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a b s t r a c t

The comprehensive detection and identification of active ingredients in complex matrices is a crucial
challenge. Liquid chromatography coupled with high-resolution mass spectrometry (LC-HRMS) is the
most prominent analytical platform for the exploration of novel active compounds from complex
matrices. However, the LC-HRMS-based analysis workflow suffers from several bottleneck issues, such as
trace content of target compounds, limited acquisition for fragment information, and uncertainty in
interpreting relevant MS2 spectra. Lycibarbarspermidines are vital antioxidant active ingredients in Lycii
Fructus, while the reported structures are merely focused on dicaffeoylspermidines due to their low
content. To comprehensively detect the new structures of lycibarbarspermidine derivatives, a “depict”
strategy was developed in this study. First, potential new lycibarbarspermidine derivatives were
designed according to the biosynthetic pathway, and a comprehensive database was established, which
enlarged the coverage of lycibarbarspermidine derivatives. Second, the polarity-oriented sample prep-
aration of potential new compounds increased the concentration of the target compounds. Third, the
construction of the molecular network based on the fragmentation pathway of lycibarbarspermidine
derivatives broadened the comprehensiveness of identification. Finally, the weak response signals were
captured by data-dependent scanning (DDA) followed by parallel reaction monitoring (PRM), and the
efficiency of acquiring MS2 fragment ions of target compounds was significantly improved. Based on the
integrated strategy above, 210 lycibarbarspermidine derivatives were detected and identified from Lycii
Fructus, and in particular, 170 potential new compounds were structurally characterized. The integrated
strategy improved the sensitivity of detection and the coverage of low-response components, and it is
expected to be a promising pipeline for discovering new compounds.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Owing to their wide range of physiological activities, natural
products in traditional Chinese medicine (TCM) play a highly sig-
nificant role in the drug discovery and development process. As
most target compounds are generally present in extremely com-
plex matrices at low levels, rapid and targeted discovery of new
low-abundance active compounds has become a challenging issue.

Liquid chromatography coupled with high-resolution mass
spectrometry (LC-HRMS) has become an indispensable tool for the
detection and identification of secondary metabolites in plants
University.
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er B.V. on behalf of Xi’an Jiaotong
[1‒3]. The natural products in plants are usually complicated and
have a wide content span, while chromatographic columns and
mass spectrometry detectors are sophisticated and sensitive.
Therefore, rigorous sample preparation is required for the detection
of new compounds in complex matrices, particularly for low-
abundance components. According to previous reports, solid
phase extraction (SPE) reduced the matrix effect of liquid chro-
matography coupled with mass spectrometry (LC-MS) analysis and
showed high selectivity, excellent reproducibility and superior re-
covery [4‒6]. Through the purification and enrichment of the
sample, the intensity of the low-abundance components was
improved, and sufficient fragment information was obtained. This
makes it possible to discover new compounds at low levels.

Structure identification based on LC-HRMS relies on existing
databases, such as mzClound and ChemSpider. However, the low-
University. This is an open access article under the CC BY-NC-ND license (http://
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content components are difficult to separate, and thus, the existing
database is incomplete. This leads directly to inadequate identifi-
cation of compounds. As natural products commonly exist in
clusters, searching for their structural analogs has become an
approach to discover potential new compounds. Molecular design
according to the known biosynthetic reactions enables the con-
struction of virtual compound databases, which cover as many
analogs of known compounds as possible. The construction of a
comprehensive database is a key driver in the discovery of new
compounds.

Acquiring sufficient tandem Mass Spectrometry (MS2) infor-
mation of low-abundance ingredients is the critical step for new
compound discovery based on LC-HRMS. The data-dependent
scanning (DDA) mode is usually applied to qualitative research.
During DDA data acquisition, MS survey scans are first launched,
and then the most abundant precursor ions are selected for sub-
sequent MS2 experiments. In this setting, structural information of
unknown compounds in the samples can be acquired, allowing for
identification. Since the selection of precursor ions for MS2 frag-
mentation is intensity dependent, a potential limitation of DDA
mode is that the further MS2 scan of the features with low abun-
dance might never be triggered [7,8]. To overcome the shortcom-
ings of DDA in acquiring MS2 spectra, the implementation of
parallel reaction monitoring (PRM) could theoretically generate
MS2 spectra for all precursor ions [9‒12]. Therefore, more com-
pounds at lower concentrations could be detected and identified. In
the PRM-based workflow, preselected precursor ions are selected
in the quadrupole and fragmented in a higher-energy collisional
dissociation (HCD) cell. Subsequently, the high-resolution mass
spectrometer monitors all generated MS2 fragment ions. PRM
performs MS analysis at high resolution and shows significant ad-
vantages. First, ions can be enriched in the C-trap, revealing less-
abundant fragment ions in the MS2 spectrum. Second, ample MS2

information contributes to the reliable identification of com-
pounds. Finally, a high-resolution/high mass accuracy mass spec-
trum provides improved specificity. As predefined precursor ions
are necessary for data acquisition, the coverage of compounds in
PRM is limited. It is expected to comprehensively acquire the
fragment information of target analytes in complex samples
through DDA coupled with PRM mode.

The raw data acquired from LC-HRMS contained a huge amount
of information, making data analysis and the extraction of useful
information extremely difficult. The molecular network in the
Global Natural Products Social Molecular Network (GNPS, https://
gnps.uscd.edu/) platform is an important tool for mining complex
mass spectral information [13,14]. It is a visual network map based
on the similarity of MS2 spectrometry. Structurally similar com-
pounds tend to produce similar MS2 spectra, and their nodes
cluster. After identifying the known components by comparison
with the spectral library, the unknown components in the same
cluster are analyzed based on the identified compounds. Molecular
networks enable natural products to be rapidly identified in com-
plex mixtures and contribute to discovering new natural products.

Lycibarbarspermidines are vital antioxidant active ingredients
in Lycii Fructus and are considered potential anti-Alzheimer's dis-
ease drug candidates. As rare plant secondary metabolites, only 15
lycibarbarspermidines have been isolated and identified. These
compounds were dicaffeoylspermidines O-glycosylated by one or
two b-D-glucopyranose units [15‒18]. In addition, several in-
vestigations reported novel lycibarbarspermidines containing three
or four b-D-glucopyranose units by LC-HRMS [19,20]. However, the
reported structures of lycibarbarspermidines are merely concen-
trated on dicaffeoylspermidines and their glycosides, mainly due to
their low contents in Lycii Fructus. Hydroxycinnamic acids (HCAs),
such as ferulic acid, caffeic acid, sinapic acid, and p-coumaric acid,
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are important constituent parts of lycibarbarspermidines. Consid-
ering that HCAs are a group of compounds highly abundant in
plants, we assume that new lycibarbarspermidine derivatives from
Lycii Fructus could be explored using DDA coupled with PRM.
However, polysaccharides, polyphenols, and carotenoids are the
major constituents in Lycii Fructus and greatly interfere with the
detection of lycibarbarspermidine derivatives using DDA coupled
with PRM mode. Moreover, lycibarbarspermidine derivatives in
Lycii Fructus are present at low levels, resulting in insufficient
acquisition of fragment information. In addition, component
identification based on LC-HRMS relies heavily on currently avail-
able databases, while currently available databases of lycibarbar-
spermidine derivatives are limited.

Herein, a “depict” strategy based on structure design, sample
preparation, molecular network identification, and the capture of
low response signals was developed for in-depth characterization
of lycibarbarspermidine derivatives. We envision that the combi-
natorial approach will facilitate structural annotation of lyci-
barbarspermidine derivatives and is able to improve analysis
coverage and the detection sensitivity of low-abundance active
components. More importantly, the integrated strategy facilitates
the discovery of novel components in complex matrices.

2. Experimental

2.1. Reagents and materials

Lycii Fructus, a dried and ripe fruit of the plant Lycium barbarum,
was provided by Sinopharm Group Dezhong Pharmaceutical Co.,
Ltd. (Foshan, China). Analytical grade ethanol was purchased from
Tianjin Four Fine Chemicals Co., Ltd. (Tianjin, China). Ultrapure
water was prepared with a Milli-Q water purification system
(Millipore, Bedford, MA, USA). LC-MS grade acetonitrile and formic
acid were obtained from Thermo Fisher Scientific Inc. (Waltham,
MA, USA). Oasis HLB solid phase extraction (SPE) columns (3 mL/
60 mg) and Oasis MCX SPE columns (3 mL/60 mg) were purchased
from Waters (Milford, MA, USA).

2.2. Sample preparation

Three grams of Lycii Fructus was accurately weighed and
extracted with 50 mL of anhydrous ethanol at room temperature
for 50min by ultrasonic extraction. The extracts were evaporated to
dryness under reduced pressure and then redissolved in 10.00 mL
of water. The solution was extracted using Oasis HLB or Oasis MCX
adsorbents.

2.2.1. Oasis HLB-SPE pretreatment
Oasis HLB-SPE columns were first conditioned with 2.0 mL of

methanol followed by 2.0 mL of water. The solvents used for col-
umn conditioning were discarded. Then, the cartridge was loaded
with 1.0 mL of the redissolved Lycii Fructus extract twice. The
extract was allowed to pass completely through the sorbent ma-
terial and was followed with 1.0 mL of water. The column eluent
was discarded. To elute the analytes, 1.0 mL of methanol was added
to the sorbent, and the eluent was collected. The eluate was dried
with nitrogen and then redissolved in 200 mL of methanol.

2.2.2. Oasis MCX-SPE pretreatment
The Oasis MCX columns conditioned with 2 mL of methanol and

equilibrated with 2 mL of water. The solvents were discarded. The
cartridge was loaded with 1.0 mL of the redissolved Lycii Fructus
extract twice. The column was washed with 1 mL 2% (V/V) formic
acid inwater to retain the alkaline and remove impurities. Then, the
column was eluted with 1 mL of methanol to remove the neutral

https://gnps.uscd.edu/
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constituents. The column eluent was discarded. To elute the ana-
lytes, 1.0 mL of 5% (V/V) ammoniated methanol was added to the
sorbent, and the eluent was collected. The eluate was dried with
nitrogen and then redissolved in 200 mL of methanol.

All samples were centrifuged at 11,410 g for 15 min before LC-
HRMS analysis.

2.3. Construction of the lycibarbarspermidine derivatives database

The biochemical reactions of HCAs and amine groups in plants
were used to establish the database for lycibarbarspermidine de-
rivatives. The structures of lycibarbarspermidine derivatives were
drawn in ChemDraw to obtain molecular structures and formulas.
Then, the exact mass for [MþH]þ in positive ion mode of lyci-
barbarspermidine derivatives was calculated by Qual Browser in
Xcalibur™ 4.1 software (Thermo Fisher Scientific) and recorded in
Excel.

2.4. LC-MS/MS analysis

The LC-HRMS data were obtained on a Vanquish UPLC instru-
ment coupled with a Q Exactive Orbitrap high-resolution mass
spectrometer (Waltham, MA, USA). The chromatographic analysis
was carried out on a Waters ACQUITY™ BEH C18 column (2.1 mm
� 100 mm, 1.8 mm) under a 300 mL/min flow rate. Mobile phases A
and B were H2O with 0.1% (V/V) formic acid and acetonitrile (ACN),
respectively. A 22-min gradient was established as follows:
0�2 min, 2%e10% B; 2�3 min, 10% B; 3�9 min, 10%e12% B;
9e12 min, 12%e15% B; 12�15 min, 15%e65% B; 15�20 min, 65%e
100% B; and 20�22 min, 100% B. The column temperature was
maintained at 38 �C. The samples were maintained at 10 �C, and the
injection volume was 2 mL.

The mass spectrometer was equipped with an electrospray
ionization source, and mass detection was operated in positive
mode. The parameters were set as follows: spray voltage, 3.5 kV
(þ); capillary temperature, 320 �C; auxiliary gas heater tempera-
ture, 350 �C; sheath gas velocity, 35 arb; auxiliary gas velocity, 10
arb; sweep gas pressure, 0 arb; and S-lens RF level, 50 V. Full Scan/
dd-MS2 was used to acquire untargeted data. The resolutions of MS
and MS2 acquisition were set as 70,000 and 17,500, respectively.
The scan rangewas fromm/z 150 to 2,000. The normalized collision
energies (NCEs) were 20%, 40%, and 60%. The top 10 most intense
ions were selected to perform MS2 acquisition. PRM was used to
acquire the targeted data.

2.5. Data analysis

The LC-HRMS raw data was processed using Xcalibur™ 4.1
software (Thermo Fisher Scientific Inc.). The full scan/ddMS2 raw
data were analyzed by the GNPS platform to display the structural
relationship of higher content constituents, and then Cytoscape
3.9.1 was used for network visualization. In the GNPS workflow, the
maximummass tolerance of the parent ions and fragment ions was
set to 0.02 Da. The minimum cosine score was set to 0.6. The
minimum matched fragment ions required for node-to-node
connection was set as 6.

Compound Discoverer 3.2 (Fisher Scientific Inc.) was used to
screen the potential lycibarbarspermidine derivatives in the sam-
ples. The database containing 10,560 compoundswas imported into
Compound Discoverer 3.2, and then the precursor ions with in-
tensities greater than 100,000 in rawdatawere searched against the
database with a mass tolerance of 5 ppm. The potential lycibarbar-
spermidine derivatives were exported to Excel for further PRM ex-
periments. Then, exactmass andMS2 fragment ionswere applied to
identify the lycibarbarspermidine derivatives in the PRM data.
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3. Results

3.1. Construction of lycibarbarspermidine derivative database

3.1.1. The selection of building blocks for lycibarbarspermidine
derivatives based on the biosynthetic pathway

For the exploration ofmore lycibarbarspermidine analogs and the
extension of analytical coverage, a comprehensive database based on
the biosynthetic pathway of HCAswas constructed. The biosynthesis
of lycibarbarspermidine derivatives is based on the phenylalanine
pathway [21‒24]. In plants, phenylalanine ammonia lyase (PAL) is
responsible for the first step in the phenylalanine pathway and
transforms phenylalanine to trans-cinnamate. Then, trans-cinnamate
is catalyzed to form r-coumaric acid by 4-hydroxylase (C4H) and
converted to other hydroxycinnamates, such as caffeic acid, ferulic
acid and sinapic acid. These HCAs are esterified into
hydroxycinnamoyl-CoA esters by 4-cinnamate, CoA ligase (4CL), and
serve as substrates for entry into various branch pathways (Fig. 1A).
For hydroxycinnamoyl spermidine biosynthesis, the ultimate step is
the condensation of hydroxycinnamoyl-CoA thioesters with sper-
midine catalyzed by hydroxycinnamoyl transferases (HCTs) (Fig. 1B).
In addition, r-coumaryl quinic acid/r-coumaryl shikimic acid and
cafeoyl quinic acid/cafeoyl shikimic acid might be produced under
the catalysis of HCT (Fig. 1). In conclusion, three types of building
blocks were screened out. Hydroxycinnamic acids, hydrocinnamoyl-
quininic acids and hydrocinnamoyl-shikimic acids all have the po-
tential to bind to spermidine (Fig. S1).

3.1.2. Structural design of lycibarbarspermidine derivatives
The structures of several glycosylated dicaffeoylspermidines ob-

tained from Lycii Fructus have been identified, and their structures
are shown in Fig. S2. In this study, all potential lycibarbarspermidine
derivatives were predicted based on the glycosylation reaction of
HCAs and the conjugation reaction between HCA/HCA-O glycosides
and spermidine. On the one hand, the hydrogen atomon the benzene
ring of the hydroxycinnamoyl group might be replaced by various
numbers of OH and OCH3, and the CeC double bond of cinnamic acid
derivatives might be reduced, leading to a diversity of substituents.
On the other hand, 1 to 3 primary and imine groups in spermidine
can interact with various HCAs to form amide derivatives. The ac-
curate mass of [MþH]þ in positive ionmode of lycibarbarspermidine
derivatives was recorded in the Supplementary Data. A total of
10,560 lycibarbarspermidine derivatives were generated.

3.2. Enrichment of lycibarbarspermidine derivatives by solid phase
extraction

Based on previous studies, we found that lycibarbarspermidines
eluted slightly later than impurities in reversed-phase columns,
suggesting that the polarity of lycibarbarspermidines is different from
that of impurities. Targeted components and impurities could be
separated based on their polarity, which is called the polarity-
oriented analysis method. To remove the impurities and enhance
the detection sensitivity of mass spectrometry, we chose SPE tech-
nique. By investigating the literatures, we summarized various SPE
sorbent materials, such as reversed-phase sorbent materials, strong
cation exchange, strong anion exchange, weak cation exchange, weak
anion exchange, and magnetic beads [25‒28]. Considering the po-
larity and pH of lycibarbarspermidine derivatives, special attention
was concentrated on the reversed-phase hydrophilic-lipophilic bal-
ance sorbent (Oasis HLB) and the mixed-mode strong cation
exchange/reversed-phase sorbent (Oasis MCX). Oasis HLB is a uni-
versal sorbent and has been widely used for the determination of
compounds with different polarities in complex substrates. Oasis
MCX could establish reversed-phase and ion-exchange interactions



Fig. 1. The biosynthesis of lycibarbarspermidine derivatives. (A) The transformation of hydroxycinnamic acids (HCAs). (B) The biosynthetic pathway of hydroxycinnamoyl sper-
midine. PAL: phenylalanine ammonia-lyase; C4H: cinnamate 4-hydroxylase; C3H: p-coumarate 3-hydroxylase; 4CL: 4-cinnamate:CoA ligase; HCT: hydroxycinnamoyl transferase;
COMT: caffeic acid O-methyltransferase; F5H: ferulate 5-hydroxylase; CoA: coenzymeA.

C. Han, Z. Zhang, Z. Feng et al. Journal of Pharmaceutical Analysis 14 (2024) 416e426
with the analytes. Their performancewas evaluated bycomparing the
peak numbers and peak areas of feature peaks in each chromatogram
processed by different SPE columns. The results showed that 1,036
features were detected in the crude extract of Lycii Fructus, and 3,011
and 3,162 features were observed after treatment by Oasis HLB-SPE
columns and Oasis MCX-SPE columns, respectively. Furthermore,
the total peak area of representative lycibarbarspermidines was the
419
largest after Oasis MCX-SPE extraction (Fig. 2). Oasis MCX is a better
option and thus was selected for further study.

3.3. Summary of fragmentation patterns based on the literature

In this section, the fragmentation patterns of known lyci-
barbarspermidines were integrated, and the characteristic



Fig. 2. Comparison of sample preparation methods. (A) Total ion chromatogram (TIC) of samples with different sample preparation methods. (B) The number of features detected
under different sample preparation conditions. (C) The peak area of representative compounds under different sample preparation conditions. HLB: hydrophilic-lipophilic balance;
SPE: solid phase extraction; MCX: mixed-mode strong cation exchange/reversed-phase.
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fragment ions were selected for MS parameter optimization. In
addition, the characteristic fragment ions of potential lycibarbar-
spermidine derivatives were predicted based on the
fragmentation patterns. This enabled rapid and comprehensive
identification.

We summarized the fragmentation patterns of lycibarbar-
spermidines based on the previous literature (Fig. 3) [19,20,29]. Un-
der HCD, the glucoside bonds of lycibarbarspermidines tend to break
and lose glucose units. Then, the amide bonds break, producing
various fragment ions. In addition, the cleavage of the central CeN
bond and the neutral loss of terminal amines are also classical frag-
mentation pathways. For instance, N1-caffeoyl, N5-dihydrocaffeoyl
spermidine monoglycoside produced the parent ion at m/z 634
(C25H33N3O6, calculated m/z 634.29703). After HCD, the ion m/z 472
[M þ HeC6H10O5]þ was produced by loss of the glucose unit. Sub-
sequently, m/z 310 [M þ HeC6H10O5eC9H7O3]þ and m/z 163
[Caffeoyl]þ were produced by the cleavage of the N1-amide bond. By
cleavage of the N5-amide bond, m/z 165 [dihydrocaffeoyl]þ was
produced. In addition, m/z 617 [M þ HeNH3]þ was produced by
the neutral loss of the terminal amine. Finally, m/z 382
[Mþ HeC13H20N2O3]þ was yielded by breaking the C4eN5 bond, and
then m/z 220 [M þ HeC13H20N2O3eC6H10O5]þ was yielded by the
neutral loss of theglucoseunit. The ions atm/z163, 220, 293, 310, 382,
and 472 could be regarded as the key MS2 spectral information to
identify N1-caffeoyl, N5-dihydrocaffeoyl spermidine monoglycoside.

3.4. Characterization of potential new compounds using DDA
followed by PRM

3.4.1. Characterization by molecular networks
To improve the efficiency of unknown compound identification,

molecular networks were introduced to process the raw data in DDA
mode (Fig. 4). As MS2 spectra are closely related to chemical struc-
tures, compounds with similar structures are associated. The
Fig. 3. The fragmentation patterns of N1-caffeoyl,N5-dihydrocaffeoyl sperm

421
datasets were clustered into visual networks by MS2 spectral simi-
larity scoring. The known lycibarbarspermidines were identified
through the spectral library and published literature, which were
used to successively elucidate the potential new lycibarbarspermi-
dine derivatives on adjacent nodes. Compounds PB1-PB100 and
PB103-PB155 were identified by the above method (Figs. S3�S5).

3.4.2. Screening of novel potential lycibarbarspermidine derivatives
in DDA mode by database searching

DDAmode is usually used to investigate untargeted components
in samples. The raw data of lycibarbarspermidine derivatives in the
samples were completely acquired in DDAmode. Subsequently, the
potential lycibarbarspermidine derivatives were screened based on
the self-established database and were recorded to create a list for
further PRM experiments.

The raw data were processed using Compound Discoverer 3.2
and manual methods. As a result, 267 potential lycibarbarspermi-
dine derivatives were screened out by Compound Discoverer 3.2.
Then, manual methods were used to confirm the correctness of the
software screening. These results showed that software screening
not only ensures accuracy but also improves the efficiency of data
processing. The exact mass of the screened lycibarbarspermidine
derivatives in the samples was summarized as an ion list for further
PRM experiments. Most potential lycibarbarspermidine derivatives
in samples might have 1 or 2 HCAs conjugated to spermidine. Only
a small proportion of them belong to the products of
hydroxycinnamoyl-quininic acids or hydroxycinnamoyl-shikimic
acids conjugated to spermidine (Fig. 5).

3.4.3. Characterization using subsequent PRM data
To obtain MS2 information of potential lycibarbarspermidine

derivatives adequately, the parameters of PRM acquisition were
optimized. Aiming to ensure that the precursor and characteristic
fragment ions have the appropriate abundance for compound
idine monoglycoside. Reprinted from Refs. [19,20,29] with permission.



Fig. 5. Structural relationship network of potential lycibarbarspermidine derivatives. The central node represents spermidine. Cluster A represents potential mono-
hydroxycinnamoyl spermidine. Cluster B represents potential mono-dihydro (hydroxycinnamoyl) spermidine. Cluster C represents potential dihydroxycinnamoyl spermidine.
Cluster D represents potential hydroxycinnamoyl-dihydro (hydroxycinnamoyl) spermidine. Cluster E represents potential di-dihydro (hydroxycinnamoyl) spermidine. Other nodes
represent the products of hydroxycinnamoyl-quininic acids or hydroxycinnamoyl-shikimic acids conjugated to spermidine.

Fig. 4. Molecular network of lycibarbarspermidine derivatives. The pink nodes represent lycibarbarspermidine derivatives, and the purple nodes represent lycibarbarspermidines.

C. Han, Z. Zhang, Z. Feng et al. Journal of Pharmaceutical Analysis 14 (2024) 416e426
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Fig. 6. Extracted ion chromatogram (EIC) and MS2 spectrum of representative compounds. (A) EIC of PA1ePA2; (B) EIC of PA3ePA6; (C) MS2 spectrum of PA1; (D) MS2 spectrum of
PA4.
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identification, the spray voltage, capillary temperature and
normalized collision energy (NCE) were optimized. The peak area
of the parent ions generated by representative lycibarbar-
spermidine (tR ¼ 5.71, C31H43N3O11) was used to optimize the
Fig. 7. Fragmentation pathw

423
spray voltage and capillary temperature, which are significant
factors for ionization efficiency. NCE is a crucial parameter that
affects the quality of the MS2 spectrum. The peak area of the
characteristic fragment ions produced by representative
ay of compound PA1.
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lycibarbarspermidine (tR ¼ 5.71, C31H43N3O11) was used to opti-
mize NCE. As shown in Fig. S6, the stepped NCE at 20%, 40% and
60%, spray voltage at 3.4 kV and capillary temperature at 320 �C
showed the best performance. The optimized MS2 spectrum is
shown in Fig. S7. Targeted data acquisition was performed under
the optimized conditions. Both the parent and daughter ions are
of appropriate intensity.

MS2 information of potential lycibarbarspermidine derivatives
acquired by subsequent PRM experiments was used for structural
identification. Mass fragmentation rules of lycibarbarspermidines
were integrated to annotate the structure of the unknown com-
pound. As an example, PA1�PA6 were identified as p-coumaroyl
spermidine in Figs. 6A and B. A set of isomers, PA1 and PA2, were
observed in PRM. As shown in Fig. 6C, m/z 292.20221 [MþH]þ

(0.9 ppm, C16H25N3O2) was generated. Then, m/z 275.17575 was
generated by the neutral loss of NH3. The ion at m/z 147.04445
indicated that the substituent was hydroxycinnamoyl. The ion atm/
z 221.12909 was produced by C6eN5 dissociation, and the ion atm/z
204.10254was produced by the subsequent neutral loss of NH3. The
ion m/z 218.08104 produced by the breakage of C4eN5 followed by
the loss of neutral NH3 indicated that the hydroxycinnamoyl group
is at the N5 position. Since PA1 and PA2 had similar fragment ions,
they were inferred to be N5-hydroxycinnamoyl spermidine. A set of
Fig. 8. The inferred components and the characteristic fragment ions of monohydroxycin
lycibarbarspermidines. (EeH) Corresponding fragment ions of the inferred components. Bo
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isomers PA3�PA6 was observed at m/z 454.25534 [MþH]þ

(1.2 ppm, C22H35N3O7). As shown in Fig. 6D, PA4 yielded ions
similar to PA1 at m/z 292.20212, 275.17554, 204.10248, and
147.04449, and due to the lack of the ion at m/z 218, PA4 was
identified as N10-hydroxycinnamoyl spermidine monoglycoside.
Since PA3, PA5 and PA6 had similar fragment ions to PA4, they were
also inferred to be N10-hydroxycinnamoyl spermidine monoglyco-
sides. The fragmentation pathway of PA1 is shown in Fig. 7. Notably,
46 monohydroxycinnamoyl spermidines were identified for the
first time in Lycii Fructus (Figs. 8 and 9). Their structures consisted
of a hydroxycinnamic acid attached to spermidine. In addition,
products of spermidine bound to other organic acids were found,
and the proposed structure and characteristic fragment ions are
shown in Fig. S8.

A total of 210 lycibarbarspermidine derivatives were tentatively
characterized, and 170 potential new compounds, including 164
hydroxycinnamoyl spermidines and 6 hydroxycinnamoyl-quinic
spermidines, were identified. All compounds were tentatively
identified by comparing the predicted MS2 fragment ions based on
the fragmentation pathway of the known lycibarbarspermidins.
The corresponding structure and characteristic fragment ions of
other lycibarbarspermidine derivatives are shown in Figs. 8, 9,
S3�S5 and S8.
namoyl spermines. (A) The skeleton of spermidine. (BeD) Tentative identification of
x color indicates cleavage site.



Fig. 9. The inferred components and the characteristic fragment ions of mono-dihydro (hydroxycinnamoyl) spermines. (A) The skeleton of spermidine. (B,C) Tentative identification
of lycibarbarspermidines. (DeG) Corresponding fragment ions of the inferred components. Box color indicates cleavage site.
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4. Conclusion

To enhance the detection sensitivity of low-response compo-
nents in complex matrices by LC-HRMS, an integrated pipeline
based on sequential stages, including sample preparation, database
construction, data acquisition and data postprocessing, was
developed. As applicability illustration, structural identification
was conducted for 210 lycibarbarspermidine derivatives in Lycii
Fructus. The combination of SPE extraction, targeted database, DDA
coupled with PRM and integrated mass fragmentation rule analysis
significantly improved the detection sensitivity and analysis
coverage and benefited the LC-HRMS-based discovery of new
compounds in complicated matrices.
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