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E T TR 2R B F R R a0E B A MR IR A BT 5T

2! mma E=xA! LB xKen' REgT ZRE
L E A RAZE R 2B, JLET 100038)  2(WEMEIE .G, dLET 100084)
SOHEFE R, AR T 540 F TREE W E S I%, LT 100084)

B E ARSUEMRER RSP T AR IE R EEYIE, S 7RG R HR RS PR R
i, SRR 22 RO AN BRI A FR 20, TEuk A A SR S LEX Ik dE AT 45 5 i1 HARSUh W B &2
Z A ARMEE 1 A HE e g B S Bt BR N RO BE AT o AT IREI) — UK B 1 B33 (TOF-SIMS ) REAE7E A
WK A AT DL T AR E SO BB 88 755, R SJA5 X0 I 64 88 7oA 1R 8, R T8 Uy A5 Bt ATk
PUIHRHE TATRE . ABFSTHIH TOF-SIMS SRAE 1 5 44 35 I8 TR BUE R B, WP IRTT 13 T80 it
BRI AR R AT SRR 98 FMRERIE LU B B 1155, R F a3 o A xs
0 1t ) 5 5 0 R R T R A4 | PR AR S ) SR AL B A BRI 732 B b xd L. SRR T
T B B JEUCRSIE A2 SR 5 SR 7y ZEAR 2 B MELABEA TR D 35 A W 9 Fisher JUSITE 0S4
HEATHH , IEWR A AT LUAE] 94% , 58 I UE R IERf AR UIAE] 1 90%; A A B 2 2 AL 2 2 b
S ZYNGET AT BN A A4 2R . AWESEAE B Z RS a M ik sr TR S B R S dE
SRS E AR THEAE THTRIE , W8I IS SO R 55 A AR IR ATRITSEE 1T,

KGR RATINE R TR RS ARG Zocgtit

RN FIE S HAT AR, BB FEAANE” BREm) 2 T A S B[R —IAE 7wl ik
GUS T R ARE AR . (B RSP, 2R | BRSNS B AT S R s (i
N GBI A48 SO B AN B R A 42, ABCE SRETCES BN IR O EXELASE B, S, oF
FENGURIT TR ER G SOR Y Ol RS, LLSE 2 98 16 SUp ka5 B, NP s B A B EA Tt AN
R g VT

TR0 FZALE SNEPE AN PRI R BT, b XS U MIEE ) o A G0 T L B gt N R A
Wi PR RO R AN RE TSR R RGBS W A T SRR R R AR s XA
TR TR AR T T LA it e 7 LA W O RUIRZG T S . B, A B A P T
FOZ AL B AN AR I) 25 53 4307 8 B N A RERRAIE , A ™ R 0 4 ik A B 2SR A ik
FUF L S SO B A TR S . SR, H TR SU R L5 2 2 FL S BT g ik i R
RV 32 A G I P T A7 — i R BRAE®  SRUAe R R 13 12 P M - R I A
T3-SR I 1O 468 R P WU I AR BB B B A 1., I LR S X5 SOREAR 1 U R

UTAFSH K ) T3 I 15 F R (Mass spectrometry imaging , MSI) g [ Bt 4K HIURE AR 3 1 A4 5 S 490 It
Sy AiAE B B ICHE R R A2 A AT T R S B N B2 ST e
L% 35 JiT 1% ( Desorption electrospray ionization-mass spectrometry , DESI—MS)[M'M] L SR BSOS
Ji% (Matrix-assisted laser desorption ionization-mass spectrometry, MALDI-MS ) 222540 R M 7EHE Sr4M 747
Sl s R G R R RS o (ER X SRR 8 23 (8] J3 BRI, X TR B SO USSR 2% . AT
5, QATHHE] & F i (Time-of-fight secondary ion mass spectrometry, TOF-SIMS ) EAG B & 445 [6] 43
PRI B HERE /12 ALRERS (0 B 38 SO = SRR 27T SR B 7R TSI Tt B A 0L T
AL EHR AR H 18 SO BB 755, IR HE SCy PR Bt AT AR gt T EE 2 AT RE. HAT,

2022-05-23 Wk; 2022-11-18 %%
[ 5 H S &R0 H (No. 2018YFA0702600)F12 28RS -4 i _E 31 H (No. 2021JSMO1)¥E Bl

* E-mail: zhaoyb04@gmail.com; zhanpingli@mail.tsinghua.edu.cn


https://doi.org/10.19756/j.issn.0253-3820.221258
https://doi.org/10.19756/j.issn.0253-3820.221258

554 W ST A T RATIN ] "R Bk YR 80 B IMA U B 571

TOF-SIMS £ ARFEFE SO 5T H i FHE A TR Z4R3E , 41 Szynkowskam 25 F ] TOF-SIMS A6 Hi 4§ 0 4 2K
P > 3R 5E T RSO PARSCHI R RS ™ Thandauthapani %5 F1 F TOF-SIMS K 1 4: )
A b33 B BOFE 40 Muramoto 255V TOF-SIMS B9 A% S RE I FAR T8 S0 v i RIS I R A4 e <7 i
ZERREL, T HESR SRy st BRI IR o (HJ2 , Y HTAIRIESE 24 h THe 80 BT 45 B n 3R AR D 3R 75t
BN ARERRAE 00T o ASHIFFE 2 BT A S0 TOF-SIMS B 115 S HEAT T ARSI X 4332 B0
T EE N =2 8] B AR B A OGBS E i

ABFFEF ] TOF-SIMS WIARZR 1T F I8 SC BT A T AR R AT AT o Sl ok A AR
S TR, i e A e S R S A5 T SRS R RS 53T (Principal - component  analysis,
PCA) KRR IEA TR e LIk D& D a2 RS (Hierarchical  clustering) . Fisher F517%
(Fisher discriminant) Pl 5 22 2 HIHLAIZE N 25 (Multi-layer perception neural networks, MLP) X} [ 4E5R 15
(AR AS B FEAT o3BT, RS L 3B R . e 1AM 3 ST RY S ] FFE 800 A B kAT A
FERIR A B At 1o L

1 SLISEY

1.1 {SE56#

TOF. SIMS5 KA T[] YR B8 T Feif L (F8[E ION-TOF 23 5]); ik F (5 mmx5 mm, #HVTS7 SRRV A R )
1.2 EWRSE

TOF-SIMS 240 8 : —IKE TIREH Biy' (AL R B ), BB N 30 keV, HLH 0.8 pA,
AR 500 pm x 500 pm, FHEEE SN 500 s, IR E N 256 x 256 pixel, i I8 0~2000 Da (—IX
BT HRPKOPE 150 ws), KB P IE B AR,
1.3 H&F&EERE

ARWPGESFE T 5 HEEE B Bk, 2 258 1), /- nIEE B2 EEH 10 T8 80EAS, ik
LR SRS . ARG — 4R ENHE SOREASHT , 3R IR Sels T, Rk AR, B DR T A ik
FAT A Py S R, % RF 30 min, ARUFFESCH I HARTIIIT; AR5 B T8 14 AR BB A 42 i AE
REF B2 3 s JG 40 RIS R BUREAS s fe)e , R L R R AR RE AT L B RE T s i fr
W, AHEFEE T AR IS 5 2 AL
1.4 WNFNEETGE T E

A3 I%E 5 24 IR L 50 AR SCHE A TR I ARSI P S TR R 500 umx500 wm,  FEECECZR ) T
JE 298 200~400 pum,  BLVE 4T EE 244 100~200 pm >3 BV A e i 2t 07 | ARE ARG I ) X s
F/D G —BEERIE S AR B

2 GRSt

2.1 HUEMMBEXMES TSR

R 56 JU , MR A L U 57 " 1Y) 5 04 RME U 15 RE S S AR SO A8k 1 AT RER B THR 8 iy
BT (A 1) e Ak B {5 S om B it
2.1.1 HEXMEDH

PR 1.4 9 PR 5 s i 5 A4 AR IR TR AR E B P A AR S R B T A R R e T
98 M {55 (KR 1), HIT TOF-SIMS — KB FIRBERALK , KO3 1 W B 25 5 R4 s T i 1
HETE S Z ITEERSR A SEE D S s/ N R IR 2E , 1 X 45 8 T8 5 BT E PR 00T, R 75
FEFEE L ES,

ARWFFEAd ] Pearson FHC 2230 (Pearson correlation coefficient) e /R B 155 Z [H] (IR SRS
B A T BT T Z R AR vEZE Z B Pearson R REL, 2 /R THI 10 NS TE S ZIEH)
Pearson F2¢ REUHE . Pearson A RENTF—1~1 Z[0], 4 X HEGRFET 1 FE AR e kg O , mlz 45.98
M 61.97 BIAHKERBGAF T 0.953, m/z 61.95 F1 62.96 AR REGAE] T 0.986, Y8 TR, HLasR
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Fig.1 Images of distribution of (A) Na* and (B) K* within time-of-flight secondary ion mass spectromeltry of fingerprints
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Table 1  Selected ion signals of compounds of fingerprint

& 20 oy =] ey o= B 2 & 20 & 20
LI A A R C A SR
No. (mlz) No. (mlz) No. (mlz) No. (mlz) No. (mlz) No. (m/-)
1 22.99 18 78.93 35 95.91 52 116.89 69 157.88 8 21283
2 38.96 19 78.95 36 96.92 53 116.91 70 158.91 87 214.83
3 39.96 20 79.92 37 98.91 54 118.93 71 16090 88  220.87
4 40.96 21 79.94 38 100.93 55 119.92 7 164.91 89 236.84
5 45.98 2 80.95 39 101.92 56 120.93 73 166.91 90  290.80
6 46.99 23 82.93 40 101.95 57 121.92 74 17084 91 306.76
7 58.07 24 84.91 41 102.92 58 122.92 75 17284 92 306.83
8 61.95 25 84.93 ) 102.96 59 12491 76 17488 93 322.80
9 61.97 26 84.96 43 103.93 60 125.89 77 17687 94 33878
10 62.96 27 86.96 44 103.95 61 12591 78 18087 95 340.78
11 62.98 28 87.95 45 105.93 62 128.95 79 18287 96 35475
12 66.96 29 87.97 46 108.94 63 140.90 80 186.82 97 356.75
13 70.98 30 89.95 47 109.91 64 141.88 81 188.81 98 370.73
14 71.98 31 92.97 48 109.94 65 143.88 82 192.84
15 77.92 32 93.92 49 110.90 66 144.92 83 196.86
16 77.94 33 93.94 50 112.89 67 148.92 84 197.86
17 77.97 34 94.92 51 114.89 68 156.88 85 198.86

VLIRS B 1 Z R B AATE R B S A T B R e ab
2.1.2 ESHH
e TAAER R ESS  AWITER A PCA X B IEATREAE 7 BT . PCA SR 5t hR A2 i 3T 20 5 UL
B & X SR B S AT RE 2 S W FORAZ BEOAE R OF HLUERAR G , T UA RO R EdE ) 2
PR, LT EARHEE R T 1 RS T 1AL BRI fE S e T 6 N EMER
Brs s, BT 22 STk A H] 94.90% EQIJT?%E’JF&Q’EVEFH AL R O B T I s 5t 15 8 o
PCA 8 Bt o] AR Ry —Fh JC W B SR v, DR B 58— FE o0 e — o il Hh — R 2
PCA 1873 (Score ) RUS (1 2) . HH, Donor 1. 2. 3 A% ﬁ,b\)ﬁ%& Donor 4. S HEMEESE. K2
AL 5 A EEAEAE DR S HELLIX A3 B SIS S 2 R R AFAE 25 5%, 4 Donor 1 Al
Donor 4 Z [0 ()5 B BARAFLERS sy & BT LA B A N R B /N F AL EEES ;5 Donor 1 1 Donor 2 NIJJ&
e B o BARIFAR AR Z T A B 0 X 4 BE | (H JR 2208 T AR T PCA JR R AF 1Y)
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Table 2 Pearson correlation coefficient matrix
B ES A& Z L Correlation coefficient
lon signal 12 22.99 /2 38.96 m/z39.96 mlz 40.96 mlz 4598 mlz 46.99 mlz 58.07 mlz 61.95 m/z 6197 miz 62.96
mlz 22.99 1.000 0.868 0.388 0.839 0.781 0.660 0.197 0.821 0.887 0.826
m/z 38.96 0.868 1.000 0.323 0.910 0.525 0.550 -0.109 0.699 0.673 0.683
m/z 39.96 0.388 0.323 1.000 0.618 0.661 0.589 0.100 0.775 0.601 0.791
m/z 40.96 0.839 0.910 0.618 1.000 0.670 0.713 -0.106 0.848 0.783 0.843
m/z 45.98 0.781 0.525 0.661 0.670 1.000 0.798 0.412 0.825 0.953 0.872
m/z 46.99 0.660 0.550 0.589 0.713 0.798 1.000 0.027 0.748 0.805 0.745
m/z 58.07 0.197 -0.109 0.100 -0.106 0412 0.027 1.000 0.055 0.307 0.155
m/z 61.95 0.821 0.699 0.775 0.848 0.825 0.748 0.055 1.000 0.865 0.986
mlz 61.97 0.887 0.673 0.601 0.783 0.953 0.805 0.307 0.865 1.000 0.906
mlz 62.96 0.826 0.683 0.791 0.843 0.872 0.745 0.155 0.986 0.906 1.000
® Donor 1
® Donor 2
Donor 3
® Donor 4
® Donor 5
g ! ] ] I I I
-3 -2 -1 0 1 2 4 5
PC1
K2 R (PCA) IS Bl A

6 A A — a2k
2.2 HIEMSESTN
2.2.1 BREZE;

e 1 T R UCR ISR A 4 R

<L
ARk

i

Fig.2 Principal component analysis (PCA) scatter score plot

PR ZIA B IRR . BRI L RS

BEEIAE 2 IR B A 5 7, Ward YEAE RS 0] R 25 A0 00 5 07 v X B A T SRS A, IR il TR 2k
I (5] 3) B ER 5 24 BB 1Y S0 Mg SOREAS YRR AL 5 1 6 > i A8 i, ] ke iy i e
0 AR e P EE, 7 BT FR RN R R FEAS [ SR 2RI G FR . HIRT 3 A UL, A A A 22 ] B30 €2 i A DL
B, REFChLL 6 AR 22 5 I00k: BB B AR AR 20 . R SRR EE R T LI h A
ZAJER F A — MR FEAE P E— . BEAS RV 25 80 N R DR R AR A R
(A48 SORER B IX 23, 0 TC AT 350Re e SRR B AR I H
2.2.2 Fisher# 3%

AT SRR I AN BAR AR IE 5 8E T A B Y Fisher FIBITEXTEARNEIETT /025 Fisher H 5]
T I LR PRICRE 2 2 2 (B) A S T IR A 23 I 052 IF TR L) 25 S i e R Ak . ASBFSR LRI T 4 050 R
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Fig.3 Heatmap of hierarchical clustering

B, AR S — FER 00 R B R — BRI S AT I (BT 4) PR BRAECEL 3 T 91% 0 B 5 B, o,
Donor 1, 2. 3 HLMEEKIEH, Donor 4. 5 HHMEEE . ATLIAE I TEH—DHDNAERE | Donor 1.,
2. 3F1 Donor 4., 5 WP ZBIAAFAET A, UL T LOKE 2ot A8 M i B 4 B - M X 435 Donor 4 Al
Donor 5 IS AE HA , WHA—EM X, Donor 1., 2, 3 Z[ENWES™E, TEHFTIX 5, HiE,
MRIELESE A FIHN AR L AYHERE, Donor 1, 2, 3 Z (AL AT LAFS B AT 0 X 08508

® Donor 1
4k ® Donor 2
® Donor 3
.. L o ® Donor 4
® ®9 Donor?2 ® Donor 5
* ® # Group means
2 ° <)
® Donor 5 ®
° ° Qe
Donor4 © L4
o OF . 5 ¢ L
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—
o [ J
=il [ J
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Fig.4 Fisher discriminant scatter plot

i3 4 A R B HAS A SR A 3 AR 2 3R E BRSOk A BOANMA, IR %8
A S (2 3) o Ha 3R 3 AL, R Fisher F AT IE G HLXT 94.0% M JFIAREAS AT 4328, I ELXT
BT A B EF R EEE] T 90%. BEJETESHEAS th IR — Oy A 37 550 R, e 5 xS R
AR A 530 3 2H 04 T2 SUIRIE | AR A5 A 285 53 AT TR XS 90.0% M S iE AR A BEF T 4326 . ISR 2R 3%
W, (] Fisher BT RO FOEERAE, I HLRAT B A9 Tl e
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23 FisherH 5| /2ssh 5

Table 3 Results of Fisher discriminant

¥l A B IEL
AN Initial classification group Cross-validation group
Individual IR i FH £ NRES AR iR BE %L N ES
True positive False positive Accuracy/% True positive False positive Accuracy/%
Donorl 10 1 100 10 1 100
Donor2 9 0 90 8 1 80
Donor3 9 1 90 8 1 80
Donor4 9 0 90 9 0 90
Donor5 10 1 100 10 2 100

2.2.3 ZERBAYHENLE

MLP & —FpAEL V5328078 M e T4tk o 28 v Re i . Rtk i — 25 R ] MLP X i
PEFT 3T, ASRTERE AR — 20 P2 iR BB (R et 2, DT 38 31 B I AR AR 2502

MLP BRI AR . 2 . — DA REUE M . B2 ] LA & 2o, Baal= 1Y
SRR 2T MR B DUE T P28 28 Y 58 R B T A 2 B vy, A5 R0 Pk B (L A 2 B el v D) 2%
SRR R, R R SR R AR . AR SRR A
AN BT DL R T B T BLRY 3 R E5 K BV A 1 AN REUZE . AR5 43 0E 1~6 DTG W R A5 R Al
SN 10 R, 1058 F ARG R IEFR (& 5) . anE S B, Ao 0k 5 ARG T i A %
FEARIEEARAFAE 90% L) b A b HVE 414 AR IE H  0 pm ELEE AR A 5 ZkShbhn =y sS4k, 1IE 8% F
KT EER BT B A BT DL B2 M T B 5. I, BRGEUZ IR0 pREIR
S TEYT 2 B0 BRI M softmax , Y125 E FIIGIESE B9 LLFIi% R 7:3.

Number of
Neurons
1
2
——3
v—4
—f— 5

100

90

Accuracy/%
[e.2]
S
T

70

60 | | | | |

Epoch

5 ANIR]fl 2 TR AR AL 22 I A A
Fig.5 Accuracy of models with different neurons after multiple trainings
HY S 2P OB BI I SR8 R TR SR AR 1Y 22 T2 BB 28 I 28 A HF 73 S R RAOCR [ R
U, ZUAN R ENET RN R 94.4% , JF Him TAMEFIBIRY SR . RO TN AR oAt (H &
Horh— WA ZR A IE R R AN 87.5% , U W AR B 5000 AT BE I ANER e o A I AR ST 2 T AR R el vy
THNMER)ZRE TAERHE 2k (Receiver operating characteristic curve, ROC Hl1£8) (K1 6). ROC ik
PRER T AR T 235 S i) EAR BHPE HE ], ROC BHZE F1RIF (Area under roc curve, AUC)#IENT 1, #1f)PE
REBRAT . GnlEl 6 FTR , 44 R A X0 T T AER R T 0.99 , U AR HA U F Y T BB g . 31
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Fig.6 Receiver operating characteristic (ROC) curve based on the discriminant of 5 donors
IMZE A ATEE ] BER TR0 28 A REAR BN S BUW , RAER N ZRAREA | rT RE S 2 B 47
)53 JEFF 4R
2.3 HiEMH
AT A8 S A B T 5 R BT 5 T8 AR Y i AR — B SER i a4 o)
WA AR TR] SR 5 ARG A AN RE A R #EAT MR I 7o SEPR b 2B RE IR T 5D AR BOA 56
Oh b E 5 2 BES . AN FIZ S R AR o RSB AR S TPE LA ], O F HA 45 R AR
FEEEAAF MR, 3% R B[R] — A AT R 50 T AR EN A HE SO T REAATE 1035 22 57 , i H- S B A8 X — S 41h
FIAEAS A T A B T
e b JCIRAR SC B S 8 AR B AT A 25 ) I 2 18] A L fB1 1 12 2 RE R A2 B
SEH B A — AR SO 58 5 B AT AR AR SO A BT R S A (55 50 -5 0 R S i HE Y
HAE AR I A5 | SR SR U [R] 7 i A TR AR B . Se ] PCA SR TR A | FRA AL 5 (0 0 o 3
TAF Fisher FIG Y P aE 17702 45 R I 4, XA I IERIRIBE] T 100% , 58 I UL IE A A1
KT 96% , ¥t T ZHAIESR Wk 1 U0 )5 OB BIEE Bt
w4 GRS B LS

Table 4 Results of discriminant after optimization

IR S
Ak Initial classification group Cross-validation group
Individual FLIHMEEL i PR 5 ERfR PR R PR NRIES
True positive False positive Accuracy/% True positive False positive Accuracy/%
Donorl 10 0 100 10 0 100
Donor2 10 0 100 8 0 80
Donor3 10 0 100 10 2 100
Donor4 10 0 100 10 0 100
Donor5 10 0 100 10 0 100
3 #it

AWFFEEET TOF-SIMS Bk AR B ARVILARTE 1T RS S5 S AT A AR B A1, f B 2
MRCRGETT RS T ANMARB R AR . S525R BR GlS ZR RSy 26 4% Fisher FIE X AMAIES T 43
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26, BRI IS S 90% Lk b AR 32, i AR S i) MLP REAS 21 S i s 3 (H 245 R IF A TaE . X
ARESE th TSI AU B A S 5N R REA RS S0 AL | S RSB 0F S FS A A T 14 vl = o
e FESGZEWTFEh , 5 AR ARG G0 T %38t BN B8 S0 A2 2 YRR LU i B R RS E T 5 PR R
ANBORTADTR GO | 5 BRI R I 20, i — P R B . AR WFE o st MR S 205
SR TR Rl A S5 R ARSI I SO Bt A 7 it BN MR BEE 1 O ik AR SR
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Personal Identification of Fingerprint Donors Based on
Time-of-Flight Secondary Ion Mass Spectrometry

WU Yin', TIAN Shi-Si', LI Wen-Jie', SUN Ling-Hui', SONG Xi-Lin', ZHAO Ya-Bin",
LI Zhan-Ping **
Academy of Forensic Science, People's Public Security University of China, Beijing 100038, China)
*(Analysis Center, Tsinghua University, Beijing 100084, China)
3(Key Laboratory of Organic Opioelectronics & Molecular Engineering of Ministry of Education,
Department of Chemistry, Tsinghua University, Beijing 100084, China)

Abstract Fingerprints, as one of the most important evidences, contain numerous personal information and are used
for individual identification in the field of forensic science. However, in real case scenes, traditional way of comparison
and matching with patterns may not be effective, as the detected fingerprints are mostly fuzzy or incomplete.
Additionally, the compositions of fingerprint substance are so complicated that it is quite difficult to characterize
donors according to some specific compounds. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) can obtain
the mass spectra of fingerprint substances and corresponding ion distribution images without destroying the patterns,
which provides the possibility of identifying individuals based on fingerprint substances. In this study, the mass
spectra of ten fingerprints from 5 volunteers were collected using TOF-SIMS to preliminarily explore the feasibility of
identifying individuals based on ion signals of fingerprint substance. Firstly, 98 kinds of TOF-SIMS ion signals
representing different fingerprint substances were screened out followed by the process of principal component
analysis to reduce the dimension of intensity of ion signals. Afterwards, the newly saved variables after dimension
reduction were input into different classifiers to compare the effects. The results showed that the effect of unsupervised
hierarchical clustering was quite different from the actual classification, while supervised Fisher discriminant method
could correctly discriminate 94% of the individuals and the accuracy of cross-validation also reached 90%.
Meanwhile, more ideal results would be achieved when the data was input into the multi-layer perceptron neural
network after multiple trainings. The individual classification and prediction models were established via various
statistical analysis methods, which provided a new channel for improving the evidence value of fingerprints and laid
the research foundation for further exploration of employing fingerprint substances to identify individuals.
Keywords Time-of-flight secondary ion mass spectrometry; Fingerprint substance; Personal identification;
Multivariate statistical analysis
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