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ABSTRACT
The bis-nor-diterpene phyllacanthone (PHY) was isolated from the chloroform fraction of the

stem barks from Cnidoscolus quercifolius Pohl (Euphorbiaceae). PHY/B-CD and in PHY/SB-E-
B-CD inclusion complexes were obtained and characterized using NMR, SEM and FT-IR
techniques. In silico approach show that most stable conformations presenting binding energies
of -89.8068 Kcal/mol (PHY/B-CD) and -87.4032 Kcal/mol (PHY/SB-E-B-CD), corroborating
FTIR and *H NMR results. The in vitro dissolution assay demonstrated a fast PHY release from
both complexes, indicating that the complexation improved its solubility. PHY/B-CD and
PHY/SB-E-B-CD inclusion complexes presented high entrapment efficiency rates (89.60% and
77.56%, respectively). PHY, PHY/B-CD and PHY/SB-E-B-CD inclusion complexes induced
growth inhibition in A2058 melanoma cells when compared to the control group, suggesting
that both (natural or chemically modified) CDs can be used as carriers of PHY in
pharmaceutical formulations or drug delivery systems as a strategy to improve its stability and
ensure better bioavailability.
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Highlights
e New inclusion complexes containing phyllacanthone in -CD and SB-E-B-CD were

prepared and characterized.

e Complexation with natural and chemically modified CDs improved phyllacanthone
aqueous solubility.

e Inclusion complexes preserved phyllacanthone cytotoxic activity on chemoresistant
melanoma cells.

e Phyllacanthone, complexed or not with cyclodextrins, mitigates the growth of A2058

melanoma cells

1. Introduction
Phyllacanthone (PHY) is a bis-nor-diterpene previously isolated from the stem barks

of Cnidoscolus quercifolius Pohl (Euphorbiaceae), a Brazilian medicinal plant popularly
known as “favela” or “faveleira” (Oliveira-Janior et al., 2018). It is a species with thick
leaves, tuberous roots, and small white flowers, widely disseminated in the Caatinga biome
and traditionally used for the treatment of infections, tumors, and inflammation (Santos;
Silva; Silva, 2020; Sobrinho et al., 2012). Previous reports have demonstrated that stem barks
of “favela” are rich in cytotoxic diterpenes. Known as favelines, these molecules bear a
tricyclic benzylcycloheptene skeleton (Cs-C7-Cs) and are of unique occurrence in the genus
Cnidoscolus. A recent study showed that PHY, majorly found in C. quercifolius, induces
growth inhibition, cell cycle arrest, and tubulin depolymerization-mediated apoptosis in
BRAF-mutated melanoma cells (Oliveira-Junior et al., 2022).

As well as other aromatic diterpenes, PHY has high volatility and low solubility in
water, which limits its pharmaceutical development. In an attempt to overcome these
barriers, several carriers can be used to improve the physicochemical properties of this type
of compound, and then contribute to better bioavailability (Abril-Sanchez et al., 2019). In the
past decades, the use of cyclodextrins (CDs) has proven to be an effective strategy to
enhance aqueous solubility and then better dissolution rates and bioavailability of non-polar
anticancer drugs candidates (Gandhi et al., 2020; Carneiro et al., 2019).

CDs are macrocyclic and non-toxic oligosaccharides, usually formed by D-glucose
units linked by ;-4 glycosidic bonds. They are often represented as one cone truncated with a

hydrophilic surface and a hydrophobic central cavity, capable to host hydrophobic molecules
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with low solubility in water. They confer chemical and physical stability to small molecules
and their complexation in CDs’ internal portion makes them ideal for solubilizing
compounds in aqueous systems due to their surface polarity, forming inclusion complexes
that can improve bioavailability, thermal stability (e.g. reducing evaporation losses) and also
plasma stability, protecting the guest compound from enzymatic degradation after oral
administration (Marques, 2010; Oliveira-Filho, 2018).

In addition to natural CDs (e.g. a-CD, B-CD and y-CD), that differ in the number of
D-glucose units and volume of the internal cavity, new chemically modified structures, such
as hydroxypropyl-B-cyclodextrin  (HP-B-CD), methyl-pB-cyclodextrin (M-p-CD) and
sulfobutyl-ether-B-cyclodextrin (SB-E-B-CD) were synthesized to improve the complexing
properties. In fact, the solubility and complexing capacity of natural CDs are limited and
could not be applicable to several compounds. Chemical modifications can be planned to
overcome these limitations and to enhance CDs’ ability to form inclusion complexes
(Brewster; Loftsson, 2007). For example, electrostatic attraction between the positive charge
of the guest and the negative charge of the SB-E-B-CD increases the effect of host-guest
complexation and enhances solubility (Fenyvesi et al., 2014).

The present work sought to obtain and characterize the formation of inclusion
complexes containing phyllacanthone isolated from stem barks of Cnidoscolus quercifolius
in B-cyclodextrin and evaluate the effect of complexation on the cytotoxic activity of the bis-
nor-diterpene in human melanoma cells. In order to compare their complexation
performance, inclusion complex using sulfobutyl-ether-B-cyclodextrin was also developed

and tested.
2. Materials and methods

2.1. Drugs and chemicals

Phyllacanthone (PHY, >99%) was isolated from C. quercifolius stem-barks as
described bellow. B-CD (>99%) was purchased from Sigma-Aldrich® and SB-E-B-CD
(Dexolve®, >99%) was kindly provided by Cyclolab (Brazil). Organic solvents (ethanol,

chloroform, hexane and methanol) were purchased from Synth® lab (Brazil).

2.2. Plant material
Stem barks of Cnidoscolus quercifolius Pohl were collected in Petrolina-PE, in a
Caatinga zone from the Federal University of Vale do Séo Francisco (UNIVASF) (09°19'43"
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S / 40°33'09" W). The plant material was previously identified by a botanist, and a
comparison was made with a specimen already deposited (voucher #19202) in the Herbarium
Vale do S&o Francisco (HVASF) of UNIVASF, being registered in the National System for
Managing Genetic Heritage and Associated Traditional Knowledge (SisGen), under the
record number AB179D2. The plant material was then dried in an oven with air circulation

(40 °C, for 72 hours) and pulverized, yielding 900 g of stem barks powder.

2.3. Extraction and purification of phyllacanthone (PHY)

PHY was extracted and purified as previously described (Oliveira-Janior et al., 2018).
Dried and pulverized plant material was subjected to an exhaustive maceration using ethanol
95% as solvent. The extractive solution was filtered and concentrated in a rotary evaporator,
yielding 61 g of ethanol extract. Part of the extract (30 g) was fractioned by vacuum liquid
chromatography (VLC), using silica gel 60 as stationary phase. Hexane, chloroform, ethyl
acetate, and methanol were used as mobile phase, in increasing order of polarity, resulting in
the respective fractions.

Chloroform fraction (6 g, from which PHY was previously isolated) was applied on
preparative TLC plates (silica gel 60, 2-25 um, Merk®) and eluted with hexane/ethyl acetate
(97:3). The entire process was monitored with a UV flashlight and a sub-fraction containing
700 mg of purified PHY was obtained and then analyzed by 1D and 2D NMR for structural

characterization.

2.4. Obtention of inclusion complexes

Inclusion complexes of PHY in B-CD (Sigma-Aldrich®) and in SB-E-B-CD
(Dexolve®, Cyclolab) were prepared in a 1:1 molar ratio (100 mg of PHY to 0.998 g of p-CD
and 100 mg of PHY to 1.970 g of SB-E-B-CD). A solution of 75% water and 25% ethanol
was added to the mixture, for a total of 250 mL of solution. The used amount of PHY was
added to the used volume of ethanol, and the mixture was subjected to ultrasound (10
minutes at 25 °C). The water solutions and the respective CDs were added to the mixtures
and placed in a magnetic stirrer for 48 h. PHY/B-CD solution was lyophilized, while
PHY/SB-E-B-CD solution was left in an oven with circulating air (at 45 °C) in a glass
container for 48 hours. Physical mixtures were prepared in the same molar ratio, ground, and

stored in a freezer until future analyses (Alves et al., 2019).

2.5. Scanning electron microscopy (SEM)
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Surfaces of PHY, CDs, physical mixtures, and inclusion complexes were examined in

a scanning electron microscope model TescanVEGAS3. Samples were prepared by mounting
the powders on carbon tape placed under aluminum foil. Subsequently, the powders were

metalized with gold powder for 12 minutes and examined using SEM at 10 kV.

2.6. Fourier transform infrared (FTIR)

FTIR spectra were obtained using KBr pellets as solid support. To prepare the tablets,
approximately 1 mg of the sample was used for 100 mg of KBr, which were macerated until
a fine powder was obtained. The mixture was then subjected to a pressure of 78.5 KN, using
a Shimadzu® hydraulic press for a period of ten minutes. The samples were then analyzed in
an IRTracer-100 spectrometer, Shimadzu®, in the region between 4000 and 400 cm™, with

45 scans and a resolution of 8 cm™.

2.7. Nuclear magnetic resonance (NMR)

1D and 2D 'H NMR experiments were acquired using D-O and conducted in a
Bruker™ 400 MHz ASCEND III spectrometer, operating at 9.4 Tesla, equipped with a 5 mm
direct detection probe and z-axis field gradient. *H NMR chemical shifts were expressed
relative to the TMS signal at 6 0.00 (reference compound) and coupling constants (J) were

expressed in Hz.

2.8. In silico procedures

Initially, a molecular docking analysis was performed using Autodock Vina (Trott and
Olson, 2010) program and Autodock Tools (Morris et al., 2009) graphical interface, only to
generate an initial pool of conformations for further semi-empirical refinement. The structure
of BCD was taken from the RCSB-PDB crystallographic database (www.rcsb.org) PDB ID:

5MK9. The structure of SB-E-B-CD was drawn from the three-dimensional structure of
5MK9 in Chemsketch, following the sulfonation pattern of the inclusion complex used
experimentally. Chimera software (Pettersen et al., 2004) was used to add hydrogens. The
3D structure of PHY was obtained from PubChem (www.pubchem.ncbhi.nlm.nih.gov), with
hydrogens added also with Chimera software. For Vina calculations, the dimensions of
gridbox were 14 x 13 x 13 A and 21 x 21 x 21 A with a default spacing of 1.0 A between the
grid points, centered on B-CD and SB-E-B-CD, respectively. Starting from the best poses
found in Vina, semi-empirical calculations were performed using PM6-DH2 Hamiltonian
with the MOPAC2016 package (Stewart, 2016). The final binding energies after semi-
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empirical calculations (AE), considering the heat of formation (AH® f) of each system, were
evaluated as:

AE = AH° f(complex) — [AH® f(host) + AH°® f(guest)]

2.9. Entrapment efficiency

The real concentration of PHY complexed into CDs was determined using a protocol
previously described (Ferraz et al., 2020). Firstly, the superficially adsorbed PHY was
removed from both complexes (PHY/B-CD and PHY/SB-E-BCD) by washing 10 mg of the
sample with 10 mL of ethanol for 10 minutes with stirring. The resulting solution was
centrifuged at 4500 g for 5 min (25 °C) in order to remove any remaining CD. Then, the
supernatant containing the adsorbed PHY was collected and filtered through a membrane
filter (0.22 pm filter, Millipore™). An aliquot (1000 pl) of the filtrate was added to quartz
cuvettes for absorbance reading in a UV-Vis spectrophotometer at 260 nm. A standard curve
(30-60 pg/ml, R 2= 0.9911) was constructed under the same conditions to calculate the final
PHY concentration (n=3). Finally, the entrapment efficiency (EE%) was calculated

according to the equation:
EE% = (mass of PHY recovered / mass of PHY in the complex) x 100

2.10. In vitro dissolution test

A dissolution profile of PHY and its inclusion complexes was performed as previously
proposed (Oliveira et al., 2019). Initially, the maximum wavelength of PHY was determined
by scanning at wavelengths of 200-400 nm in saline solution (0.15 M) acidified to pH 1.5
with hydrochloric acid (37 °C) using a UV-Vis spectrophotometer. A calibration curve was
performed using concentrations between 2-30 pg.mL™ (Y = 0.0033X + 0.0077, R = 0.9911,
where X is the PHY concentration and Y is the absorbance at 260 nm at 37 °C).

For the controlled release study, free PHY and its inclusion complexes were placed in
50 mL of saline solution, and the experiments were carried out in a magnetic stirrer with
controlled temperature and agitation (37 °C and 100 rpm, respectively) for a total time of 100
minutes. At periodic intervals, samples of the release medium were taken and analyzed by
spectrophotometry at 260 nm to determine the amount of released PHY. Results were

obtained from three independent experiments.

2.11. Evaluation of cytotoxic activity



The cytotoxic activity was determined by the MTT method, described by Mossman
(1983) and adapted by Oliveira-Junior (2022). Samples were solubilized in DMSO
(dimethylsulfoxide) and diluted in the culture medium (final DMSO concentration < 1%,
used as control). A2058 melanoma cells (2 x 10° cells/well) were exposed to PHY and its
inclusion complexes at the same concentration (50 puM) for 72 h. CDs and physical mixtures
were also tested under the same conditions. After the incubation period, cell morphology
was evaluated under an inverted phase contrast microscope (Nikon, Eclipse, France) and a
MTT solution (5 g/L) was then added to each well. Formed formazan crystals were
solubilized in 200 puL of DMSO and absorbance readings were performed at 550 nm, using
the FLUOstar Omega microplate reader (BMG Labtech®, France). The percentage of cell
growth inhibition (G1%) was then calculated using the following equation:

G1% = 100 — [(Aa— Ab) / (Ac — Ab)] x 100

Where: Aa represents the absorbance of the wells containing cells treated with the samples;
Ab represents the absorbance of empty wells (blank) and Ac represents the absorbance of
wells containing only cells grown in culture medium + final DMSO concentration. Results

were obtained from at least three independent experiments.

2.12. Statistical analysis

Statistical analysis was performed using one-way analysis of variance (one-way
ANOVA) followed by Tukey's multiple comparison test. P values < 0.05 were considered
statistically significant. All analyzes were performed using GraphPad software Prism® 5.0
(GraphPad Prism Software, Inc., San Diego, CA, USA).

3. Results and discussion

3.1. SEM analysis

SEM analysis can visually demonstrate the morphological difference between isolated
and complexed compounds, and morphological modifications can be assumed as proof of the
formation of a solid inclusion complex with a CD’s hydrophobic cavity (Srinivasan; Stalin,
2014). The results of SEM analyses for PHY, B-CD, SB-E-B-CD, physical mixtures, and

inclusion complexes are shown in Figure 1.
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PHY exhibited plane-shaped crystals, while SB-E-B-CD has a spherical structure and
B-CD has a very characteristic morphology, resembling large rectangles. Physical mixtures
preserved the crystalline and amorphous structures of PHY and both CDs, respectively,
presenting characteristics that can be attributed to the isolated carriers and, possibly, to the
PHY — thus, the compound is not inserted in the cavity of the host molecule. In fact, it is
common to have preserved characteristics for both host and guest during SEM analysis of
physical mixtures. In this case, CDs are often covered and/or surrounded by small crystals
from the guest compound, maintaining the original morphology (Domingues et al., 2022).

However, both complexes showed alterations in CDs morphology and a reduction in
the crystallinity of PHY. Inclusion complexes exhibited quite singular morphological
changes, linked to a reduction in particle size and to a transformation to an amorphous

structure (when compared with isolated CDs and physical mixtures).
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Figure 1 — Scanning Electron Microscopy of PHY (Al, A2, A3); B-CD (B1, B2, B3); physical mixture of PHY/B-CD (C1, C2, C3); PHY/B-CD
inclusion complex (D1, D2, D3); SB-E-B-CD (E1, E2,E3); physical mixture of PHY/SB-E-B-CD (F1, F2, F3); PHY/SB-E-B-CD inclusion
complex (G1, G2, G3). Magnifications of 1000x, 3000x, and 5000x, respectively.
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3.2 FTIR analysis

FTIR is a useful tool for the characterization of vibrational patterns because it is able
to show changes in characteristic bands of CDs, such as broadening, narrowing,
disappearance, or change in intensity, which may be indicative of the formation of inclusion
complexes (Mura, 2015). FTIR spectra of PHY, CDs, inclusion complexes, and physical
mixtures are shown in Figure 2.

Analyses of PHY/B-CD and PHY/SB-E-B-CD inclusion complexes spectra show a
reduction in the intensity of the characteristic bands of PHY. Absorption bands are clearly
noted in the region of 3000 cm™ (O-H stretching), 2900 cm™ (C-H stretching), at 1154 cm™
(C-O stretching) and 1026 cm™ (C-O-C stretching), all characteristic of p-CD and SB-E-p-
CD, with a slight displacement of the O-H and C-H stretching bands. This finding suggests
that PHY, in both complexes, is interacting more strongly with the CDs’ cavity, resulting in
greater conformational restriction, reducing the free movement of the included molecules and
then decreasing the intensity of the signal (Eid et al., 2011). This absorption pattern is not
observed in the physical mixtures spectra, which is not as deformed as in the absorption

pattern of inclusion complexes.

PHY PHY
(A) SB-E-R-CD (B) R-CD
PHY/SB-E-8-CD PM PHY/R-CD PM
PHY/SB-E-8-CD IC PHY/G-CD IC
T T T T T T T 1 r T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
cm -1 cm -1

Figure 2 - FTIR characterization for (A) — PHY (red), B-CD (blue), PHY/B-CD physical
mixture (PM, green), PHY/B-CD inclusion complex (IC, pink); and (B) — PHY (red), SB-E-p-
CD (blue), PHY/SB-E-B-CD physical mixture (PM, green), PHY/SB-E-B-CD inclusion
complex (IC, pink).

3.3 NMR analysis
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The interaction of CDs with an encapsulated compound during formation of an
inclusion complex can be demonstrated by spectral variations through changes in chemical
shifts, mainly through variations of internal hydrogens (Bernini et al., 2004). Thus, the
formation of inclusion complexes was observed based on the chemical shifts of the CDs
protons that remain inside the cavity, hydrogen 3 (H-3) and hydrogen 5 (H-5), which will be
altered once the guest molecule is inside of it (Jahed et al., 2014). Chemical shifts are shown
in Table 1 and *H NMR spectra are presented in Figure 3.

The experiment for PHY/B-CD and PHY/SB-E-B-CD inclusion complexes showed
that internal hydrogens (H-3, H-5, and H-6) were shifted in a lower frequency region,
indicating that they were shielded in the presence of the guest molecule. To confirm this mode
of complexation, *H-'"H ROESY NMR experiment was carried out, since it is considered one
of the most effective techniques to study the internal interactions of host-guest in inclusion
complexes (Ali; Muzzafar, 2019). However, no correlations between the hydrogens of the
molecules were observed, probably due to overlapping signals. To determine the most stable
poses of the inclusion complexes, considering a gap of *H-'H ROESY information, an in

silico study can be assigned (Oliveira et al., 2019).

Table 1 - '"H NMR, chemical shifts (8, ppm) in D,O of B-CD/SB-E-B-CD and changes
observed for the inclusion complexes (PHY/B-CD and PHY/SB-E-B-CD).

Proton p-CD PHY/B-CD Ad
H-2 3.6104 3.6099 0.0005
H-3 3.9918 3.9907 0.0011
H-4 3.6760 3.6754 0.0006
H-5 3.8806 3.8782 0.0024
H-6 3.9045 3.9033 0.0012

Proton SB-E-p-C PHY/SB-E-B-CD Ad
H-2 3.6348 3.6340 0.0008
H-3 4.0650 4.0625 0.0022

H-4 3.6499 3.6495 0.0004
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H-5 3.9088 3.9081 0.0007

H-6 3.8438 3.8407 0.0031

A8 = 8cp — Binciusion complex. (POSItIVE OF negative values). Data obtained from Bruker Avance |1l 400 MHz. The

most significant Ad were observed for H-3, H-5 and H-6.
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Figure 3 - *H NMR spectra obtained for p-CD (A), PHY/B-CD (B), SB-E-B-CD (C) and
PHY/SB-E-B-CD (D) in D,0.

3.4 Insilico procedures

To confirm and better understand the complexation mode of PHY into the CDs’
internal cavity, molecular docking studies were applied to characterize the three-dimensional
structure of inclusion complexes, based on the binding energies. During PH6-DH2
calculations, it is established that lower energy values indicate better guest/host interaction
(Sapte; Pore, 2016).

The conducted molecular docking studies of PHY/B-CD PHY/SB-E-B-CD inclusion
complexes help understand the binding affinity and stability of the interactions. Data
predicted that B-CD and SB-E-B-CD can encapsulate PHY within their hydrophobic cavity,

and PM6-DH2 calculations suggested that the most stable conformations (Figure 4) show
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binding energies of -89.8068 Kcal/mol (PHY/B-CD inclusion complex) and -87.4032
Kcal/mol (PHY/SB-E-B-CD inclusion complex).

Properties such as size, charge and polarity of the molecule can influence the ability
and stability of inclusion complex formation (Faucci; Melani; Mura, 2002). The results
indicated that PHY was preferably inserted through the substituted benzene, corroborating
FTIR and *H NMR results (absence of peaks from axial deformation attributed to a methoxyl
group and more significant interaction between H-3, H-5 and H-6 with a possible guest
molecule). Based on this findings, the possible inclusion mode of PHY in both B-CD and SB-

E-B-CD cavities is presented in Figure 5.

A1 A2

Figure 4 — Most stable docking conformations for PHY/B-CD (A1/A2) and PHY/SB-E-B-CD
(B1/B2) in two visualization modes.
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Figure 5 - Possible inclusion mode of PHY in the internal cavity of B-CD and SB-E-B-CD.

3.5 In vitro dissolution test

CDs are widely used by pharmaceutical industries for various purposes, including
improvement of thermal and plasma stability, as well as enhancement of aqueous solubility,
since most drug candidates are hydrophobic. Considering the low solubility of PHY as a
limiting factor for its pharmaceutical development, we performed the dissolution test. In order
to mimic stomach conditions, the dissolution test was carried out in pH-adjusted and
temperature-controlled saline solution (pH 1.5 at 37 °C) (Oliveira et al., 2019).

As shown in Figure 6, there was no dissolution of PHY into the medium during the
entire experiment time (100 minutes). However, when complexed with both CDs, PHY
exhibited a high release rate in the first five minutes, especially for PHY/SB-E-BCD (>90%).
After 30 min, both complexes presented a dissolution rate >95%, indicating that complexation
of PHY in BCD or SB-E-BCD may significantly enhance its solubility under the tested
conditions. This observation is often well associated to a greater in vivo bioavailability of
organic compounds. An improved solubility combined with the permeation capacity intrinsic

to hydrophobic molecules usually contribute to a better bioavailability (Zhou et al., 2012).
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Figure 6 — Graph for the in vitro release rate, demonstrating the variation in the concentration
of PHY in saline solution when in an inclusion complex with B-CD and SB-E-B- CD (for a

total time of 100 minutes).

3.6 Entrapment efficiency

The entrapment efficiency (EE%) is a quantitative parameter used to determine the
real amount of the guest molecule present in the inner cavity of the CDs. A high EE%
indicates efficiency of the chosen complexation method and ensures better dissolution rate
and consequently better bioavailability (Kumar et al., 2017). In the present study, the EE%
obtained for PHY/B-CD and PHY/SB-E-B-CD were of 89.60% and 77.56%, respectively,
representing a satisfactory complexation yield. Many factors can influence the interactions
between guest molecules and CDs, including the type of cyclodextrin (which differ in the size
of the cavity), the complexation method and the level of hydrophobicity of the guest molecule
(Fenyvesi et al., 2016). The high encapsulation efficiency values observed for both inclusion
complexes indicate that a large amount of PHY was actually inserted into the CDs internal

cavity.

3.7 Evaluation of cytotoxic activity
Phyllacanthone is the major diterpene found in C. quercifolius. In a recent study, we
have shown that this compound inhibits cell proliferation and migration, and induces

apoptosis in chemoresistant melanoma cells by disrupting the cell cytoskeleton.
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Immunoassays and molecular docking experiments revealed PHY induces tubulin
depolymerization through a strong interaction with the colchicine-specific binding site
(Oliveira-Junior et al., 2022). Despite its anti-melanoma potential, PHY has poor solubility,
which limits its efficacy and hinders its pharmaceutical development. Its complexation in two
different CDs could improve its physicochemical properties without compromising its anti-
melanoma activity. This hypothesis was confirmed by testing PHY alone and complexed with
both B-CD and SB-E-B-CD. As shown in Figure 7, PHY 50 uM exhibited a percentage of cell
growth inhibition of 35.50 + 4.81%. PHY/B-CD and PHY/SB-E-B-CD inclusion complexes
showed a percentage of inhibition of 42.98 + 3.70% and 39.95 + 2.5%, respectively, both with
a statistically significant difference when compared to control group (p<0.05).
Microphotographs (Figure 7C) for the cytotoxic activity of PHY and inclusion complexes
showed a reduction of the cell population promoted by the treatments. These findings are in
accordance with previous reports by Oliveira-Janior et al. (2022), that described the moderate
concentration dependent cytotoxic potential and cell inhibition promoted by PHY against

A2058 melanoma cells.
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Figure 7. Cytotoxic activity of PHY (50 uM), PHY/B-CD and PHY/SB-E-B-CD inclusion
complexes and physical mixtures (A and B). Data are expressed as mean of %Gl (Growth
Inhibition) £ SEM, *p < 0.05 (vs. control group) according to one-way ANOVA followed by
Tukey's test. Microphotographs of cells after 72h of exposure to PHY, PHY/B-CD and
PHY/SB-E-B-CD inclusion complexes and physical mixtures show the reduction of the cell

population after treatments. The scale (red bar) corresponds to 100 um (C).

The use of B-CD and modified B-CDs, such as hydroxypropyl-p-CD (HP-B-CD) and
SB-E-B-CD, has been extensively described for improving physical-chemical properties and
consequently the bioactivity of terpenes. The addition of the hydroxypropyl or sulfobutyl
groups to the outer surface of B-CD considerably improves its solubility. In this work, we
chose to use SB-E-B-CD to assess whether its polyanionic character could have any additional
influence on the complexation of phyllacanthone, since HP-B-CD is neutral just like its
natural precursor cyclodextrin (B-CD). Moreover, native and modified CDs, particularly SB-
E-BCD, are widely used as excipients in pre-clinical safety studies because of their excellent
physicochemical and pharmacological properties and limited/reversible toxicity, particularly
when dosed orally (Lima et al., 2016). There is still a significant lack of clinical studies
validating their use in humans. We hope that these preliminary results will encourage the use
of SB-E-B-CD to enable clinical trials with terpenes such as PHY.

4. Conclusions

In this report, we have demonstrated that the complexation of PHY with 3-CD and
SB-E-B-CD may be a promising alternative for solving the physicochemical and
bioavailability problems of this diterpene. Both inclusion complexes were characterized by
FTIR, NMR and microscopic studies. In addition, we determined the mechanism of
complexation using an in silico approach. Both inclusion complexes preserved the cytotoxic
activity of PHY against melanoma cells and exhibited increased dissolution rates, suggesting
that the complexation improved PHY aqueous solubility. Altogether, these findings encourage
the use of both (natural or chemically modified) CDs as carriers of PHY in pharmaceutical
formulations or drug delivery systems as a strategy to improve its stability and ensure better

bioavailability in vivo.
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