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Abstract  This study investigated the size-resolved oxidative potential (OP) of particulate matter (PM) using a MOUDI sampler
and evaluated its potential health impact by evaluating particle deposition in the human respiratory tract. Chuncheon, a
medium-sized residential city in South Korea, was the measurement site for this study conducted in March 2023. The average of
PM,q concentration during the study period was 39.7 ug m™3, showing a typical bimodal distribution with peaks in the 0.32~0.56
pum and 3.2~5.6 um. Although PM mass was higher in the coarse mode, both OP measured by the ascorbic acid (OP™) and
dithiothreitol (OPP™) assays peaked in the 0.32~0.56 um range, suggesting that fine particles may exert greater oxidative stress
and pose elevated health risks. During Asian dust events, OPP™T increased in the coarse mode, indicating the influence of
mineral-associated trace elements. Respiratory tract deposition modeling revealed that OP** and OPP™ from fine particles were
primarily deposited in the alveolar region. During non-dust periods, OP°™" showed relatively higher contributions from quasi-
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ultrafine and accumulation modes, while during Asian dust events, coarse-mode O was mainly deposited in the head airway

region. These findings highlight the importance of particle size and composition in determining regional respiratory health risks.
Further research is needed to identify the specific components driving size-dependent OP.
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.4 8 J3FS 1|t} (Bates et al., 2019; Abrams et al., 2017;
Cesaroni et al., 2014). PM©| ZA7}o]| u]x]+= AbA|gt 7]

7] Foll £A5te YA 24 (particulate matter: 2R o}#] 5] wre 2] 2] 9ktoLt pMo A A
= A e & ot AE Bof wha} Q1A 54 whgo] th2A] Yehdths AT

o= rUst] AW 271 L HIL E 7} o EACH(Liu et al,, 2023; Wang et al., 2020;

250 et AS op7Ito = A 7ol ©F  Bates et al, 2019). AR TAH AA}= Q1A YoflA]
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A 5 ZeAEet 4T Agshs vl
AF4F (reactive oxygen species, ROS)= A5t
AT Tt 242 A ZE DNA, Tl
o] &S Zlste, A4S A Al AFES FE
SHC}H(Guascito et al., 2023; Marcoccia ef al., 2017). |
oI ROSE A7Jstal T2 FAto] ARtAEAS
Frsh= PMO 58-S A (oxidative poten-
tial, OP)o|2}al A oJstH, OP&= Hl7] oflol=E U=}
o] B4e tiHd 4 = A A% Axz A8
4 Atk PM O] AbekAlE 24 W Solle Al &
ASHAE ol-gste] AEohA A2’ Wol A EAsh=
ATeRehd Hh-g-2 Wt A2 SlohA] EA o) At
o] 85|31 QT (Tuet et al., 2017; Cho et al., 2005;
Kumagai et al., 2002). |2 §F B4 4] PM W 415}
AR F S A =T E Ataz o] A2 =
Zrjskste, HitetA| o] Ak Ala U Ateketked
P50l SIS SHohe A X2 G HT,
ARSEAAE 2ANE F- Rl A9 of
7] & Qo] EANSHA] Q= FAAGOIAH, Hi7] F
PM, s X PM,, T=& S Uzte] iAot Bl 5ke]
= o FASEAY Holz 202 oA
@It} (Lee et al., 2025; Choi et al., 2022; Byun et al.,
2020). 4138 Aol oJ5HH, &30 PM, 5 Fx= A=
3 a0 Fk A 24 A f-77] oflolzE 9]
2Rt Aol JaFe W Ao ® UER T (Jeon et
al., 2024; Choi et al., 2022; Park et al., 2022). Kim et al.
(2024)°l A= A FALSEAIQ] AA (Ascorbic acid) @}
GSH (Reduced glutathione), 12]1! DTT (Dithiothrei-
tol) S A8t PM, 5] AtekdAlEls E4 k.
71 AT}, AAR ST OP= K7, Se, PbO] 5&7} &
S o Z7Fet ¥hd, GSHS DTTE 743 OpE 7]
€4 (organic carbon: OC)2}+e] o] =7 eyt
PME QIA71ol et 5571 We] W2 2ep)
chath ZojdAHE T5710) 4R Qe 22 7}
/0] =2 WH, ZuAH Aot SuMHAE o 2
¥z A7 mge o vk Z2r|A A= w2
A=skal FAR D Pt opy 2} w Al W= 3
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International Commission on Radiological Protection
model (ICRP) 7] (respiratory tract) &S 2h-8-5}c]
pPMe| 2718 A W ©57] HzE FdE FAlOl F
Zhte BH, At 719 whE =4 B A% HAde A
FH oz ZHstaat sl oPE S7st7] f1siA
+ HIAIZ ofshE AW 5 HE2AtEe] dArekEd (as-

corbic acid, reduced glutathione, uric acid)= 235

ol

I Q= T57] et (Respiratory tract lining fluid,

RTLF)S AFE5HE AA B4 228 SU412) di-

thiothreitol®] 7+4-8-& £45H= DTT 241H-& AH&-
sk
2. 2934
2.1 ANZ 23
H2].O

47 271l whE mlAH A9 op IR
sty ZFAASHE 28 45 24 (Kangwon Nat-
ional University, |5t KNU)J|A] 2023 39 §UF €]
3¢ 319717 53] AA AsE AHFsHich op &
Ag oA S AR Aol Bash] wEe,
7} N&ms= 239 BF AFISH e ZF A=) A
i g 58]0 BEY F 3 13
HHEJL, YA = BF 24
AFsHAnh J7E Al=m AF = 30 LPM O] 55
© 2 A" 9ke] MOUDI (Micro-Orifice Uniform
Deposition Impactor, MSP 100)°]l 47 mm<] PTFE =
B (47 mm, F= 2.0 um, GVS, Italy) & &&oto] =38
5191.2 5 MOUDI 7} ©e] 22| 972 0.18, 0.32, 0.56,
1.0,1.8,3.2,5.6,10, 18 umZ A =] o] St
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Table 1. Summary of sampling duration, PM mass concentrations (PMg 15, PMg 5.3, and PMs ,.;5), and meteorological condi-

tions.

No  Samplingperiod  CfERIMe  Phow [y s o ) mey Nt
C1 2022':))_2033_-5’38_?8;)?;0 2870 0.6 33.9 19.4 102+46 72.7+156 087+0.86 0.5+0.9 Non-dust
2 2022':’)_2033_33_?28850 4320 13 14.7 16.1 6.0+52 48.0+169 1.20+1.02 1.7+1.3 Asiandust
c3 202236_2033_6233323,?:‘0 3460 1.2 27.0 10.8 11.6+7.0 476+17.3 154+1.04 0.6+0.7 Non-dust
c4 202236_20;62;21288;0 2460 0.9 19.3 20.0 12.2+2.8 65.7+89 1.08+0.89 0.9+0.8 Asiandust
C5 2023-03-29 14:00~ 2880 15 204 11.2 13.3+5.6 383+15.1 1.75+1.08 1.1+1.3 Non-dust

2023-03-31 14:00

20| A 23X 74
= 0]“‘10}01 PM, s Al=E AT

5}?13}. AR A4S %Al
AT+ (Sunset Laboratory, US)%} 16.7 LPM
e AR 19 AT A2 quartz
¥ (47 mm, F= 2.2 pum, Whatman, UK)E “2}st
of A Fst. ol 2/dw-2 32d t++H (URT-2000-
30x242-3CSS, URG Co,, US)E &3l AHJ7HA (HNO;,
HNO,, SO,) ¥ NH,E #1713t ¥, PTFE L H (47 mm,
= 1um, GVS, Italy) 2} 10 LPM O] Alo] 22 22t
3to] QF st nFFd4E= PMS-204 (APM Eng.,
Korea) -2 | F7]°f Teflon 2 & (47 mm, 3= 2.0
um, GVS, Ttaly)& &2Hste] 16.7 Lpme] o2 2
skt 4 PM, ;0 2 24 Eihs A78E A
2AF713¢ 73 3 BatE ARgSH AR 2
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AACTE oA 24417 HstG om A4 7] A1 A7)
(STABLO-AP, Shimadzu, Japan)7} 28 v]ga]-&
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4> (elemental carbon: EC)E NIOSH
5040 TREZL 0|83 TOT BAHE AF86te] 2
Aot ol 2422 A HE 8 mLo 2o
2 1A 235 FF S PTFE A2 BE (3 0.45
um)2 A3 ¥ 2 mLE FAASH] o] I Z20tE D
7] (Metrohm, Swiss)& ©]-&3}] NO;, SO,*, Ca*t,
Mg?*, K*, NH,*, Na* JES BE45H9 n5Fed4a
+ A& BEHE 16.75% HCI, 5.55% HNO; <9+t
10 mLoflA] mlo]a = Qo|H= HA et &, Fedd
Eat2o}t B3 (Inductively Coupled Plasma Spectro-
metry, ICP-MS)© 2 & 273 (Ca, Na, Mg, K, Fe, Zn,
Al, Mn, Nj, Cu, As, Cd, Pb, Ba, Li, V, Cr, Co, Sr, Se, Be,
Ga, Rb, Ag, In, Cs, Bi)& B3t

AR E2AS 9o WeREd HEE £
A A of 24 A7 HERE T ARG AlE
B EE= FYUZ FHO| gol 2% 3] A7 =5

=H2-(99.8%, HPLC grade) 20 mLE
mixer®} 2310 FE7]|& AHg-Sto] 7t
At F2H TEH= ;”H‘Dﬂfﬂ 25
- & FA Ao g ol-gsto] F

o =
=
oHi, 38908 sc2 ke SEo 22
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ﬁl FIAIR Z, 5% HeheS-2 o]-go}
200~500 pg mL™7} E| =& 7} A]

l'n_u

= ——‘? vortex mixing 10, 231} &

2.3 AEFEIRHE SA

2.3.1 Ascorbic acid assay

2 ATl E AR tekade Tetekal
U A HolAdQl ©57] el (Respiratory Tract
Lining Fluid, RTLF)©] PMZ} ¥H-3-5}93-& wf FAtel=
Ao Aaes Sdo=H OPE SHSHAUH (Kim
et al., 2024). & 913}, ascorbic acid (AA), reduced glu-
tathione (GSH), uric acid (UA)7} Z¥Z+ 200 uM 2E3HE
Q19)4 RTLF A|¢F(pH =7.0, phosphate buffer solu-
tion)= A 25T} 100 ug mL ™' 9] PM 5= =2 5|4t
2% A& 180 uLofl RTLF 20 uL& F5to] 4A12F
53 260 nm THF A SFF = A (ABSplus, Molecu-
lar devices) & ©]-85F0] AAE =451} AA B4
o2 ZA3 ASPAE (0P = 4A|7to] 2w T9
AAS] FF5 ([Abs] ) 2t 0A1THONAS] AAS] S35
(Abs],) €] A0lE S 4] 13} 2] Adalgion,
RTLF Y AAS] =T} = A|7He T3t & =& A
9] AePEEol PM,, APEES ol galol 2u] &
Z31et A4S S pmol min™! m™ B2 YERY
ok A= o] BAE 915 5% MeOH §H& A=t &
A3 27103 RTLFS} ¥ A4 243 vigkA 2
(blank)®} 5% MeOHRHS AMESlo] AA S FEE =
g3t Hl78 A & (background) 9] A¥HgES o8-t H
ik

A

[Abs];,,, —[Abs],,,
AA depletion = ( al

L] )>< 100 (1)

2.3.2 DTT assay
Dithiothreitol (DTT)®] 2]2t OP &4 PM} &t
&0kl HAast= DTTY &
A= Cho et al. (2005)E 7|5k o
ZHESH= DTTE DTNBE} ¥HSAIA AJ/d% TNB

10 mlm

=g, 51=S, 01

ZA5F3T 25 pyg mL™ FEE 314G PM AlEOf 1
mM2] DTT 888 FSt & 37°C2] incubator©]A]
54, 1548, 2548, 354 &%F BHSAIX] &, ZF Ajtafch
Yol 50 LA EF510] 50 uL2] DTNBS} HH-S-A171
12 nm 2] mpof| A S5 Al=et 7 S
ZQ1 0.5 uM O] Cu(NO,),8t HIRAIRE FUgt
of|A g =4t Act A 22 DIT Zage A
1517] 9130, 1 mM 2] DTT 89 8712 5= oAl =

slAsle] AATAL ZHAFPon, o]E Higto 2
A=9] DTT §=8 AASHILE DTT AAE2 4] 2
eF go] 25 A= d=s A4 DTT H-§ Azl
3529 DTT 55 ([DTT]35min) 2 020 DTT 5
([DTT]pmin) &1 A0l & HESAIZEO 2 WHEE &, v
Al&9] DTT &S wiAl HA5I9om, PM,, &
P2 Toto] 2] ¥E35l619] pmol min™' m™ T
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OPDTT
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C

k1

= [([DT Ty — [DTTs55,) X PMy 5 conce. (g m™*)]

/[Measurement Time (min) x PMresuspendedcon. (ugL™Y)]

)

2.4 QA/QC
= AdL 1= SAAA (Alconox, USA), OFAIE
(HPLC grade), 18|12l 2545 ©]-85t0] Al25H3
t}. PM,; Al 2L 6709 A2 A Zuict EAHA R
(FB, Field blank) S HZ|5}9.0.0, o &4, €442,
n|gFe o] HHET 74] Method Detection Limit,
”%1}4 3HH 4 ]'% AHgS

solution2 2415k0] 5% oW Y& &elste] A&
A5k

PM A= 9] 4FA -2 34 HHESto] S4519]
o, WEALT20%E Hold ¢ AEAsto] ALg-
St FAAHETL R 0.5uM 2] Cu(NO;),° AHE-E]
Qoo AvpEg Hat 5% o|Ue] 2fo]S HATh DTT
o] FLE Aktelr] flol EEEHo] tHet 8-point A
A (calibration)& o]-85t5.0H, AATAH 9] 127} 0.990

o1 o] AakE AHg I,

o7 IEstEx| M 41 E M 45
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Table 2. Method Detection Limits (MDL) of carbon species,
inorganic ions, and metlas in PM, s samples.

Components Unit MDL
Carbon oC ug m:z 0.049
EC pgm 0.011
Na‘t pugm™ 0.030
NH,* pugm™ 0.003
K+ pugm™ 0.013
lon Mg** pugm™ 0.002
Ca?t pugm™ 0.002
NO;~ pugm™ 0.077
50,2 pugm 0.014
Ca ng m3 14.522
Na ngm3 4.956
Mg ng m3 4.305
K ng m3 1.425
Fe ngm™ 7.403
Zn ngm™ 6.356
Al ngm™ 3421
Mn ngm 0.712
Ni ngm 0214
Cu ngm™ 1.839
As ngm 0.157
cd ngm™ 0.016
Metal Pb ng mz 0.168
Ba ngm 0.601
Li ng m3 0.098
v ng m3 0.380
Cr ngm 2.609
Co ngm3 0.056
Sr ngm3 0.217
Se ng m3 0.000
Be ngm™ 0.019
Ga ngm™ 0.008
Rb ngm™ 0.009
Ag ngm 0.010
In ngm 0.009
Bi ngm 0.005

2.5 S87| &z =g

oA o] AF 2 2EF7IA B AW A2 2ol
F&e A= Ao dHA ot el e =5
7oA 9] H2F §-8-2 ICRP 7|= 29 (International
Commission on Radiological Protection respiratory
tract model)& 7|HFO 2 FA3}9 O™ (Li et al., 2024;
ICRP, 1994), ©] ®&2 A EZ7A1E 2, 4 & §F

23t ma] g (HA, Head Airway), 712 (TB,

Tracheobronchial region), HZ (AR, Alveolar region)2]
A FEoR FERI e %Z} Tg&-2 A 3~509}
2ol Li et al. (2024) Aol AAE A& o]-8ato]
ZF Aol - o] 2 A& (DFyy, DFrpj DEsgy) Al
AFeEIt. o714 D, = 1A 47 A710l419] 7]t
PFAAL JJujsts, A2 T8 (DF)S 54 UH
271914 b 5571 G (o Ak AR
£ et
=71 949 (: HA, TB, AR)°ll & PMe| HHE
OP9] 7| & 212} 4] 63t 4] 75 Fofl AFESHAT
OP2] 7% (Dopy)= 578 94 ()l 2 pmo]
Sk 0pY] 4TIA ]l 2 Jmlste (4] 6), PM
O AR Opy & 59 I 94 pove] 27
PMOA] ZHA|5hE Hl&-2 ofn|§ith (4] 7). o] F3i
£7 917 37]9] PMo] £87] el 4 o %7 =)
o, 71 3ol A oP 9] FaFe] oA Hsteh=A15 4
0% B 4 9]

ﬂl

oleid U7 B vigoz

05
= 5 -
Dy (0"’Jr 14000076 X D )
1
8 (1+exp(684+1183><lnDP,)) @)
0-00352

DFypp. = x (exp(—0.234> (InD,; +3.40)%)

D

Py

+ 63.9x exp(—0.819 < (InD,, —1.61)%)) (4)

0.0155
DFyp; == X (exp(—0.416 % (InD, , +2.84)*)
Py
+ 19.11 X exp(—0.482 % (InD, ; —1.362)%)) (5)
OP, X DF;
D,y = < 100(%)
Yop, (6)
D, AL X DF,, 100(%)
i =~~~ X
PMi ZPAIL 0 (7)
3.2
3.1 OIMEHX[2| YHE sk & d&E &Y
A 712 F PMs©) B HeF 5 397488
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Fig. 1. Size-resolved distributions of PM mass concentration (a), oxidative potential measured using the AA assay (b), and oxi-

dative potential measured using the DTT assay (c).

ug m72 et om, AR E (accumulation, 0.18~
3.2 um)et 2 YAk (coarse, 3.2~18 um)7}+ A A=}
AeFo] 717} 58%2} 39% 5 2HA]5H3t. S H PM 2]
it 478 Aeksr o] T T2 B stage 3(0.32~
0.56 um) ¥} stage 7 (3.2~5.6 um)°l| 4] EotA = AP A
1 o3t RS UEHITHIE 1(a). SARIHIES
ZSHIL Ql= C29} C4 A= ol oAl =, e AR
Tt SARERT A Ui o 2q 437
2 ZH3 PM, 5 A8 B4 ATolA i A=
Na¥, Ca**, P A0] 7] &7} thE Almof| Hol =
Al GebgtH ™ 2). & AFolAE PM, 5] 3sHA
A A617] whizoll MOUDI®] 97E 225
siA st ol A7 EA s, A8 A5 A3 (Byun
et al., 2018; Kim et al., 2003)°] 2|5} FA} A= X
HARRRRE of2t PM, 59 FEd2= 2A 71t
£ Ao BuEQrh 2 AFolA At slidE=
C29} C4 AlmollA] FE/dEo] Aok HlE-2 72t
2.1%%} 2.7%E UEh, U 2] Alg0] P48 HlE
2l 1.4~1.7%°1 Bl S=El5tA] S7Fotadet. whebA, of
T 717 AAFE FERES} PM, s W EEEE
71% F7h= C28F C4 Al tigh ALY JFe
SRR o] T AlRE AlQlotH, PM B X2
T O] H-&-2 64~71% % A Z7}5FSITh

ClZ A& 7P =2 PM 3§55 BATHE 1).
C1} 22 7|7k AFE PM, 5 D] 62.5%= 23}
719 ez HEE= S0, NOyT, NH, o] ZFA|5H3]

Residue mMetal mS0O,” mNO, mCa” mMg”
mK = NH  mNa® mEC oc
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Fig. 2. Average contributions of chemical species to PM, 5
mass in each sample.

tH(1¥ 2). (NH,),80,2} NH,NO,= F& &2nct
2 ZA5}7] wj&of (Plaza et al., 2011), C1 A29] =
S FARE Hl&2 AP 4 QUrh(3E 1). BFFCL A
5O F7IZ R HESH B2 TEN B2 s
T (E De 22 77199 S SXAPS ZeR ¥
SHEIT} (Park, 2022; Fu et al., 2016).

C58F #e 717 A PM, 9] ¢, PM, 5 % OC
O] B&0] 34.9% 2 AA| A= F 7P w=kew (19
2),0C9] & T3 734025 ug m =2 7 A o
ZH U C3 GA] PM, 5 & OC HE&©] 21.7% (LH
2)2, 22} F7]¥€ 9] Hlgo] F=2Ql C19] Hlsl &2
OC H|&o] TZH et 22} {7]o o] 2E (secondary
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Fig. 3. Size-resolved distributions of PM mass concentrations for each sampling event.

organic aerosol: SOA)= VOC 4182 A== %]
g 529] #4 (homogeneous) & H|#Z (hetero-
geneous) o570 2 A E] = HEH, 22} F7] o] 22
7h-42; Higho] Wlw A wWEA] Z3YE 7] oo
SOAS] 27| 47t A7) 22 Frjol2 | Bt 22
7392 B 2ltk(Pandis et al., 1993). ©|2|$t o= C
€} C59] PMy 5 (=-= R A] R E) O] H]-&-2 Z42F
3.1%2} 4.5% 2, C12] PM, 5 Hl-&<! 1.1%°] H]J
A e Ao shahErh(3 1, 119 3).
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Fig. 4. Size-resolved distributions of oxidative potential measured by the AA and DTT assays for each sample.
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