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Abstract: Pyrrolizidine alkaloids (PAs) are natural toxins widely distributed in plants, which
naturally occur in about 3% of the world’s flowering plants. To date, more than 660 PAs and their
nitrogen oxides have been identified in over 6 000 plants. Some PAs are hepatotoxic, genotoxic and
tumorigenic, posing significant health risks to humans. These alkaloids are commonly detected as
contaminants in various food products, including tea, grains, milk, honey, as well as plant-derived
pharmaceuticals and dietary supplements. Currently, most studies on the quantitative methods for
PAs focus on a limited number of PAs and employ an additive quantification strategy, largely due

to the challenges associated with chromatographic separation of isomers. These approaches limit
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the ability to assess exposure and health risk accurately. Herein, a method was established to
quantify 35 PAs individually in dried tea samples using ultra-high performance liquid chromatography-
triple quadrupole mass spectrometry (UHPLC-MS/MS) . The 35 target compounds were divided into
two groups. The first group included 30 PAs, while the second group consisted of 5 PAs. These
compounds were separated on Waters Acquity BEH C18 (150 mmx2.1 mm, 1.7 pm) and Thermo
Acclaim™ C30 (150 mmx2.1 mm, 3.0 wm) chromatographic columns, respectively. Mobile phases
were H,0 containning 5 mmol/L ammonium formate and 0.13% formic acid (pH=3) and methanol-
acetonitrile (4:6, volume raio) containing 0.1% formic acid. The 33 target compounds were separated
and 2 isomers co-eluted. Under positive-ion electrospray ionization (ESI) and multiple reaction
monitoring (MRM) mode, target compounds were quantified using the external standard method
with the matrix-matched standard curve. The results demonstrated that all target compounds showed
good linearity (#7>0.99) in their respective mass concentration ranges. The limits of detection (LODs)
and quantification (LOQs) of the method were in the range of 0.2-8.0 png/kg and 0.5-25.0 pg/kg,
respectively. The average recoveries of more than 89% compounds were in the range of 70%-130%
at spiked levels of 1, 2, and 5 fold-LOQs and the relative standard deviations (RSDs) were less than
20% (RSDs of lasiocarpine and echimidine were less than 30%). Moreover, the quantitative method
of the 35 PAs was applied to 21 dark tea and 30 black tea samples from Yunnan and Fujian Province,
where PAs were detected in 4 dark samples with total contents ranging from 5.07 to 15.48 pug/kg and
were not detected in black tea samples. The detection rate of PAs in dark tea samples was higher
than that of black tea samples. That might be because most dark tea was processed from fresh leaves
picked by machines, and this attribution could be associated with the mixing of weeds containing
PAs during tea harvesting. And the detected concentrations of all samples were lower than the
maximum levels of tea in European Union regulations, indicating that the tea samples involved in
this research are basically safe. In brief, the quantitative method of the 35 PAs facilitates the analysis
of the occurrence, composition and potential risks in tea samples.

Key words: pyrrolizidine alkaloids (PAs) ; ultra-high performance liquid chromatography-triple
quadrupole mass spectrometry (UHPLC-MS/MS) ; tea
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Fig.1 Chemical structures of retronecine-type pyrroli-
zidine alkaloids (PAs) and otonecine-type PAs
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Table 1 Information of the 35 target PAs
No. Compound Abbr. Chinese name CAS No. Molecular formula
1 intermedine Im B E 10285-06-0 C,sH,NO;
2 rinderine Rn 1 T R, 6029-84-1 C,sH,sNO;
3 indicine Id PN 480-82-0 C,,H,,NO,
4 lycopsamine La VAR /NS 10285-07-1 C,sH,,NO
5 echinatine En ) R 480-83-1 C,sH,sNO;
6 heliotrine Hn KIT S 303-33-3 C,H,,NO,
7 rinderine-N-oxide RnN AR R 137821-16-0 C,H,,NO,
8 echinatine-N-oxide EnN ol v TR R A S AL 20267-93-0 CysH,sNOg
9 intermedine-N-oxide ImN e B R AL 95462-14-9 C,sHysNOg
10 indicine-N-oxide IdN KEG A E ALY 41708-76-3 C,sHysNOg
11 lycopsamine-N-oxide LaN PaR N e R A ] 95462-15-0 C,sHysNOg
12 europine Eu WKk RT3 570-19-4 CH,,NO,
13 heliotrine-N-oxide HnN RITHA ALY 6209-65-0 C,H,,NO,
14 seneciphylline Sp RRLID N 480-81-9 C,H,,NO,
15 spartioidine St J& T BLG I 520-59-2 C,H,,NO,
16 integerrimine Ir 24T L 480-79-5 CsH,NO;
17 senecivernine Sv T G 72755-25-0 CsH,NO;
18 senecionine Sc T 6T 130-01-8 CyH,sNO,
19 europine-N-oxide EuN TR R AT S U481 65582-53-8 C,H,,NO;
20 spartioidine-N-oxide StN J&E T BUE AR AL 171038165(CID) C,H,,NO,
21 seneciphylline-N-oxide SpN T HEAEMR A ALY 38710-26-8 C,H,;NO,
22 senecivernine-N-oxide SvN T BOGi A S 101687-28-9 CsHysNOg
23 integerrimine-N-oxide IrN £ QEISIREE- KRR 85955-28-8 CsH,sNOg
24 senecionine-N-oxide ScN T HOET A S 13268-67-2 C,sHysNOg
25 usaramine Us T A o 15503-87-4 C,sHysNOg
26 retrorsine Re R 480-54-6 C,sH,;NO*
27 senkirkine Sk TG HOL K 2318-18-5 C,,H,,NO,
28 retrorsine-N-oxide ReN T B A Ak 15503-86-3 C,sHysNO,
29 usaramine-N-oxide UsN G A A A AL 117020-54-9 CH,NO;
30 heliosupine Hs KIT P 32728-78-2 C,,H, NO,
31 echimidine Em T i 520-68-3 C,,H;,NO,
32 lasiocarpine Le ERRITmW 303-34-4 C, H,NO,
33 echimidine-N-oxide EmN ] A A 41093-89-4 C,,H, NO,
34 heliosupine-N-oxide HsN KIT A ALY 31701-88-9 Gy H; NOg
35 lasiocarpine-N-oxide LeN BRKIT WA ALY 127-30-0 C,,H,;,NO;
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1.4 UHPLC-MS/MS #& il £ ¥4

AWFIEH 35 Fh H AR PAs 43 K W 443 S0 52
B G 30 M AR LAY B HERE RS
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{0, 3% £ . Waters Acquity BEH C18 (150 mmXx
2.1 mm, 1.7 pm, 3 [ Waters A #) ) ; i sh #H A
5 mmol/L i £ i 0.13% H iz /K % W (pH=3) , it
S B:f 0.1% H R 1Y H EE- 206 (426, (R BLEL) 3%
W 5 B 3 U B B £ 0~0.01 min, 5%B;0.01~18 min,
5%B~15%B; 18~30 min, 15%B~35%B; 30~31 min,
35%B~95%B; 31~33 min, 95%B; 33~34 min, 95%B~
5%B;34~35 min, 5%B. ¥ii# A 0.3 mL/min; JFFf
5 pL;HE A 40 C,

BT WS H E (ESD R, IE & FR0;H
i 75 20 - 22 R W A 28 (MRM) 5 % S (curtain
gas) it # 4 30 L/min, 1 %5 H1 Ik (ionspray voltage)
5500 V, B F IR E R 550 C. Hirfb A 2 4k
B E) L BE B T LT L A% B MR (declustering
potential, DP) . fif f# fig &t (collision energy, CE)
SR B L% 2. i | UHPLC-MS/MS fit £ 11
Analyst £ 3F 47 $0Hl ok £ MultiQuant %1 {4 i# 17
s 534 o
1.42 JF k2

{1 3% £ . Thermo Acclaim™ C30 (150 mmx2.1
mm, 3.0 wm, £ [E Thermo 28 &l ) ;s Ml A: & 5
mmol/L F g ¥ 11 0.13% H iz /K % Wi (pH=3) , Ji 3l
A B: P 0.1% HRR A F -2 01 (406, IR B EL ) IR TR
B6 BE UE R K : 0~1.0 min, 1%B; 1.0~16.0 min,
1%B~4%B; 16.0~16.1 min, 4%B~95%B; 16.1~19.5
min, 95%B; 19.5~19.6 min, 95%B~1%B. i # J
0.4 mL/min; #EAE R 5 pLs HEEY 40 C.
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35 F H Ax PAs AT 10 411 4 5 49 1 ik, 3L
F 4 F X F C,H,NO, (Im, Rn, Id. La, En) .
C,.H,.NO,(RnN .EnN . ImN .IdN .LaN) fil C,H,.NO,
(SVN.IrN \ScN.Us.Re) % £ 5 F[d] 7> 54 44, 73+
KK C H,,NO,(Ir.Sv .Sc) A 3 F [ 7 F Mk, 4 F
# % C,H,NO, (Eu. HnN) . C,;H,,NO, (Sp. St) .
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2 B[l g SR AR o [ 03 S b A B 1 A — B, ok
TE B3 1) MRM 82X T #5047 70 85, B 200 &
T AR F) O3 S A AR 58 42 03 B9 IR A e HE AT HE A o2
PEAE f . G HE R O B B R R AR
WF 98 43 9 2% 8¢ T 5,4% ¥ Waters Acquity BEH C18
(150 mmx2.1 mm, 1.7 pm) ., Waters CORTECS™
UPLC C18+ (150 mmx2.1 mm, 1.6 pm) ., Waters
Acquity CSH™ C18 (100 mmx2.1 mm, 1.7 pm) .
Waters Acquity UPLC HSS T3 (100 mmXx2.1 mm,
1.8 wm) . Waters Acquity HSS PFP (100 mmx2.1
mm, 1.8 pm) . Thermo Hypersil gold C18 (100
mmx2.1 mm, 1.9 pm) ,Agilent XDB C18(100 mmx
2.1 mm, 1.8 pm) fl Agilent Poroshell EC-C18(150
mmx2.1 mm, 2.7 pm) , 53 A5 10 A 1~8, XF 1 Y
35 PAs M r S i OL W& 2 s . AT LLE LA
1~6 Y00 H AR W B AT B iy 2R B (1 2a~2f) AT 7
FAE 8 Toor Bl # (&l 2g 1 2h) o i O X 22 2
[F] 43 S5 A A 1 i B2 - U €1 61 23 17 & B, Waters
Acquity BEH C18 @ #% #£ (150 mmx2.1 mm, 1.7
pm) X4 F X R CH,NO, (1 3 A [ 43 57 44 14 1 43
TN CH,NO, 1 2 AR 73 5 44 AT 1 36 1 50
PR, e BEAE | R AR A ARk H . (AT
KN CHuNO Y 5 4N [F 73 AR fEE A 8 MR A
G S o 7 s A e o RS 3 o - O 3 N i
SRR A A IE e BB K i e SRR R RO AR
) Thermo Acclaim™ @ i # C30 (150 mmx2.1
mm, 3.0 pm) F 3 H B 50 2 B0, T LLSEELRT 5
MG W 58 A L 4 B o DT O €8 5 A X
Im .Rn.Id.La il En #E17 €% 40 5 .

T R A3 B ASOR R B bR AR S W Y A
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Table 2 MS parameters for the 35 PAs
No. Compound Retention time/min  Parention (m/z)  Productions (m/z) DP/V CEs/eV
Method 1
1 Hn 15.85 314.2 138.17, 156.1 90 27, 33
2 RnN 9.64 316.2 111.17, 172.1 125 54, 35
3 EnN 9.90 316.2 111.17, 172.1 120 47, 36
4 ImN 10.50 316.2 138.17, 172.1 100 38, 38
5 IdN 10.50 316.2 172.17, 94.2 105 36, 61
6 LaN 10.99 316.2 138.17, 172.1 115 40, 38
7 Eu 8.14 330.0 138.17, 254.1 100 29, 24
8 HnN 17.53 330.0 111.17, 172.1 140 48, 37
9 St 15.99 334.2 120.3%, 138.3 110 36, 37
10 Sp 16.49 334.2 120.3", 306.1 140 36, 37
11 Ir 20.96 336.1 94.2%, 120.3 135 44, 38
12 Sv 21.27 336.1 120.3", 138.1 140 39, 41
13 Sc 21.78 336.1 120.3", 138.1 100 38, 39
14 EuN 9.19 346.0 172.17, 328.3 110 38, 30
15 StN 17.46 350.2 118.2", 94.2 140 38, 72
16 SpN 18.11 350.2 120.3", 118.2 150 40, 39
17 Us 14.09 352.3 94.2", 120.3 130 36, 41
18 Re 14.56 352.3 120.37, 324.1 140 41, 36
19 SvN 21.90 352.3 118.27, 120.3 150 40, 43
20 IrN 22.15 352.3 120.3", 94.2 150 44, 66
21 ScN 22.76 352.3 118.2", 120.3 150 41, 41
22 Sk 25.07 366.2 150.17, 168.1 120 35, 46
23 ReN 14.93 368.2 118.2", 136.2 165 39, 45
24 UsN 15.12 368.2 120.3", 94.2 170 40, 73
25 Hs 25.00 398.2 120.3°, 220.2 100 35,25
26 Em 25.24 398.2 120.3", 220.2 100 33,23
27 Le 28.94 412.3 120.3%, 336.3 115 34, 23
28 EmN 24.85 414.2 254.17, 352.2 120 39, 32
29 HsN 26.86 414.2 94.2%, 254.1 140 70, 39
30 LeN 30.60 428.2 136.27, 254.1 130 42, 37
Method 2
31 Im 9.73 300.2 138.17, 156.1 67 26, 36
32 Rn 10.54 300.2 138.17, 156.1 105 29, 37
33 Id 11.02 300.2 138.17, 94.2 110 33, 33
34 La 11.44 300.2 156.17, 138.1 70 37, 27
35 En 12.13 300.2 138.17, 156.1 90 29, 35

DP: declustering potential; CE: collision energy; * quantitative ion.
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B o MAE S NE-K S A AR R T, 30 min (4 ] DL SE
WA PAs WA 2050 # {3 C H,NO,(SVN  IrN |
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o E R . 45 R BoR AL - 2
(4:6, AR LL) I, HARE S W) 6035 70 85 BOR fe b«
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mmol/L H R 8 gz v & , (L3 W B 75 — 5 R % 115
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Fig. 2 Total ion chromatograms of the 35 PAs with different chromatographic columns

a. column 1: Waters Acquity BEH C18 (150 mmX2.1 mm, 1.7 pm); b. column 2: Waters CORTECS™ UPLC C18+ (150 mmx2.1 mm, 1.6
pm); c. column 3: Waters Acquity CSH™ C18 (100 mmx2.1 mm, 1.7 pm) ; d. column 4: Waters Acquity UPLC HSS T3 (100 mmx2.1 mm,
1.8 um); e. column 5: Waters Acquity HSS PFP (100 mmx2.1 mm, 1.8 wm); f. column 6: Thermo Hypersil gold C18 (100 mmx2.1 mm, 1.9
pm); g. column 7: Agilent XDB C18 (100 mmx2.1 mm, 1.8 wm); h. column 8: Agilent Poroshell EC-C18 (150 mmX2.1 mm, 2.7 pm).
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Table 3 Linear ranges, regression equations, correlation coefficients (r?), limits of detection (LODs), limits of quantifi-
cation (LOQs) and matrix effects (MEs) of the 35 PAs

No. Compound Linear range/(ng/mL) Linear equation 7 LOD/(pg/kg) LOQ/(ng/kg) ME/%
1 Im 1.0-50 y=64396.82x-4097.0 0.99957 1.5 5.0 58.78
2 Rn 1.0-50 y=54473.02x+4620.6 0.99975 1.5 5.0 60.23
3 Id 1.0-50 ¥y=93011.4x+11787.3 0.99997 1.5 5.0 59.29
4 La 1.0-50 y=141403.020+16000.25 0.99989 1.5 5.0 62.63
5 En 1.0-50 y=102298.0x+14059.8 0.99943 1.5 5.0 62.82
6 Hn 0.5-50 y=113915.00+771.1 0.99959 0.8 2.5 30.17
7 RnN 0.5-50 y=17860.42x+5398.1 0.99882 0.8 2.5 48.99
8 EnN 0.5-50 y=11125.42x+5638.8 0.99973 0.8 2.5 44.58
9 ImN+IdN 0.5-50 y=31401.2x+514.4 0.99861 0.8 2.5 41.50
10 LaN 1.0-50 y=10096.92x+1671.2 0.99833 1.5 5.0 38.91
11 Eu 1.0-50 y=33206.8x+104.9 0.99894 1.5 5.0 38.84
12 HnN 0.5-50 y=8551.70-3097.7 0.99919 0.8 2.5 33.77
13 St 2.0-50 y=20318.32x-1751.8 0.99977 3.0 10.0 30.26
14 Sp 5.0-50 y=8454.20-640.7 0.99780 4.0 15.0 28.95
15 Ir 5.0-50 Y=2569.1x—1780.5 0.99862 8.0 25.0 24.19
16 Sv 5.0-50 Y=4156.50-2436.8 0.99777 8.0 25.0 22.57
17 Sc 5.0-50 y=9133.62-977.0 0.99996 8.0 25.0 23.30
18 EuN 0.5-50 y=49642.3x+2209.9 0.99969 0.8 2.5 47.76
19 StN 5.0-50 y=9330.50x+4833.7 0.99989 8.0 25.0 34.17
20 SpN 5.0-50 y=5981.40-4522.1 0.99945 8.0 25.0 34.47
21 Us 5.0-50 y=2956.70-738.5 0.99915 8.0 25.0 35.14
22 Re 5.0-50 y=3240.6x+385.7 0.99524 8.0 25.0 30.51
23 SvN 5.0-50 Y=6866.6x+290.6 0.99942 4.0 15.0 23.82
24 IrN 5.0-50 y=8510.520-2032.7 0.99867 8.0 25.0 26.62
25 ScN 5.0-50 y=2823.520-2151.6 0.99836 8.0 25.0 22.41
26 Sk 2.0-50 y=5586.30x+490.3 0.99630 3.0 10.0 16.32
27 ReN 5.0-50 ¥=3956.3x+201.1 0.99876 8.0 25.0 40.54
28 UsN 5.0-50 Yy=4269.1x-1747.5 0.99976 8.0 25.0 35.10
29 Hs 0.5-50 y=46828.3x+1671.4 0.99832 0.8 2.5 19.46
30 Em 0.2-50 y=78071.920+2183.4 0.99867 0.3 1.0 21.84
31 Le 0.1-50 y=194483.00+4496.9 0.99933 0.2 0.5 28.93
32 EmN 0.5-50 y=45288.1x+1928.7 0.99984 0.8 2.5 21.80
33 HsN 1.0-50 y=11093.7x+257.6 0.99904 1.5 5.0 30.05
34 LeN 1.0—-50 y=9142.02-0.5 0.99976 1.5 5.0 33.96

y: peak area; x: mass concentration, ng/mL. The unit ng/kg is converted according to sample pretreatment process.

TR L H A i ALAS SR A A% & ki T AR, SR AR 8.67.8.01 F1 5.07 wg/kg., ArfAEAR T PAs & &1y
R fE LAk R IR A T & PAs 24 5. TG 1 78 1 R BRAE s o X T ZSRE AR i 35 Bl PAs LA
B 4 A5 rh En B m & 88 15.48 pg/kg, Hk R ) f KPR (150 pg/kg) .

x4 FHERE 357 PAs B INAR T4 2 5048 345 4R =

Table 4 Spiked recoveries and relative standard deviations (RSDs) of the 35 PAs in dried tea samples

1 fold-LOQ 2 fold-LOQ 5 fold-LOQ
Compound
Recovery/% RSD/% Recovery/% RSD/% Recovery/% RSD/%
Im 77.29 8.40 74.00 7.81 70.77 1.65

Rn 73.23 2.83 75.02 3.92 71.02 2.36




x4 (#)
Table 4 (Continued)
1 fold-LOQ 2 fold-LOQ 5 fold-LOQ
Compound
Recovery/% RSD/% Recovery/% RSD/% Recovery/% RSD/%
Id 72.51 5.54 71.32 2.49 71.89 3.02
La 75.46 6.20 75.02 10.46 71.50 1.93
En 76.56 0.80 75.43 7.01 74.47 4.25
Hn 52.56 6.47 55.50 11.20 64.36 3.23
RnN 89.72 2.12 86.54 1.21 87.82 2.28
EnN 86.17 7.96 85.35 7.23 84.84 0.11
ImN+IdN 90.12 2.50 90.33 4.90 88.46 0.87
LaN 86.33 2.41 83.22 8.93 83.48 1.28
Eu 68.52 8.01 66.92 9.46 68.47 3.56
HnN 78.40 3.57 78.92 11.88 79.20 1.91
St 68.88 7.33 60.10 14.92 59.84 7.45
Sp 104.83 9.73 74.43 15.79 70.78 0.67
Ir 80.66 19.14 70.75 5.86 75.83 6.86
Sv 79.40 11.35 73.07 17.40 70.84 1.77
Sc 70.03 7.16 60.82 7.76 65.36 2.85
EuN 90.46 4.06 93.64 3.38 94.13 8.77
StN 76.01 17.92 78.13 16.45 78.81 4.46
SpN 78.81 19.81 76.06 12.69 81.29 5.01
Us 71.69 8.81 70.29 7.97 70.49 6.87
Re 75.85 17.86 78.37 1.75 71.51 4.47
SvN 85.33 10.10 83.44 5.51 82.32 0.48
IrN 90.31 9.42 84.74 5.89 85.63 9.30
ScN 85.41 8.42 104.88 13.53 91.32 4.85
Sk 119.47 8.82 111.97 8.43 109.40 1.55
ReN 94.96 12.04 96.95 6.23 101.59 7.41
UsN 96.71 8.71 107.00 4.05 87.87 7.73
Hs 80.79 8.30 76.59 7.85 83.69 6.06
Em 82.45 22.02 75.10 20.89 73.43 3.33
Lc 96.43 27.55 90.90 10.30 100.33 5.50
EmN 111.99 6.55 98.32 16.82 98.21 2.58
HsN 70.38 12.56 82.18 7.95 90.26 1.14
LcN 76.63 4.47 84.55 5.65 85.45 3.76
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