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ARTICLE INFO ABSTRACT

Keywords: Drug repositioning is a high-priority and feasible strategy in the field of oncology research, where the unmet

Dis“lﬁmm‘ medical needs are continuously unbalanced. Disulfiram is a potential non-chemotherapeutic, adjuvant anticancer

[C\ycll‘)dexmn agent. However, the clinical translation is limited by the drug's poor bioavailability. Therefore, the molecular
nticancer

encapsulation of disulfiram with cyclodextrins is evaluated to enhance the solubility and stability of the drug.

R itioni
GTS)?JSIL;?:r?ag The present work describes for the first time the complexation of disulfiram with randomly methylated-
Melanoma p-cyclodextrin. A parallel analytical and in vitro biological comparison of disulfiram inclusion complexes with

hydroxypropyl-p-cyclodextrin, randomly methylated-B-cyclodextrin and sulfobutylether-B-cyclodextrin is con-
ducted. A significant drug solubility enhancement by about 1000-folds and fast dissolution in 1 min is demon-
strated. Thein vitro dissolution-permeation studies and proliferation assays demonstrate the solubility-
dependent efficacy of the drug. Throughout the different cancer cell lines‘ characteristics and disulfiram un-
specific antitumoral activity, the inhibitory efficacy of the cyclodextrin encapsulated drug on melanoma (ICsg
about 100 nM) and on glioblastoma (ICso about 7000 nM) cell lines differ by a magnitude. This pre-formulation
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ROESY, two-dimensional phase-sensitive rotating-frame Overhauser effect spectroscopy; BCS, biopharmaceutical classification system; CD, cyclodextrin; CE,
complexation efficiency; CZE, capillary zone electrophoresis; DEDTC, diethyldithiocarbamate; DF, degrees of freedom; DIS, disulfiram; DS, degrees of substitution;
DSC, differential scanning calorimetry; GB, glioblastoma; G, guest; H, host; HPBCD, hydroxypropyl-p-cyclodextrin; J(t), flux; Kb, equilibrium constant; MEL,
melanoma; NMR, nuclear magnetic resonance; P, effective permeability; PVDF, polyvinylidenfluoride; RAMAN, Raman spectroscopy; RAMEB, randomly meth-
ylated-B-cyclodextrin; ROS, reactive oxygen species; SEM, scanning electron microscopy; SBE, sulfobutylether-p-cyclodextrin sodium salt; SRB, Sulforhodamine B
assay; WT, wild type; XRD, powder X-ray diffractometry.
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screening experiment serves as a proof of concept of using cyclodextrin encapsulation as a platform tool for
further drug delivery development in repositioning areas.

1. Introduction

Current multiparametric strategies such as computational omics-
based approaches, molecular docking, network analysis, artificial in-
telligence, together with experimental and retrospective data analysis
enable the rapid screening of drugs for their potential repositioning for
unmet medical needs, such as the field of oncology (Hua et al., 2022;
Wieder & Adam, 2022; Wiirth et al., 2016). However, drug repositioning
is delayed by a few challenges, such as the identification of the new
mechanism of action, bioavailability of drug in the new indication area,
etc., thus most of drugs stay before phase II clinical trial, which is still far
away from extensive patient care (Hua et al., 2022).

A representative candidate for anticancer repurposing is disulfiram
(DIS), facing translational issues (Farooq et al., 2019; Lu et al., 2021; Lu
et al., 2022; Zhao et al., 2021). A wide range of preclinical studies has
demonstrated broad anticancer activity across different tumor types,
and there have been several clinical trials for investigating DIS treat-
ment efficacy (Halatsch et al., 2021; Huang et al., 2016; Huang et al.,
2018; Huang et al., 2019; Kelley et al., 2021; Mego et al., 2022;
Nechushtan et al., 2015; Schweizer et al., 2013; Werlenius et al., 2023),
however, a breakthrough is still awaited. The reposition of DIS as an
anticancer agent is limited by tumor-dependent factors, e.g., biological
barriers (e.g., tumor localization and environment, resistance mecha-
nisms, etc.), and by drug-dependent factors, such as the poor oral
bioavailability and rapid unwanted metabolism (Benko et al., 2023; Lu
et al., 2022; Ramadhani et al., 2014). Presenting low aqueous solubility
(4 mg/1) and high lipophilicity (logP = 3.88), accompanied by elevated
membrane permeability, DIS is classified as a Biopharmaceutical Clas-
sification System (BCS) class II drug, which means that bioavailability is
solubility dependent (Qu et al., 2021; Ramadhani et al., 2014). The
known pharmacology in alcohol dependence is unrepresentative for
oncological use, the metabolic mechanism of oral DIS in the liver ex-
plains the success in alcohol dependence, but fails to achieve the same
efficacy in tumor targeting (Lu et al., 2022). To bridge the gap between
in vitro bioactivity and in vivo efficacy, an essential issue to be addressed
is drug delivery (Benko et al., 2023; Lu et al., 2022; Zhao et al., 2021).

Cyclodextrins (CD) are enzyme-modified starch derivatives capable
of forming non-covalent host (H) — guest (G) type of inclusion complexes
with suitable lipophilic substances, improving the solubility, bioavail-
ability, and stability of hydrophobic drugs (Brewster & Loftsson, 2007;
Dhiman & Bhatia, 2020; Szente & Fenyvesi, 2017). The encapsulation
process favors the dissolution in the aqueous phase, protects the drug
from chemical and enzymatic degradation, limits the toxic effects, and in
certain cases, act as penetration enhancers, by interacting with mem-
brane components and inducing a perturbation in the lipid bilayer
affecting the membrane properties such as fluidity and permeability
(Brewster & Loftsson, 2007; Dhiman & Bhatia, 2020; Szente & Fenyvesi,
2017).

For drug repositioning strategies, the pharmaceutically relevant CDs
and their inclusion complexes with the already approved chemical en-
tities are advantageous, optimizing the innovation triangle — basic
research, applied research and drug development. The status of DIS
anticancer repositioning leads to the hypotheses that, as a promising
tool, by CD encapsulation the solubility of the BCSII drug is significantly
increasable, the prepared inclusion complexes ensure favorable
bioavailability and sufficient proliferation inhibitory activity of the
drug. Therefore, the present study aims to evaluate the inclusion
complexation of DIS with various CDs from preparative, analytical and
in vitro biological perspectives, determining the dose-effect curve on
glioblastoma (GB) and melanoma (MEL) cell lines, emphasizing the role
of molecular encapsulation of DIS with CDs in its repositioning strategy

as a potential anticancer drug.
2. Methods
2.1. Materials

DIS (Mw = 296.54 g/mol, purity 97 %) was obtained from Sigma-
Aldrich Chemie GmbH (Schnelldorf, Germany). All native CDs (a-, -
and y-CD with Mw = 972.9, Mw = 1135, Mw = 1297.2 g/mol, respec-
tively) and their derivatives: hydroxypropyl-p-cyclodextrin (HPBCD)
with different degrees of substitution (DS) ~ 3, 4.5, 6 (with Mw =
1309.3, Mw = 1387, Mw = 1483.6 g/mol, respectively); randomly
methylated-p-cyclodextrin (RAMEB) DS ~ 12 (Mw = 1303 g/mol),
sulfobutylether-p-cyclodextrin sodium salt (SBE) DS ~ 6.5 (Mw =
2163.3 g/mol) were the products of Cyclolab R&D Ltd. (Budapest,
Hungary). Ethanol (EtOH) was purchased from Molar Chemicals Ltd
(Halasztelek, Hungary), methanol (MeOH), deuterated methanol
(CD30D), deuterium oxide (D20), acetonitrile (ACN) and dimethyl
sulfoxide (DMSO) were ordered from Sigma-Aldrich Hungary (Budapest,
Hungary). Ultrapure, deionized water was prepared by a Milli-Q Direct 8
Millipore system (Milford, MA, USA), Aqua ad iniectabilia, gentamycin
80 mg/2 ml injection (Sandoz GmbH, Kundl, Austria), and 2 ml syringes
were from University Pharmacy Department of Pharmacy Administra-
tion, Semmelweis University. Glioblastoma cell line (U251MG, ECACC-
09063001) was a kindly provided by William P J Leenders (Department
of Biochemistry, Radboud University Medical Center, Nijmegen, The
Netherlands) in a collaborative work (Hujber et al., 2018). Melanoma
cell line (A2058, ECACC-91100402) was a gift from Chemotaxis
Research Group, Semmelweis University, led by Laszl6 Kéhidai. For the
cell cultures, Dulbecco’s Modified Eagle Medium (DMEM) High Glucose
(HG) with Sodium Pyruvate basal media, supplemented with 10 % foetal
bovine serum (FBS), 2 mM L-glutamine, and 100UI/ml pen-
icillin-streptomycin, was obtained from Biosera (Nuaille, France).
Acceptor Sink Buffer and microFlux polyvinylidenfluoride (PVDF) hy-
drophobic membranes were purchased from Pion Inc. Ltd. (East Sussex,
UK). Hydrophilic PTFE syringe filters, with 13 mm and 25 mm diameter
and 0.45 pm pore size were ordered from Lab-Ex Ltd. (Budapest,
Hungary). All other chemicals used were of analytical grade from
commercial suppliers.

2.2. Cyclodextrin screening, phase solubility analysis and complex
stability determination

The first step is to investigate whether there is an interaction be-
tween the selected drug and the different CD types, thus for the CD-
screening, native (a-, p-, y-CD) and p-CD derivatives (HPBCD with DS
3, 4.5 and 6, RAMEB DS ~ 12 and SBE DS ~ 6.5) were selected. To
measure whether the solubility of the G molecule, which is otherwise
poorly soluble in water, increases in the presence of the H molecule,
phase-solubility analysis was performed according to the method
described by Higuchi and Connors (Higuchi & Connors, 1965). An
excess amount of DIS (80 mg) was added to 5 mL water (without any
buffer) containing increasing concentrations of CDs (0, 3, 6, 15, 18, 24,
27, 30 mM for each CDs, except p-CD, where 0, 2, 3, 4, 6, 8, 9 12 mM
were used, due to its limited solubility in water). The obtained suspen-
sions were stirred for 24 h at 25 °C. DIS concentrations were measured
from the filtered suspensions (13 mm PTFE 0.45 um syringe filter) with a
HPLC, based on USP DIS assay method (Supporting Information).
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2.3. Liquid state characterization

2.3.1. Capillary zone electrophoresis (CZE)

For the confirmation of the obtained equilibrium constant (Ksqp)
value from phase solubility analysis, a capillary electrophoresis method
was applied in case of inclusion complexation with SBE. The experiment
was performed with Agilent 7100 capillary electrophoresis instrument
equipped with ChemStation software. The untreated fused-silica capil-
lary (Agilent, Waldbronn, Germany) with 363 um outer and 50 pm inner
diameter, and 48.5 cm total and 40 cm effective length was conditioned
at the beginning by flushing with 1 M NaOH for 30 min followed by 0.1
M NaOH and water for 20 min each. Prior to all runs the capillary was
preconditioned by flushing with 0.1 M NaOH (2 min), water (1 min),
and background electrolyte (BGE) (2 min). The experiments were per-
formed with increasing concentrations of the complexing agent in the
BGE, while the constant concentration of analyte was injected as a
sample (Benes et al., 2012). The electrophoretic conditions were as
follows: voltage + 20 kV, capillary temperature 25 °C, UV detection with
photodiode array detector at 210, 230, and 250 nm, hydrodynamic in-
jection (50 mbar for 3 s) at the anodic end of the capillary (Supporting
Information).

2.3.2. Determination of complex stoichiometry using UV-Job plot method

The complex stoichiometry of DIS with 3-CD, RAMEB and SBE was
carried out with UV/VIS spectroscopy, using a Jasco V-550 UV/VIS
spectrophotometer with 10-mm quartz cuvettes at 25 °C, using the
solvent system ACN:H50 1:20. Equimolar solutions of DIS and CDs were
mixed to standard volume and proportions such that the total concen-
tration remained constant, and the G/H molar ratio was varied from 0 to
1. The absorbances at 250 nm for each molar ratio were measured
(Supporting Information).

2.3.3. Determination of complex stoichiometry using nuclear magnetic
resonance (NMR) investigations

Using 1H NMR measurements, an additional Job plot was investi-
gated for the determination of DIS and $-CD complex stoichiometry.
Spectra were recorded at 20 °C on a Varian (Varian, Palo Alto, Califor-
nia, US) Mercury Plus spectrometer (400.0 MHz for 1H) equipped with a
broadband (Varian ATP) probe-head with z-gradient, using the solvent
system CD3OD:D2O 3:2. Each spectrum was collected in 16,384 data
points using 32-128 scans with a spectral window of 2801 Hz and
referenced to the methanol signal. The two-dimensional phase-sensitive
rotating-frame Overhauser effect spectroscopy (2D ROESY) NMR tech-
nique was applied to gain structural information about the inclusion
complex, studying the interactions between the protons of the DIS and
the CD cavity protons with Bruker Avance III HD 600 NMR spectrometer
(Bruker, Billerica, Massachusetts, US) equipped with a 5 mm BBO probe
head with z-gradient and TopSpin3.5pl7 software. The 2D ROESY
spectrum of the 1:5 DIS:$-CD complex was recorded at 25 °C. The Bruker
roesyphpr.2 pulse sequence was used with a mixing time of 300 ms and a
spectral width of 7 ppm in both dimensions. The spectrum was acquired
into 1024 complex points in t2 with 112 scans coadded at each of 206 t1
increments. The spectrum was processed to 2048 x 1024 data points
(Supporting Information).

2.4. Preparation of inclusion complexes and solid-state characterization

2.4.1. Preparation of inclusion complexes and the respective physical
mixtures

Based on phase solubility study results, inclusion complexes of DIS
were prepared with HPBCD, RAMEB and SBE in 1:2.5 (DIS:CD) mole
ratio with co-dissolution (DIS + HPBCD, DIS + RAMEB) or hetero-phasic
(DIS + SBE) methods according to the component s solubility properties
in EtOH (HPBCD, RAMEB) and water (SBE). To achieve an adequate
yield of manufacturing and stability of product, a higher mole ratio was
used than the complex stoichiometry (Supporting Information). In case
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of HPBCD and RAMEB the co-dissolution method was used. CDs and DIS
were separately dissolved in EtOH, then solutions were mixed under
continuous stirring for 24 h at 25 °C. The solvent was removed by
evaporation, using rotary evaporator (BUCH Rotavapor R-200,
Switzerland) on 40 °C, 20-25 min. The product was redissolved in
water, filtered (25 mm PTFE 0.45 um syringe filter), frozen and lyoph-
ilized with Scanvac CoolSafe (Labogene, Denmark) freeze dryer at
—55 °C, for 24 h. In case of SBE, due to its limited solubility in EtOH,
hetero-phasic method was applied. SBE was dissolved in water, and DIS
powder was added to the CD-aqueous solution and stirred for 24 h at
25 °C, then filtered, frozen and lyophilized under the same conditions.
The obtained powders were gently ground with mortar and pestle and
were kept in a vacuum desiccator (Duran Vakuumfest desiccator plate,
Value vacuum pump, V-i240Y-R32 model) at room temperature until
use. For comparative analysis, the physical mixtures were prepared in
the same molar ratio in a ceramic mortar.

2.4.2. Differential scanning calorimetry (DSC)

DSC method was applied to examine the crystalline/amorphous
character of the initial components and the inclusion complex products.
The samples were measured into a 40 pL pierced aluminum pan with
weight of 10 + 0.5 mg, then a traditional linear heating DSC method
(DSC3 + device, Mettler Toledo AG, Ziirich, Switzerland) was applied
from 25 °C to 200 °C with a heating rate of 10 °C/min. The DSC chamber
was purged with dry nitrogen using a flow rate of 50 ml/min (Sup-
porting Information).

2.4.3. Powder X-ray diffraction study (XRD)

The X-ray diffraction spectra of DIS, HPBCD, RAMEB, SBE, prepared
inclusion complexes, and the respective physical mixtures were
analyzed with PANalytical X’Pert3 Powder diffractometer, PANalytical
Data Collector Application, and HighScore program (Malvern Pan-
alytical Ltd., UK). Cu Ka radiation with 45 kV accelerating voltage and
40 mA anode current over the range of 2-80°[26] was used, applying
0.0080°[20] step size and 100 s times per step in reflection mode,
spinning the sample holder by 1 s~!. Incident beam optics were as fol-
lows: programmable divergence slit with 15 mm constant irradiated
length; anti-scatter slit at fixed 2°[26].

2.4.4. Scanning electron microscopy (SEM) images

A JEOL JSM 6380LA type scanning electron microscope (JEOL,
Tokyo, Japan) was applied to investigate the morphology of DIS, CDs,
inclusion complexes, and the respective physical mixtures. A conductive
double-sided carbon adhesive tape was used for fixing the samples to the
sample holders and for avoidance of electrostatic charging, a thin layer
of conducting gold was sputtered to the surface of the samples with a
JEOL 1200-type equipment (JEOL, Tokyo, Japan). The SEM measure-
ments were conducted as follows: accelerating voltage was adjusted to
10 kV, the applied working distance was 16-17 mm, and the spot size
was 40 nm.

2.4.5. Attenuated total reflectance Fourier-Transform infrared spectroscopy
(ATR-FTIR)

The ATR-FTIR spectra were determined by a Jasco FT/IR-4600A
instrument with ATR Pro ONE accessory (JASCO Ltd., Tokyo, Japan)
over the range of 400 — 4000 cm ™! at a resolution of 4 cm™*. Deuterated
triglycine sulfate (DTGS) detector was used and 64 scans were accu-
mulated for each composition. Background spectra were recorded and
subtracted from the samples.

2.4.6. Raman spectroscopy (RAMAN)

RAMAN spectra were collected using a Perkin Elmer 2000 NIR FT —
Raman system (PerkinElmer Inc., Waltham, MA, USA) equipped with a
diode pumped Nd:YAG laser PSU and Spectrum v5.0.1 software. Each
spectrum was collected in the spectral range of 3500 to 100 cm !,

applying 32 scans with 1 cm™! interval, 4 cm ™! resolution wand a laser
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power 925mW for CDs and 500mW for pure drug, physical mixtures and
inclusion complexes (Supporting Information).

2.5. In vitro biological characterization
2.5.1. Small volume dissolution and permeation analysis

2.5.1.1. Dissolution. Comparative in vitro dissolution studies were per-
formed from the lyophilized inclusion complexes, physical mixtures and
raw active (DIS) with Rainbow Dynamic Dissolution Monitor pDISS
Profiler (Pion Inc Billerica MA, USA), equipped with 6 fiber optic UV
probes, enabling real-time monitoring of the analyte‘s in situ concen-
tration. Powder samples, were weighed direct in sample vessels and
were set to instrument, inserting fiber optic UV dip probes and adding
10 mL of PBS (20 mL PBS supplemented with 20 % HPBCD in case of
pure DIS) under continuous stirring with a magnetic stirrer. From each
sample, 3 parallel measurements were performed. Previously deter-
mined calibration data and second derivative spectra were used to
evaluate DIS s concentration (Supporting Information).

2.5.1.2. Dissolution-permeation. The permeability of lyophilized inclu-
sion complexes, the respective physical mixtures, and raw DIS were
tested using pFLUX (Pion Inc., Billerica MA, USA) apparatus, consists of
a donor and an acceptor chamber separated by an artificial membrane
(PVDF, 0.45 pm, 1.54 cm?) impregnated with 25 uL n-dodecane to form
a lipophilic barrier between the donor and acceptor chambers. The
acceptor chamber, representing the blood circulation, was filled with 20
ml Acceptor Sink Buffer (ASB, Pion Inc., Billerica MA, USA). For the
donor chamber, adapting the method described by Bartos et al. (Bartos
et al., 2021), 20 ml of pH 5.6 PBS was prepared. Samples equivalent to
75 ug/ml of DIS were placed in the donor chamber, and both chambers
were stirred with a magnetic stirrer (speed 250 rpm) at 37 °C. To
evaluate the concentration of DIS calibration was conducted using the
same tip types adjusted to the fiber optic UV dip probe employed in
previous experiment (Supporting Information).

2.5.2. In vitro proliferation Assays— Alamar Blue (AB) and
Sulforhodamine b (SRB) assays

Cells were cultured using DMEM high glucose basal media for both
cell lines (U251MG wt, A2058 wt), supplemented with 10 % FBS, 2 mM
L-glutamine and antibiotics. For the proliferation assays, cells were
seeded 24 h prior to treatment onto 96-well plates (2500 cells/100 ul for
U251MG wt and 3000 cells/100 pl for A2058). The 72 h treatment
course consists of addition of sample solution from DIS:HPBCD and DIS:
RAMEB and DIS:SBE inclusion complexes in a dose range of the drug
between 0.01 nM — 100 uM for U251MG wt and 0.01 nM — 1 pM for
A2058, also using blank, control and control + CD samples. To monitor
the effect of the treatments on cell growth and cellular metabolic ac-
tivity, the AB and SRB assay were applied, adapting the respective
protocols from Danké et al. (Danko et al, 2021) (Supporting
Information).

2.6. Molecular modelling

Molecular modelling is a computational method to study the struc-
tural features of molecules, used in CD chemistry to elucidate the atomic
details of complexation, to gain insights into the behavior of these
molecules and their interactions with other substances. The p-CD de-
rivatives, HPBCD, RAMEB, SBE, present an un-conserved structure, as
the respective functional groups, -OH, -CHs, sulfobutylether, are
randomly arranged on the p-CD skeleton and the CD itself is a mixture of
derivatives with different degrees of substitution, requiring the predic-
tion of a great number of isomers. Thus, -CD was selected as a model to
determinate the interaction between DIS and CDs. Energy minimization
of the B-CD was performed by using the OPLS-AA forcefield in
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combination with the Generalized Born implicit solvation model. DIS
model was built and conformational search was carried out by using the
OPLS-AA forcefield in combination with the Generalized Born implicit
solvation model. The lowest energy conformer of DIS was selected and
docked into the minimized B-CD model by applying a “blind docking”
protocol (Hetényi & van der Spoel, 2002) which was carried out by using
AutoDock Vina (Trott & Olson, 2010). The grid box dimensions were set
to 40x40x40 A, significantly surpassing the actual size of the host. Pa-
rameters for exhaustiveness and the maximum number of binding modes
were selected to be to 8 and 9, respectively. The binding mode with the
lowest energy was then chosen, and the properties of the associated
structure were subsequently analyzed.

2.7. Data analysis and statistics

Data collection, analysis and visualization were performed with Of-
fice package and the non-linear regression analyses (dose-response
curves) were conducted using Origin 9.5 (OriginLab Corp., Microcal
Software, Inc., Northampton, MA, USA). The standard deviation values
were calculated with n = 3 in each experiment. To verify, if there is any
significant difference between ICs values of the three types of inclusion
complexes, obtained from the two proliferation assays and calculated on
each passage number of cells, a two-way ANOVA, associated with Tukey
test was applied in Origin (Supporting Information).

3. Results
3.1. Preparation and analytical characterization

3.1.1. Phase solubility analysis and complex stability determination

As a preliminary investigation, a CD-screening method was applied
with the native CDs (a-, f-, y-CD) to confirm DIS‘s accessibility in the
different cavity sizes. DIS formed no complex with a-CD, nor with y-CD,
and with p-CD just a slight tendency was observed, associated with the
natural CD‘s limited solubility, self-assembling, and aggregating prop-
erties (Saokham et al., 2018). Consequently, the more soluble p-CD
derivatives, HPBCD, RAMEB and SBE were included in the isotherm
analysis. In the case of HPBCD, RAMEB, and SBE linear phase solubility
diagrams were observed (Fig. S2, Supporting Information). The calcu-
lated values of the Kqp are used to compare the affinity of the drug for
different CDs, representing a fundamental property that describes the
strength of an interaction between H and G molecules (Jambhekar &
Breen, 2016b). However, the value of Ky, is highly sensitive towards
small changes in intrinsic solubility (S,) of a drug and for poorly-soluble
ones such as DIS it can be complicated to obtain exact S, values,
therefore under such conditions, the determination of complexation
efficiency (CE) is more accurate (Saokham et al., 2018). The highest K,
and CE were achieved with RAMEB (Table 1). The observed values for
Ksap are usually between 50 and 2000 M~ (Loftsson et al., 2005); the
inclusion complexes of DIS with p-CD derivatives are included close to
the upper limit of this interval. In the case of SBE, an additional Ky
determination was conducted with CZE, achieving a 10-fold higher Ky,
value (logKyq, = 4.4), explicable with a deviation of the So value, but
calculated with water solubility of DIS known from literature (0.0135
mM) the values were convergent (10gK, = 4.8). In the case of HPBCD
the different DS type compounds gave different Kyqp values with DIS.
The highest value was found with the DS ~ 4.5, the DS 3 and 6 lead to a
decrease in Kyqp, explicable with the unique configuration of CDs, which
imparts in creating the thermodynamic driving force required to form a
H-G complex (Jambhekar & Breen, 2016a). Szabd et al. observed a
similar phenomenon when studying pomalidomide CD complexation
(Szabo et al., 2021). The solubility of the BCS II drug by encapsulation
with p-CD derivatives was significantly increased (~1000 folds). Based
on the presented results the CE order of $-CD derivatives is as follows:
RAMEB > SBE > HPBCD DS ~ 4.5 > HPBCD DS ~ 3 > HPBCD DS ~ 6
(Table 1).
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Table 1
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The isotherm type, calculated complexation efficiency, equilibrium constants, and the achieved solubility enhancement based on phase solubility study.

CDtype DS Type of phase-solubility Equation Standard error  CE Ktap Maximum solubility enhancement [maximum applied CD
diagram [M’l] concentration]*
a-CD - X - - - - -
p-CD - Bs - - - 106 (12 mM)
v-CD — X - - — —
HPBCD 3 AL y =0.3372x + Intercept:0.50 0.5 468 900 (30 mM)
1.0869 Slope:0.03
45 A y = 0.3379x + Intercept:0.56 0.5 509 916 (30 mM)
1.0026 Slope:0.03
6 Ay y = 0.2809x + Intercept:0.43 0.4 492 752 (30 mM)
0.7947 Slope:0.02
RAMEB 12 Ap y = 0.6116x + Intercept:0.41 1.6 2066 1473 (30 mM)
0.7621 Slope:0.02
SBE 6.5 Ap y = 0.5006x + Intercept:0.35 1.0 1637 1213 (30 mM)
0.6122 Slope:0.02

Notes: Types of phase-solubility diagrams are classified according to Higuchi and Connors (Higuchi & Connors, 1965): AL = linear diagram, BS = complex with limited
solubility, X = no complexation. *The maximum solubility enhancement is calculated at maximum applied CD concentration with DIS water solubility, known from

literature: 0.0135 mM.

3.1.2. Complex stoichiometry determination and molecular modelling

In general, when the slope of the linear diagram (Ar-type plot) is less
than unity, a 1:1 complex is formed. Conversely, if the slope is greater
than unity, higher-order complexes are assumed to be involved in the
solubilization process (Jambhekar & Breen, 2016a). Although a slope of
less than unity does not exclude the possibility of higher order com-
plexes (Jambhekar & Breen, 2016a), therefore to study the complex
stoichiometry supplementary investigations also should be applied to
demonstrate the 1:1 complex formation. Analyzing the structure of DIS,
the molecular size of the drug excluded the chance of complex formation
with more than one CD molecule, however, the symmetry of DIS raises
several issues about the inclusion process. The structural information
makes the prediction of stoichiometry quite straightforward and accu-
rate, thus, in modern supramolecular chemistry it is advantageous to use
2D-NMR and molecular modelling to obtain detailed information about
the structure of the host, guest and host-guest complex itself (Thor-
darson, 2011). The spatial arrangement was deciphered with 2D ROESY
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studies, investigating spatial proximity between nuclei of DIS and $-CD,
by observing intermolecular dipolar interactions. A cross-peak between
the —CHg3 signals of DIS and the H3 signal of p-CD was observed (Fig. 1a
green frame), suggesting a deep insertion of DIS in the cavity of $-CD,
presumably from the wider rim. The complexation of DIS with $-CD was
further studied by molecular modelling, spotting the accordance be-
tween the theoretical calculations and the experimental results. Docking
simulations confirmed the proposed spatial structure of the inclusion
complex, the half part of the symmetrical molecule (-CH3 indicates one
end of the drug) is incorporated in the p-CD cavity. The calculated
binding energy (EA) is negative (—3.5 kcal/mol) which indicates
favorable complexation via mainly dispersion interaction between DIS
and the skeleton of p-CD (Fig. 2). The Job plot method is a fast, easy, and
reliable technique for determining complex stoichiometry, widely
employed in the determination of cyclodextrin complex stoichiometry
(Jullian et al., 2008; Sid et al., 2021; Sravani et al.; Téth et al., 2017).
The widely used supramolecular titration, Job’s continuous variation
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Fig. 1. Stoichiometry determination with 2D-ROESY (a), and UV- (b) and NMR- (c) Job plot methods of DIS and p-CDs. On 2D ROESY spectrum of DIS and p-CD the
assignments for p-CD are in black, for DIS are in green. The intermolecular ROESY cross-peaks between C3-H of p-CD and the methyl signals of DIS are in

green rectangle.
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E, =-3.5 kcal/mol

Fig. 2. Molecular modelling of spatial conformation of the DIS and f-CD inclusion complex and corresponding binding energy.

method, was complementary employed to confirm the findings obtained
from NMR (2D-ROESY), phase-solubility measurement, and molecular
docking studies. The stoichiometry of the inclusion complexes of DIS
with B-CD using NMR spectroscopy, and with p-CD, RAMEB, and SBE,
using UV spectroscopy was evaluated. To obtain the Job plot diagrams
the absorbance or chemical shift changes in the presence and absence of
CDs were followed and the calculated factors from this (AA*Xps,
A8*Xpis) were plotted as a function of DIS molar ratio (Xpig). With both
methods and with all the applied CDs the curves reached the maximum
at 0.5, indicating 1:1 binding stoichiometry (Fig. 1b and c). Job plot
method has some known limitations (Ulatowski et al., 2016), e.g., the
determination of association constants and stoichiometry from supra-
molecular titration really only works well when there is one type of
complex present (usually the 1:1), when there is more than one complex,
the Job’s method becomes unreliable and also fails when either the H or
G aggregates in solution (Thordarson, 2011). However, supplementing it
with other techniques yields appropriate results. All the applied ap-
proaches (phase solubility study, NMR analysis, molecular modelling
and Job plot method) suggested a 1:1 complex formation, and these
findings correlate with the results obtained by Tyukova et al. with
preparative chromatography and refractometric detection (Tyukova
et al., 2016).

3.1.3. Preparation of inclusion complexes and solid-state analysis

3.1.3.1. Preparation of inclusion complexes. Although, the molecular
ratio of DIS and CDs is 1:1, for the preparation of a soluble product with
a corresponding yield, 1:2.5 ratio was applied, in accordance with the
minimum CE = 0.4, calculated for HPBCD DS ~ 6, suggesting that from
100 molecules of CDs only 40 forms complex, thus 2.5-fold more is
required to achieve 100. The solid complexes were prepared by lyoph-
ilization and analyzed by complementary solid-state techniques, in
comparison with the raw materials and respective physical mixtures to
confirm the incorporation of DIS into the CDs cavity.

3.1.3.2. DSC. On comparative DSC thermograms of the free drug, raw
CDs, lyophilized complexes, and physical mixtures (Fig. 3a), DIS was
characterized by a narrow endotherm with a minimum at ~ 73 °C,
corresponding to the melting point and indicating its crystalline state.
The starting CDs showed no sharp endothermic peaks, due to their
amorphous structure, and only a broad endotherm between 50-140 °C
was observed, related to the evaporation of the absorbed water. In the
case of physical mixtures, the endotherm peaks with the minimum
corresponding to the melting point of the crystals of DIS appeared. The
lyophilized formulations presented similar profiles to that of raw CDs,
the melting peak of crystalline DIS was missing, demonstrating the
amorphization of the compound and assuming the presence of molecular
interaction between DIS and CDs. Similar results were previously re-
ported in case of DIS and HPBCD and SBE (Pereira et al., 2022; Qu et al.,
2021; Tyukova et al., 2020).

3.1.3.3. XRD. The XRD analysis of the pure drug displays a pattern with
distinct series of accentuated peaks, indicating a crystalline structure,
while HPBCD, RAMEB and SBE presented an amorphous pattern by a
diffuse halo. The physical mixture contained a superimposition of strong
peaks on a diffuse halo, representing the combination of crystalline
(DIS) and amorphous (CDs) phases. Conversely, the patterns of the
lyophilized products were lacking the crystallinity-related intense peaks
and showed a pattern similar to the raw CDs, providing the conversion of
the crystalline compound to amorphous, which could be the conse-
quence of molecular encapsulation (Fig. 3b).

3.1.3.4. SEM. The SEM images of the free drug, raw CDs (HPBCD,
RAMEB, SBE), and freeze-dried formulations showed different mor-
phologies (Fig. 3c). The roughly spherical particles of DIS and the shape
of different CDs cannot visible in the SEM images of the freeze-dried
samples. The homogenous plate-like structure of the lyophilized for-
mulations suggesting the new form of the inclusion complexes.

3.1.3.5. ATR-FTIR. As a further method to confirm the embedment of
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Fig. 3. The DSC (a), XRD (b) and SEM (10 kV, 250%, 100 um) (c) analysis of the solid-state starting components (DIS, HPBCD, RAMEB, SBE), their inclusion complex
and the respective physical mixtures. On DSC (a), the endotherm peaks appeared with the minimum at 71.39 °C (DIS:HPBCD physical mixture), 73.02 °C (DIS:
RAMEB physical mixture), and 72.58 °C (DIS:SBE physical mixture), corresponding to the melting point of the crystals of DIS (72.75 °C). Abbreviations: cplx. =

inclusion complex of DIS with respective CD, phys.mix. = physical mixture.

DIS in HPBCD's, RAMEB‘s or SBE‘s cavity, the ATR-FTIR spectra were
also analyzed, comparing the presence of characteristic absorption
peaks of pure DIS and raw CDs with the peak shifts of inclusion com-
plexes and physical mixtures (Fig. 4a). The spectrum of DIS presents a
characteristic peak group between 2750-3250 cm ™! corresponding to
C-H stretching vibration, and between 1250-1500 cm ™! representing
the CH, and CH3 deformations and N-C = S and C = S bond stretching
(Pereira et al., 2022; Said Suliman et al., 2021; Zhang et al., 2018). The
HPBCD, RAMEB and SBE bands changed only slightly as a consequence
of formation of the inclusion complex, the characteristic bands repre-
senting DIS were not significantly detected on the spectra of complexes,
nor on spectra of physical mixtures, thus no difference was seen to
confirm the inclusion. This may be explicable with lower content of the
drug than the limit of detection of the ATR-FTIR kit, observed also by
Suliman et al. and Pereira et al (Pereira et al., 2022; Said Suliman et al.,
2021). Another reason could be the applied 1:2.5 (DIS:CD) molar ratio,
used for the preparation of lyophilized complexes and physical mixtures,
as the bands of CDs, used in higher proportion, may superposed the
characteristic peaks of DIS. Only in case of samples with HPBCD a few
bands were detectable, e.g., the shape of peak at 3012 cm ™! is intense in
case of DIS and physical mixture, whereas is broader and less intense in
the spectrum of the complex, suggesting that the inclusion complex was
successfully prepared (Fig. 4a). Qu et al., Tyukova et al., and Pereira
et al. have also reported similar results for the inclusion complexes of
DIS with HPBCD and SBE (Pereira et al., 2022; Qu et al., 2021; Tyukova
et al., 2020; Tyukova et al., 2016).

3.1.3.6. RAMAN. Due to the limited applicability of ATR-FTIR for the
comparison of the known complexes of DIS with RAMEB and for the
confirmation of the drug insertion in the rim of CDs, a RAMAN analysis
was also performed. DIS presents two diethyldithiocarbamate (DEDTC)
group linked with a disulfide bond, exhibiting C2-symmetry and
RAMAN spectrum (Kang et al., 2002) with characteristic peaks at 437
cm™ L, attributed to —CH,NC deformation and C = S stretching, 558 cm !

corresponding to S-S stretching, peaks between 1455-1510 cm

assigned to CHs deformation and C-N stretching (Kang et al., 2002; Pu
et al., 2021) and 2938 cm™! due to C-H stretching. Accordingly, the
strongest bands at 437, 558 and 2938 cm’l, were selected for the
comparative analysis of the three types of samples with different CDs.
The results showed a spectrum with sharp peaks in the case of pure DIS,
less intense and broad peaks in the case of physical mixtures, and
“disappearance” of the characteristic peaks of the drug and a similar
spectrum to the respective B-CD derivative in the case of complexes.
These findings suggest the inclusion of the G molecule in the cavity of
the H, and the formation of amorphous structure, correlating with the
XRD and DSC results. The RAMAN spectroscopy surpasses the sensitivity
of FTIR for the analysis of inclusion complexes formed with DIS and
various CDs (Fig. 4b).

3.2. In vitro biological characterization

3.2.1. Small volume dissolution and permeation analysis

Comparative studies were conducted to assess dissolution improve-
ment, with the lyophilized samples, respective physical mixtures, and
the pure crystalline DIS. The obtained curves show a remarkable dif-
ference between the samples, the dissolution from the lyophilized
powder was rapid, it reached its maximum in about 1 min. While the
dissolution from the physical mixtures was improved compared to the
pure drug, 60 min was not enough time to reach the equilibrium con-
centration. In stark contrast, the raw crystalline DIS presented the lowest
dissolution tendency. The dissolution behavior of the freeze-dried for-
mulations with the three different types of p-CD derivatives varied
slightly, the complex with RAMEB liberated the highest DIS quantity,
followed by SBE and HPBCD (Fig. 5a). The observed dissolution profiles
converge with CE values of the complexes, the higher CE assuring a
higher concentration of DIS. The deviation from the pre-set theoretical
value of the lyophilized samples is derived most probably from the
preparation procedure yield, while in the case of the physical mixtures,
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= inclusion complex of DIS with respective CD, phys.mix. = physical mixture.

it is probably given by the time-dependent complexation equilibrium.
The permeability behavior of the inclusion complexes was the exact
reversed case of dissolution: the HPBCD complex presented the highest,
whereas RAMEB the lowest permeability profile. In all the cases the
physical mixtures lagged from the inclusion complexes and as expected,
the lipophilic pure drug presented an extremely elevated permeability
through the artificial membrane (Fig. 5 b, ¢). The permeability order of
inclusion complexes is related to the values of their Ky, showing a
reverse proportion, i.e., the lower the Kyq, the higher the effective
permeability (Pes). The Kyqp describes the affinity of drugs for different
CDs, e.g., the strength of an interaction between a G and a H (Jambhekar
& Breen, 2016b). While a complex is being formed, no covalent bonds
are formed or broken, and drug molecules in the complex are in rapid
equilibrium with free molecules in the solution (Jambhekar & Breen,
2016a, 2016b). The initial equilibrium to form a complex is rapid,
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however, the final equilibrium takes a longer time to attain, as the drug
molecules, once inside the CD cavity, undergo conformational adjust-
ments to take maximum advantage of the presence of weak Van der
Waals forces (Jambhekar & Breen, 2016a). Thus, if the Kyqp presents a
low value, the complex formation is decreased, while the proportion of
the free drug in this equilibrium system is increased and according to its
logP traverses the lipid barrier, therefore the HPBCD complex of DIS
presents more favorable permeability behavior than RAMEB (Fig. 5c¢).
The P value is derived from the flux [J(¢)] across the membrane and
from donor-side concentration, however on acceptor side of the artificial
membrane, the concentration of DIS was significantly higher in case of
lyophilized samples than the physical mixtures or the crystalline mate-
rial (Fig. 5d). This difference between the formulated and non-
formulated drug could be noticed from their flux-profile, as in the
evaluated time period, the J(t) of the pure drug was under 0.5, whereas
the CD inclusion complexes above 1, suggesting that more than 2 times
more molecules went through the membrane from the CD formulations
than from the original crystalline DIS (Fig. 5d). During the evaluated
time frame, the permeability profile of the physical mixtures not only
trailed behind but fully tracked down the profile of respective CD for-
mulations, while the flux-profile also lagged, but the order of physical
mixtures differs from the inclusion complexes, explicable with the
mentioned time-dependent K, evolution (Jambhekar & Breen, 2016a).

3.2.2. In vitro proliferation Assays—AB and SRB assays

The cell line selection was based on an overview of the clinical trials
with DIS in cancer indication (Supporting Information, Table S10).
Based on ClinicalTrials.gov database from 2023 October, the clinically
most researched target tumor types are GB and MEL (Fig. 6a); and the
conducted clinical trials are almost 50 % completed (Fig. 6b). The pre-
sent research compares the proliferation inhibitory activity of the syn-
thesized inclusion complexes of DIS with the three pharmaceutically
important CDs (HPBCD, RAMEB, SBE) on selected cell lines, U251MG
wild type (wt) and A2058, representing the two clinically most inter-
ested areas. For GB, U251MG was preferred representing isocitrate de-
hydrogenase wild-type (wt) properties correlating with therapy
resistance (Alifieris & Trafalis, 2015; Cheng et al., 2013; Ichimura et al.,
2009). For MEL, A2058 was chosen, which was isolated from a lymph
node metastasis, representing the hard-to-treat phase of cancer, high-
lighting that MEL has a high propensity to metastasize to the brain
(Gampa et al., 2017; Lopes et al., 2022). In all the cases, the same
tendentious proliferation inhibition was observed using either the AB
assay or SRB test. However, a conspicuous difference in treatment
response rate could be observed between the two cell lines, as ICsp
values in the case of U251MG wt were approximately around 7000 nM,
while in the case of A2058, a concentration around of 100 nM already
reduced cell viability with 50 % (Table 2). Based on the proliferation
results with the ICs of different inclusion complexes, the sample with
RAMEB stands out, as it produced a slightly higher proliferation-
reducing effect than complexes with HPBCD or SBE on both cell lines,
measured with both assays (Table 2). However, at the level of 0.05, there
is no significant difference between the ICs values of the three types of
inclusion complexes on the respective cell line [U251MG wt: degrees of
freedom (DF) for inclusion complexes 2, F = 2.34, p = 0.13; A2058: DF
=2,F =2.24, p = 0.14]. Cells treated with CDs alone, used as a control,
did not show significant changes, suggesting that CDs did not have an
inhibitory effect on cell proliferation (Fig. 6 ¢, d), which, together with
IC5¢ value comparisons, suggest that the effect can be attributed only to
the pharmacodynamic properties of drug, without Cu®*
supplementation.

4. Discussion
4.1. Anticancer repositioning of DIS

The discovery of DIS as a drug has been dated as the late 1940s, first
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Table 2

Calculated ICsp (nM) values from the average proliferation-reducing effect of
DIS inclusion complexes, DIS:HPBCD, DIS:RAMEB, and DIS:SBE on U251MG wt
and A2058 cell lines, measured with AB and SRB assays.

DISHPBCD [0 [nM] + DISRAMEB o [0V + DIS:SBE 1Cc) [nM] + SD

SD SD
U251MG A2058 U251MG A2058 U251MG A2058
wt wt wt
AB 7062.81 113.41 6637.42 83.56 7423.18 136.85
+538.47 +3.40 +642.43 +1.83 +518.71 +2.74
SRB  7641.72 99.74 5807.18 91.84 6091.97 92.95
+304.34 +4.19 +373.84 +16.69  £691.79 +
3.09

Notes: The standard error is marked with + symbol following the ICs, VoU®

Abbreviations: AB = Alamar Blue assay, DIS = disulfiram, HPBCD = hydrox-
ypropyl-p-cyclodextrin, IC50 = half-maximal inhibitory concentration, RAMEB
= randomly methylated-p-cyclodextrin, SBE = sulfobutylether-p-cyclodextrin
sodium salt, SD = standard deviation, SRB = Sulforhodamine B assay.

as an antiparasitic agent due to its metal-complexing effect, then for
long-term treatment of alcohol dependence (Lanz et al., 2023). The
biological interactions are attributed to its sulfur content, from which
free thiol groups can be formed during its decomposition. These can be
involved in thiocarbamate-thiol type reactions with free thiol groups of
proteins and enzymes, for example, inhibiting the aldehyde de-
hydrogenases (ALDH); or it can form chelate complexes with metal ions
(Cu®*, Zn®"), strongly influencing intracellular trace element-
dependent processes (Allensworth et al., 2015; Benko et al., 2023;
Lanz et al., 2023; Lu et al., 2022). The anticancer activity of DIS is
considered to be further potentiated by the supplementation of copper
(Lu et al., 2022). DIS is a sulfur-based metal-binding compound and acts
as a copper ionophore, facilitate the enhanced copper uptake in cancer
cells and with the caused copper overload induces severe oxidative
damage and cell apoptosis (Benko et al., 2023; Lu et al., 2022). However,
the therapeutic direction, based on DIS and copper co-mediated
impairment of redox homeostasis, is debatable (Benko et al., 2023). In
vitro mechanistic studies on the anti-tumor effectiveness of DIS and
copper have yielded enhanced cytotoxic interplay results, whereas in
vivo is difficult to envisage the induction of apoptosis in tumor cells by a
copper and DIS cocktail as the combination of DIS and copper does not
have the identical molecular mechanisms to bis
(diethyldithiocarbamate)-copper complex nor the simple addition ef-
fect of them (Benko et al., 2023; Lu et al., 2022). In clinical trials, the
additional copper did not significantly influence the drug's efficacy
(Benkd et al., 2023). In analogy with oxidized and reduced forms of
glutathione, the reduction of DIS to two moieties of DEDTC occurs
readily in vivo, as well as in vitro (Gessner & Gessner, 1992). The thiol is
the primary metabolite of DIS, which, in turn, can be readily oxidized to
the disulfide and systems capable of bringing about this oxidation exist
in vivo (Gessner & Gessner, 1992). The easy interconvertibility of these
two agents affects their chemical and biological properties (Gessner &
Gessner, 1992). To some extent the in vivo pharmacological activities of
DIS and DEDTC overlap, suggesting that the mutual interconvertibility
of these agents occurs to a pharmacologically significant extent, e.g., DIS
and DEDTC both cause inhibition of acetaldehyde metabolism and
chelate metals, resulting alterations in their distribution and excretion
patterns (Gessner & Gessner, 1992). This is also the driving force behind
the non-specific anti-cancer effects of DIS. As a multipotent molecule,
DIS could affect cancer stem cell function by protein inhibition (e.g.,
ALDH inhibition), enhance sensitivity to radio- and chemotherapy (e.g.,
0O-6-methylguanine-DNA methyltransferase inhibition), increase reac-
tive oxygen species (ROS) level and modulate the tumor immune
microenvironment (Lu et al., 2022). In spite of the distinguished anti-
cancer activity, the outcome of clinical trials with the orally delivering
substance is unsatisfactory, the critical failure attributed to its rapid,
unwanted metabolism in the liver, leading to poor delivery efficiency to
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tumor tissues (Lu et al., 2022; Zhong et al., 2022). The active metabolites
contribute to the alcohol-deterrent and anticancer activity of DIS how-
ever, S-methylation masks the functional thiol group and completely
abolishes the antitumor processes (Kannappan et al., 2021; Lu et al.,
2022). To overcome the multiple in vivo environment-related and drug-
related barriers, nanoscale drug delivery systems have been extensively
explored owing to the increase of the accumulation of DIS at the tumor
site (Benko et al., 2023; Kannappan et al., 2021; Lu et al., 2022). A
classic method for molecular encapsulation is inclusion complexation
with CDs, leading to improved drug solubility and concomitantly to a
favorable bioavailability (Jambhekar & Breen, 2016a, 2016Db).

4.2. Cyclodextrin encapsulated DIS

The complexation of DIS with HPBCD has been known for about 20
years, with the first patent in 2002 (CN1376463A) (Wang et al., 2002)
describing the improvement of solubility and stability of the drug with
CD for the preparation of eye drops against cataracts (Wang et al., 2004).
A further characterization of inclusion complex formed by DIS and
HPBCD, which can be used in the treatment of alcohol and cocaine
dependence, is given by the patent WO2009083793A1 (Jacqueline
et al., 2008). DIS and HPBCD complexes have been researched in the
first line in ophthalmological indications (Ikebukuro et al., 2023; Wang
et al., 2004), and in the last years in infectious diseases (Lyme, SARA-
CoV-2) (Pereira et al., 2022; Potula et al., 2020) and oncological areas
(Kaya et al., 2024; Qu et al., 2021; Said Suliman et al., 2021) together
with SBE complexes (Supporting Information Table S1). Among these
HPBCD complexes, for Ky, values, 1772 M1 (Wang et al., 2004) and
1539 M~ ! (Pereira et al., 2022) were reported, and for CE, 0.42 (Pereira
et al., 2022), whereas for SBE CE = 0.64 (Pereira et al., 2022). The
present comparative study, also including a new inclusion complex of
DIS with RAMEB, indicates the lowest Kyq, and CE values for HPBCD
and a highest for RAMEB (Table 1). The deviation of K, values is
derived from the insolubility of DIS and the sensitivity of the different
instrumental methods, thus the CE is a more stable constant, comparable
with literature data.

CD complexation produces several changes in the properties of the
drug candidate, including enhanced solubility, physical, chemical sta-
bility, dissolution, and bioavailability (Jambhekar & Breen, 2016b). The
present study confirms the impact of §-CD derivatives on the dissolution-
permeation profile of a BCSII drug, DIS, with typical low water-solubility
and high lipophilicity, modified by CDs. The reversed order of the
samples from dissolution and permeation studies underlies the impor-
tance of the application of simultaneous dissolution-permeation analysis
for the evaluation of the complexes to predict the in vivo behaviors
(Fig. 5 a,b) (Kadar et al., 2022; Ramachandran & Sudheesh, 2021). The
biorelevant donor medium selection was derived by DIS administration
optimization to enhance its application in cancer therapy. The intranasal
administration and nose-to-brain delivery of DIS for tackling GB is a
promising administration route, bypassing the first pass effect and also
the blood-brain barrier by entering through the olfactory region and
reducing the unwanted metabolism of DIS (Qu et al., 2021). Similarly,
the localized application is also a potential administration route for DIS;
and MEL is a topically accessible cancer type (Sun et al., 2014). The
dissolution-permeation results are in accordance with literature data,
describing that CDs usually increase the solubility of lipophilic com-
pounds, while also decrease the P,g due to a reduction of the free drug
fraction at the epithelial membrane surface and/or the reduction of the
diffusion coefficient caused by the enlarged hydrodynamic radius of CD
complex in contrast to the pure drug (Borbas et al., 2019; Loftsson,
2012). These effects depend also on the physicochemical properties of
the drug, but as a rule, the best results with CD inclusion complexation
are obtained for lipophilic drugs that are poorly soluble in water, and
form water-soluble complexes with CDs and that possess, as dissolved
drug molecules, relatively high permeability through lipophilic mem-
branes (Loftsson, 2012). Therefore, the optimization of drug vehicles is
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essential, as an inadequate ratio of CDs (whether too much or too little)
will lead to less-than-optimal drug availability (Loftsson, 2012). An in-
depth study on CD complexation and how CDs affect drug permeation
through membranes is indispensable for successful CD-containing drug
development (Loftsson, 2012).

The proliferation study revealed the extreme DIS sensitivity differ-
ence of U251MG wt and A2058 cell lines, being more effective on the
latter one. Similarly, the literature data reflect a deviation of ICs5y from
nanoscale values to micromoles, e.g., DIS treatment reduced the
viability of solid tumor cell lines (MCF-7, MDA-MB-231, HBT-3,
OVCAR3 and U87) with an ICs5p of < 0.8 pM (Nasrollahzadeh et al.,
2021), the ICs¢ for GB stem cells have been reported to be in the range of
120-465 nM (Zirjacks et al., 2021), whereas for different, primary and
metastatic, MEL cell lines from 38.6 + 1.2 to 272.2 + 71.2 nM (Morrison
et al., 2010), and 2.5 uM for CRL1585 (Brar et al., 2004).

4.3. Enabling anticancer reposition of DIS by cyclodextrin encapsulation

The current therapy for GB and MEL has reached a limit of clinical
responses, thus the research for alternative treatment options is a
growing tendency (Lopes et al., 2022; Zhong et al., 2022). Accordingly,
the clinical trials with DIS are focused on these tumor types and the
selection of U251MG wt and A2058 cell lines also was guided by this.
Regarding the biopharmaceutical analysis, the causes for differences
seen in the line-up of the DIS inclusion complexes with the three CDs in
case of dissolution/permeation prediction and proliferation assay, are
multifactorial, depending on the physicochemical properties and phar-
macodynamics of the drug, characteristics of the different cancer cell
lines and the unique interaction of CDs with membranes.

This complexity of the mechanism of action of DIS, is thought to be
well exploited against the characteristic heterogeneity of GB (Benko
et al., 2023). MEL presents particularly elevated ROS levels in com-
parison with other solid tumors; thus, the regulation of ROS levels is a
promising therapeutic opportunity since neoplastic cells might be more
sensitive to drugs that trigger further accumulation of ROS (Cannavo
et al.,, 2019; Emanuelli et al., 2022). This could be well targeted by the
interplay of DIS and its metabolite, DEDTC, generating the up-regulation
of ROS and thus provoking the anti-tumor effect (Cen et al., 2004;
Meraz-Torres et al., 2020).

In vitro biological experiments have shown that the decisive step in
the effectiveness of DIS is the dissolution. Anti-proliferation assays
suggest that despite the non-specific anti-tumor activity of the drug,
there is a large variation in the sensitivity of cell lines. Within a cell line,
DIS encapsulated in different CDs has a statistically similar inhibitory
effect, although in both cell lines, measured by both methods, the
complex with RAMEB gave a lower ICsp; and the physical-chemical
evaluation also revealed the advantage of it. The slight difference be-
tween CD inclusion complexes may be related to their CE, solubility
enhancing effect on DIS and to the CDs’ selective and specific interaction
with membrane components. The methylated $-CDs, such as RAMEB,
has extreme affinity nearly with all types of lipid classes such as fatty
acids, triglycerides, phospholipids, steroids, and carotenoids. HPBCD
received the orphan drug status for the treatment of Niemann Pick type
C disease, a genetic disorder of cholesterol metabolism and trafficking
due to its cholesterol mobilizing effect; in contrast SBE shows very low
encapsulation affinity with cholesterol, however reduces its storage
(Szente & Fenyvesi, 2017).

CDs may be chosen for further pharmaceutical developments of DIS,
assuming the toxicological considerations, administration routes and the
unique interplay with the target environment. HPBCD and SBE are
considered nontoxic when administered in low to moderate doses by
oral and intravenous routes, whereas RAMEB is absorbed to a greater
extent from the gastrointestinal tract into the systemic circulation and
have been shown to be toxic after parenteral administration and pres-
ently also the oral administration is limited because of its potential
toxicity (Jambhekar & Breen, 2016a). Recently, there are about 130
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approved pharmaceutical ingredients formulated with either parent CDs
or their derivatives and among these, the marketed drugs are formulated
mainly with B-CD or its derivatives, such as HPBCD, SBE, and RAMEB
(Puskas et al., 2023). The selectivity to remove certain lipids is governed
by the cavity size and geometry of the CD nano-containers, and the
produced changes in the organization of cellular membrane components
can modify the basic cellular functions such as signal transduction and
membrane trafficking, affecting various diseases, e.g., atherosclerosis,
neurodegenerative disorders and also cancer (Okamatsu et al., 2013;
Szente & Fenyvesi, 2017; Wei et al., 2023; Yokoo et al., 2015). More-
over, previously the benefit of methyl-p-CD has been described, as
cholesterol depleting agent, highly sensitizing metastatic MEL cells to-
wards tamoxifen treatment (Mohammad et al., 2014), and a recent study
also revealed the role of cholesterol in glioma cell survival (Murk &
Hiilse, 2022).

5. Conclusions

The physicochemical and in vitro biological comparative analysis of
the already known DIS inclusion complexes (with HPBCD and SBE) and
newly synthetized (with RAMEB) reveals: the significant solubility
enhancement of the drug, the fast dissolution of the lyophilized inclu-
sion complexes and the adequate in vitro proliferation inhibitory activity
of DIS with extreme sensitivity difference on GB and MEL cell lines. For
the inclusion complexation of DIS, all three $-CD derivatives (HPBCD,
SBE, RAMEB) are potential. Thus, the CD encapsulation presents a
promising multivariable platform tool for anticancer repositioning of
the drug. The reversed order of the inclusion complexes from the
dissolution-permeation analysis and the results of the proliferation as-
says strengthened the importance of CD selection methodology for
further drug delivery systems development, analyzing the specific
interaction of CDs with the target site environment for a more effective
drug administration strategy and target environment-specific anticancer
repositioning of DIS. The drug‘s multipotential anticancer mechanism
correlates with the heterogeneous tumor types; thus, its adjuvant role in
cancer treatment is promising from a clinical translation perspective.
Even though repurposing has become an attractive drug discovery
strategy due to its cost-reducing and time-consuming efficiency, it is
only partially risk-free. The new formulation (e.g., new dose, new
pharmaceutical form) requires in-depth analysis of biological activity,
pharmacological parameters, and clinical observations to inhibit the
late-stage development phase failure. Moreover, a rational excipient
selection method should be the primary goal during repositioned drug
development to balance the benefits and achieve industrial scale-up,
completing the healthcare assistance from bench to bedside. From this
perspective, RAMEB can be a promising enabling excipient in the
repositioning of DIS; their inclusion complex could serve for drug
development to fulfil the unmet need, such as adjuvant local MEL
therapy, also by overcoming the poor oral bioavailability of the drug.
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