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Venous blood
Arterial blood

Polystyrene (Shutt 2002)
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Basic dosing considerations for ALl experiments with aerosols/particles
_ N

Biological Model: Pulmonary cells or tissues at the air-liquid interface (ALI

culture), e.g. Calu-3, A549 <<

“Blood” / liquid

Deposition is dependent on particle size (MMAD)

Physical forces: sedimentation + impaction (3 — 10 um),
sedimentation + diffusion (< 3 um)
In vitro deposition rates for particles < 1um are in the range of 1 -2 %

Thermophoresis effect for
efficient particle deposition
from aerosols
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METHOD: In vitro dosimetry

deposition rate
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[%]

Dry particle aerosols from droplet aerosol generation
Engine exhausts
Dry particle aerosols from dust aerosol generation

100 -

Methods:
CFD-Simulations
Fluorescence methods (tracing)

Analytical chemistry

SDS / fluo

Characterization of size dependent

particle deposition in ExpoCube® using

thermophoresis conditions

“Deposition Rate”

mass deposited on cells[pg]

DR [%] % 100

mass conducted over cells[pg]

A

[ MNaCl / fluo
90 1 o lactose / fluo ﬁ
80 o (o] copper Il sulfate ;" .

b 4 Engine emission, two conditions ,'I ’
70 - = = Fit ; :

------- UCL/ LCL (95%) s
60 '.'.p "a
A
50 A
A B
10 A — ,,',I".’
. < -/
““““ X s T Tas T o -0
30 i >
- =)
20
10
0 bl L]
50 500
particle size

[nm]
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Application Example: Acute Inhalation Toxicity of Pesticides
Exposure set-up for dry powder aerosols

Exposure of lung epithelial cells (A549) grown at the
air-liquid interface to particulate test aerosols based
on the Preciselnhale™ and the P.R.I.T.” ExpoCube®

technology.

PPRLT

\

~ Fraunhofer

Page 6
ITEM



WST-1 24h
[% of non-expo ctrl.]

Application Example: Acute Inhalation Toxicity of Pesticides

Prediction model for dry powder aerosols

120

100
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o
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o

o
o

N
o
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Prediction model based on comparison to reference
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-=FT
----- UCL / LCL (95%
o5%) LOAEL EDs,
1 \ 4 ‘I *l 1
1 10 100
dosage
[ug/cm?]

(inhalation, rats)

LD50 [mg/I]

chemicals (inhalation toxicity in vivo data available)

o &
..B o
y = 2,3432In(x) - 4,9701
R?=0,9056
B Chlorothalonil
¢ Mancozeb
A Captan
- AX O Fosetyl-AL
! X SDS
| ® Ethiprole
O n-Dodecane
T T T T T LI | T T T T T LI A | 1
10 . . 100
in vitro
("inhalation", human lung cells)
ED50 [pg/cm?]
]
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Application Example: Acute Inhalation Toxicity of Pesticides
Prediction model for dry powder aerosols

Prediction model based on comparison to reference
150 chemicals (inhalation toxicity in vivo data available)

Aim: Establish prediction model for microplastic particles

WST-1 24h

20 B - = FT ._.' ~ Q) S([))Sse yI-A
X
[ |- UCL / LCL (95%) LOAEL ED 0 m ® Ethiprole
>0 0O n-Dodecane
0 ~- L L 1 T T T T L L | T T T T 1T rry

0 ' 10 100 1 10 100
dosage in vitro
[ng/cm?] ("inhalation", human lung cells)

ED50 [pg/cm?]
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Challenge 1: Generation of test material for In-vitro inhalation testing
Descriptor driven prioritization of microplastic materials (Cefic C10)

/

Solvent Precipitation for <1 pum

~\,

Hypotheses driven by: Size PET PA LDPE PVC TPU PS
Size <1um C10 C10 BRIGID - C10 C10
Density MOMENTUM C10 MOMENTUM
Dyp= nm Diy= nm
Reactivity/charge Dso =37 nm Dsp = 78 nm
Chemical Composition 1-10 pm ECO59 (sieve)  InnoMatLife BRIGID BRIGID C10 C10*
Polymer Selection: C10 BRIGID NIST Do = pm  Dgp=2.0 um
D5y = pm Do = Hm Dgp = 4.6 pm D5 =491 nm
Polyamide Dso =110 nm
Polyethylene
yERY >10um  ECOS9 ECO59 BAM i ECO59 BAM
D = Hm InnoMatLife Do =61 pm InnoMatLife Dgg =206 um
Dy = Hm D5, = Hm

Page 9

PA and LDPE were selected for size specific effects

* Purchased
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Challenge 1: Generation of test material for In-vitro inhalation testing
PA representativeness

m’.ﬂ‘w < 3
PA_ preC|p 100nm o o f’, -,

Solidity

10pm VergréRerung= 500 X Signal A= SE2
Arbeitsabstand = 7.8 mm Vakuum Kammer = 1.34e-006 mbar ~ Hochsp. = 3.00 kV

j

Sample Name Crystallization | Melting | Density Surface Area No. Ave. Wt. Ave. (M,

Peak (°C) Pt. (°C) | (g/cc) (m?/g) (M,, g/mol) | g/mol)
PA bulk (mm) 162.2 218.5 1.14 - 19600 61900 3.2 0.0110
PA cryomilled (47 pm) 186.4 219.9 1.15 0.36 16400 57900 3.5 0.0115
PA Inhalable (7 pm) 176.0 217.2 1.90
PA_precip_100nm 175.0 215.4 1.23 81.8 13100 68000 5.2 0.0130

L J L J

Y Y
Thermal Analysis Molar Mass

\
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Challenge 1: Generation of test material for In-vitro inhalation testing
PA representativeness _ _
¥ TR TN g

y _ de - e w1 : g
PA cryomilled [ 4 FPAinhaIabIe _PTpreC|p_100nm ",6;

4, %) saald
AT PN

Challenge: Test materials are present as powder or suspension

P
P AW, U = v OU.4
PA Inhalable (7 pm) 176.0 217.2 1.90
PA_precip_100nm 175.0 215.4 1.23 81.8 13100 68000 5.2 0.0130
\ | t J
Y Y
Thermal Analysis Molar Mass

\
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Challenge: Generation of particle aerosols from suspensions/solutions
Exemplary setup for soluble substances

waste
clean air

Test materials with different state:

. . Aeroneb®Pro aerosol-
Aequous dispersion (PA_prec), nebulizer-system photometer

Powder (PA inhalable), W T~ [:H_L,El] il.l.l.l
j %\( drying of the aerosol droplets ! 6 0 1

Reference materials: control exposu,e;/

(clean air) )

P.R.L.T.-ExpoCube®

* simultaneous exposures of
aerosol and control groups
* thermophoresis

Carbopol (powder)
Kaolin (powder)

SDS (solution)

Droplet aerosol Particle aerosol Concentration Exposure dose | Concentration
. water soluble substances monitorin monitoring monitoring

+ particle sizes by salt concentration - Aerosol photometer - Deposition analysis |+ Filter analysis

- Aerosol concentration by dilution — - online + Cellular effect - offline
+ particle tracing by fluorescein - offline

Routine plausability-check
Qualitative / quantitative verification of functionality and performance

\
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Generation of particle aerosols from suspensions/solutions
Positive control: SDS

A549 cells 0T

L %o °
- e ——
O e .
: ®gre O
. . §2 80 | Y
Suspension, mesh nebulizer =5 o N
= O
2R 60 f ‘\
. 2 B \
ED.,: 6.8 pug/cm : e
40 &\
'._-\ '...
@ SDS - aerosol ° :‘-._\\
20 } O SDS - aerosol QUTLIER A
- — fit A
------- UCL/LCL (95%) .J\°
0 [ Ll Ll Ll Cie :"‘.‘.‘.s.l

0 0,1 1 10 100
dosage
[ug/cm?]

\
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Generation of particle aerosols from suspensions/solutions

Microplastic material: PA_prec

* Aersolisation by means of a mesh nebulizer and active drying
* Developed a new membrane dryer for aerosols for higher concentration

* Waterdiffusion through hydro active membrane

* Results were: ~4x higher concentration

e OQutlook: further improvement of dryer

@ n
e

L
o

wheo

Aerogen Pro-X

ExpoCube®

Page 14 kﬁLﬂ":h% | ::: CefIC

Particel size and stability tested by DLS:

Results Results

Size (d.n... % Intensity: St Dev (d.n... Size (d.n... % Intensity: St Dev (d.n...
Z-Average (d.nm): 3044 Peak 1: 3834 100,0 1728 Z-Average (d.nm): 3083 Peak 1: 372,6 100,0 1297
Pdl: 0,194 Peak 2: 0,000 0,0 0,000 Pdl: 0,168 Peak 2: 0,000 0,0 0,000
Intercept: 0,923 Peak 3: 0,000 0.0 0,000 Intercept: 0,919 Peak 3: 0,000 0,0 0,000
Result quality Good Result quality Good
Size Distribution by Intensity Size Distribution by Intensity

.....

: ....... e ............... .......... / N

0.1 1 10 100 1000 10000
Size (d.nm) Size (d.nm)

Intensity (Percent)

Freshly sonicated After 5 days
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Generation of particle aerosols from suspensions/solutions

Microplastic material: PA_prec

Calu-3 cells

ALl exposure

0.5% suspension, mesh nebulizer

Preliminay results, limited dose range

Page 15

140
120

100 |

WST-1 24h
[% of ctrl.]
I o) o)
o o o

N
o

Non-toxic in the dose

range tested

< PA(0,5% in Mesh-Nebulizer)

dosage
[ug/cm?]

10
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Submerged testing of microplastic materials
Microplastic material: PA_prec

Calu-3 cells
submerged exposure

Up to 1000 pg/mL

Non-toxic in the dose
range tested

=
N

P~

o o
"RelatiVe viab°ﬂity (V\?ST)

o

o
N

o
o

PA-6 submerged

1111

control

10 pg/ml

100 pg/ml 500 pg/ml

1000 pg/ml

Page 16
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Generation of particle aerosols from suspensions/solutions
Reference material: Kaolin (negative control)

Soft white clay, porceain ingredient
Calu-3 cells

ALl exposure to dry powder aerosol
(Preciselnhale)

ED.,: >>100 pg/cm?

Page 17
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120 |

100 |

co
o

[% of ctrl.]
()]
o

WST-1 24h

20 |

- -O- < ’ !
O =-s9
Q - \.\
., ¢
S Kaolin
[ | ¢ Kaolin OUTLIER
L |- - it (all)
0,1 ; )
dosage
[mg/cm?]
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Generation of particle aerosols from suspensions/solutions
Reference material: Carbopol (negative control)

Water soluble polymer 120 r
Calu-3 cells 100 ¢ 07T e,
! \0\\
< 80 |} N
ALl exposure to dry powder aerosol 35 MANES
L ~ <
i £ \
(Preciselnhale) 22 o0 | o,
. 2 .
ED.,: 81 pg/cm w0 L o
N { ¢ Carbopol
” l 20 [ <& CarboEoIOUTLIER
i - = fit (all)
-4 (. m L UtCL/LCL(gs%)
O 1 L1 1 11l 1 L1 1 1l 1 L 3 1l 1 L1 gl
. i 0 0,1 1 10 100
,\:\,_, ¢ T dosage
B 2
F’F”TExpoCube [ug/cm?]
]
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Summary Part 1
In-vitro inhalation

ALl testing with pulmonary cells is relevant and predictivity for local toxicity is proven for particle aerosols
The P.R.I.T.Expocube setup enables deposition rates of roughly 30% for particles < 1.5 um

Micronized microplastic material generated by solvent precipitation is representative for the bulk material
Particle aerosols can be generated from suspensions/solutions by nebulization and drying

SDS is suitable as toxic positive control, Kaolin and Carbopol are negative reference materials

PA particles showed no cytotoxicity in Calu-3 cells at concentrations up to
1000 pg/mL (submerged)

9.29 pg/cm? (ALl) — higher concentrations could not be achieved so far

\
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Physiologically based kinetic (PBK) modelling

Concept

Reality

Model

Venous blood

-

. | Heart ll-‘-
== Dose

N Lung l

Excretion

F

1 Bone |«

A

Muscle [«
|Muscle|

Page 21

Different routes

6hD &

dermal

Concentration in ng/mL

inhalation

40

30

20

10

ingestion

Prediction
(e.g. venous blood)

occupation

Different sources

2\,

consumer

environment

clinical
= predicted

Time in min

10 20

Lt

0
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The PBKit model

Design goals
Qin —> Qout
= Generic and joined model framework applicable for Bronchial ~ |¢
— Pulmonary —/?*
= gases/vapours, !
= aerosols (liquid or solid), Liver |
jmm——————— ’ - |
= Onlyinsilico and in vitro informed v Ns = GIT — |3
% % Feces ?03
. . . . (0 || S I —— =
= Prediction of systemic concentrations but also 3 peen £
(9] jut
= Kidneys ] <
= |ocal concentrations within the lung (i.e. lining fluid or :
Urine ------ !
tissue)
> Requires multicompartmental lung ot I
*Heart, Brain, Muscle, Skin, Bone, Adipose, Rest
]
Page 22 % FraunhOfer
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The PBKit model
Processes Relevant for Respiratory Clearance and Uptake

= deposition and uptake (aerosols and gases) (dissolution)
= retention / clearance (macrophages and mucociliary clearance) and

= systemic uptake (diffusion / permeability)

* . . ® o,
Gas uptake .. . . . ‘¢ %% Diccolution Macrophage

4 i

Epithelium Diffusion

Endothelium Diffusion

\
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The PBKit model- Model structure
Division of the Lung based on Clearance Processes

Particles Fluid Tissue

Gen 1

-~ PypplCalu-3)

Clearance
Mucociliary clearance

J\

- P, (hAELVi)

Gen 25 ‘ Phagocytosis +
Cell death

Dissolution

\
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The PBKit model— Uptake processes
Aerosol Deposition

Regional aerosol deposition: Multiple-Path Particle Dosimetry Model

= 10
= Nasal, pharynfeal, laryngeal
S os |
' |
o\ MULTIPLE-PATH PARTICLE DOSIMETRY MODEL 2 06 .
Qg6 . oy I
. :"00 Hg E 04 |
58408 g '
o, ¢ g 02 :
=
& 00 |
. . 0.0001 0. (IDI 0. I]1 0.1
Particle size

Diameter (um}

. . .?‘h_.?'. 10 Tracheoh'ronchial
Particle concentration S o8
Tracheobronchi Z 06 :
= 1
2 o4 :
g_=u |
8 '
3 00 ' T
= o001 0001 001 01
_ Diameter [um}
‘B-E- 10 Alvenlar
5 o ,
g 06 i
= |
S 04 I
=
g 02
g 00
= 00001 0001 001 0.1 10 100
VL Diameter (um)
I B Oberdérster et al. (2005)
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Clearance

Phagocytosis +
Cell death

Mucociliary clearance

Particles Fluid Tissue

Dissolution
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The PBKit model— Clearance processes
Case Study — Mucociliary clearance inert particles

Fast short term clearance 100
—1t1/2 =100d

— 90
The upper airways are lined with ciliated cells and 80 ® Fe304(exp)
mucus which compose the mucociliary “escalator™
by which pathogens are cleared from the lung.
This mechanical transport takes approximately 24
h to complete.

60

70 } No. of subjects: 13

50

40

Lung retention in %

30
Once removed from the lung, particles are

subsequently swallowed.

20
10

0 | - | - | —
T T T T T T T T T T T T T Y T

Exact clearance pattern is heavily dependent on 0 05 1 5 2
the predicted deposition pattern in the upper Time in d
lung airways

\
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The PBKit model— Clearance processes
Case Study — Macrophage clearance inert polystyrene particles

Long term clearance

Slowly dissolving or bioinert particles are removed
by mucociliary clearance in the upper airways or
phagocytized by alveolar macrophages in the

pulmonary region. Phagocytized particles are then Polystyrene (Shutt 2002)
either dissolved inside macrophages, released 1 /3000
back to LLF due to apoptosis or cleared by slow o ——11/2-200d
removal to the upper respiratory tract. E 07 ——1/2=100d
ggg ® Polystyrene (exp.)
Typical half-times are about 250 days. ‘Eﬂg:
=02

0.1

0 20 40 60 80 100 120 140 160 180
Timeind

\
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In-vitro uptake studies with microplastic



Exposure Scenarios — general considerations
Apparent permeability (P, ) of the lung barrier — ALl setup

steady state

lag time

app

concentration

Apparent permeability (P,,,) ﬂM

v

time

Measuring the apparent Papp . At % A * C
permeability of a substance 0
through lung epithelial cells '
(e.g. Calu-3, hAELVi or primary
BEC).

Experimental challenges:
Permeation across _
cell layer

Relevant exposure at ALl with dose control

Cells are grown in transwells
and are exposed by air.

Relevant cell model with barrier formation and

T TEN—— control of the lining fluid thickness

apical to the basolateral
compartment is measured

Analytics to quantify the test compound

\
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Exposure device
Air-liquid exposure (ALI)

Relevant route of Unrelevant secondary

exposure from -------------- route of exposure via
the gasphase culture-media

(prevented by design)

Potential shortcut for
VOCs, gases and aerosols

ALl culture- - - - -

Culture medium -

E‘PRITExpocube“

_—
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The PBKit model- Papp to model pulmonary uptake
Dry powder exposure to Ciprofloxacin

A measured, Stass et al.2013
70 —predicted ITEM PBPK model
60

- P,pp: inhalable drug 50

Plasma concentration [ng/ml]

Experimental data ' 40 Good correlation
ALl exposure 30
Calu-3 and AT-1

20

10

O &
0 10 20 30
Time [h]
]
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Transport of microplastic materials across the lung barrier
Experimental steps

epithelial cell
] . i monolayer
Transport experiments across pulmonary epithelia

apical compartment%/ cilia
Y™ /T | tight junction

nhucleus

YAV

basolateral compartment

(medium)

— membrane filter

Pre-culture of cells to ensure cellular differentiation and
formation of tight monolayers.

Cellular barrier integrity assessment (TEER)
Determination of cytotoxicity

Permeability (absorption) assessment:

Apical exposure to the test compound

Dose control (e.g. deposition for aerosols)
Microplastic particle localization on and in Calu-3
cells (and in the basolateral compartment)

current passing
electrodes

membrane

filter

Page 32
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. . . PS submerged

Particle localization on Calu-3 cells (SEM)
Calu-3 cells treated with PS particles (1000 pg/mil) 0
— g 1,2
* Pre-culture and barrier integrity assessment z
8 08
e Submerged exposure to PS beads (2 um) > 06
2 04
» Cytotoxicity testing (WST) 3 02

° Wash|ng and flxat|on o control 10 pg/ml 100 pg/ml 500 pg/ml 1000 pg/ml

Concentration

EHT= 100KV Signal A= SE2 Date: 18 Apr2023 EHT= 1.00 kV Signal A= SE2 Date: 18 Apr2023 EHT= 1.00kV Signal A= SE2 Date: 18 Apr 2023
WD= 32mm Photo No. = 1895 Time: 15:01:47 ¢ WD= 32mm Photo No. = 1896 Time: 15:02:24 WD = 3.2 mm Phofe No. = 1897 Time: 15.:03:28

Page 33 I
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Particle localization in Calu-3 cells (SRS) Detection of PS particles by Raman
Calu-3 cells treated with PS particles (500 pg/mil)

" Stimulated Raman Scattering (SRS) mapping to detect PS particles
on and inside cells

" Non-uniform PS distribution intrinsic and due to uneven surface
of PET membrane

" Selected Region of interest (ROI1)

" Performed Z-Scans from cells’ surface towards PET membrane for
a 3D detection of PS particles

" Evaluated number and diameter of PS particles on and inside
Calu-3 cells

411 Tiles, 110 MB, 8 min 36 s, one Z level

®

('—i
\
\
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Particle localization in Calu-3 cells (SRS)
Calu-3 cells treated with PS particles

wr 001

3D Z-Scan ROI 1 (XYZ)

e 581 um x 581 umx 27 um

e X,Y:1.13 um, Z: 0.91 um
(pixel size)

* 8.1 MB, ~¥2 min
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= in subscription)
File Edit View Analysis Help
O Bl B9 @) ¥ singleltem | Layout I R p—
ZB Channel Display Settings | @ Object Set Display Settings | £y 3D Display Options Tags
B Channel Name L&k  Color View
> 52| F-SRS

~ 2| Pixel Classifier

Recipe Console | Image Enhancement Tool = Charts | Pixel Classifier | Object Classifier | 3D Tools

Select Chart ] Histogram k& al

Number of particles 667
Diameter distribution in um

o Set Want

Morphology Intensity Pasition Count
Center of Mass X
Center of Mass Y

e ot Parameters that

Ellipsoid Shortest Axis Length

esmniebel Can be calculated

Equivalent Spherical Diameter
Surface Area

58 _pm Volume
Surface Area To Volume Ratio
Mean Intensity (F-5RS)
Mean Intensity (Pixel_Classifier)
S ®Mulm=ld b BH Maximensiy (F-SRS)

Max Intensity (Pixel_Classifier)
Surface Area (um’) Volume (um?) Mean Intensity - F-SRS Min Intensity (F-SRS)
Min Intensity (Pixel_Classifier)
Total Intensity (F-SRS)
Total Intensity (Fixel_Classifier)
Std. Dev. Intensity (F-SRS)
Std. Dev. Intensity (Pixel_Classifier)
Mesh 5 314.83 1745 Center Line Length
Mesh 6 217.54 23.00 Straight Center Line Length
Mesh 7 53507 2061 Volume to Image Volume Ratio
Average Length
Top5 Percent Length
CV of Lengths Equivalent Spherical Diameter

E‘nlmage Explorer F’ﬁ Experiment Explorer P Spreadsheet 'k Relational Spreadsheet <2 Video Animator

Equivalent Spherical
Diameter

Mesh | T3y 44309 2187

Name [667]

Mesh 2 6.12 133.70] 1847
Mesh 3 6.81 162.98' 1897
Mesh 4 442.15 2317

Mesh 8 212.59 2052
Mesh @ 31.86 15.14

Mesh 10 212.95 19565 Aversage Angle

Mesh 11 L 297.58 18.64 Bounding Height + 1 2 5
Mesh 12 735.75 2717 Bounding Width — .

Bounding Depth
All Objects [667] Centroid X

Centroid Y
Centroid Z

1.13747553816047 pm/Pixel ¢  8bit: 512x512x31x1 Volume Quality: X:52.3um Y: 552.8um Z: Opm Intensity: 2¢




Summary Part 2
PBK modelling

PBKit: Inhalation PBK model with multicompartmental lung

PBKit can be used to model particle retention

PBKit can be used to model uptake
Cellular pulmonary barrier models can be used to derive P, coefficients as input parameters
Visualization and quantification of particles is challenging when studying microplastic uptake

Stimulated Raman Scattering (SRS) is a promising method to measue cellular uptake of microplastic
particles providing 3D visualization of particle distribution inside cells

\
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PBKit accessible as free web app
Online Application

£ Model

@ Substance

(J]
()
c
©
=
(7]
0
=
(V)

Page 38

Substance

Q Particle

Substance Class: @Gas | Obroplet

Species Human *  T3kg(adult, male)

Select add =
(optional) Welcom Y] i
Upload an exc ile with

Schedule —

© Fraunhofer ITEM

Starttime 0 h
Exposure Type: 2. Upload [ 11 ]
End time 24 h =
Note: Work in progress. Does nothing yet.
Begin (h) Breath resolved
Case Study N
o - >
Protocol
Mass Concentration
c Display:  Mass Balance v ‘ Display:  Blood -
P
o —— cleared —— arterial (whole blood)
(1] £ —— total 04 | P venous (whole blood)
- g 8000) body | / 14 = = arterial (unbound)
& / A A
ofd = " ',\ ly | = = venous (unbound)
(7,) 9 goog m 1’\ ' by =
- 8 §
o 6000) ) ut il " ¢ 59 $
{ e i z ! i\ ! ¢ $ it a0
= 3 e A | / il §ay YA
£ = s | i / AN AN A
< 4000) ® 1 p! I Al / AN i/ \\ AR
t £ oo /A A\ / 1] \ | \ } L
[ \
CR— g WAl if \\ i i \ | N ) q
< 5 \ I i i N > &
2000) D2 o \ ~
/ 0.0
( «
0 5 10 20 0 10 15 20
time Timeinh
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