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SUPPLEMENTARY INFORMATION_2
FeOx mixture ratio calculations and additional dose metrics

1. FeOx mixture ratio calculations
From their roadside investigations, Sanderson et al 1 estimated that the % distribution of nano-sized primary particles of the three main iron oxides observed in the ultrafine fraction of the roadside aerosol was as follows: 32% Fe3O4, 44% γ-Fe2O3 and 20% α-Fe2O3. For the in vitro investigations, a nanoparticle suspension with equivalent number-based ratios of the three main iron oxides was made, based on the calculations detailed below. To create an aerosol of agglomerates containing similar ratios of primary particles, dispersions of each type of Fe oxide where first mixed in the correct ratios and then aerosolised. 

Stock solutions of mass concentrations CFe3O4, Cγ-Fe2O3 and Cα-Fe2O3 of Fe3O4, γ-Fe2O3 and α-Fe2O3, respectively, were provided by Promethean Particles Ltd.  The number concentration of primary particles, Npp, in a given stock solution is related to the mass concentration, C, as follows:

where mpp is the mass of a single nanoparticle. Assuming all primary particles are spheres with average radius, rpp, and bulk density, ρ, then the mass of a single nanoparticle is:

where the volume of a single spherical primary particle, vpp, is calculated as 

Substituting equations (2) and (3) into equation (1), the number concentration of a given nanoparticle suspension can be calculated using:

The concentration of primary particles, Npp, can also be written as:

Where N is the total number of primary particles in solution and V is the volume of the solution. Combining equations (4) and (5):

Knowing the mass concentration, C, of each iron oxide nanoparticle stock solution, the ratios of volumes of each stock solution required to give the desired number-based ratios of 1.6:2.2:1.0 for Fe3O4: γ-Fe2O3: α-Fe2O3 can be calculated using the following


Using data on desired number ratios, bulk densities, radii, and suspension concentrations (Table SA), the equations above can be simplified as follows for the in vitro experiments:


Similarly, for the in vivo investigation:


Thus volumes were combined in the following ratios for the in vitro experiments,

and for the in vivo experiments:

Table SA Iron Oxide suspension properties. 
	Material
	Primary particle radius† (nm)
	Bulk density‡ (gcm-3)
	Ratio of NPs in environment by number§ (normalized to α-Fe2O3)
	C in vitro (mg/ml)
	C in vivo (mg/ml)

	Fe3O4
	9.71
	5.1
	1.6
	10
	18



	γ-Fe2O3
	2.74
	4.9
	2.2
	10
	10



	α-Fe2O3
	5.31
	5.24
	1.0
	10
	10


[bookmark: _GoBack]†see main text, ‡manufacturers data, §Saunders et al 1

2. Additional Dose Metrics 
While mass has traditionally been used as the biologically effective dose metric for soluble toxins, for non- or poorly-soluble nanoparticles, a category which a lot of nanoparticles fall into, where only the surface of the particle can interact with biological fluids and tissues, surface area, particle number and volume have all been suggested as more relevant dose metrics 2-7. Schmid and Stoeger8 provides a useful summary on the matter. While there is no consensus on the most relevant dose metric to use, and with the answer being unlikely to be a simple, single, “catch-all” metric, where possible mass, surface area, number and volume should be reported. Details are given below of the particle number, surface area and volume calculations used in this study. 

Particle Number
Agglomerate number concentrations are measured directly, primary particle number concentrations are more complex to determine. For the aerosols delivered in the inhalation study, two methods have been used to calculate the primary particle number concentration: one based on the measured mass concentration8 and the other using the mobility equivalent size distribution measured by SMPS suggested by Lall and Friedlander 9. Both require accurate knowledge of the primary particle diameter from TEM measurements. 

The first method uses the average primary particle diameter, dp, measured from TEM images and the average mass concentration, M, calculated from gravimetric measurements, and assuming all primary particles are spherical and have inherent material density, ρ, the primary particle concentration, Np, can be estimated as follows:

For comparison, Np, was also estimated from the aerosol size distribution and primary particle diameter. Lall and Friedlander 9 related the number of primary particles per agglomerate, N, to mobility size for agglomerates, dm, using the following expression:

Where λ is the mean free path of gas, C(dm) the Cunningham slip correction factor and c* the dimensionless drag force, which for aggregates oriented parallel to their relative motion is equal to 6.62. Applying this to each size bin of the measured mobility equivalent size distribution and summing over the distribution, the primary particle concentration can be estimated. 

Surface Area
Surface area (SA) is of particular interest for ultrafine/nanoparticles due to their large surface area to mass ratio with numerous studies supporting surface area as an effective dose metric 2, 8, 10-15. Surface area is a difficult quantity to define and measure though, with various definitions and methods used in the literature. 

Historically, the most commonly used method to measure the particulate surface area available for interaction in toxicological studies has been BET16, which measures mass- specific surface area based on the physical adsorption of gas molecules, most commonly Nitrogen. This method is only appropriate for relatively large quantities of powder though, which in toxicology studies may not be available and in the case of inhalation exposures may not be representative of the material when in aerosol form. As the iron oxide particles used in this study were provided in aqueous suspension, BET was not possible as a method of surface area calculation. For comparison to previous works reported in the literature though, mass-specific surface areas shall be calculated.  

Other instruments developed more recently use diffusion charging with subsequent measurement of particle induced electric current to measure particle surface area17, 18. These measure “active (or Fuchs) surface area”, which refers to the part of the surface that causes friction in the carrier gas19. Particles with the same mobility diameter, whether a chain agglomerate or sphere, have the same active surface area. While active surface area is not generally considered to be biologically relevant, this type of instrument has shown promise for measuring non-porous spherical particles <100nm where active surface area is equivalent to geometric surface area. As size increases though, the relationship between active SA and geometric SA diverge.

Active surface area can also be estimated from a SMPS size distribution for compact non-spherical particles20. In this study, the SMPS software was used to obtain the surface area concentration from the measured number size distribution. The surface area concentration, calculation assumes that all the particles are perfect spheres and is calculated by:

Where Dp is the geometric midpoint of the particle size channel. Total surface area concentration can be obtained by summing all the SMPS size channels.

Geometric surface area describes the total surface area of the primary particles. For spherical non-porous particles, it is similar to BET surface area. Schmid and Stoeger8 found no significant difference in the BET or geometric surface area dose-response relationships for a given material. As particle shape and structure deviates from that of smooth, compact particles, BET and geometric surface area diverges. Using estimated values of Np, the volume concentration, V, can be calculated as,

and the geometric surface area concentration, SAg, as,

From this, the volume specific surface area, SAV (m2/cm3) and mass specific surface area, SAM (m2/g) can be calculated using the following equations respectively.


For the iron oxide mixture aerosol, the number of primary particles, volume concentration and surface area concentration were calculated for each type of iron oxide separately assuming the known number-weighted mixture ratios and then summed.
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