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Supplemental Method 

Drug Deposition Model. The regional dose exposure for each respiratory tract region was 

calculated by multiplying the regional deposition efficiency (DE, dimensionless; sometimes 

referred to as deposition fraction, DF) with the overall OI dose (Eq. 1) 

Doseregion = DEregion × OI dose                                                                                                       (1) 

During both the inhalation (inh) and exhalation (exh) cycles, each region acts as a filter (N=7 

for the OI route) of the drug particles/droplets that flow through the region. The total and 

regional DE in the extrathoracic (ET2, oral passage), bronchial (BB), bronchiolar (bb), and 

alveolar (AL) regions were calculated by adding the DE in each filter during inh and exh 

cycle (Eqs. 2-7). 

DEET2 = DE1,inh + DE7,exh                                                                                                                  (2) 

DEBB = DE2,inh + DE6,exh                                                                                                                   (3) 

DEbb = DE3,inh + DE5,exh                                                                                                                    (4) 

 DEAL = DE4,inh and exh                                                                                                                         (5) 

DEtotal = DEET2 + DEBB + DEbb + DEAL                                                                                       (6) 

fexhaled = 1 −  DEtotal                                                                                                                          (7) 

where fexhaled is fraction exhaled. 

The DE of each filter was calculated using the ICRP 66 deposition model (Eq. 8) as follows. 

DEj = DEj−1 ∙  ηj ∙  ξj ∙ �
1
ηj−1

− 1� ,   for j = 1 to 7                                                                       (8) 

where, j denotes the number of filters connected in series. ηj is the total filtration efficiency 

(dimensionless) of the jth filter, i.e. the fraction of drug particles that enter and are deposited 

in the filter. ξj is a dimensionless factor that accounts for the different air volumes that pass 

through the filter. 

The ηj for each filter was calculated using Eq. 9 as described below. 

ηj = �ηae,j
2 +  ηth,j

2 �1/2                                                                                                                          (9) 

where, ηae,j and ηth,j denote the aerodynamic (accounting for impaction and gravitational 

settling) and thermodynamic (accounting for particle diffusion by Brownian motion) filtration 

efficiencies (dimensionless), respectively and calculated as indicated in Tables S1 and S2. 

ξj for each filter was calculated using Eq. 10 as described below. 
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ξj =
ϕj
ϕj−1

                                                                                                                                               (10) 

where ϕj is the volumetric fraction (dimensionless) calculated by the cumulative volume of 

the preceding filters as indicated in Table S3. 

To determine DE for the first filter (DE1), prefiltration efficiency (η0) at an imaginary prefilter 

(this filter reflects the potential loss of particles/droplets before entering the mouth) was 

calculated using Eq. 11. 

η0 = (1 − ηI)                                                                                                                                        (11) 

where ηI is defined as inhalability (Eq. 12), defined as the fraction of drug particles in 

ambient air that enter the mouth before inhalation. 

ηI = 1 − 0.5 (1 − [7.6 × 10−4 dae2.8 + 1]−1) + 1.0 × 10−5 U2.75exp (0.055 ∙ dae)           (12) 

where dae stands for aerodynamic diameter (µm), which is defined as the “diameter of unit 

density (1 g/mL) sphere that has same terminal settling velocity in air as the particle of 

interest”, and U denotes windspeed (m/s), which is defined as the rate at which air enters the 

respiratory tract via the mouth passage. 

In order to calculate ηth, thermodynamic diameter (dth (µm) is defined as “diameter of a 

spherical particle that has the same diffusion coefficient (D; Eq. 15) in air as the particle of 

interest”) was determined using Eq. 13. 

dth = dae ∙ �
χ ∙ ρ0
ρ 

 ∙  
C(dae)
C(dth) 

                                                                                                         (13)    

where, ρ0 and ρ are the unit density (1 g/mL) and drug density (g/mL), respectively; χ is the 

particle shape factor (dimensionless); C(dae) or C(dth) is dimensionless slip correction factor 

for dae and dth (Eq. 12), which is defined as "particle slip caused by the relative velocity of gas 

molecules at the particle surface".   

C(d) = 1 +
λ
d 
∙ �2.514 + 0.800 exp �−0.55 ∙

d
λ 
��                                                                   (14)   

where, λ (µm) is a mean free path of the air molecules at 37oC, 100% relative humidity and 

76 cm Hg atmospheric pressure. d is a diameter (dae or dth).  Convergence of Eq. 13 and 14 

was achieved by using the initial setting such as dth = dae ∙ �χ ρ⁄    . 

 

D =
kB ∙  T ∙  C(dth)
3 ∙ π ∙ μair ∙ dth

                                                                                                        (15) 
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where, kB is the Boltzmann constant, T is the absolute body temperature in Kelvin and μair is 

the viscosity of air. 

The hygroscopic growth of aerosol was integrated using Eq. 16 and 17, and the resulting 

new values of dae,j and Dj in each regional filter j were substituted for the dae and D in Tables 

S1 and S2. 

dae,j = dae,∞ − �dae,∞ − dae,0�  ∙  �exp �
− �10 ∙  tr,j�

0.55

dae,0
��

0.6

                                           (16)    

Dj = D 0 −  �
dae,j − dae,0

dae,∞ − dae
� ∙ (D 0 − D ∞)                                                                                  (17)    

where tr,j is the residence time in regional filter j (Eqs. 20-23); dae,0 and D 0 are the initial 

values of dae and D; dae,∞ and D ∞ are the equilibrium values of dae and D, respectively, as 

determined by hygroscopic growth factor (fhyg, this is generally between 2-4-fold at 

equilibrium) using Eq. 16 and 17. 

dae,∞ =  dae,0 ∙  fhyg                                                                                                                             (18)  

D ∞ =  D 0 fhyg⁄                                                                                                                                   (19) 

Residence time in second (s) for ET2, BB, bb and AL was calculated using Eqs. 20-23 

considering the regional (n) dead space volume (VD,n), tidal or inhalation volume (V), 

volumetric or inhalation flow rate (Q) and functional residual capacity (FRC). 

tr,ET2 = 0.1                                                                                                                                          (20) 

tr,BB =
VD,BB

Q
∙   �1 +

0.5 ∙ V
FRC

�                                                                                                          (21) 

tr,bb =
VD,bb

Q
∙   �1 +

0.5 ∙ V
FRC

�                                                                                                            (22) 

tr,AL =
V − VD,ET − �VD,BB + VD,bb� ∙   �1 + V

FRC� 
Q

                                                                  (23) 

Drug Absorption Model. The mass balance equations for the regional respiratory 

absorption, lymphatic and systemic model are shown below. 

ELF or Airway Liquid Compartment. The mass balance in the ELF compartment can be 

described using the following differential equation Eq. 24 and 25. 

dAud,n
dt

= kt,n+1 ∙ Aud,n+1 − kt,n ∙ Aun,n − Kdis,n ∙ Aud,n ∙ �Cs,n − Cudis,n�                               (24)  
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dCdis,n
dt

= 1
VF,n

∙ �kt,n+1 ∙ Adis,n+1 ∙ VF,n − kt,n ∙ Adis,n ∙ VF,n  +  Kdis,n ∙ Aud,n ∙ �Cs,n − Cudis,n�  −

kdeg,n ∙ Cudis,n ∙ VF,n − PSn ∙ �Cudis,n ∙  fuiF,n − CuE,n ∙  fuiE,n� − CLinf,F−E ∙ Cudis,n +

CLeff,E−F ∙ CuE,n�                                                                                                                    (25)  

where Aud,n is the undissolved drug amount in the nth ELF compartment of the respiratory 

tract; kt,n represent the transit rate constants in the nth compartment; Kdis,n represents the 

dissolution rate constant of the undissolved drug amount in the nth compartment (Eq. 26); 

Cs,n is drug solubility in the nth compartment; VF,n represent the ELF volume of the nth 

compartment; Cudis,n denotes the unbound dissolved drug concentration in the nth ELF 

compartment; subscript F, E and n denote ELF compartment, epithelial compartment and 

region of the respiratory compartment, respectively; kdeg,n is the first-order degradation rate 

constant in the nth ELF compartment; fui denote fraction of unionized drug; PS, permeability-

surface area product; CLinf,F-E, active influx transporter-mediated drug clearance from ELF to 

epithelial direction; CLeff,E-F, active efflux transporter-mediated drug clearance from epithelial 

to ELF direction.   

Dissolution rate constant. Kdis,n or z-factor was determined by Hintz - Johnson model (Hintz 

and Johnson, 1989) as shown in Eq. 26. 

Kdis,n =
3 ∙  D  
ρ ∙ r ∙ h

                                                                           (26) 

where r is the particle radius (r = de/2; de is equivalent volume diameter and was calculated 

from dae (Eq. 27)); h is the diffusion layer thickness (h = r if r < 30 µm, otherwise h = 30 µm); 

D was calculated using Eq. 15 considering the viscosity of simulated lung lining fluid. 

de = dae ∙ �
χ ∙ ρ0
ρ 

 ∙  
C(dae)
C(de) 

                                                    (27)    

where de was converged as described in Eq. 13 and 14 and C(de) was calculated according 

to Eq. 14.  

Fraction of unionized drug. fui values for the ELF, epithelial, subepithelial, and blood 

compartments of the regional respiratory tract were determined by the Henderson-

Hasselbalch equation (Po and Senozan, 2001) using pH value of the regional compartment 

and drug acid dissociation constant (pKa) data (Eqs. 28-33). 

fui = 1 for neutral drug                                                                                                                   (28) 

fui = 1 [1 + (10pH−pKa)]⁄ for monoprotic acid drug                                                            (29)    

fui = 1 [1 + (10pH−pKa1 +  102 ∙ pH− pKa1− pKa2)]⁄ for diprotic acid (pKa1 < pKa2)    (30)    
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fui = 1 [1 + (10pKa−pH)]⁄ for monoprotic base drug                                                           (31)    

fui = 1 [1 + (10pKa2−pH +  10pKa1+pKa2−2 ∙ pH)]⁄ for diprotic base (pKa1 < pKa2)     (32)    

fui = 1 [1 + (10pKa,base−pH +  10pH−pKa,acid)]⁄ for zwitterion drug                                 (33)    

Fraction of unbound drug. If experimental fu values are not available, fu for the epithelial and 

subepithelial compartments of the regional respiratory tract was calculated using the fraction 

unbound in plasma (fuplasma), the tissue to plasma partition coefficient (Kptissue-pls; Eq. 35) and 

the interstitial to plasma partition coefficient (Kpint-pls; Eqs. 36 and 38) (Schmitt et al., 2008). 

Lung includes the BB, bb and AL regions. The tissue composition of the ET2 region was 

assumed to be the same as lung, so the Kp of the ET2 region was identical to the lung 

tissue.  

fuF,n = 1                                                                                                                                                  (34) 

fuE,n = fuplasma Kptissue−pls ⁄                                                                                                           (35) 

fuS,n = fuplasma Kpint−pls⁄                                                                                                                (36) 

fuB,n = fuplasma BP⁄                                                                                                                          (37)  

Kpint−pls = (fwater,int + protein ratio ∙ (1/(fuplasma − fwater,plasma)))  ∙ fuplasma       (38)  

Membrane permeability. Apical epithelial membrane permeability or the permeability surface 

area product (PS) between ELF and epithelial compartment was calculated for each region 

using the apparent permeability (Papp, calu-3) obtained from the in vitro bronchial epithelial calu-

3 model and the surface area (SA) of each respiratory tract region (Eq. 39).  To calculate 

regional Papp (Eq. 40), Papp, calu-3 was then corrected by regional membrane thickness scalar 

(RT) through thickness, hmem, of the epithelial compartments of BB region and other regions 

of the respiratory tract (Eq. 41). For the purpose of making the model more general, we used 

the linear regression model (Eq. 42, R2 =0.93) for Papp, calu-3 developed by Brillault and 

colleagues (Brillault et al., 2010). This model (Eq. 42) is based on in vitro Papp, calu-3 of 

fluoroquinolones compounds in the presence of a P-glycoprotein (P-gp) inhibitor such as 

valspodar (PSC-833) and the partition coefficients between octanol and a pH 7.4 buffered 

solution (logD). 

PSn = Papp,n ∙ SAn                                                                                                                              (39)    

Papp,n = RTn ∙ Papp,calu−3                                                                                                                 (40)    

RTn =
hmem,BB

hmem,n
                                                                                                                                  (41)    

Papp,calu−3 (10−6 cm s⁄ ) = 6.1 ∙ logD + 7.5                                                                               (42)    
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Epithelial or Intracellular Compartment. The mass balance in the epithelial compartment 

can be described using the following differential Eq. 43. 

dCE,n
dt

= 1
VE,n

∙ �PSn ∙ �Cudis,n ∙  fuiF,n − CuE,n ∙  fuiE,n� + CLinf,F−E ∙ Cudis,n − CLeff,E−F ∙ CuE,n − PSn ∙

�CuE,n ∙  fuiE,n − CuS,n ∙  fuiS,n� + CLinf,S−E ∙ CuS,n − CLeff,E−S ∙ CuE,n − CLint,met,n ∙

CuE,n −  �kon,n ∙ CuE,n ∙ FA − koff,n ∙ Cconj,E,n� ∙ VE,n �                                                             (43)  

where V, Cu, and QB denote the volume, unbound drug concentration and blood flow of the 

tissue, respectively. PS and fui are permeability surface area product and fraction of 

unionized drug, respectively. CLint,met is intrinsic clearance of drug mediated by metabolism. 

kon and koff are the second order association and first order dissociation rate constants for 

tissue retention, respectively. Subscript E, S and n denote epithelial compartment, 

subepithelial compartment and region of the respiratory compartment, respectively. CLinf,F-E, 

active influx transporter-mediated drug clearance from ELF to epithelial direction; CLeff,E-F, 

active efflux transporter-mediated drug clearance from epithelial to ELF direction; CLinf,S-E, 

active influx transporter-mediated drug clearance from subepithelial to epithelial direction; 

CLeff,E-S, active efflux transporter-mediated drug clearance from epithelial to subepithelial 

direction; FA, fatty acid concentration.    

Subepithelial or Interstitial Compartment. The mass balance in subepithelial 

compartment can be described using the following differential Eq. 44. 

dCS,n
dt

= 1
VS,n

∙ �PSn ∙ �CuE,n ∙  fuiE,n − CuS,n ∙  fuiS,n� − PSn ∙ �CuS,n ∙  fuiS,n − CuB,n ∙  fuiB,n� −

CLinf,E−S ∙ CuS,n +  CLeff,S−E ∙ CuE,n + QL,n ∙ CuS,n�                                                                     (44)  

where V, Cu, QB and QL denote the volume, unbound drug concentration, blood flow and 

lymph flow of the tissue, respectively. PS and fui are permeability surface area product and 

fraction of unionized drug, respectively. Subscript E, S and n denote epithelial compartment, 

subepithelial compartment and region of the respiratory compartment, respectively; CLinf,E-S, 

active influx transporter-mediated drug clearance from epithelial to subepithelial direction; 

CLeff,S-E, active efflux transporter-mediated drug clearance from subepithelial to epithelial 

direction. 

Blood or Vascular Compartment. The mass balance in the blood compartment of ET2, BB 

and bb regions can be described using the following differential Eq. 45. 

dCB,n
dt

= 1
VB,n

∙ �PSn ∙ �CuS,n ∙  fuiS,n − CuB,n ∙  fuiB,n� + QB,n ∙ Cab,n − �QB,n − QL,n� ∙ CB,n�            (45)  

The mass balance in the blood compartment of AL region can be described using the 

following differential Eq. 46. 
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dCB,AL
dt

= 1
VB,AL

∙ �PSAL ∙ �CuS,AL ∙  fuiS,AL − CuB,AL ∙  fuiB,AL� + QB,AL ∙ Cvb − �QB,AL − QL,AL� ∙

CB,AL�                                                                                                                                             (46)  

where V, Cu, QB and QL denote the volume, unbound drug concentration, blood flow and 

lymph flow of the tissue, respectively. PS and fui are permeability surface area product and 

fraction of unionized drug, respectively. Subscript S and B denote subepithelial compartment 

and blood compartment, respectively. 

Lymph node compartment (LN). The mass balance in the lymph node compartment of AL 

region can be described using the following differential Eq. 47. 

dCLN
dt

= 1
VLN

∙ [QL,ET2 ∙ CS,ET2 + QL,BB ∙ CS,BB + QL,bb ∙ CS,bb +  QL,AL ∙ CS,AL − QL,LN ∙ CLN ]   (47)  

where V, C and QL denote the volume, concentration and lymph flow of the tissue, 

respectively. LN, ET2, BB, bb, AL, S and B denote the lymph node, extrathoracic (oral 

passage), bronchial, bronchiolar, alveolar, subepithelial and blood, respectively. 

Whole-body PBPK model. The mass balance equations for the whole-body PBPK model 

are shown below (Eqs. 48-54). 

Arterial blood compartment (ab).  

dCab
dt

= 1
Vab

∙ ��QB,AL − QL,AL� ∙ CB,AL −  QB,ET2 ∙ Cab − QB,BB ∙ Cab − QB,bb ∙ Cab − QB,adipose ∙ Cab −

QB,bone ∙ Cab − QB,brain ∙ Cab − QB,heart ∙ Cab − QB,kidney ∙ Cab − QB,muscle ∙ Cab −

QB,skin ∙ Cab − �QB,liver − QB,gut − QB,spleen − QB,pancreas� ∙ Cab − QB,gut ∙ Cab −

QB,spleen ∙ Cab − QB,pancreas ∙ Cab�                                                                                 (48)  

where V, C, QB and QL denote the volume, concentration, blood flow and lymph flow of the 

tissue, respectively. ab, ET2, BB, bb, and AL denote the arterial blood, extrathoracic (oral 

passage), bronchial, bronchiolar, and alveolar, respectively. 

Venous blood compartment (vb). 

dCvb
dt

= 1
Vvb

∙ ��QB,ET − QL,ET� ∙ CB,ET + �QBB − QL,BB� ∙ CB,BB + �Qbb − QL,bb� ∙ CB,bb − QB,AL ∙

Cvb + QL,LN ∙ CLN + QB,adipose ∙
Cadipose

Kpadipose BP⁄ + QB,bone ∙
Cbone

Kpbone BP⁄ + QB,brain ∙

Cbrain
Kpbrain BP⁄ + QB,heart ∙

Cheart
Kpheart BP⁄ + QB,kidney ∙

Ckidney
Kpkidney BP⁄ + QB,muscle ∙

Cmuscle
Kpmuscle BP⁄ + QB,skin ∙

Cskin
Kpskin BP⁄ + QB,liver ∙

Cliver
Kpliver BP⁄ − CLrenal ∙ fuB ∙ Cvb +

QB,forearm ∙ Cforearm �                                                                                                     (49)  
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where V, C, QB and QL denote the volume, concentration, blood flow and lymph flow of the 

tissue, respectively. Cvb denotes the venous blood concentration, Kp denotes the tissue-to-

plasma partition coefficient of the tissue, and fuB denotes the fraction unbound in blood. ET2, 

BB, bb, and AL denote the extrathoracic (oral passage), bronchial, bronchiolar, and alveolar, 

respectively. 

Non-eliminating tissue. 

dCtissue
dt

=  
1

Vtissue
∙ �QB,tissue ∙ �Cab −

Ctissue
Kptissue BP⁄ ��                                                                             (50) 

where Vtissue, Ctissue, and QB,tissue denote the volume, concentration, and blood flow of the 

tissue, respectively. Cab, Kptissue, and BP denote the arterial blood concentration, tissue-to-

plasma partition coefficient, and blood-to-plasma concentration ratio, respectively. 

Eliminating tissue (liver). 

dCliver,B
dt

= 1
Vliver

∙  ��QB,liver − QB,gut − QB,spleen − QB,pancreas� ∙ Cab  +  QB,gut ∙
Cgut

Kpgut BP⁄ + Qspleen ∙

Cspleen
Kpspleen BP⁄ + QB,pancreas ∙

Cpancreas
Kppancreas BP⁄ − QB,liver ∙ Cliver,B − PSB−IS or IS−B ∙

�Culiver,B ∙ fuiliver,B − Culiver,IS ∙ fuiliver,IS��                                                        (51)  

 

dCliver,IS
dt

= 1
Vliver,IS

∙  �PSB−IS or IS−B  ∙ �Culiver,B ∙ fuiliver,B − Culiver,IS ∙ fuiliver,IS� + PSIS−IC or IC−IS  ∙

�Culiver,IC ∙ fuiliver,IC − Culiver,IS ∙ fuiliver,IS� − CLinf,IS−IC ∙ Culiver,IS +

 CLeff,IC−IS ∙ Culiver,IC �                                                                                                 (52)  

 

dCliver,IC
dt

= 1
Vliver,IC

∙  �PSIS−IC or IC−IS  ∙ �Culiver,IS ∙ fuiliver,IS − Culiver,IC ∙ fuiliver,IC� + CLinf,IS−IC ∙

Culiver,IS −  CLeff,IC−IS ∙ Culiver,IC − CLint,H ∙ Culiver,IC �                                                     (53)  

 

Subscript B, IS and IC denote blood, interstitial and intracellular compartments, respectively. 

where V, Cu and QB denote the volume, unbound drug concentration and blood flow of the 

tissue, respectively. PS and fui are permeability surface area product and fraction of 

unionized drug, respectively. CLinf and CLeff are active influx and efflux transporter-mediated 

drug clearance, respectively. Cab, Kptissue, and BP denote the arterial blood concentration, 

tissue-to-plasma partition coefficient, and blood-to-plasma concentration ratio, respectively. 

CLint,H, denotes the intrinsic hepatic drug metabolic clearance.  
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Forearm (peripheral sampling) compartment. 

dCforearm
dt

=  1
Vforearm

∙  �QB,anastomoses ∙ Cab + QB,forearm muscle ∙
Cforearm muscle
Kpmuscle BP⁄ + QB,forearmskin ∙

Cforearm skin
Kpskin BP⁄ + QB,forearm adipose ∙

Cforearm adipose

Kpadipose BP⁄ − QB,forearm ∙ Cforearm�                (54)  

where V, C, and QB denote the volume, concentration, and blood flow of the tissue, 

respectively. Cab, Kptissue, and BP denote the arterial blood concentration, tissue-to-plasma 

partition coefficient, and blood-to-plasma concentration ratio, respectively. 

In vitro to in vivo extrapolation (IVIVE). Drug metabolizing enzyme or transporter 

(DMET) mediated in vivo intrinsic clearance in reference organ such as the liver 

(CLint,ref organ ; in L/h unit) can be determined by in vitro intrinsic clearance (CLint,in vitro; 

in µL/min/mg subcellular fraction protein or µL/min/number of cells) or by the vitro 

unbound Michaelis-Menten kinetics for the enzyme (maximum enzymatic reaction 

rate (Vmax)/ substrate affinity (Km)) or transporter (maximum transport rate (Jmax)/Km)) 

through IVIVE (Eqs. 55-58). 

 CLint,ref organ = CLint,in vitro × PSF × organ weight × 60 × 10−6                                       (55) 

 CLint,RT =  CLint,ref organ  ×  RART                                                                                                 (56) 

RART  =
Aprotein,RT  

Aprotein,ref organ 
                                                                                                                    (57) 

Aprotein,organ   = Aprotein,subcellular fraction  ×  PSF × Organ weight × 10−6                          (58) 

where PSF is the physiological scaling factor (yield of the subcellular fraction from 

whole organ (in mg subcellular fraction protein/g organ or number of cells/g of 

organ)); organ weight is the subject’s organ weight (in g); ref organ, RT and RA 

denote the reference organ (e.g. liver), respiratory tract regions (ET2, BB, bb and 

AL) and relative protein abundance, respectively; Aprotein,organ is the protein 

abundance of DMET per whole organ (in µmol unit); Aprotein,subcellular is the protein 

abundance of DMET per subcellular fraction of organ (in pmol/mg subcellular fraction 

protein unit); 60 × 10−6 and 10−6 are unit conversion factors to convert the CLint,ref 

organ to L/h and Aprotein,organ  to µmol, respectively.  



11 
 

Supplemental Tables 

Table S1. Algebraic expressions for aerodynamic filtration efficiency in the ICRP 66 

deposition model (ICRP, 1995). 
Aerodynamic filtration efficiency (Ƞae = 1-exp(-aRP)) 

Phase Filter 
(j) 

Region a R P 

Inhalation 
 

1 ET2$ 1.1 • 10-4 dae2 • (Q • SFBB3)0.6 • (V • SFBB2)-0.2 1.4 

2 BB 4.08 • 10-6 dae2 • Q • SFBB2.3 1.152 

3 bb 0.1147 (0.056 + tr,bb1.5) • dae tr,bb^-0.25 1.173 

4 AL 0.146 • SFAL0.98 dae2 • tr,AL 0.6495 
Exhalation 
 

5 bb 0.1147 (0.056 + tr,bb1.5) • dae tr,bb^-0.25 1.173 

6 BB 2.04 • 10-6 dae2 • Q • SFBB2.3 1.152 

7 ET2$ 1.1 • 10-4 dae2 • (Q • SFBB3)0.6 • (V • SFBB2)-0.2 1.4 

a and P are constants and R is a parameter, which is drug- and system-dependent. a, P and 
R were obtained from ICRP 66 deposition model (ICRP, 1995). ET2, extrathoracic (oral 
passage); BB, bronchial; bb, bronchiolar; AL, alveolar; SFBB, scale factor for trachea; SFbb, 
scale factor for bronchiolar; SFAL, scale factor for alveolar; V, tidal or inhalation volume; Q, 
volumetric or inhalation flow rate; tr,bb, residence time for bronchiolar;  tr,AL, residence time for 
alveolar; dae, aerodynamic particle diameter.  
$ Aerodynamic filtration efficiency for ET2 region was calculated as Ƞae = 1-1/(-aRP+1) 
 
Table S2. Algebraic expressions for thermodynamic filtration efficiency in the ICRP 66 

deposition model (ICRP, 1995). 
Thermodynamic regional deposition efficiency (Ƞth = 1-exp(-aRP)) 

Phase Filter 
(j) 

Region a R P 

Inhalation 
 

1 ET2 9 D • (Q • SFBB)-0.25 0.5 

2 BB 22.02 • SFBB
1.24 • Ψth D • tr,BB 0.6391 

3 bb -76.8 + 167 • SFbb
0.65 D • tr,bb 0.5676 

4 AL 170 + 103 • SFAL
2.13 D • tr,AL 0.6101 

Exhalation 
 

5 bb -76.8 + 167 • SFbb
0.65 D • tr,bb 0.5676 

6 BB 22.02 × SFBB
1.24 • Ψth D • tr,BB 0.6391 

7 ET2 9 D • (Q • SFBB)-0.25 0.5 

where a and P are constants and R is a parameter, which is drug- and system-dependent. a, 
P and R were obtained from ICRP 66 deposition model (ICRP, 1995).  ET2, extrathoracic 
(oral passage); BB, bronchial; bb, bronchiolar; AL, alveolar; SFBB, scale factor for trachea; 
SFbb, scale factor for bronchiolar; SFAL, scale factor for alveolar; Q, volumetric or inhalation 
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flow rate; tr,BB, residence time for bronchial; tr,bb, residence time for bronchiolar; tr,AL, residence 
time for alveolar; D, diffusion coefficient; dth, thermodynamic particle diameter. # Ψth is an 
empirical correction factor to allow for enhancement of thermodynamic deposition caused by 
nonlaminar bronchial airflow and calculated Ψth = 1+100 exp[-[log10(100+10/(dth0.9))]2] 
 
Table S3. Algebraic expressions for a volumetric fraction in the ICRP 66 deposition model 

(ICRP, 1995). 

Phase Filter (j) Region Volumetric fraction (ɸj) 

Inhalation 

 

1 ET2 1 

2 BB 1 – (VD,ET2/V) 

3 bb 1 – ((VD,ET2 + VD,BB,p )/V) 

4 AL 1 – ((VD,ET2 + VD,BB,p + VD,bb,p )/V) 
Exhalation 

 
5 bb 1 – ((VD,ET2 + VD,BB,p)/V) 

6 BB 1 – (VD,ET2/V) 

7 ET2 1 

FRC, functional residual capacity; VD, dead space volume; ET2, extrathoracic (oral 
passage); BB, bronchial; bb, bronchiolar; AL, alveolar; V, tidal or inhalation volume. VD,BB,p  
and VD,bb,p were calculated as VD,BB,p = VD,BB × (1 + (V/FRC)) and VD,bb,p = VD,bb × (1 + 
(V/FRC)), respctively. 
 
Table S4. Respiratory tissue-specific input parameters for the OI-PBPK model (ICRP, 1995; 
Patton and Byron, 2007).   
 

Extra-thoracic 
(ET2) 

Bronchial 
(BB) 

Bronchiolar 
(bb) 

Alveolar 
(AL) 

Surface area (SA, cm2) 450 290 2400 1475000 
ELF thickness (um) 15 11 6 0.07 
Epithelial thickness (cm) 50 55 15 0.361 
Subepithelial thickness (cm) 15 500 20 1.86 
ELF volume (mL) 0.68 0.32 1.44 10.33 
Epithelial volume (mL) 2.25 1.60 3.60 276 
Subepithelial volume (mL) 0.68 14.50 4.80 274 
Blood volume (mL) 17.73 11.43 94.57 556.5 
Tissue volume (mL) 2.93 16.1 8.4 550 
Density (g/mL) 1 1 1 1 
Blood flow rate (L/h) 1.63 1.05 8.70 390.00 
Respiratory transit time (h) 0.24 2.4 12 1200 
Respiratory transit rate (1/h) 4.17 0.417 0.083 0.00083 
Lymph flow (L/h) 0.002 0.0001 0.009 0.42 
pH of ELF* 6.6 6.6 6.6 6.6 
pH of epithelial* 6.69 6.69 6.69 6.69 
pH of subepithelial# 7.35 7.35 7.35 7.35 
pH of blood# 7.4 7.4 7.4 7.4 
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1. Volume of ELF, epithelial and subepithelial compartments of each region of the respiratory 
tract were calculated multiplying the SA of the compartment by the thickness of the 
compartment. 
2. Volume of blood compartment of AL region was calculated by multiplying the total blood 
volume (5.3 L for adult male, ICRP Valentin) by the % total blood volume of pulmonary 
tissue (10.5% for adult male, ICRP Valentin).  
3. Volume of blood compartment of BB and bb regions were calculated by multiplying the 
total blood volume (5.3 L for adult male, ICRP Valentin) by the % total blood volume of 
bronchial tissue (2% for adult male, ICRP Valentin) and SABB or bb/SABB+bb.   
4. Blood flow of BB and bb regions were calculated by multiplying cardiac output (390 L/h for 
adult male, ICRP Valentin) by the % cardiac output of bronchial tissue (2.5% for adult male, 
ICRP Valentin) and SABB or bb/SABB+bb.   
5. Blood flow or volume of ET2 region were calculated by multiplying blood flow or volume of 
BB region by the SAET2/SABB due to unavailability of data and SA of ET2 is comparable to 
that of BB region. 
6. Lymph flow of each region was calculated by dividing plasma flow (multiplying blood flow 
of each reagion by 1- hematocrit (0.46)) by 500 (Shah et al., 2012).    
*(Gaohua et al., 2015) 
#(Burton, 2001) 
 
Table S5. Summary of system-dependent parameters for the reference adult male (Valentin, 
2002)*   
 

Organ Volume (L) Blood flow (% of CO) Blood flow 
(L/h) 

Adipose 18.2 5 19.50 
Bone 10.5 5 19.50 
Brain 1.45 12 46.80 
Gut** 1.21 15 58.50 
Heart 0.33 4 15.60 
Kidney 0.31 19 74.10 
Liver 1.8 25.5 99.45 
Hepatic artery  6.5 25.35 
Muscle 29 17 68.25 
Skin 3.3 5 19.50 
Spleen 0.15 3 11.70 
Pancreas 0.14 1 3.90 
Lymph nodes 0.274$ 1.7 6.63 
Blood 5.3   
*Reference values for adult male: 35 years of age, 73 kg of body weight, 176 cm of height 
and 390 L/h of cardiac output (CO). ** Gut combines oesophagus, stomach, small and large 
intestine volumes and flows; gut contents were not included in the gut volume.  
$(Shah et al., 2012) 
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Table S6. Summary of input parameters for the morphine OI-PBPK model.  
Parameter Value/method/model Reference 
Physicochemical and blood binding  
MW (g/mol) 285.34 (Emoto et al., 2017) 

Log Po:w 0.77 (Emoto et al., 2017) 

pKa1, pKa2 9.63, 7.93 (Emoto et al., 2017) 

Compound type Ampholyte  

B/P 1.08 (Emoto et al., 2017) 

fu 0.62 (Emoto et al., 2017) 

Distribution 
Model Full PBPK (Emoto et al., 2017) 

Method Rodgers et al 
Method 2 

(Emoto et al., 2017) 

Organ/tissue Kp 
Adipose 
Bone 
Brain 
Gut 
Heart 
Kidney 
Liver 
Lung 
Muscle 
Skin 
Spleen 
Pancreas 
Kp scalar 

 
1.079 
2.092 
1.517 
7.228 
7.737 
4.187 
12.417 
1.970 
6.597 
3.521 
7.273 
4.771 
1 

(Emoto et al., 2017) 

Elimination 
CLR in L/h  8 (Emoto et al., 2017) 

Organ/tissue 
Pathway: 6MG 
Enzyme 
Vmax (pmol/min/mg protein) 
Km (µM) 
fumic 

Vmax (µmol/h) 
Pathway: 3MG 

Liver 
 
UGT2B7 
1917 
115.8 
1 
6625.15 
 

(Emoto et al., 2017) 
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Enzyme 
Vmax (pmol/min/mg protein) 
Km (µM) 
fumic 

Vmax (µmol/h) 

UGT2B7 
9250 
115.8 
1 
31968 

Transport   

Organ/Tissue 
CLPD,in vitro (mL/min/106 cells) 
CLPD,organ (L/h) 
fuIC 
fuIS 
 
Organ/Tissue 
Transporter 
Location 
Function 
Jmax (pmol/min/106 cells) 
Km (µM) 
fuinc 
RAF/REF 
Jmax (µmol/h) 
Liver: PSF 
HPGL (hepatocellularity /g liver or 106 cells/g 
liver) 
Liver weight (g) 

Liver 
0.003 
32.1 
0.05 
1 
 
Liver 
SLC22A1 (OCT1) 
Sinusoidal 
Influx 
29 
3.4 
1 
5.1 
1584.4 
 
99 
 
1800 

(Emoto et al., 2017) 
 
 
Eq. 35 
Eq. 36 
 
 
 
 
 
 
 
 
 
Eq. 55 
 
(Barter et al., 2007) 
 
Table S5 

Liver: UGT2B7 
AUGT2B7 (pmol/mg microsomal protein) 
A UGT2B7 (µmol/liver tissue) 
Liver: OCT1 
AOCT1 (pmol/mg membrane protein) 
A OCT1 (µmol/liver tissue) 
Liver: PSF 
MMPGL (mg microsomal protein/g liver) 
MMePGL (mg membrane protein/g liver) 
 
Lung: UGT2B7 
AUGT2B7 (pmol/mg microsomal protein)1 

 
75.2 
4.3 
 
4.45 
0.30 
 
32 
37 
 
 
0.15 

 
(Ladumor et al. 2019) 
Eq. 58 
 
 
Eq. 58 
 
(Barter et al., 2007) 
(Prasad et al., 2014) 
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AUGT2B7 (µmol/lung tissue) 
 
 
Lung: OCT1 
AOCT1 (pmol/mg membrane protein)2 
AOCT1 (µmol/lung tissue) 
 
 
Lung: PSF 
MMPGLu (mg microsomal protein/g lung) 
MMePGLu (mg membrane protein/g lung)3 

BB:9E-6 
bb: 5E-6 
AL: 3E-4 
 
0.22 
BB:1E-5 
bb: 7E-6 
AL: 5E-4 
 
3.8 
3.8 

Eq. 58 
 
 
 
(Wang et al. 2015) 
Eq. 58 
 
 
 
(Pacifici et al., 1988) 
(Pacifici et al., 1988) 

MW, molecular weight; Log Po:w, n-octanol/water partition coefficient; pKa, acid dissociation 
constant; B/P, blood/plasma ratio; fu, fraction of unbound drug in the plasma; HSA, human 
serum albumin; Kp, tissue to plasma partition coefficient; Vmax, maximum enzymatic reaction 
rate; Jmax, maximum transport rate; Km, substrate affinity or Michaelis-Menten constant; fumic, 
fraction of unbound drug in the vitro microsomal incubation; fuinc, fraction of unbound drug in 
the vitro incubation; fuIC, fraction of unbound drug in the intracellular compartment; fuIS, 
fraction of unbound drug in the interstitial compartment; CLPD, in vitro, in vitro passive diffusion 
clearance; CLPD,organ, in vivo whole organ passive diffusion clearance; CLR, renal clearance;  
RAF/REF, relative activity factor/relative expression factor; PSF, physiological scaling factor 
(yield of the subcellular fraction from whole organ (in mg subcellular fraction protein/g 
organ)); ADMET is the protein abundance of drug metabolizing enzymes and transporters 
(DMET); UGT, uridine 5'-diphospho-glucuronosyltransferase; OCT, organic cation 
transporter; MMPGL, mg microsomal protein per gram of human liver; MMePGL, mg total 
membrane protein per gram of human liver; MMPGLu, mg microsomal protein per gram of 
human lung; MMePGLu, mg total membrane protein per gram of human lung; HPGL, 
hepatocellularity per gram of human liver. 
1. UGT2B7 protein abundance per subcellular fraction was calculated by multiplying the liver 
subcellular protein abundance by the ratio of lung (BB, bb, and AL) to liver tissue mRNA 
expression (Somers et al., 2007). 
2. OCT1 protein abundance per subcellular fraction was calculated by multiplying the liver 
subcellular protein abundance by the ratio of lung (BB, bb, and AL) to liver tissue transporter 
plasma membrane expression (Ohtsuki et al., 2012; Sakamoto et al, 2013). 
3. MMePGLu was assumed similar to the MMPGLu. 
 
Table S7. Summary of input parameters for the nicotine OI-PBPK model. 
Parameter Value/method/model Reference 
Physicochemical and blood binding  
MW (g/mol) 162.2 (Kovar et al., 2020) 

Log Po:w 1.6 (Kovar et al., 2020) 

pKa1, pKa2 8.1, 3.3 (Kovar et al., 2020) 

Compound type Diprotic base  

B/P 1.03 (Kovar et al., 2020) 

fu 0.951 (Kovar et al., 2020) 

Distribution 
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Model Full PBPK (Kovar et al., 2020) 

Method Rodger et al. (Kovar et al., 2020) 

Organ/tissue Kp 
Adipose 
Bone 
Brain 
Gut 
Heart 
Kidney 
Liver 
Lung 
Muscle 
Skin 
Spleen 
Pancreas 
Kp scalar 

 
0.74 
1.27 
1.89 
2.90 
2.24 
4.15 
3.96 
3.25 
3.05 
1.1* 
2.86 
2.46 
1 

(Kovar et al., 2020) 

Elimination 
Organ/tissue: Liver 
Enzyme 
kcat (1/min) (smokers) 
Km (µM) 
fumic 

Vmax (µmol/h) 
 
Enzyme 
kcat (1/min) (smokers) 
Km (µM) 
fumic 

Vmax (µmol/h) 
 
Unspecified hepatic CL (1/min) 
Unspecified hepatic CL (L/min) 

 
CYP2A6 
10.5 
29.4 
1 
979.8 
 
CYP2B6 
16 
820 
1 
884.7 
 
0.3 
32.4 

(Kovar et al., 2020) 
 
 
 
 
 
 
 
 
 
 
Eq. 55 

CLR in L/h  3.58  

Liver: CYP2A6 
ACYP2A6 (pmol/mg microsomal protein) 
ACYP2A6 (µmol/liver tissue) 
Liver: CYP2B6 

 
27 
1.56 
 

 
 
Eq. 58 
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ACYP2B6 (pmol/mg microsomal protein) 
ACYP2B6 (µmol/liver tissue) 
Liver: PSF 
MMPGL (mg microsomal protein/g liver) 
Liver weight (g) 
 
Lung: CYP2A6 
ACYP2A6 (pmol/mg microsomal protein)1 
ACYP2A6 (µmol/liver tissue) 
 
 
Lung: CYP2B6 
ACYP2B6 (pmol/mg microsomal protein)1 
ACYP2B6 (µmol/lung tissue) 
 
 
Lung: PSF 
MMPGLu (mg microsomal protein/g lung) 

16 
0.92 
 
32 
1800 
 
 
0.11 
BB:7E-6 
bb: 4E-6 
AL: 2E-4 
 
0.16 
BB:1E-5 
bb: 5E-6 
AL: 3E-4 
 
3.8 

 
Eq. 58 
 
(Barter et al., 2007) 
Table S5 
 
 
 
Eq. 58 
 
 
 
 
Eq. 58 
 
 
 
(Pacifici et al., 1988) 

MW, molecular weight; Log Po:w, n-octanol/water partition coefficient; pKa, acid 
dissociation constant; B/P, blood/plasma ratio; fu, fraction of unbound drug in the 
plasma; HSA, human serum albumin; Kp, tissue to plasma partition coefficient; kcat, 
catalytic activity; Vmax, maximum enzymatic reaction rate; Km, Michaelis-Menten constant; 
fumic, fraction of unbound drug in the in vitro microsomal incubation; CLR, renal clearance; 
PSF, physiological scaling factor (yield of the subcellular fraction from whole organ (in 
mg subcellular fraction protein/g organ)); ADME is the protein abundance of drug 
metabolizing enzymes (DME); CYP, cytochromes P450; MMPGL, mg microsomal protein 
per gram of human liver; MMPGLu, mg microsomal protein per gram of human lung.  
*Huang and Isoherranen, 2020. 
1. CYP2A6 and CYP2B6 protein abundance per subcellular fraction were calculated by 
multiplying the liver subcellular protein abundance by the ratio of lung (BB, bb, and AL) to 
liver tissue mRNA expression (Somers et al., 2007). 
 
Table S8. Input and output for predicting the DE of morphine (administered via a 
nebulizer) in each region of the respiratory tract using the ICRP 66 deposition model. 
Input for the ICRP 66 deposition model 
Parameters Values References 
Drug parameters 
MMAD (µm) 
GSD (dimensionless) 
Type 
ρ (g/mL) 

 
2.95 
0 
Monodisperse 
3 

 

(Schuster et al., 1997) 
 
Default (ICRP, 1995) 
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Χ (dimensionless) 
ƞI (dimensionless) 
fhyg (dimensionless) 
DFscalar (dimensionless) 

1.5 
1  
3 
1 

Default (ICRP, 1995) 
Model predicted 
Assumed 
Default  

Breathing parameters 
Breathing route 
Activity type 
Q (mL/s) 
V (mL) 
U (m/s) 

 
Mouth 
Sitting 
1208.33  
500 
1 

 

 
 
(Dershwitz et al., 2000) 
(Dershwitz et al., 2000) 
(Klumpp and Bertelli, 2017) 

Systems parameters 
FRC (mL) 
VD,ET (mL) 
VD,BB (mL) 
VD,bb (mL) 
VD,total (mL) 
SFBB (dimensionless)  
SFbb (dimensionless) 

SFAL (dimensionless) 

 
3301 
50 
49 
47 
146 
1 
1 
1 

 

Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 

Output of the ICRP 66 deposition model 
Region DE DE with fhyg In vivo DE 
ET2 
BB 
bb 
TB (BB+bb) 
AL 
Total 
Exhaled 
TB (central)/AL (peripheral) 

19.2 
16.0 
7.1 
23.2 
10.4 
52.8 
47.2 
2.22 

33.0 
19.5 
8.1 
27.6 
12.3 
72.9 
27.1 

2.24 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation of 
aerodynamic diameter; Q, volumetric or inhalation flow rate; V, tidal or inhalation volume; 
DE, deposition efficiency (%); ET2, extrathoracic (oral passage); BB, bronchial; bb, 
bronchiolar; TB, tracheobronchial; AL, alveolar; fhyg, hygroscopic growth factor; DFscalar, 
empirical scaling factor to scale regional deposition fraction; ρ, drug density; χ, shape 
factor; ƞI, inhalibility.  
 
Table S9. Input and output for predicting the DE of nicotine (administered via cigarette 
smoking) in each region of the respiratory tract using the ICRP 66 deposition model. 
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Input for the ICRP 66 deposition model 
Parameters Values References 
Drug parameters 
MMAD (µm) 
GSD (dimensionless) 
Type 
ρ (g/mL) 
Χ (dimensionless) 
ƞI (dimensionless) 
fhyg (dimensionless) 
DFscalar (dimensionless) 

 
0.4 
0 
Monodisperse 
3 
1.5 
1  
1.7   
1.5 

 

(Schroeter et al., 2001) 
 
 
Default (ICRP, 1995) 
Default (ICRP, 1995) 
Model predicted 
(Schroeter et al., 2001) 
Estimated to recover in vivo 
deposition 

Breathing parameters 
Breathing route 
Activity type 
Q (mL/s) 
 
V (mL) 
U (m/s) 

 
Mouth 
Sitting 
17.5 
 
500 
1 

 

 
 
Calculated using puff volume (35 mL) 
and puff time (2 s) (Kane et al., 2010) 
(Kane et al., 2010) 
(Klumpp and Bertelli, 2017) 

Systems parameters 
FRC (mL) 
VD,ET (mL) 
VD,BB (mL) 
VD,bb (mL) 
VD,total (mL) 
SFBB (dimensionless)  
SFbb (dimensionless) 

SFAL (dimensionless) 

 
3301 
50 
49 
47 
146 
1 
1 
1 

 

Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 
Adult male (ICRP, 1995) 

Output of the ICRP 66 deposition model 
Region DE  DE 

with 
fhyg 

DE with 
fhyg and 
DFscalar  

In vivo 
DE 

ET2 
BB 
bb 
TB (BB + bb) 
AL 

1.0 
2.0 
31.3 
33.3 
21.4 

0.7 
1.3 
41.1 
42.4 
20.8 

1.1 
2.0 
61.7 
63.7 
31.2 

 
 
 
42-63* 
26-35* 
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Total 
Exhaled 
TB (central)/AL 
(peripheral) 

55.7 
44.3 
1.55 

64 
36 
2.04 

96.0 

4.0 
2.04 

86-97# 

MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation of 
aerodynamic diameter; Q, volumetric or inhalation flow rate; VT, tidal or inhalation 
volume; ET2, extrathoracic (oral passage); BB, bronchial; bb, bronchiolar; TB, 
tracheobronchial; AL, alveolar; fhyg, hygroscopic growth factor; DFscalar, empirical scaling 
factor to scale regional deposition fraction; ρ, drug density; χ, shape factor; ƞI, inhalibility; 
DE, deposition efficiency in percent. 
*(Broday and Robinson, 2003), #(Hinds et al., 1983) 
Table S10. Summary of input parameters for morphine and nicotine OI model. 

Parameter Morphine Nicotine Equations 
Kpint-pls 0.74 0.93 Eq. 38 

Papp, calu-3 (cm/s) 4.54E-06 8.62E-06 Eq. 42 

Pscalar 2.4 -  

Thickness factor 
ET2 
BB 
bb 
AL 

 
1.10 
1.00 
3.67 
152.35 

 
1.10 
1.00 
3.67 
152.35 

Eq. 41 

Papp, n (cm/s) 
ET2 
BB 
bb 
AL 

 
4.99E-06  
4.54E-06  
1.66E-05  
6.92E-04 

 
9.48E-06 
8.62E-06 
3.16E-05 
1.31E-03 

Eq. 40 

Pmem or PS (L/h) 
ET2 
BB 
Bb 
AL 

 
1.94E-02 
1.14E-02 
3.46E-01 
8.81E+03 

 
1.54E-02  
9.00E-03  
2.73E-01  
6.97E+03 

Eq. 39 

Regions: ET2, BB, bb 
and AL 
fuiF 
fuiE  
fuiS 

fuiB 

 
 
0.04 
0.06 
0.21 
0.23 

 
 
0.97 
0.96 
0.15 
0.17 

Eqs. 28-33 

Regions: ET2, BB, bb 
and AL 

 
 

 
 

Eqs. 34-37 
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fuF 
fuE  
fuS 
fuB  

1 
0.31 
0.84 
0.57 

1 
0.29 
1 
0.92 

Regions: ET2, BB, bb 
and AL 
CLinf,F-E (L/h) 
CLeff,E-F (L/h) 
CLinf,S-E (L/h) 
CLeff,E-S (L/h) 

 
 
NA 
NA 
NA 
NA 

 
 
NA 
NA 
NA 
NA 

 

Regions: ET2, BB, bb 
and AL 
CLint (L/h) 

 
 
NA 

 
 
NA 

 

 

Regions: ET2, BB, bb 
and AL 
kdeg (1/h) 

 
 
NA 

 
 
NA 

 

 

Regions: ET2, BB, bb 
and AL 
kon (L/mg/h) 
koff (1/h) 

 
 
NA 
NA 

 
 
NA 
NA 

 

 

 
Table S11. Comparison of simulated and observed PK parameters of morphine after IV 
infusion (IV Inf) or oral inhalation (OI; nebulizer)  
Study ID Dosing regimen PK 

parameters 
Simulated Observed Ratio 

Dershwitz et 
al_2000 

IV Inf  
Dose: 8.8 mg 
Duration: 0.16 h 

Cmax 258.0 261.1 0.99 

AUClast 66.8 66.05 0.97 
Dershwitz et 
al_2000 (without 
fhyg) 

OI (dose: 2.2 mg, 
no. of dose: 8; 
interval: 1 min) 

Cmax 76.5 120.3 0.64 

AUClast 37.8 71.8 0.53 
Dershwitz et 
al_2000 
(with fhyg) 

OI (dose: 2.2 mg, 
no. of dose: 8; 
interval: 1 min) 

Cmax 91.8 120.3 0.76 

AUClast 46.5 71.8 0.65 
Dershwitz et 
al_2000 
(with fhyg and 
Pscalar) 

OI (dose: 2.2 mg, 
no. of dose: 8; 
interval: 1 min) 

Cmax 139.4 120.3 1.16 

AUClast 65.3 71.8 0.91 

fhyg, hygroscopic growth factor; Pscalar, permeability scalar, used to scale the epithelial 
apical permeability; Cmax, maximum plasma concentration; AUClast, area under the 
plasma concentration-time curve from 0 to the last measured time point. 
Table S12. Comparison of the simulated and observed PK parameters of nicotine after 
IV infusion.  
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Study ID Dosing regimen PK 
parameters 

Simulated Observed Ratio 

Gourlay and 
Benowitz_1997 

IV Inf  
(4.38 mg) 

Cmax 28.1 28.65 0.98 
AUC0-last 17.5 19.44 0.90 

Benowitz and 
Jacob_1994 

IV Inf  
(60 µg/kg) 

Cmax 27.1 24.06 1.13 
AUC0-last 50.6 51.24 0.99 

 
Table S13. Comparison of the simulated and observed PK parameters of nicotine after 
oral inhalation (cigarette smoking) when fhyg and DFscalar were incorporated. 

Study ID Dosing 
regimen* 

PK 
parameters Simulated Observed Ratio 

Gourlay and 
Benowitz 1997 

OI (Dose: 0.22 
mg; No. of 
puff: 10; Puff 
interval: 1 min) 

Cmax 19.9 19.18 1.04 

AUC0-last 11.1 10.36 1.07 

Fearson et al. 2017 

OI (Dose: 0.13 
mg; No. of 
puff: 10; Puff 
interval: 
0.0083 h) 

Cmax 12.2 11.95 1.02 

AUC0-last 2.4 2.12 1.14 

Fearson et al. 2017 

OI (Dose: 0.07 
mg; No. of 
puff: 10; Puff 
interval: 
0.0083 h) 

Cmax 6.6 6.29 1.04 

AUC0-last 3.6 3.59 1.01 

St. Helen et al. 2019 

OI (Dose: 0.24 
mg; No. of 
puff: 10; Puff 
interval: 
0.0083 h) 

Cmax 22.5 20.53 1.09 

AUC0-last 25.7 23.05 1.11 

*doses adopted from Kovar et al., 2020.  
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Supplemental Figures 

 

Fig. S1. Sensitivity analyses to demonstrate the impact of change in inhalation flow (a1 and 

a2), inhalation volume (V; b1 and b2), and hygroscopic growth factor (fhyg; c1 and c2)) on 

total and regional respiratory tract deposition, as well as pharmacokinetic (PK) endpoints of 

drug X. ET2, extrathoracic (oral passage); BB, bronchial; bb, bronchiolar; AL, alveolar; C, 

central region (BB+bb); P, peripheral region (AL). 
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Fig. S2. Sensitivity analyses to demonstrate the impact of epithelial membrane transport on 

systemic and local epithelial concentrations of drug Y in various regions of the respiratory 

a) b)
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tract (ET2, BB, bb and AL) in the presence of a) apical influx transport (clearance: 0 L/h, 

purple color; 0.0001 L/h, green color; 0.0005 L/h, sky blue color); or b) apical efflux transport 

(clearance: 0 L/h, purple color; 50 L/h, green color; 250 L/h, sky blue color). In all the cases, 

low apparent passive permeability (4.54e-8 cm/s) between ELF and epithelial was 

unchanged. Increased influx or efflux apical epithelial membrane transport results in either 

increased (influx) or reduced (efflux) drug Y epithelial concentrations in all the regions of the 

respiratory tract except for the AL region (because of the lower drug's AL deposition in the 

ELF compartment and large AL surface area, resulting in high passive drug permeability). 
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Fig. S3. Sensitivity analyses to demonstrate the impact of apical subepithelial membrane (or 

basal epithelial membrane) transport on systemic and local subepithelial concentrations of 

a) b)
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drug Y in various respiratory tract compartments (ET2, BB, bb and AL) in the presence of a) 

influx transport (clearance: 0 L/h, purple color; 50 L/h, green color; 250 L/h, sky blue color); 

or b) efflux transport (clearance: 0 L/h, purple color; 10 L/h, green color; 50 L/h, sky blue 

color). In all the cases, low apparent passive permeability (4.54e-8 cm/s) between ELF and 

epithelial as well as epithelial and subepithelial was unchanged. Increased influx or efflux 

subepithelial membrane transporter activity results in increased (influx) or reduced (efflux) 

drug Y epithelial concentrations in all the regions of the respiratory tract. 

 

  

Fig. S4. Sensitivity analyses to demonstrate the impact of epithelial metabolism on systemic 

and local epithelial concentrations of drug Y in various lung compartments (ET2, BB, bb and 

AL) in the presence of metabolism (clearance: 0 L/h, purple color; 10 L/h, green color; 50 

L/h, sky blue color). Increased drug metabolic activity in the epithelial region, decreased 

systemic and regional exposure of drug Y. 
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Fig. S5. Sensitivity analyses to demonstrate the impact of tissue retention on systemic and 

local epithelial concentrations of drug Y in various respiratory tract compartments (ET2, BB, 

bb and AL) in the presence of tissue retention (dissociation rate constant: 10 1/h, purple 

color; 50 1/h, green color; 250 1/h, sky blue color; in all these cases, the association rate 

constant and fatty acid concentrations were fixed to 50 L/mg/h and 10.0 mg/L). Increased 

dissociation rate constant in the epithelial region, increased systemic and regional Cmax but 

did not change exposure to drug Y (AUClast).    
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Fig. S6. Sensitivity analyses to demonstrate the impact of dissolution rate (z-factor) on 

systemic and local epithelial concentrations of drug X in various respiratory tract 

compartments (ET2, BB, bb and AL) in the presence of dissolution rate (z-factor 0.01 

L/mg/h, purple color; 0.001 L/mg/h, green color; 0.0001 L/mg/h, sky blue color). Decreased 

in the dissolution rate of drug X resulted in a decrease in both local and systemic Cmax as 

well as AUClast due to slow drug release in the airway fluid.  
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