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A B S T R A C T   

Natural products are considered as potential sources of leading compounds and play an important role in drug 
discovery. The liquid chromatography-mass spectrometry (LC-MS) technique is a powerful tool for compound- 
guided isolation from natural products. In this study, a high-efficiency integrated strategy was adopted to 
improve the new leading compounds discovery, including offline two-dimensional (2D) LC to extend the peak 
capacities, target neutral loss (NL) data-dependent acquisition (DDA) for barrigenol-type triterpenoids saponins 
and automatic screening through predicted natural product screening (PNPS) in TraceFinder. To validate the 
integrated strategy, the shell of Xanthoceras sorbifolium Bunge (XSB) was taken as a case. An offline 2D-LC system 
was constructed with hydrophilic interaction chromatography (HILIC) and reversed phase (RP) C18 column, and 
orthogonality of 0.66 and peak capacity of 3494. The 2D-LC system improved chromatographic baseline sepa-
ration and peak resolution. Full MS/all ion fragmentation (AIF)/NL dd-MS2 DDA was employed for the detection 
of the barrigenol saponins. PNPS strategy was adopted and markedly extended the screening coverage. The 
combined strategy showed about 5 times improvement in the screening capability. The PNPS screening process, 
using TraceFinder software, discovered a total of 752 barrigenol saponins from the shell of XSB, including 707 
potentially new barrigenol saponins, accounting for 94.02%. The feasibility of the strategy was also confirmed by 
the isolation of two novel barrigenol saponins, the structures of which were unambiguously identified using 
nuclear magnetic resonance (NMR). Furthermore, this strategy could also be applied to rapidly discover new 
bioactive constituents from other herbal medicines or other natural sources, especially the barrigenol saponins 
constituents.   

Abbreviations: AIF, all ion fragmentation; DDA, data-dependent acquisition; DPI, diagnostic product ions; HILIC, hydrophilic interaction chromatography; IT, ion 
trap; LC, liquid chromatography; LT, linear ion trap quadrupole; NMR, nuclear magnetic resonance; NC, normalized collision energies; N, neutral loss; PNP, predicted 
natural product screening; Ppm, parts per million; qTOF, quadrupole-time of flight; RP, reversed phase; TCM, traditional Chinese medicine; 2D L, two-dimensional 
liquid chromatography; XSB, Xanthoceras sorbifolium Bunge. 
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1. Introduction 

Natural products have long been regarded as potential sources for 
the discovery and development of new drugs(Atanasov et al., 2015, 
Shen, 2015). More than 64.9 % of new drugs with small molecules are 
derived from natural products over nearly four decades from 01/1981 to 
09/2019(Newman and Cragg, 2020). However, the complexity of nat-
ural products is one of the biggest challenges for discovering new drugs 
from natural products(Cieśla and Moaddel, 2016). A large number of 
natural products, such as traditional Chinese medicine (TCM), have the 
characteristics of complicated chemical composition, low content, wide 
polarity coverage and prevalent isomers(Qiao et al., 2015, Yan et al., 
2017). Furthermore, the exposure and characterization of unknown 
components are usually interfered with the coexistence of known major 
compounds. There is a great need for sufficient separation, sensitive 
detection, and potent identification approaches to discover new com-
pounds. In recent years, there has been significant promotion of these 
technologies due to the rapid development of column technology and 
instrumentation(Guo et al., 2020). 

Mass spectrometry (MS), particularly coupled with chromatography, 
has become the workhorse in the discovery of novel compounds(Jar-
musch et al., 2021). The various types of tandem high-resolution mass 
spectrometry with liquid chromatography (LC), including LC/ 
quadrupole-time of flight (qTOF)-MS, LC/Orbitrap-MS, LC/ion trap 
(IT)-TOF and LC/linear ion trap quadrupole (LTQ)-Orbitrap allow rapid 
structural characterization of unknown compounds in complex natural 
products extracts(Qiao et al., 2015, Pan et al., 2017, Yao et al., 2018). 
However, the presence of known major compounds often hampers the 
discovery of low-content new compounds in natural product extracts. To 
address this issue, two-dimensional liquid chromatography (2D LC) 
systems, based on two independent separation mechanisms, have been 
extensively explored to increase chromatographic peak capacity and 
resolving power. Among them, offline 2D LC systems by combining 
orthogonal phase chemistries, such as hydrophilic interaction chroma-
tography (HILIC) and reversed phase (RP) C18 (HILIC × RPLC or RPLC 

× HILIC) has been proven powerful in the separation of complex natural 
product extracts (Wang et al., 2022, Wang et al., 2022, Wu et al., 2022). 
Additionally, 2D LC systems provide significant advantages in the sep-
aration and identification of co-eluted compounds and isomers, such as 
fatty acid isomers, glycolytic phosphorylated carbohydrate metabolites 
isomers and other (Deáková et al., 2015, Olfert et al., 2022, Su et al., 
2023). To further improve the efficiency of discovering new compounds, 
researchers have made considerable efforts, including MS data acquisi-
tion, data post-processing and annotation(Naz et al., 2017). Targeted 
screening strategies have been developed for specific chemical constit-
uents in different medicinal plants, such as precursor ion list scanning 
(Qiao et al., 2015), neutral loss (NL) scanning(Sun et al., 2019), multiple 
reaction monitoring scanning (Navarro-Reig et al., 2017), and mass 
defect filter scanning(Pan et al., 2018), which can improve selectivity 
and sensitivity. However, after obtaining high-throughput datasets, data 
post-processing and annotation become critical and time-consuming 
steps in medicinal plants, especially in the rapid identification of 
known compounds and the discovery of previously unreported com-
pounds. TraceFinder, an automated data processing platform, has been 
successfully applied in the metabolites identification of TCMs with 
direct database searching methods(Zhang et al., 2019). Metabolic pre-
diction analysis has emerged as an effective solution for rapidly identi-
fying unknown compounds. By utilizing metabolic prediction screening 
combination with offline two-dimensional liquid chromatography-mass 
spectrometry, 945 ginsenoside compounds, including 662 previously 
unreported ginsenosides in the leaves of Panax notoginseng were iden-
tified(Yao et al., 2018). Therefore, based on the unique structural 
characteristics of barrigenol saponins existed in the target medicinal 
materials, a metabolic prediction screening strategy was employed in 
the current study to expand the scope of metabolite screening. 

Xanthoceras sorbifolium Bunge (XSB), a monotypic species belonging 
to the family Sapindaceae and the genus Xanthoceras, is widely distrib-
uted throughout China. XSB has considerable value as a biofuel feed-
stock and as a source of novel drugs(Shen et al., 2019, Zang et al., 2021). 
Phytochemical investigations have revealed that barrigenol-type 

Fig. 1. The workflow PNPS based offline 2D LC–MS guided isolation of barrigenol saponins from the shell of XSB.  
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triterpenoids are the main bioactive constituents of XSB(Zang et al., 
2021). Barrigenol saponins are responsible for a wide range of phar-
macological activities, including anti-inflammation(Qi et al., 2013), 
anti-tumor(Chan et al., 2008), anti-HIV(Jiao et al., 2014)and anti-Alz-
heimer’s disease effects(Li et al., 2016, Ji et al., 2017, Jin et al., 2019, 
Zhou et al., 2019, Zhou et al., 2022). Given the promising therapeutic 
potential of barrigenol saponins for the above-mentioned diseases, it is 
crucial to comprehensively profile XSB and identify novel barrigenol 
saponins structures as a matter of urgency. 

In this study, a high-efficiency integrated strategy based on offline 
comprehensive 2D LC coupled with high-resolution Orbitrap MS was 
explored and applied to automatically screen barrigenol saponins and 
discover novel compounds from XSB shell. The workflow was presented 
in Fig. 1. Firstly, an orthogonal HILIC × RPLC Orbitrap-MS system was 
utilized to characterize the barrigenol saponins present in XSB. Sec-
ondly, in-house data libraries containing barrigenol saponins from XSB 
were constructed. Thirdly, the barrigenol saponins were automatically 
screened out using predicted natural product screening (PNPS) in 
TraceFinder with the predicted library. The interpretations were based 
on fragmentation behavior studies of reference standard barrigenol sa-
ponins. Finally, two compounds were purified through LC-MS guided 
isolation, and their structures were unambiguously identified by nuclear 
magnetic resonance (NMR) to validate the strategy. 

2. Material and methods 

2.1. Chemicals and reagents 

A total of 21 barrigenol type triterpenoids were used for MS/MS 
fragmentation behavior studies and reference standards (Table S1). All 
triterpenoids were isolated from the shell of XSB. HPLC-grade acetoni-
trile and methanol were purchased from Fisher Chemical (Thermo 
Fisher Scientific, CA, USA). MS-grade formic acid was obtained from 
Fisher Chemical (Thermo Fisher Scientific, CA, USA). Deionized water 
was prepared by a Millipore Alpha-Q water purification system (Milli-
pore, Bedford, USA). 

2.2. Sample preparation 

The dry XSB shell powder of 1.0 g was accurately weighed and ul-
trasonically extracted in 250 mL methanol (w/v) on a water bath (45 
kHz) at room temperature for 1 h. The supernatant was filtered through 
a 0.22 μm membrane filter before analysis. 

2.3. Offline comprehensive 2D LC separation of barrigenol saponins in 
XSB 

Combining HILIC with RPLC was employed to separate the barrige-
nol saponins in XBS extract. The 1D HILIC separation was conducted 
Waters Xbridge Amide (4.6 × 100 mm, 3.5 µm) on a Waters e2695-2998 
PDA (Waters Technologies, MA, USA). The mobile phase consisted of 
acetonitrile (A) and water (B) at a flow rate of 0.8 mL/min, and the 
optimized separation was achieved using the following gradient: 0–1 
min, 95 % (A); 1–15 min, 95 %-85 % (A); 15–20 min, 85 % (A); 20–28 
min, 85 %-50 % (A); 28–30 min, 50 % (A); 30–31 min, 50 %-95 % (A); 
31–35 min, 95 % (A). The column temperature was set at 30℃, and the 
DAD detector was set at 210 nm, and the injection volume was 20 µL. 
The eluent was collected as a fraction according to peak and ten frac-
tions were acquired (Fr. 1-Fr. 10). To prepare for 2D RPLC analysis, the 
fractions were evaporated to dryness using nitrogen gas. Next, each of 
the 10 fractions dried residues was dissolved in 100 µL of 50 % aqueous 
methanol (v/v) and centrifuged at 14000 rpm for 10 min. 

The 2D LC separation was conducted on a Thermo Ultimate 3000 
UHPLC system (Thermo Fisher Scientific, CA, USA) equipped with a 
binary solvent manager, a sample manager and a column manager. A 
Waters ACQUITY HSS T3 column (100 mm × 2.1 mm, 1.8 μm) 

maintained at 40℃ was applied for chromatographic separation with 
the mobile phase consisting of acetonitrile (A) and 0.1 % formic acid 
water (B) using the following gradient: 0–1 min, 10 % (A); 1–4 min, 10 
%-30 % (A); 4–20 min, 30 %-65 % (A); 20–21 min, 65 %-99 % (A); 
21–23 min: 99 % (A). The flow rate was set at 0.3 mL/min, and the 
injection volume was 2 µL. 

2.4. Full MS/all ion fragmentation (AIF)/NL dd-MS2 data-dependent 
acquisition (DDA) 

A Thermo Q Exactive MS (Thermo Fisher Scientific, CA, USA) 
operated in positive mode was coupled to UHPLC system via ESI inter-
face for saponins data acquisition. ESI source parameters were set as 
follows: evaporation temperature, 350 ◦C; capillary temperature, 
320 ◦C; spray voltage, 3.5 kV for positive ion mode; aux gas flow rate 
(arb), 10; sheath gas rate (arb), 35. NL scan parameters were set ac-
cording to the characteristic MS/MS fragmentations of barrigenol sa-
ponins reference compounds, and 5 NL fragments were set: 142.05 Da 
(Rha, Fuc), 176.04 Da (GlcA), 162.05 Da (Glc, Gal), 132.04 Da (Ara), 
100.06 Da (Ang). Full MS/AIF/NL dd-MS2 scan mode over m/z 
400–1500 with a resolution of 70,000 was performed in profile format. 
AGC target and maximum injection time were set as 3e6 and 200 ms, 
respectively. The stepped normalized collision energies (NCE) were 
separately set as 30 %, 40 %, 50 %. AGC target and maximum injection 
time for dd-MS2 scan were separately 2 e5 and 100 ms, respectively. The 
isolation window was 2.0 (m/z). The resolution for MS2 scan was 35,000 
and the spectra were recorded in profile format. Data acquisition and 
processing were conducted with Xcalibur 4.2 software (Thermo Fisher 
Scientific, CA, USA). 

2.5. Targeted isolation and identification of two new barrigenol saponins 

For verification of the PNPS strategy, two potential new barrigenol 
saponins (Comp 1: tR 6.06 min with molecular formula C42H68O15; 
Comp 2: tR 5.96 min with molecular formula C48H80O20) were selected 
and isolated under the guide of LC-MS analysis. After 75 % aqueous 
ethanol solvent extraction, this target new compound was enriched in 
the 95 % aqueous ethanol fraction on the microporous absorptive resin 
(D100), which was further separated on silica gel (200–300 mesh), 
eluted with a gradient system of CH2Cl2–MeOH (10:1, 5:1, 3:1, 1:1, 0:1) 
to afford Fr. 1–5. Fr. 3 (108.0 g) was further fractionated by an ODS 
column using MeOH–H2O (0:100–100:0) as the elution system to give 
five subfractions. The third subfraction was further isolated by reversed- 
phase C18 silica gel (Nacalai tesque, Japan) column chromatography 
using a gradient mixture of acetonitrile–water (from 15 % to 30 %, v/v) 
to afford target compounds (Comp 1, 6.3 mg; Comp 2, 8.5 mg, 
respectively). 1D and 2D NMR spectra were recorded on Bruker DRX 600 
MHz (Bruker, Ettlingen, Germany) spectrometers, and the chemical 
shifts (δ) were expressed in parts per million (ppm) with reference to the 
solvent signals. 

3-O-β-D-glucopyranosyl-28-O-β-D-glucopyranosyl-3β,21β,22α-trihy-
droxy-12-ene-16-ketone (Comp 1). White, amorphous powder (MeOH); 
HRESIMS [M + H]+: m/z 813.45947 (calcd. for C42H69O15, 813.4631); 
1H (600 MHz, C5D5N) and 13C (150 MHz, C5D5N) NMR data, see Table 2. 

3-O-β-D-glucopyranosyl-28-O-[α-L-rhamnopyranosyl(1 → 2)]-β-D- 
glucopyranosyl-barrigenol R1 (Comp 2). White, amorphous powder 
(MeOH); HRESIMS [M + H]+: m/z 977.52722 (calcd. for C48H81O20, 
977.5316); 1H (600 MHz, C5D5N) and 13C (150 MHz, C5D5N) NMR data, 
see Table 2. 

2.6. Data mining 

TraceFinder 5.1 software(Thermo Fisher Scientific, CA, USA), LC-MS 
data analysis, allows target screening and quantitative analysis detected. 
TraceFinder can also be used for automatic target screening based on our 
self-established barrigenol saponins database. And we can also establish 
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a screening database for unknown targets by predicting the structure of 
metabolites. The theoretical peak capacity of the offline 2D LC system 
was carried out according to Guo, et al(Pan et al., 2018, Yao et al., 2018). 

3. Results and discussion 

3.1. Construction and evaluation of 2D LC-Q-Orbitrap-MS system 

Sufficient chromatographic separation is a fundamental requirement 
in order to achieve the objective of comprehensive chemical profiling of 
low-content compounds in extracts of natural products extracts. Natural 
product extracts exhibit diverse characteristics, including a wide range 
of molecular mass and polarity, similar physicochemical properties, and 
significant differences in composition. Relying solely on a single 

separation mechanism, such as RP separation, may be insufficient for 
conducting a comprehensive chemical analysis. Therefore, our objective 
is to develop a 2D-LC approach to effectively resolve the multi compo-
nents of XSB. The performance of chromatography in each dimension is 
influenced by key parameters, including the stationary phase, mobile 
phase, column temperature, and gradient eluting program. These pa-
rameters were systematically optimized through experiments. 

The construction of 2D LC system mainly includes 1D chromatog-
raphy construction, 2D chromatography construction, mass spectrom-
etry data acquisition condition optimization, orthogonality and peak 
capacity evaluation of 2D LC system, etc. Firstly, the selection of col-
umns for the 2D separation was operated. Three conventional RP col-
umns, including Waters HSS T3 (2.1 × 100 mm, 1.8 µm), BEH C18 (2.1 
× 100 mm, 1.7 µm) and Thermo Hypersil gold (2.1 × 100 mm, 3 µm), 

Fig. 2. Chromatographic separation of XSB by the developed HILIC × RPLC 2D-LC/MS system. (A) 1D UV spectrum of the total extract by HILIC; (B) 2D extracted ion 
chromatogram of ten fraction samples and XSB total extract. 
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were tested. As a result, besides comparable resolution and similar 
selectivity, the HSS T3 column could resolve more peaks and showed 
shorter analysis time (Fig. S1). To render abalance between peak shape 
and resolving power, the HSS T3 column was finally chosen in the 2D 
separation. Consistently, the RP mode HSS T3 column was also utilized 
in UHPLC/QTOF-MS analysis of XSB in a recent report(Chen et al., 
2023). Subsequently, under the same elution procedure, different mo-
bile phase systems were investigated, including acetonitrile-5 mM 
ammonium formate aqueous solution, acetonitrile–water and acetoni-
trile-0.1 % formate water, respectively. The results showed that aceto-
nitrile-0.1 % FA mobile phase system showed higher column efficiency 

and better peak shape, besides comparable resolution. (Fig. S2). 
Therefore, acetonitrile-0.1 % FA was finally selected as the mobile phase 
system. In this experiment, the effects of three different column tem-
peratures on the separation of barrigenol saponins were investigated, 
including 25 ℃, 30 ℃ and 40 ℃, respectively. As a result, we selected a 
column temperature of 40 ℃ as it enabled advanced retention time of 
chromatographic peaks and improved separation of peaks occurring 
between 5 and 7 min and 22–24 min (Fig. S3). 

Selection of the 1D stationary phase was based on the selectivity 
difference with HSS T3 column used for 2D separation. Thus, we choose 
Waters Xbridge Amide (4.6 × 100 mm, 3.5 µm) for 1D HILIC chroma-
tography analysis. Consistently, the Xbridge Amide column was also 
utilized in 1D HILIC analysis of ginsenosides in a recent report (Yao et al., 
2018). For 1D HILIC chromatography, acetonitrile–water was used as 
the mobile phase to facilitate the preparation of fractions. In the UV 
absorption wavelength selection, three different wavelengths were 
investigated, including 210 nm, 230 nm, and 254 nm, respectively 
(Fig. S4). As a result, the wavelength of 210 nm showed better peak 
shape and higher response. Therefore, 210 nm was finally selected as the 
detection wavelength. Finally, the optimized 2D LC separation condi-
tions were used for sample preparation and data acquisition. 

24 of barrigenol saponins components (containing 21 reference 
standards) were used as orthogonality evaluation index components 
(Table S1 and S2). The separation efficiency of the 2D LC/orbitrap-MS 
system was evaluated in terms of orthogonality and peakcapacity. The 
orthogonality (Ao) of the developed 2D LC system was calculated with a 
series of asterisk equations(Camenzuli and Schoenmakers, 2014). 

Fig. 3. Systematic characterization of multi-type barrigenol saponins in XSB extract. (A) The types of four barrigenol type triterpenoids; (B) mass fragmentation 
pathway of barrigenol R1 type saponin; (C) mass fragmentation pathway of barringtogenol C; (D) mass fragmentation pathway of 16-ketone-barringtogenol C; (E) 
mass fragmentation pathway of 16-deoxy-barringtogenol C. 

Table 1 
The summary of possible substitution with barrigenol type triterpenoids.  

C-3 Adducts C-28 Adducts C-21, C- 
22 

Adducts 

GlcA +C6H9O6 Glc +C6H11O5 Ang +C5H7O1 

Glc +C6H11O5 Glc-Glc +C12H21O10   

GlcA-Glc +C12H19O11 Glc-2Glc +C18H31O15   

GlcA-2Glc +C18H29O16 Glc-Glc- 
Rha 

+C18H31O14   

GlcA-Glc- 
Ara 

+C17H27O15     

Glc-Glc +C12H21O10     

Glc-2Glc +C18H31O15     

Glc-Glc- 
Ara 

+C17H29O15      
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Orthogonality evaluation results showed that the values of Z− , Z+, Z1, Z2 
were separately calculated as 0.84, 0.68, 0.92 and 0.83, and the 
orthogonality Ao was determined as 0.66. All results reflected the good 
distribution of components in 2D LC system. Compared to the previously 
reported offline HILIC × RP 2D LC method for ginsenosides with higher 
orthogonality value of 0.69, but this system required a greater number of 
fractions in the 1D LC, consequently leading to a longer analysis time in 
the 2D LC -MS(Yao et al., 2018). Peak capacity was compared according 
to the number of extracted ions, and unknown compound screening 
methods were established by using TraceFinder. The number of ions 
extracted from 10 fractions were Fr.1 (185), Fr.2 (106), Fr.3 (119), 
Fr.4 (124), Fr.5 (211), Fr.6 (1328), Fr.7 (394), Fr.8 (318), Fr.9 (637) 
and Fr.10 (72), respectively (Fig. 2B). 2D LC system significantly in-
creases in peak capacity, approximately doubling it from 1558 to 3494. 

From the above results, it was clear that the combination of HILC and 
RPLC 2D LC chromatography separation could greatly improve the 
detection of barrigenol saponins in the XSB. 

3.2. Systematic characterization of multi-type barrigenol saponins in XSB 
extract 

Barrigenol saponins usually have hydroxyl groups at C-3, 15, 16, 28, 
21 and 22 positions in the parent nucleus. According to the difference in 
hydroxyl substitution position, it can be divided into four types barri-
genol saponins: barrigenol R1 (C15-OH, C16-OH, C21-OH, C22-OH), bar-
ringtogenol C (C16-OH, C21-OH, C22-OH), 16-keto-barringtogenol C 
(C16-OH, C21-OH, C22-OH) and 16-deoxy-barringtogenol C (C21-OH, C22- 
OH), respectively (Fig. 3A). On the basis of the structure of the aglycone, 
the substitution of angelica acyl (Ang) and sugar groups also enriched 
the structural diversity of the barrigenol-type saponins. In this study, 
high-resolution mass spectrometry analysis of 10 fractions collected by 
1D was performed, and a total of 128 compounds were identified, 
including 47 16-deoxy-barringtogenol C-type compounds, 55 barrigenol 
R1-type ones, 23 barringtogenol C-type ones, and 3 16-ketone-barring-
togenol C-type ones, respectively (Table S3). 

3.2.1. Barrigenol R1 type saponins 
Xanthoceraside is a barrigenol R1 type saponin with 1 Glc, 1 Ara, 1 

GlcA and 2 Ang groups, respectively. In the MS spectrum of xantho-
ceraside, molecular ions and sodium adduct ions were found at m/z 
1141.5813 Da ([C57H89O23]+, calc. 1141.5789) and 1163.5623 Da 
([C57H88O23Na]+, calc. 1163.5609), respectively (Fig. 3B). For the MS/ 
MS spectrum, fragments at m/z 1041.53 Da corresponded to the 
[M− OAng + H]+; fragments at m/z 1009.54, 979.53, 847.49 and 
671.44 Da corresponded to the [M− Ara + H]+, [M− Glc + H]+, 
[M− Ara− Glc + H]+ and [M− Ara− Glc− GlcA + H]+, respectively; 
fragments at m/z 471.34 Da corresponded to the 
[M− Ara− Glc− GlcA− 2OAng + H]+. Therefore, the fragmentation 
pathway of barrigenol R1 was proposed in Fig. 3B, and a key fragment 
at m/z 417.3135 Da indicated the diagnostic product ions (DPI) of 
barrigenol R1. 

3.2.2. Barringtogenol C type saponins 
3-O-β-D-glucopyranosyl-28-O-α-L-rhamnopyranosyl(1 → 2)-β-D- 

glucopyranosyl − 3β, 21β,22α-barringtogenol C is a barringtogenol C- 
type saponin with 2 Glc and 1 Rha moieties. In the MS spectrum, its 
molecular ion was found at m/z 961.1490 Da ([C48H81O19]+, calc. 
961.5367) (Fig. 3C). For the MS/MS spectrum, fragments at m/z 943.52, 
815.47, 799.48 and 635.41 Da corresponded to the [M− H2O + H]+, 
[M− Rha + H]+, [M− Glc + H]+ and [M− H2O− Glc− Rha + H]+, 
respectively; fragments at m/z 473.36, 455.35 and 437.36 corresponded 
to the [M− H2O− 2Glc− Rha + H]+, [M− 2H2O− 2Glc− Rha + H]+ and 
[M− 3H2O− 2Glc− Rha + H]+, respectively. And a key fragment at m/z 
419.3297 Da indicated the DPI of barringtogenol C. 

3.2.3. 16-ketone-barringtogenol C type saponins 
3-O-β-D-glucopyranosyl-28-O-β-D-glucopyranosyl-3β,21β,22α-trihy-

droxy-12-ene-16-ketone is a 16-ketone-barringtogenol C-type saponin 
with 2 Glc substitution. In the MS spectrum, its molecular ion was found 
at m/z 813.4601 Da ([C42H69O15]+, calc. 813.4631) (Fig. 3D). For the 
MS/MS spectrum, fragments at 795.45, 651.41, 633.39, 615.39, 471.34 
and 435.32 Da corresponded to the [M− H2O + H]+, [M− H2O− Glc +
H]+, [M− 2H2O− Glc + H]+, [M− H2O− 2Glc + H]+ and 
[M− 3H2O− 2Glc + H]+, respectively. A key fragment at m/z 435.3239 
Da indicated the DPI of 16-ketone-barringtogenol C. 

3.2.4. 16-deoxy-barringtogenol C type saponins 
Xanifolia O5 is a 16-deoxy-barringtogenol C-type saponin with 4 Glc 

and 1 Rha moities. In the MS spectrum of xanifolia O5, the molecular ion 
was found at m/z 1269.6440 Da ([C60H101O28]+, calc. 1269.6474) 

Table 2 
1H (600 MHz) and 13C NMR (150 MHz) spectral data of comp. 1, 2 (C5D5N).  

No. 1 No. 2 
δC δH (J in Hz) δC δH (J in Hz) 

1  39.2 1.16 m/0.91 m 1  39.5 1.50 m/0.96 m 
2  27.0 2.28 m/1.87 m 2  27.2 2.27 m/1.86 m 
3  89.2 3.41 dd (11.8, 

4.1) 
3  89.2 3.43 dd (11.7, 4.4) 

4  40.0  4  40.0  
5  56.1 0.76 d (11.9) 5  56.1 0.85 d (10.8) 
6  18.8 1.46 m/1.28 m 6  19.3 1.43 m/1.33 m 
7  33.1 1.39 m/1.12 m 7  37.0 2.16 m/2.05 m 
8  40.9  8  42.1  
9  47.2 1.55 m 9  47.4 1.77o 
10  37.6  10  37.5  
11  24.3 1.94 m 11  24.6 2.08 m/2.00 m 
12  125.9 5.54 br s 12  125.5 5.60 br s 
13  140.6  13  144.7  
14  48.5  14  48.3  
15  46.5 3.14o/2.02 

d (14.4) 
15  67.8 4.43 m 

16  216.0  16  72.7 4.90 m 
17  59.2  17  47.7  
18  47.3 3.14o 18  42.4 2.74 dd (14.0, 4.0) 
19  47.5 1.92 m/1.39 m 19  47.9 3.04 t (13.5)/1.37 m 
20  37.2  20  36.8  
21  77.5 4.28o 21  78.5 4.83 m 
22  76.3 4.26o 22  77.0 4.49 d (10.1) 
23  28.6 1.33 s 23  28.7 1.27 s 
24  17.5 1.03 s 24  17.6 1.02 s 
25  16.1 0.87 s 25  16.4 0.94 s 
26  17.7 1.10 s 26  18.1 1.25 s 
27  28.2 1.37 s 27  21.9 1.89 s 
28  73.7 4.55 m/4.45 m 28  76.7 4.11o/4.07 m 
29  30.7 1.23 s 29  31.1 1.31 s 
30  19.1 1.20 s 30  20.4 1.28 s 
3-Oglc   3-Oglc   
1′  107.4 5.01 d (7.4) 1′  107.4 4.97 d (7.8) 
2′  76.4 4.05 m 2′  76.4 4.05 m 
3′  78.8 4.03 m 3′  78.9 4.06 m 
4′  72.436 4.26 m 4′  72.3 4.25 m 
5′  79.1 4.28 m 5′  79.3 4.28 m 
6′  63.5 4.52 m 6′  63.5 4.62 dd (11.7, 2.5)/ 

4.44 m 
28- 

Oglc   
28- 
Oglc   

1′’  105.9 4.97 d (7.4) 1′’  103.9 4.78 d (7.8) 
2′’  79.2 4.01 m 2′’  80.8 4.37 m 
3′’  79.3 4.20 m 3′’  78.7 3.87 m 
4′’  72.1 4.27 m 4′’  72.2 4.21 m 
5′’  75.2 4.24 m 5′’  75.0 4.32 m 
6′’  63.2 4.45 m 6′’  63.0 4.49 m    

2′’- 
Orha  

4.39 m    

1′’’  101.0 6.67 br s    
2′’’  73.1 4.73 m    
3′’’  73.1 4.66 dd (9.3, 3.4)    
4′’’  75.4 4.36 m    
5′’’  69.7 4.83 m    
6′’’  19.2 1.78 d (6.2)  
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(Fig. 3E). For the MS/MS spectrum, fragments at 1123.58, 1107.59, 
961.53, 945.54, 799.49, 637.43, 619.42, 457.36 and 421.34 Da corre-
sponded to the [M− Rha + H]+, [M− Glc + H]+, [M− Glc− Rha + H]+, 
[M− 2Glc + H]+, [M− 2Glc− Rha + H]+, [M− 3Glc− Rha + H]+, 
[M− 3Glc− Rha− H2O + H]+ and [M− 4Glc− Rha− 3H2O + H]+, respec-
tively. A key fragment at m/z 421.3447 Da indicated the DPI of 16- 
deoxy-barringtogenol C. 

The four types barrigenol saponins are more commonly reported in 
XSB. Of course, there are many other structural types of triterpenoid 
saponins, but due to the limited reports and lack of reference standards, 
their mass spectral fragmentation pathway have not been extensively 
explored. Therefore, the DPI of the four types of saponins were finally 
determined as barrigenol R1 (DPI: 417.3125), barringtogenol C (DPI: 
419.3297), 16-keto-barringtogenol C (DPI: 435.3239), and 16-deoxy- 
barringtogenol C (DPI: 421.3447), respectively. By extracting the four 
diagnostic ions, the obtained base-peak ion extraction chromatograms 
(EIC) of the XSB extract were shown in Fig. S5. 

3.3. Development of predicted natural product screening (PNPS) and 
confirmation methods 

3.3.1. Construction PNPS strategy 
Plant natural products are synthesized through biosynthesis path-

ways, so their structures are regular. In this study, PNPS in-house 
database was constructed by changing the composition and position of 
the substituents based on the reported structures of barrigenol saponins 
in XSB. Based on the literature reports(Zang et al., 2021, Chen et al., 
2022), the structure characteristics of barrigenol saponins were sum-
marized as follows: Based on the available literatures, the structural 
characteristics of barrigenol saponins could be summarized as follows: 

(1) Substituents were located at C-3, C-21, C-22, and C-28, respectively; 
(2) Sugar moieties usually substituted at C-3 and C-28, while Ang or 
acetyl groups were at the C-21 and C-22; (3) Typically, the sugar directly 
linked to C-3 and C-28 were Glc, while occasionally was GlcA at C-3; (4) 
The substituent at C-3′ of the Glc linking to the C-3 of aglycone was Glc, 
Ara, or occasionally Gal. The sugar directly linked to C-28 usually was 
Glc or Rha; (5) The C-6 of the Glc directly linked to both the C-3 and C-28 
was generally substituted by Glc; (6) There were typically three sugar 
substituents at positions C-3 and C-28. Glc and Gal were isomers that 
were difficult to distinguish on the MS, so both of them were expressed 
as Glc. According to barrigenol saponins’ characteristics, the multi-step 
modification was applied to each barrigenol saponins, leading to 134 
predicted metabolites for each barrigenol saponins (Table 1). A total of 
536 possible barrigenol saponins, which was more than 5 times the 
number of saponins reported previously(compounds 1–124)(Zang et al., 
2021). 

In this study, the predicted combination of possible natural product 
structures was combined with isomers, resulting in a total of 261 
possible barrigenol saponins. In the screening procedure, only the mo-
lecular formula information was taken into consideration. A in house 
database was established for the predicted and merged samples, and the 
information such as nomenclature, molecular formula, additive ion type 
and scan type were imported into the database (Fig. 4A). Finally, 752 
kinds of barrigenol saponins were screened out by the established in- 
house library. In the screening results, 24, 12, 20, 19, 54, 163, 119, 
123, 198 and 20 kinds of barrigenol saponins were screened from 
Fr.1–10, respectively (Fig. 4B), among which 45 ones had been reported, 
but there was still a large number of isomers that cannot be distin-
guished by MS. In addition, there were also 707 unreported saponins, 
accounting for 94.02 % of the total number of predicted screened 

Fig. 4. Schematic diagram for prediction of barrigenol type saponins. (A) Predicted metabolites screening strategy; (B-C) the screening results of barrigenol 
type saponins. 
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saponins (Fig. 4C). 

3.3.2. Validation of PNPS 
Two components were selected to evaluate the PNPS method, 

including 3-O-β-D-glucopyranosyl-28-O-α-L-rhamnopyranosyl(1 → 2)- 
β-D-glucopyranosyl-3β,21β,22α-barringtogenol C (barringtogenol C 
type saponin) and xanifolia O5 (16-deoxy-barringtogenol C type 
saponin). 

The MS spectrum of barringtogenol C-type saponin showed molec-
ular ions at m/z 961.1490 Da ([C48H81O19]+, calculated 961.5367). It 
had a retention time of 6.15 min and corresponded to compound No. 
112 (Fr.9) in the screening results (Table s4), which could be matched 
in the three dimensions of molecular ions, retention time and MS/MS 
fragment (Fig. 5 A-B), respectively. 

The MS spectrum of 16-deoxy-barringtogenol C-type saponin 
showed molecular ions at m/z 1269.6440 Da ([C60H101O28]+, calc. 
1269.6474). It had a retention time of 5.71 min and corresponded to 
compound No. 19 (Fr.9) in the screening results (Table s4), which could 
be matched in the three dimensions of molecular ions, retention time 
and MS/MS fragment (Fig. 5 C-D), respectively. 

3.4. Targeted isolation and structural elucidation of two potential new 
barrigenol saponins 

To partially validate the MS-oriented targeted isolation, we selected 
and isolated two potentially new compounds from the extract of XSB. 
Comp.1 (corresponding to No. 93 in Table S4; tR 6.06 min, Fr. 9) had the 
molecular formula C42H68O15. Based on the transitions (m/z 813.45 → 

651.41 → 489.36 → 435.32) and the aglycone ion species (Fig. 6B), it 
was primarily characterized as 16-ketone-barringtogenol C-type saponin 
substituted with 2 Glc moieties. The DPI ion (m/z 435.32) could help 
identify the aglycone as 16-ketone-barringtogenol C. By searching the 
molecular formula in SciFinder, this compound should be a new one. 13C 
and 1H NMR were further utilized to confirm the structure (Table 2). 
Comp.1 was obtained as a white amorphous powder, which gave pos-
itive results for the Liebermann–Burchard reaction and Molish reagent. 
In addition, we detected the optical rotation value of Comp.1 and found 
that the optical rotation value was negative ([α]20 D-95.29 (c 0.17 mg/ 
ml, MeOH)). The 13C NMR spectrum of 1 displayed 42 carbon signals, of 
which 30 were assigned to the aglycon. The 1H and 13C NMR data of 1 
indicated a pentacyclic triterpenoid saponin, and assignments were 
confirmed with the help of HMBC experiments. The 1H NMR spectrum 
exhibited the characteristic methyl singlets of triterpenoid in the higher 
field (δH 1.33, 1.03, 0.87, 1.10, 1.37, 1.23, 1.20), and the corresponding 
carbon signals in 13C NMR spectrum were at δC 28.6, 17.5, 16.1, 17.7, 
28.2, 30.7, 19.1, respectively. In addition, one trisubstituted olefinic 
proton signal at δH 5.62 (br s, H-12), coupled with typical 13C NMR 
resonances at δC 125.9 and 140.6, as well as a hydroxymethyl signal at δC 
73.7 and 216.0 in the 13C NMR spectrum, indicated the aglycon of 16- 
carbonyl-28-hydroxy-olean-12-ene. The 13C NMR spectrum of com-
pound 1 showed one downfield shift at δC 215.2, which was attributed to 
carbonyl at C-16. Acid hydrolysis of 1 with 2 M HCl afforded the aglycon 
and D-glucose, respectively. The anomeric proton’s coupling constant 
and the chemical shift of C-3/5 suggesting the relative configurations of 
D-glucose was β(Zhao et al., 2022). Furthermore, four oxygenated 
methine protons [δH 3.41 (1H, dd, J = 11.8, 4.1 Hz), 4.28 (1H, o), 4.26 

Fig. 5. The validation of PNPS. (A) The extracted ion chromatogram of Fr.9 and reference (m/z 961.1490); (B) The MS/MS chromatogram of Fr.9 and reference; (C) 
The extracted ion chromatogram of Fr.9 and reference (m/z 1269.6440); (D) The MS/MS chromatogram of Fr.9 and reference. 
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(1H, o), 4.55 (1H, o), 4.45 (1H, o)] and the corresponding carbons (δC 
89.2, 77.5, 76.3 and 73.7) were given in the NMR spectra, suggesting the 
hydroxylation of C-3, C-21, C-22 and C-28, respectively. This pre-
sumption was corroborated by the HMBC long-range correlations of two 
methyl groups at δH 1.19 (s, Me-29) and 1.15 (s, Me-30) with the 
oxygenated methine carbon signal at δC 77.5 (C-21), as well as two 
methyls at δH 1.32 (s, Me-23) and 1.03 (s, Me-24) with the oxygenated 
methine carbon at δC 89.2 (C-3), and δH 4.55 (H-28) with δC 216.0 (C-16) 
and δH 4.55 (H-28) with δC 76.3 (C-22), respectively. In the HMBC 
spectrum, correlation peaks were observed from the signal at δH 4.95 
(GlcI-H-1) to δC 89.2 (C-3), and δH 4.98 (GlcII-H-1) to δC 73.7 (C-28), 
which indicated that the sugar moiety were located at C-3 and C-28, 
respectively. The long-range HMBC correlations of H-28 (δH 4.55), H-22 
(δH 4.26) and H-18 (δH 3.14) with C-16 confirmed the conclusion 
(Fig. 6A). From all the above given data, the structure of compound 1 
was elucidated to be 3-O-β-D-glucopyranosyl-28-O-β-D- glucopyranosyl- 
3β,21β,22α-trihydroxy-12-ene-16-ketone. 

Comp.2 (corresponding to No. 87 in Table S4; tR 5.96 min, Fr. 8) had 
the molecular formula of C48H80O20. Based on the transitions (m/z 
977.53 → 831.47 → 815.47 → 669.42 → 417.31) and the aglycone ion 
species (Fig. 6D), it was primarily characterized as barrigenol R1-type 
saponin substituted with 2 Glc and 1 Rha moieties. The DPI ion (m/z 
417.31) could help identify the aglycone as barrigenol R1. By searching 
the molecular formula in SciFinder, this compound also should be a new 

one. The 13C and 1H NMR were further utilized to confirm constructure 
(Table 2). Acid hydrolysis of 2 with 2 M HCl afforded the aglycon, D- 
glucose and L-rhamnose, respectively. The optical rotation data of 2 is 
[α]20 D-130.00 (c 1.00 mg/ml, MeOH). The detailed NMR analysis 
showed an additional hydroxy group at C-15 (δC 67.8), which was 
further confirmed by HMBC experiments from δH 1.89 (H-27) to δC 67.8 
(C-15). In the HMBC spectrum, the correlations observed between δH 
4.90 (H-16) and δC 67.8 (C-15), together with the HMBC cross-peak of δH 
4.90 (H-16) of δC 42.4 (C-18) were also noted. The β-anomeric config-
urations for the glucose were determined from their 3JH1, H2 coupling 
constants (7.1–7.9 Hz) and α-configuration for the rhamnose unit based 
on the 13C NMR chemical shifts(Zhao et al., 2022). The linkage of the 
sugar units at C-3 was established by the HMBC correlations from δH 
4.96 (GlcI-H-1) to δC 89.2 (C-3). Similarly, the sugar chain at C-28 was 
deduced from the HMBC correlations from δH 4.78 (GlcII-H-1) to δC 76.7 
(C-28), as well as of δH 4.37 (GlcII-H-2) to δC 103.9 (GlcII-C-1) and δC 
101.0 (RhaIII-C-1) (Fig. 6C). Thus, 2 was assigned as 3-O-β-D-gluco-
pyranosyl-28-O-[α-L-rhamnopyranosyl(1 → 2)]-β-D-glucopyranosyl- 
barrigenol R1. 

4. Conclusions 

To improve the LC-MS guided isolation of new compounds from 
herbal medicines, an integrated strategy was developed. This strategy 

Fig. 6. Targeted isolation and structural elucidation of two potential new barrigenol saponins. (A) The key HMBC correlations of Comp.1; (B) the proposed frag-
mentation pathways of Comp.1; (C) The key HMBC correlations of Comp.2; (D) the proposed fragmentation pathways of Comp.2. 
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includes the use of offline 2D-LC-Orbitrap MS, multiple NL scanning, 
DPIs filtering and PNPS method, respectively. The approach was suc-
cessfully applied to identify barrigenol saponins in XSB. The utilization 
of an offline 2D-LC system (HILIC × RPLC) exhibited an adequately 
separate chromatographic peak and significantly increased in peak ca-
pacity, approximately doubling it from 1558 to 3494. The DPIs filtering 
and NL scanning were employed to targeted identify and discover new 
barrigenol saponins in XSB. The PNPS method, utilizing TraceFinder 
software, enhanced the screening process by approximately 2 times, 
resulting in the identification of 752 barrigenol saponins, including 707 
potentially new compounds, accounting for 94.02 % of the total pre-
dicted screened saponins. It was also confirmed by the separation of two 
novel barrigenol saponins, whose structures were unambiguously 
identified by NMR. Furthermore, this strategy could also be applied to 
rapidly discover new bioactive compounds from other herbal medicines 
or other natural sources, particularly the sequential compounds. 
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