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Graphene oxide nanomaterials are being developed for wide-ranging
applications but are associated with potential safety concerns for human
health. We conducted a double-blind randomized controlled study to
determine how the inhalation of graphene oxide nanosheets affects acute
pulmonary and cardiovascular function. Small and ultrasmall graphene
oxide nanosheets at a concentration of 200 pg m~ or filtered air were
inhaled for 2 hby 14 young healthy volunteers in repeated visits. Overall,
graphene oxide nanosheet exposure was well tolerated with no adverse
effects. Heart rate, blood pressure, lung function and inflammatory
markers were unaffected irrespective of graphene oxide particle size.
Highly enriched blood proteomics analysis revealed very few differential
plasma proteins and thrombus formation was mildly increased in an ex
vivo model of arterial injury. Overall, acute inhalation of highly purified and
thin nanometre-sized graphene oxide nanosheets was not associated with
overt detrimental effects in healthy humans. These findings demonstrate
the feasibility of carefully controlled human exposures at a clinical

setting for risk assessment of graphene oxide, and lay the foundations for
investigating the effects of other two-dimensional nanomaterials in humans.
Clinicaltrials.gov ref: NCT03659864.

Two-dimensional (2D) nanomaterials are defined as flat, non-spherically
shaped substances withaleast one dimension <100 nm, and have gener-
ated worldwideinterest for avariety of potential applications including
building materials, car tyres, inks, food preservatives, sun-screens and
anti-corrosion and lubricating products. Grapheneis an archetypal 2D
nanomaterial of asingle layer or few layers of carbon lattice. Its unique
structure, strength, flexibility, transparency and electrical conductance

properties makeitattractive for awide range of applications’. There is
alsointenseinterestin further developing such materials for biomedi-
cal applications, including diagnostic and drug-delivery agents*’. The
oxidized form of graphene, graphene oxide (GO), has shown promise
inthe biomedical setting due toits hydrophilicity, high surface areafor
chemical functionalization, reasonable colloidal stability in biologically
relevant solutions and compatibility with blood cells*. However, like

A full list of affiliations appears at the end of the paper.

e-mail: mark.miller@ed.ac.uk; kostas.kostarelos@manchester.ac.uk

Nature Nanotechnology


http://www.nature.com/naturenanotechnology
https://doi.org/10.1038/s41565-023-01572-3
http://orcid.org/0000-0001-9874-6211
http://orcid.org/0000-0002-9665-0862
http://orcid.org/0000-0002-9026-1743
http://orcid.org/0000-0002-5345-1249
http://orcid.org/0000-0002-3425-9745
http://orcid.org/0000-0001-8287-2459
http://orcid.org/0000-0001-8870-443X
http://orcid.org/0000-0001-7971-4628
http://orcid.org/0000-0002-2224-6672
http://orcid.org/0000-0002-7078-597X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41565-023-01572-3&domain=pdf
mailto:mark.miller@ed.ac.uk
mailto:kostas.kostarelos@manchester.ac.uk

https://doi.org/10.1038/s41565-023-01572-3

Fig.1| GO nanosheet size distributions. a-d, Morphological characterizations
ofs-GO (a,b) and us-GO (c,d). The images (left) and spectra (right) are
representative of the technical replicates performed. Atomic force microscopy
height images (left; aand c) with the corresponding cross-section analysis
along theindicated dashed white lines (right; a and c). The colour bars indicate
the heightintensity range from 0 to 5 nm. Transmission electron microscopy
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micrographs (left; b and d) with the size distribution analyses using a Gaussian
single peak fitting depicted with solid lines (right; b and d) are shown. Scale bars
arelpm. Thelateral size range and means giveninband d are an average of 242
and 224 individual GO sheets, respectively (see asummary table in Extended
DataTablel).

other manufactured nanomaterials, the safety profile and limitations of
GOonhumanexposure need to be determined before widespread use.
Therearelimited and inconsistent toxicological dataavailable for GO,
often arising from differences among the many different sources of the
material and their notable variability in dimensions and chemical prop-
erties that donotallow confident conclusions tobe reached regarding
its safety’. We have systematically synthesized GO nanosheets with
high control and homogeneity of size and minimal trace metal and no
endotoxin contaminations® that do not exert the overt toxicity reported
for many commercial sources of other graphene material types (such
asgraphene nanoplatelets)”’. These highly purified GO materials have
been thoroughly investigated usingin vitro and in vivo models by dif-
ferent laboratories during the past decade'*". A recent repeated and
long-term pulmonary exposure study of these GO nanosheets in mice
found that large (micrometre range) lateral size and high dosesinduced
pulmonary inflammation (although substantially less than long, rigid
carbon nanotubes) and more persistent granulomas'. Smaller (nano-
metrerange) GO nanosheet exposures have demonstrated a transient
inflammatory response that resolved rapidly post-exposure'* ™,
Parallels can be drawnbetween manufactured nanomaterials and
the small particulate matter in air pollution®. Particulate matter expo-
sure hasbeenlinked to adverse health effects in almost every organ of
the body', although the respiratory and cardiovascular effects drive
the substantial morbidity and mortality associated with particulate
matter. Ultrafine (nano-sized) particulate matter s likely to contribute
to these effects, given the high deposition in the alveoli of the lungs,
the high reactive surface area for a given mass and the penetration to
systemic organs'®. While different classes of manufactured nanomate-
rial have distinct properties, there are commonalities with ultrafine
particulate matter with respect to some physiochemical features
and the pathways by which they induce toxicological effects, such
as inflammation and oxidative stress®™. Although there is an expanse
of large-cohort epidemiological data linking particulate matter in air
pollution with adverse effects, human data on the biological actions
of manufactured nanomaterials are confined to cultures of human cell
lines and biomonitoring in occupational settings or isolated accidental
exposures in small groups of individuals”. Inhalation is the primary

route of unintended pulmonary exposure to manufactured nanoma-
terials, but it also represents a promising route of administration for
nanomedicines used for diagnosis and drug delivery for respiratory
conditions. Therefore, human data are urgently needed to assess risk
assessment and realize the true potential of these materials.

Controlled human exposure studies offer several advantages for
assessing the acute biological effects of xenobiotics”. Unlike epide-
miological studies, substances can be tested in isolation at defined
doses. Real-world confounders, such as other environmental stress-
ors (for example noise, stress, heat, exercise or medication) can be
minimized or standardized across participants and study visits. The
design can be tailored to include relevant control exposures, with
repeated measure designs allowing each participant to be their own
control. The use of a controlled exposure environment at clinics or
laboratory facilities can broaden the range of endpoints to include a
greater range of subclinical and mechanistic endpoints and has been
used successfully to determine the respiratory and cardiovascular
effects of combustion-derived nanoparticles such as those in diesel
exhaust emissions'®'®', However, only a handful of studies have tested
the actions of manufactured nanomaterials, and no studies have been
performed with non-spherical materials such as graphene”.

Inthis study we aimed to understand the potential for GO to have
detrimental health effects, principally from the viewpoint of unin-
tended exposure (forexample occupationally or from public exposure
with increasing use of nanomaterials in real-world applications) but
also from the perspective of the development of safe forms of GO for
intended human exposure by inhalation (for example for diagnostic
imaging of the lung or drug delivery to or via the lung). Using a ran-
domized controlled double-blind crossover design, we investigated
the cardiorespiratory effects of acute inhalation of GO nanosheets in
humanvolunteers. We hypothesized thatinhalation of our high-purity,
thin GO would have only modest effects on cardiorespiratory func-
tion and blood markers of inflammation and coagulability, the mag-
nitude of which would be lower the smaller the lateral dimensions
of the nanosheets. The findings of this controlled human inhalation
exposure to GO in human volunteers lay the foundations for future
investigations to establish which properties of graphene materials
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Fig.2|Study design and study day schedule. Top: timeline of randomized study visits. Bottom: study day schedule. Insetimages show a volunteer inhaling exposures
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concentrator exposure laboratory.

determine their biological actions to provide aformal risk assessment
and allow safe-and-sustainable-by-design development for various
applications.

Synthesis and characterization of GO nanosheets
Thin, highly purified metal-free and endotoxin-free GO materials were
synthesized using amodified Hummers’ method and comprehensively
characterized (Fig.1, Extended Data Table 1and Extended Data Fig.1)°.
GO nanosheets were of tightly defined size, with no metallic or other
elemental contamination, residues or indicators of bacterial contami-
nation'. Two lateral dimensions (maintaining all other physicochemi-
cal characteristics almostidentical) were selected for the study: small
GO (s-GO) and ultrasmall GO (us-GO). Both types of nanosheet have
demonstrated no acute or longitudinal adverse effects in our previous
pre-clinical (rodent) studies®, contrary to ‘large’ GO sheets that were
thus excluded from this work as a safety precaution.

GO nanosheets were aerosolized for exposure of volunteers
through inhalation via a face mask with a target mass concentration
of 200 pg m. The actual concentrations of s-GO and us-GO were
214 +23 pg m>and 224 +17 pg m3, respectively (Extended Data Table 2)
and were maintained at a constant level throughout the 2 h exposure
(Supplementary Fig. 1a). As anticipated, the us-GO had a greater par-
ticle number than the s-GO for the same mass. The GO agglomerated
to airborne sizes with a median value of 80-90 nm and a high size
distribution homogeneity (Supplementary Fig. 1b). The levels of GO
used here (200 pg m~) were substantially higher than concentrations
of graphene materials found in many workplaces that handle/process
these materials (0.4-50 pg m>)**and are relevant to proposed occu-
pational guidance for graphene nanoplatelets (212 pg m=>)>,

Clinical effects ofinhaled GO

This study was performed in accordance with the Declaration of Hel-
sinki and rigorous ethical review at the University of Edinburgh and
relevant UK National Health Service research and development office.

Volunteersinhaled either GO or filtered air for 2 hunder carefully con-
trolled conditions while intermittently cycling (used to standardize
respiratory rates betweenindividuals based on exercise workload deter-
mined at the screening visit) (Fig. 2 and Supplementary Fig. 2). Of the
14 participants, 13 completed all 3 visits; one participant was unable to
attend their third visit within the time frame of the study. All exposures
were well tolerated, with participants reporting no symptoms related
to exposure and only mild transient fatigue related to the exercise. No
symptoms were reported throughout each study day, and there were
noclinical adverse events of any description throughout the study. The
lack of overt effects of acute inhalation of high-purity GO highlights the
feasibility of controlled exposures of graphene-based nanomaterials
for risk assessment in humans.

Lung function

Spirometry is widely used to monitor changes in, or sensitization to,
airway reactivity to assess the risk and progression of respiratory con-
ditions such as asthma and chronic obstructive pulmonary disease.
The forced expiratory volume in 1 s and forced vital capacity varied
little across the time points within each exposure, and there were no
differencesin either of these parameters between different exposures
(P> 0.42for all comparisons; Fig. 3 and Extended Data Table 3). The
findings demonstrate that the GO nanosheet exposures did not directly
alter lung function after acute exposure. While studiesin animalmodels
have not found effects of GO on airway reactivity, GO hasbeen found to
induce pulmonary inflammation (see the Supplementary Information
for a discussion). Biomarkers of pulmonary inflammation would be a
valuable addition to future human-controlled nanomaterial exposures.
Toxicological studies in mice with the same GO materials asthe current
study found that pulmonary exposure induced a mild and transient
pulmonary inflammation' ™. Itis possible that GO with greater lateral
dimensions could have induced greater inflammation and changes to
lung function, or that effects would have been observed in susceptible
individuals, such as those with asthma.
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Fig.3 | Lung function and cardiovascular vital signs for exposure to air, s-GO
and us-GO. a, Lung function as determined by the forced expiratory volume in
1s (FEV,, left) and forced vital capacity (FVC, right). b, Cardiovascular vital signs:
heart rate (left), systolic BP (middle) and diastolic BP (right). The dotted lines
represent the upper and lower limits of expected normal values and the coloured
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bars and error bars show the mean + s.d. (n =12 for air and us-GO groups, n =11
for s-GO groups; biologically independent measurements). No significant
differences were found between treatments (two-way analysis of variance
followed by Tukey’s post hoc test).

Systemic haemodynamic effects

Heart rate and blood pressure were measured at rest at the same
time points as lung function. There were no differences in heart rate
(P> 0.88) and systolic (P> 0.85) or diastolic (P> 0.5) blood pressure
(Fig. 3 and Extended Data Table 3). The lack of effect was anticipated,
as our previous volunteer studies did not find consistent increases in
heart rate or blood pressure after acute exposure to diesel exhaust
nanoparticles'***. Only one study has investigated the effects of
graphene material on blood pressure?, finding that dextran-coated
graphene nanoplatelets had no effect on blood pressure in mice after
high-dose (up to 250 mg kg™) intravenous exposure. Many manufac-
tured nanomaterials have oxidative properties that stimulate cellular
and tissue oxidative stress. In small arterioles, oxidative stress would
be expected to increase blood pressure via constriction of blood ves-
sels and impairment of vasodilatory capacity. The lack of effect of GO
on blood pressure and the absence of substantive changes in plasma
isoprostanes following GO exposurein preliminary lipidomic analyses
(see below) suggest that there was noinduction of systemic oxidative
stress inthis study. Thisis supported by studies using cultured vascular
endothelial cells that have demonstrated that while GO is internalized
by the cells, it did not generate intracellular superoxide”. Nonetheless,
further exploration of these mechanismsis warranted in future human
studies, especially for the assessment of the risk of emerging graphene
materials with different redox properties.

Blood coagulability

An increased propensity of the blood to clot increases the risk of
thrombosis within a blood vessel and concomitant cardiovascular
events, such as a heart attack or ischaemic stroke. Human exposure
to particulate matter in ambient air pollution is associated with
raised markers of blood coagulation, such as fibrinogen, platelet
activity and in vitro coagulation assays, although the data are incon-
sistent?. In this study, blood platelet counts and activated partial

thromboplastin times were similar within each exposure (Fig. 4a and
Extended Data Table 4). Although a marginal increase was observed
in the prothrombin time after exposure (¢ =2 h) in the us-GO group
(P=0.02), this increase was transient and remained within normal
limits. There were no differences between exposures for any of these
parameters. Blood fibrinogen, an essential glycoprotein of the coagula-
tion cascade thatisalso an acute-phase response factor, was unchanged
between exposures. See the Supplementary Information for further
discussion.

One limitation of individual biomarkers and in vitro coagulation
assays is that they overlook the interaction of blood with the vessel
wall, anessential aspect of thrombosis. For this, we employed an ex vivo
model of arterial thrombosis incorporating denuded porcine arterial
strips, with different chambers that have flow conditions represent-
ing patent (low-shear chamber) and stenosed (high-shear chamber)
human coronary arteries. Our previous studies in healthy volunteers
demonstrated that acute exposure to diesel exhaust nanoparticles pro-
moted the thrombogenicity of the blood in the absence of changesin
individual biomarkers of coagulation®>*°. In this study, inhalation
of either s-GO (P=0.02) or us-GO (P=0.006) led to a greater blood
thrombogenicity compared with air exposure in the low-shear chamber
(Fig.4b-f). Asimilar pattern was observed in the high-shear chamber,
although the effect was only demonstrable for s-GO (P=0.019; for
us-GO, P=0.07). No differences were observed when directly compar-
ing s-GO with us-GO. The findings highlight that traditional coagula-
tion markers are crude indicators of thrombogenicity, and that the
inclusion of physiological conditions, such as the injured vessel wall,
should be used to address the potential for thrombosis in vivo. The
magnitude of the greater thrombogenicity after GO exposure was
relatively mild and would be potentially of limited consequence, even
in patients with pre-existing heart disease. Nevertheless, we recom-
mend that characterization of the thrombogenic potential isincluded
inexperimental models used to develop risk assessments for graphene
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bars and error bars show the mean + s.d. (n =12 for air and us-GO groups, n =11
for s-GO groups; biologically independent measurements). No significant
differences were found between treatments (two-way analysis of variance
followed by Tukey’s post hoc test). b, Schematic of the ex vivo thrombosis
chamber set-up for measuring blood thrombogenicity. ¢, Photograph of the
chamber containing the three strips of porcine artery (pink) with the direction
of blood flow across the chamber marked. Low, low-shear chamber; Highl, first
high-shear chamber; High2, second high-shear chamber. d, Porcine strip (white)
taken from the chamber with adhering blood (vertical red line) seen running
down the centre of the strip. A corner of the strip is removed to identify the
direction of blood flow. e, A representative histological section of the strip (pink)

withblood (brown, arrow) adhering to the intimal surface. f, Inhalation of either
s-GO (P=0.02) or us-GO (P=0.006) led to a greater blood thrombogenicity
compared with air exposure in the low-shear chamber. A similar pattern was
observed in the high-shear chamber, although the effect was only demonstrable
fors-GO (P=0.019; for us-GO, P= 0.07). There was no statistically significant
difference in thrombogenicity between s-GO and us-GO. The central lines of

the box plots show the median, box ranges show the 25-75th percentiles and
whiskers show the minima (25th percentile - 1.5 x interquartile range) and
maxima (75th percentile + 1.5 x interquartile range); each point represents a
single section from the arterial strip. Biologically independent measurements are
from 13 volunteers (low-shear chamber) and 8 volunteers (high-shear chamber).
Comparisons with air were made by one-tailed Kruskal-Wallis tests. APTT,
activated partial thromboplastin time; PT, prothrombin time.

materials that may be of higher risk, or to consider higher exposure
scenarios.

Systemic inflammation

Inflammation is a key mechanism underlying the cardiovascu-
lar effects of particles in air pollution in humans® and various
carbon-manufactured nanomaterials in animal models*. While
white blood cell and neutrophil counts increased over the expo-
sure period (P < 0.001 for all groups), the effect was identical in all
the exposure groups, including filtered air (Fig. 5a and Extended Data
Table 5). The lack of impact of GO in white blood cell counts aligns
with those of a murine study of graphene nanoplatelet exposure?®.
There were no changes in the concentrations of the inflammatory
cytokines: tumour necrosis factor alpha (TNF-a) or interleukin-6
(IL-6) over time or between different exposures (Fig. 5Sb and Extended
Data Table 5). Minor differences in the baseline serum concentrations
ofthe acute response protein C-reactive protein (CRP) were observed
between exposure groups, but there were no changes between

exposures when expressed as a percentage change from the baseline
(P=0.08 for s-GO versus air and P= 0.45 for us-GO versus air). The
results suggest that physical exercise during the exposure increased
the mobilization of white blood cells in the systemic circulation®.
The exposure itself did not influence inflammatory cell number or
activation.

Controlled exposure to diesel exhaust emissions can be associated
with increased in markers of systemic inflammation in humans'®>>*,
whereas exposure to spark-generated carbon black particles did not
induce asystemicinflammatory response in healthy volunteers®. This
is also in keeping with the available pre-clinical evidence: inhalation
of GO in mice induced only mild increases in circulatory inflamma-
tory cells or cytokines®* at high doses (>3 mg m™) that are likely to be
associated with lung overload and do not extrapolate to anticipated
real-life exposure scenarios in humans?*¢, The lack of effect of GO on
markers of inflammation and the acute-phase response may reflect
the purity of the GO, although the profile of the response at later time
points remains to be confirmed (see the Supplementary Information
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mean +s.d. (n =12 for air and us-GO groups, n = 11 for s-GO groups; biologically

independent measurements). No significant differences were found between
treatments (two-way analysis of variance followed by Tukey’s post hoc test).

for further discussion). Studies that make a direct comparison of our
high-purity materials and commercial sources of GO that are typically
less pure and more heterogenous in their size distribution would be
valuable.

Blood proteomic and lipidomic profiles

High-fidelity blood proteomics was used to probe for unanticipated
acute systemic effects and further explore underlying pathways.
A previously developed plasma enrichment approach (NanoOmics
pipeline®) was employed before liquid chromotography tandem mass
spectrometry analysis to minimize the masking effects from highly
abundant plasma proteins (such as albumin and immunoglobulins)
and to increase the dynamic range of the plasma proteomics data
detected®. Lipid-based nanoparticles were used to adsorb proteins
from the extracted plasma sample, forming a protein corona that
can be recovered and purified from unbound proteins. Plasma from
the baseline (¢=0 h) and end of the protocol (¢ = 6 h) were chosen for
analysis, as the later time point was deemed the most likely to coincide
with any inflammatory response to the GO exposure. A total number
of 692 proteins were identified in the plasma of s-GO-exposed vol-
unteers, of which only 3 were found to be differentially abundant
(1downregulated, 2 upregulated; Fig. 6) compared with the baseline
(t=0h).

Similarly, out of 772 proteins identified in the plasma of us-GO-
exposed volunteers, the abundance of only 4 proteins was shown tobe
affected (all upregulated) versus the baseline (¢ = 0 h). The proteomic
analysis (Table 1) revealed that sorcin protein was upregulated after
exposure toboth s-GO and us-GO. Although previous studies have not
associated sorcin protein with nanoparticle exposure, inflammation
ortoxicity, other studies haveimplicated sorcinin neurodegenerative
diseases® and calciumsignallingin heart tissues*’. Comparing between
exposure groups, a total of 10 and 7 differentially abundant proteins
wereidentified betweens-GO and air exposures and between us-GO and
airexposures, respectively. Of all the differentially abundant proteins,
factor XII (air versus us-GO exposure groups) was the only protein

identified that had immediate relevance to cardiorespiratory param-
eters of particulates, being implicated in both the complement and
coagulation pathways**2. In general, unlike previous diesel exhaust
particulate exposure studies that have shown distinct plasma protein
changes®, our analysis revealed only subtle changes in a very small
number of plasma proteins.

Lastly, using lipidomic analysis of the extracted plasma samples
we profiled eicosanoid species that may represent a means to detect
more subtle changes in biological function that precede inflamma-
tory biomarkers or functional changes in organ systems**. A prelimi-
nary exploration of plasma eicosanoids using targeted lipidomics
found limited differences between some factors across the exposure
groups (Extended Data Fig. 2 and Extended Data Table 6). Overall, the
proteomic and lipidomic analyses corroborated the limited and mild
effects of GO exposure on cardiorespiratory parameters and inflam-
matory mediators.

Study limitations

While the use of controlled exposures in human participants has many
advantages”, we acknowledge that our study has several limitations.
First, the number of participants for this foundational study was only
powered to detect changesinbiological parameters based on our pre-
vious work with diesel exhaust nanoparticles. However, participant
numbers may beinsufficient to detect more subtle effects of GO inhala-
tion. Second, we were only able to test a single dose of GO. For safety
reasons, the dose was carefully chosen to avoid overt physiological
effects, and it is possible that higher concentrations or longer dura-
tions of GO exposure could have actions that were not apparent in
the current study. However, we note that our previous exposures to
diesel exhaust used similar concentrations (100-300 pg m™) of particu-
lates and were accompanied by cardiovascular dysfunction measured
using similar parameters'>*%, Lastly, human-controlled exposure
studies are limited to the exploration of acute exposure and restricted
measurement periods. The study protocol could not be extended to
morethan 6 hafter the start of the exposure and, therefore, slow-onset
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Fig. 6 | Blood proteome comparison from plasma samples using the
NanoOmics enrichment pipeline. a, Heat map of normalized abundance
values of all corona proteins identified by LC-MS/MS in samples collected before
and after exposure to s-GO (left) and us-GO (right). A total of 692 (772) corona
proteins were identified in s-GO (us-GO) exposure samples. Protein columns are
sorted according to the abundance values (from highest to lowest) of the first
sample. b, Volcano plots displaying the differential abundance of significantly
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different proteins before and after exposure to s-GO and us-GO (top) and
between GO exposure groups and air at 6 h (bottom). Blue data points represent
downregulated proteins and red data point upregulated proteins. The n values
shown are frombiologically independent samples. Filled dots represent then =1
common differentially abundant protein (SRI) between the two time points.

The peptide intensities were compared between groups by one-way analysis of
variance (ANOVA). Only proteins with P < 0.05 are shown.

responses, such as some inflammatory pathways, would not have
been captured.

Conclusions

We found that the two GO sheets (s-GO and us-GO) withnanometre-sized
lateral dimensions, minute thickness (1-2 nm) and high purity (interms
ofboth metallicand endotoxin contaminants) were largely innocuousin
healthy volunteers at the dose and duration tested. This GO material was
neither associated with acute changesinrespiratory or cardiovascular
function, nor systemic inflammation. While there was no major effect
on blood coagulability, there was a mild increase in thrombogenic-
ity in an ex vivo model of vascular injury, highlighting the need for
comprehensive and subtle profiling of cardiovascular parameters to
assess the actions of inhaled manufactured nanomaterials fully. This

study lays the foundation for subsequent human studies investigating
GO inlarger numbers of individuals that could include differences in
the degree of oxidation of GO (and surface oxygen content), purity
and doses, as well as additional health parameters, time points and
exploration of potential susceptible groups such as individuals with
asthmaandthose withagreater risk of blood clotting. Great care should
be taken to avoid generalizations from these results as the structural
and surface characteristics of the GO materials and their purity, along
with extensive pre-clinical investigations and knowledge, allowed the
safe and ethical translationinto the human exposures undertaken here.
These studies could constitute a major advancement towards a com-
prehensive risk assessment of graphene and 2D nanomaterials toadopt
asafe-by-design approach to harness the true potential of this unique
material.
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Table 1] Identification of differentially abundant proteins from nano-enriched proteomic analysis of plasma samples

Description Gene hame Pvalue Maximum fold change
s-GO: Oh versus 6h (n=3)

Downregulated

cDNA FLJ26936 fis, clone RCTO6808 0.019 5.52
Upregulated

Platelet endothelial cell adhesion molecule PECAM1 0.016 2.05
Sorcin SRI 0.043 15.07
us-GO: Oh versus 6h (n=3)

Upregulated

Fibroblast growth factor-binding protein 2 FGFBP2 0.024 191
Annexin 0.027 2.55
Proteoglycan 1, secretory granule, isoform CRA_a PRG1 0.041 414
Sorcin SRI 0.046 2116
Air versus s-GO (6 h) (n=10)

Downregulated

Tubulin alpha-4A chain TUBA4A 0.007 3.99
Immunoglobulin G heavy chain 0.015 2071
Prolactin-inducible protein PIP 0.017 2.22
Alpha-1-antichymotrypsin (fragment) SERPINA3 0.036 2.76
HRV Fab 026-VL (fragment) 0.042 153
60S ribosomal protein L18 (fragment) RPL18 0.045 515.74
Upregulated

Uncharacterized protein DKFZp686N02209 DKFZp686N02209 0.031 1.36
Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 1 INPP5D 0.031 1.83
Collagen alpha-1(IV) chain COL4A1 0.036 174
Putative ciliary rootlet coiled-coil protein 2 CROCC2 0.040 1.48
Air versus us-GO (6 h) (n=7)

Downregulated

Coagulation factor XII F12 0.006 5.27
Apolipoprotein B protein (fragment) APOB 0.006 3.87
Plasma protease C1 inhibitor SERPINGT 0.02 1.46
Alpha-2-HS-glycoprotein AHSG 0.02 1.66
cDNA FLJ41054 fis, clone STOMA1000189 0.03 9.00
cDNA FLJ90052 fis, clone HEMBA1002767, highly similar to Beta-1,4-galactosyltransferase 2 0.049 1.70
(EC2.41.-)

Immunoglobulin heavy chain variable region (fragment) 0.049 18.05

The listed values are from independent biological samples for each group (from top to bottom table: n=3, n=4, n=10, n=7). Data were filtered in Pyrogenesis LC-MC to present a 1% false
discovery rate. Comparisons between groups conducted using one-way analysis of variance, with only proteins demonstrating P<0.05 shown. cDNA, copyDNA.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41565-023-01572-3.

References

1. Ferrari, A. C. et al. Science and technology roadmap for
graphene, related two-dimensional crystals, and hybrid systems.

Nanoscale 7, 4598-4810 (2015).

2. Bitounis, D., Ali-Boucetta, H., Hong, B. H., Min, D.-H. &
Kostarelos, K. Prospects and challenges of graphene in
biomedical applications. Adv. Mater. 25, 2258-2268

(2013).

3.

4.

Kostarelos, K. & Novoselov, K. S. Exploring the interface of
graphene and biology. Science 344, 261-263 (2014).
Sasidharan, A. et al. Hemocompatibility and macrophage
response of pristine and functionalized graphene. Small 8,
1251-1263 (2012).

Fadeel, B. et al. Safety assessment of graphene-based materials:
focus on human health and the environment. ACS Nano 12,
10582-10620 (2018).

Rodrigues, A. F. et al. A blueprint for the synthesis and
characterisation of thin graphene oxide with controlled
lateral dimensions for biomedicine. 2D Mater. 5, 035020
(2018).

Ma-Hock, L. et al. Comparative inhalation toxicity of multi-wall
carbon nanotubes, graphene, graphite nanoplatelets and low
surface carbon black. Part. Fibre Toxicol. 10, 23 (2013).

Nature Nanotechnology


http://www.nature.com/naturenanotechnology
https://doi.org/10.1038/s41565-023-01572-3

Article

https://doi.org/10.1038/s41565-023-01572-3

8. Schinwald, A., Murphy, F. A., Jones, A., MacNee, W. & Donaldson,
K. Graphene-based nanoplatelets: a new risk to the respiratory
system as a consequence of their unusual aerodynamic
properties. ACS Nano 6, 736-746 (2012).

9. Kim, Y. H. et al. Short-term inhalation study of graphene oxide
nanoplates. Nanotoxicology 12, 224-238 (2018).

10. Mukherjee, S. P. et al. Detection of endotoxin contamination of
graphene based materials using the TNF-a expression test and
guidelines for endotoxin-free graphene oxide production. PLoS
ONE 1, e0166816 (2016).

1.  Peng, G. et al. Graphene oxide elicits microbiome-dependent
type 2 immune responses via the aryl hydrocarbon receptor. Nat.
Nanotechnol. 18, 42-48 (2023).

12. Loret, T. et al. Innate but not adaptive immunity regulates lung
recovery from chronic exposure to graphene oxide nanosheets.
Adv. Sci. 9, 2104559 (2022).

13. Rodrigues, A. F. et al. Size-dependent pulmonary impact of thin
graphene oxide sheets in mice: toward safe-by-design. Adv. Sci. 7,
1903200 (2020).

14. deluna, L. A.V.etal. Lung recovery from DNA damage induced
by graphene oxide is dependent on size, dose and inflammation
profile. Part. Fibre Toxicol. 19, 62 (2022).

15. Stone, V. et al. Nanomaterials versus ambient ultrafine particles:
an opportunity to exchange toxicology knowledge. Environ.
Health Perspect. 125, 106002 (2017).

16. Miller, M. R. & Newby, D. E. Air pollution and cardiovascular
disease: car sick. Cardiovasc. Res. 116, 279-294 (2019).

17. Miller, M. R. & Poland, C. A. Nanotoxicology: the need for a human
touch? Small 16, 2001516 (2020).

18. Holgate, S. T. et al. Health effects of acute exposure to air
pollution. Part |: healthy and asthmatic subjects exposed to diesel
exhaust. Res. Rep. Health Eff. Inst. 1-30, 51-67 (2003). discussion.

19. Mills, N. L. et al. Diesel exhaust inhalation causes vascular
dysfunction and impaired endogenous fibrinolysis. Circulation
112, 3930-3936 (2005).

20. Lee, J. H. et al. Exposure monitoring of graphene nanoplatelets
manufacturing workplaces. Inhal. Toxicol. 28, 281-291(2016).

21. Pelin, M., Sosa, S., Prato, M. & Tubaro, A. Occupational exposure
to graphene based nanomaterials: risk assessment. Nanoscale 10,
15894-15903 (2018).

22. Lovén, K. et al. Emissions and exposures of graphene
nanomaterials, titanium dioxide nanofibers, and nanoparticles
during down-stream industrial handling. J. Expo. Sci. Environ.
Epidemiol. 31, 736-752 (2021).

23. Spinazze, A. et al. Probabilistic approach for the risk assessment
of nanomaterials: a case study for graphene nanoplatelets. Int. J.
Hyg. Environ. Health 222, 76-83 (2019).

24. Mills, N. L. et al. Ischemic and thrombotic effects of dilute
diesel-exhaust inhalation in men with coronary heart disease.

N. Engl. J. Med. 357, 1075-1082 (2007).

25. Tornqvist, H. et al. Persistent endothelial dysfunction in humans
after diesel exhaust inhalation. Am. J. Respir. Crit. Care Med. 176,
395-400 (2007).

26. Kanakia, S. et al. Dose ranging, expanded acute toxicity and
safety pharmacology studies for intravenously administered
functionalized graphene nanoparticle formulations. Biomaterials
35, 7022-7031(2014).

27. Cao, Y., Xiao, W., Li, S. & Qiu, D. A comparative study of toxicity
of graphdiyne and graphene oxide to human umbilical vein
endothelial cells. J. Appl. Toxicol. 41, 2021-2030 (2021).

28. Robertson, S. & Miller, M. R. Ambient air pollution and thrombosis.
Part. Fibre Toxicol. 15, 1(2018).

29. Mills, N. L. et al. Combustion-derived nanoparticulate induces the
adverse vascular effects of diesel exhaust inhalation. Eur. Heart J.
32, 2660-2671(2011).

30. Lucking, A. J. et al. Diesel exhaust inhalation increases thrombus
formation in man. Eur. Heart J. 29, 3043-3051(2008).

31. Arias-Pérez, R.D. et al. Inflammatory effects of particulate
matter air pollution. Environ. Sci. Pollut. Res. 27, 42390-42404
(2020).

32. Rezaee, M., Behnam, B., Banach, M. & Sahebkar, A. The Yin and
Yang of carbon nanomaterials in atherosclerosis. Biotechnol. Adv.
36, 2232-2247 (2018).

33. Neves, P.R. D. S. et al. Acute effects of high- and low-intensity
exercise bouts on leukocyte counts. J. Exerc. Sci. Fit. 13, 24-28
(2015).

34. Salvi, S. et al. Acute inflammatory responses in the airways and
peripheral blood after short-term exposure to diesel exhaust
in healthy human volunteers. Am. J. Respir. Crit. Care Med. 159,
702-709 (1999).

35. Han, S. G. et al. Pulmonary responses of Sprague-Dawley rats
in single inhalation exposure to graphene oxide nanomaterials.
BioMed. Res. Int. 2015, 376756 (2015).

36. Vaquero, C., Wendelbo, R., Egizabal, A., Gutierrez-Canas, C. &
Lopez de Ipifia, J. Exposure to graphene in a pilot production
plant. J. Phys. Conf. Ser. 1323, 012005 (2019).

37. Gardner, L., Kostarelos, K., Mallick, P., Dive, C. & Hadjidemetriou,
M. Nano-omics: nanotechnology-based multidimensional
harvesting of the blood-circulating cancerome. Nat. Rev. Clin.
Oncol. 19, 551-561(2022).

38. Hadjidemetriou, M. et al. The human in vivo biomolecule corona
onto PEGylated liposomes: a proof-of-concept clinical study. Adv.
Mater. 31,1803335 (2019).

39. Genovese, |. et al. Sorcin is an early marker of neurodegeneration,
Ca?" dysregulation and endoplasmic reticulum stress associated
to neurodegenerative diseases. Cell Death Dis. 11, 861
(2020).

40. Zamparelli, C. et al. Activation of the cardiac Na*-Ca* exchanger
by sorcin via the interaction of the respective Ca®-binding
domains. J. Mol. Cell. Cardiol. 49, 132-141 (2010).

41. Jiang, L. et al. Silica nanoparticles induced the pre-thrombotic
state in rats via activation of coagulation factor Xll and the
JNK-NF-kB/AP-1 pathway. Toxicol. Res. 4, 1453-1464 (2015).

42. E,K.etal. Factor Xll activation is essential to sustain the
procoagulant effects of particulate matter. J. Thromb. Haemost. 9,
1359-1367 (2011).

43. Mehus, A. A. et al. Comparison of acute health effects from
exposures to diesel and biodiesel fuel emissions. J. Occup.
Environ. Med. 57, 705 (2015).

44. Dennis, E. A. & Norris, P. C. Eicosanoid storm in infection and
inflammation. Nat. Rev. Immunol. 15, 511-523 (2015).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

Nature Nanotechnology


http://www.nature.com/naturenanotechnology
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article https://doi.org/10.1038/s41565-023-01572-3

'BHF Centre for Cardiovascular Science, University of Edinburgh, Edinburgh, UK. 2The Royal Infirmary of Edinburgh, Edinburgh, UK. *Nanomedicine Lab,
Faculty of Biology Medicine and Health, The University of Manchester, Manchester, UK. “National Graphene Institute, The University of Manchester,
Manchester, UK. *Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC and BIST, Campus UAB, Barcelona, Spain. °Centre for Inflammation
Research, University of Edinburgh, Edinburgh, UK. "National Institute for Public Health and the Environment (RIVM), Bilthoven, The Netherlands. ®Division
of Biomedical Sciences, University of the Highlands and Islands, Inverness, UK. °Lydia Becker Institute of Immunology and Inflammation, The University
of Manchester, Manchester, UK. °Thomas Ashton Institute for Risk and Regulatory Research, The University of Manchester, Manchester, UK. "Institute for
Risk Assessment Sciences, Utrecht University, Utrecht, The Netherlands. "Institucié Catalana de Recerca i Estudis Avancats (ICREA), Pg. Lluis Companys
23, Barcelona, Spain. ®These authors contributed equally: Jack P. M. Andrews, Shruti S. Joshi. “These authors jointly supervised this work:

Kostas Kostarelos, Mark R. Miller. > e-mail: mark.miller@ed.ac.uk; kostas.kostarelos@manchester.ac.uk

Nature Nanotechnology


http://www.nature.com/naturenanotechnology
mailto:mark.miller@ed.ac.uk
mailto:kostas.kostarelos@manchester.ac.uk

Article

https://doi.org/10.1038/s41565-023-01572-3

Methods

See the Supplementary Information for full details.

GO synthesis

Aqueous dispersions of s-GO and us-GO were prepared as described
in our previous studies®* by a modified Hummers’ method coupled
with sonication. We used depyrogenized glassware, handled under
endotoxin-free conditions. Graphite powder was mixed with sodium
nitrate and sulfuric acid by rigorous stirring at low temperature, fol-
lowed by potassium permanganate and dropwise addition of water
for injections. The mixture was stirred for 30 min at 98 °C before the
reaction was stopped with hydrogen peroxide. Water for injections
was used to neutralize the pH, remove impurities and separate the
GO from the graphitic residues. GO was exfoliated by vortexing, and
solubilized with warm water for injections from the orange gel layer.
Any graphitic residues still presentin the dispersion were removed by
anadditional centrifugation step 24 h post-reaction. Size reduction to
small and ultrasmall flakes was carried out by sonication for 5 minand
4 h, respectively.

Characterization of GO nanosheets

GO was comprehensively characterized by atomic force microscopy,
transmissionelectron microscopy, hydrodynamic diameter and surface
charge (zeta potential) measurements, UV-visible spectroscopy, fluo-
rescence spectroscopy, Raman spectroscopy, Fourier transforminfra-
red spectroscopy, thermogravimetric analysis and X-ray photoelectron
spectroscopy (see the Supplementary Information for full details).

Nanoparticle exposure and characterization

Nanoparticles exposures were performed in a mobile exposure labo-
ratory positioned outside the Royal Infirmary of Edinburgh (Supple-
mentary Fig. 2), under the supervision of an experienced exposure
technician. Stock suspensions of GO (2 mg ml™fors-GO;1.3 mg ml™ for
us-GO) were made in sterile distilled water that was free of any bacte-
rial contamination, confirmed using a previously published method™.
s-GO was diluted to 1.3 mg/ mlin sterile saline in aseptic conditions,
aliquoted and stored at 4 °C until use.

GOwas transferred toa5 mlsyringe, placed on the syringe pump
and aerosolized using aSchlick compressed air nebulizer (model 970/S
Untersiemau, Dusen-Schlick), with in-line diluted with HPLC-grade
water. The compressed pre-heated (60 °C) airflow of the Schlick nebu-
lizer was 121 m™. The aerosol was dried in a heated mixing glass tube,
thendiluted with HEPA-filtered room air to the desired concentration
and humidified to 50-60% relative humidity using an ultrasonic nebu-
lizer (Omron Ultrasonic Nebulizer NE-U12). The aerosol was fed into a
200 I mixing chamber and delivered to the volunteer by an exposure
mask placed over the mouth and nose, under a constant temperature
andrelative humidity (50%). GO was delivered at exposure concentra-
tions between 100 and 300 pg m>, with a target average concentra-
tion of 200 pg m™. This dose range was chosen based on our previous
controlled exposure studies with dilute diesel exhaust, which were
associated with impairment of a range of cardiovascular parameters
withoutadverse effects'** and with carbon and gold nanoparticles that
did not alter cardiovascular parameters**®. The concentration could
be adjusted by altering the speed of the syringe pump delivering the
suspension based on tapered element oscillating microbalance (model
1400 A, Thermo Scientific) readings, monitored and maintained by the
exposure technicians.

The particle concentration in the aerosol was measured in the mid-
dle ofthe 200 I mixing chamber by an stainless steel tube. The particle
characteristics measured were: particle mass (tapered element oscil-
lating microbalance, as well as by gravimetric filter based analyses),
particle number (condensation particle counter, model 3022 ACPC, TSI
Inc.) and particle size distribution (PALAS differential electrical mobil-
ity classifier (U-DEMC model 2200) and an optical particle sizer (model

3330,TSlInc.)). The particle mass was also determined post-exposure
by calculating the accumulated mass on pre-weighed telfon filters
taken from the metal tubing close to the volunteer exposure mask.

Ethics statement

This study was designed with rigorous ethical review, with procedures
being run by experienced clinicians and nursing support, and per-
formed at a major hospital with the necessary emergency facilities
should an adverse event have occurred. The study was performed in
accordance withthe Declaration of Helsinki, favourable ethical opinion
of the University of Edinburgh, NHS Academic and Clinical Central
Office for Research and Development (ACCORD), Research Ethics
Committee (18-HV-084) and with written informed consent from all
participants. The study hasbeenregistered on Clinicaltrials.gov under
reference number NCT03659864.

Participants and eligibility criteria
Fifteen healthy volunteers were recruited by advertising the study by
posters and e-mails in the hospital and university campus, asapproved
bylocal ethical review. The datafrom 14 participants wereincluded as
one participant was unable to complete the exposure visitsin the time
frame of the study. The target of 15 individuals was chosen according
to our previous controlled exposure studies with air pollutants based
on changes to vascular reactivity and inflammatory cytokines in the
blood from diesel exhaust exposure due to alack of other controlled
exposure studies of a 2D material for comparisons. A1h exposure to
diluted diesel exhaust produced an ~32% reduction in forearm blood
flow to 1 nmol min™ bradykinin (<16 + 2 versus ~19 + 2.5 ml per 100 ml
tissue per min (zs.d.) for diesel exhaust versus filtered air control,
respectively’. A 2 h exposure to diluted diesel exhaust produced a
12.5% increase in plasma TNF- (0.99 +;0.07 versus 0.88 + 0.007 pg ml™*
(+s.d.) for diesel exhaust versus filtered air, respectively®. On the basis
ofthesefigures,12and 10 volunteers, respectively, would be needed to
detect these changes with significance of P < 0.05 with an 80% power.
Asother studies have not tested the effects of aninhaled 2D material, as
anadditional precautionary step, the decision was takento notincrease
group sizes beyond 15 for this initial study.

Interested participants were provided with a participantinforma-
tion sheet that they were asked to read and consider for at least 24 h
before agreeingto be involvedinthe study. For study visits, participants
abstained from alcohol for 24 h and from food and caffeine contain-
ingbeverages for at least 12 h before the study visit. Participants were
invited for aninitial screening visit to ensure that they met theinclusion
criteria (Supplementary Table 2). The participants were asked about
their occupation on their screening visit to rule out obvious exposures
to particulates. We did not ask participants to wear aface masks outside
of the study visits, as low compliance would have added an additional
source of variability between participants (the study was run before
the coronavirus pandemic, before mask wearing became common in
the United Kingdom), and even occupational face masks have been
shown to vary greatly in their removal of inhaled particles during dif-
ferent modes of activity*. Importantly, each volunteer acted as their
own control and received each exposureinarandomorder, minimizing
variation from both intrinsic biology and lifestyle factors.

Study design

SeeFig. 2. Ascreening visit was used to confirm eligibility criteria with
the participant, followed by taking written consent and assignment of
aparticipant code. Height, weight, heart rate, blood pressure and lung
function were measured, and a3 ml blood sample was taken for a full
blood cell count. If parameters were within the normal range for young
healthy individuals, participants were taken forwards to full study days.
Participantsalsotookagraded cardiorespiratory exercise stress test on
abicycle ergonometer to determine the workload required to generate
aventilation rate of 251 min m™,
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Two lateral dimensions of GO (maintainingall other physicochemi-
cal characteristics almost identical) were selected for the study: s-GO
and us-GO.Bothtypes of nanosheet have demonstrated no acute or lon-
gitudinal adverse effects in our previous pre-clinical (rodent) studies®,
contrary to‘large’ GO sheets that were thus excluded from this work as
asafety precaution. A double-blind randomized crossover study design
was used for the study visits, whereby the order of exposures (filtered
air, s-GO, us-GO) were randomized. All study visits were organized at
least 2 weeks apart to allow a wash-out period between different expo-
sures. The volunteer and clinician performing the study were blinded
totheidentity of the exposure group. All researchers involved with col-
lating and analysing the raw datawere blinded to the exposure group,
with unblinding occurring only when ready for grouping by exposure.

Before exposures (time ¢ =0 h), heartrate, blood pressure and lung
function were measured, and blood taken. Participants were asked to
empty their bladders and then given a urine container to collect any
urine over the course of the study visit. Participants were then taken
tothe exposure laboratory based at the Royal Infirmary of Edinburgh
site for the duration of the study. An experienced research clinician
and exposure technician were present throughout the exposure, with
the same researcher and nursing support present during the rest of
the protocol.

Inthe exposure laboratory, participants wore aface mask through
which nanoparticles could be delivered by inhalation. Volunteers were
asked to cycle at the workload required to increase respiratory rate
to 25 min™ m~ (pre-determined by exercise testing at the screening
visit) and rest alternately for 15 min periods across the 2 h exposure.
After exposure, the subject returned to the Clinical Research Facility
for assessment of biological parameters.

Vital signs, lung function and blood collected pre-exposure
(t=0h),wererepeated att=2.25,4and 6 h (thatis,15min,2hand4h
after exposure). For ease of reading, the 2.25 h time point is referred
toast=2hthroughout). The ex vivo model of deep arterial injury was
performed at 1-1.5 h post-exposure, and forearm plethsymography
performed at 2-4 h post-exposure (see below). A light lunch was pro-
vided that was identical for all volunteers and all study visits. As an
additional safety measure, a shortened protocol (without the ex vivo
thrombosis assay, forearm plethysmography or 4 h measurements)
was performed for the first exposure of each group. The study visits for
the subsequent volunteers with the full protocol were scheduled only
afteritwas confirmed that there were no adverse events and no marked
changesinblood biomarkers. Volunteers were compensated for their
time and travel expenses, which was approved by the ethics committee.

Lung function and vital signs

The participants were asked torestin asitting position for 15 min before
measurement of vital signs and lung function. Lung function was meas-
ured by spirometry (Vitalograph Alphalll), with the optimal breathing
techniques demonstrated at the screening visit. FEV,and FVC were then
measured, and amean of two closely concurring consecutive runs were
used. The participants were allowed to rest for a further 5 min before
measurement of blood pressure and heart rate by sphygmomanometry.

Vascular function

Theclinical protocol was designed to include measurement of vascular
function in response to vasodilator drugs by venous occlusion ple-
thysmography'’ between t=4 hand ¢ = 6 h. However, due to technical
and staffing difficulties we were unable to obtain reliable data from
sufficient volunteers to make meaningful conclusions, thus the data
were omitted. Further details of the technique can be found in the
Supplementary Information.

Blood biomarkers
Blood was sampled before nanoparticle exposure (¢=0h) and at 2, 4
and 6 h. A17-gauge cannula was inserted into a large antecubital vein

of both arms, and flushed with sterile saline. First, 1 ml of blood was
discarded and approximately 27 ml was then collected for analysis.
EDTA-treated blood was used for measurements of blood cell differ-
entials, citrate-treated blood was used for coagulation markers (acti-
vated partial thromboplastin time, prothrombin time, fibrinogen) and
clotted blood was used to collect serum for C-reactive protein (CRP)
and cytokines (IL-6, TNF-a). Blood measurements were performed
by the Clinical Biochemistry Unit at the NHS Royal Infirmary of Edin-
burghby the standard methodology. Cytokines were measured using
enzyme-linked immunosorbent assay (ELISA) (R&D Systems), with
limits of detection 0f 0.022 pg ml™ for TNF-a and 0.031 pg ml™* for IL-6.
Subsamples of blood and urine were frozen at —-80 °C for biobanking.

Ex vivo thrombosis

The coagulability of blood was measured ex vivo using a model of
thrombosis ondeep arterial injury (Fig. 6). We have used this technique
extensivelyin our clinical studies following exposure of volunteers to
diesel exhaust®**® and testing of antithrombotic medication***°. Blood
waswithdrawn from an antecubital vein viaa pump setat a flow rate of
10 ml min™. The first 5 ml of blood was discarded before the cannula
was connected using non-coagulation tubing (Masterflex Tygon, Cole
Parmer) to three sequential cylindrical perfusion chambers maintained
at37 °Cinawater bath. Strips of porcine aorta (Pel-freez) were prepared
by carefully removing the intima and a thin layer of media to actas a
thrombogenic substrate, and mounted in the chamber according to the
physiological direction of blood flow. The rheological conditionsin the
first chamber simulated those of patent coronary arteries (low-shear
rate, -212 s %), whereas those in the second and third chambers simulate
those of mildly stenosed coronary arteries (high-shear rate, -1,690 s™).
The model thus acts as one of deep coronary arterial injury. Each cham-
ber run lasted for 5 min after which saline was perfused over the strip
to remove non-adherent blood. The porcine strips with thrombus
attached were removed and fixed in 4% paraformaldehyde. Strips
were cutinto eight cross-sections, wax-embedded, histologically sec-
tioned and endogenous hydrogen peroxide activity blocked with 3%
hydrogen peroxide solution. Sections were then incubated at room
temperature for 1 h with polyclonal rabbit anti-human fibrin(ogen)
antibody (1.2 pg ml™; Cat. No. AO080, Dako) and monoclonal mouse
anti-human CDé61antibody (1.28 pg mI™; Cat. No.M0753, Dako). Antigen
visualization was performed using a Bond Polymer refine detection kit
(LeicaMicrosystems GmbH) and treatment with 3,3’-diaminobenzidine
substrate chromogen (66 mM, Dako). Finally, sections were counter-
stained with haematoxylin followed by direct red 80 (0.1% sirius red).
Asemi-automated slide scanner (Axioscan Z1, Zeiss) and image analysis
software (QuPath 0.2.3)> were used by a blinded researcher to quan-
tify thrombus area. High-resolution classifiers based on colour were
established to detect total thrombus area.

High-fidelity nanoproteomics analysis of plasma samples
Preparation of liposomal nanoparticles and enrichment
of plasma proteins. Hyrogenated soybean phosphatidylcho-
line (HSPC): Cholesterol (Chol):- 1,2-distearoyl-sn-glycero-3-p
hosphoethanolamine-polyethylene glycol2000 (DSPE-PEG2000)
were prepared by thin lipid film hydration followed by extrusion, as
previously described™. Lipids were dissolved in a 1:1 volume ratio
of chloroform:methanol and evaporated under a vacuum. The lipid
films were hydrated with ammonium sulfate to produce large multi-
lammer liposomes. Small unilamellar liposomes were produced by
extrusion through polycarbonate and extrusion filters (Whatman)
using amini-Extruder (Avanti Polar Lipids).

Liposomes and human plasmawere incubated in an orbital shaker,
and protein-coated liposomes were separated from excess plasma
proteins following a previously described method* using a two-step
purification protocol that included size exclusion chromatography
and membrane ultrafiltration. Bound proteins were mixed with S-trap

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-023-01572-3

lysis buffer containing 5% SDS triethylammonium bicarbonate to allow
protein solubilization. Samples were reduced with dithiothreitol,
and alkylated with iodoacetamide and dithiothreitol. Protein lysates
were mixed with phosphoric acid and S-trap binding buffer to trap
proteinsin the columns, then digested with trypsin. Peptide samples
were extracted and then desalted using oligo R3 beads. Samples were
analysed by liquid chromatography mass spectrometry/mass spec-
trometry using an UltiMate 3000 Rapid Separation lipid chromatog-
raphy platform (Dionex Corporation) coupled to a Q Exactive Hybrid
Quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific).
The dataanalysis of the peptide samplesis outlined in the Supplemen-
tary Information.

Eicosanoids and related bioactive lipid mediators

Targeted lipidomic analysis was undertaken using a panel of >50
eicosanoids that included prostaglandins (PGD,, PGE,, PGF,,,
13,14-dihydro-15-keto-PGD,, 13,14-dihydro-15-keto-PGE,, 11-beta-PGF,,,
6-keto-PGF,,, 15-deoxy-A>**-PGD,, 15-deoxy-A?**-PG},); throm-
boxanes (TxB,, 11-dehydro-TxB,); hydroxy-eicosatetraenoic acids
(5-HETE, 8-HETE, 9-HETE, 11-HETE, 12-HETE, 15-HETE, 20-HETE);
leukotrienes (LTB,, 20-carboxy-LTB,); epoxy-eicosatrienoic acids
(5,6-EET, 8,9-EET, 11,12-EET, 14,15-EET; 5-OXoETE, 15-Ox0ETE);
dihydroxy-eicosatrienoic acids (5,6-DHET, 8,9-DHET, 11,12-DHET,
14,15-DHET), hydroxy-eicosapentaenoics acids (5-HEPE, 15-HEPE), octa-
decadienoicacids (9-HODE; 13-HODE; 9-Ox0-ODE, 13-Ox0-ODE), epoxy-
octadecamonoenoicacids (9,10-EpOME, 12,13-EpOME), pro-resolving
mediators (lipoxin A, - LXA, and resolvins, RvD1, RvD2); isoprostanes
(8-iso-PGF,,) and fatty acids (arachidonic acid, eicosapentaenoicacid
(EPA), docosahexaenoic acid (DHA) and its metabolites, 7-HDHA;
14-HDHA; 17-HDHA; 10,17-DiHDHA).

Plasma was prepared from EDTA-treated blood. The following
internal standards were used: PGE,-d,, 15-HETE-d,, LTB4-d,, 14,15-
EET-d,, 14,15-dHET-d,;, 9,10-EpOME-d,, 9,10-DiHOME-d,, RvD2-d;,
EPA-d;and 8-iso-PGF,,-d, (Cayman Chemical). See the Supplementary
Information for details of the processing of the samples. Eicosanoids
were separated on a Hypersil GOLD C18 column (Thermo) using a
Shimadzu Nexera-X2 ultra high performance liquid chromatography
system. The effluent was directed into an lonTurbo source of a Sciex
QTRAP 6500 mass spectrometer operated in negative-ion mode using
multiple reaction monitoring. Eicosanoids were identified on the basis
of their characteristic precursor/product ion pair transitions and
matching retention time withauthentic standards. Data were acquired
and analysed using Sciex Analyst** software v1.6. Concentrations of
eicosanoids were determined by comparisontoacalibration curverun
in parallel for each compound and adjusted for recovery by reference
to amounts of the appropriate internal standards.

General data and statistical analysis

Data were analysed using Excel 2010%, R 3.2.2 (ref. 56) and Prism 9.3
(ref. 57). Datain Table 1and Extended Data Tables 1-6 are presented as
mean *s.d., unless otherwise indicated. Continuous data are presented
as means and s.d. Statistical significance within groups and between
groups was tested using two-way analysis of variance with Tukey’s honest
significant difference post hoc test. Parametric assumptions (normal dis-
tributionand equal variances) were confirmed using the statistical pack-
ages above; where datawere not normally distributed anon-parametric
alternative (for example, the Kruskal-Wallis test) was used.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data are available through the University of Edinburgh online data
repository at https://doi.org/10.7488/ds/7545.Source data are provided

with this paper. Correspondence and requests for materials should be
addressed to the cooresponding authors M.R.M. or K.K.
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Extended Data Fig. 1| Physicochemical properties of s-GO and us-GO.
a.Dynamic light scattering (DLS) confirms the size reduction froms-GO to
us-GO; b. Electrophoretic light scattering (ELS) shows highly negatively charged
particles, suggesting a high colloidal stability; c. Absorption spectroscopy
confirms the C=C grapheneous backbone signature through its absorbance
linearity at 230 nm; d. Upon excitation with Aexc =525 nm (fluorescence
spectroscopy), amaximum band atAem ~ 595 nm is generated by electrons
transitioning between the oxidized and non-oxidized carbon atoms of the GO
sheets; e. Raman spectroscopy highlights a GO-specific spectral signature
through D and G bands, anindicator of functional groups (defects) presence onto
the grapheneous backbone; f. Fourier-transforminfrared spectroscopy (FT-IR)

confirms the presence of functional groups such as OH, CH, C=0; C=C and C-O;
g. Thermal gravimetric analysis (TGA) also confirms the oxygenated nature of
s-GO and us-GO, which show particular degradation steps that are associated
with the disruption of COOH, C=0, OH, C-O-C, as opposed to graphite whichis
stable at temperatures below 600 °C; h. X-Ray photoelectron spectroscopy (XPS)
for the survey spectra indicate highly-pure materials of rich oxygen content.

i. X-Ray photoelectron spectroscopy (XPS) for the high-resolution Cls spectra
mainly involved in C-O, C=0 and O-C-O covalent bonds. a.u. = arbitrary units; CPS
=counts per second; eV =electronvolt. Data are presented as mean values + SEM.
n-numbers. Representative data of the technical replicates performed are shown.
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Extended Data Fig. 2| Eicosanoid measurements in blood. Eicosanoids acid, EPA: eicosapentaenoic acid, HDHA: hydroxy-docosahexaenoic acid,
measured over the time course of the protocol after exposure to air (white), HETE: hydroxyeicosatetraenoic acid, LTB4: leukotriene B4, PG: prostaglandin.
small graphene oxide (s-GO, blue) and ultra-small graphene oxide (us-GO, red). Significance compared to air control, *P<0.05, **P<0.01, ***P<0.001. To account
Values are reported as mean + standard error (n=3 biologically independent for multiple testing, P<0.001 taken as statistically significant.

samples). dHET: dihydroxy-eicosatrienoic acid, EET: epoxyeicosatrienoic
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Extended Data Table 1| Summary of the physicochemical properties of s-GO and us-GO

Experimental technique used

s-GO

us-GO

Physicochemical Properties

Lateral Dimension

Optical Microscopy

Non-detectable (<2 um)

Non-detectable (<2 um)

Transmission Electron Microscopy (TEM)

108-1646 nm (n=242)
Mean 427 nm

33-479 nm (n=224)
Mean 153 nm

Dynamic Light Scattering (DLS)

236.3£7.2nm
Pdl: 0.248£0.010

86.6+1.4 nm
Pdl: 0.241+0.008

Thickness

Atomic Force Microscopy (AFM)

1.3 nm (1-2 layers)

1.2 nm (1-2 layers)

Optical Properties

Absorption Microscopy

E;30 (ML pgt cm?) = 0046, R2 =0.999

Ej30 (ML pgtcm™) =0.048, R? = 0.999

Fluorescence Spectroscopy Agyg (AeXCs;s)

0.738* ug/mL), R?=0.995
0

0.738 * Cgo (Mg/mL), R2=0.992

Degree of Defects (l,/lg)

Raman Spectroscopy

1.28+0.03

1.27+0.03

Surface Charge

Electrophoretic mobility

-61.9+1.3 mV

-57.8+1.3mV

Functional Groups

Fourier Transform Infrared Spectroscopy (FTIR)

V(C-H): 2850 cm™*
V(C=0): 1724 cm!
V(C=C): 1620 cm?
V(O-H): 1382 cm™
V(C-0): 1050 cm'!

V(C-H): 2849 cm®
V(C=0): 1715 cm
V(C=C): 1620 cm
V(0O-H): 1379 cm™
V(C-0): 1049 cm™™

Functionalization degree

Thermal Gravimetric analysis (TGA)

30-100°C: 4% (water)
200-250°C: 27%
250-260°C: 16%

30-100°C: 5% (water)
200-250°C: 27%
250-260°C: 13%

Total 43% Total 40%
Purity % (C+0)
Carbon content (%) 99.7 0.1 98.910.3
o 9% 70.4 +0.9 68.7 £1.0
s "IVie“ °°“:e“: ((%’) 293410 3020.9
ulphur conten 0.24£0.02 0.8140.10
Nitrogen content (%) 0.07 £0.00 Non-detectable
sz’(l)u:éz‘) X-Ray photoelectron spectroscopy (XPS) Nonid4e t:i;tlable 0.21431 fg'iz
- * (%) 1906 24111
oot o2 s
€=0 (%) 453433 4264138
C-0 (%) 444131 469433
C-C & C=C (%)

Data are presented as mean values + SD of 3 technical replicates. n-number in TEM indicate the number of individual GO sheets analyzed.
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Extended Data Table 2 | Particle characteristics in the exposure aerosol

Exposure n TEOM mass Filter mass Particle number CMMD (ar(kjilrjary
(ng/m3) (ng/m3) (#/cm3) (um) units)
air 14 14 -7 11498 0.02 1.96
4 +22 +3074 +0.003 +0.20
214 201 17913 0.09 2.21
s-GO 13 +23 +26 +2272 +0.009 +0.21
224 196 26402 0.08 2.04
us-GO 14 117 117 4588 +0.006 $0.13
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Extended Data Table 3 | Cardiovascular vital indicators and lung function

Air s-GO us-GO
oh 2h ah 6h oh 2h ah 6h P value oh 2h 4h 6h P value
) 77 74 81 75 73 79 80 72 73 77 80 72
HR (beats/min) |05 | 413 +12 +12 +11 +16 +17 +13 Bele +16 +13 +14 +12 D
) 123 120 118 122 120 122 117 118 120 119 121 120
Systolic BP (mmHg)l . ) 114 112 114 +14 +9 +8 11 BEE +13 +12 +14 +12 DD
Diastolic BP 76 75 61 75 74 80 72 73 058 75 75 76 74 05
(mmHg) +8 +9 +7 +7 +8 +13 +10 +10 : +8 +5 +8 +8 :
FEV; 3.8 38 39 38 3.7 3.7 3.8 3.7 0.69 37 3.7 3.7 3.7 083
(L/sec) £0.9 +1 £0.9 £0.9 £0.7 £0.7 +0.6 £0.7 : 08 | 08 108 108 ;
FVC 40 39 41 39 3.9 3.9 40 40 062 3.8 3.8 3.9 3.9 042
(L/sec) +14 | +14 +14 +15 £0.9 £0.9 £0.9 £0.9 : +09 | +09 +0.8 +0.9 :
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Extended Data Table 4 | Platelet counts and coagulation markers

Air s-GO us-GO
0h 2h 4h 6h 0h 2h 4h 6h p value Oh 2h 4h 6h p value
Platelet Count 261 269 256 229 255 258 251 256 0.99 269 282 270 266 0.23
x10° cells/L +58 +54 +54 +92 +43 +95 +41 +41 : +47 +59 +47 +48
PT 11.9 12.2 12.3 12.4 11.8 12.1 12.2 12.0 0.34 12.0 12.5 12.5 12.4 0.44
(seconds) +0.7 +0.7 +0.7 +0.5 +0.6 +0.5 +0.6 +0.4 : +0.6 +0.5 +0.5 +0.5 :
APTT 293 28.2 28.3 27.1 29.5 285 27.0 27.3 0.95 29.8 29.0 28.0 28.3 0.58
(seconds) +2.6 +25 +2.8 +3.2 +2.2 +2.5 +23 +25 . +3.4 +3.2 +3.2 +29 :
Fibrinogen 2.8 2.8 2.7 2.8 2.6 2.7 25 2.5 031 2.9 2.8 2.7 2.7 0.99
(g/L) +0.7 +0.7 +0.6 +0.7 +0.5 +0.6 +0.6 +0.5 : +0.8 +0.6 +0.7 +0.7 :
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Extended Data Table 5 | Blood inflammatory cell counts and biomarkers

Air s-GO us-GO
0h 2h 4h 6h 0h 2h 4h 6h p value 0h 2h 4h 6h p value

White cell count 6.1 83 83 7.3 5.6 7.9 8.1 7.5 0.76 5.7 8.1 8.2 7.5 0.87
x10° cells/L +13 +19 +18 +1.2 +14 +1.7 +16 +13 : +13 +13 +14 +13 :

Neutrophil count 3.4 5.8 6.0 4.8 33 5.5 5.9 4.7 0.92 3.2 5.7 5.8 4.9 0.86
x10° cells/L +10 +1.6 +16 +10 +14 +1.7 +16 +13 : +13 +13 +14 +13 :

Lymphocyte count 1.9 1.8 1.7 1.9 1.7 1.7 1.7 1.9 0.70 1.9 1.8 1.8 1.90+ 0.97
x10° cells/L +0.5 +0.4 +0.4 +0.5 +0.6 +0.6 +0.5 +0.5 : +0.5 +0.5 +0.4 0.4 :

CRP 3.4 33 33 29 13 1.2 11 1.2 0.08 2.0 2.2 2.1 2.0 0.45
(mg/L) +7.8 +7.2 +7.2 +7.3 +0.5 +0.4 +0.3 +0.4 ’ +3.2 +3.6 +3.6 +3.3 ’

TNF alpha 13 1.4 1.1 11 1.5 13 11 11 0.98 1.3 13 1.2 11 0.99
(pg/mL) 0.5 +05 | +04 +0.3 +0.5 +0.5 +0.4 0.4 ’ +0.5 +0.5 +0.3 0.4 ’

IL-6 2.3 2.4 2.7 3.8 1.9 2.8 3.2 4.7 0.82 2.3 2.2 2.4 3.8 0.97
(pg/mL) £24 £21 | +22 £2.7 +1.8 £2.1 £33 +6.1 ’ +1.9 1.9 +1.8 2.7 ’
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Extended Data Table 6 | Eicosanoid measurements in blood

Air s-GO us-GO
oh 2h ah 6h oh 2h 4ah 6h palue oh 2h 4ah 6h palue
a R N T A IR N - T A Il IR T = O
PGD2 nd nd nd nd nd nd nd nd - nd nd nd nd -
15_deoxy_d12, | 048 035 032 031 030 0.23 0.25 023 037 025 0.26 0.29 0.26 0a
14_pGD2 026 021 +022 +016 +0.10 +0.07 +0.08 £0.02 £0.26 £029 £033 £029
Dihydro_keto_ | 0.24 023 0.19 0.16 0.05 0.06 0.05 0.06 0009 0.04 0.06 0.05 0.10 0015
PGD2 1022 021 012 £0.06 £0.09 £011 £0.08 £0.10 £0.07 011 £0.09 017
PGE2 nd nd nd nd nd nd nd nd - nd nd nd nd E
Difvare yete- nd nd nd nd nd. nd. nd. nd - nd nd nd nd -
6_keto_PGFla :1343Z 7 tzsaz1 4 :2976 3 ;15: 3 tU17zZ4 1425: 6 14;0]9 122‘.]1E 7 089 LDO :fs} 2 tDO tﬂo o004
PaF2a 100 +00 +00 +00 Sose o So50 Soss 0.002 Soaa Soma Sots Soms 059
8s0_PGF2a :06838 1 :068725 ¢06779 0 toéx: 1 105471 2 105?:9 100?514 1003:9 008 100138 1 100247 7 100?590 10;430 o003
11 bets PGF2a | nd nd nd nd nd nd nd nd - nd nd nd nd E
iPF2a-vI nd nd nd nd nd nd nd nd - nd nd nd nd -
2 nd. nd. nd. nd nd nd nd nd - nd nd. nd. nd. -
15_deoxy_delta | 138 130 0.84 122 1220 106 06 129 096 223 181 143 134 003
12,14 PG12 +034 +034 +0.16 +039 +032 +0.28 +0.39 +0.67 +101 +063 +038 +0.28
LT84 nd nd. nd. nd. nd nd nd nd - nd nd. nd. nd. -
2-vdronr i1 g nd nd nd nd nd. nd. nd - nd nd nd nd -
20_carboxy_LT | 5.39 6.15 482 588 366 295 368 4.07 o015 0.98 114 124 0.5 —
B4 £2.75 £4.10 4.8 4.8 £345 £258 £0.95 £081 £171 £1.98 £2.15 165
v | G | o | som | s | soas | soos | sase | eam | 0 | % | S | b | soow | 0%
Ti-dihydro_Tx8a | n.d n.d nd nd nd nd nd nd = nd nd nd nd B
S4.E€T e si3 foon s s Jone S Somn 09 Joas S oo ) 09
89T s ‘1% Soas N o fos fos o 020 Lom Loa Loar e 056
s | SO | DY ] W | Ge | S | oe | ow | os | 02 | oS | oe | G | e | o
wisser | 15| 5 | e | sawr | e | soss | e | som | 0% | e | S | soe | o | o®
o | o | i | o | o | o | e | om | e | o | | e | on e
89 dHET Sos Soat £005 £o10 Soto Soms oo oo 02 Soto om0 Soar 006 ey
el A AR AT AL
14,15_dHEV o0 Loms £o30 om0 o Jom Soms Som o001 Som Jons o Som o
swe | 5% | soss | som | soe | som | som | som | som | °? | oo | som | soor | sow | O
A2 et s005 Som S0 soe 200 <00 som S0 0% 200 200 200 20 o1
15_HEPE nd. nd. nd. nd. nd nd nd nd - nd nd. nd. nd. -
SHETE Loss Lo Loss o oo fos o5 Soms 050 Soms oo N Soas o4
EHETE 2630 006 Lo0s Lo0s fo3s Sors Sons Som et oo Soto oo oo oy
9-HETE nd nd nd nd nd nd nd nd - nd nd nd nd -
LL-HETE So0r Lo08 +o06 o oo oo fon oo 0.004 otz Sone oo So0m oo
12_HeTe oo Lom0 Loa6 fon o Soas 100 e 098 00 Som Soas oo 009
where | s | soso | som | som | som | dosw | som | som | % | uoh | som | Jow | som | 0%
20_HETE A Sone o N G ] o e oo sins S0 fie oy o0
5-0x0-ETE nd. nd. nd. nd. nd nd nd nd - nd nd nd. nd. -
15-0x0-ETE nd. nd. nd. nd. nd nd nd nd - nd nd. nd. nd. -
swove | BT | e | erem | sse | amso | som | use | oawse | 00 | 5o | ve | s | sem | O
mwooe | 5 | s | iae | owss | s | odee | e | s | oom | NS L | SN | B | e
9-Oxo0DE s Jloss Jost S S s s e 045 Jomo s s N 080
mowove | 5| ST | Sy | A | % | S5 | e | e | 0 | s | e | dm | wom | o
o Joa | oo | dmo | dew | s | S | emee | e | ome | 5% | S | SN | A% | om
ona I T e B IR N T e M T e I T I
7_HDHA nd nd nd nd nd nd nd nd - nd nd nd nd -
14 HDHA 00 00 00 00 Som 008 +oo o 084 N Soss Soss Soss o001
17_HDHA nd nd nd. nd. nd. nd. nd nd - nd nd nd nd. -
10,17_DiHDHA nd nd. nd nd nd nd nd. nd - nd nd. nd nd -
Resolvin D1 nd nd nd nd nd nd nd nd - nd nd nd nd -
Resolvin D2 nd nd. nd. nd. nd nd. nd. nd - nd nd nd. nd. -
LxAd nd nd nd. nd. nd. nd. nd nd - nd nd nd nd. -
Maresint nd nd. n. nd nd nd. nd. nd - nd nd nd. nd. -
over the ti of the protocol after exposure to air, s-GO and us-GO. Values are reported as mean + standard error (n=3 biologically independent

samples). P values from two_way analysis of variance (ANOVA) followed by Tukey's post hoc test comparing sGO or us_GO with air. Statistical comparisons with control: at
p<0.05 marked in bold, significance at P<0.001 (to account for multiple comparisons) marked with an *. All abbreviations for Table ED6: AA: arachidonic acid,

DHA:s ic acid, dHET: dihydi ienoic acid, diHDHA, dihydroxy ic acid, diHOME: dihyd acid, EET: acid,
EPA: ic acid, EPOME: epoxy acid, HDHA, hydroxy acid, HEPE i acid, HETE acid,
HODE: ienoic acid, iPF2a: F2a, Lx: lipoxin, LTB4 iene B4, Ox0ODE: oic acid, PG: TXB: t B
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  no software and code used

Data analysis no software and code used

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The anonymised data collected are available as open data via the University of Edinburgh online data repository, DataShare. [web address and DOI to follow]
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Both sexes were recruited as study participants. The study design was repeated measures, thus each individual received all
treatments/exposures (in a randomised order), thus all individuals acted as their own control, rather than being treatment
groups with different male:female ratio. The group size (n<12) does not allow for analysis of differences between sex or
stratification by sex.

Reporting on race, ethnicity, or = Recruitment was carried out independently of race, ethnicity and social grouping. These details were not collected in this

other socially relevant study, as is typical of studies of this nature
groupings
Population characteristics The age range recruits was 18-40 years. Body mass index between 18-35 kg/m and body weight was between 50-120 kg. All

participants were healthy and not taking regular medication. Full inclusion and exclusion criteria are provided in the
manuscript supplement. The study is not powered to address whether the impact on these co-variates
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Recruitment Participants were recruited by poster and E-mail on the hospital/university campus. Details are outlined in the manuscript
supplement

Ethics oversight University of Edinburgh, NHS Academic and Clinical Office for Research and Development (ACCORD), Research Ethics
Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Samples size was determined by power calculations for two key variables based on data from previous controlled exposure studies. These
details are now present in the revised manuscript.

Data exclusions  Data points were not excluded from the analysis.

Replication The study did not set out to reproduce or replicate existing data. To reproduce the current original data would require further controlled
exposures in human volunteers which is not possible in the present study

Randomization  All subjects received all treatments/exposures (repeated measures), with the order of the treatment randomised. A sensitivity analysis was
performed as part of the manuscript rebuttal, and did not find that the order of the treatment affected key outcomes.

Blinding Both the participants and the lead clinical researcher making the measurements were blinded to the treatment/exposure. Other researchers
analysing the samples were blinded to the exposure until data were ready to group.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
X] Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry

Palaeontology and archaeology |:| MRI-based neuroimaging
Animals and other organisms
Clinical data
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Antibodies used polyclonal rabbit anti-human fibrin(ogen) antibody (1.2 ug/mL, Dako, Glostrup, Denmark; Cat. No. AO080) and monoclonal mouse
anti-human CD61 antibody (1.28 ug/mL, Dako; Cat. No. M0753).

Validation No specialist validation of antibodies was required - these antibodies were used to provide clear contrast of blood cells from
underlying smooth muscle of tissue, rather than assessment of subtle changes in expression

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  ClinicalTrials.gov reference number NCT03659864
Study protocol The study protocol will be made available on the University of Edinburgh's Data Repository alongside the data

Data collection All primary clinical data and biological specimens were collected on the University of Edinburgh/Royal Infirmary of Edinburgh Site
between 3 Oct 2018 to 29 March 2019

Qutcomes Otcomes measured included blood eicosanoids, urine eicosanoids, blood pressure, heart rate, lung function (FEV1), lung function
(FVC), coagulation screen, internal normalised ratio, C-reactive protein, tumour necrosis factor, interleukin-6, area of thrombus (low
stress), area of thrombus (high stress), forearm blood flow (ACh), forearm blood flow (SNP). These were based and defined on
previous controlled exposure studies (majority of clinical parameters) and parallel preclinical studies (eicosanoids) funded by the
same grants
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