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ABSTRACT: Rare ginsenosides with major pharmacological
effects are barely present in natural ginseng and are required to
be obtained by transformation. In the current study, ginsenoside
Rb1 was chemically transformed with the involvement of ethanol
molecules to prepare rare ginsenosides using the synthesized
heterogeneous catalyst 12-HPW@MeSi. A total of 16 trans-
formation products were obtained and identified using high-
performance liquid chromatography coupled with multistage
tandem mass spectrometry and high-resolution mass spectrometry.
Ethanol molecules were involved in the production of 6
transformation products by adding to the C-20(21), C-20(22),
or C-24(25) double bonds on the aglycone to produce ethoxyl
groups at the C-25 and C-20 positions. Transformation pathways
of ginsenoside Rb1 are summarized, which involve deglycosylation, elimination, cycloaddition, epimerization, and addition reactions.
In addition, 12-HPW@MeSi was recyclable through a simple centrifugation, maintaining an 85.1% conversion rate of Rb1 after 3
cycles. This work opens up an efficient and recycled process for the preparation of rare ginsenosides with the involvement of organic
molecules.

1. INTRODUCTION
Ginsenosides are regarded as the major active components of
ginseng and are well characterized for their pharmacological
effects.1−3 In ginseng, they are primarily of the dammarane
type and have a dammarane backbone coupled with glycosyl
substituents. Based on the number and position of the
hydroxyl group linkage, ginsenosides are generally classified
into protopanaxadiol (PPD) and protopanaxatriol (PPT)
types.4−6 At present, more than 100 ginsenosides have been
isolated and identified, of which the major ones such as Rb1,
Rb2, Rg1, Rc, and Re have been determined to account for
over 80% of the total content of ginsenosides, while the other
ginsenosides such as Rg3, Rg5, and Rk1 are known as rare
ginsenosides due to their low content in ginseng.1,7 Studies
have shown that rare ginsenosides have more remarkable
pharmaceutical activities and that they differ from the major
ginsenosides in terms of glycosyl substituents and side-chain
structures.8 Therefore, much effort has been focused on the
chemical transformation and biotransformation of major
ginsenosides into rare ginsenosides by modifying their glycosyl
substituents and side chains.9,10

The conventional chemical transformation of ginsenosides
mainly uses liquid acids for homogeneous catalytic trans-
formation, which benefits from high efficiency and low cost,

but suffers from difficult separation of product and catalyst.11,12

Heteropolyacids (HPAs) are a kind of inorganic solid acid and
have been used to catalyze many types of reactions owing to
their strong proton acidity, adjustable structure, and multi-
phase catalytic ability.13−15 They also provide a new pathway
for the chemical transformation of ginsenosides. However,
their good solubility in polar media renders them not
conducive to separation and recycling. And, as with the
conventional liquid acids, homogeneous catalysis is disadvanta-
geous for the transformation of ginsenosides in water.16 To
achieve a heterogeneous transformation environment, HPAs
can be loaded with porous solid supports to maintain their
original solid acidity.17−19 The silica supports are particularly
favorable due to their large specific surface area, excellent
thermal stability, and chemical inertness.20−22 Studies have
shown that examples of success are frequently associated with
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the use of silica supports. For example, Yang et al. synthesized
the mesoporous silica-included HPAs material as a solid
catalyst for the alkylation of phenol with cyclohexene, which
maintained stable activity over six cycles.23 However, the
application of loaded HPAs in the heterogeneous trans-
formation of ginsenosides has not been reported. In addition,
the reported preparation of rare ginsenosides usually employs
the degradation of the major ginsenosides within themselves.24

For example, Bai et al. reported the use of Lactobacillus
plantarum to remove the sugar group at the C-20 position of
ginsenoside Re and obtain ginsenoside Rg6 and F4.25

Theoretically, the dammarane-type ginsenosides contain a
double bond functional group on the olefinic chain, which
provides ample opportunity to use electrophilic addition
reactions to modify the structure and thus produce rare
ginsenosides with novel structures. The involvement of small
organic molecules in the transformation of ginsenosides to
prepare rare ginsenosides, however, has not been extensively
investigated.

High-performance liquid chromatography−mass spectrom-
etry (HPLC-MS) has evolved into one of the main research
tools for the structural identification and quantitative analysis
of natural products.26−28 It combines component separation
with quantitative analysis or qualitative identification and
provides an effective means of analyzing complex samples.
Among them, HPLC coupled with high-resolution MS
(HPLC-HRMS) enables highly sensitive and accurate sample
detection,29 while HPLC coupled with multistage tandem MS

(HPLC-MSn) provides information on characteristic fragment
ions which, combined with neutral loss and cleavage patterns,
allow for rapid determination of structural information on
compounds.30

In this study, the composite solid acid catalyst 12-HPW@
MeSi was synthesized through the assembly of 12-phospho-
tungstic acid (12-HPW) and mesoporous silica (MeSi) and
used for the heterogeneous transformation of ginsenoside Rb1
in aqueous ethanol solution. Sixteen rare ginsenosides were
obtained, and their structures and transformation pathways
were extensively investigated by HPLC-MSn and HRMS.
Ethanol molecules were found to participate in the trans-
formation, producing ethoxylated ginsenosides. Meanwhile,
12-HPW@MeSi was tested for its reusability as a heteroge-
neous catalyst in ginsenoside transformation.

2. RESULTS AND DISCUSSION
2.1. Characterization of 12-HPW@MeSi. Character-

ization of MeSi and 12-HPW@MeSi was carried out by
powder X-ray diffraction (XRD). The wide-angle XRD
patterns of 12-HPW and 12-HPW@MeSi are shown in Figure
1A. The 12-HPW used exhibits distinctive diffraction peaks
that are well in line with hydrogen tungsten phosphate hydrate
(PDF #50-0304). The peak intensity is greatly reduced after
12-HPW was immobilized on MeSi, although several
diffraction peaks on the primary lattice planes of (222),
(332), and (220) are retained. This indicates that 12-HPW has
been successfully loaded onto MeSi and that the characteristic

Figure 1. Powder X-ray diffraction patterns of 12-HPW and 12-HPW@MeSi over the 2θ range of 10−40° (A) and MeSi and 12-HPW@MeSi over
the 2θ range of 0.6−5° (B).

Figure 2. TEM image of MeSi (A) and HRTEM image of 12-HPW@MeSi (B).
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Keggin-type structure is retained. The observed decrease in the
intensity of the diffraction peaks after immobilization is due to
the dispersion of 12-HPW inside the channels of MeSi. As
shown in Figure 1B, a diffraction peak can be observed at 0.9°
in the small-angle XRD pattern of MeSi, indicating the
presence of nonuniform but large mesopores in the synthesized
MeSi. This peak is maintained for 12-HPW@MeSi, indicating
that the introduction of 12-HPW did not affect the
mesoporous structure of the MeSi support, which facilitated
the contact and reaction of ginsenosides with loaded 12-HPW.

Figure 2 depicts the transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) images of the synthesized MeSi and 12-HPW@
MeSi. Figure 2A clearly shows the apertures and ordered arrays
of hexagonal channels of MeSi, demonstrating the successful
synthesis of mesoporous silica that can be used to
accommodate 12-HPW. Figure 2B shows several apparently
aligned lattices in 12-HPW@MeSi. By measuring the lattice
spacing, matching crystal planes (222), (332), (400), and
(220) were discovered. These planes are compatible with the
XRD results and indicate that the 12-HPW species are
uniformly embedded throughout the MeSi supports.

2.2. Structural Characterization of Ginsenoside Rb1
Transformation Products with Ethanol by HPLC-MSn/
HRMS. The synthesized 12-HPW@MeSi was used for the
chemical transform ginsenoside Rb1 in 30% ethanol aqueous
solution over the course of 8 h at 80 °C. The structural
information on ginsenoside Rb1 is shown in Scheme 1. There
are 16 products with distinct retention times, designated
compounds 1−16, as seen in Figure 3 of the total ion
chromatogram (TIC). According to this result, the heteroge-
neous catalyst of 12-HPW@MeSi is able to transform
ginsenoside Rb1 into rare ginsenosides. Using an established
multistage tandem MS and high-resolution MS method, a
thorough investigation of the structures of the transformation
products was carried out.

The relative molecular weights of compounds 3 and 5 were
calculated from their [M + HCOO]− and [M − H]− ions to be

830.54. The fragment ions in their tandem mass spectra were
identical, indicating that they were a pair of isomers. The
tandem MS spectrum of compound 3 was used as an example
to identify their structures, as shown in Figure 4A. The ion at
m/z 667.48 is the fragment ion that removes one glucose
substituent from the parent ion at m/z 829.54. The ion at m/z
621.44 has a mass difference of 46.04 Da with it, which
corresponds to the molecular weight of ethanol (C2H5OH),
indicating that compound 3 contains one ethoxyl group. The
ion at m/z 459.38 is the fragment ion of the parent ion that
removes two glucose substituents and one ethanol molecule.
The ion at m/z 401.34 has a mass difference of −58.04 Da
with it, corresponding to the tertiary alcohol structure formed
by the addition of one water molecule to the C-24(C25)
double bond. This indicates that compound 3 has undergone a
hydration reaction. The difference between the aglycone ion of
compound 3 at m/z 505.42 and that of PPD at 459.38 Da is
46.04 Da. The hydration reaction leads to an increase in the
aglycone ion by 18.01 Da, while the remaining difference of
28.03 Da can only result from the substitution of the hydroxyl
group at the C-20 position by the ethoxyl group. It can be
concluded that compound 3 is the product of Rb1 dissociating

Scheme 1. Chemical Transformation Pathway of Ginsenoside Rb1 Catalyzed by 12-HPW@MeSi

Figure 3. TIC of the transformation products of ginsenoside Rb1 with
ethanol.
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the glucose substituent at the C-20 position, generating an
ethoxyl group at the C-20 position, and undergoing a
hydration reaction at the C-24(C25) double bond. Therefore,
compounds 3 and 5 are classified as 20(S)-OC2H5-25-OH-Rg3
(Figure 4B) and 20(R)-OC2H5-25-OH-Rg3 (Figure S1),
respectively. There are no intact aglycone ions in the tandem
MS spectrum but obvious fragment ions that remove ethoxyl
groups. This suggests that the ethoxy group at the C-20
position is more easily dissociated than the glycosidic bond at
the C-3 position.

Compounds 7 and 8 are epimers with a relative molecular
weight of 830.54. Their structures were analyzed by taking the
tandem MS spectrum of compound 7 as an example. As shown
in the MS2 spectrum in Figure 5A, the fragment ions at m/z
667.48 and m/z 505.42 are generated by removing one and
two glucose substituents from the parent ion at m/z 829.53,
respectively. The latter ion is the aglycone ion of compound 7
and is further fragmented by MS3. The resulting MS3 spectrum
is shown in Figure 5B. The ion at m/z 459.38 differs from the
aglycone ion at m/z 505.42 by 46.04 Da, corresponding to one
ethanol molecule, indicating the presence of at least one ethoxy

Figure 4. MS2 spectrum of the [M − H]− ion at m/z 829.53 from the ginsenoside 20(S)-OC2H5-25-OH-Rg3 (A). Fragmentation pathways of
ginsenoside 20(S)-OC2H5-25-OH-Rg3 (B).

Figure 5. MS2 spectrum of the [M − H]− ion at m/z 829.53 of ginsenoside 20(S)-25-OC2H5-Rg3 (A). Fragmentation pathways and MS3 spectrum
of the [M-Glc-H]− ion at m/z 505.42 of ginsenoside 20(S)-25-OC2H5-Rg3 (B).

Figure 6. MS2 spectrum of the [M − H]− ion at m/z 783.49 from the ginsenoside (20S, 25)-epoxy-Rg3 (A). Fragmentation pathways of
ginsenoside (20S, 25)-epoxy-Rg3 (B).
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group in the structure of compound 7. The characteristic ion at
m/z 375.29 results from the cleavage of the single bond at the
C-20(22) double bond of PPD-type ginsenosides. Its presence
indicates that the hydroxyl group at the C-20 position is not
substituted by the ethoxyl group, and therefore the ethanol
molecule should add to the C-24(25) double bond. Based on
the above analysis, compounds 7 and 8 are identified as 20(S)-
25-OC2H5-Rg3 and 20(R)-25-OC2H5-Rg3 (Figure S2),
respectively.

Compounds 9 and 10 are isomers with the same relative
molecular weight of 784.50. The tandem MS spectrum of
compound 9 is shown in Figure 6A. The product ions at m/z
621.44 and m/z 459.38 indicate the presence of two glucose
substituents in compound 9 and the latter is the aglycone ion.
The neutral losses between the aglycone ion at m/z 459.38 and
the product ions at m/z 401.34 and m/z 375.29 are 58.04 and
84.09 Da, respectively. The former neutral loss of 58.04 Da
corresponds to the isopropanol group at the C-25 position as
mentioned above. The latter neutral loss of 84.09 Da
corresponds to the C6H12 molecule, representing the olefin
chain at the C-20 position of PPD. From the coexistence of the
two neutral losses, it can be inferred that compound 9 is
generated by the cycloaddition of the C-24(25) double bond
and the hydroxyl group at the C-20 position. Therefore,
compounds 9 and 10 were identified as (20S, 25)-epoxy-Rg3
(Figure 6B) and (20R, 25)-epoxy-Rg3 (Figure S3), respec-
tively.

Compounds 13 and 14 are a pair of isomers with the same
relative molecular weight of 812.53 Da. As shown in Figure 7A,
the aglycone ion of compound 13 at m/z 487.41 is generated
by removing two glucose substituents from the [M − H]− ion
at m/z 811.52. It has a mass difference of 46.04 Da with the
product ion at m/z 441.37, suggesting the presence of one
ethoxyl group. The neutral loss of 88.09 Da between the
product ions at m/z 631.46 and m/z 543.37 corresponds to the
C5H12O molecule, which indicates the presence of the 2-
ethoxypropane group at the C-25 position originating from the
addition of an ethanol molecule at the C-24(25) double bond.
In addition, the mass difference between the ion at m/z 487.41
and the aglycone ion of PPD at m/z 459.38 is 28.03 Da. The
mass difference generated by adding one ethanol molecule at
the C-24(25) double bond is 46.04 Da, indicating that a
hydration reaction also occurred at the C-20 position of the
aglycone to counteract the additional 18.01 Da. Compounds
13 and 14 are therefore supposed to be produced by the
hydrolysis of the disaccharide substituents of Rb1, the

dehydration at the C-20 position, and the addition of an
ethanol molecule at the C-24(25) double bond. And they are
identified as the Δ 20(21) and Δ 20(22) isomers of 25-
OC2H5-Rk1 (Figure 7B) and 25-OC2H5-Rg5 (Figure S4),
respectively.

The tandem MS spectra of compounds 1, 2, 4, and 6
(Figures S5−S8) were analyzed in the same manner.
Compounds 1, 2, 4, and 6 were identified as 20(S)-25-OH-
Rg3, 20(R)-25-OH-Rg3, 25-OH-Rk1, and 25-OH-Rg5,
respectively, on the basis of the mass difference with PPD in
the aglycone ion and the presence of the characteristic neutral
loss of 58.04 Da. By comparing the relative retention time and
the tandem MS spectra with those of authentic standards,
compounds 9, 10, 15, and 16 were determined to be 20(S)-
Rg3, 20(R)-Rg3, Rk1, and Rg5, respectively, and their
structures and tandem MS spectral information are shown in
Figures S9−S12. The characteristic fragment ions of all of the
transformation products are summarized in Table 1.

2.3. Pathways and Mechanisms of the Chemical
Transformation of Rb1 with Ethanol. In summary, a total
of 16 ginsenosides were obtained by the chemical trans-
formation of ginsenoside Rb1 in aqueous ethanol solution with
the participation of 12-HPW@MeSi. The observed trans-
formation pathways involve deglycosylation, elimination,
cycloaddition, epimerization, and addition reactions, as
shown in Scheme 2.

The reactant Rb1 contains two disaccharide substituents
that are attached to the C-3 and C-20 positions. The C-20
position is a quaternary carbon, which exhibits a higher
reactivity compared to the tertiary carbon at the C-3 position.
In other words, the secondary carbenium ion at the C-3
position is less stable than the tertiary carbenium ion at the C-
20 position produced by the cleavage of the glycosidic bond.31

In the acidic environment created by 12-HPW@MeSi, the
disaccharide substituent at the C-20 position is more prone to
hydrolysis than its counterpart at C-3, and the major products,
20(S)-Rg3 and 20(R)-Rg3, are formed. Even after an 8 h
chemical transformation, the disaccharide substituent at the C-
3 position remains relatively stable. The formed Rg3 epimers
serve as intermediate products for subsequent reactions that
generate epimer products from different configurations of the
chiral carbon atom at the C-20 position.

The hydroxyl group at the C-20 position in 20(S/R)-Rg3
can easily undergo protonation in the presence of a protonic
acid catalyst, weakening the C−O bond, which in turn
undergoes monomolecular elimination reactions to produce

Figure 7. MS2 spectrum of the [M − H]− ion at m/z 811.52 from the ginsenoside 25-OC2H5-Rg5 (A). Fragmentation pathways of ginsenoside 25-
OC2H5-Rg5 (B).
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alkenes.32 The carbenium ion intermediates are also formed
during this reaction, which follows the E1 reaction mechanism,
while the rate of the reaction is only related to the
concentration of the reactants. Since the high concentration
of intermediate 20(S/R)-Rg3 at the initial stage of the Rb1
conversion reaction, it is more conducive to the elimination
reaction of hydroxyl at the C-20 position to generate products
Rk1 and Rg5. This result follows Zaitsev’s rule, that is, it is
easier to generate olefins with more substituents.33

In an acid environment, the double bond at the C-24(25)
double bond is susceptible to addition reactions with
electrophilic reagents.34 This results in transformation
products with the electrophilic group added specifically at
the C-25 position. During the ethanol-involved chemical
transformation of Rb1, both water and ethanol molecules can
act as electrophilic reagents to react with the double bond,
leading to the formation of the isopropanol and 2-
ethoxypropane groups at the C-25 position, respectively. The
mechanism for this process follows Markovnikov’s rule; i.e., the
electrophilic group is added at the C-25 position, which can be
explained theoretically in terms of the stability of the
carbenium ion intermediate. The eight products 20(S/R)-25-
OH-Rg3, 20(S/R)-25-OC2H5-Rg3, 25-OH-Rg5, 25-OH-Rk1,
25-OC2H5-Rk1, and 25-OC2H5-Rg5 were generated through
this transformation pathway. In addition, the newly formed
double bonds at the C-20(21) and C-20(22) double bonds in
Rk1 and Rg5 are also able to undergo addition reactions with
water and ethanol molecules, which is similar to the previous
reaction process involving the double bond at the C-24(25)
double bond. In this instance, hydroxyl and ethoxyl groups are
added at the C-20 position, resulting in the formation of
products such as 20(S/R)-OC2H5-25-OH-Rg3. Remarkably,
the hydroxyl group located at the C-20 position can also act as
an electrophilic group, participating in the addition reaction
with the double bond at the C-24(25) double bond. The
products of 20(S/R,25)-epoxy-Rg3 with an oxygenated six-
membered ring are obtained from this cycloaddition pathway.

In addition, the addition of the double bond is mutually
reversible with the elimination of the hydroxyl and ethoxyl
groups under acidic conditions. For example, as shown in
Scheme 2, 25-OC2H5-Rk1 and 25-OC2H5-Rg5 can be formed
by adding the ethoxyl group at the C-25 position of Rk1 and
Rg5, whereas Rk1 and Rg5 can be reversibly formed by the
elimination of an ethanol molecule at the C-24(25) double
bond of 25-OC2H5-Rk1 and 25-OC2H5-Rg5, demonstrating
that there is a dynamic chemical equilibrium between the
addition products of olefins with water and ethanol molecules.

2.4. Optimization for the Chemical Transformation of
Ginsenoside Rb1 with Ethanol. The effects of the
transformation time, temperature, and ethanol concentration
on the transformation of ginsenoside Rb1 were investigated.

As shown in Figure 8A, after 1 h of transformation in 30%
ethanol aqueous solution, the unreacted Rb1 and main
products of 20(S/R)-Rg3, Rk1, Rg5, 25-OC2H5-Rk1, and 25-
OC2H5-Rg5 can be observed. 20(S/R)-Rg3 predominates
among the products since it requires only one step of
deglycosylation from Rb1 for its generation. The high peak
areas of Rk1 and Rg5 indicate that the hydroxyl group at C-20
is prone to an elimination reaction. These main products acted
as important intermediates and were further transformed into
the other 10 products, as shown in Figure 8B,8C. By
comparing the peak areas of the transformation products at
different times, it can be seen that the transformation of Rb1 isT
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initially a deglycosylation reaction, followed by further
elimination and addition reactions.

Temperature has a significant effect on the transformation of
Rb1, the results of which are shown in Figure 9A. The six main
products, including 20(S/R)-Rg3, Rk1, Rg5, 25-OC2H5-Rk1,
and 25-OC2H5-Rg5, are completely dominating after 5 h of

transformation at 40 °C. This further confirms that the
deglycosylation at the C-20 position, addition to the C-24(25)
double bond, and elimination of the C-20 hydroxyl group
occur with relative ease. The peak areas of these six main
products dramatically decrease with increasing temperature as
a result of their continued transformation, while the other 10
products gradually appear. This indicates that the trans-
formation of Rb1 is thermodynamically favorable and that
higher temperatures can accelerate the transformation.

The ethanol concentration directly influences the formation
of addition products of the C-24(25) double bond. Figure 9B
illustrates that at an ethanol concentration of 30%, the water
molecule adducts of 25-OH-Rk1, 25-OH-Rg5, and 20(S/R)-
25-OH-Rg3 are clearly observed. When the ethanol concen-
tration was increased to 50 and 70%, fewer water molecular
adducts were obtained within the same reaction time, while a
large number of ethanol molecular adducts were produced,
such as the main products 25-OC2H5-Rk1 and 25-OC2H5-Rg5.
This suggests that the water addition to the C-24(25) double
bonds of Rk1 and Rg5 appears to react more readily than
ethanol at a lower ethanol concentration, while the water
molecule adducts are further inhibited as the proportion of
ethanol is increased. This means that the ethanol concentration
affects the formation of the addition products, and the addition
of water and ethanol molecules at the C-24(25) double bond
competes with each other.

2.5. Reusability of 12-HPW@MeSi. The synthesized 12-
HPW@MeSi was recycled in the transformation of Rb1 with
ethanol by simple centrifugation, washed with ethanol, and
dried at 50 °C. The recycling of 12-HPW@MeSi is evaluated
by the conversion rate of Rb1 and is carried out in 30% ethanol

Scheme 2. Chemical Transformation Pathways of Ginsenoside Rb1 with Ethanol

Figure 8. TIC of the transformation products of ginsenoside Rb1 with
ethanol at 1 h (A), 5 h (B), and 8 h (C).
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aqueous solution at 80 °C for 5 h. The results are illustrated in
Figure 10. It could be observed that the conversion rate of Rb1

transformed by the fresh catalyst is up to ca. 100% and
remained at 85.1% after three consecutive cycles. A clear
downward trend after three cycles is then observed, which
could be attributed to the degradation of the host MeSi
framework and the release of the immobilized 12-HPW. In
summary, 12-HPW@MeSi can be easily separated from the
solution after the reaction by simple centrifugation and
demonstrates a considerable degree of reusability, which is of
great importance for practical applications.

3. CONCLUSIONS
12-HPW was successfully loaded in the mesoporous MeSi
host, as characterized by TEM and XRD, resulting in the
composite catalyst 12-HPW@MeSi. It was used for the
heterogeneous chemical transformation of ginsenoside Rb1
with the involvement of ethanol molecules. A total of 16
transformation products were obtained. In particular, ethanol
was involved in the production of 6 transformation products,
which were formed by adding ethanol molecules to the C-
20(22), C-20(21), and C-24(25) double bonds, generating
ethoxyl groups at the C-20 and C-25 positions. The chemical
transformation pathways of ginsenoside Rb1 include deglyco-
sylation, elimination, cycloaddition, epimerization, and com-
petitive addition between water and ethanol molecules, all of
which are thermodynamically favored. Moreover, 12-HPW@
MeSi could be recovered by simple centrifugation and
recycled. It was able to maintain an 85.1% conversion rate of
Rb1 after 3 cycles. The heterogeneous catalytic system
combined with organic solvent molecules provides an efficient
and recyclable strategy for the preparation of rare ginsenosides.
In addition, the introduction of organic solvent molecules into

the transformation reaction offers multiple possibilities to
produce ginsenosides with novel structures.

4. EXPERIMENTAL SECTION
4.1. Chemicals and Materials. 12-HPW and ginsenoside

Rb1 were acquired from Shanghai Yuanye Biological
Technology Co., Ltd. (Shanghai, China). Hexadecyl trimethy-
lammonium bromide (CTAB), tetraethyl orthosilicate
(TEOS), and ammonium hydroxide bromide (NH3·H2O)
were purchased from Shanghai Macklin Biochemical Co., Ltd.
HPLC-grade acetonitrile and ethanol were purchased from
Tedia (Fairfield). HPLC-grade formic acid was acquired from
Thermo Fisher (Waltham). Distilled water was prepared with a
Milli-Q system (Millipore, Bedford). All chemicals were used
as received without further purification.

4.2. Instrumentation and Conditions. XRD analyses
were collected at ambient temperature on a TDM-10 X-ray
diffractometer (Dandong Tongda Technology Co., Ltd.,
Liaoning, China), using Cu Kα radiation (Kα1 wavelength
1.5418 Å) at 40 kV and 30 mA, in the range from 0.6 ≤ 2θ ≤
5° and 5 ≤ 2θ ≤ 40°. HRTEM images were taken by a JEOL
JEM-2100f operating at 200 kV.

Chromatographic separation was performed on an Ultimate
3000 system (Thermo Scientific, San Jose, CA) coupled with a
Thermo Syncronis C18 column (100 × 2.1 mm, 1.7 μm). The
column oven temperature was maintained at 35 °C, and the
mobile phases A and B were water with 0.1% formic acid and
acetonitrile, respectively. The separation of experimental
samples was programmed with the following gradient elution:
25−25% (B, 0−3 min), 25−36% (B, 3−5 min), 36−48% (B,
5−8 min), 48−70% (B, 8−11 min), 70−90% (B, 11−17 min),
and 90−25% (B, 17−20 min). The injection volume was 2 μL,
and the flow rate was 0.2 mL/min.

Multistage tandem MS analysis was carried out on the LTQ-
XL mass spectrometer (Thermo Scientific, San Jose, CA),
while full-scan analysis and secondary tandem MS analysis
were carried out on a Q-Exactive hybrid quadrupole-orbitrap
mass spectrometer (Thermo Scientific, San Jose, CA), both
equipped with an electrospray ionization source (ESI)
operated in negative ion mode. The parameters of the ion
source were set as follows: sheath gas, 35 arb units; auxiliary
gas, 10 arb units; sweep gas, 1 arb unit; capillary voltage,
−3200 V. The scan range was from m/z 100 to 1500 for full-
scan mode and from m/z 200 to 1000 for tandem mode.

4.3. Sample Preparation. 4.3.1. Preparation of MeSi.
561 mL of distilled water was mixed with 1.76 g of CTAB and
3.20 mL of NH3·H2O for 30 min. 9.33 mL of TEOS was
gradually added to the solution while being vigorously stirred,
followed by an additional 2 h of stirring. The gel mixture was

Figure 9. Peak areas of the transformation products of Rb1 with ethanol at varied ethanol concentration (A) and temperature (B).

Figure 10. Conversion rate of Rb1 for different cycle times.
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aged at room temperature for 20 h. The resulting solid product
was collected by filtering, thoroughly cleaned with 50% (v/v)
ethanol aqueous solution to get rid of the remaining chemicals,
and then dried at 80 °C for an extended period of time. Prior
to use, the sample was calcined in air for 4 h at 550 °C.
4.3.2. Preparation of 12-HPW@MeSi. 0.667 g amount of

12-HPW was dissolved in 60 mL of distilled water followed by
the addition of 2 g of the synthesized MeSi. The resulting
mixture was vigorously stirred at room temperature for 22 h,
followed by gradual evaporation of the solvent at 50 °C. It was
dried at 100 °C overnight and then calcined at 300 °C for 2 h.

4.4. Transformation of Ginsenoside Rb1 with
Ethanol. 2.0 mg of the ginsenoside Rb1 authentic standard
and 44.3 mg of synthesized 12-HPW@MeSi were properly
weighed and dissolved in 2.0 mL of 30% ethanol aqueous
solution. The solution was cooled to room temperature after 4
h of heating at 80 °C in a shaking water bath. After
centrifugation at 3000 rpm for 2 min, 200 μL of the clear
reaction solution was collected and diluted to 1.0 mL, and the
reaction solution was filtered through a 0.22 μm filter before
HPL-MS analysis. The precipitate was collected and washed
with a 50% (v/v) methanol aqueous solution. The resultant
solid was then dried in a vacuum at 50 °C and used again for
the transformation of Rb1.
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