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Special column: Health hazards of diesel exhaust exposure
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Characterization and application of exposure biomarkers of polycyclic aromatic hydrocarbons
in diesel exhaust LIN Huan, XIA Xiaowen, LIN Yongfeng (School of Public Health, Qingdao Uni-
versity, Qingdao, Shandong 266071, China)

Abstract:

Diesel exhaust (DE), Group 1 carcinogen, is an important source of air pollutants. Studies
show that DE exposure associates with elevated incidences of respiratory and cardiovascular dis-
eases. The toxic effects of DE are closely related to its components. Polycyclic aromatic hydro-
carbons (PAHs) are one of the main toxic components in DE and are often used as human exposure
biomarkers to DE. However, the exposure assessment of DE using PAHs as biomarkers could be
interfered due to the other sources of PAHs. Therefore, identification of highly specific and reliable
PAHs sourced biomarkers of DE exposure has become a hotspot of current research. New
biomarkers of DE may play an important role in determining human exposure to DE and estab-
lishing dose-response relationship of DE exposure and health outcomes of interest. This paper
focused on current progress in terms of PAHs sourced biomarkers of human exposure to DE with
the following aims: (1) to clarify the types of PAHs sourced biomarkers to DE; (2) to explore the
applicability and limitations of PAHs sourced biomarkers for DE exposure assessment in occupa-
tional exposure and environmental exposure analysis; and (3) to summarize the analysis methods
for PAHs sourced exposure biomarkers in human urine samples and compare the advantages
and disadvantages of different analytical methods.

Keywords: diesel exhaust; occupational exposure; environmental exposure; exposure biomarker;
polycyclic aromatic hydrocarbons and metabolites; analytical method
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FItk oc/EC BRI RIS A ISEAI R DE S A
ESHRME", BBEMRKA, DE BE AR A
By L. &N EL)NBEFERSARE
M, 1% i EL AR B XSS, [E#¥, DE WA IERE
SIENEBABNERN, OFE BES ZMMERFZE)
X, BiEMEER. BERRMER. DMERARE
RE, E Ik, DE B # E br % fE B 53 /143 (Interna-
tional Agency for Research on Cancer, IARC) %] 1 2
By,

DE U E B 5 =2 & it A M BARL AL 72 BY 520,

MBS |

(Exposure) |

(PAHs and metabolites) V

MASTNERBEEZCMESHERN®RS. BTRZ
EXBRENTEEHIE DENEENZE- RN XA
21, 3 DE RERBEWINEY, MTHAE DE BY
ANRES, W TEHPIENAREBERINERXRE
EM, % 31X 7 12 (polycyclic aromatic hydrocarbons,
PAHs) EME U EM A T2 MIEN ™), 7E DEFEE
Be, EH~E e NA& ZHN DEREEY
FREHI(E 1) o R ELE T I F K DE H PAHs AR
Y1570 DE RBEEMITEYIRIRREHE, /9 DE HY
BBEMRRESE,

OH-PAHs |
; APAHs : t I#
(8 — .
i:. PAH-CAs 1|
PAHs 2 ELETEE ' IR

(Damage)

[3E(Note) 1 EC: TTE R (elemental carbon) ; OC: BHLHX(organic carbon) ; PAHs: %X 12 (polycyclic aromatic hydrocarbons) ; VOCs: 1E& 4B H K
&%) (volatile organic compounds) ; NO,: EE X (nitric oxide) ; OH-PAHs: #2% PAHs( hydroxy polycyclic aromatic hydrocarbons) ; APAHSs:
S E PAHs(amino-polycyclic aromatic hydrocarbons) ; PAH-CAs: ¥2E PAHs( polycyclic aromatic hydrocarbons carboxylic acids) o
Bl ZRERBEEYGEYE DE ZBERRHNEEM

Figure 1 PAHs sourced biomarkers in DE exposure analysis

1 SEHtNESNAS

DE F EXRB MBI T2 MR, BEFNAENS
S5, DE PSSO TEBE i, aEl
IR —&RIRE", Lsh, B F LV E R MRS
BN EM(IRIR. IEIR. ENEY). FIRREEKTT
D) o FRHIAE I 22 FH 5 BRI I M RY4IBR4E K, $0 PAHS
NELTEY). TREREL. FHEAZE. BeEh. EBEFFEM
1.1 |SEHES

DEMNSBAERETECRE A MR, ARMLYN
E RSBV EYI(volatile organic compounds, VOCs) o
ERE RS —B R hN I F LR (B S hIFE
BT RENKSERDIMERER, RERHETE
. WIGIRTTEY) . ERETEYE DE SSAHSH
NEZEGN, 273 & SSSEVERER 49.8%.
1.6%H 37.2%. MM C,p-C,, IR B IRIEREITEHHY
FERS, RELLER 86.9%; FIEITEYIETEGIE
RERSEMZIERCK; 123-=RERXERTE
P EERENAES, RELEEA 32.6%", DE FHS
SENUEMERSPIRUEHE ZRENNSER
(secondary organic aerosol, SOA) , @ K SAAFHL Y
BEAMEBA,
1.2 FKABA S

LEhVE S ERIYI( diesel particulate matter, DPM)

BESHAIRAFRYNEZE AR, TETHE
Z2/1F 2.5 um™ DPM LL EC F OC A%y, 733 5 B
RI¥) R 28 33%~90% F 7%~49%, E A% 5> E3E PAHs
RETEY. HEREBILEY, #FEBLEMR
ih. AL, RS, ES BN HMMETRE,

2 SHMVIESH PAHs AMEREEMIREYI R
HiS M7 E

DE BIEMTERSHEMEERIR, I EE ¥ DERY
AN AR BEMNES R BB FHEIFZEF DE NE
B2, M EERMIT(h DE FTSIERNXF. Bal,
DE EBNEMIREYHA R EEEFTE PAHs,
2.1 PAHs {Uit#¥#2 & PAHs

PAHs FERBNMN ARG E, HibF %
FRRE, EEEUE. 3. IRTHEEY. EEFRF
E B 16 7 PAHs BRI N MIZT R, BIFR
(naphthalene, Nap). J& /% (acenaphthylene, Acy). J&
(acenaphthene, Ace). 7% (fluorene, Flu)« (an-
thracene, Ant) . 3E(phenanthrene, Phe). & ( fluoran-
thene, Fla). EE(pyrene, Pyr). J& (chrysene, Chr). &
Ft [a] & (benz[a]anthracene, BaA). & Ft [b] ik
(benzo[b]fluoranthene, BbF). & F [k] % & (benzolk]
fluoranthene, BkF) . &3 [a] EE(benzo[a]pyrene, BaP) .
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ENFF [1,2,3-cd] EE (indeno[1,2,3-cd]pyrene, lcdP). &
Ft [ghi] 3E (benzo[ghilperylene, BghiP) F1 — & 3 [a,h]
Bl (dibenz[a,h]anthracene, DahA) (Bl 2), E.HA, BaP 1%
IARC VAR 1 EBUEW™, R A, PAHs TERRAEN

& (Ace)
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KE(Fla) EE(Pyr)
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. SOING
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EFH KRB (BKF) A H[a]EE(BaP)

EAF[1,2,3-cd] EE(IcdP)

& (Chr)

HP(RIRE<11umREERS, B5 FE S MEIKE

HANANGES L BERE" M DPM L 15~25 nm #i
REBAEHI Y A ED, ALk, DE F PAHs IR E X G
BB,

Soe s>

Z(Flu) El(Ant)

‘ Q.O
N

z::#[a]i(aaA)

FFH(ghiFE(BghiP)  ZFKFf[a,h)E(DahA)

B 2 XERFREMTEN 16 MZFFREMTSRY
Figure 2 The 16 priority PAHs regulated by the US Environmental Protection Agency

PAHs HEANAKERIEEHEENES5TRE | 48
RN, 8EREENLEY, BEIBRWHIERE
B#EE PAHs( hydroxy polycyclic aromatic hydrocarbons,
OH-PAHSs) , &lItt, FRH OH-PAHs B] LUEA R BR A K B
B PAHs FVEMIIREM Y, OH-PAHs RIS BB EHAL. &
BERRELRE | RN, EEEMKBENSYIRE

FR&EZEEEH BRI B R WY A5 & B REL
DNA &&= £ BUEEA,

OH-PAHs fEN N R BINSYIE LN AT DE VR
BT, BIU0, i AR FEEIET T AMNIR
iZiZEBY] DE R BB N, Kuusimaki FME T BE
AIANEEfG A B#ER &R 7 M OH-PAHs, B11E 2-55Ep (2-
naphthol, 2-Naph) \ 1-/2-/3-/4-/9-$2 E3E(1-/2-/3-/4-/9-
hydroxyphenanthrene, 1-/2-/3-/4-/9-OHPhe) #1 1-#2 &
EE(1-hydroxypyrene, 1-OHP) FY7KF, ERE R, 1L
BEFEEELF, DERELAAR(AELAEFEBE TA
MRz R ZE BN TP F PR A R AY OH-PAHs 7K F
[ £29(3.94£3.40) umol-mol ( LAANEFit, BR); B
Z9(5.60+6.37) umol-mol " BAEE B FXTERA R 41 T
ABZKIE [ RZ=9(3.18+3.99) umol-mol™; EZ(3.03+
2.01) pmol-mol™, Elltk, 7F DE BRAV BB, [RIRPE.
FEMEERVZE NI PT LAE DE VR B EYINTE o

“N[E] OH-PAHs £/ DE AT BTSN Z 14 5

EEHARAFITHEIA Niu FPEL T 137 FLEE5HM
RETIAREL)M 127 2EBFRK TAERE
28) PR R K 1-#2 B % (1-hydroxynaphthalene, 1-
OHNap) . 2-2 B Z(2-hydroxynaphthalene, 2-OHNap) «
2-#2 B 775 (2-hydroxyfluorene, 2-OHFlu). 2-OHPhe. 9
OHPhe #[] 1-OHP £ 6 fh OH-PAHs BYKF, AR E
AT ANSIFREZHT AFR OH-PAHs SRERI R ELLL
&L OHPhe(4.3) B &, OHNap(2.5) B1f%; BE@id T i
DA A, OHPhe RE S DE BB = EE X, AL,
B F E M OH-PAHs, OHPhe AJ BE2 DE S EAY—Fh
5514 BRIV E VIR EY.

S5EHM pAHs L ( I T “2.272.3”) 48LL, B
i OH-PAHs EJJ DE BB EYNNAE AT Z. B
PAHs KRR %, BN ES. MIE. EMRRGRSED
IEIIBEFEE K ERY PAHS, MO FEHFEXT K S PAHs
HITREENE 12.8%%°, EItt, OH-PAHs 1EJ DE B
ISR RE(EA T DE R S ETIMT (08 I,
MR ETSE) . Lboh, AR 2R, DE LRSS FE
PAHs A ZE, TITHENESFEERNRE S FE PAHs,
g0 BaP 1 DahA® %, AL, 153 F 2 PAHs BI514
40 oHp A 1EX DE BRIV B BB MR EM.
2.2 THE pAHs XiIIERE PAHs

FEE PAHs( nitro-polycyclic aromatic hydrocarbons,
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NPAHs) B —XBFRBENWMENFS EHNL S, A KR
FHRBEARTEMIEITRANE PAHs 5 NO, BEE
RN ZRERs 5 PAHs F8LEL, NPAHs TEIRIE A3
=K, OB T ER NPAHs TEARHPEE
BEREN. UHEERRNZBRARZHITAHE, 6
W 1-AEHE TR E P RNIR A B 1 R B -1-5H
Hit. BENICHE 1R EE N-CHE-1-[EE
0 1-| E £E (1-aminopyrene, 1-AP) %, [ It PR /& 2 B9
2E PAHs (amino-polycyclic aromatic hydrocarbons,
APAHs) BJE7) NPAHs B9 R BE RS,

FR7&H APAHs E1EN DE REEWIIREY A T
DERRIVEZEMZBABFNEZZBNARF . Laum-
bach E*LLI8 T BB T DE B ETSABMRKZH
1-AP BIKF, K MR B4R 1-AP FHU$R(138.7 ng-g™) BE
E5TIEREH(21.7 ngg ™), KA 1-AP BT LAYE DE
ZBENEMTEY. BZERINMMERNE M, 54
AEH—THAREMOTRERIN 1-EEEE LN 1-AP
HNEATE,

B3 B R & /R PR &R APAHs BT BEZ EE OH-PAHS
BO 58 DE BREF R MRS FI30, Du FEE
TEU TARKR 1-AP 1 1-0HP KT R H
S5CHXFR. RMREPRUEKFEERITFHHF
7 #1(3.39 nggs 0.20 pgg™) i BE & (231 ngg'ls
0.14 pg-g ) IBAR I IN; LML IRBLER W ERR
&R 1-AP RES EC ZEFTEAEX, M 1-0HP K5 HHi
R MRARZSHE X, FREAFR A OH-PAHs B2 ZEIHMIE
DE 25 RKIRRIR MM,

APAHs B AJ A DE IR IR B BT EW o Yang
EP3 s REERER 177 MRBFEEADH 1-8EE
(1-naphthylamine, 1-AN) . 2-& & %5 (2-naphthylamine,
2-AN) . 2-82E77(2-aminofluorene, 2-AF) . 9-FEJE(9-
aminophenanthrene, 9-APhe) 1 1-AP #4177 9o #fr, 3
T ESEMOBISIR( BEEF EIERAVEES. {E£F 100 m
AAERBEERNEKE. FRESRE) ZEINXR,.
FNERSMNERERENEEEEEEEER 100m
BERNESE5ERKT 2-AF BWREREHS, B5%
AR EHIR R BRI EEARATE MR (OR 7 1.48,95% Cl
79 1.04~2.12), AL, FR&FRY 2-AF BIfFE AT E R
ST ESNBERBEYINSE .

RE NPAHs 7E DE 25 PAHs E¥ R B S LR
/)N, BB 53 NPAHs(40 1-BEEEEH] 2-BEE 7)) £ DPM
RS BRI HIARTAYS 3 M E R, FIt,
DE BASH 1-HHEEMN 2-HEFINETEFREY, 5

OH-PAHs 1BLEL, FR7&E 1-AP 1 2-AF /EN DE BEMTE
YRR, EREEE, AMYA AT pE RIS
E2, BT D IMERES T,

e PAHs EE KR T A HIR(WREF A H
il am) FMRGR (AN A ARHRIR) o AR RN, EER
BRANBILR, KSPALSIRFHEL S polycyclic
aromatic compounds, PACs) DLt E 1K PAHs I £ [E
FIRERE /(61.8 + 29.9) ng:m°1*, DPM FRIZE
1t PAHs 2R E (0.5~96.9 ngmL ) EE B 16 F{L
1% PAHS™Y, 2 DE NEEA 5, B PAHs AIEE M
EREAREAFITAE ™% ZIRF ERE(poly-
cyclic aromatic hydrocarbons carboxylic acids, PAH-CAs) ,
PAH-CAs R A SEEREBRE S, SEFMRLE
RETR, BB PAHs PIRELLREXALHY PAHs 14 &
AP, 58T, B it *xHRE M PAHs REREIHHAR
b, MR EIE R PAH-CAs E5 AJEN DE &
BHEYIREM.

Lin EEMRARET 45 ZEMHERERIE
bR al AERBEHREIMERZH 2 EH 314 DRE
¥ 7S B i B 25 (alkyl-naphthalene, 2-NAPCA) FJe & 3E
(alkyl-phenanthrene, 2-PHECA) BYFR B2 X 1514, 2- 55 HR
B2 (2-naphthoic acid, 2-NAP) #1 2-3E BB & ( 2-phenanthic
acid, 2-PHE) BUREE K, L5 R K0P, TILREBFEHTE
2-NAP F 2-PHE RYRE R AT AL R AT 535 90 348%
M 209%, B RIREIEIZHE, EIREME BB LKE,
Al RE 5BREANHINE X, H H PAH-CAs FIIRE S
OH-PAHs 18X, XLELE R (B#Z RBAR R PAH-CAs [
OH-PAHs BRI FKIR, IRATAEtB AT 1/ DE #rE
FEBEMTEN.

PAHs 3## N A A 5 2 05t BE PR & HE L (R 9, Ltk
FHXT PAHs AMABR T E VRSN EZ 5 I RR
BEZARAH PAHs X1, BRIERANNE R ZEER
= W& A & 3E-Fr g (high performance liquid chro-
matography-mass spectrometry, HPLC-MS) BX FB. S48
BIE-FaiE( gas chromatography-mass spectrometry, GC-
MS) BXFB. HPLC-ZJE 44N 28 (HPLC-fluorescence detec-
tor, HPLC-FLD) BX . FE4E FB 7K (capillary electropho-
resis, CE)-FLD(CE-FLD) BX A3 . B BX %2 %& R i € (en-
zyme-linked immunosorbent assay, ELISA) . EB{4ZE45
(electrochemical detection, ED) 352",

HPLC/GC-MS HF R E S, MR, = 1E8F,
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B i 7E AKFRI&R PAHs 11 ¥0 RO M o & 3,
5 HMie M8, Hi H R AE 10~100 MIER,
Rt AT 7 B PR R P & 211K PAHs RiSi# (SN =17 4
PAHs) FIFMIZESK . HPLC/GC-MS H0IIBY BB X FR R A%
AHITE ZRRTIET IR, B O IR p-AEEEE
PRS0 IS BIMERASES) . ZEEX. B2 REFTE, GC-
MS KM ETERFEST PAHs UEIHIEITITE L IE(E B
BREAK) ", B, HPLC/GC-MS I EHEIT B R, X
PRI T HARHIEAIR o

#AXFF HPLC/GC-MS, HPLC-FLD #3535 7E PAHSs
KREFMHRMANBERNT Z. FREIXHRHEN
PAHs BRI &/ Z SR K EEESR, A, HPLC-
FLD ¥ PAHs TN R RS = R BENSR M,
BREMEY, ZAEFAFTEMTECLIRE, ERES
B3 RAR A 1T E Z2 8950 A 233 #2([E) HPLC/GC-
MS) , ELXT 5% 3R B AR 55 RUYI B (40 2-OHPhe) R SR EE
RE, b, STFUEBME, R B A/ LT REK
181E, FLD REEB WX e AT IZF, FEMN
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HEEDBLHGRIMERMENEIE D B4 EEXT
AEMIEBREEHIT S,

CE BIEFERRRLZBNDBIRAZ—, HPDBEX
K5 HEWMLF, Bu]585MONEE. MS, FLD FZHH
KMESSCIMEX, AKIEE THNBEE. 58iED
BRARMEL, CE D BEANUERMEN D BUEE
"[“‘”, BRI SLIL B BRI B ELISA 2—FhiR

R, EFBN T %, ERRMRRFE PAHs BT~
FESZFNERFIAIERIE, (NEXHFAFHITES AL
B, B2/ 23 REERNTI, BXES FEN
PAHs( 3077 F0 25) X 41 4 Dl i 301, B8 A X4
PAHs X ER I 2 E2MNE. D EB FME PAHs
I RER 33 18 2 T2 25 I ER o Yosypchuk R IT
T O ERRTE 1-0HP B9 HPLC-ED DR 575, EER N
0.043 umol-L ™ ED ZIR{EE R, R TRERBENIEE
H, BERSEEEFHITI, BE&MTEEREY", H
TERREH PAHs FXETHIMIE IR B i F it — Lo

NERAZEAH PAHs U891 /55 C 23R 10

R 1 AFBRRF PAHs SR 75 5%

Table 1 Analytical methods for PAHs metabolites in human urine samples

EIREY B4 EIE(SEap73 BRI T5 7% 10 H PR SE R
(Biomarker) (Target analyte) (Pretreatment method) (Instrumental method) (Limit of detection) (Reference)
REZUFIR  1-BEEE(1-0HP). 2-55E3(2-Naph). 1-/2-/3-/4-/9-  [EFHZEEY(solid phase extraction, - -t
(OH-PAHS) ELIE(1-/2-/3-/4-/9-OHPhe) SPE)(C18) it 0.7~6.9nmolL ™ [22]
BORZEEY (liquid-liquid extraction, LLE)
S HIE(OHPhe). HHE(OHNap). BEFOnpE (T ore FRAMT R0, KAL) ;
12FHOH-PAHS (n-hexane: methyl tert-butyl ether= GC-MS 7.5~18.2 ng:L [38]
9: 1)+FERAEE T A (silica gel
chromatography purification)
2-$2E75(2-OHFlu). 2-F2E 25 (2-0HNap). 1-FFEEE
(1-OHP). 9-¥2EJE(9-OHPhe). 3-/4-/5-FREXRFH[a]tE EHBZEEY(SPE)(C18) CE-FLD 0.99~8.54 ug:L™  [40]
(3-/4-/5-OHBaP)
12 EE(1-0HNap). 2B EE(2-0HNap). 95887 _ .. N 4
(9-OHFIuAT 1222 EE(1OHP) TR EEEY (LLE) (S )5%) (pentane) ELISA 14~720 pg-L [41]
1-F2ETE(1-0HP) [EfBZEEY(SPE)(C18) HPLC-ED 0.043 umol-L* 142
FRETE(OHP). F2EZE(OHNap). $2E7(OHFIL) 128 _ S
JE(OHPhe). ¥2EJEH(OHChr). £ EFKFHH([a]EE(OHBaP) e HPLC-MS/MS 0.0875~3.43 ug'l"  [44]
(ethyl acetate, EtOAc)
Z£14F0H-PAHs
9-¥2 B IE(9-OHPhe). 1-/2-F2E%5(1-/2-OHNap). 2-/9- THEEINEZEEY(solid-phase 0.6~19.4 gL
$2E5(2-/9-OHFlu) « 152575 (1-OHAce) microextraction, SPME)(C18) el St [45]
1-F2ETE(1-0HP). #"%%(owlu) $2EJE(OHPhe).
BEFFHIE(OHBCP). BEFKHE(OHBaA). FE R EERY(LLE)(TK %) (pentane) GC-HRMS 2.6~18 ngL? [46]
J&(OHChr)ZF247H0H-PAHs
[EZTFE . TR (LLE) SR ke 4
(APAHSs) LR EE(L-AP) (dlchlororr(leth)::neii ) HPLC-FLD 0.02 pgl [29]
1-/2-2E5(1-/2-AN), 9-RUEFE(9-APhe). 2-8E . ™
(2-AF}. 1-EELELAP) TRIREEEY (LLE)(ZBR Z BS) (EtOAC) HPLC-MS/MS 0.02 pg-L [47]
1-/2-EEE(1-/2-AN). 1-5EEE(1-AP) TR EEEY (LLE)(ZBR 2 B) (EtOAC) HPLC-FLD 0.02~0.04 pg-L™ [48]
RRZERY(LLE)(IECKT: BENTE
SEZTFIR e e #=9:1, {KF - : - -

(column chromatography purification)

[E]a BRBENEER.

[Note] a: The value is the limit of quantitation.
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3 4£ig

BHrRIBEBE & pAHs XY B{E DENBRELEY
RS, EEBIE OH-PAHs. APAHs Al PAH-CAs, E H,
FR7&RFE) OH-PAHs BN A% DE BEFE. B
HFEHEMKEN FI(WEYRRE. ShTES
%), OH-PAHs EN DE R EMREY A 8E{NIE B T DE
BRIV ESREFEWN T, ShilitFETE) . ok, 1§
3 F= PAHs FYETHI40 oHP RI{E DE RV R EHY
B EMITEY. 5 OH-PAHs #BEL, FRI® S 1-AP A 2-
AF £y DE B EMSIF R4 E5R, o] B F DE WER
& BHIFIR T B 217 {h. PAH-CAs 25 8] EJ DE
BZENEYIREYHERIN. B, X RAEARR
PAHs 1151 #0 B9 53 ¥ 2 K BB HPLC/GC-MS F1 HPLC-FLD

75, ERBUES. 1NRIR. il AN A3k
EHR. ERNKANTEHD, HPLC 5B FHE
FUBEXA. BInfR A EIES FULBK AR AT,

FKBLERT PAHs VIRV A,
BE

[ 11 WONG YK, HUANG X H H, LOUIE PKK, et al. Tracking separate contributions
of diesel and gasoline vehicles to roadside PM, 5 through online monitoring
of volatile organic compounds and PM, s organic and elemental carbon: a
6-year study in Hong Kong[J]. Atmos Chem Phys, 2020, 20(16): 9871-
9882.

[2 THUANG C, LOU D, HU Z, et al. A PEMS study of the emissions of gaseous
pollutants and ultrafine particles from gasoline- and diesel-fueled vehicles
[J1. Atmos Environ, 2013, 77: 703-710.

[31NIU Y, ZHANG X, MENG T, et al. Exposure characterization and estimation
of benchmark dose for cancer biomarkers in an occupational cohort of
diesel engine testers[J]. J Expo Sci Environ Epidemiol, 2018, 28(6): 579-
588.

[ 41 COSTELLO S, ATTFIELD M D, LUBIN JH, et al. Ischemic heart disease mor-
tality and diesel exhaust and respirable dust exposure in the diesel exhaust
in miners study[J]. Am J Epidemiol, 2018, 187(12): 2623-2632.

[ 51RYU MH, AFSHAR T, LI H, et al. Impact of exposure to diesel exhaust on in-
flammation markers and proteases in former smokers with chronic ob-
structive pulmonary disease: a randomized, double-blinded, crossover
study[J]. Am J Respir Crit Care Med, 2022, 205(9) : 1046-1052.

[6]LIUH, LI J, MA Q, et al. Chronic exposure to diesel exhaust may cause
small airway wall thickening without lumen narrowing: a quantitative
computerized tomography study in Chinese diesel engine testers[J]. Part
Fibre Toxicol, 2021, 18(1): 14.

[711LAR A, PLATO N, LEWNE M, et al. Occupational exposure to diesel motor
exhaust and risk of lung cancer by histological subtype: a population-
based case-control study in Swedish men[J]. Eur J Epidemiol, 2017, 32(8):
711-719.

[81HU W, WONG JY Y, DAI Y, et al. Occupational exposure to diesel engine
exhaust and serum levels of microRNAs in a cross-sectional molecular epi-
demiology study in China[J]. Environ Mol Mutagen, 2023, 64(3): 159-
166.

[91BASSIG BA, DAI Y, VERMEULEN R, et al. Occupational exposure to diesel

engine exhaust and alterations in immune/inflammatory markers: a cross-
sectional molecular epidemiology study in China[J]. Carcinogenesis, 2017,
38(11):1104-1111.

[10] BENBRAHIM-TALLAA L, BAAN RA, GROSSE Y, et al. Carcinogenicity of
diesel-engine and gasoline-engine exhausts and some nitroarenes[J].
Lancet Oncol, 2012, 13(7) : 663-664.

[11] 1ARC Working Group on the Evaluation of Carcinogenic Risks to Humans.
Diesel and gasoline engine exhausts and some nitroarenes. IARC mono-
graphs on the evaluation of carcinogenic risks to humans[J]. IARC Monogr
Eval Carcinog Risks Hum, 2014, 105: 9-699.

[12] REIS H, REIS C, SHARIP A, et al. Diesel exhaust exposure, its multi-system
effects, and the effect of new technology diesel exhaust[J]. Environ Int,
2018, 114: 252-265.

[13] GODRI POLLITT KJ, CHHAN D, RAIS K, et al. Biodiesel fuels: a greener
diesel? A review from a health perspective[J]. Sci Total Environ, 2019,
688: 1036-1055.

[14] FARAHANI VJ, PIRHADI M, SIOUTAS C. Are standardized diesel exhaust
particles (DEP) representative of ambient particles in air pollution toxico-
logical studies?[J]. Sci Total Environ, 2021, 788: 147854.

[15] LONG E, SCHWARTZ C, CARLSTEN C. Controlled human exposure to diesel
exhaust: a method for understanding health effects of traffic-related air
pollution[J]. Part Fibre Toxicol, 2022, 19(1): 15.

[16] BLAIR SL, MACMILLAN AC, DROZD GT, et al. Molecular characterization
of organosulfur compounds in biodiesel and diesel fuel secondary organic
aerosol[J]. Environ Sci Technol, 2017, 51(1) : 119-127.

[17] CHENG MT, CHEN HJ, YOUNG LH, et al. Carbonaceous composition
changes of heavy-duty diesel engine particles in relation to biodiesels, af-
tertreatments and engine loads[J]. ) Hazard Mater, 2015, 297: 234-240.

[18] WICHMANN H E. Diesel exhaust particles[J]. Inhal Toxicol, 2007, 19 Suppl
1: 241-244.

[19] FAMIYEH L, CHEN K, XU J, et al. A review on analysis methods, source
identification, and cancer risk evaluation of atmospheric polycyclic aromatic
hydrocarbons [J]. Sci Total Environ, 2021, 789: 147741.

[20] SHEN R, WANG Y, GAO W, et al. Size-segregated particulate matter bound
polycyclic aromatic hydrocarbons (PAHs) over China: size distribution,
characteristics and health risk assessment[J]. Sci Total Environ, 2019, 685:
116-123.

1] 449x, BT, MER, T 2B REEBNEYINEY ——RTEZE
SZITEIR ], LE# R, 2006, 18(10) : 1381-1390.

NIU HY, CAI'YQ, WEI FS, et al. Hydroxyl polycyclic aromatic hydrocarbons
in human urine as biomarkers of exposure to PAHs[J]. Prog Chem, 2006,
18(10): 1381-1390.

[22] KUUSIMAKI L, PELTONEN Y, MUTANEN P, et al. Urinary hydroxy-metabolites
of naphthalene, phenanthrene and pyrene as markers of exposure to
diesel exhaust[J]. Int Arch Occup Environ Health, 2004, 77(1): 23-30.

[23] SHEN H, HUANG Y, WANG R, et al. Global atmospheric emissions of poly-
cyclic aromatic hydrocarbons from 1960 to 2008 and future
predictions [J]. Environ Sci Technol, 2013, 47(12) : 6415-6424.

[24] MIGUEL AH, KIRCHSTETTER TW, HARLEY RA, et al. On-road emissions of
particulate polycyclic aromatic hydrocarbons and black carbon from gaso-
line and diesel vehicles[J]. Environ Sci Technol, 1998, 32(4) : 450-455.

[25] RIDDLE SG, JAKOBER CA, ROBERT M A, et al. Large PAHs detected in fine
particulate matter emitted from light-duty gasoline vehicles[J]. Atmos
Environ, 2007, 41(38) : 8658-8668.

[26] CHETIYANUKORNKUL T, TORIBA A, KAMEDA T, et al. Simultaneous deter-

mination of urinary hydroxylated metabolites of naphthalene, fluorene,

wWww.jeom.org


https://doi.org/10.5194/acp-20-9871-2020
https://doi.org/10.1016/j.atmosenv.2013.05.059
https://doi.org/10.1038/s41370-018-0061-x
https://doi.org/10.1093/aje/kwy182
https://doi.org/10.1164/rccm.202104-1079OC
https://doi.org/10.1186/s12989-021-00406-1
https://doi.org/10.1186/s12989-021-00406-1
https://doi.org/10.1007/s10654-017-0268-5
https://doi.org/10.1002/em.22533
https://doi.org/10.1093/carcin/bgx081
https://doi.org/10.1016/S1470-2045(12)70280-2
https://doi.org/10.1016/j.envint.2018.02.042
https://doi.org/10.1016/j.scitotenv.2019.06.002
https://doi.org/10.1016/j.scitotenv.2021.147854
https://doi.org/10.1186/s12989-022-00454-1
https://doi.org/10.1021/acs.est.6b03304
https://doi.org/10.1016/j.jhazmat.2015.04.076
https://doi.org/10.1016/j.scitotenv.2021.147741
https://doi.org/10.1016/j.scitotenv.2019.05.436
https://doi.org/10.3321/j.issn:1005-281X.2006.10.017
https://doi.org/10.3321/j.issn:1005-281X.2006.10.017
https://doi.org/10.1007/s00420-003-0477-y
https://doi.org/10.1021/es400857z
https://doi.org/10.1021/es970566w
https://doi.org/10.1016/j.atmosenv.2007.07.023
https://doi.org/10.1016/j.atmosenv.2007.07.023
www.jeom.org

#445-5723: &% | Journal of Environmental and Occupational Medicine | 2023, 40(5) 535

phenanthrene, fluoranthene and pyrene as multiple biomarkers of expo-
sure to polycyclic aromatic hydrocarbons[J]. Anal Bioanal Chem, 2006,
386(3):712-718.

[27] DURANT JL, BUSBY WF, LAFLEUR AL, et al. Human cell mutagenicity of
oxygenated, nitrated and unsubstituted polycyclic aromatic hydrocarbons
associated with urban aerosols[J]. Mutat Res, 1996, 371(3/4) : 123-157.

[28] TORIBA A, KITAOKA H, DILLS RL, et al. Identification and quantification of
1-nitropyrene metabolites in human urine as a proposed biomarker for
exposure to diesel exhaust[J]. Chem Res Toxicol, 2007, 20(7) : 999-1007.

[29] LAUMBACH R, TONG J, ZHANG L, et al. Quantification of 1-aminopyrene in
human urine after a controlled exposure to diesel exhaust[J]. J Environ
Monit, 2009, 11(1): 153-159.

[30] DU M, MULLINS BJ, FRANKLIN P, et al. Measurement of urinary 1-
aminopyrene and 1-hydroxypyrene as biomarkers of exposure to diesel
particulate matter in gold miners[J]. Sci Total Environ, 2019, 685: 723-
728.

[31] YANG Z, LIN Y, WANG S, et al. Urinary amino-polycyclic aromatic hydro-
carbons in urban residents: finding a biomarker for residential exposure to
diesel traffic[J]. Environ Sci Technol, 2021, 55(15) : 10569-10577.

[32] ALBINET A, LEOZ-GARZIANDIA E, BUDZINSKI H, et al. Polycyclic aromatic
hydrocarbons (PAHs), nitrated PAHs and oxygenated PAHs in ambient air
of the Marseilles area (South of France): concentrations and sources[J].
Sci Total Environ, 2007, 384(1/2/3) : 280-292.

[33] JARIYASOPIT N, TUNG P, SUK, et al. Polycyclic aromatic compounds in urban
air and associated inhalation cancer risks: a case study targeting distinct
source sectors[J]. Environ Pollut, 2019, 252: 1882-1891.

[34] MALMQUIST LM V, SELCK H, JBRGENSEN KB, et al. Polycyclic aromatic
acids are primary metabolites of alkyl-PAHs-a case study with Nereis diver-
sicolor[J]. Environ Sci Technol, 2015, 49(9) : 5713-5721.

[35] CASAL CS, ARBILLA G, CORREA S M. Alkyl polycyclic aromatic hydrocarbons
emissions in diesel/biodiesel exhaust[J]. Atmos Environ, 2014, 96: 107-
116.

[36] LIN Y, GAO X, QIU X, et al. Urinary carboxylic acid metabolites as possible
novel biomarkers of exposures to alkylated polycyclic aromatic hydrocar-
bons[J]. Environ Int, 2021, 147: 106325.

[37]1 BB, B=, ik & 2SR EREMITSYRESITE IZ0N S
ERERFHR 1], IR S RERAE, 2012, 29(6) : 567-569.

PANG YH, MAY, CUI Y, et al. Progress on detection methods for hydroxyl
polycyclic aromatic hydrocarbons as a biomarker of exposure to polycyclic
aromtic hydrocarbons [J]. J Environ Health, 2012, 29(6) : 567-569.

[38]LINY, QIU X, YU N, et al. Urinary metabolites of polycyclic aromatic hydro-

carbons and the association with lipid peroxidation: a biomarker-based

study between Los Angeles and Beijing[J]. Environ Sci Technol, 2016,

50(7): 3738-3745.

[39] 3%, 75K, TR, & SRR R IE-R L NER BN E B A B
FRBEP7THERESIRFIZ ], FFIRAZ, 2019, 38(11) : 2435-2442.
ZHANG L, FANG B, WANG HW, et al. Simultaneous determination of seven
hydroxyl polycyclic aromatic hydrocarbons in urine of healthy people by
high performance liquid chromatography-fluorescence detection [J]. Envi-
ron Chem, 2019, 38(11) : 2435-2442.

[40] KNOBEL G, CALIMAG-WILLIAMS K, CAMPIGLIA AD. Solid-phase extraction,
sample stacking and capillary zone electrophoresis for the analysis of uri-
nary polycyclic aromatic hydrocarbon metabolites[J]. Analyst, 2012,
137(23): 5639-5647.

[41]SMITH JP, BIAGINI RE, JOHNSON BC, et al. Assessment of exposure to
PACs in asphalt workers: measurement of urinary PACs and their metabo-
lites with an ELISA kit[J]. Polycyclic Aromat Compd, 2011, 31(4): 270-
285.

[42] YOSYPCHUK 0O, BAREK J, VYSKOCIL V. Determination of 1-hydroxypyrene
in human urine by HPLC with electrochemical detection at a boron-doped
diamond film electrode [J]. Anal Bioanal Chem, 2012, 404(3) : 693-699.

[43] Z=8R3%, XX, KB, & BUFERBATERELSHFRNHH
NMAL]. BmEERERNFIR, 2016, 7(1): 215-219.

LI WY, MIAO W B, SHEN XF, et al. Application of electrochemical sensing
technology in detection of hydroxyl polycyclic aromatic hydrocarbons[J].
J Food Saf Qual, 2016, 7(1): 215-219.

[44] SUN Y, KAN Z, ZHANG ZF, et al. Association of occupational exposure to
polycyclic aromatic hydrocarbons in workers with hypertension from a
northeastern Chinese petrochemical industrial area[J]. Environ Pollut,
2023, 323: 121266.

[45] GARCIA-GARCIA S, MATILLA-GONZALEZ H, PENA J, et al. Determination of
hydroxy polycyclic aromatic hydrocarbons in human urine using automated
microextraction by packed sorbent and gas chromatography-mass spec-
trometry [J]. Int J Environ Res Public Health, 2022, 19(20) : 13089.

[a6] LI Z, ROMANOFF LC, TRINIDAD DA, et al. Measurement of urinary mono-
hydroxy polycyclic aromatic hydrocarbons using automated liquid-liquid
extraction and gas chromatography/isotope dilution high-resolution mass
spectrometry [J]. Anal Chem, 2006, 78(16) : 5744-5751.

[471HE L, LIN Y, DAY D, et al. Nitrated polycyclic aromatic hydrocarbons and
arachidonic acid metabolisms relevant to cardiovascular pathophysiology:
findings from a panel study in healthy adults[J]. Environ Sci Technol, 2021,
55(6): 3867-3875.

[48] GONG J, ZHU T, KIPEN H, et al. Urinary polycyclic aromatic hydrocarbon
metabolites as biomarkers of exposure to traffic-emitted pollutants[J].
Environ Int, 2015, 85: 104-110.

(Fxe4mis . TR, R - TIEm)

wWww.jeom.org


https://doi.org/10.1007/s00216-006-0628-6
https://doi.org/10.1021/tx700015q
https://doi.org/10.1039/B810039J
https://doi.org/10.1039/B810039J
https://doi.org/10.1016/j.scitotenv.2019.06.242
https://doi.org/10.1021/acs.est.1c01549
https://doi.org/10.1016/j.envpol.2019.06.015
https://doi.org/10.1021/acs.est.5b01453
https://doi.org/10.1016/j.atmosenv.2014.07.028
https://doi.org/10.1016/j.envint.2020.106325
https://doi.org/10.16241/j.cnki.1001-5914.2012.06.009
https://doi.org/10.16241/j.cnki.1001-5914.2012.06.009
https://doi.org/10.1021/acs.est.5b04629
https://doi.org/10.1039/c2an36265a
https://doi.org/10.1080/10406638.2011.604663
https://doi.org/10.1007/s00216-012-6140-2
https://doi.org/10.1016/j.envpol.2023.121266
https://doi.org/10.3390/ijerph192013089
https://doi.org/10.1021/ac0606094
https://doi.org/10.1021/acs.est.0c08150
https://doi.org/10.1016/j.envint.2015.09.003
www.jeom.org

	1 柴油机尾气的组分
	1.1 气态组分
	1.2 颗粒相组分

	2 柴油机尾气中PAHs人体暴露生物标志物及其检测方法
	2.1 PAHs代谢物羟基PAHs
	2.2 硝基PAHs代谢物氨基PAHs
	2.3 烷基化PAHs代谢产物羧基PAHs
	2.4 PAHs暴露生物标志物的检测方法

	3 结论
	参考文献

