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Abstract: Athenaea fasciculata belongs to the Solanaceae family and is a promising source of cytotoxic
withanolides known as aurelianolides A and B. In the last years, the pharmacological studies of
these aurelianolides on different leukemia cell lines have stimulated new studies on their potential as
alternative candidates for new lead anticancer drugs. However, the obtention of these two pure com-
pounds by traditional preparative is a costly and long time-consuming process, which is performed in
several steps. This study aimed to propose a straightforward approach for isolating aurelianolides A
and B using high-speed countercurrent chromatography (HSCCC). In this study, among 10 different
solvent systems, the system composed of n-hexane/ethyl acetate/methanol/water 3:6:2:1 (v/v/v/v)
was chosen for optimization. This HEMWat system was optimized to 4:8:2:4 (v/v/v/v) and chosen
for HSCCC separation in a tail-to-head elution mode. After the HSCCC scale-up procedure, a withano-
lides mixture (200.0 mg) was separated within 160 min in a single-step purification process. In total,
78.9 mg of aurelianolide A (up to 95.0% purity) and 54.3 mg of aurelianolide B (up to 88.5% purity)
was obtained by this fast sequential liquid–liquid partition process. The isolated withanolides were
identified by 1H and 13C NMR spectroscopy (this method has proven to be faster and more efficient
than classical procedures (CC and Prep-TLC)).

Keywords: Aureliana; cancer; CCC; aurelianolides; separations

1. Introduction

Cancer is the second leading cause of mortality worldwide, with projections indicating
a transition from 20 million new cases in 2020 to 32.6 million in 2045 [1]. Various treat-
ment modalities for this disease encompass surgical interventions, radiotherapy, biological
therapy, and chemotherapy. However, chemotherapy frequently induces cytotoxic effects
due to its non-selective nature, resulting in adverse side effects and drug resistance [2].
Despite these inherent limitations, natural products have long been recognized in pharma-
ceutical research as a promising source for discovering novel therapeutic agents for the
management of various cancer types [3].

In this regard, withanolides stand out as a promising class of anticancer compounds.
These compounds are steroidal triterpene lactones characterized by an ergostane skeleton
composed of 28 carbon atoms, which can present a δ-lactone ring formed by oxidation at
C-26 and C-22 (type I) or a γ-lactone ring formed by oxidation at C-26 and C-23 (type II).
Structure–activity relationship (SAR) studies have revealed that the cytotoxic activities of
these compounds are associated with the presence of a β-unsaturated ketone (ring A), a 5β,
6β-epoxide ring (ring B), along with a nine-carbon side chain substituted at C-17, featuring
an α, β-unsaturated-δ-lactone. The structural classification of natural withanolides and their
biological activities, particularly their cytotoxic effects, have been extensively studied [4–8].

In this study, we highlight Athenaea fasciculata (Vell.) I.M.C. Rodrigues & Stehmann,
a species of the Solanaceae family [9], also known in the past as Aureliana fasciculata var.
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fasciculata. This Brazilian native species is characterized by the presence of withanolide
compounds known as aurelianolides A and B (Figure 1).
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Recently, the cytotoxicity of aurelianolides A and B isolated from A. fasciculata was as-
sessed across a panel of leukemia cell lines. The results showed that aurelianolide A, the
epoxide derivative, exhibited greater cytotoxic activity against MOLT-4 cells (IC50 = 1.17 µM),
while aurelianolide B demonstrated a stronger effect in Jurkat cells (IC50 = 2.25 µM).
Both compounds induce apoptosis with caspase activation in all tested cell lines without
necrosis [10]. Besides their anticancer activity, both withanolide compounds have also
demonstrated in silico activity against the intracellular forms of Trypanosoma cruzi, with
results comparable to those of benzimidazole (Bz) and without the toxicity and muta-
genicity associated with Bz [11]. In addition, both compounds also showed significant
leishmanicidal effects. In silico assessments of absorption, distribution, metabolism, ex-
cretion, and toxicity (ADMET) parameters revealed similarities to miltefosine, with no
observed hepatotoxicity [12].

The search for these bioactive compounds, which exhibit a plethora of pharmacologi-
cal properties, involves their isolation on a preparative or semi-preparative scale from plant
biodiversity and represents a primary goal of natural product chemistry [13]. Identifying
suitable methodologies for the separation, isolation, and purification of these compounds
has been a significant challenge in this area [14]. In recent decades, chromatographic
methods have become pivotal tools for determining the phytochemical profiles of complex
extracts [15]. Techniques such as column chromatography (CC) can facilitate the isolation
of natural compounds, particularly on a large scale from plant extracts, even when deal-
ing with compounds that have similar chemical and physical properties [16]. However,
their utility is limited by several significant disadvantages, including high solvent con-
sumption, time-intensive processes, low recovery due to irreversible adsorption, and poor
reproducibility [14].

Many chromatographic methods based on irreversible adsorption have been used for
isolating triterpenes. However, they often result in multiple purification stages and low final
process yields [17]. High-speed countercurrent chromatography (HSCCC) is a separation
technique that relies on liquid–liquid partitioning and is distinguished from conventional
chromatographic methods by the absence of solid supports as a stationary phase. This feature
prevents irreversible adsorption of compounds and sample depletion. Component isolation
in a mixture is achieved by partitioning a solute between the two phases of a biphasic solvent
system [18,19]. HSCCC is highly suitable for preparative separation, offering numerous
benefits, such as minimal solvent consumption, high recovery rates, excellent reproducibility,
and the capacity to handle substantial sample loads. Additional advantages include the
versatility of solvent systems (both polar and nonpolar) and its advanced capabilities in
partition efficiency and separation speed, making it a highly predictive and economical tech-
nique [14,20,21]. Furthermore, its low chemical and instrumental costs make HSCCC more
cost-effective compared to other chromatographic methods. Due to its efficiency, HSCCC
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has been successfully employed for separating a wide variety of natural products, includ-
ing numerous terpene compounds [22–25]. In our previous studies, the fractionation of the
dichloromethane partition, obtained from the ethanol leaves extract, was conducted using
several chromatographic processes to separate the two major active withanolides from various
unknown substances [10,12,26]. The preliminary separation using silica gel column chro-
matography and Sephadex-LH20 resulted in enriched fractions that still contained impurities
and a mixture of withanolides. Final purification of these compounds was achieved only after
several preparative TLCs and a continuous recrystallization process, which required a lengthy,
costly, and time-consuming effort.

In this study, we introduce a fast preparative method to separate the major withanolide
compounds of A. fasciculate, from an enriched fraction using a single CCC run. Initially, the
dichloromethane fraction (2.0 g) was cleaned using Sephadex-LH20 to remove chlorophyll
and several impurities. The target compounds were then concentrated using a silica gel
column with silica gel 60, eluted with a 30% n-hexane/ethyl acetate gradient solvent.
Subsequently, the fast purification of aurelianolides A and B was accomplished in a single
step using HSCCC in just 2.6 h.

Given the high interest in the pharmacological properties of aurelianolides A and B,
this study aimed to propose a straightforward approach using the HSCCC technique for
the preparative-scale isolation and purification of these two major bioactive compounds
from Athenaea fasciculata.

2. Results and Discussion
Separation Procedure and Scale-Up

The stability of the two-phase solvent system after reaching hydrostatic equilibrium
significantly influences the HSCCC procedure, as sample loading is limited by the solvent
volume in the loop injection and the stationary phase’s solubilization capacity. Excessive
sample loading can easily lead to the loss of the stationary phase, which reduces the
interaction between the analyte and the two immiscible phases, ultimately resulting in poor
purity of the obtained target compound [27]. In this study, the effects of sample loading
were evaluated in a scale-up experiment using 50.0 mg and 200.0 mg of WITAB sample to
assess the purity of the target compounds. In both cases, the purity of the obtained target
fractions was comparable, achieving up to 92% purity for both compounds, regardless of
the sample loading. In the first separation process, 50.0 mg of WITAB was used as the initial
point for optimizing sample loading. Due to the high retention of the stationary phase,
the selected solvent remained stable throughout continuous separation and purification.
Total sample solubilization was achieved by performing multiple injections of the upper
and lower phases separately, as previously described in the section on the scale-up and
separation procedure topic.

The WITAB sample was introduced into the HSCCC using a solvent system composed
of n-hexane–ethyl acetate–methanol–water in a ratio of 4:8:2:4 (v/v/v/v) in tail-to-head
elution mode, with the organic phase acting as the stationary phase. The chemical profile
of this HSCCC separation process, as determined by TLC, is shown in Figure 2. Based on
the TLC profiles, similar fractions were combined, resulting in four main sample fractions.
Fractions 21–30 and 39–54 yielded 19.5 mg with a purity of 97.2% and were combined
as sample (I). Sample (II) consisted of fractions 60–79, yielding 7.8 mg with a purity
of 95.8%. Sample (III) was characterized as a mixture of two substances, in the fractions
82–95 comprising 77.0% and 17.0%, yielding 9.6 mg. Sample (IV) consisted of 6.75 mg
obtained from the last fractions (96–116), with a purity of 92.0%. The total mass recovery
for this process was 82.5%.

All the combined fractions obtained from HSCCC separation process 1 were analyzed
by HPLC (Figure 3). Among them, sample (I) was identified as aurelianolide A, while
samples (II) and (IV) corresponded to aurelianolide B. Sample (III) was found to be a
mixture, with aurelianolide A as the major compound. The purity of the samples was
determined by HPLC, revealing purities of 97.2% for sample (I), 95.8% for sample (II),
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77.0% for sample (III), and 92.0% for sample (IV). Further identification was performed
using ESI-MS and 1H and 13C 1D and 2D NMR analyses, which confirmed the identity
of the target compounds previously reported [10,26], as detailed in the Supplementary
Materials (Figures S1–S14; Tables S1 and S2).
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Under the optimized conditions, an increased amount of WITAB sample (200.0 mg)
was separated using HSCCC separation process 2, following the same established proce-
dures previously described. The chemical profile of this HSCCC separation process was
performed by TLC (Figure S2). Based on the TLC profiles, similar fractions were combined,
resulting in six main samples. Sample (I), derived from fractions 30–39, yielded 18.7 mg
with a purity of 95.1%. Sample (II), from fractions 60–79, yielded 34.0 mg with a purity
of 95.6%. Sample (III), from fractions 72–85, yielded 26.2 mg with a purity of 94.0%. The
combined fractions 98–106 were characterized as a mixture of two substances, yielding
6.0 mg (sample IV). Sample (V), from fractions 109–115, yielded 19.1 mg with a purity of
85.0%, while sample (VI), from fractions 116–126, yielded 23.5 mg with a purity of 88.7%.
Finally, sample (VII), obtained from the last fractions 127–155, yielded 11.7 mg with a
purity of 92.0%. The total mass recovery for this process was 85.6%. The TLC analysis
of all fractions obtained from the HSCCC WITAB scale-up separation process is shown
in Figure 4.
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All the combined fractions obtained from the HSCCC scale-up separation process
2 were analyzed by HPLC, as shown in Figure 5. Among them, samples (I) from fractions
30–39, sample (II) from fractions 50–69, and sample (III) from fractions 72–85 were all iden-
tified as aurelianolide A. Samples 98–106 (sample IV) were characterized as a withanolides
mixture quite similar to the original sample. In contrast, the remaining samples—sample
(V) from fractions 109–115, sample (VI) from fractions 116–126, and sample (VII) from the
last fractions 127–155 corresponded to aurelianolide B. The purity of the samples was also
assessed by HPLC, indicating that the HSCCC scale-up separation process 2 was highly
efficient for the purification of aurelianolide A, with samples (I), (II), and (III) achieving
purities of up to 94.0%. In comparison, the purity levels of samples (V), (VI), and (VII),
which were associated with aurelianolide B, were 85.0%, 88.7%, and 92.0%, respectively.
Further identification was conducted using ESI-MS and 1H and 13C 1D and 2D NMR
analyses, corresponding to the target compounds previously reported [10,26] as described
in the Supplementary Materials (Figures S1–S14; Tables S1 and S2).

To date, no studies have been published regarding the separation of withanolides
by HSCCC. However, several works have reported the efficiency of the CCC technique
for the preparative separation of triterpenes derivatives compared to traditional silica gel
column chromatography and dextran gel column chromatography. Conventional separa-
tion methods utilizing liquid, open columns often involve more complicated experimental
procedures, leading to high consumption of organic solvents, prolonged separation times,
irreversible sample adsorption, and low solute recovery [28]. Pre-concentration and pre-
separation of complex mixtures containing triterpenes across a wide range of polarities are
commonly employed in various purification process designs. For instance, Zhu et al. [29]
utilized AB-8 macroporous resin for the pre-purification and concentration of triterpenes,
successfully separating corosolic and nigranoic acids—two acid triterpenes isolated from
S. chinensis—using a CHCl3–n-BuOH–MeOH–water solvent system. The separation of
100 mg of the enriched fraction was completed within 300 min using HSCCC. Another
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alternative method for the rapid preparative separation of acid triterpenes involves em-
ploying pH-zone-refining during the elution process. This approach demonstrates that
the efficiency of the CCC technique is also applicable to the separation of structurally
isomeric pentacyclic triterpene acids, such as oleanolic and ursolic acids. Both compounds
were isolated at high purity levels from three different species using HSCCC with an
n-Hex–CH2Cl2–MeOH–water solvent system, completing the separation of 100 mg of
crude extract in 350 min [30].
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Demonstrating the versatility of HSCCC and its wide polarity range, Ping et al. [31]
showcased the technique’s potential for separating nonpolar triterpenes using an
n-Hex-ACN 1:1 (v/v) solvent system from the fungus Inonotus obliquus. In this study,
the triterpene extraction was performed by NPCE, yielding 17.41 mg/g of an enriched
triterpene fraction. Four nonpolar triterpenoids were obtained in a single-step separation,
achieving purities exceeding 95% within 350 min of HSCCC run time. In another study,
Du et al. [32] performed the separation of several triterpene aglycones and glycosides
across a wide range of polarities using an n-Hex/BuOH biphasic system. The authors
employed a mobile phase gradient elution mode to separate 600 mg of a polar crude extract
from Centella asiatica using HSCCC over 520 min.

Unlike the works cited, our developed method presented an efficient separation with
less solvent consumption and reduced execution time, being easily reproduced. Unfortu-
nately, separation methods of withanolides by CCC are rare in the literature to date. By
comparing our separation method with others developed for the separation of triterpenes,
most of the works involving the separation of triterpenes mentioned use pre-separation
and concentration of triterpenoids, as was carried out in our work. The removal of minor
interferents contributes during the cleanup process, reducing the number of metabolites
that would coelute during separation and thus increasing the purity of the isolated samples.
Our work contributed to solving and controlling a common problem related to triterpenes,
which is the issue of solubility of these compounds. By separating and injecting the different
phases (upper and lower) separately, and also with the addition of methanol in each phase,
it was possible to increase the solubility and, thus, the sample injection capacity. This pro-
cedure contributes to obtaining significant results in quantitative terms in a short period of
run time because our separation process demonstrated a good capacity to separate similar
structures in less than 3 h of the separation process, well below the presented methods in
the literature. In addition, it is also worth highlighting the reduced use of solvent systems
used in our withanolides separation. In total, 1 L of HEMWat quaternary solvent system
is consumed. Many authors emphasized the valuable attributes of preparative HSCCC
techniques, particularly their high sample loading capacity and the absence of irreversible
adsorption effects of analytes to the solid phase, in contrast to preparative HPLC. Given
the versatility of solvents that can be utilized, such as chloroform, methanol, and water,
CCC can also effectively separate various polar triterpene compounds, including saponins
or glycosylated withanolides for example.

3. Materials and Methods
3.1. Reagents and Materials

All organic solvents used for HSCCC and HPLC were of HPLC grade and were
supplied by Tedia Brazil (Rio de Janeiro, Brazil). Water was purified using the Milli-Q water
system from Millipore (Bedford, MA, USA). The chromatographic process was performed
using high-purity solvents and materials, including Silica gel 60 G from Merck (Darmstadt,
Germany) and Sephadex LH-20 (Sigma-Aldrich, St. Louis, MO, USA).

3.2. Botanical Material

Athenaea fasciculata (Vell.) Sendtner was collected in Simão Pereira (MG) and identified
by Dr. Rita de Cassia Almeida-Lafetá (UFRJ). The exsiccate was deposited in the Herbarium
of UFRJ, Rio de Janeiro, Brazil, under number 40829. This species is registered in the
Genetic Heritage (SisGen) database under the number AB5D582.

3.3. Plant Extraction

The fresh leaves of Athenaea fasciculata (1.2 kg) were dried in an oven with air circulation
at 40 ◦C for 48 h. After drying, the material (465.0 g) was reduced to small fragments in a
knife mill and extracted by dynamic maceration at room temperature with ethanol for 48 h.
The extract was filtered and concentrated under reduced pressure in a rotary evaporator,
yielding 40.0 g. The dry extract was suspended in MeOH/H2O 7:3 (v/v) to obtain the liquid–
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liquid partitions in sequence with n-hexane, dichloromethane, ethyl acetate, and butanol.
In this work, only the partition in dichloromethane (AFFD) 2.6 g, rich in aurelianolide A
(WitA) and aurelianolide B (WitB), was processed.

3.4. HPLC Analysis and Identification of HSCCC Peak Fractions

The WITAB mixture and the HSCCC sample analyses were conducted using HPLC
with a Shimadzu system (Kyoto, Japan), which included an LC-10AD pump, SIL-10A
as an automatic injector, and UV/Vis SPD-20AV as a detector, all controlled by CLASS
LC-10, VP software, version 4.2. HPLC analysis was performed with a Synergi Polar RP-18
column (150 × 4.6 mm, 4 µm) from Phenomenex (Torrance, CA, USA), coupled with a
refillable pre-column, filled with C-18 silica (150 µm particle size) from Grace (Deerfield,
MA, USA). The mobile phase comprised acetonitrile and water in a 37:63 (v/v) ratio, with
1% orthophosphoric acid, operated in isocratic mode. The flow rate was set to 1.2 mL/min
at 33 ± 1 ◦C, with a 20 µL injection volume and detection wavelength of 367 nm.

3.5. AFFD Chlorophyll Cleanup

The fraction AFFD (2.0 g) was chromatographed on a Sephadex LH-20 column using
methanol/chloroform in a 3:1 ratio as a mobile phase to rapidly remove chlorophyll and
some impurities. Thin-layer chromatography (TLC) on silica gel 60 F254 was employed to
monitor the collected fractions, using an eluent solution of 2% methanol in dichloromethane
and 2% CH2Cl2 in H2SO4 as the revealing agent, applied on a hot plate at 110 ◦C. Only the
later fractions containing aurelianolides A and B, as determined by TLC similarity, were
selected and combined, resulting in a yield of 1.2 g of a withanolide-enriched sample.

3.6. Aurelianolide A and B’s Pre-Concentration

The sample obtained from the chlorophyll cleanup process, containing 1.2 g target com-
pounds, was separated by chromatography column on silica gel (SiO2 60—0.063–0.200 mm)
by elution with increasing polar solvents gradient as follows (n-hexane, ethyl acetate, ethyl,
and MeOH). In total, 52 fractions were obtained and evaluated by TLC under the same
conditions described before to result in a single sample composed of a mixture of the
aurelianolides A and B (WITAB) (700.0 mg) (Figure 6).
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3.7. High-Speed Countercurrent Chromatography (HSCCC)
3.7.1. Selection of Two-Phase Solvent System

The choice of solvent systems was based on the distribution behavior of the target
compounds between the two immiscible phases of tested solvent systems. The distribu-
tion coefficient is calculated by the formula: KD = SP/MP, where KD is the distribution
coefficient, SP and MP represent the HPLC peak areas of the aurelianolides A and B in
the stationary and mobile phases, respectively. As a starting point, 10 different two-phase
solvent systems chosen from the literature sources were evaluated to analyze the behavior
of the compounds in the two immiscible phases (Table 1). The solvent system composed
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of n-hexane/ethyl acetate/methanol/water in a proportion of 3:6:2:1 was chosen for opti-
mization based on the best target compound distribution. The HEMWat two-phase solvent
system was modified to cover a wide range of polarities by changing their component
volume in different proportions, and the solvent system composed of n-hexane/ethyl
acetate/methanol/water in a proportion of 4:8:2:4 was chosen based on the best target
compounds distribution (Table 2). A small amount of the WITAB (5.0 mg) was dissolved in
a test tube containing each solvent system. The tubes were vigorously shaken and waited
until the two phases were allowed to settle. The distribution of the compounds into the
upper and lower phases was first estimated by thin-layer chromatography (TLC, silica gel
60 F254 nm) by using equal volume samples and using dichloromethane/methanol (2%)
as the eluting solvent system. The final elution process on TLC was observed under a UV
lamp at 254 nm and 365 nm. To assist the visual estimation of the relative distribution of
the compounds in each phase, a ceric sulfate/ethanol reagent (0.2%) was sprayed over the
sample, followed by heating under 110 ◦C on a hot plate.

Table 1. Two-phase solvent system tested for HSCCC separation.

Two-Phase Solvents Volume Ratio
Partition Coefficient (KD)

KD1 KD2

1 n-Hex/AcoEt/MeOH/H2O 3:6:2:1 1.5 1.3

2 n-Hex/MeOH 2:1 12.0 15.0

3 CHCl3/MeOH/H2O 7:13:8 4.4 5.8

4 CHCl3/BuOH/MeOH 7:3:6:4 13.0 17.0

5 CHCl3/MeOH/H2O 2:2:1 6.6 7.5

6 AcoEt/BuOH/H2O 1:1:2 14.0 17.0

7 n-Hex/BuOH/H2O 1:10:5 6.5 14.5

8 n-Hex/BuOH/MeOH/H2O 1:1:1:1 12.0 4.0

9 n-Hex/EtOH/H2O 6:5:1 15.0 16.0

10 n-Hex/AcoEt/ACN 1:1:1 18.0 18.0

Table 2. Optimization of two-phase solvent system composed of n-hexane/ethyl acetate/methanol/water
tested for withanolides HSCCC separation.

HEMWat Two-Phase Solvent System

Volume Ratio VUP/VLP
Partition Coefficient (KD)

K1 K2

I 3:6:2:1 1/1 1.1 1.3

1 10:5:2.5:1 6/1 5.0 7.0

2 3:8:4:2 2/3 1.4 1.6

3 4:10:5:2 1/3 1.1 1.2

4 4:8:1:2 6/1 3.7 1.9

5 4:8:4:3 1/1 1.3 1.2

6 4:8:2:4 3/2 1.5 2.6

7 4:8:1:5 3/2 1.7 1.9

8 4:8:0.5:5 3/2 5.0 2.3

9 4:8:5:5 1/1 1.3 1.1

10 10:8:1:2 6/1 1.3 2.4

VUP/VLP: volume of upper phase/volume of lower phase distribution.
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3.7.2. HSCCC Equipment and Separation Procedure

To perform HSCCC separation, the solvent system with the best distribution coefficient
was chosen. After testing the two-phase solvent systems optimization, the HEMWat
mixture in the proportion of 4:8:2:4 (v/v/v/v) showed the best efficiency for HSCCC
separation of the target compounds and was chosen for the separation process. The
equipment used was a countercurrent chromatograph, model Quattro HT-Prep model
(AECS, Bridgend, S. Wales, UK), consisting of four stainless steel 122 mL coils, an HPLC
pump (model V10STF01Rev16 series II, Lab Alliance, State College, PA, USA), a low-
pressure injection valve (Rheodyne 5020, Cotate, CA, USA), and a PTFE 5 mL sample
loop was used. The rotation speed used was 860 rpm. This system was coupled to
a fraction collector (model FC203B, Gilson Inc., Middleton, WI, USA) programmed to
collect at 1.0 min intervals. Appropriate volumes of the solvent system n-hexane/ethyl
acetate/methanol/water 4:8:2:4 (v/v/v/v) were vigorously hand-mixed in a separator
funnel and separated after settling time. The upper and lower phases were separately
transferred to flasks and degassed in an ultrasonic bath for 20 min. The coil was entirely
filled with the stationary phase of the solvent system with no rotation applied. Isocratic
elution was conducted in a head-to-tail manner (the upper phase was used as the stationary
phase). The coil rotation was then settled at 860 rpm, and the lower phase was pumped at
a flow rate of 2.5 mL/min. The system was allowed to attain hydrodynamic equilibrium
prior to the sample injection. In total, 75.0% of the stationary phase was retained.

3.8. Scale-Up and Separation Procedure
Optimization of Separation and Purification Conditions

In CCC separations, the success of the process relies heavily on the appropriate selec-
tion of a two-phase solvent system that provides an ideal range of distribution coefficients
(KD) for the target substances. According to the literature, the optimal KD values for sep-
arating the target compounds should range between 0.5 and 2.0. Small KD values lead
to fast elution and a loss of resolution of the separation process, while large KD values
require excessive amounts of solvent and extended run times, resulting in reduced effi-
ciency [21]. In this study, 10 different two-phase solvent systems were tested. Based on
the best KDvalues for both target compounds, the system composed of n-hexane–ethyl
acetate–methanol–water in a 3:6:2:1 (v/v/v/v) ratio, using head-to-tail elution mode, was
optimized by HSCCC (Table 1).

Due to its versatility and wide range of polarity, the n-hexane–ethyl acetate–methanol–
water solvent system (HEMWat) is broadly recognized for its effectiveness in CCC separa-
tions and is frequently employed for the isolation of a wide range of natural compounds [23].
The optimization of this solvent system began with modifications to the HEMWat compo-
nent ratios, followed by the measurement of KD values for the target compounds across
these variations in this system. Thus, this two-phase system was adjusted to cover a broad
range of polarities by altering the proportions of its components (Table 2). Among the sys-
tems tested, despite having KD values close to 1.0, systems 2, 3, 5, 7, and 9 were considered
unsuitable for separating the target compounds. In these systems, the compounds exhibited
nearly equal distribution between the two phases, with close KD values (KD2 − KD1 ≤ 0.2).
This similar solubility and affinity of both compounds for the upper and lower phases
typically result in poor resolution and separation. Conversely, the HEMWat solvent systems
with ratios of 4:8:2:4 (v/v/v/v) (#6), 4:8:0.5:5 (#8), and 10:8:1:2 (#10) yielded suitable results
based on the distribution of the target compounds between the phases.

Based on the KD values of aurelianolides A and B, the selected systems should the-
oretically be capable of separating the mixture. However, some of these systems may
not provide an acceptable or efficient run time. In particular, systems 1 and 8 exhibited
very high partition coefficient values (KD1 > 5), indicating that a significant portion of the
compound would be retained in the stationary phase, leading to extended run times and a
potential loss of resolution.
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Beyond the KD value, successful separation also relies on the retention of the sta-
tionary phase. Higher retention of the stationary phase directly contributes to improved
peak resolution [25]. Three systems demonstrated promising results, with stationary phase
retention exceeding 70.0%, making them suitable for the separation of WITAB. The sol-
vent system #10, with a volume ratio of 10:8:1:2 (v/v/v/v) in head-to-tail elution mode,
exhibited 85.8% stationary phase retention. Meanwhile, solvent system #6, in a ratio of
4:8:2:4 (v/v/v/v) in tail-to-head elution mode, achieved 76.0% retention, and solvent #4,
composed of 4:8:1:2 (v/v/v/v) in tail-to-head elution, retained 72.0% of the stationary
phase, after reaching hydrodynamic equilibrium. Despite the suitable KD values observed
for systems #4, #6, and #10, the volume ratios for systems #4 and #10 were considered
unsatisfactory, as the mobile phase comprised a small volume (approximately 1/6 V/V)
after settling time, indicating significant waste of the stationary phase. Therefore, sol-
vent system #6, consisting of n-hexane–ethyl acetate–methanol–water in a volume ratio
of 4:8:2:4 (v/v/v/v) in tail-to-head elution mode, was considered the most suitable and
economical option for the preparative separation and purification of the target compounds
and was selected for the subsequent separation process.

According to the results, the increasing of methanol and water volumes contributes to
the equal distribution of the target compounds, as observed in systems #5 and #9. However,
when methanol is decreased and water is increased, the polarity of the two phases is en-
hanced, leading to a tendency for compound 2 to be retained in the organic phase (Table 2).
A high concentration of n-hexane increases the KD values for both compounds, resulting in
greater retention in the stationary phase, as demonstrated in system #1.

It appears that modifications in the methanol/water ratios are crucial for achieving
selectivity in the distribution of the target compounds. In system #5 (n-Hex–EtOAc–
MeOH–H2O), 4:8:4:3 (v/v/v/v), the KD1 and KD2 values were found to be 1.3 and 1.2,
respectively. Reducing the amount of methanol while increasing the water in the HEMWat
system significantly alters the KD values of the target compounds. For example, while
KD1 was 1.5, indicating nearly equal distribution between both phases, KD2 doubled to 2.6,
suggesting that compound 2 is more hydrophobic and exhibits a preference for the organic
phase. Consequently, the upper organic phase was selected as the stationary phase. The
total fractionation time was 160 min, demonstrating that the HSCCC separation could be
performed fast.

As a starting point, the method was developed using 50.0 mg of the withanolides
mixture (WITAB) in the HSCCC separation process. However, unlike the initial tube tests,
the increased sample amount was not completely dissolved in the biphasic solvent system.
To resolve this problem, the two phases were separated, and 1.0 mL of methanol was
added in both phases. After a few minutes of ultrasound, both upper and lower phases
become completely soluble. To conduct the separation procedure, two injections were
performed. First, the lower phase was injected in time “0”, followed by the upper phase
injection after 60 min directly on flow. In total, 160 fractions were collected in 160 min. The
first 120 fractions were collected with rotation “on” and the last 40 fractions with rotation
“off” in extrusion mode. All the fractions were monitored by TLC. The similar fractions
were reunited and analyzed by HPLC. The scale-up process was performed by injecting
a WITAB sample (200.0 mg), which was dissolved, as mentioned before. In this process,
a quadruple injection of the samples was performed on flow: two upper phase injections
on time “0” and time “20”, followed by double lower phase injection on time “45” and
time “65” directly on flow. A total of fractions (n = 160) of 2.5 mL each were collected
in the span of 160 min. The first 120 fractions were collected with rotation “on” and the
last 40 fractions with rotation “off”. All the fractions were monitored by TLC. The target
fractions considered visually pure were reunited by similarity and analyzed by HPLC.

3.9. NMR Analyses

Nuclear magnetic resonance spectra of hydrogen and carbon (13C and 1H NMR) were
obtained on a Varian device VNMRS-Gemini 400 spectrometer operating at a frequency
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of 400 MHz (1H)/100 MHz (13C) using CD3OD as solvent. Special techniques and bi-
dimensional such as COSY, HMBC, and HSQC were also performed. The chemical shift
values (δ) in dimensionless units were referred to as an internal standard (TMS), being
represented in parts per million (ppm) of the applied frequency for each experiment and
coupling constants (J) were measured in Hz. The obtained data were compared to the
literature data [26].

4. Conclusions

This work demonstrates the rapid and preparative separation of the major cytotoxic
withanolides, aurelianolides A and B, from A. fasciculata. HSCCC has proven to be a
valuable tool for the purification of structurally similar triterpene lactones, achieving high
purity levels in a single step within 160 min. The results indicate that the present method
is feasible, economical, and efficient for the rapid separation and purification of bioactive
withanolides or standards derived from natural products. One of the major advancements
achieved in this study is the isolation of metabolites in substantial quantities in preparative
mode, in contrast to conventional support-based chromatography, which often encounters
issues related to irreversible adsorption to solid supports. This positions HSCCC as a less
costly and time-consuming alternative for preparative separation.
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aurelianolide B (CD3OD), isolated from A. fasciculata.

Author Contributions: A.M.M. and L.d.C.B.: writing—original draft and writing—review and edit-
ing. M.R.F.: supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Conselho Nacional de Pesquisa (CNPq) through the Programa
de Excelência em Pesquisa, by the notice (CNPq PROEPFAR II Proc 440018/2022-6).

Acknowledgments: The authors would like to thank Rita de Cassia Almeida-Lafetá for her kind
botanical identification and provision of the plant material.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. IARC, International Agency for Research on Cancer. Cancer Tomorrow. Available online: https://gco.iarc.fr/tomorrow/en/

dataviz/isotype (accessed on 11 March 2024).
2. Chunarkar-Patil, P.; Kaleem, M.; Mishra, R.; Ray, S.; Ahmad, A.; Verma, D.; Bhayye, S.; Dubey, R.; Singh, H.N.; Kumar, S.

Anticancer Drug Discovery Based on Natural Products: From Computational Approaches to Clinical Studies. Biomedicines 2024,
12, 201–235. [CrossRef] [PubMed]

3. Tauro, S.; Dhokchawle, B.; Mohite, P.; Nahar, D.; Nadar, S.; Coutinho, E. Natural Anticancer Agents: Their Therapeutic Potential,
Challenges and Promising Outcomes. Curr. Med. Chem. 2023, 31, 848–870. [CrossRef] [PubMed]

4. Chen, L.X.; He, H.; Qiu, F. Natural withanolides: An overview. Nat. Prod. Rep. 2011, 28, 705–740. [CrossRef] [PubMed]
5. White, P.T.; Subramanian, C.; Motiwala, H.F.; Cohen, M.S. Natural Withanolides in the Treatment of Chronic Diseases. Adv. Exp.

Med. Biol. 2016, 928, 329–373.
6. Singh, A.; Raza, A.; Amin, S.; Damodaran, C.; Sharma, A.K. Recent Advances in the Chemistry and Therapeutic Evaluation of

Naturally Occurring and Synthetic Withanolides. Molecules 2022, 27, 886–916. [CrossRef]
7. Xia, G.; Cao, S.; Chen, L.; Qiu, F. Natural withanolides, an update. Nat. Prod. Rep. 2022, 39, 784–813. [CrossRef]
8. Zhang, Q.; Yuan, Y.; Cao, S.; Kang, N.; Qiu, F. Withanolides: Promising candidates for cancer therapy. Phytother. Res. 2024, 38,

1104–1158. [CrossRef]

https://www.mdpi.com/article/10.3390/plants13213039/s1
https://www.mdpi.com/article/10.3390/plants13213039/s1
https://gco.iarc.fr/tomorrow/en/dataviz/isotype
https://gco.iarc.fr/tomorrow/en/dataviz/isotype
https://doi.org/10.3390/biomedicines12010201
https://www.ncbi.nlm.nih.gov/pubmed/38255306
https://doi.org/10.2174/0929867330666230502113150
https://www.ncbi.nlm.nih.gov/pubmed/37138435
https://doi.org/10.1039/c0np00045k
https://www.ncbi.nlm.nih.gov/pubmed/21344104
https://doi.org/10.3390/molecules27030886
https://doi.org/10.1039/D1NP00055A
https://doi.org/10.1002/ptr.8090


Plants 2024, 13, 3039 13 of 13

9. Rodrigues, I.M.D.C.; Knapp, S.; Stehmann, J.R. Two new species of Athenaea Sendtn. (Solanaceae) from the Atlantic forests of
south-eastern Brazil. PhytoKeys 2021, 178, 1–15. [CrossRef]

10. Silva, S.G.W.; Marques, A.M.; Fontão, A.P.G.A.; DE Moura Lima, S.C.; Kaplan, M.A.C.; Figueiredo, M.R.; Sampaio, A.L.F.
Aurelianolides from Aureliana fasciculata var. fasciculata Trigger Apoptosis with Caspase Activation in Human Leukemia Cells.
Anticancer Res. 2023, 43, 1245–1253. [CrossRef]

11. Peres, R.B.; Fiuza, L.F.A.; da Silva, P.B.; Batista, M.M.; Camillo, F.D.C.; Marques, A.M.; Brito, L.; Figueiredo, M.R.; Soeiro, M.N.C.
In Vitro Phenotypic Activity and In Silico Analysis of Natural Products from Brazilian Biodiversity on Trypanosoma cruzi. Molecules
2021, 26, 5676. [CrossRef]

12. Lima, S.C.M.; Pacheco, J.D.S.; Marques, A.M.; Veltri, E.R.P.; Almeida-Lafetá, R.C.; Figueiredo, M.R.; Kaplan, M.A.C.; Torres-Santos,
E.C. Leishmanicidal Activity of Withanolides from Aureliana fasciculata var. fasciculata. Molecules 2018, 23, 3160. [CrossRef]
[PubMed]

13. Sytar, O.; Smetanska, I. Special Issue “Bioactive Compounds from Natural Sources (2020, 2021)”. Molecules 2022, 27, 1929.
[CrossRef] [PubMed]

14. Mello, R.F.A.; Pinheiro, W.B.S.; Benjamim, J.K.F.; Siqueira, F.C.; Chisté, R.C.; Santos, A.S. A fast and efficient preparative method
for separation and purification of main bioactive xanthones from the waste of Garcinia mangostana L. by high-speed countercurrent
chromatography. Arab. J. Chem. 2021, 14, 103252. [CrossRef]

15. Ponphaiboon, J.; Krongrawa, W.; Aung, W.W.; Chinatangkul, N.; Limmatvapirat, S.; Limmatvapirat, C. Advances in Natural
Product Extraction Techniques, Electrospun Fiber Fabrication, and the Integration of Experimental Design: A Comprehensive
Review. Molecules 2023, 28, 5163. [CrossRef]

16. Mukherjee, P.K. Bioassay-guided isolation and evaluation of herbal drugs. Qual Control. Eval. Herb. Drugs. J. 2019, 14, 515–537.
17. González-Hernández, R.A.; Valdez-Cruz, N.A.; Trujillo-Roldán, M.A. Factors that influence the extraction methods of terpenes

from natural sources. Chem. Pap. 2024, 78, 2783–2810. [CrossRef]
18. Fontana, A.; Schieber, A. Preparative Fractionation of Phenolic Compounds and Isolation of an Enriched Flavonol Fraction from

Winemaking Industry By-Products by High-Performance Counter-Current Chromatography. Plants 2023, 12, 2242. [CrossRef]
19. Lima, A.M.; Siani, A.C.; Nakamura, M.J.; D’Avila, L.A. Selective and cost-effective protocol to separate bioactive triterpene acids

from plant matrices using alkalinized ethanol: Application to leaves of Myrtaceae species. Pharmacogn. Mag. 2015, 11, 470–476.
20. Zuo, G.; Je, K.-H.; Guillen Quispe, Y.N.; Shin, K.-O.; Kim, H.Y.; Kim, K.H.; Arce, P.H.G.; Lim, S.S. Separation and Identification of

Antioxidants and Aldose Reductase Inhibitors in Lepechinia meyenii (Walp.) Epling. Plants 2021, 10, 2773. [CrossRef]
21. Li, L.; Zhao, J.; Yang, T.; Sun, B. High-speed countercurrent chromatography as an efficient technique for large separation of plant

polyphenols: A review. Food Res Int. 2022, 153, 110956. [CrossRef]
22. Marques, A.M.; Fingolo, C.E.; Kaplan, M.A.C. HSCCC separation and enantiomeric distribution of key volatile constituents of

Piper claussenianum (Miq.) C. DC. (Piperaceae). Food Chem. Toxicol. 2017, 109, 1111–1117. [CrossRef] [PubMed]
23. de Mello, L.L.O.; Leitão, G.G. Solvent Systems Used in Countercurrent Chromatography for the Purification of Diterpene

Compounds. Rev. Bras. Farmacogn. 2024, 34, 23–34. [CrossRef]
24. Zhang, L.; Yin, M.; Feng, X.; Ibrahim, S.A.; Liu, Y.; Huang, W. Anti-Inflammatory Activity of Four Triterpenoids Isolated from

Poriae cutis. Foods 2021, 10, 3155. [CrossRef] [PubMed]
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