10.1002/
jps.2600620412

Martinez, M. N., and Zhao, X. (2018). A Simple Approach for Comparing the In
Vitro Dissolution Profiles of Highly Variable Drug Products: A Proposal. AAPS
J. 20 (4), 78. doi:10.1208/s12248-018-0238-1

Mathias, N. R., and Crison, J. (2012). The Use of Modeling Tools to Drive Efficient
Oral Product Design. AAPS J. 14 (3), 591–600. doi:10.1208/s12248-012-9372-3

Motz, S. A., Schaefer, U. F., Balbach, S., Eichinger, T., and Lehr, C.-M. (2007).
Permeability Assessment for Solid Oral Drug Formulations Based on Caco-2
Monolayer in Combination with a Flow through Dissolution Cell. Eur.
J. Pharmaceutics Biopharmaceutics 66 (2), 286–295. doi:10.1016/
j.ejpb.2006.10.015

Multisource (generic) pharmaceutical products (2000). “Guidelines on
Registration Requirements to Establish Interchangeability,” in WHO Expert
Committee on Specifications for Pharmaceutical Preparations, Fortieth Report
(Geneva: World Health Organization), 347–390.

Niazi, S. K. (2007). Handbook of Bioequivalence Testing. CRC Press.
Noureddine, N., Zerrouk, N., Nicolis, I., Allain, P., Sfar, S., and Chaumeil, J. C.

(2005). Characterization of the Absorption of Theophylline from Immediate-
and Controlled-Release Dosage Forms with a Numerical Approach Using the In
Vitro Dissolution-Permeation Process Using Caco-2 Cells. Drug Dev. Ind.
Pharm. 31 (4-5), 397–404. doi:10.1080/03639040500214589

Paus, R., Prudic, A., and Ji, Y. (2015). Influence of Excipients on Solubility and
Dissolution of Pharmaceuticals. Int. J. Pharm. 485 (1-2), 277–287. doi:10.1016/
j.ijpharm.2015.03.004

Sironi, D., Rosenberg, J., Bauer-Brandl, A., and Brandl, M. (2017). Dynamic
Dissolution-/Permeation-Testing of Nano- and Microparticle Formulations
of Fenofibrate. Eur. J. Pharm. Sci. 96, 20–27. doi:10.1016/j.ejps.2016.09.001

Sugawara, M., Kadomura, S., He, X., Takekuma, Y., Kohri, N., and Miyazaki, K.
(2005). The Use of an In Vitro Dissolution and Absorption System to Evaluate
Oral Absorption of Two Weak Bases in pH-Independent Controlled-Release
Formulations. Eur. J. Pharm. Sci. 26 (1), 1–8. doi:10.1016/j.ejps.2005.02.017

Tozer, T. N., Bois, F. Y., Hauck, W. W., Chen, M. L., and Williams, R. L. (1996).
Absorption Rate vs. Exposure: Which Is More Useful for Bioequivalence
Testing. Pharm. Res. 13 (3), 453–456. doi:10.1023/a:1016061013606

Zarmpi, P., Flanagan, T., Meehan, E., Mann, J., and Fotaki, N. (2017).
Biopharmaceutical Aspects and Implications of Excipient Variability in
Drug Product Performance. Eur. J. Pharmaceutics Biopharmaceutics 111,
1–15. doi:10.1016/j.ejpb.2016.11.004

Zhao, L., Kim, M. J., Zhang, L., and Lionberger, R. (2019). Generating Model
Integrated Evidence for Generic Drug Development and Assessment. Clin.
Pharmacol. Ther. 105 (2), 338–349. doi:10.1002/cpt.1282

Zhu, C., Jiang, L., Chen, T.-M., and Hwang, K.-K. (2002). A Comparative Study of
Artificial Membrane Permeability Assay for High Throughput Profiling of Drug

Frontiers in Chemistry | www.frontiersin.org November 2021 | Volume 9 | Article 74187612

De Simone et al. Combined Methodologies for Bioequivalence Study

https://doi.org/10.1111/j.2042-7158.2011.01301.x
https://doi.org/10.1016/j.ejps.2008.04.001
https://doi.org/10.1016/j.jconrel.2013.12.009
https://doi.org/10.1016/j.jconrel.2013.12.009
https://doi.org/10.1208/ps010203
https://doi.org/10.1016/j.jpba.2010.11.011
https://doi.org/10.1016/s0378-5173(03)00343-0
https://doi.org/10.1016/s0378-5173(03)00343-0
https://doi.org/10.1021/js9803205
https://doi.org/10.1111/j.2042-7158.2010.01172.x
https://doi.org/10.1111/j.2042-7158.2010.01172.x
https://doi.org/10.1248/bpb.34.401
https://doi.org/10.1002/jps.20691
https://doi.org/10.1023/a:1026107906191
https://doi.org/10.1016/j.ejpb.2014.09.009
https://doi.org/10.1016/j.ejpb.2014.09.009
https://doi.org/10.1021/mp060042f
https://doi.org/10.1007/s40005-017-0371-3
https://extranet.who.int/prequal/sites/default/files/documents/31%20BE_guidance_RH_medicines_March2019.pdf
https://extranet.who.int/prequal/sites/default/files/documents/31%20BE_guidance_RH_medicines_March2019.pdf
https://doi.org/10.31168/0428-2.9
https://doi.org/10.31168/0428-2.9
https://doi.org/10.1016/s0378-5173(01)00663-9
https://doi.org/10.1016/s0378-5173(01)00663-9
https://doi.org/10.3109/10837450.2010.535826
https://doi.org/10.3109/10837450.2010.535826
https://doi.org/10.1007/s11095-008-9556-9
https://doi.org/10.1038/sj.clpt.6100235
https://doi.org/10.1016/j.ejpb.2004.03.001
https://doi.org/10.1016/j.ejpb.2004.03.001
https://doi.org/10.1023/b:pham.0000003380.44755.5a
https://doi.org/10.1023/b:pham.0000003380.44755.5a
https://doi.org/10.1002/jps.2600620412
https://doi.org/10.1002/jps.2600620412
https://doi.org/10.1208/s12248-018-0238-1
https://doi.org/10.1208/s12248-012-9372-3
https://doi.org/10.1016/j.ejpb.2006.10.015
https://doi.org/10.1016/j.ejpb.2006.10.015
https://doi.org/10.1080/03639040500214589
https://doi.org/10.1016/j.ijpharm.2015.03.004
https://doi.org/10.1016/j.ijpharm.2015.03.004
https://doi.org/10.1016/j.ejps.2016.09.001
https://doi.org/10.1016/j.ejps.2005.02.017
https://doi.org/10.1023/a:1016061013606
https://doi.org/10.1016/j.ejpb.2016.11.004
https://doi.org/10.1002/cpt.1282
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Absorption Potential. Eur. J. Med. Chem. 37 (5), 399–407. doi:10.1016/s0223-
5234(02)01360-0

Conflict of Interest: The authors SA and FT were employed by the company
Valpharma International S.p.A.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 De Simone, Davani, Montanari, Tumiatti, Avanessian, Testi and
Andrisano. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Chemistry | www.frontiersin.org November 2021 | Volume 9 | Article 74187613

De Simone et al. Combined Methodologies for Bioequivalence Study

https://doi.org/10.1016/s0223-5234(02)01360-0
https://doi.org/10.1016/s0223-5234(02)01360-0
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Combined Methodologies for Determining In Vitro Bioavailability of Drugs and Prediction of In Vivo Bioequivalence From Phar ...
	Introduction
	Materials and Methods
	Materials
	UV Spectrophotometry
	Calibration Graph

	HPLC Analysis
	Reference Solution
	Calibration Graph
	Samples Analysis

	Dissolution Test
	Dissolution Test in 100 ml Volumetric Flask
	PAMPA Test Validation
	LVN Stability Test
	PAMPA Test Applied to 1.5 mg LVN Tablets

	Results and Discussion
	Dissolution Test
	HPLC Analysis
	UV Spectroscopy Analysis
	PAMPA Test Validation
	LVN Stability
	PAMPA Test Applied to LVN Tablets
	Dissolution Assay in 100 ml Volumetric Flasks
	PAMPA


	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


