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Abstract

Traditional Chinese prescriptions are characterized by complex chemical constituents and
wide variations in constituent content, which pose a substantial challenge to their com-
prehensive characterization. As a classic traditional Chinese prescription known for its
heat-clearing and detoxifying properties, Huangqintang Decoction (HQD) is composed
of Scutellariae Radix, Paeoniae Radix Rubra, Glycyrrhizae Radix et Rhizoma, and Jujubae
Fructus. In this study, we developed an off-line two-dimensional liquid chromatography
that addressed the limitations of traditional analysis of unfractionated extracts, such as
restricted peak capacity, which often obscured trace components. By coupling with ultra-
high performance liquid chromatography-quadrupole time-of-flight mass spectrometry
(UHPLC-Q-TOF/MS), this study successfully performed rapid identification or charac-
terization of the complete chemical profile of HQD. Notably, beyond high-throughput
identification, this approach leveraged characteristic fragment ions and reversed-phase
chromatographic behaviors to differentiate some isomers of flavonoid glycosides and triter-
penoid saponins, demonstrating its depth in structural identification. Flavonoid glycoside
isomers were distinguished by diagnostic neutral losses, while flavanones and chalcones
were characterized by retro-Diels–Alder (RDA) and β-rearrangement, respectively. Isomers
of triterpenoid saponins were inferred from aglycone-specific pathways alongside RDA
cleavages. Ultimately, a total of 192 compounds were identified, including 88 flavonoids,
80 triterpenoids, 7 monoterpene glycosides, 3 fatty acid amides, 3 phenylethanoid glyco-
sides, 4 coumarins, 3 saccharides, 1 organic acid, and 3 others. This study demonstrated
that the off-line two-dimensional liquid chromatography analysis strategy significantly
enhanced chromatographic resolution and expanded the coverage of trace components.
It presented an effective strategy for comprehensive compound identification in complex
traditional Chinese medicine prescriptions.

Keywords: Huangqintang decoction; chemical constituents; isomer; off-line two-dimensional
liquid chromatography analysis strategy; UHPLC-Q-TOF/MS

1. Introduction
Traditional Chinese prescriptions (TCPs) are a concentrated manifestation of the

“holistic view” and “syndrome differentiation and treatment” concepts in traditional Chi-
nese medicine (TCM). Their core lies in achieving coordinated integration and regulation
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through multiple components, targets, and pathways by adhering to the formulation princi-
ples of “Jun (emperor)—Chen (minister)—Zuo (adjuvant)—Shi (courier),” thereby offering
therapeutic advantages that single compounds do not possess [1,2]. However, it is precisely
this complex design, grounded in holistic effects, that presents fundamental challenges to
modern scientific research. The crux lies in how to systematically characterize a mixture
sample characterized by complex chemical constituents and significant disparities in the
content of its various components. The challenges in elucidating the material basis of
TCPs significantly hinder the exploration of their pharmacological mechanisms and the
improvement of quality control standards [3,4].

Huangqintang decoction (HQD) is a classic TCP for the treatment of heat-induced
diarrhea and dysentery. It is first documented in the “Treatise on Cold Damage Disorders”
(Shanghan Lun in Chinese) [5–7]. The prescription comprises Scutellariae Radix (Scutellaria
baicalensis Georgi, Huang-Qin in Chinese, SR), Paeoniae Radix Rubra (Paeonia lactiflora Pall.,
Chi-Shao, PRR), Glycyrrhizae Radix et Rhizoma (Glycyrrhiza uralensis Fisch., Glycyrrhiza
inflata Bat., Glycyrrhiza glabra L., Gan-Cao, GRR), and Jujubae Fructus (Ziziphus jujuba
Mill., Da-Zao, JF) at a ratio of 3:2:2:2 [8–23]. According to the principle of formulation,
SR serves as the emperor herb, PRR acts as the minister herb, GRR and JF function as the
adjuvant and courier herbs. These four herbs work together to exert therapeutic effects.
However, due to its complex components and significant differences in the content of
various constituents, systematic research on the elucidation of the full chemical spectrum
of HQD remains insufficient. Therefore, it is urgent to establish rapid and efficient methods
for the characterization and identification of chemical components. This will not only help
elucidate the material basis of their pharmacological effects but also hold significant value
for deeply understanding the “holistic view” of TCPs.

Charged aerosol detection operates by detecting the charge of aerosol particles, where
the charge amount is proportional to the analyte mass. As the detection signal exhibits a
nonlinear response over a wide concentration range, the power function value algorithm
is employed to transform this nonlinear response into a linear calibration curve, thereby
enabling more accurate quantitative analysis [24,25]. For the problem of different ultraviolet
absorption of components in TCPs, different detector signals such as ultraviolet (UV) and
CAD can be used to trigger automated fraction collection, enabling precise isolation of
specific components for further analysis [26]. The first-dimensional liquid chromatography
(1D LC) system integrates the HPLC platform with a vanquish fraction collector (VFC) and
automated workflow. Through multi-detectors real-time monitoring and signal-triggered
automated fraction collection, it enables complete process control from method develop-
ment and sample analysis to target fraction collection. At its core, the system operates
via an automated workflow of “real-time monitoring, intelligent triggering, and precise
collection.” The integrated LC-automated fraction collector and workflow enables accurate
determination and optimization of the delay volume, ensuring synchronization between
detection and collection, fundamental to high purity and recovery. To safeguard sample
integrity, the system precisely controls fraction collection needle movement and employs
various washing protocols to minimize cross-contamination, while the closed storage mod-
ule with temperature and light control ensures fraction stability [27]. Thus, the 1D LC
system can achieve the purpose of targeted removal of the main components in HQD
and maintaining the integrity of trace components, laying the foundation for subsequent
comprehensive component characterization and identification.

Ultra-high performance liquid chromatography coupled-quadrupole time-of-flight
mass spectrometry (UHPLC-Q-TOF/MS) is characterized by high resolution, sensitiv-
ity, mass accuracy, and a broad scanning range [28,29]. By leveraging the accurate mass
measurements and characteristic tandem mass spectrometry (MS/MS) information ob-
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tained through MS/MS analysis, in conjunction with database searches, rapid structural
elucidation of chemical constituents in TCPs can be achieved. In existing research, UHPLC-
Q-TOF/MS technology has been applied to the chemical characterization of HQD. For
instance, Sun et al. [30] identified 68 chemical constituents and 35 blood-absorbed compo-
nents in HQD using UHPLC-Q-TOF/MS. Similarly, Tang et al. [31] tentatively identified
139 chemical constituents in HQD via UHPLC-Q-TOF/MS and revealed differences in
metabolic profiles within an ulcerative colitis model. However, all these valuable studies are
based on traditional analytical strategies, and their identification depth remains limited by
strong interference from the complex matrix, manifested as co-elution of high-abundance
components in chromatography and severe ion suppression effects in mass spectrometry.
Consequently, although the major constituents of HQD have been partially characterized,
its trace components, which are typically present at low abundance but may possess high
biological activity, remain largely unexplored. These trace components may play a critical
role in the synergistic therapeutic effects of TCPs, whose efficacy often arises from the
combined action of multiple constituents rather than a single compound. Therefore, a
comprehensive chemical profiling covering both major and trace constituents is essential for
establishing a complete chemical basis for understanding the pharmacological mechanisms
of HQD. To address this, the present study developed an innovative off-line 1D LC separa-
tion and second-dimension (2D) UHPLC-QTOF/MS analysis combined strategy. The core
advantage of this off-line 2D separation and analysis strategy lies in the targeted removal
of main components, thereby achieving a significant enhancement in the identification rate
of trace components. This approach enables the construction of a comprehensive chemical
database for HQD and provides a powerful tool for investigating its pharmacodynamic
material basis and multi-component synergy.

2. Results
2.1. Enrichment of Trace Components

In this work, it was observed through CAD analysis that the HQD samples had a
complex composition comprising multiple main components, which posed a challenge
for comprehensive constituent analysis. By comparing the retention times and fragmen-
tation characteristics with reference standards, seven main constituents in HQD were
characterized, namely albiflorin, paeoniflorin, baicalin, wogonoside, wogonin, baicalein,
and glycyrrhizic acid. Simply amplifying the response signals of the UHPLC-CAD chro-
matogram or increasing the sample injection volume did not effectively resolve the issue of
the overall chromatographic peak abundance being affected by the prominence of the main
components in HQD (Figure S1). Therefore, the 1D LC system was utilized to remove the
main constituents and enrich the trace components in the sample, thereby achieving the
characterization and identification of all constituents in HQD. Firstly, the chromatographic
methods were systematically optimized to ensure suitable baseline separation with ade-
quate resolution and stable peak shapes for multi-component detection. After fixing the
column temperature at 35 ◦C and the injection volume at 1 µL, different chromatographic
columns were evaluated under identical gradient elution conditions. Based on a compre-
hensive assessment of chromatographic peak separation (Figure S2A), the Agilent ZORBAX
SB-C18 column was selected for subsequent analysis. The elution conditions were further
optimized, as shown in Figure S2B. The optimized conditions were specified in Section 4.3.
As shown in Figure S2(Bc), in the HPLC-CAD/UV system, seven main components in
HQD could be preliminarily characterized, and these main components could achieve good
separation. Based on the optimized conditions, the specific fraction collection strategy
employed in this study was as follows: The start and end points of the target chromato-
graphic peaks were identified by UV and CAD detectors, which generated trigger signals
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to drive the fraction collection valve to switch within milliseconds. Within the specific time
window defined by the trigger signal (RTs 8.10~8.75 min, 9.35~9.95 min, 24.20~25.50 min,
31.75~32.75 min, 37.5~39.00 min, 44.50~46.50 min, and 65.00~66.00 min), the chromato-
graphic flow path was altered to direct the fraction containing the high-abundance domi-
nant constituents to a specific sample vial, thereby achieving the targeted removal of the
main components. Outside this time window, the system maintained the default flow path,
continuously and completely collecting all remaining fractions enriched with trace compo-
nents. These collected fractions were subsequently subjected to 2D UHPLC-Q-TOF/MS
analysis. As shown in Figure 1A, the seven peaks with the highest peak areas were re-
moved via the system, effectively enriching the remaining constituents. Consequently, the
chromatographic peak richness was significantly enhanced, as demonstrated in Figure 1B.

Figure 1. (A) UHPLC-CAD chromatograms of HQD before (a) and after (b) 1D LC system processing.
(B) UHPLC-Q-TOF/MS chromatograms of HQD before (a) and after (b) 1D LC system processing.
The seven main constituents are indicated by red dots.

2.2. Workflow of Chemical Constituents Identification in HQD

Based on the optimized conditions, the chemical constituents of HQD were comprehen-
sively identified and analyzed using 2D UHPLC-Q-TOF/MS analysis. A high-sensitivity
data acquisition mode was employed to maximize MS/MS triggering for trace components.
The base peak ion (BPI) chromatograms of HQD in both negative and positive ionization
modes are presented in Figure 2A,B. Figures 3 and 4 present a summary diagram of the
structural types of various constituents identified in HQD. According to the BPI profiles,
compounds in HQD exhibited stronger intensity and greater abundance in negative ion
mode compared to positive ion mode. To facilitate chemical identification, an in-house
database was established, compiling information—including compound name, molecu-
lar formula, exact mass, and fragmentation patterns—of 1022 known constituents that
have been reported for the four medicinal herbs of HQD. By integrating RT, accurate
mass, MS/MS fragmentation behavior, and comparison with reference standards where
available, a total of 192 compounds were identified or tentatively characterized. These
comprised 88 flavonoids, 80 triterpenoids, 7 monoterpene glycosides, 3 fatty acid amides,
3 phenylethanoid glycosides, 4 coumarins, 3 saccharides, 1 organic acid, and 3 others.
Among these 192 compounds, 11 were identified at Metabolomics Standards Initiative
(MSI) Level 1, 146 were annotated at MSI Level 2.1, and 15 were tentatively character-
ized at MSI Level 2.2. Detailed information on these compounds was presented in the
Supplementary Information Table S1.
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Figure 2. The qualitative analysis and comparisons on the chemical constituents of HQD by UHPLC-
Q-TOF/MS. Base peak ion (BPI) chromatograms and the identification results in negative ion modes
(A) and positive ion modes (B).

Figure 3. UHPLC-Q-TOF/MS-based qualitative analysis and comparison of the chemical constituents
in HQD, summarizing the structural types of the identified compounds and presenting a 2D scatter
plot (m/z vs. RT) of all 192 compounds.

Figure 4. UHPLC-Q-TOF/MS-based qualitative analysis and comparison of the chemical constituents
in HQD, summarizing the structural types of the identified compounds and presenting a pie chart
illustrating the proportion of different component types.
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2.2.1. Characterization of Flavonoid Constituents in HQD

HQD was found to contain a wide variety of natural constituents. Flavonoids were
identified as the primary active components in HQD [32]. Previous studies have reported
that flavonoids derived from HQD possessed antibacterial, anti-inflammatory, and hep-
atoprotective activities, which constituted the fundamental basis for the pharmacological
activities of HQD [33,34]. Flavonoids predominantly existed in glycosylated forms. These
compounds are combined with sugar molecules through glycosidic bonds via oxygen atoms
(O) or carbon atoms (C), thereby forming different glycoside structures. This glycosylation
not only improved their solubility and bioavailability but also modulated their pharma-
cological activity [35]. A total of 88 flavonoids were chemically identified or tentatively
characterized in HQD, most of which originated from SR and GRR.

Taking compound 24 as an example, the compound 24 with an RT of 3.53 min pre-
sented a quasi-molecular ion peak at 417.1197 [M−H]− that was observed in negative ion
mode. Therefore, the molecular formula was inferred to be C21H22O9. The fragment ion at
m/z 255.0662 [M−H−C6H10O6]− was generated by neutral loss of glucose residue with
162 Da from the parent ion. Then, RDA cleavage occurred, generating fragment ions with
m/z 135.0085 [M−H−C6H10O6−C8H8O]− and m/z 119.0500 [M−H−C6H10O6−C7H4O3]−

(Figure 5A). Compared with our in-house database and reference standard, the compound
was chemically defined as liquiritin [30]. As shown in Figure 5B, the quasi-molecular ion
was observed at m/z 445.0781 [M−H]−, and the elemental composition was calculated as
C21H18O11, which further led to a series of product ions at m/z 269.0453 [M−H−C6H8O6]−,
241.0503 [M−H−C6H8O6−CO]− and 223.0401 [M−H−C6H8O6−CO−H2O]−, resulting
from the loss of one molecule of dehydrated glucuronic acid, CO, and H2O group in
MS/MS spectrum. Comparison with the literature, in-house databases, and reference
material identified compound 43 as baicalin [30].

 
Figure 5. The MS1 (a), MS2 spectra (b) and characteristic fragmentation pathways (c) of liquiritin
(A) and baicalin (B).
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In addition, there were many isomers among the flavonoids in HQD. Based on the
precise mass spectrometry fragment ions and the reversed-phase chromatography retention
behavior, some isomers of flavonoid glycosides were identified and distinguished. Based
on the analysis of the quasi-molecular ion peak, it could be calculated that the elemen-
tal composition of compounds 43, 44, 57 and 61 was all C21H18O11. In the negative ion
detection mode, the typical fragmentation patterns of flavonoid 7-O-glucuronides and
8-O-glucuronides are as follows: The 7-O-linked isomers undergo heterolytic cleavage of
the glycosidic bond, resulting in the neutral loss of a glucuronic acid unit (176 Da) and
the generation of an aglycone ion (m/z 269). In contrast, the 8-O-linked isomers undergo
characteristic rearrangement fragmentation, preferentially losing a dehydrated glucuronic
acid residue (148 Da) to form a key intermediate ion (m/z 297) [36,37]. Compound 44
presented characteristic dehydroxylation ion m/z 401.0542 and aglycone ion m/z 269.0452.
Its key RDA cleavage fragment m/z 151.0554 clearly pointed to the apigenin aglycone,
and combined with the typical 7-O-glycosidic bond cleavage pattern, it was identified
as apigenin-7-O-glucuronide (Figure 6A). Compound 57 (RT 6.33 min) mainly generated
the aglycone ion m/z 269.0450, accompanied by the characteristic fragment [C7H3O2]−

(m/z 119.2386) of the norwogonin B ring, which conformed to the 7-O-connection fea-
ture; therefore, it was putatively annotated to norwogonin-7-O-glucuronide (Figure 6B).
Compound 61 (at 6.77 min) exhibited the characteristic rearrangement cleavage path-
way at the 8-O position (producing m/z 297.0748 and its secondary fragment m/z
145.0282), and according to its longest retention time, it was putatively annotated to
norwogonin-8-O-glucuronide (Figure 6C).

 
Figure 6. The MS1 (a) and MS2 spectra (b) of three isomers. (A) For apigenin 7-O-glucuronide,
(B) for norwogonin-7-O-glucuronide and (C) for norwogonin-8-O-glucuronide.
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Based on the quasi-molecular ion peaks, the elemental composition of compounds
21, 24, 42, and 54 was inferred to be C26H30O13. In negative ion mode, a series of deglyco-
sylation fragments was observed for compounds 21 and 24, including 417 [M−H−132]−,
255 [M−H−132−162]−, and 135 [M−H−132−162−119]−. This indicated the successive
loss of a pentose unit (132 Da), a hexose unit (162 Da), and a neutral C7H3O2 fragment.
This fragmentation pattern was consistent with the characteristic retro-Diels–Alder
(RDA) cleavage of flavanone glycosides, which generates the diagnostic fragment ion
m/z 135 [C8H7O2]−. Additionally, extensive phytochemical studies on Glycyrrhiza plants
have shown that the main flavanone glycosides are apiosylglucosides [38,39]. Therefore,
it was deduced that the aglycones of compounds 21 (Figure 7A) and 24 (Figure 7B)
were the liquiritigenin and that the attached sugar moieties were apiose and glucose. In
contrast, apart from similar deglycosylation fragments, compounds 42 (Figure 7C) and
54 (Figure 7D) exhibited a prominent fragment at m/z 147 [C9H7O2]− in their MS/MS
spectra, which is a characteristic ion generated from chalcone aglycones via β-cleavage
and rearrangement of the enone skeleton. Combined with chromatographic behavior
analysis, chalcone compounds, due to their larger conjugated system and stronger hy-
drophobicity, typically showed significantly longer retention times in reversed-phase
chromatography compared to flavanones. It was inferred based on these differences that
the aglycones of compounds 42 and 54 were the isoliquiritigenin. Furthermore, while
both compounds 21 and 24 were identified as diglycosides of liquiritigenin, differences
were observed in the abundance of their fragment ions derived from the aglycone ion
(m/z 255). The significantly higher abundance of the m/z 135 fragment in compound
24 suggested that its A-ring structure remained intact and unsubstituted, facilitating
efficient RDA cleavage. This observation aligned with the structural feature of the
sugar chain being attached at the 4′-O-position on the B-ring. Additionally, when the
sugar chain is linked to the B-ring, the hydrophobic part of the aglycone is more ex-
posed, leading to slightly stronger chromatographic retention. Therefore, compound
24 was tentatively identified as liquiritigenin-4’-O-apiosylglucoside, and compound
21 as liquiritigenin-7-O-apiosylglucoside. Both compounds 42 and 54 were diglyco-
sides of isoliquiritigenin, with the key distinction lying in the relative abundance of the
characteristic fragment m/z 147. The notably higher abundance of this fragment in com-
pound 42 was consistent with the scenario where the 2’-hydroxyl group on the A-ring
of isoliquiritigenin remains free. This free hydroxyl group can promote an intramolecu-
lar cyclization rearrangement via a neighboring group effect, making the formation of
m/z 147 the dominant fragmentation pathway. Based on this characteristic, the com-
pound was putatively annotated as licraside, as reported in the literature [30]. In con-
trast, the relatively lower abundance of m/z 147 in compound 54 suggested that its 2′-
position was likely glycosylated, forming 2′-O-β-D-apiosyl-(1→2)-β-D-glucopyranosyl-
isoliquiritigenin. Searches in SciFinder, PubChem, and related databases yielded no
prior reports of this structure, leading to the tentative identification that compound 54 is
a novel compound. Further structural validation by NMR would be required to confirm
the novelty of compound 54. The approach of utilizing characteristic differences in mass
spectrometry and chromatographic behavior enables the systematic characterization and
identification of positional isomers, encompassing both functional group isomers and
glycosidic linkage isomers.
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Figure 7. The MS1 (a) and MS2 spectra (b) of four isomers. (A) For liquiritigenin-7-O-apiosylglucoside,
(B) for liquiritigenin-4′-O-apiosylglucoside, (C) for licraside and (D) for 2-O-β-D-apiosyl-(1→2)-β-D-
glucopyranosyl-isoliquiritigenin.

2.2.2. Characterization of Triterpenoid Constituents in HQD

Triterpenoids have gathered significant attention due to their remarkable pharmaco-
logical activities. Studies reported that triterpenoids from HQD have anti-inflammatory
and hepatoprotective activities [5,40]. In HQD, this class of compounds was predomi-
nantly characterized from GRR and JF, with a total of 80 triterpene derivatives identified,
primarily consisting of oleanane-type and lupane-type categories. The fragmentation pat-
terns of triterpenoid saponins usually involve the rupture of glycosidic bonds, leading to
the formation of various aglycone ions. Licorice saponin A3 and glycyrrhizic acid were
used to illustrate the identification process. A precursor ion of [M−H]− was observed at
m/z 983.4520, with a retention time of 9.65 min. In negative ion mode, collision-induced
dissociation was performed, resulting in a series of secondary fragment ions, includ-
ing m/z 821.3993 [M−H−C6H10O5]−, m/z 645.3651 [M−H−C6H10O5−C6H8O6]−, and
m/z 469.3324 [M−H−C6H10O5−C6H8O6−C6H8O6]−. Based on the mass spectrometric
data, it is suggested that the precursor ion [M−H]− first generated the fragment ion at
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m/z 821.3993 by the loss of one molecule of glucose. Subsequently, this fragment ion further
lost one molecule of glucuronic acid, forming the fragment ion at m/z 645.3651. Finally,
the fragment ion at m/z 645.3651 lost another molecule of glucuronic acid, resulting in the
fragment ion at m/z 469.3324. Comparing these data with existing literature and databases,
compound 76 was identified as licorice saponin A3 [41]. The MS/MS mass spectrum
of licorice saponin A3 is shown in Figure 8A. The precursor ion [M−H]−, observed at
m/z 821.3987 at 16.33 min, underwent fragmentation to yield the ion at m/z 351.0634,
resulting from the neutral loss of glycyrrhetinic acid from the parent ion. Subsequently,
the fragmented ion at m/z 193.0355 was generated through the neutral loss of dehydrated
glucuronic acid from the ion at m/z 351.0634. Compared with our in-house database and
reference standard, the compound was chemically defined as glycyrrhizic acid [30]. The
MS/MS mass spectrum of glycyrrhizic acid is shown in Figure 8B.

 
Figure 8. The MS1 (a), MS2 spectra (b) and characteristic fragmentation pathways (c) of licorice
saponin A3 (A) and glycyrrhizic acid (B).

The data indicated that the molecular formulas of compounds 114, 120, 122, 167, and
168 were all deduced to be C42H62O16. Among them, compounds 114 and 122 gener-
ated characteristic fragment ions (m/z 351 and 193) in the MS/MS mass spectrum that
were identical to those of glycyrrhizic acid, leading to the inference that they are isomers
of glycyrrhizic acid. In contrast, compounds 167 and 168 exhibited distinct fragmenta-
tion pathways. The mass spectrum of compound 167 (Figure 9A) was dominated by
a decarboxylation loss, yielding a prominent [M−H−CO2]− ion (m/z 777.4104), while
compound 168 (Figure 9B) mainly showed the rearrangement loss of [M−H−CH2O]−

(m/z 791.3825) of the hydroxymethyl group. Further analysis revealed that their respec-
tive aglycone ions, generated after deglycosylation, continued these trends in secondary
fragmentation: the aglycone from compound 167 underwent further CO2 loss, while that
from compound 168 underwent further CH2O loss. Based on these fragmentation sig-
nals, compound 167 was tentatively identified as Licorice saponin H2, which contains
a carbonyl group at the C-11 position of its aglycone core, while compound 168 was
putatively annotated as Licorice saponin K2, which contains a hydroxymethyl group at
the C-4 position [41].
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Figure 9. The MS1 (a) and MS2 spectra (b) of the two isomers. (A) For licorice saponin H2, and
(B) for licorice saponin K2.

2.2.3. Characterization of Monoterpene Glycoside Constituents in HQD

Monoterpene glycosides are the most important type of active components in the
medicinal herb PL of HQD. Pharmacological studies have shown that PL has multiple
pharmacological effects, including anti-atherosclerosis, anti-diabetes, and anti-tumor activi-
ties [42]. Paeoniflorin and galloylpaeoniflorin are representative monoterpene glycosides
found in PL, which are used to illustrate the identification process.

The precursor ion [M−H]− with an m/z of 479.1561 was detected at 2.62 min,
yielding fragment ions at m/z 449.1455, 327.1084, and 165.0487. The product ion
m/z 449.1455 was determined to have the molecular formula C22H26O10, indicating a
loss of 30 Da compared to the precursor ion, which suggested the elimination of a molec-
ular CHOH from the glucose moiety. Subsequent fragmentation involved the loss of a
benzoyl group, resulting in the formation of the ion at m/z 327.1084. The characteris-
tic product ion at m/z 165.0487 was inferred to be [M−H−CH2O−Benzoyl−C6H10O5]−,
and this fragment originated from the pinane basic framework intrinsic to the monoter-
pene glycosides (Figure 10A). It showed similar fragmentation pathways with reference
standard paeoniflorin [43]. Therefore, we defined the compound as paeoniflorin. The
precursor ion peak of the compound with a RT of 3.53 min is m/z 631.1666 [M−H]−.
Based on the elemental composition, its possible molecular formula is inferred to
be C30H32O15. Furthermore, the fragment ions are generated from the parent ion
through the sequential loss of neutral fragments: m/z 509.1303 [M−H−C7H6O2]−,
313.0561 [M−H−C7H6O2−C10H12O4]−, 255.0662 [M−H−C7H6O2−C10H12O4−C2H2O2]−,
169.0137 [M−H−C7H6O2−C10H12O4−C2H2O2−C3H2O3]− were observed. The fragment
ions are assigned as follows: the ion at m/z 509.1303 [M−H−C7H6O2]− is generated from
the parent ion by the loss of a benzoic acid. Subsequently, the further loss of the pinane
nucleus yields the fragment ion at m/z 313.0561 [M−H−C7H6O−C10H12O4]−. The galloyl
glucose residues then undergo cleavage and rearrangement, losing a molecule of C2H2O2

to produce the fragment at m/z 225.0662 [M−H−C7H6O2−C10H12O4−C2H2O2]−. Finally,
the loss of a molecule of C3H2O3 produces the characteristic gallic acid fragment ion at
m/z 169.0137 [M−H−C7H6O2−C10H12O4−C2H2O2−C3H2O3]−. Based on its characteris-
tic secondary fragmentation data and mass spectral behavior, compound 26 was identified
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as galloylpaeoniflorin [43]. The fragmentation pathway in negative ion mode is shown
in Figure 10B.

 
Figure 10. The MS1 (a), MS2 spectra (b) and characteristic fragmentation pathways (c) of paeoniflorin
(A) and galloylpaeoniflorin (B).

2.2.4. Characterization of Organic Acids Constituents in HQD

Organic acids, as core components of natural products, not only participate in energy
metabolism within biological systems but also exhibit a variety of bioactivities, including
antioxidant, antibacterial, and anti-inflammatory functions [44]. The presence of charac-
teristic functional groups such as carboxyl and hydroxyl groups within their molecular
structures results in distinct fragmentation patterns during mass spectrometric analysis,
including the elimination of carboxyl groups and the cleavage of aromatic ring moieties.
These characteristic fragmentation pathways are not only valuable for compound identifi-
cation but also provide crucial insights into the mechanisms underlying their bioactivities.
The p-Hydroxybenzene propanoic acid was used to illustrate the identification process
(Figure 11). The precursor ion [M−H]− observed at m/z 165.0556 at 2.40 min, yields a
characteristic fragment ion at m/z 121.0293 through the loss of CO2 (44 Da). This decarboxy-
lation is a characteristic fragmentation pathway for aromatic carboxylic acids [45]. Based
on this fragmentation pattern, together with retention time and literature comparison,
compound 7 was putatively annotated as p-hydroxybenzene propanoic acid.

Figure 11. The MS1 (a), MS2 spectra (b) and characteristic fragmentation pathways (c) of p-
Hydroxybenzene propanoic acid.
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3. Discussion
The off-line 2D LC and UHPLC-QTOF/MS strategy established in this study effec-

tively overcame the challenge in comprehensive component profiling of complex traditional
Chinese prescription HQD—the masking of trace components by dominant constituents.
It is worth noting that the off-line 2D LC and UHPLC-QTOF/MS strategy proposed in
this study offers significant advantages for elucidating the comprehensive chemical profile
of complex TCPs characterized by complex compositions and large disparities in compo-
nent content. However, its application may be limited for samples that already exhibit
sufficient detection sensitivity using conventional injection analysis. Compared with the
traditional analytical strategy, this strategy significantly improved the detection sensitivity
of trace components, successfully identifying 192 compounds, including 88 flavonoids,
80 triterpenoids, 7 monoterpene glycosides, 3 fatty acid amides, 3 phenylethanoid glyco-
sides, 4 coumarins, 3 saccharides, 1 organic acid, and 3 others, a substantial supplement
from previous studies. The identification of these compounds provides a foundation for
understanding the chemical basis of HQD’s pharmacological activities. However, it was
important to acknowledge the limitations and confidence levels associated with these iden-
tifications. Following the MSI guidelines, of the 192 compounds characterized in this study,
11 compounds were identified at confidence Level 1 through comparison with reference
standards using retention time and MS/MS fragmentation pattern matching. A total of
146 compounds were assigned Level 2.1 based on matching with publicly or commercially
available MS/MS spectral libraries, while 15 compounds were assigned Level 2.2 based on
characteristic product ions and neutral losses, supported by structure elucidation tools and
network analysis. While Level 2 identifications provided valuable information for chemical
profiling, they should be considered tentative pending confirmation with certified reference
standards.

It was noteworthy that this study successfully differentiated some isomeric compounds
in HQD based on characteristic mass spectrometric fragmentation ions and differences
in reversed-phase chromatographic retention behavior. By elucidating the cleavage rules
of positional isomers of functional groups and glycosyl linkage positions in flavonoid
glycosides, some flavonoid glycoside isomers in HQD were distinguished. Specifically,
7-O-glycosides underwent direct heterolytic cleavage of the glycosidic bond due to the
absence of a neighboring proton source, characterized by the neutral loss of 176 Da, whereas
8-O-glycosides, through intramolecular proton transfer driven by the adjacent phenolic
hydroxyl group, triggered a sugar ring rearrangement leading to the preferential neu-
tral loss of 148 Da. The flavanone glycosides are typically characterized by the RDA
cleavage, resulting in the characteristic fragment ion m/z 135 [C8H7O2]−. The chalcone
glycosides are typically characterized by the β-fragmentation and rearrangement of the
enone framework, generating the characteristic ion m/z 147 [C9H7O2]−. The triterpenoid
saponins in HQD were primarily represented by oleanane-type pentacyclic triterpenoid
saponins derived from GRR. Different isomers could be inferred by observing charac-
teristic fragmentation pathways of their aglycones, such as decarboxylation (−CO2) and
hydroxymethyl rearrangement loss (−CH2O) [46]. These regularities provided support
for clarifying the complex component groups in HQD. However, for those isomeric pairs
that exhibited highly similar fragmentation pathways or lacked characteristic fragment
ions, definitive characterization and identification could not be achieved with the current
methodology. Future research could integrate additional orthogonal techniques to address
this challenge.

The comprehensive chemical profiling conducted in this study provided a solid foun-
dation for understanding the “holistic view” and synergistic effects underlying HQD.
The results demonstrated that the chemical constituents of HQD were predominantly
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flavonoids and triterpenoids. Among these, albiflorin, paeoniflorin, baicalin, wogonoside,
wogonin, baicalein, and glycyrrhizic acid were identified as the seven principal components
with the highest content, confirmed at MSI Level 1. Flavonoids exhibited significant anti-
inflammatory, antibacterial, and antioxidant activities, contributing to heat-clearing and
detoxification, while triterpenoids displayed anti-inflammatory and immunomodulatory
functions. Beyond these major constituents, the pharmacological significance of many
trace components identified in this study warrants consideration. For example, fatty acid
amides are known to function as endogenous signaling molecules with anti-inflammatory
and immunomodulatory properties [47–49]. Specifically, stearamide (compound 187)
modulates membrane stability and immune function through mechanisms distinct from
flavonoid-mediated COX-2 inhibition. Erucamide (compound 191) exhibits significant
antisecretory effects in intestinal models, while also upregulating anti-inflammatory cy-
tokines (IL-6, TNF-α) in myeloid cells, thereby complementing the anti-inflammatory
actions of baicalin and glycyrrhizic acid. Docosanamide (compound 192) has been char-
acterized as an angiogenic lipid with potential roles in tissue repair, aligning with HQD’s
cooling-blood effects. Although present at low abundance, these fatty acid amides may
contribute to the formula’s heat-clearing and detoxifying effects through mechanisms
distinct from those of the major flavonoids and triterpenoids. Similarly, trace phenolic
acids, such as p-hydroxybenzene propanoic acid (compound 7), have been reported to
exhibit antioxidant and anti-inflammatory activities [50,51], potentially augmenting the
overall efficacy of HQD. Collectively, the chemical components of HQD exhibit substantial
diversity, ranging from abundant flavonoids and triterpenoids to trace fatty acid amides
and phenolic acids. The complexity of their functional networks underpins the multi-target
integrated regulation achieved through the emperor-minister-adjuvant-courier compati-
bility principle. This compositional and mechanistic complexity constitutes the basis for
the core efficacy of the prescription in clearing heat, drying dampness, cooling blood, and
relieving diarrhea.

4. Materials and Methods
4.1. Reagents, Chemicals, and Plant Materials

LC/MS-grade acetonitrile, formic acid and HPLC-grade acetonitrile were purchased
from Thermo Fisher Scientific (Thermo Fisher, Waltham, MA, USA). Distilled water was
obtained from Watson’s Food & Beverage Co., Ltd. (Guangzhou, China). Other analytical-
grade reagents were procured commercially from Sinopharm Chemical Reagent Co., Ltd.
(Beijing, China).

SR, PL, GRR, and JF were sourced from Shanxi, Inner Mongolia, and Shandong
respectively, with batch numbers 2309044, 2312075, 2304043, and 2401124 in sequence.
A total of 11 compounds (purity > 98%), involving baicalin (1), baicalein (2), wogonin (3),
wogonoside (4), oroxylin A (5), apigenin (6), liquiritin (7), glycyrrhizic acid (8), paeoniflorin
(9), albiflorin (10), galloylpaeoniflorin (11) used as the reference compounds were purchased
from Shanghai yuanye Bio-Technology Co., Ltd. (Shanghai, China) or Shanghai Acmec
Biochemical Technology Co., Ltd. (Shanghai, China).

4.2. Preparation of Sample Solutions

The SR, PRR, GRR, and JF were ground to a fine powder (<40 mesh). Precisely
weighed quantities of 12 g of SR powder, 8 g of PRR powder, 8 g of GRR powder, and
8 g of JF powder were placed in a 250 mL round-bottom flask. Eight times the weight
of the powders of 50% ethanol (v/v) was added, and the mixture was subjected to heat-
ing reflux extraction once for 2 h. After filtration, the residue was then subjected to a
second heating reflux extraction with eight times the weight of the powders of 50% ethanol
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for 2 h, and the two filtrates were combined. The extracted solution was then concentrated
under reduced pressure (maintaining a temperature below 45 ◦C) until a dry residue was
obtained. Subsequently, 100 mg of the concentrated extract was re-dissolved in 5 mL of
50% ethanol, filtered through a 0.22 µm filter, and the resulting filtrate was collected for
further analysis.

4.3. Sample Preparation

The 1D LC system used in this work was the Thermo Scientific Vanquish Core Analyt-
ical Purification System (Thermo Fisher Scientific, USA), which integrates a valve-based
VFC into the high-performance Vanquish Core HPLC platform. The integrated platform
enables the execution of a complete workflow—from method development and sample
analysis to target fraction collection—within a single system. First, the elution conditions
were systematically optimized to ultimately establish the following preparative conditions:
an Agilent ZORBAX SB-C18 column (4.6 mm × 250 mm, 5 µm) was employed for separa-
tion, with the column oven temperature maintained at 35 ◦C. The mobile phase consisted
of eluent A (0.1% formic acid in water) and eluent B (0.1% formic acid in acetonitrile),
utilizing a gradient program as follows: 0−10 min, 15−20% B; 10−15 min, 20−23% B;
15−45 min, 23−23% B; 45−50 min, 23−35% B; 50−70 min, 35−35% B; 70−74 min,
35−95% B; 74−76 min, 95−95% B; 76−77 min, 95−15% B; and 77−80 min, 15−15% B,
with a flow rate of 1.0 mL/min. The autosampler was set at 18 ◦C for optimal perfor-
mance. The injection volume was 100 µL, the injection was repeated 45 times, and the
UV detection wavelengths were set at 210 nm and 365 nm. The CAD operated with a
collection frequency of 10 Hz, an evaporation temperature of 35 ◦C, and a filter time of 1 s.
The chromatographic peaks with RTs of 8.10−8.75 min, 9.35−9.95 min, 24.20−25.50 min,
31.75−32.75 min, 37.5−39.00 min, 44.50−46.50 min, and 65.00−66.00 min were removed.
The sample eluent was collected and simultaneously concentrated to dryness under reduced
pressure, with the distillation temperature controlled not to exceed 45 ◦C, re-dissolved in
50% ethanol, filtered through a 0.22 µm filter, and the subsequent filtrate was obtained.

4.4. UHPLC-Q-TOF/MS Analysis Conditions

The 2D UHPLC-Q-TOF/MS analysis was performed using the Waters ACQUITY
UPLC system equipped with Synapt G2-S mass spectrometry (Waters Corp., Milford, MA,
USA). A Waters ACQUITY BEH C18 column (2.1 × 100 mm, 1.7 µm, USA) maintained
at 35 ◦C was used for chromatographic separation. The mobile phase system comprised
water with 0.1% formic acid (A) and acetonitrile (B), with a 0.4 mL/min flow rate. The
gradient was set as follows: 0–2 min, 5–21% B; 2–11 min, 21–32% B; 11–20 min, 32–42% B;
20–23 min, 42–80% B; 23–25 min, 80–95% B; 25–27 min, 95–95% B; 27–28 min, 95–5% B;
28–30 min, 5–5% B. The autosampler temperature was set at 18 ◦C. The injection volume
was 1 µL.

High-accuracy mass spectrometric data were recorded using the QTOF mass spec-
trometer in both positive and negative electrospray ionization (ESI) modes employing
the MSE. The LockSpray ion source was configured with optimized parameters: mass
range of m/z 100–1200, scan time of 0.2 s, source temperature set to 120 ◦C, desolva-
tion gas temperature at 450 ◦C, cone gas flow (N2) of 50 L/h, desolvation gas flow (N2)
at 850 L/h, cone voltage at 30 V, and capillary voltage of 3.0 kV for positive ion mode
and −2.5 kV for negative ion mode. In MSE mode, the low collision energy was set to
6.0 eV, with the high collision energy ramp ranging from 35 to 55 eV for ESI+ analysis and
30 to 50 eV for ESI− analysis. Ultra-high purity argon (Ar, purity ≥ 99.997%) was used as
the collision-induced dissociation (CID) gas for all MS/MS experiments. To ensure mass
accuracy and reproducibility, leucine-enkephalin was utilized as the lock mass, with m/z
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values of 556.2766 in positive ion mode and 554.2620 in negative ion mode, respectively.
The mass spectrometer was operated at a working resolution of 50,000~60,000 FWHM (full
width at half maximum) for both positive and negative ion modes.

4.5. Date Processing and Analysis

The acquired MS data were analyzed using Masslynx (Version 4.1, Waters Corp.), while
UHPLC-CAD data were processed with Chromeleon 7 software (Version 4.1 Thermo Fisher
Scientific, USA). An in-house database was established to compile the primary published
phytochemical constituents (including compound name, molecular formula, exact mass,
structure, and MS fragmentation) found in the four herbs of HQD. This was accomplished
by exploring the TCMID platform (https://ngdc.cncb.ac.cn/databasecommons/database/
id/437, accessed between 5 November 2025 and 30 December 2025), TCMSP databases
(https://www.tcmsp-e.com/load_intro.php?id=43, accessed between 5 November 2025
and 30 December 2025), and supplemented by the relevant literature from PubMed, Web
of Science, and CNKI (https://www.cnki.net/, accessed between 5 November 2025 and
30 December 2025). The fragment ion information obtained from reference standard
analysis was summarized, and the structurally relevant fragments were designated as
characteristic fragments and neutral loss fragments, respectively. The adduct ions were set
as [M−H]−, [M−H2O−H]−, and [M+HCOO]− in negative ion mode, while [M+H]+ and
[M+Na]+ were used in positive ion mode.

The confidence levels for the characterization of these components are defined accord-
ing to the MSI as follows: Level 1: structure confirmed by comparison with a standard; 2.1:
structure annotated based on publicly or commercially available MS/MS spectral libraries;
2.2: structure putatively annotated using characteristic product ions and neutral losses,
supported by structure elucidation tools and network analysis.

5. Conclusions
This study developed and applied an off-line 2D LC and UHPLC-QTOF/MS strat-

egy for the in-depth chemical profiling of HQD, a complex TCP characterized by di-
verse constituents and significant variations in component content. This strategy en-
abled the characterization of 192 compounds in HQD, including 88 flavonoids, 80 triter-
penoids, 7 monoterpene glycosides, 3 fatty acid amides, 3 phenylethanoid glycosides,
4 coumarins, 3 saccharides, 1 organic acid, and 3 others. Compounds were classified
according to MSI confidence levels, with 11 compounds confirmed at Level 1 using ref-
erence standards, 146 annotated at Level 2.1 via spectral library matching, and 15 pu-
tatively annotated at Level 2.2 based on characteristic fragmentation patterns. While
99 compounds could be identified using a traditional analytical strategy, our approach
enabled the detection of 192 peaks in the base peak chromatogram. Notably, this study suc-
cessfully differentiated isomers of flavonoid glycosides and triterpenoid saponins based on
their diagnostic fragmentation behaviors. Flavonoid glycoside isomers were distinguished
by characteristic neutral losses, while flavanones and chalcones were identified through
RDA cleavage and β-rearrangement, respectively. Furthermore, isomers of triterpenoid
saponins were inferred via aglycone-specific fragmentation pathways.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/separations13040110/s1. Figure S1: The UHPLC-CAD
chromatograms of HQD. (A): the injection volume is 1 µL, and the response signal has not undergone
amplification processing, (B): the injection volume is 1 µL, and the response signal has undergone
amplification processing, (C): the injection volume is 10 µL, and the response signal has under-
gone amplification processing; Figure S2: Optimization of chromatographic conditions for HQD.
(A) Comparison of different chromatographic columns (a for YMC-Triart C18, b for NanoChrom
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ChromCore Phenyl, c for COSMOSIL 5C18-AR-II, d for Agilent ZORBAX SB-C18). (B) Comparison
of elution conditions on an Agilent ZORBAX SB-C18 column (c for the optimal elution condition).
The main seven constituents are indicated by red dots in Figure S3. The number of annotated com-
pounds of HQD in the UHPLC-Q-TOF/MS chromatogram before and after 1D LC system processing;
Figure S4. Comparison of Q-TOF peak areas for trace-level components 19, 21, 49, 63, 76, 93, 101,
130, and 175 of different structural types before and after 1D LC system processing; Figure S5. The
prepared chromatogram of the sample’s repeated injection in the 1D LC system. Table S1. Iden-
tification of 192 compounds in HQD by UHPLC-QTOF/MS in positive and negative ion modes;
Table S2. Relative standard deviations (RSDs) of retention times (RTs) and peak areas for peaks 1~7
in replicate injections. Table S3. Stability recovery of representative compounds during repeated
injections and concentration.
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Abbreviations
The following abbreviations are used in this manuscript:

TCPs traditional Chinese prescriptions
TCM traditional Chinese medicine
HQD Huangqin decoction
SR Scutellariae Radix
PRR Paeoniae Radix Rubra
GRR Glycyrrhizae Radix et Rhizoma
JF Jujubae Fructus
CAD charged aerosol detector
VFC vanquish fraction collector
UV ultraviolet

UHPLC-Q-TOF/MS
ultra-high performance liquid chromatography-quadrupole time-of-flight
mass spectrometry

ESI electrospray ionization
BPI base peak ion
RT retention time
CID collision-induced dissociation
FWHM full width at half maximum
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