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Gold Nanoparticle Modified Polymer Monolithic Microextraction
Combined with ICP-MS for On-line Analysis of Trace
Elements in Cells
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Abstract: In this work, Au NPs modified poly(glycidyl methacrylate—ethylene dimethacrylate ) (poly
(GMA-co-EDMA-Au NPs) ) monolithic capillary was further functionalized with L-cysteine (L-Cys) ,
which exhibited good preparation reproducibility and chemical stability. Based on it, a method com-
bining polymer monolithic capillary microextraction with on-line inductively coupled plasma mass
spectrometry detection was developed for the analysis of transition metals in cell samples. Various fac-
tors affecting the extraction efficiency were investigated. Under the optimized conditions, the limits
of detection were in the range of 0. 45(Eu)-15. 4(Cu) ng-L™". The relative standard deviations were
between 3.0% (Ce) and 9.3% (In). HepG2 and SCC-7 cells were analyzed after ultrasonic wall
breaking, and the content of target metals was found to be at fg—sub fg level per cell, with recoveries
of 85.4%—-114% in the spiked samples. The developed method merits low sample consumption, low
detection limits and high sample throughput (10 h™) with good application potential in the analysis of
precious biological samples such as cells.

Key words: polymer monolithic capillary microextraction; Au nanoparticles; trace elements; in-

ductively coupled plasma mass spectrometry; biological samples

FEE TGS ], S FhEm TR AR N IR, i B R, TR AR B A
SHERAFEREMGE . m, LV BREAGLTRMEBICE, SREEANRZIHR20 pg, HiT
ZENZGEFHEE, MEWIIYNAET RS, SBUEFTRENEIK. RamEs", HEEERS
Fhi, VINETEmEEZ I ST M pHEFME T, H(Cu) 5 DNA SE T 2T S MR ) R AER

KfmEE: 2026 -04-30; fEEIBHI: 2026 - 06 - 09
ELTH: BERARPEEEETIWH (22174103)

«EWAEE. B O, W, 2%, WROim . JRFORE . ETGE, E-mail: binhu@whu. edu. cn
MEE % HER: 2026-07-17



5 8 i BREMDKA . HOR GRSV E B E AT 1ICP-MS BEAEL AT AR S P iR B ) 1721

A Cu SRR I, S RWEHEAE R BR(Ga) A Sk Tl A 25 4l V2 (A, 784k
VgL, BWRER) Ga & N RI%E ARS8, AT gk BRI T4k
HE BRI R W RIS TR A, R In RS BN R . AR REE, H
FERTA A bRt FR AR 22185 ) (Sn) Mok 2 FHORHBER & S a1 & Sn AOFEN S0/ 1 i
Fe. 7Zn, CaSR bR e MWL, FEARIFIEDUAL SREE TR, &5 B A E R RG 5D #
(PO EFELFHMAE R, FHRMAROEY SR, ST FEE. SIES"; 28D ZHTH
Zip, SEBISSEYS THE, MMBARGEAME RS —2FEERTY; Mt 2HT
ARG IR AY & %5, KRR E R LT R S5 R ARE, B HERY" . Kk,
XA AR i X SR B A R T S RS I A S

YA A A PR o, AR B AR e R E 2R T 2R A A0 — A E I Y
Mo &R T R I E R B AR R B T & B e R E A . Bk BUBMERNEAS RS
R R, HF &8 e EA A J7 38 T WRSOE % (AAS) | HUBGRE & 558 T & 516 i (ICP-0ES) |
HUEHE & S TR TOE (1ICP-MS) 55, Hip ICP-MS AMEHEA 2o K R 2, B HA RS R
JERRTER RPN, (045 1ICP-MS B2 H TAMERE 8T, BRI E 4. Bhoc R LT hBR %
A8, AR A A S TR AR S B INBOS IR A 1, IRAERS I 2 B T A A i A 330 24 i A2
ELZ TR AT, REYETE B ERZEI(CME) B & 5 . [HfEES D> biTiiae
J15eF 5 5 eI A R, S TRE R SETER s/ DA AT

KT SCEEARRE R H AR AT ZEBCICR TR E O Tk . AR, AR ToRLAR
AN HERTERRR, B RO AR RN S SRR T, ER AW R R B R
BT T1 . Hodr, 42K 4: (Au NPs) IRPER IR G REPRAE, BT Au NPs 535000 B BRI, B2
TEAFF LIRS 8, B, Svec ZE #1457 Au NPs B PE R poly (GMA-co-EDMA ) %44, 3L Au
NPs A al i, SR —ui S A . — Uit &5 I it 20 e 2 0 SO PR R R B AR A B A T A8 4, AHARAS 21K v
H—O0H., —COOH, —NH,Z5 R HEFA AN, ARG ER FEBL T 2 EANTE. kE
Z3 A 5T Au NPs 2P B poly (GMA-co-PEGDA ) 38 /K P B Ak, 75 JH: 38 T A6 411 4% 25 2R 0 1R
(MPBA) FI$iE £ (MPA ), M o] SEBRHHE 22 2 B0 B 8 4, i3I A i sl 2h T I 2 Pl R A
B 53T I TE Au NPs RIS _E A 4@ 8+ HA BN IIRER, LR Au NPs EPER R &
BARMEETAN LB ICE T RN H . SCIER & T AARUE N ThREEL A it . &SRS, K
PRI RS> AR S — 20 . SRR et R R A, SEBL T AR SR R B A R T R )
e, (RS B — R R B S & m B AR R, RANLSAAR . i G1ER 1R —, X%
KidlESEE . Mt AEN) IS ARG AR, A R SPURR TIRE WA R

L-2EREER (L-Cys ) Fe—Fha B ot . &3k . RIL3PETERRER B ZohRe stk iR, 3 RhILH vl K
BCPREIER . 3BT 5 Au NPs KA SRR SR 2 4, SEThRE 4> TR PRAE R MO I ;. BREE T APkLR
T A 23 5 AR v Ml VR A S0, fEBIECA . B 2 AR S A B E R &8 & 1455,
FHEL T i g — R BOR B SR R, BT 2 oe 3 G A UERE . R = 53 H pH (BE
[l o %I 5 1 T340 Au NPs 25CPE I 2R A e kR 51 2 TR 0 #0e, Hop 3 5 Au NPs B
WEE Y, MEFERR SRR R S HAR oA BEAE A . BT, ARRESEHI T L-Cys SR
poly (GMA-co-EDMA-Au NPs) AWt , A FEM A K BEZIEARE, FIHARNRE S
EEE TR SER, LT 2R TR E R, JER HEERFE CME 5 1CP-MS Bt H
AR, K HepG2 Fl SCC-7 BN BAE St v 10 2 AR i U & Jmoe kA7 TEZR T . AR AU BE A4
JELHZEI SR A . W REREOR TBe, B AR T E ) & 2 AR, WOR BT R
S EEE . BUBALEILLE AR G S T e A 1 OCHREE S TEAE Y &R 43 BT 5 20 M P
HAE RN T .
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F KQ5200DE 4488 pH i i VA QLA R LT @ AR A TR A w), ) REWE A8 & il H
HH-6 £ R R /K I 50 O AR AT IR W), D 5 3R RHE) EDS SRAEAIFI4 i1 W88 (SEM)
FAESE I3 H48% X-650 (Hitachi 2], ZRut, HZA)FIZEF] Sigma 37y & S35 (Carl Zeiss, fHE[E ) ;
T pHABELAY JA 5 6 H Mettler Toledo 320-S pH i1 (_F#f Mettler Toledo {X 25 AR A H], W) ; FELTE
B AR S IFIS-C 23 2 i3 M (P8 o B T RHE A R 2 1)) 5 HFRTT M9 I € R H Agilent7500a
FL R &5 S5 1 TR (Agilent, Japan), {X#s) TAESIEIITF £ 1,

#1 ICP-MSHESHL
Table 1 ~ Operating conditions of ICP-MS

ICP-MS plasma Value
Rf power 1250 W
Plasma gas(Ar) flow rate 14 Lemin™'
Auxiliary gas(Ar) flow rate 0. 88 L*min”'
Carrier gas(Ar) flow rate 1.07 L*min™
Sampling depth 7.0 mm
Sampler/skimmer diameter orifice Nickel 1. 0 mm/0. 4 mm
Scanning mode Peak—hopping
Dwell time 50 ms
Integration mode Peak area
Isotopes SV, SCu, ®Ga, ¥Y, In, "Sn, “Ce, "“Eu, '“Dy, "“Tm, b, **Bi

1.2 KFFFREBRE

V. Cu. Ga. Y. In. Ce. Eu. Dy. Tm. PbHIBi BbRHERE RS M NH,VO,. Cu(NO,),. Ga(NO,),.
Y(NO,),. &J&In, Ce(NO,),. Eu(NO,),, Dy(NO,),. Tm(NO,),. Ph(NO,),FIBi(NO,) T 2%({&F />
¥, FEDWRYBRECHIT L, SnBObREERE & H SnCLIET 1 - 1O EER G FH 1 2 9UE L) 3R
TRFRRENT G, TAE M I FR A 4 i &5 71 S B PR i S R AR . THRC BRI (K
Na', Ca™., Mg". Zn™, Fe")¥JLL 2% HNO, Vi AH B (1) iRk sl R IR ER i iy 5, BH &5 38 LLHAH R 1)
R B T e Al A B T )i

3-( = WL H Rkl 2t ) L IR IR N ER (WD-70) I F i KA WLEEA IR TR |, 51 FRE =5
THECAIBN) . R L PIREIR 4K HIMER (GMA) . 28BN 2 [ W EL YRR (EDMA ) Al #3551
L& F Aladdin 2 7], BebE —3RREERIAF Sigma 20 &), ZHLIWBERE (DTT) W) F [ 2538500 PR 2
A, HeRRIR T i s s AT Al DL B g s S R I BT K A Atk B AR Al KA Milli-Q
Element System(18. 2 MQ-cm, Mollipore, Molsheim, France ) 243t
1.3 EWREEFFHHE

AR A R 1R, Au NPs 2Pk poly (GMA—co-EDMA ) B34 il 25 F1 Au NPs 1) 5 i

WP,
i I 0 AIBN HN A~sA~m
UV PUUNE P s
0

OH H OH y 0
\([)ro\)\/N\/\S/S\/\NH2 + I O\JVN\/\S/S\/\WO
OH

DIT OH o cnld‘l OH
nanoparticles
5 O\J\/N\/\SH —_— OJ\/N\/\SHO
0 0

NH,
SH
HOOC)\/ OH g
HS 200"

el BN N

0 Hs ’

€00~
E 1 BEYEEREN R &R R ERE

Fig. 1 Scheme of the preparation procedure of the polymer monolithic column
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15 nm Au NPs (il & 2% Gk (17 ] SRl Eend FoK, X 0 B Fni ZER TR Yed s,
1£49.5 mL/KHFMINO0. 5 mL 1% 8 HAuCL,, M 4kE200N 1. 5 mL 1% MFFEIREN/KIE , Bidk
N 15 min; KR, RSHEFEEEME . KSR EI Au NPs T4 CH-AF.

BUE TR AW poly (GMA-co-EDMA) FEFRFEM) il 8 S ARSI 2 5 ey TAE™ . S0k B #17
. BZEE. K. 1.0mol-L" NaOH. 7K. 1.0 mol-L"HCL, 7KFIZEEH IR EH IO B4 AT 0h
e, vpPEEtE 454 10 min, 10 min, 2h, 30 min, 2 h, 30 minfl 10 min, B HBESERT . Bk
A1 1 WD-70 5 ZFHR A EHEENBME N, M HEERE O, BT 70 CHA N 12h, K5
A CBENG BANE AR RTINSV T, B AEERIRE B E R T & .

KB K IFA B A A R, TR 14% GMA . 12% EDMA . 65% IR . 8% 1F+ 4%
FEFD 19 ATBN (X0 Bt 43 B0 20k, BHIR S G R 15 min AR 23 FHE A . ARG F VRS S84 73
BBEENCITALRBAE T, Wi FARECE L, BT 60 ‘CKIBERY 12 he ARV 5E)E, YIHEBAME
PImHFEARY, FEHZEHRALLT, 2 . 5. 10 pLemin AOREMYEBAE, LIBRZAR TS SAARFEELF],

Au NPs 5 poly (GMA-co-EDMA ) #1075 . o5 FIMEIE . PIRERI 6% I BB EE X poly (GMA-
co—EDMA ) BRI Tk, R 1 LB AL, FREA A Au NPs(~15 nm) B NEARFE,
£ Au NPs 20 A (BRI AR 20) )5, 450, 5 mol/L L-Cys ¥ F 0. 5 mol/L 1) HNO,, i FH i hiE S
PL50 wLemin™ () ESLENEE AR, FRERctE2 WG, MRSt &

1.4 ZHBEFE ML IE

¥ HepG2 401 SCC-7 A0 Ml 73 I SE T RL EPE T, 7E1 500 v/min 353 T #5005 min fHEAH 1T T
EPE 0, 725 LIEW, DI\ PBS ZZ oo 4 Mkt St #4110 (RN RS WG S B K A B i) Bl s
L1 500 v/min BFEH S0 5 min, 37 EIEW, EEIEWE 1R, LR B MRS i R R 5
o SR IMERHEGE SE AN BUR SIS AR W N i, B F RO
HIAREE R, SRS B AR B

I TS 5, B ER) A0 PBS ZZ iR B R AR . G R i g A (8
PLAE AT 3200 W, TAEMEE 40 kHz) FH1 788 P M A B . BB /KRR 25 °C, 4L 75 30 min;
WSS . T 12 000 r/min 554 F &0 5 min, AU R DT TG, WA T8, Y879 pHAEL S BT
HEATREECELS .

XoF A I) 248 B 5% 8 ) R RS A T AR IS 5 38, L Cu IIFRAKFoR 5 g L, HE TR MR A
0.5 pg-L7'

2 HR5TiE
2.1 BEYEMEBEHRIL

SRS 5 0 B A LR AE AT EDE S, A E RIS R VI E . R SEM AT RAE .
2 AN REEC MR O R, BRI DAL S B N LS B R, A REIL G (
2A. B), AERPIELEHIIZS), RN —IOER LA B SR B FLEE M ([l 2C) ,  AuNPs k34 2)
AR AR R R T (E2D) .

X
S

PGS |
2 BEYrER BN MO ) B A
Fig. 2 SEM images of the cross section of the polymer monolithic capillary
A. x150, B.x500, C.x1500, D.x80000
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Au NPs S5V J5 B R B 0 (A8 iR 2T, 0 H A
BM T EDS RIS RAE, 45 R mE 3R, BRI E |
WH ) Au e R A5 T, A PR 205 18 30. 3%, Bt
WA R I 5 T K Au NPs J0RL

T B EE AR R R TR, X L-Cys SRS
B EARFE AT IS RAE, 25 R ME 473 L-Cysii
PE RS B AT RESE A &7 B AHIE], Hod 3 440 em ' Ab
J—OH W ZEIRSl, 1727 em™Ab Ky C=0 HIMiIZETR S,
1151 em™4b>h C—O W HZEIRE), 900 em™ 4b>h—OH 1Y
T AMEFEYES , 156HH L-Cys S0P R 5 poly (GMA-EDMA-
Au NPs) B ARHE F A RIEAFAE; 1639 em™ ZbK N—H [HI N
ZhIRE), 1262 em™AbK C—N 4IRS, WEHH L-Cys X
/5 poly (GMA-EDMA-Au NPs )34k A ZIEAEAE

FIH DTNB S8 52 6 Bkt b 10 2 e 2 IR i2E 17
=", Au NPs 0 PE R AR AE B3R AL R & &4 0. 01107
mmol-cm™, M Au NPs ZJ5, SCPEE I 0 2R
B &4 4. 80x107° mmolem™, HHEMARAHIE S Au
NPsZ54y, MEASEFRIEARTBERM, RIERF R R
FEANF TN =148 4. 8%107° mmol-em™, 5aHH Au NPs HIHF
FEAE P A A B A 2 T ) Dh RE SL B A5 20 W 25
2.2 pH{EKRNMm

5L T ANE pHAE S&AT T, &) H FRoT 2 09
ik, @R mESsSR, vJLUER, BV, Bt
TEpH 4. 0~8. OJEHI I LI E WLt . SR 2P HEA
%, oS54 moE R, o L) %%
PRAEXT H bRot MWL I 3 B T 2R AR I H bRt R
BB EVEH .. XTIV, pH 8. OlF, WEKCE MM T
e, nIRelE R0 s i v L Vo, B E I F
15, WM R pK =1. 71, pK,=8.39, MWK pH>
pK B, P 3 2 Loy — A T i fef 1Y BH B P IR AAE
1, WIrEmaE 2, BpbE R im0 i 2
5vo, e FuHERIER, SBCRREE 2RI, HIER
SIETCEAER ) pH A SAF FHIKARTEDL, o 2s8m e
pH 5. 04 EFESRAT
2.3 LEFHREMNZI

il %€ ERAARRUA 0.5 mL, F2E 7 EARR AT Rk
W RREA TR s o S I KO G BRSSO B A s
AR Sy Bk 25, 35, 50, 80, 100, 120 wLemin™,
SRR, TERE SRR EEE N, AR AT e

Element Wt/% At/%
27 ¢ me el
110 144
= 1 0 146 168
3 S 143 082
M 0.64C Au 303 2.82
(0] Alu
0- , SN— " - ;
0 4 8 12 16
Energy/keV

&3 GoRkeStER S YRR EDS REIE I
Fig. 3 EDS of the Au NPs modified polymer monolith
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Fig. 4 IR of the poly(GMA-EDMA—-Au NPs) (curve
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monolith

1204

80

40

Adsorption percentage/%

3.0 4.0 5.0 6.0 7.0 8.0

pH
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Fig. 5 Effect of pH on the adsorption percentage of all
the target elements
experimental conditions: p=10 pg-L™';
0.5 mL; sample flow rate: 100 wL-min™' (SEE 54 p=10
pe L7 EREARBLO. 5 mLs EAREE 100 pL-min™)

sample volume::

X EbRICE A E B, (HS PR T 120 wL-min ' B, FEREIE R, WGSBS i ok

100 pwL-min™",

2.4 MERFIIREMEREE

i Tz AR o B bR 20 BB T AL IR &R e K S VE T, SRR 0] LU IR IX
MYER 71, BCRAAERENEZ2E T BAn o 0% AT . RIK%EL£70.2, 0.5, 1.0, 1.5, 2.0
mol - L™ FY RS IR X B bR TSGR 20 . 25 R0, MAERRIKE R T 1.0 mol- L'i, HARE 1N
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RYU[IR 5% L L, HIERULERAITTRRE S LA PR, S B IR B 1. 5 mol - L7,

SRH 25 L 1.5 mol - L ARG IR 1 E b i T B A e SR T 4 YRR, 58 T Vel SR AT [l
WCRBOREIE 45 S0, BT A B0 i 2R 2 BRI ] SA 306 H A 700 8 B, 0 2 5256 4d
50 wL 1. 5 mol - L iPR VLA TARL .

22 B RBRER

Table 2 The accumulated formation constant of complex

Ligand Metal ion ngl lng lgB3 lgB4
NH,CH,COOH Cu® 8. 60 15.54 16.27
Pb* 5.47 8.92
Dy 12.2
Er** 12.7
y* 12.5
CH,COOH Cu™ 2.16 3.20
In** 3.50 5.95 7.90 9.08
Y¥ 1.53 2.65 3.38
Sn** 3.3 6.0 7.3
Pb* 2.52 4.0 6.4 8.5

2.5 HEmIEREMmKL
5L RE SRR B bR ES IR B2, [ E K e B e R E R 5 ng, 43 HIBEEO. 1,
0.5. 1.0, 2.0 mLAYEESHIZWE EAE, F50 puL 1. 5 mol- L BURSTR BEATARIL . 25 SRR, (EXEVEHIN,

P HAR AT B [l SR R T 85%., L85 1B Ml $£3 T T H bR
[ A0S B, R LEAE 0.5 mL, BeBHEg EAE Table 3 Effect of interfering ions on the determination
HT‘I‘ I‘Eﬂ y\j 5 mil’l, ﬁiﬁ%%{%ﬁ?’\j 10 'f% , 1@# |:Il:[I:] i@%yg of the target elements
. Coexisting ion Tolerance limit/(mg-1™")
10h™ Na® 6670
2.6 MTIMEZE . S
TER ARSI A E T, AHLRE VLI T8 Tt 4T it 400
F5E, BAFEERTIE TN 0. 5 mL 5 pg- L' H o' 10
FRES T RE SRR IR TR AL R (R o oo
B 8 7 1 1] Wi 23R 10 45 AE 85%~115% 1) B K 34 77 85 19K H,PO,” 1000
Y 1 80, 2000
JE)JLA%%3O NO{ 15 000

2.7 SITEREER
2.7.1 WHMAFE TE 12FEbrooE Pk s Fhi i it s 558, 450 %, Eu. V. In. Pb
I Bi (EIZ AR FE AWM 25 845 501 41 380, 475, 480, 585. 415 wg/m; ZMMIKES H R4 E & 2%
fit, X EHSEESE NN R, BT ZREENRASE, HEENAS BB Bl
RRFEMR, il bR
2.7.2 HEENME. BEEMERES Emitlil g P27 -k 1 ARFEF 5 34Ntk
W9 MR AT TR B ARTC R RS i e, IR PRI R 22 (RSD) , Z55R &L, 1% A IR FE At N
FEIER 2. 1%~6. 1%, HEETEIME R 2. 4%~8. 0%, BEHIZELAA: 0 H & I R 1T

PR A R B AN R R A PERE M B AR, AT R A 50 L 1. 5 mol- L™ HNO, X #e ikt
BEAT PRI OT B 28R A T B A v B A m - LI BRI, Bl 20 L 2% o s iR i ik
VP P PRI AR . AR CRIEE B AT T, T R 120K L, R
FaEtERF,
2.7.3 KMHRSBEE FmBEN T, AT ERSP R 755, 4R N4 PR, AJ7
5% 3 A b o w25/ A Bh 28 R A3 B0 B BR 4 0. 45(Eu) ~15. 4(Cu) ng- L™, KN 3. 0%~9. 3%,
JEZRIETE IR 0. 002~20 pg- L', PEAHXE R B KT 0. 99,

BATT IR AT ERE 5 SCHRBE T EL S, 25 R ME S PR, WTLUE L, AJ7 kT LR R 2 fh 4
JE It E HA RA T 55 K. k[ 21-23 14t AT ikBriE A IR R ARE N, EH T2
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AEPIRESL B S BT A s 5 5CBR[22-23 JAHLL , AR5 SEAE L A, /N SEER IR 72, B R B
53R 24-25 [ AR 2 BAME ML, AT AT Au NPs PR SRS 4 B R AR R ST 2R 1
W R 2R BT R s 5 (R LA AR it A AT S R SR [ 26-28 JAHEL , AR D7 i ik HEBRACAIC,  mTEAT7E
Loyt HRARE A SGE R, o, WRIEAIMTHEAE R, AR5 AR T I FE Y HepG2 40 i 2
4330 0004, SCC-7 A 20 M E A 100 0004, 55 SCHR 128 1 e 1 i BT AH 2 HCIH #E Y 40 B &8 (N R
60 000 HepG2 4iiffid, 300 0004~ Jurkat TZHME, 80 0004 MCF-7 4HAE) #H2Y4 .

F4 AT T AR S RN E TR B SR T R T PR

Table 4 Analytical performance of Au NPs modified monolithic capillary for the analysis of trace transition metal elements under

optimized conditions

Element LOD/(ng-1.™") RSD/% Linear range/(pg- L") Equation r
v 2.73 3.4 0. 005~20 y=78 862x+4 147 0.998 9
Cu 15.4 7.8" 0. 05~20 y=47 584x+17 911 0.997 1
>a 1.90 6.8" 0. 005~20 ¥=59 290x+983 0.998 0
Y 0.86 6.1° 0. 002~20 y=131 774x+16 569 0.9979
In 1.50 9.3° 0. 005~20 ¥=91761x+13 612 0.9977
Sn 5.74 6.1" 0. 02~20 ¥=52 595x—-4 532 0.997 8
Ce 0. 60 3.0" 0. 002~20 y=178 908x—1 105 0.995 6
Eu 0. 45 7.4° 0.001~20 y=110 846x+10 431 0.996 9
Dy 0.86 7.5° 0. 002~20 y=58 140x+8 101 0.998 0
Tm 0.52 9.1" 0. 002~20 ¥=210 448x+15 665 0.9959
Pb 7.68 4.3" 0. 02~20 y=110 829x+46 061 0.999 5
Bi 1.93 9.1° 0. 005~20 y=119 765x-3 352 0.998 5

a: p=10ng-L™", b: p=100 ng-L™"
5 ARTTES HAR T BN E HARC R0/ M REX

Table 5 Comparison of analytical performance of the proposed method with other methods for the determination of target elements

Adsorbent Method Element Fnrichment Detection limits/(ng* L") Throug_lll- OH,/Off- Sample Sample Ref.
factor put/(h™)  line  volume/mL
MWCNTs - SPE-ICP- vV, Cr, Pb, Co, 66~101 1.3, 1.2, 0.7, 0.4, - On line 15 Fish, shrimp, [21]
IDA MS Cu, As, Cd 2.5, 3.4, 0.79 scallop
S-CS-MW- SPE-ICP- V, Cr, Cu, As, Pb 52~128 2.1, 3.8, 3.5, 1.3, - Off line 20 Herring, [22]
CNTs* MS 3.6 spinach, riv-
er water and
tap water
IDA-GMA-  SPME- Ti, Fe, Co, Ni, 55.6 0.3, 180, 0.9, 6.0, - Off line 50 River water  [23]
EDMA ICP-MS Cu, Ga, Cd, Sn, 15, 0.01, 0.09, 1.5,
La, Ce, Pr, Nd, 0.9, 0.24, 0.015,
Sm, Eu, Gd, Tb, 0.027, 0.012, 0.009,
Dy, Ho, Er, Tm, 0.015, 0.009, 0.012,
Yb, Lu 0.003, 0.001 2,
0.009, 0.027, 0.012
7r0,=silica  CME-ICP-  Cr, Cu, Cd, Pb 6.25 9.9, 17.9, 4.5, 3.7 8 On line 1.25 Human urine [25]
MS
AAPTS-sil- CME-ICP- Cu, Zn, Ni, Hg, 12.5 1.8, 11.8, 1.1, 3.3, 14 On line 1 Human hair, [24]
ica MS Cd 1.4 serum and
urine
APTES-sili- CME-ICP- Mn, Co, Ni, Cu, 20 6.2, 1.5, 5.2, 6.3, - - 1 Human hair [ 14]
ca MS Cd, Pb 1.2, 14 and urine
GO-silica HF-SPME- Mn, Co, Ni, Cu, 10 7.5, 0.39, 20, 23, 8 On line 1 Environmental [29]
composite  ICP-MS Cd, Pb 6.7, 28 water
y-MPTS  Chip-based Cd, Pb, Hg 50 0.72, 1.12, 0.86 - Off line 0.5 HepG2 cell  [27]
modified sil- MSPME-
ica-coated  ETV-ICP-
MNPs MS
APTES  Chip-based Cu, Zn, Cd, Hg, 59~69 49, 43, 4.2, 6.1, 5 On line 0.5 HepG2 cell, [28]
modified array Pb, Bi 13, 18 Jurkat T cell,
MNPs MSPME- MCF 7 cell

ICP-MS
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Adsorbent Method Element Enrichment Detection limits/(ng*L™") Throu%?— OITIOff- Sample Sample Ref.
factor put/(h™)  line  volume/mlL
GMA- Chip-based Bi 3.3 210 - Off line 0.1 HepG2 cell [26]
TRIM-NH, MME-ICP-
MS
GMA-co- CME-ICP- V, Cu, Ga, In, 10 2.73, 15.4, 1.90, 10 On-line 0.5 HepG2 cell  This
EDMA-Au- MS Sn, Pb, Bi, Y, 0.86, 1.50, 5.74, SCC-7 cell  work
Cys Ce, Eu, Dy, Tm 0.60, 0.45, 0.86,

0.52, 7.68, 1.93

a : Schiff base-chitosan grafted multiwalled carbon nanotubes

2.8 YRS

P T5 1 - T HepG2 FFE 4 SCC-7 2 s Al b & @ e Z ) S &b, gimke. 70T
R, A SRR S BT AN K, SR EAS T 1 RE A it 2 2 7 A 0 b
W) TP, RTPIFh A T AR S5, o Cu IIFRAK TR 5 pe- L, HETTE NIRRT A
0.5 pg L' ITESE] HepG2 20 M 69 AR B 2R 4y 89. 1%~112%, SCC—7 i A4 IIFR B Ky 85. 4%~

114%,
#6  HIRICEAE HepG2 AMMIBRIEL h ) 73 A 45 R CPREbRERZE, n=3)
Table 6  Analytical results of target elements in HepG2 cells extracts(mean+sd, n=3)
Element Found*/(pg- L") Average”/(fg-cell™) Found/(pg-1™") Recovery/%
\ 0. 005+0. 001 0. 083+0. 012 0. 499+0. 067 98.9
Cu 2.027+0. 185 33.78+3. 088 7.561+0. 233" 108
Ga 0. 030+0. 003 0. 502+0. 047 0.541+0. 031° 102
Y 0. 002+0. 001 0.041+0. 013 0. 490+0. 007° 97.4
In N. D. N. D. 0.511+0. 018" 102
Sn 0.061+0. 010 1. 025+0. 170 0. 525+0. 008" 93.4
Ce 0. 006+0. 001 0.096+0. 017 0. 569+0. 023° 112
Eu 0. 009+0. 001 0. 142+0. 019 0. 473+0. 008° 93.1
Dy 0. 005+0. 001 0. 083+0. 017 0. 454+0.00° 89.8
Tm 0. 003+0. 001 0. 058+0. 011 0.517+0. 041° 103
Pb 0. 058+0. 010 0. 975+0. 169 0. 542+0. 041° 97.1
Bi 0.356+0. 011 5.93+0. 177 0. 762+0. 045° 89.1

N. D. : not detected; a: determined value for target elements in 30 000 cells, b:

content of target elements in one cell, calculated by divid-

ing the determined value(Found*) with cells number(30 000), c: 0.5 pg-L™" of target element was spiked into 30 000 cells, d: 5 pg-L™" of tar-

get element was spiked into 30 000 cells

#7  HIRTHETESCC-T MBI P i) 73 M2 R CPIE bR R 22, n=3)

Table 7 Analytical results of target elements in SCC=7 cells extracts(mean+sd, n=3)

Element Found*/(pg-1.") Average”/(fg-cell™") Found/(pg-1.") Recovery/%
\ 0. 007+0. 001 0. 035+0. 005 0. 523+0. 028" 103
Cu 2.904+0. 136 14. 52+0. 68 6. 752+0. 206" 85.4
Ga 0. 031+0. 001 0. 157+0. 006 0. 554+0. 042° 104
Y 0. 013+0. 000 4 0. 065+0. 002 0. 485+0. 030° 94.6
In 0. 004+0. 000 5 0. 021+0. 003 0. 499+0. 061° 99.1
Sn 0.010+0. 001 6 0. 052+0. 008 0. 492+0. 022° 96. 4
Ce 0. 019+0. 002 0. 097+0. 010 0. 484+0. 018° 93.2
Eu 0. 007+0. 000 0 0. 034+0. 000 0. 547+0. 046° 108
Dy 0. 007+0. 000 6 0. 037+0. 003 0. 531+0. 049° 105
Tm 0. 007+0. 000 6 0. 037+0. 003 0. 577+0. 008" 114
Pb 0. 067+0. 000 7 0. 335+0. 004 0. 542+0. 026° 95.6
Bi 0. 058+0.003 0 0.290+0. 014 0.541+0. 013° 96.9

a: determined value for target elements in 100 000 cells, b:

content of target elements in one cell, calculated by dividing the determined val-

ue (Found®) with cells number (100 000), ¢: 0.5 pg-L™" of target element was spiked into 100 000 cells, d: 5 pg-L™" of target element was
spiked into 100 000 cells
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