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Abstract

This study aimed to establish a rapid analytical method for the determination of 69 pesticide
residues in Platycodonis Radix using GC-MS/MS and UHPLC-MS/MS, as well as carry
out a dietary risk assessment on 42 batches of Platycodonis Radix samples collected from
different geographical origins. Samples were prepared using the QuEChERS method,
followed by high-speed centrifugation and membrane filtration, and the target pesticides
were analyzed in selected reaction monitoring (SRM) mode via GC-MS/MS and in multiple
reaction monitoring (MRM) mode via UHPLC-MS/MS. Among the 42 tested batches
of Platycodonis Radix samples, 3 out of 27 pesticide compounds were detected via GC-
MS/MS screening, while only 1 pesticide compound was positive from the 42 compounds
determined via UHPLC-MS/MS, and the risk assessment results demonstrated that both
chronic and acute dietary exposure risks of all detected pesticides were considerably lower
than 1.

Keywords: pesticide residues; Platycodonis Radix; QuEChERS; GC-MS/MS; UHPLC-
MS/MS; risk assessment

1. Introduction

Platycodon grandiflorus (Jacq.) A. DC. (PG) is predominantly distributed across East
Asia, including China, Korea, and Japan, and has also been introduced into cultivation in
certain regions of Europe and North America [1]. Originating in China, wild populations of
PG are widely distributed in Guangdong, Guizhou, Yunnan, Sichuan, and other provinces.
Platycodonis Radix is the dried root of PG [2]. This broad geographical distribution has led
to the classification of two primary varieties: Northern and Southern Platycodonis Radix [3].
At present, the core producing areas are concentrated in Chifeng (Inner Mongolia), Bozhou
(Anhui), Zibo (Shandong), Shangluo (Shaanxi), and Song County in Luoyang (Henan) [4].
As a classical medicinal and edible herb, Platycodonis Radix holds significant value in both

Foods 2026, 15, 1835 https://doi.org/10.3390/foods15111835
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clinical therapy and the production of health-promoting foods. Modern pharmacological
studies have not only validated its traditional antitussive and expectorant effects [5] but
also elucidated its multifarious pharmacological activities, including anti-inflammatory [6],
antioxidant [7], immunomodulatory [8], hepatoprotective [9], and antitumor properties [10].
In clinical practice, it is frequently employed in compound formulations for the treatment
of respiratory diseases such as chronic bronchitis, pharyngitis, and pneumonia. More-
over, it exhibits certain therapeutic potential in the management of digestive disorders,
cardiovascular diseases, and as an adjuvant in cancer therapy [11]. Furthermore, owing to
its distinctive flavor and nutritional profile, Platycodonis Radix has been developed into
a variety of commercial products in the food industry, including health-promoting teas,
functional candies, fermented pickles, and functional beverages [12]. Nevertheless, with
escalating market demand and the depletion of wild resources, artificial cultivation has
become the primary means of supplying this herb for commercial purposes.

Platycodonis Radix exhibits a relatively prolonged growth cycle and thrives in moist
soil conditions, yet remains susceptible to various pests and diseases during cultivation.
Predominant diseases include root rot caused by Fusarium solani, leaf spot induced by
Alternaria spp., and powdery mildew resulting from Erysiphe cichoracearum. Common
insect pests encompass aphids, cutworms, and wireworms, among others [13]. To effec-
tively manage these biotic stressors and ensure yield stability, growers frequently employ
chemical pesticides such as organophosphates, pyrethroids, and triazoles. Although chemi-
cal interventions can rapidly suppress pest and disease outbreaks, excessive or improper
application often leads to elevated pesticide residues in the plant material. This not only
compromises the quality of the medicinal herb but also poses potential health risks to
consumers through dietary exposure [14]. Consequently, pesticide residue has emerged
as a critical factor constraining its safe utilization and the sustainable development of the
Platycodonis Radix industry.

In the field of pesticide residue analysis, major international pharmacopeias such as
the European Pharmacopoeia (EP 11.0) and the United States Pharmacopoeia (USP 46) have
systematically established maximum residue limit standards (MRLs) for over 120 pesticides,
including organophosphates, organochlorines, pyrethroids, and neonicotinoids [15]. Glob-
ally recognized MRLs specifically applicable to Platycodonis Radix are still lacking. The
2025 edition of the Pharmacopoeia of the People’s Republic of China sets general MRLs for
47 banned pesticides, including relevant metabolites and isomers, which are applicable to
common herbal medicines. However, specific residue limits for routine quality supervision
of Platycodonis Radix remain limited, underscoring the need for reliable multi-residue
analytical methods to support comprehensive quality and safety evaluation.

The advancement of modern instrumental analysis technologies has significantly pro-
pelled the detection of pesticide residues in traditional Chinese medicines toward higher
sensitivity, selectivity, and throughput. In terms of sample preparation, the QuEChERS
method has emerged as the mainstream choice for multi-pesticide residue extraction and
cleanup in complex matrices, owing to its simplicity, rapidity, and cost-effectiveness, mak-
ing it particularly suitable for high-lipid and multi-interference herbal matrices [16]. At
the detection level, GC-MS/MS and UHPLC-MS/MS have become core techniques for
the quantitative analysis of pesticide residues in medicinal plants. Recent years have
witnessed continuous improvements in their detection sensitivity and multi-component
simultaneous analysis capabilities. For instance, Hu et al. employed UHPLC-MS/MS to
successfully achieve the simultaneous separation and quantification of 30 pesticides in
Astragalus [17]. In a study on Coix Seed, Huang et al. established a non-targeted screening
method based on UHPLC-MS/MS, which, through matching with a database containing
1608 compounds, identified 39 potential pesticide residues, further validating the applicabil-
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ity of this technology for multi-residue screening in rhizome-based medicinal materials [18].
GC-MS/MS demonstrates distinct advantages in detecting non-polar and volatile pesticides
and is often used complementarily with UHPLC-MS/MS. In research on pesticide residues
in Ginseng, Xu et al. utilized a combined GC-MS/MS and UHPLC-MS/MS approach to
systematically elucidate the migration and transformation patterns of 30 pesticides during
processing, demonstrating that the combined use of both techniques enables comprehen-
sive coverage of pesticide residue analysis in traditional Chinese medicines [19]. These
analytical systems, refined through years of research and validation, have established
standardized protocols for rhizome-based medicinal materials such as Astragalus, Ginseng,
and Coix Seed, exhibiting good accuracy, reproducibility, and high technical maturity.

Previous studies on pesticide residue analysis in Platycodonis Radix have faced certain
limitations. Conventional sample preparation techniques, such as gel permeation chro-
matography (GPC) and solid-phase extraction (SPE) [20,21], have been used for pesticide
residue analysis in complex matrices. However, these procedures may require additional
cleanup steps, longer processing time, or greater solvent and material consumption, which
can limit their convenience for high-throughput multi-residue analysis. Many previous
studies have relied on a single analytical platform, such as GC-MS/MS, GC-IT-MS, or
GC-FPD, and often focused on a limited subset of pesticide classes, which may restrict the
coverage of pesticides with diverse physicochemical properties [22]. These challenges can
be further influenced by the complex chemical composition of Platycodonis Radix, which
contains polysaccharides, saponins, inulin, and various secondary metabolites, potentially
causing matrix effects during extraction and detection, and thereby affecting the perfor-
mance of conventional sample preparation and single-platform analyses for multi-class
pesticide residue determination.

Based on the aforementioned technological context and practical regulatory needs,
this study systematically selected 69 prohibited pesticides as target analytes, covering
multiple categories such as organochlorines and organophosphates, with reference to
literature reports and pharmacopeial standards. A validated analytical workflow for multi-
pesticide residues in Platycodonis Radix was established using a conventional QuEChERS
sample preparation procedure. Previous studies have reported [23] the applicability of
QuEChERS-based procedures for multi-residue pesticide analysis in various root and
rhizome medicinal herbs; therefore, this procedure was selected in this study based on
its reported applicability and operational convenience for complex plant matrices. This
pretreatment method was further combined with GC-MS/MS and UHPLC-MS/MS. No-
tably, the two instrumental platforms were applied in a complementary manner, with
distinct and non-overlapping target compounds, allowing full utilization of their respective
applicability: GC-MS/MS for volatile and semi-volatile pesticides and UHPLC-MS/MS for
polar and thermolabile compounds. The analytical method developed in this study can
provide reliable technical means and data support for the scientific selection of high-quality
producing areas, standardized cultivation management, and whole-process quality control
of Platycodonis Radix. Furthermore, it offers a technical basis for quality and safety supervi-
sion of Platycodonis Radix and related medicinal and edible products, thereby contributing
to the advancement of the traditional Chinese medicine industry toward standardization,
regulation, and sustainable development.

2. Materials and Methods

2.1. Chemicals and Reagents

Acetonitrile and methanol (HPLC grade) were acquired from MREDA Inc. (Beijing,
China). Formic acid (HPLC grade) was obtained from Macklin Biochemical Technology Co.,
Ltd. (Shanghai, China). Glacial acetic acid (analytical grade) was sourced from Shanghai
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Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Organic microporous membranes
(0.22 μm) were acquired from ANPEL Laboratory Technologies Inc. (Shanghai, China).

The QuEChERS dSPE kits used in this study were specifically designed for pesticide
residue analysis in traditional Chinese medicinal materials according to the Chinese Phar-
macopoeia. The kits, purchased from ANPEL Laboratory Technologies (Shanghai, China),
included the SBEQ-CA8115-BZ dSPE extraction kit (AOAC 2007.01), with each unit contain-
ing 6 g magnesium sulfate (MgSO4) and 1.5 g sodium acetate (NaAc), and SBEQ-CA8773-25
Pharmacopoeia-oriented dSPE dispersive SPE purification tubes, each containing 900 mg
MgSO4, 300 mg PSA (primary secondary amine), 30 mg C18, 30 mg graphitized carbon
black (GCB), and 300 mg silica (Si). A Platycodonis Radix blank matrix (P/N 63102) was
purchased from Shanghai Standard Technology Service Co., Ltd. (Shanghai, China).

2.2. Sample Collection

Platycodonis Radix samples were collected from major cultivation bases in China. A
total of 42 samples were obtained from 9 different origins, and the specific information is
listed in Table S1. All collected medicinal materials were peeled, dried in a far-infrared
drying oven at 50 ◦C, ground, sieved with a No. 3 sieve, and stored in a dry place for
further use.

2.3. Sample Preparation

The extraction procedure was performed using the QuEChERS method. Specifically,
3 g of pulverized Platycodonis Radix was accurately weighed into a 50 mL polypropylene
centrifuge tube. Thereafter, 15 mL of 1% (v/v) glacial acetic acid solution was added, and the
mixture was vortex-mixed for 1 min and allowed to stand for 30 min. Subsequently, 15 mL
of acetonitrile was introduced, followed by vortex mixing and mechanical shaking for 8 min
at 300 strokes/min to ensure complete sample homogenization. A QuEChERS extraction
salt packet (containing MgSO4 and NaAc) was then added and manually dispersed, and
the tube was vigorously shaken for 6 min under the same oscillation conditions.

The mixture was subsequently left to cool in an ice bath for 10 min and then centrifuged
at 4000× g for 5 min at 4 ◦C. A 9 mL aliquot of the supernatant was transferred into a dSPE
cleanup tube. The mixture was vortexed for 1 min and shaken vigorously for 8 min at
300 strokes/min. After centrifugation under the same conditions (4000× g, 5 min, 4 ◦C),
5 mL of the purified supernatant was transferred to a 10 mL glass tube and concentrated to
approximately 0.4 mL under a gentle stream of nitrogen in a 40 ◦C water bath. The residue
was reconstituted to 1 mL with acetonitrile and filtered through a 0.22 μm nylon syringe
filter into an autosampler vial prior to chromatographic analysis.

2.4. Preparation of Stock and Working Solutions

A 1 mL aliquot of the mixed standard solution containing 69 pesticides (concentration
range: 4–20 μg/mL) was accurately pipetted into a 20 mL volumetric flask. The solution
was diluted to the mark with acetonitrile and thoroughly mixed. The resulting working
standard solution was stored at −25 ◦C until further use.

2.5. GC-MS/MS Analyses

GC-amenable pesticides were determined using a Thermo Scientific TSQ 8000 triple
quadrupole mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled
with a Trace 1310 gas chromatograph and equipped with a TriPlus RSH autosampler
(Thermo Fisher Scientific, Waltham, MA, USA). Chromatographic separation was achieved
using a TG-17Sil MS capillary column (30 m × 0.25 mm, 0.25 μm, Thermo Scientific,
USA). The column temperature was initially held at 60 ◦C for 1 min and then increased to
170 ◦C at a rate of 30 ◦C/min, followed by a gradual rise to 230 ◦C at 2 ◦C/min. Finally,
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the temperature was elevated to 300 ◦C at 15 ◦C/min and maintained for 6 min. The total
run time was 45.33 min. High-purity helium (He) was used as the carrier gas, and the
injector temperature was set at 250 ◦C. The sample was introduced in splitless mode with
an injection volume of 1 μL.

The triple quadrupole MS was operated in selected reaction monitoring (SRM) mode
and electron ionization (EI) mode, with the transfer line and ion source temperatures set to
250 ◦C.

2.6. UHPLC-MS/MS Analyses

An Agilent 1290 series II liquid chromatograph coupled with a 6475 triple quadrupole
mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) was employed for the
analysis. Chromatographic separations were performed on a reversed-phase Agilent Zor-
bax Eclipse Plus C18 column (3.0 × 150 mm, 1.8 μm; Santa Clara, CA, USA). Mobile phase
A consisted of 0.1% (v/v) formic acid aqueous solution containing 5 mmol/L ammonium
formate. Mobile phase B was HPLC-grade methanol. A linear binary mobile phase solvent
gradient was used as follows: 80% A at 0 min, 50% A at 2 min, 0% A at 12 min, 0% A at
15 min, and 80% A at 15.1 min. The flow rate, column temperature, and injection volume
were 0.3 mL/min, 40 ◦C, and 1 μL, respectively.

The mass spectrometer was operated using electrospray ionization (ESI) in positive-
and negative-ion modes. The ionization parameters were as follows: capillary voltage:
4 kV; drying gas temperature: 250 ◦C; drying gas flow rate: 7 L/min; sheath gas tempera-
ture: 350 ◦C; sheath gas flow rate: 12 L/min; nebulizer pressure: 350 kPa.

2.7. Pesticide Residue Risk Assessment

Pesticide residue risk was assessed using the hazard index method [24]. The estimated
daily exposure was calculated according to the following equation:

EXP = Ef × Ed × IR × C
AT × BW

(1)

where EXP represents the estimated daily pesticide exposure (mg/kg/bw); Ef (exposure
frequency) was set as 90 days per year based on the P95 percentile from the national food
consumption survey [25]; Ed (exposure duration) refers to the lifetime exposure to herbal
medicine, assumed to be 20 years [26]; IR is the daily intake of herbal material (kg/d)—for
short-term exposure assessment, the maximum daily intake at the P95 percentile (0.01 kg/d)
was applied, while for long-term assessment, the mean daily intake (0.0065 kg/d) was
used, both according to the Platycodonis Radix monograph in the Chinese Pharmacopoeia
2025 edition [2]; C denotes the measured concentration of pesticide residue in the herbal
material (mg/kg); AT (averaging time) was set as 25,550 days, corresponding to a 70-year
lifetime; and BW (body weight) was set at 63 kg.

HQa =
EXPa × SF

ARfD
(2)

where HQa is the acute hazard quotient, where the subscript “a” refers to acute exposure;
EXPa represents the estimated short-term exposure (mg/kg); SF denotes the safety factor
with a standard value of 100; and ARfD (acute reference dose) indicates the maximum
acceptable daily intake for acute exposure (mg/kg).

HQc =
EXPc × SF

ADI
(3)

https://doi.org/10.3390/foods15111835
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where HQc is the chronic hazard quotient, where the subscript “c” refers to chronic expo-
sure; EXPc denotes the estimated long-term daily intake (mg/kg); and ADI (acceptable daily
intake) refers to the maximum acceptable daily intake under chronic exposure (mg/kg).

HI =
n

∑
i=1

HQ (4)

where HQ (hazard quotient) denotes the risk quotient for an individual pesticide residue,
and HI (hazard index) represents the cumulative risk index of multiple pesticide residues,
both of which are utilized for assessing the long-term intake risk of pesticide residues in
herbal medicines.

3. Results and Discussion

3.1. Optimizing the GC-MS/MS Parameters

During the development of the GC–MS/MS method, selected reaction monitoring
mode was employed for analysis [27], in which one quantitative ion pair and two quali-
tative ion pairs were established for each of the 27 target pesticides; the optimized mass
spectrometric parameters are listed in Table 1. The optimized total ion chromatogram
(TIC) is shown in Figure 1. The results demonstrate that SRM mode enabled accurate
identification of pesticides that were chromatographically co-eluted, thereby enhancing the
specificity and reliability of the analytical method.

Table 1. GC-MS/MS parameters for the detection of 27 pesticide compounds.

NO. Pesticides Retention Time (min)
Quantitative Ion Pair and

Collision Energy (V)
Qualitative Ion Pair and Collision Energy (V)

1 2

1 Hexachlorobenzene 9.06 283.9 > 213.9, 32 142.0 > 107.0, 24 285.9 > 250.9, 16

2 α-HCH 9.58 181.0 > 145, 14 111.0 > 75.1, 12 183.0 > 147.0, 14

3 δ-HCH 9.58 181.0 > 145.0, 14 111.0 > 75.1, 12 183.0 > 147.0, 14

4 Terbufos 9.84 231.0 > 128.9, 24 97.0 > 79.0, 14 57.1 > 29.2, 10

5 β-HCH 11.18 181.0 > 145.0, 14 111.0 > 75.1, 12 183.0 > 147.0, 14

6 Heptachlor 12.26 100.1 > 65.1, 12 65.1 > 39.1, 10 271.9 > 236.9, 16

7 γ-HCH 12.68 181.0 > 145.0, 14 111.0 > 75.1, 12 183.0 > 147.0, 14

8 Octachlorodipropyl ether 12.76 79.0 > 49.0, 12 130.0 > 95.0, 22 131.9 > 97.0, 22

9 Aldrin 13.73 66.1 > 65.1, 8 262.9 > 192.9, 30 264.9 > 229.9, 16

10 Parathion-methyl 15.02 109.1 > 79.0, 8 125.0 > 79.1, 8 263.0 > 109.2, 12

11 Dicofol 15.7 139.1 > 111.1, 12 141.0 > 113.0, 12 75.1 > 74.1, 14

12 Oxychlordane 16.35 149.0 > 121.0, 6 115.0 > 87.0, 10 185.0 > 121.0, 10

13 Heptachlor exo-epoxide 17.3 81.1 > 53.1, 10 139.1 > 111.0, 12 236.9 > 142.9, 22

14 trans-Chlordane (γ) 18.68 136.1 > 108.1, 14 121.1 > 93.0, 8 236.9 > 142.8, 24

15 cis-Chlordane (α) 19.41 372.9 > 266.0, 24 236.9 > 118.9, 22 65.2 > 39.1, 10

16 α-Endosulfan 19.65 195.0 > 159.1, 12 170.0 > 99.1, 28 236.9 > 165.0, 26

17 4,4′-DDE 21.72 246.0 > 176.1, 28 176.1 > 150.1, 20 248.0 > 176.0, 32

18 Dieldrin 21.81 79.1 > 77.1, 12 77.1 > 51.1, 12 81.1 > 53.1, 12

19 Endrin 24.26 262.9 > 193.0, 30 139.1 > 111.1, 12 81.1 > 53.1, 10

20 Chlorobenzilate 24.34 139.0 > 111.0, 12 111.0 > 75.1, 12 251.1 > 139.0, 14

21 2,4′-DDT 25.37 235.1 > 165.1, 22 165.1 > 164.2, 18 237.1 > 165.1, 20

22 Nitrofen 25.98 283.0 > 253.1, 10 139.1 > 113.0, 18 63.1 > 62.1, 12

23 4,4′-DDD 26.55 235.0 > 165.1, 22 165.1 > 164.2, 16 237.0 > 165.1, 22

24 β-Endosulfan 26.77 195.0 > 159.0, 10 170.0 > 99.2, 28 236.9 > 165.1, 22

25 4,4′-DDT 28.47 235.0 > 165.1, 22 165.1 > 164.2, 18 237.0 > 165.1, 22

26 Endosulfan sulfate 30.61 271.9 > 236.9, 12 238.9 > 204.1, 10 236.9 > 140.9, 16

27 Mirex 34.57 271.9 > 236.9, 12 236.9 > 118.9, 24 273.8 > 238.7, 16

https://doi.org/10.3390/foods15111835
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Figure 1. GC-MS/MS total ion chromatogram (TIC). The numbers 1–27 indicate the correspond-
ing pesticide compounds listed in Table 1, and the blue leader lines indicate the corresponding
chromatographic peaks.

3.2. Optimizing the UHPLC-MS/MS Parameters

Three columns with different specifications were compared: the ZORBAX Eclipse
Plus C18 column (3.0 × 150 mm, 1.8 μm), Hypersil GOLD C18 column (2.1 × 100 mm,
1.9 μm), and Hypersil GOLD column (2.1 × 150 mm, 3 μm). The results indicate that
the ZORBAX Eclipse Plus C18 column provided the highest separation efficiency with
a sharp peak shape and no apparent tailing or fronting. The mobile phase system was
optimized with reference to the fifth method for pesticide residue determination specified
in the Chinese Pharmacopoeia (2025 Edition), General Chapter 2341. The mobile phase in
the reference method consisted of mobile phase A (0.1% aqueous formic acid containing
5 mmol/L ammonium formate) and mobile phase B (methanol–0.1% aqueous formic acid
containing 5 mmol/L ammonium formate, 95:5, v/v). In this study, we optimized the
mobile phase system by changing mobile phase B to HPLC-grade pure methanol while
maintaining mobile phase A as 0.1% (v/v) aqueous formic acid containing 5 mmol/L
ammonium formate, and adjusting the time program of linear binary gradient elution
(consistent with the gradient program described in Section 2.6).

Under consistent experimental conditions, the optimized mobile phase system (mobile
phase A: 0.1% aqueous formic acid containing 5 mmol/L ammonium formate; mobile
phase B: pure methanol) was evaluated in comparison with the mobile phase system in the
reference method (methanol–0.1% aqueous formic acid containing 5 mmol/L ammonium
formate, 95:5, v/v). The findings demonstrate that the optimized mobile phase system
(with pure methanol as mobile phase B) offered better separation performance and simpler
operation, as it eliminated the need for preparing mixed solutions containing acid and
salts, thereby streamlining the experimental procedure. From the perspective of column
maintenance, pure methanol as mobile phase B may also reduce the risk of salt precipitation
in the organic phase and simplify routine preparation.

The mixed standard stock solution was diluted 20-fold with acetonitrile. Under the
optimized chromatographic conditions described in Section 2.6, full-scan analyses were per-
formed in both positive- and negative-ion modes to identify the precursor ions of the target
compounds. Among them, fipronil and its three metabolites (Fipronil desulfinyl, Fipronil
sulfone, Fipronil sulfide) consistently generated stable [M–H]− ions in full-scan mode and
were therefore analyzed in negative-ion mode. The remaining 38 pesticides were analyzed

https://doi.org/10.3390/foods15111835
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in positive-ion mode. Product ion scanning was then employed to screen characteristic
product ions and explore appropriate collision energy ranges. Further optimization of mass
spectrometric parameters—including fragmentor voltage, collision energy, and product ion
selection—was conducted using multiple reaction monitoring mode. The final optimized
MS parameters are summarized in Table 2. The optimized total ion chromatogram (TIC) is
shown in Figure 2.

Table 2. UHPLC-MS/MS parameters for the detection of 42 pesticide compounds.

NO. Pesticides Retention Time (min)
Quantitative Ion Pair and

Collision Energy (V)
Qualitative Ion Pair and Collision Energy (V)

1 2

1 Methamidophos 3.31 142.0 > 94.0, 80 142.0 > 125.0, 80 /

2 Acephate 3.58 184.0 > 125.0, 60 184.0 > 143.0, 80 /

3 Omethoate 3.74 214.1 > 125.0, 80 214.1 > 183.0, 80 /

4 Aldicarb-sulfoxide 3.84 207.1 > 89.0, 80 207.1 > 132.0, 80 /

5 Aldicarb sulfone 4.11 223.1 > 76.0, 110 223.1 > 86.0, 110 240.1 > 86.0, 110

6 Methomyl 4.54 163.0 > 88.0, 80 163.0 > 106.0, 80 /

7 Monocrotophos 4.66 224.1 > 127.0, 100 224.1 > 193.0, 100 /

8 Phosfolan-methyl 4.78 228.0 > 109.0, 90 228.0 > 168.0, 90 /

9 Chlordimeform 4.85 197.1 > 46.0, 120 197.1 > 89.0, 120 197.1 > 117.0, 30

10 3-Hydroxycarbofuran 5.59 238.1 > 163.0, 80 238.1 > 181.0, 80 238.1 > 220.1, 80

11 Dimethoate 5.82 230.0 > 171.0, 80 230.0 > 199.0, 80 /

12 Phosfolan 6.61 256.0 > 140.0, 100 256.0 > 168.0, 100 256.0 > 228.0, 100

13 Phosphamidon 6.91 300.1 > 127.0, 120 300.1 > 174.0, 120 /

14 Aldicarb 7.00 208.1 > 89.0, 65 208.1 > 116.0, 65 /

15 Metsulfuron-methyl 7.60 382.0 > 167.1, 90 328.0 > 199.0, 90 /

16 Fenamiphos sulfoxide 7.67 320.1 > 171.0, 120 320.1 > 233.0, 120 320.1 > 292.0, 120

17 Fenamiphos sulfone 7.87 336.1 > 188.0, 125 336.1 > 266.0, 125 /

18 Carbofuran 7.89 222.1 > 123.1, 100 222.1 > 165.1, 100 /

19 Chlorsulfuron 8.12 358.0 > 141.0, 120 358.0 > 167.0, 120 /

20 Ethametsulfuron-
methyl 8.36 411.1 > 168.0, 120 411.1 > 196.0, 120 /

21 Phorate sulfoxide 8.81 277.0 > 97.0, 80 277.0 > 143.0, 80 277.0 > 171.0, 80

22 Phorate sulfone 8.97 293.0 > 115.0, 60 293.0 > 171.0, 60 293.0 > 247.0, 60

23 Isocarbophos 9.26 312.0 > 236.0, 100 312.0 > 270.0, 100 /

24 Methidathion 9.66 303.0 > 85.0, 80 303.0 > 145.0, 80 /

25 Demeton 10.01 259.1 > 61.0, 100 259.2 > 89.0, 100 /

26 Terbufos sulfone 10.02 321.0 > 97.0, 120 321.0 > 171.0, 120 /

27 Terbufos sulfoxide 10.06 305.1 > 97.0, 60 305.1 > 187.0, 60 /

28 Isazafos 10.93 314.0 > 120.0, 100 314.0 > 162.0, 100 /

29 Fipronil desulfinyl 11.07 386.9 > 282.0, 100 386.9 > 351.0, 100 /

30 Fipronil 11.33 434.9 > 250.0, 120 434.9 > 330.0, 120 /

31 Ethoprophos 11.34 243.1 > 97.0, 100 243.1 > 131.0, 100 243.1 > 173.0, 100

32 Fipronil sulfide 11.44 418.9 > 262.0, 110 418.9 > 383.0, 110 /

33 Fenamiphos 11.48 304.1 > 202.0, 140 304.1 > 217.0, 140 304.1 > 234.1, 140

34 Parathion 11.66 292.0 > 236.0, 120 292.0 > 264.0, 120 /

35 Fipronil sulfone 11.67 450.9 > 282.0, 135 450.9 > 415.0, 135 /

36 Isocarbophos-methyl 11.75 332.0 > 121.0, 90 332.0 > 231.0, 90 332.0 > 273.0, 90

37 Sulfotep 11.77 323.0 > 97.0, 120 323.0 > 115.0, 120 323.0 > 171.0, 120

38 Coumaphos 12.01 363.0 > 227.0, 120 363.0 > 307.0, 120 /

39 Fonofos 12.13 247.0 > 109.1, 80 247.0 > 137.1, 80 /

40 Phorate 12.43 261.0 > 47.0, 70 261.0 > 75.0, 70 /

41 Cadusafos 12.67 271.1 > 97.0, 80 271.1 > 131.0, 80 271.1 > 159.0, 80

42 Sulfluramid 13.40 526.0 > 169.0, 160 526.0 > 219.0, 160 /

https://doi.org/10.3390/foods15111835
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Figure 2. UHPLC-MS/MS total ion chromatogram (TIC). The numbers 1–42 indicate the correspond-
ing pesticide compounds listed in Table 2, and the blue leader lines indicate the corresponding
chromatographic peaks.

3.3. Method Validation

The method was validated following the SANTE 11312/2021 guideline document
(SANTE/11312/2021, 2021) [28]. Although this guideline is primarily intended for pesti-
cide analysis in food samples, it has been extensively adopted and proven applicable for
similar multi-residue analysis in complex botanical matrices, including traditional Chinese
medicines. Its validation protocols provide a comprehensive and accepted benchmark for
ensuring method reliability. According to the SANTE guideline, a method must be tested
for linearity, extraction recoveries, LODs and LOQs.

3.3.1. Linearity and Limits of Detection and Quantification

Under the optimized chromatographic–mass spectrometric conditions, a series of
matrix-matched standard solutions were prepared by diluting 50, 100, 150, 200, and
500 μL of the 20-fold diluted mixed standard working solution to 1 mL with the blank ma-
trix solution. Matrix-matched calibration curves were constructed by plotting the peak area
(y) against the mass concentration of each target pesticide (x, μg/L), and the corresponding
regression equations were derived.

The limit of detection (LOD) was determined at a signal-to-noise ratio (S/N) of 3,
and the limit of quantification (LOQ) at S/N ≥ 10. The results (Tables 3 and 4) indi-
cate that all 69 pesticides exhibited good linearity within their respective concentration
ranges, with correlation coefficients (R2) greater than 0.99. The LODs ranged from 0.0058 to
2.7933 μg/kg, and the LOQs from 0.0196 to 9.3109 μg/kg, all of which were below the
maximum residue limits specified in the current national standards. These findings demon-
strate that the developed method possesses high sensitivity and is fully suitable for the
trace-level determination of pesticide residues.

https://doi.org/10.3390/foods15111835
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3.3.2. Matrix Effect

In mass spectrometric analysis, the detection of target compounds in complex matrix
samples is susceptible to matrix interference, often manifesting as signal enhancement or
suppression—a phenomenon known as the matrix effect (ME) [29]. To evaluate its impact
on detection outcomes, this study calculated the matrix effect by comparing the slope of
the matrix-matched calibration curve, prepared using blank matrix extract, with that of
the solvent-based (acetonitrile) calibration curve. The intensity of the matrix effect was
classified as follows: an ME value between 20% and 50% indicated a moderate effect, below
20% a weak effect, and above 90% a strong effect [30].

The results demonstrate (Figures 3 and 4) that among the 27 pesticides analyzed via
GC-MS/MS, the matrix effect ranged from 1.83% to 102.76%, with 2 exhibiting a strong
effect, 18 a moderate effect, and 7 a weak effect. For the 42 pesticides analyzed via UHPLC-
MS/MS, the matrix effect ranged from −24.58% to 69.12%, with 17 showing a weak effect
and 25 a moderate effect. To effectively mitigate interference from the matrix effect, all
calibration standards in this experiment were prepared using a blank Platycodonis Radix
matrix free of the target analytes.

Figure 3. Matrix effects of the 27 pesticides detected via GC-MS/MS. The left panel shows the matrix
effect (%) of each pesticide, and the right panel shows the distribution of pesticides across different
matrix-effect ranges.

Figure 4. Matrix effects of the 42 pesticides detected via UHPLC-MS/MS. The left panel shows the
matrix effect (%) of each pesticide, and the right panel shows the distribution of pesticides across
different matrix-effect ranges.

3.3.3. Extraction Recoveries

The accuracy and precision of the method were evaluated through recovery ex-
periments. A 3 g aliquot of blank Platycodonis Radix matrix powder was fortified at
three levels (low, medium, and high), corresponding to 0.5-, 1-, and 2-fold the reporting
limit (RL). For each fortification level, six replicates were prepared according to the pro-
cedure outlined in Section 2.3. As presented in Figures 5 and 6, the recovery rates for
the majority of pesticides fell within the acceptable range of 70% to 120%. Specifically,
the recoveries for all target compounds ranged from 60.05% to 120.44%, with associated
relative standard deviations (RSDs) all below 10%. These data indicate that the method
showed generally acceptable accuracy and good precision.

https://doi.org/10.3390/foods15111835
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Figure 5. Recovery rates of the 27 pesticides (GC-MS/MS) at low, medium, and high spiked levels.
Bars indicate the number of pesticides with recoveries of <70%, 70–120%, and >120%; absence of a
bar indicates zero pesticides in that category.

Figure 6. Recovery rates of the 42 pesticides (UHPLC-MS/MS) at low, medium, and high spiked
levels. Bars indicate the number of pesticides with recoveries of <70%, 70–120%, and >120%; absence
of a bar indicates zero pesticides in that category.

3.4. Application of the Analytical Method

The established method was applied to analyze 42 batches of Platycodonis Radix
samples collected from different origins. The results are presented in Figure 7 and Table 5.

Among the 27 pesticide compounds monitored via GC-MS, 3 were detected:
α-HCH was found in 35 batches at concentrations ranging from 0.035 to 0.14 mg/kg,
1 batch exceeded the ChP MRL (0.1 mg/kg), and 20 batches exceeded the GB 2763 MRL
(0.05 mg/kg). No MRLs are specified by the EU or CAC; oxychlordane was detected
in 32 batches within the range of 0.028–0.44 mg/kg, 12 batches exceeded the ChP MRL
(0.1 mg/kg), and 32 batches exceeded the GB 2763 MRL (0.02 mg/kg). No MRLs are speci-
fied by the EU or CAC; parathion-methyl was identified in 24 batches at levels between
0.0048 and 0.051 mg/kg, 5 batches exceeded the MRLs set by ChP, GB 2763, and the EU
(all at 0.02 mg/kg), while no batches exceeded the CAC MRL (3 mg/kg). Among the
42 pesticides analyzed via UHPLC-MS, only Parathion was detected, present in 19 batches
at concentrations of 0.0076–0.054 mg/kg, 5 batches exceeded the MRLs of ChP and the EU
(both 0.02 mg/kg), 7 batches exceeded the GB 2763 MRL (0.01 mg/kg), and no batches
exceeded the CAC MRL (0.2 mg/kg).

https://doi.org/10.3390/foods15111835
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Figure 7. Residual concentrations of four pesticides in different samples. (A): Heatmap of residual
concentrations. (B): Stacked bar chart of individual component concentrations.

These findings indicate that pesticide residues or pesticide-related environmental
contamination remain present in some Platycodonis Radix samples and producing areas.
Among the detected compounds, α-HCH and oxychlordane belong to the organochlorine
pesticide class. China has historically been a major producer and user of organochlorine
pesticides, which, while effectively improving crop yields, have also significantly con-
taminated soil and water systems [31,32]. In this study, α-HCH and oxychlordane were
detected in the majority of samples, with particularly high concentrations observed in
certain batches (Figure 7). This widespread occurrence suggests that their presence is
likely derived from not only historical agricultural practices but also persistent residual
contamination in the soil and water environments of major Platycodonis Radix-producing
areas, rather than recent direct application.

Notably, the distribution patterns of these pesticides varied among different geograph-
ical origins. Oxychlordane exhibited notably high concentrations in samples from several
origins, with some batches exceeding the regulatory MRL, indicating that the planting envi-
ronments in these regions may have a higher legacy pollution burden from organochlorine
pesticides. Similarly, α-HCH showed widespread but uneven distribution across samples,
with a few batches reaching concentrations close to or above the limit, reflecting regional
differences in historical pollution levels and environmental persistence. In contrast, methyl
Parathion and Parathion were detected in fewer batches and at lower concentrations, but
their presence in multiple origins suggests potential cross-contamination from adjacent
agricultural fields or non-targeted pesticide use during cultivation.

Organochlorine pesticides are highly persistent and bioaccumulative, leading to long-
term retention in human adipose tissue, liver, and other organs with limited metabolic
clearance. Prolonged exposure may elevate the risks of hepatic injury and hematologi-
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cal disorders [33,34]. Methyl Parathion and Parathion are organophosphorus pesticides,
characterized by high acute toxicity but relatively rapid degradation [35]. Their health
hazards are primarily associated with acute neurotoxic effects, including symptoms such
as sweating, tremors, and confusion upon high-dose exposure, which can progress to
respiratory paralysis and even death in severe cases [36].

The uneven distribution of these pesticide residues across different producing areas
highlights the need for origin-specific quality control strategies. Excessive or irrational
pesticide application not only harms the environment and ecosystems but also poses direct
threats to human health, especially considering the long-term medicinal and dietary use
of Platycodonis Radix. Therefore, strengthening, environmental monitoring of historical
pollution in major producing areas, promoting standardized cultivation practices that
minimize cross-contamination, and establishing targeted quality testing protocols for high-
risk origins are crucial steps to ensure the safety of Platycodonis Radix. Concurrently,
enhancing the quality and safety testing services for agricultural products and establishing
a comprehensive quality and safety control system throughout the production chain have
become urgent priorities to reduce dietary exposure risks and ensure the sustainable
development of the Platycodonis Radix industry.

3.5. Risk Assessment

The results indicate (Tables 6 and 7) that the chronic/acute exposure risks for all
pesticides detected were significantly below 1. Therefore, long-term exposure to these
pesticides through the consumption of Platycodonis Radix poses no significant health risk
to humans. Note that MRL exceedance and dietary risk assessment represent different
evaluation perspectives. The former indicates potential non-compliance in quality control,
whereas HI values below 1 suggest that the estimated dietary exposure risk under the
assumed consumption scenarios remains low. This conclusion underscores the overall
safety of the analyzed samples concerning pesticide residues under the current usage
patterns. However, continuous monitoring and adherence to Good Agricultural Practices
(GAPs) remain essential to ensure the sustained quality and safety of herbal materials.
Future studies could expand the risk assessment to include combined exposure effects from
multiple pesticide residues and different consumption scenarios.

Table 6. Acute pesticide residue hazard index.

Pesticides AB NC GL SL HS HT ST HX SZ

α-HCH 0.0045 0.0025 0.0058 0.0042 0.0061 0.0089 0.0000 0.0069 0.0046
Oxychlordane 0.0137 0.0282 0.0074 0.0240 0.0198 0.0087 0.0000 0.0216 0.0334

Parathion-methyl 0.0051 0.0011 0.0168 0.0068 0.0050 0.0083 0.0473 0.0035 0.0062
Parathion 0.0006 0.0048 0.0030 0.0025 0.0026 0.0023 0.0029 0.0016 0.0059

HIa
(a) 0.0238 0.0367 0.0331 0.0376 0.0334 0.0282 0.0502 0.0337 0.0501

(a) HIa, the acute hazard index, is the sum of the hazard quotients (HQs) of all detected pesticides per
producing region.

Table 7. Chronic pesticide residue hazard index.

Pesticides AB NC GL SL HS HT ST HX SZ

α-HCH 0.0053 0.0030 0.0069 0.0050 0.0072 0.0105 0.0000 0.0082 0.0054
Oxychlordane 0.0890 0.2824 0.0742 0.2405 0.1978 0.0872 0.0000 0.2163 0.3339

Parathion-methyl 0.0182 0.0038 0.0601 0.0244 0.0178 0.0297 0.1690 0.0123 0.0221
Parathion 0.0014 0.0118 0.0073 0.0061 0.0063 0.0055 0.0072 0.0040 0.0144

HIc
(a) 0.1139 0.3011 0.1485 0.2760 0.2291 0.1329 0.1762 0.2408 0.3758

(a) HIc, the chronic hazard index, is the sum of the chronic hazard quotients (HQs) of all detected pesticides per
producing region.
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4. Conclusions

This study developed an applicable analytical method for the determination of
69 pesticide residues in Platycodonis Radix using a QuEChERS-based extraction pro-
cedure coupled with gas chromatography–tandem mass spectrometry (GC–MS/MS) and
liquid chromatography–tandem mass spectrometry (UHPLC–MS/MS). The method demon-
strated good linearity over the concentration range of 4–500 ng/mL, with correlation coeffi-
cients (R2) exceeding 0.99 for all target pesticides. The mean recoveries at low, medium,
and high spiked levels ranged from 60.05% to 120.44%, and the relative standard deviations
(RSDs) were between 0.28% and 9.96%. The limits of detection (LODs) and quantification
(LOQs) were 0.0058–2.7933 μg/kg and 0.0196–9.3109 μg/kg, respectively.

The proposed workflow exhibited satisfactory sensitivity, precision, and accuracy and
was suitable for the qualitative and quantitative analysis of the target pesticide residues in
Platycodonis Radix. In the analysis of 42 batches of samples, four pesticides were detected,
and the dietary risk assessment showed that both the acute and chronic hazard index values
were below 1, indicating that the estimated dietary exposure risks were low under the
assumed consumption scenarios. Therefore, this validated workflow may provide a useful
analytical approach for pesticide residue monitoring, quality control, and dietary risk
assessment of Platycodonis Radix. However, several limitations should be acknowledged.
First, the QuEChERS procedure was not systematically optimized in terms of extraction and
cleanup conditions. Second, the present workflow was not directly compared with other
sample preparation methods (e.g., SPE, GPC, and ASE) or other instrumental analytical
methods (e.g., GC-IT-MS and GC-FPD). Further studies involving systematic method
optimization and direct comparison with general/reference methods would be valuable
for more comprehensive evaluations of the relative performance, robustness, and broader
applicability of this workflow.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/foods15111835/s1: Table S1: Platycodonis Radix sample information.
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29. Karaağaçlı, H.; Balkan, T.; Kızılarslan, M.; Kara, K. Pesticide residues in citrus fruits from Türkiye: Assessment of distribution,
matrix effects, and health risks in lemon, mandarin, and orange. J. Food Compos. Anal. 2025, 147, 108091. [CrossRef]

30. Van Eeckhaut, A.; Lanckmans, K.; Sarre, S.; Smolders, I.; Michotte, Y. Validation of bioanalytical LC-MS/MS assays: Evaluation of
matrix effects. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2009, 877, 2198–2207. [CrossRef]

31. Wang, L.; Jia, H.; Liu, X.; Sun, Y.; Yang, M.; Hong, W.; Qi, H.; Li, Y.F. Historical contamination and ecological risk of organochlorine
pesticides in sediment core in north-eastern Chinese river. Ecotoxicol. Environ. Saf. 2013, 93, 112–120. [CrossRef]

32. Guan, Y.; Wang, J.; Ni, H.; Zeng, E.Y. Organochlorine pesticides and polychlorinated biphenyls in riverine runoff of the Pearl River
Delta, China: Assessment of mass loading, input source and environmental fate. Environ. Pollut. 2008, 157, 618–624. [CrossRef]

33. Zhao, L.; Liu, Q.S.J.; Jia, Y.N.; Lin, H.S.; Yu, Y.Y.; Chen, X.M.; Liu, Z.Q.; Li, W.X.; Fang, T.; Jiang, W.B.; et al. The Associations
be-tween Organophosphate Pesticides (OPs) and Respiratory Disease, Diabetes Mellitus, and Cardiovascular Disease: A Review
and Meta-Analysis of Observational Studies. Toxics 2023, 11, 741. [CrossRef] [PubMed]

34. Farkhondeh, T.; Mehrpour, O.; Forouzanfar, F.; Roshanravan, B.; Samarghandian, S. Oxidative stress and mitochondrial
dysfunction in organophosphate pesticide-induced neurotoxicity and its amelioration: A review. Environ. Sci. Pollut. Res.
2020, 27, 24799–24814. [CrossRef]

35. Toniasso, S.d.C.C.; Brum, M.C.B.; Reis, F.L.D.; Sampaio, V.C.; Silva, L.P.d.; Pereira, R.M.; Bertoloto, J.C.F.; Klein, E.N.M.; Kassim,
H.U.; Baldin, C.P.; et al. Association between exposure to pesticides and toxicity in humans: A review. Eur. Rev. Med. Pharmacol.
Sci. 2025, 29, 12–22.

36. Rinsky, J.L.; Richardson, D.B.; Kreiss, K.; Nylander-French, L.; Freeman, L.E.B.; London, S.J.; Henneberger, P.K.; Hoppin, J.A.
Animal production, insecticide use and self-reported symptoms and diagnoses of COPD, including chronic bronchitis, in the
Agricultural Health Study. Environ. Int. 2019, 127, 764–772. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/foods15111835
20



Article

Effects of Hydrocarbons and Ionic Impurities on Foaming and
Purification of UDS Desulfurization Solvent

Haiyang Wen 1,†, Qiyue Zhao 1,†, Yaolin Wang 1, Zhenwu Jiang 1, Yupeng Cui 1, Mengna Xu 1, Chuanlei Liu 1,* and

Hui Sun 1,2,3,*

1 School of Chemical Engineering, East China University of Science and Technology, Shanghai 200237, China;
y30230223@mail.ecust.edu.cn (H.W.); y20220012@mail.ecust.edu.cn (Q.Z.);
wangyaolin341623@163.com (Y.W.); y30230188@mail.ecust.edu.cn (Z.J.); y30230156@mail.ecust.edu.cn (Y.C.);
xumengna2023@163.com (M.X.)

2 International Joint Research Center of Green Energy Chemical Engineering, East China University of Science
and Technology, Shanghai 200237, China

3 Ministry Key Laboratory of Oil and Gas Fine Chemicals, School of Chemical Engineering and Technology,
Xinjiang University, Urumqi 830046, China

* Correspondence: wllwliuchuanlei@163.com (C.L.); sunhui@ecust.edu.cn (H.S.)
† These authors contributed equally to this work.

Abstract

Severe foaming and a significant decrease in desulfurization performance were noted
in a novel UDS solvent applied in a natural gas field in western Sichuan, China. The
effects of hydrocarbon and ionic impurities on foaming behavior and the purification
performance of candidate adsorbents were investigated. An extraction-gas chromatogra-
phy method was established and validated for determining total hydrocarbons in amine
solutions, enabling quantitative evaluation of hydrocarbon contamination. Controlled
contamination experiments revealed that hydrocarbons had the strongest effect on foam-
ing, while sulfate and chloride strongly promoted foam formation; organic acid anions
showed only minor effects. Fixed-bed screening identified A-98FM anion-exchange resin
as the most effective for anionic impurity removal and AC-02 activated carbon as the best
candidate for hydrocarbon purification, with a cumulative adsorption capacity q0–12 of
14.86 mg/g over 12 h. Pore-structure and thermal-release analyses suggested that conven-
tional pore descriptors alone could not fully explain the dynamic purification performance,
while hydrocarbon-related loadings in spent AC-02 occupied accessible pore space and
contributed to performance decay. Treatment of a field-aged UDS lean solvent further
showed that reductions in target impurities were accompanied by lower foam height and
shorter defoaming time. This work provides experimental support for impurity monitoring,
foaming-risk identification, and adsorptive purification of UDS desulfurization solvent
under flowback-contamination conditions.

Keywords: UDS desulfurization solvent; foaming behavior; hydrocarbon impurities;
adsorption; activated carbon

1. Introduction

Against the backdrop of the clean and low-carbon transition and the rising share
of natural gas in end-use energy, capacity expansion of acid gas removal (AGR) units
has continued [1,2]. Among the available routes, including dry processes, wet processes,
membrane separation, and biological approaches [2–4], regenerable-solvent-based wet
desulfurization has become the mainstream option because of its large treatment capacity,
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high process maturity, and broad applicability to feeds with different sulfur contents [1,5].
In this context, an efficient and stable desulfurization solvent is essential for meeting
product-gas specifications and ensuring smooth operation [5–7]. To meet the demand
for treating natural gas with high acid-gas content, a variety of blended desulfurization
solvent systems, such as Sulfinol, UCARSOL, FLEXSORB, and the CT8 series, have been
developed and applied both domestically and internationally. Compared with conventional
single-solvent systems, blended desulfurization solvents generally offer advantages in
desulfurization selectivity, purification efficiency, and adaptability to operating conditions,
and have therefore been widely adopted in natural-gas purification processes.

Despite these advantages, impurity buildup and the resulting foaming of blended
solvents remain major challenges during long-term operation. In practice, hydrocarbons
entrained in the feed gas, external aqueous phases, and other contaminants may enter the
desulfurization unit and gradually accumulate in the amine solution, together with solvent
degradation products during repeated absorption-regeneration cycles. The presence of
these impurities can alter the apparent properties of the solvent, such as density, viscosity,
and surface tension [8–10], thereby increasing its tendency to foam and ultimately impair-
ing the stable operation of the unit [6,11,12]. However, existing studies on blended amine
systems have mainly focused on acid-gas absorption performance and solvent degradation,
whereas foaming behavior under impurity accumulation has received much less atten-
tion [7,10,13–16]. In particular, the respective roles of hydrocarbon and ionic impurities in
promoting foaming and stabilizing foam in blended desulfurization solvents have not yet
been systematically clarified. As a result, field operations still lack a sufficiently clear basis
for evaluating impurity-specific foaming risks and for identifying the key contaminants
that should be preferentially controlled [9,17–20].

In parallel, a range of technologies has been proposed and applied by both industry
and academia for purification and reclamation of degraded amine solvents, including
distillation-based reclamation, side-stream ion exchange, electrodialysis, and bipolar mem-
brane electrodialysis, adsorption, precipitation-crystallization, membrane separation, and
solvent extraction [21–24]. Overall, existing purification and reclamation methods have be-
come relatively mature in removing salts, heat-stable salts, and some degradation products,
but they generally still suffer from high energy consumption and cost, risks of secondary
pollution, as well as equipment fouling, membrane fouling, or scaling [24–31]. Adsorption
technologies, represented by activated carbon, are commonly used to remove color bodies,
degradation products, and some nonpolar organics under mild conditions with relatively
simple flow sheets, and can be integrated into existing systems as a parallel side-loop
purification circuit [30,32]. Nevertheless, for blended amine systems, systematic studies
on impurity removal remain limited, particularly with respect to the removal of dissolved
hydrocarbon impurities by activated carbon. The adsorption behavior, structural matching
of adsorbents, service life, and practical applicability in blended desulfurization solvents
cannot be directly inferred from conventional amine systems and still require targeted
investigation [12,17,32]. Therefore, for impurity-contaminated blended desulfurization
solvents, two closely related questions remain insufficiently answered: which impuri-
ties dominate a foaming risk, and which purification media are truly effective for their
selective removal.

To address the need for removing acid gases and complex organosulfur compounds
from natural gas, our team developed a proprietary UDS blended desulfurization solvent
through industry-academia-research collaboration [17,33–37]. The formulation contains
functional components such as a five-membered sulfur-containing heterocyclic compound
(SUL) and a cyclic amine (CA). The added formulation components are used to enhance
the removal of methyl mercaptan and COS. Compared with MDEA, UDS solvent shows
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higher removal efficiencies for methyl mercaptan, COS, and total organosulfur, and has
been applied in industrial natural-gas purification units. In one gas field in western
Sichuan, improper upstream process control allowed part of the downhole flowback fluid
to enter the main desulfurization unit together with the feed gas. The hydrocarbons and
ionic impurities introduced by the flowback fluid subsequently entered the absorption-
regeneration loop, contaminated the circulating amine solution, and led to operational
instability accompanied by increased foaming risk. Under such field conditions, the
UDS solvent provides a representative engineering case for examining how impurity
accumulation affects foaming behavior and for evaluating practical purification strategies.
However, for this system, systematic studies on impurity-specific foaming effects and
corresponding impurity-control measures remain limited.

Against this background, this study focuses on the flowback-contamination scenario
of UDS solvent in the target gas field, with emphasis on foaming risks induced by hydro-
carbons and ionic impurities and on corresponding adsorptive purification measures. First,
representative hydrocarbons and ionic impurities, selected to mimic the impurity composi-
tion of field-aged solvent, were introduced into fresh UDS solvent to construct controlled
contamination systems. The impacts of impurity type and loading on the foaming behavior
of the solvent were systematically examined. Second, considering the hydrocarbon com-
position of produced water from the gas field and the practical analytical requirements,
an extraction-gas chromatography method applicable to the UDS solvent matrix was de-
veloped for quantitative determination of total hydrocarbons. Building on these results,
commercial ion-exchange resins and activated carbons were evaluated under fixed-bed
conditions to screen adsorbents suitable for removing anionic and hydrocarbon impurities
from UDS solvent. Furthermore, pore-structure characterization and TG-FTIR-MS analysis
were used to examine structural changes and thermally released species of spent AC-02,
providing supporting evidence for discussing pore occupation and performance decay. In
addition, a field-aged UDS lean solvent was treated with the selected adsorbents to examine
their applicability in a real solvent matrix. This work provides an application-oriented
experimental basis for impurity monitoring, foaming-risk identification, and adsorptive
purification of UDS desulfurization solvent under flowback-contamination conditions.

2. Methods

2.1. Materials

Fresh UDS desulfurization solvent was provided by Shandong Jinlu Environmental
Protection Technology Co., Ltd. (Jining, China), with the mass fraction of major active
components exceeding 99.5%. The detailed formulation and component ratios of the
solvent were not disclosed because of industrial confidentiality. In this study, the fresh
solvent was diluted with deionized water to the industrial working concentration of 50
wt%. The basic properties and baseline foaming behavior of the 50 wt% fresh UDS working
solution are provided in Table S1. Contaminated UDS solvent samples and produced water
samples were supplied by a gas field in western Sichuan, China. Nitrogen (purity 99.999%)
used for foaming tests was supplied by Shanghai Wetry Standard Gas Analysis Technology
Co., Ltd. (Shanghai, China).

Formic acid, acetic acid, oxalic acid, hydrochloric acid, and sulfuric acid used to
construct the representative anionic-impurity system were all of analytical grade and
purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Linear n-
alkanes (n-C14 to n-C18), used as representative hydrocarbon impurities, were of analytical
grade and purchased from the same supplier. n-Hexane (pesticide-residue grade), used
as the extraction solvent, was supplied by Anpel Laboratory Technologies (Shanghai) Inc.
(Shanghai, China). Anhydrous sodium sulfate (analytical grade), purchased from Shanghai
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Macklin Biochemical Co., Ltd., was used for drying the extracts. All reagents were used as
received without further purification.

The commercial activated carbons used in the purification experiments were pur-
chased from Shanghai Deep Chemical Technology Co., Ltd. (Shanghai, China), including
water-treatment carbons, solvent-recovery carbons, coconut-shell activated carbon for gold
refining, cylindrical carbon for desulfurization and denitrification, activated carbon for
pressure swing adsorption, and activated coke. These activated carbons were coded as
AC-01 to AC-13. Their basic physicochemical properties, including particle-size range,
morphology, bulk density, moisture, ash content, and iodine value, are summarized in
Table S2. In addition, four commercial strong-base anion-exchange resins, namely XRK207,
A-98FM, IRA-900, and A-654, were purchased from Cohesion (Beijing) Co., Ltd. (Beijing,
China). Before use, the resins were pretreated by acid-base activation and then rinsed
to neutrality.

2.2. Experimental Procedures
2.2.1. Extraction-GC Method for Hydrocarbon Determination in UDS Solvent

An extraction-gas chromatography (extraction-GC) method was developed for quan-
tifying hydrocarbon impurities in the UDS solvent system. Produced water samples
associated with flowback contamination were collected from the stripper outlet of a gas
treatment station in western Sichuan, China, and were used to characterize the compo-
sition of hydrocarbon impurities. The samples were subjected to multiple liquid–liquid
extractions with n-hexane, and the combined organic phases were concentrated by ro-
tary evaporation to obtain a concentrated extract for compositional analysis. Based on
the analytical results, representative hydrocarbon components were selected to prepare a
standard oil. Referring to the general framework for petroleum hydrocarbon determination
in water and considering the matrix characteristics of the UDS solvent [38], an n-hexane
extraction-GC method applicable to the UDS solvent system was established. The quantita-
tive reliability and applicable range of the method were subsequently evaluated through
repeated measurements of calibration standards and spiked samples.

2.2.2. Preparation of Contaminated UDS Solvent Samples

To prepare model contaminated UDS solvent samples, a specified mass of fresh UDS
solvent was placed in a container and spiked with either the standard oil or the selected
anionic impurities at calculated dosages. For the hydrocarbon-contaminated samples, the
standard oil was added to obtain a series of samples with different total hydrocarbon
concentrations. For the anion-contaminated samples, formic acid, acetic acid, oxalic acid,
hydrochloric acid, and sulfuric acid were separately added to the fresh solvent at the de-
signed concentrations to construct systems containing only anionic impurities. In each case,
the mixture was vigorously shaken and thoroughly mixed at room temperature to ensure
homogenization. The resulting samples were then used for foaming behavior tests and,
where applicable, for subsequent evaluation of activated-carbon adsorption performance.

2.2.3. Fixed-Bed Dynamic Adsorption Experiments

Adsorption experiments with activated carbons and strong-base anion-exchange resins
were conducted in the same double-jacketed glass column, which had an inner diameter of
2.0 cm and a packed-bed height of 12.5 cm. The column temperature was maintained at
40 ◦C using an external thermostatic water bath. Before use, the activated carbons were
dried in an oven at 105 ◦C, whereas the anion-exchange resins were pretreated as described
in Section 2.1 and then packed into the column. During packing, the column was gently
tapped to compact the bed and improve bed uniformity. Prior to operation, the packed bed
was prewetted with the solvent to be treated, and visible bubbles were removed.
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During the adsorbent-screening experiments, either hydrocarbon-contaminated UDS
solvent or anion-containing UDS solvent was used as the feed. After prewetting, the feed
solution was continuously introduced into the column at a flow rate of 5 mL/min. After
several minutes of operation, when the residual liquid associated with prewetting had been
essentially displaced and the flow had stabilized, the effluent was collected. The concen-
trations of total hydrocarbons or anionic impurities in the effluent were then determined,
and the removal efficiency was calculated by comparing the effluent concentration with
the initial feed concentration.

For dynamic-performance evaluation, representative activated carbon samples were
tested under the same apparatus configuration and operating conditions. After prewetting
and stabilization, the first effluent sample was collected, and the column was then operated
continuously for 12 h. Subsequent effluent samples were collected at 1 h intervals. The
total hydrocarbon concentration in the effluent at each sampling time, Ct, was determined,
and the instantaneous removal efficiency relative to the initial feed concentration, C0, was
calculated as follows:

ηt =
C0 − Ct

C0
× 100% (1)

The dynamic purification efficiency curves were obtained by plotting ηt as a function
of time.

2.3. Solvent Impurity Analysis
2.3.1. Determination of Total Hydrocarbon in UDS Solvent by Extraction-GC

Hydrocarbon impurities in UDS solvent were quantified by an extraction-GC method.
The representative standard oil mixture prepared in Section 2.2.1 was serially diluted with
n-hexane to prepare a series of calibration standards with different total hydrocarbon con-
centrations. An external calibration curve was established by plotting the total hydrocarbon
concentration against the corresponding total chromatographic peak area.

Sample pretreatment was performed as follows. Approximately 50 g of a hydrocarbon-
contaminated UDS solvent sample was weighed into a 125 mL separatory funnel, followed
by the addition of 10 g of n-hexane. The mixture was vigorously shaken and then allowed
to stand for phase separation, after which the upper organic phase was collected. A second
extraction was performed with an additional 10 g of n-hexane. The two organic extracts
were then combined and dried over anhydrous sodium sulfate. If necessary, the extract
was vacuum-concentrated at approximately 30 ◦C to about 1 mL to obtain the test extract.
The masses of the extract before and after concentration were recorded to calculate the
concentration factor, N. A blank control was prepared by replacing the sample with fresh
UDS solvent and following the same procedure.

The extracts were analyzed on a gas chromatograph equipped with a flame ionization
detector (FID) and an HP-5 nonpolar capillary column. The carrier-gas flow rate was
2.0 mL/min. The oven temperature program was 60 ◦C for 2 min, followed by heating at
15 ◦C/min to 280 ◦C and holding for 15 min. The inlet and detector temperatures were
set at 280 and 300 ◦C, respectively. The injection volume was 0.2 μL. Splitless injection
was used initially, and the mode was switched to split after 0.75 min with a split ratio of
30:1. Under these conditions, both the test extract and the blank extract were analyzed.
The n-hexane solvent peak and the peaks present in the fresh-UDS blank extract were not
included in the hydrocarbon peak-area integration. The remaining resolved peaks in the
contaminated UDS extract were summed and used with the external calibration curve to
calculate the total hydrocarbon content in the UDS solvent.
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2.3.2. Determination of Anionic Impurities in UDS Solvent by Ion Chromatography (IC)

The concentrations of anionic species were determined by ion chromatography (IC).
Analyses were performed on an ICS-1100 ion chromatograph equipped with a conduc-
tivity detector. An IonPac AS-11 anion-exchange column was used in combination with
20 mmol/L NaOH as the eluent and an ASRS-ULTRA anion suppressor. The detailed
operating conditions are summarized in Table S3.

Before analysis, the samples were diluted with deionized water to bring their concen-
trations within the linear range of the instrument and filtered through a membrane filter to
remove suspended particles. External calibration curves were established using a series of
standard solutions containing the target anions. Qualitative identification was based on
retention time, and quantitative analysis was performed using peak area to determine the
mass concentration of each anionic impurity. The results were used to evaluate the removal
performance of the anion-exchange resins toward anionic impurities.

2.4. Determination of Foaming Behavior

The foaming behavior of the UDS solvent was evaluated using a previously reported
laboratory bubbling test for UDS solvents [17]. A transparent glass foaming tube (inner
diameter, ca. 30 mm) fitted with a G3 sintered-glass frit at the bottom was placed in a
constant-temperature water bath maintained at 40 ◦C. For each test, the UDS solvent was
introduced into the foaming tube until the static liquid height reached 100 mm and then
allowed to equilibrate. According to this bubbling-test protocol, high-purity N2 was then
introduced from the bottom at a constant flow rate of 250 mL/min. After the bubble
distribution became stable, sparging was continued for 5 min. Immediately after the gas
supply was stopped, the height difference between the upper foam boundary and the initial
liquid level was recorded as the foam height. The foam was then continuously observed,
and the time required for the foam to completely collapse and for a clear liquid surface to
reappear was recorded as the defoaming time. Each sample was tested in triplicate, and
the average value was used for subsequent analysis.

2.5. Characterization of Activated Carbon

The specific surface area and pore-structure parameters of the activated carbon sam-
ples were determined from N2 adsorption–desorption isotherms measured at 77 K on a
BSD-660 automated high-throughput gas adsorption and micropore analyzer (BSD Instru-
ment Technology (Beijing) Co., Ltd., Beijing, China) using high-purity N2 as the adsorptive.
Prior to measurement, the samples were vacuum-degassed at 300 ◦C for 180 min. The
specific surface area was calculated by the multipoint BET method. The micropore surface
area and micropore volume were obtained by the t-plot method, and the external surface
area was determined by t-plot extrapolation. The average pore diameter and mesopore
volume were calculated by the BJH method based on the desorption branch, and the
micropore size distribution was fitted using the NLDFT model. The isotherm types and
pore-structure characteristics were identified according to IUPAC recommendations for
subsequent comparison with hydrocarbon removal performance [39].

The surface adsorbates and thermal decomposition behavior of spent activated carbon
were characterized by thermogravimetry coupled with Fourier transform infrared spec-
troscopy and mass spectrometry (TG-FTIR-MS). The measurements were carried out using
a NETZSCH STA 449 F3 Jupiter simultaneous thermal analyzer coupled with a Bruker
INVENIO S FTIR spectrometer and a NETZSCH QMS 403 D mass spectrometer [40]. The
samples were heated from room temperature to 800 ◦C at a rate of 10 K/min under a
high-purity nitrogen atmosphere. The TG signal recorded the mass change as a function
of temperature, while FTIR and MS synchronously collected the infrared spectra and
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mass-to-charge ratio (m/z) signals of the evolved gases online. These data were used to
identify representative adsorbed or decomposition products and their release temperature
ranges after adsorption saturation, providing complementary evidence for the mechanistic
analysis of hydrocarbon adsorption and activated-carbon deactivation.

3. Results and Discussion

3.1. Development and Validation of an Extraction-GC Method for Total Hydrocarbons
Determination in UDS Solvent
3.1.1. Characterization of Hydrocarbon Impurities in Produced Water and Preparation of
the Standard Oil

The concentrated extract obtained from field-produced gas-field water was first char-
acterized by 1H NMR, as shown in Figure S1a. The characteristic resonances at approxi-
mately 0.9 and 1.2 ppm were assigned to methyl (-CH3) and methylene (-CH2-) protons
of hydrocarbons, respectively, indicating that the oil-phase impurities in the extract were
predominantly hydrocarbon species. A weak signal near 5.0 ppm was attributed to residual
water or trace hydroxyl-containing species. To further identify the individual components
and their distribution, the concentrated extract was analyzed by GC-MS. Major peaks were
identified by mass spectral library matching, and the relative abundance of each component
was estimated from chromatographic peak-area integration. The GC-MS chromatogram is
shown in Figure S1b, and the identified major compounds and their relative abundances
are summarized in Table S4. The results indicate that the hydrocarbon impurities in the
produced-water extract span a carbon-number range of C10–C27, with a more pronounced
enrichment in the C14–C18 range. In addition to n-alkanes, the extract also contained mea-
surable amounts of branched and isoprenoid hydrocarbons, together with minor aromatic
and naphthenic compounds.

Based on the above carbon-number distribution, and considering both compositional
contribution and the availability of reference standards, n-alkanes in the C14–C18 range
were selected as representative components for preparation of the standard oil. This repre-
sentative standard oil was intended for fit-for-purpose quantification of total hydrocarbons
in the present UDS solvent system rather than for exact reproduction of the full hydro-
carbon composition of the field samples. The mixing ratio was normalized according to
the relative abundances of the corresponding n-alkanes in the produced-water samples,
and the composition and mass fractions of the standard oil are listed in Table S5. The
C14–C18 n-alkanes were weighed into an amber bottle according to Table S5 and thoroughly
mixed at room temperature until homogeneous. The resulting mixture was used as the
standard oil for construction of the external calibration curve and preparation of model
hydrocarbon-contaminated systems.

3.1.2. Development and Validation of the Extraction-GC Method

To quantify hydrocarbon impurities in UDS solvent, an extraction-gas chromatography
method was developed using n-hexane extraction and GC-FID analysis. The method was
adapted from extractable petroleum hydrocarbon analysis in water and adjusted for the
UDS solvent matrix. A fresh-UDS blank was processed and analyzed under the same
conditions as the contaminated samples.

The C14–C18 n-alkane mixture prepared in Section 3.1.1 was used as a surrogate
calibration standard. Thus, the reported total hydrocarbon content represents standard-oil-
equivalent concentration. This method was used for quantitative analysis of hydrocarbon
impurities in UDS solvent samples.

The representative standard oil was serially diluted with n-hexane to prepare cal-
ibration standards at 200, 500, 1000, 3000, and 5000 mg/kg. The calibration curve was
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established using the summed peak areas of the standard oil-hydrocarbon peaks. The
n-hexane solvent peak was not included in the integration. The GC-FID chromatogram of
the standard oil and the calibration curve are shown in Figure S2. The linear regression
coefficient was higher than 0.999, showing good linearity over the tested range.

The sample pretreatment procedure is described in Section 2.3.1. For each contam-
inated sample, the n-hexane solvent peak and the peaks present in the fresh-UDS blank
extract were not included in the hydrocarbon peak-area integration. The remaining re-
solved peaks in the contaminated UDS extract were summed as Ax. Representative GC-FID
chromatograms of the fresh-UDS blank extract and the 1000 mg/kg matrix-spiked UDS
extract are shown in Figure S3, illustrating the matrix background and the hydrocarbon
peaks used for integration. The total hydrocarbon content in the original UDS solvent, ω
(mg/kg), was calculated as follows:

ω =
Ax − a

b
× m1

m
× 1

N
(2)

where Ax is the summed peak area used for total hydrocarbon calculation; a and b are
the intercept and slope of the calibration curve; m is the sample mass (g); m1 is the mass
of the combined extract (g); and N is the concentration factor. When the extract was not
concentrated, N = 1.

The precision and accuracy of the method were evaluated using UDS matrix-spiked
samples. Fresh UDS solvent was spiked with the representative standard oil at 500, 1000,
and 3000 mg/kg. Each level was analyzed in triplicate. The recovery, relative standard
deviation (RSD), and relative error (RE) were calculated. The results are summarized in
Table 1, and the replicate data are provided in Table S6.

Table 1. Validation results of the extraction-GC method for total hydrocarbon determination in
UDS solvent.

Spiked Level
(mg/kg)

Measured Mean
(mg/kg)

Recovery (%) RSD (%) RE (%) n

500 478.47 95.69 1.14 −4.31 3
1000 1044.38 104.44 1.68 4.44 3
3000 3033.43 101.11 1.25 1.11 3

The recoveries were 95.69–104.44%. The RSD values were 1.14–1.68%, and the RE
values were −4.31–4.44%. These results indicate acceptable precision and accuracy for total
hydrocarbon determination in the tested UDS solvent samples.

During method testing, the GC-FID signal was not stable enough for reliable in-
tegration when the standard oil concentration in the final n-hexane extract was below
approximately 100 mg/kg. For a non-concentrated extract, this concentration corresponds
to about 40 mg/kg in the original UDS solvent, based on an extract-to-sample mass ratio
of approximately 20/50. When emulsification or turbidity occurred during extraction,
centrifugation was used to improve phase separation.

3.2. Effects of Impurities on the Foaming Behavior of UDS Solvent

To evaluate the sensitivity of foaming behavior to typical impurities present in field
amine solvents, fresh UDS solvent was used as the baseline system. Based on impurities
commonly detected in field lean solvent, formate (Formate−), acetate (Acetate−), oxalate
(Oxalate2−), chloride (Cl−), sulfate (SO4

2−), and the representative standard oil were in-
dividually introduced to construct controlled contamination systems. Foaming behavior
was evaluated using the bubbling test described above, with foam height (mm) and de-
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foaming time (s) used as the comparative metrics. The corresponding trends are shown in
Figure 1a,b.

Figure 1. (a) Foam height and (b) defoaming time of UDS solvent versus impurity concentration.

Under identical test conditions, the fresh solvent exhibited a foam height of 20.0 mm
and a defoaming time of 4.13 s. Within the concentration range of 0–1.0 wt%, the different
impurity systems showed distinct effects on foaming tendency and foam stability. Overall,
the organic acid anions (formate, acetate, and oxalate) had relatively minor effects, whereas
the inorganic anions (Cl− and SO4

2−) and the representative standard oil showed varying
degrees of foam promotion and stabilization.

Among the organic acid anions, formate and acetate exhibited similar trends. Over
the investigated concentration range, both foam height and defoaming time decreased
slightly with increasing concentration, indicating no evident tendency to promote foaming
or stabilize foam. Oxalate showed an even weaker effect: the foam height remained close
to that of the fresh solvent, and the defoaming time showed only minor fluctuations.
Taken together, these three organic acid anions contributed only weakly to foaming in the
present system.

In contrast, the two inorganic anions showed more pronounced effects on foaming
behavior. With increasing concentration, chloride continuously increased both foam height
and foam stability. At 0.1 wt%, the foam height increased to 22.0 mm and the defoaming
time to 4.33 s; at 1.0 wt%, these values further increased to 25.0 mm and 4.80 s, respectively.
Sulfate exhibited a stronger effect, particularly on defoaming time. At 0.4 wt%, the foam
height and defoaming time had already increased to 24.0 mm and 4.64 s, respectively; at
1.0 wt%, they further increased to 28.0 mm and 5.45 s. These results indicate that sulfate
exerts a stronger amplifying effect on both foam height and defoaming time than chloride
and is therefore more likely to become a key risk factor under impurity accumulation in
field operation. Consistently, Figure 1a,b show increasing trends with concentration, with a
steeper rise for sulfate.

The representative standard oil showed the strongest effect on foaming behavior,
causing marked foam promotion and stabilization with rapidly increasing intensity as
concentration increased. At a standard-oil concentration of 0.4 wt%, the foam height and
defoaming time increased to 28.4 mm and 6.51 s, respectively; at 1.0 wt%, they further
increased to 36.1 mm and 8.61 s. These results indicate that hydrocarbon contamination is
the dominant driver of both increased foam height and prolonged defoaming time in the
present system. Comparing the magnitude of change induced by each impurity within the
same concentration window further shows that hydrocarbon contamination contributes
much more strongly to foaming risk than any single anionic impurity. Meanwhile, the accu-
mulation of inorganic anions, especially sulfate and chloride, also significantly aggravates
foaming and foam stability. Therefore, hydrocarbon contamination should be regarded as
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the primary target for mitigation, while the accumulation of key inorganic anions should
also be controlled to reduce their additional contributions to foaming risk.

These differences are related to the different effects of the impurities on the gas–liquid
interface and foam-film stability. Formate, acetate, and oxalate have limited interfacial
activity at the aqueous solution/vapor interface. Therefore, they only weakly affect foam-
film drainage and rupture [41]. In contrast, Cl− and SO4

2− change the ionic strength and
hydration environment of the liquid phase. These changes can modify the electrostatic and
hydration conditions in foam films, slow film thinning, and delay bubble coalescence. The
greater effect of SO4

2− may be related to its divalent charge and stronger hydration, which
can alter the liquid-film environment more effectively than Cl− [42,43]. The standard oil acts
as a hydrophobic organic phase in the UDS solvent. After mixing, dispersed hydrocarbon
components can enter the gas–liquid interfacial region and make the interfacial layer less
uniform. This hinders liquid drainage from foam films and delays bubble coalescence and
rupture [44–46]. As a result, the standard oil produces the largest increase in both foam
height and defoaming time.

3.3. Adsorptive Removal Performance Toward Ionic and Hydrocarbon Impurities
3.3.1. Removal of Anionic Impurities by Anion-Exchange Resins

The removal performance of four anion-exchange resins (XRK207, A-98FM, IRA-900,
and A-654) and coconut-shell activated carbon toward typical anionic impurities in the
solvent, namely formate, acetate, oxalate, chloride, and sulfate, was compared. The results
are shown in Figure 2. The corresponding ion concentrations before and after adsorbent
treatment are provided in Table S7.

Figure 2. Removal efficiencies of typical anions by anion-exchange resins and coconut-shell acti-
vated carbon.

Overall, the anion-exchange resins showed substantially higher removal efficiencies
for anionic impurities than coconut-shell activated carbon, although clear differences
were also observed among the resins. Among the tested materials, A-98FM exhibited the
best overall performance, with removal efficiencies of 99.00, 93.62, 94.22, and 95.61% for
formate, acetate, oxalate, and chloride, respectively; the sulfate concentration decreased
from 60.8 mg/L to below the detection limit (<0.02 mg/L). XRK207 also performed well,
achieving removal efficiencies of 89.26, 72.80, 86.99, and 83.02% for formate, acetate, oxalate,
and chloride, respectively, while likewise reducing sulfate to below the detection limit.
IRA-900 showed relatively limited removal of formate and acetate, with efficiencies of
46.51 and 43.96%, respectively, while still maintaining a high removal efficiency for oxalate
(94.18%). Its removal efficiency for chloride was 61.55%, and sulfate was again reduced
to below the detection limit. In contrast, A-654 exhibited the poorest overall performance,
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with removal efficiencies of 36.63, 29.38, 12.77, and 31.78% for formate, acetate, oxalate, and
chloride, respectively, although sulfate could still be reduced to below the detection limit.
These results indicate pronounced resin-dependent differences in removal performance
and selectivity toward different anions under the present conditions. Overall, A-98FM
showed the strongest comprehensive removal capability, followed by XRK207.

In contrast, the coconut-shell activated carbon showed no appreciable removal of the
tested anionic impurities, as no significant decreases were observed in the concentrations of
formate, acetate, oxalate, chloride, or sulfate after treatment. Taken together, these results
indicate that effective control of ionic impurities in the present system relies primarily on
anion-exchange resins.

3.3.2. Removal of Hydrocarbon Impurities by Activated Carbons

To evaluate the purification performance of different activated carbons toward hy-
drocarbon impurities in UDS solvent, comparative adsorption tests were conducted using
13 activated carbon samples. For these activated-carbon adsorption tests, the hydrocarbon-
contaminated UDS feed was prepared with an initial total hydrocarbon content (C0) of
200 mg/kg. The removal efficiencies calculated from the first 50 g effluent sample collected
after prewetting had been displaced and the column flow had stabilized are shown in
Figure 3. Because the particle size of AC-09 was too small, it caused an excessive pressure
drop in the adsorption column and prevented stable solvent flow; therefore, AC-09 was
excluded from the comparison. Overall, the purification performance varied markedly
with carbon type and particle size, with removal efficiencies ranging from 8.92 to 74.64%.

Figure 3. Removal efficiencies of total hydrocarbons by activated carbons.

Among the tested samples, the water-treatment activated carbons showed the best
overall performance. AC-02 exhibited the highest removal efficiency, reaching 74.64%,
whereas AC-01 from the same series but with a larger particle size showed a much lower
removal efficiency of 27.35%, indicating a pronounced particle-size-related effect within this
series. The solvent-recovery carbons (AC-03 and AC-04) showed intermediate performance,
with removal efficiencies ranging from 20.78 to 30.72%. In the gold-refining series, AC-11
achieved a removal efficiency of 36.64%, higher than that of AC-10 (20.06%). The gas-
purification carbons and AC-07 showed relatively limited performance, with most removal
efficiencies below 36%; among them, AC-12 performed slightly better, with a removal
efficiency of 35.25%. The cylindrical carbons used for desulfurization and denitrification
were the least effective overall, especially AC-06, which showed a removal efficiency of
only 8.92%.

Overall, under identical packing and operating conditions, samples with smaller
particle sizes generally exhibited higher removal efficiencies, whereas larger granules and
formed rod- or cylindrical-shaped carbons showed poorer purification performance. In
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addition, activated carbons designed for different applications displayed substantially
different compatibility with hydrocarbon removal from UDS solvent. The water-treatment
series was better matched to the present system, whereas the desulfurization-denitrification
carbons and some formed carbons were comparatively less suitable.

Taken together, the initial screening results provided the basis for selecting candidates
for subsequent fixed-bed dynamic adsorption experiments. Considering both purification
efficiency and sample representativeness, AC-02, AC-04, AC-07, AC-08, AC-11, AC-12, and
AC-13 were selected for further continuous fixed-bed performance evaluation.

3.3.3. Dynamic Purification Performance of Selected Activated Carbons

To further evaluate the purification performance of the selected activated carbons to-
ward hydrocarbon impurities in UDS solvent under continuous-flow fixed-bed conditions,
dynamic adsorption experiments were conducted using AC-02, AC-04, AC-07, AC-08,
AC-11, AC-12, and AC-13. The first 50 g effluent sample collected after prewetting had
been displaced and the column flow had stabilized was defined as the 0 h data point, and
subsequent 50 g effluent samples were collected at 1 h intervals.

The time-dependent removal efficiencies of the seven activated carbons are shown in
Figure 4. Overall, the ηt–t profiles can be divided into a high-performance group (AC-02),
a medium-performance group (AC-11 and AC-12), and a low-performance group (AC-04,
AC-07, AC-08, and AC-13). These groups differed markedly in initial removal level, decay
rate, and the extent of curve fluctuation. AC-02 maintained the highest removal efficiency
throughout the experiment, with an initial ηt of 74.64% and a value of 38.06% at 12 h,
indicating a relatively slow decay. AC-11 and AC-12 exhibited similar initial ηt values
(36.64% and 35.25%, respectively), followed by a steady decline to 19.14% and 19.37% at
12 h; among them, AC-12 showed a slightly more gradual decrease in the middle and late
stages. In contrast, the low-performance group showed generally low ηt values and more
rapid decay over time. Specifically, AC-04 decreased rapidly from 30.72% to 2.69% at 12 h,
indicating a rapid loss of dynamic purification capacity. AC-13 showed an approximately
monotonic decrease from 18.77% to 5.79%. AC-07 and AC-08 exhibited some fluctuations
at low removal levels, but their overall performance remained substantially lower than that
of the medium-performance group.

Figure 4. Dynamic purification efficiency curves of selected activated carbons during continuous
fixed-bed purification of total hydrocarbons.

Although the dynamic purification efficiency curves in Figure 4 provide a direct
comparison of different activated carbons, removal efficiency alone does not describe the
mass-based adsorption performance. Therefore, the cumulative adsorption capacity over
0–12 h, q0–12 (mg/g), was calculated from the dynamic effluent concentration data. The
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same hydrocarbon-contaminated UDS feed with C0 = 200 mg/kg was used for all dynamic
fixed-bed tests. For the hourly sampling data, q0–12 was calculated by trapezoidal integration:

q0–12 =
C0Fm

mads

n−1

∑
i=0

ηi + ηi+1
2

Δt (3)

where C0 is the initial total hydrocarbon content of the feed solution (mg/kg), Fm is the mass
flow rate of the feed solution (kg/h), ηi is the removal efficiency (%) at the i-th sampling
point, Δt is the sampling interval (h), and mads is the mass of activated carbon packed in
the column (g). The calculation parameters are listed in Table S8.

To obtain comparable descriptors for the decay of dynamic purification efficiency, ηt
was further fitted using a Weibull-type empirical model:

ηt = η∞ + (η0 − η∞) exp

[
−
(

t
λ

)k
]

(4)

where η0 is the initial removal efficiency, η∞ is the long-time limiting removal efficiency,
and λ and k are the scale and shape parameters, respectively. Because the goal of this study
is to characterize the decay of purification capability over operating time and to facilitate
cross-sample comparison on the same basis, η∞ = 0, and the model simplifies to:

ηt = η0 exp

[
−
(

t
λ

)k
]

(5)

This Weibull-type equation was used as an empirical smoothing function rather than
a mechanistic adsorption model. Based on the fitted parameters, characteristic times
tη=20% and tη=10% were back-calculated from the fitted curves. These represent the time
points when the removal efficiency decays to 20% and 10%, respectively, and were used to
describe the decline in dynamic purification performance. Thus, q0–12 was used to compare
cumulative adsorption capacity, while tη=20% and tη=10% were used to compare the decay
of dynamic purification efficiency. The corresponding results are summarized in Table 2.

Table 2. Dynamic purification performance and cumulative adsorption capacity of different activated
carbon samples.

Sample η0 (%) η12 (%) q0–12 (mg/g) tη=20% (h) tη=10% (h) R2

AC-02 74.64 38.06 14.86 22.82 33.90 0.988
AC-11 36.64 19.14 10.55 10.59 17.75 0.962
AC-12 35.25 19.37 8.68 11.23 23.62 0.978
AC-04 30.72 2.69 4.47 3.14 6.36 0.995
AC-13 18.77 5.79 4.14 — 6.66 0.985
AC-08 24.19 3.92 3.31 0.95 5.66 0.954
AC-07 17.75 7.78 2.91 — 6.59 0.950

Table 2 summarizes the dynamic purification performance and cumulative adsorption
capacity of the activated carbon samples. AC-02 showed the best overall performance
across multiple indicators, including η0 (74.64%), η12 (38.06%), and q0–12 (14.86 mg/g).
Its threshold times, tη=20% and tη=10%, reached 22.82 and 33.90 h, respectively, indicat-
ing the highest cumulative adsorption capacity and slower efficiency decay. AC-11 and
AC-12 showed intermediate performance. Their q0–12 values were 10.55 and 8.68 mg/g,
respectively. AC-11 had a higher q0–12, whereas AC-12 showed a longer tη=10% (23.62 h),
indicating that cumulative adsorption capacity and efficiency-decay behavior were not
fully consistent. AC-04, AC-13, AC-08, and AC-07 showed lower dynamic purification
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performance, with q0–12 values of 4.47, 4.14, 3.31, and 2.91 mg/g, respectively. Their tη=10%

values were only 5.66–6.66 h, indicating rapid efficiency decay. The Weibull fits gave
R2 > 0.950 for all samples, supporting the use of the fitted curves to extract comparable
decay-time parameters [47].

Overall, AC-02 exhibited the highest cumulative adsorption capacity and the most
sustained dynamic purification performance. Therefore, it was selected for further charac-
terization before and after adsorption.

3.4. Pore-Structure Characteristics and Their Relation to Dynamic Purification Performance

To investigate the structural basis for the differences in dynamic purification per-
formance among the activated carbons during continuous fixed-bed operation, the pore-
structure characteristics derived from N2 adsorption–desorption measurements were com-
pared with the dynamic performance metrics defined in Section 3.3.3. The pore descriptors
considered in this analysis included BET specific surface area (SBET), t-plot micropore
volume (Vmicro), total pore volume (Vtotal), external surface area (Sext), and equivalent
average pore diameter (Davg). To further characterize mesopore-related transport features,
the mesopore volume (Vmeso,des) and modal pore diameter (Dmode,des) derived from the
BJH desorption branch were also included as representative parameters [48]. The raw
values of all descriptors are summarized in Table 3. For the construction of the heat map,
the raw values of q0–12 and the pore-structure descriptors were independently normalized
to a 0–1 scale using min-max transformation, and the samples were arranged in descending
order of q0–12. Figure 5a presents the comparison between pore descriptors and dynamic
purification performance. For consistency, the samples in Figure 5b–e are ordered in the
same sequence.

Table 3. Summary of pore-structure parameters for different activated carbons.

Sample ID SBET (m2/g)
V total

(cm3/g)
Vmicro

(cm3/g)
Sext (m2/g) Davg (nm)

Vmeso,des

(cm3/g)

Dmode,des

(nm)

AC-02 69.1 0.0485 0.021 18.9 2.78 0.0271 3.887
AC-11 1132.1 0.4701 0.4309 33.4 1.661 0.0682 1.901
AC-12 592.3 0.2738 0.2253 31.9 1.849 0.0746 3.935
AC-04 870.7 0.3569 0.3306 26.4 2.538 0.0478 1.869
AC-13 1032.5 0.4814 0.379 124.1 1.864 0.1773 1.867
AC-08 73.0 0.1036 0.013 41.9 6.624 0.091 3.863
AC-07 117.8 0.0525 0.0454 2.3 1.859 0.0091 1.859

As shown in Figure 5a, substantial differences in pore structure were observed among
the activated carbons. Taking Vmicro as an example, AC-11 exhibited the highest micro-
pore volume (0.4309 cm3/g), followed by AC-13 and AC-04 (0.3790 and 0.3306 cm3/g,
respectively). AC-12 showed an intermediate value (0.2253 cm3/g), whereas AC-07, AC-02,
and AC-08 exhibited relatively low Vmicro values of 0.0454, 0.0210, and 0.0130 cm3/g,
respectively. SBET generally followed a similar trend, exceeding 1000 m2/g for AC-11 and
AC-13 (1132.1 and 1032.5 m2/g, respectively), while remaining only about 70 m2/g for
AC-02 and AC-08 (69.1 and 73.0 m2/g, respectively). At the mesopore level, both BJH
mesopore volume and modal pore diameter also varied among samples. For example,
AC-13 showed a relatively high Vmeso,des, whereas AC-12 and AC-08 exhibited compara-
tively larger Dmode,des values. Overall, Figure 5a provides a comparative overview of the
relative distributions of pore descriptors and dynamic purification performance across the
selected samples.
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Figure 5. (a) Relationship between pore-structure descriptors and dynamic purification performance.
(b) Vmicro, (c) SBET, (d) Davg and (e) Dmode,des of activated carbons ordered by q0–12.

The comparison between pore structure and q0–12 shows a partial correspondence
between micropore volume and cumulative adsorption capacity. AC-11 and AC-12 had
relatively high q0–12 values and larger Vmicro, whereas AC-08 and AC-07 showed both
lower q0–12 values and lower micropore volumes. This trend suggests that micropores
may provide part of the adsorption space for hydrocarbon impurities. However, the
correspondence was not consistent across all samples. Some carbons with higher SBET,
Vmicro, or Vmeso,des did not show correspondingly higher q0–12. Thus, conventional pore-
structure parameters are useful descriptors but are insufficient to fully account for fixed-bed
hydrocarbon purification performance.

The differences among activated carbons should therefore be interpreted as the result
of multiple factors. In fixed-bed operation, the effective use of adsorption sites may also be
affected by pore accessibility, particle size, surface compatibility with the UDS solvent, and
bed-level mass transfer. Accordingly, Vmicro can be regarded as a relevant pore descriptor
associated with hydrocarbon adsorption, but it should not be used alone to explain the
dynamic purification performance.

3.5. Deactivation Behavior and Pore-Structure Evolution of Activated Carbon
3.5.1. Pore-Structure Evolution Before and After Fixed-Bed Adsorption

To examine the pore-structure evolution associated with the performance decay of
AC-02 during continuous fixed-bed purification, the N2 adsorption–desorption results
of the sample before and after adsorption were compared. Changes in pore structure
were characterized using SBET, Vmicro, Vtotal, Sext, and Davg. The corresponding results are
summarized in Table 4, and the comparison of adsorption isotherms is shown in Figure 6.
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Table 4. Changes in pore-structure parameters of AC-02 before and after adsorption.

Parameter Unit Fresh Spent Change (Spent vs. Fresh)

SBET m2/g 69.1177 5.1016 −92.62%
Vmicro cm3/g 0.021 0.0007 −96.67%
Vtotal cm3/g 0.0485 0.009 −81.44%
Sext m2/g 18.8877 3.4796 −81.58%
Davg nm 2.8068 7.0566 151.41%

Vmicro/Vtotal — 0.433 0.0778 —

Figure 6. N2 adsorption–desorption isotherms of AC-02 before and after fixed-bed adsorption. N2

adsorption–desorption isotherms of AC-02 before and after fixed-bed adsorption: (a) linear plot;
(b) log plot.

Before adsorption, AC-02 exhibited an SBET of 69.12 m2/g, a Vmicro of 0.0210 cm3/g,
a Vtotal of 0.0485 cm3/g, a Sext of 18.89 m2/g, and a Davg of 2.81 nm. After fixed-bed ad-
sorption, SBET, Vmicro, Vtotal, and Sext decreased to 5.10 m2/g, 0.0007 cm3/g, 0.0090 cm3/g,
and 3.48 m2/g, respectively, corresponding to decreases of 92.62, 96.67, 81.44, and 81.58%,
whereas Davg increased to 7.06 nm. These results indicate that the pore volume and surface
area accessible for adsorption were substantially reduced after fixed-bed operation, with
the most pronounced loss occurring in the micropore-related contribution. In addition,
Vmicro/Vtotal decreased from 0.433 to 0.078, indicating that part of the originally accessible
micropore space became occupied or inaccessible after adsorption.

As shown in Figure 6, fresh AC-02 exhibited a pronounced rapid uptake in the low-
pressure region (P/P0 < 10−4), which is characteristic of micropore filling. For example, the
adsorption uptake had already reached 3.37 cm3/g at P/P0 ≈ 1.25 × 10−5. The isotherm
further turned upward at the high-pressure end (P/P0 → 1), reaching 31.44 cm3/g, in-
dicating that mesopores and/or macropores also contributed to adsorption. In contrast,
after fixed-bed adsorption, the isotherm of AC-02 shifted markedly downward over the
entire pressure range. The rapid uptake in the low-pressure region nearly disappeared,
and the adsorption uptake at the medium-to-high-pressure end increased only to about
5.86 cm3/g at P/P0 ≈ 0.99. This result indicates that the pore volume and accessible inter-
nal surface area, especially the micropore-related contribution, were greatly diminished
after adsorption.

Taken together, the pore-structure parameters and adsorption isotherms show a sub-
stantial reduction in accessible pore volume and internal surface area after adsorption.
The loss of low-pressure uptake further indicates that the micropore-related contribution
was strongly reduced. This structural evolution is consistent with the decline in dynamic
purification efficiency during fixed-bed operation and supports pore occupation as an
important factor in the performance decay of AC-02.
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3.5.2. Thermal-Release and Pyrolysis Evidence of Loaded Species on Spent Carbon

To further examine the species associated with the performance decay of AC-02
after fixed-bed operation and to elucidate the compositional characteristics of the organic
loadings accumulated within the pore channels, the spent AC-02 sample was analyzed
by thermogravimetry coupled with Fourier transform infrared spectroscopy and mass
spectrometry (TG-FTIR-MS). Under programmed heating in a nitrogen atmosphere, this
technique simultaneously records sample mass change and monitors the infrared bands
and mass-spectral ion signals of the evolved gases, thereby revealing the stage-dependent
characteristics of thermally released species from spent activated carbon over different
temperature ranges, including both desorption and thermal cracking products. In this
section, the main mass-loss intervals and the temperature ranges of the DTG rate peaks
were first identified from the TG and DTG curves. The FTIR bands and MS channels
were then correlated with these temperature intervals to analyze the evolved products in
each stage.

As shown in Figure 7a, the spent AC-02 sample exhibited only a small mass loss in
the low-temperature range of 40–150 ◦C, with no pronounced overall change. When the
temperature increased to around 150 ◦C, continuous mass loss became evident and could
be divided into three intervals: 150–350 ◦C, with a mass loss of about 4.87%; 350–550 ◦C,
with a mass loss of about 9.26%, representing the major contribution over the entire run;
and 550–800 ◦C, with a further gradual mass loss of about 6.38%, indicating that thermal
release continued even in the high-temperature range. The corresponding DTG curve
displayed a pronounced mass-loss-rate peak in the intermediate-temperature region, with
the main peak centered at about 440 ◦C, indicating that this stage corresponded to the most
concentrated release rate. In the high-temperature region, a weaker secondary rate peak was
observed at about 570 ◦C. These stage-wise mass-loss features and DTG peak temperatures
provide the basis for assigning the FTIR and MS signals to specific temperature intervals.

Figure 7. (a) TG and DTG curves of spent AC-02. (b) FTIR spectra of evolved gases at selected
temperatures during TG-FTIR analysis of spent AC-02.

Accordingly, five representative temperature points, namely 100, 300, 440, 570, and
700 ◦C, were selected from the onset of mass loss, the vicinity of the main DTG peak, and
the region near the secondary high-temperature peak. The corresponding gas-phase FTIR
spectra obtained from the TG-FTIR measurement were extracted for comparison. The
spectra were baseline-corrected and vertically offset to facilitate visualization of the relative
changes in product bands across different temperature ranges (Figure 7b).

At 100 ◦C, the gas-phase FTIR spectrum was essentially featureless, with no obvious
characteristic absorption bands, suggesting that only negligible amounts of volatile prod-
ucts were released at the initial heating stage. As the temperature increased to 300 ◦C, the
water-related bands were still present but became weaker overall, whereas the characteristic
CO2 absorption band at 2400–2250 cm−1 began to increase significantly, indicating that the
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thermal evolution of oxygen-containing structures had gradually started to contribute to
gas-phase release.

When the temperature was further raised to 440 ◦C, the hydrocarbon C-H stretch-
ing bands in the 3050–2800 cm−1 region and the CH3/CH2 deformation bands at
1450–1470 cm−1 became much more pronounced and showed their strongest response
in this temperature range. This observation suggests that this interval corresponds to the
concentrated release of adsorbed hydrocarbon impurities and related organic residues
through volatilization and/or cracking. Upon further heating, the characteristic CO2 ab-
sorption band became more intense at 570 ◦C. In this intermediate-to-high-temperature
range, the enhancement of CO2 can be attributed to the removal and cracking of oxygen-
containing structures in the adsorbed organic residues, possibly together with the thermal
evolution of oxygen-containing functional groups on the activated-carbon surface. At
700 ◦C, the overall spectral bands weakened markedly and entered a tailing stage, with
only weak signals remaining.

No NH3 or amine-related characteristic absorption bands showing significant enhance-
ment with increasing temperature were observed in the present spectra, indicating that
volatile or cracking products associated with amines made only a limited contribution
under the present test conditions and at the selected temperature points. Therefore, no clear
evidence of substantial retention of active solvent components was observed in the spent
activated carbon. Overall, the sample exhibited more pronounced alkyl-related spectral
responses in the intermediate-temperature region, whereas the CO2 characteristic band
increased in the intermediate-to-high-temperature region and then entered a decaying tail
at high temperature. These results indicate a stage-wise thermal-release behavior of the
spent activated carbon, with intensified hydrocarbon-related release in the intermediate-
temperature region, followed by enhanced release or transformation of oxygen-containing
structures at higher temperatures.

To further identify the volatile and cracking products released from the spent sample
during heating, MS ion-current signals of several representative m/z channels were tracked,
and the curves were normalized by peak intensity to compare the peak profiles and
the corresponding temperature ranges of different channels (Figure 8). In the low-m/z
region, channels such as m/z = 2, 16, 18, and 44 served as reference signals for small
molecules. Among them, m/z = 44 maintained a relatively pronounced response in the
intermediate-to-high-temperature region, consistent with the enhancement trend of the CO2

band observed in TG-FTIR, indicating the release of oxygen-containing small molecules
during this stage. Meanwhile, hydrocarbon-related fragment channels showed more
concentrated peak profiles in the intermediate-temperature region: the ion currents of
m/z = 41, 42, 55, 57, and 71 increased synchronously in the range of about 400–500 ◦C
and exhibited closely aligned main peaks around 440 ◦C (Figure 8b). These m/z channels
are typical alkyl fragment-ion indicators commonly observed during thermal cracking of
aliphatic hydrocarbons, and they are consistent with the enhanced alkyl C-H stretching and
CH3/CH2 deformation bands observed by TG-FTIR in the same temperature range. Taken
together, the major organic loadings released from the spent sample in the intermediate-
temperature stage are more characteristic of aliphatic hydrocarbons and their related
cracking fragments, which is consistent with the purification target of externally introduced
hydrocarbon impurities during fixed-bed operation.

In addition to hydrocarbon fragments, several channels displayed weak but distin-
guishable synchronous peaks during the same thermal-release stage, which can be used
to screen for the co-release of low-abundance solvent-related species (Figure 8c). Among
them, m/z = 58 and 115 may be regarded as screening channels for relatively polar organic
fragments, while m/z = 64 and 91 may serve as screening indicators for sulfur-containing
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species and aromatic fragments. Their responses appearing near 440 ◦C, coincident with
the main release stage, suggest that, in addition to hydrocarbons, the system may also con-
tain small amounts of polar solvent-derived components or derivative fragments released
simultaneously, possibly associated with polar residues and degradation products from
the solvent system.

Figure 8. Temperature-resolved MS ion-current profiles of selected m/z channels during TG-MS
analysis of spent AC-02: (a) m/z = 2, 16, 18, and 44; (b) m/z = 41, 42, 55, 57, and 71; (c) m/z = 58, 64,
91, and 115.

However, because the overall intensities of these channels were much lower than
those of the hydrocarbon fragment channels, these non-hydrocarbon signals were assigned
to minor co-released species under the present test conditions. The TG-MS results, there-
fore, indicate that hydrocarbon-related fragments were the main organic signals detected
from spent AC-02 during thermal release. Combined with the pore-structure loss dis-
cussed in Section 3.5.1, these results support that hydrocarbon-related loadings occupied
accessible pore space and were an important factor associated with the decay of dynamic
purification performance of AC-02. At the same time, the weak amine-related signals
suggest that substantial adsorption of active solvent components was not evident under
the present conditions.

3.6. Practical Applicability in Field-Aged UDS Lean Solvent

To further examine the applicability of the selected adsorbents in a real solvent ma-
trix, a field-aged UDS lean solvent was treated with AC-02 and A-98FM, respectively.
The results are summarized in Table 5. The original field-aged lean solvent contained
424.03 mg/kg total hydrocarbons and 4288.8 mg/L total anionic impurities. Its foam height
and defoaming time were 230 mm and 45.63 s, respectively.

Table 5. Treatment of a field-aged UDS lean solvent by selected adsorbents.

Sample
Total Hydrocarbons

(mg/kg)
Total Anionic

Impurities (mg/L)
Foam Height

(mm)
Defoaming Time

(s)

Field-aged lean solvent 424.03 4288.8 230 45.63
After AC-02 treatment 235.83 — 185 32.45

After A-98FM treatment — 165.07 * 135 26.76
* Detailed concentrations of individual anions are provided in Table S9.

After AC-02 treatment, the total hydrocarbon content decreased to 235.83 mg/kg. The
foam height decreased to 185 mm, and the defoaming time decreased to 32.45 s. After
A-98FM treatment, the total anionic impurity concentration decreased to 165.07 mg/L. The
foam height and defoaming time decreased to 135 mm and 26.76 s. These results indicate
that AC-02 and A-98FM showed their respective removal effects in the field-aged UDS lean
solvent. The reductions in hydrocarbon and ionic impurities were also accompanied by
lower foam height and shorter defoaming time.
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In field operation, the resin and activated carbon can be managed according to their
respective target impurities. The anion-exchange resin is periodically regenerated with
NaOH solution to restore its exchange capacity, whereas activated carbon used for hydro-
carbon removal is usually replaced at regular intervals. The regeneration or replacement
interval can be adjusted according to the changes in target impurity concentrations before
and after treatment, together with the required solvent purification level. Spent carbon
and spent alkaline regenerant should be handled according to the waste-management
requirements of the desulfurization unit.

4. Conclusions

In this study, an extraction-GC method suitable for the UDS solvent matrix was
established for the quantitative determination of total hydrocarbons, and the effects of
representative impurities on the foaming behavior of UDS solvent were evaluated under
controlled contamination conditions. The results demonstrated that hydrocarbon impuri-
ties showed the strongest effect on foaming behavior, while SO4

2− and Cl− also promoted
foam formation and prolonged defoaming time, whereas organic acid anions showed
relatively limited effects. For impurity control, A-98FM exhibited the best overall perfor-
mance for anionic impurity removal, and AC-02 showed the best continuous fixed-bed
performance for hydrocarbon purification. Pore-structure and deactivation analyses further
suggested that hydrocarbon-related loadings occupied accessible pore space, especially
micropore-related regions, and were an important factor associated with the decline in
purification performance. Treatment of a field-aged UDS lean solvent further showed
that AC-02 reduced total hydrocarbon content, whereas A-98FM reduced total anionic
impurity concentration; both treatments were accompanied by lower foam height and
shorter defoaming time. The present study provides experimental support for impurity
monitoring, foaming-risk identification, and adsorptive purification of UDS desulfurization
solvent under flowback-contamination conditions.
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Abstract

Caffeine (CAF) is one of the most widely consumed psychoactive substances worldwide.
It is primarily metabolized to paraxanthine (PAR), theobromine (THR), and theophylline
(THY). While CAF metabolism has been extensively characterized in humans and rodent
models, corresponding data in zebrafish (Danio rerio) larvae remain limited. This study
provides a comprehensive characterization of CAF biotransformation in zebrafish larvae
using validated LC-QQQ-MS for quantitative metabolite profiling and FTIR imaging for
spatially resolved tissue distribution mapping. Zebrafish larvae at 4 days post fertiliza-
tion (dpf) were exposed to CAF at concentrations of 15, 25, and 50 mg/L for 18 h. The
LC–MS/MS analysis demonstrated dose-dependent conversion of CAF to PAR (up to
4.54%), THR (up to 1.32%), and THY (up to 0.27%). The PAR/CAF and THR/CAF ratios
increased as CAF concentration rose, while the THY/CAF ratio declined. In parallel, FTIR
imaging was applied to visualize the spatial distribution of CAF and selected metabolites
in larval tissue sections, confirming the presence of CAF, PAR, and THR and revealing their
localization within the tissue. However, THY was not detected by this method. Metabolite
localization differed across larval tissues, indicating compartmentalized metabolic pro-
cesses. This study provides the first comprehensive characterization of CAF metabolism in
zebrafish larvae, revealing low but detectable CYP450-mediated metabolic activity prior to
full hepatic maturation. The findings support the utility of zebrafish larvae as a model for
developmental pharmacokinetic studies.

Keywords: caffeine; caffeine metabolism; zebrafish larvae; mass spectrometry; FTIR

1. Introduction

Caffeine (CAF) remains one of the most extensively ingested stimulants worldwide.
This compound falls within the category of compounds known as purine alkaloids [1].
CAF is present in beverages commonly consumed daily, such as coffee and tea [2]. Various
botanical sources contain CAF within their seeds, fruits, and foliage. Notable examples
include cacao beans, found in chocolate; yerba mate leaves, used for herbal tea; and guarana
berries incorporated into various beverages and supplements [3]. For centuries, coffee and
tea have been integral to cultural customs and social interactions. Moreover, individuals
utilize coffee to enhance alertness and productivity in their daily activities [3]. In North
America, approximately 90% of the population consumes beverages containing CAF [4].
Furthermore, van Dam et al. (2020) highlight that although it exhibits numerous health
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benefits, current evidence does not justify recommending CAF or coffee consumption for
disease prevention [3]. However, they suggest that moderate intake of coffee or tea can be
incorporated into the lifestyle of adults without specific health conditions, excluding preg-
nant or lactating individuals [3]. On the contrary, CAF is associated with adverse effects
related to excessive CAF consumption. These effects include anxiety, restlessness, nervous-
ness, dysphoria, insomnia, excitement, psychomotor agitation, and rambling speech. It is
important to note that these symptoms are not limited to these and can vary from person to
person [3,5]. Moreover, it is noteworthy that CAF undergoes hepatic metabolism primarily
via demethylation, a process facilitated predominantly by the cytochrome P450 enzyme
family, notably CYP1A2, accounting for approximately 95% of the conversion. This enzy-
matic process leads to the production of CAF’s primary metabolites, including PAR, THR,
and THY, which undergo subsequent metabolism to uric acid and are ultimately excreted
via urine [6]. Caffeine and its principal derivatives exert various effects on physiological
functions. CAF itself enhances the basal metabolic rate and acts as a mild stimulant for the
central nervous system, heart, and smooth muscles. Moreover, PAR, the most abundant and
biologically active metabolite, acts as a central nervous system stimulant with comparable
activity to CAF but tends to have lower toxicity and fewer anxiety-inducing effects. THR
also exerts stimulating effects, although they are generally milder than CAF. Lastly, THY is
a widely used bronchodilator with a limited therapeutic range in the bloodstream [7].

Zebrafish (Danio rerio) has become an established in vivo model in biomedical re-
search, largely due to its genetic similarity to humans (~70%) and broad applicability across
different experimental settings [8]. This model offers several advantages, including low
maintenance requirements, rapid development, and fewer ethical constraints compared to
mammalian systems. In accordance with the principles of the 3Rs (Replacement, Reduction,
and Refinement), the use of zebrafish larvae allows for a reduction in animal usage while
maintaining the relevance of biological observations [9]. At early developmental stages
(4–5 days post fertilization (dpf)), zebrafish larvae already exhibit functional physiological
processes, including absorption and metabolic activity, despite incomplete hepatic matura-
tion. In addition, their small size and optical transparency, combined with the possibility of
high-throughput experimental design, support their application in pharmacokinetic and
toxicological studies [10].

As of now, no investigations have been conducted on the primary three CAF metabo-
lites in zebrafish embryos, larvae, or adults. In fish studies, tested compounds are usually
dissolved in the medium. The investigated dose is often described as the concentration
in the medium rather than in larvae. The relationship between the external concentra-
tion of the exogenous compound in the medium and its internal exposure is crucial for
accurately interpreting the observed results, as it is the internal concentration that drives
pharmacological and toxicological effects. Ignoring this critical issue has been reported
to result in unfavorable outcomes in drug research [11]. Therefore, research on CAF
should involve quantifying drugs and their metabolites to interpret the data obtained
accurately. Furthermore, assessing the internal concentration based on the compound’s
physicochemical properties has proven to be quite challenging [12]. Another significant
challenge is the small size of the larvae, necessitating the use of highly sensitive methods. It
should be emphasized that compounds’ absorption and elimination depend on the larvae’s
age [13]. In zebrafish larvae, xenobiotics present in the exposure medium are primarily
absorbed via passive diffusion through the skin and gills. Due to their small size and high
surface-to-volume ratio, uptake of small molecules is generally efficient, although internal
concentrations may differ from nominal exposure levels [13].

In recent years, the integration of multiple analytical techniques has become increas-
ingly common in biochemical and metabolic research, providing a more comprehensive
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understanding of complex biological systems. Liquid chromatography–mass spectrometry
(LC-MS) and Fourier-transform infrared spectroscopy (FTIR) are two complementary methods
that have proven invaluable in such studies. LC-MS combines the separation power of LC
with the molecular specificity of MS, enabling the simultaneous detection and quantification
of multiple compounds with high sensitivity. This makes it a gold-standard method for
metabolite profiling and pharmacokinetic studies in complex biological matrices [14]. FTIR
spectroscopy, on the other hand, offers a rapid, non-invasive approach to identifying and
analyzing functional groups within molecules based on their vibrational properties. When
combined with imaging, FTIR allows for the spatial mapping of molecular distributions in
tissues, offering valuable insights into structural and functional dynamics [15].

The aim of this study was to investigate CAF biotransformation in zebrafish larvae,
with particular focus on its primary metabolites PAR, THR, and THY (Figure 1). Quantita-
tive analysis was performed using LC-MS/MS, while FTIR spectroscopy was applied to
confirm the presence of the compounds and provide spatial information on their distribu-
tion within larval tissues.

Figure 1. Schematic representation of the in vivo pathways of CAF metabolism in zebrafish larvae
leading to the formation of the major metabolites PAR, THR and THY. Schematic drawings were
obtained from Scidraw.io.

2. Results

2.1. Quantification of CAF, PAR, THR and THY Levels in the Zebrafish Larvae

The zebrafish larvae were treated with three different concentrations of CAF: 15 mg/L,
25 mg/L, and 50 mg/L. Firstly, the contents of CAF and its three metabolites were measured
(Figure 2). CAF concentrations differed among all investigated solutions, measuring
504.7, 692.2 and 1444.7 nmol/L, respectively. The contents of each metabolite, namely
PAR, THR, and THY, were significantly higher in the group administered 50 mg/L CAF
compared to the groups receiving lower concentrations of 25 and 15 mg/L (65.3 vs. 18.4
and 12.3 nmol/L; 19 vs. 4.9 and 3.2 nmol/L; 2.8 vs. 1.6 and 1.4 nmol/L, respectively).
However, there was no significant difference in metabolite concentration between the group
administered 15 and 25 mg/L CAF (0.692 vs. 0.505 nmol/L; 0.018 vs. 0.012 nmol/L; 0.005 vs.
0.003 nmol/L, respectively) (Figure 2). Importantly, the absence of significant differences
in metabolite concentrations between 15 and 25 mg/L groups, when contrasted with the
marked increase at 50 mg/L, suggests a non-linear activation of CAF biotransformation
pathways in zebrafish larvae.
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Figure 2. Contents of CAF, PAR, THR, and THY for larvae treated with CAF. CAF concentration
applied at 15, 25, and 50 mg/L. * p < 0.05, as compared to CAF 50 mg/L group, ˆ p < 0.05, as compared
to CAF 25 mg/L group.

The LC-QQQ-MS method demonstrated high sensitivity and satisfactory precision for
all four analytes. The limits of detection (LOD) and quantification (LOQ) were: CAF 5.358
and 17.859 nmol/L; PAR 0.430 and 1.434 nmol/L; THR 1.118 and 3.725 nmol/L; THY 0.389
and 1.298 nmol/L, respectively (Table 1). Precision, expressed as relative standard devi-
ation (RSD, %), did not exceed 9.01% at the lowest and 4.26% at the highest calibration
concentration, confirming the method’s reproducibility across the working range. The
low LOQ values for PAR, THR, and THY were critical for the reliable quantification of
metabolites present at trace levels, especially THY, whose concentrations (1.4–2.8 nmol/L)
were close to but consistently above the LOQ threshold.

Table 1. Multiple reaction monitoring parameters for caffeine and its primary metabolites, obtained
using LC-QQQ-MS in positive electrospray ionization mode.

Analyte Formula RT (min)
RT
Window
(min)

Precursor
Ion
m/z

Product
Ion
m/z

Frag.
(V)

CE
(V)

LOD
(nmol/L)

LOQ
(nmol/L)

Caffeine C8H10N4O2 5.29 0.5 195.1 110 136 25 5.358 17.859
138 136 21
83 136 29
69.1 136 33
56.1 136 37

Paraxanthine C7H8N4O2 3.33 0.5 181.1 124 118 22 0.430 1.434
96 118 26
69.1 118 38
67 118 42
55.1 118 34
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Table 1. Cont.

Analyte Formula RT (min)
RT
Window
(min)

Precursor
Ion
m/z

Product
Ion
m/z

Frag.
(V)

CE
(V)

LOD
(nmol/L)

LOQ
(nmol/L)

Theobromine C7H8N4O2 2.28 0.5 181.1 138 121 18 1.118 3.725
110.1 121 22
83.1 121 30
67.1 121 38

Theophylline C7H8N4O2 3.68 0.5 181.1 124 103 22 0.389 1.298
94 103 26
69.1 103 34

LOD—limit of detection; LOQ—limit of quantification; RT—retention time; Frag—fragmentor; CE—collision energy.

2.2. Metabolites-to-CAF Ratio

Based on these results, we assessed the ratio of CAF metabolites to CAF (Figure 3).

Figure 3. PAR/CAF, THR/CAF, and THY/CAF ratios for the larvae treated with CAF. CAF concen-
tration applied: 15, 25, and 50 mg/L, * p < 0.05.

Similarly to PAR alone, the PAR/CAF ratio was significantly higher in the group
incubated with 50 mg/L CAF compared to lower CAF doses and no difference between
these lower concentrations was observed. The same relationship was observed for the
THR/CAF ratio, but the ratio was lower compared to PAR. The opposite effect was observed
for THY as the THY/CAF ratio decreased with higher CAF doses, and the difference was
observed only between the 15 and 50 mg/L CAF groups (Figure 3). This divergent behavior
indicates that THY formation may be driven by a distinct metabolic branch with limited
inducibility or inhibition at higher levels of substrate.

2.3. CAF Metabolites Assessment

Then, we summarized the data to get a full insight into the CAF metabolism (Figure 4).
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Figure 4. (a) raw values of PAR/CAF, THR/CAF, and THY/CAF ratios for the larvae treated with
CAF (b) % of PAR/CAF, THR/CAF, and THY/CAF ratios. CAF concentration applied: 15, 25, and
50 mg/L.

As presented in Figure 4, the greater the CAF dosage, the more the drug is metabolized
to PAR and THR. The most pronounced increase is observed for PAR. Inversely, the greater
the CAF concentration, the less of the drug is transformed to THY (Figure 4).

Additionally, FTIR measurements were performed on metabolite standards of CAF,
PAR, THR and THY. In parallel, control larvae spectra were recorded and averaged (back-
ground spectrum). Based on the evaluation of analytes and background spectrum, bands
at 1072 and 1674 cm−1 were selected for CAF, 1120 and 1275 cm−1 for PAR, and 1266 and
1308 cm−1 for THR [16,17]. It was not possible to indicate suitable bands for THY. The
mean values of absorbance for CAF, PAR, and THR (calculated as the sum of two bands)
for the control and CAF 50 mg/L groups are presented in Table 2. Both CAF and its
two major breakdown products were detected in the larvae’s bodies; a statistically signifi-
cant difference in band intensities for CAF, PAR, and THR was observed between groups
(Figure 5).

Table 2. Mean absorbance intensity of peaks assigned to CAF, PAR, and THR, in 5 dpf zebrafish
larvae ± SD, *** p ≤ 0.0001.

Treatment CAF PAR THR

CTR 0.25 ± 0.18 *** 0.11 ± 0.09 *** 0.12 ± 0.09 ***

CAF 50 0.65 ± 0.40 *** 0.36 ± 0.25 *** 0.41 ± 0.29 ***

Figure 5. Comparison of CAF, PAR, and THR absorbance in control and CAF 50 groups; bands at
1072 and 1674 cm−1 were selected for CAF; 1120 and 1275 cm−1 for PAR and 1308 cm−1 for THR;
*** p ≤ 0.0001.
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FTIR imaging was employed as a complementary approach to LC-MS/MS to provide
spatial information on the distribution of CAF and its metabolites within intact zebrafish
larval tissue sections. Spatial distribution data were collected as a novel approach in ze-
brafish studies, as presented by Kalisz et al. [18]. Notably, FTIR analysis provided spatially
resolved information revealing heterogeneous patterns of CAF and its metabolites in larval
tissues. This observation suggested localized metabolism or metabolite accumulation, in
contrast to the low and uniform signal observed in control larvae.

Following the spectra analysis, imaging of the head area was performed in control
and CAF 50 mg/L groups, with the visualization of the abovementioned selected bands.
To mitigate spectral overlap, the averaged FTIR spectrum of control larvae was used
as a biological background reference and subtracted prior to map visualization, thereby
removing the endogenous tissue contribution common to both groups. Presented in
Figure 6, the maps show that in the control group, absorbance for all compounds is lower
compared to treated larvae.

Figure 6. Spatial distribution of CAF and its metabolites (PAR and THR) in horizontal cross-sections
of the head region mapped (red rectangles) of Danio rerio 5 dpf larvae. FTIR imaging in CTR and
CAF50 samples, the white bar is 100 μm.

The absorbance patterns are not uniform across the treated samples, which points to
localized or compartmentalized effects within the tissue (Figure 6).

3. Discussion

Zebrafish larvae are increasingly used in pharmacological and toxicological research
due to their genetic similarity to humans and well-characterized developmental biol-
ogy [19,20]. Nevertheless, the fate of CAF and its primary metabolites in this model has
remained largely unexplored. Understanding CAF biotransformation in this organism
is particularly relevant given that internal exposure determines the pharmacological and
toxicological outcome. The present study addresses this gap by combining LC-QQQ-MS
quantification with spatially resolved FTIR imaging to provide a systematic and tissue-level
characterization of CAF biotransformation at the early larval stage.

Previous research indicates that the development of hepatic primordium in zebrafish
starts at 28 h post fertilization (hpf), followed by hepatic outgrowth between 60 and 72 hpf.
By 120 hpf, liver function, including CYP metabolism, is nearly fully established. Notably,
evidence suggests that CYP metabolic functions, particularly CYP1A2, resemble those
of human CYP isoforms even before complete liver development, as confirmed by both
mRNA expression and metabolite analysis in larvae aged 24–120 hpf [21]. The metabolism
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of CAF shows considerable variability among individuals and is influenced by multiple
factors, including age, gender, genetic predisposition, and environmental conditions [22].
The PAR to CAF ratio is a recognized biomarker reflecting CYP1A2 activity, with elevated
ratios correlating with accelerated CAF metabolism and increased enzymatic activity of
CYP1A2. Evaluating this ratio has the potential to predict individual responses to CAF and
assess the propensity for adverse reactions associated with its consumption [23].

So far, only one study assessed the PAR/CAF ratio in zebrafish larvae [21]. Nawaji
et al. found that only about 5% of CAF (10 mg/L) at 2 dpf and 5 dpf was transformed to
PAR, suggesting that zebrafish embryos and larvae possess metabolic activity similar to
that of human CYP1A2, although at a relatively low level [21]. In our study, the activity was
2.45–4.54%, depending on the dose. Our investigation revealed no statistically significant
variance in the PAR/CAF ratio between larvae subjected to CAF concentrations of 15 and
25 mg/L. However, larvae treated with 50 mg/L CAF exhibited a notable elevation in the
PAR/CAF ratio relative to the lower dosage cohorts. This dose-dependent increase indi-
cates inducible or concentration-dependent activation of CYP-driven enzymatic pathways
in zebrafish larvae. Nevertheless, the PAR/CAF ratio can be useful as a functional marker
of metabolic activity rather than a fixed constant related to specific species.

Basnet et al. employed zebrafish embryos as a model system to investigate the overall
toxicity and cardiovascular impacts of eight methylxanthines, including aminophylline,
CAF, diprophylline, doxofylline, etophylline, 3-isobutyl-1-methylxanthine (IBMX), pentoxi-
fylline, and THY [19]. They reported that CAF, IBMX, pentoxifylline, and THY induced
pronounced embryotoxic and teratogenic effects. In contrast, aminophylline, doxofylline,
and etophylline elicited such effects only at higher concentrations, whereas diprophylline
displayed minimal (<10%) developmental toxicity. Structural abnormalities in the heart
were induced by most of these drugs in 20–40% of the injected embryos at the highest
dose, resulting in fatal outcomes within 120 hpf. Additionally, all drugs elicited a transient
increase in heart rate at 48 hpf, which normalized by 96 hpf. This observed functional
impact of methylxanthines parallels findings from studies conducted in humans and other
vertebrates. Unfortunately, the referenced study did not delve into CAF metabolism;
however, it did note the influence of the metabolite on the zebrafish organism [19]. In
humans, CAF is reported to be transformed into PAR, THR and THY at rates of 84%, 12%
and 4%, respectively [24]. In rats, CAF is demethylated to its three major metabolites in
approximately equal quantities [25,26]. Our study presents that CAF in the zebrafish model
is transformed into PAR, THR and THY at rates up to 4.54%, 1.32% and 0.27%, respec-
tively. Zhao et al. conducted a study to perform a comparative transcriptome analysis of
hepatocytes isolated from developing zebrafish embryos at various developmental stages
(60, 72, and 96 hpf) [27]. This analysis unveiled notable alterations in gene expression
profiles, elucidating pivotal biological processes and molecular pathways implicated in
the proliferation and functional maturation of hepatocytes throughout liver development.
These discoveries provide crucial insights into the intricate dynamics governing hepatocyte
differentiation and maturation, thereby enriching our comprehension of liver development
in zebrafish. In the present publication, we suggest that CAF metabolism may differ in the
zebrafish model from that in the human body, which may also be important in the context
of the mentioned molecular pathways. It is well known that CAF interacts with molecular
cell pathways [28], which may be potentially significant for further use of the Danio rerio
model in studies of the pathophysiology of diseases.

In this study, we also targeted CAF and metabolites using FTIR spectroscopy and spec-
tral mapping. This technique is sensitive to changes in the secondary structure of proteins,
as added chemical compounds may introduce it [29,30]. FTIR spectroscopy is a powerful
tool for analyzing CAF and its metabolites. Recording their fingerprint vibrational modes
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enables both qualitative and semi-quantitative assessments without requiring extensive
sample preparation. It provides a label-free approach in studies of molecular structures or
metabolic pathways in cell biology [31]. Particularly, Ashengroph evaluated products of
CAF biotransformation in an aqueous environment with Salinvibrio costicola [32]. Despite
the fact that all metabolites were confirmed by LC-MS, only separated and purified THR
was confirmed by FTIR. The important role of FTIR detection of THR and CAF was also
postulated in the determination of food content, contamination [33], or crystallization [34].
The analysis of PAR and THY was less reported, possibly due to problems with low con-
centration and partially overlapping spectral features in metabolism studies. THY is also
studied with FTIR as an active pharmaceutical ingredient [35]. Spectral overlap in the
fingerprint region represents a general analytical challenge in biological FTIR imaging;
proteins (Amide III, 1230–1300 cm−1), nucleic acids (νas/νs PO2

−, 1080–1240 cm−1), carbo-
hydrates (C–O–C stretching, 1030–1080 cm−1), and lipids (C–O stretching, 1050–1100 cm−1)
all absorb in the same fingerprint region used for methylxanthine detection, which likely
contributes to the limited reporting of PAR and THY in tissue-imaging studies. While
FTIR has been successfully used in pharmaceutical and microbial systems, its application
in higher model organisms, such as zebrafish larvae, remains underexplored. Spatially
resolved data coupling zebrafish larvae and FTIR imaging is a novel approach, as only one
report on the distribution of amides and lipids was reported in the available literature [18].
Our study addresses this gap by providing information on localized CAF biotransforma-
tion with visualization in larvae. This approach complements traditional methods such
as liquid chromatography–tandem mass spectrometry (LC-QQQ-MS) and offers insights
into molecular changes in models. Future studies could focus on improving the sensitivity
for detecting low-abundance metabolites and the application of spatially resolved FTIR
imaging in model organisms that could further validate its utility in metabolic studies, as a
part of the “spectralomic” approach [31].

Comprehending CAF metabolism and the involvement of cytochrome P-450 is crucial
for anticipating individual reactions to CAF and identifying variables that may impact
CAF metabolism. This knowledge can inform strategies for the prudent and efficient
utilization of CAF-containing products, particularly in individuals concurrently taking
medications that interact with CAF. Furthermore, research indicates that a higher CAF
metabolite ratio may be correlated with a reduced risk of specific health ailments, such as
Parkinson’s disease, whereas a lower ratio may be associated with heightened susceptibility
to cardiovascular complications.

The present study focused on the three primary CAF metabolites known from mam-
malian systems (PAR, THR, and THY). Due to the targeted nature of the LC-MS/MS method
applied, the analysis was limited to predefined compounds. However, the formation of
additional minor metabolites in zebrafish larvae cannot be excluded and would require
future studies for comprehensive characterization.

4. Materials and Methods

4.1. Animals

Wild-type zebrafish (Danio rerio) of the AB strain (Experimental Medicine Centre, Med-
ical University of Lublin, Poland) were housed under controlled conditions at temperatures
between 26 and 28.5 ◦C. Water pH was maintained in the range of 6.9 to 7.5, conductivity
values were kept between 550 and 700 μS/cm, and a 14/10 h light-to-dark photoperiod
was applied. Following fertilization, embryos were kept in E3 embryo medium and incu-
bated under standard light/dark conditions using an IN 110 incubator (Memmert GmbH,
Buechenbach, Germany). Larvae at 4 days post-fertilization (dpf) were selected for use
in all experimental procedures. Upon completion of the experiments, larvae were euth-
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anized by immersion in ice-cold water at a ratio of 5 parts ice to 1 part water (0 to 4 ◦C)
for 20 min. Subsequently, specimens were frozen at −22 ◦C to ensure cessation of brain
activity. All procedures were carried out in full compliance with the National Institute of
Health Guidelines for the Care and Use of Laboratory Animals. The European Community
Council Directive 2010/63/EU of 22 September 2010 was also followed. As the study
involved larvae at a developmental stage not exceeding 5 dpf, approval from the Local
Ethical Commission was not required.

4.2. Chemicals

CAF, PAR, THR, and THY were obtained from Sigma-Aldrich (Saint Louis, MO, USA)
at pharmaceutical secondary standards with a purity > 99% (LC-MS grade). Stock solutions
were prepared by dissolving each compound in deionized water. The solutions were
subsequently diluted in E3 embryo medium to reach the desired final concentrations.
The E3 medium was composed of 17.4 μM NaCl, 0.21 μM KCl, 0.12 μM MgSO4 and
0.18 μM Ca(NO3)2, with pH adjusted to a range of 7.1 to 7.3.

4.3. Treatments for the Assessment of CAF and Its Metabolites Concentrations

A total of five larvae per well were placed in a 48-well plate containing 500 μL of either
E3 embryo medium or CAF at concentrations of 15, 25, and 50 mg/L. Preincubation was
carried out at 28 ◦C for 18 h. The applied CAF concentrations and exposure duration were
established based on the available literature and previous research conducted in a home
laboratory using zebrafish larvae as a model organism [36–39].

4.4. Sample Preparation

Larvae were rinsed three times with E3 embryo medium and subsequently transferred
to tubes at a density of 20 larvae per sample with 5 samples per experimental group.
Tissue homogenization was performed by sonication (4 cycles of 5 s each) in 150 μL of
100 mM NH4HCO3. The homogenate was then kept on ice for 15 min and centrifuged at
15,000 g for 15 min at 4 ◦C. A volume of 100 μL of the resulting supernatant was combined
with a methanol and ethanol solution (1:1) to achieve a final ratio of 1:3. The mixture was
vortexed for 30 s and incubated at 20 ◦C for 15 min. A subsequent centrifugation step was
performed at 15,000 g for 10 min at 4 ◦C. Finally, 250 μL of the obtained supernatant was
transferred to a chromatography vial.

4.5. LC-QQQ-MS Analysis

Chromatographic separation was carried out with the Agilent 1290 Infinity II LC
system coupled to the Agilent 6470 Triple Quad tandem mass spectrometer equipped
with an electrospray ionization source, Jet Stream Technology (Agilent Technologies, Santa
Clara, CA, USA). The chromatographic separations were conducted using an RRHD Zorbax
Eclipse Plus C18 column (Agilent Technologies; 2.1 × 100 mm; 1.8 μm) at a flow rate of
0.3 mL/min. The mobile phases were 0.1% formic acid in water (A) and 0.1% formic acid
in methanol (B). The run time was 7 min, with the gradient program 0–4 min, 13–18% B;
4.01–6 min, 60–75% B; 6.01–7 min, 95% B and final column conditioning of 3 min. The
injection volume was set to 2 μL, and the column temperature was held at 40 ◦C. The
mass spectrometer was operated in positive electrospray ionization mode (ESI+) with the
following settings: ion source gas, N2; ion source gas temperature, 300 ◦C; ion source gas
flow rate, 12 L/min; nebulizer pressure, 40 psi; sheath gas temperature, 350 ◦C; sheath
gas flow rate, 12 L/min; and capillary voltage, 4000 V. The needle was washed after each
injection with a mixture of methanol and water (80:20, v/v). Full acquisition details and
optimized MS parameters are provided in Table 1.
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Data acquisition was carried out using Agilent Mass Hunter Data Acquisition software
(version B.09.00). Subsequent data processing was performed with Agilent Mass Hunter
Qualitative Analysis software (version B.10.02) (Agilent Technologies, Santa Clara, CA,
USA). The amount of CAF and its three primary metabolites, PAR, THR, and THY, in
control larvae was determined from the corresponding matrix-matched calibration curve.
The linear ranges of calibration curves were estimated using the coefficient of determination
(R2 ≥ 0.99). LOD and LOQ values were derived from signal-to-noise ratios of 3:1 and 10:1,
respectively. Calculations were based on the most intense MRM transition recorded at the
lowest concentration level of the calibration sample. Concentration results were reported
as mean values across five injections per group.

4.6. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) measurements were carried out in the
reflection mode using an FTIR spectrometer (Nicolet 8700, Thermo, Waltham, MA, USA)
attached to an infrared microscope (Nicolet Continuum, Thermo, Waltham, MA, USA)
with an MCT-A detector. The microscope was equipped with a ×15 IR objective. Spectra
within the 4000–650 cm−1 spectral range were measured with 120 scans at 8 cm−1 spectral
resolution using Happ–Genzel apodization and two levels of zero filling. Area maps were
acquired in automated point-mapping mode with a stage step size of 20 × 20 μm and an
aperture of 25 μm, yielding a spatial resolution of 20 μm per pixel. Background spectra
were collected from a region free of tissue using 120 scans. Frozen larvae from control
and CAF 50 mg/L were subjected to horizontal sectioning with Leica 19650UV (Leica
Microsystems, Wutzlar, Germany) to 10 μm slices embedded in gelatin from porcine skin
(Sigma-Aldrich, St. Louis, MO, USA) and placed on reflective, aluminum-coated slides.
The assessed physical characteristics of the samples (size and thickness) were standardized
for the investigations. Initially, the FTIR spectra for CAF, PAR, THR, and THY standards
(Sigma Aldrich) were recorded concurrently with 100 spectra randomly collected from
control and CAF 50 mg/L larvae whole bodies. Finally, in imaging mode, the head area
measurements were carried out step-by-step, with a 20 μm step in the x/y plane.

FTIR spectral data were analyzed using the OMNIC 8 software (8.2.0.387 Thermo
Fisher Scientific, Waltham, MA, USA) and Orange (ver. 3.36.2, University of Ljubljana,
Ljubljana, Slovenia) software. The data were preprocessed with algorithmic baseline correc-
tion with a rubber band algorithm, Gaussian smoothing (SD: 5) and vector normalization.
The absorbance intensity was used for statistical evaluation of larvae spectral data.

4.7. Statistical Analysis

All statistical analyses were carried out in GraphPad Prism 8 (GraphPad Software,
San Diego, CA, USA). Depending on the experimental design, one-way or two-way ANOVA
was applied. One-way ANOVA was followed by Tukey’s post hoc test. A p-value < 0.05
was considered statistically significant. Results are expressed as mean ± standard devi-
ation (SD). Larvae were randomly assigned to experimental groups prior to the start of
the experiment.

5. Limitations

This study provides novel insights into CAF biotransformation in zebrafish larvae;
however, several limitations should be acknowledged. First, the applied LC-MS/MS ap-
proach was based on targeted analysis, focusing on CAF and its three primary metabolites
(PAR, THR and THY) known from mammalian systems. Consequently, the presence of
additional minor or alternative metabolites cannot be excluded and would require un-
targeted metabolomics approaches for comprehensive characterization. FTIR imaging
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was carefully performed using two bands per analyte and the mean control spectrum as
background to reduce the risk of false attribution; however, complete spectral separation
was not achieved. It was not possible to identify analytically suitable bands for THY, which
was therefore excluded from FTIR mapping. Collectively, FTIR-derived band intensities
should be interpreted as semiquantitative indicators of spatial distribution, complementary
to the LC-MS/MS quantification data. The study was conducted at a single developmental
stage (4–5 dpf), which represents a period of ongoing physiological maturation. There-
fore, the observed metabolic activity may not fully reflect the metabolic capacity of later
developmental stages or adult organisms.

6. Conclusions

We conducted a comprehensive investigation into CAF metabolism in zebrafish lar-
vae, focusing on its three primary metabolites: PAR, THY, and THR. To characterize this
biotransformation quantitatively, a validated LC-QQQ-MS method was developed and
applied for the simultaneous determination of CAF and its primary metabolites, com-
plemented by FTIR imaging for spatially resolved metabolite mapping in larval tissues.
The quantitative method achieved LOD values of 5.358, 0.430, 1.118, and 0.389 nmol/L
and LOQ values of 17.859, 1.434, 3.725, and 1.298 nmol/L for CAF, PAR, THR, and THY,
respectively, with precision (RSD) not exceeding 9.01%. Zebrafish larvae exposed to CAF
at 15, 25, and 50 mg/L revealed dose-dependent biotransformation: CAF was converted to
PAR at up to 4.54%, to THR at up to 1.32%, and to THY at up to 0.27% of the administered
dose. Measured internal CAF concentrations reached 504.7, 692.2, and 1444.7 nmol/L,
while PAR, THR, and THY peaked at 65.3, 19.0, and 2.8 nmol/L, respectively, at the highest
exposure level. Complementary FTIR imaging confirmed the presence of CAF, PAR, and
THR in larval tissues and revealed their heterogeneous spatial distribution, with statistically
significant differences in absorbance between control and CAF 50 mg/L groups. To our
knowledge, this study is the first to assess CAF metabolites in zebrafish larvae, offering a
novel analytical approach applicable to various zebrafish-related research endeavors. Our
findings underscore the presence of CYP450-mediated demethylation activity in zebrafish
larvae before full liver development, highlighting the significance of early-stage zebrafish
studies in pharmacological research. Further investigations involving older larvae and
adult fish are warranted to elucidate the complete spectrum of CAF metabolism in zebrafish.
The integration of quantitative LC-MS/MS methods with spatially resolved FTIR imaging
described in this study contributes to the development of the zebrafish model by extending
its application towards more mechanistically informed approaches for potential xenobiotic
investigation of metabolism and tissue-specific biochemical responses.
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Abbreviations

The following abbreviations are used in this manuscript:

ANOVA Analysis of variance
ARRIVE Animal Research: Reporting of In Vivo Experiments
ATR-FTIR Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy
CAF Caffeine
CE Collision energy
CTR Control group
CYP Cytochrome P450
CYP1A2 Cytochrome P450 1A2
dMRM Dynamic Multiple Reaction Monitoring
dpf Days post-fertilization
E3 Embryo medium (E3 medium)
ESI+ Electrospray ionization, positive mode
FTIR Fourier-transform infrared spectroscopy
hpf Hours post-fertilization
LC Liquid chromatography
LC-MS Liquid chromatography–mass spectrometry
LC-MS/MS Liquid chromatography–tandem mass spectrometry
LC-QQQ-MS Liquid chromatography–triple quadrupole mass spectrometry
LOD Limit of detection
LOQ Limit of quantification
MCT-A Mercury Cadmium Telluride Detector (Type A)
MRM Multiple reaction monitoring
PAR Paraxanthine
RSD Relative standard deviation
RT Retention time
SD Standard deviation
THR Theobromine
THY Theophylline
UV Ultraviolet
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37. Bartoszek, A.; Paszkowska, E.; Kozub-Pędrak, A.; Sumara, A.; Fornal, E. Unveiling the Influence of Caffeine on Topiramate:
Metabolomic Marker Analysis Using Liquid Chromatography-Mass Spectrometry. Front. Mol. Biosci. 2025, 12, 1549993. [CrossRef]

38. Bartoszek, A.; Trzpil, A.; Kozub, A.; Fornal, E. Optimization of the Zebrafish Larvae Pentylenetetrazol-Induced Seizure Model for
the Study of Caffeine and Topiramate Interactions. Int. J. Mol. Sci. 2023, 24, 12723. [CrossRef] [PubMed]
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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 ultravio-
let 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 com-
pounds in HQD based on characteristic mass spectrometric fragmentation ions and differ-
ences 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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Abstract

Shishamo smelt (Spirinchus lanceolatus), which is endemic to Hokkaido, Japan, is frequently
substituted in markets with morphologically similar capelin (Mallotus villosus) imported
from abroad. Lipids are essential nutrients that play important roles in fish authenticity,
validation, and nutritional assessment. Although shishamo has long been consumed in
Japan, its region-specific lipid distribution and composition are different from those of
capelin and have not been well explored. To overcome these gaps, we used untargeted
liquid chromatography–mass spectrometry to profile sex- and region-specific lipids in the
Japanese S. lanceolatus and Nordic M. villosus. The results revealed that female S. lanceolatus
heads exhibited high triacylglycerol (TAG) content, closely resembling roe composition.
Docosahexaenoic acid and eicosapentaenoic acid were enriched in the female S. lanceolatus
viscera. Multivariate analysis identified monounsaturated fatty acids, such as fatty acid
(FA) 22:1 and FA 20:1, as robust discriminatory markers between S. lanceolatus and M.
villosus. Overall, sex- and regiospecific differences in lipid composition between the two
species were correlated and compared. These lipidomic signatures provide a basis for
verifying species authenticity and geographic origin, while highlighting the nutritional
lipid potential of S. lanceolatus, particularly from the female viscera.

Keywords: liquid chromatography; fish lipids; mass spectrometry; lipidomics; fatty
acid; shishamo

1. Introduction

Shishamo smelt (Spirinchus lanceolatus) is an endemic species restricted to Hokkaido,
the northernmost island of Japan [1]. In early winter, it has an anadromous life cycle,
migrating from the coastal ocean to the lower reaches of rivers to spawn [2]. Owing to
its restricted distribution and seasonally limited landings, shishamo is a culturally and
economically important fishery resource in Hokkaido. However, shishamo populations
have declined markedly, leading to its classification as an endangered species on Japan’s
Red List [1,3]. Capelin (Mallotus villosus), a closely related osmerid often referred to in Japan
as “karafuto-shishamo,” occupies sub-Arctic pelagic habitats throughout the Northern
Hemisphere [4]. Although a large proportion of the global capelin catch is processed into
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fishmeal, prespawning individuals are also valued for direct human consumption because
of their favorable nutritional profiles [5]. In Japan, the majority of “shishamo” marketed is
imported frozen capelin, yet the biological and nutritional differences between shishamo
and capelin are poorly understood [6].

Fish lipids are a well-recognized dietary source of bioactive compounds with signifi-
cant health benefits [7]. These benefits are largely attributed to their high content of ω-3
polyunsaturated fatty acids (PUFAs), particularly eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) [8]. ω-3 PUFAs lower circulating triacylglycerol levels and reduce the
risk of neurodegenerative disorders, including Alzheimer’s disease, dementia, and certain
cancers [9]. By contrast, saturated fatty acids (SFAs), especially long-chain SFAs (LCSFAs), are
associated with elevated serum cholesterol and increased cardiovascular risk, as suggested
by previous studies [10]. To evaluate the nutritional quality of fish-derived lipids, free fatty
acid (FFA)-based indices such as the PUFA/SFA ratio, index of atherogenicity (IA), and
hypocholesterolemic/hypercholesterolemic (HH) ratio, are widely employed [11].

Advances in lipidomics now allow for the comprehensive characterization of food
lipidomes and nutritional profiles beyond FFA-based assessments [12]. Lipid composition
in fish is modulated by species, age, diet, and environment [13]. Lipidomics provides
valuable insights into species-specific nutritional properties, feeding ecology, and even
geographic origin [14]. For instance, in capelin (Mallotus villosus), ω-3 PUFAs account for
~71% of total lipids, with EPA and DHA constituting over 16% [5]. Long-chain PUFAs
in food typically occur in triacylglycerols (TAGs) and phospholipids (PLs) [15], and evi-
dence suggests that ω-3 PUFAs in TAG and PL forms enhance tissue incorporation more
effectively than free forms [16]. Therefore, comprehensive lipidomic analyses, including
TAGs, PLs, and other complex lipid classes, are crucial for evaluating the nutritional and
functional potential.

Sex-and region-specific differences also influence fish lipid profiles. For example, ayu
(Plecoglossus altivelis) roe contains nearly three times more phospholipids than muscle [17],
and female capelin accumulates greater lipid reserves in the gonads than males [18]. Re-
cently, organ-specific lipidomic maps of capelin revealed that ceramides (Cer) are enriched
in the viscera and phosphatidylcholine (PC) is enriched in the roe [5]. Our previous work
analyzing Japanese marine products demonstrated that female shishamo smelt (Spirinchus
lanceolatus) meat is particularly rich in ω-3 PUFAs [19]. However, sex- and region-specific
differences in lipid composition between shishamo and capelin have not yet been fully
elucidated. In the current study, we performed a comprehensive lipidomic comparison of
shishamo from Hokkaido, Japan, and capelin from Nordic countries, two species widely
consumed in Japan but often confused in markets. Using liquid chromatography/mass
spectrometry (LC/MS)-based untargeted lipidomics, we assessed the lipid composition
across multiple body parts (head, meat, viscera, and roe) and sexes. This approach enabled
us to identify species-, sex-, and region-specific lipid signatures, discuss their nutritional im-
plications, and propose candidate molecular markers to distinguish shishamo from capelin.

2. Materials and Methods

2.1. Materials

LC-MS-grade solvents, including methanol, isopropanol, and chloroform, were pur-
chased from Wako Pure Chemical Industries (Osaka, Japan). Ammonium acetate (1 M),
used as the mobile phase additive, was obtained from Sigma-Aldrich (St. Louis, MO, USA).
For sample homogenization, 1.4 mm ceramic beads (item no. 15-340-159) were purchased
from Thermo Fisher Scientific (Tokyo, Japan). Pierce™ LTQ ESI Positive Ion Calibration
Solution and Pierce™ Negative Ion Calibration Solution were obtained from Thermo Fisher
Scientific (Tokyo, Japan). To prepare the internal standards, EquiSPLASH LIPIDOMIX and
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oleic acid (d9) were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). A mixed
internal standard solution was prepared in methanol (1 μg/mL) containing: phosphatidyl-
choline (PC 15:0/18:1(d7)), phosphatidylethanolamine (PE 15:0/18:1(d7)), phosphatidyl-
glycerol (PG 15:0/18:1(d7)), phosphatidylserine (PS 15:0/18:1(d7)), phosphatidylinositol
(PI 15:0/18:1(d7)), lysophosphatidylethanolamine (LPE 18:1(d7)), lysophosphatidylcholine
(LPC 18:1(d7)), sphingomyelin (SM d18:1/18:0(d9)), ceramide (Cer d18:1/15:0(d7)), monoa-
cylglycerol (MAG) (18:1(d7)), diacylglycerol (DAG), triacylglycerol (TAG) (15:0–18:1(d7)-
15:0), and cholesterol ester (18:1(d7)) along with 10 μg/mL oleic acid (d9).

2.2. Sample Preparation

Male and female shishamo smelt (Spirinchus lanceolatus) from Hokkaido, Japan, were
obtained from Nomoto Suisan Co., Ltd. (Hokkaido, Japan). Male capelin (Mallotus villosus)
from Iceland was purchased from Taikai Co., Ltd. (Tottori, Japan), and female capelin from
Norway was purchased from Kanenaka Food Industry Co., Ltd. (Ishikawa, Japan). Sex and
geographical origin were completely confounded in the current study. This mixed design
makes it difficult to disentangle the independent contributions of sex-specific effects (e.g.,
hormonal differences) and region-specific effects (e.g., feeding grounds or environmental
factors), which may complicate the interpretation of their interactions. Head, meat, viscera,
and roe (female only) were dissected within 10 min of arrival and stored at −80 ◦C until
extraction. Four individuals of each fish species were prepared, dissected to obtain specific
tissues, and subjected to four replicate analyses.

2.3. Lipid Extraction

Approximately 100 mg of tissue was homogenized with 1.4 mm ceramic beads (Bead-
mill 4, Fisher Scientific, Tokyo, Japan). One milliliter of methanol containing 0.01% buty-
lated hydroxytoluene was added, followed by the extraction of total lipids using a modified
Folch method [19,20]. Each homogenate was spiked with an internal standard, mixed
with chloroform and Milli-Q water, and then centrifuged. The chloroform phase was
collected, re-extracted, dried under vacuum, and reconstituted in 100 μL methanol. After
centrifugation at 15,000 rpm (10 min, 4 ◦C), the supernatant was transferred to autosampler
vials for LC/MS analysis.

2.4. LC/MS Analysis

For LC-MS analysis, a protocol similar to that reported in our previous study was
followed [21]. Lipid profiling was performed using a Prominence UFLC system (Shimadzu,
Kyoto, Japan) coupled to an LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific,
San Jose, CA, USA) with an Atlantis T3 C18 column (2.1 mm × 150 mm, 3 μm, Waters).
The column temperature was maintained at 40 ◦C. Lipids were separated using (A) Milli-Q
(10 mM ammonium acetate), (B) isopropanol, and (C) methanol with gradient elution in
both positive and negative mode at 200 μL/min over 30 min. Eluent distribution in positive
mode was 30% B and 35% C (0–1 min), 82.5% B and 15% C (1–9 min), 95% B and 5% C
(9–15 min), 95% B and 5% C (15–25 min), 30% B and 35% C (25–26 min) and equilibrated
for 4 min. Eluent distribution in negative mode was 30% B and 35% C (0–1 min), 75% B and
15% C (1–9 min), 82.5% B and 15% C (9–21 min), 95% B and 5% C (21–25 min), 30% B and 35%
C (25–26 min), and equilibrated for 4 min. Data were acquired in electrospray ionization
(ESI) positive and negative modes, with the following conditions: capillary temperature
330 ◦C; nitrogen sheath gas flow rate 50 units; auxiliary gas flow rate 20 units (positive)
and 30 units (negative); source voltage 4 kV (positive) and 3 kV (negative); and capillary
voltage 25 V (positive) and 10 V (negative). The MS1 scan ranges were m/z 100–1750
(positive), and m/z 160–1900 (negative) in Fourier transform mode with a resolution of
60,000. MS2 and MS3 spectra were acquired using collision-induced dissociation (CID) at
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collision energies of 40 and 45 eV, respectively. Calibration was performed using Pierce™
LTQ ESI Positive Ion Calibration Solution and Pierce™ Negative Ion Calibration Solution
(both from Thermo Fisher Scientific, Tokyo, Japan). Before sample analysis, blanks were
used to confirm the absence of contamination and quality control (QC) samples were used
to monitor the performance of the analytical instrument.

2.5. Data Processing for Identification of Lipids

Alignment, lipid annotation, and peak area integration of the raw data acquired by LC-
MS analysis were performed using MS-DIAL ver. 5.1. The parameters set in MS-DIAL were
the same as previously reported [22], specifically employing a minimum peak height of
1000 amplitude units, 0.1 Da mass slice width, smoothing across 3–5 scans with a 0.5 sigma
window, signals at least fivefold above blank levels, and tolerances of 0.5 min for retention
time alongside 0.015 Da for MS1. To confirm the identification of lipid molecular species,
MS1, MS2, and MS3 spectra were confirmed using Xcalibur 2.2 (Thermo Fisher Scientific,
Waltham, MA, USA). Relative quantification was performed using internal standards of
the same or analogous lipid subclasses. Analyte levels were determined by multiplying
the peak area ratio (analyte/internal standard) by the internal standard concentration and
normalized to sample weight, following the Level 2 or 3 guidelines of the Lipidomics
Standard Initiative.

2.6. Determination of Lipid Nutritional Indices

For nutritional assessment based on FFA, the following formulas were used to calculate
the nutritional indices: fish lipid quality (FLQ), hypo/hypercholesterolemic ratio (HH),
and index of atherogenicity (IA) [11].

FLQ = 100 × (C20:5 + C22:6)/ΣFA

HH = (C18:1 + ΣPUFA)/(C12:0 + C14:0 + C16:0)

IA = [C12:0 + (4 × C14:0) + C16:0]/ΣUFA

2.7. Statistical Analysis

Multivariate analyses (principal component analysis, heatmaps, and orthogonal par-
tial least squares discriminant analysis) were performed using MetaboAnalyst 6.0, and
additional graphs/statistics were generated using GraphPad Prism 8. Data are expressed as
mean ± standard error (SE). Group comparisons for head, meat, and viscera were assessed
using one-way analysis of variance (ANOVA) with Tukey’s post hoc test; roe lipids were
compared using Student’s t-test. Distinct letters in the figures denote significant group
differences (p < 0.05).

3. Result & Discussion

3.1. Lipid Annotation and Distribution of Major Lipid Classes

Untargeted LC-MS analysis annotated 329 lipid molecular species in Spirinchus lance-
olatus (shishamo) and Mallotus villosus (capelin) in both positive and negative ionization
modes (Supplementary Table S1). Scatter plots (m/z vs. retention time) representing the
elution of different lipid subclasses are shown in Figure 1A. This illustrates the distribution
of the detected lipid species, which were classified into five major categories: fatty acyls
(FA), sphingolipids (SP), glycerophospholipids (GP), glycerolipids (GL), and sterols (ST).
The relative abundances of these categories differed considerably according to the species,
sex, and body region (Figure 1B). In capelin, GP predominated in male head (43.9%) and
meat (44.2%), whereas FA dominated viscera (63.1%). Female capelins also exhibited high GP
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in the head (53.7%), high FA in viscera (43.8%), and high GL in meat (39.0%) and roe (62.5%).
By contrast, male shishamo heads were GP-rich (60.1%), while meat contained elevated GL
(39.6%), and viscera showed balanced GP and FA (~33% each), respectively. Elevated levels of
GPs were detected in the lipid profile of the golden threadfin bream head [23]. Interestingly,
female shishamo heads were GL-dominated (71.8%), a unique lipid feature absent in the other
head samples. Previous studies have reported that TAG, a type of GL, is the predominant lipid
class in salmon head paste [24]. Female shishamo meat (49.9%) and viscera (53.8%) were FA-
rich, while roe was dominated by GL (56.2%). The relative abundance of lysophospholipids
(LPL) along with other major lipid classes by body region (Figure 1C) further highlighted
differences: female shishamo heads contained significantly higher GL and PL levels ranked
as capelin males < capelin females < shishamo males < shishamo females, and male shishamo
meat exhibited the highest levels across nearly all classes except ST. In the viscera, females
of both species had significantly elevated FA, LPL, SP, and ST compared with males, and
the storage and distribution of lipids were influenced by sex-related differences in energy
allocation to reproduction and timing of migration [25]. The roe was uniformly dominated by
GL, with no major interspecific differences.

Figure 1. (A) m/z vs. retention time (RT) plot of detected lipids in shishamo and capelin. (B) Species,
sex, body parts-specific percentage distribution of five lipid classes (FA: fatty acids, SP: sphingolipids,
GP: glycerophospholipids, GL: glycerolipids, ST: sterol lipids). (C) Relative amount of six lipid classes
based on body part (FFA: free fatty acids, PL: phospholipids, LPL: lyso-phospholipids). Different
letters (a–d) indicate significant differences (p < 0.05); n.s. indicates no significant difference.
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3.2. Region-Specific Free Fatty Acid Profiles

Free fatty acids (FFAs) are key regulators of energy metabolism, gene expression,
and signaling [26]. Tissue FFA composition was classified into saturated fatty acids (SFA),
monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA) (Figure 2A).
SFAs predominated in head tissues (57.6–66.5%), particularly in female shishamo meat
(59.9%). By contrast, PUFAs were enriched in viscera across all groups (40.2–50.0%), and
this trend largely reflects lipid storage in the liver and intestine, the major visceral organs.
Semi-quantitative analysis confirmed that visceral FFA levels were substantially higher in
females than in male-most notably, visceral PUFA reached 2873 ± 30 mg/100 g in female
shishamo and 1981 ± 29 mg/100 g in female capelin (Figure 2B).

Figure 2. Free fatty acids (FFA) profiling in shishamo and capelin. (A) Percentage distribution
of FFA based on unsaturation. (B) Relative amount of SFA, MUFA, PUFA. (C) Relative amount
of FA 22:6, FA 20:5, and FA 20:4. (D) Lipid nutritional assessment by FFA (Fish lipid quality,
Hypo/hypercholesterolemic ratio, index of atherogenicity). (E) Hierarchical Clustering Heat Map
of free fatty acid, Data were quantile normalized followed by autoscaling for features (i.e., z-scores
for each feature) using MetaboAnalyst 6.0. Different letters (a–d) indicate significant differences
(p < 0.05).

Among nutritionally relevant long-chain PUFAs (FA 22:6, FA 20:5, FA 20:4; Figure 2C),
DHA (FA 22:6) was highest in female shishamo viscera (1048 ± 7 mg/100 g), followed by
male capelin viscera (426 ± 7 mg/100 g). EPA (FA 20:5) was likewise elevated in shishamo
female viscera (904 ± 15 mg/100 g) compared with capelin females (568 ± 8 mg/100 g).
Arachidonic acid (FA 20:4; ω-6) showed no significant sex differences in shishamo, with
similar levels in males and females (~179 mg/100 g). DHA and EPA are ω-3 PUFAs with
well-documented cardioprotective and anti-inflammatory effects, whereas arachidonic acid
(ω-6 PUFA) contributes to pro-inflammatory signaling, particularly when the ω-6/ω-3
ratio is elevated [27,28]. The high ω-3 PUFA content of both shishamo and capelin viscera
suggests that these tissues may represent valuable dietary sources of health-promoting
lipids. Chinese capelin roe contains higher levels of FA 22:6 and FA 20:5 than the viscera [5],
and this difference may be related to the maturity of roe [29].
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To assess the potential health effects of shishamo and capelin, lipid-based nutritional
indices were calculated (Figure 2D). The fish lipid quality index (FLQ), which reflects
the proportion of EPA and DHA relative to total FFA, is a widely used indicator of the
nutritional value of fish lipids. FLQ values ranged from 13.8 to 32.7, consistent with previous
reports for fish (13.0–36.4) [11]. The highest FLQ was observed in shishamo female viscera
(32.7 ± 0.2), followed by capelin female roe (30.6 ± 0.2), while capelin female head yielded
the lowest value (13.8 ± 0.2). The hypocholesterolemic/hypercholesterolemic ratio (HH),
which predicts the effect of FA composition on serum cholesterol, was greatest in shishamo
female viscera (3.01 ± 0.03), with lower values in capelin female viscera (2.43 ± 0.04) and
shishamo male viscera (2.37 ± 0.04). Among roe, capelin exhibited a significantly higher
HH ratio (2.15 ± 0.02) than shishamo (1.21 ± 0.01). These values align with literature ranges,
where fish generally display ratios of 1.5–4.8, higher than meat (1.3–2.8) and dairy products
(0.3–1.3) [11], supporting the relative nutritional advantage of fish lipids.

The index of atherogenicity (IA), used to evaluate the potential risk of lipid intake
promoting atherosclerosis [30], was highest in capelin female head (5.0 ± 0.1) and shishamo
male head (4.7 ± 0.1). Female shishamo meat also exhibited elevated IA (3.5 ± 0.1). By
contrast, viscera across all groups showed comparatively low IA values (0.8–1.2), suggesting
a reduced atherogenic risk from these tissues. Reported IA ranges were 0.2–1.4 for fish,
1.4–5.1 for dairy, and 0.2–1.3 for meat [11], indicating variability across food groups but
underscoring the favorable profile of visceral lipids. All indices were calculated based
on the amount of free fatty acids using formulas reported in our earlier studies [19,21].
Hierarchical clustering heatmaps (Figure 2E) highlighted the distinct differences in the FFA
profiles between shishamo and capelin. Viscera consistently exhibited a high relative FFA
abundance, particularly in females, except for shishamo males. In the heatmap, although
samples from the same body part cluster together and the differences among body parts
are much greater than those among species, these trends are primarily driven by fatty
acid composition rather than the overall lipid composition. Moreover, our objective is
to identify region- and sex-specific lipid profiles, which do not necessarily reflect drastic
compositional differences. Lipid reserves serve as critical energy resources during gonadal
development and sexual maturation and are known to vary with sex and reproductive
stage [31]. Notably, very long-chain fatty acids (VLC-FAs; >C28), such as FA 32:6 and FA
30:6, were detected at relatively high levels in head tissues. The high VLC-FA content in
head tissues may reflect contributions from specialized tissues, such as the retina [32,33],
although specific functional attribution is difficult due to the use of composite head tissues.
The identification of region-specific and sex-dependent FFA distribution in shishamo and
capelin provides a valuable reference for future studies on fish nutrition, reproductive
physiology, and biochemical adaptations.

3.3. Principal Component Analysis of Shishamo and Capelin by Sex

Principal component analysis (PCA) was used to explore sex- and region-specific
lipidomic variations in shishamo and capelin (Figure 3). The score plots demonstrated
clear clustering by body part across all samples, reflecting a distinct lipid composition. The
corresponding loading plots identified the lipid molecular species that contributed the most
strongly to these separations. In male capelin, phosphatidylcholine (PC) species containing
very long-chain FAs (e.g., PC(18:1/24:1), PC(30:6/22:6)) differentiated the head tissues,
whereas omega-3-rich PCs (PC(16:0/22:6), PC(20:5/20:5), PC(20:5/22:6)) differentiated
the meat. FFAs (FA 22:6, FA 20:5, FA 18:1) were the primary contributors to the viscera.
Notably, VLC-FA-containing PCs are enriched in the head. This lipid is retinal-specific and
supports normal visual function in mammals [34]. In female capelins, the head and meat
profiles were more similar, with PCs (PC(18:1/24:0), PC(18:1/24:1)) as key discriminators.

https://doi.org/10.3390/foods15020298
84



Foods 2026, 15, 298

FFAs (FA 22:6, FA 20:5, FA 18:1) distinguish the viscera, whereas triacylglycerols (TAGs)
and cholesterol esters (CE 22:6, CE 20:5, CE 18:1) are the defining features of roe. The
enrichment of PC species in the head and meat is consistent with previous observations in
other marine fish, such as saury [35]. Lipid profiling of Chinese female capelins revealed
PC as a characteristic of roes [5], suggesting that this difference may be due to their
geographic origin [36]. In male shishamo, heads were separated by PC species containing
24-carbon FAs (PC(18:1/24:0), PC(18:1/24:1)), whereas meat was differentiated by TAGs
(TAG(16:0/18:1/18:1), TAG(16:0/18:0/18:1)), and PC(20:5/20:5). Viscera were characterized
by FFAs (FA 22:6, FA 20:5, FA 18:1), with FA 20:4 showing strong negative loading on
PC1. In female shishamo, PCA revealed a close association between the head and roe
profiles, with the TAG species driving separation. This observation suggests the metabolic
mobilization of TAGs from somatic tissues (e.g., muscle and viscera) into developing
oocytes, as reported for other marine fishes [37,38]. The accumulation in the cranial tissues
may represent an energy reserve that indirectly contributes to oogenesis. Furthermore, TAG
distribution patterns in fish vary by order, species, and swimming mode [39]. Collectively,
these PCA findings highlight species-, sex-, and region-specific lipidomic partitioning,
reinforcing the distinctive head–roe link in female shishamo and the enrichment of VLC-
FA-containing PCs in the capelin head tissue. Although lipidomic maps of capelin have
recently been developed, this study provides, for the first time, a comprehensive region-
resolved lipidomic profile of shishamo smelt.

Figure 3. Principal component analysis (PCA) by species and sex (Score plot and Loading plot).
Colored circles display 95% confidence regions.

3.4. Lipid Markers Distinguishing Shishamo from Capelin

To identify the anatomical regions most suitable for the exploration of lipid-based
species markers, Figure 4A,B depict PCA score plots for the head, meat, viscera, and roe
(females only), comparing male shishamo vs. capelin and female shishamo vs. capelin. The
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PCA score plots for males revealed a distinct separation of muscle and viscera between
shishamo and capelin. Loading plot analysis revealed that FFAs were the primary contrib-
utors to species separation in the viscera, whereas PC and TAG played key roles in the
meat. In the female PCA score plots, the head and viscera were separated between species.
Loading plot analysis revealed that in females, TAG contributed to separation in shishamo
head tissue, whereas PC was the primary contributor to the capelin head. By contrast,
FFA drives visceral separation in both species. The viscera facilitates marker discovery
owing to the sole contribution of FFAs, while also enabling simplified analysis for practical
applications. By contrast, in male meat, multiple factors, including PC and TAG, make
marker identification challenging and complicate practical analysis. Orthogonal partial
least squares discriminant analysis (OPLS-DA) of male meat tissues (Figure S1) further
confirmed the multifactor complexity of the FA-TAG reversal patterns. Although the head
tissue initially appeared promising, OPLS-DA (Figure S1) showed TAG reversal, which was
abundant in shishamo female heads yet equally enriched in capelin female meat. This may
reflect reproductive status [40], but the uncontrolled reproductive status in this study limits
interpretation and deems the head unsuitable for species identification marker exploration.
Furthermore, comparison of the roes (Figure S1), multiple lipid molecular species were
intermixed, rendering interpretation challenging and imposing a high analytical burden
for practical applications. These findings suggest that the viscera are an optimal tissue for
lipid-based species identification.

Figure 4. Multi-dimensional assessment of tissue-specific lipid markers for shishamo–capelin dis-
crimination. (A) PCA for male, (B) PCA for female, (C) Orthogonal partial least squares discriminant
analysis (OPLS-DA) for male, (D) OPLS-DA for female, (E) Semi-quantitative levels (means ± SE,
n = 4) of FA 20:1 and FA 22:1. **** p < 0.0001, Student’s t-test.
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For species discrimination, OPLS-DA analyses targeting visceral tissues were con-
ducted separately for males and females (Figure 4C,D). Score plots showed a visual sep-
aration between shishamo and capelin for both sexes, with model robustness validated
by 100 permutation tests confirming lipid composition differences (males: R2Y = 0.992,
Q2 = 0.985; females: R2Y = 0.999, Q2 = 0.994). In female viscera, FA 18:1, FA 20:5, and
FA 22:6 showed strong positive loading scores, whereas FA 20:1 and FA 22:1 showed
strong negative loading scores. In male visceral tissues, several PC molecular species
exhibited positive loadings, whereas FA 20:1 and FA 22:1 displayed negative loadings.
Semi-quantitative levels of FA 20:1 and FA 22:1 were compared between the species for each
sex in Figure 4E. FA 20:1 and FA 22:1, which are consistently elevated in capelin in both
sexes, are promising species-specific lipid identification markers. Capelin primarily feeds
on zooplankton [41], which inhabit the water off Iceland and Norway and are rich in C20:1
and C22:1 fatty acids [42], suggesting that dietary differences are the cause of lipidome
variation. The lipid markers FA 20:1 and FA 22:1 identified in the viscera offer potential
practical advantages for species discrimination. From the perspective of analysis time
reduction, quantification of two FFA species promotes interspecies separation, simplifying
the process compared to multivariate analysis required for other tissues, and contributing
to determinations within tens of minutes. Furthermore, for food safety and traceability
applications, this method supports the detection of imported capelin masquerading as
shishamo, with the diet-derived FFA composition serving as a promising candidate marker
suitable for simplified authentication during commercial distribution.

Overall, TAG enrichment in female shishamo heads and their compositional similarity
with the roe suggest that the head serves as a TAG storage site and nutrient source for
oogenesis. Meanwhile, high ω-3 PUFA concentrations in viscera reflect TAG hydrolysis-
mediated release and reallocation, providing a biological basis for systemic energy supply
networks. Additionally, FFAs generated during this visceral process may function as
interspecific discriminant markers.

This study had several limitations. First, the reported lipid concentrations were
semi-quantitative, as absolute quantification was not performed, and the values were
derived relative to internal standards. Second, all specimens were sourced from com-
mercial providers, introducing potential variability in handling, storage, and transport
before analysis. Important biological and environmental factors that influence fish lipid
composition, including diet, spawning stage, age, seasonality, and water temperature, have
not been controlled for or systematically assessed. Additionally, post-harvest factors such
as storage conditions and duration, particularly for imported capelin, may affect lipid
stability, including the susceptibility of PUFAs to oxidation. Future studies should integrate
controlled sampling, longitudinal monitoring of environmental and dietary influences, and
absolute quantification approaches to validate and expand these findings.

4. Conclusions

This study used untargeted LC-MS to characterize the sex- and region-specific
lipidomes of shishamo (Spirinchus lanceolatus) and capelin (Mallotus villosus). Female
shishamo heads were enriched in glycerolipids, with a composition resembling roe, and
uniquely contained very long-chain fatty acids (>C30) and ester-linked PCs. Both species
exhibited elevated DHA and EPA levels in their viscera. Multivariate analysis highlighted
clear region-specific lipid signatures; PCs predominated in head and meat, TAGs and CEs
in the roe, and FFAs in the viscera. The lipid markers used for species discrimination were
FA 20:1 and FA 22:1, which are abundant in capelin. Overall, these findings provide new
insights into the nutritional lipid composition of shishamo and capelin, reveal region- and

https://doi.org/10.3390/foods15020298
87



Foods 2026, 15, 298

sex-specific lipid distributions, and identify lipidomic markers with potential applications
in the authentication, nutrition, and tracing of geographic origin.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods15020298/s1, Table S1: List of lipid metabolites and their relative
amount (mg/100 g of body parts). Figure S1: OPLS-DA by sex and body part between shishamo and
capelin, excluding viscera.
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Abstract

This study aimed to analyze the volatile organic compounds (VOCs) for different rice
aroma types using sensory evaluation, headspace solid-phase microextraction gas chro-
matography mass spectrometry (HS-SPME-GC-MS), and gas chromatography-ion mobility
spectrometry (GC-IMS) techniques, and to explore the material basis for the flavor dif-
ferences. Based on the sensory evaluation results, rice aroma was categorized into three
types, distinguished by their unique aroma compounds. Type A was characterized by a
prominent sweet, popcorn aroma, type B by a more prominent cereal and starchy flavor,
and type C by a more complex aroma. Untargeted metabolomics analysis using HS-SPME-
GC-MS identified and characterized 74 volatile compounds. A comparison of A versus
B versus C revealed 8 key aroma compounds, primarily alkanes, aldehydes, ketones, al-
cohols, and heterocyclic compounds. (E)-2-Octenal, 6-Undecanone, 2-Acetyl-1h-pyrrole,
and P-menthan-1-ol in type A gave it a better sweet aroma, Dodecane, 2,6,10-trimethyl-,
1-Octen-3-one, and 2-Methyldecane in type B gave it a better starchy and cereal flavor. 2-
Acetyl-1h-pyrrole, Heptacosane, and 1-Propanol in type C contributed to a complex aroma.
GC-IMS analysis showed that the fingerprints of rice with different aroma types were sig-
nificantly different. The VOCs of aroma type A contained (+)-limonene, 2-methylpyrazine,
2-pentanone, ethyl butanoate, n-pentanal, styrene, 1-butanol, 3-methyl-, acetate, 1-hexanal,
1-pentanol, and 2-heptanone, which gave it a better sweet aroma. The VOCs of aroma type
C contained 1-octen-3-ol, 2,6-dimethyl pyrazine, 2-acetylpyridine, and ethyl hexanoate,
which gave it a better complex aroma.

Keywords: rice aroma types; GC-IMS; GC-MS; aroma compounds

1. Introduction

Rice, one of the major food crops in the world today, serves as the primary food
source for more than half the world’s population, particularly in Asia and Africa [1,2]. Rice,
domesticated by the Chinese between 13,500 and 8200 years ago [3,4], is now a staple crop
worldwide [5]. The United Nations Food and Agriculture Organization reports that rice
production is expected to reach a record high of 555.5 million tons (converted into refined
rice) in the 2025/26 fiscal year [6]. Changes in the consumer market and advancements
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in rice breeding have made the flavor of rice a critical indicator of its market price and
consumer acceptance. Therefore, the study of rice flavor is particularly important.

Current rice flavor research mainly focuses on two key areas: analyzing volatile
compounds in rice and characterizing the aroma quality [7]. The quantitative descriptive
analysis (QDA) method is a subjective evaluation technique mainly used to establish
descriptive words, which are then used to analyze the aroma attributes of the fragrant
rice [8–10]. Gas chromatography, supplemented by related pretreatment and detection
techniques, is currently the main objective flavor evaluation method [11]. Numerous
studies have confirmed that the flavor of rice is jointly determined by the concentrations,
thresholds, and interactions of different types of volatile compounds. Currently, more than
500 volatile components have been detected and identified in rice [12,13], mainly including
hydrocarbons, alcohols, aldehydes, esters, ketones, phenols, heterocyclic compounds, and
so forth [14,15]. Multiple studies using sensory evaluation and flavor metabolomics have
analyzed the volatile organic compounds (VOCs) in rice/millet [16,17], confirming that only
a select few are responsible for the distinct and significant flavor profile of rice [18]. Studies
have also reported the effects of different processing conditions on the flavor of rice [14].
These key aroma components undergo concentration changes during breeding, planting,
drying, storage, processing, preservation, cooking, and oral chewing processes, and the
compounds exhibit different flavors due to varying concentrations, thereby influencing the
overall flavor of rice [19].

Currently, rice is classified into two main categories based on aroma: fragrant rice
and nonfragrant rice. The key differences in volatile components between fragrant and
nonfragrant rice include 2-acetyl-1-pyrrolidine (2-AP), 2-octene, isopentanol, 2-ethyl-1-
hexanol, 1-octen-3-ol, and so forth [20]. 2-AP, first identified in 1982 [21], has a strong
popcorn aroma [22–24]. It is responsible for the characteristic aroma compound of fragrant
rice [25]. Several studies have also reported on the aroma types of rice. Lu et al. [12] used
gas chromatography–mass spectrometry (GC-MS) to analyze the volatile components in
fragrant rice from China and Thailand. They divided fragrant rice into three types (popcorn
flavor, corn flavor, and lotus seed flavor) and determined the main aroma-active substances
of each type. Dong et al. [26] used GC-MS, Gas chromatography–olfactometry (GC-O), and
multivariate analysis to analyze the aroma chemical components of six different types of
rice from India, Thailand, and South Korea. They identified the main compounds causing
aroma differences. Zhou et al. [19] collected nine samples of rice with different aromas,
established an aroma description word bank based on QDA, identified four aroma types,
and analyzed the flavor substances in each aroma type. At present, the rice aroma research
is mainly focused on fragrant rice. However, fragrant and nonfragrant rice have their
own specific aromas for consumers, and the differences in their flavor substances result in
certain differences in their aroma types. Thus, the classification of rice with different aroma
types due to different flavor substances needs further systematic research.

Taking into account the significant influence of the aroma of raw rice on consumers’
purchasing decisions, this study focuses on raw rice as the research object, aiming to verify
the feasibility of rice aroma differentiation based on the main varieties available in China.
The material basis of rice aroma differences was systematically analyzed using sensory
evaluation, GC-MS, and GC-IMS analytical methods. The aromas of different Chinese rice
varieties were differentiated and the key flavor substances were explored, providing a
reference for the quantitative evaluation and standard upgrade of rice aroma and offering
high-quality products to consumers.
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2. Materials and Methods

2.1. Chemicals and Reagents

2-Methyl-3-heptanone, 4-Hydroxy-2,5-dimethylfuran-3-one, Butyraldehyde, 1-Octanol,
2-Acetyl-1-pyrrolidine were procured from Tokyo Chemical Industry Co., Ltd. (Shanghai,
China). A mixed standard of n-alkanes (C9–C23) (chromatographic grade, purity ≥ 99.5%)
was bought from Shanghai Anpu Laboratory Technology Co., Ltd. (Shanghai, China). n-
Ketones [2-butanone, 2-pentanone, 2-hexanone, 2-heptanone, 2-octanone, and 2-nonanone
(all analytical grade)], phenethyl alcohol were procured from Shanghai Aladdin Biochemi-
cal Technology Co., Ltd. (Shanghai, China). Starch, Toothpick, pasteurized milk, quaker
oatmeal, cream style sweet corn were procured from Wal-Mart Stores (Beijing, China). Ul-
trapure water was prepared by a Hokee Company (Hefei, China, HK-DI-10/20/30 model).

2.2. Sample Collection

11 different types of commercial raw rice, all with distinct aromas, were purchased
between July and October 2024. Prior to the experiments, each sample was divided into
three portions for subsequent research. These samples were vacuum-packed and stored
at 4 ◦C. All experiments were completed within 2 months of rice purchase. All samples
were prepared before each test, kept fresh in the refrigerator, and then brought to room
temperature for evaluation. The samples were assigned three random numbers. Table 1
presents the numbers and variety information of the samples.

Table 1. Information on commercially available rice samples.

No. 652 953 574 429 691 724 860 836 398 560 951

varieties Nanjing46 Daohuaxiang Kongyu131 Suijing18 jasmine
rice Longyang16 Suxiu Taixiangjing1402 Jihong6 Ningxiangjing9 Zhongkefa5

2.3. Sensory Evaluation of Rice Flavor

According to the requirements of GB/T 16291.1-2012 (National Standard, 2012) [27], a
rice sensory evaluation panel was formed based on previous findings [28–30]. 10 participants
regularly engaged in sensory analysis of cereal products, primarily adults over the 20 years
of age with at least two years of experience in the sensory evaluation of rice products,
were enrolled in the study. Three sensory training sessions were conducted. In the first
one, panelists with rich experience in rice descriptive sensory analysis generated aroma
descriptors for raw rice samples studied. For the second session, the panelists performed a
sensory evaluation of the samples based on their own subjective perceptions and recorded
some different aroma descriptors. In the last session, all sensory panelists were asked to
participate in a discussion of sensory descriptors screening and deletion. Ultimately, ten
aroma attributes (starchy, grainy, floral, Popcorn, sweet, grassy, woody, oatmeal, dairy,
corn) were determined to be most effective in characterizing the rice and highlighting key
differences among them. After the training period, the quantitative description analysis was
performed using the screened sensory descriptors and the provided standard references
(Table 2) [19]. The strength of each descriptor ranged from 0 to 9 [31], with 0 representing
no sensation and 9 representing a strong sensation (0.5 is the minimum increment).

The sensory experiment was conducted in an air-conditioned laboratory at 25 ◦C with
good ventilation. The rice samples (20 g) were placed in a plastic cup and marked with
a three-digit code according to Table 1. The participants were asked to quickly select the
descriptors they thought were suitable to describe the flavor attributes of the rice. Samples
were presented at intervals of approximately 5 min. The results of each aroma descriptor of
samples were averaged for statistical analysis.
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Table 2. The rice aroma descriptors and definitions.

Descriptor Definition Reference Substance

Starchy Aroma of bread and flour Boiled starch:water (1:5) and cool
Grainy a flavor reminiscent of raw grain 28 mg/kg Butyraldehyde
Floral The smell produced by a non-specific type of flower 1600 mg/kg phenethyl alcohol

Popcorn aroma of popcorn 1300 mg/kg 2-Acetyl-1-pyrrolidine

Sweet aroma of Demerara sugar 255 mg/kg
4-Hydroxy-2,5-dimethylfuran-3-one

Grassy A green, slightly earthy, and slightly sweet flavor 26.3 mg/kg 1-Octanol
Woody aroma of the dry, freshly cut wood smell Toothpick

Oatmeal aroma of cooked oatmeal Quaker Oatmeal (Quaker, London, UK)
Dairy aroma of uncooked milk High-quality 2% Brand pasteurized milk
Corn aroma of canned creamed corn Cream Style Sweet Corn

2.4. Flavor Metabolomic Analysis by HS-SPME-GC-MS

Flavor metabolomic analysis was performed on 11 different types of commercial
raw rice. The method used headspace solid-phase microextraction gas chromatography
mass spectrometry (HS-SPME-GC-MS), with an Agilent system consisting of a 7890B
chromatograph and a 5977B mass spectrometer (Agilent Technologies, Santa Clara, CA,
USA). The aroma compounds were extracted using a Supelco solid-phase microextraction
fiber [50/30 μm (Divinylbenzene (DVB)/Carboxen (CAR)/Polydimethylsiloxane (PDMS),
StableFlex (2 cm)], and the volatile compounds were separated using a DB-Wax capillary
column (30 m × 250 μm × 0.25 μm, Agilent Technologies, Santa Clara, CA, USA).

2.4.1. Metabolite Extraction

First, 0.816 μg/μL of 2-methyl-3-heptanone standard solution was prepared using
deionized water as the solvent. The rice samples (2000 ± 40 mg) were placed in 20 mL
headspace bottles, and 1 μL of 2-methyl-3-heptanone was added as an internal standard.
Headspace injection conditions included incubation at 60 ◦C, preheating for 15 min, ad-
sorbing for 30 min, and desorption for 4 min.

2.4.2. GC-MS Analysis

The volatile substances were analyzed using a DB-Wax chromatographic column
and an Agilent 7890B gas chromatography–5977B mass spectrometry system (Agilent
Technologies, Santa Clara, CA, USA). The system used a nonsplit injection mode, with
high-purity helium as the carrier gas. The pre-injection port purge flow rate was 3 mL/min,
and the column flow rate was 1 mL/min. The initial temperature was controlled at 40 ◦C
for 4 min, and then increased at a rate of 5 ◦C/min to 245 ◦C and maintained for 5 min.
The injection port temperature was 250 ◦C, the transfer line temperature was 250 ◦C, the
ion source temperature was 230 ◦C, and the quadrupole temperature was 150 ◦C. The
electron impact ionization energy was 70 eV. The mass spectrometry scan range was set at
m/z 20–400, and the solvent delay time was 2.37 min. After the measurement, the mass
spectrum of the volatile compounds were then compared with data from the NIST 2017
database. Then, the actual retention index (RI) value is calculated according to the relevant
research methods of the same laboratory [32,33]. The RI were compared with the values
reported in the literature. When the difference is <50, it was inferred that the two match.
The volatile compounds were quantified (semi-quantitative analysis) by dividing the peak
areas of the compounds of interest by the peak area of 2-methyl-3-heptanone as internal
standard. Each experiment with the samples was conducted triplicately.
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2.4.3. Calculation of Relative Odor Activity Value

The relative odor activity values (ROAV) were performed to evaluate the specific
contribution of each compound to the overall aroma, which was well reported in previous
studies [34]. ROAV was mainly used to quantitatively evaluate the contribution of each
volatile substance to the overall flavor of the test sample and thus identify key aroma-active
compounds. A high ROAV is also indicative of the great contribution of a component to
the overall flavor of the sample. The compounds with ROAV ≥ 1 were the principal aroma
compounds of the sample, whereas those with 0.1 ≤ ROAV < 1 had a important modifying
effects on its overall flavor. ROAV was calculated as described previously [35,36].

2.5. GC-IMS Analysis

GC-IMS analysis of volatiles was performed using an Agilent 490 GC (Agilent
Technologies, CA, USA) and a FavourSpec IMS instrument (Gesellschaft für analytis-
che Sensorsysteme (G.A.S.), Dortmund, Germany) as described previously [37,38]. First,
5000 ± 100 mg of rice sample was ground at low temperature and placed in a 20 mL
headspace vial. The headspace injection conditions included incubation at 60 ◦C for
20 min and splitless injection with an injection volume of 500 μL, an injection speed
of 500 rpm, and an injector temperature maintained at 85 ◦C. A capillary column
(15 m × 0.53 mm × 1.0 μm, MXT-5; Restek, Bellefonte, PA, USA) was used, with a col-
umn temperature of 60 ◦C and 99.99% nitrogen as the carrier gas. A programmed pressure
was employed with an initial flow rate of 2.0 mL/min, which was maintained for 2 min
and then linearly increased to 10.0 mL/min for 8 min, 100.0 mL/min for 10 min, and
150.0 mL/min for 10 min. The chromatographic run time was set at 30 min, and the inlet
temperature was maintained at 80 ◦C. The volatile compounds were identified based on the
drift time and RI according to the National Institute of Standards and Technology (NIST)
and G.A.S. databases. These measurements were performed in triplicate. The IMS condi-
tions were as follows: ionization source, tritium (3H); drift tube length, 53 mm; electric
field strength, 500 V/cm; drift tube temperature, 45 ◦C; drift gas, high-purity nitrogen
(≥99.999%); flow rate, 75 mL/min; and positive ion mode. Each experiment with the
samples was conducted in triplicate.

The retention index (RI) was calculated using n-ketones C4–C9 (Sinopharm Chemical
Reagent Beijing Co., Ltd., Beijing, China) as external references by the Laboratory Anal-
ysis View (LAV) software(LAV version 2.0.0; G.A.S.) in the GC-IMS device. The volatile
compounds were tentative identified based on comparison of RI and the drift time with
the NIST library and IMS database retrieval software obtained from G.A.S (Dortmund,
Germany, version 2.0.0). Finally, the intensities of the volatile compounds were analyzed
according to the peak volumes of the selected signal peaks by Gallery Plot analysis (v.1.0.7,
G.A.S.) [37]. Visual and quantitative comparisons of volatility differences between sam-
ples were performed using the Gallery plot plug-in. Two-dimensional top views and
three-dimensional fingerprints were constructed using the Reporter plug-in.

2.6. Statistical Analysis

Chroma Time-of-Flight (TOF) 4.3X software of LECO Corporation (St. Joseph, MI,
USA) and NIST database were used for raw peak extraction, data baseline filtering and
calibration of the baseline, peak alignment, deconvolution analysis, peak identification,
integration, and spectrum matching of the peak area [39].

The Reporter, Gallery Plot, and Dynamic Principal component analysis (PCA) plug-ins
in LAV software were used to generate two- and three-dimensional spectra, difference
spectra, fingerprints, and PCA plots of volatile components for comparing VOCs be-
tween samples. In order to avoid deviations between measurements, the drift time of

https://doi.org/10.3390/foods15020200
95



Foods 2026, 15, 200

sample spectra was normalized relative to RIP drift time, which proceed automatically
in the LAV software.

Excel and Origin 2021 software were used for statistical analysis, including principal
component analysis (PCA), cluster analysis, spider plots, and histograms.

3. Results

3.1. Sensory Evaluation and Aroma Classification of Rice

The flavor sensory properties of 11 different rice types were evaluated, and their
aroma profiles were clustered using the Ward hierarchical clustering method. The number
of clusters was determined by the elbow method using the Within-Cluster Sum of Squares
(WCSS). The results are presented in Figure 1a. As the number of clusters increases,
the WCSS value decreases. The decrease is rapid from class 1 to class 3, and after the
number of clusters reaches 3, the curve of WSS changes gradually and becomes flat, which
is identified as the “elbow” point. To maintain the tightness within the clusters while
ensuring the degree of segmentation, cluster 3 is selected as the best clustering number.
The 11 rice samples were divided into 3 major groups. The first group comprised three
samples, and the second and third groups comprised four samples each. The results are
shown in Figure 1b.

 
(a) (b) 

Figure 1. Ward hierarchical cluster analysis of sensory evaluation: (a) relationship between the
number of clusters and WCSS, (b) cluster diagram of sensory evaluation of 11 rice samples, A: aroma
type A rice; B: aroma type B rice; C: aroma type C rice.

The aroma characteristics of each group of rice were analyzed, and a flavor profile
spider plots was drawn (Figure 2), illustrating different aromas. (1) The first group included
samples 652, 953, and 724. Their sweet, popcorn, cereal, and grassy aromas were more
prominent, and no obvious floral aroma was observed. This group of samples was defined
as the sweet aroma type (aroma type A). (2) The second group included samples 574, 951,
860, and 836. The most prominent aromas of this group were cereal and starchy, whereas
their sweet and popcorn aromas were significantly reduced compared with other samples.
Other sensory attributes were not obvious, so this group of samples was defined as the
cereal aroma type (aroma type B). (3) The third group included samples 429, 691, 398, and
560. Their cereal, sweet, and starchy aromas were higher, and the aroma of this group
was complex. Therefore, this group of samples was defined as a complex aroma type
(aroma type C).
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(a) (b) 

 

(c) (d) 

Figure 2. Aroma profile spider plots of rice of different aroma types: (a) all rice samples; (b) aroma
type A rice; (c) aroma type B rice; and (d) aroma type C rice.

3.2. Analysis of Volatile Aroma Compounds in Different Rice Aromas Based on HS-SPME-GC-MS

3.2.1. VOCs in Rice with Different Aroma Types

HS-SPME-GC-MS was used to analyze the volatile components of 11 aromatic rice
samples. Table 3 presents the volatile compounds of the three aromatic rice types. HS-
SPME-GC-MS analysis of 11 samples identified 74 volatile compounds. The number of
volatile compounds varied among rice with different aromas. In addition, 52 volatile
compounds with flavor characteristics were identified, which constituted 70.27% of the
identified aroma compounds.

HS-SPME-GC-MS analysis of 11 samples characterized 74 volatile compounds into
8 categories, as shown in Figure 3a. Of these, alcohols accounted for 27%, followed by
ketones molecules for 20.2%, aldehydes for 17.5%, esters, alkanes and heterocyclic for 8.1%,
and aromatics compounds for 6.7%, and alkenes for 4%.
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(a) 

 
(b) 

 
(c) (d) 

Figure 3. Multivariate statistical analysis of volatile compounds: (a) pie chart of metabolite classifica-
tion proportions; (b) cluster analysis: A: aroma type A rice; B: aroma type B rice; C: aroma type C
rice; (c) relative odor activity values; (d) heat map of hierarchical clustering analysis for all groups.

A PCA of 11 rice varieties was performed based on volatile aroma compounds, as
shown in Figure 3b. All samples were within the 95% confidence interval (Hotelling’s
T2 ellipse), confirming clear differentiation between the three aroma types. Based on 74
volatile compounds, the samples were sorted into three distinct clusters: the first cluster
comprised samples 652, 953, and 724; the second primarily comprised samples 574, 951, 860,
and 836; and the third primarily comprised samples 429, 691, 398, and 560. This clustering
was consistent with the cluster analysis results from the sensory evaluation. The ROAV
of the volatile aroma compounds was calculated to determine which volatile compounds
had the greatest impact on the overall flavor of the tested samples. This allowed the
identification of key aroma compounds and more effective analysis of their contribution to
the flavor of rice varieties, as shown in Figure 3c. An ROAV scatter plot was drawn based
on the ROAV to visualize the distribution of the ROAV of flavor substances in different
groups. Each point in the figure represents a substance. The horizontal axis of the ROAV
scatter plot represents different sample groups, and the vertical axis represents the ROAV
of flavor substances in these groups. A cluster analysis was conducted on all the volatile
flavor substances of the samples, and a cluster heat map was drawn. Figure 3d shows the
cluster heat map of the total content of volatile compounds in rice samples of different
aroma types, indicating that volatile aroma compounds differed significantly among these
samples.
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3.2.2. Analysis of the Differential Volatile Profiling of Three Rice Cultivars

The 8 volatile compound values with the greatest differences were screened out by
performing analysis of variance (ANOVA) on the volatile flavor compound data of the
three rice types and based on the principle of ANOVA p-value < 0.05 (Table 4).

Table 4. Analysis of variance of differential volatile metabolites.

Volatile Compounds RI
ANOVA
p-Value

Q-Value
Mean Content(μg/kg) * ± Standard Deviation

A B C

2-Methyldecane 1053 0.012 0.363 1.13 ± 0.18 2.92 ± 1.26 1.23 ± 0.44
Dodecane, 2,6,10-trimethyl- 1140 0.035 0.623 0.78 ± 0.68 3.68 ± 1.73 1.82 ± 1.05

P-menthan-1-ol 1413 0.018 0.498 2.25 ± 0.75 0.80 ± 0.59 1.77 ± 1.85
(E)-2-Octenal 1418 0.001 0.333 0.56 ± 0.07 0.40 ± 0.09 ND
1-Octen-3-one 1433 0.044 0.623 2.73 ± 0.45 3.88 ± 1.04 1.51 ± 1.48
6-Undecanone 1521 0.022 0.498 0.51 ± 0.10 0.09 ± 0.18 0.29 ± 0.37
Heptacosane 1622 0.025 0.517 ND ND 0.22 ± 0.39

2-Acetyl-1h-pyrrole 1956 0.007 0.498 0.06 ± 0.06 ND 0.02 ± 0.00
* The values are based on a semi-quantitative analysis using the area of 2-methyl-3-heptanone (IS). “ND”,
not detected.

Table 4 shows that the main differential volatile compounds were alkanes, aldehydes,
ketones, alcohols, and heterocyclic compounds, and so forth. (E)-2-Octenal and 2-Acetyl-1h-
pyrrole exhibited significant aroma expression in rice. Among these, (E)-2-Octenal mainly
contributed to the fatty, herbal, fresh, green, fruity, and nutty flavors [19]. 2-Acetyl-1h-
pyrrole contributed to a nutty flavor, 1-Octen-3-one contributed to a herbal flavor [19,42,50].

The volatile flavor data for the three aroma types were analyzed pairwise using
Student t tests and Orthogonal Partial Least Squares-Discriminant Analysis (OPLS-DA)
model analysis of variance. Figure 4 shows the differential volatile compounds across
different rice aroma types based on the Student t test (p < 0.05) and the variable importance
in the projection (VIP) of the OPLS-DA model greater than 1. In Figure 4a, different circles
represent different comparison groups. The numbers in the overlapping area indicate the
number of common differentially expressed metabolites between the comparison groups,
and the numbers in the nonoverlapping area indicate the number of unique differentially
expressed metabolites. A total of 7 common differentially expressed metabolites between
groups A and C, 5 between groups A and B, and 3 between groups B and C. Across the
comparison groups, 3 common differentially expressed metabolites between A versus C
and A versus B groups, and 1 between A versus C and B versus C groups.

Figure 4b–d shows the results of the differential metabolite screening as volcano plots,
with each dot representing a metabolite. The abscissa represents the fold change (logarithm
to base 2) of each substance in the comparison group, and the ordinate represents the
p value (negative logarithm to base 10) of the Student t test. The size of the scatter plot
represents the VIP value of the OPLS-DA model, with larger scatter plots indicating higher
VIP values. The significantly upregulated metabolites in Figure 4b–d are represented in
red, the significantly downregulated metabolites are shown in blue, and the metabolites
with no significant difference are indicated in gray. Figure 4b–d ashows that the A versus B
comparison group had a higher number of differentially expressed metabolites, indicating
a greater difference between aroma types A and B. In the three comparison groups, the
flavor of the differential volatile substances in aroma type B was relatively weaker and not
distinctive, indicating it had a less distinctive flavor than aroma types A and C, and A and
C had better sweet, fruity, and other aromas compared with aroma type B.
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(a) (b) 

 

(c) (d) 

Figure 4. Differential flavor substances among aroma type A, B, C. (a) Venn analysis of differential
metabolites among different comparison groups, (b) Volcano plots of differential metabolites of
A versus C, (c) Volcano plots of differential metabolites of A versus B, (d) Volcano plots of differential
metabolites of B versus C.

The Euclidean distance was used to quantify the differences in metabolites among
different comparison groups. The data were clustered using the complete linkage method,
and the results were presented as a heat map, shown in Figure 5.

 
(a) (b) 

 

(c) (d) 

Figure 5. Hierarchical cluster analysis heat map among aroma type A, B, C. (a) A versus B versus C
comparison group, (b) A versus B comparison group, (c) A versus C comparison group, and (d) B
versus C comparison group.

The different colors in the graph on the horizontal axis represent different rice aroma
types, the vertical axis represents the differential metabolites, and the different color blocks
represent the relative expression levels of the corresponding metabolites. Red indicates
a higher expression level of the substance, and blue indicates a lower expression level.
Figure 5a presents the data of the A versus B versus C comparison group. The expression
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levels of (E)-2-Octenal, 6-Undecanone, 2-Acetyl-1h-pyrrole, and P-menthan-1-ol were high
in the aroma type A rice. Among these, (E)-2-Octenal had a nutty, fatty, herbal, fresh,
and green aroma [19]. This also better explained the sensory results. Compared with
aroma types B and C, aroma type A had a better sweet and grassy aroma. The expression
levels of Dodecane, 2,6,10-trimethyl-, 1-Octen-3-one, and 2-Methyldecane were high in
aroma type B, among which 1-Octen-3-one had a herbal, mushroom aroma [51]. This also
better explained the sensory results that aroma type B had a more prominent starchy and
grainy taste compared with aroma types A and C. In aroma type C, the expression levels of
Heptacosane were high, and this group had richer differentiated volatile characteristics.
This also confirmed that the aroma of this group was complex and was defined as a complex
aroma type.

Figure 5b–d represents the data of the A versus B, A versus C, and B versus C compar-
ison groups, respectively. In addition, the expression levels of 6-Undecanone, P-menthan-1-
ol in type A were higher than in B in the A versus B comparison group. The expression
levels of Dodecane, 2,6,10-trimethyl-, Decane and Heptacosane were higher in aroma type
B than in aroma type A. However, the flavor characteristics of these volatile substances
were not obvious, indicating that aroma type B had no prominent flavor characteristic. In
the A versus C comparison group, the expression levels of 2-Methyldecane, 1-Propanol,
and 5-Methylundecane were higher in aroma type C than in aroma type A. Among these,
1-Propanol had a better peanut aroma [51]. Therefore, type C had a better nutty and
fruity aroma than types A. In aroma type B versus aroma type C comparison group, the
expression levels of (E)-2-Octenal and 1-Octen-3-one were higher in aroma type B. (E)-2-
Octenal contributed nutty, fatty, herbal, fresh, and green aroma characteristics [19]. The
expression levels of 2-Acetyl-1h-pyrrole were higher in aroma type C. 2-Acetyl-1h-pyrrole
had a bready, nutty, and caramel aroma [51]. Therefore, type C had a better nutty flavor
than types B.

3.3. Analysis of Volatile Odor Components of Rice by GC-IMS Spectroscopy
3.3.1. Volatile Compounds Identified by GC-IMS

The volatile components of the three rice cultivars were determined using GC-IMS, and
fingerprint patterns and cluster heat maps were obtained to more intuitively distinguish
the differences in volatile components among different types of fragrant rice. As shown
in Figure 6, the ion migration time and the position of the reactive ion peak (RIP) were
normalized; the ordinate represents the retention time of the gas chromatography; the
abscissa represents the ion migration time, and the vertical line at the abscissa 1.0 is the RIP.
Figure 6a shows that most of the signals appeared in the retention time of 100–800 s and
the drift time of 1.0–1.75. As shown in Figure 6b, the X, Y, and Z axes represent the ion drift
time, retention time, and peak intensity of the volatile substances, respectively, which were
used for identifying volatile substances [52]. In addition, some volatile compounds such
as 1-pentanol, 1-propanol, and acetic acid ethyl ester produced multiple spots or signals,
which were interpreted as protonated monomers, trimers, polymers, and proton-bound
dimers in the fingerprint area, which could not be observed using GC-MS [53].

Figure 6a,b shows that the fingerprints of different aroma types of rice samples differed
significantly after normalization of ion drift time and reactive ion peak position, with the
signal intensities for A, B, and C showing considerable differences.
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Figure 6. GC-IMS analysis of volatile compounds in 11 samples of the 3 aroma types A, B, and C.
Volatile fingerprints (a), gallery plots (b), and comparison of differences using A1 as a reference (c).
Fingerprint of volatile components of rice with different flavors (d).

The fingerprints of two samples were randomly selected for each aroma type, using A1
as a reference. This reference sample was compared with the fingerprints of the other aroma
types to generate a differential spectrum, as shown in Figure 6c. Higher concentrations
are displayed in red, concentrations equal to the reference value are displayed in white,
and concentrations below the reference value are displayed in blue. Although VOCs signal
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intensities within the same aroma type (A1/A2, B1/B2, and C1/C2) were not significantly
different, they were significantly different among different aroma types, with A and C
showing a significant difference. Samples C1 and C2 displayed more red dots compared
with samples A1 and A2, indicating a more intense aroma and flavor profile for aroma type
C. Samples B1 and B2 displayed more blue dots, indicating a milder, more balanced flavor
profile, consistent with the sensory evaluation and flavor metabolomics results.

The fingerprint identification method was adopted to display the volatile chemical
information in the samples for a deeper understanding of the flavor characteristics of
different aroma types of rice, as shown in Figure 6d. In this figure, each row represents
the signal peak of the volatile components of each sample, and each column represents
the signal peak of a specific volatile chemical substance in different samples. The color
of the signal peak represents the substance. These graphs present the complete volatile
compound profile of each sample in an easily understandable manner, highlighting the
differences between samples [54,55]. The volatile chemical fingerprints of aroma types A,
B, and C were significantly different. The two distinct regions in the figure represent the
differences in the volatile chemical fingerprints between different flavor types. The red
region represents primarily alcohols, heterocyclic compounds, and ketones, whereas the
orange region represents primarily esters and aromatic hydrocarbons. In the red region, the
volatile chemical fingerprint of flavor type C was significantly higher than that of A and B,
indicating that C had a higher content of alcohols, heterocyclic compounds, and ketones,
giving it a richer flavor profile. In the orange region, the volatile chemical fingerprint
of flavor type A was significantly higher than that of B and C, indicating that A had a
higher content of esters and aromatic hydrocarbons, giving it a better sweet and fragrant
flavor [56]. Flavor type B had fewer volatile aroma compounds than flavor types A and C,
which is why the flavor of type B was softer than the other two aroma types.

3.3.2. Differential Analysis of Volatile Compounds Based on GC-IMS

Table 5 lists all the volatile substances in the three fragrant rice types and their peak
intensities. A total of 55 volatiles were detected and identified, including 14 ketones,
13 alcohols, 12 esters, 8 aldehydes, 4 heterocyclic compounds, 3 aromatic hydrocarbon
compounds, and 1 other compound. The number of these categories differed from the
results of GC-MS. A total of 14 VOCs were identified as monomers and dimers. These
chemicals had high proton affinity or concentration, generating several signals in the analy-
sis [57]. The aforementioned data showed that the volatile aroma compounds of the three
different aromatic rice types had significant characteristics [51]. The samples of aroma type
A contained higher contents of (+)-limonene (lemon- and orange-like flavors), 1-hexanol
(grassy flavor), 2-methylpyrazine (nutty, coffee, and cocoa-like flavors), 2-pentanone (fruity,
floral, and grassy flavors), 3-methyl butyl acetate, cyclohexanone, ethyl butanoate (a unique
fresh fruity flavor), n-pentanal (fruity and floral flavors), styrene (floral and sweet flavor),
1-butanol (fruity and caramel flavors), 3-methyl-acetate 1-hexanal (grassy and fruity fla-
vors), 1-pentanol (vanilla and sweet flavors), and 2-heptanon (coconut, sweet, and fruity
flavors), indicating a better sweet aroma. In contrast, the samples of aroma type C contained
higher contents of 1,2-ethanediol and 1-octen-3-ol (mushroom, lavender, and green-like
flavors), 2,6-dimethyl pyrazine (peanut butter and peanut flavors), 2-acetylpyridine (pop-
corn flavor), acetophenone, and ethyl hexanoate (fruity and green flavors), indicating a
better overall aroma. The various volatile flavor substances in aroma type B, were between
those in aroma types A and C, without any significant outstanding features, which was
consistent with the results of sensory evaluation and flavor metabolomics.
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Table 5. GC-IMS analysis of volatile components of the three aromatic rice samples.

No. Volatile Compounds RI 1 RT/s 2 Drift
Time/ms 3

Peak Volume
A B C

1 (+)-Limonene 1189.3 433.309 1.65766 47.32 21.00 18.45
2 1,2-Ethanediol 1611.1 1224.033 1.15889 193.75 156.70 307.64
3 1-Butanol-D 1150.3 376.987 1.3813 1348.39 1055.02 1285.03
4 1-Butanol-M 1150.8 377.739 1.18107 120.26 102.56 132.41
5 1-Butanol, 3-methyl-, acetate 1098.9 313.929 1.29261 94.11 55.98 48.65
6 1-Hexanal-D 1092.5 307.402 1.5605 2004.85 1105.25 812.02
7 1-Hexanal-M 1090.7 305.662 1.2717 410.76 168.15 199.22
8 1-Hexanol-D 1370.6 730.557 1.32995 2577.51 1732.20 1479.16
9 1-Hexanol-M 1368.9 727.847 1.6473 858.88 403.07 317.09

10 1-Octen-3-ol 1476.4 916.663 1.1603 140.36 152.57 455.21
11 1-Pentanol-D 1257.5 546.758 1.51302 3641.90 2330.38 2190.92
12 1-Pentanol-M 1258.7 548.929 1.25232 566.51 535.20 532.15
13 1-Propanol-D 1043.8 263.684 1.2563 1635.42 2108.75 2257.31
14 1-Propanol-M 1044.8 264.48 1.10846 77.39 82.29 62.42
15 2,3-Bbutanedione 927.4 190.575 1.17797 2020.23 2355.91 2300.38
16 2,6-Dimethyl pyrazine-D 1359.2 712.777 1.53432 96.20 87.06 325.36
17 2,6-Dimethyl pyrazine-M 1359.4 713.102 1.14292 42.39 39.75 82.61
18 2-Acetylpyridine 1569.9 1120.373 1.11215 138.31 152.23 372.34
19 2-Butanone 912 183.29 1.24516 1833.67 1415.23 1477.38
20 2-Heptanone-D 1192 437.464 1.62967 979.16 439.76 427.46
21 2-Heptanone-M 1188.7 432.325 1.26116 853.13 439.76 521.98
22 2-Hexanone-D 1097 311.827 1.50233 537.91 431.80 459.12
23 2-Hexanone-M 1095 309.868 1.19273 449.86 393.95 430.29
24 (E)-2-Hhexen-1-ol 1348.6 696.854 1.17499 186.52 159.96 159.59

25 2-Methylbutanoic acid, methyl
ester 1028.1 250.954 1.18974 241.93 282.58 220.97

26 2-Methylpyrazine 1292.7 616.299 1.06994 894.63 288.30 321.60
27 2-Nonanone-D 1398 774.751 1.88186 49.58 47.39 49.36
28 2-Nonanone-M 1401.7 780.967 1.87851 43.77 42.12 39.74
29 2-Octanone-D 1295 621.087 1.75701 368.72 282.99 311.93
30 2-Octanone-M 1292.4 615.705 1.33009 88.85 88.59 90.09
31 2-Pentanone 996 226.78 1.3725 109.65 56.16 64.99
32 2-Propanol 920.1 187.091 1.22384 1142.23 1759.81 1455.53
33 3-Methyl butyl acetate 1149.9 376.536 1.31347 53.16 29.85 34.89
34 Acetic acid 1477.7 919.242 1.0518 2331.29 2504.44 4153.42
35 Acetic acid ethyl ester-D 914.3 184.354 1.32401 348.72 316.74 274.78
36 Acetic acid ethyl ester-M 918.1 186.15 1.09431 56.30 23.46 35.04
37 Acetophenone-D 1688.5 1445.218 1.17229 988.12 1180.18 4038.73
38 Acetophenone-M 1688 1443.765 1.38686 44.25 54.32 115.64
39 α-Pinene 992.3 224.692 1.29579 221.34 157.79 169.56
40 Benzaldehyde 1565.4 1109.612 1.14581 200.18 124.63 161.89
41 Butanal 894.9 175.517 1.28753 44.73 35.52 39.40
42 Butanoic acid, ethyl ester 1018.6 243.498 1.56902 171.15 179.31 126.95
43 Cyclohexanone 1292.1 614.912 1.15711 184.07 77.66 83.86
44 Ethanol 939.2 196.365 1.13225 3471.54 3298.02 3895.87
45 Ethyl acrylate 1025.7 249.08 1.41748 36.99 37.05 39.45
46 Ethyl butanoate 991 223.924 1.19944 1327.66 714.71 558.32
47 Ethyl hexanoate-D 1241.7 517.989 1.33922 361.29 366.11 920.86
48 Ethyl hexanoate-M 1242.7 519.833 1.78996 187.21 163.97 313.61
49 Ethyl octanoate 1401.9 781.337 1.47904 452.88 429.68 319.57
50 Ethyl pentanoate 1172.2 407.663 1.26934 121.34 88.84 99.17
51 Heptanal 1131.5 352.605 1.31628 30.45 24.15 26.67
52 n-Pentanal 990.2 223.486 1.41859 370.03 94.34 55.40
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Table 5. Cont.

No. Volatile Compounds RI 1 RT/s 2 Drift
Time/ms 3

Peak Volume
A B C

53 Propanal-D 791.5 135.056 1.06433 422.97 489.08 569.58
54 Propanal-M 790.4 134.684 1.14053 601.24 489.08 435.88
55 Styrene 1296.4 623.002 1.41216 326.33 208.17 181.32

M, monomers; D, dimers. 1 The retention index (RI) calculated using n-ketones C4–C9 as external standard on
FS-SE-54-CB column. 2 The retention time (RT) of identified volatiles in the capillary GC column. 3 The drift time
in the drift tube.

3.4. Comparison of Different Volatile Compounds in Rice with Different Aroma Type Based on
HS-SPME-GC-MS and GC-IMS

The differential flavor and compound analysis showed that the three rice aromas
could be differentiated in sensory evaluation, HS-SPME-GC-MS, and GC-IMS.

From a sensory perspective, the main differential flavors of the three aromas included
sweetness, woodiness, popcorn, cereal, and corn flavors. The main feature of aroma type A
was the prominent sweetness, and the main feature of aroma type B was the prominent
woodiness, cereal, and starch flavors. Aroma type C was more comprehensive than aroma
types A and B, with a balanced focus on cereal, sweetness, starch, and popcorn flavors.

From the perspective of differential volatile substances, the main differential com-
pounds included alkanes, aldehydes, ketones, alcohols, and heterocyclic compounds.

Aldehydes are an important type of volatile compounds in rice. These compounds
have a low odor threshold and give rice pleasant grassy, citrus, and fresh grassy flavors at
low levels. They are an important component of rice flavor. Aldehydes are decomposition
products of lipid oxidation [58]. Among these aldehydes, the key volatile aroma compounds
of rice are octanal [59], pentanal (valeraldehyde), and heptanal [48], which were also found
in the differential compounds of the three aroma types. Studies have shown that heptanal,
octanal, and so forth are formed from linoleic acid precursors [60]. In this study, the
presence of aldehydes such as octanal and n-pentanal resulted in the prominent sweet
flavor of aroma type A compared with aroma type B.

Alcohols are the second major VOCs identified in rice. Methanol, 1-propanol,
1-butanol, 1-pentanol [60], and 1-octen-3-ol are the key volatile aroma compounds of
rice. They were all detected in the control sample and were the most abundant besides
aldehydes [15]. Alcohols (1-octen-3-ol, hexanol, 1-octanol, etc.) have higher olfactory
thresholds, contributing to rice’s mild aromatic profile [61,62]. The floral and fruity aroma
of rice is attributed to alcohols [1]. Among all alcohols, 1-octen-3-ol is produced during
lipid oxidation. It has a high content, a low threshold, and the smell of wild mushrooms,
and contributes the most to the aroma of rice [63]. Previous reports have shown that
1-octen-3-ol can be derived from the peroxide of linoleic acid [64]. In this study, the contents
of alcohols such as 1-octen-3-ol and 1-propanol were higher in aroma type C than in aroma
type A, which is why aroma type C exhibited a richer flavor than aroma type A.

Ketones are the third largest class of volatile components found in japonica rice.
These compounds contribute a pleasant fruity flavor to the rice [61,65]. The main ketones
identified in this study were 2-butanone and 2-heptanone, which gave cooked rice a unique
fruity and pleasant aroma [66]. 2-Heptanone is produced from oleic acid [60]. In this study,
the presence of ketones such as 2-heptanone resulted in a prominent sweet aroma in aroma
type A compared with aroma types B and C.

Esters can give a fruity and floral aroma to rice [67]. However, they generally have a
relatively high taste threshold, thus contributing little to the flavor of rice [68]. Ethyl acetate,
octanoate acetate, and other esters affect the flavor of rice, making it more intense [15].
Therefore, the esters in type A contributed more to its sweet aroma.
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Other volatile compounds contributing to odor include heterocyclic compounds such
as pyridines and pyrazines. Heterocyclic compounds are mainly formed through nonen-
zymatic browning reactions or Maillard reactions [69]. Although these compounds have
low concentrations, their thresholds are also low, so they contribute significantly to rice
flavor, often imparting sweetness, nutty flavors, and beany notes to rice [1,15]. Aroma type
C contains more heterocyclic compounds such as pyridines and pyrazines than aroma type
A, which is one of the reasons why aroma type C has a more complex aroma.

Because hydrocarbon compounds have a higher threshold, their contribution to the
overall aromatic properties of rice is limited [70]. Therefore, although some aroma type
contain higher levels of hydrocarbons, their impact on their distinctive flavors is minimal.

4. Discussion

This study used sensory evaluation, HS-SPME-GC-MS, GC-IMS, and data analysis to
systematically investigate the differences in flavor and volatile aroma compounds among
different rice samples. The study also explored the key aroma components differentiating
rice aroma types, dissecting the molecular basis for these flavor differences. The main
findings were as follows:

1. Feasibility of distinguishing rice aromas based on sensory evaluation: Cluster analysis
based on sensory evaluation data categorized rice aromas into three types: sweet
aroma type (A), cereal aroma type (B), and complex aroma type (C). Type A exhibited
a prominent sweet and popcorn aroma, type B exhibited a more prominent grainy
and starchy aroma, and type C exhibited a more complex aroma.

2. Nontargeted metabolomics analysis using HS-SPME-GC-MS: The findings revealed
the diversity and differences in volatile components of rice with different aroma
types. A total of 74 volatile compounds were identified and classified into three aroma
types through PCA, consistent with the sensory results. In the A versus B versus C
comparison group, 8 major differential aroma compounds were identified, primarily
including alkanes, aldehydes, ketones, alcohols, and heterocyclic compounds. (E)-2-
Octenal, 6-Undecanone, 2-Acetyl-1h-pyrrole, and P-menthan-1-ol in type A gave it a
better sweet aroma, Dodecane, 2,6,10-trimethyl-, 1-Octen-3-one, and 2-Methyldecane
in type B gave it a better starchy and cereal flavor. 2-Acetyl-1h-pyrrole, Heptacosane,
and 1-Propanol in type C contributed to a complex aroma.

3. GC-IMS analysis: The results revealed the diversity and differences in volatile compo-
nents of rice with different aroma types. The fingerprints of rice samples with different
aroma types showed significant differences. Compared with aroma type A, aroma
type C was stronger and aroma type B was milder and more balanced, consistent with
the results of sensory evaluation and flavor metabolomics. Samples of aroma type A
contained (+)-limonene, 2-methylpyrazine, 2-pentanone, ethyl butanoate, n-pentanal,
styrene, 1-butanol, 3-methyl-, acetate, 1-hexanal, 1-pentanol, and 2-heptanone, con-
tributing to a more sweet aroma. Samples of aroma type C contained 1-octen-3-ol,
2,6-dimethyl pyrazine, 2-acetylpyridine, and ethyl hexanoate, contributing to a more
complex aroma. The volatile aroma compounds in aroma type B fell between those in
aroma types A and C, with no significant standout characteristics, consistent with the
results of sensory evaluation and flavor metabolomics.

This study attempted to validate the feasibility of rice aroma differentiation. A com-
prehensive analysis was conducted on mainstream commercially available rice varieties to
determine the molecular factors behind their distinct aromas, using sensory evaluation,
flavor metabolomics. Combining complementary methods such as HS-SPME-GC-MS and
GC-IMS, a more complete profile of volatile compounds was obtained, which helped dis-
tinguish different rice aromas and revealed their molecular basis. Future investigations
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should build on this study by increasing sample diversity, integrating metabolomics and
machine learning technologies to further analyze rice flavor differences and their formation
pathways, thereby guiding processing innovation and quality improvement.
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Abstract

The complexity of the milk matrix, driven by its lipid-rich composition, complicates pesti-
cide residue analysis. This study developed a simplified and robust analytical procedure
for the quantification of 250 pesticides in cow’s milk. Sample preparation involved acid-
ified ethyl acetate extraction followed by centrifugation at 0 ◦C. A subsequent clean-up
step was performed using micro solid-phase extraction (μSPE) in a 96-well format with
the enhanced matrix removal-lipid (EMR-lipid) sorbent. Final extracts were analyzed by
gas chromatography coupled to high-resolution mass spectrometry (GC-Q-Orbitrap-MS).
Method validation demonstrated satisfactory linearity within the 5–100 μg/L range, recov-
eries between 70.6% and 119.8%, and precision, expressed as relative standard deviation
(RSD), was acceptable for both intraday (1.8–19.2%) and interday (1.6–18.5%) conditions.
The limit of quantification (LOQ) was set at 10 μg/kg for all compounds. The method was
applied to 23 commercial cow’s milk samples, and no pesticide residues were detected
above the current European Union (EU) maximum residue limits (MRLs).

Keywords: milk; Q-Exactive orbitrap; gas chromatography; EMR lipid; pesticide residues

1. Introduction

Milk is a globally produced and consumed food commodity, essential in a balanced
diet [1]. Beyond its direct consumption, milk serves as a key ingredient in important
products, such as formulated milk for infants. However, fatty food products such as
milk can contain relatively high levels of pesticide residues, which can enter the food
chain through contaminated animal feed and water, posing a risk of exposure to these
toxic substances for both animals and humans [2–4]. To ensure food safety, MRLs have
been set by various countries and organizations. The EU has established MRLs for most
pesticides in milk and dairy products, with limits as low as 0.8 μg/kg for endrin and
2 μg/kg for chlordane [5]. Therefore, effective analytical methods are necessary to monitor
pesticide residues in milk to confirm compliance with these safety limits. Although gas
chromatography coupled with mass spectrometry (GC-MS) is highly sensitive and capable
of accurately detecting target compounds in complex matrices, it is now less frequently used
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due to its sensitivity to matrix effects [6]. However, GC coupled to high-resolution mass
spectrometry (HRMS), compared to traditional GC-MS, offers full-scan capabilities, high
accuracy, and selective screening of target compounds. This allows low levels of pesticides
to be detected and quantified, even in complex matrices such as milk. Milk contains organic
acids, sugars, fats, proteins, and other impurities that can interfere with chromatographic
analysis. Furthermore, the use of full scan HRMS is becoming increasingly popular in
the residue analysis of food samples, especially when a large number of analytes must be
monitored [7]. Compared to other high-resolution mass analyzers, such as time-of-flight
(TOF), the Orbitrap offers superior mass accuracy, resolving power, and dynamic range,
along with the ability to operate at different resolution settings depending on analytical
needs. These features make it particularly suitable for detecting trace-level compounds in
complex matrices and allow for more confident identification of both target analytes and
non-target analytes in full-scan acquisition modes.

The currently available methods for the extraction of multiple pesticide residues from
fatty milk are still restricted by the laborious and time-consuming sample pretreatment
process, limited sensitivity, and selective clean-up [8]. These methods involve the use of
solvents such as n-hexane [9] and dichloromethane [10], sonication times of 20–30 min,
laborious cleaning steps using solid phase extraction (SPE), or combinations of various
salts [4], followed by evaporation under nitrogen flow [11].

The extraction of multiple compounds with diverse chemical properties and polarities
represents a significant challenge. The QuEChERS (Quick, Easy, Cheap, Effective, Rugged,
Safe) method offers advantages, such as rapid processing, high throughput, efficiency, and
low cost. However, milk is a complex matrix and has a high matrix effect, characterized by
high concentrations of organic acids, sugars, lipids, and proteins. For instance, pesticide
residues and other contaminants were analyzed in milk samples [12,13] using QuEChERS
extraction. PAHs and pesticide residues were also evaluated in milk samples [14,15]. The
clean-up step can be carried out as using dSPE clean-up [12,13], and both methods required
manual weighing of small quantities of “enhanced matrix removal-lipid” (EMR-lipid) and
other sorbents such as PSA and Z-Sep+ (zirconia-based sorbent) to remove fatty matrix
components, whereas other authors used Z-Sep, C18, and PSA during the dSPE clean-
up [14,15]. For this work, various clean-up approaches after the extraction of QuEChERS
have been proposed, with the aim of reducing the number of co-extractive interferences
during pesticide residue analysis, using many steps and sorbents, which are difficult to
handle [8,16–19]. An interesting option is the use of the clean-up step with the EMR-lipid
material that has been proposed to remove fat from fat-rich food products [4,17]. In most
published articles, EMR-lipid has been used as a cleaning sorbent in dispersive SPE (dSPE)
in matrices with high fat content, such as pork, fish, smoked foods [20], olive oil or avocado
fruit [21], biological matrices such as human plasma [22], or even in milk formulas for
analysis of mycotoxins, polycyclic aromatic hydrocarbons or neonicotinoids [15]. The
use of well-plate format (μSPE) minimizes weighing errors, improves reproducibility,
and facilitates high-throughput workflows, which are key issues for routine laboratories.
However, the use of EMR-lipid in a 96-well plate format for μSPE is rather limited, although
it has demonstrated clinical applicability in blood [23] and even in infant milk formulas [24].
The present study builds upon the well-established QuEChERS extraction and GC-HRMS
principles, but its novelty lies in the first application, to the best of our knowledge, of
EMR-lipid in a ready-to-use 96-well plate format for the determination of 250 pesticide
residues in whole milk, combining broad analyte coverage with reduced solvent use and
simplified sample handling.

In summary, the aim of the study was to develop a simple method that reduces
extraction time by using a small amount of salts and solvents for the analysis of pesticide
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residues in whole milk. The final extracts were analyzed using the analytical methodology
already developed [25], based on GC-HRMS, using a single quad-Orbitrap as an analyzer,
which was utilized to perform selective target screening for the detection and quantification
of low levels of pesticides.

2. Materials and Methods

2.1. Reagents and Chemicals

Standards for 275 pesticides were purchased from Dr. Ehrenstorfer (Augsburg, Ger-
many) or Sigma Aldrich (St. Louis, MO, USA). One isotopically labelled compound,
atrazine-d5 from Sigma Aldrich, was used as the surrogate standard. All standards had a
purity greater than 95%.

HPLC gradient grade acetonitrile and HPLC grade acetic acid were acquired from
Honeywell (Seelze, Germany) and Panreac AppliChem (Barcelona, Spain), respectively.
PAR grade ethyl acetate was purchased from Fluka (St. Louis, MO, USA). Formic acid (FA)
(Optima LC–MS) was supplied by Fisher Scientific (Geel, Belgium). Magnesium sulfate
and sodium acetate were obtained from Fluka, while tri-sodium citrate dehydrate, sodium
chloride, and sodium citrate dibasic sesquihydrate were sourced from Panreac AppliChem,
Scharlab (Barcelona, Spain), and Sigma Aldrich, respectively. Primary secondary amine
(PSA) was obtained from Scharlab, C18 (octadecyl) bonded phase from Supelco (Belle-
fonte, PA, USA), and Agilent Captiva EMR-lipid in a 96-well plate format from Agilent
Technologies (Santa Clara, CA, USA).

Stock standard solutions of the target pesticides were prepared in a suitable solvent
(methanol or ethyl acetate) at a concentration of 1000 mg/L. The stock solutions were stored
in amber screw-capped glass vials. After that, working solutions containing all pesticides
were then prepared at 4.5 mg/L in acetonitrile and at 0.5, 0.2, and 0.1 mg/L in ethyl acetate.
The surrogate standard (atrazine-d5) was added at a final concentration of 25 μg/kg prior
to extraction. This surrogate was used to check whether sample preparation and analysis
were performed correctly. All standard solutions were stored at −20 ◦C.

2.2. GC-Orbitrap-MS Parameters

The GC system consisted of a TriPlus RSH autosampler, a TRACE 1300 gas chro-
matograph, and a Q-Exactive Orbitrap mass analyzer (Thermo Fisher Scientific, Bremen,
Germany). The injector was equipped with a single taper liner (78.5 mm × 4 mm internal
diameter (ID)). Sample introduction was performed using hot splitless injection (1 μL,
280 ◦C, splitless time 1 min). High-purity helium (99.999%) served as a carrier gas at a
constant flow rate of 1 mL/min. Separation was achieved on a VF-5 MS capillary column
(30 m × 0.25 mm i.d. and 0.25 μm film thickness from Agilent, Santa Clara, CA, USA).
The oven temperature program lasted 29.00 min and was as follows: initial temperature of
50 ◦C held for 1 min, then ramped to 170 ◦C at 20 ◦C/min (6 min), followed by an increase
to 310 ◦C at 10 ◦C/min (14 min). The final temperature of 310 ◦C was maintained for 8 min.
The Q-Exactive Orbitrap mass analyzer was operated in electron ionization (EI) mode at
70 eV with an emission current of 50 μA. Mass calibration was performed weekly using
perflurotributylamine (PFTBA) from Thermo Fisher Scientific.

The filament delay was set for 5 min, and data acquisition was performed from 5 to
29 min. The ion source and transfer line temperatures were maintained at 250 ◦C. Full-
scan (FS) MS acquisition was carried out in profile mode over an m/z range of 40 to 500.
The maximum injection time was set to 1 μscan, with a resolution power of 60,000 full
width at half maximum (FWHM). The automatic gain control (AGC) target was set to
1 × 106 ions. Instrument control was performed using Xcalibur 4.1 and chromato-
graphic data were processed with TraceFinder 4.1 software (Thermo Fisher Scientific,
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Les Ulis, France). Identification criteria included: (i) at least two fragment ions with mass
accuracy ≤ 5 ppm, and (ii) ion ratio within (±30% (relative) of the average calibration
standard from the same sequence. Detailed GC-MS parameters are provided in Table S1.

2.3. Sample Extraction

Cow’s milk samples were processed using a modified version of AOAC QuEChERS, a
typical multiresidue extraction method commonly applied in routine laboratories. Prior to
extraction, milk samples were homogenized by vortex mixing to ensure a representative
distribution of both aqueous and lipid phases. A 5 g aliquot of the sample was weighed
into a 50 mL polypropylene centrifuge tube. Ethyl acetate (10 mL) containing 1% acetic
acid and 10 μL of the surrogate standard (atrazine-d5) was added, and the mixture was
vortexed for 2 min. Subsequently, 4 g of MgSO4 and 1.5 g of sodium acetate were added,
followed by another 2 min of vortex mixing. The tube was then centrifuged at 7500 rpm
(6200× g) at 0 ◦C for 8 min.

A 1 mL aliquot of the supernatant was loaded onto a well Agilent Captiva EMR-lipid.
After the liquid was passed through the cartridge by gravity, vacuum was applied to
remove any remaining liquid. The resulting extract was then transferred to sample vials
for GC-Orbitrap-MS analysis, and 1 μL was injected into the system.

2.4. Validation

The performance of the analysis was evaluated in accordance with the analytical
quality control and validation guidelines for the analysis of pesticide residues in food
and feed, as described in SANTE 11312/2021v2 [26]. The parameters assessed included
linearity, limit of quantification (LOQ), recovery, and precision. Additionally, the expanded
measurement uncertainty (U) was calculated using intra-laboratory validation data, ac-
cording to the SANTE guidelines. The whole cow’s milk used for the development and
validation of the method was also sourced directly from local grocery stores in Almeria
(Spain). This represents typical market samples and provides realistic matrix conditions for
pesticide residue analysis.

According to the SANTE guideline, an extension of the scope of the method was
carried out to other matrices within the milk subgroup (milk and dairy products group).
This verification procedure was applied to various types of milk, including semi-skimmed,
lactose-free semi-skimmed, skimmed, and evaporated milk, ensuring the reliability of
the method in various matrices. This was achieved by analyzing three spiked samples
(spiked at the target LOQ, 25 μg/kg, and at 50 μg/kg for all pesticides) and one blank
matrix. Quantification was carried out using a matrix-matched calibration prepared in their
specific matrix. The method performance criteria remained consistent with the validation
parameters for recovery (70–120%) and repeatability (≤20%).

2.5. Applicability of the Method

A total of 23 cow’s milk samples with different compositions (whole, semi-skimmed,
skimmed, lactose-free, calcium-enriched, and omega-3-enriched) were purchased from
local grocery stores in Almería (Spain). The samples, representing different commercial
brands, were stored in their original containers under the recommended conditions until
analysis. For the development and validation of the method, whole cow’s milk was selected
as the most challenging matrix in terms of sample preparation. An overview of the samples
included in this study is provided in Table S2 (see Supplementary Materials).
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3. Results

3.1. Optimization of the Extraction Procedure
3.1.1. Optimization of Extraction Salts

The QuEChERS method was modified and optimized considering the high protein and
lipid content of milk, with lipids being one of the most important and significant sources
of interferences. As an extraction solvent, acetonitrile was tested because it must meet
specific requirements, including the ability to precipitate fats and proteins while efficiently
extracting analytes from milk samples. This solvent not only enables the extraction of a
wide range of compounds, but also serves as an effective protein precipitant [27], a process
that can be enhanced by adding FA [28]. In this study, whole cow’s milk was used and
three different versions of QuEChERS were compared. Using acetonitrile with 1% FA as the
extraction solvent, a comparison of extraction salts was made by spiking whole cow’s milk
(5 g) with a standard mixture at 100 μg/kg. This spiking level for the preliminary evaluation
of extraction salts was selected to ensure that the target compounds could be detected with
sufficient sensitivity and to evaluate whether their absence in the chromatogram, if any,
was due to poor extraction efficiency rather than limitations of instrumental sensitivity.
Three different extraction salts were tested: (A) Original QuEChERS salts [29] containing
4 g of MgSO4 and 1 g of NaCl, (B) the AOAC version [30] containing 6 g of MgSO4 and
1.5 g of sodium acetate, and (C) the EN version [31] consisting of 4 g of MgSO4, 1 g of NaCl,
3.5 g of disodium hydrogen citrate sesquihydrate, and 1 g of trisodium citrate dihydrate.
The clean-up step was based on the addition of 150 mg of MgSO4 combined with 25 mg of
PSA and C18 as sorbents [32], followed by filtration through a nylon filter. In the last step,
an aliquot of extract was evaporated to dryness under a N2 stream and redissolved with
1 mL of ethyl acetate before chromatographic analysis.

The extraction efficiency was evaluated on recovery values obtained from triplicate
experiments, with acceptable recovery defined as 70 to 120%. As shown in Figure 1,
a total of 122 compounds achieved suitable recovery using method (A), while 196 and
74 compounds met the recovery criteria with methods (B) and (C), respectively. The
improved recoveries obtained using the AOAC QuEChERS version may be attributed to
the slightly lower pH provided by the sodium acetate buffering system compared to the
citrate-based European version. Based on these results, AOAC salts (B) were selected as
the optimal approach for extracting pesticides from whole cow’s milk.

3.1.2. Optimization of the Extraction Solvent

Although acetonitrile is compatible with both liquid chromatography coupled to MS
(LC-MS) and GC-MS, the potential benefits of using ethyl acetate as the extraction solvent
were also tested, taking into account that the evaporation step could be omitted. Having
already decided on the use of AOAC salts, a comparison was made using acetonitrile with
1% FA and ethyl acetate with 1% acetic acid as extraction solvents, spiking whole cow’s
milk (5 g) with a standard mixture at 100 μg/kg.

Since fatty substances have lower melting points than solvents, frozen lipids can be
removed by centrifugation, while pesticides remain dissolved in the solvent [10]. To take
advantage of this property for the removal of lipids, an additional centrifugation step was
introduced at 7500 rpm (6200× g) at 0 ◦C for 8 min. The use of ethyl acetate increased the
number of compounds with acceptable recovery (205) compared to acetonitrile (186), while
also eliminating the need for a drying step. Consequently, ethyl acetate with 1% acetic acid
was used as the extraction solvent.
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Figure 1. Recovery results of the Original QuEChERS, QuEChERS AOAC, and QuEChERS
EN methods.

3.1.3. Optimization of the Clean-Up Step

An efficient clean-up step is critical for removing the maximum possible amount of
matrix co-extracts and improving the quality of analytical results. For this purpose, dSPE
and μSPE (EMR-lipid 96-well plate) were compared for the cleaning step, evaluating the
cleanliness of the extract, the workflow, and the recovery of the pesticides under study.
Although EMR-lipid tubes have been used in some previous publications [20,27,33], their
application as a 96-well plate format or μSPE is less frequent [24,34]. This format offers the
advantage of a streamlined, single-step process, where 1 mL of sample extract is simply
passed through the well. Although automation is possible, manual processing is also
feasible with the use of a vacuum pump, requiring only a few seconds per sample.

For dSPE clean-up, 1.5 mL of sample extract was transferred to a 15 mL centrifuge tube
containing 50 mg of PSA and 25 mg of C18, combined with 150 mg of MgSO4 to remove any
moisture traces from the previous step, and then the sample was vortexed for 1 min. The
tube was subjected to a centrifugal process for a duration of 5 min at 3700 rpm (3061× g).
In contrast, the μSPE cleaning involved directly loading 1 mL of sample extract into a well
and placing it under vacuum. Both methods produced comparable pesticide recoveries,
with 238 compounds showing acceptable recoveries using dSPE and 242 compounds with
μSPE. Despite a similar performance, the μSPE approach aligns with the study’s goal of
developing a simplified method. The use of EMR-lipid significantly reduced the complexity
of the workflow by eliminating the need to weigh multiple salts and minimized the use
of disposable materials, such as plasticware. Additionally, μSPE offers a higher sample
throughput, which is a key advantage for routine analysis, allowing for simultaneous
cleaning of a large number of samples (up to 96). For these reasons, EMR-lipid was selected
as the preferred clean-up sorbent over dSPE. However, to demonstrate matrix removal by
μSPE in future studies, a comparison of Total Ion Current (TIC) profiles before and after
the μSPE process was carried out.
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3.2. Method Validation

For method validation, whole cow’s milk was selected as the representative matrix
according to the SANTE/11312/2021 v2 guidelines [26], which designate it as the standard
dairy matrix. Thus, given that it has the highest fat content, it also represents the most
challenging matrix, making it appropriate to evaluate the performance of the method in
other types of milk.

3.2.1. Linearity and Matrix Effect (ME)

In this study, a calibration curve was prepared using a blank sample extract of
whole cow’s milk. Linearity was initially evaluated for 275 pesticides within the con-
centration range of 5 to 100 μg/L, covering five concentration levels (5, 10, 25, 50, and
100 μg/L). A solvent-based calibration curve was also prepared using ethyl acetate at the
same concentration levels. The determination coefficients (R2) were calculated for 265 of the
275 compounds studied, and the R2 values were consistently above 0.99. Table S3 (see
Supplementary Materials) lists the 275 pesticides that were included in the analysis and
highlights with an asterisk those that did not meet the established validation criteria. Only
compounds with R2 values greater than 0.99 were considered for the validation study,
establishing the linear range of the method between 5–100 μg/L.

The ME was assessed in whole cow’s milk using Equation (1):

%ME =

(
slope o f calibration curve in matrix
slope o f calibration cruve in solvent

− 1
)
× 100 (1)

As shown in Figure 2, a strong ME (>50%) was observed for 248 compounds. A
moderate ME (20% < ME < 50%) was detected in 17 compounds. In particular, none of the
compounds exhibited a low or negligible ME (<20%). To mitigate for the pronounced matrix
effects, matrix-matched calibration was employed to ensure accurate quantification. The
EMR-Lipid clean-up was primarily aimed at enhancing extract cleanliness and improving
instrument stability, rather than completely eliminating the matrix effects.

 

Figure 2. Matrix effect (%) comparing the slope of the curve in solvent and in whole cow’s milk.
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3.2.2. Recovery, Precision, and Uncertainty

Recovery tests were carried out at 10 μg/kg (MRL), 25 μg/kg (2.5× MRL), and
50 μg/kg (5× MRL), using five replicates at each level. Mean recoveries ranged from
71.1 to 119.7%, with an associated repeatability, expressed as RSD, below 20%, as can be
observed in Table 1.

Table 1. Summary of method performance for 250 pesticides in cow’s milk.

Parameter Value

Linearity (R2) ≥0.99 (for 96.3% of compounds)
Matrix Effect (%) >50% (for 90.1% of compounds)
LOQ (μg/kg) 10 μg/kg

Value (Range or Mean ± RSD)
10 μg/kg 25 μg/kg 50 μg/kg

Recovery (%) 70.6–117.0 72.0–117.0 71.8–119.7
Intraday precision (%) 3.2–19.2 3.2–18.5 1.8–18.4
Interday precision (%) 3.0–18.5 2.9–18.3 1.6–18.2
Expanded Uncertainty (%) 13–49

Intraday precision, expressed as relative standard deviation (% RSD), was calculated
from recovery data at these concentrations and ranged from 1.8% to 19.2%. Interday
precision, determined over five different days, ranged from 1.6% to 18.5%, all within
acceptable limits. The complete dataset is provided in Table S3. Regarding the recovery
values, no significant losses were observed during the μSPE step, confirming the efficiency
of the extraction procedure.

For most of the 265 compounds that met the linearity criteria, the results were accept-
able. However, fifteen compounds showed extraction difficulties and did not achieve ac-
ceptable recovery or precision values: 1,2,3,6-tetrahydrophthalimide cis, bifenox, chlordane
cis, chlordane trans, difenoconazole, endrin, fenamiphos, fenamiphos sulfone, fenamiphos
sulfoxide, fipronil, fipronil sulfone, heptachlor, heptachlor-epoxide-cis, heptachlor-epoxide-
trans, and methamidophos. In summary, 250 compounds were successfully validated,
meeting the established performance criteria for recovery and precision.

The standard uncertainty was determined using Equation (2). Uncertainty due to bias,
u(bias), was estimated from the recovery experiment, while % RSD of inter-day precision
was used to estimate the uncertainty arising from precision, u(precision). The expanded
uncertainty was calculated for each pesticide by multiplying the standard uncertainty by
a coverage factor (k) of 2, which approximately gives a confidence level of 95%. Further
details on the calculation procedure of the uncertainty are provided in the Supplementary
Materials (Section S1).

u =
√

u(bias)2 + u(precision)2 (2)

As can be observed in Table 1, for the 250 validated pesticides, the expanded uncer-
tainty at 10 μg/kg was found to be below 50% in all cases, but they were still in compliance
with the requirement (50%) of the SANTE/11312/2021 v2 guidelines [26].

Unlike most previous studies, which involve more complex procedures in terms of
sample preparation and time requirements, with lower recovery rates, and face reproducibil-
ity challenges, this study achieved broader and more reliable pesticide detection. Although
previous research has often focused on specific pesticide families, such as organochlorine
pesticides [28,35] or organophosphorus pesticides in milk samples [9,36], this study covered
a comprehensive range of 250 compounds, including both long-banned substances, like
organochlorine compounds, and, more recently, introduced pesticides for crop protection.
Table 1 summarizes the validation results for these compounds.
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Finally, the suitability of the method was confirmed by testing other types of milk.
Estimated mean recovery and RSD values at 10 and 50 μg/kg for semi-skimmed, lactose-
free semi-skimmed, skimmed, and evaporated milk are shown in Table S4. For all pesticides,
recoveries ranged from 70.1–119.8%, with RSD values between 0.1% and 19.7%, confirming
the applicability of the proposed method to different milk types commonly available on
the market.

3.2.3. Limits of Quantification

LOQs were assessed by determining the lowest concentration of spiked samples that
produced satisfactory recovery (70–120%) and precision (RSD < 20%). The LOQs were
established at 10 μg/kg for 250 pesticides, as these compounds met the established criteria.

The validated LOQ value of 10 μg/kg aligns with the EU MRL for the target pesticides.
Analytes that did not meet the validation criteria and were not included in the validation
list may still be detected through screening analysis, indicating their potential presence.

3.3. Sample Analysis

The performance of the developed methodologies were evaluated through the analysis
of 23 cow’s milk samples. An internal quality control procedure was implemented to ensure
the reliability of the analytical results. This procedure included: (i) the analysis of one blank
matrix sample prior to each batch to confirm the absence of the target pesticides; (ii) the
use of matrix-matched calibration, and (iii) the inclusion of two spiked blank samples at 10
and 25 μg/kg with the pesticide mixture within each batch. This approach allowed for the
assessment of recovery rates and the verification of potential cross-contamination. In all
cases, recoveries at both spiking levels were within the range of 70–120%. Additionally, a
matrix-matched calibration curve was used to quantify any detected compound. None of
the 250 target pesticides were detected in the analyzed samples. Furthermore, the analysis
confirmed that none of the 250 pesticides exceeded the established LOQ of 10 μg/kg in any
of the samples.

4. Conclusions

The implementation of μSPE clean-up contributed to reduced reagents and materials,
streamlined laboratory workflow, and enhanced sample throughput, key advantages for
routine sample analysis. Moreover, this study presents the first GC-HRMS method capable
of simultaneously detecting a broad spectrum of 250 pesticides in milk. Nevertheless, a
limited number of compounds did not meet the validation criteria, primarily due to low
recovery or poor precision values. For these analytes, alternative extraction conditions
would be necessary to achieve reliable quantification. Additionally, to further mitigate
ME, several strategies could be considered in future studies. These include the use of
additional lipid-targeting sorbents during the clean-up step to enhance the removal of co-
extracted fats, sample dilution prior to instrumental analysis to reduce the impact of matrix
components, and the implementation of advanced instrumental configurations such as
online GC–APCI interfaces, which offer improved selectivity and reduced susceptibility to
matrix interference. However, given the wide range of physicochemical properties among
the 250 pesticides analyzed, the effectiveness of additional sorbents may vary depending
on the compound, and thus their use should be carefully optimized to avoid compromising
recovery or selectivity.

In summary, this study developed and successfully validated a new QuEChERS ex-
traction method for the analysis of pesticides in milk, which incorporated acidified ethyl
acetate extraction and centrifugation at 0 ◦C followed by a clean-up step with EMR-lipid.
This method is both simplified and efficient in workflow. In conclusion, 250 pesticides
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provided suitable validation parameters with LOQ values lower than the established
MRLs for the target compounds, after GC-HRMS analysis. Additionally, the applicability
of the method was tested for other types of milk that differed mainly in fat and lactose
content. Automating μSPE cleaning could further improve the efficiency, although this
would require significant investment in automation equipment. Furthermore, the high
sensitivity of the method (LOQ of 10 μg/kg) and the advanced analytical performance
through GC-Q-Orbitrap make it a valuable approach for the complete analysis of pes-
ticide residues in complex matrices. The proposed workflow also shows potential for
future automation and digital integration, as the 96-well μSPE format could be adapted to
LIMS-based environments and batch processing systems, improving efficiency in routine
pesticide monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors13120405/s1, Table S1: GC-MS parameters of
the targeted pesticides, Table S2: Milk types and sample numbers included in this study,
Table S3: Summary of data obtained for validation tests performed to whole milk matrix,
Section S1: Measurement Uncertainty Estimation, Table S4: Summary of data obtained for average
recovery and estimated RSD values calculated by quantifying 3 spiked samples of semi-skimmed,
lactose-free semi-skimmed, skimmed, and evaporated milk.
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Abstract

Glycomacropeptide (GMP) is isolated from whey and used as an ingredient in phenylketonuria-
safe foods because it does not contain phenylalanine. GMP is highly glycosylated and
has several sites where N-acetylneuraminic acid (NANA) is bound. In the dairy industry,
quantification of NANA from dairy proteins is accomplished by colorimetric, fluorometric,
enzymatic, and chromatographic procedures; there is no uniformly accepted industry-wide
standard method. In this investigation, NANA quantification methods were evaluated
using GMP, and a comparison was made based on the length of time to complete the assay,
protein-specificity, linearity, precision, and accuracy. From the methods evaluated, the
chromatography protocol was determined to have the greatest benefit for use as a dairy
industry standard to measure NANA on GMP. The average mass percent of NANA in
10 statistically independent replicates from a commercial GMP product was measured to
be 6.18% ± 0.12%, with a relative standard deviation of 1.94%, which was the lowest of all
the methods tested. The accuracy of the chromatographic approach was validated using
spike and recovery experiments that provided an average recovery of 90.25%.

Keywords: N-acetylneuraminic acid; glycomacropeptide; chromatographic; mass spectrometry;
acid hydrolysis; enzymatic; colorimetric; fluorometric

1. Introduction

1.1. Glycomacropeptide (GMP)

Glycomacropeptide (GMP) is obtained during the cheesemaking process when ren-
net, containing the enzyme chymosin, cleaves the peptide bond on κ-casein between
phenylalanine-105 and methionine-106, coagulating casein proteins and leaving whey
proteins in solution [1,2]. The resulting 64 amino acid whey protein does not contain pheny-
lalanine (Phe), which makes it a usable source of amino acids for phenylketonuria-safe
foods [1,3]. Patients suffering from phenylketonuria (PKU) have a deficiency or mutation
in their phenylalanine-4-hydroxlyase enzyme, which is responsible for the breakdown of
Phe [4–6]. In addition to being a source of amino acids, GMP also promotes favorable
bioactivity including bone remineralization, anti-inflammation, metabolism modulation,
and antibacterial, antiviral, and prebiotic effects [1,7]. The mechanism of bioactivity is
not known, but current theories attribute the activity of GMP to the peptide, the attached
sugars, or a combination of the two [1,8,9]. The antibacterial and antiviral effects from GMP
ingestion, as well as the inhibition of cholera toxin, are due to GMP binding to the bacteria,
virus, or toxin, preventing them from binding to cells [1,10–12]. GMP binding is proposed
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to be directly related to the presence of the sugar N-acetylneuraminic acid (NANA) on the
peptide [1,10–12]. NANA is the most abundant of a nine-carbon acidic family of sugars,
referred to as sialic acids, that are found in humans and mammals. The extent of NANA
glycosylation affects the functional properties of GMP, including foaming, emulsification,
aggregation, gel formation, and solubility, which are important factors when formulating
new food and beverage products [2,13,14].

1.2. NANA on GMP

GMP can be highly glycosylated with O-linked sugars that have five confirmed glycan
structures (Figure 1) [15,16]. These carbohydrate groups are post-translationally added
to serine (Ser) and threonine (Thr) residues including Thr-121, 131, 133, 136, 142, and
165, and Ser-141 and 142, among other potential sites [1,15,17–19]. The sugars are one to
four units in length, composed solely of combinations of NANA, N-acetylgalactosamine
(GalNAc), and galactose (Gal) [15,16,19]. With regard to GMP from bovine milk, the sites
and level of glycosylation as well as the amino acid sequence vary with cow breed, lactation,
and processing techniques [1,20–23]. Knowing the amount of NANA on GMP provides
additional information to determine product value. NANA concentration can be used to
properly adjust formulations for products requiring foams, gels, emulsification, or a soluble
peptide source. This information can also be used to develop new products with health
improvement claims, including cell protection via anti-adhesion of viruses, bacteria, or
toxins. Measuring NANA on GMP can provide further opportunities and increased value
for this glycosylated peptide. Establishing a standard method for NANA quantification is
intended to lead to consistency in NANA measurement across the dairy industry.

Figure 1. GMP’s five glycan structures composed of N-acetylgalactosamine (GalNAc), galactose
(Gal), and N-acetylneuraminic acid (NANA).

1.3. Historical Methods for NANA Quantification

In order to measure O-linked glycosylation, the accuracy of the method is dependent
on customization for the peptide/protein and sugar units targeted for quantification [23].
Sialic acids are found on the surfaces of both eukaryotic and prokaryotic cells, where
they are used by viruses for binding, and they also occur in fungi [24]. The release
of NANA from glycoproteins is influenced by the interaction of the physicochemical
environment surrounding the sugar-connecting bond [23,25]. Many different methods
have been attempted for quantifying NANA, but to date, there is no industry-standard
method to accurately measure the amount of NANA on GMP. Methods to hydrolyze
NANA from proteins utilize either the enzyme activity, neuraminidase or the chemical
effect of acids, including hydrochloric, formic, sulfuric, acetic, or propionic acid [23,25–30].
Incomplete hydrolysis, detection interference from non-NANA sugars, and degradation
of NANA due to its relative acid lability are common issues that limit the usefulness of
NANA quantification protocols [23,29,31]. Enzymatic assays generally exhibit increased
specificity, but occasionally their function can be disrupted by NANA’s bonding orientation
and variation in O-acetylation and N-glycolyl groups [26]. Often samples require multiple
enzymes to achieve complete NANA hydrolysis and transform NANA into detectable
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products [26]. Enzyme activity can vary from lot to lot, which can change the amount of
NANA released from a sample, leading to poor accuracy for quantitation. Even when
successfully used, enzymatic assays are expensive and time consuming [26]. When these
methods were surveyed at Agropur, enzymatic assays yielded 0.25–4.11% (w/w) NANA
on a single lot of GMP and acid hydrolysis assays reported 7.68–11.98% (w/w) NANA on a
different lot of GMP. The lack of tight tolerance for results and poor accuracy to quantify
NANA from GMP inspired the current work to develop a reliable method to measure
NANA on GMP.

Once NANA has been hydrolyzed, colorimetric, UV, fluorometric, or chromatographic
analysis can be employed for quantitation [26]. Colorimetric methods typically transform
hydrolyzed NANA into an intermediate, which then reacts to form a chromophore to be
measured spectrophotometrically [26]. These methods are subject to interference from
hexoses, pentoses, 2-deoxyribose, and others, which limit their specificity for NANA [26].
Fluorometric methods often have similar, but longer, procedures to colorimetric assays,
where NANA is hydrolyzed from a sample and then oxidized before reacting to form a
fluorophore; in some cases the method will call for the addition of a fluorescent tag (such
as 3,5-diaminobenzoic acid) instead of the fluorophore-forming reaction [26]. Some of the
fluorometric assays produce the same toxic waste as the colorimetric methods and also
show interference from hexoses, 2-deoxy sugars, aldehydes, and other compounds, but
other fluorometric assays have far greater specificity to NANA [26,32]. Gas chromatog-
raphy (GC) and high-performance liquid chromatography (HPLC) were studied using
UV detection, and in some instances GC was paired with mass spectrometry detection
(GC-MS) [26]. The GC-MS methods provided greater sensitivity, but also required derivati-
zation and time-consuming purification processes, which lead to the loss of NANA [26,33].
Though many methods have been attempted for NANA quantification, there is still not an
industry standard for GMP. The variety of methods employed give a range of results for
NANA content on GMP, and some produce toxic waste, lead to degradation or incomplete
release of the product, or have poor reproducibility [1,23,34]. The focus of the current
investigation was to compare the four main types of experimental methods: colorimetric,
fluorometric, enzymatic, and chromatographic, to determine which method is the most
reliable, reproducible, and accurate to quantify NANA on GMP.

1.4. Current Methods for NANA Quantification

In 2017, an updated version of the Warren method was developed and packaged as a
commercially available kit (Sialic Acid Assay Kit, MAK314, Sigma-Aldrich, Saint Louis,
MO, USA) [34,35]. The Sialic Acid Assay Kit can be used for colorimetric or fluorometric
detection of NANA, free or bound, within a sample of serum, plasma, saliva, milk, etc. [35].
For the hydrolysis of bound NANA, the sample is mixed with sulfuric acid and heated
at 80 ◦C for 1 h. The freed NANA is oxidized to form formylpyruvic acid, which reacts
with thiobarbituric acid, resulting in a chromophore that reflects red light and absorbs
blue-green wavelengths at 549 nm using a microplate reader [35]. Fluorometric detection
can measure NANA with ten times greater sensitivity at an excitation wavelength of 555 nm
and an emission wavelength of 585 nm. The fluorometric assay uses the same workup as
the colorimetric method, but the NANA standards used in the calibration curve are diluted
10-fold.

The enzyme α(2→3,6,8,9) neuraminidase from Arthrobacter ureafaciens cleaves gly-
cosidic bonds attached to NANA [36,37]. The enzyme is available, along with several
other reagents, in a commercially available kit (Sialic Acid Quantitation Kit, SIALICQ,
Sigma-Aldrich, Saint Louis, MO, USA) for the measurement of NANA bound to glyco-
proteins, polysialic acids, or free in solution [36,37]. After enzymatic cleavage, NANA
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is converted to N-acetylmannosamine and pyruvic acid via N-acetylneuraminic acid al-
dolase [36]. The resulting pyruvic acid is reduced to lactic acid with lactic dehydrogenase
and beta-nicotinamide adnenine dinucleotide (β-NADH) [36]. An indirect method of quan-
titation is used by measuring the remaining β-NADH post reaction [36]. Detection and
quantitation of NANA can be achieved between 1 and 200 nmoles, using a microplate
reader in the UV range at 340 nm.

Agropur US (Protein Research Center, Le Sueur, MN, USA) has developed an assay
specific to GMP that employs weak acid hydrolysis in combination with high-performance
liquid chromatography mass spectrometry (HPLC-MS) as a chromatographic approach
to NANA measurement. This chromatographic method originated from non-satisfactory
results obtained by experimental methods including the Warren method [34], enzymatic ox-
idation, and liquid chromatography with and without derivatization. A central composite
Design of Experiments (DOE) was performed to determine the best hydrolysis conditions
based on time, temperature, and acid concentration to fully remove NANA from GMP.
MS detector drift was accounted for using internal NANA standards (C-12 and C-13).
The Agropur chromatography method was internally replicated followed by third-party
lab validation.

The purpose of the current project was to compare commercially available methods
for measurement of NANA on GMP based on the time requirement for the assay, specificity
of the hydrolysis method, the acid or enzyme, abilty to cleave NANA from GMP, linearity
of calibration curves, precision of quantification, and accuracy of the assay.

2. Materials and Methods

2.1. GMP

Agropur produces a very high quality BiPRO® GMP 9000 product (Agropur, Appleton,
WI, USA) that is used in medicinal foods for individuals with PKU and as a functional
ingredient in foods and beverages. The GMP tested in these experiments was lot number
JE 0020-20-440. The certificate of analysis stated that it was 96.1% protein, 97.0% of which
was GMP.

2.2. Colorimetric Kit

A commercial kit (MAK314, Sigma-Aldrich, Saint Louis, MO, USA) was used to mea-
sure NANA content from GMP obtained from Agropur US, by colorimetry, following the
manufacturer’s technical bulletin and with additional guidance provided by Sigma-Aldrich
technical support [35,38]. The NANA standard (10 mM) provided in the kit was serially
diluted to provide concentrations of 1000, 600, 300, and 0 μM. The standards (20 μL) were
combined with a 10% trichloroacetic acid (TCA) solution (5 μL) in microcentrifuge tubes in
duplicate. For the hydrolysis reaction, a 20 μL aliquot of 600 μg/mL GMP was diluted with
40 μL nanopure (18.2 Mohm resistivity) water and mixed with 40 μL of hydrolysis reagent.
Each sample was prepared in duplicate. The tubes were placed in a heat block set to 80 ◦C
for one hr. The samples were allowed to cool to room temperature for 5–10 min before they
were centrifuged at 14,000 rpm for 3 min. The 10% TCA solution (25 μL) was added to each
sample and vortexed for 30 s. The tubes were centrifuged again at 14,000 rpm for 10 min.
A working reagent was prepared in bulk for all samples and standards by combining the
hydrolysis reagent (15 μL/tube), nanopure water (50 μL/tube), and oxidation reagent
(65 μL/tube). Each sample (25 μL in a new centrifuge tube) and standard was combined
with working reagent (125 μL) and allowed to sit at room temperature for one hr. For the
color reaction, dye reagent containing 2-thiobarbituric acid (50 μL) was mixed into each
tube of sample and standard. All tubes were placed in the heat block that was set to 100 ◦C,
and heated for 10 min. The tubes were removed and allowed to cool for 5–10 min before
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being combined with dimethyl sulfoxide (DMSO) (100 μL), followed by centrifugation at
14,000 rpm for 5 min. For detection, samples and standards in aliquots of 250 μL were
transferred to a clear, Greiner 96-well plate (Sigma-Aldrich, Saint Louis, MO, USA) and
analyzed by Agilent BioTek Epoch 2 microplate spectrophotometer (Agilent, Santa Clara,
CA, USA). Optical density (OD) was recorded at 549 nm. The OD values were averaged
for all duplicates of standards and samples. The OD for the blank (0 μM NANA standard)
was subtracted from the OD values of all other standards and samples. A calibration
curve was generated with these corrected OD values and the reported concentrations. The
following equation (Equation (1)) was used to calculate the concentration (μM) of NANA
in each sample:

[Sialic acid] =
Rsample − Rblank

Slope
(
μM−1

) × n(μM) (1)

where Rsample and Rblank are the OD or fluorescence intensity values of the sample and
the blank, respectively, Slope is the slope of the calibration curve, and n is the dilution
factor (5).

The concentration values (μM) were converted to NANA content (μg/mL) using the
molecular mass of NANA (309 g/mol) and then to the mass percent (%w/w) by dividing
by the mass of each GMP sample.

2.3. Fluorometric Kit

The same commercial kit (MAK 314, Sigma-Aldrich, Saint Louis, MO, USA) was
used to measure NANA concentration by fluorimetry. The fluorimetry procedure was
consistent with the colorimetric assay with a few exceptions. The NANA standards were
prepared at 10-fold dilute concentrations of 100, 60, 30, and 0 μM. For detection, the
samples were added to a black, clear bottom, Nunc_96-well plate and analyzed on a BioTek
Synergy H1 Microplate Reader (Agilent, Santa Clara, CA, USA). Fluorescence intensity was
measured using an excitation wavelength of 555 nm and an emission wavelength of 585 nm.
In addition to subtracting the fluorescence intensity of the blank from all samples and
standards, the fluorescence intensity of the empty plate was also subtracted from all wells.

2.4. Enzymatic Kit

A neuraminidase assay was performed using a kit (SIALICQ, Sigma-Aldrich, Saint
Louis, MO, USA) by following the included instructions, and with additional assistance
from the manufacturer [36,37]. First, a time-course experiment was conducted. The
buffers and reagents were prepared from the stock solutions provided in the kit. The
tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) reaction buffer was prepared
by diluting the 1 M Tris-HCl to 25 mM with deionized (DI) water. The β-NADH solution
was generated by adding Tris reaction buffer (640 μL) to one vial of β-NADH (5 mg). A
reaction mix was prepared with Tris reaction buffer (6510 μL), β-NADH solution (140 μL),
N-acetylneuraminic acid aldolase (7 μL), and L-lactic dehydrogenase (7 μL). The reaction
mix (1000 μL) was added to six microcentrifuge tubes, and what remained was reserved
for a blank. For the initial time (T0 min), the GMP sample (40 μL of 600 μg/mL GMP in
nanopure water) and sialidase buffer (10 μL) were added to one of the microcentrifuge
tubes containing the reaction mix and incubated for one hr. in a water bath at 37 ◦C. For
continuous digestion, the GMP sample (200 μL of 600 μg/mL GMP in nanopure water),
sialidase buffer (50 μL), and α-(2→3,6,8,9)-neuraminidase (5 μL) were combined in a
microcentrifuge tube and incubated in a water bath at 37 ◦C. Every hr. (for a total of five
hr.), the sample (51 μL) was removed from the microcentrifuge tube and added to one of
the microcentrifuge tubes containing the reaction mix. The reaction mix tube was returned
to the water bath for an additional hr. before detection. The T0 sample, the blank, and each
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digested sample (200 μL in triplicate) were added to a clear, Costar 48-well cell culture
plate and analyzed by absorbance at 340 nm using an Agilent BioTek Epoch 2 microplate
spectrophotometer (Agilent, Santa Clara, CA, USA).

The enzymatic reaction began with mixing the GMP sample (40 μL of 600 μg/mL
GMP in nanopure water), sialidase buffer (10 μL), and α-(2→3,6,8,9)-neuraminidase (1 μL).
This mixture was prepared in duplicate and incubated for 4 h. in a water bath at 37 ◦C.
Meanwhile standards of 1000, 600, 300, and 0 μM NANA were generated from the provided
NANA standard (0.01 M). The Tris reaction buffer, β-NADH solution, and reaction mix
were prepared in the same way as the time-course experiment with the volumes corrected
for the number of samples being analyzed. After 4 h. of incubation, each sample (12 μL) was
combined with reaction mix (238 μL) in new microcentrifuge tubes. Three blanks (250 μL
reaction mix) were also added to microcentrifuge tubes. All samples, standards, and blanks
were incubated for one hr. in a water bath at 37 ◦C. For detection, the blanks and samples
(200 μL) were added to a clear, Greiner 96-well plate (Sigma-Aldrich, Saint Louis, MO,
USA), and absorbance was measured at 340 nm on an Agilent BioTek Epoch 2 microplate
spectrophotometer (Agilent, Santa Clara, CA, USA). Data analysis was performed in the
same way as for the colorimetric method, but the dilution factor used in Equation (1) was
1.275 instead of 5.

2.5. Chromatographic

The chromatographic method was developed by scientists at Agropur US (Protein
Research Center, Le Sueur, MN, USA). A central composite DOE was used to build a
response surface model system that would predict NANA hydrolysis reaction outcomes for
experimental parameters: acetic acid concentration (1.18 M–2.82 M), reaction temperature
(70–90 ◦C), reaction time (22–218 min), and GMP sample concentration. In each experiment
of the design, 200 μL of acid and 200 μL of GMP sample solution were combined and
analyzed for the liberation of NANA from GMP. The measured NANA responses were
used to build the response surface model optimizing for maximum measured NANA. The
design and data analysis were performed using Minitab® (Version 17, Minitab LLC, State
College, PA, USA). Parameters were adjusted further using 1.1 M acetic acid at 67.5 ◦C for
a range of 30–360 min with differing concentrations of GMP (1000 μg/mL, 800 μg/mL,
600 μg/mL, and 500 μg/mL). These concentration values were plotted to find where
NANA liberation stabilized. An extended time reaction was also assessed to measure the
loss of NANA over 20 h.

A modified version of the Agropur US chromatographic method was performed at
the Food and Dairy Innovation Center, Boise State University, as follows. The standard
addition calibration matrix (0.1200 ± 0.0050 g GMP) and sample (0.0600 ± 0.0010 g GMP)
were dissolved in nanopure water on stir plates and brought to a volume of 100.0 mL
in volumetric flasks. An NANA (97%, Thermo Scientific, Waltham, MA, USA) standard
solution (1 mg/mL) was prepared in nanopure water and stored in the freezer when not
in use. From this stock solution (spiking stock #4), a serial dilution (1:4) was used to
generate spiking stocks #3, #2, and #1. Five different calibration standards were prepared in
microcentrifuge tubes by combining the calibration matrix (500.0 μL) with either one of the
spiking stocks or nanopure water (500.0 μL) for the low calibration point. Each calibration
standard and duplicate GMP test samples (200.0 μL) were added to 2 mL polypropylene
microtubes (Thermo Scientific, Waltham, MA, USA) and aspirated via pipet tip with 2.2 M
acetic acid (200.0 μL). The tubes were incubated overnight at 60 ◦C to hydrolyze NANA
from GMP. The following day, samples and standards were evaporated to dryness using a
SpeedVac with the temperature set to 65 ◦C. The samples and standards were reconstituted
in a surrogate internal standard (200.0 μL) of 13C3-NANA (Sigma-Aldrich, Saint Louis, MO,
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USA) in 50/50 acetonitrile (>99% purity, Fisher Scientific, Pittsburgh, PA, USA)/nanopure
water (100 μg/mL), which was stored in the freezer when not in use. The solutions were
vortexed until the solid dissolved, and were then sonicated for 10 min. A 50/50 acetonitrile
(>99% purity, Fisher Scientific, Pittsburgh, PA, USA)/nanopure water solution (800.0 μL)
was added to each tube and vortexed for 10 s. The solutions were syringe-filtered with
0.2 μm nylon filters into HPLC vials.

NANA separation was performed using an Agilent 1260 Infinity II HPLC system (Ag-
ilent, Santa Clara, CA, USA) with a quaternary pump, thermostatted column compartment,
and split loop autosampler using a Waters Corp XBridge BEH Amide Column, 3.5 μm,
2.1 mm × 100 mm (Waters, Milford, MA, USA). The HPLC injection volume was 10 μL
and the flow rate was 1 mL/min with the column temperature set at 30.0 ◦C. Mobile phase
A was 200 mM ammonium formate (Sigma-Aldrich, Saint Louis, MO, USA) acidified to
pH 3.3 using formic acid (Sigma-Aldrich, Saint Louis, MO, USA) (A); mobile phase B was
acetonitrile (>99% purity, Fisher Scientific, Pittsburgh, PA, USA) (B); and mobile phase C
was nanopure water (C). Mobile phase A was held at 5.0% for the entirety of the method.
From 0.00 to 1.50 min: (B) = 90.0%, (C) = 5.0%. From 1.50 to 5.10 min: (B) 90.0% to 67.1%,
(C) 5.0% to 27.9%. From 5.10 to 5.70 min: (B) 67.1 to 50.0%, (C) 27.9% to 45.0%. From 5.70 to
6.70 min: (B) = 50.0%, (C) = 45.0%. From 6.70 to 6.80 min: (B) 50.0% to 90.0%, (C) 45.0% to
5.0%. From 6.80 to 18.50 min: (B) = 90.0%, (C) = 5.0%. Analyte detection was accomplished
with an Agilent G6125C single quadrupole liquid chromatography–mass spectrometry
detector system in positive ion mode set to 310.1 m/z and 313.1 m/z, capillary voltage
positive setpoint: 4000, negative setpoint: 4000, nebulizing gas flow of 7.0 L/min, nebulizer
set to 15 psi, gas temperature set to 300 ◦C, and electrospray ionization as the ion source.
MS peaks eluted between 4 and 7 min for both the 310.1 m/z and 313.1 m/z. The areas
under each curve were integrated, and their ratios were plotted vs. standard concentrations
to generate a linear standard addition calibration curve for NANA. The curve was corrected
by subtracting the y-intercept from the equation of the line. The equation of the line from
the calibration curve was used to calculate the concentration of NANA in each sample
(μg/mL). The density of water (1 mg/mL), the dilution factor, and the mass of the GMP
sample were used to compute the percentage of NANA per total sample mass (%w/w).

2.6. Method Validation

Five different criteria were used to evaluate each method: time, protein-specificity,
linearity, precision, and accuracy. For the time evaluation, the time to complete the entire
assay, from sample preparation to data analysis, was determined. This was broken down
into active and inactive time for the analyst. Protein-specificity was explored based on
the level of specificity the hydrolysis agent (acid or enzyme) had for removing NANA
from GMP. Linearity of each assay was derived from the calibration curves generated from
NANA standards. The slope, intercept, and coefficient of determination for each regression
equation were calculated. The limit of detection (LOD) and limit of quantification (LOQ)
were generated from the standard error of the intercept and the slope of each regression
equation. The precision of each method was assessed by calculating the average NANA
content (%w/w) on GMP, as well as the standard deviation (SD) and the relative standard
deviation (RSD) based on the number of GMP replicates tested. Finally, accuracy was
measured by comparing to a reference material (bovine fetuin) for the enzymatic assay or
by spike and recovery for the chromatographic approach. The fetuin sample was treated
in the same way as the GMP test solution preparation, and the resulting NANA content
(%w/w) was compared to the predicted NANA content. Spike and recovery experiments
were performed in triplicate for the chromatographic method. A volume of 50 μL of
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1 mg/mL NANA standard was spiked into 1.0 mL filtered GMP test solution. The spiked
samples went through the same procedures as the normal GMP test solution preparation.

2.7. Statistical Analysis

All statistical analysis was performed using Microsoft 365 Excel (Microsoft, Redmond,
WA, USA).

3. Results

The measurement parameters used to assess each NANA quantitation method were
time, protein-specificity, linearity, precision, and accuracy. These evaluation strategies have
been used to review similar methods in the literature [39,40].

3.1. Time

The first point of interest is the length of time required to perform each method,
including sample preparation, experimentation, waiting periods, and data analysis. The
protocol to use the colorimetric/fluorometric kit has two steps with 1 h waiting periods,
complemented by multiple timed centrifugation steps and cooling periods. When paired
with sample and standard preparation and data analysis, the kit requires a minimum of
4.5 h to complete. The enzymatic kit suggests a hydrolysis time-course experiment prior
to running the complete assay. During the time-course experiment, the optimum time
for hydrolysis was determined to be 4 h (Figure 2). With the 4 h hydrolysis, the required
incubation period of 1 h, the sample and standard preparation required, and analysis
of the resulting data, the entire experiment takes approximately 8 h to complete. The
chromatographic approach has an overnight hydrolysis period and a drying period that
takes at least 2 h to achieve. With the sample preparation and LC-MS quantitation, the
chromatographic method requires a total of 31 h, inclusive of 2 h sample preparation, an
overnight incubation period, 2 h drying periods, 4 h for LC-MS sample preparation, and 1 h
for manual peak integration and data analysis. A summary of protocol times is provided
in Table 1.

Figure 2. The time-course experiment for enzymatic hydrolysis of N-acetylneuraminic acid (NANA)
from glycomacropeptide (GMP). UV absorbance at 340 nm over time showed an optimum incubation
time of 4 h for maximum hydrolysis of NANA. Standard deviation error bars for n = 3 samples.

The fastest method to perform is the colorimetric/fluorometric kit, that takes 4.5 h,
followed by the enzymatic protocol at 8 h, and lastly, the chromatographic approach is the
most time consuming at 31 h. The majority of the time for each method comes from the
hydrolysis reaction, drying, and/or separation times. Each experiment has comparable
times where the analyst is in the laboratory, actively conducting the study or analyzing data.
The colorimetric/fluorometric method involves 2.5 h of laboratory work and data analysis,
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the enzymatic method requires 3 h, and the chromatographic approach involves 4 h of
scientist effort. These times are based on the current study, where an analyst performed
each method three or more times.

Table 1. Approximate time required to complete each method for quantitation of N-acetylneuraminic
acid (NANA) in glycomacropeptide (GMP). Active time is the duration an analyst spends performing
a test method step excluding incubations and waiting.

Method * Colorimetric * Fluorometric * Enzymatic * Chromatographic

Sample
Preparation 2 h 2 h 2.5 h 3 h

Reaction or
Drying 2 h 2 h 5 h 24 h

Detection 30 s 30 s 30 s 3 h
Data Analysis 0.5 h 0.5 h 0.5 h 1 h

Total 4.5 h 4.5 h 8 h 31 h
Total Active Time 2.5 h 2.5 h 3 h 4 h

* Active time for the analyst is in bold.

3.2. Protein-Specificity

NANA hydrolysis requires the appropriate acid strength or enzymatic reaction, proper
temperature control, and sufficient time. The characteristics of these parameters are protein
dependent, which can make methods tedious and expensive when they are very specific,
accurate, and reliable [41]. The colorimetric/fluorometric kit is marketed for quantification
of free and total NANA in matrices including serum, saliva, and milk [35]. Similarly,
the enzymatic assay is described as determining total NANA content free in solution or
bound to glycoproteins or polysaccharides regardless of bond type [36,37]. The enzymatic
time-course experiment allowed for maximum release of NANA from GMP to be explored
before proceeding with the entirety of the method. The chromatographic approach utilized
central composite DOE to model reaction conditions for liberation of NANA from GMP
based on empirical measurements. This technique allowed for the maximum amount of
NANA detection before degradation by testing hydrolysis time, acid concentration, oven
temperature, and GMP sample concentration. The results showed that the maximum
amount of NANA was released from GMP when the temperature was held at 67.5 ◦C for
6 h for a sample consisting of 600 μg/mL GMP and the hydrolysis acid, acetic acid, at a
concentration of 1.1 M.

The colorimetric/fluorometric and the enzymatic assays are not sample specific, mak-
ing their use generic to detect free or bound NANA. The kits can be used for a wide
range of applications, but their lack of specificity for NANA detection on a glycosylated
protein, like GMP, equates to non-optimal quantitation. Widely variable results and poor
quantitation likely originate from the rapid, intense protocol that inconsistently hydrolyzes
NANA from GMP. In contrast, the chromatographic approach was specifically designed to
cleave and measure NANA on GMP. The central composite DOE was used to determine
the exact specifications to achieve maximum NANA hydrolysis and measurement from
GMP. The DOE result called for a longer incubation period at a lower temperature with a
less concentrated weak acid than the other methods. The chromatographic method was
further extended to overnight hydrolysis because it provided a greater level of convenience
for the analyst than a 6 h hydrolysis period, but the result was within 0.5% NANA content.

3.3. Linearity

Linearity ensures a method is fit for its intended purpose by relating analyte con-
centration to instrument response. Linearity of each calibration curve was measured via
regression analysis. The number of NANA standards used to generate the curve, the con-
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centration, slopes, intercepts, coefficients of determination, LOD, and LOQ, and regression
equations for each method are provided in the supplemental materials (Tables S1–S5). A
summary of calibration results is listed in Table 2. LOD and LOQ were determined using
Equations (2) and (3), respectively.

LOD = 3.3 × σ

s
(2)

where σ is the standard error of the intercept, and s is the slope.

LOQ = 10 × σ

s
(3)

where σ is the standard error of the intercept, and s is the slope.

Table 2. Summary of method linearity including number of standards, range of concentration,
number of calibration curves, and the average ± standard deviation for slope, intercept, coefficient of
determination, LOD, and LOQ.

Method Colorimetric Fluorometric Enzymatic Chromatographic

Number of standards (n) 4 4 4 5
Range of concentration

(μg/mL) 0–309 0–30.9 0–309 0–485.0

Number of calibration
curves 3 3 2 10

The slope of the regression
equation 0.0017 ± 0.0001 39.747 ± 6.741 0.0003 ± 0.0000 9.6162 ± 0.4943

The intercept of the
regression equation −0.0056 ± 0.0106 71.532 ± 44.610 −0.0029 ± 0.0113 0.387 ± 0.030

Coefficient of determination 0.9979 ± 0.0024 0.9969 ± 0.0032 0.9858 ± 0.0113 0.9992 ± 0.0006
Limit of detection (μg/mL) 16.5 ± 11.5 2.13 ± 1.20 52.1 ± 3.2 10.7 ± 3.3

Limit of quantification
(μg/mL) 50.1 ± 34.7 6.44 ± 3.63 158 ± 10 32.5 ± 10.0

The LOD represents the lowest concentration of NANA the instrument could detect with
a certainty of ≥95%. The lowest average LOD of the four methods was 2.13 ± 1.20 μg/mL
for the fluorometric, followed by the chromatographic at 10.7 ± 3.3 μg/mL, and the colori-
metric at 16.5 ± 11.5 μg/mL, and finally the enzymatic at 52.1 ± 3.2 μg/mL. The LOQ is
the lowest value at which a quantified measurement of NANA can be considered accurate
based on Equation (3). The lowest quantifiable value was for the fluorometric method at
6.44 ± 3.63 μg/mL, the next lowest was the chromatographic at 32.5 ± 10.0 μg/mL, then the
colorimetric at 50.1 ± 34.7 μg/mL, and the highest was the enzymatic at 158 ± 10 μg/mL.
The values reported for the enzymatic method are problematic considering none of the five
reported sample concentrations are greater than the LOQ. Out of the 12 samples analyzed
using the colorimetric method, only 42% of them measured NANA above the LOQ. For
the chromatographic method, 80% of samples were above the LOQ. Only the fluorometric
method had 100% of samples calculated above the LOQ.

3.4. Precision

Precision was assessed to determine the inter-day reproducibility of each measurement.
The amount of NANA on GMP was measured as the mass of NANA over the mass of GMP
(%w/w). To report precision, the average, standard deviation (SD), and relative standard
deviation (RSD) were calculated for all samples and for those above the LOQ (Table 3).
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Table 3. Inter-day reproducibility of NANA measurement of the mass of NANA over the mass of
GMP in %w/w based on number of measurements, average, standard deviation (SD), and relative
standard deviation (RSD).

Method * Colorimetric * Fluorometric * Enzymatic * Chromatographic

Number of
observations (n) 12 11 5 10

Average 5.25 (5.11) 7.26 (14.09) 6.18 (6.17)
SD 0.24 (0.27) 1.37 (3.25) 0.12 (0.15)

RSD (%) 4.48 (5.19) 18.90 (23.09) 1.94 (2.44)
* Bold values represent numbers within the LOQ, and numbers in parentheses represent the average of all samples.

There was variability in the number of samples included in this study due to the
quantity of reagents available in each kit and assay. The colorimetric/fluorometric kit was
prepared with sufficient reagents to measure 100 samples and was determined to contain
leftover reagents after 100 assays had been run. Three different kits were purchased for the
colorimetric/fluorometric assays, but only one kit was viable for use. Therefore, the data
included is solely from the second kit. The 12 colorimetric samples were measured across
three different days, and the 11 fluorometric samples were also quantified on three different
days. Two enzymatic kits were purchased, and each was intended to be used for 25 samples.
Neither kit had sufficient reagents to conduct 25 assays, and, of the experiments completed,
not all the calibration curves were usable for quantifying NANA content. The usable
data was collected on two different days. The chromatographic approach did not have the
reagent constraints of the other methods; thus, it was run 10 times for statistical significance.
Each experiment was performed on a different day to demonstrate inter-day reproducibility.

The average, standard deviation (SD), and relative standard deviation (RSD) were cal-
culated for each method. The enzymatic method provided the least consistent results with
the largest RSD at 23.09%. The fluorometric method was next with an RSD of 18.90%. The
colorimetric and chromatographic assays had much lower RSD values of 4.48% and 1.94%,
respectively. The chromatographic method had the lowest relative standard deviation
among the methods evaluated, providing the most precise measurements.

3.5. Accuracy

Each method was evaluated for accuracy to determine which analysis aligned most
closely with the actual value of NANA on GMP. Accuracy is typically determined by
comparing to a reference method or by using a standard reference material. Neither of
these currently exist for the measurement of NANA content. Bovine fetuin (0.5 mg) was
provided as a standard reference material for the enzymatic assay and should have yielded
approximately 48 nmoles of NANA [38]. When following the procedures for digestion and
calculation of nmoles for fetuin, the result was 61.24 nmoles. This value was determined
using a calibration curve with an R2 value of 0.8168, which was ruled unfit for analysis.

When there is not a standard method or reference material for comparison, accuracy
can be assessed by performing a spike and recovery analysis. This approach was used for
the chromatographic method. Three different samples were spiked with a known amount
of NANA standard, and the percent recovery was measured. The acceptable recovery for
this type of validation is within the range from 80 to 120%. Each of the three samples were
within the accepted range, and the average recovery was 90.25% (Table 4).

Spike and recovery experiments were successfully performed for the chromatographic
approach and were attempted for the colorimetric method. A valid calibration curve
could not be produced for the colorimetric method, so the spike and recovery results were
discarded. The spike and recovery results for the chromatographic method suggest the
accuracy of this approach.
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Table 4. N-acetylneuraminic acid (NANA) spike and recovery for chromatographic method.

Sample Measured NANA (%w/w) Recovery (%)

1 6.25 96.32
2 5.94 81.18
3 6.44 93.24

Average 6.21 90.25

After performing the previously described methods, three distinct hybrid approaches
were attempted by combining the acid hydrolysis portion of the chromatographic method
with colorimetric detection. The most promising results were from one of the colorimetric
kits, but when it was attempted again with another colorimetric kit, it was unsuccessful.
Variations on Skoza’s [42] method were trialed, but a spike and recovery analysis per-
formed to validate the results provided values outside of the acceptable range of 80–120%.
The hybrid approach was abandoned in favor of the more robust and reliable chromato-
graphic method.

4. Discussion

The NANA measurement methods that are available generally employ a combination
of hydrolysis and detection of NANA through colorimetric methods. As far back as 1959,
Warren measured NANA free in solution and in tissues and fluids obtained from bovine,
human, mouse, rat, guinea pig, and chicken sources [34]. This and other similar methods
are not well-designed for quantitation of NANA due to limited specificity, poor sensitivity,
and their propensity to produce toxic waste [29,34,43]. The commercially available kit used
for this work is an improvement from these earlier methods, but it still has drawbacks. This
method is rapid to perform, only requiring a total of 4.5 h, where the analyst is actively
working for 2.5 h. Another benefit of this method is its precision. For all the samples that
were above the LOQ, there was a 4.48% RSD. This was one of the lowest RSD values out
of the four methods tested, second only to the chromatographic approach. This kit is not
protein-specific, which means that its hydrolysis conditions do not work equally for every
protein. While the hydrolysis time is short, the conditions are harsh, which led to variability
in the reported NANA content. The LOD for this method is 16.5 ± 11.5 μg/mL, and the
LOQ is 50.1 ± 34.7 μg/mL. Over 50% of the samples tested using this method were not
within the LOQ. This alone renders this method highly untrustworthy. Based on the issues
with linearity and protein-specificity it was deemed unnecessary to proceed with detailed
studies on accuracy for this assay. If the goal is to measure NANA on GMP, the benefits of
this method do not outweigh the drawbacks.

4.1. Fluorometric

The only difference between the fluorometric and colorimetric procedures was that all
the standards were diluted tenfold. Therefore, the time required to complete the experiment
was still 4.5 h with 2.5 h of active work for the analyst and the lack of protein-specificity
was the same. There were a few differences in the results of these two assays. The
linearity of the fluorometric assay was its most notable positive feature. It had an LOD
of 2.13 ± 1.20 μg/mL and an LOQ of 6.44 ± 3.63 μg/mL. This assay had the lowest LOD
and LOQ and is the only method tested where all the sample concentrations of NANA
were above the LOQ. This did not translate to the results on precision. The RSD was nearly
20%, which showed that the results were not clustered near the mean of 7.26% NANA.
This variation indicates that this method does not provide consistent results for the same
reference material, and thus cannot be considered reliable. Spike and recovery studies to
test accuracy were not attempted due to this level of unreliability.
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4.2. Enzymatic

A variety of enzymatic assays were explored in the 1960s and 1970s [26,28]. These often
involved the conversion of NANA into a series of products including hydrogen peroxide
or pyruvate that were able to be detected and measured using UV-Vis spectroscopy or
biosensors [26]. The method used here utilized a neuraminidase enzyme, which can cleave
α(2→3,6,8,9) bonds. This should allow for the cleavage of any bonded NANA. The time-
course experiment was performed to determine the best hydrolysis parameters for GMP,
which demonstrated a level of protein-specificity. Having a 4 h hydrolysis period along with
sample preparation and other procedures resulted in this method requiring about eight hr.,
where for three hr. the analyst is actively working. This can be completed in a standard day of
work, but does not have the speed of the colorimetric and fluorometric assays. Drawbacks of
this method began with the linearity results, which were by far the highest of the four methods
at an LOD (52.1 ± 3.2 μg/mL) and LOQ (158 ± 10 μg/mL). None of the values reported for
the five samples tested on this method were within the LOQ, which causes this method to
be unusable for this application. In addition, this method had the worst precision with an
RSD of nearly 25%. The accuracy was tested using the provided bovine fetuin standard, and
the reported NANA value was over 125% of the expected value. This method may have had
increased protein-specificity due to the initial time-course experiment, but it does not have
sufficient linearity, precision, or accuracy to be recommended for use.

4.3. Chromatographic

Chromatographic assays for measuring NANA content became prevalent in the literature
reports in the early 1980s [26]. One of the key features of the chromatographic method
used for this work was the DOE for the hydrolysis parameters. The protein-specificity of
the chromatographic method is unmatched compared to the other three methods tested.
Hydrolysis temperatures and times were evaluated here, and previous work performed by
Joseph Hale at Agropur’s Protein Research Center determined the type of acid, concentration
of acid, and concentration of sample. One of the highlights of this method is its precision,
which was the most superior of any of the methods. The RSD was 1.94% for the samples
that were above the LOQ, meaning the sample values were tightly grouped around the mean.
Measured NANA content was reproducible. This method was also tested for accuracy via
spike and recovery experiments. Each of the triplicate runs was within the accepted tolerance
of 80–120%, and the average recovery was 90.25%. Having an accurate and reliable method is
necessary for standardization across the industry. The chromatographic approach had the
second best LOD (10.7 ± 3.3 μg/mL) and LOQ (32.5 ± 10.0 μg/mL) after the fluorometric
method. Out of the 10 samples tested, 8 of them were within the LOQ. This is a limitataion of
the assay, though it still performed sufficiently 80% of the time. The biggest drawback is the
length of time required to perform this experiment. With the overnight method, a total of 31 h
are needed with 4 of those being active time for the analyst. Overall, the benefits of this assay
far outweigh the drawbacks, making it the best option for a standard method.

5. Conclusions

The results of this work compared facets of four different methods used to hydrolyze
and quantify NANA on GMP. When considering the length of time, protein-specificity,
linearity, precision, and accuracy of each method, the chromatographic approach was
unequivocally the best for this purpose. Scientists at Agropur US developed the chro-
matography method as a robust and accurate means to quantify NANA on GMP. The
protocol was altered slightly to require a total of 31 h. to complete, during which the analyst
is actively involved for 4 h. Out of the 10 GMP samples examined, 8 of the measured
values were above the 32.5 ± 10 μg/mL LOQ threshold for NANA. The chromatography
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method is the only one specifically tailored by DOE to the GMP matrix, and it also provided
the lowest RSD across all methods at 1.94%. The chromatography method did not have
the issue of inconsistency between kits, and when testing for accuracy by spike recovery
experiments, the average NANA recovery was 90.25%. Although the chromatographic
method requires more time to perform than other methods, and the LOQ was determined
to be satisfied for 80% of test cases, the specificity of this method for NANA on GMP
demonstrated superior precision and accuracy, setting it apart from the other methods. The
ability to measure NANA on GMP is critical for consistent formulation of existing and new
products within the dairy industry. At this time, the functional and bioactive properties
of NANA on GMP are largely underutilized in GMP’s limited application as a protein
source for PKU-safe foods. With implementation of this chromatographic method, the
functionality and bioactivity could be harnessed for the development of novel products.
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beta-NADH beta-nicotinamide adenine dinucleotide
DI Deionized
DMSO Dimethyl sulfoxide
DOE Design of Experiments
Gal Galactose
GalNAc N-acetylgalactosamine
GC Gas chromatography
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GC-MS Gas chromatography-mass spectrometry
GMP Glycomacropeptide
HPLC High-performance liquid chromatography
HPLC-MS High-performance liquid chromatography–mass spectrometry
LOD Limit of detection
LOQ Limit of quantification
NANA N-acetylneuraminic acid
OD Optical density
Phe Phenylalanine
PKU Phenylketonuria
RSD Relative standard deviation
SD Standard deviation
Ser Serine
TCA Trichloroacetic acid
Thr Threonine
Tris-HCl Tris(hydroxymethyl)aminomethane hydrochloride
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Abstract

Maize is a globally important crop, and reliable identification of seed varieties is vital for
breeding and quality assurance. To overcome the limitations of conventional methods,
this study developed a non-destructive approach integrating hyperspectral imaging (HSI)
and deep learning. A Residual Mamba One-Dimensional Convolutional Neural Network
(RM1DNet) is proposed, which integrates residual and Mamba modules to enhance feature
learning. RM1DNet achieved 94.85% accuracy in classifying 20 maize seed varieties,
outperforming traditional classifiers and baseline deep models. These results demonstrate
the robustness and efficiency of RM1DNet, highlighting its potential to advance intelligent
seed variety identification using hyperspectral data.

Keywords: seed classification; non-destructive testing; spectral analysis; residual neural
networks; crop phenotyping

1. Introduction

Maize (Zea mays L.) is one of the world’s major staple crops, widely cultivated for food,
feed, and industrial applications. Accurate variety identification is essential for breeding,
cultivation optimization, and quality control [1]. However, conventional approaches such
as morphological inspection and molecular marker analysis are often time-consuming,
labor-intensive, and costly, making them unsuitable for the modern agricultural demand
for rapid, non-destructive, and high-throughput identification [2–4].

Hyperspectral imaging (HSI) has emerged as a promising alternative, offering the
capability to capture both spatial and spectral information across continuous wavelength
bands [5,6]. Its rich phenotypic representation makes it particularly suitable for seed variety
identification [7]. Recent studies have confirmed the effectiveness of HSI when combined
with machine learning and deep learning techniques [8–11]. For example, Huang et al.
applied an LS-SVM model to classify maize seeds, achieving 94.4% accuracy [12], while
Fu et al. developed an SSAE-CS-SVM approach with 95.81% accuracy [13]. More recently,
Zhang et al. employed a five-layer CNN with mapped hyperspectral features, reaching
96.65% accuracy [14], and Li et al. introduced the ERNet model, which achieved 98.36%
accuracy [6]. These findings highlight the rapid advancement of HSI-based methods in
crop variety recognition.

Despite these advances, most existing approaches remain dependent on spectral band
selection followed by classifier construction. Although techniques such as Successive
Projection Algorithm (SPA) and Competitive Adaptive Reweighted Sampling (CARS)
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improve computational efficiency, they often discard valuable spectral information, re-
sulting in incomplete feature representation. Furthermore, traditional classifiers and even
many deep models struggle to capture the complex nonlinear relationships and long-
range dependencies inherent in hyperspectral data, thereby limiting their robustness and
generalization ability.

To address these limitations, we propose Residual Mamba One-Dimensional Convo-
lutional Neural Network (RM1DNet), an improved framework that integrates residual
modules for deep local spectral feature extraction with Mamba modules for efficient global
sequence modeling. The main contributions of this study are as follows: (1) designing
a novel 1D CNN architecture that combines residual and Mamba mechanisms; (2) sys-
tematically comparing RM1DNet with traditional classifiers and baseline deep models on
20 maize varieties; and (3) evaluating the influence of SPA and CARS feature selection on
recognition accuracy. In addition, future work will focus on validating the model under dif-
ferent sampling and environmental conditions to further assess its robustness and practical
applicability. The results demonstrate that RM1DNet effectively leverages both local and
global spectral information, achieving superior accuracy and robustness for maize variety
identification based on hyperspectral imaging.

2. Materials and Methods

2.1. Experimental Materials

All maize seed samples used in this study were provided by the Gansu Academy of
Agricultural Sciences. Twenty widely cultivated maize varieties from Northwest China,
including R1831, Longsun 632, Longsun 655 (backcross), Sianyu 1483, Ripu 909, and DF899,
were selected and labeled sequentially from 0 to 19. All samples were sealed in kraft paper
bags and stored in a cool, dry environment to minimize moisture absorption and prevent
deterioration. For each variety, 150 intact and undamaged seeds were selected, resulting in
a total of 3000 samples for experimentation. The detailed list of maize varieties is provided
in Table 1.

Table 1. Maize varieties.

No. Name No. Name

0 R1831 10 Xianyu335
1 Longdan632 11 Longdan636
2 Longdan633 12 Longdan2463
3 Longdan635 13 Longdan24159
4 Longdan655 14 Longdan634
5 Longdan655fanjiao 15 Ruipu909
6 Xianyu1483 16 DF899
7 Longdan656 17 Xianyu698
8 Longdan657 18 Xianyu1620
9 Longdan659 19 Xianyu1516

2.2. Hyperspectral Image Acquisition
2.2.1. Hyperspectral Imaging Systems

A GaiaField-V10E portable hyperspectral imaging system (Sichuan Dualix Spectral
Imaging Technology Co., Ltd., Chengdu, China) was used in this study (Figure 1). The
camera covered a spectral range of 380–1018 nm with 320 bands at a spectral resolution
of 2.8 nm. The imaging system was equipped with a standardized light source and a
dark box to ensure stable acquisition. The push-broom scanning mode was adopted to
generate hyperspectral cubes, while system control and calibration were performed using
SpecView-50 software. Detailed specifications are provided in the Supplementary Material.
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Figure 1. Hyperspectral image acquisition system.

2.2.2. Image Acquisition and Calibration

Prior to image acquisition, the hyperspectral system was preheated for 30 min to
minimize baseline drift and then calibrated using SpecView software. Images were captured
using the GaiaField-V10E camera under fixed parameters (exposure time: 49 ms; gain: 2;
frame rate: 18 Hz; scanning speed: 0.0064 cm/s). For each of the 20 maize varieties, five
independent acquisitions were performed, with 30 randomly selected seeds (embryo side
up) scanned per acquisition, resulting in 150 seeds per variety and a total of 3000 samples
(100 images) [15]. After image acquisition, the raw hyperspectral images were corrected
using a black-and-white reference to eliminate dark current noise introduced by the camera.
The black-and-white correction equation is shown in Equation (1):

Ic =
Iraw − Idark

Iwhite − Idark
(1)

Here Iraw represents the raw image, Iwhite represents the white reference image,
Idark represents the all-black calibrated image, and Ic represents the corrected image.

2.3. Spectral Extraction and Preprocessing

After black-and-white correction of the original hyperspectral images, the largest
possible rectangular region of interest (ROI) was selected on the germinal side of each
maize seed using ENVI 5.6 software to minimize the influence of chemical composition
heterogeneity. The spectral extraction process is illustrated in Figure 2. The spectral
reflectance values of all pixels within the ROI were averaged to obtain the mean spectrum
for each seed sample [16].

 

Figure 2. Spectral extraction process.

During spectral acquisition, external interferences such as background noise can
compromise data reliability and adversely affect subsequent spectral analysis and model
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performance. To improve the accuracy and robustness of the model, preprocessing of the
raw spectral data is essential to mitigate the impact of these irrelevant factors. In this study,
the Savitzky–Golay (SG) smoothing algorithm was employed to preprocess the spectral
data. A three-point window was used, including one point on each side of the central point,
to form a symmetric kernel.

After spectral feature extraction, all samples were randomly divided into a training
set and a test set with a ratio of 8:2 to ensure a fair evaluation of the model’s generalization
ability. The partitioning was conducted in a stratified manner based on maize variety
labels to maintain class balance. During training, the training subset was used for model
optimization, while the test subset was reserved for independent performance evaluation.

2.4. Classification Modeling

In this study, a novel convolutional neural network (CNN) architecture, termed
RM1DNet, is proposed for the identification of maize varieties. This model incorporates
both a residual module and a Mamba module to enhance classification performance. The
detailed structure and functional contributions of each component are described below.

2.4.1. ResidualBlock and Mamba Module

In recent years, convolutional neural networks (CNNs) with residual structures have
been widely applied in spectral recognition and image processing, as they enable deeper
architectures while alleviating gradient vanishing and network degradation [6,17]. Build-
ing on this principle, we designed RM1DNet by integrating three residual modules and a
Mamba module to achieve efficient local feature extraction and global dependency model-
ing (Figure 3).

During convolutional encoding, Residual Blocks are employed to improve feature
extraction efficiency and ensure stable gradient flow [18]. Each block consists of two 1D
convolution layers, ReLU activation, layer normalization, and a skip connection. The skip
connection allows cross-layer feature transfer, while a 1 × 1 convolution is applied if chan-
nel dimensions differ. This design accelerates convergence and enhances representational
capacity (Figure 3a).

To capture long-range dependencies at a lower computational cost than Transformer-
based attention mechanisms, the Mamba module was introduced. Based on a State Space
Model (SSM), it incorporates depthwise convolution for local feature extraction, an SSM
unit for global modeling, and a gating mechanism to filter informative features selectively.
The final output is combined with the input through a residual connection, improving
training stability and representational power (Figure 3b).

 
(a) (b) 

Figure 3. Module structure diagram: (a) ResidualBlock, (b) Mamba module.
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2.4.2. RM1DNet

RM1DNet is a novel hybrid architecture that integrates convolutional feature extrac-
tion with state space sequence modeling, aiming to fully exploit both spatial patterns and
temporal dependencies within hyperspectral data to enhance the modeling capacity and
generalization performance in spectral classification tasks [19]. The model architecture
comprises a one-dimensional convolutional neural network (1DCNN), residual modules,
Mamba modules, a positional encoder, and a fully connected classification head, as shown
in Figure 4.

Figure 4. RM1DNet structure diagram.

The front end consists of three Residual Blocks, each containing two 1D convolutional
layers and a skip connection, followed by MaxPooling layers for dimensionality reduction.
The output channels of the convolutional layers are set to 64, 128, and 256, respectively,
facilitating hierarchical feature extraction while mitigating gradient degradation in deep
networks. After convolution, the feature maps are reshaped into a [L, B, C] format and
augmented with learnable positional encodings before being input to the stacked Mamba
modules. Leveraging state space models (SSMs), the Mamba modules efficiently capture
long-range dependencies with linear computational complexity, offering improved scala-
bility over conventional Transformer-based designs. The extracted contextual features are
subsequently flattened, regularized via dropout, and mapped to class probabilities through
a fully connected layer. ReLU activation is applied throughout the network to accelerate
convergence and alleviate vanishing gradient issues.

Given the multi-class nature of maize variety classification, this study employs the
Label Smoothing (LS) cross-entropy loss function to evaluate model performance. The
specific formulation is presented in Equation (2):

Loss = −
C

∑
i=1

[
(1 − ε) · yi +

ε

C

]
· log(ŷi) (2)

where C is the number of categories; ε ∈ [0, 1] is the smoothing factor (usually taken as
0.1); yi is the true label of the i th category; and ŷi is the predicted probability of the i th
category as output by the model. The smoothed label distribution retains high confidence
in the correct class while allocating small uniform weights to the remaining classes, thereby
mitigating overfitting and improving generalization.
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The model was trained using the Adam optimizer to minimize the loss and maximize
classification accuracy. Training was further stabilized and accelerated through a ReduceL-
ROnPlateau scheduler, which reduced the learning rate by half if validation accuracy did
not improve over five consecutive epochs, and by applying an early stopping strategy that
terminated training if no improvement was observed within ten consecutive epochs.

2.5. Baseline Models for Comparison

To rigorously evaluate the performance of RM1DNet, six classical models were selected
as baselines, covering both traditional machine learning and deep learning approaches.

Support Vector Machine (SVM): A supervised learning method that constructs op-
timal hyperplanes in high-dimensional space to maximize inter-class margins, widely
used in hyperspectral image classification due to its robustness in small-sample and high-
dimensional scenarios.

Extreme Learning Machine (ELM): A feedforward neural network with a single hidden
layer, characterized by fast training speed and simple structure, making it suitable for
hyperspectral classification [20].

Backpropagation Neural Network (BP): A multi-layer feedforward neural network
trained via error backpropagation, providing stronger feature representation than ELM [21].

Long Short-Term Memory (LSTM): A recurrent neural network specialized for model-
ing sequential data and capturing long-term dependencies in spectral sequences [22].

1D Convolutional Neural Network (1DCNN): Applies convolutional filters along
one-dimensional spectral inputs to extract local features, showing strong capability in
hyperspectral classification [23].

Residual 1DCNN (Res1DCNN): Enhances 1DCNN with residual connections to miti-
gate gradient degradation and improve deep spectral feature learning.

Mamba1DCNN: A hybrid variant that combines 1DCNN with Mamba modules to
capture both local spectral patterns and global dependencies.

2.6. Feature Selection Algorithms

In hyperspectral modeling tasks, feature selection plays a crucial role in reducing
dimensionality, eliminating redundancy, and improving the interpretability and stability
of classification models. While traditional machine learning methods such as SVM, ELM,
and BP generally rely on feature selection to enhance accuracy, its impact on deep learning
models remains insufficiently explored [24,25]. To systematically investigate this aspect,
two representative algorithms—Successive Projection Algorithm (SPA) and Competitive
Adaptive Reweighted Sampling (CARS)—were employed in this study.

SPA is a forward-selection-based feature extraction algorithm that incrementally con-
structs a subset of variables by minimizing linear correlation, thus reducing
redundancy [26,27]. The feature selection process using SPA is illustrated in Figure 5.
As shown in Figure 5a, the root mean square error (RMSE) of the model decreases sharply
with the increasing number of selected variables, with an inflection point observed when
four variables are selected. Beyond this point, the reduction in RMSE slows, suggesting di-
minishing returns. Therefore, a final subset of four wavelengths is chosen to balance model
accuracy and simplicity. Figure 5b visualizes the distribution of selected wavelengths along
the mean reflectance spectrum.

The CARS algorithm integrates Monte Carlo sampling with partial least squares
(PLS) regression to dynamically select spectral bands that most significantly affect model
performance [27,28]. The process of CARS feature selection is depicted in Figure 6. As seen
in Figure 6a, the number of retained wavelengths drops rapidly as the iteration progresses,
representing a shift from coarse to fine selection. Figure 6b displays the cross-validation
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root mean square error (RMSECV) for each sampling iteration, with the lowest RMSECV
occurring at iteration 33, indicating the optimal variable subset. Figure 6c presents the
corresponding PLS regression coefficients, while Figure 6d shows the location of the final
selected bands on the average spectral reflectance curve, thereby illustrating their spectral
response characteristics.

  
(a) (b) 

Figure 5. SPA extraction of characteristic wavelengths. (a) Number of variables. (b) Position of variables.

Figure 6. The process of extracting characteristic wavelengths by CARS. (a) Preferred number of
characteristic wavelength variables. (b) Root-mean-square error of cross-validated variances. (c) Path
diagram of regression coefficients. (d) Location of variables.

Furthermore, the discriminative wavelengths selected by SPA and CARS correspond
to specific absorption features of key biochemical constituents in maize seeds. For in-
stance, SPA selected characteristic wavelengths around 450 nm, 550 nm, 680 nm, and 970
nm. The 450 nm region corresponds to carotenoids and flavonoids associated with seed
pigments; the 550–680 nm range is related to protein and chlorophyll absorption; and
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the near-infrared region around 950–1000 nm reflects C–H and O–H combination bands
linked to starch and lipid molecular vibrations. These findings suggest that the selected
spectral bands reflect intrinsic biochemical variations—particularly in pigments, proteins,
and carbohydrate composition—among different maize varieties. Even without direct
biochemical quantification, these associations provide a plausible physiological basis for
the model’s discriminative capability [12,14,18,27].

2.7. Software Tools

The operating system used in this experiment was Windows 11 64-bit Professional.
The CPU was a 13th generation Intel® Core™ i7-13700@2.10 GHz, the GPU was an NVIDIA
GeForce RTX 4090 equipped with 24 GB of video memory, and the system memory was
64 GB. Hyperspectral image preprocessing and spectral extraction were performed using
ENVI 5.6, where mean spectra from the embryo face were obtained as regions of interest.
Model implementation, including RM1DNet, feature selection algorithms (SPA and CARS),
traditional classifiers (SVM, ELM, and BP), and the LSTM model, was carried out in
PyCharm 2023.3.

3. Results

3.1. Spectral Characterization

Figure 7a presents the raw spectral curves of all samples from the 20 maize
varieties. Figure 7b displays the spectral curves after SG smoothing, which effec-
tively eliminated most of the noise in the original spectral data. Figure 7c illus-
trates the average reflectance spectra of the 20 maize varieties across the 380–1018 nm
wavelength range. It can be observed that the overall shape of the spectral curves
was largely consistent among all varieties, showing a general trend of increasing re-
flectance from the visible to the near-infrared (NIR) region. This spectral pattern
reflects the characteristic absorption and reflection behavior of maize seeds at dif-
ferent wavelengths. In the 380–550 nm range, reflectance values are relatively low
for all varieties, indicating higher light absorption in this region. Between 550 and
750 nm, the reflectance increases rapidly, then stabilizes within the 750–900 nm range, form-
ing a distinct plateau. This plateau region exhibited slight inter-varietal differences, with
some varieties showing higher reflectance values while others were slightly lower. More-
over, noticeable variations in reflectance distributions were observed in the 600–750 nm
and 900–1018 nm wavelength intervals. These differences suggest that although the overall
spectral profiles were similar, specific spectral bands contained discriminative information
that differentiated maize varieties.

(a) 

Figure 7. Cont.
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(b) 

(c) 

Figure 7. Spectral data: (a) all raw spectra, (b) all NIR spectra pre-processed by SG, (c) average
spectra of 20 maize varieties.

3.2. Exploratory Analysis of Multi-Species Clustering

Before establishing the classification model, an exploratory clustering analysis was
conducted on the hyperspectral data to evaluate the intrinsic separability among maize
varieties. The original high-dimensional spectral signals were projected into a three-
dimensional space using two dimensionality-reduction techniques—Principal Component
Analysis (PCA) and Linear Discriminant Analysis (LDA)—to enhance the effectiveness of
cluster visualization.

Following PCA, the first three principal components accounted for approximately
40.41% of the total variance, effectively preserving the major variance trends in the original
spectral data. In contrast, LDA, as a supervised dimensionality-reduction method, was
designed to maximize inter-class variance while minimizing intra-class variance by incorpo-
rating category labels. As a result, it provides superior enhancement of spectral separability.

Figure 8 illustrates the clustering results after dimensionality reduction. As shown in
Figure 8a, the PCA-based 3D scatter plot reveals substantial overlap among data points,
with blurred cluster boundaries and ambiguous separations. This indicates that the original
spectral feature space contains overlapping distributions across some maize varieties, mak-
ing it difficult to distinguish them using unsupervised approaches. Conversely, Figure 8b
presents the LDA-based clustering visualization, which exhibits clearly separated and
well-defined clusters under the guidance of class labels. The enhanced class aggregation
and discrimination confirmed the existence of meaningful spectral distinctions among
maize varieties.
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These exploratory results provided important theoretical support for the subsequent
model development. On one hand, PCA serves as a valuable tool for data preprocessing
and visual inspection. On the other hand, the pronounced class separability achieved
by LDA underscores the feasibility and necessity of incorporating supervised learning
strategies—such as deep learning models or ensemble classifiers—during the modeling
process. Therefore, this study proposed a novel hybrid architecture integrating RM1DNet.
The model’s performance is systematically compared against several representative classi-
fication algorithms (e.g., SVM, LSTM) to comprehensively validate its effectiveness and
robustness in hyperspectral maize variety identification.

 
(a) (b) 

Figure 8. PCA (a) and LDA (b) 3D clustering diagrams.

3.3. Full-Spectrum Based Classification Model Results

This study systematically evaluated the effectiveness of full-spectrum hyperspectral
data in maize variety recognition by comparing traditional machine learning methods,
recurrent and convolutional neural networks, and the newly developed RM1DNet model.
The tested models included SVM, ELM, BP, LSTM, 1DCNN, Res1DCNN, Mamba1DCNN,
and RM1DNet, with results summarized in Table 2.

Table 2. Results of full-spectrum based classification of maize varieties.

Models
Average

Accuracy (%)
Highest

Accuracy (%)
Precision

(%)
Recall

(%)
F1

(%)

SVM 70.57 72.21 73.10 72.21 72.15
ELM 59.12 60.50 61.20 60.50 60.40
BP 57.21 58.50 58.80 58.50 58.55

LSTM 85.25 86.42 86.70 86.42 86.45
1DCNN 94.14 94.58 94.82 94.58 94.61

Res1DCNN 94.39 94.83 95.04 94.83 94.84
Mamba1DCNN 94.57 94.95 95.12 94.95 94.96

RM1DNet 94.85 95.25 95.40 95.25 95.25

Among traditional machine learning approaches, SVM demonstrated moderate per-
formance (accuracy 70.57%), while ELM and BP showed limited capability in capturing
complex spectral features (accuracies 59.12% and 57.21%, respectively). The LSTM model
achieved improved recognition accuracy (85.25%) by leveraging sequence modeling; how-
ever, its performance was constrained by spectral redundancy and inter-band correlations.
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CNN-based methods exhibited more robust classification. The 1DCNN and Res1DCNN
achieved accuracies above 94%, highlighting the benefits of convolutional feature extrac-
tion and residual connections for mitigating gradient degradation. Incorporating the
Mamba module further enhanced sequence modeling, as demonstrated by Mamba1DCNN
(accuracy 94.57%).

The proposed RM1DNet, integrating residual and Mamba modules, achieved the
highest performance across all metrics, with an accuracy of 94.85%. This indicates that
combining local convolutional feature extraction with global sequence modeling effec-
tively captures subtle spectral variations among maize varieties, improving both accuracy
and robustness.

Figure 9 presents the confusion matrix and training curve of RM1DNet. The nor-
malized confusion matrix (Figure 9a) indicates that most maize varieties were correctly
classified, with classification accuracies exceeding 95%. Minor misclassifications mainly
occurred between spectrally similar varieties, such as Longdan656 and Longdan657, which
share comparable biochemical compositions. The learning curve (Figure 9b) illustrates a
smooth decline in loss and stable convergence, confirming that the model training process
was effective and showed no signs of overfitting.

  
(a) (b) 

Figure 9. Confusion matrix and loss function. The confusion matrix and loss function of RM1DNet
are shown separately. Figure (a) shows the confusion matrix and Figure (b) shows the loss function,
which together demonstrate the classification performance of the model.

Table 3 details the per-class performance metrics, including precision, recall, F1-score,
true positives (TP), false positives (FP), and false negatives (FN). Most classes achieved
precision and recall values above 95%, demonstrating that RM1DNet not only achieved
high overall accuracy but also performed robustly across all maize varieties.

Overall, these results demonstrate the potential of RM1DNet for precise and robust
maize variety classification using hyperspectral data. Nevertheless, future work should
consider external validation datasets to further assess generalization, as well as explore
the biological basis of spectral differences to better interpret model predictions and guide
practical applications.

Table 3. Classification performance (Precision, Recall, and F1) for 20 maize varieties using the
RM1DNet model.

Corn Kernel Varieties Precision (%) Recall (%) F1 (%) TP FP FN

R1831 100.00 100.00 100.00 150 0 0
Longdan632 98.70 97.30 98.00 146 2 4
Longdan633 98.00 98.70 98.30 148 1 2
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Table 3. Cont.

Corn Kernel Varieties Precision (%) Recall (%) F1 (%) TP FP FN

Longdan635 97.30 96.00 96.60 144 5 6
Longdan655 98.70 97.30 98.00 146 2 4

Longdan655fanjiao 97.30 98.00 97.60 147 1 3
Xianyu1483 98.70 98.00 98.30 147 3 3
Longdan656 91.50 88.70 90.10 133 14 17
Longdan657 89.30 90.70 90.00 136 12 14
Longdan659 97.30 97.30 97.30 146 2 4
Xianyu335 98.00 98.70 98.30 148 1 2

Longdan636 100.00 100.00 100.00 150 0 0
Longdan2463 96.70 98.00 97.30 147 1 3

Longdan24159 100.00 100.00 100.00 150 0 0
Longdan634 98.00 98.70 98.30 148 2 2

Ruipu909 97.30 96.00 96.60 144 5 6
DF899 100.00 100.00 100.00 150 0 0

Xianyu698 97.30 98.00 97.60 147 1 3
Xianyu1620 96.70 97.30 97.00 146 2 4
Xianyu1516 97.30 98.00 97.60 147 1 3

3.4. Classification Model Results Based on Feature Selection

Full-spectrum hyperspectral data often contain substantial redundancy, which can
limit the performance of traditional machine learning models that rely heavily on input
feature quality. Feature wavelength selection can improve classification accuracy and
reduce computational complexity [27]. Compared with conventional algorithms such
as SVM, ELM, and BP, 1DCNN exhibits superior automatic feature-extraction capability,
thereby reducing the need for manual feature engineering [23].

To evaluate the impact of feature selection, two representative methods—CARS and
SPA—were applied to extract informative spectral bands from the original hyperspectral
data, yielding 141 and 50 wavelengths, respectively. The classification results based on these
selected features are summarized in Table 4. Most models showed decreased or comparable
accuracy after feature selection, except for the SPA-LSTM model, which displayed modest
improvement. Notably, RM1DNet maintained high performance, achieving test accuracies
of 94.14% and 93.27% with CARS- and SPA-selected features, respectively—slightly lower
than the 94.85% obtained using the full spectrum.

These results suggest that variations in model performance are influenced by both
the intrinsic feature extraction capabilities of each model and the representativeness of the
selected wavelengths. RM1DNet consistently demonstrated robust classification accuracy
even without feature selection, thanks to its integration of residual convolutional modules
with the Mamba state-space mechanism. This architecture enables effective learning of
discriminative spectral patterns directly from high-dimensional raw data, reducing the
reliance on manual dimensionality reduction.

Overall, RM1DNet provides an efficient and reliable approach for maize variety classifi-
cation, demonstrating resilience to variations in input feature dimensionality while minimiz-
ing the need for explicit feature selection. Future work could further explore the biological
basis of spectral differences to enhance model interpretability and practical applicability.
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Table 4. Classification results of maize varieties based on feature selection methods.

Models Methods Variables
Average

Accuracy (%)
Highest

Accuracy (%)
Precision

(%)
Recall

(%)
F1

(%)

SVM
CARS 141 70.14 71.58 71.80 71.58 71.60
SPA 50 63.53 64.75 64.90 64.75 64.78

ELM
CARS 141 59.54 60.50 60.70 60.50 60.55
SPA 50 59.26 60.17 60.40 60.17 60.20

BP
CARS 141 51.57 52.67 52.80 52.67 52.70
SPA 50 48.55 49.33 49.50 49.33 49.35

LSTM
CARS 141 84.86 85.83 86.00 85.83 85.85
SPA 50 88.27 89.17 89.40 89.17 89.20

1DCNN
CARS 141 91.89 92.42 92.63 92.42 92.45
SPA 50 91.38 91.92 92.02 91.92 91.90

Res1DCNN
CARS 141 93.25 93.67 93.89 93.67 93.67
SPA 50 92.73 93.17 93.44 93.17 93.16

Mamba
1DCNN

CARS 141 93.64 94.10 94.30 94.10 94.15
SPA 50 92.93 93.30 93.50 93.30 93.35

RM1DNet
CARS 141 94.14 94.58 94.79 94.58 94.61
SPA 50 93.27 93.67 93.98 93.67 93.69

4. Discussion

This study focused on 20 maize varieties (a total of 3000 seeds), utilizing hyper-
spectral imaging (380–1018 nm) and developing RM1DNet to investigate the classifica-
tion performance of different models and the impact of feature-selection strategies on
identification accuracy.

In terms of spectral preprocessing, the Savitzky–Golay (SG) smoothing algorithm with
a three-point window was employed to mitigate background noise and enhance the reliabil-
ity of the raw spectral data. Comparative analysis of the preprocessed (Figure 7b) and raw
spectra (Figure 7a) showed that SG smoothing effectively preserved the intrinsic spectral
characteristics of maize seeds—such as the rapid increase in reflectance between 550 and
750 nm and the stable plateau between 750 and 900 nm—while removing random noise in-
terference. This provided a solid foundation for subsequent model training, consistent with
the findings of Chivasa et al. [29], who emphasized that appropriate spectral smoothing
enhances the discriminative power of hyperspectral data for crop variety classification.

Regarding model performance, the proposed RM1DNet achieved a test accuracy of
94.85%, significantly outperforming traditional machine learning models (SVM: 70.57%;
ELM: 59.12%; BP: 57.21%) and other deep learning architectures (LSTM: 85.25%; 1DCNN:
94.14%; Res1DCNN: 94.39%; Mamba1DCNN: 94.57%). This superior performance arises
from RM1DNet’s integrated design: the residual modules mitigate gradient-vanishing
issues in deep networks, enabling efficient extraction of local spectral features (e.g., subtle
reflectance differences in the 600–750 nm and 900–1018 nm ranges), while the Mamba
state-space module captures long-range spectral dependencies with linear computational
complexity—thereby overcoming the limitations of conventional CNNs in modeling global
sequence information and Transformers in computational efficiency. The confusion matrix
(Figure 9a) further confirmed the robustness of RM1DNet, showing 100% classification
accuracy for varieties such as R1831 (No. 0) and DF899 (No. 16), although minor mis-
classifications occurred between spectrally similar varieties (e.g., Longdan656 (No. 7) and
Longdan657 (No. 8)), likely due to overlapping biochemical compositions [12].

Compared with existing studies on maize variety classification, this work presents three
key advancements. First, whereas Fu et al. [13] achieved 95.81% accuracy for four maize vari-
eties using the SSAE-CS-SVM model, this study successfully classified 20 varieties—reflecting
a broader diversity representative of real agricultural production—while maintaining high
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accuracy. Second, compared with Li et al. [6], who relied on feature engineering for ERNet
(98.36% accuracy), RM1DNet requires no manual feature selection, thereby reducing subjec-
tive bias and information loss caused by heuristic filtering [17]. Feature-selection experiments
(SPA, CARS) showed that traditional models (e.g., SVM) suffered significant accuracy declines
when using selected features (SPA: 63.53% vs. full spectrum: 70.57%), whereas RM1DNet
retained 93.27–94.14% accuracy, demonstrating stronger adaptability to high-dimensional
data and reduced reliance on preprocessing workflows [30].

This study also has certain limitations. First, the hyperspectral data were collected
using a single system, and the model’s performance across broader spectral ranges remains
to be validated. Second, all samples were collected from Northwest China and stored
under uniform conditions; therefore, model generalization to seeds from other regions or
under varying storage environments (e.g., high humidity) requires further verification [31].
Only spectral data were used; integrating hyperspectral information with morphologi-
cal or molecular markers could further reduce the misclassification of spectrally similar
varieties [19]. Future studies will address these limitations by extending spectral ranges,
diversifying sample sources, and exploring multimodal data fusion.

5. Conclusions

This study established a non-destructive framework for maize variety identifica-
tion based on hyperspectral imaging (380–1018 nm) and deep learning. Using 20 widely
cultivated maize varieties (a total of 3000 seeds) from Northwest China, the framework di-
rectly processed full-spectrum data (320 bands), thereby minimizing information loss
due to dimensionality reduction and providing a more comprehensive evaluation of
spectral diversity.

To overcome the limitations of traditional machine learning methods (e.g., SVM, BP)
in handling high-dimensional spectral data, a novel model, RM1DNet, was developed
by integrating residual modules with the Mamba state-space mechanism. Experimental
results demonstrated that RM1DNet achieved a test accuracy of 94.85%, outperforming all
seven baseline models. These findings indicate that combining local convolutional feature
extraction with global sequence modeling effectively captures subtle spectral differences
among maize varieties.

Feature-selection experiments (SPA and CARS) further confirmed the robustness
of RM1DNet, which maintained high accuracy (93.27–94.14%) even when trained on
reduced feature subsets. This suggests that the proposed architecture is capable of learning
discriminative spectral features without relying heavily on manual wavelength selection.

Future research will extend this work by (1) applying hyperspectral systems with
broader spectral ranges to assess model adaptability; (2) incorporating maize samples
collected under diverse geographical and storage conditions to improve generalization;
and (3) exploring multimodal fusion (hyperspectral + RGB imaging) to address challenges
in distinguishing spectrally similar varieties.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods14203558/s1, Table S1: Hyperspectral Imaging System Specifi-
cations; Table S2: Image Acquisition Parameters; Figure S3: Example Spectra; Table S4: Model
Implementation Details.
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Abstract

Melamine (MEL) has broad applications and can be released to the aquatic environment
from various sources, including industry, agriculture, traffic, and household articles. In
addition, MEL derivatives ammeline (AMN), ammelide (AMD), and cyanuric acid (CYA)
as well as potential precursors cyromazine (CYRO) and hexa(methoxymethyl)melamine
(HMMM) are relevant related substances. However, occurrence and transformation in
water resources has not yet been thoroughly investigated. Here, we developed a sensitive
analytical method for quantification of these analytes by hydrophilic interaction liquid
chromatography (HILIC) coupled to tandem mass spectrometry (MS/MS). Direct injec-
tion achieved limits of quantification (LOQs) of 0.1 μg/L (AMN 0.2 μg/L; CYA 1 μg/L),
while LOQs could be improved to 0.01 μg/L (CYA 0.05 μg/L) by applying evaporation
for analyte pre-concentration. The method was extensively validated, showing good re-
covery, repeatability, and linearity. The evaluation of the matrix effects revealed method
applicability for various water matrices, including surface water and wastewater. During
proof-of-concept measurements, HMMM in combination with MEL and its derivatives was
found in multiple samples, emphasizing the importance of including precursors. In the
future, the developed method with its novelty of covering both MEL derivatives and pre-
cursors can be applied for comprehensive monitoring programs elucidating MEL sources
and transformation in water resources.

Keywords: melamine; hydrophilic interaction liquid chromatography (HILIC); tan-
dem mass spectrometry; water analysis; ammeline; ammelide; cyanuric acid;
hexa(methoxymethyl)melamine; cyromazine

1. Introduction

Melamine (MEL; CAS number 108-78-1) and melamine-based resins are used for a
broad variety of applications in industry (e.g., manufacture of plastics, laminates, adhesives,
surface coatings, tires, and textiles). Therefore, MEL is a high-production-volume chemical.
Although acute toxicity of MEL is low [1], it is suspected to be carcinogenic [2]. Melamine is
under assessment as endocrine-disrupting by the European Chemicals Agency (ECHA) [2].
Recent publications, however, have stated that the substance does not meet the criteria for
endocrine disruption [3,4].

The relevant derivatives of MEL are ammeline (AMN), ammelide (AMD), and cyanuric
acid (CYA), which are all synthesis by-products and transformation products of MEL [5,6],
formed by hydrolysis under elimination of ammonia (Figure 1). Especially the simultaneous
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occurrence of MEL and CYA has been shown to elevate substance toxicity substantially
by formation of crystal complexes resulting in kidney stones [1,7]. In addition, MEL may
be formed by degradation of precursors. MEL was shown to be the main metabolite of
cyromazine (CYRO), an insecticide which can be transformed to MEL by dealkylation [8]
(Figure 1). Also, hexa(methoxymethyl)melamine (HMMM), used as a cross-linking agent
in coatings and vulcanizer in tires, is suspected to degrade to MEL [9,10].

Figure 1. Structures and possible transformations of melamine (MEL), ammeline (AMN), ammelide
(AMD), cyanuric acid (CYA), hexa(methoxymethyl)melamine (HMMM), and cyromazine(CYRO).

Melamine has received substantial political and scientific attention since contamination
incidents in 2007 and 2008. Milk products and gluten in pet food were found to be illegally
contaminated with MEL and its derivatives, resulting in severe renal failure in both humans
and animals [11–13]. This led to the development and publication of numerous analytical
methods for detection and quantification of MEL and its derivatives in the following
years. During a comprehensive literature review, 84 relevant publications describing
analytical methods for MEL and at least one of its derivatives were evaluated. Different
analytical methods have been applied, mostly based on gas chromatography (GC) or (high-
performance) liquid chromatography ((HP)LC). Gas chromatography can be coupled with
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mass spectrometry (MS) [14,15] or MS/MS detection [16,17], while (HP)LC has been applied
in combination with ultraviolet (UV) detection [18], diode array detection (DAD) [19,20],
MS [21,22], or MS/MS [23,24].

Although a multitude of applications have been published, the majority is targeting
foodstuffs and pet food (43 of 84 relevant publications), with special emphasis on milk
and infant formula, e.g., [16,17,22,25,26]. However, MEL and its related substances can
also be released to the aquatic environment by discharge and transformation processes
which are not yet well understood. Industrial discharges as well as release from the use
phase of household products are possible entry pathways [27], defining MEL as an indi-
cator for anthropogenic activity [28]. Monitoring data for MEL occurrence in the aquatic
environment is scarce [27] and only a few studies on the analysis and occurrence of
MEL and derivatives in water matrices have been published so far [19,23,29–31]. To our
knowledge, only Zhu and Kannan [29] measured all four derivatives with limits of quan-
tification (LOQs) below 0.5 μg/L in aquatic matrices. Most published methods either
resulted in higher LOQ values or did not include all derivatives. In most publications,
solid-phase extraction (SPE) with both cation and anion exchange has been applied for
sample preparation [29,30,32]. Moreover, analysis of MEL precursors in water matrices
in addition to its transformation products has received very limited scientific atten-
tion. Cyromazine has occasionally been included in analytical methods [19,23,30,33].
Hexa(methoxymethyl)melamine has been analyzed in combination with MEL [10,34]
but not, however, with its transformation products.

Thus, to gain information about distribution of MEL and its related substances in
water resources as well as to elucidate transformation pathways, a sensitive, robust, and
efficient quantitative analytical method covering MEL and its derivatives AMN, AMD,
and CYA, as well as precursors CYRO and HMMM is needed. Here, we developed
a sensitive multi-method for quantification of these six target analytes in various water
matrices, including drinking water, surface water, and wastewater. Analysis was conducted
by HPLC-MS/MS with chromatographic separation by hydrophilic interaction liquid
chromatography (HILIC). The method was validated and showed good recovery, linearity,
and repeatability. While already sensitive with direct injection, method sensitivity can be
further enhanced by applying evaporation during sample preparation.

2. Materials and Methods

2.1. Reagents and Stock and Standard Solutions

Certified reference materials of analytical standards and stable isotope-labeled internal
standards (ISs) were obtained from Dr. Ehrenstorfer (Augsburg, Germany; MEL, CYA,
CYRO, and MEL-13C3), Cambridge Isotope Laboratories (Tewksbury, MA, USA; AMN and
AMD), and Toronto Research Chemicals Inc. (Toronto, ON, Canada; HMMM, AMN-13C3,
AMD-13C3, CYA-13C3, and CYRO-d4). For HMMM, no isotope-labeled IS was commer-
cially available. Ultrapure water from a Sartorius AriumPro system (Goettingen, Germany);
methanol from Honeywell (Charlotte, NC, USA); acetonitrile from Supelco (Bellefonte, PA,
USA); diethylamine, ammonium acetate, and ammonium formate from Sigma-Aldrich
(Saint Louis, MO, USA); acetic acid from Roth (Karlsruhe, Germany); and formic acid from
VWR (Darmstadt, Germany) were used for preparation of HPLC eluents and stock and
standard solutions (all except for ammonium acetate LC-MS grade; ammonium acetate >
98% purity).

The standards and ISs of MEL, CYA, CYRO, and HMMM were dissolved in methanol.
Ammeline and AMD were dissolved in a mixture of ultrapure water:diethylamine (80:20,
v:v) due to low solubility in methanol. From these stock solutions, standard solutions
with a concentration of 1 mg/L were prepared in methanol for all standards and ISs.
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These standard solutions were determined to be stable for one year. Combined calibration
standards of all the substances were prepared daily in acetonitrile:water (90:10, v:v). As
the water matrix, the local drinking water was used, which was free of the analytes
under investigation.

2.2. Instrumentation

Sample evaporation was performed with a vacuum pre-concentrator (RVC 2-33 CD-
plus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany). LC-MS/MS
analysis was implemented on an HPLC Infinity 1290 system (Agilent Technologies, Santa
Clara, CA, USA) coupled to an API5500 Triple Quad system with electrospray ionization
(AB Sciex, Framingham, MA, USA). For the final method, a Luna HILIC chromatography
column (150 × 2 mm, 3 μm; Phenomenex, Torrance, CA, USA) with a HILIC security guard
cartridge (4 × 2 mm; Phenomenex) was applied.

2.3. Method Optimization

For sample preparation, both evaporation and SPE were assessed as possible methods
for analyte pre-concentration. The SPE protocol was adapted from previous publica-
tions [24,29] and varied, using cation exchange (Waters Oasis MCX, 150 mg, 6 mL, 30 μm;
Milford, MA, USA) and anion exchange cartridges (Waters Oasis MAX, 150 mg, 6 mL,
30 μm). The details of the tested SPE protocol are given in Table S1.

Aside from the chosen Luna HILIC column, another HILIC column (Sequant ZIC-
HILIC, 20 × 2.1 mm, 5 μm; Merck, Darmstadt, Germany) and two mixed-mode columns
(Obelisc R, 150 × 2.1 mm, 5 μm; SIELC, Wheeling, IL, USA, and Raptor Polar, 100 × 2.1 mm,
2.7 μm; Restek, Centre County, PA, USA) were tested. However, the mixed-mode columns
were excluded from further method development due to insufficient separation of analytes
and poor signal intensities. Chromatographic separation of the analytes was also achieved
on the ZIC-HILIC column, but peak shapes and sensitivity were slightly better on the
chosen Luna HILIC column. Different eluent compositions with an acetonitrile content
between 60 and 95 vol% during isocratic elution and a gradient with variation between
100 and 80 vol% were tried out on the HILIC columns to achieve optimum sensitivity and
analyte peak shapes. In addition, ammonium acetate, ammonium formate, acetic acid, and
formic acid were evaluated as eluent modifiers to increase method sensitivity. The injection
volume was varied between 5 and 40 μL to optimize peak shapes.

2.4. Determination of Limits of Detection and Quantification

After optimization, limits of detection (LODs) and LOQs were determined for both
the direct injection method and the evaporation method in various matrices, i.e., drinking
water, surface water, and wastewater (influent and effluent of wastewater treatment plant
(WWTP)), based on signal-to-noise ratios (S/N). The LOD was defined at S/N = 3 and
LOQ at S/N = 10.

2.5. Method Validation

The method was validated including both direct injection and analyte pre-concentration
by evaporation. The validation protocol included the determination of recovery during
analyte pre-concentration, repeatability, calibration linearity, and matrix effects of the
method. Recovery of pre-concentration compared to direct injection in matrix drinking
water was considered acceptable between 75 and 125% [35]. Calibration linearity was
determined for each analyte in a concentration range between 0.5 and 10 × LOQ and the
resulting coefficient of determination r2 was required to exceed 0.99. The matrix effects
of surface water and wastewater (influent and effluent of WWTP) were examined and
required to remain below a threshold of 25% compared to drinking water as the reference
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value. Method repeatability was determined by analyzing five replicate samples with a
concentration of 5 × LOQ, whereas standard deviation had to remain below 25%.

2.6. Stability Test

Stability of analytes was assessed over 28 days in sample containers consisting of glass,
polyethylene (PE), and polystyrene (PS) stored at room temperature (20 ◦C), refrigerated
(4 ◦C), and frozen (−18 ◦C). To this end, separate analyte solutions with 100 μg/L were
prepared in drinking water, and samples were taken on days 0, 1, 2, 5, 7, 14, 21, and 28 for
MEL, AMN, AMD, and CYA. Additionally, samples for CYRO and HMMM were taken on
days 0 and 28.

2.7. Proof of Concept

To show the applicability of the developed method and obtain the first results, 10 sam-
ples exhibiting different water matrices were analyzed. These included drinking water,
groundwater, surface water, road run-off, and wastewater (detailed information on the
samples is given in Table S2). Drinking water and groundwater were measured with evapo-
ration as pre-concentration, while all the other samples were measured with direct injection.

3. Results

3.1. Sample Preparation

Both evaporation and SPE proved successful for pre-concentration of the analytes
under investigation. During SPE, MEL, AMN, CYRO, and HMMM were pre-concentrated
by cation exchange and AMD and CYA by anion exchange (Table S1). However, pre-
concentration by SPE was by far more labor-intensive and material-consuming due to
the use of two separate cartridges and several conditioning and elution steps. The LOQ
values achieved with SPE after optimization (Table S1) were similar to the values after
evaporation, thereby not enhancing method sensitivity compared to simple evaporation
of the water. Therefore, evaporation was selected as the preferable method for analyte
pre-concentration, with an initial sample volume of 10 mL. After evaporation, the dry
residue was reconstituted in acetonitrile:ultrapure water (90:10, v:v) to match the eluent
composition of the chromatographic method. Alternatively, samples can be measured by
direct injection if maximizing sensitivity is not crucial. In this case, water samples need to
be diluted with acetonitrile to achieve the matrix of acetonitrile:water (90:10, v:v; Table 1).

Table 1. Sample preparation steps with direct injection and pre-concentration by evaporation.

Direct injection

Sample volume 1 mL
Sample pH Original

Internal
standards

MEL-13C3, AMN-13C3, AMD-13C3, CYA-13C3, CYRO-d4, 20 μL of a 0.1 mg/L solution in
methanol

Sample dilution Dilution of 100 μL with 900 μL acetonitrile

Pre-concentration by evaporation

Sample volume 10 mL
Sample pH Original

Internal
standards MEL-13C3, AMN-13C3, AMD-13C3, CYA-13C3, CYRO-d4, 5 μL of a 0.1 mg/L solution in methanol
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Table 1. Cont.

Pre-
concentration

program

Start 1 2 3 4 5 6
Time (h:m) 00:03 04:00 00:05 04:00 00:05 04:00

Temperature
(◦C) 30 40 40 35 35 30 30

Vacuum (mbar) 10 10 10 10 10 10
Rotational

speed (min−1) 900 900 1200 1200 1200 1200

Reconstitution of
the dry residue In 225 μL acetonitrile + 25 μL ultrapure water

3.2. Optimum Chromatographic and MS Conditions

While multiple chromatographic parameters were optimized, exemplary chro-
matograms are shown in Figure 2, depicting the impact of isocratic eluent variation on
CYA detection. Here, isocratic elution with acetonitrile:ultrapure water (90:10, v:v) was
determined as the best eluent composition, with addition of 10 mM ammonium acetate
and 0.1% formic acid to the water phase. The sensitivity and peak shape improved with
increasing acetonitrile content. From acetonitrile:ultrapure water 90:10 (v:v; Figure 2C) to
95:5 (v:v; Figure 2D), only minimal improvement was achieved, and the higher acetonitrile
content would also increase the necessary sample dilution during direct injection to match
the eluent composition and sample matrix; therefore, a ratio of 90:10 (v:v) was determined
as optimum. Optimum peak shapes were achieved with an injection volume of 10 μL. The
flow was set to 0.4 mL/min and the column temperature to 30 ◦C. The method resulted in
retention times between 1.2 and 3.4 min (Figure 3) and was continued until 10 min to avoid
contamination. The analytical standards and isotope-labeled ISs of the respective analytes
showed simultaneous elution. The MS parameters for detection of target analytes and ISs
are listed in Table 2.

Figure 2. Comparison of the chromatographic signal of CYA as the most challenging analyte during
method development. Signals with eluent ratios acetonitrile:ultrapure water with 10 mM ammonium
acetate and 0.1% formic acid of (A) 70:30 v:v, (B) 80:20 v:v, (C) 90:10 v:v, and (D) 95:5 v:v are shown,
with all other parameters kept constant. (C) was chosen for all further optimization steps.
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Figure 3. Extracted ion chromatograms of quantifier ions for (A) MEL, (B) AMN, (C) AMD, (D) CYA,
(E) CYRO, and (F) HMMM with the final method. Standards with concentrations of 10 μg/L in
drinking water were measured with direct injection. Chromatographic separation was achieved on a
Luna HILIC column (150 × 2 mm, 3 μm; Phenomenex, Torrance, CA, USA) with a HILIC security
guard cartridge (4 × 2 mm; Phenomenex) and isocratic elution with acetonitrile:ultrapure water with
10 mM ammonium acetate and 0.1% formic acid (90:10, v:v). The flow was set to 0.4 mL/min and the
column temperature to 30 ◦C. An injection volume of 40 μL was applied.

Table 2. Retention times and MS parameters (m/z at quadrupole 1 (Q1), m/z at quadrupole 3 (Q3),
declustering potential (DP), entrance potential (EP), collision energy (CE), and collision cell exit
potential (CXP)) for detection of target analytes and available ISs.

Analyte
Ionization

Mode
Retention

Time (min)
Q1 Q3 DP (V) EP (V) CE (V) CXP (V)

MEL Positive 3.1 127.0
68.0 *

106 10
37 10

85.0 25 12

AMN Positive 3.4 128.0
86.0 *

96 10
23 12

43.1 55 6

AMD Negative 2.4 127.0
83.9 * −50 −10

−16 −7
42.0 −28 −5

CYA Negative 1.5 127.9
42.1 * −45 −10

−26 −5
85.0 −14 −7

CYRO Positive 1.9 167.0
68.0 *

91 10
43 10

85.0 25 12
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Table 2. Cont.

Analyte
Ionization

Mode
Retention

Time (min)
Q1 Q3 DP (V) EP (V) CE (V) CXP (V)

HMMM Positive 1.2 391.1
177.1 *

31 10
39 12

359.2 11 26
IS-MEL-13C3 Positive 3.1 130.0 87.1 * 120 10 25 6

IS-AMN-13C3 Positive 3.4 131.0
88.0 *

131 10
23 10

71.0 37 12

IS-AMD-13C3 Negative 2.4 130.0
86 * −55 −10

−16 −5
43.0 −36 −5

IS-CYA-13C3 Negative 1.5 130.9 43.1 * −45 −10 −38 −9
IS-CYRO-d4 Positive 1.9 171.0 86.0 * 71 10 27 10

* Quantifier ion.

3.3. Limits of Detection and Quantification

With direct injection, LOQ values of 0.1 μg/L were achieved for MEL, AMD, CYRO,
and HMMM. For AMN and CYA, direct injection resulted in LOQs of 0.2 μg/L and 1.0 μg/L
(2.0 μg/L for CYA in wastewater), respectively. By applying evaporation for analyte pre-
concentration, LOQ values in the drinking and surface water were lowered to 0.01 μg/L
for all analytes but for CYA, where the LOQ was 0.05 μg/L. In the wastewater samples,
which had to be diluted in ultrapure water prior to analysis with evaporation (by factor 5
for WWTP effluents and factor 10 for WWTP influents), LOQ differences between direct
injection and evaporation were not as significant (Table 3; LOD values in Table S3).

Table 3. Limits of quantification for target analytes in different water matrices with direct injection
and evaporation.

Direct Injection (μg/L) Evaporation (μg/L)

Analyte
Drinking

Water
Surface
Water

WWTP
Effluent

WWTP
Influent

Drinking
Water

Surface
Water

WWTP
Effluent

WWTP
Influent

MEL 0.10 0.10 0.10 0.10 0.01 0.01 0.05 0.10
AMN 0.20 0.20 0.20 0.20 0.01 0.01 0.05 0.10
AMD 0.10 0.10 0.10 0.10 0.01 0.01 0.05 0.10
CYA 1.00 1.00 2.00 2.00 0.05 0.05 0.25 0.50

CYRO 0.10 0.10 0.10 0.10 0.01 0.01 0.05 0.10
HMMM 0.10 0.10 0.10 0.10 0.01 0.01 0.05 0.10

3.4. Method Validation
3.4.1. Recovery of Evaporation

Recoveries of target analytes after pre-concentration by evaporation ranged between
76.1% (HMMM) and 103.2% (MEL; Table 4). Consequently, all the analytes showed suffi-
cient recovery during sample preparation.

Table 4. Recoveries of target analytes after pre-concentration by evaporation (corrected by internal
standards, except for HMMM).

Analyte Recovery of Evaporation Procedure (%)

MEL 103.2
AMN 100.9
AMD 91.8
CYA 81.5

CYRO 96.9
HMMM 76.1
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3.4.2. Calibration Linearity

All the analytes showed linear calibrations with r2 ≥ 0.99 for both direct injection and
evaporation (Table S4). Linearity was therefore ascertained in the concentration range of
0.5 to 10 × LOQ.

3.4.3. Matrix Effects

All the analytes except for HMMM remained well below the threshold of 25% for
acceptable matrix effects in surface water and wastewater with both direct injection and
evaporation (Table S5). For HMMM, considerably higher matrix effects were observed
with evaporation for WWTP effluents (76.6%) and WWTP influents (68.7%). These matrix
effects could not be corrected because no IS for HMMM was commercially available and
all other applied ISs were unsuitable for HMMM matrix correction. Therefore, it is not
recommended to apply the evaporation method for HMMM measurements in wastewater
samples. These samples should be measured for HMMM only with direct injection. Also,
the application of SPE might be suitable for analysis of HMMM in wastewater samples,
leading to the removal of interfering compounds.

3.4.4. Repeatability

Standard deviations of five replicate samples with concentrations of 5 × LOQ remained
within 25% of the spiked value for all target analytes (Table S6). Consequently, the method
showed sufficient repeatability.

3.5. Stability Test

All the target analytes were stable in water over the test period of 28 days in all
the tested sample containers (glass, PE, and PS) and under all the tested temperature
conditions (room temperature, 4 ◦C, and −18 ◦C). Analytes were considered stable if
the concentrations remained within a deviation of ±25% from the initial concentration
(Figures S1–S3). These deviations can be attributed to measurement uncertainties. Also,
no decreasing trends over time, which would indicate degradation or transformation,
were observed. As further confirmation, samples were analyzed for all six target analytes
even though only one standard was added. Since some of the analytes are transformation
products of other analytes, occurrence and increasing concentrations of such other analytes
would suggest degradation. However, no other target analytes were detected, supporting
the findings of analyte stability.

3.6. Proof of Concept

Of the 10 analyzed proof-of-concept samples, all except two contained MEL, with
concentrations between 0.015 μg/L (groundwater) and 6.9 μg/L (WWTP influent). The
MEL concentrations were below the LOQ only in the drinking water and one groundwater
sample. Ammeline was not detected in any sample, but AMD and CYA were found in road
run-off samples and CYA additionally in both WWTP effluents, with concentrations up to
2.1 μg/L (AMD) and 12 μg/L (CYA). Furthermore, HMMM was detected in road run-off,
wastewater, and one surface water sample, with concentrations up to 1.6 μg/L (Table 5).

Table 5. Concentrations of target analytes in samples measured as proof of concept.

Sample Matrix MEL (μg/L)
AMN
(μg/L)

AMD
(μg/L)

CYA (μg/L)
CYRO
(μg/L)

HMMM
(μg/L)

1 Drinking water <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
2 Groundwater <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
3 Groundwater 0.015 <LOQ <LOQ <LOQ <LOQ <LOQ
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Table 5. Cont.

Sample Matrix MEL (μg/L)
AMN
(μg/L)

AMD
(μg/L)

CYA (μg/L)
CYRO
(μg/L)

HMMM
(μg/L)

4 Surface water 0.69 <LOQ <LOQ <LOQ <LOQ <LOQ
5 Surface water 1.2 <LOQ <LOQ <LOQ <LOQ 1.6
6 Road run-off 0.71 <LOQ 1.3 12.0 <LOQ 0.74
7 Road run-off 0.49 <LOQ 2.1 5.9 <LOQ 0.77
8 WWTP effluent 3.0 <LOQ <LOQ 1.0 <LOQ 0.29
9 WWTP effluent 1.3 <LOQ <LOQ 1.1 <LOQ 0.18

10 WWTP influent 6.9 <LOQ <LOQ <LOQ <LOQ 0.23

4. Discussion

In this study, a sensitive and robust method for analysis of MEL; its derivatives
AMN, AMD, and CYA; and its potential precursors CYRO and HMMM was developed
and validated for various water matrices. Depending on the required sensitivity and
expected concentration ranges, samples can either be measured with direct injection or
after evaporation as analyte pre-concentration. Only HMMM, for which no isotope-labeled
IS is commercially available, should not be measured in wastewater with evaporation due
to the possibility of severe matrix effects, such as signal suppression.

Even with evaporation, sample preparation is more efficient in terms of required
time and material when compared to methods applying SPE. In addition, with a total
run-time of 10 min per sample for separation of all analytes, the chromatographic method
is fast while still achieving good sensitivity. Furthermore, the required volumes (1 mL for
direct injection; 10 mL for evaporation) are low compared to methods including SPE as
analyte pre-concentration, where usually between 20 and 100 mL is necessary to perform
both cation and anion exchange [29,32]. However, it is still recommended to collect at
least 50 mL of sample, if possible, to allow for repeated measurements including analyte
pre-concentration.

Several implications can be drawn from the conducted stability tests, guiding sampling
and sample transport strategies. The observed stability of all the analytes under the tested
conditions renders addition of stabilizers and sample cooling unnecessary. Still, samples
should not be exposed to temperatures above 25 ◦C and shielded from sunlight. Addition
of pH modifiers should also be avoided because both acidic and basic conditions can
facilitate transformation between MEL and its derivatives [24,36]. With all the tested
sample container materials (glass, PE, and PS) determined as suitable, sampling in PE or
PS containers is recommended to avoid glass breakage during sample transport. Samples
should be analyzed within 28 days after sampling to remain within the timeframe of
ascertained analyte stability.

During proof-of-concept measurements, MEL was found in all the surface water, road
run-off, and wastewater samples and additionally in one groundwater sample. These
results are in accordance with recent findings, showing almost ubiquitous occurrence of
MEL throughout the water cycle [28]. Releases to the aquatic environment may stem from
a variety of anthropogenic activities, including, among others, industrial discharges [28],
agricultural applications [30], traffic due to tire wear [37–39], laundry (dissolution of
wrinkle-proof substances in textiles [40]), concrete additives (superplasticizers [41,42]),
and use of MEL-containing household items [27]. In our study, the highest MEL concen-
tration was observed in the WWTP influent, with a concentration decrease towards the
effluent. Reduction in MEL concentrations by wastewater treatment has been previously
reported [29,43,44], with adsorption on activated sludge determined as a main removal
mechanism while microbial degradation was negligible [44]. However, various strains of
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bacteria are capable of degrading MEL finally into CO2 and ammonia [6,45,46]. In contrast,
other studies reported an increase in MEL concentrations in WWTPs [10,30]. These op-
posing results suggest the simultaneous occurrence of several degradation, formation, or
release processes, which have not yet been thoroughly investigated.

Of the three MEL derivatives, CYA occurred most abundantly during the proof-of-
concept measurements, which was also observed by Zhu and Kannan during measurement
of various water matrices in the United States [29]. This may either be due to MEL
transformation with CYA as final hydrolytic product or to a discharge by separate sources,
e.g., presence of CYA as an impurity in dishwashing detergents [26,29] or as an additive
in swimming pools [47]. Cyromazine was likely not detected in the measured samples
because of seasonal applications in agriculture [8]. The observed occurrence of HMMM in
wastewater, road run-off, and surface water has been previously reported [10,34,43]. In the
proof-of-concept study, all the samples with HMMM contained MEL and partially AMD
and CYA as well. While the number of samples measured as proof of concept during this
study is not sufficient to establish statistical correlations between the measured compounds,
these findings still suggest some connections. Consequently, in addition to contributing
to available monitoring data on MEL, the application of the developed method to various
water samples can also elucidate pathways and favoring conditions for transformation
of precursors to MEL or its hydrolysis products, which so far remain unclear. Especially
HMMM is of interest since it is frequently detected in the aquatic environment and has
usually not been included in analytical methods in addition to MEL and its derivatives.

In conclusion, the developed method with efficient sample preparation and sensitive
measurement of MEL, derivatives, and precursors is applicable to conduct large-scale stud-
ies and monitoring programs. The method adds novelty by covering both derivatives and
several potential precursors in addition to MEL, which has not been previously reported.
Thus, the method contributes to an improved understanding of MEL distribution in the
aquatic environment and its transformation in water resources and therefore to securing
water quality.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/analytica6030027/s1. Table S1: Details of tested SPE protocol
(adapted from [29]); Table S2: Sample information on proof-of-concept samples; Table S3: Limits
of detection for target analytes in different water matrices with direct injection and evaporation;
Table S4: Linearity (described by correlation coefficient r2 and linear equation) of target analytes for
direct injection and evaporation in the concentration range 0.5–10 × LOQ (corrected by IS, except
for HMMM); Table S5: Matrix effects of analytes at a concentration of 5 × LOQ for direct injection
and evaporation in matrices, surface water, WWTP effluent, and WWTP influent, compared to
drinking water (corrected by IS, except for HMMM); Table S6: Standard deviation of five replicate
measurements of analytes with concentrations of 5 × LOQ for direct injection and evaporation
(corrected by IS, except for HMMM); Figure S1: Results of stability tests (corrected by IS) of MEL
(top) and AMD (bottom) in the tested container materials glass (left), PE (middle), and PS (right)
at tested temperature conditions, room temperature (red), refrigerated (black), and frozen (blue).
The green area depicts a deviation of ±25% from the concentration measured at day 0; Figure S2:
Results of stability tests (corrected by IS) of AMN (top) and CYA (bottom) in the tested container
materials glass (left), PE (middle), and PS (right) at tested temperature conditions, room temperature
(red), refrigerated (black), and frozen (blue). The green area depicts a deviation of ±25% from the
concentration measured at day 0; Figure S3: Results of stability tests of CYRO (top; corrected by IS)
and HMMM (bottom) in the tested container materials glass (left), PE (middle), and PS (right) at
tested temperature conditions, room temperature (red), refrigerated (black), and frozen (blue). The
green area depicts a deviation of ±25% from the concentration measured at day 0.
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Abbreviations

The following abbreviations are used in this manuscript:

AMD Ammeline
AMN Ammelide
CE Collision energy
CXP Collision cell exit potential
CYA Cyanuric acid
CYRO Cyromazine
DAD Diode array detector
DP Declustering potential
ECHA European Chemicals Agency
GC Gas chromatography
EP Entrance potential
HMMM Hexa(methoxymethyl)melamine
HILIC Hydrophilic interaction liquid chromatography
HPLC High-performance liquid chromatography
IS Isotope-labeled internal standards
LOD Limit of detection
LOQ Limit of quantification
MEL Melamine
MS Mass spectrometry
MS/MS Tandem mass spectrometry
PE Polyethylene
PS Polystyrene
REACH Registration, evaluation, authorization, and restriction of chemicals
S/N Signal-to-noise ratio
SPE Solid-phase extraction
UV Ultraviolet detector
WWTP Wastewater treatment plant
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Abstract: Structural characterization of natural products in complex herbal extracts re-
mains a major challenge in phytochemical analysis. In this study, we present a novel
post-acquisition data-processing strategy—key ion diagnostics–neutral loss filtering (KID-
NLF)—combined with ultra-high-performance liquid chromatography–quadrupole time-
of-flight mass spectrometry (UPLC-Q/TOF-MS) for systematic profiling of the medicinal
plant Terminalia chebula. The strategy consists of four main steps. First, untargeted data
are acquired in negative electrospray ionization (ESI−) mode. Second, a genus-specific
diagnostic ion database is constructed by leveraging characteristic fragment ions (e.g.,
gallic acid, chebuloyl, and HHDP groups) and conserved substructures. Third, MS/MS
data are high-resolution filtered using key ion diagnostics and neutral loss patterns (302 Da
for HHDP; 320 Da for chebuloyl). Finally, structures are elucidated via detailed spec-
tral analysis. The methanol extract of T. chebula was separated on a C18 column using
a gradient of acetonitrile and 0.1% aqueous formic acid within 33 min. This separation
enabled detection of 164 compounds, of which 47 were reported for the first time. Based
on fragmentation pathways and diagnostic ions (e.g., m/z 169 for gallic acid, m/z 301 for
ellagic acid, and neutral losses of 152, 302, and 320 Da), the compounds were classified into
three major groups: gallic acid derivatives, ellagitannins (containing HHDP, chebuloyl, or
neochebuloyl moieties), and triterpenoid glycosides. KID-NLF overcomes key limitations of
conventional workflows—namely, isomer discrimination and detection of low-abundance
compounds—by exploiting genus-specific structural signatures. This strategy demonstrates
high efficiency in resolving complex polyphenolic and triterpenoid profiles and enables
rapid annotation of both known and novel metabolites. This study highlights KID-NLF as
a robust framework for phytochemical analysis in species with high chemical complexity.
It also paves the way for applications in quality control, drug discovery, and mechanistic
studies of medicinal plants.

Keywords: Terminalia chebula; key ion diagnostics; neutral loss filtering; untargeted mass
spectrometry; UPLC-Q-TOF/MS
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1. Introduction

The exploration of medicinal plants has gained significant momentum globally, driven
by their long-established therapeutic history and untapped potential for drug discovery. A
central aspect of this effort is the thorough analysis of the chemical composition of medicinal
plants, as their efficacy, safety, and quality are inherently tied to their phytochemical
profiles [1]. High-resolution mass spectrometry (HRMS), particularly when combined
with ultra-high-performance liquid chromatography (UPLC), has become a cornerstone
technology for analyzing complex plant extracts, facilitating the rapid identification of both
known and novel compounds [2]. However, some limitations remain. For instance, the peak
capacity is limited, making it challenging to fulfill the separation requirements of chemical
components in the complex systems of medicinal plants [3]. Traditional identification
strategies, which rely on chromatographic retention behavior and mass spectrometry
cleavage rules, are constrained by a limited number of reference substances and inadequate
structural coverage in dedicated databases [4].

Current strategies for LC-MS/MS data processing are typically classified into targeted
and untargeted approaches [5]. Targeted methods rely on predefined compound libraries
and fragmentation pathways, offering high specificity but limited capacity for discover-
ing novel compounds. In contrast, untargeted methods capture MS/MS spectra for all
detectable ions, providing a comprehensive chemical profile but resulting in large datasets
that require advanced post-acquisition processing. In recent years, feature-based molecular
networking (FBMN) [6] and ion identity molecular networking (IIMN) have enhanced
metabolite grouping by integrating retention time and admixture data [7]. Additionally,
tools such as SIRIUS 5, powered by deep learning, have increased annotation accuracy
through fragment tree calculations [8]. However, these general strategies remain inade-
quate for highly specific structures. These include excimer ion matching errors, automatic
matching of endogenous cleavage fragments to other components, and the low recognition
accuracy of complex additive ions [9].

Terminalia chebula, known as the “king of Tibetan medicine”, has been used for thou-
sands of years in traditional Chinese and Ayurvedic medicine [10]. T. chebula is used in the
treatment of asthma, bronchitis, hepatitis, dyspepsia, eye diseases, and hoarseness and to
promote hair growth [11]. The flesh of the plant has been used to treat diarrhea, leprosy,
and edema [12]. It improves appetite, reduces cholesterol and blood pressure, strengthens
the immune system, prevents aging, and enhances resistance to infections [13]. In clinical
practice, the therapeutic effects of specific preparations can be tailored to treat various
diseases and optimized by combining them based on distinct cold and heat symptoms [14].
T. chebula contains a diverse array of chemical constituents, primarily including phenolic
acids, tannins, triterpenoids, and flavonoids [15]. In T. chebula, 33% of the total phyto-
constituents are hydrolysable tannins, with variation between 20 and 50%. These tannins
contain phenolic carboxylic acids such as gallic acid, as well as gallotannins. Ellagitannins
including punacalagin, casuarinin, corilagin, and terchebulin as well as others such as
chebulanin, neochebulinic, chebulagic, and chebulinic acids are also present [16]. However,
the chemical complexity of T. chebula poses a unique analytical challenge. Its ellagic tannins
often contain multiple configurations, including HHDP, chebulyl, or neochebulyl groups.
Numerous isomers with the same molecular weight exist, and their fragment pathways are
complex. Most components still lack systematic annotation, which significantly hinders the
establishment of quality control standards and the investigation of the material basis for its
efficacy. Therefore, addressing the challenge of component analysis in T. chebula can reveal
the chemical nature of its therapeutic potential and offer insights into the metabolomic
analysis of similar complex plants.
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To overcome the above limitations, combined with the additive ions that are easily
formed by the T. chebula components and the characteristic fragments, key ion diagnostics–
neutral loss filtering (KID-NLF) is presented: a post-acquisition data processing approach
that leverages characteristic fragment ions and neutral loss patterns of target compounds.
KID-NLF constructs a genus-specific diagnostic ion database based on known T. chebula
metabolites and their fragmentation profiles. This enables the prioritization of structurally
relevant ions in complex, untargeted MS/MS data, thereby improving both the speed and
accuracy of compound identification. The approach consists of two key components: (1) key
ion diagnosis (KID), which utilizes high-resolution MS/MS data to identify diagnostic
fragment ions specific to gallic acid derivatives, ellagitannins, and triterpenoids; and
(2) neutral loss filtering (NLF), which systematically detects characteristic mass losses (e.g.,
302 Da for HHDP, 320 Da for chebuloyl) to isolate structurally related compounds. This
approach addresses challenges in isomer discrimination and low-abundance compound
detection by exploiting the unique structural signatures of T. chebula constituents. It offers
a robust framework for profiling even the most complex plant extracts.

In this study, KID-NLF was applied to analyze methanol extracts of T. chebula us-
ing UPLC-Q/TOF-MS. The method enabled the rapid identification of 164 compounds,
47 of which are newly reported. KID-NLF overcomes limitations of existing workflows by
combining targeted fragmentation analysis with genus-specific database curation. This
provides a transformative strategy for phytochemical profiling, especially in species rich in
polyphenols and triterpenoids. The strategy enhances understanding of T. chebula’s chemi-
cal diversity and provides a scalable framework for quality control and drug discovery in
medicinal plant research.

2. Results and Discussion

2.1. Research Strategy

Despite observing only a few major peaks in the UHPLC/UV analysis of T. chebula,
the enlarged chromatogram revealed numerous minor compounds (Figure 1). To conduct a
comprehensive analysis of these compounds, a 70% methanol extract was examined using
UPLC-Q-TOF/MS in a non-targeted method (without specifying the parent ion). Operating
in (—)-ESI mode, the analysis detected numerous compounds, facilitating the acquisition
of key quasi-molecular ions with enhanced sensitivity. During the scan, all parent ions
underwent analysis in MSE mode at a collision energy ranging from 20 to 40 eV. Using
these settings, satisfactory secondary mass spectrometry data were obtained.

Subsequently, the data underwent processing using targeted KID-NLF efficiently iden-
tifying the parent ion and its respective daughter ion structure. The fundamental structure
of T. chebula compounds, gallic acid, features similar skeletons and substitution patterns
that facilitate the generation of KID and NLF in MS/MS spectra. KID-NLF were identified
from the MS/MS spectra of reference substances, leading to the creation of a database
cataloguing ions related to all reported Terminalia compound structures. High-resolution
KID were next extracted via UNIFI software (Version 1.9) for MS diagnosis and MS/MS
spectral data filtering, achieving rapid and efficient structural identification. Ultimately,
further determination of the identified compounds’ structures was accomplished through
in-depth analysis of their high-resolution MS and MS/MS spectra.
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Figure 1. UHPLC/UV chromatograms of Terminalia chebula extract (254 nm).

In summary, the analytical strategy comprises four key steps: (1) acquisition of high-
resolution MS and MS/MS data via UPLC-Q-TOF/MS; (2) creation of a diagnostic ion
database informed by MS/MS fragments, similar skeletons, and substitution patterns of
reported T. chebula compounds; (3) identification of precursor ions and significant fragments
using high-resolution diagnostic ions and neutral loss filtering; and (4) further elucidation
of target compound structures through detailed MS and MS/MS spectral analysis (Figure 2).
According to the KID-NLF strategy, a total of 164 components were identified (Figure 3).
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Figure 2. Construction of key ion database (A) and the identification of 164 chemical constituents in
T. chebula using the KID-NLF strategy (B). The red dashed box marks components compliant with the
KID strategy, the purple dashed box denotes those not only adhering to the KID strategy but also
aligning with the NLF rules.
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Figure 3. The representative base peak intensity (BPI) chromatogram of T. chebula in negative ion
mode. The box and arrow denote the enlarged section.

2.2. Establishing a Diagnostic Ion Database

The process for establishing the database is illustrated in Figure 2A. Initially, the litera-
ture was reviewed to summarize and classify T. chebula compounds into three main struc-
tural types: gallic acid and its derivatives, ellagic acid and its derivatives, and terpenoids.
Subsequently, characteristic diagnostic ions were identified for each type of compound.

For gallic acid and its derivatives, diagnosis involved identifying quasi-molecular
ions, including [M–2H]2− and [M–H]− ions. These compounds frequently feature multiple
galloyl groups or exhibit neutral loss of gallic acid, resulting in ions such as [M–H–152]−

and [M–H–170]−. Consequently, the accurate masses of [M–H–152]−, [M–H–170]−, and
potential derivatives were utilized to develop a diagnostic ion database.
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T. chebula contains ellagic acid and its derivatives, typically comprising HHDP (302 Da),
chebuloyl (320 Da), neoche (338 Da), THDP (292 Da), DHHDP (318 Da), flavgallonyl (452
Da), and Gallagyl (602 Da) groups. These groups form complex combinations, possibly
including HHDP alongside groups such as chebuloyl, neoche, THDP, DHHDP, Gallagyl, or
flavgallonyl (Figure 4). In a similar manner, a diagnostic ion database for T. chebula ellagic
acid compounds was created using the accurate masses of potential derivatives.

Figure 4. The main neutral loss fragment in T. chebula.

Terpenoids typically yield abundant deprotonated molecular ions [M–H]− in the pri-
mary mass spectrometer, with some compounds also producing [2M–H]− ions. Terpenoids
in T. chebula commonly attach to sugar groups like glucose (Glc), galloyl, and glucoheptonic
acid via various substitution methods. Aglycone fragments, which are relatively stable,
typically lose sugar and galloyl segments (152 Da, 162 Da, 208 Da) under standard voltage.
Analysis of terpenoid cleavage fragments reveals two primary types of aglycones, 503 Da
and 487 Da, each with various configurations. Ultimately, the diagnostic ion database for T.
chebula terpenoids was developed using the accurate masses of potential sugar derivatives.

2.3. Chemical Composition Analysis of T. chebula by Key Ion Diagnostics and Neutral Loss
Filtering Using UPLC-Q-TOF/MS

Mass spectrometry analysis of gallic tannin or glucose gallate frequently reveals the
neutral loss of multiple galloyl groups and gallic esters, as evidenced by the observation
of fragments such as [M–H–152]− and [M–H–170]−. These characteristic neutral loss
fragments serve as valuable indicators for deducing the molecular structure. Additionally,
the primary mass spectrum typically displays high-intensity [M–2H]2− peaks for macro-
molecular components containing multiple galloyl groups, while derivatives with fewer
galloyl groups primarily generate [M–H]− or [M+HCOO]− adduct ions. However, mis-
interpretation may occur wherein the [M–2H]2− peak is incorrectly identified as [M–H]−,
leading to the misidentification of the true [M–H]− peak as [2M–H]−. To mitigate the
potential for such misjudgments, the secondary mass spectrum is generally employed for
confirmation. A comparative analysis of the primary and secondary mass spectra reveals
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that fragments exhibiting higher intensity in the primary mass spectrum often disappear
in the secondary mass spectrum, indicating their status as [M–2H]2− characteristic peaks.
Concurrently, fragments that exhibit reduced intensity in the secondary mass spectrum can
be more reliably assigned as [M–H]−. This analytical approach significantly enhances the
reliability of structural analysis for the target compound by effectively reducing the risk of
misidentification.

By using the UPLC-Q-TOF/MS instrument, (Waters Corp., Manchester, UK) the
T. chebula extract could be analyzed within 33 min, and the data were processed by KID-
NLF. As a result, a total of 164 compounds were rapidly identified (Figures 2 and 3 and
Table 1). They could be divided into three groups according to their structural types and
MS/MS fragmentation pathways.

Table 1. Characterization of chemical constituents in T. chebula by UPLC-Q-TOF/MS. (a Isolated
from T. chebula previously; b not isolated from T. chebula previously; c a newly discovered ingredient.
♠ Gallic acid derivatives; ♣ ellagitannins; � triterpenoids; � others. * Identified by reference standards;
# MS/MS self-built library matching. In MS/MS fragment ions, bold characters with horizontal lines
are KID, and bold characters only are NLF.).

No. Identification Formula tR (min)
Experimental

(m/z)
Adducts

Error
(ppm)

MS/MS Fragment Ions (m/z)

1 b,#,♠ 3-O-galloyl-
glucose [17] C13H16O10 0.71 331.0662 [M–H]− −0.9 663.1391, 271.0435, 211.0234,

169.0134, 125.0235

2 a,*,� Shikimic
acid [18] C7H10O5 0.75 173.0445 [M–H]− −2.9 155.0342, 137.0235, 93.0341

3 a,#,♣ Neochebulic
acid [19] C14H12O11 0.76 355.0298 [M–H]− −0.8 711.0679, 337.0191, 293.0295,

249.0401, 205.0497−

4 a,#,♣ Chebulic
acid [20] C14H12O11 0.93 355.0303 [M–H]− 0.6 711.0682, 337.0194, 293.0297,

249.0402, 205.0501−

5 b,#,♠ 3-galloylquinic
acid [21] C14H16O10 1.05 343.0661 [M–H]− −1.2 389.0355, 191.0572, 169.0141,

125.0240

6 a,#,♠ 1-O-galloyl-
glucose [22] C13H16O10 1.17 331.0665 [M–H]− 0.0 663.1403, 271.0457−, 211.0239,

169.0140, 125.0238

7 a,#,♠ 6-O-galloyl-
glucose [20] C13H16O10 1.38 331.0666 [M–H]− 0.3 663.1408, 271.0455, 211.0244,

169.0135, 125.0238
8 a,*,♠ Gallic acid [22] C7H6O5 1.53 169.0139 [M–H]− 1.2 125.0238

9 a,#,♠ 2-O-galloyl-
glucose [23] C13H16O10 1.55 331.0665 [M–H]− 0.0 663.1407, 271.0455, 211.0244,

169.0134, 125.0236

10 a,#,♣ Gemin D [20] C27H22O18 1.59 633.0726 [M–H]− −0.3 463.0544, 300.9984, 275.0194,
169.0135, 125.0234

11 b,#,♠ 5-galloylquinic
acid [21] C14H16O10 1.72 343.0662 [M–H]− −0.9 389.0356, 191.0542, 169.0138,

125.0236

12 a,#,♣ Isochebulic
acid [19] C14H12O11 1.78 355.0299 [M–H]− −0.6 711.0686, 337.0196, 293.0303,

249.0401, 205.0499
13 a,#,♣ Punicalin α [24] C34H22O22 1.78 781.0529 [M–H]− 0.6 600.9893, 448.9792, 300.9988

14 a,#,♣ Punicalin β [24] C34H22O22 1.85 781.0524 [M–H]− −0.4 600.9888, 448.9778, 300.9974

15 a,#,♠ 4-O-galloyl-
glucose [23] C13H16O10 1.88 331.06663 [M–H]− −0.6 663.1405, 271.0455, 211.0242,

169.0132, 125.0232

16 b,#,�
Caffeic acid

3,4-O-Di
glucuronide [25]

C21H24O16 1.93 531.0993 [M–H]− 1.3 1063.2059, 355.0307, 337.0200,
179.0710, 161.0603, 135.0446

17 b,#,♠ 4-galloylquinic
acid [21] C14H16O10 2.19 343.0665 [M–H]− 0 709.0888, 687.1402, 389.0350,

191.0535, 169.0132, 125.0238

18 b,#,♣ Isostrictinin [26] C27H22O18 2.19 633.0728 [M–H]− 0.2 463.0517, 300.9981, 275.0190,
169.0136, 125.0235

19 a,#,♣ Punicacortein
C [20] C48H28O30 2.33 1083.0585 [M–H]− −0.2

541.0242, 1065.0491, 1021.0580,
600.9891, 499.0722, 300.9983,

169.0136, 125.0235
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Table 1. Cont.

No. Identification Formula tR (min)
Experimental

(m/z)
Adducts

Error
(ppm)

MS/MS Fragment Ions
(m/z)

20 a,#,♣ Punicacortein
D [20] C48H28O30 2.52 1083.0599 [M–H]− 1.1

541.0250, 1065.0491,
1021.0573, 600.9891,

499.0722, 300.9983, 169.0136,
125.0235

21 a,#,♣ 7′-O-methyl
chebulate [20] C15H14O11 2.57 369.0460 [M–H]− 0.5 739.1009, 351.0338, 325.0563,

307.0460

22 a,#,♠
4-O-galloyl-

shikimic
acid [20]

C14H14O9 2.74 325.0557 [M–H]− −0.9
651.1190, 307.0451−,

173.0440, 169.0136, 155.0342,
125.0235

23 a,#,♠ 1,4-di-O-galloyl-
β-D-glucose [23] C20H20O14 2.78 483.0778 [M–H]− 0.6

967.1592, 331.0670, 313.0560,
211.0242, 193.0137, 169.0135,

125.0234

24 a,#,♣ Chebumeinin
A [27] C27H26O20 2.78 669.0943 [M–H]− 0.6

691.0753, 517.0834, 499.0733,
337.0200, 293.0300, 249.0397,

205.0500

25 a,#,♠
5-O-galloyl-

shikimic
acid [20]

C14H14O9 2.92 325.0559 [M–H]− −0.3 651.1192, 307.0451, 173.0440,
169.0136, 155.0342, 125.0235

26 a,#,♠
3-O-galloyl-

shikimic
acid [20]

C14H14O9 3.04 325.0559 [M–H]− −0.3
651.1185, 307.0451−,

173.0440, 169.0136, 155.0342,
125.0235

27 a,#,♣ Chebumeinin
B [27] C27H26O20 3.21 669.0939 [M–H]− 0.0

691.0773, 517.0753, 499.0724,
337.0219, 293.0300, 249.0402,

205.0500

28 a,#,♣ 6′-O-methyl
chebulate [20] C15H14O11 3.45 369.0453 [M–H]− −1.4 739.0991, 351.0316, 325.0558,

307.0438

29 a,#,♣ Valoneic acid
dilactone [28] C21H10O13 3.57 469.0050 [M–H]− −0.6

939.0164, 425.0144, 407.0038,
300.9969, 299.9902, 169.0137,

125.0237

30 a,#,♠ 2,4-di-O-galloyl-
β-D-glucose [29] C20H20O14 3.77 483.0780 [M–H]− 1.0

967.1611, 331.0666, 313.0543,
211.0245, 193.0131, 169.0134,

125.0236

31 a,*,♣ Punicalagin
α [20] C48H28O30 3.84 1083.0583 [M–H]− −0.4 541.0252, 781.0526, 600.9891,

300.9983, 169.0136, 125.0235

32 b,#,♠ 3,4-di-O-galloyl-
β-D-glucose [30] C20H20O14 3.92 483.0771 [M–H]− −0.8

967.1619, 331.0651, 313.0544,
271.0446, 211.0243, 193.0128,

169.0134, 125.0235

33 a,#,♣ Phyllanemblinin
D [24] C27H26O20 4.10 669.0940 [M–H]− 0.1

691.0770, 517.0822, 499.0734,
337.0210, 293.0293, 249.0396,

205.0501

34 b,#,♣ Rhoipteleanin
G [31] C48H30O30 4.39 1085.0745 [M–H]− 0.1 542.0319, 783.0687, 631.0569,

450.9943, 300.9985

35 a,#,♣ Phyllanemblinin
F [20] C27H26O20 4.45 669.0939 [M–H]− 0.0 691.0776, 499.0734, 337.0196,

293.0295, 249.0397, 205.0500

36 a,#,♠ 2,6-di-O-galloyl-
β-D-glucose [32] C20H20O14 4.59 483.0778 [M–H]− 0.6

967.1616, 331.0658, 313.0567,
271.0459, 211.0241, 193.0138,

169.0134, 125.0239

37 a,#,♠ 4,6-di-O-galloyl-
β-D-glucose [23] C20H20O14 4.92 483.0776 [M–H]− 0.2

967.1622, 331.0672, 313.0565,
271.0455, 211.0243, 193.0134,

169.0134, 125.0236

38 a,#,♣ Strictinin [26] C27H22O18 5.08 633.0728 [M–H]− 0.0 463.0482, 300.9982, 275.0190,
169.0135, 125.0237

39 a,#,♠ Methyl
gallate [20] C8H8O5 5.41 183.0290 [M–H]− −1.6 169.0134, 168.0053, 125.0230,

124.0160

40 b,#,♠ 1,2-di-O-galloyl-
β-D-glucose [33] C20H20O14 5.69 483.0776 [M–H]− 0.2

967.1614, 331.0665, 313.0554,
271.0451, 211.0243, 193.0136,

169.0134, 125.0237
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41 a,#,♠ 2,3-di-O-galloyl-
β-D-glucose [23] C20H20O14 6.01 483.0776 [M–H]− 0.2

967.1624, 331.0657, 313.0558,
271.0454, 211.0242, 193.0136,

169.0133, 125.0237

42 a,#,♣ Phyllanemblinin
E [20] C27H26O20 6.23 669.0933 [M–H]− −0.9 691.0761, 499.0725, 337.0203,

293.0300, 249.0397, 205.0497

43 a,*,♣ Punicalagin
β [20] C48H28O30 6.43 1083.0586 [M–H]− −0.1 541.0252, 781.0526, 600.9891,

300.9983, 169.0136

44 a,#,♠ 1,6-di-O-galloyl-
β-D-glucose [20] C20H20O14 6.79 483.0780 [M–H]− 1.0

967.1631, 331.0668, 313.0558,
271.0455, 211.0242, 193.0136,

169.0134, 125.0237

45 a,#,♠ 3,6-di-O-galloyl-
β-D-glucose [20] C20H20O14 7.21 483.0782 [M–H]− 1.4

967.1636, 331.0666, 313.0560,
271.0458, 211.0243, 169.0135,

125.0238

46 a,#,♣ Terflavin a [20] C48H30O30 7.73 1085.0756 [M–H]− 1.1 542.0331, 783.0696, 631.0578,
450.9946, 300.9987

47 a,#,�
Brevifolin
carboxylic
acid [20]

C13H8O8 7.73 291.0145 [M–H]− 1.4 337.0199, 247.0232, 203.0342

48 a,#,♠
3,4-di-O-

galloylshikimic
acid [29]

C21H18O13 8.03 477.0672 [M–H]− 0.6 499.0485, 325.0577, 307.0452,
169.0135, 137.0237, 125.0238

49 a,#,♠ 1,3-di-O-galloyl-
β-D-glucose [32] C20H20O14 8.21 483.0777 [M–H]− 0.4

967.1615, 331.0655, 313.0557,
271.0454, 211.0240, 169.0136,

125.0237

50 b,#,♣ Hippomanin
A [34] C27H22O18 8.35 633.0732 [M–H]− 0.6 463.0542, 300.9984, 275.0194,

169.0138, 125.0237

51 b,#,♠
1,2,4-tri-O-

galloyl-β-D-
glucose [35]

C27H24O18 8.57 635.0885 [M–H]− 0.2
317.0391, 657.0715, 483.0771,
465.0676, 313.0557, 295.0457,

169.0135, 125.0235

52 a,#,♣ Amlaic acid [32] C27H24O19 9.48 651.0836 [M–H]− 0.3
325.0374, 633.0739, 481.0624,
337.0210, 319.0083, 275.0190,

169.0135

53 a,#,♣

Methyl
neochebu-

lanin [20](4-O-
methyl

neochebulate-1-
O-galloyl-
glucose)

C28H28O20 9.48 683.1100 [M–H]− 0.6
705.0916, 341.0500, 513.0892,
351.0351, 307.0457, 263.0559,

219.0293, 204.0395,

54 b,#,� Phelligridin
J [36] C13H6O8 9.98 288.9984 [M–H]− 1.4 245.0086

55 b,#,♠
1,3,4-tri-O-

galloyl-β-D-
glucose [37]

C27H24O18 10.19 635.0891 [M–H]− 1.1
657.0726, 317.0398, 483.0783,
465.0667, 313.0562, 295.0447,

169.0134, 125.0237

56 c,♣
2-O-methyl

neochebulate-1-
O-galloyl-

glucose

C28H28O20 10.48 683.1098 [M–H]− 0.3
705.0890, 341.0493, 513.0911,
351.0357, 307.0466, 263.0541,

219.0296, 204.0395

57 a,#,♠
1,2,6-tri-O-

galloyl-β-D-
glucose [23]

C27H24O18 10.90 635.0886 [M–H]− 0.3
657.0710, 317.0399, 483.0784,
465.0669, 313.0558, 295.0454,

169.0134, 125.0239

58 b,#,♣ Carpinusnin [38] C41H34O29 11.10 989.1116 [M–H]− 0.8 494.0514, 651.0831, 481.0624,
337.0194

59 a,#,♣ Tercatain [20] C34H26O22 11.56 785.0833 [M–H]− −0.5
807.0775, 392.0367, 615.0608,
483.0765, 463.0505, 445.0401,

300.9980

60 a,#,♠
3,4,6-tri-O-

galloyl-β-D-
glucose [20]

C27H24O18 11.69 635.0884 [M–H]− 0
657.0705, 317.0396, 483.0775,
465.0668, 313.0557, 295.0449,

169.0133, 125.0237
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61 b,#,♠
3,5-di-O-

galloylshikimic
acid [39]

C21H18O13 11.92 477.0671 [M–H]− 0.4 499.0492, 325.0577, 307.0466,
169.0133, 137.0235, 125.0236

62 a,#,♣ Chebulanin [20] C27H24O19 12.17 651.0833 [M–H]− −0.2
325.0369, 633.0728, 481.0620,
337.0202, 319.0089, 275.0195,

169.0136, 125.0236

63 c,♣
6-O-methyl

neochebulate-1-
O-galloyl-

glucose

C28H28O20 12.17 683.1091 [M–H]− −0.7
705.0886, 341.0510, 513.0881,
351.0343, 307.0459, 263.0560,

219.0291, 204.0392

64 c,♣
4-galloyl-6-

neochebuloyl-
2,3-HHDP-

glucose

C41H32O28 12.17 971.1006 [M–H]− 0.4

485.0460, 953.0898, 935.0793,
801.0782, 669.0914, 633.0727,
499.0726, 463.0513, 337.0202,

300.9981

65 b,#,♠
4,5-di-O-

galloylshikimic
acid [39]

C21H18O13 12.89 477.0672 [M–H]− 0.6 499.0485, 325.0577, 307.0452,
169.0135, 137.0237, 125.0238

66 c,♣
3-O-methyl

neochebulate-1-
O-galloyl-

glucose

C28H28O20 13.02 683.1088 [M–H]− −1.2
705.0922, 341.0499, 513.0967,
351.0341, 307.0438, 263.0558,

219.0274, 204.0385

67 c,♣
1-galloyl-2-

neochebuloyl-
4,6-HHDP-

glucose

C41H32O28 13.29 971.1009 [M–H]− 0.7

485.0450, 953.0893, 935.0793,
801.0742, 669.0939, 633.0729,
499.0729, 463.0508, 337.0195,

300.9981

68 a,#,♣ Tellimagrandin
I [20] C34H26O22 13.32 785.0848 [M–H]− 1.4

807.0668, 392.0373, 633.0729,
483.0779, 463.0504, 445.0413,

300.9980

69 a,#,� Urolithin M5 [40] C13H8O7 13.32 275.0195 [M–H]− 1.1 551.0461, 257.0085, 229.0139,
201.0183

70 c,♣
1-galloyl-3-

neochebuloyl-
4,6-HHDP-

glucose

C41H32O28 13.67 971.1014 [M–H]− 1.2

485.0457, 953.0887, 935.0786,
801.0779, 669.0923, 633.0719,
499.0723, 463.0506, 337.0191,

300.9980

71 a,*,♣ Corilagin [20] C27H22O18 14.07 633.0724 [M–H]− −0.6 463.0514, 300.9985, 275.0189,
169.0135, 125.0235

72 a,#,♠
1,4,6-tri-O-

galloyl-β-D-
glucose [23]

C27H24O18 15.17 635.0880 [M–H]− −0.6
317.0391, 657.0696, 483.0782,
465.0675, 313.0558, 295.0453,

169.0134, 125.0236

73 b,#,♠
2,3,4-tri-O-

galloyl-β-D-
glucose [41]

C27H24O18 15.71 635.0881 [M–H]− −0.5
317.0393, 657.0696, 483.0773,
465.0668, 313.0555, 295.0451,

169.0133, 125.0238

74 c,♣
1-galloyl-2-

neochebuloyl-
3,6-HHDP-

glucose

C41H32O28 15.96 971.1000 [M–H]− −0.2

485.0450, 953.0904, 935.0748,
801.0808, 669.1053, 633.0721,
499.0756, 463.0502, 337.0193,

300.9983

75 b,#,♠
2,4,6-tri-O-

galloyl-β-D-
glucose [42]

C27H24O18 16.16 635.0881 [M–H]− −0.5
317.0395, 657.0709, 483.0776,
465.0690, 313.0558, 295.0443,

169.0134, 125.0240

76 b,#,♣
1,3-di-O-galloyl-

4,6-HHDP-
glucose [43]

C34H26O22 16.25 785.0848 [M–H]− 1.4
807.0668, 392.0373, 633.0729,
483.0779, 463.0504, 445.0413,

300.9980

77 a,#,♠
1,3,6-tri-O-

galloyl-β-D-
glucose [22]

C27H24O18 16.68 635.0872 [M–H]− −1.9
317.0391, 657.0693, 483.0772,
465.0667, 313.0555, 295.0449,

169.0134, 125.0234

78 a,#,♣
1,3-di-O-galloyl-
2,4-chebuloyl-D-

glucose [44]
C34H28O23 17.10 803.0942 [M–H]− −0.1

825.0756, 401.0424, 785.0836,
633.0723, 589.0815,533.0569,

483.0198, 313.0563

184
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79 a,#,♣

Neochebulagic
acid [20](1-
galloyl-4-

neochebuloyl-
3,6-HHDP-

glucose)

C41H32O28 17.57 971.0999 [M–H]− −0.3

485.0457, 953.0826, 935.0793,
801.0682, 669.1024, 633.0735,
499.0777, 463.0483, 337.0194,

300.9984

80 a,#,♠
1,2,3,6-tetra-O-

galloyl-β-D-
glucose [20]

C34H28O22 17.62 787.0999 [M–H]− 0.6
809.0811, 393.0450, 635.0889,
617.0783, 483.0782, 465.0676,
447.0562, 313.0555, 295.0450

81 a,#,♣ Tellimagrandin
II [18] C41H30O26 17.82 937.0959 [M–H]− 1.3 468.0425, 767.0801, 635.0894,

465.0661, 313.0561, 300.9982

82 b,#,♠
2,3,6-tri-O-

galloyl-β-D-
glucose [35]

C27H24O18 17.97 635.0879 [M–H]− −0.8
317.0401, 657.0699, 483.0765,
465.0678, 313.0568, 295.0454,

169.0136, 125.0237

83 c,♣
1,2,3-tri-O-
galloyl-4-

neochebuloyl-D-
glucose

C41H34O28 18.15 973.1159 [M–H]− 0.1
486.0532, 803.0942, 635.0881,
633.0729, 483.0779, 465.0667,
463.0511, 337.0193, 300.9985

84 a,#,♣ Terchebulin [45] C48H28O30 19.00 1083.0604 [M–H]− 1.6
541.0252, 781.0580, 600.9910,
448.9790, 300.9985, 169.0136,

125.0236

85 a,#,♠
1,2,3-tri-O-

galloyl-β-D-
glucose [23]

C27H24O18 19.24 635.0880 [M–H]− −0.6
657.0691, 317.0393, 483.0773,
465.0668, 313.0558, 295.0443,

169.0133, 125.0238

86 c,♣
1-O-galloyl-3,4-
chebuloyl-2,6-

HHDP-D-
glucose

C41H30O27 19.65 953.0919 [M–H]− 2.4

476.0416, 783.0739, 651.0840,
633.0735, 481.0611, 463.0504,
337.0199, 331.0665, 319.0095,

300.9988

87 c,♣
1-galloyl-4-

neochebuloyl-
2,3-HHDP-

glucose

C41H32O28 19.92 971.1003 [M–H]− 0.1

485.0459, 953.0898, 935.0773,
801.0789, 669.0975, 633.0717,
499.0704, 463.0513, 337.0197,

300.9984

88 a,*,♣ Ellagic acid [20] C14H6O8 20.04 300.9987 [M–H]− 1.0
283.9958, 257.0087, 229.0122,
201.0182, 185.0236, 173.0223,

145.0288, 117.0326

89 c,♣
1-O-galloyl-3,4-

THDP-2,6-
HHDP-D-
glucose

C40H30O26 20.13 925.0954 [M–H]− 0.8 462.0426, 773.0887, 755.0728,
633.0735, 463.0518, 300.9986

90 c,♣
1-O-galloyl-3,6-
chebuloyl-2,4-

HHDP-D-
glucose

C41H30O27 20.27 953.0895 [M–H]− −0.1

476.0406, 783.0743, 651.0848,
633.0744, 481.0629, 463.0519,
337.0198, 331.0643, 319.0092,

300.9991

91 b,#,♣ Punicafolin [38] C41H30O26 20.29 937.0961 [M–H]− 1.5 468.0435, 767.0743, 635.0884,
465.0688, 313.0545, 300.9987

92 c,♣
1,6-di-O-galloyl-
2,4-chebuloyl-D-

glucose
C34H28O23 20.37 803.0957 [M–H]− 1.7

401.0431, 825.0756, 785,0836,
633.0723, 589.0815, 533.0569,

483.0198, 313.0563

93 b,#,♣ Phyllantusiin
C [30] C40H30O26 20.37 925.0955 [M–H]− −0.3 462.0449, 773.0849, 755.0762,

633.0731, 463.0514, 300.9985

94 a,♣
1,3,6-tri-O-
galloyl-4-

neochebuloyl-D-
glucose [29]

C41H34O28 20.50 973.1162 [M–H]− 0.4
486.0536, 803.0956, 635.0879,
633.0724, 483.0755, 465.0685,
463.0514, 337.0192, 300.9984

95 c,♣
1-O-galloyl-4,6-
chebuloyl-2,3-

HHDP-D-
glucose

C41H30O27 20.60 953.0893 [M–H]− −0.3

476.0412, 783.0712, 651.0827,
633.0726, 481.0653, 463.0526,
337.0191, 331.0658, 319.0093,

300.9987

185
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96 c,♣
1-O-galloyl-3,6-

THDP-2,4-
HHDP-D-
glucose

C40H30O26 20.77 925.0959 [M–H]− 1.3 462.0430, 773.0862, 755.0744,
633.0735, 463.0521, 300.9988

97 b,#,♣ Davidiin [46] C41H30O26 20.86 937.0964 [M–H]− 1.8 468.0435, 767.0731, 635.0885,
465.0673, 313.0563, 300.9987

98 c,♣
3,6-di-O-galloyl-
2,4-chebuloyl-D-

glucose
C34H28O23 20.90 803.0961 [M–H]− 2.2

825.0776, 401.0432, 785.0864,
633.0743, 589.0851, 533.0582,

483.0163, 313.0558

99 c,♠
3,4,5-tri-O-

galloyl shikimic
acid

C28H22O18 20.90 629.0789 [M–H]− 1.6 477.0655, 459.0561, 325.0501,
307.0443, 289.0357, 169.0138

100 c,♣
1,2,6-tri-O-
galloyl-4-

neochebuloyl-D-
glucose

C41H34O28 20.94 973.1168 [M–H]− 1.0
486.0546, 803.0958, 635.0894,
633.0729, 483.0772, 465.0677,
463.0529, 337.0198, 300.9986

101 c,♣
2-galloyl-3-

neochebuloyl-
4,6-HHDP-

glucose

C41H32O28 20.94 971.1013 [M–H]− 1.1

485.0463, 953.0900, 935.0801,
801.0813, 669.0943, 633.0731,
499.0749, 463.0515, 337.0198,

300.9986

102 a,#,♣ Eschweilenol
C [20] C20H16O12 21.01 447.0573 [M–H]− 2.0 895.1224, 300.9984

103 c,♣
1-O-galloyl-4,6-

THDP-2,3-
HHDP-D-
glucose

C40H30O26 21.07 925.0956 [M–H]− 1.0 462.0424, 773.0867, 755.0684,
633.0731, 463.0518, 300.9983

104 c,♣
1,3,4-tri-O-
galloyl-2,6-

HHDP-glucose
C41H30O26 21.10 937.0964 [M–H]− 1.8 468.0437, 767.0753, 635.0886,

465.0679, 313.0557, 300.9991

105 a,*,♣ Chebulagic
acid [22] C41H30O27 21.15 953.0896 [M–H]− 1.7

476.0415, 783.0693, 651.0840,
633.0735, 481.0627, 463.0518,
337.0198, 331.0667, 319.0092,

300.9990

106 c,♣
2,3,6-tri-O-
galloyl-4-

neochebuloyl-D-
glucose

C41H34O28 21.29 973.1172 [M–H]− 1.4

486.0541, 803.0955, 635.0891,
633.07235, 483.0763,

465.0677, 463.0523, 337.0198,
300.9992

107 b,#,♣ Pterocarinin
C [47] C41H30O26 21.34 937.0959 [M–H]− 1.3 468.0432, 767.0742, 635.0887,

465.0670, 313.0559, 300.9989

108 a,#,♠
1,2,3,4-tetra-O-

galloyl-β-D-
glucose [23]

C34H28O22 21.35 787.0999 [M–H]− 0.6
809.0834, 393.0457, 635.0889,
617.0782, 483.0770, 465.0676,
447.0555, 313.0556, 295.0450

109 c,♣
1-galloyl-6-

neochebuloyl-
2,3-HHDP-

glucose

C41H32O28 21.39 971.1014 [M–H]− 1.2

485.0464, 953.0909, 935.0782,
801.0809, 669.1044, 633.0738,
499.0724, 463.0503, 337.0197,

300.9990

110 b,#,♣
1,6-di-O-galloyl-

2,3-HHDP-
glucose [48]

C34H26O22 21.47 785.0848 [M–H]− 1.4
807.0668, 392.0373, 633.0729,
483.0779, 463.0504, 445.0413,

300.9980

111 c,♣
1,2,3-tri-O-

galloyl-4-methyl
neochebuloyl-

glucose

C42H36O28 21.74 987.1318 [M–H]− 0.3 493.0620, 817.1097, 635.0881,
465.0668, 351.0352, 295.0450

112 a,#,♠
1,2,4,6-tetra-O-

galloyl-β-D-
glucose [23]

C34H28O22 21.85 787.0994 [M–H]− 0.0
809.0809, 393.0447, 635.0881,
617.0773, 483.0768, 465.0674,
447.0560, 313.0555, 295.0451

186
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113 a,#,♣

1-O-galloyl-3,6-
HHDP-4-6′

methyl
neochebuloyl-
glucose [49]

C42H34O28 21.94 985.1156 [M–H]− −0.2
492.0533, 815.0938, 683.0846,
633.0719, 513.0870, 463.0513,

351.0342, 300.9983

114 a,#,♠
1,3,4,6-tetra-O-

galloyl-β-D-
glucose [20]

C34H28O22 22.00 787.0995 [M–H]− 0.1
809.0819, 393.0447, 635.0874,
617.0775, 483.0771, 465.0668,
447.0558, 313.0556, 295.0449

115 c,♣

2-O-galloyl-3,6-
HHDP-4-6′

methyl
neochebuloyl-

glucose

C42H34O28 22.13 985.1154 [M–H]− −0.4
492.0534, 815.0939, 683.0846,
633.0718, 513.0867, 463.0512,

351.0346, 300.9983

116 c,♣
1-O-galloyl-2,3-

THDP-4,6-
HHDP-D-
glucose

C40H30O26 22.20 925.0941 [M–H]− −0.6 462.0423, 773.0825, 755.0762,
633.0716, 463.0508, 300.9982

117 a,#,♣
1,2-di-O-galloyl-

4,6-HHDP-
glucose [50]

C34H26O22 22.29 785.0833 [M–H]− −0.5
807.0775, 392.0367, 615.0608,
483.0765, 463.0505, 445.0401,

300.9980

118 c,♣
2-galloyl-4-

neochebuloyl-
3,6-HHDP-

glucose

C41H32O28 22.49 971.1006 [M–H]− 0.4

485.0472, 953.0893, 935.0806,
801.0945, 669.0826, 633.0731,
499.0716, 463.0505, 337.0193,

300.9982

119 c,♣
1-O-galloyl-2,6-
chebuloyl-3,4-

HHDP-D-
glucose

C41H30O27 22.65 953.0883 [M–H]− −1.4

476.0383, 783.0655, 651.0851,
633.0722, 481.0618, 463.0501,
337.0194, 331.0634, 319.0079,

300.9979

120 b,#,♠
2,3,4,6-tetra-O-

galloyl-β-D-
glucose [51]

C34H28O22 22.66 787.0986 [M–H]− −1.0
809.0819, 393.0447, 635.0871,
617.0767, 483.0764, 465.0662,
447.0559, 313.0554, 295.0446

121 c,♣
6-galloyl-4-

neochebuloyl-
2,3-HHDP-

glucose

C41H32O28 22.84 971.0999 [M–H]− −0.3

485.0458, 953.0894, 935.0800,
801.0879, 669.0791, 633.0726,
499.0721, 463.0498, 337.0190,

300.9981

122 c,♣
1,2,3-tri-O-
galloyl-4,6-

neochebuloyl-
glucose

C41H32O27 23.03 955.1048 [M–H]− −0.5 477.0480, 785.0828, 617.0756,
465.0661, 447.0555, 337.0194

123 c,♣
1-O-galloyl-2,3-
chebuloyl-4,6-

HHDP-D-
glucose

C41H30O27 23.76 953.0882 [M–H]− −1.5

476.0395, 783.0699, 651.0839,
633.0712, 481.0641, 463.0492,
337.0190, 331.0685, 319.0087,

300.9981

124 c,♣
1,2,4-tri-O-
galloyl-3,6-

neochebuloyl-
glucose

C41H32O27 23.82 955.1045 [M-H]− −0.8 477.0481, 785.0828, 617.0765,
465.0669, 447.0562, 337.0189

125 a,#,♣
1,3,6-tri-O-

galloyl-4-methyl
neochebuloyl-
glucose [20]

C42H36O28 23.93 987.1302 [M–H]− 1.1 493.0611, 817.1092, 635.0872,
465.0662, 351.0343, 295.0445

126 c,♣
1,2,6-tri-O-

galloyl-4-methyl
neochebuloyl-

glucose

C42H36O28 24.36 987.1313 [M–H]− −0.2 493.5631, 817.1094, 635.0876,
465.0673, 351.0338, 295.0440
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Table 1. Cont.

No. Identification Formula tR (min)
Experimental

(m/z)
Adducts

Error
(ppm)

MS/MS Fragment Ions
(m/z)

127 a,*,♣

Chebulinic
acid [20](1,3,6-tri-

O-galloyl-2,4-
chebuloyl-
glucose)

C41H32O27 24.57 955.1054 [M–H]− 0.1
477.0486, 785.0839, 635.0873,
617.0771, 465.0668, 447.0558,

337.0190

128 c,♣
2,3,6-tri-O-

galloyl-4-methyl
neochebuloyl-

glucose

C42H36O28 25.47 987.1324 [M–H]− 0.9 493.0623, 817.1107, 635.0883,
465.0674, 351.0348, 295.0458

129 c,♣
1,4,6-tri-O-
galloyl-2,3-

neochebuloyl-
glucose

C41H32O27 25.47 955.1041 [M–H]− −1.3 477.0491, 785.0850, 617.0781,
465.0674, 447.0564, 337.0197

130 a,*,♠
1,2,3,4,6-penta-
O-galloyl-β-D-

glucose [22]
C41H32O26 26.73 939.1113 [M–H]− 1.0

469.0515, 787.1005, 769.0900,
617.0784, 599.0676, 465.0677,
447.0568, 429.0460, 313.0565,
295.0456, 277.0352, 259.0245,

169.0136, 125.0237

131 a,#,♣ Terchebin [52] C41H30O27 28.19 953.0901 [M–H]− 0.5 935.0799, 917.0695, 617.0781,
465.0671, 316.9932, 295.0452

132 a,#,♣
4-O-(4′′-O-
galloyl-α-

rhamnopyranosyl)
ellagic acid [49]

C27H20O16 28.94 599.0673 [M–H]− 0.0 1199.1431, 621.0486,
447.0560, 429.0441, 300.9985

133 c,♣
1-O-galloyl-2,6-

THDP-3,4-
HHDP-D-
glucose

C40H30O26 29.04 925.0959 [M–H]− 1.3 462.0432, 773.0815, 755.0752,
633.0731, 463.0506, 300.9982

134 a,#,♣
4-O-(2′′,3′′-di-O-

galloyl-α-L-
rhamnosyl)

ellagic acid [20]

C34H24O20 29.31 751.0782 [M–H]− −0.1 375.0342, 599.0668, 581.0553,
449.0718, 411.0366, 300.9985

135 b,#,♣ Nupharin A [53] C41H30O26 29.35 937.0955 [M–H]− 0.9 468.0433, 767.0732, 635.0894,
465.0674, 313.0573, 300.9988

136 c,♠
1-O-cinnamoyl-

6-O-galloyl-
glucose

C22H22O11 29.39 461.1084 [M–H]− 0 313.0558, 169.0135, 147.0436

137 a,#,♣
4-O-(2′′,4′′-di-O-

galloyl-α-L-
rhamnosyl)

ellagic acid [20]

C34H24O20 29.42 751.0782 [M–H]− −0.1 375.0342, 599.0668, 581.0553,
449.0718, 411.0366, 300.9985

138 a,#,♣
4-O-(3′′,4′′-di-O-

galloyl-α-
rhamnopyranosyl)
ellagic acid [49]

C34H24O20 29.50 751.0776 [M–H]− −0.9 375.0338, 599.0660, 581.0549,
449.0713, 411.0292, 300.9977

139 c,�
Arjungenin-24-

O-glucoheptonic
acid

C37H60O13 29.59 711.3952 [M–H]− −0.6 503.3379

140 b,#,♠
1-O-galloyl-2-O-

cinnamoyl-
glucose [54]

C22H22O11 29.73 461.1092 [M–H]− 1.7 923.2247, 313.0561, 169.0133,
147.0443

141 a,#,� Quercotriterpenoside
I [55] C43H62O15 29.73 817.4018 [M–H]− 1.0 655.3484, 503.3366

142 b,#,♠
1-O-galloyl-6-O-

cinnamoyl-
glucose [54]

C22H22O11 29.81 461.1077 [M–H]− −1.5 313.0562, 169.0132, 147.0443

143 a,#,♠
1,2-O-galloyl-6-
O-cinnamoyl-
glucose [20]

C29H26O15 29.82 613.1190 [M–H]− −0.5 465.0682, 461.1077, 313.0560,
169.0131, 147.0443
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Table 1. Cont.

No. Identification Formula tR (min)
Experimental

(m/z)
Adducts

Error
(ppm)

MS/MS Fragment Ions
(m/z)

144 b,#,♠
1-O-cinnamoyl-

2-O-galloyl-
glucose [56]

C22H22O11 29.95 461.10978 [M–H]− −1.3 313.0549, 169.0132, 147.0434

145 c,�
Madecassic

acid-24-galloyl-
28-glucose

C43H62O15 30.13 817.4008 [M–H]− −0.2 655.3470, 503.3369

146 b,#,♠
1-O-cinnamoyl-
2,6-O-galloyl-
glucose [57]

C29H26O15 30.19 613.1190 [M–H]− −0.5 465.0667, 461.1085, 313.0558,
169.0131, 147.0441

147 a,#,�
Terminolic

acid-24-galloyl-
28-glucose [56]

C43H62O15 30.27 817.3998 [M–H]− −1.5 655.3473, 503.3361

148 c,�
Rotundic

acid-24-galloyl-
28-glucose

C43H62O14 30.30 801.4066 [M–H]− 0.6 639.3536, 487.3401

149 c,�

Madecassic
acid-24-O-

glucoheptonic
acid

C37H60O13 30.34 711.3954 [M–H]− −0.3 503.3372

150 c,�
Rotundic acid-24-
O-glucoheptonic

acid
C37H60O12 30.37 695.3983 [M–H]− −3.5 487.3413

151 c,�
Asiatic

acid-24-galloyl-
28-glucose

C43H62O14 30.39 801.4073 [M–H]− 1.5 639.3538, 487.3424

152 a,#,♠
1,6-O-galloyl-2-
O-cinnamoyl-
glucose [20]

C29H26O15 30.39 613.1200 [M–H]− 1.1 465.0645, 461.1104, 313.0572,
169.0134, 147.0451

153 c,�

Terminolic
acid-24-O-

glucoheptonic
acid

C37H60O13 30.43 711.3954 [M–H]− −0.3 503.3377

154 c,�
Asiatic acid-24-

O-glucoheptonic
acid

C37H60O12 30.47 695.4011 [M–H]− 0.6 487.3428

155 c,�
Arjunolic

acid-24-galloyl-
28-glucose

C43H62O14 30.51 801.4060 [M–H]− 1–0.1 639.3539, 487.3427

156 c,�

Arjunolic
acid-24-O-

glucoheptonic
acid

C37H60O12 30.57 695.4019 [M–H]− 0.6 487.3432

157 a,#,♠
1,2,3-tri-O-

galloyl-6-O-
cinnamoyl-β-

D-glucose [20]

C36H30O19 30.57 765.1310 [M–H]− 0.9
811.4279, 787.1131, 635.0932,
617.0841, 613.1192, 595.1093,

443.0975

158 a,#,� Arjungenin [40] C30H48O6 31.12 503.3384 [M–H]− 2.2 1007.6838, 549.3438

159 a,#,� Madecassic
acid [28] C30H48O6 31.56 503.3387 [M–H]− 2.8 1007.6841, 549.3439

160 a,#,�
23-galloyl-
arjunolic
acid [58]

C37H52O9 31.71 639.3547 [M–H]− 2.2 487.3378

161 a,#,� Terminolic
acid [55] C30H48O6 31.77 503.3387 [M–H]− 2.8 1007.6847, 549.3439

162 b,#,� Rotundic
acid [59] C30H48O5 31.90 487.3437 [M–H]− 2.9 975.6937

163 a,#,� Asiatic acid [32] C30H48O5 32.09 487.3438 [M–H]− 3.1 975.6949

164 a,#,� Arjunolic
acid [18] C30H48O5 32.35 487.3434 [M–H]− 2.3 975.6979
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2.3.1. Gallic Acid Derivatives

In T. chebula, the primary compounds of gallic acid and its derivatives consist of simple
gallic acid components and their acyl esters. The main constituents identified are gallic
acid (8) and methyl gallate (39). These compounds are characterized by multiple phenolic
hydroxyl and carboxyl groups, which render them susceptible to the loss of molecules such
as CO2, CO, and H2O during cleavage. A relatively high content of gallic acid is present in
myrobalan, with two significant ion peaks observed at m/z 169 and m/z 125 in the primary
mass spectrum. Based on the peak elution time and ionic strength of the compounds,
m/z 169 has been confirmed as the deprotonated molecular ion [M–H]−, while m/z 125 is
identified as the main fragment ion resulting from in-source fragmentation, with the
molecular formula C7H6O5. Further analysis indicates that the primary secondary fragment
is the ion at m/z 125.0238 [M–H–CO2]−, formed by the removal of a carboxyl group (CO2,
Δm = 44). By comparing with the mass spectrometry data of the reference substance, peak
8 has been confirmed as gallic acid. The primary mass spectrum of peak 39 exhibits a
prominent abundance at m/z 183, which is identified as a deprotonated molecular ion [M–
H]−, corresponding to the molecular formula C8H8O5. In the secondary mass spectrum,
in addition to the m/z 169 and m/z 125 fragments of gallic acid, characteristic fragments
m/z 168 [M–H–CH3]− and m/z 124.0160 [M–H–CH3−CO2]− have also been detected.
Consequently, peak 39 has been confirmed as methyl gallate.

Simple galloyl ester compounds are mainly divided into three categories: gallic acid
bound to glucose (Glc), gallic acid bound to quinic acid, and gallic acid bound to shikimic
acid. In this study, 38 gallotannin components were identified. These components were
classified according to the number of galloyl groups attached to the Glc molecules. The
categories include mono-galloyl glucose (1, 6, 7, 9, 15), di-galloyl glucose (23, 30, 32, 36,
37, 40, 41, 44, 45, 49), tri-galloyl glucose (51, 55, 57, 60, 72, 73, 75, 77, 82, 85), tetra-galloyl
glucose (80, 108, 112, 114, 120), and penta-galloyl glucose (130). Characteristic neutral
losses were observed as galloyl and gallic acid moieties were gradually removed (Figure 5).

The mass spectrum of penta-galloyl glucose (m/z 939) demonstrated a sequential
loss of galloyl groups, resulting in the formation of tetra-galloyl glucose (m/z 787),
tri-galloyl glucose (m/z 635), di-galloyl glucose (m/z 483), and mono-galloyl glucose
(m/z 331). Additionally, the primary intermediate ions observed for di-galloyl glucose and
mono-galloyl glucose were m/z 271 and m/z 211, respectively. These fragment ions were
attributed to the continuous loss of -CHOH groups from the glucose moiety, indicating that
mono-galloyl glucose undergoes fragmentation to yield [M–H–60]− and [M–H–60–60]−.

Based on the number and structure of galloyl and cinnamoyl groups, a series of isomers
can be distinguished, and their peaks can be clearly identified. These compounds are
categorized as cinnamoyl-mono-galloyl glucose (136, 140, 142, 144), cinnamoyl-di-galloyl
glucose (143, 146, 152), and cinnamoyl-tri-galloyl glucose (157). In the mass spectrum,
cinnamoyl-tri-galloyl glucose (m/z 765) exhibits a gradual loss of the gallic acid component,
leading to the formation of cinnamoyl-di-galloyl glucose (m/z 595), cinnamoyl-mono-
galloyl glucose (m/z 425), and cinnamoyl glucose (m/z 255) (Figure 6). Additionally,
characteristic diagnostic ions of m/z 169, attributed to gallic acid, are observed in the mass
spectrometry analysis. Ion fragments of m/z 125 are generated through the neutral loss of
carboxyl groups (CO2, Δm = 44), while m/z 103 is formed by the loss of carboxyl groups
(CO2, Δm = 44) from cinnamic acid, serving as a distinctive fragment for cinnamic acid. For
the position isomers, the calculated lipophilicity parameter (ClogP) was used to estimate
the retention time of isomers in the reversed-phase column as the basis for differentiation.
Generally, compounds with a larger ClogP value would retain longer. The structures of
these isomers were ultimately assigned by combining peak times with calculated ClogP
values (Table S1).
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Figure 5. Schematic putative fragmentation pattern of gallotannins. The positions of galloyl groups
on the sugar structure are indicated by numbers in circular shapes of different colors. The number of
galloyl groups in glycoside is shown by red dashed boxes.

Another type of simple galloyl ester is formed by the combination of gallic acid and
shikimic acid. Based on the number of galloyl groups, these compounds can be categorized
as mono-galloyl shikimic acid, di-galloyl shikimic acid, and tri-galloyl shikimic acid. In this
study, a total of seven related compounds were identified and classified according to the
number of galloyl groups connected to shikimic acid, including mono-galloyl shikimic acid
(22, 25, 26), di-galloyl shikimic acid (48, 61, 65), and tri-galloyl shikimic acid (99). Prominent
characteristic fragment ions were observed in the mass spectrum through the sequential
elimination of galloyl and shikimic acid moieties. Tri-galloyl shikimic acid (m/z 629)
demonstrated continuous mass loss of the galloyl moiety, leading to the formation of
di-galloyl shikimic acid (m/z 477) and mono-galloyl shikimic acid (m/z 325). A fragment
ion of m/z 169 was detected for all components and identified as [M–H]− of gallic acid,
resulting in a fragment of m/z 125 through the neutral loss of a carboxyl group (CO2,
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Δm = 44). In addition, fragment ions of m/z 155 and m/z 137 were attributed to the loss
of water molecules (H2O, Δm = 18) from shikimic acid. Similarly, further removal of the
carboxyl group (CO2, Δm = 44) after water loss resulted in fragment ions of m/z 111 and
m/z 93, which are considered characteristic fragments of shikimic acid. Finally, by analyzing
the arrangement of galloyl groups at different positions on shikimic acid, a series of isomers
was identified (Figure 7). The assignment of each peak was determined by examining peak
times and ClogP values (Table S1).

Figure 6. Schematic putative fragmentation pattern of galloyl derivatives of cinnamic acid. The
positions of galloyl groups on the sugar structure are indicated by numbers in circular shapes of
different colors. The number of galloyl groups in glycoside is shown by red dashed boxes.
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Figure 7. Schematic putative fragmentation pattern of galloyl derivatives of shikimic acid. The
positions of galloyl groups on the shikimic acid structure are indicated by numbers in circular shapes
of different colors. The number of galloyl groups in shikimic acid is shown by red dashed boxes.

The final type of simple galloyl ester is formed by the combination of gallic acid and
quinic acid. This compound typically produces a characteristic fragment at m/z 191. While
components with two or three galloyl groups combined with quinic acid may exist, none
were identified in this study. A total of three isomers of mono-galloyl quinic acid were
identified. In the primary mass spectrum, peaks 5, 11, and 17 all displayed ion peaks
at m/z 389 and m/z 343. Notably, the intensity of peak 17 was significantly higher than
that of peaks 5 and 11, approximately five times greater. Additionally, peak 17 presented
fragments at m/z 709 and m/z 687. In the secondary mass spectrum, the ion peak intensities
of m/z 709, m/z 687, and m/z 389 were all reduced. Based on these observations, it was
concluded that m/z 709 corresponds to the [2M+Na–2H]− ion peak, m/z 687 corresponds
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to the [2M–H]− ion peak, and m/z 389 represents the adduct ion [M+HCOO]−, with the
corresponding molecular formula being C16H14O10. Fragment ion peaks of m/z 191 [quinic
acid–H]− and m/z 169 [gallic acid–H]− can be generated through the neutral loss of quinic
acid or gallic acid. By incorporating relevant literature, the order of the peaks was further
clarified, leading to the identification of peak 5 as 3-galloyl quinic acid, peak 11 as 5-galloyl
quinic acid, and peak 17 as 4-galloyl quinic acid.

2.3.2. Ellagitannins

Ellagitannins are a significant class of polyphenolic compounds containing one or
more hexahydroxydiphenoyl (HHDP) groups or their oxidized forms, such as dehydrohex-
ahydroxydiphenoyl (DHHDP) and chebuloyl (Che). Upon hydrolysis, they yield stable
ellagic acid. In negative ion mode, ellagic acid tannins exhibit characteristic fragment ion
losses, including HHDP (302 Da), DHHDP (318 Da), and chebuloyl (320 Da) (Figure 4).

Ellagic Acid and Its Simple Derivatives

The simple derivatives of ellagic acid primarily consist of ellagic acid conjugated with
rhamnose to form glycosides at the 1-position, with additional hydroxyl groups on the
rhamnose linked to multiple galloyl groups. MS analysis reveals that peaks 134, 137, and
138 display identical ions at m/z 375 and m/z 751 in the primary MS. The disappearance
of m/z 375 ions in the secondary MS suggests that m/z 375 corresponds to the [M–2H]2−

ion peak. The m/z 751 ion is identified as the [M–H]− ion peak, corresponding to the
molecular formula C34H24O20. In the secondary mass spectrum, fragment ions were
observed at m/z 599 [M–H–152]−, m/z 581 [M–H–170]−, m/z 449 [M–H–302]−, m/z 411
[M–H–170–170]−, and m/z 301 [M–H–152–152–146]−/[ellagic acid–H]−, generated by the
sequential loss of galloyl, gallic, and ellagic acid groups. The polarity was assessed using
ClogP values (Table S1), leading to the identification of peak 134 as 4-O-(2′′,3′′-di-O-galloyl-
α-L-rhamnosyl) ellagic acid, peak 137 as 4-O-(2′′,4′′-di-O-galloyl-α-L-rhamnosyl) ellagic
acid and peak 138 as 4-O-(3′′,4′′-di-O-galloyl-α-rhamnopyranosyl) ellagic acid. Similar
cleavage patterns were observed for peaks 102 and 132, where peak 102 was identified
as Eschweilenol C and peak 132 as 4-O-(4′′-O-galloyl-α-rhamnopyranosyl) ellagic acid.
Additionally, ellagic acid can directly conjugate with gallic acid. In the primary mass
spectrum of peak 29, ion peaks were observed at m/z 469 and m/z 939. The intensity of
the m/z 939 ion peak diminished in the secondary mass spectrum, indicating that m/z 939
corresponds to the [2M–H]− ion peak, while m/z 469 corresponds to the [M–H]− ion peak,
with the molecular formula C21H10O13. Fragment ion peaks at m/z 425 [M–H–CO2]−,
m/z 407 [M–H–CO2−H2O]−, and m/z 299 [M–H–gallic acid]− were generated by the loss
of CO2 and H2O. Peak 29 was identified as Valoneic acid dilactone. Terminalia chebula
contains a significant amount of free ellagic acid. Numerous studies have focused on the
quantification of ellagic acid using HPLC/UPLC. Peak 88 was identified as ellagic acid
through comparison with reference standards.

Simple Tannins Containing a Single HHDP Group

Simple tannins containing a single HHDP group are primarily composed of com-
pounds with one HHDP group and may include one or more attached galloyl groups.
Based on the number of galloyl groups, these compounds can be classified into three
types: mono-galloyl-HHDP glucose (10, 18, 38, 50, 71), di-galloyl-HHDP glucose (59,
68, 76, 110, 117), and tri-galloyl-HHDP glucose (81, 91, 97, 104, 107, 135). In mass spec-
trometry, these compounds exhibit a characteristic cleavage pattern, initially losing the
HHDP group, followed by sequential losses of galloyl groups. The mass spectrum shows a
characteristic neutral loss of 302 Da, indicative of HHDP group cleavage. For instance, tri-
galloyl-HHDP glucose (m/z 937) first loses the HHDP group to generate tri-galloyl glucose
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(m/z 635), which then fragments following the cleavage pathway typical for tri-galloyl
glucose. Similarly, mono-galloyl-HHDP glucose and di-galloyl-HHDP glucose exhibit
comparable fragmentation patterns. Additionally, this class of compounds also produces a
characteristic fragment at m/z 275, primarily generated by the elimination of the HHDP
group, followed by the loss of a galloyl group and subsequently glucose.

Chebulic Acid and Its Simple Derivatives

The primary chebulic acids found in Terminalia chebula are neochebulic acid (3), chebu-
lic acid (4), and isochebulic acid (12). These compounds are rich in phenolic hydroxyl
and carboxyl groups, making them prone to losing CO2, H2O, and other groups during
mass spectrometry fragmentation. In the primary mass spectrum, ion peaks at m/z 711,
m/z 355, and m/z 337 correspond to peaks 3, 4, and 12, respectively. These ion peaks are
also observed in the secondary mass spectrum. The m/z 711 peak is presumed to be the
[2M–H]− ion, m/z 355 as the [M–H]− ion, and m/z 337 as a fragment with the molecu-
lar formula C14H12O11. During pyrolysis, the sequential loss of H2O and CO2 generates
fragment ion peaks at m/z 293 [M–H–H2O–CO2]−, m/z 249 [M–H–H2O–2CO2]−, and
m/z 205 [M–H–H2O–3CO2]−. The polarity was assessed using ClogP values (Table S1),
and peak order was established by comparison with reference standards. Consequently,
peak 3 was identified as isochebulidic acid, peak 4 as chebulidic acid, and peak 12 as
neochebulidic acid. In the primary mass spectrum, peaks 21 and 28 exhibit ion peaks
at m/z 369 and m/z 739, respectively. In the secondary mass spectrum, the intensity of
the m/z 739 ion peak diminishes, suggesting that m/z 739 corresponds to a [2M–H]−

ion, while m/z 369 corresponds to a [M–H]− ion, with the molecular formula C15H14O11.
During pyrolysis, these compounds produce fragment ion peaks at m/z 351 [M–H–H2O]−,
m/z 325 [M–H–CO2]−, and m/z 307 [M–H–H2O−CO2]− through the sequential loss of
H2O and CO2. Peak 21 was identified as 7′-O-methylchebulate and peak 28 as 6′-O-
methylchebulate.

Simple Tannins Containing a Single Chebuloyl or Neoche Group

In this study, the primary types of simple tannin-like components within the chebuloyl,
neoche, and methylneoche groups were identified through mass spectrometry. These
components primarily consist of a chebuloyl (320 Da), neoche (338 Da), or methylneoche
(352 Da) group and their related derivatives, potentially containing multiple galloyl groups.
The molecular weight difference between the chebuloyl and neoche groups is equivalent to
one H2O molecule (18 Da). The key distinction between these groups lies in the attachment:
the chebuloyl group is linked to two glycohydroxyl groups, while the neoche group is
linked to only one. Based on the number of galloyl groups, these compounds can be
further categorized as mono galloyl-neoche glucose (24, 27, 33, 35, 42, 52, 53, 56, 62, 63, 66),
bisgalloyl-chebuloyl glucose (78, 92, 98), and trigaloyl-chebuloyl/neoche glucose (83, 94,
100, 106, 111, 122, 124, 125, 126, 127, 128, 129). These compounds exhibited neutral losses
of 320 Da, 338 Da, or 352 Da in the mass spectrum. This indicates that these compounds
are prone to losing chebuloyl, neoche, or methylneoche groups during mass spectrometric
analysis. Specifically, the fragmentation of trigaloyl-chebuloyl/neoche glucose results in
the loss of the chebuloyl/neoche group, forming trigaloyl glucose (m/z 635), which then
undergoes further cleavage following the pattern typical of trigaloyl glucose. Likewise,
monogalloyl-chebuloyl/neoche glucose displayed a comparable fragmentation pattern.

Tannins Containing HHDP, Chebuloyl, Neoche, and Other Groups

Terminalia chebula contains various tannins, which typically include groups such as
HHDP (302 Da), chebuloyl (320 Da), neoche (338 Da), THDP (292 Da), DHHDP (318 Da),
flavogallonyl (452 Da), and Gallagyl (602 Da). The combinations of these groups are com-
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plex and varied, potentially including HHDP along with other groups such as chebuloyl,
neoche, THDP, DHHDP, Gallagyl, or flavogallonyl. Different components can be distin-
guished and identified based on the characteristic neutral loss of these groups and their
related fragments.

In mass spectrometry, peaks 19, 20, 31, 43, and 84 display identical ions at m/z 541 and
1083 in the primary mass spectrum. The m/z 541 ion disappears in the secondary mass
spectrum and is identified as [M–2H]2−, while m/z 1083 is identified as the [M–H]− ion
with the molecular formula C48H28O30. The secondary mass spectrum reveals that these
compounds generate major fragment ions at m/z 601 [M–H–HHDP–glucose]− and m/z
300 [ellagic acid–H]−, indicating significant neutral losses of HHDP and glucose. Peaks 19

and 20 also exhibit characteristic fragments at m/z 451 [Flavogallonic acid–H–H2O]−. Peak
19 is identified as Punicacortein C and peak 20 as Punicacortein D based on the literature
comparison. Peaks 31 and 43 are characterized by m/z 781 [M–H–HHDP]− fragments.
The retention time and fragmentation pathway of peaks 31 and 43 were confirmed to
correspond to Punicalagin-α and Punicalagin-β; the fragmentation pathway of Punicalagin
is showed in Figure 8. Peak 84 is also characterized by m/z 449 [M–H–HHDP–glucose–
galloyl]−, identified as T. chebula based on its retention time. The ions at m/z 542 and
1085 are observed in the primary mass spectrum, while m/z 542 disappears in the secondary
spectrum. These are identified as [M–2H]2− and m/z 1085 as [M–H]− with the molecular
formula C48H30O30. Through the loss of HHDP and galloyl groups, the fragment ions m/z
783 [M–H–HHDP]−, m/z 631 [M–H–HHDP–galloyl]−, and characteristic fragments at m/z
451 [Flavogallonic acid–H–H2O]− are generated. Based on ClogP values (Table S1) and the
literature, peak 34 was identified as Rhoipteleanin G and peak 46 as Terflavin A. The ions
at m/z 494 and 989 are observed in the primary mass spectrum, while m/z 494 disappears
in the secondary spectrum. These ions are identified as [M–2H]2− and m/z 989 as [M–H]−,
with the molecular formula C41H34O29. The compound first loses a neoche group, forming
the m/z 651 [M–H–neoche]− fragment, and then loses a gallic acid to generate the m/z 481
[M–H–neoche–gallic acid]− fragment. The characteristic fragment at m/z 337 [neochebulic
acid–H–H2O]− is generated, and peak 58 is identified as Carpinusnin.

Peaks 64, 67, 70, 74, 79, 87, 101, 109, 118, and 121 display ions at m/z 485 and 971 in
the primary mass spectrum. The m/z 485 ion disappears in the secondary mass spectrum,
while m/z 971 is identified as an [M–H]− ion with the molecular formula C41H32O28. These
compounds are detected in the secondary mass spectrum through the loss of groups such as
gallic acid, HHDP, and neoche. The fragment ions observed include m/z 801 [M-H-170]−,
m/z 669 [M–H–302]−, m/z 633 [M–H–338]−, m/z 499 [M–H–170–302]−, m/z 463 [M–H–
338–302]−, m/z 337 [neochebulic acid–H–H2O]−, and m/z 301 [ellagic acid–H]−. Based
on the chemical structure of components in Terminalia chebula, HHDP is likely attached
to the 3,6, 4,6, or 2,3 hydroxyl groups of glucose, while neoche groups generally do not
attach to the 1-hydroxyl group of glucose. Using ClogP values (Table S1) to assess polar-
ity, the following isomer structures were inferred and confirmed: Peak 64 corresponds to
4-galloyl-6-neoche-2,3-HHDP-glucose and peak 67 to 1-galloyl-2-neoche-4,6-HHDP-glucose.
Peak 70 is identified as 1-galloyl-3-neoche-4,6-HHDP-glucose and peak 74 as 1-galloyl-
2-neoche-3,6-HHDP-glucose. Peak 79 corresponds to 1-galloyl-4-neoche-3,6-HHDP-
glucose and peak 87 to 1-galloyl-4-neoche-2,3-HHDP-glucose. Peak 101 is identified
as 2-galloyl-3-neoche-4,6-HHDP-glucose and peak 109 as 1-galloyl-6-neoche-2,3-HHDP-
glucose. Peak 118 corresponds to 2-galloyl-4-neoche-3,6-HHDP-glucose and peak 121 to
6-galloyl-4-neoche-2,3-HHDP-glucose.
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Figure 8. The putative fragmentation pathway of Punicalagin.

In the primary mass spectrum, the ion signal at m/z 953 was observed in peaks 86,
90, 95, 105, 119, and 131, while the ion at m/z 476 was detected in peaks 86, 90, 95, 105,
119, and 123, but not at peak 131. In the secondary mass spectrum, the signal at m/z
476 disappeared. Thus, m/z 476 was inferred to be the [M–2H]2− ion peak, and m/z 953
was identified as the [M–H]− ion peak. The molecular formula was determined to be
C41H30O27. Further analysis of the secondary mass spectrum indicates that the fragment
patterns of peaks 86, 90, 95, 105, 119, and 123 are very similar. The main fragment ions
observed include m/z 783 [M–H–170]−, m/z 651 [M–H–302]−, m/z 633 [M–H–320]−,
m/z 481 [M–H–302–170]−, m/z 463 [M–H–320–170]−, m/z 337 [chebuloyl–H]−, m/z 331
[M–H–320–302]−, m/z 319 [M–H–302–170–162]−, and m/z 301 [ellagic acid–H]−. These
fragment ions primarily result from the loss of groups such as gallic acid, chebuloyl, HHDP,
and glucose. Based on the fragment ion information, six isomers were identified. Peak
105 was identified as chebulagic acid by comparing its retention time and intensity with
those of a reference standard; the fragmentation pathway of chebulagic acid is showed in
Figure 9. By assessing the polarity of each peak using ClogP values (Table S1), the following
structures were assigned: Peak 86 corresponds to 1-O-galloyl-3,4-chebuloyl-2,6-HHDP-
D-glucose, and peak 90 corresponds to 1-O-galloyl-3,6-chebuloyl-2,4-HHDP-D-glucose.
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Peak 95 was assigned as 1-O-galloyl-4,6-chebuloyl-3,3-HHDP-D-glucose and peak 119 as
1-O-galloyl-2,6-chebuloyl-3,4-HHDP-D-glucose. Peak 123 was assigned as 1-O-galloyl-2,3-
chebuloyl-4,6-HHDP-D-glucose. The secondary fragments of peak 131 mainly include m/z
935.0799 [M–H–H2O]−, m/z 917.0695 [M–H–2H2O]−, m/z 635.0896 [M–H–DHHDP]−, m/z
617.0781 [M–H–H2O– DHHDP]−, m/z 465.0671 [M–H–DHHDP–gallic acid]−, and m/z
316.9932 [DHHDP–H]−. The loss of DHHDP (318 Da) is the main neutral loss characteristic
of the compound, suggesting that peak 131 is terchebin.

Figure 9. The putative fragmentation pathway of chebulagic acid.

Peaks 113 and 115 display identical ions at m/z 492 and 985 in the primary mass
spectrum. The m/z 492 ion disappears in the secondary mass spectrum, indicating that m/z
492 corresponds to the [M–2H]2− ion, while m/z 985 is the [M–H]− ion, with the molecular
formula determined as C42H34O28. In the secondary mass spectrum, fragment ions were
observed at m/z 815 [M–H–170]−, m/z 683 [M–H–302]−, m/z 633 [M–H–352]−, m/z 513 [M–
H–302–170]−, m/z 463 [M–H–352–170]−, m/z 351 [6′-O-methyl neochebulic acid-H2O-H]−,
and m/z 301 [ellagic acid–H]−. These ions are generated through the sequential loss of gallic
acid, HHDP, and 6′-O-methyl neochebuloyl. Based on the location of the galloyl group, two
isomers were deduced, and their polarity was determined using ClogP values (Table S1).
Peak 113 corresponds to 1-O-galloyl-3,6-HHDP-4-6′-methyl neochebuloyl-glucose, while
peak 115 corresponds to 2-O-galloyl-3,6-HHDP-4-6′-methyl neochebuloyl-glucose.

Peaks 89, 93, 96, 103, 116, and 133 display identical ions at m/z 462 and 925 in the
primary mass spectrum. The ion at m/z 462 disappears in the secondary mass spectrum,
indicating that it corresponds to the [M–2H]2− ion, while m/z 925 is assigned to the
[M–H]− ion. The molecular formula is determined to be C40H30O26. In the secondary mass
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spectrum, fragment ions were observed at m/z 773 [M–H–152]−, m/z 633 [M–H–292]−,
m/z 481 [M–H–292–152]−, and m/z 465 [M–H–292–170]−, resulting from the sequential
loss of galloyl, THDP, and other groups. Based on the positions of the galloyl and THDP
groups, six isomers were deduced, and their polarity was determined using ClogP val-
ues (Table S1). Peak 89 was identified as 1-O-galloyl-3,4-THDP-2,6-HHDP-D-glucose.
Peak 93 was identified as 1-O-galloyl-2,4-THDP-6,6-HHDP-D-glucose (Phyllanthusiin C)
and peak 96 as 1-O-galloyl-3,6-THDP-2,4-HHDP-D-glucose. Peak 103 was identified as
1-O-galloyl-4,6-HHDP-2,3-HHDP-D-glucose, while peak 116 was identified as 1-O-galloyl-
2,3-HHDP-4,6-HHDP-D-glucose. Peak 133 was identified as 1-O-galloyl-2,6-HHDP-3,4-
HHDP-D-glucose.

2.3.3. Terpenoids

Terpenoids generate abundant deprotonated molecular ions [M–H]− in primary mass
spectrometry, with some also forming [2M–H]− ions. These characteristics facilitate the
identification of excimer ions and the determination of their molecular formulas. The
saponins in Terminalia chebula are typically linked to glucose (Glc), galloyl, and glucohep-
tonic acid through various substitution patterns. Aglycone fragments are relatively stable,
primarily losing sugar and galloyl fragments (152, 162, 208 Da) under normal voltages.
By analyzing the fragment ions of saponins, aglycones can be classified into 503 Da and
487 Da groups, each with multiple core configurations.

Peaks 139, 149, and 153 exhibit a high-intensity ion signal at m/z 711 in the primary
mass spectrum, identified as the [M–H]− ion peak corresponding to the molecular formula
C37H60O13. In the secondary mass spectrum, the fragment at m/z 503 [M–H–208]− dis-
played a high-intensity signal, suggesting that it resulted from the loss of glucoheptonic
acid. Based on the saponin characteristics, the fragment at m/z 503 is attributed to the
loss of glucoheptonic acid. Peak 139 was identified as Arjungenin-24-O-glucoheptonic
acid, and peak 149 as Madecassic acid-24-O-glucoheptonic acid. Peak 153 was identified as
Terminolic acid-24-O-glucoheptonic acid. Peaks 141, 145, and 147 exhibit strong ion signals
at m/z 817 in the primary mass spectrum. Combined with secondary mass spectrometry,
m/z 817 is identified as the [M–H]− ion peak, corresponding to the molecular formula
C43H62O15. The secondary mass spectrum reveals intense fragment ions at m/z 655 [M–H–
162]− and m/z 503 [M–H–162–152]−, likely resulting from the loss of glucose and galloyl
groups, as indicated by the characteristic fragments at m/z 503. Peak 141 was identified
as Quercotriterpenoside I (Arjungenin-24-galloyl-28-glucose), peak 145 as Madecassic
acid-24-galloyl-28-glucose, and peak 147 as Terminolic acid-24-galloyl-28-glucose. Peaks
158, 159, and 161 exhibit similar ion signals at m/z 503, 549, and 1007 in the primary mass
spectrum. The m/z 1007 peak is identified as the [2M–H]− ion, while the m/z 549 peak
corresponds to the [M+HCOO]− ion, with a molecular formula of C30H48O6. Peak 158 was
identified as Arjungenin, peak 159 as Madecassic acid, and peak 161 as Terminolic acid.

Peaks 148, 151, and 155 appear as [M–H]− ion peaks at m/z 801, corresponding to
the molecular formula C43H62O14. The intense fragments at m/z 639 [M–H–162]− and
m/z 487 [M–H–162–152]− in the secondary mass spectrum suggest that the character-
istic fragments at m/z 487 result from the loss of glucose and gallic acid groups. Peak
148 was identified as Rotundic acid-24-galloyl-28-glucose and peak 151 as Asiatic acid-
24-galloyl-28-glucose. Peak 155 was identified as Arjunolic acid-24-galloyl-28-glucose.
Peaks 150, 154, and 156 all appear as [M–H]− ion peaks at m/z 695, with the molecular
formula identified as C37H60O12. In the secondary mass spectrum, an intense fragment
at m/z 487 [M–H–208]− was observed, which was attributed to the loss of glucoheptonic
acid. Peak 150 was identified as Rotundic acid-24-O-glucoheptonic acid. Peak 154 was
identified as Asiatic acid-24-O-glucoheptonic acid and peak 156 as Arjunolic acid-24-O-
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glucoheptonic acid. Peak 160 exhibits a strong ion signal at m/z 639, corresponding to the
molecular formula C37H52O9. In the secondary mass spectrum, a fragment at m/z 487 [M–
H–152]− was detected, attributed to the loss of a galloyl group. Peak 160 was identified as
23-galloyl-arjunolic acid. Peaks 162, 163, and 164 show ion peaks at m/z 487 and 975 in the
primary mass spectrum. The m/z 975 peak is identified as the [2M–H]− ion, while m/z
487 corresponds to the [M–H]− ion, with a molecular formula of C30H48O5. Peak 162 was
identified as Rotundic acid. Peak 163 was identified as Asiatic acid and peak 164 as
Arjunolic acid.

2.3.4. Other Components

Besides the previously mentioned ingredients, four additional compounds (2, 16, 47,
54, 69) have been identified in T. chebula. Details regarding their chemical compositions are
provided in the accompanying table.

2.4. The Applicability of the KID-NLF Strategy

The KID-NLF strategy has established identification methods for various medicinal
plants by summarizing the research of Moilanen et al. [60] and examining the mass spec-
trometry rules in T. chebula. Employing this strategy allows for the identification of gallic
acid derivatives, ellagitannins, and triterpenoids by precisely recognizing quasi-molecular
ion peaks and their related secondary characteristic fragments. In addition to T. chebula,
plants like Phyllanthus emblica [61] and Punica granatum [62] (rich in tannins) as well as
Panax ginseng, P. quinquefolium, and P. notoginseng (containing triterpenoids) [63] also adhere
to this identification rule. Further research has shown that iridoid glycosides, phenolic
acids, and flavonoids are compatible with this strategy. For instance, iridoid glycosides dip-
sanosides A and B demonstrate specific mass spectrometry features, such as m/z 1519.519
[M+HCOO]−, 1473.514 [M–H]−, 759.252 [M+2HCOO]2−, and 736.249 [M–2H]2− as adduct
ions. Similarly, the phenolic acids isochlorogenic acid A, B, and C display peaks at m/z
1029.229 [2M–H]−, 537.100 [M+Na–2H]−, and 515.118 [M–H]−, and the flavonoids hy-
peroside and isoquercitrin show ions at m/z 949.164 [2M+Na–2H]−, 927.182 [2M–H]−,
and 463.089 [M–H]− [64,65]. Notably, alkaloids generate primarily [M+H]+ type quasi-
molecular ions and lack distinctive adduct patterns, making them incompatible with the
KID-NLF strategy’s rule system for mass spectrometry. This finding indicates the need for
methodological validation based on component type when applying this strategy. Con-
sequently, it is advised to undertake methodological validation according to component
type when implementing this strategy and to formulate a specific identification strategy
for alkaloids.

3. Experimental

3.1. Chemicals, Reagents, and Plant Materials

Deionized water was prepared using a Millipore Q purification system (Rephile,
Shanghai, China). HPLC-grade acetonitrile, methanol, and formic acid were obtained
from Sigma-Aldrich (Milwaukee, WI, USA). The crude medicinal materials derived from
dried, pitted mature fruits of T. chebula were procured from Chengdu in 2023. The au-
thor identified these materials, and the specimens were deposited in the laboratory of
the author. Reference products including shikimic acid (2), gallic acid (8), punicalagin
α (31), punicalagin β (43), corilagin (71), ellagic acid (88), chebulagic acid (105), chebulinic
acid (127), and 1,2,3,4,6-penta-O-galloyl-β-D-glucose (130) were purchased from Yuanye
(Shanghai, China), with purity exceeding 98% as determined by HPLC analysis.
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3.2. Sample Preparation

Approximately 1 g of pitted and dried fruit powder of T. chebula powder, sieved
through a No. 3 mesh, was accurately weighed and transferred into a stoppered conical
flask. Subsequently, 50 mL of 70% (v/v) methanol was added with precision. The sealed
flask was weighed and then subjected to ultrasonic treatment at 250 W and 40 kHz for
30 min. After being allowed to cool, the flask was reweighed and any weight loss compen-
sated with 70% methanol. The supernatant was centrifuged at 13,000 rpm for 15 min and
filtered through a 0.22 μm microporous filter membrane.

3.3. UHPLC Analysis

UHPLC analysis was conducted using a Shimadzu LC-40 system (Shimadzu Cor-
poration, Kyoto, Japan), which was equipped with an SPD-M40 detector. A Shim-pack
GIST-C18 column (2.1 × 100 mm, 2 μm) was utilized. The mobile phase consisted of 0.2%
phosphoric acid aqueous solution (A) and acetonitrile (B). A gradient elution profile was
employed as follows: 0–3 min, 3–6% B; 3–4 min, 6–6% B; 4–5 min, 6–7% B; 5–6 min, 7–7%
B; 6–7 min, 7–15% B; 7–10 min, 15–15% B; 10–11 min, 15–21% B; 11–23 min, 21–21% B;
23–26 min, 21–33% B; 26–28 min, 33–35% B; 28–40 min, 35–35%. Detection wavelengths
were monitored at 254 nm. The flow rate was set at 0.4 mL/min, injection volume at 2 μL,
and column temperature at 30 ◦C.

3.4. UPLC-Q-TOF/MS Analysis

UPLC analysis was carried out using a 100 mm × 2.1 mm, 1.7 μm Waters Acquity
UPLCR BEH C18 column (Waters Corporation, Milford, MA, USA). The mobile phase
comprised acetonitrile (A) and water (B), each containing 0.1% formic acid. The linear
gradient program was set as follows: from 2% to 4% B over 0–2 min; from 4% to 5% B over
2–4 min; from 5% to 6% B over 4–11 min; from 6% to 9% B over 11–17 min; from 9% to 13%
B over 17–21 min; maintained at 13% B over 21–27 min; from 13% to 60% B over 27–32 min;
from 60% to 99% B over 32–33 min; maintained at 99% B over 33–38 min; from 99% to 1% B
over 38–40 min. The flow rate was set at 0.4 mL/min, injection volume at 1 μL, and column
temperature at 40 ◦C.

The Waters SYNAPT G2HDMS system with an ion source was employed for elec-
trospray ionization (ESI). Scanning was conducted in negative (ESI−) ion mode, using
nitrogen as the atomization and conical gas. The source temperature was set at 100 ◦C, and
the cone gas flow rate was maintained at 40 L/h. The desolvation temperature was held
at 350 ◦C, and the gas flow rate was 800 L/h. Further MS settings included a sampling
cone voltage of 40 V, extraction cone voltage of 4 V, capillary voltage of 2.5 kV, scan time
of 0.3 s, inter scan time of 0.02 s, and a mass-to-charge ratio (m/z) ranging from 100 to
1200. Leucine-enkephalin (200 pg/mL) flowing at 10 μL/min was employed to calibrate
the mass number m/z 554.2615. Data processing was conducted using MassLynx V4.2 and
UNIFI software (Version 1.9) from Waters Corporation, Milford, MA, USA.

4. Conclusions

In conclusion, a post-acquisition LC-MS data processing strategy, key ion diagnostics–
neutral loss filtering (KID-NLF), can effectively identify the structure of the natural products
responsible for the herbal extract. In this study, a total of 164 compounds were identified
by UPLC-Q-TOF/MS technique and KID-NLF strategy screening in 33 min running time,
47 of which were reported for the first time. This study provides a powerful strategy for
rapid profiling of chemical constituents of herbal medicines.
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//www.mdpi.com/article/10.3390/molecules30112451/s1, Table S1: The LogP and CLogP values of
the chemical components in T. chebula were identified by UPLC-Q-TOF/MS.
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Abstract: Geochemical and isotopic analysis of bitumen lining potsherds from the al-Qusur
monastery (second half of the 7th c. CE and the middle of the 9th c. CE), at the central
part of Failaka Island (Kuwait Bay), confirms the presence of two distinct compositional
categories that can be matched to contemporary sources from two different areas of Iran:
the Kermanshah province on one side, and the Khuzestan–Fars–Busher provinces on the
other side. Potsherds comprise different types: TORP-S amphorae, TORP-C amphorae,
SPORC storage jar, turquoise alkaline-glazed jar (TURQ.T), and CREAC jar. There is no
relationship between the type of potsherd and the origin of bitumen. The bitumen coating
SPORC jar, first identified as a kind of juice strainer to filter the «garum-like juice», was
examined in greater details to try to identify traces of fish sauce mentioned in the Arabic
kitchen books as ‘murri’, and quite similar to the Roman garum. The mineralogical analysis
exhibits the classical minerals of archaeological mixtures (quartz, calcite, dolomite) and
no halite. Hydrocarbons, alcohols, and methyl esters show a typical biodegraded bitumen
signature but no fatty acids and terpenoids. It seems that the bitumen matrix has not
adsorbed any molecules from the presumed «garum» filtered in the basin.

Keywords: Kuwait; Failaka Island; al-Qusur; monastery; potsherds; bitumen; biomarkers;
steranes; terpanes; carbon and hydrogen isotopes; geochemical analysis; oil seeps; Iran

1. Introduction

The bitumen samples originated from the site of al-Qusur, located in the middle of
Failaka Island, c.19 km from the southern tip of Kuwait Bay. The central part of al-Qusur
was identified by the French-Kuwaiti Archaelogical Mission in Failaka (MAFKF) as a
monastery mainly occupied from the second half of the 7th c. CE to the middle of the 9th c.
CE. The al-Qusur monastery, at the central part of Failaka Island, has been excavated by
the French-Kuwaiti Archaeological Mission in Failaka (MAFKF) since 2012. The results of
the past campaigns have been published [1–4], authenticating the monastic nature of the
site and dating its main occupation from the second half of the 7th c. CE and the middle of
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the 9th c. CE. The site was first excavated by the Archaeological Mission in the Arabian
Gulf in 1975–1976, then the French Mission in Kuwait in 1988–1989 and 2007–2009, the
Kuwaiti-Polish Archaeological Mission in 2011 and 2013, and is still being studied today by
the French-Kuwaiti Archaeological Mission in Failaka, since 2011, and the Kuwaiti-Slovak
Archaeological Mission in 2007. In spite of the number of excavation seasons carried out
on the site by many teams, there is always a debate about the interpretation of the whole
site. If the center of al-Qusur is clearly a monastery, as evinced by the discovery of a
monumental church (building A1), a refectory (building B23), and at least one monk’s
cell (building B16), it is still to be determined if the periphery of the site is part of the
monastery or not (Figure 1). One of the current hypotheses is that the central part of the
monastery (c. 0.78 ha) could be a coenobium surrounded by scattered cells accommodating
monks wishing to live more isolated from the community. Following this hypothesis, the
monastery would be covering c. 335 ha and be accurate with the rules of Abraham of
Kashkar, promoting semi-cenobitic types of monasteries.

 

Figure 1. Location of the bitumen samples in al-Qusur monastery (J. Humbert, C. Raad, © MAFKF).

Al-Qusur was part of a network of monasteries associated with the Church of the East
that spread across what is now Iraq, Iran, and the Gulf. Not only monks traveled between
these areas but also goods. For instance, most of the pottery used in al-Qusur was made in
Iraq and Iran. One of the aims of the French-Kuwaiti Archaeological Mission in Failaka
is to study these exchanges and to understand how the monastery was supplied. For this
reason, geochemical and isotopic analyses of nine samples of bituminous mixtures coating
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potteries were carried out. The purpose of this study was to document the composition of
the bituminous mixture and to find the source of the bitumen.

2. Materials and Methods

2.1. Bitumen at al-Qusur

In al-Qusur, no bitumen had yet to be shown to be used for building construction.
However, in building B20, a food processing building, bitumen was found to be associated
with pottery in cooking areas. It mainly appears on pottery jars, as inside coating to
waterproof them. One Syriac inscription on a sherd may also have been written with this
material. The main documented use of bitumen is as coating on the inside of the pottery
vessels. The jars do not appear to have been coated with bitumen on the site, but were
probably imported already coated. However, it is worth mentioning that bitumen might
be supplied by the nearby and contemporary settlement of al-Qurainiyah, on Failaka’s
northern coast, where the Kuwaiti-Italian Archaeological Mission reported remains that
could be a bitumen production workshop [5]. The bitumen might have been delivered
there in solid form before being heated and used in the architecture or maintenance of
boats [5].

2.2. Archaeological Samples Analyzed

Thirteen bituminous samples were selected and a total of fifteen geochemical analyses
(two samples were analyzed with two aliquots) were undertaken. Initial information
(date, archaeological reference, context) including the type of potsherd is listed in Table 1.
On potsherds, the coating of the interior face may be very thin as on the bottom of the
torpedo jar No.3539, or more extensive as in samples No.3542 and No.3543 (Figure 2). The
bituminous mass may also show some imprints (ropes?) as in sample No.3545 (Figure 2).
The quantity of bituminous mixture, collected from a torpedo jar (TORP-C), suggests that it
was a bituminous mixture stored in the jar. This sample was studied with several aliquots:
No.3546, 3547 and 3547bis (Figure 2).

The ceramic categories that were sampled are part of the same group of sandy buff
wares, sharing a similar clay composition with a rather fine calcareous ground mass, fine
quartz elements, and small magmatic rocks. There are two categories of amphorae (Torpedo
-S and -C) with an internal bitumen coating, known as torpedo jars because of their profiled
shape. The samples No.3542, 3544, 3623, and 3624 were collected on sherds of TORP-S
amphorae belonging to the Late Sassanian, Early Islamic assemblages (5th–8th c. CE).
This type is found in abundance in the region, but is gradually replaced by lighter-paste
amphorae (TORP-C) during the 8th century [6]. The samples No.3539, 3546, 3547, 3625,
and 3626 are related to the latter type. It is contemporaneous to large storage jars (SPORC),
such as sample No.3545. This type is quite rare in the area and has some parallels with
material from the coastal site of Siraf [7]. The main centers of origin for these categories
are supposedly located around the urban centers of central and southern Mesopotamia,
from Susa (Kermanshah province, Iran) to al-Hira (Najaf district, Iraq) and Basra province
(Iraq). A TORP-S production kiln has been identified in Telūl Hamediyāt, northeast of
Baghdad (Hamrin basin, Diyala province, Iraq) and dated from the 6th–7th century [8,9].
This workshop was located alongside a wine-production facility and the amphorae were
apparently potted on the site. This could seem to support the hypothesis that ceramics
were produced close to the agricultural area in the Mesopotamian basin, instead of near
the source of bitumen production in southwest Iran [10].
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Figure 2. Picture of eight samples of al-Qusur showing various aspects of the bitumen coating the
interior face of potsherds. Some pictures show the situation before and after sampling.

Sample No.3543 was recovered from a sherd of a turquoise alkaline-glazed small jar
(TURQ.T). The layer of bitumen covers a large part of the internal and external surfaces
and seems to have accumulated particularly on the shoulder and neck of the object. The
various traces of dripping and the absence of repair marks suggest that this object was used
to contain and handle bitumen in liquid form. Although turquoise ceramics were used over
a long period of time, the forms found at the al-Qusur site correspond more closely to the
types identified at the Sir Bani Yas site and dated mainly between the mid-7th and mid-8th
century [11,12]. Based on the clay and glaze used, the area of origin of these products is
probably in southern Mesopotamia, in the Basra region. Further archaeometrical analyses
of the composition of the glazes should make it possible to identify even more precisely the
regions of production [13].

Samples No.3540 and No.3541 are extracted from a ceramic category that is difficult to
precisely identify. In terms of clay and surface treatment, this jar is similar to those made at
Siraf on the Iranian coast, known as CREAC, and dated between the late 8th and the 10th
century [12]. It is possibly another sandy buff ware belonging to the same group as TORP,
TURQ, and SPORC, but with an overfired body, with a large number of magmatic rock
inclusions within the clay matrix.

2.3. Analytical Procedures
2.3.1. Bitumen Analysis

All archaeological and geological samples were subjected to the same analytical pro-
cedure conducted at GeoMark Research Ltd. (Houston, TX, USA). The ground potsherd
samples were Soxhlet extracted with a mixture of 372 mL dichloromethane and 28 mL
methanol. The dried dichloromethane extracts were deasphalted using n-hexane. The deas-
phalted fraction was separated into saturated hydrocarbons, aromatic hydrocarbons, and
resins using gravity flow column chromatography employing a 100–200 mesh silica gel sup-
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port activated at 400 ◦C prior to use. Hexane was used to elute saturates, dichloromethane
to elute the aromatic hydrocarbons, and dichloromethane/methanol (50:50 v/v) to elute the
resin (NSO) fraction. Following solvent evaporation, the recovered fractions were quanti-
fied gravimetrically. The C15+ saturated hydrocarbon fraction was subjected to molecular
sieve filtration (silicalite, Union Carbide S-115 powder) after the technique described by
West et al. [14]. An aliquot of the total alkane fraction was not fractionated by silicalite in
order to preserve access to the n-alkanes.

Gas Chromatography-Mass Spectrometry (GC-MS) analyses of C15+ branched/cyclic
and aromatic hydrocarbon fractions (in order to determine sterane and terpane biomarker
distributions and quantities) and aromatic hydrocarbon fractions were performed using an
Agilent 7890A or 7890B GC interfaced to a 5975C or 5977A mass spectrometer (Wilmington,
DE, USA). The J&W HP-5 column (50 m × 0.2 mm; 0.11 μm film thickness) is temperature
programmed from 150 ◦C to 325 ◦C at 2 ◦C/min for the branched/cyclic fraction and 100 ◦C
at 3 ◦C/min for the aromatic fraction. The mass spectrometer is run in the selected ion mode
(SIM), monitoring ions m/z 177, 191, 205, 217, 218, 221, 231, and 259 for branched and cyclic
alkanes, and m/z 133, 156, 170, 178, 184, 188, 192, 198, 231, 239, 245, and 253 for aromatics.
In order to determine absolute concentrations of individual biomarkers, a deuterated
internal standard (d4-C29 20R Ethylcholestane, Chiron Laboratories, Norway) is added to
the C15+ branched/cyclic hydrocarbon fraction and a deuterated anthracene standard (d10)
is added to the aromatic hydrocarbon fraction. Response factors (RF) were determined by
comparing the mass spectral response at m/z 221 for the deuterated standard to hopane
(m/z 191) and sterane (m/z 217) authentic standards. These response factors were found
to be approximately 1.4 for terpanes and 1.0 for steranes. Concentrations of individual
biomarkers on the branched/cyclic fraction were determined using the equation below:

Conc. (ppm) = [(ht.biomarker)ng standard)]/[(ht.standard) (RF) (mg b/cy fraction)]

RF = response factor, ng = nanograms, for branched and cyclic alkanes (b/cy) peak
heights (ht) are used, for aromatics the same equation is used with peak areas.

The C15+ saturates, C15+ aromatics, asphaltenes, and resins were analyzed for their re-
spective carbon isotope (δ13C in ‰/VPDB = Vienna Pee Dee Belemnite ) compositions. The
asphaltenes and resins were also analyzed for their stable hydrogen isotope compositions.
Details for all of the methods for stable isotope analyses are described in Connan et al. [15].

2.3.2. Mineralogical Analysis

All samples were ground prior to the XRD analysis. The mineralogy was determined
using a D8 Discover Bruker diffractometer (Bruker, Karlsruhe, Germany) equipped with an
X-ray tube emitting Cu-Kα1 radiation (λ = 1.5406 Å) at 40 kV and 40 mA. X-ray diffraction
patterns were recorded with a LynxEye detector (Bruker) under ambient conditions and
from 2.5◦ to 65◦ 2θ, with a step size of 0.035◦ 2θ, and with a calculation time of 3 s per step.
Analyses were performed using DIFFRAC.EVA Bruker software (Version Eva, Release 2025,
7.3.0.2 (64 Bits) access via Eva 3) and diffraction peaks were identified using the powder
diffraction file database.

2.3.3. Complementary Organic Analyses

An aliquot of the sample No.3545 was extracted by a mixture of CH2Cl2/MeOH
1:1 (v/v) and then acetylated (Ac2O/Pyr) and methylated (CH2N2). The mixture was
subsequently fractionated by silica gel chromatography into two fractions: an apolar one
(F1) containing the hydrocarbons and a more polar one (F2) containing the alcohols (as
acetates) and the fatty acids (as methyl esters).

211



Molecules 2025, 30, 2006

GC-FID

GC analyses were carried out on a Hewlett Packard 6890 gas chromatograph (Agilent
Technologies Inc., Wilmington, DE, USA) equipped with an on-column injector used in the
“track-oven” mode, a flame ionization detector, and an HP-5 fused silica capillary column
(30 m × 0.25 mm; 0.25 μm film thickness). H2 was used as carrier gas (constant flow
mode, 2.5 mL/min), and the oven was programmed as follows: 70 ◦C (5 min), 70–200 ◦C
(4 ◦C/min), 200–300 ◦C (10 ◦C/min), isothermal at 300 ◦C.

GC/MS

GC/MS analyses were performed on a Thermo GC Trace gas chromatograph
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with an HP5 MS column
(30 m × 0.25 mm × 0.1 μm) and a temperature-programmable injector linked to a Thermo
TSQ Quantum mass spectrometer (Thermo Fisher Scientific). Helium (constant flow,
1.2 mL/min) was used as carrier gas and the oven was programmed as follows: 70 ◦C
(5 min), 70–200 ◦C (4 ◦C/min), 200–300 ◦C (10 ◦C/min), 40 min isothermal at 300 ◦C. The
mass spectrometer was operating in electron impact (EI) mode at 70 eV with a scan range
of m/z 50–700.

3. Results and Discussion

3.1. Gross Composition of Extractable Organic Matter

Gross composition data are listed in Table 2. The plot of % HC (sat + aro) vs. %
resins (NSO’s) vs. % asphaltenes (Figure 3b) and % saturates vs. % aromatics vs. %
polars (Figure 3a) shows that bituminous mixtures of al-Qusur possess the characteristic
composition of archaeological bitumens: high amounts of polars (resins + asphaltenes) and
asphaltenes and low quantities of hydrocarbons and resins. One may notice some slight
differences among samples in Figure 3b.

Figure 3. Gross composition of the dichloromethane extract in two ternary diagrams: (a) % saturates
vs. % aromatics vs. % polars and (b) % sat + aromatics vs. % resins vs. % asphaltenes.
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3.2. Isotopic Compositions

Isotope data are listed in Table 2. The plot of δ13Csat (‰/VPDB) vs. δ13Caro (‰/VPDB)
and δ13Casp (‰/VPDB) vs. δ13CNSO (‰/VPDB) in Figure 4 reveals at least two main types
of bitumen. One may notice a good match in duplicate samples (No.3545 and 3545bis and
3547 and 3547bis, Figure 4).

Figure 4. Plot of δ13C (‰/VPDB) of aromatics vs. δ13C (‰/VPDB) of saturates and δ13C (‰/VPDB)
of asphaltenes vs. δ13C (‰/VPDB) of NSO for the al-Qusur samples.

Comparison of the al-Qusur data with data collected on oil seeps from Iraq (Figure 5)
and Iran (Figure 6) shows that the bitumen of al-Qusur matches the oil seeps of Iran, but
not those of Iraq.

Figure 5. Plot of δ13C (‰/VPDB) of aromatics vs. δ13C (‰/VPDB) of saturates and δ13C (‰/VPDB)
of asphaltenes vs. δ13C of NSO for the 62 and 46 oil seeps of Iraq: comparison with al-Qusur’s data.
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Figure 6. Plot of δ13C (‰/VPDB) of aromatics vs. δ13C (‰/VPDB) of saturates and δ13C (‰/VPDB)
of asphaltenes vs. δ13C of NSO for 52 and 29 oil seeps of Iran: comparison with al-Qusur‘s data.

One group of bitumen is originating from Kermanshah province whereas the second
group is likely coming from the Khuzestan–Busher–Fars provinces. The plot of δDasp

(‰/VSMOW) vs. δDNSO (‰/VSMOW) in Figure 7 shows values (−90 to −70 ‰/VSMOW)
for asphaltenes which are currently reported for archaeological bitumens. No relationship
exists between the origin of bitumen and δD values (Figure 7). This situation is usual for
δD parameter is not a source parameter but rather reflects the state of bitumen alteration
which is not very intense here [15,16]. Values higher than −100 (‰/VSMOW) in resins
of samples No.3547 and No.3547bis reflect even a well-preserved fraction [17]. One may
note the good match between the values for samples No.3547 and No.3547bis as well as
for samples No.3545 and No.3545bis (Figure 7) which documents the reliability of the
δD values.

3.3. Biomarker Analysis

Mass fragmentograms of steranes (m/z 217) and terpanes (m/z 191) of two torpedo C
potsherds are presented in Figure 8.

Terpanes of sample No.3539 show a high Tm/Ts ratio, a moderate gammacerane
content, the complete hopane family, and the occurrence of the hexahydrobenzohopane
series (C32/6 to C35/6). The tricyclopolyprenanes are missing (water washing? biodegra-
dation? origin?). The steranes are biodegraded with a classical pattern (C27 < C28 < C29).
No selective degradation of C29αααR is seen.

Terpanes of sample No.3546 also have a high Tm/Ts ratio but the outstanding fea-
ture is the occurrence of 18(α)H-oleanane, characteristic of oils from Khuzestan, Busher
and Fars [18]. In this sample, tricyclopolyprenanes (C23/3 to C29/3) and hexahydroben-
zohopanes (C32/6 to C35/6) are present. Steranes are not biodegraded and as expected
with this type of chemistry, contain diasteranes (C27S and C27R dia). The occurrence of
18α(H)-oleanane, identified on samples in Figures 4 and 7, confirm the existence of at least
two main groups of bitumens as already expected on the basis of δ13C data.

Biomarker data are listed in Table 3.
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Figure 7. Plot of the δD (‰/VSMOW) of asphaltenes vs. δD (‰/VSMOW) of resins (NSO) and δD
(‰/VSMOW) of asphaltenes vs. δ13C (‰/VPDB) of asphaltenes with the identification of samples
containing 18α(H)-oleanane.

Figure 8. Mass fragmentograms of steranes (m/z 217) and terpanes (m/z 191) of sample No.3529
without 18α(H)-oleanane and sample No.3546 with 18α(H)-oleanane. Significance of abbrevia-
tions: C29αβH = norhopane, C30αβH = 17α,21β-hopane, C31αβHR = 17α,21β,22R-30-homohopane,
C27αββR+S = 5α,14β,17β-20R+20S-cholestane, C28αββR+S = 5α,14β,17β-20R+20S-24methylcholestane,
C29αββR+S = 5α,14β,17β-20R+20S-24ethylcholestane, C29ααα20S = 5α,14α,17α-20S-24ethylcholestane,
Ts = 18α-22,29,30-trisnorneohopane, Tm = 17α-22,29,30-trisnorhopane, C34αβHS = C34-17α,21β-22S-
extended hopane.
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The plot of Ts/Tm vs. δ13Casp (‰/VPDB) and 18α(H)-oleanane vs. C30αβHopane
(ppm) in Figure 9 confirms the distribution of the samples into two main groups: samples
No.3543, 3546, 3547, 3547bis, 3545, 3545bis, 3627, 3623, and 3624 on one side, samples
No.3539, 3540 + 3541, 3542, 3544, 3625, and 3626 on the other side. The sample No.3543
shows extreme values which are due to the high degree of biodegradation of steranes and
terpanes as documented by the mass fragmentograms shown in Figure 9. Reference to
types of potsherd and amphorae in Figure 10 show that there is no relationship between
the type of bitumen and the type of potsherd.

Figure 9. Plot of 18α(H)-oleanane/C30αβHopane vs. C30αβHopane (ppm) and Ts/Tm vs. δ13Casp
(‰/VPDB) with the al-Qusur samples.

Figure 10. Plot of 18α(H)-oleanane/C30αβHopane vs. δ13Casp (‰/VPDB) in samples of al-Qusur
with and without the identification of type of potsherds.
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The plot of %C27αββsteranes vs. %C28αββsteranes vs. %C29αββsteranes in a ternary
diagram (Figure 11), used to determine the origin of bitumens, confirms the two main
groups of samples already defined: group I with samples No. 3539, 3540 + 3541, 3542,
3544, 3525, and 3526 originating from the Kermanshah province and group II with samples
No.3543, 3545, 3545bis, 3546, 3547, 3547bis, 3623, 3624, and 3627 sourced from the Khuzestan
and Fars provinces. Sample No.3542, which has a particular behavior, falls within group II.

Figure 11. Plot of αββsteranes in a ternary diagram: %C27 vs. %C28 vs. %C29. (A) Group I: samples
without 18α(H)-oleanane. (B) Group II: samples with 18α(H)-oleanane.

The plot of diasteranes/regular steranes vs. steranes/terpanes or vs. C24tetracyclic
terpane/C23tricyclic terpanes confirms the identified two groups of samples.

The plot of Ts/Tm vs. δ13Casp (‰/VPDB) of al-Qusur data with other data already
published [19] on other sites (F5, F6, and B6) from Failaka Island clearly differentiate al-
Qusur from other sites (Figure 12). These sites covered other periods: Hellenistic (B6 and
F5), Kassite (F6), and Early Dilmun (F6), and bitumens came from Iraq and Kuwait.

3.4. Detailed Geochemical Study of Samples No.3545 and 3545bis

Large bitumen coated basins (SPORC) were identified within room R8 of building B20,
in the last occupation layer of this food-processing workshop, dated between the end of
the 8th and the beginning of the 9th century (Figure 1). These jars stand out from the rest
of the ceramic corpus in terms of their shape and size. A functional study was carried out
by combining all the data available prior to the physico-chemical analysis. The presence of
numerous ichthyological remains in the adjoining room, engravings in the shape of fish on
the body of one of the jars, the presence of bitumen, and a base studded with perforations
suggesting a filtration system all point to the manufacture of ‘murri’. This medieval recipe,
similar to ancient garum, used small, dried fish, wine, and various herbs and spices. This
hypothesis was based on textual sources linking the consumption of this condiment to
Christian communities [3].

The sample that we analyzed in duplicate (No.3545 and 3545bis) came from the
larger basin, which seems to be a kind of juice strainer to filter the «garum-like juice». The
mineralogical analysis carried out by Renaud Gley at the University of Lorraine (France)
did not find evidence for any halite (NaCl), but classical mineral additives of archaeological
bituminous mixtures [18]: quartz, calcite, and dolomite as the dominant minerals and
calcium sulfates (gypsum and anhydrite) were often present in carbonates lithologies
(Figure 13). In addition, clays (illite) and plagioclases (albite) were also identified.
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Figure 12. Plot of Ts/Tm vs. δ13Casp (‰/VPDB): comparison of al-Qusur to other sites of Failaka Island.

 

Figure 13. X-Ray diffraction diagram: identification of minerals in the sample No.3545.

The sample was analyzed by Philippe Schaeffer, University of Strasbourg, for comple-
mentary organic analyses.
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The mixture has been subsequently fractionated into two fractions: hydrocarbons and
then alcohols and methyl esters. The gas chromatograms of the two fractions are shown
in Figure 14. The hydrocarbon fraction F1 shows a distribution typical for a biodegraded
bitumen (abundant unresolved complex mixture, lack of n-alkanes and isoprenoids, abun-
dant hopane family). The fraction F2 also shows an unresolved complex mixture associated
with biodegraded bitumen. This fraction has also been analyzed by GC-MS in order to try
to detect diagnostic compounds: fatty acids, terpenoids, for instance. However, no specific
compounds could be identified. As a consequence, it seems that the bitumen matrix has
not adsorbed any molecules from the presumed “garum” filtered in the basin.

 

Figure 14. Gas chromatogram of the chromatographic fractions: F1 (hydrocarbons) and F2 (fatty
acids and alcohols, analyzed as acetate and methyl ester derivatives, respectively) of the sample
No.3545.
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Although there are many arguments in favor of the production of ‘murri’, the absence
of organic markers linked to fish products means that an alternative should be carried out.

4. Conclusions

The geochemical analysis of the 13 samples has shown the occurrence of bitumen in
all samples.

This bitumen has different origins: Kermanshah province and Khuzestan, Fars, and
Busher provinces in Iran.

The coating of the big basin with numerous holes (QSR16-A4/57) is composed mainly
of bitumen and minerals, a typical archaeological bituminous mixture. No trace of the
“garum” has been found within this mixture. It is interesting to note that whilst the
archaeological evidence indicates the production of ‘murri’, the lack of organic biomarkers
for fish opens the possibility for alternative uses.
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Abstract: Anthocyanins constitute the primary pigment components in hawthorn
(Crataegus pinnatifida) peel, yet their specific composition and concentration profiles remain poorly
characterized. This study employed ultra-performance liquid chromatography–electrospray
ionization–tandem mass spectrometry (UPLC-ESI-MS/MS)-based metabolomics to systemati-
cally compare anthocyanin profiles between red-peel (CPR) and yellow-peel (CPY) hawthorn
cultivars. Our analysis identified 26 anthocyanin metabolites in CPR and 24 in CPY, with
cyanidin-3-O-galactoside and cyanidin-3-O-arabinoside being the predominant compounds
in both. Multivariate analysis revealed seven significantly differential metabolites, including
cyanidin-3-O-galactoside, cyanidin-3-O-arabinoside, pelargonidin-3-O-galactoside, pelargonidin-
3-O-glucoside, pelargonidin-3-O-arabinoside, and peonidin-3-O-galactoside. Notably, all the
differential metabolites exhibited reductions in CPY compared to CPR. Chromatic analysis
demonstrated that CPR possessed highly significantly lower hue angle values (hab) than CPY
(47.7093 ± 4.1706, 83.6427 ± 1.4604, p < 0.01), showing strong negative correlations with key
anthocyanins. These findings enhance the scientific understanding of anthocyanin biosynthesis in
hawthorn peel and provide a certain reference for the development and utilization of anthocyanins
in hawthorn peel.

Keywords: hawthorn; anthocyanins; peel; UHPLC-ESI-MS/MS

1. Introduction

The genus Crataegus (Rosaceae), commonly known as hawthorn, comprises approx-
imately 1000 species distributed across Europe, North America, and East Asia [1]. This
genus has gained recognition as a valuable source for natural pigment extraction and
antioxidant-rich functional food development [2]. Among the 12 species and six varieties
native to China, C. pinnatifida Bge. var. major N.E.Br. (Chinese hawthorn) dominates
commercial cultivation. While primarily consumed fresh or processed, its peel exhibits

Molecules 2025, 30, 1149 https://doi.org/10.3390/molecules30051149
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significant anthocyanidin accumulation, with most cultivars displaying red pigmentation
and rare occurrences of yellow/orange phenotypes [3,4].

Anthocyanidins, the glycosylated precursors of anthocyanins, encompass six major
aglycones: cyanidin, delphinidin, peonidin, pelargonidin, malvidin, and petunidin [5,6].
These water-soluble pigments typically conjugate with glucose, arabinose, or galactose
via O-glycosidic bonds, conferring both chromatic properties (cyanidin/peonidin: purple-
red; pelargonidin: red-orange; delphinidin/malvidin/petunidin: blue-purple) and potent
antioxidant capacities [7]. Despite their pivotal role in peel pigmentation, previous phy-
tochemical analyses of Chinese hawthorn have prioritized organic acids, triterpenoids,
and flavonoids [8–10], with limited attention to anthocyanin profiling. Current knowledge
remains restricted to red-peel cultivars, while the anthocyanin composition of yellow-peel
variants persists as a scientific enigma.

Modern metabolomics employs chromatography–mass spectrometry platforms to
achieve high-resolution metabolite profiling, combining separation efficiency, analyti-
cal precision, and environmental sustainability [11–13]. One anthocyanin, cyanidin-3-O-
galactoside, was identified when Liu et al. [14] analyzed the phenolic compounds in Chinese
hawthorn fruits using HPLC-DAD-ESI/MS (high-performance liquid chromatography–
diode array detector–mass spectrometry). Moreover, Wang, et al. [15] isolated and iden-
tified cyanidin-3-O-β-galactoside and cyanidin-3-O-α-arabinoside of C. pinnatifida Bge.
var. major fruits. Subsequently, cyanidin-3-O-galactoside and cyanidin-3-O-arabinoside
were extracted from Chinese hawthorn peel and analyzed using HPLC-MS [16]. Eight
anthocyanins were separated and identified in the fruit of C. pinnatifida Bge. var. major; this
is by far the most complete study of anthocyanins in the species [17]. Wang et al. [18] re-
vealed two additional derivatives—cyanidin-3-xyloside and cyanidin-3-O-glucoside—with
broad-spectrum metabolomics at five developmental stages. Ultra-high-performance liquid
chromatography–tandem mass spectrometry (UHPLC-MS/MS) is becoming increasingly
widely used in the analysis of metabolites [19,20].

Notwithstanding these advancements, the systematic profiling of hawthorn peel
anthocyanins—particularly comparative analyses between chromatic phenotypes—remains
unaddressed. This study employs UPLC-ESI-MS/MS-based metabolomics to qualitatively
and quantitatively analyze the major anthocyanins of red- and yellow-skinned C. pinnatifida
Bge. var. major and to identify phenotype-specific differential anthocyanins. Our findings
are helpful in revealing the reason for the coloration of hawthorn peel and in understanding
the mechanism of the color change of hawthorn peel.

2. Results

2.1. Quality Control (QC) Analysis of Samples

The total ion chromatogram (TIC) profiles exhibited comprehensive ion intensity
distribution across the analytical time course (Figure S1a). A mixed solution was used
as the quality control (QC) sample; the QC sample was inserted every 10 test samples
during the analysis process. High overlap of the QC-derived TIC curves (Figure S1b)
confirmed excellent system stability and method reproducibility. The target anthocyanins
showed well-resolved peaks in extracted ion chromatograms (Figure S1c). The method
validation demonstrated limits of detection (LOD) and quantification (LOQ) ranging from
0.1909 to 0.5342 ng/g and 0.6592 to 1.8445 ng/g, respectively, meeting the stringent sensi-
tivity requirements for plant metabolite analysis.

2.2. Qualitative and Quantitative Analysis of Anthocyanin

A total of 26 anthocyanin metabolites in six categories were detected in CPR
and CPY, including cyanidin derivatives (n = 4), delphinidin derivatives (n = 6),
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malvidin derivatives (n = 2), pelargonidin derivatives (n = 6), peonidin derivatives
(n = 4), and petunidin derivatives (n = 4) (Table 1). Ten compounds were authenti-
cated using reference standards: cyanidin-3-O-galactoside, cyanidin-3-O-arabinoside,
cyanidin-3-O-(6-O-malonyl-β-D-glucoside), delphinidin-3-O-galactoside, malvidin-3-O-
arabinoside, malvidin-3-O-galactoside, pelargonidin-3-O-glucoside, peonidin-3-O-glucoside,
peonidin-3-O-arabinoside, and petunidin-3-O-glucoside. The remaining compounds
were identified through spectral library matching (Maiwei Biotechnology Co., Ltd.,
Wuhan, China). The CPR-exclusive metabolites included pelargonidin-3-O-glucoside
and pelargonidin-3-O-arabinoside. The total anthocyanin content differed significantly
between CPR (2411.76 μg/g) and CPY (53.967 μg/g), with cyanidin-3-O-galactoside
(45.3-fold higher in CPR) and cyanidin-3-O-arabinoside (51.0-fold higher) being predomi-
nant in both cultivars.

Table 1. Absolute quantification of anthocyanin results.

Anthocyanin
Metabolite

Retention
Time

Regression Equation
Precursor

Ions
m/z

Characteristic
Fragment

m/z
DP CE

CPR
(μg/g)

CPY
(μg/g)

Limits of
Detection

(ng/g)

Limits of
Quantification

(ng/g)

Cyanidin-3-O-
galactoside 6.91 y = 5424.31085x +

1862.34714(0.99881) 449.1 287.1 50 32
2327.962

±
435.075

Aa

51.406 ±
30.260 Bb 0.1909 0.6592

Cyanidin-3-O-
arabinoside 7.87

y = 2.06939 × 105x +
8.27387 × 104 (0.99727)

419.1 287.1 45 25 40.410 ±
10.411 Aa

0.792 ±
0.225 Bb 0.3996 1.3798

Cyanidin-3-O-(6-O-
malonyl-beta-D-

glucoside)
10.20 y = 1.42967 × 105x +

23953.76856(0.99900) 535.1 287.1 100 32 0.007 ±
0.003 Aa

0.004 ±
0.002 Aa 0.2292 0.8291

Cyanidin-3-(6-O-p-
caffeoyl)-glucoside 11.38 y = 3.62073 × 104x +

4600.17059(0.99612) 611.1 287.1 75 35 0.013 ±
0.004 Aa

0.009 ±
0.008 Aa - -

Delphinidin-3-O-
arabinoside 6.96 y = 3.62073 × 104x +

4600.17059(0.99612) 435.5 303.1 100 30 0.038 ±
0.022 Aa

0.046 ±
0.009 Aa - -

Delphinidin-3-O-(6-
O-p-coumaroyl)-

glucoside
11.75 y = 3.62073 × 104x +

4600.17059(0.99612) 611.1 303.1 75 35 0.026 ±
0.008 Aa

0.033 ±
0.030 Aa - -

Delphinidin-3-O-(6-
O-acetyl)-glucoside 10.97 y = 3.62073 × 104x +

4600.17059(0.99612) 507.1 303.1 75 35 0.180 ±
0.006 Aa

0.094 ±
0.093 Aa - -

Delphinidin-3-O-(6-
O-malonyl-beta-D-

glucoside)
9.49 y = 3.62073 × 104x +

4600.17059(0.99612) 551.1 303.1 100 32 1.240 ±
0.832 Aa

0.216 ±
0.217 Aa - -

Delphinidin-3-O-5-
O-(6-O-coumaroyl)-

diglucoside
10.93 y = 3.62073×104x +

4600.17059(0.99612) 773.2 303.1 75 35 0.030 ±
0.005 Aa

0.027 ±
0.016 Aa - -

Delphinidin-3-O-
galactoside 6.01 y = 1.32162 × 105x −

5432.25388(0.99888) 465.1 303.1 60 31 0.332 ±
0.156 Aa

0.098 ±
0.030 Aa 0.4700 1.6230

Malvidin-3-O-
arabinoside 9.77 y = 1.52996 × 105x +

1279.51381(0.99863) 463.3 331.1 120 27 0.161 ±
0.092 Aa

0.054 ±
0.028 Aa 0.2055 0.7095

Malvidin-3-O-
galactoside 8.95 y = 2.38083 × 105x +

8974.76971(0.99770) 493.2 331.1 50 34 0.505 ±
0.310 Aa

0.272 ±
0.246 Aa 0.3676 1.2693

Pelargonidin-3-O-(6-
O-p-coumaroyl)-

glucoside
12.53 y = 3.62073×104x +

4600.17059(0.99612) 579.2 271.1 75 35 0.122 ±
0.035 Aa

0.105 ±
0.020 Aa - -

Pelargonidin-3-O-5-
O-(6-O-coumaroyl)-

diglucoside
12.04 y = 3.62073 × 104x +

4600.17059(0.99612) 741.2 271.1 75 35 0.026 ±
0.003 Aa

0.025 ±
0.004 Aa - -

Pelargonidin-3-O-
galactoside 7.78 y = 3.62073 × 104x +

4600.17059(0.99612) 433.2 271.1 100 27 20.269 ±
8.060 Aa

0.194 ±
0.091 Ab - -

Pelargonidin-3-O-
rutinoside-5-O-

glucoside
8.92 y = 3.62073 × 104x +

4600.17059(0.99612) 741.2 271.1 75 35 0.036 ±
0.013 Aa

0.037 ±
0.005 Aa - -

Pelargonidin-3-O-
glucoside 8.37 y = 1.74307 × 105x +

12033.58043(0.99738) 433.2 271.1 100 27 0.115 ±
0.025 Aa -Bb 0.2673 0.9474

Pelargonidin-3-O-
arabinoside 8.74 y = 3.62073×104x +

4600.17059(0.99612) 403.1 271.1 45 25 0.214 ±
0.0380 Aa -Bb - -

Peonidin-3-O-(6-O-
p-coumaroyl)-

glucoside
12.60 y = 3.62073 × 104x +

4600.17059(0.99612) 609.2 301.1 75 35 0.017 ±
0.0010 Aa

0.019 ±
0.003 Aa - -

Peonidin-3-O-
glucoside 8.96

y = 3.26812 × 105x +
1.63886 × 105 (0.99506)

463.3 301.1 100 30 0.093 ±
0.040 Aa

0.015 ±
0.003 Ab 0.5342 1.8445

Peonidin-3-O-
galactoside 8.49 y = 3.62073 × 104x +

4600.17059(0.99612) 463.3 287.1 100 27 19.245 ±
2.193 Aa

0.316 ±
0.015 Bb - -

Peonidin-3-O-
arabinoside 9.37

y = 2.31273 × 105x +
8.07477 × 104 (0.99769)

433.2 287.1 50 25 0.220 ±
0.036 Aa

0.004 ±
0.002 Bb 0.3559 1.2290

Petunidin-3-O-
sophoroside 7.96 y = 3.62073 × 104x +

4600.17059(0.99612) 641.1 287.1 70 40 0.043 ±
0.023 Aa

0.014 ±
0.013 Aa - -
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Table 1. Cont.

Anthocyanin
Metabolite

Retention
Time

Regression Equation
Precursor

Ions
m/z

Characteristic
Fragment

m/z
DP CE

CPR
(μg/g)

CPY
(μg/g)

Limits of
Detection

(ng/g)

Limits of
Quantification

(ng/g)

Petunidin-3-O-
glucoside 8.05 y = 1.76301 × 105x +

17143.60875(0.99872) 479.1 287.1 100 30 0.024 ±
0.012 Aa

0.009 ±
0.008 Aa 0.2225 0.7888

Petunidin-3-O-
galactoside 7.98 y = 3.62073 × 104x +

4600.17059(0.99612) 479.1 303.1 100 30 0.129 ±
0.0623 Aa

0.047 ±
0.044 Aa - -

Petunidin-3-O-
arabinoside 8.52 y = 3.62073 × 104x +

4600.17059(0.99612) 449.1 303.1 45 25 0.303 ±
0.180 Aa

0.135 ±
0.027 Aa - -

Total
2411.760

±
369.029

Aa

53.967 ±
24.424 Bb

Note: ‘-’ indicates that these compounds were not detected. Different capital letters represent highly significant differences
between groups (p < 0.01); different lowercase letters represent significant differences between groups (p < 0.05).

2.3. Principal Component Analysis

Principal component analysis (PCA) is an unsupervised discriminant method that can
evaluate the clustering relationship of red-peel (CPR) and yellow-peel (CPY) hawthorn
samples. PCA analysis was performed on the anthocyanin metabolites of CPR and CPY
(Figure 1). The samples in the same group were clustered together, and there were great
differences between CPR and CPY, indicating that the samples within the group had
good repeatability, the data of the samples were reliable, and the subsequent differential
metabolite analysis could be performed. The scores of PC1 and PC2 were 70.27% and
13.67%, respectively. This result showed that the representative features of most metabolites
were well aggregated.

 
Figure 1. PCA scores plot of CPR and CPY. The shaded area represents the 95% confidence interval.

2.4. OPLS-DA Analysis and Permutation Test Analysis

Orthogonal partial least squares discriminant analysis (OPLS-DA) was also used to
show the difference between CPR and CPY and to further screen differential metabo-
lites. The results showed that the parameters R2X and R2Y of the OPLS-DA model were
0.698 and 0.999, respectively (Figure 2A), which indicated that the interpretation rate of
the model was good. Q2 was 0.925, indicating that the prediction ability of the model was
high. In the OPLS-DA model score plot, the T score of the principal component in the
OSC (orthogonal signal correction) process was 48.2%, showing that the difference between
the two groups was obvious. The orthogonal T score was 21.6%, indicating that the differ-
ence within the group was small (Figure 2B). The permutation test results showed that as
the replacement retention decreased, R2 and Q2 decreased, and the regression line showed
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an upward trend, which indicated that the model did not have overfitting and was effective
and repeatable (Figure 3).

 

Figure 2. OPLS-DA analysis of CPR and CPY ((A) OPLS-DA verification plot of CPR and CPY;
(B) OPLS-DA score plot of CPR and CPY, tthe shaded area represents the 95% confidence interval; ordinate
and abscissa represent the scores of orthogonal and principal components in the OSC process, respectively).

 

Figure 3. OPLS-DA permutation test of CPR and CPY. The X-axis represents the retention of permu-
tation, while the Y-axis displays the values of R2Y and Q2. The two dashed lines correspond to the
regression lines of R2Y and Q2, respectively.

2.5. Analysis of Differential Anthocyanin Metabolites

Differential anthocyanin metabolites were screened according to the following criteria:
VIP (variable importance in project value) ≥ 1, p-value ≤ 0.05, and fold change (FC) ≥ 2
or fold change ≤ 0.5. Cyanidin-3-O-galactoside, cyanidin-3-O-arabinoside, pelargonidin-
3-O-galactoside, pelargonidin-3-O-glucoside, pelargonidin-3-arabinoside, peonidin-3-O-
galactoside and peonidin-3-O-arabinoside were identified as differential metabolites. Com-
pared with CPR, all the differential metabolites in CPY showed a downward trend (Table 2).

Table 2. Analysis of differential anthocyanin metabolites between CPY and CPR.

Differential Anthocyanin Metabolites VIP p-Value
CPY vs. CPR
Fold Change

Type

Cyanidin-3-O-galactoside 1.5141 0.0117 0.0221 down
Cyanidin-3-O-arabinoside 1.4857 0.0222 0.0196 down

Pelargonidin-3-O-galactoside 1.4037 0.0497 0.0095 down
Pelargonidin-3-O-glucoside 1.5081 0.0159 0.0000 down

Pelargonidin-3-O-arabinoside 1.5236 0.0103 0.0000 down
Peonidin-3-O-galactoside 1.5342 0.0044 0.0164 down
Peonidin-3-O-arabinoside 1.5196 0.0088 0.0174 down

228



Molecules 2025, 30, 1149

2.6. Correlation Analysis Between Anthocyanin Differential Metabolites and Hue Angle

CPR displayed significantly lower hue angles (47.7093 ± 4.1706◦) compared to CPY
(83.6427 ± 1.4604◦, p < 0.01), correlating with visual phenotypes (Table 3). Strong negative
correlations (r = −0.9023 to −0.9955) between hue angle and differential anthocyanin
content were observed (Table 4), confirming that anthocyanin accumulation drives red
pigmentation intensity.

Table 3. Calculation of a*, b*, and hue angle.

a* b* hab

CPR 29.1311 ± 2.6221 A 32.4199 ± 2.7185 B 47.7093 ± 4.1706 B

CPY 6.5816 ± 1.6875 B 59.4201 ± 2.9749 A 83.6427 ± 1.4604 A

Note: Different capital letters represent highly significant differences between CPR and CPY (p < 0.01).

Table 4. Correlation analysis between anthocyanin differential metabolites and hue angle in CPR and CPY.

Color Index Differential Anthocyanin Metabolites Correlation p-Value

Hue angle Cyanidin-3-O-galactoside −0.9747 0.0010
Hue angle Cyanidin-3-O-arabinoside −0.9512 0.0035
Hue angle Pelargonidin-3-O-galactoside −0.9577 0.0026
Hue angle Pelargonidin-3-O-glucoside −0.9023 0.0139
Hue angle Pelargonidin-3-O-arabinoside −0.9259 0.0080
Hue angle Peonidin-3-O-galactoside −0.9918 0.0001
Hue angle Peonidin-3-O-arabinoside −0.99550 0.00003

3. Discussion

Traditional approaches for identifying bioactive components in Crataegus species have
primarily relied on HPLC systems coupled with detectors such as DAD, MS, and photodi-
ode arrays (PAD) [21–24]. Anthocyanins, which are critical pigments responsible for the
coloration of hawthorn fruit peel, remain under-characterized in these studies, with signifi-
cant discrepancies existing across reported identifications. For instance, Zorzi et al. [21]
identified delphinidin-hexoside in Crataegus monogyna Jacq. using HPLC-DAD-ESI-HRMS,
while Simirgiotis [23] detected four anthocyanin derivatives in the same species via HPLC-
DAD-MS. To date, the most comprehensive profiling was achieved using HPLC-DAD-
ESI/MS in C. pinnatifida Bge. var. major N.E.Br., revealing eight distinct anthocyanins [17],
the highest number reported to date.

UHPLC-ESI-MS/MS has emerged as a cornerstone technology for targeted
metabolomic profiling, particularly in fruit phytochemical characterization [18,25,26].
Recent applications of this platform include the identification of 17 anthocyanins in
Kadsura coccinea (Lem.) A. C. Smith [27] and 26 distinct anthocyanin derivatives in cashew
apple (Anacardium occidentale) [28]. Aligning with these advances, our LC-MS analy-
sis revealed 26 anthocyanin metabolites in C. pinnatifida red-fruited varieties (CPR) and
24 in their yellow-fruited counterparts (CPY). Notably, 24 anthocyanins were common to
both varieties, with pelargonidin-3-O-glucoside and pelargonidin-3-O-arabinoside being
uniquely detected in CPR.

Previous studies on C. pinnatifida have identified diverse anthocyanin profiles. Liu et al. [14]
quantified cyanidin-3-O-galactoside in red hawthorn dry weight (0.06–0.66 mg/g), while
Liu et al. [17] isolated eight anthocyanins, including cyanidin-3,5-dihexoside, pelargonidin-
3-rutinoside, cyanidin-3-galactoside, cyanidin-3-glucoside, cyanidin-3-rutinoside, cyanidin-
3-arabinoside, pelargonidin-3-glucoside, and malvidin-3-glucoside. Recent work by Wang
et al. [18] further confirmed cyanidin-3-xyloside and cyanidin-3-O-glucoside. Some antho-
cyanins were also identified in other hawthorn fruits. C. monogyna Jacq. contains acylated
derivatives, such as malvidin-3-O-(4′′′coumaroyl)-rutinose-5-O-glucose [23], while C. monogyna
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fruits exhibit cyanidin-O-hexoxide and cyanidin-3-O-glucoside and peonidin-O-hexoxide [24].
Notably, this study represents the first comprehensive anthocyanin analysis of yellow Chinese
hawthorn, revealing only two undetected anthocyanins compared to the red varieties. Further-
more, delphinidin and petunidin derivatives were newly identified in Chinese hawthorn.

Cyanidin-3-O-galactoside emerged as the predominant anthocyanin in both CPR and
CPY, constituting 98.2% and 96.7% of total anthocyanins when combined with cyanidin-
3-O-arabinoside. This aligns with Liu et al.’s [17] findings in C. pinnatifida and parallels
observations in red-skinned C. monogyna, where cyanidin-3-O-glucoside predominates [24].
Anthocyanin absence in yellow C. azarolus [29] and distinct profiles in black-skinned
C. maximowiczii [30] further underscore the species-specific patterns. The cyanidin dom-
inance (80% total anthocyanins) in apples [31] suggests conserved metabolic pathways
across Rosaceae.

Quantitative analysis revealed that CPR’s total anthocyanin content (TAC) exceeded
that of CPY by 44.69-fold, which is consistent with Qi et al.’s [32] report of ≥20-fold
differences between red and yellow hawthorn cultivars. It has been reported that the
reduction in anthocyanins leads to a change in the color of the flowers from coral to
pink, then to yellow [33,34]. The positive values of a* indicate red, and the positive
values of b* indicate yellow. For hue angle, zero degrees (0◦) represents red and 90◦

represents yellow [35,36]. Thus, this TAC disparity directly correlates with peel coloration,
as evidenced by the colorimetric parameters: CPR exhibited 4.43× higher a* (redness)
and 1.83× lower b* (yellowness) versus CPY. Hue angle (hab) values further confirmed
phenotypic differences (CPR: 47.7 vs. CPY: 83.6), with significant negative correlations
between hab and differential anthocyanin metabolites (Table 4). These findings align with
apricot coloration studies [37] and anthocyanin degradation patterns in strawberries [38].

Multivariate analysis (PCA/OPLS-DA) effectively distinguished CPR and CPY
metabolomes (Figures 1 and 2B). The screening criteria were slightly different in the studies.
Differential metabolites were mined by p < 0.05 and VIP > 1 [39]. In another report,
p ≤ 0.05 and fold change ≥ 2 were applied [40]. Differential metabolites were
screened using stringent criteria (VIP ≥ 1, p ≤ 0.05, FC ≤ 0.5), identifying seven key
anthocyanins: cyanidin-3-O-galactoside, cyanidin-3-O-arabinoside, pelargonidin-3-O-
galactoside, pelargonidin-3-O-glucoside, pelargonid-in-3-O-arabinoside, peonidin-3-O-
galactoside, and peonidin-3-O-arabinoside. All the metabolites showed reduced accumula-
tion in CPY. Notably,
despite cyanidin-3-O-galactoside predominance in CPY, its chromatic expression may
be masked by co-occurring flavonoids [35,41] through co-pigmentation effects. Addi-
tional factors, including pH fluctuations, metal ion interactions [42], and environmental
conditions [43], likely contribute to coloration differences, highlighting the need for pro-
cess/storage condition studies.

4. Materials and Methods

4.1. Plant Materials and Color Parameters Determination

Six elite hybrid progeny with red peel (designated CPR1, CPR2, CPR3) and yellow
peel (CPY1, CPY2, CPY3) were selected from crosses between C. pinnatifida Bge. var.
major ‘Damianqiu’ and C. pinnatifida Bge. var. major ‘Dahuangmianzha’ (Figure 4). These
seedlings were uniformly grafted onto ‘Damianqiu’ rootstocks in 2017 and initiated fruiting
by 2021. All the grafted plants were cultivated in identical plots under standardized
horticultural management. At 140 days after anthesis in 2022, ten fully illuminated mature
fruits were harvested from the upper canopy of each tree for color parameter analysis and
anthocyanin quantification. Five fruits per tree were subjected to color measurements, with
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three technical replicates per fruit. The remaining five fruits per plant were pooled for
anthocyanin extraction.

  

   
Figure 4. Phenotypic characterization of CPR (red peel) and CPY (yellow peel) accessions.
Upper panel (left to right): CPR1, CPR2, CPR3; lower panel (left to right): CPY1, CPY2, CPY3.

Peel color indices (a* and b*) at the equatorial region were recorded using an X-Rite
SP60 portable spectrophotometer under ambient natural illumination. Hue angle (hab) was
calculated as hab = arctan (b*/a*) [44].

4.2. Extraction of Hawthorn Peel Anthocyanin

The fruits were peeled and frozen in liquid nitrogen for the determination of antho-
cyanin metabolites. First, freeze-dried peel was ground into powder by a Mixer mill mm
400 (30 Hz, 1.5 min, Retsch, Haan, Germany); then, 50mg of peel powder was dissolved in
500 μL of extracting solution (methanol/water/hydrochloric acid = 500:500:1 (V/V/V)).
The extract was sonicated at 4 ◦C for 5 min (KQ5200E, Kunshan Shumei, Kunshan, China)
and centrifuged at 12,000 rpm for 3 min (5424R, Eppendorf, Hamburg, Germany). The
supernatant was filtered through 0.22 μm nylon membranes (Doudian, Shenzhen, China)
prior to LC-MS/MS analysis.

4.3. UHPLC and ESI-MS/MS Conditions

The extracts were detected and analyzed using an UHPLC-ESI-MS/MS system (UPLC,
ExionLC™ AD, Framingham, MA, USA; MS, SCIEX OTRAP 6500+, Framingham, MA, USA).
An Acquity beh C18 chromatographic column (1.7 μm, 2.1 mm × 100 mm) was used. Ultrapure
water containing 0.1% formic acid (Sigma-Aldrich, St Louis, MO, USA) and methanol with 0.1%
formic acid (Merck, Darmstadt, Germany) were used as mobile phases A and B, respectively.
Elution gradient: At 0.00 min, the proportion of phase B was 5%, increased to 50% at 6.00 min,
further increased to 95% at 12.00 min, maintained for 2 min, decreased to 5% at 14 min, and
equilibrated for 2 min. The column temperature was 40 ◦C, and the injection volume was 2 μL.

ESI+ was used as an ion source with a positive ion mode; the temperature was set at
550 ◦C, the ion spray voltage (IS) was 5500 V, and the curtain gas was 35 psi. Anthocyanins
were quantified via multiple reaction monitoring (MRM), with optimized declustering poten-
tials (DP) and collision energies (CE) for target ion pairs (Table 1). Parent ions were fragmented
in the collision cell, and characteristic product ions were selected for quantification.

4.4. Anthocyanin Content Calculation and Statistical Analysis

There were 11 standards in total, including cyanidin-3-O-galactoside, cyanidin-3-
O-arabinoside, cyanidin-3-O-(6-O-malonyl-beta-D-glucoside), delphinidin-3-O-galactoside,
malvidin-3-O-arabinoside, malvidin-3-O-galactoside, pelargonidin-3-O-glucoside, peonidin-
3-O-glucoside, peonidin-3-O-arabinoside, petunidin-3-O-glucoside, and delphinidin-3,5-O-
diglucoside. All the standards (isoReag, Shanghai, China) were first prepared into a 1mg/mL
stock solution with 50% methanol and stored at −20 ◦C. Before analysis, the working solution
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was diluted with 50% methanol to 0.01 ng/mL, 0.02 ng/mL, 0.05 ng/mL, 0.1 ng/mL, 0.5
ng/mL, 1 ng/mL, 5 ng/mL, 10 ng/mL, 50 ng/mL, 100 ng/mL, 500 ng/mL, 1000 ng/mL, 2000
ng/mL, and 5000 ng/mL. Then, the standard curve was drawn with the standard concentra-
tion as the abscissa and the peak area as the ordinate. With reference to the retention time of
the standard, the mass spectrometry data were qualitatively analyzed based on the self-built
database (Maiwei Biotechnology Co., Ltd., Wuhan, China). Analyst 1.6.3 (Sciex, Framingham,
MA, USA) was used for data analysis and, MultiQuant 3.0.3 (Sciex) further performed integral
correction on the mass spectrometry peaks to ensure qualitative and quantitative accuracy.
Afterwards, it was combined with the standard curve, and the peak area of the component
was used to obtain the concentration; then, the formula for quantitative analysis was as
follows: (μg/g) = C × V/1,000,000/m. (C: concentration value (μg/mL); V: the volume of the
solution used for extraction (mL); m: sample mass (g)).

The limit of quantification (LOQ) and the limit of detection (LOD) were calculated
using the standard. Their formulas were LOD = kσ and LOQ = 10σ [45], respectively. The
standards were prepared into a 1ng/mL solution, and detection was repeated 10 times.
Then, the standard deviation (σ) of the actual measured concentration was calculated.
According to the degree of freedom (n) = 9 and p (1) = 0.01 in the t-test critical value table,
the k value was 2.821.

Principal component analysis (PCA) and orthogonal partial least-squares discriminant
analysis (OPLS-DA) were implemented using Stats 3.5.1 and Metabo Analyst R 1.0.1 in R 3.5.1.
Model validity was confirmed through 200 permutation tests. VIP, p-value, and fold change
were combined to select the differential metabolites.

5. Conclusions

A total of 26 anthocyanin metabolites were identified through UHPLC-ESI-MS/MS
analysis, with complete detection (26/26) in CPR and partial detection (24/26) in CPY.
Both accessions exhibited identical dominant anthocyanin profiles, with cyanidin-3-O-
galactoside and cyanidin-3-O-arabinoside constituting the most abundant components
in peel tissues. Comparative analysis revealed seven differentially accumulated metabo-
lites: cyanidin-3-O-galactoside, cyanidin-3-O-arabinoside, pelargonidin-3-O-galactoside,
pelargonidin-3-O-glucoside, pelargonidin-3-O-arabinoside, and peonidin-3-O-galactoside.
Notably, all the differential metabolites displayed downregulation in CPY compared to
CPR. This study expands the documented anthocyanin repertoire of C. pinnatifida fruits.
However, comprehensive characterization of hawthorn peel anthocyanins requires further
investigation with expanded sample sizes and enhanced metabolite coverage.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules30051149/s1, Figure S1: Ion chromatogram. (a).
The total ion chromatogram (TIC) of quality control (QC) sample. (b). The overlap diagram of the
TIC plot from QC mass spectrometry at different times. (c). The multipeak detection plot shows the
extracted ion chromatogram of anthocyanins. The abscissa represents the retention time (Time, min),
and the ordinate represents the ion current intensity (Intensity, cps).
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