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Abstract

Aqueous two phase extraction (ATPE) was applied in the extraction of an allelochemical, solasodine,
from an invasive plant, Solanum mauritianum. Central composite design was performed which included
numerical parameters such as time and mass of plant powder. The categorical factors included the type
of salt used in aiding extraction such as the chaotrope (NaCl) and kosmotrope (Na,COs;). Fitting the
central composite design response surface model to the experimental data generated a quadratic model
with a good fit (R? = 0.925). The linear effect of mass of plant powder was a statistically significant (p <
0.05) parameter for solasodine extraction. The optimized conditions for the extraction of solasodine in
the presence of NaCl or Na,CO5 were time: 10 min and mass of plant powder: 1.2 g. Corresponding to
these conditions, the maximal mean extraction based on multiple reaction monitoring (MRM) transition
of solasodine (m/z 414 — 396) on the UHPLC-qTOF-MS was 233.65 mg kg™ and 413.50 mg kg™ for NaCl
and Na,COg, respectively. The greater extraction ability of the kosmotrope was due to the higher negative
charge density of the carbonate ion during salting-out. Furthermore, the synergistic effect of mass of
plant powder and salting-out was shown to enhance extraction of solasodine compared to the chaotrope.
The kosmotrope assisted solasodine ATPE extracts from Solanum mauritianum, can potentially be
applied as antipathogenic agents in medicine while simultaneously limiting the allelopathic impact of
Solanum mauritianum.

Introduction

Solanum mauritianum Scopoli (Solanaceae), also known as the Bugweed, Tobacco tree or Woolly
Nightshade, is an invasive tree of global significance. As an invasive alien plant species in South Africa,
for more than a century, it has shown to have harmful impacts on organic matter content and on
ecosystem services, thus degrading the lands productive potential (Lottering et al. 2020). The source of
the devastating impact of Solanum mauritianum to its surroundings is its toxic metabolic composition.
Solanum mauritianum produces toxic alkaloid allelochemicals that alter biogeochemical cycles, which
constrain the growth rates of surrounding forest vegetation (Chornesky et al. 2005; Lottering et al. 2020)
Despite the poisonous metabolic composition of Solanum mauritianum, tribes however, have used the
plant to cure skin borne disorders (Jayakumar et al. 2017). A variety of Solanum mauritianum alkaloid
secondary metabolites were isolated from herbals and were reported to exhibit antiproliferation and
antimetastasis effects on diverse types of cancers both under in vitro and in vivo conditions (Jayakumar
etal. 2017).

One class of alkaloid secondary metabolites are steroidal alkaloids (SA), which are nitrogen containing
compounds prevalent in potatoes (Solanum tuberosum), tomatoes (Solanum lycopersicum) and
eggplants (Solanum melongena). These metabolites include glycoalkaloids (containing
mono/polysacharrides) and its hydrolysis products aglycones (without sugar moieties) (Mokgehle et al.
2021). In solanaceous plants, solasonine and solamargine are the most important glycoalkaloids of
which the principal aglycone is solasodine (Neves et al. 2012). As a result, solasodine has been employed
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as a steroidal precursor within the steroid drug trade for the manufacturing of corticosteroids and
antifertility drugs (Kumar et al. 2019. Solasodine which is an aglycone unit of glycoalkaloids such as
solasonine and solamargine has been reported to play an important role in the apoptosis of cancer cells
(Kumar et al. 2019; Bhattacharya et al. 2013; Jayakumar et al. 2016; Jayakumar et al. 2017). Solasodine
has been reported to rupture lysosomes, resulting in lysosomal contents (mainly hydrolytic enzymes)
being released into the cytosol causing apoptosis of cancer cells. Solasodine based rhamnosyl
glycosides in combination with cisplatin proved more effective against cisplatin-resistant tumor cells,
including lung and breast cancer cells (Cham et al. 2008; Jayakumar et al. 2017).

Despite the useful properties of solasodineg, it remains a highly toxic compound. For instance,
glycoalkaloids containing the solasodine backbone were reported for reducing larval growth of the red
flour beetle Tribolium castaneum (Weissenberg et al., 1998; Ventrella et al., 2016). Furthermore, according
to Smith et al. (2008) a 52-year-old woman who consumed Solanum torvum berries experienced vomiting,
diarrhea, blurry vision, ataxia, slurred speech, ptosis, muscle fasciculations, diaphoresis, dyspnea and
urinary incontinence. Another study by Glover et al. (2016) reported on a case of poisoning of a 54-year-
old woman after intake of a Solanum torvum. In both cases glycoalkaloids containing solasodine were
responsible for poisoning.

Considering the toxic nature of solasodine, this project was directed at optimizing the aqueous two phase
extraction (ATPE) of solasodine from the weed, Solanum mauritianum. A multivariate optimization
approach based on central composite design (CCD) was performed and the responses viewed via
response surface methodology (RSM). The CCD and RSM approach is useful as it reduces the number of
optimization experiments, making it less laborious and time efficient (Silva et al. 2019). Two variables
were investigated which included extraction time and mass of plant powder. Quantification was based on
scheduled multiple reaction monitoring (MRM) on the ultra high performance liquid chromatography time
of flight mass spectrometer (UHPLC-qTOF-MS), where an m/z transition, from the precursor ion to the
product ion, for solasodine (414—396) was explored. Pareto charts were also examined to determine
which of the parameters had the greatest influence on extraction of solasodine.

Experimental

Chemicals and reagents

The salts NaCl (anhydrous > 99% purity), Na,CO5 (anhydrous > 99% purity) and ethanol (99% CP) were
purchased from Associated Chemical Enterprises (Johannesburg, South Africa) and Sigma-Aldrich
(Johannesburg, South Africa). Ultra-pure water (0.005 pS, 18 mQ) using a Direct-Q 5UV distiller
(Massachusetts, United States of America) was applied for the preparation of the salt solutions. The
extraction was performed on a DIAB MX-RL-Pro dragon shaker. Chromatographic separation of the
metabolites in the extracts was done using a reverse phase Shim-pack Velox Cqg, 2.1 x 100 mm, 2.7 pm
with a serial number 227-32009-03 (Columbia, USA). The UPLC was connected to a Shimadzu 9030 LC,
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gTOF-MS detector (Shimadzu, Kyoto). The solvents used for the chromatographic runs were methanol
and formic acid, which were purchased from Romil Pure Chemistry (Cambridge, UK).

Sample collection, preparation and ATPE

The leaves of S. mauritianum 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 were placed in a
250 mL in a centrifuge tube (50 mL). Thereafter, saturated salt concentrations (20 mL) of 30% (w/V)
involving Na,CO5 (kosmotrope) and NaCl (chaotrope) which were prepared by weighing 15 g of salt in 50
mL of water, were added to the powdered leaves contained in the centrifuge tube (50 mL). The aqueous
solution was placed over the dragon shaker for (1 - 10 min) and the range of the mass of plant powder
studied included (0.2 - 1.2 g). Thereafter, 99.9% ethanol extraction solvent (20 mL) was added and
resulted in an ATPE system. Following this, the extracts obtained were then analysed on a UPLC-QTOF-
MS for detection of solasodine extracted.

Chromatographic and mass spectrometry conditions

Solasodine were separated using a Shimpack Cg, 2.1 x 100 mm, 2.7 pm column from Shimadzu

(Honeydew, South Africa). The column was maintained at 40 °C at a flow rate of 0.4 mL min™ and the
injection volume was 5 pL. Mobile phase A was 0.1% formic acid in ultrahigh purity water (v/v) and
mobile phase B was 0.1% (v/v) formic acid in methanol.

An UPLC-QTOF-MS 9030 mass spectrometer (Shimadzu, Japan) was used for all mass spectral
measurements. The mass spectrometer was equipped with an electrospray interface (ESI) operating in
positive mode. ESI parameters were optimized for solasodine by direct infusion of standard solutions into
the mass spectrometer. The mass spectrometer was operated in the multi reaction monitoring (MRM)
mode to confirm the identity of solasodine. This was achieved by selecting specific precursor to product
ion transitions for each solasodine based on MRM transitions. High-purity nitrogen (N,) was used as the
nebulizing and drying gas. The optimum parameters were as follows: drying gas temperature, 250 °C;
drying gas flow, 10 L min™ and collision energy, 30 - 60V. For the chromatographic separation an
Shimadzu 9030 LC instrument (Shimadzu, Japan) was used. The instrument consisted of an
autosampler, thermostated column compartment and a binary pump. Lab solutions software was used to
control the LC-MS/MS instrument and for data acquisition and the mass range was m/z 100-1000.

Preparation of standards

The stock standard solution was prepared in methanol at a concentration of 1000 pg L. The stock
standard solution was stored at 4°C in amber volumetric flasks. A series of nine working standard
solutions at the concentration values of 15 to 1000 pg L™ were prepared from the stock standard solution
by diluting with HPLC grade methanol. The solanine standards were quantified based on scheduled
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multiple reaction monitoring (MRM) where one m/z transition, from the precursor ion to the product ion,
for solanine (414 — 396) was explored. The regression equation was y = 537.484x + 41.893, limit of
detection (LOD) and limit of quantification (LOQ) were 0.078 and 0.236, respectively. The above
mentioned transition was then applied for quantification of solasodine from the ground leaves of
Solanum mauritianum following ATPE extraction. The parameters evaluated for optimization of
solasodine from ATPE were time, mass of plant powder and the salt type (komostrope or chaotrope).

Statistical analysis

The central composite design response surface model (CCD RSM) was fitted to experimental data to
obtain the relationship between factors and optimize the response of Z (solasodine yield) in relation to A
(time), B (mass of plant powder) using Minitab 17 (UK). A Two-level full factorial CCD was designed, a
total of 26 experimental runs (including 2 repetitions) were designed. This included numerical factors
such as time (1 min, 5 min 30 sec and 10 min), mass of plant powder (0.2, 0.7, 1.2 g) and 2 categorical
factor levels for salts which included the chaotrope (NaCl) and komotrope (Na,CO3).

Model parameters and model significance were determined at p < 0.05. The fitness of the model was
determined by evaluating the coefficient of regression (R?) obtained from the analysis of variance
(ANOVA). The model fit generated the response surface that defined the behaviour of the response
variable. By means of these plots, the optimized ranges for each factor that led to the highest response
(i.e concentration of solasodine) that can be extracted.

The interaction between the various parameters studied and its resultant effected on the extraction of
solanine (mg kg') was fitted to experimental data by using a statistical multiple regression approach
method of least square (MLS), and resulted in the lowest possible residual (Bas et al. 2007). Model
parameters and model significance were determined at p < 0.05. The fitness of the model was determined
by evaluating the coefficient of regression (R?) obtained from the analysis of variance (ANOVA). The
model fit generated the response surface that defined the behaviour of the response variable. By means
of these plots, the optimized ranges for each factor that led to the highest response (i.e concentration of
solanine) that can be extracted (Bas et al. 2007; Arteaga-Crespo et al. 2020).

Results And Discussion

MRM quantification of solasodine based on the 414—396 transition

Solanum mauritianum, an invasive species, is an abundant source of anti-cancer and antifungal
metabolites such as solasodine glycosides (Jayakumar et al. 2016; Jayakumar et al. 2017). In this study,
we demonstrated the extraction of an aglycone unit of solasodine glycosides, solasodine. from Solanum
mauritianum, using ATPE. The ATPE technique was performed by evaluating the different factors shown
in Table 1 on the recovery of solasodine. The presence of solasodine was reported in Solanum
mauritianum and other species within the Solanum genus (Bhattacharya et al. 2013; Jayakumar et al.

2016; Jayakumar et al. 2017). Using a sensitive and robust tandem MS approach (UHPLC-qTOF-MS) with
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settings presented (Mokgehle et al. 2021) it was possible to efficiently fingerprint these solasodine based
on m/z 396 product ion (Fig. 1). Thereafter, based on the 414 — 396 transition within the MRM method,
solasodine was quantified as shown in Table 1.

Table 1 List of experiments using CCD for ATPE optimization, the response and predicted values.
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Run

0 N o o

10
11

12

13

14
15
16

17
18
19

20
21

22

23
24

Factor 1:

Time
(min)

5.5
5.5

5.5

5.5
5.5

5.5
9.5

5.5
5.5
5.5

5.5
5.5
5.5

5.5
10

10

10
10

Factor 2:

mass of plant

powder (g)
0.2

0.7
1.2

0.7

1.2
0.2
0.7
0.7

0.7

0.7
0.7

1.2
0.7

0.7
1.2
0.7

0.7
0.2
0.2

0.7
0.2

1.2

0.2
0.7

Factor
3

Salt
type

Na,CO4
NaCl
Na,CO4
Na,CO4
NaCl
NaCl

NacCl
Na,CO3

Na,CO4
NaCl
Na,CO4
Na,CO4
Na,CO4
NaCl
NaCl
Na,CO4
NaCl
NaCl
Na,CO4
NaCl
Na,CO4
Na,CO4
NaCl

N32C03
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Solasodine (mg kg ™)

Run 1

142.17

287.55
308.69

232.21

217.81
137.62
226.82
173.56

206.84

222.62
196.11

27718

273.98

238.13
265.45
188.79

209.45
137.55
106.62

217.94
104.28

402.78

88.87
226.53

Run 2

109.16

286.09
309.69

300.07

198.46
158.38
196.81
221.42

172.81

208.09
261.55

297.24

251.05

223.28
288.52
228.15

193.59
135.20
79.50

222.31
60.35

424.22

94.34
212.07

Mean *
SD

125.66+23

286.82+1
309.19+1

266.14+48

208.14+14
148.00+15
211.82+18
197.49+34

189.83+24

215.35+10
228.83+46

287.21+14

262.52+16

230.71+11
276.99+16
208.47+28

201.52+11
136.38+2
93.06+19

220.13+3
82.32+31

413.50+15

91.60+4
219.30+10

Predicted

143.14

242.66
309.60

248.24

236.85
163.42
225.47
215.87

215.87

225.47
215.87

308.14

215.87

225.47
240.13
215.87

225.47
125.75
79.875

225.47
78.02

368.10

86.79
24493



25 10 0.7 NaCl 221.03 200.30 210.66+15 206.99
26 10 1.2 NaCl 275.69 191.62 233.65+59 242.13

Fit statistics of experimental and predicted data

The model fitted to the data was observed to have a quadratic fit P-values less than 0.001 indicate model
terms are significant. In this case mass of plant powder, mass of plant powder? (when NaCl was applied)
were significant (p < 0.05) model terms and were adequate predictors of the experimental values
obtained. The other terms such as time x mass of plant powder, time? and time were insignificant (p >
0.05). The lack of fit of F-value was observed to be 1.70 which indicated that the lack of fit was not
significant relative to the pure error. The non-significant lack of fit was desirable. The goodness of fit
between the experimental and the predicted values was R? = 0.925

The Pareto chart of parameter main effects and their interactions produced from ANOVA and resultant
box plots

In Fig. 2 (a) and (b) are the pareto charts showing the influences of the parameters time, mass of plant
powder, the square of each model and the product of the two parameters. The model term mass of plant
powder was shown to be statistically significant (p < 0.05) when both NaCl and Na,CO5 were applied,
showing a linear effect on the yield of solasodine (Fig. 2 (a) and (b). In Fig. 3 are the box-and-whiskers
plots of the effect of time and mass of plant powder on the ATPE extraction of solasodine from leaves of
Solanum mauritianum. From these plots a proportional increase in solasodine was observed with an
increase in the mass of plant powder when NaCl and Na,CO5 were applied during extraction (Fig. 3 (a)
and (b)). This indicated that the mass of the plant powder played a key role in the recovery solasodine.
The increased enrichment of solasodine was more notable when Na,CO5 was used compared to NaCl.
For instance, the extracted solasodine increased from approximately 85 mg kg™ (0.2 g) to 383 mg kg’
(1.2 g) which equated to almost a five fold increase for Na,CO5. The observed increment in the yield of
solasodine with increase in mass can be attributed to the increased mass transfer of metabolites from
the plant matrix to the solvent when larger weights of the plant material were used. This observation is in
agreement with what was reported by Doulabi et al (2020).

It was also observed from Fig. 3 (c) and (d) that an increase time generally had no impact on the
extraction of solasodine. For instance, the median for extraction of solasodine settled at approximately
223 mg kg™ as time was increased from 1 to 10 min, when NaCl was applied as to aid extraction, Fig. 3
(c). This correlates with the level of significance values for the linear effect of time when both NaCl and
Na,CO5 were applied which indicated that time was statistically insignificant (p > 0.05) on the extraction
of solasodine, as shown in Fig. 2 (a) and (b). Factors involving the quadratic effect of time as well as the
product of time and mass of plant powder were also insignificant on the extraction of solasodine from
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Solanum mauritianum. Similar observations of the insignificance of time for extraction of metabolites
based on a response surface methodology were reported by Pandey et al. (2018).

Chromatographic profile of MRM based quantification of solasodine

Chromatograms depicting the highest and lowest concentrations of solasodine (mg kg™') obtained when
NaCl and Na,CO5 was applied are shown in Fig. 4 (a), (b), (c) and (d). The chromatogram indicates an

MRM transition of solasodine m/z414 — 396 and is observed at a retention time of 3.825 min. The
fragmentation profile showing the product ions of solasodine are also included in Fig. 4 (f). As seen in
Fig. 1, solasodine underwent a dehydration reaction from the precursor ion m/z 414 to the product ion
m/z 396. From the experimental results dehydration of solasodine seems to be more prominent at
extraction parameters involving longer times in combination with larger masses of plant powder. Under
such conditions, solasodine concentrations of 402.78 and 275.69 mg kg™ for Na,CO3 and NaCl were
obtained, respectively, as shown in Fig. 4 (c) and (d). This is also in agreement with the significant effect
of mass of plant powder, as seen in the pareto charts in Fig. 2 (a) and 2(b), and the box plots in Fig. 3.

Response surface equations and corresponding for NaCl and Na,CO5 and the resultant optima

Response equations, Eqs 1 and 2, corresponding to NaCl and Na,COg, respectively, and the resultant

response surfaces evaluating the bivariate interaction between the time and mass of plant are shown in
Fig. 5. In this case, Z was the dependent variable (solasodine concentration) and x (time) and y (mass of

plant powder) the independent variables. From the quadratic fit of r? = 0.925, as reported earlier, Egs 1
and 2 were obtained

Z (xy) = 132.09 - 11.18 x +338.74y — 0.035 x2 = 190.50 y2 + 10.19 XY wrrecrcrrccvmreco(1)

Z (xy) = 127.68 — 29.86 x + 308.22 y + 1.69 X2 = 97.97 y2 + 15.38 XY.rrvecveresvccornn(2)

As the mass of plant powder was increased, in the presence of NaCl and Na,CO5 a proportional increase
in the yield of solasodine was obtained (Fig. 5 (a) and (b)). This concurs with observations from pareto
chart, Fig. 3 (a) and (b), which indicates the significant linear effect (P < 0.05) of mass of plant powder. In
Fig. 6 (a) and (b) the predicted optimal extraction of solasodine in the presence of NaCl and Na,CO5 was
261.75 mg kg™ and 347.32 mg kg™, with a desirability score of 0.58 and 0.86 respectively. The higher
desirability score of Na,CO5 compared to NaCl indicated its closeness to the target requirement of 1, and
hence the greater reliability of this optimum for maximal enrichment of solasodine. Additionally,
comparisons of the concentrations of solasodine obtained in Table 1 and Fig. 6, indicated that more of
solasodine was extracted for Na,CO5; compared to NaCl. This suggested that solasodine extraction
during ATPE was probably favored by the presence of the multiply charged carbonate ion from Na,CO4
compared to the singly charged chloride ion in NaCl. The doubly charged carbonate ions from Na,CO3
probably formed strong hydrogen bonds with the water molecules surrounding the solasodine, weakening
the solasodine-water interaction, and enhancing the extent of solasodine precipitation (salting-out) from
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the hydration sphere. The salted-out solasodine was subsequently extracted by ethanol into the organic
phase. Hence, extraction of solasodine during ATPE occurred through the process of salting out.
Furthermore, the extent of salting out was further driven by the increase in mass of plant powder due to
mass transfer under the conditions studied. The salting-out effect in ATPE was also reported by Sazali et
al. (2019) and Mokgehle et al. (2021). Additionally, the higher extraction of solasodine via Na,CO4
compared to NaCl can correlates with the Hoffmeister series. Larger multivalent anions have a propensity
for salting out proteins than smaller monovalent anions (Kang et al., 2020; Dogra et al., 2020; Wang et al.,
2021). Similarly, the Hoffmeister principle was evident in this study as the multivalent carbonate ion
precipitated greater concentrations of solasodine under the optimized ATPE conditions of time: 10 min
and mass of plant powder: 1.2 g.

Conclusions

The application of ATPE in the presence of a chaotrope and kosmotrope was shown to be a viable
technique for extraction of an allelochemical, solasodine, from the weed, Solanum mauritianum. On
average the maximal MRM transition based extraction of solasodine was 233.65 mg kg™ and 413.50 mg
kg™ for NaCl and Na,COs, respectively. This indicated that the higher charge density of the carbonate ion
relative to the chloride ion was responsible for the greater extent of salting-out of solasodine.
Furthermore, the application of ATPE using the kosmotrope was shown to enhance the extraction of
solasodine compared to the chaotrope due to the synergistic effect of mass of plant powder, which was
shown to be significant effect (p < 0.05), and salting-out. The effect of time and the paired factors were
shown to have an insignificant effect (p > 0.05) on the enrichment of solasodine. In view of the better
extraction performance of the kosmotrope in ATPE, this could possibly be extended to extraction of other
toxic allelochemicals from other invasive plants which could better preserve the natural environment.
Furthermore, the enriched solasodine ATPE extracts could potentially be a reliable source of
antipathogenic agents in medicine.
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Figures
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Figure 1

Molecular transition of solasodine (m/z = 414) to [solasodine — H20] (m/z = 396) after the loss of water

Page 13/18


https://doi.org/10.1016/j.colsurfb.2021.111944

mass of plant powder? _ P=004 F
time 71 P=0.164
time x mass of plant powder “% P=10.189
tmet | | p=097
st 6 s w m %

F-value

mass of plant powder V///////////W////////////////////////A
time x mass of plant powder q% P=0.069 (b) e
time> 7 P= 0.119
mass of plant powder? 2 P=0.247
time | P=0.89
F-value

Figure 2

Pareto chart of standardized effects of time, mass of plant powder and power on the extraction
solasodine at 414 — 396 (a) NaCl and (b) Na2CO03
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Box-and-whiskers plots evaluating the effect of mass of plant powder on (a) NaCl (b) Na2C03 and the
effect of time on (c) NaCl and (d) Na2CO3 on the extraction of solasodine from leaves of Solanum

mauritianum
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Figure 4

Chromatogram of the lowest (a) Na2C03, (b) NaCl and highest (c) Na2C03, (d) extraction yields of
solasodine for run 1. (f) mass spec of solasodine
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Figure 5

Response surfaces plots evaluating the effect of time and mass of plant powder in the presence of (a)
Na2C03 and (b) NaCl on the extraction of solasodine
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Figure 6

Optimal conditions for extraction of solasodine in the presence of (a) NaCl and (b) Na2C03
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