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ARA : Applied Research Associate

BAL : Bronchoalveolar Lavage

BALT : Bronchus-associated Lymphoid Tissue

BMD : Benchmark Dose

CB : Carbon Black

CINC-1 : Cytokine-induced Neutrophil Chemoattractant
CMD: Count Median Diameter

CNT : Carbon Nanotube

Co : Cobalt

CRP : C-reactive Protein

FRC : Functional Residual Capacity

GSD : Geometric Standard Deviation

HEC : Human Equivalent Concentration

HO-1 : Heme Oxigenase-1

IARC : International Agency for Research on Cancer
IL : Interleukin

ICRP : International Commission on Radiological Protection
LALN : Lung Associated Lymph Node

LOAEL : Lowest Observed Adverse Effect Level
MHC : Major Histocompatibility complex

MMAD ; Median Aerodynamic Diameter

MMD : Mass Median Diameter

MOS : Margin of Safety



MPPD : Multiple-Path Particle Dosimetry

MV : Minute Volume

MWCNT : Multi-walled Carbon Nanotube

NALT : Nasal Mucosa-associated Lymphoid Tissue

NIOSH : National Institute of Occupational Safety and Health
NOAEL : No Observed Adverse Effect Level

NP : Nanoparticle

OECD : Organization for Economic Co-operation and Development
OEL : Occupational Exposure Limit

PMN : Polymorphonuclear Neutrophil

PNNL : Pacific Northwest National Laboratory

REC : Rodent Equivalent Concentration

ROS : Reactive Oxygen Species

SD : Standard Deviation

SED : Systemic Exposure Dose

SEM : Scanning Electron Microscope

SEM-EDX : Scanning Electron Microscope-Energy Dispersive X-ray
SMP : Scanning Mobility Particle Sizer

SWCNT : Single-walled Carbon Nanotube

TEM : Transmission Electron Microscope

TLC : Total Lung Capacity

TNF : Tumor Necrosis Factor

UF : Uncertainty Factors

URT : Upper Respiratory Tract
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1. d7Us & Hel
1) MPPD =9 2:7)

O MPPD 51%19/] 7;—:14_5(] Hc]“?.;j, 7]13-, }%%% ;g‘j/]ir/}.
O MPPD =H9| &g A S AR

2 UrEZd7o U3 55438 A3 24
O AAs YywEd F79 A4 WS Ayt
O 5% oz 3 Y47 Y5448 e At
O YxEA+ HEC A4 ZQ3 g2Ss Ay st

3 U= HEC 3 MPPD =de] A& 754 B7}t

2. iy
1) MPPD =2 A7)

O MPPD 24 EFoo]#] oA Zgasio] Ao 7t 54 5& &<lsl
(https://www.ara.com/products/multiple-path—particle-dosimetry-model
~mppd-v-304)

O MPPD 2® AHg¥3 715 #1298 w3 (manval) S FE3HeAth
O MPPD 2le] 28 AJElE £A1517] Slalo] Lee 520199 78



=EATY FUEEAYY AdE Bt 9
E54S AASAT OECDAA 4507
= Yxed oA 718 B A7 79
Qg 1059 45 A48t v #Zol
aluminium oxide, silver nanoparticles, iron nanoparticles, titanium
dioxide, cerium oxide, zinc oxide, silicon dioxide, polystyrene,
dendrimers, nanoclaysE A},

PubMedol Al £@dHAME 3l e&88 HFoE s

dS T3t AFE Fol AES T A7AHRE AP st9 INOAELZ
LOAEL & HEC 4 23 5% 37 Aestart

A A A Al ‘nanoparticle’, ‘nano-particle’, ‘nanomaterial’, ‘nano—material’,
‘nhalation’, ‘inhalation toxicity’, ‘silver nanoparticles’, ‘iron nanoparticles’,
‘titanilum dioxide’, ‘cerium oxide’, ‘zinc oxide’, ‘silicon dioxide’,
‘polystyrene’, ‘dendrimers’, ‘nanoclays’, ‘animal study’, ‘rat’, ‘mouse),
‘acute’, ‘subacute’, ‘subchronic’, ‘chronic’, ‘effect’, NOAEL’, ‘LOAEL’#}
22 Ao s Zeete] ARESIATE AN ZHE Fote] 2010d o] %

=9 2939 5 AYAA W A, in vivo) +dS oz sHSh
23 AR 71Fe A, SEAHOZ in vivod} in vitroE 771] T3y
St A B4 ool sttt 24, FUHAE dTE l"i:/ﬁloﬂ 23t

asts oy
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1. MPPD 24 2%

1) MPPD =% 7 w4

Abgre] 3E7IHE BE o] Al Fow TREEHUY. /]l F
7kA1 9] H]Q1F(™ 2], nasopharyngeal(head)) 9%, $FellA et 71 XVJ}ZH
71373 A] (tracheobronchial, TB) 99, 58&7] A|713%A 14 (generation) F-E
upx] gk Al #H X FH(alveolar duct)7FA 2] #H 3 (alveolar) % < o] tH(Klaassen,
2013). ¥W 4 tiv] H2ZH(deposition)? WS FH A o] 7H G HE FYGoA
7P Zhan B9l oA P =tk 3 Aol FY Thsd B4 =%
=W FS(nhalation) = €3 £F7] HE 5921, &% FA4S AA 2T
o|F A|AS GAE AXA HHZH 3-1). HIQIF
3} 2H(diffusion, &7] A Hele £%)0] 7@~

shato] w| £ ol A= H 7 (sedimentation)d

_E

011*1% 43

=
=)
J U
[

[

2) #Z(deposition): o] on|7} e=d #H HA4 o = 714 e YA L HGE=H o]
57 xdd FEE 44S 23 (Hodgson, 2014)

3) S 4 (impaction): ¢+ EA7F o2& EAE w2l ¥ =+ )5 (Cambridge dictionary).
A7t F 7R A Yot

4) # 7 (sedimentation): W79 YAE 1A EE= AA wiAd H= Ho e JE
o Y=o *‘2% (Hodgson, 2014). + A% EF T92 I4E& S7HA7]1= ¥4
7] AE, FE3 ¥ olx e HAS Folve Aol . HAA A e 9

__OH

SR E D)
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Building a Computational Dosimetry Model
4 A \ Inhalability
- {.’,,M A

y& ' Impaction
& Diffusion
N
Aerosol size

distribution

Sedimentation
1 F(.‘ ISIon

[O 3—-1] MPPD T Ji% HYZ

ol

¥4 S 4 (inertial impact)®} 2 % 7H(gravitational settling)ol] ©]Z+=
olal xzto] dofutr} 3k Ach(intercept, 53] ZEd 12 T Ao A
96 o} AAN A o] BA A FA% 98-S s = g}

In vivo 54 d7< 7= A4¥5E

ARas, AeA Aol e F9

i
ro mlo
5
1o,
g
ok
o
o,
=
=
ot
B
1>
rlo
>
>
o
2,

) =]
de A oA sl BB Y A7 s sdshe o 250l
3t Aol slzste] o] 7hA dat A2 mdo] ARHYon b B

o] ARREE= F 7HA EEE 7S 9t FRHHS SAAA S 93] 9
(International Commission on Radiation Protection, ICRP)(1994) R 23} HE
o AbRS flgh AREAE JSHA Q) ts 7 Z YA 54 (multiple—path

5) ¥ %l (displacement): 3 HAA <9 HF X9 7] A9 Aol (Wikipedia)
6) Ae(intercept): =7olu Atghe] 54 Axdd Edsr] e HF1 Fe A
(Cambridge dictionary)
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particle dosimetry, MPPD) X 2 o|th(Asgharian et al., 1999). 7] 2=
AFHICRP, MPPD)# SAE(MPPD)O Al YAk Z2fel] thgk A o] B wjo] 2~ 9
Aol 7|Zetal Yk AbEI REOA T|E9 Y|erE xfo]l2 WSt &
A, A%, GAo®w Qe ¥V 5 dA Fde sty fE dHolEE 94
SAol sttt A Aozt X1 AR, F REe] A Thol|l= vk

A
ATk o5 AR A WE, 71w V) 7x 2F REd o
o J

of %] o] Fol# 10 - 30 nm o Aol ALelA 50% A% P2
velBels JuHoR A7k & Y #Rlol FE AREL, A P BT
FEAOE oF 05 ume] Aol 20% vigker AR A,

1.0 T
08
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Head Airways

Respiratory Deposition, fraction
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0.2 d
UUF' IR | ISR | PR e T ot MR L " i
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FIGURE 11.3 Predicted total and regional deposition for light exercise (nose breathing)
based on ICRP deposition model. Average data for males and females.

[O8 3-2] & HzHl PAHE & o= (Hnids, 1999)
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°F 5 um, A}

Hl HECM=

)

3t

ol
=

A Ay =718
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(A €71+, carinal ridges)olA]
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2) MPPD =2 718

(D) 2d Qg

MPPD =22 ARA(Applied Research Associate Inc.)2} Hammer 773343}t
AE(The Hammer Institutes for Health Sciences)olA] 7Hdtslsict &gk uld

= gyFsEA A+ (National Institute for Public Health and the
Environment, RIVM, the Netherlands), V@ &= +A, FHA18 2 37 (the
Ministry of Housing, Spatial Planning and the Environment, the Netherlands)
9} FF 7l (collaboration) 31 2 ARA7F AZHES H-3tal dth. MPPD &
e FrEA theRE drol AXE & 9le ZRIafoR TP HA MAS
20151 7l version 3.04 o]t}

MPPDY] #AFEH Ldug]Ee y=(0.001 pm)ollA #F(coarse, 100 pm) =7]
of Jpoll g HE w2 Algh o] B3 of"o(HAATH Y T 7|HolA o
o] 2 Z(aerosol)9] &3} A A(clearance)E ALttt} o] nde F7] &F
FAstaL #o] o2& (single-path) ¢}
42 (multi-path) W< 7]Hte 2 st} dd d=2 e 7|29 A 4R

E il
I
)
1
o
o
[
ol
o,
N
(o3
o
(L
e,
o
Hl

- O o
o O'lN HﬂO

Z2olA HFE AlbshE vt A2 e o] BE 7|RdA Y4
(particle) #2H& AAFstal Y(lobe)-5ol¢t 7|ke-5o] AEE Agdrh 7=
T+ 7% 27" (bifurcation) We] gt #74 $4, Adoz WAle= 3
of gk o]E4% =¥ &8 (efficiencies) s AH&ate] 2k 7%= WA 33}
S AlLtsit ﬂ]ﬂi*/] Mg & o IHfiltration)dl = E& 55 A=
AREt dAte] AlAE AEA 7]%(conducting  airways)?e  HE7| =

(mucociliary airways)@® =7},

7) AEA 7] %E(conducting airway): H] 7oA Eek A7 &7 7R 9] 7=



m HTZa L1

49 Abgh #l¢] FZ(geometry)E A SHete] s Al R OTHA] &
Mol AlgEch A WA AL AA Hol| thA F-ZF(symmetric geometry)=
AREET S WA AL Y TERA AolE wHsAT 4 #H 4 WY 7x
= d o g AHulstth A HA 342 Koblinger and Hofmann (1990) 9]
THE 71 713A] 49 nlg RES ARSEke] Qb HEE ALk Al
25 Yeh and Schum (1980)°l ¢J& 3% & el (morphometric) Hlo|H
E ARgste] FASITE Mol 21474412 10709 EFEldh dAsS ey
= ] A% # FxE AlgEnh 7 A" AA o)A diF Ty

l
re,
ol

\
Jlm

o

%
A= 77| 8A Ue bk v S ol 8eta, 7 dd A7)
g 9 UF=Z YepAtHRaabe et al, 1975). L2711
# Ha HE Bk olug e FE E Aol HA, E7 EdE A}
| F Atk o] T H TE= dA oY AgH o2 WA (monopodial)®)
TEE HHYE SAF =7 484
(PNNL)ell A 853t 270 o|m|A| & 7|§to g gt}

AHEARE A B4, B AvEee &5 wil W, 71eA e &%
(functional residual capacity, FRC)¥} % %5 7|(upper respiratory tract,
URT) 79 55 Y93t

A gy 9 Ao AFH) AlEHoA A HA(F, total)
A2 T o e e AleEM, 7= AlY 529 $HE(function of
airway generation number)? & A-&ETh HE H o} Al 354 (stochastic)l0)
Aol t5 B2 G459 7ee s &&= %50l Azt
be-2=9] HeolA JA; AAE
8) @4 (monopodial): 7t 48] 2718t o]k BAsA @e BA §3
9) 71= Al 9] g (function of airway generation number): H WHA 7} o] A

ol 1he QA e el G

10) && 4 (stochastic): sttt o]e] wj7] Wy e WA F29] &E(random
probability)®] £A& 1 sl= A (Cambridge dictionary)

a7

=

d
>

MPPD9] Aj &g W= & 5 AHg, 9E,




Ako] EZetE AT F 7HA F89 AA Z3(@lot)S AFEE 4 UdTh AAE=
& & 3 Fok AAHE dolH, EAE =29 =& £ 7|7 AA 9 H
o YZHA A (retained)!) 2 FH(mass)o] Tt}

it 4Hmonodisperse)12) = =1 A5f X" (lognormally distributed) T
Atk 3 2uAEH

yako], ARk A1l tek

X

O~

T
O~
T

I Aok =3k A4 5 95 (cylindrical) TEE 2

o
= =
A 3 (aspect ratio) Ei= dole] ZRAE Agate] wdy & & 9

(2) 24 E4
= AR HollA 4] Tlsret AA/AAE AT RdS vHEY] 9fEiA
#d & (morphometry) & o4 o2 Fdate= Ao Fasit 7HF
HES} Al Ho] 7] EA|(branch) 725 7 AltjelA iAo
WS A8 (Weidbel, 1963; Yeh et al.,, 1979). o] ®
S AEHNA & 4 JANE HF gjEe] Fo93 £E o
(inhomogeneities)ol] that FA A= Algslx] L=t A #H9] &% 7
921 WAooz 543 & F JAT A VR AE Fa% v e
o B3 o]E kelld v HH s 2dFE Bt olyg & Ho
2 37 359 vl (apportionment) = Z#; T 4 A} @A (monopodial)
7

=
E d ujs wgggoln, A8
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11) A (retain, retention): EF7] ¥l A A2 ol A AAR F= M ¢ (Hodgson,
2014)

12) ©E2H(monodisperse): 8}t A &4k(disperse) E3EolA 4 = YA A
718] ol dA S SATY. Fd(uniform)¥ sofolz WAL A7), BY, Aol =&

A3t A9 JMA ZE& (Wikipedia)

13) thE4kH(polydisperse): %1 Y (non-uniform)¥ &l A7], B, HaF HEvt
] 31

o

AAE A & EA (Wikipedia)
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c} °of A#gds =Hs7] 9s MPPDE wheF P EjEhA
(morphometric) M- AFgH(detail) = AHE-E = Q= AF 7|1%= 4 7x9 E&
HAS 588 ¢ Jd+= U5 242 W (multiple-path method)(Anjilvel and
Asgharian, 1995; Asgharian et al,, 2001)& 7|9Fo. & 3t} MPPDE 71%9] &
Al gzl gk AE AR ofyel 7w el A gjE o] s AR
(interindividual) W&3< H7Fst= d &3tk Long Evans FEe| tfafA]
= =tk Al7]#A] (terminal bronchioles) F=7bA19] gAIsH ety A rs)
(mapping)”} 7Fs3tth. 854 = Asgharian et al. (2001a)ol A Aol
A AR A v AE Bds AAset AREEIT MPPD w714 ol A
= 1049 SEE4 #7F gt Al Joke] S-S e 7] A dE A
=717} 24 @ A% (acinar) 03“% Zb mde] gk A7 Aol F7hste]
TZ27F A9 g A FuE 2es ok

4

o A2 R4 (single-path model)
d AR HdoA ¥ FxE dd oiF UFE ZAE oYt

rr

od, N

o]z}, =
Zo| gk Hyr Aotk A FEE 8 o] FdoA AE H
A +=(Anjilvel and Asgharian, 1995 #%) 7|&= £x] F%9] 7|

T8, discrete implementation)< 31t}
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o
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By
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ol o
A

(4) 9= 4= 29 (multiple-path model)
t}= A Z 3 2(Anjilvel and Asgharian, 1995)& 3 2] %0 HHAA S
st #H xo gk AAEE ARE ARESte] T VR M H AR
AL ol2lgk =] AlF-AQ FHe] AE= HE FHo disf o]& 7kt



Ao of7]4 Long Evans #ES H%EA 7|%(conducting airway)el| th3l
Raabe et al. (1975)°l 23] % Al 7= 4 AEZL AEHAHY AE
Aol AlY e REPs] sl 2 B 7| HA Y Eoll A A 8Al =
dlo] AAS F2gtiYeh et al, 1979; Anjilvel and Asgharian, 1995). ¢ 7]4
A 54 gk 7]3x9 d9dl e BEE dAXxY FTgeE FHn ¥
=742 Long Evans FEQ] #H ZA Ao -S40t 5Lt dejghS A&}
of & HE Fo| Wik digfAdd EdS AEd ¢ dvk o= HA
Long-Evans ¥ H3& 2 Al&2 FRCO A ddsiAl 2Aste] 8 &

O~
T A

MPPD R4 A= Atz #Ho] 74-9-(Subramaniam et al., 2003; Asgharian et
al, 2001) = 7]eF =l gt kst FAo] Alvdrt A WY =, A
ghel(limited) B A% 7%, FEA 727 AlEE T, 374X 214 Abel 9]
107}74 ¥ F2E X¥ste dH-5o] Zdx AFHU Al g Agtd
A= ;qum# J%H 57K

b HM 4 H]EHOH 1 %7‘“ ]

MPPD Rel3} 97 AlgH= 9
capacity) o™ AF&A7F AT 4 gtk 71E Iy 543 FRCioZ 4]
3h(scaling) & & Ut} 7E EAE EA7F JEA EE JEA ojiEHom
1%t ZF Ve BEAe 95 golu FHow s Ehy
FH-(parent)oF o F= Akt T ALME SAHOR Jinh

ol ()]
R=) =

MPPD Edl& Lo




5 A 92 %(remaining

=

o

-

o

=]

)

T
-

o2 =% 7 &(efficiencies)
A7FAY Yt

=

=

2
Fol A9l = AL (interpolated),

&

1

o
=k

O~
T
AR=S=

ot

]_

9

%O

}

At

2] 4=(dimension), 7] Zt%&,

l

A

i

& 7]kl

mass)= 27| 9
(mass balance)1>) 9]

o/

il

i~
pral

!

1= R= I R e

€

rvzel

s

Ahgatol 2

SEE

(larynx)oll A 2 A

&9k W]l (nasopharynx) 2}

5

7] % $Y(mouth)el A<

=
° 2 ZFEEUTHICRP, Annexe(FE) D, 1994). 35

<

I

=k

=

2)
Easy

I Alete whe}
Wikipedia).

| Becquemin et al. (1991)
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&2 ICRP, Annexe D (1994)] ¢
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o] 71%E A3¥ dolgZ o] &3t A& T&(n)S =7 v EH(pd’Q, 9714
pt UAF A% HE de 94 FA, Qv 7] e 3] F5)9 ddo] U=
R (parametric) 784S A€ Ak

=1/(1+A(pd’Q)B)

nel g2 3 ZEol F7Ig 27N Tdatttar JHE el A

T8 ARE T3 & 7 Ak 919 WAAS Becquemin et al. (1991)2] Hlo]
Hol| ggsle] F dAw 25 ta(124], 154]) A<= Ae BE Tt} A<
o

_

A¢} B 124 mgke] ofdole] A9 165673 -0.17182, 1240 A 154 Ao
dolo] % 33899 ¢ -0.27144 o]k
UA] AA] Fore] Aap &AL 22 9kl it 7d) &2
ol ofaf gty Az R Qe AL wE] e V|| EA] Goa
of TASE Qs YAF A7l we} FoloHAl S7FekA R, ¥/ (inertia)lb)o] 5
7hehd A7t WE ddeg Sorke wEol AgHd) A A7 Fohe
o
T

g dojzze] FYH o] it 7 5§

(o3

10

ol

20
=

o

@x} WA mRS (e, BHeR WEH 2 94 A8 Aol

AxA 7129 T8A 7] E(respiratory airway)lDoll&= 7 744 el A7 =2

do] AkgET HEA 7oA, AA= FE AWEHE AA(mucociliary

16) #A (inertia): E4& Z& Aol FAAY 22 BEgFo =z A% FA oA s+
=24 3 (Cambridge dictionary)

17) &7 7] %(respiratory airway): 7}2> ngko] WASIE= 7|Eo] UFE, of7|d =
38 A7) A (respiratory bronchiole), #H X & (alveolar duct), ™Y (sac), #H=E
(alveoli)7} ¥3tE o}
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[ thell A w22 7}

g A
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A ZH(particle residence times)
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<H 3-1> MPPD 2& TAHE F2 JIT

CtA| (Module) F8 7|s
Mnew) MM Al&SHE B, 7| Of7f Bt 439 o &
ot A (File) 7|(opening); Lt2t0[E{Qt MHZS mAO| X ZF(saving)St= THA;

O M(print) 2 ZZ(exit) HH

Y3 OolE B H RE 2Uo| S Ojp Y, A% SHY B I

—

o =]
(Input data) ~ 2tO|E; 253 =& ALI2|Q; E& L= 45 + A 22

AlA(Calculations) 2HE MM(run)sts HH

Z7 57 N L
(Rescjjt re;:Its) XEMsE oI ATE M (creation)st 1l E-=(viewing) ™

(Plot results)

EZE(Help) Z2IHO| Ot S2& = BT

NETB]

HHFS AISH AdOH A
(Get started) e =2 d8A

., A& M (tutorial)

(2) MPPD ®& =208 ees
MPPD B2& ther2E ot7] fleires vl 745 d9dt.

https://www.ara.com/products/multiple-path—particle-dosimetry—model-mpp
d-v-304



@ARA

Multiple-Path Particle Dosimetry Model
(MPPD v 3.04)

Overview

The MPPD meodel is a computational model that can be used for estimating human and laboratory animal
inhalation particle dosimetry. The model is applicable to risk assessment, research, and education.

The MPPD model calculates the deposition and clearance of monadisperse and polydisperse aerosols in the
respiratory tracts of laboratory animals and human adults and children (deposition only) for particles ranging in
size from ultrafine (1 nm) to coarse (100 pm). Respiratory tract dosimetry models have been developed for several
laboratory animal species including rat, mouse, rhesus monkey, pig, and rabbit. The medels are based on single-
path and multiple-path methods for tracking air flow and calculating eerosol deposition in the lung. The single-
path method calculates deposition in a typical path per airway generation, while the multiple-path method
calculates particle deposition in ll ainways of the lung and provides lobar-specific and airway-specific
information. Within each airway, deposition is calculated using theoretically-derived efficiencies for deposition by
diffusion, sedimentation, and impaction within the airway or airway bifurcation. Filtration of aerosols by the nose
and mouth is determined using empirically-derived efficiency equations. The MPPD model includes calculations
of particle clearance in the lung following deposition for humans, rats, and mice.

Eight tutorials are provided so that the user can learn to interact with the software.
If you have any questions, please contact MPPD support.
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[0 3-4] MPPD B CIRE2C JH U=

S MPPD version 3.04¢] =<l stHo|t) =22 (Help) &< 01%3
O‘ﬂ npA e Al &EL7] (Get started) ol =

2454 (Tutorial) S A 3-8kl Q)

& MPPD v3.04
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24 . CISERUNMTZZYLAS 280 LIc=H AUS/HsE F3
i Airway Morphometry hod & Airway Morphometry X
Species |Rat | - | Species |I-l1ma|1 | - |
Model |Sﬁni—Symnu=tril: Long-Evans | - | Model |Yel| | Schum Symmetric | - |
n
FRC 40 | mi FRC [2300.0 | mi
URT Volume [0.42 | mi | URT Volume 50.0 | mi
o [ o | | [omn e
[HHE] [AFE]

i Airway Morphometry X

—-— g

Model  |BALBIc v

FRC [0.219 | ml

URT Volume [0.0322 | mi

o [

GIESN
[12 3-6] 71T BE B Y=
(th) FRC
71e4 A §FEFROS B 271 T8 A ¥ F3(volume)= Al ¥ Th
7154 it SFFRC)Q a2 AHA7E A4 3t
e} 8F(morphometry) ¥l AF¥ ¥ dHolHE F ﬁ%] £ (total lung

capacity, TLC)o|t}. oJ7]o] A& Long-Evans HE #Ho| F

s #H &ZHTLCO)



(AZ, 330 g)= 137 mlolaL, A #He] TLC= Wt =24l 79 53581 ml
olal thy Rde] 4§ 55636 mlo|th. FRCol #l&® 7132 Alsh #H9 45
3300 ml (ICRP, 1994)¢} HES] #H e 4% 40 ml o]t (Mercer et al, 1987).
Ab #Ho] FRC #-& Morris et al. (1984)] oJsbd AJel wiel FAda} of A o]
AR 719 FHAATY 9o, ol o 2 APA BAE A ek

o] A (Women): FRC
YA (Men): FRC

36.0+H + 3.1*A - 3182. + 1060

47.2+H + 9.0xA - 5290. + 1460

o7l Al FRCE mlZ AW Aet He 247 volet 7|2 W3 emz Y
EbiTt.

std v ® P EC] FRCi= Takezawa et al. (1980)o] <&]&shH |
A7} 1jr #H =A-L HFo] 330g¢] Long Evans HEQ =A |0

HS Abg38ke] b2 AlE(strain) ¥ A5 HEC O
2 & ok oA v AlEY FRCe A8ate= ¥
TUAEA ALY oz F=38d = Yk
EdA] FRCO| 7]&3t& T3 2o o Folxltk

q A}

}

O{N
riri
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Jr & olo

&g
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Sprague Dawley

FRC =0.1514 = (BW)*®

o714 BW+ gd9le] 559 AFolt (Takezawa et al, 1980).
2o 7154 F £%(FRCO)Y 71EF 03 mlE Crosfill and
Widdicombe (1961)9] dlo]HZHE A
(2})) URT H-9
A5 55 7] (upper respiratory tract, URT) H-3+&= 7ot} o A E]



o] 7% 50 ml ©]a Long-Evans #E¢] 7
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& Particle Properties

glem?

1.0

Density

1 for spherical

Aspect Ratio 1.0

Single

Multiple

Multimodal

pm

10

Diameter

) MMD ) MMAD

@ CMD

[] Inhalability Adjustment

GSD (diam.) 1.0
GSD (length) 1.0

Correlation

0.0

[] Equiv. Diam. Model

um

Diff. Diameter |1.0

Sed. Diameter|1.0

um

Imp. Diameter | 1.0

pm

Int. Diameter |1.0

[38 3-7]
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H

(tidal

A4 €
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m HTZa 31

el 2 7HA HEAQ] o] oln] ZE(load)¥ o] UTHEHIE, So®
=

YA+ F%(aerosol concentration): YW U Ef(cubic meter)d vlolARE
W (microgram) 0.2 FH F7)9 ofojRE Foltl 7]Ezk 10 v}

ol|Z 2 13/ W E](microgram/cubic meter)
- ) E(breathlng frequency): 54 93] 358 % (tidal volume)?] &5

A 5E F 128 5&/+(ICRP, 1994)

E g% 3% T 102 3 2§/ (Mauderly et al,

1979); oj=lo], vfolel wkA] & (Hofmann, 1932)

- Sprague Dawley FE, 7 T= W7 ==A] 166 bpm(Miller et al.,
2013), A2l =2¢] AL BF=82*BW "*" (Piccione, 2005).

- BALB/c & B6C3F1 w}9-2=, BF =65.58 * BW ~**®

- Long-Evans

ol

<l

oH

719 o] ml=

I:H

23] 55 Z(tidal volume): 3+ He 3807 55
Al
7]

= 2

3l
e A

Lot
>,
Pol-

% = 625 mI(ICRP, 1994)

- Long-Evans HE, 283 3& 5 21 ml(Mauderly et al,, 1979); o]&
o], tolell ®HH] | (Hofmann, 1982)

- Sprague Dawley #E, AAw=F V,=0.7+BW(g/100) (Costa &
Tepper, 1988),

- 3 Ev #Egy =F V,=1000* (—0.060911+0.0013795 * BW /
166 (Miller et al. 2014)

- JEY] oF WEs 3] TFF FA oM A WEAo] &
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- BALB/c & B6C3F1 mH$-2, V., =0.64175 * BW ****® (BW in kg)
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@ Exposure Scenario b4
Acceleration of Gravity ,9810— cmis*
Body Orientation
Body Orientation: a s
Body Orientation: B =
Body Orientation: y <
Aerosol Concentration ,1— mg/m*
Breathing Frequency 12.0 per minute
Tidal Violume 625.0 mi
Inspiratory Fraction 0.5
Pause Fraction 0.0
Breathing Scenario |Nasa| |v|
| Default | Help |

[O8 3-8] &= T2 THE &

2h) A =/A A
(7h) A=
o] A& Mulstd Hz AL v gAY o7l AME HF} E&
(deposition fraction, DF)< 7|90 & Y-
A TH Tentschert et al., 2020).
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Dep(1) = MV X t, X CX DF

= 194 F +4d 2% (ug)

st =
V = 23 3% Z(minute volume) (I/min)



SAS Auahd A7 A Qo] A7 Aol AL AAS Adeu
Feihe Aol felsjor @tk 4 madE g
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o,
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X,
of\
N

Aol AREE AAES FAE Aok AFY A JEdel tidk At
o] AALET ofy e, T =¥ &5 AAE0]

HJES] AAEE 4 2 F Atk AAE 7]EES A
(1994)0] 3. WEo| A= Bermudez et al. (2000)7} #|&38 o] HAHL]
nh-¢-20] A9 Asgharian et al. (2014)°] & AA<} FA Rd(H=
® wi W EZ3ho] JEEHATE 7|4 AAE(mg/day)> ThEoE
Fol it}

A=1/(25.904 +1844.5m*%™")

71% A9 & %(tracheal mucous velocity): 7] A9 £ Ho %
Z(subsequent) 7]=oA Huh HRE Axbsisd Qs o] 4
mm/i o E SHET 73 M S
wolal FES] A9 1.9 mm/Eolt

(
-

3 AlZt(hours per day): AH&ARE dhFol IPAE m=EHE A
Aeg = ok 7] &gk 3 6 Aol

o u

~

3 Y (days per week): AHEAE FEF AL mE2HE A FE

gk = ok 712 5 5ol

2 N



O F(weeks): AH&A= F 5 AHgozA =i Zojg 24T &+ 3

o 7)Ege 1 Folrh

% dS(maximum post—exposure days): AREAFE 2AE 4
=

o A
gk 2

T d 5 A9 Ak 71282 0d otk

E
o

)

713 71384 AA, 7137134 A (retention), FNE AA, HE FA}F HE
Jolg)(mass) A2 wF 7|7 B¢ 4dA3 Aoz AAbE o]#E Ay
© ¥ Hi(report file)olA & = vk T o]t A= gy 2o

& Clearance Settings XK
Tracheal Mucous Velocity 55 mm/min
Fast Human Clearance Rate 002 1idays
Medium Human Clearance Rate 0.001 1idays
Slow Human Clearance Rate 0.0001 1idays
Lymph Node Human Clearance Rate |0.00002 1idays
Rat Clearance Parameter 'a" 0.03341
Rat Clearance Parameter 'b" 17759
Rat Clearance Parameter 'c’ 0.3123
Rat Clearance Parameter 'd" 0.00071642
Lymph Node Rat Clearance Rate 0.00105652 1idays

Exposure Time Settings:
Number of Hours Per Day i}
Number of Days Per Week 5
Number of Weeks. 1
Max. Post-Exposure Days 0
Default | Help OK

[d2 3-9] H2y/HA B Y=

(5) 74
O E
Qe o)) WA Adexecution)& AAel7] Ao Bz 9t A

T~H(accept settings)’S T&8HH w7 gl A4t ghe AT 5

ox

20
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) A8
A (run)= Agshd Aegk 213 vj7) Hagol tigk A& geoldo] 243t
#Art. GSDE gkol 1.05 o]l A5, do2E& Fxv oAty 23 GqF &
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File InputData Calculations ReportResuits PlotResults Help Get Started

O Al %] X

@ Calculations Completed.
Elapsed Time: 0.01745 minutes.
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MULTIPLE-PATH PARTICLE DOSIMETRY MODEL

[Od8 3-10] &% 4™

6) 23 ®Hi
7h) BaA A3
Aikel EBUH AlEgo]He] B A
of A Ar7E £3F | ASCI BaA st (B o] «mptel 3t o]F)o] w1t
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) HaA H7]
A5

A= "H7)(view)"'E ZE3dte] MPPD WA B e WyEs
ott EetoldE AFH AAYE TF HdAE AX/|(HEHE A}L5

2 4
of ge B 2 vk

A=l Sl do|EE #Alste F7F =4
- - = [e) = T o
RIAZ AFEG B o Tr VY f8h mde) 7 /)8 1
= = ? & 8% ? 1 gdo] v AXG
b7 witell Mt Trzol whel AAdE - BalM shdo] wig- A,
S— Lobe: Entire Lung
201 human - Windows 523 - 0 X Number of segments: 110
HER B A0 £ S8Y | Number of terminal airways (alveolar regions): 26624
X Lobe volume: 3800.00 ml
MPPD v3.04 7 2016 by Aplied Research Associates, Inc. Volume of conducting airways: 169.88 mi
-> L hometry <-- . .
L“;g‘g‘i::(; T:::‘g'h;m Total deposition fraction in conducting airways: 0.0321
Number of segments 110 Total deposition fraction in conducting airways during inhalation: 0.0254
Scaling tree by (TLC ---> FRC): 0.851 Total deposition fraction in conducting airways during pause: 0.0000
TLC = 535807 ml Total deposition fraction in conducting airways during exhalation: 0.0066
FRC = 330000 ml Total deposition fraction in alveolar region: 0.1205
i ML
ﬁ“"{gltr:i:‘é ((—W/i?ég)oow)im‘ Total deposition fraction in alveolar region during inhalation: 0.0657
L:::(adwésta\) wh;m: 5800‘00&‘\ Total deposition fraction in alveolar region during pause: 0.0000
' Volume of conducting ainways: 169,88 ml Total deposition fraction in alveolar region during exhalation: 0.0549
----- > Breathing Parameters and Times <------ Dosimetric:
Breathing Frequency: 190 #/min  Tidal volume: 10000 ml Mass Deposition per Alveolus (mg): 7.441E-10
Nasopharyngeal dead space: 500 ml Mass Deposition per Macrophage (mg): 6.149E-11
> RegionalDegositon - o Number of Particles per Alveolus: 8.259E-5
s > Number of Particles per Macrophage: 6.825E-6
acls L AL e Airway deposition fraction (TB + Alv): 0.1526
[HZ2Z0] =A 1] [ 20 =A 2]
21 —_ 24
[O8 3-11] 24t 21
= 5U
(7) &% 4 J/]’
“ ]’) =N = A
} X220 Hu 9/] 7 ] 1 3 }
b E5L R ol Add
g2 =
O 5% 7% é
3L o) 3 0 1-] ])\E I:‘._—“H ]_ }}; oq 1 ]. ] A
o] xzo] T CEH|AE Fd AFEAE oy A Wow
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7hH 4
O ¢ #2 E¥X(lobar deposition distribution): A4tel|A @ Fejste] ¢
Ho 2 Ao &+ Yeh-Schum 59 T+ 35 dlojg E+& #HE T
3 Us A= dHolHE AREE A1, 4 #H el dial A AAE A
& Utk o] & ]H*E 7 el tigk T HERS A Al T
= 5ol Atk ¥ZE #(left upper, LU), 9% o}d(left lower, LL), &2
2 9(right upper, RU) 2EZ ol (right lower), 8% Z7Hright
middle). Long-Evans HE Ho|= 67019 Fo| Atk L% A
diaphragmatic, RD), % =57Hright intercostal, RI), <
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O AY H& F¥(acinar deposition distribution): | A FelA<] J=k
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(2h) Al ol gk A=k
A ol R 2
of7lel A 71 Al 429 gz FAEG.

Z(total mass vs. generation number): Z & H

(\h) Mo ol gk A& vl&
At o 3t oo]2= A A= v)&(rate of deposition of aerosol

mass Vvs. generation number): ©| A2 oo]R2ZE Aol 7%= At) &

o FFE AFHE HES molFth ol& AR & 4B, B9 9
fol2%£9 d# FX(mass concentration), ¥3] &8 Z(tidal volume) 3}
%% Wik(breathing frequency)ol X H]EHt} o] 3o W9l= 9 v}
oA & 10|t}

HE b5 A2 2d = A Yeh-Schum 5% EHo] o] &5 A9, Al

= AA W aa/EE 4 gl O BF S5 FREE 493

=2
Attt A Yeh-Schum EHX Rds kgt 4 HAs 249 o gtk
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O Ad S digk g9 WA J2d

vs. generation number): 3 W] T Fow Ay Aae A Hg 9
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(tidal volume)oll &3] Foxt}. webd o7 AtfoA &
H Aol A4sa, 3 HY TFodA 7k e HAY HA
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peripheral) 32 FA7F & & & 3
2h) Aol ek 2
b 74
O Ao dgr A& E&(deposition fraction vs. diameter): THEAHA
AR o] A9, 2HA001 pm)olA A0 ym) 7Rl 43 =
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AZES (deposmon fraction vs. time): A7t thsf &
Al |, Z1E718A we, F (e + Fl) H g9 JR Fee 34
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b 71871384 AA

AlZke oI 71#-71#A AA(TB clearance vs. time): ™Y 7]3-7]
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Deposition by Lobe

£, 10/19/2018, 06:10:50 == KST 0z
Alveolar Retention vs. Time

1.9E+2 — 0.4E-3
H
1.5E+2 =
5 S 7E3
3 g
@ w
?) ‘Species & Model Info: =
S 12642 Species/Geomelry: Human Limted 2
;4!; RS Vs Sat000 5 iR Species & hodel Infor
olume: m 2 .
= Head Volume: 50.00 i 2 Spevies/Geometry: Rat
& Breathing Route: niasal o FRC \blume: 3.40 ml
& A Breathing Parameters: Head elue: 0 40 mi
2 Tidal Volume: 1000.00 mi 24E-3 Breathing Route: nasal
2 Breathing Frequency: 19.00 1/min ) Breathing Parameters:
< 385 Inspiratory Fraction: 0.50 Tidal Whlume: 2 00 mil
Fave Fracton: 0,00 retting Frequeney: 156,00 1imin
FanlcleFropeties 0n Inspiratary Fraction: 0 50
Diameter: MMAD: 2.30 um - Pauze Fraction: 0.00
00 1 | L 1 | s 100
0 21 41 60 80 100 Concentration: 3.00 mgim*3 Particle Properties:
Lobe Diameter: WAAD: 0,240 pm
Time (days) Gs0: 200
Concentration: 0.9% mgin®}
7 = _-” ILl -” -I Ol K| X}
[AlZHO| hHE HIZE R A] [EE a3
01300, 07:105.05 2% KST
Deposition
Color Key Deposition Fraction Visualization
W00
i
5.560E-3
.
L} =

Species G Whdel nfo
Species/Brometry: Rat
PR Solume: 300 ml
Head Whlume: 0.40 ml
Breathing Route: nasal
Breathing Parameters:
Tidal Yelume: 200 ml
Breathing Frequency: 166,00 1imin
Inspiatory Fraction: 0.50
Pause Frastion: 0.00
Partcle Propertes
Diameter: MAD: 0,240 pm
650:2.00
Concentration: 0.98 myim'3

[18 3-12] J3= ==

4) MPPD 29 &-& A

(1) Lee YS, Sung JH, Song KS et al. o}vtA &< SA dlo]g 9}
MPPD Rd& AR dhe vgdigtaviefiel Teale] gt
w3 7159 A, Toxicol Res. 2019;8(4):580-586.

ek
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O & =i dES ofity FY5A dHeolHE Ed® MPPD Zl& AR

W A% $ee T F 0% EUE HECE F4ste EHow

OFLE 78 =#o2 @ A7salel 7bg Ags A7 Azse] 44
s EAlekele.

7h)

)

7]_) H]—tﬂ : o].lﬂ—}\

v} 7

U dA= 100nm WIRke] 12k o]k 1A YAtE A oHn
(Donaldson et al., 2005). ©A2Ux=FE(CNT)+= w$ & ?@OH]%
A 9E U Z27)9 g4 Ay ]ﬂr T e H
(SWCND)E @ 44l =2 i
gH9 44e 2er gEUSAEFEMWONDE 2-100 nm
"ol AAs 7 B2 SWONTE A%t a9 69
(six-membered) 12]E 2zt Y F(honeycomb) UWEY A ol Hj
dH @ B QA5 et 2 A ZA o] tHGeim, 2009).

7

B Ao MWCNT9 239 2 g Y 548 b 2}
Azt A 29 A Ha b RS AT Y8 sE AT
°] NOAELS 7j¥te @ MPPD RES ARgste] 23 =% 7]+
(OEL)& F43t: S 532 ok

A

s QT

n:1|

oh 4gEa

- MWCNTICM-100, 2% 001 g/cm®MMAD 024 pm, GSD 2.00,
s7F &4 A7 042 pml]
- agE(aHE SAbol= B2 W% 17 o/cm®, MMAD 0.20 pm,



() A/ == B
- Fisher 344 HFE[MWCNT: 855, 7 60nte]et oHAl 40vte], 1

g 7, A 40mkE e 9 40mH

- MWCNT: 0, 0.17, 051, 0.98 mg/m?®
- a9 0, 034, 1.01, 302 mg/m®

o5& HH = T (nose-only inhalation)® MWCNT %+ 1
A Y= JAb F 641 s T 5d 59k 135 Ft

=530

i

(th # & 28 (lung deposition fraction)

“HES}L Al HollA MWCNTeF zzf#e] Xz B8-S Applied
Research Associatesol 4] & 3 MPPD ZZI13(HA 3.04)<
ARgste] AlLtE Stk MWCNTSF 123 e] o o & F(aerosol) &
T= 7 OPUPH 5 Ag AFaA 92 NOAEL 3o = MPPD
mdo| A83try. MPPD Rdel| 485 depvHe <E 3-2>
o} 2t}

|= vty a8 B thA Sprague Dawley HEO|A A5 a1,
Yeh/Schum 5-¢ ¥ Z49& /\}'D%ﬂ/ﬂ /\}9“5]913} EE 34mL9)
7154 5 £3HFRC), 04mLe] % “%ﬂ(URT R A s
1669 & W%=9 2.0 mLe] =4 %j*ﬁ] tidal volume)E YEFIITE.
Aol A, FRCSF URT F3& b7 3300 mLeF 50 m¥th &5
Heeol 24 Jyj= 27y 39 19mLet 1000 mLleH, o+ 24
o] 7hg & dElol sdettt

\1



<H 3-2> MPPD Tzt = &

Table 1 Conditions in multiple-path particle dosimetry (MPPD) and exposure models

Mode parameter

MWCNTSs

Graphene

Rats

Humans

Rats

Humans

Airway morphometry
Model
Weight of rats sacrificed (g)

Functional residual capacity (FRC)

Upper respiratory tract (URT)

Particle properties

Density

Diameter, MMAD

GSD

Equivalent diffusion diameter

Exposure scenario

Acrosol concentration
Breathing frequency (min™")
Tidal volume

Breathing scenario

Asymmetric Sprague-Dawley
282

3.4 mL

0.4 mL

0.01gem™

0.24pum
2.00
0.42 pm

NOAEL
166
2.0mL
Nose only

Yeh/Schum 5-lobe

3300 mL
50 mL

0.01gem™
0.24 ym
2.00

0.42 ym

19
1000 mL
Light exercise

MMAD, mass median acrodynamic diameter; GSD, geometric standard deviation.

Asymmetric Sprague-Dawley
282

3.4 mL

0.4 mL

1.7gem™
0.20 pm
2.01

0.35 pm

NOAEL
166
2.0 mL
Nose only

Yeh/Schum 5-lobe

3300 mL
50 mL

17gem™
0.20 pm
2.01

0.35 pm

19
1000 mL
Light exercise

- HECE A35EA49 =& FE9 5¢s 95 Yelle Al
% Folth, MWCNTS 9] NOAEL# #d¥ HECE ot
w3 o] 35 &£& AAE, I E&, A BHig wkr)e 9
X EUAS Eete] HESE Al Alo]o] ek sfehA 2}
o] ®Asto 2M NOAELZH-E AXAE It

HECNOAEL = NOAEL X

1
VRr DFg ('l
X X

kg

kR) RHg  SAu

VRy DFy (-1
1

kyy

x x
k;f,) RHy  SAg

(1)

(VR: ventilation rate, DF: deposition fraction, k: (1-clearance rate), RH:

retention half-time of particles, SA: alveolar surface area, n: exposure days,

R: rat, H: human)
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(5}) OFL $=
- NIOSH$} Weldon et al. (2016)°] < 4 AHE

- A4k HECNOAELS /IWo.2 2344 AFUNZ e OELS

SRR URE =AY A9 & A9, AEAN B

Alo) Ade 713k AAdal 2ke) RAl b A skel] dhel e E i

2}) A7}

- A 7 B dxat Blalste] AW AL EAgh dof a1 |
2E "9 315t BAL A A o @ A 4L A As
Ws) 52 A Bskel HANARl AEA AAS AFHA Ut
w3k B A He 427 AFHA okt

- MWCNT¢} Zejde] H2 gjed> MPPD EES A8-3l9] NOAEL
T =EAZ F HES A}nﬂ oA AxkE ATk o] Aol A,

A< sk A 2171 0062731 0008tel . 2e] A% 47
0.0569¢} 0.10430] At

<H 3-3> MPPD ZEZESFH MEQ} A ¥EIIHAAY
MWCNTI 3o &% E&

Table 2 Deposition fractions of MWCNTSs and graphene in the respirat-
ory tract of rats and humans from the MPPD model

MWCNTs Graphene
Regions Rats Humans  Rats Humans
Extrathoracic region 0.2829  0.2861 0.2831  0.2865
Tracheo-bronchial region ~ 0.0567  0.0416 0.0576  0.0432
Alveolar region 0.0527  0.0984 0.0569  0.1043

Total respiratory tract 0.3923 04261 0.3976  0.4340



- HEC &% #AolA HES} At Abolo] AJg)4, djx-4] zol=
7, AAE, YA HEFE 9], HE i%.‘_x—qﬁﬂr Az HlES
AHg-ate] AFstE itk HEC Aldtels NIOSHWHES uwigith 9E
o 7] £2(012m’/day)E B9 1669 38 Wx, A3 s
20mLS} 85 6417 Zo] MPPD ZHloA ALg
z% ) W MPPD &.2of M}ﬂﬂ TE HEE

%‘E

AAE 0.0010572 0.0000205 MPPD

2 xﬂ%z‘a‘mv}. F/ﬂéoﬂ*ﬂ Hx} o Abge] A} B AIRRe] M2
/1002 Ag5deh. HE g8 gES} Atz z2hzh 2422m?
9} 634,620m> = 2-&¥ Uk

- %38, MWCNT9} Z28]#19] NOAELrat?t #&¥ HECE ofz9}
ol 247t 0.17Tmg/m* % 0.54me/m* = F3 = At}

HECypyoxr 098 mg m™ x 0.12m* day™ y {J.{.J52.7

‘ 912m3day™"  0.0984
1-(1-0.001057)"
1-(1-0001057) 1 634620cm® (2)
1— (1-0.000020)” “10 " 242202
1— (1 - 0.000020)

= 0.17mg m™’

X

0.12m3*day"  0.0569

9.12m? day ™’ " 01043
1-(1-0.001057)"

LA (1-0001057) 1 634620cm?  (3)
1—(1-0.000020)° 10 2422cm?
1— (1 -0.000020)

= 0.54mg m"’

HECgraphene = 3.02mg m? x
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<H 3-4> MWCNT2 J2H2| NOAELratZ2FE HECE F3¥ goll
UM HEQ} AtEAIO|Y IS0 HED}
Table 3 Normalizing parameters between rats and humans in estimat-

ing human equivalent concentrations (HECs) from NOAELs, of MWCNTSs
and graphene

MWCNTSs Graphene
Parameters Rats Humans Rats Humans
Ventilation rate (m* day™) 0.12 9.12 0.12 9.12
Deposition fraction 0.0527  0.0984  0.0569  0.1043
Clearance rate 0.001057 0.000020 0.001057 0.000020
Retention half-time of 1 10 1 10

particles (ratio)

Alveolar surface area (cm?) 2422 634620 2422 634620
Human equivalent 0.17 0.54
concentration (HEC) (mg m ™)

- 135 == 7]7F =9 NOAELrat =+ HEC =4 MWCNT<e} 1
Ao FEQ} AFHS =F A TS &5 27) H¥ JdolA
AAFe] HF-E(retention) Y-S AMFACHIH 3-13] =% 7| &

]
b HES} Abghe] HE Oﬂoﬂow HHH 9 5
stttk Hx FYolA P T EHAEe HENOAELY »=%%)
oM Bt AFHHEC T NOAELratoﬂ =EE)A A o =Sk
(A, D). A% HE T JA9] HHHFS

NOAEL®] =% ® HES}H Atgho] x=%H HEC Ato]olA Hlﬂﬁ
AL ol BARHJTHC, F). J¥ FA4Y Ba IR e
HEN AT Abgho A o SSItk(B, E).



MWCNT Graphene

— Fat_NOAEL
eemenn Human_Light exercise_HEC
o UM aA_Light exercSe_NOAEL

Alveolar Mass Retained (ng)
Alveolar Mass Retained (ng)

S — Ft_NOAEL
sssssss Human_Light exercise_HEC
- Human_Light exercise_NOAEL

Retained mass per surface area (ng.’cm2]
\
1
\
\
\
\
\
]
) Retained mass per surface area (ng/er’)

Retained mass per alveolus (nglalv)
- \
: .
\
1
P
Retaired mass per alveolus (ng/aly

Exposure days Exposure days

n patterns of inhaled particles in the lung alveolar region over time after exposure to MWCNTs and graphene in re
ht exercise conditions). Total retained mass in the total alveolar region (A, D), per lung surface area (B, E), and per alveo

[O8 3-13] HEL} AHE HOoiA MWCNTSF Jaimo) £ 8§ ¥
AlZto] X|gol et ol HE X|QoA ZE Xt H.&(retention)
HEOHHE &F THOIA)

T HE 9(A, D), # 294 BB, B Ax@v) 3HC F) T B A

- 534 24 (UFs)E HECe| #-&38te A%+ OELS vt} 2o
=Rk UFE 2 #bo|(rats to human)ol] thal 3, A& 7]7Hsubchronic

to chronic)ol| thal 2, =&AF 7+ 7 7HA] WHolo| thaj A+ 5o]t}.
- wehA, OEL2 MWCNT<e 79 6Mg/m3, el AL 18,ug/m3?l
Aow FAEAY
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(2) Pauluhn J et al. MWCNTol w3t &

PEN A9 13 F FY AFA] & MWCNT] 49 098me/m*<t

g A9 302me/m®e] NOAELS MPPD Rd€lo] #&3to] &
Eo} Atgte] # HE goolA v Yo M BIPS FE F9

o olwhy 13% 9 =

E
= 54 2de dAFE 727 okd A Tz R

&l AAE. Toxicol Sci. 2010;113(1):226-242.

7H

QoF olibA 13F &9 dTE Wistar AES MWCNT(Baytubes)
of v5 w=E3tdt AT 2d2 #H<e LALNIA 2] MWCNT

0.4, 1.5, 6mg/m’°l =ZEA AT 33
oAl HelX MWCNTS &AsA A
LALNC. 29 A& 15 9 6mg/m’olA EAsa, Holx
13F Fob w=FFHojoF k. o]#d w=F FFolA Het
LALN FA7} 24 Z718 k. BAL 98 8 &5 H(PMN)2F 7}
g4 ZatA e AEH A5 04mg/m’olA HAE AT A
¥ 5E7IS R EA A 04mg/m® EE T ol =F A
= .

A ety #d ¥is Yehdlt. Solsd Waket 7|dA
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2. H=—=S&T0 chet SS4E H1t

Ux=2 % aluminium oxide, silver nanoparticles, iron nanoparticles,
titanium dioxide, cerium oxide, zinc oxide, silicon dioxide, polystyrene,

dendrimers, nanoclays ## &U54 sEATHS AT F 5028 =

F AR% 2502 14 A4S a9, 4R ENS] AFHo Ny
=S 7 BAHE BRSI%T HEC F4< S8 glez 42 Ayt
NOAELo|vt LOAEL gholgldl, 2 oty FU54 AFeld olF A3
I AT
<H 3-6> ULESEZO Ot TES&y it
Hs =2 M= e ks
1 aluminum oxide 14 0
2 silver nanoparticles 47 2
3 iron nanoparticles 18 0
4 titanium dioxide 133 1
5 cerium oxide 40 2
6 zinc oxide 49 1
7 silicon dioxide 183 2
8 polystyrene 14 0
9 dendrimers 4 0
10 nanoclays 0 0
S 502 8
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(1) Anderson 5 (2015)

7H

LH)

A& HE] FHoA dojrEst ®H SungAte] A &4
AAN gk A 271 FEF

Qok REC MRTFOoR 77t 72, 54mg/m’e] o] ZE
5647 =26 AZD) 9a 29 A= e a7 Lyxg
ZHAgNP, 20 110 nm)e] A&EA T AAS AT A
A7)e] BAGlo] AgNPE F2 Axe 712y #AHd #H9
Z1BA/HAEd A F99 FIAE de FeE A 20
nm¢ 110 nm AgNPE EF FYstd EF =% 569 ¥ ¥
oA Lo] H&EH I E4A H RO uugs}ﬂguq, gk A 7] A
HER JEFolM 20 F4

AgNP+= BALF th2a A EoA o & HFHS AT

i)
32
g
ny
rlo
A
>
r (o]
(\)
o
=)
=)

(2) Song % (2013)

7h)

)

A& Sprague Dawley FHEONAM Sux=gxt =52 Q13 ¥
A5 #H7ls WIEFE IE
Qok WME 12577 S dAlel] =3 F 38 tste] 2A}

stelvh. 2% HEe 27F 1.0 10°'nm>em? 25 * 10°nm*/cm’,
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Titanium dioxide= 2010 IARCAlA < 75 (possible)©] 1= group
2BE Eetal vk O AR AeM s FAARE SAE HoAW =
oA FEI TAHE Hol7] Yo AASAULE B FEAFHATE 2010
W ool e Qlty. 53] Chen 520062 #o d52 =284 ¥
AR vp$-2o] gkl 100 mg/mouseS AAEF o YE] thete] FAD

NOAEL #2125 mg/rat (¢F 0.3 mg/kgol dldshH<S AAsII T shAwE A+
A olF AAY FYFER M7= offg A A FAYT S

YA = eekrhal 713kl

i Atee didem OFLOHHL A3} ddsto] vigl 24 SollA

-
Aty AIE HolA &= &al e dsoltkle et al, 2018). AEE Hlfo=
ok ot A 54 Ao A= NOAEL > 1000 mg/kg bw/€ & w9 @
=4 JFS AT HWarheit et al., 2015).

3) cerium oxide #H FTUA=ZSAHAT

(1) Tentschert & (2020)
7hH A 2d AXE wF AT A FYE HieAlE] ok nanoseria) 2]
A7) Fe 27 Be AEAR?

) 2ok A Wistar AEE ddoR & Y AN FY 47

o]t} 1045 %<oF 0, 0.1, 0.3, 1.0, 3.0mg/m>] L}wﬂao}oﬂ
=

2

wEI 240Y = F F A 2 dl2E FReIA Y
A e
gtk 4 2 wd aFAA 1AL F AN §49
39 5 1297 dzAn 2h22 A 37w 24
oq BAFAY. 24T heAole] FEe o > 9=
> A7 > > wolA Aasgivh el ) Rue we
%48 na
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(2) Schwotzer 5 (2017)
7H A& HAEAdA AstAEH AhbE Y=g Ao gk 90

=3 o = A o o
3 24ge A w=E F ALY FrhsE AxH GFol
o A ol Ze Aol A3 53

Tt cerium oxide ¥ A= ofvhAd FAHAAT #wk ofye} wHA

ATE FaHUT B HEE dom Fgstdon F A+

A NOAEL #2922 10mg/m>& Ak itk ol FA FALSE o] AAE

o]+ Tentschert 5(2020)3} Schwotzer 5(2017)°A] AF&3F cerium oxide”}

g EANM-212) 7] wiolt}. g5l QAxts7tse FA4e st sl
7P Aee Ane Y
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4) zinc oxide ¥¥ TY=EAA

(1) Morimoto & (2016)

7H AlE FL 713 W Y F A ofd YA ¥ 54
7}

) seok W 545 2AREY] g6l F3d HES

71 W FhelE 35 nmel ZnO Y= A 0.2, 1.0mg/m’*S
T FY d7E HAEE FI¥ ZnO U= PR, 10
mg/m*)el 45 FHOA/Y, 5 A/F) =F AR =F TR
T 39, B, 370l 24380 713 W ) Al A 02,
1.0 mg ZnO 1 E5F BALF, AtolE7R] #% S5 318
fAA(CINC)-1, CINC-2, AT FANA F HES} ©
T F7F dAAeR SUHEE &Y dTelM BALFS F
AEe 3% ¢, CINC-1, CINC-29} HO-19] dAH =
77F s 2ol BEEAL Zn0 v Gl thE A

T o= A% HES Ho AHAR] TS HolA &tk
T3 zinc oxide #& <A 4 B FHEHNeH mE F5 AW 3
MNE7HA B2-s stk He] G s A5 04 FES Felsiltt

HEC #4& feixe 37 47k 2838t} @9 Sprague-Dawley HEE
Ao R 3 135 AT =4 dFdAE 2684 mgkg/dayE F4 5 QA THKIm
et al, 2017). zinc oxidet™ At AptAol] AFEE AL Qlo] o4 L& 7|RES
2 3 SEDE 0.6 mg/kg/day= 574 = Atk
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5) silicon dioxide &8 FUY=H AT

(1) Yang & (2016)
7H A& gAAEE 73 U TS FeE vAE Aga ey

(o3

Aol o8] fEE Sash A4 @Fol ol

W) fek Aelst U IAHSINP)IE the olsh Rokd A 71 9
uhx]

29

o AHgHE B F shtolv, mepd A

2713 Wl 9 HEOA vggd Av]Y nAB8E A
Ui 4ake] d3 54
oF: 3709l A7t Y= 430, 60, 90 nm)<} 1742 A7}
Al 92600 nm)E 2, 5, 10(mg/kg bw)e] 33] &#Fo 2 o]
ol & WHH F 163 71# Wl FAFAT. 5 10 mg/kg bw
ol A &4 AFROS) Fwo] EUoem A5 #Hd C ¥vhgA
Gl A (CRP) 9} Aol E7FQIAL-1B, IL-6, TNF-a)9] 35 s%=7}
10 mg/kg bwellAl F7tetAth & AFE FalA 2HG7I=
AEH 548 AASHATH

sk silicon dioxide #A3NA = 713 W 4 AT A7 45 9

o

FRE T obFY ATl AHEHE HAE gy A7



A Y FA4Y A E]9'}(Syr1thet1c amorphous silica)®] 2Fd5A AF=E
Wistar #Eo| (3, gavage) T3t NOAELS 1,000 mg/kg/day S
3 tHHofmann et al., 2015). °o]& & ZATFEA AFoA®= dx35+9

6) 1H}ell nanoparticles

BRnAolA H471%0] LHAE LA NOAEL o AFsige £

S TAoR .1—_’_%16]'/\}\1;}-

Iron nanoparticles®} #@ 3= Park 5 (2017)oA AASAHS H7
TR AA FR wke-2of A 13] 713 U] FYOE 1, 2, 4 mg/kgS FHY3IAL
Hﬂé 913’— EHH A 2nkele] M B w27 4 mg/kg &l FAT
A 23 MHC class I #4198 28 S717F WA 318kofA]
o e &S AL gz FYsaL, 53] GHlelA
dolsta Asela Wstyl HRAEA o] & EtE FeNPo| A

213 dhd-m Aol gk NOAEL2 2 mg/kg Rt o WS = thar A|AsHSTh

ol
e
aw

Polystyrene 2413% XA FHsHA A5 ¢
ow Al W Aol FH=gol AL HEH A
A7F AAJT w3 QAF e HEE gt oR L2
1 mg/kg bw/day”’} 35 o] AtHGelbke et al., 2019). 7] =l A Abgrol| A
o wE FEL HEH O 90-120 me/person/day WA Z A=
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3. LI=&dF9| HEC #F0l MPPD ZEe| XHEIIsd B}

ok Aelsk NOAELY LOAEL #=2 AASH 543 AyE ngog
52 HE ¥ HEC FA4o] 7FedkA H7Fskth Cerium oxided] 7%
T MY AFelA NOAEL FH kol f-AFsted HEC FA40o] 7Fsd Aoz A}

F¥ T} Titanium dioxide= 7% |1 IARC ~°ﬂ A group 2BE 1AL Q)
AL, 2011del= NIOSHOlA A4 =% 7S AlAskaL dslth wAIYgAt
0.

d 4$ 24mg/m’olH W=dAte] A4 Smghn<ﬂ;1ﬂch4

SAT T heBAEAAE Rl 2 AolE Holt F¢E I
2} ]

<H 3-12> ULESEZ9 HEC F%o| MPPD D9 X8 Il5%

HS =2 H&gsIs4d
1 aluminum oxide -
2 silver nanoparticles X
3 iron nanoparticles -
4 titanium dioxide O
5 cerium oxide O
6 zinc oxide A
7 silicon dioxide A
8 polystyrene -
9 dendrimers -
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Abstract

Estimation of human equivalent concentration of nanoparticles
using Multiple—path particle dosimetry model

Objectives :

The Multiple-path particle dosimetry model (MPPD) is a computation
model mainly used to estimate the lung deposition fraction in humans
and experimental animals. It is possible to calculate the clearance rate as
well as deposition in recent version. Studies are underway to define
exposure limit and health effects of nanomaterials internationally, but
there are not enough studies to conclude. However, it is believed that
human equivalent concentration (HEC) can be estimated using the
MPPD model, because the major exposure route of nanomaterials is

inhalation.

Methods and Results :

The installation and basic usage of the MPPD model that calculate
lung deposition fraction and clearance rate was confirmed through a
manual. MPPD model is an open-source program and anyone can use
this model by installing the program. It was confirmed than HEC can be
estimated by using the no observed adverse effect level (NOAEL) along

with deposition and clearance rate in the existing literature. In the study
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by Lee et al. (2019), not only HEC but also occupational exposure limit
(OEL) were derived based on the results of 13 weeks inhalation study.
Research papers on in vivo inhalation toxicity of nanomaterials were

reviewed, and papers with NOAELs were selected.

Conclusion :
This study can be used as basic data for the selection of exposure
limits to prevent disease and maintain health of workers in the

nanomaterial industry.

Keywords :
Multiple-path particle dosimetry model, Nanoparticle, Human equivalent

concentration, inhalation toxicity, no observed adverse effect level
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