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ABSTRACT

Objectives: This study developed and validated an analysis method of urinary metals and metalloids that can
be applied inductively with coupled plasma mass spectrometry (ICP-MS).

Methods: 0.3 mL of urine was used to analyze 25 metal and metalloid compounds using ICP-MS. The
validation of the analytical method included linearity, accuracy, precision, and the calculation of detection limits.
In addition, a comparison test was performed with the graphite furnace atomic absorption spectrometry (GF-
AAS) method, which is the current standard method, with urine samples of 66 healthy subjects.

Results: The linearities (R?) of calibration curves of all 25 compounds were > 0.999. Of the 25 compounds, the
intra-day and inter-day accuracy% of 17 and 20 met <15%, respectively. In addition, fifteen compounds showed
<15% recovery% for certificated reference materials. Intraclass correlation coefficients of the comparison
between the current methods and new methods in this study were 0.952 (p-value<0.001) and 0.911 (p-
value<0.001) for urinary cadmium and mercury, respectively.

Conclusion: This study proposes an efficient simultaneous methodology that can analyze multi elements in
smaller sample amounts. More reproduction experiments are needed in the future.

Key words: Urinary metals, ICP-MS, simultaneous analysis, biomonitoring
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Zgslom ol= HEF(Be, beryllium), EJEFE(Ti,
titanium), ¥P5(V, vanadium), =& (Cr, chromium),

Table 1. Gas modes, linearities and LODs of 25 metals or metalloids in this study

Analyte Mass Gas mode  Linearity () LOD (ng/mL)  Reference LOD* '¥ (ng/mL)
Beryllium (Be) 9 Standard 0.999 0.006 0.072
Titanium (Ti) 48 Ammonia 0.999 0.051 Not reported
Vanadium (V) 51 Helium 0.999 0.016 Not reported
Chromium (Cr) 52 Helium 0.999 0.009 Not reported
Manganese (Mn) 55 Helium 0.999 0.069 0.130
Cobalt (Co) 59 Helium 0.999 0.142 0.023
Nickel (Ni) 60 Helium 0.999 0.029 Not reported
Copper (Cu) 65 Helium 0.999 0.060 Not reported
Zinc (Zn) 66 Helium 0.999 0.449 Not reported
Total Arsenic (tAs) 75 Helium 0.999 0.099 0.260
Selenium (Se) 82 Ammonia 0.999 0.034 Not reported
Strontium (Sr) 88 Standard 0.999 0.012 2.340
Molybdenum (Mo) 98 Standard 0.999 0.010 0.800
Cadmium (Cd) 114 Standard 0.999 0.008 0.036
Indium (In) 115 Standard 0.999 0.019 Not reported
Tin (Sn) 118 Standard 0.999 0.035 0.090
Antimony (Sb) 121 Standard 0.999 0.022 0.022
Cesium (Cs) 133 Standard 0.999 0.008 0.086
Barium (Ba) 138 Standard 0.999 0.006 0.060
Tungsten (W) 184 Standard 0.999 0.059 0.018
Platinum (Pt) 195 Standard 0.999 0.002 0.009
Mercury (Hg) 202 Standard 0.999 0.013 0.130
Thallium (TI) 205 Standard 0.999 0.016 0.018
Lead (Pb) 208 Standard 0.999 0.009 0.030
Uranium (U) 238 Standard 0.999 0.026 0.002

LOD, limit of detection (applied method detection limit)
From CDC NHANES 13-14/15-16
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Table 2. Accuracy and precision tests

Intra-day (n=5)

Inter-day (n=5)

Analyte Spiked conc. (ng/mL)

Accuracy (%) RSD (%) Accuracy (%) RSD (%)
Beryllium (Be) 0.5/2/8 119.3-124.4 0.9-2.2 99.7-116.4 8.2-9.3
Titanium (Ti) 40/160/640 117.1-125.7 1.4-4.4 86.8-96.5 3.9-225
Vanadium (V) 5/20/80 93.0-101.7 3.1-5.1 91.4-104.3 2.6-9.2
Chromium (Cr) 5/20/80 91.0-97.9 3.0-3.5 94.1-102.7 2.3-53
Manganese (Mn) 5/20/80 90.0-99.1 3.5-44 93.7-104.9 3.4-45
Cobalt (Co) 5/20/80 93.9-100.2 2.7-2.9 96.2-102.0 1.8-3.6
Nickel (Ni) 5/20/80 98.5-104.8 2.3-2.8 96.6-106.4 2.4-6.4
Copper (Cu) 10/40/160 94.3-101.3 2.5-3.8 94.9-104.0 24-5.7
Zinc (Zn) 75/300/1200 92.5-101.8 2.8-5.9 97.0-105.2 2.3-5.2
Total Arsenic (tAs) 20/80/320 96.2-104.2 2.3-5.7 96.5-103.7 24-4.1
Selenium (Se) 10/40/160 103.6-107.9 0.9-2.9 91.6-105.6 4.5-5.8
Strontium (Sr) 10/40/160 104.3-110.6 1.0-4.7 90.3-108.8 7.2-8.1
Molybdenum (Mo) 5/20/80 104.7-109.9 0.4-4.2 99.3-107.7 2.6-3.8
Cadmium (Cd) 1/4/16 107.3-111.3 1.0-2.0 97.2-108.9 4.6-4.7
Indium (In) 5/20/80 85.2-934 3.5-4.7 88.1-97.3 2.7-4.7
Tin (Sn) 5/20/80 89.9-98.6 3.5-4.7 93.5-99.9 2.5-2.9
Antimony (Sb) 5/20/80 91.1-100.8 3.9-4.9 95.3-103.5 2.9-35
Cesium (Cs) 5/20/80 88.9-97.1 2.5-4.6 92.5-101.9 3.7-3.9
Barium (Ba) 5/20/80 85.8-98.9 3.9-84 91.5-107.6 4.6-8.1
Tungsten (W) 5/20/80 82.4-94.9 5.2-6.5 87.7-112.7 7.8-10.5
Platinum (Pt) 0.5/2/8 79.0-98.7 5.6-12.7 88.1-102.9 4.6-9.4
Mercury (Hg) 5/20/80 68.7-78.4 5.5-6.6 73.0-88.9 6.2-8.7
Thallium (TI) 5/20/80 83.4-97.0 49-71 89.4-101.4 49-5.1
Lead (Pb) 5/20/80 79.5-93.1 4.9-8.1 90.1-99.4 5.4-6.2
Uranium (U) 5/20/80 84.7-96.9 48-5.9 85.6-99.6 3.7-4.5

RSD, relative standard deviation
7F(Mn, manganese), ZHE(Co, cobalt), UZ (N, Ay, d7F AE=E Jrist A3, du) HAEe] A

nickel), 7-2](Cu, copper), ©F3(Zn, zinc), ZH] A (tAs,
total arsenic), & (Se, selenium), Z=EEF(Sr,
&2 2.8 (Mo, molybdenum), 7}=+(Cd,

o1 5 (Indium), 41(Sn, tin), FE]Z(Sb,
M (Cs, cesium), HHE(Ba, barium), &
Z~"l(W, tungsten), ¥} (Pt, platinum), 4~<2(Hg,
mercury), @5 (Tl, thallium), & (Pb, lead), %25 (U,
uranium)S X3t} [CP-MSe] 7IAREE B4 E
AR ®F, dRYol, dF REE AEsivloen,
A 2 A 7 E- o] AP RS F4 0.999
2 AZE I tH(Table 1).

Al LY FEE U aW AES

strontium),
cadmium), %

antimony),

QECE
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Cr, Mn, Co, Ni, Cu, Zn, tAs, Se,
St, Mo, Cd, In, Sn, Sb, Cs, Ba)oll*], &7+ Aol
A= 200 FE(V, Cr, Mn, Co, Ni, Cu, Zn, tAs,
Se, Sr, Mo, Cd, In, Sn, Sb, Cs, Ba, Pt, Tl, Pb, U)
A 2z A = AUr 7].,_(< :|:15%)°ﬂ B35}
3IATH(Table 2).

NISTY ASHTEZ ®
ClinChek®% o] &3 42 = 719 Fx HLolA
T39S (Level 1 and 2), NISTE &H3 19

N B2 F 1571 £ (Be, V, Cr, Ni, Cu, tAs, Mo,
Cd, Sn, Sb, Cs, Pt, TI, Pb, U)llA +15% o]uj<]
A= E Y SITH(Table 3).
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Table 3. Validations throughout quality control standard materials
CRM (NIST RM (ClinChek®
Analyte Level (NIST) ( )
CV (%) Recovery (%) CV (%) Recovery (%)
. 1 10.5 96.0 8.4 140.3
Beryllium (Be)
2 9.5 100.5 7.5 115.9
1 - - - -
Titanium (Ti) 5
. 1 8.9 102.7 2.0 94.5
Vanadium (V)
2 3.0 101.5 3.7 96.5
. 1 7.0 110.1 9.9 97.2
Chromium (Cr)
2 1.2 99.9 132 99.1
1 24.8 131.5 10.4 95.3
Manganese (Mn)
2 0.8 105.0 114 94.2
1 34 81.3 3.1 96.8
Cobalt (Co)
2 34 99.4 3.8 101.7
. . 1 12.3 99.4 1.7 101.5
Nickel (Ni)
2 47 98.7 4.1 101.3
c (Cu) 1 4.9 89.5 1.9 109.9
opper
pper &4 2 13 97.4 6.0 1137
. 1 - - 33 109.9
Zinc (Zn)
2 - - 6.5 113.7
. 1 53 95.1 5.8 95.0
Total Arsenic (tAs)
2 2.4 99.2 7.7 98.8
. 1 - - 6.9 75.7
Selenium (Se)
2 - - 7.8 76.4
1 - - - -
Strontium (Sr) 5
1 5.6 87.5 1.6 94.6
Molybdenum (Mo)
2 - - 2.5 96.4
. 1 10.4 100.3 6.8 107.1
Cadmium (Cd)
2 11.8 106.5 45 108.6
1 - - - -
Indium (In
um (In) 5 i i i i
. 1 19.4 113.8 12.8 104.1
Tin (Sn)
2 6.7 90.3 11.6 98.3
. 1 6.4 95.7 4.0 104.6
Antimony (Sb)
2 34 96.1 23 102.3
. 1 0.6 96.1 - -
Cesium (Cs)
2 6.5 101.8 - -
. 1 352 167.1 7.1 101.1
Barium (Ba)
2 1.3 95.6 8.9 99.7
Tungsten (W) 1 28.0 140.8 - -
ngsten
e 2 16.7 121.4 - -

http://www.kseh.org/ J Environ Health Sci 2019; 45(6): 594-604
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Table 3. Continued
CRM (NIST RM (ClinChek®
Analyte Level (NIST) ( )
CV (%) Recovery (%) CV (%) Recovery (%)
. 1 32 102.0 11.7 441.5
Platinum (Pt)
2 4.1 96.3 132 184.4
M (He) 1 - 27.4 733
erc
e 2 - 75 85.7
. 1 11.7 86.1 4.7 98.4
Thallium (TI)
2 4.1 83.7 2.7 98.0
1 83 112.9 1.7 95.0
Lead (Pb)
2 1.6 922 2.9 103.1
. 1 22.5 85.8 - -
Uranium (U)
2 3.5 93.6 - -

CRM, certificated reference material; RM, reference material; NIST, National Institute of Standards and Technology (US); CV,

coefficient of variance

2. 7|Z EME A EMEe| i

66712] dnkel 4 A EE o]&35lo] 71E B4
(GF-AAS for Cd; DMA for He)# A EA4H
(ICP-MS)e =4 7t=g 9 & 45 F38ith

7F=52 739, GF-AAS "3 ICP-MS W ellA
=249 ENFE 3] JFAIS (Pearson’s correlation
coefﬁment)ﬂ 0.928 (p-value<0.001)°1%132, S
ZAICC)7F 0.952= A4k (p-value<0.001)= 2™
T 27 ZolE #RIE 1S tH(p-value=0.220 by
Paired t-test) (Fig. 1). 22 7|50l &5 e
FE oz at 2 Apel|x] ZEet ICP-MS W
S B3R, 0.844 (p-value<0.001)Q] A4
9} 0.9119] S dEAI4(p-value<0.001), F =7+ 2}
ol7F las ERIT & UAThKp-value=0.054 by
Paired t-test).

= o]g3te 25
ICP-MS 7]
, 1A% &
= r, Ni, Cu tAs, Mo,
Cd, Sn, Sb, Cs)ollA & 05_%01]*1 ARG 7)ol F
ol AT BE=E 4S & UUTh B A7
W s ‘”*%‘.391 Zﬁ%fﬂﬁl% u)=ts) S oA
o] FOA| AL Q= Hio| S RUEF =2 ol 9] 7]
ZeHAI9F AR S JERAATE ) BEgE It
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28 A|BE o]&3le] 7= Bz A7
Aoz Jtegat 28 B4 23 2 2ol
o] 247} 14.4% (FF=8)%t 42% (F2)Ath F
Al tigh B4 HlaL Al Ao Zpo] FEol
£20% ollld W AX=rF 2 AoE B o
™, 2 Aellx s A S daA 2

e o M o

I A T o 7 Al dAg] 25E B

3o
ICP-MSE ol&at AANE T F&57 AT
S o] =9 mlol e RUE o HEH I 9l
o S0 Safjell A= G AR ojste] £4]
ol /N, ASE vp AUtk & Agellx N,
(]

AZH AN W A ARFOE B B

g

o &

sl 3% hsee 39 T e
o, 71e) mol o wUHY T2y Lkl &
= : et

BANE T FEFE BA8k= d o], ICP-MS
= GF-AAS ol wlsle] 2HER W3} A&
AZF RaL, AESE BAo] Thssitke e A
Il ek 53] vhela #BA4o] Thsskal IR E

= M2 ICP-MS7F 71 7 & Aolgia &
T UTEEE 9 5ge] SR ATellA, AAA
B 3 e ] s B 7Y e T
sto] Aghate] BAE Aske AFEAE A
.2 o5 flsiME Hrth a8l wow vy
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Fig. 1. Comparison of concentrations of urinary cadmium via old GF-AAS method and newly developed ICP-MS method.
GF-AAS, graphite furnace atomic absorption spectrometry; ICP-MS, inductively coupled plasma-mass
spectrometry; conc., concentration; ICC, intraclass correlation coefficient; CI, confidence interval
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