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followed by On-Fiber Derivatization
of Solasodine and Solanidine Aglycones
of Steroidal Glycoalkaloids
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Abstract: Solid-phase microextraction (SPME), followed by on-fiber derivatization
was investigated for the analysis of the steroidal glycoalkaloid aglycones, solasodine
and solanidine. The aglycones were first extracted by direct immersion of the SPME
fiber in the sample medium and then derivatized on the fiber in a separate step
using 1-(trimethylsilyl)imidazole (TMSI). The derivatized compounds were then
desorbed from the SPME fiber and detected by GC-MS. Polydimethylsiloxane /Divinyl-
benzene (PDMS-DVB), Carboxen/Polydimethylsiloxane = (CAR-PDMS), and
Carbowax /Divinylbenzene (CW-DVB) fibers were employed with the CW-DVB fibers
being the most successful, as expected. Closed-end capillary tubes were used to hold
the extraction media. Both aglycones were successfully extracted, derivatized, and
detected by GC-MS. Solasodine always required derivatization, but solanidine did not.

The same method was successfully applied to cholesterol so that it could be used as an
internal standard. Also, using the closed-end capillary tubes, a two-phase extraction
system was also investigated, whereby the fiber was only exposed to the phase in
which it was presumed to be less damaged. However, in all cases, fiber degradation
was significant, preventing the use of extended extraction times and limiting reuse of
the fibers. However, the results represent a first look into the feasibility of the method.
With the development of more suitable SPME phases, this method could potentially
provide a complementary route for routine determinations of glycoalkaloids for both
research and food quality control.

Keywords: SPME, On-fiber derivatization, Eggplant, Potato, Solanidine, Solasodine,
Steroidal glycoalkaloids
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INTRODUCTION

Steroidal glycoalkaloids (SGAs), as well as their aglycones (SGAAs), have
attracted attention,!' ~*! not only with regard to their toxicity,"*~® but also
for their potential use in anticancer medicinals.'” =" Albeit standard liquid-
liquid extraction methods followed by some type of high performance
liquid chromatography (HPLC) detection are widely used for the extraction,
separation, and determination of these compounds,'®~?*! it is important
that efficient complementary methods be developed and employed for
control and validation purposes. As a means of convenient sampling and intro-
duction to analytical instrumentation, solid-phase microextraction (SPME)
has been extensively investigated for use with gas chromatography
(GO)®*73% and, to a lesser extent, high performance liquid chromatography
(HPLC).*%¢37 Although the fragile structures of SGAs typically preclude
their analysis by GC methods, it is, however, possible to determine, by GC,
the hydrolyzed aglycone forms of steroidal glycoalkaloids, either
directly'®*>*! or, when necessary, via derivatization of the aglycones to
more volatile forms."**’ Furthermore, for studies involving the measurement
of glycoalkaloids by traditional methods, researchers, for simplicity,
sometimes report their results in terms of a concentration of total glycoalka-
loids (TGA) or “equivalents” for a specific aglycone, referring to the
combined concentrations of the SGAs under the heading of their
respective aglycones, presumably when other SGASs related to that particular
aglycone are deemed undetectable (e.g., [solanine SGA] + [chaconine
SGA] = [solanidine SGAA]).M**!"" GC-based analytical methods are
commonly coupled with SPME.[??~3242=%31 Eor this reason, gas chromato-
graphy-mass spectrometry (GC-MS) was chosen in the present work as the
preferred detection scheme for the investigation of the use of SPME as a
complementary means of extraction and sample introduction for the
analysis of the SGAAs solasodine and solanidine.

Although solid-phase microextraction (SPME) is traditionally con-
sidered applicable mainly to volatile compounds,'*’! the feasibility of
extracting non-volatile analytes and then performing their derivatization
directly on the SPME fiber has become a subject of interest."***”! To the
best of our knowledge, the technique of SPME followed by “on-fiber deriva-
tization” has not been applied to the extraction of the aglycones of steroidal
glycoalkaloids, specifically the two aglycones of interest to our work, sola-
sodine and solanidine. For the work presented here, solasodine and solani-
dine are first extracted by direct immersion of the SPME fiber in the
sample medium and then derivatized on the fiber in a separate step using
an appropriate derivatization agent. The derivatized compounds are then
desorbed from the SPME fiber into a GC-MS system, where they are
separated and detected, thus providing a potential complementary route
for routine determinations of glycoalkaloids for both research and food
quality control.
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EXPERIMENTAL
Chemicals, Materials, and Instrumentation

Standards of solanidine and solasodine were obtained from MP Biochemicals
LLC (Ohio, USA) and Research Plus, Inc. (Manasquan, N.J., USA), respect-
ively. Cholesterol (95% purity) was purchased from Alfa Aesar (Karlsruhe,
Germany) to be used as an internal standard. Each of the aglycone stock
solutions (1.0 mg/mL) was prepared in methanol-acetic acid (95:5 v/v)
unless otherwise stated, and stored at 4°C. The derivatization agent 1-(tri-
methylsilyl)imidazole (TMSI) was purchased from Sigma-Aldrich
(St. Louis, USA) in 1 mL ampoules. A manual SPME holder and fibers
with different coatings: Polydimethylsiloxane/Divinylbenzene (PDMS-
DVB, for extraction of polar analytes, 65 pm film thickness), Carboxen/Poly-
dimethylsiloxane (CAR-PDMS, for extraction of volatile analytes, 75 pm film
thickness), and Carbowax /Divinylbenzene (CW-DVB for extraction of polar
analytes, especially alcohols, 65 wm and 70 pm film thickness-Stable Flex)
were obtained from Supelco (Bellefonte, PA, USA). Before use, each fiber
was conditioned according to the supplier’s specifications and a blank
analysis was performed to determine the quality of the conditioning.

He gas chromatography-mass spectrometry (GC-MS) system employed for
these studies was comprised of a Varian 2000 Ion Trap Mass Spectrometer as
interfaced with a Varian Star 3400 Cx Gas-Chromatograph (GC) (Walnut
Creek, Calfornia USA) that was equipped with a split/splitless programmable
temperature injector (SPI/1078, a 3.14 mm i.d. glass liner), and an SAC-5
type capillary column (30 mX0.25 mm i.d., df: 0.25 pwm) purchased from
Supelco (Bellefonte, PA, USA). Helium (99.999%) was used as the carrier
gas at a flow rate of 1.0 mL/min. For experiments that did not employ an
SPME step, the GC oven and injector temperatures were kept constant at
275°C and 300°C, respectively. For experiments involving an SPME step, a
temperature gradient was applied via the GC oven as follows: 160°C held for
3 minutes followed by a temperature gradient ramp of 20°C/minute up to
280°C which was held for 36 minutes. Using splitless mode, the SPME fibers
were desorbed for five minutes in the GC injector. For the PDMS-DVB,
CAR-PDMS, and CW-DVB fibers, the GC injector temperatures were 240°C,
270°C, and 250°C, respectively. For all experiments,the GC-MS interface and
ion-trap temperatures were fixed at 280°C and 200°C, respectively. The ion
trap mass spectrometer was operated in normal electron impact (EI) mode
(i.e., 70 eV) with full scans being aquired from m/z 40 to m/z 650.

Derivatization of Aglycones for GC-MS without SPME

Before the ‘“on-fiber derivatization” scheme unique to this work was
evaluated, traditional non-SPME based methods of derivatizating aglycones
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of glycoalkaloids'*®! were carried out to gain experience in handling the
derivatizing agents and to gain knowledge as a logical first step. Separate
aglycone standard solutions, each containing 20 microliters, were placed in
4-mL vials, evaporated to near dryness for 30 minutes, dried at 105°C for
5 minutes, and stored in a dessicator with loose caps until they cooled to
room temperature. Since TMSI is extremely moisture sensitive, it was
handled in an inert argon atmosphere using a specially purchased glove
bag (Glove-BagTM, IR Glas-Col, Terre Haute, IN). Twenty microliters of
TMSI and 50 microliters of dry acetonitrile were added via glass syringe
to each vial in the glove bag. Then, the vials were placed in an oven at
60°C for 15 minutes for derivatization and then allowed to cool to room
temperature. Two microliters of each solution were injected into the
GC-MS for analysis.

Direct SPME with On-Fiber Derivatization

Different methods of applying SPME, both traditional and especially related
to the work here, are represented in Fig. 1. In general, SPME involves the
adsorptive extraction of an analyte onto a fiber in a closed environment as
provided by a vial sealed with a septum-containing cap. For volatile
analytes, the extraction step of SPME can be carried out in capped vials as
illustrated in Fig. la. For compounds with low vapor pressures, such as the
glycoalkaloids, a direct immersion method as shown in Fig. 1b can be
employed. However, as expected, due to the relatively large volume of
solution and, hence, the resulting dilution of the glycoalkaloids, this mode
of direct immersion was deemed inappropriate for the present work.
Instead, for the work presented here, a capillary tube was used to hold the
extraction medium, thus decreasing the volume while maintaining a large
surface area of contact between solution and fiber. The SPME fiber was
then immersed in the solution in the capillary, as shown in Fig. 1c.

Thus, twenty microliters containing both the individual aglycone standard
solution (solasodine or solanidine) and the internal standard (cholesterol) were
transferred to a 4-cm length and 1 mm i.d. glass capillary tube which was fixed
in a vial (Fig. 1c). The needle of the fiber holder was inserted into the capillary
and the fiber was immersed into the solution. In this manner, the microextrac-
tion of solanidine was carried out at room temperature for 30 min. Extraction
of solasodine proved to be more difficult and, therefore, its extraction time was
extended to one hour. After finishing the extraction step, the SPME fiber was
exposed to the vapors of TMSI in a 4-mL amber vial (as positioned in an
aluminum heating block) at 70°C for an hour (Fig. le) for derivatization. In
a separate set of experiments with polar-based fibers, an extraction step was
implemented as represented by Fig. 1d. For these experiments, the analyte
as dissolved in a polar methanol-acetic acid medium (solvent B) was
allowed to first establish a distribution equilibrium with a hexane upper
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Figure 1. Comparison of modes for extraction and on-fiber derivatization by SPME:
(a) traditional headspace extraction, (b) extraction by direct immersion of fiber, (c)
extraction by direct immersion of fiber using a capillary tube, (d) liquid-liquid extrac-
tion from solvent B to solvent A followed by SPME from solvent A in a capillary tube
holding the sample volume, (e) derivatization of extracted analyte which is already
adsorbed onto SPME fiber. Note: When heat is applied, vials were housed in an alumi-
num block as shown.

phase (solvent A) into which the SPME fiber was directly immersed for
extraction of glycoalkaloids. This was done to decrease the opportunity for
dissolution of the SPME fiber, since it was not in direct contact with the
polar extraction solvent. Regardless of extraction method, the SPME fibers
were either subsequently sampled directly by GC-MS or were first deriva-
tizated in the manner shown in Fig. le prior to sampling by GC-MS.

RESULTS AND DISCUSSION

For the work with on-fiber SPME, initial experiments were performed using a
polar CW-DVB fiber, since solasodine and solanidine are relatively polar
compounds. As was the case when “on-fiber derivatization” was not applied
(i.e., traditional derivatization without SPME), solasodine always required
derivatization prior to GC-MS analysis while solanidine and cholesterol did
not. Compared with using vials to hold the sample volume, capillary tubes
were preferred because less grams of standard were required per volume of
solvent when closed-end capillary tubes were employed. Furthermore, with
the capillary setup, only a few microliters of sample was necessary for extrac-
tion. Although we truly thought this was a novel direction, further review of
the literature revealed that Zhu et al. had already explored this idea recently
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for other SPME analyses unrelated to glycoalkaloids, pointing out in their
work that, through the use of capillary tubes, the diffusion distance for
analyte to the fiber is reduced, the large amount of fiber compared to liquid
favors extraction, only a small amount of sample is required, and they
reported that this method reduced the influence of experimental conditions
while increasing reproducibility.[*®!

Thirty minutes was chosen initially for extraction time. After completing
the extraction step, the fiber was placed in the headspace of a 4-mL vial which,
at the bottom, contained the derivatization reagent, TMSI. Then the vial was
heated in a specially made aluminum block at 70°C for one hour (Fig. le).
Under these conditions, two GC-MS peaks were obtained for each
compound, corresponding to the derivatized and non-derivatized forms
(Fig. 2).

By increasing the amount of TMSI to 40 wL and decreasing the concen-
tration of solanidine and cholesterol (to 30 mg/L for each one), the degree of
derivatized product was increased and the underivatized forms were no longer
present in the GC-MS spectra (Figs. 3 and 4). Both solanidine and cholesterol
produced mono-TMS derivatives'™! with molecular ion peaks at m/z 469 and
m/z 458 (not shown), respectively.

Unfortunately, using the same protocol, derivatized solasodine was not
detected by GC-MS. Extraction and derivatization times were, therefore,
increased to 60 minutes. When doing so, it was necessary to heat (condition)
each CW-DVB fiber at 250°C for 5 minutes in the GC-injector port upon com-
pletion of each chromatographic run in order to avoid memory effects and, thus,
make it possible to reuse them for subsequent extractions.

Intensity

al

. T

o 20 o G0

Retention time (minutes)

Figure 2. Total ion GC-MS chromatogram of derivatized standard solanidine sol-
ution (300 mg/L) after SPME extraction (CW-DVB fiber); a = underivatized choles-
terol (IS); a; = derivatized cholesterol; b = underivatized solanidine; b; = derivatized
solanidine.
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Figure 3. Total ion GC-MS chromatogram of derivatized standard solanidine sol-
ution (30 mg/L) after SPME extraction (CW-DVB fiber); al = cholesterol,
bl = solanidine.

After the first extraction, derivatization, and desorption cycle, no sola-
sodine could be seen. However, only after the same GC-MS analyzed fiber
was again exposed for 30 minutes to the vapors from a 40 pL fresh
aliquot of TMSI (i.e., a second derivatization step without any added extrac-
tion step), the derivatized solasodine revealed itself. In its GC-MS spectrum
(Fig. 5) and corresponding mass spectrum (Fig. 6), solasodine (from the
standard solution) shows the di-TMS derivative®”! after silylation with
base peak at m/z 125 and its proper molecular ion peak cluster. Unfortu-
nately, the centroid data given by our ion trap instrument did not show the
di-TMS derivative molecular ion at m/z 557. In fact, a quick comparison

100%
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Figure 4. Mass spectrum of derivatized solanidine after SPME extraction and on-
fiber derivatization.
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Figure 5. GC-MS chromatogram of derivatized solasodine after SPME extraction of
solasodine solution (300 mg/L) and on-fiber derivatization; peaks ‘c’ and ‘d’ both
come from derivatized solasodine (CW-DVB fiber).

of the mass spectra of Figs. 6a and 6b shows the primary peak of the
molecular ion cluster to be at m/z 559 and 558, respectively. These mass
spectra correspond to the two separate chromatographic peaks shown in
Fig. 5. Possibly, the discrepancy was due to either protonation of the
molecular ion to give a quasi-molecular ion at 558 (Fig. 6b) but, again, it
should be noted that the experiments were run using a carefully prepared
solution containing only solasodine standard. Although it would have been
preferred that such discrepancies be resolved, they do not diminish the
importance of the main topic of this work, namely the development of an
SPME and “on-fiber derivatization” method for solasodine and solanidine.

With solasodine having been quite recalcitrant to detection, it was also
wondered if the solvent remaining on the fiber after extraction was interfer-
ing with the derivatization of solasodine. In a separate experiment, after the
extraction step, the fiber was conditioned in the injector port for 5 minutes
at 100°C in an attempt to remove residual solvent without significantly
desorbing the analyte (solasodine). Next, an on-fiber derivatization step
was applied for an hour using 40 nL TMSI. However, solasodine still
could not be seen via GC-MS. Interestingly, when a second derivatization
step was performed on the same sample fiber without any other treatment,
derivatized solasodine was clearly seen (Fig. 7). Since, for every derivatiza-
tion step, an excess of TMSI had been used, either residual solvent appears
to inhibit efficient derivatization of solasodine while on the fiber or it is
possible that removal of the derivatized product from this fiber is particu-
larly difficult. Lending creedence to this idea, the peaks labeled ‘c’ and ‘d’
in the chromatogram of Fig. 5 both possessed similar mass spectra in
accordance with the structure of derivatized solasodine (m/z 125 and
molecular ion clusters around m/z 558 [M +H]"). Very likely, these
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Figure 6. Mass spectra of (a) peak ‘c’ and (b) peak ‘d’ from Fig. 5 (coming from deri-
vatized solasodine).

peaks represent separate desorption events of the solasodine derivative
from the SPME fiber.

After several extraction/derivatization cycles using the same CW-DVB
fiber, the fiber degraded to an unusable state, as can be witnessed through the
gradual increase in background during the first 20 minutes for the chromato-
grams as represented in Figs. 2, 3, 5, and 7. Most likely, this degradation of
the fiber coating was the result of its having been directly immersed in the
methanolic solvent for the initial extraction step. In further experiments,
PDMS-DVB and CAR-DVB fibers were tried to test their extraction ability
for these aglycones, as well as to examine the robustness of these fibers to
the extraction medium. Due to their lack of extraction ability for the
aglycones, these fibers were immersed into a fresh methanolic solution of sola-
nidine and cholesterol (IS) overnight (an extended period), taken through the
derivatization and desorption steps, and finally analyzed by GC-MS. These
two compounds were preferentially selected because they had been less proble-
matic than solasodine. The PDMS-DVB fiber extracted only cholesterol.
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Figure 7. Mass GC-MS chromatogram of derivatized solasodine after SPME extrac-
tion of solasodine solution (300 mg/L) and on-fiber derivatization-(CW-DVB fiber).

However, neither solanidine nor cholesterol were observed in the GC-MS
spectra after extraction using the CAR-PDMS fiber. According to the literature,
although this fiber is most appropriately applied for SPME of molecules in the
C,-Cy, range, analytes with longer carbon chains may be very strongly
adsorbed, requiring a high desorption temperature, for example over
300°C.1*5 Shirey and Mindrup, representatives of the manufacturer, also
concluded that the CAR-PDMS fibers are best suited for extraction of
analytes with molecular masses less than 90 amu.'*”! According to product
information, the maximum operating temperature of the CAR-PDMS fibers is
320°CPY and is not suitable for polar solvents:;*! therefore, for our exper-
iments, 270°C was chosen as a desorption temperature to extend the life of
the fiber.

Since using the CW-DVB fiber for extractions had been more successful,
attention was again focused on how to use this fiber while reducing its gradual
deterioration. To prevent the direct exposure of the polar coating to the
methanol-acetic acid (polar) solvent, a secondary extraction was carried out
in a non-polar solvent, as illustrated in Fig. 1d. For these studies, the
capillary was filled with 20 wL solanidine standard solution (1000 mg/L) in
methanol-acetic acid (95:5 v/v) and 20 pL hexane was added to the top of
the solution (upper phase). A new CW-DVB fiber was immersed for an
hour in the hexane phase, thereby preventing its contact with the lower
polar phase and then desorbed in the GC injector without a derivatization
step. Under these conditions, solanidine was successfully extracted and
detected by GC-MS (Fig. 8). The mass spectrum of this underivatized
solanidine sample is shown in Fig. 9, with its molecular ion peak at m/z
397. Unfortunately, during the replicate extraction (just before
derivatization), the fiber coating was completely dissolved from the fiber,
rendering it useless. From this work, it can be assessed that using the
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Figure 8. GC-MS chromatogram of underivatized solanidine solution (1000 mg/L
methanol-acetic acid) after extraction onto a CW-DVB SPME fiber using the method
shown in Fig. 1d where solvent A = hexane and solvent B = methanol-acetic acid
after SPME extraction; b = solanidine.

CW-DVB fiber for direct immersion SPME will result in the extraction of
solanidine. However, the robustness of the fiber limits its applicability.
Perhaps, with the development of more robust stationary phases, direct
immersion SPME will be more amenable to extraction of glycoalkaloids
and other non-volatile species in the future, but much work remains to be
done. In their review of the developments of such materials for use in
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Figure 9. Mass spectrum peak ‘b’ (underivatized solanidine) in the GC chromato-
gram of Fig. 8.
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several extraction technologies, Fontanals et al. have included a review of
recent works related to the development of sorptive phases for SPME.?!
Likewise, Dietz et al. have reviewed, specifically, the development of
coatings for solid-phase microextraction.”>*

CONCLUSIONS

Although the results of this initial testing of the applicability of SPME to the
analysis of steroidal glycoalkaloid aglycones were somewhat discouraging,
success was achieved and warrants mention. SPME is a useful technique,
since it is relatively simple and does not require large amounts of sample
solution. Although SPME is normally considered applicable only to volatile
species, the method of SPME followed by “on-fiber derivatization” permits
the use of this method with GC technologies for the determination of less
volatile compounds. The polar CW-DVB phase was suitable for the extraction
of solasodine and solanidine. Closed-end capillary tubes were successfully
employed here for the extractions. This modification to the traditional use
of vials for SPME is considered a practical alternative and has also been
demonstrated prior to this work, by Zhu et al.*®" As an extension of this,
the use of liquid-liquid extraction and SPME all in one capillary tube is
worth further investigation. Finally, studies of solid-phase microextraction
followed by “on-fiber derivatization” for the analysis of compounds such as
solasodine and solanidine are expected to show significant improvement as
researchers continue to develop new sorptive phases for SPME.
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