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A B S T R A C T

Combined dissolution/permeation testing is gaining increasing attention as an in vitro tool for predictive
performance ranking of enabling oral formulations. The current aim was to study how in vitro drug
permeation evolves under conditions, where the donor concentration is changing (non-steady state). To
this end, a model case was construed: compacts of pure crystalline hydrocortisone methanolate
(HC�MeOH) of slow release rates were prepared, and their dissolution and permeation determined
simultaneously in a side-by-side setup, separated by a biomimetic barrier (Permeapad1). This was
compared to a corresponding setup for a suspension of micronized hydrocortisone (HC). The HC
suspension showed constant dissolved HC concentration and constant flux across the barrier,
representing the permeation-limited situation. For the HC�MeOH compacts, various dynamic scenarios
were observed, where dissolution rate and flux influenced each other. Interestingly, for all the dynamic
scenarios, the incremental flux values obtained correlated nicely with the corresponding actual donor
concentrations. Furthermore, donor depletion was tested using a HC solution. The dynamic interplay
between decrease in donor concentration (down to less than 10% of the initial concentration) and flux
was studied. The experiences gained are discussed in terms of further developing combined dissolution/
permeation setups.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The permeability of a drug compound is one of the determi-
nants in the Biopharmaceutics Classification System (BCS)
(Amidon et al., 1995). The classification of the compound into
one of the four classes is one of the requirements for obtaining a
BCS-based biowaiver for the final drug product. The preferred way
for determining whether a compound has a high or a low
permeability are pharmacokinetic studies in humans (FDA, 2015).
Yet, it is also possible to determine the permeability using an
appropriately validated setup with cell monolayers and reference
substances. Therefore, permeability is often determined in vitro
during late drug discovery/early drug development phase. In order
to facilitate data evaluation, permeation experiments at this stage
are typically designed to meet sink conditions, both in the donor
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and acceptor compartment. More precisely, the concentration in
the acceptor compartment is kept virtually zero so that a
significant contribution of back-diffusion can be ruled out. General
consensus is that the acceptor concentration should be less than
10% of the donor concentration (Buckley et al., 2012).

Especially for solutions of compounds with limited aqueous
solubility, a minor decay in donor concentration during the
experiment may occur. A decay by up to 10 % is commonly
considered as compatible with the sink-definition (Artursson,
1990).

In case of sink conditions, the steady state flux (J) of a drug
across a permeation barrier can be derived from the linear part of
the curve obtained when plotting the cumulative permeated
amount vs. time (dQ/dt) following normalization by the perme-
ation area (A) (Eq. (1)).

J ¼ 1
A
� dQ
dt

ð1Þ
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Since, according to Fick’s first law of diffusion, the flux is
dependent on the concentration gradient, the steady state flux can
be normalized by the initial concentration (c0) and be reported as
apparent permeability (Papp) in order to allow comparison of
permeability data obtained with different experimental setups
(Eq. (2)).

Papp ¼ J
c0

ð2Þ

In a traditional permeability experiment (aiming for steady
state permeation), a small permeation area and a large acceptor
and donor compartment are basically beneficial for maintaining
both sink conditions and a constant donor concentration.

On the other hand, there are a number of permeation-
approaches described in literature, where the drug in the donor
compartment is not present in dissolved state, but in solid state or
in the form of a drug formulation or dosage form. These
experiments are not intended to have any regulatory relevance
but rather to give mechanistic insights or to allow a performance
ranking of different formulations. To this end, there have been
approaches suggested, which combine dissolution and Caco-2
permeation testing. Polli et al. transferred samples from a
pharmacopeial paddle dissolution test of various tablets at a
distinct time point to the donor compartment of a Caco-2
permeation setup (Ginski and Polli, 1999), or continuously
circulated medium between dissolution and donor compartment
(Ginski et al., 1999). Lehr at al. combined a pharmacopeial flow-
through dissolution cell with Caco-2 and tested immediate release
dosage forms (Motz et al., 2007). Yamashita et al. used a classical
side-by-side diffusion setup and introduced griseofulvin in solid
state, corresponding to 1% of the clinical dose, to the 8 mL donor
chamber and followed its dissolution and permeation across the
Caco-2 barrier simultaneously (Kataoka et al., 2003). During a
series of follow-up studies using the same setup, they evaluated a
number of influence factors e.g. food intake (Kataoka et al., 2006,
2011). More recent approaches employ non-cellular biomimetic
barriers for the same purpose in order to overcome the limitations
of cellular screens in terms of sensitivity against salts, inactive
ingredients and biomimetic media (Fischer et al., 2011, 2012;
Gantzsch et al., 2014).

In contrast, another type of dissolution/permeation setups
employs (non-biomimetic) dialysis membranes to separate the
donor (dissolution) from the acceptor compartment. Lovering and
Black already pointed out in their pioneering work (Lovering and
Black, 1973) that hydrophilic polydimethylsiloxane dialysis mem-
branes are useful to determine the permeable fraction during a
dissolution experiment and may thus help to predict intestinal
absorption for a series of similar drugs, provided the drug
compound does not interact with the membrane. Amphiphilic
weak bases and acids, however, tend to interact with biomimetic
membranes in response to their pH-dependent change in lip-
ophilicity, a feature which cannot be captured by simple dialysis
screens (Bibi et al., 2016). In recent decades considerably more
sophisticated dialysis-based dissolution/permeation models have
been designed, like the TNO model of dynamic gastric and
intestinal transit and absorption, which is being used for drug
studies (Blanquet et al., 2004), yet with the aforementioned
limitation.

Finally, there is third group of non-sink dissolution approaches,
where the dissolution compartment is supplemented by an
absorptive sink-compartment consisting of octanol or similar
non-water-miscible organic solvents, also addressed as biphasic
dissolution. For a comprehensive review over biphasic systems see
(Phillips et al., 2012).

With the advent of a large fraction of poorly water-soluble drug
compounds in the pipelines of pharmaceutical industry and the
inherent need for enabling formulations (Ku and Dulin, 2012),
these types of non-steady state permeation settings are gaining
increasing attention. Combined dissolution/permeation testing
allowed, for instance, to identify the different underlying mecha-
nisms of the enhanced permeation rate of a micro- and a
nanoparticle formulation of fenofibrate (Sironi et al., 2017).
Furthermore, combined dissolution/permeation testing has prov-
en to be useful for estimating the food effect and the effect of the
dose strength (Kataoka et al., 2011). Introducing an absorptive
compartment is also useful for predicting the bioavailability in
cases where precipitation plays an important role (Bevernage et al.,
2012; Frank et al., 2014).

When combining dissolution testing with permeation studies,
the donor concentration is subject to continuous changes,
eventually in excess of the aforementioned limits. The donor
and acceptor profiles are dynamically interrelated, and complex
profiles are, hence, to be expected. Non-steady state conditions are
e.g. given when the dissolution of the drug progresses slowly and
thus may be rate-limiting for the overall process, or in cases where
depletion of the donor compartment occurs. In consequence, there
is limited information on how the geometry of such a combined
dissolution/permeation setup should look like in order to render it
appropriate to predict the in vivo behavior of (enabling)
formulations.

The aim of this study was thus to explore the capabilities and
limitations of a side-by-side (Ussing chamber) dissolution/
permeation setup, equipped with a biomimetic barrier (Perme-
apad1). During a previous study (Sironi et al., 2017), the
dissolution rates of the drug formulations used were rather high,
and therefore, steady state permeation (constant flux) was
observed in all cases (after an initial lag phase), which is regarded
inappropriate for drugs, the biopharmaceutical behavior of which
is expected to be solubility-/dissolution-rate-compromised. In
order to better see the interplay between dissolution and
permeation, a simplified model case was construed, where the
dissolution rate is comparably low. Moreover, the dissolved drug
was exclusively present in the molecularly dissolved state, i.e. not
associated with micelles or other solubility-enhancing supramo-
lecular assemblies (Fischer et al., 2011; Flaten et al., 2008).

Hydrocortisone (HC) was chosen as poorly soluble model drug
with high permeability (BCS class II), and in order to reduce the
dissolution rate, large crystals of hydrocortisone methanolate
(HC�MeOH) were prepared. HC�MeOH was compressed without
the use of excipients to compacts, and in some cases the tablets
were partially covered with hard paraffin to further reduce the
surface exposed to dissolution medium.

2. Material and methods

2.1. Chemicals

Hydrocortisone (micronized, Ph. Eur. 8.0, lot 15021106) and
hard paraffin (Ph. Eur. 8.0) were purchased from Caesar & Loretz
GmbH (Hilden, Germany). Highly purified water was prepared in-
house using a Milli-Q1water purification system (Merck Millipore,
Darmstadt, Germany). Methanol, ethanol and buffer salts were
purchased from Sigma-Aldrich ApS (Brøndby, Denmark).

2.2. Media

Phosphate-buffered saline (PBS) contained 1.73 g L�1 of sodium
dihydrogen phosphate dihydrate and 4.92 g L�1 disodium hydro-
gen phosphate dodecahydrate in highly purified water. The pH was
adjusted with sodium hydroxide to a value between 7.35 and 7.45;
the osmolality was adjusted with sodium chloride to a value
between 280 and 290 mOsmol kg�1.
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2.3. Quantification of hydrocortisone

HC was quantified with UV/VIS spectroscopy at a wavelength of
248 nm using either a GENESYS 10 UV–scanning spectrophotome-
ter (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) or
a FLUOstar Omega microplate reader (BMG LABTECH GmbH,
Ortenberg, Germany) in connection with a 96 well Costar1 titer
plate (Corning Inc., Corning, NY, USA). The respective standard
curves were prepared in the range from 1 mg mL�1 to 100 mg mL�1

and all samples were diluted appropriately with PBS. An additional
standard curve was prepared with 96% ethanol for determining the
recovery after the long-term depletion experiment.

2.4. Preparation of hydrocortisone methanolate

HC�MeOH was prepared according to a modified protocol (Chen
et al., 2008; Fong et al., 2017). In brief, HC was dissolved in
methanol at 50 �C under agitation. The solution was filtered
through filter paper and stored at room temperature in a
crystallizing dish with a pierced film cover until crystals formed.

2.5. Determination of the intrinsic dissolution rate

The intrinsic dissolution rate (IDR) of HC and respectively
HC�MeOH in PBS was determined in a compendial dissolution
tester (PTWS 310, Pharma Test Apparatebau AG, Hainburg,
Germany) using the rotating disk method (Wood’s apparatus;
Ph. Eur. 8). Compacts with a surface area of 0.50 cm2 were
produced by compressing 100 mg of each powder with a hydraulic
press at 300 MPa. Dissolution rate was tested in 500 mL of
degassed PBS at 37 �C and 100 rpm. Samples of 2 mL were
withdrawn every 10–30 min and replaced with fresh PBS. The
total time for each experiment was 3.5 h.

2.6. Determination of equilibrium solubility

An excess of HC or HC�MeOH was dispersed in PBS and shaken
for four days in a shaking water bath at 37 �C and 100 rpm (SW23,
JULABO GmbH, Seelbach, Germany). After 24 h, 48 h, 72 h, and 96 h,
an aliquot of 3.5 mL was filtered through a 0.45 mm pore-size
cellulose acetate syringe filter (Sartorius AG, Göttingen, Germany)
discarding the initial 3 mL of filtrate.

2.7. Preparation of hydrocortisone tablets

Tablets of pure HC�MeOH were prepared by compression in a
single punch tablet press (EK0, KORSCH AG, Berlin, Germany) with
a die diameter of 5 mm. Subsequently, the tablets were partially
covered with solid paraffin in order to obtain a formulation with a
constant release: solid paraffin was molten and poured on top of
the tablet, leaving only the bottom surface uncovered.
Table 1
Summary of experimental conditions of the permeation and dissolution/permeation ex

Modification Formulation Donor volume
[mL]

Volume of donor
samples [mL]

Donor s
replace

Micronized HC Saturated
suspension

7 – – 

HC�MeOH Tablet 7 1 Yes 

Tablet 7 0.02 No 

Covered tablet 7 0.02 No 

(Micronized
HC)

Solution 7 0.02 No 

Solution 7 0.02 No 
2.8. Preparation of biomimetic permeation barrier Permeapad1

The biomimetic barrier was prepared as previously described (Di
Cagno et al., 2015; Di Cagno and Bauer-Brandl, 2016). In brief, a thin
layerofsoy phosphatidylcholine (S-100)wasappliedto a hydrophilic
support sheet (Pütz GmbH, Taunusstein, Germany). The final barrier
(in use) was composed of hydrated lipid and support layer.

2.9. Dissolution/permeation study with a suspension of micronized
hydrocortisone

The apparent permeability of HC was determined by employing a
suspension of HC in PBS in a pair of jacketed side-by-side diffusion
cells (PermeGear Inc., Hellertown, PA, USA). The volume of the donor
compartment was 7 mL, and the volume of the acceptor compart-
ment was 6 mL. Permeapad1 was employed as biomimetic
permeation barrier, and the effective permeation area was
1.77 cm2. PBS was used as acceptor medium, and both the donor
and the acceptor compartment were stirred with the provided cross-
shaped stirbars at a fixed speed of 500 rpm (H-3 stirrer, PermeGear
Inc., Hellertown, PA, USA). In order to maintain sink conditions in the
acceptor chamber, samples of 2 mL were taken and replaced with
fresh medium after pre-defined time intervals. This experiment was
performed at 25 �C and 37 �C; all following experiments were
performed at 37 �C and are summarized in Table 1.

2.10. Dissolution/permeation studies with tablets

Combined dissolution/permeation studies were performed by
placing a tablet in the rear part of the donor cell before assembly.
After pre-defined time intervals, samples were taken from both the
acceptor and the donor compartment. Two different donor
sampling regimes were tested for the uncovered tablets: 20 mL
without volume replacement (i.e. no influence on the donor
concentration) and 1 mL with replacement by fresh buffer (i.e.
dilution). For all other experiments, 20 mL was chosen as sample
volume. Filtration was not necessary as the tablets did not
disintegrate.

2.11. Depletion experiments

The rate of depletion of the donor compartment (as a
consequence of drug permeation) was determined by employing
HC solutions of different concentrations in the aforementioned
permeation setup. Samples of 20 mL were taken from the donor,
and each experiment was run over 6 h.

The depletion of the donor was further tested with a highly
concentrated solution (288.7 mg mL�1) over 94.5 h. In order to
maintain the concentration in the acceptor below 10% of the donor
concentration regardless of the sampling frequency, the acceptor
was operated in flow-through mode: the acceptor volume of the
periments.

ample
ment

Acceptor volume
[mlL

Volume of acceptor
samples [mL]

Steady state
permeation

6 2 Yes

6 2 No
6 2 No
6 2 No
6 2 Yes

(Flow-through) – No
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side-by-side diffusion cell was continuously replaced by fresh PBS
using a peristaltic pump (ECOLINE VC-MS/CA8-6, Cole-Parmer
GmbH, Wertheim, Germany). The flow rate was 12.5 mL h�1 and
fractions were collected at pre-determined time points over a
sampling time of 1 min each. The flow rate was determined before
and after the experiment (data not shown). The barrier was
dissolved in 3 mL ethanol after the experiment in order to quantify
drug that may have accumulated in the barrier.

2.12. Evaluation of permeation experiments

Steady state flux values were calculated from the respective
slope of the regression line obtained by plotting the cumulative
amount of permeated drug normalized by the permeation area vs.
time (Eq. (1)). The apparent permeability was calculated for the
suspension according to Eq. (2).

For the long-term depletion experiment with decaying donor
concentration and an acceptor compartment operated in flow-
through mode, flux at each given time point (Jt) was calculated
from the acceptor concentration (cAcceptor,t) at the same time point
and the flow rate (v) according to Eq. (3).

Jt ¼
cAcceptor;t � v

A
ð3Þ

For further evaluation regarding the relationship between
(changing) donor concentrations and the observed permeation
over time, the incremental permeation was derived from the
measured donor profile. Under the assumption that the acceptor
concentration at all time points is negligible, the depletion of the
donor follows an exponential decay over time as shown in Eq. (4),

ct ¼ c0 � e�k�t ð4Þ
where c0 is the initial concentration and k is the decay constant.
The decay constant depends on the fraction x of the amount of drug
present in the donor that permeates from the donor into the
acceptor per time unit. It is commonly derived from the
permeation area and the donor volume (VDonor) of the experimen-
tal setup (Eq. (5)).

x ¼ Papp � A
VDonor

ð5Þ

The amount present in the donor at a given time can be
described as follows (Eq. (6)):

ct ¼ c0 � 1 � xð Þt ð6Þ
The combination of Eqs. (5) and (6) finally leads to Eq. (7).

ct ¼ c0 � eln 1�Papp �AVð Þ�t ð7Þ

2.13. Prediction of acceptor and donor profiles

In the case of the dissolution/permeation experiments with
tablets, an interval-based approach was chosen in order to derive
the permeation profiles from the dissolution curve: assuming that
the flux is constant within each sampling interval (Dt), the flux and
subsequently the permeated amount were calculated for each
interval with Eq. (8).

DQ ¼ A � Papp � cDonor;t � Dt ð8Þ
Individual permeation profiles were calculated from each of the

dissolution profiles and, subsequently, means and standard
deviations were calculated. In the case of the covered tablets,
outliers (visually determined) were replaced by the arithmetic
mean of the concentration before and after the respective time
point for calculating the flux.
2.14. Statistical analysis

For comparison of data sets, an unpaired, two-tailed Student’s t-
test was applied. A value of p � 0.05 was considered as significantly
different.

3. Results and discussion

3.1. Intrinsic dissolution rate and equilibrium solubility of
hydrocortisone and hydrocortisone methanolate

The release from the compressed HC and HC�MeOH was linear
over the whole course of the IDR experiment, and no significant
difference was found between the two modifications under these
conditions (0.032 � 0.003 mg min�1 cm�2 for HC vs. 0.030 � 0.002
mg min�1 cm�2 for HC�MeOH).

Equilibrium solubility of micronized HC was determined to be
319.4 �12.1 mg mL�1 and was reached within three days under the
conditions employed (no significant difference between day three
and four). In the case of HC�MeOH, equilibrium was not (yet)
reached after four days (c4d = 274.3 � 6.8 mg mL�1). In our hands,
incubation for periods longer than four days did not yield
consistent results, potentially due to oxidative degradation of
hydrocortisone as reviewed by Gupta (1978).

The IDR is proportional to the equilibrium solubility (Mosharraf
and Nyström, 1995; Surov et al., 2012); since there was no
significant difference regarding the IDR of the two modifications,
we assume that either there is no difference in thermodynamic
solubility between HC and HC�MeOH or that the methanolate
transforms to the non-solvate on the surface very quickly. The
slower dissolution process observed during the equilibrium
solubility experiment is thus regarded to be exclusively due to
the smaller surface area of the large HC�MeOH crystals.

3.2. Combined dissolution/permeation experiments with methanolate
tablets and permeation from hydrocortisone suspension

As intended, dissolution of all tablets was incomplete. All
dissolution curves approached a plateau value once a dynamic
equilibrium was reached between the amount dissolving and the
amount permeating during each time interval. The highest plateau
value was observed for the uncovered tablets without dilution,
whereas the lowest value was observed for the tablets covered
with paraffin; an intermediate value was reached in the case of the
uncovered tablet where the donor was diluted through sampling
(Fig. 1). Due to the area exposed to PBS being constant, the overall
release rate from the covered tablets was likewise constant when
also taking into account the permeated amount (Fig. 2).

The rank order observed for the dissolution profiles was the
same as for the permeation profiles. All formulations exhibited
non-linear permeation profiles during the first 3 h; a linear
increase of the permeated amount was obtained once the
dissolution profile started to approach the plateau value. In
contrast, in the case of the saturated HC suspension, the
cumulative amount permeated into the acceptor compartment
increased linearly right from the beginning and showed the
highest flux (Fig. 3). The constant flux indicated steady-state
conditions, where the permeation across the barrier was rate-
limiting.

Throughout all experiments, the concentration in the acceptor
compartment was less than 10% of the donor concentration.

Based on the permeation experiment with the HC suspension at
37 �C, Papp was determined to be 2.71 �0.24�10�5 cm s�1. In
comparison, Papp determined under comparable conditions, but
at 25 �C was 1.18 � 0.17�10�5 cm s�1, and hence, the permeability of
HC across Permeapad1 is clearly dependent on temperature.



Fig. 1. Dissolution profiles of HC�MeOH tablets: uncovered tablets without dilution
by sampling procedure (closed diamonds), uncovered tablets with dilution (open
squares), and covered tablets without dilution (closed triangles). The dashed line
represents the equilibrium solubility. Values are reported as mean � S.D. (n = 3).
*Mean value (n = 2).

Fig. 2. Cumulative released amount from the covered tablets vs. time, calculated as
the sum of the dissolved amount in the donor compartment and the permeated
amount. Values are reported as mean � S.D. (n = 3). *Outlier-corrected mean values.

Fig. 3. Cumulative permeated amount from different formulations vs. time:
uncovered tablets without dilution (closed diamonds), uncovered tablets with
dilution (open squares), covered tablets without dilution (closed triangles), and
suspension (open circles) (mean � S.D., n = 3).

Fig. 4. Flux versus donor concentration for different permeation experiments:
suspension (closed circle, mean � S.D. of solubility), tablets (gray squares, mean � S.
D. of plateau concentration), and depletion experiments (closed triangles, mean � S.
D. of all donor concentrations) (n = 3–6). The dashed line represents the
interpolation between the origin and the suspension.
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3.3. Donor depletion experiments

It was the intention of these experiments to decrease the
concentration in the donor compartment substantially over the
course of the 6 h. However, despite a decrease by up to 20%, no
decrease of permeation rate was observed. Instead, the cumulative
permeated amount increased linearly, indicating steady state flux.

When looking at the different (dissolution/) permeation
experiments, a linear correlation between donor concentration
and flux was obtained, which is in line with Eq. (2). The suspension
of micronized HC was taken as a reference since the concentration
was constant throughout the experiment. All values from the
combined dissolution/permeation and the depletion experiments
were in good agreement with the interpolated line between the
value measured for the suspension and the origin (Fig. 4).

3.4. Long-term depletion experiment

As opposed to the shorter depletion experiments, a substantial
decrease of both donor concentration and flux was indeed observed
when testing the permeation from a HC solution over a period of
94.5 h (Fig. 5). Over the course of the experiment, the donor
concentration dropped by 96%. Accordingly, the flux value obtained
at the last time point accounted for as little as 3% of the initial flux.

Based on Eq. (7), a Papp value of 3.55 � 0.32�10�5 cm s�1 was
calculated from the donor profile/exponential fit. From the
acceptor profile, a Papp value of 3.36 � 0.28�10�5 cm s�1 was
calculated by dividing the flux at a specific time point by the donor
concentration at the same time point (only values above the LOQ
were included, i.e. until 41 h). As expected, there is no significant
difference between the results (p > 0.05) and this experiment
confirms the general concept of Papp. The quantitative Papp values
found in this experiment where slightly higher than the value
measured during the other experiments.

At the end of the experiment, approx. 13 mg of HC could be
retrieved from the barrier by dissolving it in ethanol. The overall
drug recovery was 89 � 2% when taking into account the amount
removed by sampling. The recovery calculated after 41 h (not
taking into account HC accumulated in the barrier) was 93 � 4%.

Finally, it should be noted that the decrease in the donor
represented an exponential decay with a uniform decay-constant



Fig. 5. Donor concentration (gray triangles) and permeated amount (closed
diamonds) measured during long-term depletion experiment (mean � S.D., n = 3).
Acceptor values below the LOQ (hollow diamonds) are only reported for indicative
reasons. The continuous gray line depicts the exponential fit, whereas the black
lines are only meant to guide the eyes.

Fig. 6. Predicted (open circles) and measured (closed circles) permeation profiles
and dissolution profiles (triangles) from different tablet formulations in combined
dissolution/permeation studies (mean � S.D., n = 3). *Outlier-corrected values.

D. Sironi et al. / International Journal of Pharmaceutics 522 (2017) 50–57 55
over the whole period of 94.5 h, indicating that the permeation
properties of the biomimetic barrier Permeapad1 stayed un-
changed even during the long duration of the experiment.
Permeapad1 appears thus to be a good choice for long-term
permeation experiments.

3.5. Prediction of permeation profiles

In general, the prediction of the acceptor profiles from the
dissolution profiles was very good for the combined dissolution/
permeation experiments in all cases where the donor was not
diluted through the sampling procedure (Fig. 6). In the experiment
with repeated dilution, the donor concentration follows a saw-
tooth shaped curve. Even by correcting for this pattern in the
calculation, a discrepancy between the calculated and the
measured profile persists. The steep initial increase in concentra-
tion measured in the donor compartment is not reflected in the
measured permeation profile and causes the horizontal shift of the
predicted profile.

In absence of a mathematical model describing the interplay
between the dissolution and the permeation process, interval-
based derivation of the permeation profile from the dissolution
profile appears to be a viable option for predicting the permeation
profile in a dynamic setup (provided that sink conditions are
given). However, this is only applicable to cases where the drug is
either present as a solid or as truly dissolved drug, but not
solubilized.

3.6. General considerations regarding the experimental setup

For developing a combined dissolution/permeation setup, the
ratio between the area of the permeation barrier and the volume of
the donor compartment contributes largely to the usefulness of the
model. The area-to-volume ratio of the setup used in this study is
0.25 cm2mL�1 and, thus, in the same order of magnitude as other
side-by-side setups described in literature (Table 2). However, it
can be concluded from the present study that in order to achieve a
substantial decrease in donor concentration within a reasonable
period of time, higher ratios are necessary (unless the permeation
rate can be increased by means other than an increased
permeation area). This becomes even more obvious when
considering that the flux decreases exponentially over time. An
example: according to Eq. (7), an area-to-volume ratio of 5.9 cm2

mL�1 would be necessary if 90% of the HC molecules in a donor
solution should permeate across Permeapad1 within 4 h.
However, if the drug first needs to dissolve (as it is the case with
HC drug products in vivo and in dissolution/permeation studies),
the concentration gradient will be even lower; consequently, even
higher area-to-volume ratios are necessary.

4. Conclusion

In this study, we have experimentally demonstrated that the
same correlation between drug concentration in the donor and
passive diffusional flux of drug across the barrier applies for non-
steady state conditions as is known for conventional permeability
testing. Hence, the apparent permeability of a specific combination
of drug and permeation barrier can be determined under steady



Table 2
Different dissolution/permeation setups described in literature and the respective
area-to-volume ratio.

A [cm2] VDonor [mL] A/V [cm2mL�1] Refs.

1.77 8 0.22 Kataoka et al. (2014)
1.13 >180a <0.01 Gantzsch et al. (2014)
8.55 20 0.43 Borbás et al. (2015)
7.07 30 0.24 Raina et al. (2015)
1.13 12.5 0.09 Berthelsen et al. (2016)

a Flow-through setup.
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state conditions (i.e. in a relatively simple experimental setup) and
is still valid under more complex, non-steady state conditions.

Under the prerequisite that the drug concentration in the donor
medium exclusively is defined as molecularly dissolved drug, the
concept of apparent permeability can be employed for predicting
the permeation profile from the donor profile in a dynamic setup.
In cases where the apparent permeability is determined under
conditions where part of the drug is solubilized (e.g. by
components of the medium or by the formulation), this direct
correlation of the profiles via the Papp value might not hold true;
the distribution between the solubilized fraction and the free
fraction might change over time, and this might result in the Papp
value not being constant. In any case, due to the dynamic interplay
of dissolution and permeation, only differential or � in a first
approximation � interval-based derivation of the permeation
profile from the dissolution profile seems appropriate.

Another experience from this study is that the area-to-volume
ratio typically used in side-by-side setups is inappropriate to
provoke a meaningful mutual influence between dissolution and
permeation, as it would be needed for performance testing of
enabling formulations. In this study, we had to reduce the
dissolution rate deliberately in order to allow for such interplay
between dissolution and permeation. For future dynamic dissolu-
tion/permeation studies, the aim obviously is to increase the
permeation area while keeping the donor volume small in order to
design an experimental setup in which substantial amounts can be
transferred from the donor compartment to the acceptor
compartment within a time interval that is realistic with respect
to the dissolution rate of the formulation. Provided that Papp of a
drug is known, this ratio might be a helpful indicator for estimating
the usefulness of an experimental design.
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