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Abstract

Alkaloids are nitrogen-containing compounds of the secondary metabolism of plants and microorganisms, which can also
be found in animals, insects, and marine organisms. Because of the presence of one or more nitrogen atoms in the molecule,
these compounds can form salts in the presence of acids, which are soluble in water and not in organic solvents. This char-
acteristic is useful for their extraction from the matrix source and is explored in liquid-liquid partitioning techniques like
countercurrent chromatography. Solvent systems used in classic purifications of alkaloids by this separation technique consist
of an organic solvent such as chloroform or dichloromethane and a water buffer where the pH varies along the purification.
The addition of other organic solvents like methanol and other alcohols to the solvent system is discussed, as well as the use
of less polar systems. Recently developed techniques in countercurrent separations, such as pH-zone-refining countercurrent
chromatography, are also presented. This comprehensive review covers the early work on separation of alkaloids with the
Craig and Post apparatus and the evolution in the use of modern equipment for the isolation and purification of this class of
bioactive natural products.

Keywords Basic natural products - Centrifugal partition chromatography - High-speed countercurrent chromatography - pH
adjustment - Quaternary alkaloids - Solvent system

Introduction

Alkaloids are nitrogen-containing compounds of the second-
ary metabolism found in many different organisms, mostly
plants and microorganisms (Aniszewski 2015) with endo-
phytic fungi being an alternative source for the biotechno-
logical production of natural product-based drugs (Uzma
et al. 2018). This class of compounds can also be found in
insects (Rather et al. 2020), marine organisms (Kuramoto
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et al. 2004), and animals that sequester defensive chemicals,
e.g., amphibians, snakes, and likely birds (Saporito et al.
2012). The potential of alkaloids in veterinary, pharmacol-
ogy, medicine, and agronomy (plant protection) have been
extensively reviewed (Debnath et al. 2018; Adamski et al.
2020).

The classical definition of alkaloids describes these natu-
ral products as organic compounds derived from amino acids
where nitrogen is part of a heterocyclic ring, thus exclud-
ing primary amines and amides, like ephedrine and colchi-
cine, respectively. All true alkaloids have a bitter taste and
are white solids with the exception of nicotine, which is a
brown liquid. When the nitrogen atom is not part of a het-
erocyclic ring, the compounds are then classified as protoal-
kaloids (Aniszewski 2015). Some alkaloids can arise from
amination reactions of acetate pathway intermediates, as in
(+)-coniin, or the amination can occur in later stages as in
terpenoid and steroidal alkaloids (Aniszewski 2015). When
the nitrogen-containing compound (with or without a het-
erocyclic ring) is not originated by an amino acid, then it is
classified as a pseudoalkaloid (Aniszewski 2015). The amino
acid—derived alkaloids can be therefore classified according
to their biosynthetic pathway, as derivatives of ornithine,
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lysine, nicotinic acid, anthranilic acid, tyrosine, tryptophan,
and histidine. As in most cases, the carbon skeleton of the
precursor amino acid is maintained in the chemical structure
of the alkaloid; another classification is possible, according
to the typical heterocyclic ring, e.g., pyrrolidine, piperidine,
pyridine, quinoline, isoquinoline, and indole type alkaloids.
Other biosynthetic units can be incorporated along the bio-
synthetic pathways forming further important skeleton types
like tropane, pyrrolizidine, quinolizidine, and indoloterpene
alkaloids.

Alkaloids can occur as primary, secondary, or tertiary
amines, bearing one or more nitrogen atoms in their mol-
ecule. Quaternary ammonium salts are also found, e.g., ber-
berine (1) found in Berberis species, Berberidaceae, and com-
monly taken orally for diabetes (hyperglycemia), high levels of
cholesterol or other lipids in the blood (hyperlipidemia), and
high blood pressure (Imenshahidi and Hosseinzadeh 2019;
Khashayar et al. 2021).

The nitrogen atom in the alkaloids confers basicity to
these compounds. In fact, the name alkaloid, alkali (ashes
of plants) + eidos (type, appearance), means like an alkali
and refers to the ability that these compounds have to form
salts in the presence of acids. This ability has been used
strategically for the selective acid—base extraction of these
compounds from plant parts and/or plant extracts, as the
salts formed by the addition of acids are soluble in water
and polar protic solvents. This characteristic behavior has
also been explored in many analytical techniques employed
in the isolation and purification of alkaloids, especially in
the liquid—liquid extractions (Verpoorte 2000).

Search Strategy

This review provides the progress achieved all around
the world in the use of countercurrent chromatography
as a technology for the isolation of alkaloids from plants.
The search was carried out in different platforms such as
Google Scholar, PubMed, ISI Web of Science, Elsevier,
and Springer. Alkaloids, centrifugal partition chromatogra-
phy, countercurrent distribution, Craig and Post apparatus,
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countercurrent, countercurrent chromatography, elution
mode, high-speed countercurrent chromatography, pH
adjustment, pH-zone-refining, and two-phase solvent sys-
tem were selected as keywords. We revised the plant species
with described bioactivity that have been chemically studied
by the application of countercurrent chromatography for the
isolation and purification of alkaloids. We also discuss the
tasks and perspectives that challenge the application of this
analytical technology.

General Principle and Advantages

Chromatographic methods have made it possible, in the last
70 years, the separation of complex mixtures of alkaloids,
both on an analytical and preparative scale. Column and
thin-layer chromatographies (Enyoh et al. 2019), based
on adsorptive processes, use solid supports as a stationary
phase, while that based on the partition between two liquid
phases, the liquid stationary phase is adsorbed on a sup-
port. In both cases, the solute—solid interaction can cause
irreversible adsorption and/or chemical modifications in the
components of the mixtures subjected to separation.

Countercurrent chromatography (CCC) is a form of lig-
uid-liquid partition chromatography in which the stationary
liquid phase is retained inside the chromatographic column
without the use of a porous or adsorptive matrix (Conway
1990). The solvent systems used in this technique are mix-
tures of at least two solvents, most generally three or four;
even five solvents can be mixed to form a solvent system
for CCC, to form a biphasic liquid system where one of
the phases will act as stationary phase and the other as the
mobile phase. The principle of separation involves the par-
titioning of a solute between these two immiscible liquid
phases, and the distribution of the analyte into each of the
two phases is determined by its distribution coefficient (KD)
or partition coefficient (K) if only one solute form is involved
(Bojczuk et al. 2017; Vetter et al. 2020).

One of the advantages of CCC is the fact that the tech-
nique is useful mainly in preparative separations, due to the
nature of its stationary liquid phase that offers a large sample
loading capacity. However, it is not restricted to this scale
since samples can be separated in analytical and preparative
levels, from milligrams to grams of material. More recently,
the development of equipment on the kilogram scale pro-
vides fractionation on pilot (Kotland et al. 2016) and indus-
trial plants (Kostanyan et al. 2020).

Other important advantages are the speed and efficiency
of the method since purifications can last just a few hours,
in addition to the good resolution in the separations with
a high purity of fractions and the total sample recovery as
there are no losses by adsorption. Thus, the recovery of bio-
logical activity in fractionations guided by biological tests
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is secured (Conway 1990; Alvi et al. 2001). The technique
is particularly useful for polar and labile substances, where
chromatography with solid supports is completely inadvis-
able. However, compounds of medium to low polarity can
also be separated, since aqueous and non-aqueous systems
can be employed (Marston and Hosttetmann 1994).

The versatility of the technique is yet another impor-
tant advantage that should be highlighted. If we consider
the multitude of different solvent systems that can be used
in CCC, as well as the different modes of operation of the
equipment (elution modes), the possibilities are almost
limitless. In this technique, any of the liquid phases can
act as a mobile and/or stationary phase, and there is no
need for pre-purification of the sample (Conway 1990).
Strategies for using the equipment in a rational and tar-
geted manner to obtain the best results in CCC separa-
tions have been reported and discussed, many of them
related to the isolation and purification of economically
or therapeutically important natural products (McAlpine
et al. 2012; Friesen et al. 2015), such as volatile oils (de
Souza et al. 2010; Leitdo et al. 2020), antibiotic (Oka
et al. 1998), anthocyanins and natural pigments (Schwarz
et al. 2003; Winterhalter 2007), flavonoids (Costa and
Leitao 2010), terpenoids (Skalicka-Wozniak and Gar-
rard 2014), and saponins (Song et al. 2016), among oth-
ers. Not less important in the present days of ecological
awareness, it is the “green” compatibility of this tech-
nique, since most of the two-phase systems use water as
one of the components of the phases, which are the most
commonly employed. Faure et al. (2014) discussed how
CCC is an inexpensive technique in relation to the con-
sumption of solvents in chromatographic purifications.

Discussion
Liquid-Liquid Partition

Considering the basic nature of an alkaloid and its abil-
ity to form salts with acids, which are generally soluble
in water, allied to the fact that the free base is soluble in
organic solvents and not in water, the selective purifi-
cation of these compounds is possible by liquid-liquid
partitioning methods (Verpoorte 2000). The most part
or solvent systems used in the classic purifications of
alkaloids by liquid-liquid partitioning techniques con-
sist of an organic solvent such as chloroform or dichlo-
romethane and water where the pH varies along the puri-
fication. Some other organic solvents like methanol and
other alcohols can also be added to the solvent system, as
discussed below. A suitable method introduced by Ito in
the mid-1990s, called pH-zone-refining countercurrent
chromatography (Ito and Ma 1996; Weisz et al. 2007),

has been largely used for the preparative purification of
polar alkaloids and other ionizable compounds (Weisz
et al.1994; Ito 2013).

The Early Days in Countercurrent Separations
The Craig and Post Apparatus

Countercurrent distribution is a solvent extraction parti-
tion method developed by Lyman C. Craig in 1943 ini-
tially devoted to the study of ergot alkaloids and veratrin,
a mixture of steroidal alkaloids from the seeds of Schoe-
nocaulon officinale (Schltdl. & Cham.) A.Gray, Melan-
thiaceae, primarily containing veratridine (2). With the
onset of World War II, there was an urge to develop a
method for the purification of atabrine, a new synthetic
antiprotozoal and antirheumatic compound, from its met-
abolic derivatives in the urine and blood of experimen-
tally treated dogs (Kresge et al. 2005). The commercial
machine developed by Lyman Craig and Otto Post con-
sisted of a series of connecting glass tubes (30, 50, 100,
200, or even 1000) where the upper phase of the biphasic
solvent system passed through these tubes filled with
the stationary lower phase, as a series of separation fun-
nels sequentially connected (Figs. 1 and S1). The number
of agitations in each passage as well as the decantation
time can be adjusted according to the degree of emul-
sion generated by the solvent system. This machine was
further used in biochemical investigations, especially on
the purification of small peptides as insulin, as well as
in the study of streptomycins, penicillins, fatty acids,
purines, pyrimidines, and polypeptides of the gramicidin
type (Craig and Post 1949).

H,CO

H,CO

When discussing the purification of alkaloids by
countercurrent distribution methods, it is noteworthy to
mention the extensive work of Prof. Corrado Galeffi’s
group. On a paper from 1969, Galeffi and co-workers
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proposed a pH gradient method for the purification of
these compounds using the Craig and Post apparatus with
a biphasic solvent system where the stationary phase was
a dense organic solvent (CHCl;) and the mobile phase
was a buffer that changed its pH on a discontinuous mode
(Galeffi et al. 1969). In liquid-liquid purifications involv-
ing pH gradients, two parameters can be modulated: the
distribution coefficient, defined as K, in that publication,
and the dissociation constant of a base, K, or an acid
(Leitao and Costa 2015). The separation depends on the
product of these two factors (K, X K;), and the method can
be applied in two different ways: (1) the use of a buffer
as stationary phase and an organic mobile phase which
the composition is varied and (2) the use of a heavily
dense organic phase, obtained by the use of chlorinated
solvents, and a buffer solution as mobile phase, where the
pH varies from neutral to acidic. In this early study, the
authors investigated the function that controls the dou-
ble distribution and dissociation equilibria of two weak
alkaline indole alkaloids, strychnine (3) and brucine (4)
found in the dried seed of Strychnos nux-vomica L., Loga-
niaceae. Both compounds cause excitation of all parts
of the central nervous system as competitive antagonist
at the inhibitory neurotransmitter glycine receptors (Lu
et al. 2020).

3 R1=R2=R3=H

4 R1=R2=OCH3; R3=H
5 R1=R3=H; R2=OCH3
6 R1=OCH3; R2=R3=H
7 R1=R2=H; R3=OH

8 R1=R2=OCH3; R3=OH

By using the second strategy, the authors achieved the pre-
parative purification of nine alkaloids from S. nux-vomica, the
previously isolated compound 3, along with a mixture of bru-
cine (4) and a- and B-colubrines (5 and 6), pseudostrychnine
(7), pseudobrucine (8), icajine (9), vomicine (10), novacine
(11), and four unknown compounds, in a 200-stage (tubes)
Craig and Post apparatus (Figs. 1 and S1). Chloroform was
used as the stationary phase and a phosphate buffer with a pH
gradient between 6.5 and 3.3 as the mobile phase, and 8000
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transfers were needed for the complete elution and separation
of the whole alkaloid mixture. By exploring differences in the
distribution coefficient when the dissociation equilibrium of
alkaloids was very similar, the authors achieved the purifi-
cation of the mixture of brucine and a- and f-colubrines by
changing the composition of the stationary organic phase to
chloroform—ethyl acetate 13:7. The four unknown compounds
were later identified as isostrychnine, 3-hydroxy-a-colubrine,
3-hydroxy-p-colubrine (Galeffi 1974), and 15-hydroxystrych-
nine (Galeffi et al 1979). The method was further modeled for
acids and bases with the application of a statistical method
for the separation by discontinuous changes of pH depending
on whether the mobile phase was organic or aqueous (Galeffi
1974).

H
N
0]

9 R1=R2=R3=H
10 R1:R2:H; R3:OH
1 R1=R2=OCH3; R3=OH

Galeffi and co-workers were able to purify several alkaloids
by the application of this analytical strategy, many of them with
undescribed structures from Strychnos species (Marini-Bettolo
et al. 1972, 1980; Galeffi and Marini-Bettolo 1981; Martin
et al. 1999; Rasoanaivo et al. 2001), as well as from different
plant sources including 27 medicinal plants (Galeffi 1980). In
addition, a new group of isoquinoline dimers, belonging to
the pavine-benzyltetrahydroisoquinoline-type alkaloids and
isolated from the stem barks of Hazomalania voyronii (Jum.)
Capuron (Hernandia voyronii), Hernandiaceae, was also puri-
fied and their structure elucidation described. From a crude
alkaloid mixture (6.3 g), the three new alkaloids, hervelines
A—C (12-14), belonging to this new group of isoquinolines,
were isolated, together with other alkaloids using chloroform
as the stationary phase and Na,HPO,—citric acid buffer solu-
tion at discontinuously decreasing pH as the mobile phase
(Rasoanaivo et al. 1995). Hervelines A (12) and B (13) were
separated at pH 5.4, whereas herveline C (14) was purified at
pH 4.0. Hervelines have demonstrated a moderate intrinsic
in vitro antimalarial activity (ICs, 1.68-3.28 uM) but displayed
different effects ranging from synergism for herveline B (13)
and herveline C (14) to simple additive effect for herveline
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Fig. 1 The 200-tube Craig and
Post apparatus at Istituto Supe-
riore di Sanita, Rome, Italy.
On the right, GG Leitdo and C
Galeffi (1990)

A (12) in a chloroquine combination evaluation, which was
further confirmed in vivo for compounds 12 and 13 (Raso-
anaivo et al. 1998).

12 R»]:H; RZ:CH3
13 R1:CH3; R2:H
14 R1:R2:CH3

Indole alkaloids from Vinca sardoa (Stearn) Pign.,
Apocynaceae, were also isolated using a similar approach.
By submitting an alkaloid mixture (2.6 g) to countercur-
rent distribution with dichloromethane as stationary phase
and a phosphate—citric acid buffer at a discontinuously
decreasing pH as mobile phase, seven indole alkaloids
related to venalstonine (15) were obtained: at pH 5.4, N(1)-
methyl-14,15-didehydro-12-hydroxyaspidofractinine (K,
X K,=1.5 X% 107, 56 mg) was eluted and then at pH 3.4,
venalstonine (K, X K, =1 X 101, 87 mg), N(1)-methyl-
14,15-didehydro-12-methoxyaspidofractinine (K, X K, =6
x 107'2, 215 mg), and N(1)-methyl-14,15- didehydroaspido-
fractinine (K, X K, =4 X 102, 26 mg). Finally, at pH 2.8,

N(1)-formyl-14,15-didehydroaspidofractinine (K, X K, =2 X
1072, 108 mg), conoflorine (K, X K, =1 X 102,72 mg), and
N(1)- formyl-14,15-didehydro-12-hydroxyaspidofractinine
(K, x K, =8 x 10713, 43 mg) were sequentially eluted (Nico-
letti et al. 1998).

Other groups successively employed the Craig and Post
apparatus for the isolation of alkaloids. Some examples
follow. A made-up mixture of brucine (4) and hydrastine
(16), an isoquinoline alkaloid used as a uterine hemostatic,
antiseptic, and a potent competitive antagonist at mam-
malian GABA , receptors with a CDs, 0.16 mg kg™!, i.v.
(Huang and Johnston 1990), was successfully separated
with a 25-tube Craig and Post apparatus by using ben-
zene or petroleum ether as mobile phase and the Britton
and Robinson universal pH buffer (Britton and Robinson
1931) as stationary phase in a gradient from basic to acid,
where the pH changed by 0.3 pH units in each tube (Coch
et al. 1965).
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By alternating a 10-tube apparatus for preliminary frac-
tionation of the crude alkaloidal mixture with chloroform
and Mcllvaine’s buffer, column chromatography, and a 200-
tube countercurrent distribution apparatus (Fig. 2), Powell
and co-workers (1974) were able to obtain 36 g of three
purified cephalotaxine esters (17-19), the bioactive antitu-
mor alkaloids from Cephalotaxus harringtonia (Forbes) K.
Koch var. harringtonia cv. fastigiata, Taxaceae, from 455 kg
of plant material. Alkaloids from the roots of Rauvolfia ser-
pentina (L.) Benth. ex Kurz, Apocynaceae, were also inves-
tigated with this technique (Kidd and Scott 1957; Banerjee
et al. 1957); for example, reserpine (20), a pharmacologi-
cally active compound used in medicine for the treatment
of high blood pressure, usually in combination with a thi-
azide diuretic or vasodilator, acts as a sympatholytic agent
and antihypertensive medication by acting as an adrenergic
uptake inhibitor (Weir 2020). This drug was quantified in
Rauvolfia samples by countercurrent distribution: upon stud-
ying the distribution of 20 in several two-phase solvent sys-
tems, a mixture of ether-chloroform (3:1) and water buffer
system was used to establish that a K of 1 was obtained with
pH 3.1. By using a 24-transfer apparatus (a Gilson-Wright
semi-automatic countercurrent apparatus), the authors were
also able to estimate the amount of 20 in an alkaloid-rich
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Fig.2 A Thin-layer chromatography of Cephalotaxus harringtonia
crude alkaloid mixture and fractions after a 10-tube countercurrent
distribution of the mixture. AM: crude alkaloid mixture; 1-10 frac-
tions obtained after countercurrent distribution of AM. The spot in
fractions 1 and 2 represents the major alkaloid cephalotaxine. B The
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fraction from R. vomitoria (Kidd and Scott 1957). Despite
the utility of countercurrent distribution in the separation of
many natural products and semi-synthetic compounds, this
had the disadvantage of using fragile glass tubes and bulky
instrumentation (Ito and Ma 1996). Nevertheless, the impor-
tant feature of this machine in those pioneer investigations
was the fact that the purifications were performed on a gram
scale basis as exemplified with the studies described above.

1

17 R4=H; R,=0H; n=1
13 R4=0OH; Ry=H; n=1
14 R4=H; R,=OH; n=2

H;CO

OCH,

OCH;
OCH,

18

[

§0 80 100 120 140 160 180 200

200-tube countercurrent distribution of a 9.84 g mixture of antitumor
esters of cephalotaxine. Solvent system: CHCl;-Mcllvaine’s buffer
(pH 5). Shaded areas represent collected fractions 5—7 combined to
obtain alkaloids 17-19 of high purity in a preparative scale. Adapted
from Powell et al. 1974
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Droplet Countercurrent Chromatography

The appearance of instrumentation like the droplet coun-
tercurrent chromatograph (DCCC) in the 1970s, and then
the centrifugal partition techniques like centrifugal parti-
tion chromatography (CPC) and high-speed countercurrent
chromatography (HSCCC) in the 1980s, broadened the
versatility of countercurrent chromatography. Now, either
phase of the biphasic liquid system could be used as the
mobile phase, while with the Craig and Post apparatus, only
the upper phase of the system could act as the mobile one.
Even with the limitations imposed by DCCC to the use of
some solvent systems, e.g., the formation of suitable droplets
(Hostettmann et al. 1984), this instrument was used in many
natural product separations (Marston and Hosttettmann
1994), including alkaloids, as presented below.

Using a DCCC equipment, Verpoorte’s group developed
important studies on the use of pH gradients and ion-pair
formation on the separation of alkaloids (Hermans-Lock-
kerbol and Verpoorte 1986; Van der Heijden et al. 1987).
The separation of a made-up mixture of the alkaloids ber-
berine (1), strychnine (3), brucine (4), quinine (21), and
dihydroquinine in different pH gradients with the addition
of counter-ions to several buffers was described (Hermans-
Lockkerbol and Verpoorte 1986). Figure 3 illustrates the
experimental settings (Exps. 1-7) with an aqueous mobile
phase CHCl;-MeOH-H,0 and various buffers (from neutral
to acidic), 5% hydrochloric acid and 0.05 M phosphoric acid
in mixtures (in a 5:5:3 ratio). Phosphoric acid in the aqueous

Fig.3 DCCC separation of the
mixture of berberine, quinine,

phase (Fig. 3, Exp. 5) produced a faster elution of all tested
alkaloids and even the tertiary alkaloids elute before the
quaternary berberine. In HCI 5% (1.4 M), all alkaloids were
well retained and satisfactory separated (Fig. 3, Exp. 7); this
result allowed to conclude that this behavior was due to the
formation of ion-pairs that would be soluble in the organic
stationary phase. To test this hypothesis, the distribution of
strychnine (3) was measured in the same CHCl;-MeOH-H,0
(5:5:3) system in the presence of several counter-ions (CI7,
Br~, and ClO47, inter alia) and several buffers at differ-
ent pH values. The results showed that the protonated alka-
loid could form an ion-pair with the anions present in the
buffer, affecting solubility and, consequently, the distribu-
tion of the compound in the two phases. In order to avoid
decomposition of alkaloids during the course of this type of
liquid-liquid separations, the pH will not have to be lower
than 4, and, to improve the separations, an anion like per-
chlorate, chloride, or acetate should be added to the aqueous
phase to form an ion-pair with the protonated alkaloid. This
strategy was used to separate the alkaloids from suspension
cultures of three Tabernaemontana species: T. divaricate
(L.) R.Br. ex Roem. & Schult., T elegans Stapf, and T. pan-
dacaqui Lam., Apocynaceae (Van der Heijden et al. 1987).
The use of thiocyanate as a counter-ion was also studied.
Alkaloid mixtures were separated with the solvent system
CHCl;-MeOH-Mcllvaine buffer (0.025 M citrate and 0.05 M
phosphate) (5:5:3) at pH 4.2 (adjusted with phosphoric acid)
in an ascending mode (aqueous phase as mobile) and addi-
tion of either perchlorate or thiocyanate counter-ions in a

HCI5%=14M

dihydroquinine, strychnine, and e
brucine with CHC13-MeOH- Laad s d
H20 (5:5:3), aqueous phase as 7 r— » T
mobile with various buffers, and 200 400 600
with pH gradient elution. (*) NaClO4 1M in
Not eluted during the chroma- 0.05 M MC. livaine
tographic run. Adapted from AN~  bufferpH 42
Hermanlokkerbol and Ver- 6 soseses Lo - —>
poorte 1986 T T T
" H;PO,
R 0,05M
6 -— L Ll T Hzo
~ *
- )1
— ! Mc. l'!vaine buffer
oy 0.05 M phosphate +
3 = 0.025M Citrate
R —— ' Acetate buffer
‘ 0.05M
2 . i '
ﬁ Phosphate buffer Be[bf’""e
Lol 0.05 M AN~ Quinine
Exp.1 y— T ' sesee Dihydroquinine
100 200 300 seeae Strychnine
FRACTION NUMBER ........... Brucine
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gradient. Comparison of the results obtained with the two
counter-ions allowed to conclude that perchlorate gave the
best results in terms of selectivity.

H,CO

21

Modern Countercurrent Chromatography

Modern countercurrent chromatography makes use of sev-
eral instruments that operate in a centrifugal manner, with
column movement being of two types — the column can
rotate along a single axis of rotation, generating a hydro-
static equilibrium between the two immiscible liquid phases,
also called centrifugal partition chromatography (CPC), or
rotate around two axes, a central one and its own axis, often
called the planetary axis, generating an elliptical motion and
the hydrodynamic equilibrium between the two immiscible
liquid phases, also called high-speed countercurrent chro-
matography (HSCCC) (Berthod et al. 2009; Vetter et al.,
2020). The centrifugal fields generated upon rotation of the
column in the two types of instruments are different: while
this field is constant in hydrostatic columns, it is highly vari-
able in hydrodynamic columns, forming zones of mixing and
settling of the two liquid phases (Berthod et al. 2009). Most
solvent systems are very well retained in hydrodynamic
columns except for the aqueous two-phase solvent systems
(ATPS), which are well retained though in CPC instruments.

The chromatographic columns in CPC machines are
formed by channels interconnected by small ducts, engraved
on a disk, which, when pilled, form chambers (Fig. S2). The
most recent design of these channels is the the so-called
twin-cells. The comparison of the design of these cells based
of flow pattern and separation experiments has been inves-
tigated (Schwienheer et al. 2015). The stationary phase is
held inside these chambers, while the mobile phase perco-
lates through them (Berthod et al. 2009). Chromatographic
columns in HSCCC are formed by a tubing coiled around a
bobbin (Fig. S3). As above-mentioned, in modern CCC, the
mobile phase can be either one of the solvent systems (upper
or lower). Thus, in hydrostatic instruments, when the heav-
ier (lower) phase is used as mobile phase, the instrument is
operating in the descending mode (analogous to a DCCC
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instrument), whereas when the lighter (upper) phase is the
mobile phase, the instrument is operating in the ascending
mode. In hydrodynamic instruments, due to Archimedean
forces, zones move to the high-pressure side of the coil,
called the “head” (Berthod et al. 2009). The terminology
used for operations in HSCCC machines is “head-to-tail”
(H—T) when the denser phase is used as the mobile and
“tail-to-head” (T — H) when the lighter phase is employed.

Solvent Systems

Different solvent systems have been used for the purifica-
tion of alkaloids by either CPC or HSCCC. An overview of
recent progress in solvent systems, additives, and modifiers
of countercurrent chromatography was recently published
(Liu et al. 2018). Fang and co-workers (2011) described a
compilation of several solvent systems for the purification of
alkaloids from plants by both HSCCC and pH-zone-refining
CCC. This review compiles data on the separation of 94
alkaloids from more than 30 different sources by conven-
tional HSCCC using 13 different solvent systems (Table S1).
More than 67% of the alkaloids were purified with hex-
ane—ethyl acetate—methanol-water (the so-called HEMWat
system) and CHCl;-MeOH-H,O (Fang et al. 2011). In fact,
these solvent systems represent two versatile families that
can be used in countercurrent chromatography. The first,
HEMWat covers a large range of polarities, while the second
can be used for the separation of more polar compounds. The
amount of MeOH in CHCl;-MeOH-H,O can easily modu-
late the polarity of the system.

The addition of acids to the aqueous phase of these sol-
vent systems is a common feature in the purification of
alkaloids, exploring their ability to form salts, thus favor-
ing their extraction to the water-rich phase according to
adjustments in the pH. A good example of this pH modula-
tion according to the basicity of the alkaloid is shown in
the work of Yuan and co-workers (Yuan et al. 2001), where
CHCI;-MeOH-H,0 (5:5:3) is used as a versatile solvent
system for the pre-fractionation of the crude extracts of five
Chinese traditional medicine herb: cortex phellodendri (the
cortex of Phellodendron chinense Schneid and P. amurense
Rupr), semen strychnine (seeds of Strychnos nux-vomica L.),
green tea (leaves of Camellia sinensis (L.) Kuntze), Sophora
flavescens Aiton, and Datura metel L. The aqueous phase in
each fractionation had their acidity adjusted (with the addi-
tion of NaH, PO, or HCI) to the optimal pH for the separa-
tion of alkaloids. In all experiments, the lower phase was
the mobile phase.

The use of bases in the aqueous phase, instead of acids,
for the purification of alkaloids has been reported (Shikanga
etal. 2011; Atlabachew et al. 2016). In a paper by Wang and
co-workers (2015), a series of solvent systems (ethyl acetate-
butanol-water, HEMWat, and HEMWat with aqueous NH;,
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all tested in several ratios) were examined, and the K values
for five diterpene alkaloids of Aconitum duclouxii were cal-
culated. The authors reported that, in the first investigated
solvent system, ethyl acetate-butanol-water (EBuWat 4:1:5;
4:1.5:5 and 4:2:5), most part of the target alkaloids remained
in the upper phase (infinite K values). By changing to the
HEMWat system (1:1:1:1; 1.5:0.5:1:0.5; and 1.5:0.2:1:0.2),
the group obtained better results, but the K values still
remained high. When aqueous NH; was introduced in the
aqueous phase of the HEMWat 1:1:1:1:1 (in the ratios of 0.5;
0.2, and 0.1), the K values of the five alkaloids decreased
and remained in the range 0.5-2.0. The preparative purifi-
cation of 1 g of the alkaloidal extract with n-hexane—ethyl
acetate—methanol-water-25% NH; (1:1:1:1:0.1, v/v) afforded
five alkaloids in a single run within 4 h. The flow rate of
the mobile phase, the temperature, and the revolution speed
were also evaluated (Wang et al. 2015).

Liu et al. (2015) described the use of a three-phase sol-
vent system for the comprehensive separation of a variety of
compounds, among these a series of alkaloids, from Dicra-
nostigma leptopodum (Maxim.) Fedde (Papaveraceae) by
high-speed countercurrent chromatography. Three-phase
solvent systems, as reported by the authors, are potentially
used for the separation of compounds with a large range of
polarity. Twelve solvent systems including hexane-M¢BE-
ACN-water and hexane-MeOAc-ACN-water in several dif-
ferent ratios were analyzed; five gave two phases instead of
three and were discarded. The solvent system composed of
hexane-M/BE-ACN-water (2:2:3:2) was chosen. Following,
the conditions for the composition of the stationary phase
and flow rate were optimized. In contrast to conventional
HSCCC, the stationary phase in a three-phase solvent sys-
tem is a binary combination of an intermediate phase (IP)
and the lower phase (LP) of the system. The volume ratio of
these two phases retained in the rotating column was care-
fully chosen since this experimental variable affects directly
the HSCCC separation. The investigation of the flow rate
showed that Sy values decreased with the increase of the flow
rate, but the ratio IP/LP was poorly affected. However, with
high flow rates (7 ml/min), the hydrodynamic equilibrium
of the three phases was compromised, and the flow rate of
5 ml/min was established. The separation of compounds
on the extract of D. leptopodium was performed by adding
0.5% triethylamine (TEA) in the system. In the first 25 min
run, one steroidal compound (sitosterol) and two alkaloids,
protopine and allocryptopine, eluted with the upper phase.
Then the mobile phase was changed to the intermediate
phase (IP), at a flow rate of 4 ml/min and seven compounds
eluted, among them the alkaloids isocorydione, isocorydine,
and coptisine (a quaternary alkaloid), along with other com-
pounds. Finally, by switching to the lower phase as mobile,
two further quaternary alkaloids, berberrubine and berberine
(1), eluted along with compounds retained in the column.

This study showed the ability of a three-phase solvent sys-
tem to separate on the same run compounds from medium
to high polarity, such as quaternary alkaloids.

The use of ionic liquids as modifiers of solvent systems
in both conventional and pH-zone-refining CCC separations
was established for the effective purification of alkaloids
from lotus (Nelumbo nucifera Gaertn., Nelumbonaceae)
(Fang et al. 2017). Ionic liquids can shorten analytical
times and affect distribution of compounds between the
two phases, thus affecting resolution (Wu et al. 2018). Fang
and co-workers (2017) investigated the conditions for the
purification of six alkaloids from the whole plant extract
of lotus, optimizing parameters such as solvent systems
for pH-zone-refining CCC, concentrations of eluter and
retainer, types and content of ionic liquids added, and the
post-treatment of samples. The alkaloids N-nornuciferine,
liensinine, nuciferine, isoliensinine, roemerine, and neferine
were isolated with a purity higher than 90% with the sol-
vent system hexane—ethyl acetate—methanol-water-[C4mim]
[PF6] at ratios of 5:2:2:8:0.1 with 10 mM TEA added at
the organic stationary phase as retainer and 3 mM HCI as
eluter in the aqueous mobile phase. The types and amount
of added ionic liquids to several ratios of the solvent system
petroleum ether-ethyl acetate—methanol-water for the separa-
tion by conventional HSCCC of four alkaloids, nuciferine,
N-nornuciferine, pronuciferine, and roemerine, from 100 mg
of the alkaloidal extract from leaves of lotus, were studied by
Wu and co-workers (2018). The best results (purities >90%)
were achieved with petroleum ether-ethyl acetate—methanol-
water-[C4mim][BF4] (1:5:1:5:0.15).

Purification Strategies

Purification strategies in countercurrent chromatography
involve choosing both the correct solvent system, which is
crucial for a successful fractionation, and the elution/opera-
tion mode, which can shorten elution times and efficiency
of the process (Huang et al. 2016). Some basic requirements
such as settling times, partition coefficient (K), and separa-
tion factor (a) of target compounds, among others, (Marston
and Hostettmann 1994) should be considered. According to
Ito (2005), 90% of the time spent on a separation process by
countercurrent chromatography corresponds to the solvent
system selection. Elution can be performed in the normal
mode, when the mobile phase is less polar than the station-
ary phase, or in the reversed-phase mode, where the station-
ary phase is less polar than the mobile phase.

The mobile phase in CCC can elute in either isocratic or
gradient modes. In the isocratic elutions, which are more
common in CCC, the composition of the mobile phase is
kept unchanged during the whole process. In gradient elu-
tion, the composition of the mobile phase is changed along
the separation process to enhance its elution strength, while
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the stationary phase is kept constant. Performing gradi-
ents in CCC, however, is not an easy task as changes in the
composition of the mobile phase will, necessarily, alter the
composition of the stationary phase. In this case, a suitable
solvent system should be chosen so that ideally, the station-
ary phase undergoes minimum changes on its composition,
while the mobile phase could experience notable changes
(Wu et al. 2012). Gradients in CCC can be linear or step
gradient and are performed in different ways: (a) by increas-
ing the mobile phase strength by changing/modifying/adding
a solvent; (b) by modifying the flow rate (the flow rate is
increased during the run); (c) by performing a pH gradient,
where the pH of the mobile phase is increased/decreased to
elute compounds based on their acid/basic characteristics;
and (d) by salting out gradients, where the stationary phase
is saturated with a salt solution (Leitdo and Costa 2015).
Changes in the composition of the mobile phase are the most
efficient method for enhancing separation among the eluted
compounds which cannot be separated through conventional
isocratic solvent system (Zou et al. 2021). Matrine (22),
N-oxymatrine, N-formyl cytisine (23), and N-acetyl cytisine
(24) were isolated with a purity higher than 93% by HSCCC
using stepwise elution from the stem of Euchresta tubulosa
Dunn., Fabaceae. A liquid-liquid extraction (methylene
chloride-methanol-water, 5:1:4, v/v) was used for the pre-
liminary enrichment. The final resolution was achieved with
carbon tetrachloride-methylene chloride-methanol-water
(2:3:3:2, v/v) and methylene chloride-methanol-water
(5:3:2, v/v) for the HSCCC using stepwise elution (Li et al.
2019).

o)
N
N
92 23 R=CHO
24 R=COCH;

Different operation modes have been established for the
effective isolation of compounds from complex mixtures
of natural products highly retained in the stationary phase
(high K values, > 5), e.g., elusion-extrusion and back-
extrusion, dual mode, multi-dual CCC, recycling mode,
co-current mode, gradient mode, two-dimensional CCC,
and pH-zone-refining CCC (Fig. 4). Recent overviews of
solvent systems and elution modes in CCC have been pub-
lished (Huang et al. 2016; Khan and Liu 2018).

Elusion-extrusion is performed by pumping the station-
ary phase instead of the mobile one through the coil once
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compounds with suitable retention times are eluted (Lu
et al. 2008; Sun et al. 2020). Thus, compounds still in the
CCC system can be extruded using the liquid nature of
the stationary phase to extend the hydrophobicity win-
dow (Berthod et al. 2003). Recently, the high-performance
countercurrent chromatography (HPCCC) separation of a
cyclopeptide fraction from Opuntia dillenii (Ker Gawl.)
Haw, Cactaceae, was carried out with the solvent system
EtOAc-i-PrOH-H,0 25:1:25 on a reversed-phase mode
(Surup et al. 2021) to isolate the novel cyclopeptides opun-
tisine A (25) and B (26). A variety of biological activi-
ties has been described for this class of cyclopeptides,
which include antibacterial, antifungal, anti-plasmodial
activities, as well as central nervous system (CNS) effects
as sedative and anti-depressant effects (Tuenter et al.

2017a.b).
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In the dual mode, the role of the mobile and stationary
phases as well as the flow direction is reversed during the
separation process by using a switching valve between nor-
mal-phase and reversed-phase modes. Both normal-phase
mode (usually upper nonpolar phase pumped as the mobile
phase) and reversed-phase mode (usually lower polar phase
pumped as the mobile phase) are used followed by a switch
between these two at any point during the operation. This
mode has been applied in bioassay-guided isolation of bioac-
tive compounds from crude extracts (Alvi 2001). The mul-
tiple dual mode elution, also referred as intermittent dual
CCC, is a modification of dual mode elution involving a
succession of sequential dual mode phases. This mode of
elution enhances the resolution and efficiently separates ana-
lytes with similar partition coefficients. Such higher sepa-
ration efficiency is achieved through successive switching
between the normal and reverse elution which leads to an
artificial increase of coil length and increases the number
of liquid-liquid partitions (Delannay et al. 2006). In the
recycling mode, the detector’s outlet is simply connected,
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Fig.4 Different elution modes of CCC. Numbers refer to different
steps, and arrows (and their color) denote which phase is moved. A
Classic elution; B elusion-extrusion; C back-extrusion; D dual mode;
E co-current mode; F gradient mode; G three-phase system; H recy-
cling mode; I multiple dual mode; J two-dimensional CCC; K pH-
zone-refining. Reproduced from Vetter et al. 2020

through a pipe and regulator, to the mobile phase pump’s
inlet for generating the recycling mode of elution. Recycling
is a simple and efficient strategy for improving the peak reso-
lution of natural products (Du et al. 1998) and enantiomers
by using chiral solvent systems (Tong 2020). Multi-channel
recycling CCC systems require the combination of two CCC
centrifuges to allow the application of two-dimensional
heart-cutting where a freely selectable distinct part of the
chromatogram (first dimension) is transferred to the sec-
ond dimension with the goal to separate (partly) co-eluting

compounds (Meng et al. 2014). Lin and co-workers (2020)
developed a strategy for the precise separation and isola-
tion of lysine-specific demethylase 1 inhibitors from the
rhizomes of Corydalis yanhusuo W.T.Wang ex Z.Y.Su &
C.Y.Wu, Papaveraceae, by using multi-mode CCC guided
by liquid chromatography coupled to mass spectrometry/
mass spectrometry (LC-MS/MS). This enzyme is overex-
pressed in many tumors and, according to the authors, has
been used in antitumor therapy to regulate cell growth. The
authors first virtually screened representative alkaloids from
this plant by molecular docking with lysine-specific dem-
ethylase 1 to select active skeleton types. Then, the purifica-
tion of the crude alkaloid extract by pH-zone-refining CCC
and analysis of fractions by LC-MS/MS was simultaneously
performed, showing three potential active fractions, which
were further purified by online-storage and recycling CCC
separation (Lin et al. 2020). Finally, three high-purity target
quaternary alkaloids, dehydrocorydaline (27), coptisine, and
columbamine, were successfully isolated as a new class of
potential natural LSD1 inhibitors.

In co-current elution, both the mobile and stationary
phases move inside the column in the same direction but at
different flow rate to accelerate the elution of compounds
with long elution volumes. This procedure constitutes a form
of continuous CCC (Sutherland et al. 1984). Thus, the total
distance covered by the analytes becomes way too shorter
than the length of the column. Separation speed, hence, is
increased, while solvent consumption and band-broadening
are reduced (Berthod 2006).

pH-Zone-Refining

pH-zone-refining CCC (PZRCCC) is a special large-scale,
preparative technique for the purification of ionizable com-
pounds such as weak acids and bases, according to their pKa
or pK; values and hydrophobicities (Ito and Ma 1996; Ito
2013). In this technique, the chromatograms resemble those
of displacement chromatography, where compounds elute
as rectangular peaks (Ma et al. 1994) and the impurities
form sharp peaks at the vicinity of these peaks (Ito 1996). A
retainer is used to keep compounds in the stationary phase,
while an eluter is added to the mobile phase, to displace the
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desired compounds. Depending on the polarity of the mobile
phase, separations can be performed by either of the follow-
ing modes: in the normal displacement, the retainer is used
to keep the analyte in the aqueous stationary phase, while the
eluter (or displacer) transfers the analytes into the organic
mobile phase; whereas in the reverse displacement, the
eluter, now in the aqueous mobile phase, elutes the analytes
retained in the organic stationary phase (Ma et al. 1994). By
means of both elution modes, Ma and co-workers (1994)
isolated three Amaryllidaceae alkaloids, crinine (28), pow-
elline (29), and crinamidine (30), from the crude alkaloidal
extract (3 g) of Crinum moorei Hook.f., using TEA and HCI
as retainer/eluter. An efficient strategy based on acid or base
modified liquid-liquid extraction and pH-zone-refining CCC
was recently described for selective enrichment, separation,
and purification of alkaloids and organic acids from natural
products (Yu et al. 2020).

= WOH WOH
¢ ¢
N
o N
R OCHj
28 R=H
29 R=0OCHj 30

When the organic phase is used as mobile, alkaloids elute
as free bases; therefore, when dealing with labile alkaloids,
it is preferred to perform reverse displacement mode, where
the alkaloids elute as salts, being therefore, more stable (Ito
and Ma 1996). In fact, most of the papers reporting the sepa-
ration of alkaloids by PZRCCC describe the use of reverse
displacement mode (Table S1), except for the purification
of some quaternary alkaloids where TEA is used as eluter
in the organic mobile phase (Table S3). When working with
this special CCC technique, the choice of the appropriate
solvent system involves optimization of additional parame-
ters other than a suitable K for target compounds in a solvent
system free of acid or base, which are the concentration of
both retainer and eluter in the stationary and mobile phases,
respectively. Usually, equimolar concentrations of eluter
and retainer are used, and this parameter can influence the
retention of stationary phase as well as the concentration
and retention time of eluting analytes (Zou et al. 2018). Ito
(2005), in his review article on golden rules for selecting
optimal conditions for HSCCC, describes a step-by-step pro-
cedure for the selection of a proper solvent system for per-
forming pH-zone-refining CCC of either an acidic or a basic
analyte. A list of solvent systems based on different ratios
of two to four-solvent composition was suggested (Table 1),
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basically hexane—ethyl acetate—methanol-water (less polar)
and methyl-#-butyl-ether (M/BE)-BuOH-acetonitrile—water
(starting from MfBE—water). The concentration of the ana-
lytes is measured in basic and acidic media. In the case of
acid analytes, if K, ;4 is> > 1 and K}, ;c < <1, then the sol-
vent system is suitable for the separation. For a basic analyte
such as an alkaloid, K, 4 should be < <1 and Ky, > > 1. If
those results are not achieved, the suggestion is to move to
a more polar solvent system. Most separations by pH-zone-
refining CCC are performed using MsBE-acetonitrile—water
and HEMWat as solvent systems (Table 1 and S1). For
example, an isolation protocol using this approach pro-
vided six akuamma alkaloids from Picralima nitida (Stapf)
T.Durand & H.Durand (Apocynaceae), in high purity and
quantities for an extensive in vitro investigation as kappa
opioid receptors (Creed et al. 2021). A good discussion on
solvent systems used for pH-zone-refining separation of
alkaloids can be found in the review of Fang and co-workers
(2011) where, among other findings, the authors report the
increment in the sample loading capacity by using HEM-
Wat, as the solubility of many alkaloids is improved by this
solvent system family. The method formerly described by
Ito involves seven steps, while Fang and co-workers (2020)
developed a faster screening method using a crude alkaloidal
extract from the Chinese medicinal plant Gelsemium elegans
(Gardner & Chapm.) Benth., Gelsemiaceae, as an example,
where the partition coefficient K, ,..> > 1 was replaced by
the value K> 1 in neutral conditions. Several solvent compo-
sitions of hexane—ethyl acetate—methanol-water and MsBE-
acetonitrile-water were tested in a simplified manner.

One of the most important advantages of pH-zone-refin-
ing CCC is the increased sample loading capacity that can
be > 10 times higher than in classic CCC separations (Weisz
et al. 1994; Fang et al. 2013). Fang and co-workers (2011)
nicely illustrated this tendency for enlarged sample loading
capacity with the purification of Nelumbo alkaloids. By
comparing the separation results, the authors report that
only 120 mg crude extract were successfully separated by
conventional HSCCC with the optimized solvent system,
whereas 4 g could be purified by PZRCCC. One example of
industrial-scale purification of alkaloids with this technique
is the case study of Kotland and co-workers (2016) on the
purification of the pharmaceutical ingredients (anticancer
agents) catharanthine (31) and vindoline (32) from a crude
extract of the aerial parts of Catharanthus roseus G. Don,
Apocynaceae. These two monomers are components of
two natural dimers, vinblastine and vincristine, and two
hemisynthetic ones, vinorelbine and vinflunine, which are
used in anticancer chemotherapy, as microtubule-targeting
agents (Martino et al. 2018). The purification of alkaloids
31 and 32 from an industrial scale was studied by centrifu-
gal partition chromatography with a biphasic solvent sys-
tem of toluene—acetonitrile-water 4:1:5 (v/v). The scale-up
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Table 1 Ito’s suggested solvent systems for pH-zone-refining counter-
current chromatography

Solvent 1 Hexane/EtOAc/MeOH/H,0

10:0:5:5
9:1:5:5
8:2:5:5
7:3:5:5
6:4:5:5
5:5:5:5
M:BE/n-BuOH/ACN/H,0
1:0:0:1
4:0:1:5
6:0:3:8
2:0:2:3
4:2:3:8
2:2:1:5

Solvent 2 Hydrophobic

Hydrophilic

Reproduced from Ito and Ma (1996)

Abbreviations: CAN, acetonitrile; BuOH, butanol; EtOAc, ethyl ace-
tate; MeOH, methanol;

M1BE, methyl-tert-butyl-ether

methodology was optimized in terms of column capacity
and mass transfer efficiency. The optimized parameters
included concentration of retainer and eluter (TEA in the
organic stationary phase and sulfuric acid in the aqueous
mobile phase), flow rate, and rotation speed. The study
was first carried out in a 36 ml column with 832 parti-
tion twin-cells with the aim of maximizing the recovery
of target compounds and productivity. The experiments
were then scaled up to two larger columns of 305 ml and
1950 ml, equipped with 231 and 238 partition cells. The
efficiency of the column design and the retention of station-
ary phase (column capacity) were important invariants for
the scale-up study. The results further revealed that the
validated methodology could afford the injection of up to
150 g of crude Catharanthus extract on the 1950 ml col-
umn, highlighting the possibility of reaching a productivity
of about 4 kg extract processed per day. Recoveries for both
catharanthine and vindoline were 78% and 91%, respec-
tively. Although the concentration of this alkaloids is low
in the plant, 60.2-329.9 and 114.8-659.7 pg/g for 31 and
32, respectively (Koel et al. 2020), the productivity calcu-
lated for catharanthine + vindoline in this scale-up study
reaches a maximum of 225 mmol/l/h (Kotland et al. 2016).

pH-zone-refining CCC has been successfully and exten-
sively applied for the isolation of many structurally diverse
types of alkaloids, as well as in the purification of other
classes of natural products such as phenolics, cannabi-
noids, terpenoids (including ginkgolic acids from Ginkgo
biloba), fatty acids, and natural and synthetic pigments
(Table S1). This technique has also been applied for the
purification of amino acid derivatives, peptides, dyes, and
enantiomers by using chiral selectors (Ito and Ma 1996).
Chiral selectors based on cellulose and amylose arylcarba-
mates have been developed for chiral separations in CCC
(Pérez and Minguilldn 2006; Pérez et al. 2006). Cinchona-
derived alkaloids have been developed as ion-exchange-
type chiral selectors for the separation of enantiomeric
N-derivatized amino acids and 2-aryloxypropionic acids
by countercurrent chromatography (Franco et al. 2002).
Due to its importance in the field of alkaloid purification,
the application of pH-zone-refining countercurrent chro-
matography will be exemplified with selected examples
below.

Applications: Selected Examples

Since the review of Fang and co-workers (2011), 17 papers
describing the isolation of alkaloids by conventional HSCCC
have been published (Table S2). Some publications report
the use of combined pH-zone-refining CCC and conven-
tional HSCCC (Zhenjia et al. 2010; Dong et al. 2011; Zhang
et al. 2014; Li et al. 2015; Sun et al. 2015b; Zuo et al. 2021),
as well as hyphenation of CCC with other techniques (Dai
et al. 2012; Yuan et al. 2013), mainly with preparative HPLC
(Sun et al. 2015a; Han et al. 2017; Tang et al. 2017; Zhang
et al. 2016; Zhou et al. 2019). Combination of conventional
silica gel column chromatography (CC) and HSCCC was
also reported (Shikanga et al. 2011; Guimaries et al. 2013).

When working with the isolation of alkaloids from plant
sources, it is usual to perform a sample pre-treatment with
the aim of obtaining an alkaloid-rich extract for further
purification (Yang et al. 2013). Several classic acid—base
alkaloid extraction protocols have been extensively
described in pharmacognosy books and review articles
(Adejoke et al. 2019; Jian et al., 2019). According to Fang
and co-workers (2011), the concentration of target com-
pounds in a sample to be submitted to PZRCCC should not
be lower than 1 mM; otherwise, the resolution of peaks
will be very poor. Yang and co-workers (2013) developed
a sample pre-treatment strategy for PZRCCC based on a
further acid—base extraction with the aim of increasing
the target compound concentration. The authors used the
crude alkaloidal extract from seeds of Sophora alopecu-
roides L., Fabaceae, first obtained by acid—base extraction
(the first basic extract), as an example to illustrate and
develop the method which consisted of partitioning 20 g
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of this first basic crude extract on the optimized solvent
system MfBE-CH;CN-water (2:2:3, v/v) where the upper
organic phase was basified to pH 10 with TEA. Thus, the
second basic alkaloid-rich extract was further purified
by PZRCCC with the same solvent system (with TEA as
retainer and HCI as eluter in the aqueous phase) affording
169 mg of sophoramin (33) and 696 mg of sophocarpin
(34). This strategy doubled the yield of the target com-
pounds when compared to the results obtained with the
un-treated sample (crude alkaloidal extract).

33 34

A similar strategy was adopted by Feng and co-workers
(2015) for the target-oriented separation of minor indole
alkaloids from the medicinal plant Uncaria rhynchophylla
(Miq.) Miq. ex Havil, Rubiaceae. The two-phase solvent
system was first optimized, and then, following the flow
chart illustrated in Fig. 5, the crude alkaloid extract was
dissolved in the basified upper phase and extracted twice
with the basified lower phase to remove polar impurities.
Then, the upper phase was extracted twice with the acidified
lower phase to obtain the enriched alkaloid fraction and to
remove nonpolar impurities which remained in the upper
phase. In the sequence, a desalinization step followed where
the lower aqueous phase was basified to pH 10 and evapo-
rated and redissolved in water, followed by extraction with
ethyl acetate, rendering the enriched alkaloid extract ready
for pH-zone-refining purification.

When performing PZRCCC, usually bases such as TEA
are added to the organic phase as retainer, while hydrochlo-
ric acid is used as eluter in the aqueous phase. Vieira and
co-workers (2013) have investigated the use of organic acids
such as formic acid in several concentrations for the separa-
tion of indole alkaloids from the dichloromethane extract
from the bark of Aspidosperma rigidum Rusby, Apocyn-
aceae. By using the solvent system methyl-z-butyl-ether and
water with different concentrations of TEA as retainer in the
organic stationary phase and formic or hydrochloric acids as
eluter in the aqueous phase (Table 2), three major alkaloids,
3a-aricine (35), isoreserpiline (36), and 3fp-reserpiline (37),
were isolated. 3a-Aricine is eluted as a pure compound in
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the experiments performed with (10-15 mM) formic acid
as eluter, while with HCl, only 3p-reserpiline is eluted as
a pure compound (Fig. 6). By enhancing the concentration
of formic acid from 10 to 15 mM, alkaloids 35 and 36 were
obtained as pure compounds. Sulfuric acid instead was used
by Kotland and co-workers (Kotland et al. 2016) as an eluter
acid for the purification of indole alkaloids from Catharan-
thus roseus.

37

A novel solvent system for PZRCCC of polar alka-
loids was developed by Zou and co-workers (Zou et al.
2018) using the indole alkaloids from toad venom as an
example. According to the authors, the high polarity of
some alkaloids makes it difficult to separate by PZRCCC
with classical solvent systems on a large-scale basis. The
study describes a hydrophilic organic/salt-containing two-
phase solvent system composed of acetonitrile, sodium
chloride, and water. According to the authors, the devel-
oped solvent system provided a wider range of polarity
for polar components than classical aqueous two-phase
system (ATPS), without the effect of free hydrogen ion
(which would affect the formation of sharp retainer bor-
der), strong ionic strength, or high viscosity that these
ATPS solvent systems display, thus rendering it particu-
larly suitable for PZRCCC of polar alkaloids. The study
also describes the phase diagram for this new solvent
system, showing the mass binodal curve and tie lines,
as well as the areas where the system forms one-phase,
two-phase (useful for CCC), and a three-phase area, the
latter originated by precipitation of the salt. The indole
alkaloid-enriched extract was obtained by extracting 1 kg
powdered toad venom with 50% ethanol in an ultrasound-
assisted process and concentration on a microporous
resin. By using the strategy of solvent system selection
for PZRCCC described by Ito and after testing eight dif-
ferent solvent compositions, the authors chose the opti-
mized acetonitrile—sodium chloride—water (54:5:43,
w%) that gave suitable K, .4, Kp,.> and settling times.
The following step was the establishment of concentra-
tions of retainer TEA in organic stationary phase and
eluter HCI in the aqueous mobile phase. Figure 7 shows
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Table 2 pH-zone-refining experiments for determining the concentra-
tions of retainer triethylamine (TEA) and eluter acids for the purifi-
cation of indole alkaloids 32-34 from Aspidosperma rigidum Rusby
dichloromethane extract ( adapted from Vieira et al. 2013)

Experiment Retainer TES (mM) Eluter acid
concentration
(mM)

A 15 10 formic acid

B 10 10 formic acid

C 10 15 formic acid

D 5 5 HCl1

the results for the purification of 5-hydroxy-tryptamine
(38, serotonin), 5-hydroxy-N’-methyl-tryptamine (39),
and 5-hydroxy-N’, N’-dimethyl-tryptamine (40, bufote-
nine). When equal amounts of TEA and HCI were used
(10 mM), only bufotenine (40) eluted as a pure fraction
and as a mixture eluted serotonin (38) and 5-hydroxy-
N’-methyl-tryptamine (39) eluted (Fig. 7A). When the
concentration of HCl was adjusted to 15 mM, the three
alkaloids eluted as pure compounds (Fig. 7B). Interest-
ingly, serotonin (38) is widely found in Mediterranean
foodstuffs, fruits, vegetables, and medicinal herbs and
attenuates, or even prevents, stress oxidative-related dis-
orders, such as diabetes, inflammatory, and neurological
pathologies (Gongalves et al. 2021).

Two - phase solvent system: n-hexane - ethyl acetate - methanol — water
(3:7:1:9 v/v)

\N’RZ

HO
N\

N
H

38 R1:R2:H
39 R1=H; R2=CH3
40 R,=R,=CH;

Quaternary Alkaloids

Most of alkaloid purifications by pH-zone-refining CCC
deal with free bases of several skeleton types. According
to the review of Fang and co-workers (2011), 94% of the
alkaloids purified by PZRCCC are tertiary amines, and
6% are secondary. However, some remarkably interesting
examples report the isolation of quaternary alkaloids by
this technique. Interestingly, most part of these examples
use CHCI;-MeOH-H,0 as solvent system instead of those
proposed by Ito for PZRCCC (Tables 1 and S3), supposedly
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Fig.6 TLC plates with

the results of the pH-zone-
refining CCC. Experimental
conditions, TLC—silica gel
plates developed with ethyl
acetate:acetone:water (25:8:2)
and a drop of concentrated
N*H40H solution; detec-

tion, Dragendorff’s reagent;
CCC—coil volume, 80 ml; flow
rate, 2 ml/min; rotation speed,
850 rpm; sample loading, 2
200 mg; fraction size, 4 ml;

10 *.

oy e T4

4

Ay ac
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solvent system, MtBE—water;

A 15 mM TEA in the organic
stationary phase (OSP) and

10 mM formic acid in the
aqueous mobile phase (AMP);
B 10 mM TEA in the OSP and
10 mM formic acid in the AMP;
C 10 mM TEA in the OSP and
15 mM formic acid in the AMP;
D 5 mM TEA in the OSP and

5 mM hydrochloric acid in the
AMP. Reproduced from Vieira
etal. 2013

Time (minutes)

'I’Imo (mlm)

1416 182026 30364042 46 505254 60 66 7278 82 86 90 94 98 102106 108 114 120 122128

because this system is a polar solvent mixture more ade-
quate for the purification of polar quaternary alkaloids.
Compared to tertiary alkaloids, quaternary alkaloids gener-
ally show lower alkalinity and high polarity, which might
lead to further difficulty for their separation by PZRCCC.
In fact, several of the papers describing the purification of
quaternary alkaloids (Sun et al. 2014; Zhu et al. 2016; Liu
et al. 2019) used high concentrations of HCI as retainer in

@ Springer

Time (minutes)

aqueous stationary phases (as high as 60 mM) and lower
concentrations of TEA as eluter in the mobile organic phase
(5-10 mM), performing normal displacement mode instead
of reverse displacement mode, frequently used for the puri-
fication of free base alkaloids. Quaternary protoberberine
alkaloids have been isolated from several Chinese medicinal
plants by using hydrochloric acid as retainer in the aqueous
stationary phase (Table S3). These protoberberine alkaloids
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Fig.7 pH-zone-refining CCC chromatograms for separation of polar
indole alkaloids from Toad Venom (38—40). Experimental conditions:
flow rate, 1.5 mL/min; revolution speed, 800 rpm; separation tem-
perature, 25 °C; solvent system, acetonitrile—sodium chloride—water
(54:5:421%, w%); A 10 mM TEA in upper organic phase and 10 mM
HCI in lower aqueous phase; B 10 mM TEA in upper organic phase
and 15 mM HCl in lower aqueous phase. Reproduced from Zou et al.
2018

have been shown to possess diverse biochemical and phar-
macological actions while being nontoxic to humans even at
high dosages. Needless to say, protoberberine alkaloids that
are widely distributed in several botanical families have a
long history of use worldwide in folk medicine with several
important biological activities used for the treatment of can-
cer, inflammation, diabetes, depression, hypertension, and
various infectious areas. Quaternary protoberberine alka-
loids selectively bind to G-quadruplex DNA, commonly pre-
sent in several protooncogenic-DNA promoters (JaroSova
et al. 2019).

As discussed above, the concentration of both the retainer
and eluter can affect peak resolution and retention times. Sun
and co-workers (2014) were able to successfully purify ber-
berine (1), columbamine (41), jatrorrhizine (42), palmatine
(43), and coptisine (44) from an extract (1 g) of Coptis
chinensis by adjusting the concentrations of hydrochloric
acid as retainer in the stationary phase and TEA as eluter
in the mobile phase. By using the optimized solvent system
CHCl;-MeOH-H,0 (4:3:3, v/v), the first preparative puri-
fication was performed with equal amounts of retainer and
eluter: 10 mM HCI in the aqueous phase and 10 mM TEA
in the organic phase, yielding four main fractions, where

only jatrorrhizine (42) and berberine (1) were successfully
purified. Then, in order to enhance peak resolution, the con-
centration of the eluter base was reduced, and that of the
retainer acid was increased. Thus, the concentration of HCI
was raised to 40 mM in a second experiment, improving the
resolution of the separation, resulting in five main fractions,
where three of them, peaks A (41), D (44), and E (1), eluted
as pure compounds, although compound B (42) and C (43)
still came out as a mixture. The rectangular peaks formed in
this separation were too narrow, indicating that the alkaloids
eluted too fast. Finally, in the third experiment, the concen-
trations of both HCI and TEA were optimized to 60 mM and
5 mM, respectively. These experimental conditions afforded
five-flat pH-zones (Sun et al. 2014), as measured by the pH
value of the collected fractions (Fig. 8), which demonstrated
the complete resolution of the alkaloids with a purity over
96.6%, as confirmed by HPLC: 5.4 mg of columbamine (41,
peak A), 6.1 mg of jatrorrhizine (42, peak B), 58.3 mg of
coptisine (43, peak C), 25.6 mg of palmatine (44, peak D),
and 503.9 mg of berberine (1, peak E).

41 R1=R2=R3=CH3; R4=H

42 R1=R2=R4=CH3; R3=H

43 R1=R2= —CHz—; R3=R4= —CH2—
44 R1=R2=R3=R4=CH3

45 R1=R2=R3=R4=H

Li and co-workers (Li et al. 2015) described the puri-
fication of five protoberberine alkaloids from Coptis rhi-
zome in two stages, where, in the first stage, the strategy
of a reactive extraction was used. The modulation effect
of seven carboxylic acids (acetic, propionic, difluoro-
acetic, dichloroacetic, trifluoroacetic, trichloroacetic, and
pentafluoropropionic acids) on the five target compounds
was studied by adding them separately to the optimized
CCC solvent system (MtBE-BuOH-EtOAc-H,0 2:2:1:8,
v/v) and measuring K values for each compound. After
analyzing the relationships between log P (hydrophobic-
ity) and pK, of the acids and the K values of the alka-
loids, it was concluded that the values of K for the targets
increased when the chain of alkyl and the number of halo-
gen substituent in the acids are increased, and so, TFA was
chosen as modulator as the K value of the five alkaloids
was above 2 with this acid in the selected solvent system.
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Several concentrations of the modulators trifluoroacetic
acid (TFA) and ammonium (NH;.H,0) were tested for
the reactive extraction step. After measuring the partition
coefficient of the five compounds in each concentration of
the modulating agents, the first stage of reactive extraction
was performed with 40 mM TFA in the upper stationary
phase and 20 mM ammonium in the lower mobile phase.
Epi-berberine, (45), was purified (over 97% purity) from
the rest of the alkaloid mixture in this first stage. Alka-
loids 1 and 42-44 were purified in the second stage with
the same solvent system and TEA at 25 mM serving as
retainer in the organic phase and 10 mM HCI as eluter in
the aqueous phase. The mechanism of reactive extraction
involves high hydrophobicities of the formed salts which
allowed the target quaternary alkaloids to be transferred
from the aqueous phase to the organic stationary phase.
Kamto and co-workers (2021) described the use of
EtOAc-BuOH-H,0O (EBuWat) as a polar solvent system
for the separation of three aporphine alkaloids, lirioferine
(46), cocsarmine (47), and biscocsarmine (48), from Tricli-
sia dictyophylla Diels, Menispermaceae. The first attempt
to use HEMWat as solvent system family at several ratios

and concentrations of TEA and HCI as retainer and eluter,
respectively, failed to obtain the desired K, > > 1 and
K,.iqs< <1 even at the highest polarity ratios of 1:6:1:6.
EBuWat was then screened. This solvent system is com-
posed of two immiscible solvents (ethyl acetate and water)
and a third one, butanol, which is manly an organic modi-
fier. So, the composition ethyl acetate-BuOH-water x:y:10
was tested where x:y varied from 9:1 to 5:5. After choosing
the very polar composition EBuWat 5:5:10, the concentra-
tion of retainer TEA and eluter HCI was adjusted. HC1 was
kept at 5 mM, whereas TEA concentration was screened
from 5 to 80 mM to retain all alkaloids in the organic sta-
tionary phase, being 60 mM the one chosen for the puri-
fication of the crude extract. Even at 80 mM TEA, not all
quaternary alkaloids, cocsarmine (47) and biscocsarmine
(45), would completely remain in the basic organic phase.
Their quaternary nature was further confirmed after struc-
tural elucidation (Kamto et al. 2021).
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Fig.8 pH-zone-refining CCC and HPLC control for the separation
of the crude extract from Coptis chinensis Franch. Experimental
conditions: solvent system, CHCl;-MeOH-H,0 (4:3:3, v/v); 60 mM
HCL in upper aqueous phase and 5 mM TEA in lower organic phase;
revolution speed, 850 rpm; flow rate, 2 mL/min; sample size, 1.0 g;
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HPLC-UV detection wavelength, 254 nm. Alkaloid assignments:
columbamine (41, peak A), jatrorrhizine (42, peak B), coptisine (43,
peak C), palmatine (40, peak D), and berberine (1, peak E). Repro-
duced from Sun et al. 2014
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Perspective on Future Directions

Conventional methods for alkaloid purification still remain
a challenging task, due to the multiple steps to be achieved,
especially when dealing with quaternary alkaloids, which
require the implementation of polar solvent systems. pH-
zone-refining CCC has shown itself to be a valuable tech-
nique for the preparative separation of alkaloids by the
optimization of the concentrations of both retainer in the
stationary phase and eluter in the mobile phase in order
to obtain suitable flat pH-zones with enhanced resolution
between peaks and improved retention times.

Hyphenation of CCC to other analytical techniques has
been increasingly used, especially liquid chromatogra-
phy—tandem mass spectrometry (LC-MS/MS), to rapidly
annotate bioactive compounds in complex natural product-
derived mixtures. Recently, the additive combination of in
silico virtual screening by multi-target drug approach turns
CCC into one of the most powerful tools for the fast and effi-
cient preparative isolation of natural products in bioassay-
guided fractionations and isolation of lead compounds for
further biological testing and drug discovery.

Finally, the considerable preparative capacity of CCC
with low cost makes it exceptionally attractive for the
development of complementary methods for chiral sepa-
ration of pure compounds from racemic mixtures at low
cost for industrial synthesis of pharmaceuticals based on
natural product scaffolds. In the future, the application of

liquid-liquid chromatography in chiral separation would
certainly be popular if the efficiency and retention of the
samples through the number of theoretical plates of the sepa-
ration column are greatly improved. Developing and screen-
ing new varieties of chiral selectors are also of enormous
importance for improving chiral separations.

Conclusions

The selected examples discussed here show that the basic
nature of alkaloids conferred by the nitrogen atom in their
chemical structure is a characteristic feature that can be
explored for the purification of this class of compounds by
liquid-liquid partitioning techniques. Most of the solvent
systems employed in the purifications by conventional CCC
resemble the biphasic systems used for liquid—liquid extrac-
tion modulated by pH, e.g., CHCl;-H,O; the solvent sys-
tem CHCIl;-MeOH-H,0 is frequently used, especially for
quaternary alkaloids separation by pH-zone-refining CCC,
and its selectivity can be modified by the substitution of
the alcohol; hexane—ethyl acetate-MeOH-H,0 is a common
system. MsBE-acetonitrile-BuOH-water is frequently used
in PZRCCC separations. The use of aqueous acid buffers
which pH varies according to the nature of the alkaloid has
been employed in most of the described isolations, but the
addition of bases in the aqueous phase is also reported. The
evolution of equipment used for alkaloid separation, from
the Craig and Post apparatus to the modern centrifugal tech-
niques like CPC and HSCCC, represents a significant step
forward as hydrostatic and hydrodynamic equipment can be
operated in several different ways, opening new horizon for
the art of separation such as the use of three-phase solvent
systems.
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