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Solanidine Hydrolytic Extraction and Separation from the
Potato (Solanum tuberosum L.) Vines by Using
Solid-Liquid-Liquid Systems
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Solanidine is a steroidal aglycon of potato (Solanum tuberosum L.) glycoalkaloids and a very important
precursor for the synthesis of hormones and some pharmacologically active compounds. Glyco-
alkaloids are hydrolyzed by mineral acid, yielding solanidine. This paper deals with the kinetics of
solanidine hydrolytic extraction in different solid—liquid—liquid systems. The dried and milled potato
(S. tuberosum L.) vines were used as a source of glycoalkaloids and as the solid phase. The solutions
of hydrochloric acid in 2 and 10% (w/v) aqueous acetic acid, in 50% (volume) aqueous methanol,
and in 50% (volume) aqueous ethanol were first liquid phase, and the medium for glycoalkaloid
extraction from potato vines and their hydrolysis to solanidine. The chloroform, trichloroethylene, or
carbon tetrachloride were the second, organic, liquid phase and the medium for solanidine extraction.
This procedure combines three different processes: extraction of glycoalkaloids from potato vines,
their hydrolysis to solanidine, and the extraction of solanidine, in a single step. The term hydrolytic
extraction of solanidine was used for these processes. The purpose of the paper was to choose an
optimal solid—liquid—liquid system for solanidine extraction and to define the procedure for its isolation
from the organic liquid phase. The best degree of solanidine hydrolytic extraction (DHE) of more
than 98% was achieved when 10% (w/v) hydrochloric acid in 50% (volume) methanol were the first
liquid phase and chloroform was the second liquid phase, after 90 min. The yield of solanidine (gs)
under these conditions is calculated to be 0.24 g/100 g of potato vines. Approximately 78% of the
maximal possible yield of solanidine was isolated from chlorofom liquid phase. The IR and MS spectra
of isolated solanidine were recorded.
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INTRODUCTION By hydrolysis of glycoalkaloids by mineral acid, thg-8-

In the potato (Solanum tuberosuny vines, glycoalkaloids _egcosidic_ bo_nd between carbohydrqte moiety and _solanidine
are present as secondary plant metabolitgsThey synthesize 1S cleft,_ yielding a car_bohydrate m0|e_ty and solatriose from
under the conditions of bud activity and stress, such as exposure-solanine and chacotriose framchaconine, as well as aglycon
to light and mechanical injury (23). Glycoalkaloids are  Solanidine (13). According to BeMillerl@) and Capon (15),
normally present in dried potato vines in the range of 8.25 the acceptable mechanism of acid-catalyzed hydrolysis is the
0.62% and in dried potato sprouts in the range of 6583% reaction in which fast protonation of thg-®-glycosidic oxygen
(4). There are two major glycoalkaloidsy-solanine and atom yields carbonium ion. Carbonium ion is very reactive and
a-chaconine, which represent more than 95% of the total yields the carbohydrate moiety and solanidine (Figure 1).
glycoalkaloids §, 6). They provide the plant resistance to some  The conventional acid hydrolysis depends on the hydrolysis
fungi (7) and are also known as phytoalexis. ( conditions such as temperature, the mineral acid concentration,

Glycoalkaloids are considered to be among the most toxic the solvent, the hydrolytic time, etc. During the mild acid
components in the human di€)(They interfere with anesthesia  hydrolysis, thep- and y-forms are denoted as products of
by inhibiting two important enzymes: butyrylcholinesterase and -solanine andt-chaconine incomplete hydrolysis. Very often,
acetylcholinesterasd ). Because of their human toxicity, the  aglycon solanidine was lost when it was converted into
glycoalkaloid content is limited to 20 mg/100 g of fresh potato solanthrene(6) (Figure 2). Solanidine is an important precursor
tuber (L1), and glycoalkaloid content analysis is necessary. Sincefor hormone synthesis. Chemical transformations of solanidine
glycoalkaloids are toxic, and their aglycon solanidine is less fq, obtaining 16-dehydropregnenolon acetate, the key intermedi-

toxic, the carbohydrate part appears to be paramount in 46 i industrial synthesis of progesterone and cortisone deri-
influencing physiological and toxicological activities (12). vates, are presented in the literature (17).
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Figure 2. Reaction of solanidine dehydratation to solanthrene.

glycoalkaloids inSolanumspp. (18). The procedure exploits All of these procedures needed several phases: extraction of
the difference in polarity between glycoalkaloids and their GA from plant material, separation of extracts, GA hydrolysis
aglycones. The hydrolysis medium consists of aqueous acid andn extracts, solanidine reextraction by the organic liquid phase,
a nonpolar organic solvent, resulting in two immiscible phases. and then isolation. In the case of acid hydrolysis, the process
The polar glycoalkaloid is hydrolyzed in the acid phase, and of GA acid hydrolysis can be carried out during GA extraction
the nonpolar aglycone that is formed is continuously withdrawn from the plant material (process of hydrolytic extraction). In
from the acid by the organic liquid phase in which it is protected the case of enzymic hydrolysis, the solanidine has to be extracted
from further disintegration. In the literature, the procedures for from fermented plant material, reextracted with an organic
solanidine isolation from potato vines and sprouts, mainly by solution, and then isolated.

acid hydrolysis of GA with mineral acid solutions, for analytical The research in this paper concerns the kinetics of solanidine
purposes, are known (119, 20). There are fewer data for extraction from potato vines in different sotidiquid—Iliquid
solanidine isolation from fermented plant material after hy- systems, with an aim of choosing an optimal system for the
drolysis of GA by specific enzymes from plant material). extraction and isolation of solanidine. In these systems, three
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Figure 3. Model of solanidine hydrolytic extraction from the potato vines in solid—liquid—liquid systems.

different processes, extraction of glycoalkaloids from potato separated from the systems, using the separatory funnel. The activated
vines, their hydrolysis to solanidine, and extraction of solanidine, carbon was added (1 g) to the chloroform’s extract and heated on a
were combined into a single step. This can make the procedurewater bath at bo_lllng temperature with a reflux_ conden_ser. Then the
for solanidine isolation simpler, faster, and more economic. The extract was hot filtered throtga 2 cm bed oCelite and filter paper
dried and milled potato vines were used as the solid phase: thec_lrcles sorte 391 (Filtrak, Nl_edersclag 1, Brenstein, Germany), and the
solutions of hydrochloric acid in aqueous acetic acid and in an filtrate was evaporated until dry under vacuum. The dry residue was

lcoholi uti d he first liquid ph dissolved in a minimum amount of 96% ethanol by heat on a water
aqueous alcoholic solution were used as the first liquid phase, 4, 5¢ boiling temeperaure and by using the reflux condenser. The

and chloroform, trichloroethylene, or carbon tetrachloride was sojanidine was precipitated by adding concentrated aqueous ammonia
used as the second, organic liquid phase. The model of thes&o a pH of 10. The precipitate was separated by centrifugation for 15
processes is presented Figure 3. The term hydrolytic min at 170@. The precipitate was washed twice with 30 mL of distilled

extraction of solanidine was used for these processes. water and centrifuged again.
TLC Analysis. A 0.03 mL aliquot of 10% hydrochloric acid in 50%
MATERIALS AND METHODS (volume) methanol extract and corresponding chloroform phase,

) oo obtained after 10, 15, 30, 45, 60, 90, and 120 min, were applied to the

Plant Material. Potatoes (S. tuberosumcv. Désirée) were grown 20 cmx 20 cm plates, 12@m thick Silica gel G 60 (Merck reagents).
during the year 2000nia 1 haplot on the Vlasina lake. The plot  The plates were developed to the height of 16 cm, with the lower layer
consisted of 150 rows, each of 300 plants. The soil analysis showed 5 the mixture being methanol, chloroform, and 1% ammonium
the presence of the following constituents: 1.98% humus, 0.10% phyqroxide (50:50:25, v/v). The spots were visualized by spraying the
nitrogen, 11.5% fOs, and 8.0% KO (pH 6.70). Mineral fertilizer (NPK chromatogram when treated with a 50% (v/v) aqueous solution of
8:16:24, 325 kg/ha) was applied in mid-June 2000. The plot was not g ifuric acid and heated at 12C for 30 min (22).
irrigated. The potato vines (40 tha) were harvested in mid-July, dried | ghectrophotometry. The IR spectra of isolated solanidine were
at room temperature in trays for 21 days, and milled to an average rgcorded at room temperature on a Bomem MB-100 (Hartmann &
particle size of 0.14 mm. The moisture content wa0%; the content gy nn) Michelson FTIR spectrometer, by using the KBr technique.
of egcoaI_kannds was 0.53 g/100 g, and the ratiooskolanine to MS Spectrophotometry. A Varian 3700 gas chromatograpmass
a-ch_aco_nlne was 1271 . . . . spectrometer (MAT 311 A) was used to obtain the electron impact

Kinetics of Solanidine Hydrolytic Extraction. Dried and milled mass spectrum. A 30 m 0.30 mm capillary column was packed with

potato vines (40 g) were treated with 5 and 10% (w/v) hydrochloric OV-101. The column temperature was programmed from 150 to 290
acid in 2% (w/v) aqueous acetic acid in a ratio of potato vines to solution °C at a rate of 2C/min. Helium was used as the carrier gas at a linear

of 1:.20 (V.V/V.)’ with .2% (Whv) hydroch_loric acid in 10% (wh) aqueous velocity of 30 m/s. The mass spectrometer ionization was set at 70
acetic acid in a ratio of 1:20 (w/v), with 10% (w/v) hydrocloric acid in

. . - eV, and the source temperature was 180
50% (volume) aqueous methanol in a ratio of 1:9 (w/v), and with 10%
(w/v) hydrocloric acid in 50% (volume) aqueous ethanol in a ratio of
1:20 (w/v). Then the organic phase (chloroform, trichloroethylene, or RESULTS AND DISCUSSION

carbon tetrachloride) in a volume ratio to the acid phase of 1:1 was Kinetics of Solanidine Hydrolytic Extraction. The varia-
e o e sk 7 P ons,of the cgree of solricine hycrolyc exvacion (DHE)
9 , during the hydrolytic extraction time by 10% (w/v) hydrochloric

The temperature of the lower layer (chloroform, trichloroethylene, and ™" ™ . L
carbon tetrachloride) was approximately 65, 90, an@®0espectively, ~ acid in 50% (volume) methanol as the first liquid phase and

and the temperature of the upper layer was approximately 70, 95, andchloroform, trichloroethylene, or carbon tetrachloride as the
85 °C, respectively. Aliquots of 1 mL of organic liquid phase were Other liquid phase are shown Kigure 4. DHE was expressed
taken at 10, 15, 30, 45, 60, 90, and 120 min intervals, from each flask, as the ratio of solanidine content in the organic liquid phase
to determine the content of solanidine. after a certain amount of hydrolytic extraction time to the
Content of Solanidine.The organic phase was evaporated until dry maximal yield of solanidine which should be achieved from
under vacuum. The dry residue was dissolved in 10 mL of 2% (W/V) the used plant material. The maximal yield of solanidine which
agueous acetic acid by using the water bath at boiling temperature andgpq1d be achieved from potato vines was calculated according

a reflux condenser. The pH of the cooled solutions was adjusted to 4.0 ; : ;

by adding aqueous sodium hydroxide [at first by 50 and then 1% (w/ to_ trf]le glycoa_lkalo;dtcontent and _tge .ratl?hoin|a$§ elm_d
v)]. The solutions were transferred to a separatory funnel, and 2 mL of a-chaconiné in potato vines, considering that 1 m ola
0.05% (w/v) aqueous methyl orange for complex formation was added nine ora-chaconlne yields 1 mol O_f solanldl.ne. )

(19, 20). The solanidine formed the yellow colored complex with the ~ The maximal DHE, the hydrolytic extraction time, and the
methyl orange which is soluble in chloroform. The complex was Yield of solanidine s) achieved with different systems are given
extracted with chloroform (five times by 5 mL). The chloroform layer in Table 1. The maximal DHE of 98.6% was realized with 10%
was dried with anhydrous sodium sulfate and placed in a volumetric (w/v) hydrochloric acid in 50% (volume) methanol as the first
flask (25 mL). The flask was filled to the mark with chloroform, and  |iquid phase and chloroform as the other liquid phase after 90
the absorbance of the extract was read at 420 nm—U¥ spectro- min. The lowest value of DHE was achieved with carbon

photometer, Lambda V, Perkin-Elmer). The content of solanidine was (o4 chjoride as the organic phase, independent of the first liquid
detemined on the standard curve. phase

Isolation of Solanidine. The dried and milled potato vines (200 g) . .
were treated with 1800 mL of 10% (w/v) hydrochloric acid in 50% 1 he results of Wim van Geldedg) in a two-phase system
(w/v) methanol and with 1800 mL of chloroform, in the bath with ~ With chloroform instead of carbon tetrachloride showed that
boiling water by using the reflux condenser, over the course of 90 min. Solanidine quantitatively remained in the protective chloroform
Then the system was allowed to cool, and the chloroform layer was phase, resulting in a much less extensive dehydratation reaction
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Figure 4. Variation of the degree of solanidine hydrolytic extraction (DHE)
from the potato vines during solanidine hydrolytic extraction at water bath
boilling temperature with 10% (w/v) hydrochloric acid in 50% (volume)
methanol as the first and chloroform, trichloroethylene, or carbon
tetrachloride as the other liquid phase, in a 1:1 volume ratio.

Table 1. Maximal Achieved Degree of Solanidine Hydrolytic Extraction
from Potato Vines?

second liquid phase

trichloro- carbon
first liquid phase chloroform ethylene tetrachloride

5% (wiv) HCl in 58.5 32.2 30.0

2% (wv) acetic acid 120 120 120

0.14 0.08 0.07

10% (w/v) HCl in 42,5 28.5 18.2

2% (wlv) acetic acid 120 120 120

0.10 0.07 0.04

2% (wiv) HClin 735 335 245
10% (w/v) acetic acid 120 90 90

0.18 0.08 0.06

10% (w/v) HCl in 98.6 83.8 63.5

50% (volume) methanol 90 120 120

0.24 0.20 0.15

10% (w/v) HCl in 69.5 40.0 36.3
96% (volume) ethanol 120 60 60

0.17 0.10 0.09

2 The first row of values for each condition contains DHE values in percent, the
second row for each condition solanidine hydrolytic extraction times in minutes,
and the third row for each condition the calculated yields of solanidine in grams
per 100 g of dried potato vines. The values were determined by using different
solid-liquid-liquid systems.
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Figure 5. Rate of solanidine hydrolytic extraction (left Y-axis) from the
potato vines in a solid—liquid—liquid system by 10% (w/v) hydrochloric
acid in 50% (volume) methanol as the first and chloroform as the other
liquid phase (O0) and in a solid-liquid system with 10% (w/v) hydrochloric
acid in 50% (volume) methanol (O), vs solanidine extraction time. The
yield of solanidine (right Y-axis) in the solid—liquid-liquid system (M) and
in the solid—liquid system (@), vs solanidine extraction time.

The process of GA extraction from potato vines, its hydrolysis
to solanidine, and the extraction of solanidine in the chlorophorm
phase are sequenced one after another. According to Ponomarjev
(23), there are two periods of hydrolytic extraction: a fast period
and a slow period. In the fast period of extraction, over the
course of 55 min;~97% of GA from potato vines is extracted,
hydrolyzed to solanidine, and extracted in the chlorophorm
phase, and in the slow period of extraction, onlt.6% is
processed.

In Figure 5, the variation of the rate of solanidine hydrolytic
extraction calculated as the moles of solanidine per square
decimole per second, in sotidiquid—liquid systems, and the
rate of solanidine hydrolytic extraction in sotifiquid systems,
on the left Y-axis, versus hydrolytic extraction time are
presented. For the solid—liquid system, the potato vines were
used as the solid and 10% hydrochloric acid solutions in 50%
(volume) aqueous methanol as the liquid phase. The variation
of the yield of solanidine with the corresponding three- or two-
phase system on the righitaxis, versus hydrolytic extraction
time, is also presented ifigure 5. The maximal rate of
solanidine hydrolytic extraction is achieved after hydrolytic
extraction for 5 min. Its value is 8.02 10~7 mol of solanidine
dm=3 s1 in three phase system and 11.54 107 mol of
solanidine dm? s™! in the two-phase system. By comparing

to solanthrene. In our system, if the reaction of solanidine the results, we can conclude that the maximal rate of solanidine
dehydratation to solanthrene occurs, the content of solanthrenenydrolytic extraction in solie-liquid systems (3.5 1077) is

is technologically negligible.

greater than the maximal rate of solanidine hydrolytic extraction

The yield of solanidine depends on DHE, and the best yield in solid—liquid—liquid systems. It is because the rate in the

is achieved by using the same solid—liquid—liquid systems solid—liquid system involved only reactions of GA extraction
when the best DHE is achieved. The yield of solanidine was and their hydrolysis to solanidine, while the rate in the selid
calculated according to DHE and the maximal posible yield of liquid—liquid system beside these two reactions also involved
solanidine which can be obtained from the used potato vines.the reaction of solanidine extraction by the chloroform phase.
The equations for calculating DHE expressed in percentignd  During the hydrolytic extraction period from 5 to 55 min, the
expressed in grams of solanidine per 100 g of dried and milled diference in the values of the rate of solanidine hydrolytic
potato vines, by using 10% (w/v) hydrochloric acid in 50% extraction decreased. The duration of the period of hydrolytic
(volume) methnol and chloroform as liquid phases, depending extraction time where the value of the rate of solanidine
on the hydrolytic extraction time in the Maple V Release hydrolytic extraction in the solidliquid system is larger than
program, were obtained: the rate in the soligtlliquid—liquid system is concurred by a

DHE = 98(1 — g 0065 fast period of extraction. After this period, the period of slow

=98(1— e ") : - perl
extraction comes and molecular diffusion controls the process

of hydrolytic extraction 23). After hydrolytic extraction for
55 min, the rates of solanidine hydrolytic extraction in these
systems become equal. During this period, the whole amount
of solanidine obtained by extraction of glycoalkaloids from

0. = 0.24(1— e 2%%)

wheret is the hydrolytic extraction time of solanidine expressed
in minutes.
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(3) Cronk, T. C.; Kuhn, G. D.; McArdel, F. J. The influence of stage
of maturity, level of nitrogen ferility and storage on concentration
of solanine in tubers of three potato cultivaBull. Environ.
Contam. Toxicol1974,11, 163—168.

(4) Pogorelova, O. V. Farmagnosticheskoe isledovanie rostkov
kartofelyiaSolanum tuberosuin kak istochikov solaning=arm
1968,4, 27-31.

(5) Kuhn, R.; Low, |.; Trischmann, H. The structure of solanine.
Chem. Ber1955,88, 1492.

(6) Kuhn, R.; Low, I.; Trischmann, H. Constitution afchaconine.
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' . Waverumber (cm1) Chem. Ber1955,88, 1690.
3000 2000 1000 (7) Norris, D. M. In Chemistry of Plant ProtectignHaug, H.,
Figure 6. IR spectrum of isolated solanidine. Hofman, H., Eds.; Springer-Verlag: Berlin, 1986; pp-946.

(8) Stanker, L. H.; Kampos-Holtzapple, C.; Beier, R. C.; Levin,

potato vines and by their hydrolysis is extracted by chloroform C. E.; Friedman, M. Detection and quantification of glyco-

in practically the same time. alkaloids: comparison of enzyme-linked immunosorbent assay
Also, the calculated yield of solanidine is greater in the selid and high-performance liquid chromatography methoti€:S

liquid system during the first 55 min of hydrolytic extraction. Symp. Ser1996,621, 243—251.

It means that solanidine is obtained in the acid phase, butitis (9) Hall, R. L. Toxicological burdens and the shifting burden of

not extracted by chloroform. After hydrolytic extraction for 55 toxicology. Food Technol1992,46 (3), 109—-112.

min, the yields of solanidine in the sotidiquid system and in (10) Woolfe, J. A. Glycoalkaloids, proteinase inhibitors and lecitins.

the solid-liquid—liquid system became equal. The maximal In The Potato in the human dietvoolfe, J. A., Ed.; Cambridge

value of solanidine yield is 0.21 g of solanidine/100 g of dried University Press: Cambridge, U.K., 1987; pp 162—190.

(11) Coxon, D. T.; Price, K. R.; Jones, P. G. A simplified method
for the determination of the total glycoalkaloids in potato tubers
J. Sci. Food Agric1979,30, 1043—1049.

(12) Rayburn, J. R.; Banlle, J. A.; Friedman, M. The role of the
carbohydrate side chains of potato glycoalkaloids in develop-

and milled potato vines.

Isolation of Solanidine. Solanidine ($H430N) was also
known as solanidine t and solatubine. Solanidine t had been
used to differentiate the solanidine 8f tuberosuni. from

aglycone of the alkaloid oSolanum sodemeutn, which is mental toxicity.J. Agric. Food Chem1994,42, 1511—1515.

now known as solasodine. Solanidine has one basic tertiary (13) Maga, J. A. Potato Glycoalkaloid€RC Crit. Re. Food Sci.
nitrogen and one secondary hydroxyl as well as a double bond. Nutr. 1980,12, 371—405.

It is a white crystalline powder or looks like long needles. Its  (14) BeMiller, J. N. Acid-catalysed hydrolysis of glycosidésiv.

dissociation constantKy is 5.38; p]?% = —28.5 € 0.5 in Carbohydr. Chem1967,22, 25-108.

chloroform), and it melts at 219C. The solanidindx = 0.97 (15) Capon, B. Mechanism in carbohydrate chemis@ifyem. Rew.
in the chloroform/methanol/1% (w/w) ammonia mixture, lower 1969,69, 407—498.

layer, after staying overnight, as the mobile pha®)( (16) eKsljhgggR Low, I. The structure of solanirengew. Cheml954

Approximately 78% of the possible solanidine yield was
isolated from the chloroform phase. The solution of solanidine
in chioroform ha.d. anR; O.f 0.98 in the mobile phase as before 16-Dehydropregnenolon acetate from solanidih&erb. Chem.
and reac;ed po_smvely with Dragendorff’_s and Mayer’s reagent. S0c.1997,62 (6), 451—454.

The melting point was determined on Tile's apparatus and was (18) Gelder, W. M. A new hydrolysis technique for steroidal

(17) Penov-Gasi, K. T.; Djurendic, E. A.; Rackovic-Colic, D.; Sakac,
M. N.; Arcson, O. N.; Medic-Mijacevic, Lj.; Miljkovic, D. A.

found to be 220-3& _ ) glycoalkaloid with unstable aglycones frdBolanunspp.J. Sci.
GC—-MS analysis largely agrees with the literature d24) ( Food Agric.1984,35, 487—497.

There is a parent peak at'z 397 supporting the solanidine (19) Briner, J. Determination of total steroidal basesSolanum

molecular formulas and molecular mass of 397.3345. Fragments speciesJ. Pharmacol. Sci1969,58 (2), 258—259.

at m/z 204 and 150 are also diagnostic of fragment formulas (20) Tukalo, E. A.; Carik, G. N. Uskorenii metod kolichenstvenogo

CiH2oN and GoHigN, respectively. The other fragments are opredelenia glikoalkaloidov kartofelidBiol. Nauki 1970, 12,

as follows: m/z (relative abundance) 45 (80%), 55 (65%), 67 115-118. o _ _

(42%), 79 (43%), 98 (40%), 110 (28%), 136 (15%), 178 (44%), (21) Sta.nkOYIC, M. Z.; NI!(OIIC, N. C, Pallc, R.; Cakic, M. D.;

195 (37%) 217 (3%), 259 (8%), 272 (7%), 326 (8%), 341 (19%), Veljkovic, V. B. Isolation of solanidine from haulm and tuber

354 (17%), 368 (17%), and 382 (69%). zp;rozu;i o;ggtato&olanum tuberosurh.). Potato Res1994,

IR spectrum given irFigure 6 shows the major functional

groups: IR (v) 3435 (OH). 2917 and 2849 (CH), 1632 (C=C), (22) Filadelfi, M. A.; Zitnak, A. A simple TLC standard for

identification of potato glycoalkaloidsCan. Inst. Food Sci.

1463 (6, CH), and 1378 cnt (CN) vibrations, bands at 1261, Technol. J.1983,6 (2), 151—153.
1164, and 1032 crt of y (C_O)_ and?./ (C._C): and a band at (23) Ponomarjev, D. V. Ekstragirovanie lekarstvenogo sirja; Medicina:
717 cnt! (probably a CH bending vibration). Moscow, 1956; pp 34—68.

(24) Lawson, D. R.; Green, T. R.; Haynes, L. W.; Miller, A. R.
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