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Introduction
Due to the constant increase in their production, exposure to engineered nanomaterials (ENM)

poses an inevitable health risk to both humans and the environment through long-term,
repetitive, low-dose exposures. The majority of the literature however, focuses on short-term,
high-dose exposures. Hazard assessment of ENM, when applying alternative testing strategies
to in vivo research, has previously engaged exposures under submerged conditions. Such
approaches poorly mimic realistic human exposures, and possess several limitations, such as
issues with measuring a delivered dose, and interaction with exposure medium. Nevertheless,
pseudo-ALI approaches, i.e. lung cells are apically exposed to air, and particles are later
applied dispersed in small amount of media, is still used as valuable tool. Furthermorere, air-
liquid interface (ALI) exposure chambers allowing for single droplet deposition of ENM
aerosols onto cell surface were developed. VITROCELL® Cloud system equipped with
Aeroneb Pro nebulizer, and Quartz crystal microbalance (QCM) for measuring online
deposition of ENMs, is also applied in this project.

The current document gives guidance which deposited doses to achieve in the in vitro cell
systems to allow comparison with available in vivo data. Important note is that the in vitro
models are a simplification of the real situation and might therefore respond differently.
Especially when the in vitro models are based on cell lines, potentially higher deposited doses
are needed compared to the in vivo studies to observe a similar effect. The main aim is to use
more realistic exposure scenarios using repeated exposure compared to unrealistic single high
exposures and correlate the results to in vivo data.

Limitations

The recommended ENMs doses are calculated based on in vivo data, however in

order to observe in vitro cellular response, it might be necessary to test higher doses.
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Abbreviations
ALl — air-liquid interface
BaSO, — barium sulphate
BET - Brunauer—-Emmett—Teller surface area
CeO, — cerium oxide
DQ12 — Dorntruper quartz
ENM — engineered nanomaterials
MMAD - mass median aerodynamic diameter
MWCNTSs — multi-walled carbon nanotubes
OPN - osteopontin
PDGF - platelet-derived growth factor
TiO, — titanium dioxide
TGF-p - transforming growth factor beta

QCM - quartz crystal microbalance

DQ12 dosing

In vivo dosing
From Borm et al. (2018), the dose of DQ12 that causes persistent inflammation and tissue

remodelling in vivo is 200 pg/rat. It is spggested to take into account in vivo dose in range
from 0 to 400 pg —i.e. 0, 50, 100, 200, 400 pg.

To determine the aerosol concentration for a 4-day inhalation experiment in rats, the mass
median aerodynamic diameter (MMAD) and the deposition fraction need to be measured. The
latter is calculated from the multiple path particle dosimetry program. The MMAD for DQ12
depends on the method of aerosolisation.

Assuming a rat lung alveolar surface area of 3880 cm? (Borm et al., 2018), the dose range per
cm?is: 0 —400/3880 pg/cm® (i.e., 0— 0.1 pg/cm?).

If we assume that DQ12 is deposited in the proximal alveolar region (surface area of 300-600
cm?) then the dose range to be 0 — 1.3 pg/cm? or 0 — 0.6 pg/cm? (using 300 or 600 cm?

correspondingly).

In vitro dosing
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Monteiller et al. (2007) used DQ12 in in vitro experiments (using 6-well plate, surface area
9.6 cm?) for a range of nanoparticles. In Figure 1, the dose is described in cm?/cm? (i.e., cm?
of dose per cm? of well’s surface).
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Figure 1. IL-8 release from A549 cells upon exposure to a range of doses for a panel of insoluble particles
and nanoparticles (Monteiller et al., 2007).

The Brunauer—Emmett-Teller (BET) surface area of DQ12 is 10.1 m*gm (or 10.1 x
(10%)%ecm?/(10%)?ng = 0.1 cm*/pg or 10 pug/cm®?). The dose range for DQ12 (from Figure 1)
corresponds to 0 to 10 cm?/cm? or 0 to 100 pg/cm?.

This in vitro dose range is wider but covers the in vivo range above (if we assume the
proximal alveolar region to be the deposited region).

In conclusion, the aim is to deliver in vivo doses from 0 to 400 pg (or up to 1 mg to be sure of
inducing fibrosis). Depending on the method of aerosolisation, the MMAD and deposition
fraction for DQ12 can be calculated, and the appropriate airborne concentration level derived.

The equivalent of in vitro dose range (to in vivo) should be from 0 to 1 pg/cm?.

Barium sulphate (BaS0O,), Cerium oxide (Ce0,), Titanium dioxide
(TiO,)
The BET surface area is 41.4 m%/gm for BaSO, or 41.4 x (100)%/(1000) cm?/mg (= 414
cm?/mg=414/1000=0.41cm?/ug). The lung burden of BaSO, (following 4-week and 13-week
exposure) are: 0.84 mg and 1.73 mg and the polymorphonuclear count (x10°) are 0.021 and
0.204 (Konduru et al., 2014).
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The lung burden in surface area unit (cm?) are: 348 and 716 cm?® or 1.1 and 2.4 cm?/cm? (if the
value of 300 cm? for the proximal alveolar surface area is used) or 0.6 and 1.2 cm?/cm? (for
the value of 600 cm?).

Thus, we can derive the in vitro equivalent dose-range to be 0-2.4 cm?cm? or (0- 2.4)/0.41
ng/cm?=> 0 - 5.8 pg/cm?. The in vitro dose-range for BaSOy, is 0 - 6 pg/cm?.

For CeO,, the BET surface area is 27.2 m%/gm or 27.2 x (100)%/(1000) cm?mg (=272 cm?/mg
= 272/1000=0.27 cm?/pg). The lung burdens of CeO, associated with inflammation are 391
and 1280 pug or (391 x 0.27 and 1280 x 0.27 =105 and 345 cm?) (Schwotzer et al., 2017).
Normalised to the proximal alveolar surface area of 300 cm?, the normalised in vivo doses are
0.35 and 1.1 cm?/cm?.

Thus, the in vitro equivalent dose-range should be 0 - 1 cm?cm?. Interestingly, in Figure 1,
this is also the dose threshold for inflammation. To be compatible with the BaSO, results, the
aim for delivered dose of CeO is 0 - 2.4 cm®/cm? or 0 - 2.4/0.27 pug/cm? => 0-9 pg/cm?).

For TiO,, the BET surface area is 46 m?/gm or 46 x (100)?/1000 cm?/mg or 460 cm?/mg or
460/1000 = 0.46 cm?/ug). From Figure 1, a possible choice for the in vitro TiO, dose-range is
0-2.4 cm?/cm? as above for consistency or 0-2.4/0.46 pg/cm? = 0-5.2 pg/cm?) (Monteiller et
al., 2007). The in vivo range for TiO; should be 0-5.2x300 = 0 — 1.56 mg of lung burden.

Multi-walled carbon nanotubes (MWCNTSs)

In vitro dose range
The current estimation of the MWCNT dose range for Mitsui-7 is based on a paper from

Gangwal et al. (2011), his calculations were further used in follow-up studies (Chortarea et
al., 2017, Chortarea et al., 2019). A range of doses: 0, 5, 10 and 20 pg/mL of Mitsui-7 was
used for exposure using submerged conditions for 24 hrs, and double the dose at 96 hrs were
applied for epithelial cells (A549), differentiated monocytes into macrophages (dTHP-1) and
fibroblasts (MRC-5) separately (Chortarea et al., 2019).

A pro-inflammatory response was observed only for IL-1f release 24 hrs post-exposure in
dTHP-1 and MRC-5 cells upon the lowest Mitsui-7 dose (5 pg/mL).

The pro-fibrotic response was assessed via platelet-derived growth factor (PDGF),
osteopontin (OPN) and transforming growth factor beta (TGF-p) release. Increased TGF-3
release was demonstrated in Mitsui-7-treated fibroblasts only after 96 hrs exposure, while
OPN was increased upon 24 hrs exposure to the lowest Mitsui-7 concentration. Interestingly,

no proliferation was observed in MWCNT exposed MRC-5 cells and consequently no
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increase in collagen production was observed.

Similarly, increased OPN release was observed after 96 hrs of Mitsui-7 exposure in
macrophages. Also, Mitsui-7 was found to significantly increase TGF-, OPN and PDGF
release of exposed epithelial cells after 96 hrs.

For the combined, multi cell type in vitro system, much depends on the seeding of each cell
type and the rate of ‘interstitialisation’. Thus, if we are dosing from the “alveolar’ side, it is
expected to be challenging to get up to 20 pg/mL onto the fibroblast cells. Therefore, we have
to dose (at 48 and 96 hrs) in such a way that would deliver enough TGF-B or PDGF from
A549/dTHP-1 to the fibroblasts seeded at the bottom part of the multicellular system (the
indirect effect) and, at higher doses, to get enough MWCNT to stimulate fibroblasts directly.
Since a high dose, 150 pug/mL, has been used in the past, it is suggested to apply a dose-range
for Mitsui-7 in the experiment as follows:

0, 5, 10, and 20 pg/mL of MWCNTSs was applied for exposure at 48 hrs and double that for 96
hrs. Thus the highest dose, at 96 hrs, will be 40 pug/mL. The dose range suggested MWCNTSs
may stimulate fibroblasts to proliferate and produce extra cellular matrix without the direct

dose effect which hinders fibroblast proliferation as suggested in the paper.

In vivo dose range
The alveolar mass retention of CNTs was modelled and calculated in the range of 12.4 — 46.5

ng/cm? during 45 years of a working lifetime exposure (Gangwal et al., 2011). This range is
commensurate with the in vitro dose range proposed. This can,
1. Readily be calculated into an absolute dose (pg/lung), depending on which
animal model we use (rat/mouse) and
2. Calculate backward into a concentration level, dependent on the MMAD for

Mitsui-7 and the duration of exposure.
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PATROLS Lung ENM administration strategies
Several dosing strategies are applied to investigate an effect of long-term exposures, and the

response is compared with acute (24 h) exposure. This highly depends on the epithelial cell
type used, i.e. how long can they be cultured at ALI keeping a stable morphology. Figure 2
shows the applied dosing and exposure strategies for subchronic (3 weeks) exposures. Figure
2.1 shows the acute (24 h) exposure using a high dose, which response is subsequently
compared to long-term exposures. Figure 2.2 shows repeated daily exposure over 3 weeks
simulating the occupational exposures, which usually occur regularly/repeadly during
working days (i.e. 5 times a week) at low doses; the target dose is divided into 15 sub-doses
applied daily (15 exposures are performed in 3 weeks), resulting in a final target dose
corresponding to the doses applied in 2.1 and 2.3 scenarios. The response is investigated after
1, 2 and 3 weeks, however after 1 or 2 weeks, there is only a partially applied dose (i.e. 1/3, or
2/3 of the final dose, respectively). Scenario 3 (Figure 2.3) shows single exposure to a high

dose at the beginning of the experiment with subsequent investigation of the response after 1,

@ Dose x, one exposure
1) and then fix after 24h
—
T=0h T=24h
T Dose x/15, one exposure

every day during the week,
for 3 weeks and then fix

» 1000 LILEL 1iiLL

T=0h Week 1T WeekZT Week 3 T
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3) then fix after 3 weeks
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Figure 2: Exposure scenarios for Calu 3 (or hAELVi) / mono- and co-cultures/ primary cells co-cultures
which can be cultured for several weeks at ALI with a stable morphology.

2 and 3 weeks. The time frame of 3 weeks was established based on the preliminary data, and

ability of selected cells to remain viable and functional during the selected time-frame.
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The A549 cell line remains a monolayer only up to 3 days culturing at ALI, therefore
the dosing strategy was planned over 3 days only. Figure 3 shows different exposure

scenarios possible for the A549 cell line.
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Figure 3: Exposure scenarios for A549 mono- and co-cultures.

98 of 198



H2020-NMBP-2017 PATROLS Deliverable 3.1

Summary
Concentrations for Tier 1 ENMs used in WP3 were determined in collaboration with

WP6 to deduce realistic dosages (in relation to the material’'s physicochemical
properties, as well as previous in vivo and known human exposure data sets). The
recommended ENMs doses are calculated based on in vivo data, however in order to
observe in vitro cellular response, it might be necessary to test higher doses for

certain materials.

Particle In vitro dose range In vivo dose range (mQ)
(ng/cm?)
DO12 0-1 0-0.4
BaSO4 0-6 0-1.73
Ce02 0-9 0-1.28
TIO? 0-5.2 0-1.56
MWCNT 0-46.5 ”

*** Analysis is ongoing

References

BORM, P. J. A., FOWLER, P. & KIRKLAND, D. 2018. An updated review of the
genotoxicity of respirable crystalline silica. Part Fibre Tox, 15, 23-23.

CHORTAREA, S., BAROSOVA, H., CLIFT, M. J. D., WICK, P., PETRI-FINK, A. &
ROTHEN-RUTISHAUSER, B. 2017. Human Asthmatic Bronchial Cells Are More
Susceptible to Subchronic Repeated Exposures of Aerosolized Carbon Nanotubes At
Occupationally Relevant Doses Than Healthy Cells. ACS Nano, 11, 7615-7625.

CHORTAREA, S., ZERIMARIAM, F., BAROSOVA, H., SEPTIADI, D., CLIFT, M.,
PETRI-FINK, A. & ROTHEN-RUTISHAUSER, B. 2019. Profibrotic activity of
multi-walled carbon nanotubes upon prolonged exposures in different human lung cell
types Applied In Vitro Toxicology, 5.

GANGWAL, S., BROWN, J. S., WANG, A., HOUCK, K. A,, DIX, D. J., KAVLOCK, R. J.
& HUBAL, E. A. C. 2011. Informing Selection of Nanomaterial Concentrations for
ToxCast in Vitro Testing Based on Occupational Exposure Potential. Environl Health
Persp, 119, 1539-1546.

KONDURU, N., KELLER, J., MA-HOCK, L., GROTERS, S., LANDSIEDEL, R.,
DONAGHEY, T. C., BRAIN, J. D., WOHLLEBEN, W. & MOLINA, R. M. 2014.
Biokinetics and effects of barium sulfate nanoparticles. Part Fibre Tox, 11.

MONTEILLER, C., TRAN, L., MACNEE, W., FAUX, S., JONES, A., MILLER, B. &
DONALDSON, K. 2007. The pro-inflammatory effects of low-toxicity low-solubility

99 of 198



H2020-NMBP-2017 PATROLS Deliverable 3.1

particles, nanoparticles and fine particles, on epithelial cells in vitro: the role of
surface area. Occup Environ Med, 64.

SCHWOTZER, D. A.-O., ERNST, H., SCHAUDIEN, D., KOCK, H., POHLMANN, G.,
DASENBROCK, C. & CREUTZENBERG, 0. 2017. Effects from a 90-day inhalation
toxicity study with cerium oxide and barium sulfate nanoparticles in rats. part Fibre
Tox, 14(1).

100 of 198



H2020-NMBP-2017 PATROLS Deliverable 3.1

101 of 198



	1. Description of task (adapted from the Description of Work (DoW))
	3. Deviations from the Workplan
	4. Performance of the partners
	5. Conclusions
	6. Annex list
	References
	Annexes
	Annex 1

	1.  Introduction:
	1.1. Scope and limits of the protocol

	2.  Terms and Definitions:
	3. Abbreviations:
	4. Principle of the Method:
	5. Description of the Method:
	5.1. Biological setting & test system used:
	5.2. Chemicals and reagents used:
	5.3. Apparatus and equipment used:
	5.4. Reporting of protected elements:
	5.5. Health and safety precautions:
	5.6. Nanomaterials used / handling procedures:
	5.7. Reagent preparation:
	5.7.1. CCM
	5.7.2. Freezing Medium

	5.8. Procedure:
	5.8.1. Thawing Cells
	5.8.2. Sub-Culturing
	5.8.3. Freezing Cells
	5.8.4. Seeding Cells onto Culture Inserts
	5.8.5. Culturing Cells at Air-Liquid Interface

	5.9. Quality control & acceptance criteria:

	6. Data Analysis and Reporting of Data:
	7. Publications:
	8.  References
	Annex 2

	Introduction:
	Scope and limits of the protocol

	Terms and Definitions:
	Abbreviations:
	Principle of the Method:
	Description of the Method:
	Biological setting & test system used:
	Chemicals and reagents used:
	Apparatus and equipment used:
	Reporting of protected elements:
	Health and safety precautions:
	Nanomaterials used / handling procedures:
	Reagent and flask preparation:
	5.7.1 Cell culture medium (CCM)
	5.7.2 Cell culture flasks, inserts or plate coating

	Procedures
	5.8.1 Thawing cells - this procedure is recommended by provider (Inscreenex, Germany)
	5.8.2 Sub-Culturing
	5.8.3 Freezing Cells – this procedure is recommended by provider (Inscreenex, Germany)
	5.8.4 Seeding Cells onto Culture Inserts
	5.8.5 Culturing Cells at Air-Liquid Interface (ALI)


	Quality control & acceptance criteria:
	Data Analysis and Reporting of Data:
	Publications:
	References
	Appendix
	Annex 3

	Introduction:
	Scope and limits of the protocol

	Terms and Definitions:
	Abbreviations:
	Principle of the Method:
	Description of the Method:
	Biological setting & test system used:
	Chemicals and reagents used:
	Apparatus and equipment used:
	Reporting of protected elements:
	Health and safety precautions:
	Nanomaterials used / handling procedures:
	Reagent preparation:
	Cell Culture Medium (CCM)
	Freezing Medium

	Procedure:
	Thawing Cells
	Sub-Culture
	Freezing Cells
	Seeding Cells onto Culture Inserts
	Culturing Cells at Air-Liquid Interface

	Quality control & acceptance criteria:

	Data Analysis and Reporting of Data:
	Publications:
	References
	Appendix
	Annex 4

	Introduction:
	Scope and limitations of the protocol

	Abbreviations:
	Principle of the Method:
	Description of the Method:
	Biological setting & test system used:
	Chemicals and reagents used:
	Apparatus and equipment used:
	Reporting of protected elements:
	Health and safety precautions:
	Nanomaterials used / handling procedures
	Reagent preparation:
	Cell culture medium (CCM)
	Freezing Medium

	Procedure:
	Thawing Cells
	Sub-Culturing
	Freezing Cells
	Seeding Cells onto Culture Inserts
	Culturing Cells at Air-Liquid Interface

	Quality control & acceptance criteria:

	Data Analysis and Reporting of Data:
	Publications:
	References
	https://www.hemocytometer.org/hemocytometer-protocol/ Annex 5

	Introduction
	Abbreviations
	DQ12 dosing
	In vivo dosing
	In vitro dosing

	Barium sulphate (BaSO4), Cerium oxide (CeO2), Titanium dioxide (TiO2)
	Multi-walled carbon nanotubes (MWCNTs)
	In vitro dose range
	In vivo dose range

	PATROLS Lung ENM administration strategies
	Summary
	References
	Annex 6

	Introduction
	Scope and limits of the protocol

	Terms and Definitions
	Abbreviations
	Principle of the Method
	Description of the Method
	Test system used
	Chemicals and reagents used
	Apparatus and equipment used
	Reporting of protected elements
	Health and safety precautions
	Nanomaterials used / handling procedures
	Particle suspension preparation

	Procedure
	Prior nebulization
	Nebulization
	Cleaning

	Quality control & acceptance criteria
	Data Analysis and Reporting of Data
	Publications
	References
	Annex 7

	Introduction:
	Scope and limits of the protocol

	Terms and Definitions:
	Abbreviations:
	Principle of the Method:
	Description of the Method:
	Biological setting & test system used:
	Chemicals and reagents used:
	Apparatus and equipment used:
	Reporting of protected elements:
	Health and safety precautions:
	Nanomaterials used / handling procedures:
	Reagent preparation:
	CCM
	Nanomaterial suspension

	Procedure:
	Quasi-ALI exposure

	Quality control & acceptance criteria:

	Data Analysis and Reporting of Data:
	Publications:
	References
	Annex 8

	Introduction
	Scope and limits of the protocol

	Terms and Definitions
	Abbreviations
	Principle of the Method
	Description of the Method
	Test system used
	Chemicals and reagents used
	Apparatus and equipment used
	Reporting of protected elements
	Health and safety precautions
	Nanomaterials used / handling procedures
	Particle suspension preparation

	Procedure
	Preparing the VITROCELL® automated exposure station
	Cell handling
	Cleaning

	Quality control & acceptance criteria
	Data Analysis and Reporting of Data
	Publications
	References
	Annex 9

	Introduction:
	Scope and limits of the protocol

	Terms and Definitions:
	Abbreviations:
	Principle of the Method:
	Description of the Method:
	Biological setting & test system used:
	Chemicals and reagents used:
	Apparatus and equipment used:
	Reporting of protected elements:
	Health and safety precautions:
	Nanomaterials used / handling procedures:
	Reagent preparation:
	Procedure:
	Testing for nanomaterial interference:

	Quality control & acceptance criteria:

	Data Analysis and Reporting of Data:
	Publications:
	References
	Annex 10

	Introduction:
	Scope and limits of the protocol

	Limitations:
	Please refer to SOPs specific for applied epithelial cells (i.e., SOP_PATROLS_A549, SOP_PATROLS_Calu-3, SOP_PATROLS_hAELVi).  Terms and Definitions:
	Abbreviations:
	Principle of the Method:
	Description of the Method:
	Biological setting & test system used:
	Chemicals and reagents used:
	Apparatus and equipment used:
	Reporting of protected elements:
	Health and safety precautions:
	Nanomaterials used / handling procedures:
	Reagent preparation:
	Cell Culture Medium (CCM)
	Freezing Medium

	Procedure:
	Isolation of PBMs from human buffy coat

	Prepare 100 mL of MACS buffer per buffy coat - 0.5% BSA (in PBS) with 2mM EDTA (adjust to pH 7.2, keep in fridge, sterile filter (0.22µm) and degas (leave vacuum pump on for another 5-10 min)).
	Prepare cell culture medium (CCM, i.e. RPMI 1640 medium with 10% FBS, 1%L-Glutamin and 1% Penicillin-Streptomycin, ca 100mL per buffy coat)
	Co-culture assembling of MDMs with epithelial cells
	Epithelial cells -macrophages
	Epithelial cells already cultured at ALI to be combined with MDMs


	Quality control & acceptance criteria:

	Data Analysis and Reporting of Data:
	Publications:
	References
	Annex 11

	Introduction:
	Scope and limits of the protocol

	Terms and Definitions:
	Abbreviations:
	Principle of the Method:
	Description of the Method:
	Biological setting & test system used:
	Chemicals and reagents used:
	Apparatus and equipment used:
	Reporting of protected elements:
	Health and safety precautions:
	Nanomaterials used / handling procedures:
	Reagent preparation:
	CCM

	Procedure:
	Growing the co-culture

	Quality control & acceptance criteria:

	Data Analysis and Reporting of Data:
	Publications:
	References
	Appendix
	Annex 12

	Introduction:
	Scope and limits of the protocol

	Terms and Definitions:
	Abbreviations:
	Principle of the Method:
	Description of the Method:
	Biological setting & test system used:
	Chemicals and reagents used:
	Apparatus and equipment used:
	Reporting of protected elements:
	Health and safety precautions:
	Nanomaterials used / handling procedures:
	Reagent preparation:
	Cell Culture Medium (CCM)

	Procedure:
	Growing the co-culture

	Quality control & acceptance criteria:

	Data Analysis and Reporting of Data:
	Publications:
	References
	Appendix
	Annex 13
	Annex 14




