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Abstract

Solanum plants (Solanaceae) are renowned source of nutraceuticals and have widely been explored for their phy-
tochemical constituents. This work investigated the effects of kosmotropic and chaotropic salts on the number of
phytochemicals extracted from the leaves of a nutraceutical plant, Solanum retroflexum, and analyzed on the ultra-
performance liquid chromatography hyphenated to a quadrupole time of flight mass spectrometer (UPLC-QTOF-MS)
detector. Here, a total of 20 different compounds were putatively characterized. The majority of the identified com-
pounds were polyphenols and glycoalkaloids. Another compound, caffeoyl malate was identified for the first time in
this plant. Glycoalkaloids such as solanelagnin, solamargine, solasonine, 3-solanine (I) and 3-solanine (Il) were found to
be extracted by almost all the salts used herein. Kosmotrope salts, overall, were more efficient in extracting polar com-
pounds with 4 more polyphenolic compounds extracted compared to the chaotropes. Chaotropes were generally
more selective for the extraction of less polar compounds (glycoalkaloids) with 3 more extracted than the kosmo-
tropes. The chaotrope and the kosmotrope that extracted the most metabolites were NaCl and Na,SO,, respectively,
with 12 metabolites extracted for each salt. This work demonstrated that a comprehensive metabolome of S. retro-
flexum, more than what was previously reported on the same plant, can be achieved by application of kosmotropes
and chaotropes as extractants with the aid of the Aqueous Two Phase Extraction approach. The best-performing salts,
Na,SO, or NaCl, could potentially be applied on a commercial scale, to meet the ever-growing demand of the studied
metabolites. The Aqueous Two Phase Extraction technique was found to be efficient in simultaneous extraction of
multiple metabolites which can be applied in metabolomics.
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Introduction
Solanum plants (Solanaceae) have been widely explored
for their phytochemical constituents. These bioactive
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[4]. The type of phytochemical compounds found in
Solanum plants vary with species, plant part and the
extraction method.

In view of the rich diversity of Solanum phytochemi-
cals, these substances have recently become of great
interest owing to their versatile applications as basic raw
materials for indigenous pharmaceuticals. These phyto-
chemicals are a rich bio-resource of drugs for traditional
systems of medicine, modern medicines, nutraceuticals,
pharmaceutical intermediates and chemical entities
for synthetic drugs [5, 6]. Examples of phytochemicals
include polyphenolic flavonoid compounds which are
widely distributed in plants and have been reported to
exert multiple biological effects, including antioxidant,
free radical scavenging abilities, anti-inflammatory and
anti-carcinogenic characteristics [3, 7]. Glycoalkaloids,
which are common alkaloids within the Solanaceae fam-
ily have been reported to play a protective role in species
such as S. tuberosum, S. melongena and S. lycopersium
[8-10]. The defensive role of glycoalkaloids include redox
imbalance, disruption of biological membranes, dis-
turbed metabolism, inhibition of cholinesterase, repro-
ductive toxicity and disturbed development [11].

Patel et al. [12] reported on phytochemicals such as
carbohydrates, saponins, tannins, alkaloids and triter-
penoids in S. dubium roots. Piana et al. [1] reported on
the presence of phenolic alkaloids and flavonoids com-
pounds from ethanol extracts in S. corymbiflorum leaves.
Upreti et al. [13] studied the phytochemical constituents
of S. xanthocarpum fruits, obtained through methanolic
extraction, and found that it contained alkaloids and gly-
cosides. Daji et al. [14] investigated the phytochemical
profile of S. retroflexum leaves using methanolic extracts
and found a rage of cinnamic acids, polyphenols and
alkaloids.

In light of the wide range of bioactive roles that phy-
tochemicals display, extraction of these essential com-
pounds is all the more worthwhile. Extraction of
phytoconstituents from plants is dependent on a variety
of factors, among which includes the use of chaotropic
and kosmotropic salts. Chaotropes are salts that disrupt
hydrophobic interactions of plant derived compounds in
water, hence allowing for dissolution of non-polar com-
pounds in water. They are also weakly hydrated com-
pounds and generally consist of large singly charged
ions. On the contrary, kosmotropes do not interfere with
hydrophobic interactions and are strongly hydrated as a
result of their structural design, which consists of small
multiply charged ions.

Aqueous two-phase system (ATPE) is a liquid-lig-
uid partitioning method where one layer is composed
of a bottom salt-saturated aqueous layer and an upper
organic extraction solvent for separation, purification
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and enrichment of metabolites [15]. Aqueous two-phase
extraction has been recognized as a versatile technique
for the downstream processing of biomolecules [16, 17].
The major advantages of ATPE are high capacity, biocom-
patible environment, low interfacial tension of phases,
high yields and low process time [16, 18]. Additionally,
this technique uses salts that allow for partitioning of eth-
anol (green solvent) from water, where the ethanol layer
is enriched with metabolites. This extraction method is
renowned for its ability to extract, separate, purify and
enrich proteins, viruses and membranes, resulting in
decent yields [18, 19]. Recently, researchers have turned
their attention to an improved version of ATPE, salting-
out assisted liquid-liquid extraction (SALLE) technique,
which facilitates enhanced extraction of metabolites
from complex matrices. This method uses solvents such
as ethanol (EtOH) or acetonitrile (MeCN), as extraction
solvents because water-solubility is minimized when salts
are added to samples and extraction media [20, 21]. The
SALLE procedure has been widely applied for extraction
of compounds from various matrices because of its sim-
plicity and effectiveness [21-26].

To the best of our knowledge, information on extrac-
tion of phytochemicals using chaotropes and kosmo-
tropes is scarce. Hence, the aim of this work was to
determine if ATPE using the salting-out technique was
efficient in obtaining a comprehensive metabolome of S.
retroflexum. If the study were to be successful, it would
be the first of its kind. The efficiency of the salting-
out technique was determined based on the number of
metabolites that would have been extracted from the
aqueous solution into the extractant phase using a group
of kosmotropic and chaotropic salts. Analysis and char-
acterization of the extracted metabolites was performed
on the UPLC-QTOF-MS.

Experimental

Chemicals and reagents

All salts; KNO; (analytical grade>99% purity), Na,SO,
(analytical grade>99% purity), BaCl,-2H,O (ACS rea-
gent>99% purity) KBr (anhydrous>99% purity),
MgCl,-6H,0 (anhydrous > 99% purity), Na,HPO, (anhy-
drous>99% purity), NaCl (anhydrous>99% purity),
NaH,PO,:2H,O (anhydrous>99% purity), (NH,),SO,
(anhydrous >99% purity), Na,CO; (anhydrous>99%
purity), KCl (anhydrous>99% purity), AgNO; (Ana-
lytical reagent >99% purity) and Ethanol (99% CP) were
purchased from Associated Chemical Enterprises (Johan-
nesburg, South Africa) and Sigma-Aldrich (Johannes-
burg, South Africa). Ultra-pure water (0.005 puS, 18 mQ)
was used for the preparation of the salt solutions. Chro-
matographic separation was conducted using an Acquity
UHPLC (Ultra high performance liquid chromatography)
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instrument. The UPLC was connected to a Synapt G1
qTOEF-MS detector (Waters Corporation, MA, USA).
The solvents used for the chromatographic runs were
acetonitrile and formic acid, which were purchased from
Romil Pure Chemistry (Cambridge, UK).

Sample collection, preparation and ATPE

The leaves of S. retroflexum were obtained from a street
vendor within the Thulamela District in Thohoyandou,
South Africa. The plants were air dried until a constant
weight was obtained, and the leaves were ground into
a fine powder with a blender at 2000 rpm and stored in
glass containers. The containers were covered in paper
bags to prevent light penetration. The powdered leaves
(2.00 g) were placed in 50 mL centrifuge tubes. Thereaf-
ter, saturated salt concentrations of 30% (w/v) involving
kosmotropes (BaCl,-2H,0, Na,SO,, Na,CO;, (NH,),SO,,
Na,HPO, and MgCl,-6H,0) and chaotropes (AgNO,,
KBr, KCl, KNO;, NaH,PO,:2H,0 and NaCl which were
prepared by weighing 15 g of salt in 50 mL of water,
were added to the powdered leaves. The mixture was
then shaken on the dragon shaker at 70 rpm for 12 h at
25 °C for the extraction of the metabolites. The ethanol
extraction solvent (20 mL) was then added to the mix-
ture for enrichment of the salt extracted metabolites that
were initially in the aqueous phase, resulting in ATPE.
The ATPE extractions were done in duplicates. The bot-
tom layer contained the saturated salt while the top layer
contained 99% ethanol extracting solvent. The metabo-
lites contained in the extracts were then analysed on a
UPLC-QTOE-MS.

Analysis on the UPLC-QTOF-MS

Chromatographic separation was conducted on an
Acquity HSS T3 C18 column (150 mm x 2.1 mm with
particle size of 1.7 um) using a mobile phase which con-
sisted of formic acid (0.1%) in deionised water (solvent A)
and acetonitrile with 0.1% formic acid (solvent B) at a col-
umn temperature of 40 ‘C. Chromatographic separation
was achieved using a 20 min gradient elution method
consisting of the following settings: the initial conditions
were 98% solvent A at a flow rate of 0.4 mL min~'. The
conditions were kept constant for 1 min. Conditions were
changed to 98% solvent A at 1 min, sharply reduced to
5% solvent A at 6 min, held for 2 min, and then changed
to 98% solvent A and maintained at 8 min for the next
2 min. Elution was monitored using a photodiode-array
detector (PDA) collecting 20 spectra per second between
the 200 and 500 nm range.

For mass spectrometry, the acquisition parameters
discussed by Ramabulana et al. [27] were followed.
Briefly, MS data were acquired using positive and nega-
tive electron spray ionization (ESI) modes. The MS was
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configured to scan the range of 100—1000 Da with a scan
time of 0.2 s. After a series of optimization, the follow-
ing settings were found to be optimal: capillary voltage of
2.5 kV, sample cone potential of 30 V, source temperature
of 120 °C, desolvation temperature of 450 °C, cone gas
flow of 50 L h™!, desolvation gas flow of 550 L h™!, and
multichannel plate detector potential of 1600 V. In order
to achieve efficient fragmentation to aid during identifi-
cation, the mass spectrometry data were collected using a
collision energy ramp of 10—30 eV. Structural elucidation
was done using KNapSAck online metabolite database.

Results and discussion

LC-MS analysis of metabolites obtained from leaves of S.
retroflexum using ethanol extracts from the ATPE system
LC-MS analysis of chlorogenic acids and related esters
Generally, approximately 15 polyphenolic compounds
and 5 glycoalkaloids were identified, as presented in
Fig. 1a, b. Peaks at m1/z 353 which indicated caffeoylquinic
acids (CQAs) when kosmotropes and chaotropes were
used are shown in Fig. 1a and b. Madala et al. [28], Desh-
pande et al. [29] and Mhlongo et al. [30] have reported
CQA at m/z 353. Chlorogenic acids are a family of esters
that result from the esterification reaction of quinic acid
(QA) and cinnamic acid (CA) derivatives comprised of
either caffeic or coumaroyl or ferulic acid [31]. Kosmo-
trope salts such as MgCl,-6H,0, Na,HPO, and Na,SO,
extracted CQAs as identified in the chromatograms
(Fig. 1a and b). As for the chaotropes, CQAs were also
identified for NaCl, NaH,PO,-2H,0 and KClI (Fig. 1b).
Multiple peaks at m/z 353 with retention times of 2.60,
3.51 and 3.53 min in Fig. 1a and b were observed and
indicated isomers of CQA. Daji et al. [14] reported a sim-
ilar observation when methanol extracts were screened
on the UPLC-qTOF-MS. A precursor ion at m/z 295 with
a retention time of 4.32 min was observed for all the kos-
motropes and chaotropes except for AgNO;, KNO, and
Na,CO;. Interestingly, the precursor ion at m/z 295 and
4.32 min was not reported by Daji et al. [14] in the meth-
anol extracts they analyzed on the UPLC-qTOE-MS,
probably indicating that this was a unique compound.

LC-MS analysis of flavonoids

recursor ions at m/z 609 and m/z 593 appeared at
5.10 min and 5.51 min, respectively and were observed
for most of the kosmotropic salts and chaotropic salts
(Fig. 1a and b). Similarly, Daji et al. [14], Ramabulana
et al. [27] and Pinela et al. [32] reported on precursor
ions at m/z 609 and m/z 593 as flavonoids.
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LC-MS analysis of glycoalkaloids

Two glycoalkaloid isomers at #1/z 868 were obtained for
most of the chaotropes and kosmotropes. Two other
glycoalkaloid isomers at m/z 722 were observed for the
majority of chaotropes and kosmotropes. The occurrence
of metabolites at m/z 868 and m/z 722 has been reported
as glycoalkaloids in a variety of Solanum plants, examples
include; S. tuberosum [33), S. chacoense [34] and S. retro-
flexum [14].

Mass spectra of metabolites obtained from leaves of S.
retroflexum

Mass spectra of chlorogenic acids and related esters

As discussed previously, a variety of peaks at m/z 353
with unique retention times were obtained which indi-
cated the presence of isomeric compounds. The isomers
were distinguished using the tandem MS/MS approach
which generated fragmentation patterns from the pre-
cursor ion (m/z 353). The isomers at 2.59, 3.51, 3.59 and
4.10 min had diagnostic m/z ions of (135, 191), (135,
191), (135, 173, 179, 191) and (135, 179, 191), respec-
tively. Hence, the isomers that eluted at 2.59, 3.51, 3.59
and 4.10 min were identified as 5-CQA, 4-CQA and
3-CQA, respectively, indicating that positional (mono-
acylated) isomers of CQA were extracted by the majority
of kosmotropes and chaotropes. Abu-Reidah et al. [35]
and Piana et al. [1] also reported on positional isomers
of CQA acids in leaves of L. intricatum and leaves of S.
corimbiflorum, respectively. The detected fragments m1/z
191 (quinic acid-H), m/z 179 (caffeic acid-H), m/z 173
(quinic acid-H,0) and m/z 135 (caffeic acid-CO,) were
reported by Che et al. [36], Deshpande et al. [29] and
Mhlongo et al. [30]. Additionally, 5-CQA was obtained
at 2.59 and 3.51 min, indicating the possibility of geo-
metric isomers. Daji et al. [14] also reported on the geo-
metric isomers of mono-acylated CQAs using a reverse
phase column and observed that trans mono-acylated
CQAs eluted before cis mono-acylated CQAs. Thus, the
5-CQA isomers that eluted at 2.59 and 3.51 min were
trans-5-CQA and cis-5-CQA, respectively. The extracted
CQAs are useful pharmacological compounds and were
reported for anti-inflammatory activity [37-39]. The
CQAs obtained using the various kosmotropes and chao-
tropes studied, are also summarized in Tables 1 and 2.

A compound identified at m/z 295 and retention time
of 4.32 min was extracted by most of the chaotropes
and kosmotropes. The fragmentation pattern of com-
pound yielded fragments at m/z 179 and m/z 133. The
fragment at m/z 179 was identified as caffeic acid-H
while m/z 133 had a chemical formula of C;H;O; and
through the KNapSAck metabolite database, was iden-
tified as malic acid-H. The process of structural eluci-
dation was done by obtaining the chemical formula,
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which was observed to be C;3H,;O4 at m/z 295, and
thereafter identifying the metabolite using the KNap-
SAck metabolite database, which was determined to be
caffeoyl malate as shown in Fig. 2. This highlighted that
caffeoyl malate was synthesized from the esterification
reaction of caffeic acid and malic acid in a similar way
to which Solanum plants would synthesize CQA from
CA and QA [14, 40, 41]. It is worth noting that caffeoyl
malate was not detected in any other Solanum species
to date, though similar metabolites such as feuralic
malate and coumaric malate have been reported in
Fabaceae plants, P vulgaris, [27]. Therefore, it is the
first time caffeoyl malate has been identified in species
of Solanum.

Mass spectra of flavonoids

Precursor ions at m/z 609 and m/z 593 were detected
on the UPLC-QTOEF-MS, which appeared at 5.10 min
and 5.51 min on the chromatogram for most of the
chaotropes and kosmotropes. The daughter ions at m/z
609 and m/z 593 were m/z 301 and m/z 515, respec-
tively. Hence, the compounds at m/z 609 and m/z 593
were identified as quercetin-3-rutinoside and kaemp-
ferol-3-rutinoside, respectively. Quercetin-3-rutinoside
and kaempferol-3-rutinoside were reported in S. ret-
roflexum [14], P. vulgaris [27] and in V. Schreb [42]. A
compound at m/z 741 was found for most of the cha-
otropes and kosmotropes at 4.71 min (Fig. 1la and b).
The daughter ions of the compound at m/z 741 were
m/z 609 and m/z 300 which corresponded to quercetin
3-rutinoside-H and quercetin-H* are shown in Fig. 3.
The chemical formula of the compound at m/z 741 was
determined to be C;,H;,0,,. Structural elucidation of
the compound (m/z 741) using the KNapSAck metabo-
lite database indicated that the compound was querce-
tin 3-(2G-apiosylrutinoside). This compound was
reported in C. pallidiculale [43] and S. glaucophyllum
[44]. Additionally, Litvinov [45] reported on the impor-
tance of glycosylated sugar moieties, at position 3 and 7
on the quercetin and kaempferol core moieties, in the
bioavailability of flavonoid glycosides in humans. Addi-
tionally, flavonoids were reported to form complexes
with bacterial cell walls, inhibiting microbial growth
[14, 46—-48]. Hence, glycosylated flavonoids are essen-
tial compounds in food additives and pharmacological
applications. The identity of the flavonoids, the diag-
nostic m/z ions and retention times are summarized
in Tables 1 and 2 for the kosmotropes and chaotropes,
respectively.
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Table 2 List of compounds which were extracted with different chaotropes from S. retroflexum leaves using aqueous ethanol extracts,
under negative ESI

Metabolite [M-H]~ Diagnostic m/z ions *ta(min)  NaCl  NaX AgNO;  KBr KCl KNO;  References
Quinolic acid 164.0685 72,116,147 191 v v v v v v [49]
v

Quinic acid 191.0160 111,115,133 0.94 v - - - v v [40]

cam 295.0462 133,179 432 v v - v v - This work
Trans-5-CQA 353.0846 135,191 2.60 v v - - - [14]
Cis-5-COA 353.0849 135,191 351 v v - - v - [14]
4-COA 353.0876  135,173,179,191 353 - - - - - - [14]
Hibcetin. 3,7,4 trimethylether 3756049 183,295,372 0.84 - - - - - v [43]
Kaempferol-3 rutinoside 593.1516 285 5.51 v v v v v v [43]
Quercetin-3 rutinoside 609.1431 301 5.1 v v - v v v [32]

v

Quercetin.3(2G-apiosylrutinoside) ~ 741.1883 301, 463, 609 471 v v - v v [44]

CQA, Caffeoyl qunic acid, CQM, Caffeoyl quinic malate, Na.X—NaH,P0,.2H,0, present, -, not present, *tz, Retention time
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Fig. 2 Fragmentation pattern of caffeoyl malate using ESI negative ionization mode

Mass spectra of alkaloid derivatives same sugar side chain of uniquely positionally arranged
Two isomeric compounds at 71/z 868 at retention times  monosaccharides. The occurrence of the same aglycone
of 6.59 and 6.81 min were extracted for all kosmotropes  unit is substantiated by the presence of the fragment m1/z
and chaotropes, with the exception of MgCl,-6H,0O. The = 414 for both isomers in Additional file 1: Figs. S1 and S2,
fragmentation patterns of both isomers were very similar ~ which was identified as solasodine (C,,H,3NO,). From
with each isomer consisting of daughter ions at m/z 414  the KNapSAcK metabolite database, only two metabo-
and 722 as shown in Additional file 1: Figs. S1 and S2. The  lites at m/z 868 matched the formula C,;H,,NO;; and
chemical formulae of the two isomers at m/z 868 were  were identified as solanelagnin and solamargine. Both
found to be identical (C,sH,,NO;;) indicating that both  solanelagnin and solamargine contained the same agly-
compounds contained the same aglycone unit with the cone unit (solasodine) and the same chacotriose sugar
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Fig. 3 Mass spectrum showing the fragmentation pattern and scheme of quercetin 3-(2G-apiosylrutinoside) to quercetin

side chain, which was composed of glucose and two
rhamnose sugars. Chacotriose was glycosylated to
solasodine through glucose, in both isomers. The only
difference between the two isomers was the positional
glycosylation of the rhamnose sugars to glucose. In
solanelagnin, the rhamnose sugars were glycosylated at
position 3 and 4 of glucose while in solamargine, glyco-
sylation occurred at position 2 and 4 (Additional file 1:
Figs. S1 and S2). Solanelagnin, due to the close proxim-
ity of the rhamnose sugars in comparison to solamargine,
was observed to be the more polar, and hence eluted ear-
lier at 6.59 min while solamargine followed at 6.81 min
(Additional file 1: Fig. S3). Solamargine has been identi-
fied in other Solanum species such as in leaves of S. inca-
num, S. nigrum and S. retroflexum while solanelagnin was

reported in S. elaeagnifolium [14, 50, 51]. Solamargine is
highly toxic, intake at low doses can cause vomiting and
diarrhea while high dosage intake can lead to death [14,
52]. Solanelagnin was reported to exhibit hepatoprotec-
tion against paracetamol induced liver injury in mice
[53]. The toxicity of glycoalkaloids is due to its aglycone
unit which is toxic and non-polar [27, 33].

Two other isomeric compounds at m/z 722 with reten-
tion times of 6.87 and 7.38 min were extracted for most
kosmotropes and chaotropes. The fragmentation patterns
of both isomers were similar with both isomers exhibiting
daughter ions at m/z 397 and 559 as shown in Additional
file 1: Fig. S4a and b, similarly to what was observed for
the isomers at m/z 868. The chemical formulae of the
two isomers at m/z 772 were determined to be identical
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(C3oHeuNOy ;) indicating that both compounds contained
the same aglycone unit with the same sugar side chain
of uniquely positionally arranged monosaccharides. The
occurrence of the same aglycone unit was due to the
presence of the fragment at m/z 397 for both isomers in
Additional file 1: Fig. S4a and b, which was identified as
solanidine (C,,H,3NO). Structural elucidation of the iso-
mers at m/z 722 (C3oH,NO, ;) using KNapSAcK metabo-
lite database indicated that the compounds were isomers
of B-solanine. B-solanine (I) and p-solanine (II) had the
same aglycone unit, solanidine, and the same carbohy-
drate sugar side chain, solabiose, which both contained
epimers glucose and galactose. Solabiose was glyco-
sylated to solanidine through galactose in both isomers.
In B-solanine (I) glycosylation of glucose to galactose
occurred at position 4 while in B-solanine (II) glycosyla-
tion of glucose occurred at position 3. p-solanine (I)
was shown to be glycosylated at position 4 which made
glucose and galactose appear in close proximity to each
other than P-solanine (II). Therefore, f-solanine (I) had
a greater dipole moment than f-solanine (II), and hence
eluted earlier at 6.87 min while solamargine followed at
7.38 min (Additional file 1: Fig. S5). Tata et al. [33] and
Jia et al. [54] reported on the presence of B-solanine in
sprouts of S. tuberosum. B-solanine was also reported by
Filho et al. [41] to be less toxic than solamargine.

Kosmotropic salts such as Na,COs, Na,SO, and BaCl,
were observed to extract solasonine while the same
metabolite was not extracted for any of the chaotropes
(Tables 3 and 4). This suggested the solasonine extraction
is probably favored by the presence of multiply charged
ions. The chaotrope salts were observed to extract a
number of glycoalkaloids (Table 4). This indicated that
generally chaotropes tend to have a greater affinity than
kosmotropes for extraction compounds of lower polarity
such as glycoalkaloids as compared to polyphenols. Iden-
tification of glycoalkaloids in this work further empha-
sized the prevalence of these toxic compounds among
Solanum species that play a defensive role against micro-
organisms and competing plants [8—10]. The glycoalka-
loids obtained from the kosmotropes and chaotropes are
shown in Tables 3 and 4.

Figure 4 is a general reaction mechanism illustrating
the reaction of chaotropes and kosmotropes with a plant
metabolite in the aqueous phase of the ATPE system. A
general observation from the extraction of polyphenols
and glycoalkaloids was that kosmotropes were more effi-
cient in extracting polar compounds such as polyphenols
while the chaotropes were better off in extraction of less
polar compounds such as glycoalkaloids. The mechanis-
tics of this observation can be explained by the manner in
which kosmotropes and chaotropes interact with water
in the aqueous phase based on the salting-out effect.
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Salting-out is an effective pre-concentration method
which has been studied for the extraction of Vitamin
D3 in milk samples [26] partitioning of biomolecules
[56] and determination of 5-nitroimidazolesin in fish
[21]. Salting-out is dependent on the nature of the salt
involved. Kosmotropes have been studied to form strong
hydrogen bonds with water as opposed to chaotropes
[57-60]. In the aqueous phase, S. retroflexum metabo-
lites interacted with the water molecules through mainly,
hydrogen bonds followed by weaker interactions such as
electrostatic forces, dipole—dipole forces and van der wall
forces. Introduction of salts in the aqueous phase resulted
in the salting-out effect, whereby interactions between
the water and the metabolites were disturbed. As a result,
the miscibility of the phytochemicals for the water sol-
vent was reduced resulting in precipitation of metabolites
from the aqueous phase. The extent of precipitation was
dependent on the nature of the salt (kosmotrope or chao-
trope) and the polarity of the precipitated compounds.
The ethanol extraction solvent that was introduced,
removed the precipitated phytochemicals from the aque-
ous phase. Similarly, as shown in Fig. 4, the kosmotrope
(Na,SO,) formed strong hydrogen bonds with the water
molecules surrounding the metabolite (chlorogenic acid)
as opposed to chaotropes. This led to the precipitation
of the resultant metabolite from the aqueous phase, of
which was eventually removed by the ethanol extractant
solution. Hence, generally, a greater number of polyphe-
nolic metabolites in this study were observed for kosmo-
tropes as opposed to chaotropes (Tables 1, 2, 3 and 4).

For a chaotrope such as AgNO,, which had the least
amount of polyphenols extracted, while extracting all the
glycoalkaloids present, can be explained based on salting-
out effect. Additionally, silver has a destructive effect, as
it has been reported to be persistent, bioaccumulative,
and toxic to both aquatic species and plants. For instance,
silver ions were shown to inhibit seed germination, bio-
mass accumulation, and root and shoot growth in Arabi-
dopsis [61], B. nigra [62], Lemna [63], P. radiatus [64] and
Lupinus termis L. [65]. Similarly, the silver ions could
have reacted directly with the metabolites (polyphenols
in particular), as a result changing the polarity of the
metabolite, subsequently reducing its precipitation from
the aqueous phase. Hence, only two polyphenolic metab-
olites were observed for AgNOj as seen in Table 2.

Most ATPE techniques have been limited to a par-
ticular number of compounds, for instance Nainegali
et al. [66] obtained four bioactive compounds from
Garcinia indica. Other studies on ATPE were limited to
a particular kind of bioactive compound. For example,
Zhang et al. [67] used sodium citrate/sodium tartate
ATPE system for extraction of glycyrrhizic acid from
licorice while Santos et al. [68] extracted betanin from a
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Table 4 Compounds identified with UPLC-QTOF-MS in S. retroflexum leaf aqueous ethanol extracts, under positive ESI, after the

application of chaotropes for extraction of metabolites

Metabolite [M+H]™  Diagnostic m/zions *tz=(min) KCl AgNO;  KNO;  KBr NaCl  NaH,PO4-2H,0 References
Solanelagnin 8685076 414,576,722 6.59 v 4 v v v v (55]
Solamargine 868.5101 414,559,722 6.81 v v v v v v [14]
B-solanine (1) 7224584 398,576 6.87 v v v v v v [33]
B-solanine (Il) 7224514 398,576 7.39 v v v v v v [33]
Solasonine 8844929 414,722,868 10.6 - - - - - - [14]
v, present, —, not present, *t, retention time
Extent of extraction from Extent of extraction from
ageous phase is lower aqueous phase is larger
PH
H
I
A
H,0 S—O- H
H.0 A, TH—o’
O/H\ H—O Na* o
o—
Ao, h o oteon T T =
giNO, b Na,SO, Jo
— > o “
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acid) in the aqueous phase of an ATPE system

Fig. 4 General reaction mechanism of salting-out effect of one of the chaotropes (KNO5) and kosmotropes (Na,SO,) on a metabolite (chlorogenic

THF/sodium salt system. This study, however, exploited
the versatility of the salts involved in ATPE, where the
chaotrope and the kosmotrope that extracted the most
metabolites was NaCl and Na,SO,, with 12 metabo-
lites extracted for each salt which included polyphenols
and glycoalkaloids from leaves of S. retroflexum. The
chaotrope (Na,SO,) aided in the extraction of 7 poly-
phenolic compounds (Table 1) and 5 glycoalkaloids
(Table 3) while the kosmotrope (NaCl) facilitated the
extraction of 8 polyphenolic compounds (Table 1) and
4 glycoalkaloids (Table 3). This indicated that a range of
bioactive compounds can be simultaneously extracted
using a single salt, making the extraction process less
tedious. The robustness of single salts in ATPE can be
further exploited with an intension to be applied in
advanced scientific disciplines such as metabolomics.

Conclusion

The ATPE technique based on the salting-out method
was shown to be an efficient approach for simultaneous
extraction of multiple metabolites from S. retroflexum,
more than what was previously reported on the same
plant. Approximately, 20 different compounds were
putatively identified. From the polyphenols, caffeoyl
malate was obtained at m/z 295, and to the best of our
knowledge, it has not been reported in other species
of Solanum plants. Five glycoalkaloids were identi-
fied in this study which included two pairs of isomeric
compounds at m/z 868 solanelagnin and solamargine,
at m/z 722 B-solanine (I) and B-solanine (II) and at
m/z 884 solasonine. Herein, kosmotropes were gen-
erally more efficient in the extraction of polar com-
pounds, 38 polyphenols overall (Table 1) compared to
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the 34 identified for the chaotropes (Table 2). On the
other hand chaotropes were better extractants of less
polar compounds such as glycoalkaloids with an over-
all amount of 24 being identified (Table 4) in compari-
son to 21 obtained for the komostropes (Table 3). The
chaotrope and the kosmotrope that extracted the most
metabolites was NaCl and Na,SO,, with 12 metabo-
lites extracted for each salt. The chaotrope (Na,SO,)
aided in the extraction of 7 polyphenolic compounds
(Table 1) and 5 glycoalkaloids (Table 3) while the kos-
motrope (NaCl) facilitated the extraction of 8 poly-
phenolic compounds (Table 1) and 4 glycoalkaloids
(Table 3). Some of the metabolites obtained in this
work were not found in literature reporting on the
extraction phytochemicals from S. retroflexum leaves.
This indicated that komotropes and chaotropes were
better extractants of metabolites that could potentially
have nutraceutical applications. Though the scope of
this study was focused on qualitative determination of
compounds extracted from S. retroflexum using ATPE,
more work needs to be directed at quantification and
optimization of the metabolites obtained, particularly
glycoalkaloids owing to their potential pharmacologi-
cal applications. For instance, studies can be directed
at examining the biological properties of isomeric gly-
coalkaloid compounds. Additionally, studies involving
hepatoprotection by isomeric glycoalkaloids obtained
from S. retroflexum can also be conducted. The chao-
tropes and kosmotropes applied in this study, which
had extracted most of the nutraceuticals, can poten-
tially be applied on a commercial scale, to meet the
ever-growing demand of the studied metabolites.
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Additional file 1: Fig. S1. Fragmentation pattern of solanelagnin (t; =
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