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Abstract

Background and purpose: The effective transport of an active pharmaceutical ingredient across various
membrane systems is critical for enhancing its bioavailability, especially in formulations involving solubilizing
agents. This study aims to investigate the permeability differences of carvedilol between lipophilic (organic
solvent) and size-exclusion membranes in the presence of 2-hydroxypropyl-beta-cyclodextrin in just the
acceptor compartment or both sides of the membrane using in vitro side-by-side diffusion cell assays.
Experimental approach: Cyclodextrins (CDs) on the acceptor side significantly improved flux and
permeability for the lipophilic membrane. In contrast, with size-exclusion membranes that allow the
permeation of CDs and their complexes, the benefits of sink conditions were completely diminished. When
the same amount of CD was introduced on both sides, the negative effect of CD on the donor side surpassed
the positive sink effects on the acceptor side, resulting in reduced flux and permeability across all membrane
types. Key results: A novel aspect of this work is the assessment of the applicability of a previously described
general mathematical equation for sink conditions. Findings indicated that the supersaturation ratio
between donor and acceptor compartments serves as the primary driving force of the membrane transport.
For the lipophilic membrane, CDs on the acceptor side not only influenced the driving force of the transport
by enhancing the solubility of carvedilol in the acceptor compartment but also altered the proportionality
coefficient, hence modifying the apparent thickness of the unstirred water layer. The impact was not
observed with size-exclusion membranes. The applicability of the mathematical model was additionally
evaluated for CD placed on both sides of the membrane. Conclusion: The model effectively describes the
impact of CD placed on the donor side when the solid membrane permits only the drug’s permeation, as in
the case of a lipophilic membrane, where the solubilizing additive cannot pass through. It is also applicable
when the solubilizing additive permeates slowly and has minimal influence on transport, such as with a size-
exclusion membrane with a 1 kDa molecular weight cut-off. The model remains suitable if the additive is
small enough in hydrodynamic size to permeate the membrane, but no concentration gradient exists to
drive its transport, for example, with a 6 kDa size-exclusion membrane containing the same CD
concentration on both sides of the membrane.

©2025 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license (http.//creativecommons.org/licenses/by/4.0/).
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Introduction

This study builds upon our previous research [1], which investigated the flux differences between
lipophilic and size-exclusion membranes in the presence of 2-hydroxypropyl-beta-cyclodextrin (HP-B-CD),
focusing on the impact of stirring and the addition of solubilizing agents in the donor compartment. However,
it primarily examined cases where HP-B-CD was added to the donor side, leaving open the question of how
permeability and the driving force of membrane transport change when HP-B-CD is placed in the acceptor
compartment or in both compartments simultaneously. HP-B-CD is frequently used not only as a formulation
additive but also in the acceptor medium to provide sink conditions [2-6] in dissolution-permeation testing.
Even in this case, HP-B-CD functions by forming inclusion complexes with the drug, thus increasing the
aqueous solubility and preserving a consistent concentration gradient between the donor and acceptor sides.

The concept of sink condition is fundamental in the field of drug dissolution and permeation studies. Sink
conditions denote a state in which the concentration of a dissolved drug in the acceptor compartment
remains significantly lower than the saturation solubility, hence preserving a constant driving force for drug
diffusion and ensuring that the absorption rate is unaffected by the concentration gradient [7,8]. This concept
originates from Walter Nernst [9], who described the impact of concentration gradients on the diffusion rate
in his work on diffusion laws. Although Nernst did not explicitly employ the phrase sink condition, his
equations established an initial basis for comprehending how maintaining low concentrations in the receiving
phase aids continuous diffusion. The term and its specific application to drug dissolution became more widely
recognized through the work of Higuchi in the 1960s. Higuchi highlighted the importance of maintaining sink
conditions to ensure accurate measurement of drug dissolution rates, emphasizing that without sink
conditions, the release rate of drugs could be significantly underestimated. His research was pivotal in
adapting the concept for use in pharmaceutical sciences, providing a clear methodology for studying the
release of drugs from formulations [10-12]. Alex Avdeef expanded the comprehension of sink conditions
within permeability studies. In his 2003 book, Avdeef [13] revealed the essential function of sink conditions
inin vitro permeability assays, such as Caco-2 and PAMPA models. He argued that maintaining sink conditions
is crucial for accurately representing physiological conditions, as it prevents the dissolution rate from being
limited by the accumulation of drugs in the receiver solution. Avdeef also noticed that in the absence of sink
conditions, the observed permeability may underrepresent a drug's real absorption capacity, particularly for
poorly soluble molecules. Solubilizing agents like sodium lauryl sulphate (SLS) and complexing agents like HP-
B-CD are often used in acceptor media to create sink conditions [3,13-18]. While micelle-forming agents
generally enhance the solubility of poorly water-soluble drugs, for complexing agents to be effective
solubilizers, they need to have molecular interaction, which depends on the size of the molecule; therefore,
their effectiveness is highly selective. Carvedilol (CAR), a non-selective B-receptor blocker, was chosen as the
model active pharmaceutical ingredient (API), while as the model solubilizing additive with known size and
attributes, HP-B-CD was chosen, which shows the highest complexation efficiency (CE) with CAR among the
CDs [19-21].

Lipophilic membranes, typically phospholipid-coated filters [22-30], are widely used to mimic passive
transcellular diffusion across the epithelial layer of the gastrointestinal (Gl) tract. These membranes simulate
the lipid bilayer of cell membranes, requiring drugs to partition into a lipophilic phase before diffusing into
the acceptor side. Conversely, size-exclusion membranes [31-41] function based on molecular size, allowing
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only small molecules to diffuse through their water-filled pores. Since these membranes cannot differentiate
between ionized and neutral molecules, due to the absence of a lipophilic domain, the permeability shows
no pH dependence [1]. This fundamental difference in transport mechanisms raises the question of whether
size-exclusion membranes can serve as possible alternatives to lipophilic membranes for permeability
assessments, particularly in cases involving solubilizing agents.

Transport across both membrane types can be membrane-limited but also can be influenced by the
unstirred water layer (UWL), which creates an additional diffusional barrier at the membrane interface. In
lipophilic membranes, drug molecules must overcome the UWL before partitioning into the lipophilic phase,
while in size-exclusion membranes, the transport occurs entirely in an aqueous environment. However, these
two aqueous environments may differ significantly because of the drug's molecular hydration and possible
interaction of the drug and filter material. Consequently, for size-exclusion membranes, both the UWL and
the membrane permeation means aqueous diffusion and no diffusion through a lipophilic phase is involved.
When using the same apparatus (side-by-side diffusion cell), it can be assumed that the UWL permeabilities
and the thickness of the UWL are the same for lipophilic and size-exclusion membranes when the same
donor, acceptor media and stirring speed are applied [1].

In the previous publication, it was found that regardless of the limitation of the transport, the super-
saturation ratio (SSR, defined as the ratio of the drug concentration present in solution to its thermodynamic
solubility measured in exactly the same media) is the driving force of membrane transport. This statement was
supported with a concentration-based mathematical description and experimental data for pure API in both
compartments of the side-by-side diffusion cell and for complexing agent placed in the donor compartment
with lipophilic membrane, where only the drug molecules could go through the membrane, and also with 1 kDa
molecular weight cut-off (MWCO) size-exclusion membrane, where the permeation of the complexing agent is
quite slow, so it does not affect the transport of the API substantially. In the case the complexing agent
(HP-B-CD) is transported through the membrane in a significant amount (using a size-exclusion membrane with
6 kDa MWCO), which causes a significant deviation from the general mathematical model. In conclusion, hence
the fundamental difference in transport mechanisms between lipophilic and size-exclusion membranes, a 1 kDa
MWCO membrane could serve as a possible alternative to lipophilic membranes for permeability assessments
in cases involving HP-B-CD in the donor compartment [1].

While the effect of HP-B-CD in the donor compartment was previously published, this study aims to
investigate the differences in supersaturation ratio and permeability of the model API, CAR, between
lipophilic (n-dodecane) and size-exclusion membranes, with HP-B-CD present in either the acceptor
compartment or both sides of the membrane, using in vitro side-by-side diffusion cell assays. The additional
objective of this research is to assess the applicability of a previously described general mathematical
equation and determine the driving force of membrane transport under sink conditions.

Experimental

Materials

Carvedilol (CAR) [43], a poorly water-soluble but well-permeable (BCS Class Il), monovalent weak base
with a pK. of 7.97 (25 °C, 0.15 M ionic strength) [42], (406.482 g mol™, structure shown in Figure 1.), was
obtained from Sigma-Aldrich Co. LLC. (St. Louis, MO, USA). HP-B-CD, known as a solubilizing agent, is a
doughnut-shaped molecule composed of seven alpha-D-glucopyranose units[44], including an internal cavity
(DS: 4.34, structure shown in Figure 1), was obtained from Roquette Fréres (Lestrem, France).
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Figure 1. The structural formula of CAR and HP-B-CD

Prisma"T buffer and polyvinylidene fluoride (PVDF) sheet with 0.45 um pore size were purchased from
Pion Inc. (Billerica, MA, USA), n-dodecane from Sigma-Aldrich (St. Louis, Missouri, USA) and methanol from
Thomasker (Budapest, Hungary). 1 kDa and 6 to 8 kDa regenerated cellulose size-exclusion membranes were
purchased from Repligen (Boston, MA, USA).

In vitro side-by-side diffusion cell assays

In vitro side-by-side diffusion cell assays were performed with uFLUX (Pion Inc., Billerica MA, USA)
apparatus. It is composed of a donor and an acceptor chamber (20 mL volumes) separated by an artificial
membrane selected to be a size-exclusion regenerated cellulose membrane (MWCO 6 kDa and 1 kDa, 1.54
cm?,) pre-soaked in distilled water overnight prior to measurement, and a lipophilic membrane (0.45 um pore
size PVDF sheet, 1.54 cm?) impregnated with 25 uL n-dodecane. The measurements were performed in four
different arrangements for each membrane type, which are listed in Table 1.

Table 1. In vitro side-by-side diffusion cell assay measurement settings

Settings No. Donor side Acceptor side
1. 18 mL pH 10 Prisma buffer 18 mL pH 10 Prisma buffer
2 18 mL pH 10 Prisma buffer + 15 mg mL* HP-B-CD 18 mL pH 10 Prisma buffer
3. 18 mL pH 10 Prisma buffer 18 mL pH 10 Prisma buffer + 15 mg mL* HP-B-CD
4 18 mL pH 10 Prisma buffer + 15 mg mL* HP-B-CD 18 mL pH 10 Prisma buffer + 15 mg mL* HP-B-CD

The appropriate amount of 3 mg mL™* methanol stock solution of the drug was pipetted to the donor side.
Both cells were thermostated and stirred at 250 rpm based on the results of our previous study, which
showed that stirring is essential to investigate the effect of excipients [1]. Drug concentrations at the donor
and acceptor sides were monitored in real-time using UV probes with the Rainbow (Pion Inc., Billerica, MA,
USA) apparatus. A second derivative method between 292 and 300 nm was used to evaluate the spectra, and
the flux (J) and apparent permeability (Papp/ cm s*) were calculated [13] according to Equation 1:

An
J
P, =—= AAt (1)
Cd Cd

where apparent permeability (Papp) is the quotient of flux (J / mol s cm?) and donor-side concentration
(ca / mol cm3), flux (J) of a drug across the membrane is defined as the molar amount of substance diffused
from the donor to the acceptor compartment (n / mol) crossing a unit area (A / cm?) perpendicular to its flow

4 (co) X
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per unit time (t/ s).

Results and discussion

This work investigates the effect of sink condition across three distinct membrane types (PVDF filter
impregnated with n-dodecane and two size-exclusion membranes MWCO = 1 and 6 kDa). For that, solubility
measurements were carried out to see if HP-B-CD can truly create a sink condition for the model drug CAR
(see detailed results in the previous publication [1]). The concentration of the solubilizing additive was chosen
based on a known HP-B-CD containing marketed solution [45] and the recommendation to take the solution
with a glass of water. The thermodynamic solubility results with the chosen 15 mg mL™* HP-B-CD concen-
tration showed three times higher value than the solubility of the pure APl in plain pH 10 buffer [1].

The fundamental difference between the membrane types is that in the case of the lipophilic membrane,
only the drug can permeate the membrane [1], while the solubilizing agent and the drug-CD complex cannot.
In contrast, when using size-exclusion membranes, both the drug and the HP-B-CD, as well as their complex,
can permeate. The transport was found 1.4 times faster in the case of the 6 kDa than in the case of the 1 kDa
MWCO membrane [1].

In vitro side-by-side diffusion cell assay

Considering the apparent permeability-pH profile of CAR [1], pH 10 media was chosen for the in vitro side-
by-side diffusion cell assays to create UWL-limited transport conditions when a lipophilic membrane is used
in the absence of HP-B-CD. The previous study also revealed that the effect of complexing agents can be
better characterized at stirred conditions compared to a non-stirred environment; therefore, 250 rpm stirring
was chosen for the following diffusion cell assays [1].

Figure 2 shows examples of concentration-time profiles to present the measurement results for three
different targeted donor concentrations in the donor and acceptor compartments for lipophilic membrane,
1 and 6 kDa membranes. Donor concentration curves exhibit a linear decline as the APl is transported to the
acceptor side. Thermodynamic solubility of CAR Form | is 2.15 ug mL? in plain pH 10 buffer, 6.69 pg mL? in
HP-B-CD containing buffer [1]. The APl was introduced to the donor side from a methanol stock solution and
given that the concentration of the APl varies from 0 to 25 pug mL?, in most experiments, the donor
concentration exceeded the thermodynamic solubility; therefore, supersaturated solutions of CAR were
created in the donor compartment. In certain cases (Figure 2a), the APl precipitated from these super-
saturated solutions (Figure 2), resulting in a rapid decline in both the donor concentration and the slope of
the acceptor concentration-time curve. The curves on the acceptor side predominantly exhibit linearity, with
a substantial reduction in the slope observable solely during precipitation on the donor side. Flux was
calculated from the slopes of the lines fitted to their initial linear phases.

The flux values obtained from in vitro side-by-side diffusion cell assays measurements were plotted as a
function of CAR concentration in the donor compartment (Figure 3). Figure 3 shows that the addition of CD to
the acceptor solution results in a modest increase in the slope of the flux curve when comparing the ‘CD-
acceptor’ curve to the ‘CD-none’ curve, and the ‘CD-both’ curve to the ‘CD-donor’ curve across all three
membrane types, attributable to sink condition. The slope of the flux-donor concentration line is directly
proportional to the permeability value, which was calculated and plotted in Figure 4. The sink effect is significant
using a lipophilic membrane (see Table 2 for the homogeneity of slopes test p-value for ‘CD-none’ and ‘CD-
acceptor’ p < 0.05). However, for both size-exclusion membranes, the sink effect is negligible, most probably
due to CD’s ability to pass through the membrane from the acceptor side to the donor side. A similar situation
arises when CD in the donor compartment is compared with the scenario where both chambers contain CD
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(Table 2, p-value for ‘CD-donor’ and ‘CD-both’): in case of the lipophilic membrane, the sink effect is significant;
however, it is negligible for size-exclusion membranes.
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red dotted line called ‘CD-none’, addition of HP-B-CD to acceptor side with purple dots called ‘CD-acceptor’,
addition of HP-B-CD to donor side with green dashed line called ‘CD-donor” and addition of HP-B-CD to both
sides with blue triangles called ‘CD-both’

Notably, despite the same amount of CD applied to both the donor and acceptor side, the CD on the donor
side exerts a significantly greater negative effect on flux and therefore permeability (Figures 3 and 4) than
the positive effect of CD used to create sink conditions in all 3 membrane types. Therefore, in the scenario

6 (co) X
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where both sides contain CD, the transport of the APl is much slower than in the case where no CD is added
to either side of the membrane (see Figures 3 and 4, CD-none case), regardless of the type of membrane. For
a detailed description of the effect of CD used in the donor compartment, see the previous publication [1].

Table 2. Homogeneity of slopes test results for flux-donor concentration curves in pH 10 buffer with 250 rpm stirring
rate for lipophilic membrane, 1 and 6 kDa size-exclusion membranes, significance: p < 0.05 is highlighted in red

p-value for CD-none and CD-acceptor p-value for CD-donor and CD-both
Lipophilic 0.001748 0.000562
1 kDa 0.689878 0.594536
6 kDa 0.176109 0.127748
T
< lipophilic 1 kDa 6 kDa
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Figure 4. Apparent permeability values in a pH 10 buffer with a 250 rpm stirring rate in the case of lipophilic
membrane, 1 and 6 kDa size-exclusion membranes. No HP-B-CD present on either side of the membrane with red,
addition of HP-B-CD to acceptor side with purple, addition of HP-B-CD to donor side with green and addition of
HP-B-CD to both sides with blue

From the apparent permeability values depicted in Figure 4 and the results of pH-permeability profiling in
previous publication [1], the Puwi, Pm values were calculated (Table 3) assuming that: a) the UWL exist
symmetrically on both sides of the membrane, b) the thickness of the UWL is the same for different
membranes when using the same side-by-side diffusion cell with the same experimental conditions (pH of

media, HP-B-CD in media, stirring speed).

Table 3. Summary table of Papp, Puwt, Pmvalues from the in vitro side-by-side diffusion cell assay, 250 rpm
Lipophilic membrane 1 kDa size-exclusion membrane 6 kDa size-exclusion membrane
CD- CD- CD- CD- CD- CD- CD- CD- CD- CD- CD- CD-
none donor acceptor both none  donor acceptor both none  donor acceptor both
Papp/105cm st 10.99 3.66 14.02 5.00 4.94 2.09 5.83 2.68 5.26 2.54 6.60 2.15
P./10°cms? n.a. 7.03 14.54 8.33 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Pm/10°cm st 28.73 | 9.23* 28.73* 9.23* 6.84* 2.25* 7.27%  2.77* 7.47* 2.78* 8.51* 2.21%*
Puwr/10°cm st | 17.80% 29.44 | 29.44* | 85.14 17.80 29.44 29.44 85.14 17.80 29.44 29.44 85.14

’;;Y;Lc";:‘;'_{ 35.60 170.29 3560 170.29 35.60 170.29 35.60 170.29 35.60 170.29 35.60 170.29
P
;g_;ag;;p;;/ 3560 3560 17029 17029 3560 3560 170.29 170.29 3560 3560 170.29 170.29
Duwt sonor/ 0.65 044 065 044 0.65 0.44 065 044 065 0.44 0.65 0.44
105cm st
DUWLacceptor/

0.65  0.65 0.44 044  0.65 0.65 0.44 044 0.65  0.65 0.44  0.44
105cm st
huwL donor / KM 183 26 183 26 183 26 183 26 183 26 183 26
AuwL acceptor / UM 183 183 26 26 183 183 26 26 183 183 26 26

*if PuwL < Pmthen the system tends towards UWL limitation, these cases have blue background; if PuwL > Pmthen the system tends
towards membrane limitation, these cases have green background; if there was no significant difference found between the P, and
Puwt values then background was used.

From the results in Table 3 it can be concluded that, when only plain pH 10 media is used on both sides of the
lipophilic membrane, then the membrane transport is UWL limited. When HP-B-CD is placed on the acceptor

doi: https://doi.org/10.5599/admet.2859 7
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side, then the diffusion through the membrane and the UWL have similar speed, and when both compartments
contain the complexing agent, then the transport becomes membrane-limited. In case of size-exclusion
membranes, regardless of the MWCO, the limiting step of transport is the diffusion through the water-filled
membrane. This holds for all experimental scenarios: when no HP-B-CD is present on either side (Table 3 CD-
none), when HP-B-CD is present on the donor side (Table 3 CD-donor), when HP-B-CD is present on the acceptor
side (Table 3 CD-acceptor), and when HP-B-CD is present on both sides of the membrane (Table 3 CD-both).

Discussion of the driving force of membrane transport in case of sink condition

In this section, the aim was to assess the applicability of a previously described general mathematical
Equation (1) under sink conditions. This equation was formulated to describe the transport across the UWL-
membrane-UWL system in a general way (Equation (2)) , without defining the specific type of membrane
located between the two UWL layers or specifying the limiting step of transport. Experimental results
confirmed the applicability of the model when the membrane is selectively permeable for the drug (lipophilic
membrane) or when the permeation of the solubilizing additive is negligibly slow (1 kDa MWCO ) [1]. The
mathematical model is now applied in cases where the solubilizing additive is placed on the acceptor side to
create sink conditions, or where the CD is added to both sides of the lipophilic and size-exclusion membranes.

J=Be( G —C—Aj (2)

G* C.*

A

where Jis the flux, B is the effective coefficient of proportionality, Co and Ca are the concentrations, and Cp*
and Ca* are the solubility values in the donor and acceptor media [1].

Equation (2) indicates that the driving force of membrane transport is a difference in the supersaturation
ratio (SSR) between the donor and acceptor compartments. This difference is directly proportional to the flux
and the coefficient of proportionality, Be.

Equation (3) describes the reciprocal relationship between the coefficients of proportionality [1]:
1 1 1 1 N 1
Be BUWL Bm DUWL,effCUWL * DmCm *

Z=— 3)
h h

UWL eff m

where Byw. is the B factor for the UWL and B, is the B factor for the membrane, Dyw.es is the effective
diffusion coefficient through the UWL and huw. e is the effective thickness of the UWL in the presence of HP-
B-CD and Cuw. is the concentration of the API in the UWL, and * is the property at saturation, Dy, is the
diffusion coefficient through the membrane, C. is the concentration of the drug in the membrane and * is
the property at saturation, hm is the membrane thickness.

Figure 5 shows the flux plotted as a function of the difference in SSR. The slopes of the lines equal the coeffi-
cient of proportionality. Homogeneity of slopes tests were carried out to see if the line of the ‘CD-none’ buffer on
both sides (red) and the HP-B-CD containing buffer on the acceptor side (purple) differ significantly (significance:
p <0.05). The statistical analysis indicates that parallel lines are obtained by size-exclusion membranes, regardless
of the MWCO size of the membrane (refer to p-values for CD-none and CD-acceptor in Table 4), while a significant
difference is seen in the case of the lipophilic membrane. In a similar situation, where CD in the donor
compartment is compared with the scenario in which both sides contain CD (Table 4, p-values for donor and both):
in the case of the lipophilic membrane, the deviation from the parallel lines is significant, but for the size-exclusion
membranes, it is not. In conclusion, for the lipophilic membrane, where the sink effect significantly influenced
permeability (Figure 4), a significantly greater coefficient of proportionality (B.) (slope of the purple CD-acceptor
curve on Figure 5) is observed compared to the ‘CD-none’ buffer (slope of the red curve on Figure 5).
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Figure 5. Flux — SSR curves in pH 10 buffer with 250 rpm stirring rate for lipophilic membrane, 1 and 6 kDa size-
exclusion membranes. No HP-B-CD present on either side of the membrane with red dotted line called ‘CD-none’,
addition of HP-B-CD to acceptor side with purple dots called ‘CD-acceptor’, addition of HP-B-CD to donor side with

green dashed line called ‘CD-donor’ and addition of HP-B-CD to both sides with blue triangles called ‘CD-both’

This can be explained by Equation (3): specifically, when a solubilizing agent is added to the acceptor side,
the solubility in the acceptor compartment increases Cpa*, which is factored into the calculation of the
difference in supersaturation ratio (x-axis on Figure 5). Also, the solubility of APl in the UWL Cyw.* is elevated
(3 times higher) compared to the ‘CD-none’ buffer, due to the presence of the CDs in the aqueous boundary
layer of the acceptor side. When the APl is diffusing through the UWL as a CD complex, the molecular weight
is increased, resulting in slower diffusion and a reduction in Pyw. value. However, the CD complex is not only
bigger in size, but also much more hydrophilic than the API; therefore, one of the main assumptions of the
calculations [1,46] is that only the free drug encounters a significant unstirred water layer thickness, but the
unstirred water layer thickness is negligible for the CAR/HP-B-CD complex. This assumption leads to higher
Puw. values in the presence of CD and also causes the apparent Dyw. value to decrease (Table 3). These cause
an increase in the numerator of the Buw. value (Equation (3)). In literature, the addition of CD has been
previously noted to cause a reduction of the apparent UWL thickness, which may also be interpreted as an
elevation of the proportionality coefficient (Buw.) [36]. These effects can be seen in Figure 5: the purple curve
becomes steeper than the red curve belonging to the CD-none buffer.

In a similar situation, when CD is present in the donor compartment versus a scenario where both sides
contain CD, the same explanation can be applied using Equation (3).

Lipophilic and size-exclusion membranes are mechanistically different: in the case of lipophilic membranes,
only the drug can permeate the membrane, while in the case of size-exclusion membranes, also the CD and the
drug-CD complex are able to go through. A prior study [1] demonstrated that the transport of the HP-B-CD
across a 1kDa MWCO membrane is quite slow, becoming detectable on the opposite side after 4 hours. In
contrast, the transport across a 6 kDa MWCO membrane was found to be substantially faster, reaching the
detection threshold in merely 2 hours. When the CD is placed on the acceptor side to create a sink condition
and a size-exclusion membrane is used, the CD can cross the membrane and appear on the donor side, while
the APl moves in the opposite direction. Figure 5, along with the results of Table 4, indicates that there is no
significant difference in the slopes of the CD-none buffer (red) and CD placed on the acceptor side (purple).
Similarly, the CD on the donor side (green) and the CD on both sides (blue) also exhibit perfectly parallel lines.
These results show that when the solid membrane dividing the two aqueous boundary layers becomes
permeable to the CD, the sink effect shown with the lipophilic membrane reduces, and no significant deviation
is evident in the proportionality coefficients.
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Table 4. Homogeneity of slopes test results for flux-SSR curves in pH 10 buffer with 250 rpm stirring rate for lipophilic
membrane, 1 kD and 6 kDa size-exclusion membranes
p-value for CD-none and CD-acceptor p-value for CD-donor and CD-both p-value for CD-acceptor and CD-both

Lipophilic 0.000787 0.001689 0.819284
1 kDa 0.923485 0.853885 0.155029
6 kDa 0.133241 0.129204 0.735795

In drug formulation testing, the most realistic scenario occurs when the formulation releases solubilizing
agents in the donor compartment, while surfactants or CDs are employed in the acceptor compartment to
establish sink conditions. Therefore, the effect of placing a CD on the donor side while already having a CD
on the acceptor side was evaluated in Figure 5. This means the comparison of the cases labelled ‘CD-acceptor’
in purple and ‘CD-both’ in blue in Figure 5. According to the homogeneity of slopes tests in the case of all
three membrane types, the purple and blue lines are found to be parallel, which means that the effect of CD
placed in the donor compartment can be well described by Equation (2), regardless of the type of solid
membrane. A similar scenario was previously described [1] in which the applicability of Equation (2) was
evaluated with CD placed in the donor compartment and ‘CD-none’ buffer utilized as acceptor media. It was
determined that Equation (2) effectively represented the results for the lipophilic and size-exclusion
membrane with 1 kDa MWCO; however, for the size-exclusion membrane with 6 kDa MWCO, the transport
of the CD through the membrane resulted in a significant deviation in the proportionality coefficient.
However, when the acceptor side already contains an equivalent concentration of CD as the donor side, a
concentration gradient does not exist to drive the transport of the solubilizing additive, even though the
membrane is permeable to CDs. Consequently, no significant difference is observed in the coefficient of
proportionalities, even with the size-exclusion membrane with 6 kDa MWCO, when comparing the
‘CD-acceptor’ setup with both instances (third column of Table 4).

Conclusions

In this study, the complex interplay between solubility enhancement and membrane permeability in side-
by-side diffusion cell assays was explored, focusing on the effects of HP-B-CD, creating sink conditions. For
the lipophilic membrane, CDs on the acceptor side significantly enhanced flux and permeability. Conversely,
with size-exclusion membranes that allow the permeation of CDs and their complexes, the benefits of sink
conditions were completely diminished. The introduction of CDs on both sides resulted in the negative
impacts on the donor side surpassing the beneficial sink effects on the acceptor side, hence reducing flux and
permeability for all membrane types.

A novel aspect of this work is the assessment of the applicability of a previously described general
mathematical equation for sink conditions. This equation was developed to describe the transport through
the UWL-membrane-UWL system in a general way, without specifying what type of membrane is between
the two UWL layers. This model was used to describe the effect of CD in the donor compartment on the API
transport for lipophilic and size-exclusion membranes with MWCOs 1 and 6 kDa. Experimental results
confirmed the applicability of the model when the membrane is selectively permeable for the drug (lipophilic
membrane) or when the permeation of the solubilizing additive is negligibly slow (1 kDa MWCO ) [1]. In this
paper, the applicability of this model was further assessed in sink conditions. For the lipophilic membrane,
where the sink effect had a significant impact on the permeability, a significantly higher proportionality
coefficient was observed with CD placed on the acceptor side compared to the ‘CD-none’ buffer. This
phenomenon might be explained by the fact that CD not only influences the solubility of the APl on the
acceptor side, but also the hydrophilicity of the drug-CD complex is much higher than that of the pure API’s;
therefore, the thickness of the UWL becomes negligible for the complex. This leads to reduced apparent UWL
thickness (h) and increased Puw. values (Table 3) [46]. In contrast, with size-exclusion membranes, where the

10 (co) X



ADMET & DMPK 13(5) (2025) 2859 Comparison of lipophilic and size-exclusion membranes

CDs and their complexes can permeate the membrane, the effect of the sink condition was negated, resulting
in no significant difference in the coefficient of proportionality.

In formulation development, the typical scenario involves the formulation releasing solubilizing additives
in the donor compartment while surfactants or CDs are used in the acceptor compartment to create a sink
condition. Therefore, the effect of placing the same amount of CD on the donor side as on the acceptor side
was also evaluated. The effect of the CD placed in the donor compartment can be accurately described by
the general mathematical equation, regardless of the solid membrane type. These results were compared
with previously published data, concluding that this universal equation effectively describes the impact of CD
placed on the donor side. This occurs when the solid membrane permits only the drug’s permeation, asin a
lipophilic membrane, where the solubilizing additive is unable to go through due to its size or lipophilicity. It
also applies when the permeation of the solubilizing additive is sufficiently slow, thus not significantly
affecting the transport, as observed with a size-exclusion membrane with 1kDa MWCO. Furthermore, the
model remains suitable if the additive is small enough in hydrodynamic size to permeate the membrane yet
lacks a concentration gradient to drive the transport of the solubilizing agent, such as with 6 kDa MWCO size-
exclusion membrane with the same CD concentrations on both sides of the membrane. ‘

In conclusion, this study elucidates a deeper understanding of the mechanistic effects of CDs in side-by-
side diffusion cell assays, providing a valuable framework for optimization of drug formulations.

Acknowledgements: This work was supported by EKOP-24-4-1-BME-127 University Research Fellowship
Programme of the Ministry for Culture and Innovation from the source of the National Research. This work
was financially supported by the Janos Bolyai Research Scholarship of the Hungarian Academy of Sciences.
Project no. 2024-1.1.1-KKV_FOKUSZ-2024-00051 has been implemented with the support provided by the
Ministry of Culture and Innovation of Hungary from the National Research, Development and Innovation
Fund, financed under the ‘KKV Fékuszteriileti Innovdcids Program’ funding scheme.

Conflict of interest: The authors declare no conflict of interest.

References

[1] P.Tézsér, S. Kadar, E. Szabd, M. Dobd, G. Téth, G.T. Balogh, P. Séti, B. Sinkd, E. Borbas. Comparison of
Lipophilic and Size-Exclusion Membranes: The Effect of Stirring and Cyclodextrin in the Donor
Compartment. ADMET and DMPK 13(4) (2025) 2753. https://doi.org/10.5599/admet.2753

[2] A.Sitovs, V. Mohylyuk. Ex vivo permeability study of poorly soluble drugs across gastrointestinal
membranes: acceptor compartment media composition. Drug Discovery Today 29 (2024) 104214.
https://doi.org/https://doi.org/10.1016/j.drudis.2024.104214

[3] F.L. Holzem, I.H. Jensen, J. Petrig Schaffland, C. Stillhart, M. Brandl, A. Bauer-Brandl. Combining in
vitro dissolution/permeation with microdialysis sampling: Capabilities and limitations for biopharma-
ceutical assessments of supersaturating drug formulations. European Journal of Pharmaceutical
Sciences 188 (2023) 106533. https://doi.org/https://doi.org/10.1016/].ejps.2023.106533

[4] P.D. Nunes, A.F. Ferreira, J.F. Pinto, A. Bauer-Brandl, M. Brandl, J. Henriques, A.M. Paiva. In vitro
dissolution/permeation tools for amorphous solid dispersions bioavailability forecasting Il:
Comparison and mechanistic insights. European Journal of Pharmaceutical Sciences 188 (2023)
106513. https://doi.org/https://doi.org/10.1016/j.ejps.2023.106513

[5] A.Cuoco, J.B. Eriksen, B. Luppi, M. Brandl, A. Bauer-Brandl. When Interactions Between Bile Salts and
Cyclodextrin Cause a Negative Food Effect: Dynamic Dissolution/Permeation Studies with
Itraconazole (Sporanox®) and Biomimetic Media. Journal of Pharmaceutical Sciences 112 (2023)
1372-1378. https://doi.org/https://doi.org/10.1016/j.xphs.2022.12.010

[6] F.L. Holzem, A. Weck, J.P. Schaffland, C. Stillhart, S. Klein, A. Bauer-Brandl, M. Brandl. Biopredictive
capability assessment of two dissolution/permeation assays, UFLUX™ and Permealoop™, using
supersaturating formulations of Posaconazole. European Journal of Pharmaceutical Sciences 176
(2022) 106260. https://doi.org/https://doi.org/10.1016/j.ejps.2022.106260

doi: https://doi.org/10.5599/admet.2859 11



https://doi.org/10.5599/admet.2859
https://doi.org/10.5599/admet.2753
https://doi.org/https:/doi.org/10.1016/j.drudis.2024.104214
https://doi.org/https:/doi.org/10.1016/j.ejps.2023.106533
https://doi.org/https:/doi.org/10.1016/j.ejps.2023.106513
https://doi.org/https:/doi.org/10.1016/j.xphs.2022.12.010
https://doi.org/https:/doi.org/10.1016/j.ejps.2022.106260

P. Tézsér et al. ADMET & DMPK 13(5) (2025) 2859

(7]
(8]

(9]

(10]

(11]

(12]

(13]

(14]

[15]

[16]

(17]

(18]

(19]

(20]

[21]

[22]

(23]

(24]

K. Sugano. Introduction to computational oral absorption simulation. Expert Opin Drug Metab Toxicol
5 (2009) 259-293. https://doi.org/10.1517/17425250902835506

K. Sugano, Biopharmaceutics Modeling and Simulations: Theory, Practice, Methods, and Applications,
John Wiley & Sons, 2012. https://doi.org/https://doi.org/10.1002/9781118354339.ch?7

W. Nernst, Theoretical Chemistry from the Standpoint of Avogadro’s Rule and Thermodynamics,
Macmillan and Co., Limited, London, UK, 1911.
https://archive.org/details/chemistrytheo00nernrich/page/n5/mode/2up

T. Higuchi. Rate of Release of Medicaments from Ointment Bases Containing Drugs in Suspension.
Journal of Pharmaceutical Sciences 50 (1961) 874-875.
https://doi.org/https://doi.org/10.1002/jps.2600501018

T. Higuchi. Mechanisms of Sustained Action Mediation. Theoretical Analysis of Rate of Release of
Solid Drugs Dispersed in Solid Matrices. Journal of Pharmaceutical Sciences 52 (1963) 1145-1149.
https://doi.org/10.1002/jps.2600521210

J. Siepmann, N.A. Peppas. Higuchi equation: derivation, applications, use and misuse. Int J Pharm 418
(2011) 6-12. https://doi.org/10.1016/].ijpharm.2011.03.051

A. Avdeef, Absorption and Drug Development: Solubility, Permeability, and Charge State; 2nd ed,
John Wiley and Sons, United States. https://doi.org/10.1002/9781118286067

M. Czajkowski, A.-C. Jacobsen, A. Bauer-Brandl, M. Brandl, P. Skupin-Mrugalska. Hydrogenated
phospholipid, a promising excipient in amorphous solid dispersions of fenofibrate for oral delivery:
Preparation and in-vitro biopharmaceutical characterization. International Journal of Pharmaceutics
644 (2023) 123294. https://doi.org/https://doi.org/10.1016/].ijpharm.2023.123294

A.-C. Jacobsen, P.A. Elvang, A. Bauer-Brandl, M. Brandl|. A dynamic in vitro permeation study on solid
mono- and diacyl-phospholipid dispersions of celecoxib. European Journal of Pharmaceutical Sciences
127 (2019) 199-207. https://doi.org/https://doi.org/10.1016/j.ejps.2018.11.003

S. Koplin, M. Kumpugdee-Vollrath, A. Bauer-Brandl, M. Brandl. Surfactants enhance recovery of
poorly soluble drugs during microdialysis sampling: Implications for in vitro dissolution-/permeation-
studies. Journal of Pharmaceutical and Biomedical Analysis 145 (2017) 586-592.
https://doi.org/https://doi.org/10.1016/j.jpba.2017.07.022

D. Sironi, J. Rosenberg, A. Bauer-Brandl, M. Brandl. Dynamic dissolution-/permeation-testing of nano-
and microparticle formulations of fenofibrate. European Journal of Pharmaceutical Sciences 96
(2017) 20-27. https://doi.org/https://doi.org/10.1016/j.ejps.2016.09.001

J.R. Jgrgensen, W. Mohr, M. Rischer, A. Sauer, S. Mistry, T. Rades, A. Miillertz. In vitro-in vivo
relationship for amorphous solid dispersions using a double membrane dissolution-permeation
setup. European Journal of Pharmaceutics and Biopharmaceutics 188 (2023) 26-32.
https://doi.org/https://doi.org/10.1016/j.ejpb.2023.04.026

T. Loftsson, S.B. Vogensen, C. Desbos, P. Jansook. Carvedilol: solubilization and cyclodextrin
complexation: a technical note. AAPS PharmSciTech 9 (2008) 425-430.
https://doi.org/10.1208/s12249-008-9055-7

T. Loftsson. Cyclodextrins in Parenteral Formulations. Journal of Pharmaceutical Sciences 110 (2021)
654-664. https://doi.org/10.1016/].xphs.2020.10.026

S. Sripetch, M. Prajapati, T. Loftsson. Cyclodextrins and Drug Membrane Permeation:
Thermodynamic Considerations. Journal of Pharmaceutical Sciences 111 (2022) 2571-2580.
https://doi.org/https://doi.org/10.1016/j.xphs.2022.04.015

P. Berben, E. Borbas, Intestinal Drug Absorption: Cell-Free Permeation Systems, in Drug Discovery and
Evaluation: Safety and Pharmacokinetic Assays, F.J. Hock, M.R. Gralinski, M.K. Pugsley (Eds.), Springer
International Publishing, Cham, 2022, p. 1-29. https://doi.org/10.1007/978-3-030-73317-9 95-1

E. Borbas, A. Balogh, K. Bocz, J. Miiller, E. Kiserdei, T. Vigh, B. Sinkd, A. Marosi, A. Haldsz, Z. Dohanyos,
L. Szente, G.T. Balogh, Z.K. Nagy. In vitro dissolution-permeation evaluation of an electrospun
cyclodextrin-based formulation of aripiprazole using uFlux™. International Journal of Pharmaceutics
491 (2015) 180-189. https://doi.org/10.1016/j.ijpharm.2015.06.019

[24] A. Avdeef, M. Strafford, E. Block, M.P. Balogh, W. Chambliss, I. Khan. Drug absorption in vitro
model: filter-immobilized artificial membranes. 2. Studies of the permeability properties of lactones
in Piper methysticum Forst. Eur J Pharm Sci 14 (2001) 271-280. https://doi.org/10.1016/s0928-
0987(01)00191-9

12

(co) X


https://doi.org/10.1517/17425250902835506
https://doi.org/https:/doi.org/10.1002/9781118354339.ch7
https://archive.org/details/chemistrytheo00nernrich/page/n5/mode/2up
https://doi.org/https:/doi.org/10.1002/jps.2600501018
https://doi.org/10.1002/jps.2600521210
https://doi.org/10.1016/j.ijpharm.2011.03.051
https://doi.org/10.1002/9781118286067
https://doi.org/https:/doi.org/10.1016/j.ijpharm.2023.123294
https://doi.org/https:/doi.org/10.1016/j.ejps.2018.11.003
https://doi.org/https:/doi.org/10.1016/j.jpba.2017.07.022
https://doi.org/https:/doi.org/10.1016/j.ejps.2016.09.001
https://doi.org/https:/doi.org/10.1016/j.ejpb.2023.04.026
https://doi.org/10.1208/s12249-008-9055-7
https://doi.org/10.1016/j.xphs.2020.10.026
https://doi.org/https:/doi.org/10.1016/j.xphs.2022.04.015
https://doi.org/10.1007/978-3-030-73317-9_95-1
https://doi.org/10.1016/j.ijpharm.2015.06.019
https://doi.org/10.1016/s0928-0987(01)00191-9
https://doi.org/10.1016/s0928-0987(01)00191-9

ADMET & DMPK 13(5) (2025) 2859 Comparison of lipophilic and size-exclusion membranes

[25]

(26]

(27]

(28]
[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[25] B. Sinko, T.M. Garrigues, G.T. Balogh, Z.K. Nagy, O. Tsinman, A. Avdeef, K. Takdcs-Novak. Skin-
PAMPA: a new method for fast prediction of skin penetration. European Journal of Pharmaceutical
Sciences 45 (2012) 698-707. https://doi.org/10.1016/].ejps.2012.01.011

G.E. Flaten, A.B. Dhanikula, K. Luthman, M. Brandl. Drug permeability across a phospholipid vesicle
based barrier: a novel approach for studying passive diffusion. European Journal of Pharmaceutical
Sciences 27 (2006) 80-90. https://doi.org/10.1016/j.ejps.2005.08.007

M. di Cagno, H.A. Bibi, A. Bauer-Brandl. New biomimetic barrier Permeapad™ for efficient
investigation of passive permeability of drugs. European Journal of Pharmaceutical Sciences 73 (2015)
29-34. https://doi.org/10.1016/j.ejps.2015.03.019

A. Avdeef. The rise of PAMPA. Expert Opin Drug Metab Toxicol 1 (2005) 325-342.
https://doi.org/10.1517/17425255.1.2.325

B. Faller. Artificial membrane assays to assess permeability. Current Drug Metabolism 9 (2008) 886-
892. https://doi.org/10.2174/138920008786485227

M. Kansy, F. Senner, K. Gubernator. Physicochemical high throughput screening: parallel artificial
membrane permeation assay in the description of passive absorption processes. Journal of Medicinal
Chemistry 41 (1998) 1007-1010. https://doi.org/10.1021/im970530e

P. Berben, A. Bauer-Brandl, M. Brandl, B. Faller, G.E. Flaten, A.-C. Jacobsen, J. Brouwers, P.
Augustijns. Drug permeability profiling using cell-free permeation tools: Overview and applications.
European Journal of Pharmaceutical Sciences 119 (2018) 219-233.
https://doi.org/https://doi.org/10.1016/j.ejps.2018.04.016

A. Adhikari, P.R. Seo, J.E. Polli. Characterization of Dissolution-Permeation System using Hollow Fiber
Membrane Module and Utility to Predict in Vivo Drug Permeation Across BCS Classes. Journal of
Pharmaceutical Sciences 111 (2022) 3075-3087. https://doi.org/10.1016/j.xphs.2022.07.002

J.P. O'Shea, P. Augustijns, M. Brandl, D.J. Brayden, J. Brouwers, B.T. Griffin, R. Holm, A.C. Jacobsen, H.
Lennernds, Z. Vinarov, C.M. O'Driscoll. Best practices in current models mimicking drug permeability
in the gastrointestinal tract - An UNGAP review. European Journal of Pharmaceutical Sciences 170
(2022) 106098. https://doi.org/10.1016/j.ejps.2021.106098

E. Borbas, P. T6zsér, K. Tsinman, O. Tsinman, K. Takacs-Novak, G. Volgyi, B. Sinkd, Z.K. Nagy. Effect of
Formulation Additives on Drug Transport through Size-Exclusion Membranes. Molecular
Pharmaceutics 15 (2018) 3308-3317. https://doi.org/10.1021/acs.molpharmaceut.8b00343

P. Berben, J. Brouwers, P. Augustijns. The artificial membrane insert system as predictive tool for
formulation performance evaluation. International Journal of Pharmaceutics 537 (2018) 22-29.
https://doi.org/https://doi.org/10.1016/j.ijpharm.2017.12.025

[36] P. Berben, J. Brouwers, P. Augustijns. Assessment of Passive Intestinal Permeability Using an
Artificial Membrane Insert System. Journal of Pharmaceutical Sciences 107 (2018) 250-256.
https://doi.org/10.1016/j.xphs.2017.08.002

C. Washington. Drug release from microdisperse systems: a critical review. International Journal of
Pharmaceutics 58 (1990) 1-12. https://doi.org/10.1016/0378-5173(90)90280-H

P. Saokham, A. Sa Couto, A. Ryzhakov, T. Loftsson. The self-assemble of natural cyclodextrins in
aqueous solutions: Application of miniature permeation studies for critical aggregation concentration
(cac) determinations. International Journal of Pharmaceutics 505 (2016) 187-193.
https://doi.org/10.1016/j.ijpharm.2016.03.049

J. Bouayed, L. Hoffmann, T. Bohn. Total phenolics, flavonoids, anthocyanins and antioxidant activity
following simulated gastro-intestinal digestion and dialysis of apple varieties: Bioaccessibility and
potential uptake. Food Chemistry 128 (2011) 14-21. https://doi.org/10.1016/j.foodchem.2011.02.052
S.A. Raina, G.G. Zhang, D.E. Alonzo, J. Wu, D. Zhu, N.D. Catron, Y. Gao, L.S. Taylor. Impact of
Solubilizing Additives on Supersaturation and Membrane Transport of Drugs. Pharmaceutical
Research 32 (2015) 3350-3364. https://doi.org/10.1007/s11095-015-1712-4

A.S. Indulkar, Y. Gao, S.A. Raina, G.G. Zhang, L.S. Taylor. Exploiting the Phenomenon of Liquid-Liquid
Phase Separation for Enhanced and Sustained Membrane Transport of a Poorly Water-Soluble Drug.
Molecular Pharmaceutics 13 (2016) 2059-2069. https://doi.org/10.1021/acs.molpharmaceut.6b00202
G. Caron, G. Steyaert, A. Pagliara, F. Reymond, P. Crivori, P. Gaillard, P.A. Carrupt, A. Ardeef, J. Comer,
K.J. Box, H.H. Girault, B. Testa. Structure-Lipophilicity Relationships of Neutral and Protonated B-
Blockers, Part |, Intra- and Intermolecular Effects in Isotropic Solvent Systems. Wiley-VHCA AG, 1999,

doi: https://doi.org/10.5599/admet.2859 13



https://doi.org/10.5599/admet.2859
https://doi.org/10.1016/j.ejps.2012.01.011
https://doi.org/10.1016/j.ejps.2005.08.007
https://doi.org/10.1016/j.ejps.2015.03.019
https://doi.org/10.1517/17425255.1.2.325
https://doi.org/10.2174/138920008786485227
https://doi.org/10.1021/jm970530e
https://doi.org/https:/doi.org/10.1016/j.ejps.2018.04.016
https://doi.org/10.1016/j.xphs.2022.07.002
https://doi.org/10.1016/j.ejps.2021.106098
https://doi.org/10.1021/acs.molpharmaceut.8b00343
https://doi.org/https:/doi.org/10.1016/j.ijpharm.2017.12.025
https://doi.org/10.1016/j.xphs.2017.08.002
https://doi.org/10.1016/0378-5173(90)90280-H
https://doi.org/10.1016/j.ijpharm.2016.03.049
https://doi.org/10.1016/j.foodchem.2011.02.052
https://doi.org/10.1007/s11095-015-1712-4
https://doi.org/10.1021/acs.molpharmaceut.6b00202

P. Tézsér et al. ADMET & DMPK 13(5) (2025) 2859

[43]

[44]

[45]

[46]

pp. 1211-1222. https://doi.org/10.1002/(SIC1)1522-2675(19990804)82:8%3C1211::AID-
HLCA1211%3E3.0.CO;2-K

A. Singh, M. Pallastrelli, M. Santoro. Direct chiral separations of third generation b-blockers through
high performance liquid chromatography. Scientia Chromatographica 7 (2015) 65-84.
https://doi.org/10.4322/sc.2015.017

N.A. Al-Rawashdeh, K.S. Al-Sadeh, M.B. Al-Bitar. Physicochemical study on microencapsulation of
hydroxypropyl-beta-cyclodextrin in dermal preparations. Drug Dev Ind Pharm 36 (2010) 688-697.
https://doi.org/10.3109/03639040903449738

Patient Information of Sporanox (ltraconazole) Capsules.
https://www.accessdata.fda.gov/drugsatfda docs/label/2018/020083s062Ibl.pdf (accessed 24 June
2025)

A. Dahan, J.M. Miller, A. Hoffman, G.E. Amidon, G.L. Amidon. The solubility-permeability interplay in
using cyclodextrins as pharmaceutical solubilizers: mechanistic modeling and application to
progesterone. Journal of Pharmaceutical Sciences 99 (2010) 2739-2749
https://doi.org/10.1002/jps.22033

©2025 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article distributed under the terms and
conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/) |Hec) il

14

(co) X


https://doi.org/10.1002/(SICI)1522-2675(19990804)82:8%3C1211::AID-HLCA1211%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1522-2675(19990804)82:8%3C1211::AID-HLCA1211%3E3.0.CO;2-K
https://doi.org/10.4322/sc.2015.017
https://doi.org/10.3109/03639040903449738
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/020083s062lbl.pdf
https://doi.org/10.1002/jps.22033
http://creativecommons.org/licenses/by/3.0/

