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Source identification of caffeine and lovastatin by liquid
chromatography-high-resolution mass spectrometry combined with
isotope profile analysis

NING Xiao, WANG Mei-Li, CAO Jin", WANG Gang-Li"

(National Institutes for Food and Drug Control, Beijing 100050, China)

ABSTRACT: Objective To establish a compound-specific isotope profiling method by liquid
chromatography-high-resolution mass spectrometry (LC-HRMS) for identify caffeine and lovastatin derived from
natural extraction, chemical synthesis and bioengineered fermentation in food matrices. Methods Waters XBridge
BEH C3 column (250 mmx4.6 mm, 5 um) coupled with a mild elution gradient was used to moderately broaden the
chromatographic elution window of target compounds. A quadrupole-orbitrap mass spectrometer operated at a
resolution of 140000 full width at half maximum (FWHM) was used to continuously acquire the complete isotopic
peaks of target molecules at no fewer than 20 non-equidistant time points within each chromatographic peak. During
data processing, a theoretical correction model was applied to subtract heteroatom isotope contributions. Grubbs’
outlier test and the pruned exact linear time (PELT) change-point detection algorithm were then used to quantify
intra-peak isotopic heterogeneity and stepwise shifts. Full-elution deconvolution was further used to construct a
two-dimensional isotope landscape model of the food matrix. Results Caffeine from natural tea sources, chemical
synthesis and bioengineered fermentation, as well as lovastatin from natural red-yeast fermentation and
pharmaceutical-grade sources, showed distinct baseline isotopic fingerprints. In simulated adulteration systems,
when exogenous synthetic substances accounted for 10% of the total target compound, the PELT algorithm
accurately detected isotope-ratio change points at the P<0.01 confidence level; When the proportion was greater
than or equal to 20%, stepwise transition points were reliably localized. The adulteration proportions
back-calculated using the isotope mass-balance model showed relative deviations within £15%. Over the
concentration range of 0.1-10.0 pg/mL, the 5 consecutive days of testing gave an inter-day relative standard deviation
of 0.8% for 8"°C, with a maximum systematic bias of +0.8%o, demonstrating high precision and strong resistance to
matrix interference. Conclusion The multidimensional isotope-profile time-series method established in this study
enables qualitative differentiation between natural and artificially synthesize forms of the same molecule by
exploiting chromatographic isotope fractionation without requiring complete chromatographic separation. This
approach provides a feasible technical solution for resolving source-identification challenges involving substances
with overlapping natural occurrence and artificial addition, and offers a methodological reference for improving food
safety regulatory strategies.

KEY WORDS: caffeine; lovastatin; liquid chromatography-high-resolution mass spectrometry; isotope profile

analysis; chromatographic isotope fractionation; change-point detection algorithm
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MY ArRETIA R . AERE I S A BB . AR S At
RO g n S S L A A ) A R
PRI 5 2% S AV A AR iR A, (B L WA RO e A Ak g
Bl A SR, XTammEre | iR AT X 28 B — B AR T
KRN TR B H S YR SR . e R R
MR FI A & AL b2 BRI Tl &l A e i
[F7 2501 22 AT oRIR A E, SRS TR
K ity PR 5 AR S SRR TS R RS T R 4
FEEU EL S S T, I ROk R K AR A e [
A e 21 R A SR i AR T TR IR A BT

Z IR FAE AL FR HAE 73 AT 7E X 43 KAR IR BOCK I3 5
ANTABSRE T T T EESHRRE, EHRRERME
et (isotope ratio mass spectrometry, IRMS)HEIRTEE
sty LSS A i B9 U O R A 2210200, (S T AR A
Tk be ok S AR S R AT RS A ML A P2
Fa 5 BRSO B AR 25505, YT B AR 47y 4l 5 A i b st
R BRI T HAE A A R H AR H R ARG R
AN o VBR800 3 - 155 43 BE i 5 (liquid chromatography-
high-resolution mass spectrometry, LC-HRMS) A5 4 iz
WIEMEERMCRERT, EENMEREF/NFath
B2 227, Ry e St 8 4y 12 AT TR S 38 S AR A T
BRI

FET AR R] A, ASHE S LA HE B R0 AR AT X 42,
HE T LC-HRMS AL 5 W 57 1 [ 37 2 48 B 23 A O
o WFFTLE L) I B R TE kg, SRAE HARYIVE L I A
Z AW ] 8 H R 20 AE B, 456 44 R 6L 3R 5T kA
1E . Grubbs 2 fHE{E A6 56 FIME 55 RS i 28 PE BT [A] (pruned  exact
linear time, PELT)AE S KME L, A-Hr i N R K H
BRI LR M BRARb, B AR R R IR R & . Bl
e R NS B B TE RS I o IR IR AR AR T
T ANEAS IR IR 2 TR VA DA [RI R, R AR ORI AL
it 2 OR A A i ARG KU ) BT SR IR B SR I T 5

1 MR5ERE

1.1 #R5RA

WIGERFRL 52 4it, G A EE A X 18 4t W
HRFERX 12 4L, FTVEBIEX 10 fit. SN LIRX 6
He. TINZETZRIX 6 4, 25 50~1800 m A& 134 G Fl
& B MEARFREEY . GRaihsfe it 364t 1
FEfR AT 1S VLRI 12 LRV E AR X 9 i, &
% Monascus purpureus . Monascus ruber. Monascus pilosus
3AEEEF . BRI UORFE S 20 HEk, 2ri2s
PRAgEEr SRR, 15 b, sk A EN T .

TR AC UG HE DRI B o i P B K Y5 i B A v
mh o RIRREER IS AABTTARAER . 25 FHZ0E oty T FrifE

A (AL =99.0%, RS2 E TS RBE); W, &
G (e kal, #E MerckKGaA 2~ rl); HER | BREE (fankal,

[ Sigma-Aldrich 23w ); S240 7K 342 Milli-Q & 2l7K (R

FH%=18.2 MQ * cm),

1.2 UE5REF

Q-Exactive PUMFF-# L 7 3E B2 A 5 0 BT ()

(£ Ultimate 3000 =5 0% AH (5 1% 2 45 5 A7 f 155 25 Hy
B3R, ¢[E Thermo Fisher Scientific 23 7]); 3-18K ik
% O L5 [E Sigma Laborzentrifugen GmbH 23 H]);
KQ-500DE #4415 v i (B L i e 7 (U A B 2 )
Milli-Q #4fi /K1Y (3% EMD Millipore Corporation 23 7);
MS205DU  HL F 43 #7 K ¥ (J& & 0.01 mg, %y L
Mettler-Toledo International /A 7]); N-EVAP 112 HIfE 7K
B A MAL (£ E Organomation Associates 73 )); Waters
XBridge BEH C 5 /(250 mmx4.6 mm, 5 pm), HHiEE[F
HS AP (10 mmx4.6 mm, 5 pm)(GEE Waters 23 #]);
0.22 um R VU5 Z K (polytetrafluoroethylene, PTFE)i /K &
(& [# Pall Corporation 23 F])

1.3 W HE

1.3.1 Hmeyaras

SRy AR A ) [ 57 28 A8 4 S I B A TR AR, A AL
FER R E IR (20~25 °C) T o8k, MHsERIRE . pH 5
PRI R0

(AR K T REAS IR

B 51 G R b B 80% I B /Kis W b, =R Nty
I A AR 30 mine SRBORZ MEEOIFE 022 um
PTFE i /K I8 S5 B A0

(2L 2 LR ik 5

R ZNE-7K(70:30, VPP IR R, JEEI 0.1%
R EAE I R v XTI A 35 pH FRETE 6.8 Wi F22R
FZHAWKA, KRS SRR HE 40 °CLIN
132 &iffHt

(1) HPLC 4/F

% F Waters XBridge BEH C;5 #1:(250 mmx4.6 mm,
5 pum), AEHTECE [E S AR (10 mm*4.6 mm, 5 pum).
SR T € 335 U 249 57 38 SE SR M o WAL 0.4 mL/min, FER 30 °C.

WHE R #r iR s A A R 0.1%H BR/KIE TR, B A0 ig
HIEE, JEREEE 10 pLo BBREBEMCEEFA: 0~5 min, 20% B;
5~25 min, 20%—35% B(Z1:); 25~30 min, 35% B;
30~31 min, 35%—95% B; 31~35 min, 95% B; 35~36 min,
95%—20% B; 36~45 min, 20% B A,

IHARATT 2 BT s AH A 2% 2 mmol/L R HY 0.1%
K, B NS, #EEE 20 uL. 0~3 min, 40% B;
3~20 min, 40%—75% B; 20~25 min, 75% B; 25~26 min,
75%—95% B; 26~30 min, 95% B; 30~31 min, 95%—40% B,
31~40 min, 40% B .
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FEY RSB, 0~65 min, FEIAH B i 0%
LRAETHE 95%, FTHRE 40055 38 LKL

Q) MS &1

JOT R SR PRI PR I 55 F B U, T AR =, g
FHUE 35KV, BT EHAEREE R 320 °C, iU AL 40 arb,
HiBhRWE 10 arb, FTRAMHEE 140000 54 58 (full
width at half maximum, FWHM) (m/z 200), H 33435 ¥ 4] H
FR{l (automatic gain control, AGC target)i% &N 1x10°,
K& FH ABJE](maximum injection time, Max IT)>4 200 ms.
SEREYCRERRBEN 2 Hz, FMEE A RAIE
S ] R R R SR B, B AR B — (A TS AR D T 20 MR
ARSIV 8

AWFFE R AL (full mass scan, Full MS)/#E ]
e 1 Wil (targeted selected ion monitoring, t-SIM)&E &
HHitE=. Full MS #if: FHiVEH m/z 100~500, FHF 4
PR 4 W) o7 R RRAE A3 A i 2 S B B AU ) LG . +-SIM
WA T E A2 SRR 0 RO AR A, e
IM+H]' FR & % 0%~ m/z (195.0877+2.0) Da, #Hi M,
M+1, M+2 [Ff R, & A 7T [M+H] R 2 5 Ol
m/z (405.2636+3.0) Da, 7835 & M+3 [Flfi; Kk,
1.4 BUEMBTSGItEENE
141 %A EFMLE RA T AT E

BRI R R E S A TR, A A58 57 E
N R B I TH . B RS T N Rops =Ivi/Ivo
PAMIME R (CgH oN4Oo) I, #5 2% T4 simk o N T4k
TTHk A 0.0148; O THLTTER K 0.0008; *H T4k ik N
0.0015, FEF /M Ik R EBEGHIE, KIEFa
TR SR AR 2R TR A AN () PR .

Re= R.ps —0.0148 —80.0008—0.0015 )

A Ree FINBRAR IR A7 2 51wk 2Rk R 1Y
FMNFINE TR FEAE, To A Rops A 535 S UL )32 2 AR %)
FREEE, JER; Iy 9 M1 TR 2R 658 BB TR AR Iy
B[] o7 28 W A A T A

IFLALE g izl & A 2 B, AR LR A R R
[ 613C T-43 2108 (%0), HEMAX Q)R

R
9BC=( SRl 1y % 1000 )

standard

b 81C RE SR T [ B o) R R B R [l Ao
FUK, %o; Reample FFE A 2624 R IR 2 51 RS IE )5 19
BC/PC, T Ryandara 1 E BRFRUED) 5 4044 Rz 2ib 5 410
(g BC/PC FEAMELLAE, AFFEER 0.01123728Y, JCEE4H .
1.42 4 F PELT #h MR 3ok 69 0 5 & S 400

SR A SR N 7 A5 v RS e 81 R R A [ 7 3 ELAELBAY
BRAE{E, 5IAT PELT 5k #FXHEE R 20 (T4 2218 )F
G 1, ¥a, «..s ¥a20, PELT Fikii i FHAR A 50 B4 A fe/ME

& Ja BRRET A BREL, TR ARX 3R,
Cr)=min] 22 Ce, F1iz)+5,] 3)
e C MR P R 1A 22 AR PR, B oM i
DU BT 552 B 4 R AE I . 22 1000 YR 4% 1% bl
MLE AT, W8 P<0.01 S BIE, ARG B N i R]
PR AR EAEHA G2 U BRIT .
143 ATV RBEARHRG LRI EHFIESHHME
XTI T 5E UIRAE, RGCRH 65 min B PRI
T BE (0%~95% 4= 185 7 ML piise )5 342 25 /)N I 728 46 B v %
ISR BT ARG B S S T A A R
TG H Y 100~500 FiACF 1 P VR AR 78 — 42 o] h
(IRE S 25 A3 A1 o F— 28 R o QI B ik B AR b A5 92 1)
AR X5 R AR T8 B X p RN S R, A= (4)
FiR

D=A(X =) 7V - o) @)

S D W E AR AT RS, TR X B
a2 A bR 1 9 A R e AL 6 14 1 B
S o ORI A T 24— A A 0 B Oy 2
(X)" Hy 1) i (X R

2 ERRA T B 5 1 LT A 059 T (2 i
LT GUIE 72 5340), TR HCT kI T oM
1.5 BuEE

J 46 BT A4 R 4R 5 1 SR UR ) Xcalibur 4.2.47 3/
SER, [ R RGBT AR A FreeStyle 1.6 SP1 k{4
SE. M R EPILARA enviPat Web 2.4 517,
PELT 728 s kil R H R 4.3.1 15 5 A5 T 1Y changepoint 2.2.4
SERL, R ENA IR A Python 3.10 IR T
scipy.stats 1.11.3 B8 i, % 22/ AR 4 25 45 BUR
MATLAB R2022b Wavelet Toolbox 58/, =5 FGHE &5 Flm %
% FEAG 145 R B Python scikit-learn 1.3.0 52/, B4
K H Microsoft Excel 2021, KR 4Hi>%H OriginPro 2024,
G125 5508 K ] IBM SPSS Statistics 26.0.

JFA BRI S I E YT 6 IOFATSE5E, RIB IR R
FABA BT 5 YOS AT, TR A AbRE
BHERE 3 WK, TS ERIGES: 5 d. FH 6 &k, 4k 30
W HMZERFHRERE 207, G Tukey FEHK
kT 2 AL, P<0.05 FoRn R A S #E . PELT
BEAR SAE SR 1000 WREEFFRISHENL Bk 5, B5
MR P<0.01,

VL EARMEA Y B B R AR AR (X, pg/mL), LI
2R o 5 BN A ARAR(Y), 7E 0.1~10.0 pg/mL JE A
FEATLRME RN . K H FR (limit of detection, LOD)FI%E &
F(limit of quantitation, LOQ)/r5I4#% 3 115 Mk Hb.(S/N=3)F1
10 175 175 M HU (SIN=10)fi &
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2 HERS5SH

21 FHEFHRESHEBRERRE
2.1.1 HRWAEEHHT

T IV o A 2 JORE i Ak B, T A B KAk S B
H bR B L AT HE T, 38 G P Ak 2R PR BT AR s ik ) 24
eI E DN IVAE S 1 FA: %13 ST

(WAL ST REZRAR M HLIL . X mlk R, AF
FE LG IR R IRk E AR, 860 R B0 F IV
B BRI EMENET 80%H B KE R, 1
20~25 °CE R F I T U ZZ ¥ W IR A 7 #2530 min, 32
B 22 v SR B0 I 4 0.22 pm PTFE 57K U 8 5 34 PR AR
AR AE ORI Wi R R A 1 [ B, A RO T
TP RES | & 1 [l 38 58 4k

(2)ZT i P it PR B 38 FRAB T T 7R TC T P I R A 5 7%
PEFF IR IR T 2 Al A S AP A X pH & B UK., Bl
JE B R Z b 8 D i )L RS, AESR R 2 - K
(70:30, V:yrpPEIREUAR, BN 0.1% F BREE1E G vpXT,
R EE pH R B FE 6.8 WRARIT R R R A, 7K
TS SRR HIFE 40 °CLIWY, it ol Rl 3 55 #e
212 E#BERTERMEEE

5L G 1) 43 BB oR A2 W R TR), 6] 07 38 48 B 40 B it
T B8 UG R T ] P SR AR T R I s AR B B R
ARG R F 0 1 06 I i SR s, 3 R R A T R BN AT R
Be AR i . SB35 7 2 um S0RHY UHPLC J6 4,
A 5 um K42 #) Waters XBridge BEH C 5 #1:(250 mmx4.6
mm, 5 pm) SO R B IR R 5 38 Hh kA 3 i
T A TGN Y BB, 6 AN PRI TE X B A i 42
TSE TABNTE, AE 1.3.2 @IEAIER, sk Y (g
JiEFE 4L JRE & 2~3 min.
213 SR ERELHEE

Ry 2 bR 23 RIS 28 W0 1 o 48 R PN BF P 43 BT
T2, AR B IE B AUl A 7 o A I . ok 43
HYESE N 140000 FWHM (m/z 200), D)3 R Z g K
R T2 B T R 2R W 1) 5 A AR 7, Ul A R R S X
I Z IR BT, WS RIRE R 3.5 kv, BF1&hm
EIREER 320 °C, 456 B SRR B SR E R T R,
PAFRAS AR 1 s 0%, (R R AT I P e 2L AR o o
IV ARG T

ST v RT3 AR AL TT 4k B B A R P 1 2
5, S-lens H145F 45 HL R A IR € Sk 50 1 65, LA H xR
BT AJTRE > R AL H A0 . AGC target IEE K 1106,
Max IT B K 200 ms; 485 & [F 0 RIE(E 5 A L,
Max IT A[3E M ZE K 55 500 ms, DA3R S (R 25060 5 i e
P REMBEEREHRBE N 2 He, L5500 M55
Bi 4 MF, AIAE 2~3 min B9 H AR 0k B R Y 3R AR 4
240~360 TR E, b JE Skl PN 2 A R R R R R 1t

JE BRI

FEE SR R B, >R FH Al S5 [R] e b0 1 5 s e H A 0
PEATRAE . AREE H AR R FTIY . DDA X, e
X AR X IR AF 501, 40 R 3. 5. 8 Fl 4 AAf(i]
SO, O — R R AT 20 MR
SRR S o R 2 e T IX 35 14 155 5 e e ek e 10 %
DX 30 [l 437 26 20 A Ak I Bk, mT TS 4 6°C B P4
A3 43 Hr AN PELT 728 s A6
22 AERRIFEEFRCEYHEREEIBSUHE

WG BRFRFER L 52 b, AEHERE S ST AR BORFE
FrsE 3 ¥k, LR 156 A-HE R R ARE M. 45K 5K,
FARZS U UELR (4 6" C B REE 1E-27.2%o 1T, 0N {E AR 2
TE+1.2%0 F+2.8%0 X I . 57 5 BUR AR, AN 124010 %~
PR B AN [ 37 R AFIERE B0 1)

IR, FORZL il A& R IR B 108 N9 AR A7 T REAS K
BER IR 6°C BEE-25%F-23% X 7], 6'%0 faiETE
0%0 % +22%0 X 8], 525 FIZR A B HR M T T IRl 3R A7 7
BT, AR RS SR AT WA A v B
23 FAEFIIESER
231 LMEXZR, AEREZER

EAR L) LC-HRMS &+ F, A HFsfb & W1
0.1~10.0 pg/mL FEFEINLEM LR R, YoE RE 7 KT
0.999. o, WiER LIRS Y=1.276x107X+3.842x10°,
>4 0.9994, LOD #1 LOQ 43414 0.02 pg/mL #1 0.08 pg/mL;
WARAMIT R R R ¥=8.635x10°X+2.157x10°, Ky
0.9991, LOD 1 LOQ 434124 0.03 pg/mL F10.10 pg/mL. 7
i LOQ M /KER, M+1 [l R I (5 e EL ¥ K F 50, 0]
L TR0 2R LU AEDRS 200 2 115 55 BE T R, FRIIE 0C 115
R S R e
232 #HBEBRE R

BB G RNER 3 5%, 10% . 20%. 30%. 50%FH
JR R B AR HES AT . SEATIR B R 5%as
A 2~3 A HR7 Bt a5 IR SR RS, PELT B AR B 81 58
TR AR S, TGIERGER . 10%Em4l, HEL 5~7
AL F B s, PELT S008I 7€ P<0.01 BAE/K P T RUE
P 0 PR BB RS 5 . =20%5 FLBIAR g, vk
AR AR A 3 ) 2R T P 8 ) SRR B
8 B EA T R AT AR, A 55 S A T (L P X 2 4%
HIFEL15% AN, HBEE AN LI, MR B 460N

AHIFFE ) TR AV 2R 4 I35 43 AT 52 0 MR B e 6 3 4
WME 1 fon. kg e s, BRI
BV 43 Ry 24 A TR A AT B 11, RROK T OO A €3 R 7
30 (chromatographic isotope effect, CIE), TEA & ZMNE
T FARARAE S b, BT — W A e e e A e 14 )
LR AMBAE T B 5T, H 6°C I e 20 A 2 B0 At iy 45
— M, SR, A R IR A SE AR R R B
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Table 1 Multi-dimensional isotopic fingerprint characteristics of pure caffeine from different processes (n=6)
W A e 1 37C/%o 3" N/%o T EFHES BT
_ BRI C ARG L, WL S0 Bl ) 2 (R L
ME /528 KR4 —27.2+0. 120
Az B L/ 5 2% R AR SR 27.240.8 +2.1+0.6 S E
WRE R BRI A Tk 32.540.5 | 5204 VAT A AT AR b 5 TEMLE BRI AT, BRIz
a5 I S R RERARHIE
e e DL F R AT BT A R R, T (3 2 A IE 5 2R
T AN AR TR E 1) R BE ) ~20.3+0.6 +5.4%0.7 AT 1] 625 5
A 120 B 266 C 24rt
PELTHUIAE 2
| —26.8+ -26 _i - P=0.0041 (P<0.01)
NS |
= | g 270 }T } £ 28] iﬁ.,;%
= | O } . b1 ©
= Il <t t AT t,
£ b
% 274+ } { % -32 t i * % t
| -27.6 - : - . —34 ; L L -
0 5 10 15 20 0 ] 10 15 20
R BRI 7] /min VIR P51 VIR P51

TE: AL (5 R S0 SRNE 1 M BE D) SRR R BB B RIAAIGRE i (PR Mk R BEIBE RS A i 61°C B 43 A, R —
HELRRFAE; C. B ABURE G (7 20% 5 MM #Y 6°C I 7234, PELT 3Rl CIE 51 A TR 28 72 i (G KRB ER, P<0.01),

1
Fig.1
2E 5 BYANIRA )TN, ph T R RIS 2R 401 B4 P B IR 1) AR
AMi#, IREITE TGRS Bt R R R A T
Fo%E . PELT 5wk U@ mof A 17 ix — MR, 1E
P<0.01 BYEF/AKNFTHIHARE T R0 R HE A B BR 42
Mo X—Z5REMME, RIE7ER WA S Bis 2
R B — Ry B (LB W, AT AR AR REAE I 1 I8 e ) A R
FEER N TR ARAL, SEIUXT BRRCB 2 AT 0 i EMETUN
233 #ARFRAL S B EEIE
£ 0.1~10.0 pg/mL LEVEEINELE 5 d MIER,
FERE . BRI HARY 67C (1 H DA X bR v 2
(relative standard deviation, RSD){X 4 0.8%, &% F2L
R Fe R ZR G 22 S +0.8%o, FRHA T3 12 HoAG RUAF BT AE BT
EN RS SRIY o
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1 -28.05 -31.18 -31.22

12 -28.55 -31.85 -31.18

13 -29.12 -32.15 -31.25

14 -29.85 -32.28 -31.30

15 -30.45 -32.42 -31.35

16 -30.92 3235 -31.28

17 -31.25 -32.51 -31.32

18 -31.48 -32.45 -31.25

19 -31.55 -32.38 -31.30
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