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ABSTRACT 12 

Here, we use magnetic methods first to quantify the content of strongly magnetic particles of 13 

banknotes (US dollars, USD, and British pounds sterling, GBP), and then examine the 14 

possibility of their release from handled banknote surfaces. The content of magnetic particles, 15 

from magnetic remanence measurements, for the USD and paper GBP banknotes is high; 16 

greater, for example, than that in vehicle engine-exhaust emissions, and similar to that for 17 

airborne roadside particulate matter (PM). Our magnetic analyses of USD and GBP banknotes, 18 

and of the ink pigment widely used in their printing, reveal not only that the banknotes are 19 

highly magnetic, but also that strongly magnetic, nano-sized particles are readily and 20 

prolifically shed from their surfaces (especially from the USD banknotes). A common practice, 21 

prior to increased automation, was for bank tellers to count banknotes by licking a finger to 22 

adhere to each successive counted note, and thus speed up the manual counting process. 23 

Given the rate of particle shedding reported here, this traditional manual counting procedure 24 

must have resulted in prolific transfer of iron-rich nanoparticles both to the fingers and thence 25 

to the tongue. We hypothesise that, pre-automation, magnetite and other metal-bearing 26 

nanoparticles were repetitively and frequently ingested by bank tellers, and subsequently 27 

entered the brain directly via the taste nerve pathway, and/or indirectly via the systemic 28 

circulation and the neuroenteric system. This hypothesis may plausibly account for the 29 

reported and currently unexplained association between elevated neurodegeneration-30 

related mortality odds ratios and this specific occupation. 31 

 32 
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LIST OF ABBREVIATIONS: 37 

AD – Alzheimer’s disease 

AF – alternating field 

ARM – anhysteretic remanent magnetisation 

CNS – central nervous system 

DC – direct current 

GBP – British pound sterling 

MDFARM – median destructive field of ARM 

MND – motor neuron disease 

MOR – mortality odds ratio 

NDD – neurodegenerative disease 

PAH – polycyclic aromatic hydrocarbon 

PD – Parkinson’s disease 

PM – particulate matter 

PSD – pre-senile dementia 

ROS – reactive oxygen species 

SIRM – saturation isothermal remanent magnetisation or magnetic remanence 

TEM – transmission electron microscopy 

USD – United States dollar 

ΧARM – susceptibility of anhysteretic remanent magnetisation 

 38 

1. Introduction 39 

The global burden of neurodegenerative disease (NDD) continues to rise, with ~44 40 

million individuals living with dementia (in 2016) and age-standardised incidence increasing 41 

from ~701 cases per 100,000 population in 1990 to 712 cases/100,000 population in 2016 42 

(Nichols et al., 2019). Alzheimer’s disease (AD) comprises the most prevalent NDD, accounting 43 

for 60 – 70% of NDD cases (WHO, 2019). Given the irreparable neuronal damage already 44 

incurred once dementia symptoms are manifest, prospects for post-onset therapeutic 45 
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intervention and disease modification appear very limited. As dementia has severe, negative 46 

impacts on individuals, communities and health care systems, increased understanding of risk 47 

factors – and subsequent identification of potential pathways to prevention – thus become 48 

ever more important.  49 

In comparison with studies of genetic and lifestyle factors, relatively little attention 50 

has so far been focused on potential NDD risk factors associated with an individual’s 51 

occupation (Costa & Manzo, 1998). It is likely that occupational exposures to a range of 52 

potential neurotoxicants (Doty, 2008; Costa et al., 2014; Pelclova et al., 2016) might provide 53 

multiple routes to the common features of neuronal damage associated with NDD, including 54 

oxidative stress, protein misfolding and abnormal calcium signalling (Park et al., 2005).  55 

Schulte et al. (1996) examined mortality data, from 1982 to 1991, in 27 U.S.A. states, 56 

and identified occupations with elevated mortality rates for AD, Parkinson’s disease (PD), 57 

motor neuron disease (MND), and pre-senile dementia (PSD). In a follow-up, case-control 58 

study, Park et al. (2005) examined mortality and occupational data for deaths attributed or 59 

including reference to AD, PD, MND and PSD, for 22 participating U.S.A. states, for the period 60 

1992 – 1998. In addition to testing the occupation/NDD associations identified in the original 61 

Schulte et al. (1996) study, Park et al. (2005) assessed hypothesized occupational exposure 62 

associations for solvents, magnetic fields, pesticides, and welding (Levy & Nassetta, 2003). For 63 

AD, the largest increases in mortality odds ratios (MORs) were associated with an apparently 64 

diverse range of occupations, including bank tellers, clergy, aircraft mechanics and 65 

hairdressers. For PSD, increased MORs were associated with dentists, clergy and 66 

graders/sorters (non-agricultural); for MND, veterinarians, hairdressers, and graders/sorters; 67 

for PD, teachers, biological scientists, and clergy. Farmers < 65 yrs in age displayed elevated 68 
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MORs for PD, AD and PSD. Occupational exposure to 60 Hz magnetic fields displayed an 69 

exposure-response for AD, and for those < 65 yrs, for PD and MND. Welding was associated 70 

with PD in those < 65 yrs in age at death.  71 

Exposure to specific physical and chemical agents known to produce oxidative stress 72 

has been inferred to account for many of these observed associations between occupation 73 

and elevated MORs for NDD. For example, dentists have been exposed to mercury; farmers 74 

to organophosphate-rich pesticides; hairdressers to a range of solvents and often metal-75 

bearing dyes; mechanics to engine emissions; welders to manganese. One occupational group 76 

reported by Park et al. (2005) to display significantly elevated MORs for AD (MOR = 1.40; 95% 77 

CI = 1.14 – 1.70; p = 0.001), yet arguably with no obvious route of neurotoxicant exposure, 78 

comprises U.S. bank tellers (who died in the interval 1992 – 1998). 79 

With regard to development of AD and other NDDs, excess iron in some regions of the 80 

brain may represent a particular neurological threat. Iron overload can catalyse formation of 81 

damaging reactive oxygen species (ROS) via the Fenton reaction (Smith et al., 1997). Iron 82 

dyshomeostasis has been linked strongly to the pathogenesis of AD and other NDDs (e.g. 83 

Dobson, 2004; Zecca et al., 2004; Castellani et al., 2007). Indeed, discrete nanoparticles of 84 

magnetite, a strongly magnetic mixed Fe2+/Fe3+ iron oxide, have been found directly 85 

associated with AD plaques (Collingwood & Dobson, 2006; Quintana et al., 2006; Plascencia-86 

Villa et al., 2016).  87 

It is possible, however, that endogenous sources and/or mishandling of iron by the 88 

brain may represent one part of a much wider problem. Exogenous particles of iron-rich, 89 

strongly magnetic magnetite and maghemite, co-associated with other ‘exotic’ (i.e., non-90 

physiological) metal species (e.g. Cr, Pt, Ce, Mn) have recently been discovered in abundance 91 
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in the frontal cortex (0.2 – 12 µg/g, corresponding to 2.7·109 – 160·109 particles/g of freeze-92 

dried tissue) and brainstem regions (0.01 – 2.63 µg/g, corresponding to 0.2·109 - 33·109 93 

particles/g of freeze-dried tissue) of the human brain (Maher et al., 2016; Calderón-94 

Garcidueñas et al., 2020). Precisely-matching, iron-rich nanoparticles occur abundantly in 95 

airborne particulate pollution, including that emitted by traffic, arising from brake-wear, 96 

particularly, and from exhaust emissions (Maher et al., 2016; Gonet & Maher, 2019; Zhang et 97 

al., 2020). It appears that these iron-rich, airborne nanoparticles, prolific in urban airborne 98 

particulate matter (PM), can be transported readily into the brain, whether directly by 99 

inhalation via the olfactory bulb (Maher et al., 2016), and/or through ingestion/swallowing 100 

and transfer via the gut wall and neuroenteric system (Calderón-Garcidueñas et al., 2020), or 101 

indirectly by the systemic circulation (Lu et al., 2020).  Given the essential requirement for the 102 

brain to regulate tightly the location, transport and safe storage of iron (to avoid the risk of 103 

uncontrolled ROS formation), chronic intake of exogenous iron-rich nanoparticles into the 104 

brain may constitute a previously unrecognised environmental risk factor for disruption of 105 

key central nervous system (CNS) processes (Maher, 2019), including mitochondrial function, 106 

myelination and neurotransmitter signalling.  107 

It is also possible that this new hypothesis, of a causal link between exposure to iron-108 

rich pollution nanoparticles and development of NDD (Maher et al., 2016; Maher, 2019), 109 

might account for several previously unresolved associations between occupation and NDD. 110 

Acute or chronic exposure would be predicted for occupations involving frequent and/or 111 

prolonged intervals of inhalation and/or ingestion of such iron- and co-associated metal-rich 112 

nanoparticles, produced in abundance by a notably diverse range of sources. In the outdoor 113 

environment, these sources include: traffic-related air pollution, arising from exhaust 114 
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emissions and, especially, brake-wear (Gonet & Maher, 2019; Gonet et al., 2021); industrial 115 

emissions, especially from power generation plants (Szuszkiewicz et al., 2015) and steelworks 116 

(Zajzon et al., 2013); welding (Sowards et al., 2008) and biomass burning (McClean & Kean, 117 

1993). At-risk occupations might therefore include professional drivers, engine mechanics, 118 

steelworkers, welders and farmers. In the indoor environment, iron-rich, and strongly 119 

magnetic nanoparticles are emitted from, for example, some printer inks (Gminski et al., 120 

2011), metal lathes (Chen et al., 2020), open fires (Maher et al., 2020b), and candles (Halsall 121 

et al., 2008). At-risk occupations might thus also include, for example, office workers, and 122 

machinists. 123 

Here, given the elevated MORs reported for NDD in US bank tellers (who died between 124 

1992 and 1998; Park et al., 2005), we examine magnetic properties of GBP and USD banknotes 125 

and the possibility of shedding of magnetite nanoparticles from the banknotes’ surfaces. We 126 

use magnetic measurements to quantify the magnetic content of banknotes, and the release 127 

of strongly magnetic particles from their surfaces. We also assess the concentration and 128 

particle size of magnetic particles in Pigment Black 11 ink.  Until very recently, the composition 129 

of banknotes has been cellulose-based, frequently coated with kaolinite (for opacity, and 130 

printability) and starch (for wet rub resistance). Universally, and over many decades, iron has 131 

been used in the black printing inks used in banknote production, in the form of the pigment 132 

known as ‘Pigment Black 11’, or ‘Magnetic Black’. Not only do the banknotes display very high 133 

contents of ultrafine magnetite (especially the US dollars), they also shed magnetite particles 134 

prolifically from their surfaces. Given the elevated, currently unexplained MORs for NDD 135 

reported for US bank tellers (who died between 1992 and 1998), we hypothesise that manual 136 

counting of banknotes (i.e., prior to automation from ~1980) resulted in exposure to these 137 
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metal-rich particles through the taste nerve pathway, directly into the CNS, and/or via 138 

swallowing and transfer from the gut wall into the neuroenteric system, and/or dermal 139 

absorption. Such exposure through the working lifetime of these US bank tellers may 140 

constitute a plausible specific mechanism for excess CNS intake of iron-rich and co-associated 141 

toxic metals (specifically, lead), and subsequent neurodegeneration. Critically and 142 

prospectively, such a hypothesis would also indicate that, at the present day, occupations 143 

linked with excess exposure to iron-rich nanoparticles might also be causally linked with 144 

neurodegeneration. Further, newly-developing technologies, such as metal 3D printing (Chen 145 

et al., 2020), may be creating new versions of this specific occupational exposure and risk. 146 

2. Materials and Methods 147 

To quantify the content and particle size of any magnetic particulates, and how easily 148 

such particles might be shed from the surfaces of banknotes, we made measurements of the 149 

magnetic remanence of a selection of banknotes. U.S. dollar (USD) and British pound sterling 150 

(GBP) banknotes were used. As paper banknotes were recently (2016-2020) replaced by 151 

polymer banknotes in the U.K., we measured both paper and polymer GBP notes; 3 banknotes 152 

of each type (paper and polymer) and value (£5, £10 and £20). For comparison, we measured 153 

circulated USD paper banknotes (3 USD banknotes of each value: $1, $5, $10, $20, $50 and 154 

$100).  155 

 Additionally, standard multipurpose wet wipes, which are magnetically ‘clean’, were 156 

used to assess whether strongly magnetic, iron-rich particles can be easily removed from the 157 

banknote surfaces. Each banknote was gently wiped for 45 s (each side). The wipes were 158 

magnetically measured before and after the wiping process; the difference was attributed to 159 
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the magnetic particles removed from a banknote surface merely with wiping. We repeated 160 

the wiping experiment 3 times, using the same banknotes and new wet wipes each time.  161 

All samples (the banknotes and pigment) were first dried for 24 h in a room with 162 

controlled temperature (20oC) and humidity (50%), and subsequently weighed, with a Mettler 163 

AT250 balance (accuracy of 0.00001 g). Each measurement was repeated 3 times. No metal 164 

tools were used during the laboratory work, to preclude any potential contamination of the 165 

samples. 166 

In order to quantify the concentration of iron-rich particles in banknotes and wipes, 167 

magnetic remanence measurements were carried out. We used a Newport electromagnet to 168 

impart saturation isothermal remanent magnetisation (SIRM) to all samples at 1 Tesla (T) at 169 

room temperature. For the banknotes, an AGICO JR-6 spinner magnetometer (noise level 170 

~5·10-11 Am2) was used to measure the magnetic remanence (SIRM). Because of their weaker 171 

signal, we used a 2G RAPID cryogenic magnetometer (noise level ~10-11 Am2) to measure the 172 

magnetic remanence (SIRM) of the wet wipes before and after they were used to simulate 173 

handling of the banknotes. Each measurement was repeated 3 times. 174 

The susceptibility of anhysteretic remanent magnetisation (χARM) was also measured 175 

both for the USD and GBP banknotes, and for the black ink pigment. This parameter is 176 

especially sensitive to the presence of magnetic grains ~30 – 50 nm in diameter (Özdemir & 177 

Banerjee, 1982; Maher, 1988). Anhysteretic remanent magnetisation (ARM) was imparted to 178 

all samples at 80 milliTesla (mT) in 4 different direct current (DC) biasing fields: 0.06 mT, 0.08 179 

mT, 1.0 mT and 1.2 mT, and subsequently measured with a 2G RAPID cryogenic 180 

magnetometer. The susceptibility of ARM (χARM) was calculated as the slope of the ARM(DC 181 

field) linear function.  182 
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The magnetite concentrations of the wet wipes, pre- and post-wiping of the 183 

banknotes, were estimated from experimental SIRM values for sized, synthetic magnetite 184 

powders (Maher, 1988). We used an SIRM value of 6.7 Am2/kg (for grains < 200 nm; based on 185 

our observed particle size distribution of the ink pigment, see Results below) to estimate the 186 

mass of magnetite deposited on the wet wipes. We then estimated the number of magnetite 187 

particles on the wet wipes, assuming magnetite density of 5.15 g/cm3 and grain size of ~60 188 

nm (based on the average particle size of the banknote ink pigment, see Results below). 189 

We made a similar suite of magnetic measurements on Pigment Black 11 (or ‘Magnetic 190 

Black’; Cl 77499, Duranat), the ink long used internationally for printing banknotes. SIRM at 1 191 

Tesla was imposed at room temperature using the Newport electromagnet and subsequently 192 

measured with a Molspin Minispin magnetometer (noise level ~10-9 Am2). The SIRM 193 

measurements were conducted at room temperature, and, after cooling the sample with 194 

liquid nitrogen, at ~77 K. ARM was imparted using a Molspin demagnetiser with ARM 195 

attachment, and subsequently demagnetised in alternating fields (AF) of 5 mT, 10 mT, 15 mT, 196 

20 mT, 50 mT and 100 mT. The ARM was measured using the Molspin Minispin 197 

magnetometer. The measurement of ARM after each step of AF-demagnetisation enabled 198 

determination of MDFARM (median destructive field of ARM), i.e. the field required to 199 

demagnetise 50% of ARM. This parameter is helpful in determination of magnetite grain size 200 

(Maher, 1988). 201 

All magnetic measurements were conducted at the Centre for Environmental 202 

Magnetism and Palaeomagnetism, Lancaster University, UK. 203 

The Pigment Black 11 ink was additionally analysed with transmission electron 204 

microscopy (TEM). Approximately 50 mg of ink pigment was first dispersed in 10 ml of 205 
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ethanol. Then, 5 µl droplets of the suspension were placed on 2 TEM grids (holey carbon films 206 

on copper support grids), one selected at random and scanned using a FEI Titan3 Themis 300 207 

STEM, operated at 300 kV. Imaging of the ink particles was used to obtain the particle size 208 

distribution, by measurement of 100 randomly-selected particles with well-defined crystal 209 

edges. 210 

3. Results 211 

Measurements of the USD and GBP paper banknotes revealed them to be strongly 212 

magnetic (unsurprisingly, since their magnetic signature is one common way of differentiating 213 

genuine from counterfeit banknotes). The highest SIRMs were observed for the USD 214 

banknotes, ranging from 35.6·10-3 Am2/kg ($5 banknote) to 89.3·10-3 Am2/kg ($100 215 

banknote). The paper GBP banknotes had slightly lower values; 35.0·10-3 Am2/kg for £10, 216 

28.9·10-3 Am2/kg for £20, and 24.6·10-3 Am2/kg for the £5 notes. The concentrations of 217 

ferromagnetic grains, as measured by SIRM, in the USD and paper GBP banknotes are notably 218 

higher than those in the new, polymer-composition GBP notes (Fig. 1; Table 1). SIRMs for the 219 

polymer GBP banknotes (circulated) are ~50 – 130 times lower than those for the paper GBP 220 

banknotes, reaching values of 0.47·10-3 Am2/kg, 0.42·10-3 Am2/kg and 0.26·10-3 Am2/kg for 221 

the £5, £10 and £20 banknotes, respectively (Fig. 1; Table 1). No notable difference was noted 222 

between unused and circulated polymer GBP banknotes (~0.38·10-3 Am2/kg, ~0.49·10-3 223 

Am2/kg and ~0.26·10-3 Am2/kg for the unused £5, £10 and £20 banknotes). 224 

To put these magnetic values into environmental context, Figure 2 shows SIRM values 225 

for the USD, paper GBP and polymer GBP banknotes compared with those for a range of 226 

indoor and outdoor airborne particulate emissions: specifically, from burning fossil fuels (i.e. 227 

peat, wood and coal) in residential open fires; vehicle exhaust emissions (both diesel and 228 
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petrol); roadside dust; and brake wear emissions. The measured SIRM values for the USD 229 

(35.6·10-3 Am2/kg – 89.3·10-3 Am2/kg) and paper GBP banknotes (24.6·10-3 Am2/kg – 35.0·10-230 

3 Am2/kg) are greater than those for diesel- (~8.6·10-3 Am2/kg) and petrol-engine (~5.1·10-3 231 

Am2/kg) exhaust emissions (Gonet et al., 2021), and PM emitted from open fires (~8.3·10-3 232 

Am2/kg) (Maher et al., 2020b); and fall within the range of SIRM values for airborne roadside 233 

PM (collected on filters) in Lancaster, U.K. (7·10-3 Am2/kg – 167·10-3 Am2/kg) (Halsall et al., 234 

2008; Fig. 2).  235 

We also measured another magnetic parameter, χARM, which is sensitive to the 236 

presence of single-domain magnetic grains, i.e., of ~30 – 50 nm in diameter (Maher, 1988). 237 

The χARM values were very high, with the highest obtained for the USD banknotes (338·10-8 238 

m3/kg – 922·10-8 m3/kg), ~1.4 – 5.6 times higher than those for the paper GBP banknotes 239 

(165·10-8 m3/kg – 243·10-8 m3/kg). As with the SIRM values, the χARM values for the USD and 240 

paper GBP banknotes are notably higher than the polymer-based GBP notes (3.2·10-8 m3/kg 241 

– 5.4·10-8 m3/kg) (Fig. 1; Table 1).  242 

Again, to put these magnetic values for the paper banknotes into environmental 243 

context, in comparison with our χARM values for the GBP paper banknotes, similar values have 244 

been reported for total roadside dust (~150·10-8 m3/kg - 190·10-8 m3/kg) in Warsaw, Poland 245 

(Dytłow et al., 2019), and for moderately-polluted soil (~60·10-8 m3/kg – 470·10-8 m3/kg) in 246 

Shanghai (Hu et al., 2007). In highly polluted areas, χARM values can sometimes reach even 247 

higher levels, up to ~5200·10-8 m3/kg for roadside dust (in south India) (Gargiulo et al., 2016) 248 

and ~3000·10-8 m3/kg for highly-polluted soil (in Shanghai) (Hu et al., 2007). 249 
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Table 1. Mass, saturation isothermal remanence magnetisation (SIRM) and susceptibility of 250 

anhysteretic remanent magnetisation (χARM) for the USD banknotes, and paper and polymer 251 

GBP banknotes (3 banknotes of each type and value; average value ± standard deviation).  252 

Banknote 
Mass 

[g] 

SIRM 

[10-3 Am2/kg] 

χARM 

[10-8 m3/kg] 

United States dollar (USD) banknotes 

$1 1.035 ± 0.003 85.8 ± 0.6 922 ± 28 

$5 0.974 ± 0.009 35.6 ± 1.3 338 ± 23 

$10 0.976 ± 0.002 54.4 ± 2.3 662 ± 68 

$20 1.016 ± 0.018 79.6 ± 1.5 779 ± 42 

$50 0.993 ± 0.010 68.8 ± 8.5 708 ± 25 

$100 0.978 ± 0.005 89.3 ± 2.3 857 ± 46 

British pound sterling (GBP) banknotes 

Paper £5 0.926 ± 0.026 24.6 ± 2.9 165 ± 12 

Paper £10 0.943 ± 0.003 35.0 ± 1.1 243 ± 26 

Paper £20 1.091 ± 0.025 28.9 ± 5.1 230 ± 36 

Polymer £5 0.754 ± 0.003 0.47 ± 0.03 5.4 ± 1.3 

Polymer £10 0.824 ± 0.010 0.42 ± 0.05 3.8 ± 1.0 

Polymer £20 0.926 ± 0.003 0.26 ± 0.01 3.2 ± 0.3 

 253 
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In order to assess whether magnetic, iron-rich particles can be easily removed from 254 

the banknote surfaces (e.g., by handling for counting purposes), we gently wiped the 255 

banknote surfaces with a magnetically-‘clean’ wet wipe. First, we measured the SIRMs of 256 

clean wipes, then we wiped each banknote and measured the wipes again (Table 2). The 257 

difference (ΔSIRM) was attributed to the SIRM of the particles removed from each banknote 258 

with gentle wiping. In all 36 cases, we found that a portion of magnetic, iron-rich particles was 259 

readily removed from the banknotes. ΔSIRM is especially high for the USD banknotes, reaching 260 

levels up to 12,718·10-10 Am2 in the first round of wiping (Table 2). In the case of the GBP 261 

banknotes, ΔSIRM is lower, ranging between 146·10-10 Am2 and 244·10-10 Am2 for the paper 262 

GBP banknotes, and between 9·10-10 Am2 and 187·10-10 Am2 for the polymer GBP notes (Table 263 

2). We repeated the surface wiping test three times, in order to check if the removed 264 

magnetic particles merely represented surface dirt, from handling of notes during circulation, 265 

and/or any excess, or residual, printing ink post-production. In the second round of wiping, 266 

ΔSIRM ranges from 493·10-10 Am2 to 4,927·10-10 Am2 for USD banknotes, from 50·10-10 Am2 to 267 

518·10-10 Am2 for the paper GBP banknotes, and from 27·10-10 Am2 to 96·10-10 Am2 for the 268 

polymer GBP banknotes (Table 2). In the third round of wiping, ΔSIRM varies between 3,054·10-269 

10 Am2 and 27,155·10-10 Am2 for the USD banknotes, between 16·10-10 Am2 and 200·10-10 Am2 270 

for the paper GBP banknotes, and between 35·10-10 Am2 and 79·10-10 Am2 for the polymer 271 

GBP banknotes (Table 2).  272 
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Fig. 1. Saturation isothermal remanent magnetisation (SIRM) and susceptibility of 274 

anhysteretic remanent magnetisation (χARM) for USD banknotes, and paper and polymer GBP 275 

banknotes. Note that the y axis is on a log scale. 276 

Based on SIRMs for sized, pure magnetite powders (Maher, 1988), we can estimate 277 

the amount of magnetite removed from the banknotes by each round of gentle wiping. These 278 

range from ~45 µg to 190 µg of magnetite being removed, with a single wiping, from the USD 279 

banknotes in the first round of wiping (Table 2). Again, in the case of the GBP banknotes, the 280 

amount of magnetite easily removable from the banknotes by wiping is much lower, ~2.18 µg 281 

to 3.64 µg and ~0.13 µg to 2.79 µg from paper and polymer GBP banknotes, respectively 282 

(Table 2). In the second round of wiping, ~7 µg to 74 µg of magnetite is removed from the 283 

surface of the USD banknotes, ~0.74 µg to 7.74 µg from the paper GBP banknotes, and ~0.40 284 

µg to 1.44 µg from the polymer GBP banknotes. In the third round of wiping, the mass of the 285 

removed magnetite ranges from ~46 µg to 405 µg, ~0.24 µg to 2.99 µg and ~0.52 µg to 1.17 286 
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µg for the USD banknotes, paper and polymer GBP banknotes, respectively. The amount of 287 

magnetite removed from the banknote surfaces is thus variable but similar for all 3 rounds of 288 

wiping, indicating that magnetic (nano)particles shedding from the banknote surfaces 289 

originate from the ink pigment, rather than a surface environmental contamination or 290 

production-related ink excess. 291 

In order to assess the particle size distribution of the magnetite particles shedding 292 

readily from the banknote surfaces, we measured several magnetic parameters for a sample 293 

of Pigment Black 11 (Table 3), the pigment traditionally used in printing paper banknotes. We 294 

observed extremely high values of room-temperature SIRM (12.6 Am2/kg) and χARM (212.5·10-295 

5 m3/kg) (Table 3); indeed, comparable with values for pure magnetite powders (Maher, 296 

1988). Pure magnetite particles which are > 200 nm in diameter usually have χARM values < 297 

100·10-5 m3/kg (Maher, 1988). The χARM value obtained for Pigment Black 11 is notably higher 298 

(212.5·10-5 m3/kg), indicating that it is dominated by magnetite particles < 200 nm. 299 

Demagnetisation of the pigment’s χARM removes half of its initial value by a low demagnetising 300 

field, 13 mT, also characteristic of magnetically-‘soft’, nano-sized magnetite particles (Maher, 301 

1988). We can further narrow down the dominant size of the pigment’s magnetite particles 302 

by measuring its SIRM at low temperature (77 K). The SIRM77K increases by 28% (15.4 Am2/kg 303 

compared to the SIRMRT value of 12.6 Am2/kg; Table 3), indicating the presence of 304 

‘superparamagnetic’ grains (~20-30 nm in size), which are thermally-agitated at room 305 

temperature (and thus contribute no magnetic remanence) but which ‘block in’ at low 306 

temperature, contributing the observed SIRM77K increase.  307 

To obtain independent confirmation of the ink particle size, we analysed the ink 308 

pigment particles using high-resolution TEM. Its mineralogy confirmed by electron diffraction, 309 
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the particle size of the magnetite ink ranges between ~15 nm and 400 nm (Fig. 3), with the 310 

majority (~80%) being smaller than 100 nm (Fig. 3D). 311 

 312 

Fig. 2. Saturation isothermal remanent magnetisation (SIRM) for: (1) USD banknotes, (2) 314 

paper and (3) polymer GBP banknotes, (4) emissions from open fires (Maher et al., 2020b), 315 

(5) vehicle diesel exhaust emissions (Gonet et al., 2021), (6) vehicle petrol exhaust emissions 316 

(Gonet et al., 2021), (7) roadside airborne PM (Halsall et al., 2008) and (8) brake-wear PM 317 

(Gonet & Maher, 2019). Note the y axis is shown on a log scale. 318 
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4. Discussion 319 

It is critical to understand the processes and exposure pathways through which certain 320 

occupational groups appear to have become unusually susceptible to development of 321 

neurodegenerative disease. Although it has been established that some occupational groups 322 

experience(d) exposures to known neurotoxicants, other groups also display significant 323 

elevation in neurodegeneration-linked MORs yet have no known or obvious disease aetiology 324 

(Schulte et al., 1996; Park et al., 2005). From a study of death certificate information for 22 325 

contributing U.S. states for the interval 1992 – 1998, bank tellers were reported to display 326 

elevated – and unexplained – MORs for both pre-senile dementia and Alzheimer’s disease 327 

(Park et al., 2005). Given that iron overload and cell damage through excess oxidative stress 328 

have been implicated increasingly in neurodegenerative disease (e.g. Quintana et al., 2006; 329 

Castellani et al., 2007; Smith et al., 2010; Tabner et al., 2011), it seems timely and important 330 

to assess possible routes of metal-rich neurotoxicant exposure in this particular, currently 331 

enigmatic occupational group. 332 
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Fig. 3. TEM images of Pigment Black 11 particles (A, B and C) and their particle size distribution 334 

(D). 335 

 336 

Our approach builds upon the growing body of work which demonstrates that 337 

exposure to urban airborne PM is associated not only with respiratory and cardiovascular 338 

problems, but also neurodegeneration and cognitive impairments (Calderón-Garcidueñas et 339 

al., 2002; Pope & Dockery, 2006; Hoek et al., 2013; Beelen et al., 2014; Costa et al., 2014; 340 
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Weichenthal et al., 2017; Liu et al., 2018; Malik et al., 2019; Maher et al., 2020a). Both indoor 341 

and outdoor PM often comprises a complex mixture of components, some of which might be 342 

toxic (e.g. Karlsson et al., 2006; Jordanova et al., 2012; Yang et al., 2016; Maher, 2019). Iron-343 

rich and often strongly magnetic nanoparticles are particularly abundant in the solid (non-344 

volatile) fraction of ultrafine (< 100 nm in diameter) air pollution. Because iron can catalyse 345 

the formation of reactive oxygen species (ROS), inducing oxidative stress, such iron-rich 346 

nanoparticles (whether or not dissolved in the brain subsequently) might constitute a specific 347 

neurotoxicant, potentially contributing to the oxidative stress and Alzheimer-like pathology 348 

in the human brain (Maher, 2019). Importantly, not only can iron-rich nanoparticles be toxic 349 

on their own; they are also often co-associated with other toxic metals, including Al, Ce, Cr, 350 

Co, Cu, Mn, Ni, Pb, Pt, Ti and Zn (Spassov et al., 2004; Chen et al., 2006; Kim et al., 2007; 351 

Maher et al., 2016, Yang et al., 2016, Hofman et al., 2020) and surface-adsorbed organic 352 

species, including polycyclic aromatic hydrocarbons (PAHs) (Lehndorff & Schwark, 2004, 353 

Halsall et al., 2008). 354 

Iron-rich nanoparticles, with characteristic high-temperature (> 100°C) surface 355 

features and shapes, co-associated with other exogenous metal species, have been found in 356 

cortical and brainstem samples in the brains even of young people (< 35 yrs old) exposed 357 

lifelong to high concentrations of airborne PM (Maher et al., 2016; Calderón-Garcidueñas et 358 

al., 2020). Compared to low-pollution controls, who demonstrate little neuropathology and 359 

up to 10 x lower brain nanoparticle numbers, these highly-exposed young people already 360 

display multiple aberrant proteinopathies (Calderón-Garcidueñas et al., 2020). Such 361 

associations between exposure to airborne, metal-rich pollution particles (dominated by iron-362 

bearing compounds), the abundant presence of precisely-matching nanoparticles inside both 363 
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autonomous and cortical brain regions, and substantial neuropathologies even in young 364 

people, strongly indicates a causal neurodegenerative role for inhaled and ingested metal-365 

rich air pollution nanoparticles (Maher et al., 2016; Calderon-Garciduenas et al., 2020). 366 

 367 

Table 2. Saturation isothermal remanent magnetisation (SIRM) for wipes before and after 368 

wiping banknote surfaces (3 banknotes of each type and value; average value ± standard 369 

deviation). 370 

Banknote that was 
wiped 

SIRM for wipes [10-10 Am2] Magnetite 
removed from the 

banknote [µg] Before wiping After  
wiping 

Difference  
(ΔSIRM) 

1st wiping 

U
SD

 b
an

kn
ot

es
 $1 73 ± 1 10,989 ± 2,145 10,916 ± 2,146 163 ± 32 

$5 72 ± 4 3,109 ± 1,188 3,037 ± 1,183 45 ± 18 
$10 73 ± 2 4,142 ± 763 4,070 ± 761 61 ± 11 
$20 65 ± 7 12,783 ± 3,620 12,718 ± 3,627 190 ± 54 
$50 61 ± 1 5,837 ± 1,422 5,776 ± 1,423 86 ± 21 

$100 65 ± 4 5,723 ± 1,237 5,659 ± 1,234 84 ± 18 

G
BP

 b
an

kn
ot

es
 Paper £5 69 ± 6 313 ± 125 244 ± 120 3.64 ± 1.79 

Paper £10 109 ± 23 254 ± 63 146 ± 53 2.18 ± 0.79 
Paper £20 73 ± 34 285 ± 127 212 ± 154 3.16 ± 2.30 

Polymer £5 67 ± 3 254 ± 77 187 ± 75 2.79 ± 1.12 
Polymer £10 37 ± 3 166 ± 60 129 ± 57 1.93 ± 0.85 
Polymer £20 55 ± 9 63 ± 3 9 ± 7 0.13 ± 0.10 

2nd wiping 

U
SD

 b
an

kn
ot

es
 $1 58 ± 3 2,231 ± 206 2,173 ± 203 32 ± 3 

$5 57 ± 1 550 ± 38 493 ± 39 7 ± 1 
$10 58 ± 1 1,958 ± 441 1,900 ± 441 28 ± 7 
$20 61 ± 2 4,988 ± 400 4,927 ± 398 74 ± 6 
$50 59 ± 1 2,022 ± 669 1,963 ± 669 29 ± 10 

$100 61 ± 6 3,006 ± 305 2,946 ± 299 44 ± 4 

G
BP

 b
an

kn
ot

es
 Paper £5 63 ± 15 210 ± 21 147 ± 19 2.19 ± 0.29 

Paper £10 68 ± 7 118 ± 21 50 ± 26 0.74 ± 0.39 
Paper £20 71 ± 4 589 ± 359 518 ± 361 7.74 ± 5.39 

Polymer £5 60 ± 4 156 ± 15 96 ± 17 1.44 ± 0.26 
Polymer £10 55 ± 4 94 ± 5 40 ± 8 0.59 ± 0.12 
Polymer £20 55 ± 1 81 ± 23 27 ± 22 0.40 ± 0.33 

3rd wiping 
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U
SD

 b
an

kn
ot

es
 $1 64 ± 4 27,219 ± 785 27,155 ± 781 405 ± 12 

$5 64 ± 1 3,118 ± 578 3,054 ± 578 46 ± 9 
$10 65 ± 3 5,439 ± 861 5,374 ± 864 80 ± 13 
$20 67 ± 5 6,021 ± 1,704 5,954 ± 1,710 89 ± 26 
$50 63 ± 2 8,872 ± 626 8,809 ± 628 131 ± 9 

$100 69 ± 4 9,886 ± 1,262 9,817 ± 1,262 147 ± 19 

G
BP

 b
an

kn
ot

es
 Paper £5 53 ± 1 99 ± 27 46 ± 27 0.69 ± 0.41 

Paper £10 61 ± 15 77 ± 5 16 ± 12 0.24 ± 0.17 
Paper £20 62 ± 17 262 ± 147 200 ± 154 2.99 ± 2.30 

Polymer £5 54 ± 1 133 ± 30 79 ± 31 1.17 ± 0.46 
Polymer £10 53 ± 2 91 ± 14 38 ± 14 0.57 ± 0.20 
Polymer £20 54 ± 1 89 ± 4 35 ± 4 0.52 ± 0.06 

 371 

Hence, chronic exposures to environmental iron-rich nanoparticles may be an 372 

important route into neurodegenerative disease. Here, our magnetic analyses of USD and 373 

GBP banknotes, and of the ink pigment widely used in their printing, have revealed not only 374 

that the banknotes (especially the USD and paper GBP notes) are highly magnetic, but also 375 

that strongly magnetic nano-sized particles are shed readily and repeatedly from their 376 

surfaces. Just gentle wiping of the banknote surface by a moist wipe resulted in transfer of 377 

very high numbers of magnetite particles (12·109 – 695·109 for the USD banknotes; 0.4·109 – 378 

13·109 for paper and 0.2·109 – 4.8·109 for polymer GBP banknotes) from the banknote to the 379 

wipe. Magnetite particles continued to be shed from all banknote surfaces over three 380 

successive wipings. 381 

We hypothesise that such shedding of iron-rich, magnetic nanoparticles may provide 382 

a possible insight into the elevated MORs observed for U.S.-based bank tellers who died 383 

during the period 1992 – 1998. A common practice, prior to increased automation, was for 384 

bank tellers to count banknotes by licking a finger to adhere to each successive counted note, 385 

and thus speed up the manual counting process. Given the rate of particle shedding reported 386 

here, this traditional manual counting procedure must have resulted in prolific transfer of 387 
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iron-rich nanoparticles first to the fingers (with the possibility of some dermal absorption) and 388 

thence to the tongue. Critically, the tongue is an effective and direct pathway to the brain via 389 

the taste nerve translocation pathway (VII and IX cranial nerves); readily demonstrated in 390 

animal models by elicitation of CNS neurotoxicity through glossal instillation of metal-bearing 391 

(Zn, Ti) nanoparticles (Chen et al., 2017; Liang et al. 2018).   392 

This postulated route to an occupational exposure to a potential neurotoxicant 393 

specific to bank tellers (in pre-automation times) is somewhat reminiscent of that of the so-394 

called ‘radium girls’, in the early 20th century. Female factory workers at three United States 395 

Radium factories contracted radiation poisoning from painting watch dials with 396 

radioluminescent paint. Having been told that the paint was harmless, they were advised to 397 

‘point’ their brushes with their tongue or lips, to produce a fine paintbrush tip. As a result of 398 

ingestion of this radioactive substance, unknown numbers of the women died, typically 399 

having developed anaemia, bone fractures and necrosis of the jaw (‘radium jaw’) (e.g. 400 

Gunderman & Gonda, 2015; Cohen & Kim, 2017).  401 

 402 

Table 3. Magnetic parameters for Pigment Black 11 (Cl 77499). 403 

Magnetic parameter Value 

SIRM [Am2/kg] 12.6 

SIRM77K [Am2/kg] 15.4 

χARM [10-5 m3/kg] 212.5 
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MDFARM [mT] 13 

* SIRM77K – SIRM measured at 77 K 404 

 405 

For the U.S.-based bank tellers who died in the interval 1992 – 1998, and started their 406 

working lives from ~1930 onwards (assuming the U.S. average lifespan in the 1990s of 79 yrs 407 

for women and 72 yrs for men), glossal exposure not only to magnetite-rich particles but also 408 

to other cytotoxic metal-bearing particles is additionally likely. Lead, for example, was used 409 

in ‘Brunswick Green’ ink (PbSO4·xPbCrO4·yFe4[Fe(CN)6]) at intervals (1928 – 1963, 1969, 1977 410 

– 1988) before being phased out for health reasons; chromium oxide (Cr2O3) replacing lead in 411 

‘Pigment Green’ (Hall & Chambliss, 2004). Titanium dioxide (TiO2) has been used in production 412 

of U.S. banknotes since 1934, as a paper whitener (presaging the vast international expansion 413 

in synthesis and use of TiO2 for diverse applications, from food additives, to cosmetics, paints, 414 

plastics and electronics (e.g. Chen & Mao, 2007)). 415 

Given the human, societal and economic costs of the pandemic of neurodegenerative 416 

disease, growing year on year as average lifespans increase around the world, it is increasingly 417 

urgent and important to identify the diverse pathways of exposure to metal-rich 418 

nanoparticles as plausible and pervasive neurotoxicants. Our analysis and discussion here are 419 

focused on the potential exposure experienced, pre-automation, by bank tellers (who died 420 

between 1992 and 1998). Prospectively, however, these results also indicate that current and 421 

newly-developing occupational routes might be inducing harmful exposures. For instance, 422 

operators of 3D metal printers (Chen et al., 2020), might be exposed to harmful levels of iron-423 

rich neurotoxicants. Indeed, the prevalence of iron-rich nanoparticles in the environment may 424 
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even be growing. Iron-rich and strongly magnetic nanoparticle powders, easily and cheaply 425 

produced, are increasingly widely used as pigments, catalysts, fillers and even brake friction 426 

materials (i.e. designed to be abraded and consequently efficiently released into roadside air). 427 

The abundant and pervasive presence of magnetite nanoparticles in both indoor (Maher et 428 

al., 2020b) and outdoor (Sanderson et al., 2016; Gonet & Maher, 2019) environments 429 

indicates growing levels of human exposure to these potentially neurotoxic particles, 430 

especially if individuals are exposed not only during daily commuting, but also at home (e.g. 431 

when using open fires for heating) and, as hypothesised here, at their place of work.  432 

5. Conclusions 433 

1. Because of the magnetic pigments used in their production, banknotes (especially 434 

paper banknotes) are strongly magnetic; equivalent in their magnetite concentrations to, for 435 

example, the air pollution particles emitted at heavily-trafficked roadsides. 436 

2. Even gentle wiping of paper banknotes (here, with a moist wipe) results in the 437 

ready, abundant and repeated shedding of strongly magnetic particles, even up to ~7·1011 438 

particles per wiping. Such shedding of magnetic particles was observed both for U.S. and 439 

British banknotes, but was greatest for the USD. 440 

3. The black pigment, ‘Black 11/Magnetic Black’, used for many decades in the printing 441 

of banknotes, consists of almost pure magnetite, characterised by nanoscale particulate 442 

dimensions, with the majority smaller than 100 nm. Such particles are sufficiently small to 443 

access all major organs of the human body, whether by inhalation, ingestion or the taste 444 

nerve pathway, and to enter critical sub-cellular organelles, including mitochondria. 445 
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4. Excess iron loading in the brain can catalyse excess formation of reactive oxygen 446 

species, inducing oxidative stress and cell damage or death. Given the high content and 447 

prolific shedding of magnetite nanoparticles we observe from banknote surfaces, we 448 

hypothesise that magnetite and other metal-bearing nanoparticles were repetitively and 449 

frequently ingested by bank tellers (pre-automation), and subsequently entered the brain 450 

directly via the taste nerve pathway and/or indirectly via the systemic circulation and the 451 

neuroenteric system. Such an exposure route may plausibly account for the reported and 452 

currently unexplained association between elevated neurodegeneration-related MORs and 453 

this specific occupation (in a cohort who died between 1992 and 1998). 454 

5. Notwithstanding that neurodegenerative diseases encompass neuropathological 455 

and genetic variants, and potentially differing aetiologies, given the scale and costs of such 456 

disease on the international scale, investigation of current and newly-developing 457 

occupational groups with high exposure to iron-rich nanoparticles, in terms of incidence of 458 

neurodegenerative disease, seems both warranted and timely, in combination with well-459 

controlled prospective studies.  460 
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