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Abstract The performance of laser desorption/ionization mass spectrometry (LDI MS) is greatly limited by the
choice and design of the matrix. Structural design of the matrix can further improve the detection performance. The

sharper corner can effectively enhance charge transfer and photothermal conversion efficiency, thereby improving the
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ionization and desorption ability in LDI MS. Therefore,, we constructed an LDI MS platform based on tip Fe,O; nanoro-

ds(Nr-Fe,0,). The nanoscale surface roughness, strong light absorption, enhanced ionization ability, and photother-
mal conversion properties of Nr-Fe,0, have improved the selectivity and sensitivity of LDI-MS for metabolite detection
[3—10 fold signal enhancement compared with Fe,O, nanoparticles (Np-Fe,0,) , 10—15 fold signal enhanced com-
pared to commercial organic matrices]. In the serum samples, the Nr-Fe,0, was used to collect serum metabolic
fingerprints of fine particulate matter (PM, ) -exposed mice, and screen the fluctuating features by T-test. Our
approach guides us in matrix design for LDI MS metabolic analysis and provides the theoretical support for
subsequent PM, ; exposure toxicology research.
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Scheme 1 Tip Nr-Fe,0, driven high-performance LDI-MS analysis for constructing metabolic

fingerprint of PM, .-exposed mice
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1 SEIGERS

1.1 K 5{EE

FFEETREN(R.G. 91, 4liJE>98.0%). a-THE-4-F2FLAFERR(CHCA, R. G. 9%, 4% 98.0%). LIREM(A. R.
9N, BifE>99.0%). L _BEA. R, 2lifE=299.5%). FALR(R. G. 9%, 4l 99.0%), igZRMEHL M A
FRAT]; 2,5- R ILFE P FR(DHB, R. G. 9%, 4liJ¥>99.5%), ¥ Z( bk Tk & A BRA A 5 ki
(A. R. &, 4liE>99.5%), Ml Pabe b TA RN A AS/AKAFLER(A. R, 41 99.0%) ., EAL#N(NaCl,
A.R.9%, 2l 99.5%) . SALHR(KCL, A. R. 9%, 461 99.8%). FEWH(Suc, G. R.9%, 4l 99.9%), [
AYIRHE A PR F) s FEA. R, 415 99.5%), bt Ha IR A BRA F ; D-HZEBHGlu, A. R.2%,
41 99.0%), g T A LR B FR A R 5 L-IZ2(Pro, R. G. 4%, 4l 99.0%). L-4i& R (Val,
G. R, 2l 99.0%). L-3a &R (Leu, R. G. 4, 4liJ% 99.0%)F L-F &R (Lys, R. G. 2%, 4liJ¥ 98.0%), I
155 BAL S F ARG IR A F 5 L-4HEWR(His, R. G. 9%, 4l 99.0%), p=BULAAR(HIEVEBRA R ; D-HE&
FE(Man, A. R.9%, 4l[£>99.0%), KETRHR A=A PR A F .

TU-1901 F4£84b-0] UL (UV-Vis) 366 R, db Rt i A A PR T A 5 Autolab BUHLAL22 T
YES, St 78 A FRA A IHZ8E Empyrean B CT Wi 24 4l X 47 4L (XRD) , fif 2% PANalytical 23
] 5 Sigma300 %37 & G 47 1 1 BT (SEM) | 18 [5] Zeiss 52 1 5 25 A% R %5 %8 i & 4t (Autoflex
MALDI-MS System) , i1 Bruker 23 ] ; JKKJ-1000 % PM, B854 , 3555 B 2SS RHA BR A ) .

1.2 LR

T, #5824, 3397 g AIKAFALEIET 450 mLBAIK A, PP B RSS2 SRIEK KA
SRR T, 70 "CRVES hy 850 . WUERDTTE , S UTIE B 4K e 3 Ik, 7E40 CF T/
12 by B TS B A B F gk LS °C/min (195802 FHE 2 400 °C, 314545 300 min, P15 EIRE 5
Nr-Fe,0;.

e, F0. 7008 g FrETREN A 2. 8007 g 7S /KA FEALERIA T 100 mL & —fErh, SRIG A 4. 5005 ¢ 2,
TR, PRI PE AR S TR KR AT RCE T RN O IGIAE IR R T, F200 CF R
10 h; B0 WEEDTHE, I QBB 3K, 1E40 'C R4 12 hy K FHE R S8 i A BT bbb LA
5 “C/min R FEFHELZ 400 °C, FFORFF 300 min, 13FIHE 4 Np-Fe,0,.

B4 100 L EES0FN 2 mL M IE A TR B 1A MG #2325 mL R TEBEH T ; T 60 “CHitdE 5 h;y AR5 i i
IR R bR ke, RIASRR F IR0 RE 45 257 ([BP 1Y), BR TAE N Hrsk, [BP 3k n] FEfL2
TR FE T LIS IO i Wi #2 P Ne-Fe, 0, F11 Np-Fe, 0, [ [ BP ]* B T AL L RE . 241 [ BP |* AL 1
BN Im AR I I, [ BP ] AT AR AR P E - ([ BP - pyridine |*) AT HP PERLIE 43+ (pyridine ) :

[BP]*—[BP - pyridine]++pyridine (1)

FE m/z 170 A0 K00 2 (1 [ BP 1 FN7E m/z 91 ARG 2 ) | B #5 1 [ BP — pyridine ] * (14 558 B 9 1 72 0
[ BP W i B, SRR SE BRI RE 71 . [ BP I HYSRIE 5 [ BP i W i 5 A AR X L 910 [ BP I A7
TER(SY, %), FoREITEE

SY =120/ (L1 + 1011 X100% (2)

o 1, 0 AT EER 170 B FRBE 5 1, M BTAT LR 91 A B T3
AT TR A YA A ERAS 4 JR Y 9 SD BEPE R B (16 B, 180 7 dJe , R ILREHL i, &4l
8 H; Frfl RIS ER T, B2 B, 8% ; Hh—4 KB E T4t G ik 2<Bx PM, L /Y
R, —HARRE T R2EMR (RRWERE PV, 123, AN TOURZREE R 12 h, 185 FE S
(22+2) °C, AHAESE R 60% , Rl BARBCE W AIK, REM K ks, &R DAl &7 dFR—IK
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K 70 d 5, r BIERBURER T PM, REE T 09 K BURIR 25 58 T PM,  PREE F (9 R BUAY I, 7E 3000
r/min PFE T 250 15 min, 2B EIHWR, BT -80 CURFI# . A sh) s g 4 B M RA7 A8 BT
BT BRI T

S HL I - (R 2R AR E R RGN . LIS M RME N TR, Ag/AgClHMRAIE S HHL
e, P YERETHI AL, 0. 5 mol/L Na,SO, A AR IR, IRISCHLEIEIE . K bR/ F (Pro, Lys,
His, Glu il Man) ¥ T 258 FoK thfil s AC A . 38 a4 5 (0. 50 mol/L NaCl #110. 50 mol/L KC1) 1 [
Jii[5. 00 mg/mL 4~ IfiL 3% F1 & 1 (BSA) 1H 4R #ESrF- (Pro, Lys, Leu, Suc Fl Man) (FIR-E Y, FoiE 1 A
522 AW T NGy TR AT AT . 5 BE TR RE (Nr-Fe,0, F1 Np-Fe,0,) i& T 25 B 77K e il se ik B
1 mg/mL VIR R AR HLIL T CHCA F1 DHB 43 B A TE 0. 1% 1 TFA 28 v il OK A2 AR FR
Fe A 7:3), HeBE 2524 4. 00 mg/mL F110. 00 mg/mL. 7ELDI MS 528 /1, B 1 pL 0 Hr s fn 1 Wl 2t
JECER IRy B B SR _E T LR T LDT MS A . K5 [ BP A8 TARREL M 101 A9 B BERUK ATR A IR
Wb . d L 44 355 nm Nd: YAG 068 Y Autoflex MALDI-TOF $£47 LDI MS #6015 & OG5 BE
25%, EAFHAR N1 kHz, AL E R 20 kKV. LDI MS K A4 SR BHE] A 150 ns, BERAIHTHOIEOE & SHK
2000 K . R HARE/ING A A 70T A o LIS B AR i 2 25 R (£107° Da).

2 FHR51T1R

2.1 Nr-Fe,O,H9%I& 5 R4

A0 3 R BRL PR VRURF S I AN A B AT A5 Ne-Fe,0,. A T UEBHARIR A3, &8 T Np-Fe,0,/F A%} A .
X PIRN Fe, O, 9 KM BT T SEM FIRAE. HHE 1(A)RTLLE 1, BTl 4 i Ne-Fe,0, 2 AT 23305 1)
gk, R —, SEE N 200 nm 247, HARu 58 0 20 nm 2247 . B 1A LUE H,
Nr-Fe,0, 2% [ ELATHURE () AR 254 , 31X T RS i T 78 SR B rh/INORE ZE M ) 2R THT B8 47 5 2 1 A
I 1(B) Al LLE i, Np-Fe,0, M 5] 9 K Wkr , Y4042 4 100 nm Z£47 . Nr-Fe,0, Fll Np-Fe,0, [
XRD 134 s )& T Fe,0,(PDF No. 25-1402) i MLARIR 516, SR Ni-Fe,0, 2 M) il 45 [ & 1(C) 1.

© e NpiezOs
N Nr-Fe,0s
260 nm 2&’““":: T T— I6IO|
20/
Fig. 1 SEM images(A, B) and XRD patterns(C) of Nr-Fe,O, and Np-Fe,0,
(A) Nr-Fe,0.; (B) Np-Fe,0,.
2.2 Nr-Fe,0,{E LDI MS £ i%#E
38 36k A oA 4 Glu HEAT LDI MS £ 40
W, X BE BT R FE E T T OeA . i 2T .
LA iy, AERRERHOUEE A 1 me/mL i, 18 < e
UIEZ/ O RN d I8 =& E PN s b it £ 9w v S 1)) % ol
el 1 mg/mL. LA Pro, Glufl Man /£ M3 f
PEACT Y, I3 T Nr-Fe,0, Fil Np-Fe,0, 1 Jy -
LDI MS LT PERE . 715 8 5 RORH AT ik o L2
TFLDIMSHI, M 3(A)~(C)FTAF i, % Y onconationmg iy
PSR R R E S, H493R45 1 3 PG Fig.2 Mean LDI MS intensities of sodium-adducted peaks
Pyt Na/K I . m/z 138. 05 1 154. 05 4b43 for Glu in 5 experiments using Nr-Fe,O, and Np-
3R [ Pro+Na |*Fl[ Pro+K [*FJI4 , m/z 203. 16 Fll Fe,0, as matrices with different concentrations
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Fig.3 Typical LDI MS spectra for detection of Pro, Glu and Man(A—C) and the mean intensities

(5 experiments) of sodium-adducted peaks/potassium-adducted peaks for Pro, Glu and Man(D)

using Nr-Fe,0, and Np-Fe,O, as matrices

X HAT R E A Ne-Fe, O, RS s LIS T 104 . T8, FEBObRl ey 2 Os i o6as A 5 1Y
355 nm P ARERE , JFHE— 2D G DI AL RE LRI 25 0 AT ™. DR, AT B 1) 2R Pl
WA BE R R b BEAS AR B S T AR R S A AT UL, . 4 (AT, 5
Np-Fe, 0, EE, Nr-Fe,0, fEH 1 355 nm A F A W Gl 3 i 6l , SRR im HA RER L RE 1 3l LA
AR B R O B RE AR . BE— 2B I T BB TR DG ORGSR L i G LI - I 1]
[E14(B) JAT WL, Nr-Fe,0, H Np-Fe,0, 2 B Hi 553 i G FL U om B2, R 9 o BB 8 36 1:d sk B 2500 A4 S
BHJE e KR MR Fh A GG, 7 A B 2 A ey, S o AT IR B T BE ST . BRe AT A A2 50,
BET YR BE ) XS 5 LDI MS P RE L 2 OCH %2 . O ST Ni-Fe,04 1 Np-Fe,0, H G4 B )
TSI TR AR S A B S R Bi AR A . BT S (A) AT AR Y, Nr-Fe, 0, F1 Np-Fe,0, HFE ik
AT s H AL RS LG TR B, TR BT AH [N E) /S, Nr-Fe, OV MR it B2 THE A9 SE 2 [ B 5(B) |, & H]

HO GG iE o
AN, R T HE—2E0000E Ne-Fe, O, B YE#EEHfE 71, LLIBP | MA2A I T, B[ BP ok Bl 45 [ BP]*
(A) B)
0.6
<
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Fig. 4 UV-Vis absorption spectra(A) and photocurrent-time curves(B) of Nr-Fe,0,(a) and Np-Fe,0,(b)
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Fig. 5 Infrared thermal images of the initial temperature(A) and the temperature after 30 min of
illumination(B) of Nr-Fe,O, and Np-Fe,O,

L FCRE T [BP — pyridine |*HY5R B2, fURILFUAIAEIAE ST . [BP " IEROCIRS T AIAAE 2 (SY) 15 UK 5)
R AR BE R LG . BT 6 (A) FTUL, 55 Np-Fe,O, FH b, Nr-Fe, O, 72 AH [0 25 B2 T 2 UL M B 1) ik 1
R [ Nr-Fe,0, &L [BP ] 58 J& (Median intensity: 225630. 96) > Np-Fe,0, &L [BP]*5# J& (Median intensity:
166293. 52) |, I HHARIRS 50 2 [ K 6(B) | 53R, JRvm 2 5 ARSI 5k, X 115
Nr-Fe,0, BAT B R OGP 0R — 3. R, T30 Nr-Fe, O KA B T A RO L RE L (L #hEE, A
TAEHE AT DA . 25 BRI UL, Nr-Fe,O, i9m BEAS fie R R EEHZR A, 77 AE B 22 1) H i 14 s O B4
SRR, T 5 3 B ) 7E LDI-MS Hp (1 125 1AL AR RE )

40 _(A) — Np-FezO3 (B)

. ’ == Nr-Fe,0; |BP]* 82

£ [BP-Pyridine]" s8I
g8 ok l 1 B
= g

wnn T9r

080 l lOIO 1I60 ' 180 78
Nr-Fe,05 Np-Fe:0;

miz
Fig. 6 Typical LDI MS spectra(A) and survival rate of parent ions(B) using Nr-Fe,O, and Np-Fe,O,

as matrices for desorption[BP]*

HAT, LDI MS e & 18 ik fb A AL BT, Hbdn CHCA fTDHB™. Sk T #E—251E B Nr-Fe,0,
TERGIN /Ny AR 7 T A3, 23 BILA Nr-Fe,0,, CHCA 1 DHB Jy 35t , of Wi fh s it/ N7 it
(Val Fil His) #4717 LDI MS 438 . I 7(A) F1(B) AT UL, Nr-Fe,0, #E 4L Val Fl His - F-3(5 S5 B 1
CHCA F1 DHB f-F- Y515 530 BE R0 24 10~15 7% . He4h, 5 LDI-MS Sl il 25 S 38 3 T LA Nr-Fe,0, 4

12
@ v 7 [Val+Na]' 6L (B CV / [His+Na]*
1.3% v CV 2.0% N [His+K ]
‘ cv NN [Val+K] 19% i N [His+K]
. : 1NN N
: .\
2 10 E
g L) \
g k
S 5 N\
| 93%
, ° 66% 91% 76% o 19% 999, 48%
0 Poress 2o SNNAN] SSOSN 0 N\ V07 et N

Nr-Fe;0; CHCA DHB Nr-Fe;0; CHCA DHB
Fig.7 The mean intensities of sodium-adducted peaks/potassium-adducted peaks of Val(A) and His

(B) using Nr-Fe,O,, CHCA, and DHB as the matrices
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LRI 45 R EHA R B . 248 Ne-Fe,0,/F M FE RS, Val Fll His i CVs K 1. 3%~2. 0%, Ik
F CHCA (%) 60% ) F1 DHB (2 70%). Nr-Fe,O, 7341 H () R4 S B 200 F F 5 08 i3y
AY3Lgh . e DR B2 SR [ B 8 (B) M (C) 3R, Nr-Fe,0, A4 2 11 51 & B8R - 35 0 22 (Sa) A

68. 601 nm[ F 8(A) ], T CHCA(Sa=0. 108 pm)F1 DHB(Sa=0. 802 pm) .

100 um

55

L -9
Fig. 8 Dark field images(A—C) and confocal scanning images(D—F) of Nr-Fe,O,(A, C), CHCA(B)
and DHB(C, F)

BT Nr-Fe,0, L5 (19 LDI MS A5 GE g, #fE— 2B T Nr-Fe, 0,0 WA i) S ARG HHBE T . iy
EI9OWT LA i, Pro, Lys, Glu il Man i 5 {IAS 1 #e B2 435124 0. 08, 30, 20 12 pmol/L. HH Lys, Pro il
Glu 76 A AR P 19 - 2948355 K F 43 51 R (219.9+29.3) , 188. 68~272. 32 J% 3000~6000 wmol/L>. L)
Nr-Fe, 0, BT LDI MS [RGB e (% 5= A~ A CY-, 33 id I AG I 8 77 12 U T 4R
NG A

Lol® [Pro+Nal* (B) [Lys+Na|"
E S 1o0f
? 0.80 pmol/L S/N=46.8 /\ g
E 040 umol/L /| SIN=15.6\| ki 300 pmol/L SIN=69.0
5 0,08 umol/L /\ z 60 wmol/L N\ S/N=14.9
0 oo WMoV N SINZILS T 30 mmol SIN=6.2
1 1
138 139 140 168 169 170
mlz milz
(©) [GluNa]* Lol® [Man+Na]*
2 20r s
= =
z B
é 200 pmol/L SIN=161.7 é 20 umol/L SN-g8.1
2 50 umol/L SIN=127.9 | s > Hmoi/i N\ swv=122
0 20 pmol/L N SIN=42.8 0 |2 Hmo SIN=7.4
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Fig.9 Typical LDI MS spectra of Pro(A), Lys(B), Glu(C), and Man(D) at different concentrations
of Nr-Fe,0, as matrix
N T B UE Nr-Fe, 0,4 ) LDI MS X 52 Ze A sp AR AR R RE 1, 23 BI T 1 & sk B 1(0. 5
mol/L KCI, 0. 5 mol/L NaCl) Fl 5 e 5 & 11 (5 mg/mL BSA) 17N TR A Wi (Lys, Pro, Leu, Man Fl
Suc). HIEI10(A)~(C)FTLAE Hy, 5 AP A RFAE IR AT LIRSt (S A5 o AR i g im &
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Fig. 10 Nr-Fe,O, assisted LDI MS in the detection of metabolite in complex samples
(A—C) Typical LDI MS spectra of Man, Lys, Suc, Pro and Leu in 0. 5 mol/L NaCl(A), 0.50 mol/LL KCI(B) and 5 mg/mL BSA
(C) solutions; (D) Typical LDI MS spectra of serum sample; (E) CV distribution of intensities for the apparent signals extracted

through data preprocessing using three PM, ,-exposed mices serum samples by five independent tests using Nr-Fe,0, as the matrix.
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Fig. 11 Analysis of metabolite levels in PM, .-exposed mice based on metabolic fingerprint
(A) The weight distribution of control group and treat group, (control group; PM, s-unexposed mice, treat group: PM, s-exposed
mice) ; (B) the typical LDI MS spectra at m/z of 100—500 of serum samples from a control group and a treat group; (C) heatmaps
of serum metabolic patterns in 16 mice; (D) confusion matrix of distinguishing control group from treat group; (E) volcano plot of
screening metabolites with significant changes red dots for up-regulated metabolites, blue dots for down-regulated metabolites, and

black dots for metabolites with no significant differences.
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