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H I G H L I G H T S

• Microplastics were identified in all re-
gions of the human lungs using μFTIR
analysis.

• Polypropylene and polyethylene tere-
phthalate fibres were the most abundant.

• The results support inhalation as a route of
MP exposure.

G R A P H I C A L A B S T R A C T

A B S T R A C TA R T I C L E I N F O

Editor: Yolanda Picó Airbornemicroplastics (MPs) have been sampled globally, and their concentration is known to increase in areas of high
human population and activity, especially indoors. Respiratory symptoms and disease following exposure to occupa-
tional levels of MPs within industry settings have also been reported. It remains to be seen whether MPs from the en-
vironment can be inhaled, deposited and accumulated within the human lungs. This study analysed digested human
lung tissue samples (n = 13) using μFTIR spectroscopy (size limitation of 3 μm) to detect and characterise any MPs
present. In total, 39 MPs were identified within 11 of the 13 lung tissue samples with an average of 1.42 ± 1.50
MP/g of tissue (expressed as 0.69 ± 0.84 MP/g after background subtraction adjustments). The MP levels within tis-
sue samples were significantly higher than those identified within combined procedural/laboratory blanks (n = 9
MPs, with a mean± SD of 0.53± 1.07, p=0.001). Of theMPs detected, 12 polymer types were identifiedwith poly-
propylene, PP (23%), polyethylene terephthalate, PET (18%) and resin (15%) the most abundant. MPs (unadjusted)
were identified within all regions of the lung categorised as upper (0.80 ± 0.96 MP/g), middle/lingular (0.41 ±
0.37 MP/g), and with significantly higher levels detected in the lower (3.12 ± 1.30 MP/g) region compared with
the upper (p = 0.026) and mid (p = 0.038) lung regions. After subtracting blanks, these levels became 0.23 ±
0.28, 0.33±0.37 and 1.65±0.88MP/g respectively. The study demonstrates the highest level of contamination con-
trol and reports unadjusted values alongside different contamination adjustment techniques. These results support in-
halation as a route of exposure for environmental MPs, and this characterisation of types and levels can now inform
realistic conditions for laboratory exposure experiments, with the aim of determining health impacts.
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1. Introduction

Microplastics (MPs), defined herein as plastic particles between 1 μm
and 5 mm (Hartmann et al., 2019), are present in all environmental com-
partments; from marine and freshwater bodies (GESAMP, 2015), to soil
(Wang et al., 2019), food, drinking water (Danopoulos et al., 2020a;
Danopoulos et al., 2020b), and air (Allen et al., 2019; Dris et al., 2017;
Cai et al., 2017; Jenner et al., 2021). For the latter, suspended MP particles
have been isolated from many atmospheric locations, including urbanised
city centres (Cai et al., 2017; Wright et al., 2019a; Liu et al., 2019a), indoor
households (Dris et al., 2017; Jenner et al., 2021; Vianello et al., 2019;
Zhang et al., 2020), and remote outdoor regions (Allen et al., 2019). Previ-
ous work highlights that citizens are exposed to higher concentrations of
MP within their homes (Jenner et al., 2021) or outdoor areas of high
human activity (Jenner et al., 2022), and this results in ubiquitous and un-
avoidable human exposure (Prata et al., 2020). Consequently, there is an in-
creasing concern regarding the hazards associated with MP ingestion,
dermal contact, and inhalation (Prata et al., 2020).

Synthetic fibres have previously been observed within human lung tis-
sue samples (Pauly et al., 1998), yet limited studies confirm the presence of
MPs within the lungs alongside chemical analysis tools, such as μRaman
and μFTIR spectroscopy (Amato-Lourenço et al., 2021). Reliance upon ob-
servational criteria alone to distinguish betweenMP and non-MPs, can lead
to over and under-estimated MP counts, and a lack of information relating
to polymer or additive type (Eriksen et al., 2013; Hidalgo-Ruz et al., 2012).
The plausibility ofMP inhalation has been highlighted (Prata, 2018;Wright
and Kelly, 2017) andMPswith awidth as small as 5 μmhave been reported
within air samples (Wright et al., 2019a; Li et al., 2020). Upon environmen-
tal release, plastics are exposed to oxidation, mechanical stress and biolog-
ical action, resulting in embrittlement and fragmentation, forming MPs,
and eventually nanoplastics (NPs) (<1 μm), as well as release into the envi-
ronment in their primary form (Hidalgo-Ruz et al., 2012).

Historical studies report respiratory symptoms and disease at an occu-
pational level of exposure in synthetic textile, flock, and vinyl chloride
workers (Prata, 2018), and as such, support inhalation as an exposure
route for MPs. However, it remains unclear whether MPs can enter and re-
main in the lungs of the general population due to environmental exposure,
rather than the chronic levels seen within industry settings. MPs are de-
signed to be robust materials, unlikely to break down within the lungs
(Law et al., 1990), potentially leading to accumulation over time depending
on aerodynamic diameter and respiratory defences (Prata, 2018).

The mounting concern surrounding airborne MPs stems from the un-
known polymer types, levels of exposure, and consequences of their inhala-
tion. MP characteristics such as size, shape, vectored absorbed pollutants
and pathogens, as well as plastic monomer or additive leaching, have
been highlighted as potential promoters of cytotoxicity (Wright and Kelly,
2017). MPs are consistently identified within air samples, their concentra-
tion is highest indoors (Dris et al., 2017; Vianello et al., 2019; Zhang
et al., 2020) and within highly populated areas (Cai et al., 2017), they are
readily suspended at times of high human activity (Zhang et al., 2020)
and are often small andfibrous (Liu et al., 2019a). Together, these concerns
highlight the necessity for accurate tissue analysis to understand the poten-
tial for these synthetic polymers to penetrate the human respiratory system
and cause harm.

This study aims to identify any MP particles present in digested human
lung tissue samples, while also accounting for procedural and laboratory
blank contamination. Any particles isolated from lung tissue have been
chemically characterised using μFTIR spectroscopy (with a 3 μm lower
size limit of detection).

2. Material and methods

2.1. Human tissue acquisition

Excess human lung tissue was collected from thoracic surgical proce-
dures at Castle Hill Hospital, Hull University Teaching Hospitals NHS

Trust, following NHS Research Ethics Committee and Health Research Au-
thority approval (REC reference 12/SC/0474). Samples of peripheral
human lung tissue were collected from upper, middle (left lingula) or
lower lobe specimens following surgical resection for cancer or lung vol-
ume reduction surgery. Descriptions of the tissue origin were provided by
the surgical team. Care was taken to avoid the tumour margins. Details of
the donors smoking status, occupation and area of residence were unavail-
able for the researchers under the terms of the ethical approval obtained.
Tissue samples were placed into empty glass containers with foil lids and im-
mediately frozen (−80 °C) until bulk analysis (two batches) was conducted.
Lung tissue was obtained from 11 patients (numbered 1.1 to 11.1), with pa-
tients 1 and 2 providing two samples (numbered 1.2 and 2.2) from different
lung positions (n = 13, total tissue mass = 55.41 g), resulting in a mean
mass of 4.26 ± 3.87 g (range 0.79–13.33 g). Patients mean age was 63 ±
13 years (range 32–77), 5 females and 6 males (Table 1).

2.2. Lung tissue digestion and filtration

Thawed samples were exposed to a hydrogen peroxide (100 mL of 30%
H2O2) bath and rinsed alongside ‘procedural blanks’ (n = 4) (Supplemen-
tary Fig. S1). Each tissue sample was transferred to a clean glass conical
flask with a foil covering, and 100 mL of 30% H2O2 added. The total
mass of each individual tissue sample digested is detailed in Table 1. Flasks
were placed in a shaking incubator at 55 °C for approximately 11 days, 65
rpm, or until there was no visible tissue. After 5 days within the incubator,
an additional 100 mL of 30% H2O2 was added. The digest, adapted from
previous studies investigating MPs within different environmental and tis-
sue samples (Munno et al., 2018), ensures removal of organic particles
while maintaining MP integrity (Allen et al., 2019; Munno et al., 2018).
Samples were then filtered onto aluminium oxide filters (0.02 μmAnodisc,
Watford, U.K.) using a glass vacuum filtration system. These were stored in
clean glass petri dishes, in the dark, before chemical composition analysis
alongside laboratory blanks (n = 13) (Supplementary Fig. S1).

2.3. Chemical characterisation of particles using μFTIR analysis

Each tissue sample Anodisc filter was placed directly onto the μFTIR
spectroscopy platform, and the length (largest side) andwidth (second larg-
est side) recorded using the aperture height, width and angle size selection
tool, available within the ThermoScientific Omnic Picta Nicolet iN10 mi-
croscopy software. Particles were then assigned to a shape category
(fibre, film, fragment, foam, or sphere (Free et al., 2014)), whereby fibrous
particles were characterised as having a length to width ratio > 3 (Vianello
et al., 2019).

μFTIR spectroscopy analysis was conducted in liquid nitrogen cooled
transmission mode (Nicolet iN10, ThermoFisher, Waltham MA, U.S.A.),
without the aid of further accessories or crystals. The cooled mercury cad-
mium telluride (MCT) detector allowed for the analysis of particles accu-
rately down to 3 μm in size. The Nicolet iN10 microscope used is
equipped with 15 × 0.7 N.A. high efficiency objective and condenser. It
has a colour CCD digital video camera with an independent reflection and
transmission illuminations mounted, for capturing images of particles.
This model has a standardised 123× magnification with the aperture set-
tings used. No observational criteria (Hidalgo-Ruz et al., 2012) was applied
to select specific particles for μFTIR analysis, to prevent bias. Using the ap-
erture size selection tool, all particles upon the sample filter>3 μmwere in-
cluded in the analysis process. For this study, the whole filter, containing
the total digested tissue sample, was analysed.

A background reference spectrumwas first recorded, using identical pa-
rameters to the particles undergoing analysis. A blank area of the Anodisc
filter was chosen as the site for background collection before immediate
analysis of the sample particles. μFTIR parameters were; spectral range of
4000–1250 cm−1, high spectral resolution 8 cm−1, scan number of 64.
No smoothing, baseline correction or data transformation was attempted.
Resulting sample spectra were compared to a combination of polymer li-
braries (Omnic Picta, Omnic Polymer Libraries), available with the Omnic
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Picta software, and full spectral rangeswere usedwith amatch threshold of
≥70%. If particles were below the≥70%match index threshold, three at-
tempts were made to collect a successful match before moving on to the
next particle undergoing analysis. Particles below≥70%match, and parti-
cles not classified as a plastic were recorded but not included in the results
presented (Cowger et al., 2020).

During μFTIR analysis, one ‘laboratory blank’ Anodisc filter was opened
alongside every samplefilter (Supplementary Fig. S1). A total of 13 lung tis-
sue samples were analysed, plus 4 ‘procedural blanks’, and 13 ‘laboratory
blanks’. The total number of particles (MPs and others) identified was
296, whereby 225 (76%) of these were above the 70% hit quality index
threshold. Only the MPs data is shown in the results. Identified PET and
PES MP particles were reported separately within this study, using a high
match (>70%) on a polymer database search to confirm their identities.

2.4. Quality assurance and control measures to reduce and quantify background
MP contamination

Strict control measures were adhered to, in order to quantify and char-
acterise the nature of any unavoidable background contamination. Due to

the ubiquitous nature of MPs in the air, contamination upon the surface
of lung tissue samples could be possible during the surgical procedure,
where lung tissue was removed from live human subjects. While it was
not possible to fully control the surgical environment, each tissue sample
was dropped into a 100mL 30%H2O2 bath, re-sealedwith foil and agitated
for 2 min. In parallel, ‘procedural blanks’ (n = 4) were initiated. The tissue
sample was removed, and the outer surface rinsed thoroughly with 100 mL
30%H2O2 to remove any surface contamination, employing a method sim-
ilar to extracting microplastics from whole biota (Brander et al., 2020).
Analysis of solely the interior portion of the tissue was considered (Pauly
et al., 1998) but was not applied with the aim of maintaining a larger tissue
mass. Tissue samples were digested in two batches, with two procedural
blanks, which mimicked the entire tissue processing steps but lacked the
lung tissue sample, alongside each batch (Supplementary Fig. S1). Reagents
were filtered and prepared in bulk for each batch. When conducting μFTIR
analyses, a ‘laboratory blank’ filter (n = 13), placed in a glass sealed petri
dish, was opened for the same duration as that for the tissue sample.

MPs foundwithin ‘procedural blanks’ represent contamination from the
laboratory reagents, equipment or fallout from the air during the transfer of
samples. For each batch, the average procedural contamination was

Table 1
Patient and tissue sample information alongside the number ofMPs identifiedwithin samples by μFTIR spectroscopy. Polymer types and particle characteristics are included,
and three different contamination adjustments to display results in units of MP/g of tissue. Abbreviations; PAN = polyacrylonitrile, PE = polyethylene, PES = polyester,
PET = polyethylene terephthalate, PMMA = polymethylmethacrylate, PP = polypropylene, PS = polystyrene, PTFE = polytetrafluoroethylene, PUR = polyurethane,
Resin = alkyd/epoxy/hydrocarbon, SEBS = styrene-ethylene-butylene co-polymer, TPE = thermoplastic elastomer. R = right lung, L = left lung, Low = lower region
of the lung, mid = middle/lingular region of the lung, up = upper region of the lung.

ID Sex Lung region Tissue (g) MP total MP polymer Length, width (μm) Shape MP/ga MP/gb MP/gc

1.1 M R, Low 2.02 8 PET 88, 10 Fibre 3.96 2.97 1.94 based on PP only
PP 55, 28 Fragment
PP 39,18 Fragment
PP 420, 9 Fibre
PP 27, 10 Fragment
PS 89, 71 Fragment
PTFE 100, 29 Fibre
PTFE 92, 88 Film

1.2 R, Up 0.79 2 PP 109, 18 Fibre 2.53 0.00
TPE 66, 19 Fibre

2.1 M R, Low 0.80 3 PP 40, 22 Fragment 3.75 1.25
PP 144, 65 Fragment
PTFE 26, 20 Fragment

2.2 L, Low 0.84 3 PS 14, 14 Fragment 3.57 1.19
PTFE 96, 5 Fibre
Resin 19, 13 Fragment

3.1 M R, Up 13.33 5 PE 224, 9 Fibre 0.38 0.23
PE 29, 17 Fragment
PET
PP

202, 6
101, 17

Fibre
Fibre

SEBS 83, 18 Film
4.1 M R, Up 1.53 2 PS 60, 44 Fragment 1.31 0.65

Resin 12, 9 Fragment
5.1 F L, Lin 1.37 0 none none 0.00 0.00
6.1 M R, Mid 3.98 2 PE 17, 10 Fragment 0.50 0.25

Resin 20, 15 Fragment
7.1 F R, Up 8.29 1 PES 40, 22 Fragment 0.12 0.00
8.1 F L, Low 5.90 7 PAN 1112, 9 Fibre 1.19 1.19

PE 28, 20 Fragment
PET 443, 13 Fibre
PET 452, 12 Fibre
PP 160, 46 Fragment
Resin 101, 9 Fibre
Resin 261, 22 Fibre

9.1 M R, Mid 6.84 5 PET 897, 10 Fibre 0.73 0.73
PET 2475, 12 Fibre
PMMA 96, 76 Fragment
PUR 155, 16 Fibre
Resin 14, 4 Fibre

10.1 F R, Up 2.12 1 PET 275, 12 Fibre 0.47 0.47
11.1 F R, Up 7.60 0 none none 0.00 0.00
Mean ± SD 1.42 ± 1.5 0.69 ± 0.84

a Total MPs detected with no account taken for MPs found in controls.
b Total MPs in sample minus total MPs identified in controls (regardless of polymer type) (Supplementary information).
c MP contamination levels after LoD/LoQ method (Cowger et al., 2020), if meeting the threshold (Supplementary information).
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calculated and assumed to be presentwithin each of the tissue samples.MPs
within ‘laboratory blanks’ represent contamination from atmospheric fall-
out within the μFTIR laboratory room during particle characterisation.
Procedural blank and laboratory blank results were combined to account
for contamination at every step. No standardised protocols are currently
adopted within the MPs research field to account for background contami-
nation, so multiple contamination adjustments were applied in this study
for comparison. These comprised two approaches: subtraction, routinely
used in the MP research field, and a limit of detection (LOD) and limit of
quantification (LOQ) technique (Horton et al., 2021) (Supplementary
methods S1). Presenting raw data, subtraction, and LOD/LOQ adjusted re-
sults allows a comparison for each technique.

All H2O2 and MilliQ water used were triple filtered using an all-glass vac-
uum filtration kit and 47 mm glass fibre grade 6 filters (GE Healthcare Life
Sciences, Marlborough MA, U.S.A.). All glassware underwent thorough man-
ual cleaning, before a dishwasher cycle using distilled water and then a man-
ual three rinse wash with triple filtered MilliQ water. All equipment and
reagents were always covered with foil lids and a small opening made when
pouring. Additionally, when filtering digested samples, glassware and the
sides of the filtration kit were rinsed three times with triple filtered MilliQ
water to avoid sample particle loss. All work was conducted in a thoroughly
cleaned fume cupboard with power ‘off’ and shield down to minimise unfil-
tered air flow (Wesch et al., 2017) and particle suspension (Wright et al.,
2019b). Each tissue sample was processed individually to prevent cross con-
tamination. Plastic equipmentwas avoided, glass petri dishes, a cotton labora-
tory coat, and a new set of nitrile gloves for each sample processing step were
used. Tissue preparation and particle analysis was conducted at times of low
activity, no room ventilation and μFTIR conducted in a single person room
with no windows. Finally, work was conducted by a single researcher for
standardisation. To ensure no particleswere contaminating theAnodiscfilters
from the manufacturing process of the discs used, three random filters were
chosen and observed under the μFTIR, in which no particles were present.

2.5. Statistical analysis

Tests for homogeneity and significancewere performed on unadjustedMP
values using SPSS. All data were determined not normally distributed with a
Shapiro-Wilk test and either a Kruskal-Wallis orMann-WhitneyU test applied.

3. Results

3.1. MP abundance levels detected in human lung tissue samples

A total of 39 MPs were identifiedwithin 11 of the 13 human lung tissue
samples. An overall unadjusted mean of 3.00 ± 2.55 MPs per sample
(range 0–8 MPs) were identified within human lung tissue samples, signif-
icantly higher levels (p=0.001) compared with 0.53± 1.07 MP per sam-
ple detected in the combined blanks. When considering the mass of the
tissue sample, without accounting for background contamination, a mean
of 1.42± 1.50 MP/g was detected (Table 1). After subtracting background
contamination, this value becomes 0.69 ± 0.84 MP/g (Table 1). An unad-
justed mean of 2.09 ± 1.54 MP/g of tissue was identified in male (n =
6) and 0.36 ± 0.50 MP/g of tissue in female (n = 5) samples (adjusted
to 0.91 ± 0.95 MP/g and 0.33 ± 0.52 MP/g respectively after subtracting
background contamination). All male samples contained at least one MP
particle, while two of thefive female samples did not. The datawas not nor-
mally distributed (p= 0.013), and a Mann-Whitney U test revealed tissue
samples from male patients had significantly higher levels of MP/g com-
pared to females (p=0.019). A detailed description of the characterisation
of background MP contamination (procedural and laboratory blanks) can
be found in the supplemental information (Table S1).

3.2. MP particle characterisation from human lung tissue samples

A total of 12 polymer types were identified in the tissue samples, as de-
tailed in Fig. 1A. PP (9, 23%) and PET (7, 18%) were the most abundant

(Fig. 1A). All MPs identified within tissue samples were fibre (19, 49%),
fragment (17, 43%), or film (3, 8%), (Figs. 1B, 2). MP particles identified
within the tissue samples had a mean particle length of 223.10 ± 436.16
μm (range 12–2475 μm), and a mean particle width of 22.21 ± 20.32 μm
(range 4–88 μm) (Fig. 3A).

3.3. Characterisation of backgroundMP contamination (procedural and laboratory
blanks)

Considering all the blank samples, the mean background MP contamina-
tion rate detected was 0.53± 1.07 MP per blank. Particles identified within
‘procedural blanks’ had a mean MP contamination rate of 2.00 ± 2.83 MP
per sample (range 0–4), for batch 1, whereby four MPs were identified on
one filter: PE, PE/PP, PS, and a resin particle. No MPs were detected on the
second filter for batch 1 (Table S1). No particles were identified within ‘pro-
cedural blanks’ from batch 2 of tissue samples on either of the two procedural
blank filters (Table S1). Particles detected from ‘laboratory blanks’ (n = 13)
had an overall mean MP contamination rate of 0.38 ± 0.65 MP per sample
(range 0–2). This comprised one PET, PP, PS, PTFE and PVA particle from
the 13 laboratory control filters (Table S1). The average length of MPs de-
tected within the combined blank samples was 105.22 ± 92.82 μm (range
23–315 μm), and an average width of 34.44 ± 22.61 μm (range 15–73
μm). The shapes ofMPs identified in the combined blank sampleswere either
fragment (6, 67%), fibre (2, 22%), or film (1, 11%).

In addition toMP particles, non-MP ‘natural polymer’ particles were de-
tected on the sample filters. Combining non-MP procedural and laboratory
blank results 9.04±4.84 non-MP particles per sample were detected, com-
prised of cellulose and zein.

3.4. Background MP contamination adjustments

Using adjustments, to account for the combined procedural and blank
contamination levels detected, decreases the level of MPs identified within
tissue samples depending on the approach used (Table 1). After blank sub-
traction adjustments, the total MPs identified within tissue samples have a
mean of 0.69 ± 0.84 MP/g of tissue. Subtraction adjusted MP levels in
human lung tissues were statistically significant compared to blank data
(Mann-Whitney U test, p = 0.043). Only one lung tissue sample (sample
1.1) fit the criteria for using a LOD and LOQ calculation, showing 1.94
MP/g, above the quantification threshold. The polymer type detected
above this thresholdwas PP.MPs above the LOD, that can be detectedwithin
lung tissue samples, but not quantified, were PE, PET, PP, PTFE and resin.

3.5. MP distribution within human samples by lung region

MPs were identified within all regions of the lung (Fig. 4 and Table S2).
An unadjustedmean of 0.80±0.96MP/gwas identifiedwithin the upper re-
gion (adjusted to 0.23 ± 0.28 MP/g after background subtraction), 0.41 ±
0.37 MP/g within the middle/lingular region (adjusted to 0.33 ± 0.37 MP/
g) and 3.12 ± 1.30 MP/g within the lower region (adjusted to 1.65 ± 0.88
MP/g). Data was not normally distributed (p = 0.013) and a Kruskal-Wallis
test showed that the number of MPs in the lower region were significantly
higher than the middle/lingular (p = 0.038) and the upper region (p =
0.026). Within the upper region (n = 6, total mass = 33.66 g), 11 MPs
were identified; PE (2, 18%), PET (2, 18%), PP (2, 18%), PES (1, 9%), PS
(1, 9%), resin (1, 9%), SEBS (1, 9%), TPE (1, 9%).Within themiddle/lingular
region (n = 3, total tissue mass = 12.19 g), 7 MPs were identified; PET (2,
29%), resin (2, 29%), PE (1, 14%), PMMA (1, 14%), PUR (1, 14%). Within
the lower region (n= 4, total tissue mass= 9.56 g), 21MPs were identified;
PP (7, 33%), PTFE (4, 19%), PET (3, 14%), Resin (3, 14%), PS (2, 10%), PAN
(1, 5%), PE (1, 5%) (Fig. 4).

3.6. MP distribution within human lung tissue by individual patient

MPs were identified in 9 of the 11 patient lung samples. Multiple sam-
ples were taken from patient 1; 8 MPs in sample 1.1 and 2 MPs in sample
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1.2 (Fig. 5A). PP particles were identified within both samples (Fig. 5B).
Multiple samples were also taken from patient 2; 3 MPs in sample 2.1 and
3 MPs in sample 2.2. PTFE particles were identified within both samples,
while multiple polymers were only identified within one patient sample
(Fig. 5B).

4. Discussion

This report provides compelling evidence ofMPswithin human lung tis-
sue samples, using a robust, best practice, background contamination re-
gime combined with μFTIR chemical composition analysis to verify the
particles present. The study also highlights the importance of including
and evaluating contamination adjustments within MP research, while pro-
viding high levels of quality assurance and control.

In total, 39 MPs were identified within 11 of the 13 lung tissue samples,
with an unadjusted average of 1.42 ± 1.50 MP/g of tissue. By subtracting
any MPs detected in the corresponding blanks, an adjusted average of
0.69 ± 0.84 MP/g tissue sample is reported. The MP levels within tissue
samples were significantly higher than those identified within combined

procedural/laboratory blanks. Of the MPs detected, 12 polymer types
were identified with PP (23%), PET (18%), resin (15%), and PE (10%)
the most abundant. It should be noted that the FTIR spectra for PET and
PES (polyester) are similar and can be difficult to distinguish (Primpke
et al., 2018; Veerasingam et al., 2021), however a high match of 70% was
accepted to distinguish between the MP types within this study.

MPs were identified within all regions of the lung categorised as upper
(0.80 ± 0.96 MP/g), middle/lingular (0.41 ± 0.37 MP/g), and lower
(3.12 ± 1.30 MP/g) region. However, when a LOD and LOQ approach
was applied, only one tissue sample fit the criteria, with only PP detected
above the threshold levels at 1.94 MP/g (Table 1). It could be that most
MPs identified were contamination, however the LOD LOQ could also be
‘masking’ legitimately identified MPs. The LOD LOQ adjustment approach
dramatically reduced the level of quantifiable MPs identified within lung
tissue samples. This quality control measure has the benefit of providing a
threshold above that of a simple subtraction, allowingMPs to be reliably de-
tected and quantified (Brander et al., 2020). Although it is an emerging
technique within the MP field, it has the potential to account for polymer
type as well as quantity and is commonly applied within analytical

Fig. 1. Polymer types (A) and shapes (B) of the MPs identified within lung tissue samples.
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chemistry. However, samples containing low numbers of MPs, such as
the human lung tissue samples reported here, commonly only have
one MP particle per polymer type identified in a sample. It has been re-
ported that when dealing with such low MP quantities within samples,
the LOD LOQ technique will have more significant effects and lead to
a “reduced capacity to report any MPs above the LOD or LOQ”
(Horton et al., 2021). We therefore report our results in three ways; un-
adjusted, subtraction adjusted and LOD LOQ adjusted, but highlight the
importance of the LOD LOQ technique for future studies in which MP
abundance is not as low.

MPs have, to date, been detected in human samples from histological
lung cancer samples (Pauly et al., 1998) and cadavers (Amato-Lourenço
et al., 2021) aswell as from human placenta (Ragusa et al., 2021). Our find-
ings are consistent with an early study by Pauly et al. (1998) using micros-
copy under polarised light to identify fibres (though without chemical
characterisation validation or rigorous contamination control measures),
reporting presence of fibres in 83% of nonneoplastic lung specimens (n =
67/81) and in 97% of malignant lung specimens (n = 32/33) (Pauly
et al., 1998). This study also reported that the fibres were distributed
throughout all regions of the lung and were not confined to the large air
spaces (Pauly et al., 1998). While no formal size range is given in this
early study, they reported heterogeneity with respect to fibre length,
width, surface morphology and colour, with >250 μm length and ~50 μm
width (Pauly et al., 1998). Our findings are also in line with a recent publi-
cation by Amato-Lourenco et al.who also found PP to be amongst the most
abundant plastics identified (Amato-Lourenço et al., 2021). In contrast to
our study, Amato-Lourenco et al. showed that non-fibrous particles were
the most abundant type of MP with sizes smaller than those seen in our
study. This could partly by due to differing exposures to MP, our best

practice approach used to eliminate background contamination, or the
methods used to detect and characterise samples, Raman vs. μFTIR. Al-
though Raman spectroscopy has the advantage of a lowermethod detection
limit (~1 μm), whichmight explain the abundance of smaller particles iden-
tified in Amato-Lourencos study (Amato-Lourenço et al., 2021), it can be
heavily influenced by fluorescence interference and does not detect the
same polar peaks that μFTIR spectroscopy can. Additionally, Raman
spectroscopy can UVdegrade the particles being analysed, which could hin-
der potential future investigations. Thus, although both spectroscopic tech-
niques complement each other, μFTIR has some advantages that benefit MP
research (Silva et al., 2018).

Interestingly, tissue from male donors contained significantly higher
levels of unadjusted MP (2.09 ± 1.54 MP/g) compared to females (0.36 ±
0.50 MP/g), with all samples from males containing MPs but two out of
five samples from females showing no MPs. We hypothesise that this is
due female airways being significantly smaller than the airways of males
(Dominelli et al., 2018), although the relatively small sample size used
herein dictates that more analyses be conducted to explore such differences
further.

According toDonaldson et al. (1993), only particleswith a physical diam-
eter smaller than 3 μm can enter the alveolar region of the lung (Donaldson
et al., 1993). The alveolar duct is reported in the literature as being~540 μm
diameter and 1410 μm long (Horsfield et al., 1971). Particles of a size rang-
ing from 12 to 2475 μm for length and 4–88 μm for width were detected
within lung samples in this study, in theory, too large to be present, yet pres-
ent nonetheless.

While the fate of particles entering the lung, and their resulting biological
effects in terms of inflammation responses, are well established for ultrafine
particulates in the NP or PM10 size range (Oberdörster et al., 1994; Kreyling

Fig. 2. Images of MPs identified from human lung tissue samples. A, B, C and D= (A= PET) (B= PUR) (C= Resin) (D= PAN). E and F =MPs identified within blanks.
(E = PS) (F = PP). Corresponding spectra included in Fig. S2.

L.C. Jenner et al. Science of the Total Environment 831 (2022) 154907

6



et al., 2006), the corresponding information is currently unavailable for the
MP size range of particles observed here, highlighting a serious gap in the
knowledge. There are limited recent studies giving evidence of particle
sizes and deposition in the lungs. It could be that there may be a pre-
conceived assumption about the particle sizes which are inhalable and able
to make it into the lower airway, but in this study, and others (Pauly et al.,
1998; Amato-Lourenço et al., 2021) particles bigger than these are being re-
ported, and therefore, it may be time to revisit these numbers and investigate
what sizes can be inhaled. Interestingly, even after LOD and LOQ were ap-
plied, the PP identified in sample 1.1 was above the size limit which is gen-
erally thought of as inhalable.

12 MPs≤10 μmwere identified within 7 of the 13 lung tissue samples,
consisting of PET (3), resin (3), PE (2), PP (2), PTFE (1) and PAN
(1) (Table 1). The smallest particle identified was 14 μm in length and 4
μm width (Fig. 2C), and identified as an ‘alkyd resin’, a synthetic thermo-
plastic used in protective coatings and paints (Polymer Properties
Database, n.d.). No MPs ≤10 μm were detected within blanks, surprising
since the prevalence of MPs in the environment is known to increase with
decreasing particle size (Allen et al., 2019; Dris et al., 2017; Cai et al.,
2017), suggesting that the quality assurance measures undertaken elimi-
nated these smaller particles from blanks. As these small MPs were consis-
tently absent from blanks (Fig. 3B), it highlights the likelihood of the

Fig. 3. Polymer size dimensions and type of each MP identified within (A) human lung tissue samples and (B) ‘procedural blank’ (triangles) and ‘laboratory blank’ (circles)
samples. Red line represents the assumed inhalable size limit regardless of density.

Fig. 4. Particle number (total MPs detected with no account taken for MPs found in controls) and polymer type of MPs identifiedwithin human lung tissue samples, assigned
to their lung region.
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smaller MPs being present within lung tissue rather than from background
contamination sources.

The ubiquity ofMPswithin the environment, results in background con-
tamination in any study, even after strict quality control measures are ap-
plied. Blanks, or controls, are run alongside sample analysis to document
the levels and types of MPs contaminating samples, either by mimicking
the sample processing steps (‘procedural blank’), or by opening a cleanfilter
during sample analysis (‘laboratory blank’). Rarely are procedural and lab-
oratory blanks both applied (Brander et al., 2020). It was hypothesised in
the design of this study that if MPs were present within lung tissue samples,
they would be present at low levels, especially considering the detection
limit of chemical verification. Thus, the importance of combining multiple
procedural and laboratory blanks, is highlighted. In this study the MP char-
acteristics identified within blanks were distinct from those identified
within lung tissue samples; the main polymer abundance, size range and
shape varied (Fig. 3A, B). Human lung tissue samples were typically com-
prised of PP, PET and resin, with lengths ranging from 12 to 2475 μm
and widths from 4 to 88 μm, and fibres being more prevalent than frag-
ments. In contrast, MPs detected in the blankswere less abundant and com-
prised different particle characteristics. MPs were sized 23–315 μm and
15–73 μm for length and width, and fragments were more prevalent than
fibres.

Within the MP literature, a standardised contamination adjustment
technique has not been established. Therefore, this study opted to report
concentrations in three commonly used ways; detailing blank results but
making no adjustments (Zhang et al., 2020; Liu et al., 2019b), subtraction
adjustments (Allen et al., 2019; Gaston et al., 2020) and LOD LOQ adjust-
ments (Jenner et al., 2021; Horton et al., 2021). Using no contamination

adjustments, 1.42 ± 1.50 MP/g of lung tissue was observed. While this
method is common practice, it likely includes any contamination within
the samples. The subtraction adjustment decreases the lung tissue MP
final mean value to 0.69± 0.84MP/g and accounts for any potential back-
ground contamination but is not specific in terms of taking into account
particle characteristics. The LOD LOQ adjustment approach dramatically
reduces the levels of MPs identified within the study to 0.15 ± 0.54 MP/
g using a polymer specific approach, but could be seen to ‘mask’ low levels
ofMPs. Ultimately this study highlights the need for data adjustments to ac-
count for background contamination, but alongside an evaluation into
which adjustment is the best approach. Irrespective of the adjustments,
low levels of MPs are present within lung tissue samples, providing evi-
dence to support MP inhalation as a route of exposure to humans.

Airborne MPs are globally ubiquitous and especially prevalent indoors
where humans spend many hours a day, such as the home (Dris et al.,
2017; Jenner et al., 2021; Vianello et al., 2019; Zhang et al., 2020) and
the office (Dris et al., 2017; Zhang et al., 2020). Humans are thus continu-
ously exposed to atmospheric MPs, with inhalation estimates ranging from
6 to 272MP/day (Vianello et al., 2019; Prata, 2018; Domenech andMarcos,
2021). It is the smallest and least dense MP and NP particles that are the
most cause for concern regarding respiratory health, as these MPs are
most likely to deposit within the lungs based on aerodynamic diameter
(Prata, 2018). In contrast to NPs, MP particles in the full micro-size range
(10 μm–5 mm) have yet to be considered in terms of health implications
and potential impacts, perhaps not having been a priority compared with
the smaller, ultrafine particles. The results herein indicate that the larger
micro-size range is detected within human lung samples, suggesting that
these have been overlooked (as being considered too large to enter

Fig. 5. Number (A) and type/quantity (B) of MPs detected in each lung region for individual patients.
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lungs). MPs, like all macroplastics, are designed to be resilient, with the ad-
dition of dyes, and additives that dictate their properties (GESAMP, 2015).
It had previously been suggested that inhaled MPs are likely to bio-persist
and possibly accumulate within a lung environment (Wright and Kelly,
2017), showing resilience to degradation by synthetic extracellular lung
fluid after 180 days (Law et al., 1990). After deposition within the lung,
mechanisms of toxicity are unknown but particle properties such as small
size, density, concentration, shape, monomer type, chemical leachates and
environmental adsorbents (e.g. bacteria, heavy metals and polyaromatic hy-
drocarbons) have all been suggested as potential contributors to cytotoxicity
(Prata, 2018; Wright and Kelly, 2017). Inflammation (Porter et al., 1999),
ROS and oxidative stress (Schirinzi et al., 2017), physical damage from parti-
cle shape, frustrated phagocytosis (Donaldson et al., 1993), are currently sug-
gested cellular responses to MP exposure.

In summary, this study is the first to report MPs within human lung tis-
sue samples, using μFTIR spectroscopy. The abundance of MPs within sam-
ples, significantly above that of blanks, supports human inhalation as a
route of environmental exposure. MPs with dimensions as small as 4 μm
but also, surprisingly, >2 mm were identified within all lung region sam-
ples, with the majority being fibrous and fragmented. The knowledge that
MPs are present in human lung tissues can nowdirect future cytotoxicity re-
search to investigate any health implications associated with MP inhala-
tion.
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