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A B S T R A C T

The use of in vitromarkers able to reproduce the in vivo permeability and diffusivity of orally administered drugs,
could represent an innovative starting point for the formulation of delivery systems, in particular for low soluble
and low permeable drugs belonging to BCS class II and IV. Considering the great interest in the green phar-
maceutical approaches and the increasing use of natural molecules as novel therapeutic drugs, in this study,
rutin, hesperidin and curcumin have been selected as lipophilic model drugs to investigate their possible
enhancement of their permeability and bioavailability after oral administration. As the low solubility of the three
drugs hinders their application, β-cyclodextrins (CD), amphiphilic natural moieties able to form stable inclusion
complexes, have been considered to promote their solubilization. Notably, hydroxypropyl-β-CD (HPBCD) and
methyl-β-CD (MBCD), have been selected and the formation of the inclusion complexes with a stoichiometric
ratio of 1:1 has been detected through phase-solubility studies and rationalized via docking calculations,
revealing a strong complexation and an increased hydrophilicity of the systems. The diffusion experiments
performed through the novel UV–Vis localized spectroscopy method confirmed a the extremely high stability of
the CD-drugs complexes, especially in the cease of curcumin, which makes this as the predominant chemical
specie to diffuse and permeates. The PermeaPad® plate, an in vitro cell-free assay, allowed to investigate the
permeability behavior of the drugs, demonstrated that the type of β-cyclodextrins can influence the permeability
through the biomimetic membrane, reflecting the effect of the unstirred water layer (UWL). Moreover, in the case
of curcumin, the spectroscopic-mathematical approach suggested the formation of nano-supramolecular systems,
detected by DLS, supporting the precision of the fitting model.

1. Introduction

The number of drugs (intended as active pharmaceutical ingredient,
API) which exhibit poor biopharmaceutic profiles, i.e., poor aqueous
solubility and/or low permeability has steadily increased in the last
years. Currently, BCS class II and IV drugs, i.e., with poor aqueous sol-
ubility represents approx. 70 % of the product portfolio of the ten largest
pharmaceutical companies (Jacobsen et al., 2023).

Poor thermodynamic aqueous solubility is generally attributed to the
hydrophobic nature of the compound, i.e., high partition coefficient
(LogP), and/or to the high stability of the crystal lattice of the compound
at the solid state which limits its dissolution (Bergström et al., 2016).
These two different properties of drugs are colloquially referred to
“grease ball” and “brick-dust” respectively. One of the oldest for-
mulative strategy to enhance the apparent solubility of “grease ball” as
well as “brick-dust” compounds has been the solubilization with

Abbreviations: BCS, Biopharmaceutics Classification System; CD, cyclodextrin; HPBCD, hydroxypropyl-β-cyclodextrin; MBCD, methyl-β-cyclodextrin; UWL,
unstirred water layers; RU, rutin; HES, hesperidin; CUR, curcumin; PBS, Phosphate-buffered saline; CC, concentration of inclusion complex; CD, concentration of free
drug; JC, flux of inclusion complex; JD, flux of the free drug; Japp, apparent flux measured in vitro; PC, permeability of inclusion complex through the biomimetic
barrier; PD, permeability of free drug through the biomimetic barrier; Papp, apparent permeability; DC, diffusivity of inclusion complex; DD, diffusivity of free drug;
CN, nominal concentration; C0, concentration from fitting..
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amphiphilic moieties such as cyclodextrins (CDs).
These cyclic oligosaccharides are composed of several glucose units

joined by α-1,4 glycosidic bonds (Fig. 1). Among cyclodextrins, cycled
macromolecules consisting of 6 (α-CD), 7 (β-CD) and 8 (γ-CD) glucose
units (Loftsson and Brewster, 2010) (Fig. 1), the most employed for
pharmaceutical purposes is β-CD and its hydrophilic derivatives, namely
hydroxypropyl-β-CD (HPBCD) and methyl-β-CD (MBCD) (Fig. 1). β-CDs
are capable of creating spontaneous complexes in water with small/
medium drug molecules, whereby the ligand (L), by including its lipo-
philic portion, most commonly aromatic/benzyl rings, into their hy-
drophobic core, forms stable inclusion complexes of higher water
solubility with respect to native drug (Fig. 1) (Di Cagno, 2016). The
stability of the CD-L complex is evaluated through its equilibrium con-
stant (K, Fig. 1), which is often (but not always) stoichiometrically a 1:1
complexation (K1:1, n = m in Fig. 1).

Notwithstanding the effective (or “apparent”) increase of solubility
in water of the complexed lipophilic drugs, it is still unclear whether
utilization of CD is beneficial for orally administered formulations to
improve bioavailability of carried lipophilic drug. Carrier at al. (Carrier
et al., 2007) reported a list of 24 active ingredients where the utilization
of some type of CDs resulted beneficial in terms of oral bioavailability in
vivo. On the other hands, CDs were found to have a negative effect on
overall drug absorption both in vitro (Sugano and Terada, 2015) as well
as in vivo (Holm et al., 2016) with different drugs. It is generally
accepted that the mechanism by which CD can increase oral bioavail-
ability of a lipophilic API is based on increased dissolution rate of the
solid dosage form (i.e., tablet) followed by a “rapid” release of the drug
from the CD cavity close to the absorption barrier. The diagram in Fig. 2
schematizes the mechanism of drug permeation in vitro for a CD
formulation. In this accepted model, only the free drug fraction (i.e., not
loaded into the CD) permeates through the barrier (blue ovals in Fig. 2).

To the best of our knowledge, the possibility for the CD-L complex to
be adsorbed has been explored on Caco-2 cell layers (Haimhoffer et al.,
2019; Réti-Nagy et al., 2015), but it has never been investigated in vitro
in a cell-free model setup. The aim of the present study was to find ev-
idence supporting the permeation of CD-drug complex in vitro and the
validity of the permeation model described in Fig. 2, in particular for
poor soluble and poor permeable drugs. Tzanova et al. has recently
provided solid in vitro indications that for at least two drugs, namely,
ketoprofen and hydrocortisone, at very high solubilization, i.e., very
high apparent solubility (over 25 mM), permeation of the CD-drug
complex (Fig. 2, yellow line) might occur in vitro, thus providing a

higher net drug absorption.
The diagram of Fig. 2 describes the situation at equilibrium, i.e., in

steady state flux conditions and it fit well for lipophilic compound (i.e.,
positive LogP) with intermediate permeability. The premises of this
model are that the free drug and the CD-drug complex must be consid-
ered as two different chemical species which diffuse spontaneously
through unstirred water layers (UWL) and a biomimetic barrier. At the
equilibrium, the free drug (blue ovals) has a much lower concentration
(CD) than the CD-drug complex (CC), generating a much lower concen-
tration gradient. However, this is compensated by a sufficiently high
permeability (PD) through the barrier and diffusivity (DD) in the
unstirred water layer (UWL). On the other hand, and despite the very
high concentration gradient generated by the CD solubilization (CC), the
CD-drug complex will have a much lower permeability (PC) through the
barrier and diffusivity in the UWL (PC). Assuming equal thickness for the
UWL in the acceptor and donor compartment (h), and equal permeation
area, the apparent flux measured in vitro (Japp), could be described as the
sum of the flux of the free drug (JD) and the flux of the CD-drug complex
(JCD) (Eq. (1) and Fig. 1).

Japp = JD + JC= (
DDPD

2hPD + DD
)*CD +(

DCPC
2hPC + DC

)*CC (1)

where DD and DC indicate the diffusion coefficient of the free drug and
CD-drug complex respectively, and PD and PC the net permeabilities of
the free drug and the CD-drug complex.

According to this model, in the case of i. a highly stable CD-drug
complex where ii. the concentration of the CD-drug complex is signifi-
cantly higher than the free drug concentration (CCD≫>≫CD and ≈ Ctot)
and iii. the permeability of the free drug is comparable to the perme-
ability of the complex drug-CD (PD≈PC), the net flux should be attrib-
uted solely to the CD-drug complex (Eq. (2).

Japp ≈ (
DCPC

2hPC + DC
)*CC (2)

Having on eye on green transition, we employed three natural
products which are known to have extremely poor permeability i.e.,
rutin, hesperidin, and curcumin (Table 1) selected as model drugs. In the
present study we investigated the complexation properties of the
selected compounds, with two different types of cyclodextrins (i.e.,
HPBCD and MBCD) and applied computational modelling to investigate
the mechanism as well as the stoichiometry of the complexation. We
characterized the concentration of the free drug (L) and the diffusivities

Fig. 1. General structure, geometrical characteristics, and schematic representation of the formation of a cyclodextrin (CD) inclusion complex most commonly used
in pharmaceutics with a ligand (L). K1:1 represent the stability constant (K) in case of a 1:1 stoichiometry reaction (i.e., n = m = 1).
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of both species involved in the permeation, i.e., free drug and CD-drug
complex by UV–vis localized spectroscopy/mathematical data fitting
(Tzanova et al., 2022), during diffusion and we measured the in vitro
permeability of these formulations through the state-of-the-art Per-
meaPad® multiwell plates. Hence, the main focus is to exploit a simple

delivery strategy to enhance solubility of poor soluble and poor
permeable drugs and translate the theoretical diffusion data and better
understand the permeability process of the investigated compounds, to
find evidence that the diffusion of the drugs is governed by the free or
the complexed form.

Fig. 2. Physical model describing the permeation of a drug in vitro in the presence of cyclodextrins. Even though the CD-drug complex has a much higher con-
centration (CC), in comparison to the free drug (CD), the flux of the free drug (JD) is predominant in comparison to CD-drug complex (JC) form medium permeable
compounds. In this model the free drug and CD-drug complex are treated as different chemical species, with different diffusivities through the unstirred water layer,
UWL (DD and DC respectively) as well with different permeabilities through the biomimetic barrier (PD and PC respectively).

Table 1
General characteristics of the selected drugs: chemical structure and physicochemical properties (MW, molecular weight; λmax , wavelength of maximum absorbance;
LogP, partition coefficient octanol–water) reported in literature (source PubChem).

RUTIN.
3′,4′,5,7-Tetrahydroxy-3-[α-L rhamnopyranosyl-
(1 → 6)-β-D-glucopyranosyloxy]flavone

MW: 610.52 g/mol
λmax: 360 nm
LogP: − 1.3

HESPERIDIN.
(2S)-3′,5-Dihydroxy-4′-methoxy-7-[α-L-rhamnopyranosyl
(1 → 6)-β-D-glucopyranosyloxy]flavan-4-one

MW: 610.60 g/mol
λmax: 283 nm
LogP: − 1.1

CURCUMIN.
(1E,6E)-1,7-Bis(4-hydroxy-3-methoxyphenyl)
hepta-1,6-diene-3,5-dione

MW: 368.38 g/mol
λmax: 425 nm
LogP: 3.2
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2. Materials and Methods

2.1. Materials

Hydroxypropyl-β-cyclodextrin (HPBCD), methyl-β-cyclodextrin
(MBCD), rutin (3,3′,4′,5,7-Pentahydroxyflavone 3-rutinoside, RU), hes-
peridin (3′,5,7-Trihydroxy 4′-methoxyflavanone 7-rutinoside, HES),
curcumin ((E,E)-1,7-bis(4-Hydroxy-3-methoxyphenyl)-1,6-heptadiene-
3,5-dione, CUR), and ethanol (EtOH) were purchased from Merck. All
solutions were prepared with water purified by a Milli-Q® water puri-
fication system for ultrapure water by Merk Millipore (Darmstadt, DE).
Phosphate-buffered saline (PBS, 73 mM) solutions with pH 7.4 was
prepared as follows: one part 2.5 % (w/v) NaH2PO4⋅2H2O solution was
mixed with four parts 0.9 % (w/v) Na2HPO4⋅2H2O solution. The pH was
adjusted to 7.4 ± 0.05 (SevenCompactTM pH/ion metre S220; Mettler
Toledo, Columbus, OH, USA) with NaOH pellets. The osmolality was
adjusted to 280 − 300 mOsm/ kg (Semi-Micro Osmometer K-7400,
Knauer, Berlin, DE) with NaCl, and the solution was filtered 0.2 μm
(Whatman® Nuclepore Track-Etch membrane filter; GE Healthcare Life
Sciences, Maidstone, UK) before use (Tzanova et al., 2023).

2.2. Phase-solubility studies

Cyclodextrin (CD) solutions were prepared with increasing concen-
trations of HPBCD and MBCD as follow: 0 (only solution), 5, 10, 20, 50
mM. They were incubated overnight protected by light with RU, HES
and CUR to reach saturated solutions. Then, the solutions were filtered
through a 0.2 µm PES syringe filter (VWR International, Radnor, PA,
USA) and diluted for the quantification by UV/Vis spectrophotometer
(λmax 360 nm, 283 nm, 425 nm for RU, HES, CUR, respectively). The
drug concentration of each CD-drug complex was plotted as a function of
CD concentration and the binding constant K1:1 (M− 1) was calculated as
reported in Eq. (3):

K1:1 =
slope

C0(1 − slope)
(3)

where slope is determined from the diagram according to Higuchi and
Connors’ model and C0 is the thermodynamic solubility of each com-
pound in PBS.

2.3. Molecular docking

Molecular Docking calculations were performed using the Autodock-
Vina software (Morris et al., 2009).

The three-dimensional structure of the MBCD was extracted from the
Protein Data Bank (Berman, 2000) (PDB ID: 6XX3) (Plaza-Garrido et al.,
2020), while the structure of the HPBCD was constructed by manually
attaching the isopropyl groups on the glucopyranose 6-OH group (PDB
ID: 3CGT) (Schmidt et al., 1998). The HPBCD geometry was optimized
using the quickprep module as implemented in MOE (Molecular Oper-
ating Environment (MOE), 2022) to check for the compound proton-
ation state and minimize the initial coordinates. Ligand structures were
retrieved from PubChem (Kim et al., 2023).

Protein and ligand structure preparation for docking was performed
using Autodock Tools python scripts (Morris et al., 2009), by adding
polar hydrogen atoms, computing Gasteiger charges, and assigning AD4
atom types. The grid box dimensions were set as 15 Å x 15 Å x 15 Å,
while the center was defined by using the “centerofmass” function in
Pymol: 58.171 (x); 12.140 (y); 9.136 (z) and − 8.173 (x); 14.267 (y);
14.000 (z) for HPBCD and MBCD, respectively. Output files were ana-
lysed and clustered in PyMOL (Schrödinger and DeLano, 2021) while
LogP values of the ligand and CD complexed were computed with MOE
(Molecular Operating Environment (MOE), 2022).

2.4. Diffusion studies

Localized UV–Vis spectroscopy measurements were performed on a
double array UV–Vis spectrophotometer UV-6300PC (VWR Interna-
tional, Radnor, PA, USA) in semi-micro cuvettes with PTFE stopper
(Vchamber = 700 μL, path length = 10 mm; Starna Scientific®, Essex,
UK), as previously described (Di Cagno et al., 2018). The diffusion
medium and reference sample (675 μL each) consisted of Milli-Q®,
whilst the donor solution contained drug solutions or CD-drug com-
plexes (CD concentration of 10 mM). At time zero (t = 0 s), donor so-
lution (25 μL) was injected at the bottom of the sample cuvette using a
microneedle syringe (Hamilton Company, Reno, NV, USA). Absorbance
measurements were recorded at 360 nm, 283 nm, 425 nm for RU, HES
and CUR, respectively, every 120 s for a total of 24 h. For all experi-
ments, the sample cuvette was lifted by 0.60 cm using a 3D-printed
stand, in order to re-cord absorbances at precisely 0.51 cm (detection
position, XD) from the bottom of the cuvette (i.e. the origin of diffusion),
as previously reported (Di Cagno et al., 2018). The experimental diffu-
sion profiles data were fitted through mathematical modelling to a nu-
merical solution of Fick’s diffusion law (Eq. (1) in order to extract the
diffusivity (D) and drug concentration (C) as described in Tzanova et al.
(Tzanova et al., 2022).

∂C
∂t =

(
∂

∂x

(

D
∂C
∂x

))

(4)

2.5. Permeability studies with PermeaPad® plate

Reference permeability of the drug (PD, i.e., in PBS) of RU, HES, CUR
in PBS and apparent permeability (Papp, i.e., in presence of HPBCD and
MBCD 5 mM) was investigated using 96-well PermeaPad® plate (Pha-
bioc GmbH, Espelkamp, DE), constituted of an artificial biomimetic
barrier. The acceptor phase consisted of PBS pH 7.4 (400 µl) for all
conditions, while in the donor phase 200 µl of drug solution in PBS or
HPBCD- and MBCD-drug complex were loaded. The plate was incubated
in an orbital shaker-incubator (ES-20, Biosan, Riga, LV) at 25 ◦C for 8 h
and shaken at 200 rpm. At the end, 100 µl of sample were withdrawn
from the acceptor compartment and drug concentrations were deter-
mined by spectrophotometric analysis on a Spectramax 190 Microplate
Reader (Molecular Devices Inc., Sunnyvale, CA, USA) at drug-specific
wavelengths reported above. Standard solutions for each drug were
measured on the same plate, and PBS absorbance was subtracted from
all measurements. Fluxes (J) were calculated with Eq. (5a):

J =
Qt

A
*
1
t

(5a)

PD =
J
S0

(5b)

dividing the amount of drug permeated through the barrier at the
end of the incubation (Qt) by the area of the membrane (A, 0.13 cm2)
and the time of incubation (t). For the drug solution (i.e., with no CD),
the reference apparent permeability for the drug (PD) was calculated by
Eq. (5b), i.e., by normalizing the measured flux over the drug thermo-
dynamic solubility measured (S0).

2.6. Size analysis

The intensity-mean hydrodynamic diameter (z-average (nm)) was
measured using dynamic light scattering (DLS) with a red-light laser (λ
= 633 nm) at 25 ◦C by Zetasizer Nano-ZS (Malvern Instruments, Oxford,
UK). The refractive index and the viscosity of pure water at 25 ◦C were
used as constant parameters in the calculations. The analysis (300 s, 3
cycles, 25◦C) was performed on CD-drug complexes samples in dispos-
able polystyrene cuvette for Zetasizer (Sarstedt AG & Co., Nümbrecht,
DE).

M. Sguizzato et al. International Journal of Pharmaceutics 670 (2025) 125170 

4 



3. Results and Discussions

There is a growing interest in predictive markers able to simulate the
in vivo permeability and diffusivity in an in vitro/in-silico setup, in
particular for natural drugs involved in the 3Rs concept, supporting an
ecological consciousness and awareness. Among this category, RU, HES
and CUR represent good candidates for the investigation developed in
this work. Indeed, they possess multiple therapeutic activities (Chua,
2013; Grasso et al., 2021; Hao et al., 2023; Mukherjee and Krishnan,
2023; Negahdari et al., 2021; Pyrzynska, 2022; Santa et al., 2023; Ser-
vida et al., 2024; Xiong et al., 2019) hindered by low bioavailability,
limited dissolution rate and limited stability. Hence, considering the
complexation strategies previously reported for different applications
(Gözcü et al., 2024; Paczkowska et al., 2015; Song et al., 2023), the use
of CDs as a tool to increase the aqueous solubility has been considered,
with the aim of shedding light on their permeation and diffusion in their
free or bound form. Notwithstanding, the use of a spectroscopic method
coupled with the mathematical fitting as a tool to clarify the permeation
model of extremely poor soluble molecules in the form of free drug or
CD-drug complex has not been demonstrated.

3.1. Molecular modelling

The complexation of the drugs with HPBCD or MBCD was investi-
gated in silico to elucidate the influence of the CD type. The analysis of
CD inclusion complexes was carried out by assuming a drug-CD stoi-
chiometric ratio of 1:1, and docking poses of RU, HES and CUR in
complex with HPBCD and MBCD are shown in Fig. 3.

As displayed, RU and HES are included in the CD cavity by the
flavonoid motif, with a different orientation of the glucoside portion,
whereas CUR presents a “bent conformation”. In particular, the insertion
of the A ring of RU into the CD cavity could be responsible for its su-
pramolecular interactions with the CD. As far as HES is concerned, for
both CD types, the glucoside region protrudes out of the cavity in all
poses (up or down and opposite to the ring C). In the case of CUR, the
“bent conformation” could be responsible for a reduced entropic
contribution in the CD complex formation and in particular with
HPBCD, whereas in the CUR-MBCD complex, the drug is partially
exposed to the solvent. These data corroborate the results reported in
literature, confirming the complexation with CD in a stoichiometry ratio

1:1 (Chang et al., 2023; Song et al., 2023; Wdowiak et al., 2022).
Furthermore, the physicochemical properties of the complexes have
been calculated in MOE and the results of LogP estimated (LogPC)
referred to the free drug and the CD-complexes are reported in Table 2.
The computational model supports for all compounds the assumed 1:1
stoichiometry.

Concerning the LogPC of free drugs, the data confirmed the values
reported in literature, previously summarized in Table 1. Moreover, the
calculated LogPC values of CD-drug complexes confirmed that the
complexation allowed to enhance the solubilization of the molecules
and, as a consequence, their hydrophilicity. In all cases, the LogPC of
drug-HPBCD and drug-MBCD resulted in a 5 to 4-fold decrease, even
passing from a positive to a negative value for CUR. Considering the low
solubility of the drugs in PBS, namely S0 (Table 2), the calculated LogPC
are in agreement with them.

3.2. Phase-solubility studies

The stoichiometry of complexation was clarified by molecular
modelling, and the phase-solubility studies were performed following
the classical approach introduced by Higuchi and Connors (Higuchi and
Connors, 1965), allowing to calculate the equilibrium constants of the
CD-drug complex as reported in Eq. (3), and the results are shown in
Fig. 4.

Fig. 3. Docking poses of cyclodextrin inclusion complexes. For each compound in complex with both HPBCD (A) and MBCD (B), two clusters (left and right panels),
differing for the orientation and placement of the glucoside region, were identified. Ligand structures are shown as sticks color coded by atom type with green carbon
atoms while CD structures as surfaces color coded by atom type with cyan carbon atoms, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 2
Experimental and predicted physicochemical properties of the investigated
drugs (ε, molar extinction coefficient; S0 , measured solubility of drug in PBS pH
7.4; LogPC , partition coefficient octanol–water calculated with MOE; PD , drug
reference permeability measured from PermeaPad® plate permeability
experiments).

Drug ε (cm2/
mmol)

S0 (µg/
ml)

LogPC LogPC
drug-
HPBCD

LogPC
drug-
MBCD

PD
(cm/s)

RUTIN 14.24 61.7 − 1.02 − 5.11 − 5.11 2.22 ×

10-6

HESPERIDIN 18.95 7.7 − 1.01 − 4.25 − 4.25 2.80 ×

10-6

CURCUMIN 4.66 *0.3 3.74 − 0.38 − 0.38 *4.24
× 10-7

* in PBS/EtOH 0.5%.
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The phase-solubility diagrams revealed an AL type behavior, in
agreement with the 1:1 stoichiometry of the inclusion complex sup-
ported by the computational model (Fig. 1). The results demonstrated a
linear regression of the increased drugs concentration, as evidenced by
R2 values: the higher the CD concentration, the higher the apparent drug
solubility. In the case of CUR-HPBCD, a lower R2 value of linear fitting
was acquired, most likely due to the possible formation of aggregates of
the CD-CUR complex at the higher HPBCD concentrations. Nevertheless,
the obtained results are consistent and is in accordance with literature,
where different β-CDs were a 1:1 stoichiometry is reported for β-CDs-
CUR complexation (Jiang et al., 2022; Mashaqbeh et al., 2021; Saokham
et al., 2018; Song et al., 2023; Yadav et al., 2009).

In general, the complexation with MBCD determined the greatest
apparent solubility for all selected drugs, thus suggesting that the best
CD-drug complex is reached, in terms of solubility and stability. This
observation is also confirmed by the larger values of binding constants
(K1:1) reported for MBCD (Fig. 4B) with respect to HPBCD (Fig. 4A). As
previously underlined, this result was particularly evident for CUR,
where the apparent solubility with the maximum concentration of
MBCD was 3-fold higher with respect to those with HPBCD. This
behavior could be ascribed to a change in the drug binding conformation
in the CD as suggested by molecular docking (Fig. 3).

Finally, RU, HES and CUR possess a different grade of hydrophilicity,
as expressed by their aqueous solubility (S0, Table 2), and for higher S0
values, the lowest equilibrium constants were measured, as reported in
the upper panels of Fig. 4.

3.3. Diffusion studies by UV–vis localized spectroscopy/mathematical
data fitting

The open question of the present investigation is the possibility for
the CD-drug complexes to be sufficiently stable to be absorbed as one
chemical entity. With this aim, the diffusion of the free drugs and the
CD-drug complexes was evaluated in vitro using UV–vis localized spec-
troscopy coupled with mathematical data fitting (Di Cagno et al., 2018;
Tzanova et al., 2023).

The evaluation of the diffusion coefficient is a crucial point to predict
the absorption of a drug, and in the pharmaceutical development rep-
resents an essential parameter to predict its bioavailability. In addition,
the coupled method used in this study allows the extraction not only of
the diffusion coefficients of the investigated species, but also the drug
concentrations (C0) to be compared with the nominal ones (CN). Hence,
the comparison between C0 and CN allows to validate the influence of
the free drug on the diffusion with respect to the complexed form.
Table 3 reports the complete summary of all data-fitting.

In this case, giving the significantly higher concentration of the drug-
CD species over the free drug species obtained by solubilizations, it is
acceptable to assume that the diffusivity corresponds to be the diffu-
sivity of the Drug-CD complex (DC). In the case of RU drug solution (i.e.,
no CD), the concentration from fitting, i.e., C0, was superimposable to
CN. The same result was found for the CD dispersions for RU, but as in
this case CN refers to the apparent solubilization generated by the
cyclodextrin (CD-L concentration) it is safe to state that the CD-RU is
very stable and remains stable over the diffusion. Additionally,
comparing the measured diffusivity (DC) of the free drug with those of

Fig. 4. Phase-solubility studies of RU (yellow), HES (orange) and CUR (red) with increasing concentrations of HPBCD (panel A) and MBCD (panel B). Binding
constants (K1:1) of the drugs to HPBCD and MBCD are reported in the upper panels. Data are the average of three measurements ± s.d. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
Fitting parameters referring to drug in PBS and complexed with 10 mMHPBCD and MBCD obtained by diffusion studies (h, detection point, distance from the origin of
diffusion, i.e., bottom of the cuvette; CN , nominal concentration; C0 , concentration from fitting; DC , mean diffusivity.

Drug h V injected V acceptor CN C0 ΔC CD type CD conc DC Kp Error

name cm µL µL µg/mL µg/mL % mM cm2/sec X2

RU 0.51 25 675 61.4 62.7 2 − 0 4.18 × 10-6 1 0.85
RU 0.51 25 675 382.0 328.7 − 14 HPBCD 10 3.20 × 10-6 1 50.98
RU 0.51 25 675 595.9 533.0 − 11 MBCD 10 2.88 × 10-6 1 137.48
HES 0.51 25 675 11.0 15.8 44 − 0 4.22 × 10-6 1 0.10
HES 0.51 25 675 156.5 171.8 10 HPBCD 10 2.52 × 10-6 1 17.82
HES 0.51 25 675 228.6 272.2 19 MBCD 10 2.73 × 10-6 1 110.47
CUR 0.51 25 675 ​ ​ ​ − 0 4.87 × 10-6 1 Estimated
CUR 0.51 25 675 118.5 55.0 − 54 HPBCD 10 2.76 × 10-6 1 0.91
CUR 0.51 25 675 693.2 317.3 − 54 MBCD 10 2.51 × 10-6 1 42.06
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the RU-HPBCD and RU-MBCD, the higher value of the free form con-
firms that the contribution of the free drug in the net mass diffusion
process is irrelevant. Hence, this result suggests that the diffusivity is
governed by the CD complexes.

For HES, the diffusion parameters revealed a similar behavior to RU,
corroborating the same statements. In particular, with HPBCD the pro-
file clearly follows a Fickian diffusion, where the flux is concentration-
dependent.

Regarding CUR, the results revealed similar trend but with a sur-
prising discrepancy. Firstly, it has to be noticed that the diffusion of the
sole CUR was estimated from its molecular weight due to the unde-
tectable concentration of CUR in PBS. Then, concerning the diffusion of
CUR-HPBCD, it seems to follow an almost perfect Fickian profile, where
the experimental fitting is superimposable to the model one (Fig. A.1).
This is an additional indication that the binding constant CUR-CD is very
high and the complex very stable. The situation for the MBCD was quite
similar and also in this case the experimental and the model fitting show
the same pattern.

Surprisingly, for CUR, C0 differed largely from CN. Specifically, for
both CDs resulted approximately half of CN values in all conditions.
These results are very relevant as they imply in practice that approxi-
mately half of the CUR in which is solubilized is actually not contrib-
uting to the concentration gradient, driving force of the diffusion and
permeation processes, and therefore not directly available to diffusion as
well as permeation. This observation is a clear indication of the forma-
tion of macromolecular aggregates CUR-CD (as previously observed by
(Li et al., 2022).

To verify this hypothesis, DLS analysis of CD-drug complexes were
performed. No evidence of aggregates was detected in the case of RU-CD
and HES-CD. On the other hand, in the case of CUR-HPBCD and CUR-
MBCD different populations of around 211.4 ± 36.9 nm and 116.9 ±

79.8 nm, respectively, were detected (Fig. A.2). This result demon-
strated that CUR-CD complexes generate colloidal species, e.g. nano-
supramolecular systems, which are rather stable in aqueous dispersion
but, at the same time, they are responsible for the lower availability for
diffusion, as similarly reported in literature (Li et al., 2022; Wankar
et al., 2020; Wei et al., 2015).

3.4. Permeability studies with PermeaPad® plate

Besides the evaluation of the diffusion coefficients for RU, HES, CUR
in free and complexed form, the permeability was also investigated for a
complete prediction of drug uptake and bioavailability.

Permeability experiments were performed on free drugs (namely PD)
and CD-drug complexes with the PermeaPad® Plate, a state-of-the-art in
vitro cell-free assay. This biomimetic phospholipid-based membrane is
mounted in a 96-wells plate by separating the lower and upper com-
partments and an unstirred water layer (UWL) on each side of the
membrane. Thus, the barrier consists of three distinct regions and a
concentration gradient within and between each layer (Eriksen et al.,
2022), leading to significantly increasing the throughput of permeability
experiments, with respect to other type cell-free permeation tool, such as
PAMPA barriers (Jacobsen et al., 2020; Morita et al., 2024). Addition-
ally, the use of PermeaPad® membranes has never been considered to
investigate the permeability behavior of the selected drugs, and the
following results can elucidate for the first time the influence of this type
of membrane on their permeability.

The reference permeability for each drug (PD, Table 2) was low-very
low, ranging in the order of magnitude from 10-6 cm/sec for RU and HES
to 10-7 cm/sec for CUR. Due to the extremely low solubility of CUR in
water, the permeability experiments for the pure drug were performed
in PBS/ethanol 0.5 % solutions, as the addition of a small aliquot of
ethanol in the donor solution was necessary to allow the solubilization of
CUR and to evaluate the permeability behavior. The results are in
accordance with the physicochemical properties of the compounds and
with their BCS classification (Dahan et al., 2009). In fact, the selected
compounds are classified as poor permeable and/or soluble drugs,
belonging to class II (RU) and class IV (HES and CUR), thus confirming
the data reported in literature (Shekaari et al., 2023; Wahlang et al.,
2011; Yusuf et al., 2023).

The influence of the CD on drug permeability has been investigated
and, considering Fick’s law involvement in passive drug diffusion, the
changes in the apparent flux (i.e., the rate of the drug passage through
the membrane) have been evaluated. The results of the experiment,
expressed as flux variation of drug permeated through the membrane,
are reported in Fig. 5.

Comparing the apparent fluxes generated by the CD-drug complexes
with those of the free drugs, the calculated variation was significant,
thus indicating that the type of CD can influence the drug permeability.

In details, for RU, apparent fluxes generated by RU-HPBCD and RU-
MBCD slightly changed (0.80 and 0.82, respectively) suggesting that
both the free drug and the CD-RU complex could permeate through the
membrane. In the same way, the slight reduction in permeability ob-
tained with the complexed forms is in accordance with the extrapolated
diffusivity (DC) values obtained with the mathematical fitting (Table 3),
where the contribution of the complexed drug was detected.

Fig. 5. Flux variation of RU (yellow), HES (orange) and CUR (red) through biomimetic PermeaPad® from drug solution and HPBCD complex (panel A) or MBCD
complex (panel B). Data are normalized with respect to the flux of the free drug (JD) measured over 4 h incubation. Data are the average of three measurements ± SD
*PBS/EtOH 0.5 %; + p < 0.01 and^p < 0.0001 vs drug in solution. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Nevertheless, for HES and CUR, the use of HPBCD or MBCD led to a
different behavior. In the case of HPBCD, the increased apparent fluxes
could be generated by the free drug and the complexed drug fractions.
This reflects a possible increased drug bioavailability. Conversely, in the
case of MBCD, the absence of an apparent flux is due to the strong
complexation of the drugs, that leads to a much lower permeability. In
fact, considering the results of phase-solubility studies and the calcu-
lated values of the binding constants (K1:1) (Fig. 4), the drug concen-
tration reached with MBCD was much higher, indicating a much higher
hydrophilicity of the CD-drug complex.

Therefore, the permeability behavior could be related to the equi-
librium constants of the CD-drug complexes as well as to their diffu-
sivity. Indeed, both K1:1 for RU were the lowest revealed, while for CUR,
the highest constants were achieved confirming the strong complexation
and the high stability of CD-CUR complexes. Moreover, the results of
permeability experiments, in accordance with the diffusion coefficients
of CD-CUR complexes (Table 3) obtained by UV–vis localized spectros-
copy/mathematical data fitting, clarified the role of cyclodextrins as
solubilizing agents in the prediction of drug bioavailability, suggesting
that the drug-HPBCD complex might be less soluble but more permeable
through a biomimetic barrier than the drug-MBCD one.

As it is well known, the increase of solubility is not directly related to
the increase of drug diffusion and permeability (Beig et al., 2013; Morita
et al., 2024). The investigational in vitro setting based on experimental-
computational method able to discriminate the free from the bounded
fraction of the selected drugs, found validation in permeability tests.

The overall results are consistent with the possibility for the CD-drug
complex to permeate, especially for very stable complexes, and they
shed light on the influence of complexation strategies in modifying oral
absorption of lipophilic drugs, as well as the influence of UWL in
permeation and diffusion mechanism.

4. Conclusions

In this work, RU, HES and CUR have been selected to investigate the
formation of stable CD complexes and to demonstrate the possibility for
the CD-drug complex to be absorbed and to permeate in vivo by using an
in vitro experimental setup. The computational approach shed light to
the conformation of CD-drug complexes as well as the strong binding
responsible for the diffusion and the permeability of the drugs. We
demonstrated that the newly introduced UV–vis localized spectroscopy/
mathematical is a powerful tool to investigate the drug permeability
mechanism of enabling formulations such as CD dispersions. Finally, we
proved that the permeability of the complexes, evaluated through the
state-of-the-art PermeaPad® multiwell plates, was influenced by the
type of cyclodextrin utilized. The strong complexation of HES and CUR
with HPBCD, with respect to MBCD, led to the formation of more
permeable systems, making CD as beneficial systems for orally admin-
istered formulations. Further investigations are focused on the applica-
tion of the reported in vitro setup on lipid-based delivery systems for RU,
HES and CUR in order to compare the permeation and diffusion mech-
anisms in view of a targeted release.
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