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Abstract

Background: Microplastic pollution has become a serious global environmental threat. The abundance of microplas-
tics in the air is an order of magnitude higher than that in other media, which means that all living animals breathing
with lungs (including humans) cannot escape the fate of inhaling microplastics. However, there is no direct evidence
to demonstrate what type and abundance of microplastics exist in lung tissue. In addition, whether the retention

of microplastics and the long-term friction between microplastics and lung tissue are related to some respiratory
diseases is largely unknown. Ground glass nodules (GGNs) are areas of lesions of homogeneous density and with hazy
increase in density in the lung field that do not obscure the bronchovascular structure, which have been increas-
ingly identified in past decades. Although their etiology is broad, the correlation of microplastics with GGNs remains
elusive.

Results: In this study, we identified the presence of 65 microfibers, including 24 microplastics (>20 um) in 100
human lung tissues with p-FTIR. The detection rate of microfibers in tumor was 58%, higher than that in normal tissue
(46%), and 2/3 of microplastics were found in tumor. Microfibers seemed to be embedded in lung tissues, which was
suggested by the in situ observation via LDIR. Additionally, sub-micron-sized plastic particles were also detected in
some lung tissues with Raman. The abundance of microfibers in lung tissue gradually accumulated with the increase
of age. Moreover, the detection rate in tumor of patients with higher microfiber exposure risk history was significantly
higher than those with a relatively lower one, implying microfiber inhalation could be related to the formation of
GGN. Further, serious weared surface of microfibers isolated from lung tissue emphasized a possible link of surface
roughness to the disease progression.

Conclusions: Collectively, the existence of microplastics in human lung tissues was validated, and their correlation
with GGN formation was preliminarily explored, which laid a foundation for future research on microplastic exposure
in the etiology of lung cancer and other related respiratory diseases.
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Introduction
Microplastic was firstly proposed as a marine environ-
mental problem, but with its widespread occurrence in
freshwater and estuary [1-3], land and mountains [4,
5], and in glaciers and polar regions [6, 7], microplastic
pollution has become a global health issue and aroused
some debates among scientists [8-10]. Recently, the
pervasiveness of microplastics has also been verified
in both indoor and outdoor air environments [11], and
the human body burden of microplastics through inha-
lation (0—3.0) x 107 items/year is orders of magnitude
higher than that through table salt (0—7.3) x 10* items/
year or drinking water (0—4.7) x 10% items/year [12]. This
means all living animals breathing with lungs (including
humans) cannot escape the fate of inhaling microplastics.
Although the inhalation of mineral fiber, such as
asbestos, has been widely recognized [13, 14], pulmo-
nary retention of non-mineral fibers, including artifi-
cial fibrous microplastics or natural cotton fibers which
are difficult to be degraded due to their stable structure,
remains unclear. The amount of microplastics humans
take in through respiration may be much higher than
other routes since microplastics are dominant in the air
[12]. It has been predicted that the amount of microplas-
tics inhaled by human body through breathing was doz-
ens to hundreds per day [15, 16]. An early preliminary
study published in 1998 reported the presence of fibers
in human lung and found more inhaled fibers were pre-
sent in malignant lung specimens (97%) than those in
non-neoplastic ones (83%); however, there was a lack of
detailed characterization of the fibers, including the size
and type, color, and morphology [17]. Of note, there is no
direct evidence to demonstrate what type and abundance
of microplastics exist in lung tissue. In addition, whether

the retention of microplastics and the long-term friction
between microplastics and lung tissue are related to some
respiratory diseases is largely unknown.

Pulmonary ground glass nodules (GGNs) are areas of
lesions of homogeneous density and with hazy increase
in density in the lung field that do not obscure the
bronchovascular structure as identified on low-dose
computed tomography [18-20]. Their etiology is broad
and the presumed significance is highly dependent on
the underlying disease context [21, 22]. In addition to
diagnostic techniques to increase the detection rate,
the main causes of GGNs include genetic factors and
gender factors [23-26], but research suggests that envi-
ronmental factors may affect the occurrence of GGNs
[24, 27, 28]. When exposed to asbestos, vinyl chloride,
or other environmental factors, these substances can be
inhaled into the lungs to mount an immune response.
The inflammatory response may form GGNs by wrap-
ping, organizing, or forming granulomas [27]. Addi-
tionally, a long time exposure to a dusty environment
without proper protection has been reported to impair
lung function and cause GGNs [28]. Moreover, peo-
ple who maintain smoking habits for a long time are
more likely to cause GGNs [24, 29]. The proportion
of plastics produced and used in the current indus-
trial civilization has increased year by year, leading to
the existence of a large number of microplastics in the
environment [1, 3, 30]. This trend is consistent with the
increasing incidence of GGN in recent years especially
in Asia [31], where the plastic production also ranks
first (51%) worldwide [32]. In this study, we hypothesize
that microplastics can contribute to the formation of
GGNs. Thus, we systematically detected and charac-
terized the microfibers and microplastics in GGNs and
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adjacent normal lung tissues, and analyzed the correla-
tion of the presence of microfibers with the occurrence
of GGNs.

Materials and methods

Clinical samples

Patients who underwent VATS lobectomy/sublobectomy
for non-small cell lung cancer (NSCLC) in Shanghai
Pulmonary Hospital between January 2020 and Decem-
ber 2020 were reviewed (Additional file 1: Table S1).
Included in our studies were lung specimens with ground
glass nodule (GGN). Tissue wet weight was 44+ 32 mg
(mean + SEM values, n=100). All patients received pre-
operative workups, including chest computed tomog-
raphy, brain magnetic resonance imaging, whole-body
PET-CT, and bronchoscopy. This work has received
approval for research ethics from the Institutional Review
Boards of Shanghai Pulmonary Hospital and a certificate
of approval is available upon request (Approval number:
K21-020).

Ventilation systems were installed to limit the circu-
lation of chemical and biological pollutants with 20 air
changes per hour. Surgeons wore white cotton sterile
gowns, rubber gloves, surgical masks, and head cover-
ings. Instruments of thoracoscopy, ultrasonic scalpel,
electrosurgical knife, and aspirator would touch lung tis-
sues during the operation. But no cotton or plastic mate-
rials would come into contact with lung tissues. After the
removal of lung tissues from human bodies, they were
immediately placed in stainless-steel curved plates, and
the tumor and normal tissues were separated using scal-
pels and forceps. This study was performed in accordance
with the principles of the Declaration of Helsinki.

Sample digestion, observation, and identification

We used 50-mL glass bottles for tissue digestion, and
100-mm-diameter glass Petri dishes for storing and
transferring filter membranes. All glassware was thor-
oughly cleaned and rinsed with Milli-Q water for three
times, then placed on the negative pressure ultra-clean
bench, and buckled on the clean dust-free paper. After
natural air drying, each lung tissue was quickly trans-
ferred from cryotubes to glass bottles with stainless-steel
tweezers, together with 30 mL of 30% H,0O,, and imme-
diately covered with aluminum foil. The glass bottles
were then transported to an orbital shaker (ZWF-1112,
Shanghai Zhicheng Co., China) for 72 h incubation with
80 rpm at 65 °C.

After tissue digestion, we quickly filtered each
digested sample through a 5-pm filter membrane (MCE,
SMWP04700, Millipore, USA), which was then imme-
diately transferred to a covered glass Petri dish (expo-
sure time to air: <30 s). Then, the glass Petri dishes
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were transferred to an ultra-clean analytical laboratory
with stainless-steel inner walls in the whole room in our
Marine Plastic Pollution Research Center (East China
Normal University, China).

All items larger than 20 pm were examined under a
Carl Zeiss Discovery V8 Stereo microscope (Micro Imag-
ing GmbH, Germany) and an AxioCam digital camera to
observe and photograph the substances on the surface of
the membranes. The suspect items were quickly picked
out onto a numbered paper one by one. The observa-
tion time for each filter membrane was strictly controlled
within 2 min to avoid potential microfiber contamination
via air deposition to the greatest extent. Then, the com-
position of each item was identified with u-FTIR (Nicolet
iN 10, Thermo Fisher) under the transmission mode. A
resolution of 4 cm™! with a 167 scan time was chosen
for data collection. Three pairs of tumor and normal tis-
sue samples and procedural blanks were also quantified
for microfibers (<20 pm) by Raman (Renishaw). All spec-
tra of pu-FTIR and Raman were matched with our modi-
fied database and the result was accepted only when the
matching index >70% according to combined libraries of
“HR Hummel Polymer and Additives,” “HR Aldrich Phos-
phorous and Sulfur Compounds,” “HR Aldrich Solvents,’
“HR Spectra Polymers and Plasticizers by ATR; “HR
Industrial Coatings,” “HR White Powders,” “HR Spectra
RAMAN Demo,” “Synthetic Fibers by Microscope,” “Nat-
ural and semi-synthetic cellulose,” “Common Materials,’
“Wizard library, “OTC Pharmaceuticals Miscroscope,’
“NR Nicolet Sampler Library, “Organics by RAMAN
Sample Library, “Georgia State Crime Lab Sample
Library,” and “Aldrich Condensed Phase Sample Library”

As the increment of plastic production trend is con-
sistent with the increasing incidence of GGN in recent
years [31, 32], lung tissues collected 6 years ago (the
earliest available) were included as former sample con-
trols, which were stored in cryotubes at — 80 °C. The
Image ] software (NIH Image) was used to measure the
length and width of fibers. The colors of fibers were com-
pared with Pantone International Color Card by visual
inspection.

Procedural control for microfiber contamination

From the beginning of the operation to the final micro-
fiber detection, we performed procedural blanks
throughout the whole process. There were two batches
of procedural control carried out on different days (each
with three parallel replicates), and thus 6 procedural
blank samples in total.

During patient lung surgery operations, the environ-
mental conditions were as follows. Ventilation systems
were installed to limit the circulation of chemical and bio-
logical pollutants with 20 air changes per hour. Surgeons
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wore white cotton sterile operating gowns, rubber gloves,
disposable surgical masks, and head coverings. Instru-
ments of thoracoscopy, ultrasonic scalpel, electrosurgi-
cal knife, aspirator, etc., would touch lung tissues during
the operation. But no cotton or plastic materials would
come into contact with lung tissues. After a lung tissue
removed from a human body, it was immediately placed
in a stainless-steel curved plate, and the tumor and nor-
mal tissues were separated by sterile scalpels and forceps.
Procedural blanks were also conducted on these curved
plates with the same duration and tools. Lung tissues and
procedural blanks were then transferred into glass tubes
without fixing. Then, the procedural blank samples diges-
tion, observation, and identification processes were the
same as described in Sample digestion, observation, and
identification.

Only one white cotton microfiber was detected in one
of the procedural blanks, and no microplastic was found
in all procedural blanks. The color of the detected cot-
ton was white, different from those found in lung tissues
(whose dominant colors are blue and purple). There-
fore, the contamination of microfiber and microplastic
was 0.18 MF/sample and 0 MP/sample (far below that
quantified in lung tissues of 0.65=+0.70 MF/sample and
0.24+0.49 MP/sample).

SEM/EDS analysis
To understand the surface morphology and elemental
composition of microfibers from lung tissues, twelve rep-
resentative samples (6 each of normal and tumor tissues)
were studied using scanning electron microscope (SEM)
(54800) and Cryo-SEM (Lecia EM ICE, Germany) com-
bined with energy-dispersive X-ray spectroscopy (EDS).
To confirm the effect of transportation, digestion,
observation, and identification processes on the surface
morphology of microfibers, we conducted a pilot experi-
ment by preparing two kinds of microfibers with the
highest detection rate in our study (cotton and rayon)
from the laboratory before and after all the above pro-
cesses. Microfibers collected from indoor air in Shang-
hai were also collected for observation, including nine
microfibers (3 each of cotton, rayon, and polyester).
Microfibers were fixed on double-sided adhesive car-
bon tabs on the sample stage and spray gold. High-res-
olution imaging was carried out by field emission SEM
working at 3.0 kV and 15 pA, and the samples were taken
at a magnification of 5.00 K. Qualitative elemental com-
positions of six selected samples were determined by
EDS working at 20.0 kV and 20 pA.

Microfiber surface roughness measurement
The surface roughness profile of microfibers was obtained
using a three-dimensional white light interferometry
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optical profiler Bruker Contour GT-K. The surface of
middle area of microfibers was selected for detection.
The entire profile data points were recorded, and the
roughness average (Ra) of the absolute values of profile
heights over a given area [33] was calculated for each
microfiber to evaluate their roughness, according to the
standard method ASME B46.1-2009 [34].

In situ observation of microfibers

The surgical lung tissues were cut into 30 pum slices and
left untreated or treated with proteinase K (20 mg/mL)
at 37 ‘C for 10 min. Each sample was then fixed to the
microscope slide of dimension 25 mm x 75 mm using
optical adhesive. To identify the in situ presence of
microfibers in lung tissues, we used the Agilent 8700
Laser Direct Infrared (LDIR) Chemical Imaging System,
equipped with a quantum cascade laser (QCL) source
and a single point Mercury Cadmium Telluride (MCT)
detector, at Agilent Technologies Application Laboratory
in Shanghai, China. Briefly, the slides were firstly put in
the LDIR system, and the height of samples was auto-
matically identified and the tissue sections were focused.
Then, the LDIR analyzer rapidly scanned the sample area
at 1200 cm ™! with 20-um resolution, and found targeted
areas containing suspect microfibers. Next, the targeted
areas were enlarged and scanned with a fine resolution
of 10 um. Finally, the spectrum data were collected, and
microfiber identification results were provided according
to characteristic peaks matching.

Clinical indices

Through interviews with patients, we obtained first-hand
information about the history of microfiber exposure of
the patients (Additional file 1: Table S2). (1) We define
people who smoke or have had a history of smoking as
high risk of microfiber exposure, because cigarette butts
contain various types of microfibers [35] and could be
inhaled in with the smoke. (2) We define people who have
a high cooking frequency at home as high risk of micro-
fiber exposure, because long time cooking and other
housework will increase the microfiber exposure [36, 37].
(3) We also inquired about the occupational background
of the patients, and listed the patients who work in shoe
factories, farms, construction sites, garbage cleaning,
etc., as having high risks of microfiber exposure.

Statistical analysis

The microfiber or microplastic amount differences
between tumor and normal tissue groups were evalu-
ated by paired t-test. The microfiber exposure history
and gender effects on the microfiber or microplastic
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detection results were evaluated by Chi-square test. All
the above analyses were performed with SPSS (SPSS, ver-
sion 20.0). Figures were plotted with GraphPad Prism
(GraphPad, version 8.0).

Results

Identification of microfibers in human lung tissue

To detect whether microfibers are present in human lung
tissues, we collected surgically dissected human lung
tissues, including GGNs and adjacent normal tissues in
patients with pulmonary GGNs which are pathologically
diagnosed. Pulmonary GGN can be observed in prein-
vasive lesions, such as atypical adenomatous hyperplasia
(AAH), adenocarcinoma in situ (AIS), or in malignancies,
such as minimally invasive adenocarcinoma (MIA) and
lepidic-predominant invasive adenocarcinomas (LPA)
[38]. By using hydrogen peroxide digestion method,
we successfully isolated microfibers from the lung tis-
sues in both tumor (Fig. la—e) and normal (Fig. 1f-h)
tissues. The most common types of microfibers are
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cotton (Fig. 1a), rayon (Fig. 1b, g), polyester (Fig. 1c, h),
denim (Fig. 1f), and the representative examples are pre-
sented. Besides, we also found some kind of microfib-
ers that rarely found in water or soil, such as phenoxy
resin (Fig. 1d) and chipboard (Fig. le) in tumor tissues.
The cotton fiber detected in one procedural blank is
white colored, different from those found in lung tissues
(whose dominant colors are blue and purple). For the for-
mer samples (tissues collected 6 years ago), only one blue
cotton fiber was detected in two tumor tissues each, and
none microplastic was detected (0.33 MF/sample and 0
MP/sample), indicating a lower frequency of detection
rate than that in new samples (0.65+0.70 MF/sample
and 0.24+0.49 MP/sample). Using Raman technology,
we also detected microplastics <20 pm in two tumor
tissues from two patients (Fig. 2). The width of polyeth-
ylene glycol was 0.8 pm, which can also be termed as sub-
micron plastic particles.

Most of the identified items (>20 pm) were typi-
cal fibrous ones, which was because they were mainly
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Fig. 2 Microplastics (< 20 um) detected in two tumor tissues from two patients. a poly(ethylene oxide) (width: 3.6 um, length: 21.1 um), b
polyethylene glycol (width: 0.8 um, length: 16.4 um)

originated from ambient air via inhalation. It has been
reported that the shape of the dominant type of fiber was
>90% of the number of particles collected in the ambient
air [39]. Although some non-typical fibrous items were
also found, i.e., phenoxy resin (Fig. 1d) and chipboard
(Fig. 1e), they can also be characterized with length and
width descriptors, like fibers, and thus, we classified
them into microfibers in the present study for a unified
description.

In situ detection of microfibers in human lung tissue

To further demonstrate the presence of microfibers in
human lung, we employed the LDIR method to detect
the microfibers in the lung tissue slice from pulmonary
GGNss patients in situ. By analyzing cryo-sectioned slices,
we successfully observed the presence of a microfiber
(width 24 pm, length 887 pm) in the lung tissue slice by
microscopy observation with both visible light (Fig. 3a, d)
and infrared spectrum (Fig. 3b, c).

The infrared absorption spectrum revealed that the
composition of the microfiber was cellulose (Fig. 3e). This
was further consolidated by the collected signals with the
specific cellulose characteristics (Fig. 3f), which indicates
that this fiber component is indeed cellulose and is differ-
ent from the surrounding components. As the character-
istic signal intensities of this microfiber were uneven at
different regions, we suppose that this microfiber should
be embedded in the tissue. We therefore for the first time
provide solid in situ evidence to support the presence of
microfiber in human lung tissue.

Higher detection rate of microfibers in the GGNs

To understand whether the presence of microfibers is
associated with the occurrence of GGNs, we further
compared the frequency of the detected microfibers in

the GGNs and adjacent normal lung tissues. In 50 pairs
of samples, microfibers have been found in 29 tumor
and 23 normal tissues (Fig. 4a). A total of 38 microfibers
were detected in tumor tissues, accounting for 58.46%
of the total detected microfibers, while 27 microfibers
were detected in normal tissues, accounting for 41.54%
(Fig. 4b).

Among the detected microfibers, 24 were microplas-
tics, constituting 36.92% of the total microfibers. In
the female subgroup, the positive detection rates were
61.76% and 47.06% for tumor and normal tissues, respec-
tively (Fig. 4c). In the male subgroup, the positive detec-
tion rates were 50.00% and 43.75% for tumor and normal
tissues, respectively (Fig. 4d). Sixteen microplastics were
detected in the tumor tissues, which was twice than that
of the normal tissues. Only two types of microplastics,
namely polyester and rayon, were found in normal tis-
sues, whereas three more types of microplastics (acrylic,
polyethylene glycol terephthalate (PET), and phenoxy
resin) were also found in tumor tissues. Taken together,
in comparison to that in normal lung tissues, the detec-
tion rate of microfibers in GGNs was higher (paired
t-test, t=1.740, p=0.0882), indicating a possible link of
the presence of microfibers to the occurrence of GGNs.

Characterization of microfibers in the lung tissues

We checked the characteristics, including width, length,
type, and color of microfibers isolated in human lung
tissues. The average values of length (mean+ SEM val-
ues; 1.45+0.98 mm) and width (35.74£21.09 pum) of
microfibers in tumor tissues are slightly higher than
those in the normal tissues (1.38+£0.96 mm for length
and 32.81+16.91 um for width), but there is no signifi-
cant difference between them (Fig. 4a). Additionally, both
the length of microplastics in tumor (1.75£0.79 mm)
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and normal (1.4940.96 mm) tissues, and the width of
microplastics in tumor (34.29+18.60 um) and normal
(34.15£17.91 pm) tissues were quite similar. Moreover,
microfibers detected in the lungs were mainly > 1000 pm
in length, with 63% for microfiber and 50% for micro-
plastic in tumor tissue, 48% for microfiber and 63% for
microplastic in normal tissue (Additional file 1: Figure
Sla-b). The width of microfiber mainly falls in <30 pm
in both tumor and normal tissues, accounting for 47.37%

and 51.85%, respectively. However, microplastic widths
have the highest proportion of 30—50 pm in tumor tissue,
accounting for 56.25%, while the highest proportions of
<30 um and 30-50 pm in normal tissue are both 37.5%
(Additional file 1: Figure S1c—d).

Multiple types of microfibers were detected in the
lung. The dominant type of microfibers is cotton which
accounts for 39.47% and 51.85% of all detected microfib-
ers in tumor and in normal tissues, respectively. Rayon
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ranks the second and constitutes 26.32% and 18.52% of
tumor and normal tissues, respectively. The third is pol-
yester, which accounts for 10.53% of tumor and 11.11%
of normal tissues. Moreover, 10 kinds of microfibers are
detected in tumor, which is more abundant than nor-
mal tissues (6 kinds) (Fig. 5b). The colors of microfibers,
whether in tumor or normal tissues, are mainly purple
and blue with different shades, and a small amount of
transparent and yellow microfibers are detected. There
are more reddish microfibers in normal tissues (Fig. 5c).

Characterization of microfibers in matched tissues

Parameters commonly used to describe the character-
istics of microfibers include polymer composition, size,
color, density, and shape [40]. To further make clear
which characteristic of microfibers may be responsi-
ble for the occurrence of GGNs, we also conducted
matched samples comparison for the case that micro-
fibers were detected in both tumor and normal tissues
of the same patient. The values of width (mean+ SEM
values; 34.29+18.60 pm) and length (1.754+0.79 mm)
in tumor are higher than those in normal tissues by 0.4%
(p=0.981) and 18.1% (p =0.381), respectively (Additional

file 1: Figure S2a). Notably, only one-tenth of the colors
and one-third of the fiber composition types are the same
in matched tumor and normal tissues (Additional file 1:
Figure S2b—c). The types and colors of microfibers in
tumor tissues were more abundant than those in normal
tissues, which suggests the microfiber sources in tumor
tissues may be more diversified.

High risk of microfibers exposure correlates with GGNs
To further study the correlation of microfibers with the
occurrence of GGNs, we examined the factors contrib-
uting to the accumulation of microfibers in the GGN
tumor tissues. Chi-square test revealed that microfibers
are more likely to be detected in the tumor tissue if one
has a history of high microfiber exposure risk in life or
work, when a microfiber detection rate reaches 72.00%
(Fig. 6a). However, this phenomenon was not found
in the tumor tissue of low microfiber exposure risk, of
which the detection rate was 42.11%. This suggests that
exposure to microfibers may lead to the accumulation of
microfibers in the lung, which finally contributes to the
formation of GGNs.

Initially, a sex-specific difference in incidence of
lung cancer has been reported; women are more likely



Chen et al. Environmental Sciences Europe (2022) 34:25 Page 9 of 15
a c
150
5 5 o MF
= o MP
E £ 100
= Z
£ P Tumor
g E tissue
3
b
0000000000 9000000000 = cotion
0000000000 0000000000 mm rayon
0000000000 000000000 O® = polyester
0000000000 00000000009 mm linen
...‘...... .......... = arleC Normal
0000000000 000000000 @® mm cellulose Hasne
0000000000 00000000 0®@® mm denim
0000000000 Q000000000 mm sik
0000000000 0000000000 mm phenoxy resin
0000000000 0000000000 = chipboard

Tumor tissue=38

Normal tissue =27
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developing GGN [41, 42]. We next examined whether
gender is related to the detection rate of microfibers in
the tumor or normal tissue of the lung. The microfiber
detection rate of the female (#n=34) in either tumor
(61.76%) or normal (47.06%) tissues is higher than that
of the male (n=16, 53.33% and 40.00%, respectively), but
there is no significant detection rate difference between
the two genders (Chi-square test, p=0.482) (Fig. 6b).

In addition, according to the age classification of lung
cancer epidemiology, we found that with the increase of
age, the content of microfiber in lung tissue gradually
increased (Fig. 6¢). Importantly, the amount of micro-
fibers in normal tissue is significantly increased with
age (ANOVA, p<0.05); the magnitude of microfibers in
tumor tissues of patients with GGN also increased with
age (Pearson correlation, p =0.058) but not significantly
different (ANOVA test, p =0.246).

Microfibers in lung exhibit high surface roughness

We further characterize the microfibers in human lung
tissues by scan electron microscope; the data demon-
strate that there are numerous wear and gullies on micro-
fibers as detected by their typical main body structure

(Fig. 7a, ¢, e) and local surface morphology (Fig. 7b, d, f).
Of note, little attention has been paid to the index of sur-
face roughness. This kind of morphology is different from
that found in the atmospheric fallout in Shanghai, as we
find that there are both worn and unworn microfibers in
the air (Additional file 1: Figure S3), which may be related
to their aging degree in the environment. Besides, our
data confirmed that the sampling, digestion, and identi-
fication processes would not be the cause of surface wear
(Additional file 1: Figure S4). Of note, microfibers in both
tumor and normal tissues exhibited a higher roughness
value (Ra=0.901+0.84 um, and 0.79£0.43 pm, respec-
tively) than those in air (Ra=0.38£0.22 um) (p=0.183)
(Fig. 7g), and obvious rougher surface of microfib-
ers in lung tissues than that in the air can be observed
(Fig. 7h—k). Moreover, energy-dispersive X-ray spectros-
copy (EDS) revealed that microfibers isolated in the lung
did not harbor obvious heavy metal residues (Additional
file 1: Figure S5).
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Discussion

The interrogation of the correlation of microplastics with
diseases is an emerging field. The presence of microplas-
tics in human tissues, including gastrointestinal tract
and placenta [43, 44], has been previously reported. In
this study, we provided solid evidence demonstrating the
presence of microplastics in human lung tissues. Prelimi-
nary data demonstrated a higher detection rate of micro-
plastics in the GGNs compared to the adjacent normal
lung tissues. Moreover, the history of exposure to micro-
fibers correlates with the occurrence of GGNs, which
implicates an involvement of microfiber exposure in the
etiology of GGNs.
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High abundance of microfibers in human lung

In our study, we found that the detection rate of microfib-
ers in normal tissue was significantly increased with age;
however, the detection rates of microfibers in patients
with GGN of all ages are equivalent and high. This phe-
nomenon indicates that microfibers may affect the occur-
rence of GGN after reaching the cumulative threshold.

The microfibers detected in the lungs mainly ranged
from 1000 to 5000 pm in length. This is different from
the length distribution of microfibers in mountain-
ous areas or medium-sized cities. For instance, a recent
study found only around 11% of atmospheric deposited
microfibers ranged >1000 um collected from a remote
mountain catchment (French pyrenees) [45]. In the
medium-sized Dongguan city, atmospheric fallout micro-
fibers longer than 1200 um constituted around 44% [46].
However, our microplastics distribution is close to the
atmospheric microplastics distribution in an urban area
of Paris, with 49% fell in the range of 1000-5000 um [47].
This suggests that large cities may have a high propor-
tion of long fibers in the air than medium-sized cities or
remote areas. Of note, since our patients come from dif-
ferent cities and rural areas in China, the high percentage
of long fibers in lungs may be because the longer inhaled
microfibers may be easily entangled in lungs and difficult
to be dispelled [17].

In addition to artificial fibrous microplastics, the cotton
microfibers occupied a high proportion. As cotton fibers
are capable of subjecting to a variety of different forces,
such as abrasive wear whose force extent depends on the
fiber construction of the yarn or fabric [48], these cotton
microfibers should have similar physical effects as micro-
plastics, if the indirect toxic effects of microplastics by
releasing additives are not taken into account.

Most of the pulmonary microfibers probably come
from indoor or outdoor air exposure, because the types
of microfibers in lung tissue are highly similar to those
found in the atmospheric fallout [11], with the highest
content being cotton, rayon, and polyester. Previous stud-
ies have highlighted the presence of synthetic fibers in
the lung tissue of workers in the textile industry, showing
cases of respiratory irritation [49, 50]. The inhalability of
a particle is size and shape dependent, as only the small-
est particles below 5 pm and fibrous particles seem to be
able to be deposited in the deep lung. Even though most
of the bigger particles (inhalable particles) are subjected
to mucociliary clearance in the upper airways, some of
them can escape this mechanism and also be deposited in
the deep lung. These particles (especially the longer fib-
ers) tend to avoid clearance and show extreme durability
in physiological fluids, likely persisting and accumulating
when breathed in. This may be the reason why the pro-
portion of long fibers (> 1000 pm) in lung tissue (48-63%,
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microplastic from lung tissues

Fig. 7 Representative pictures of microfibers isolated from lung tissues under scanned electron microscope (SEM). a main body structure of
cotton; b surface morphology of cotton; ¢ main body structure of rayon; d surface morphology of rayon; e main body structure of polyester; f
surface morphology of polyester; g the roughness value (Ra) for microfibers from air deposition, normal tissues, and tumor tissues (n =4 with 2
cotton microfibers, 1 rayon, and 1 polyester microplastics for each group according to their detected composition percentages); h representative
surface roughness images for cotton microfiber from air deposition; i representative surface roughness images for polyester microplastic from air
deposition; j representative surface roughness image for cotton microfiber from lung tissues; k representative surface roughness image for rayon
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Fig. S1) is much higher than that in urban (44% for
>1200 um) [46] or mountainous air (11% for >1000 pum)
[45]. Previous studies report microfiber lengths merely.
In this study, we firstly report the microfiber width (or
diameter) dimension of microfibers in lung tissues, which
is vital factor regulating the deposition of microfibers in
the respiratory tract [51].

The morphology of the inhaled fibers (e.g., air pollut-
ants and microplastics) may affect their aerodynamic
properties [52, 53], which thereby finally modulate their
ability to deposit in the distal pulmonary acinar airways
as a result of varied width. Width is the main factor that
determines whether or where in the respiratory tract that
a microfiber can deposit [51]. Our results suggest that
13-125-pym-wide microfibers/microplastics can reach
lung tissues, with a mean width value of ~30 pm. Once

deposited, fiber length is the main factor that determines
whether a microfiber can be effectively cleared [51]. Such
elongated fibers (a mean value of ~ 1.4 mm) tend to align
with respiratory airflows, due to higher drag forces that
resist sedimentation under gravity, and thus present a
special clearance challenge for the lung compared with
spheres of equivalent mass [54]. The thin, elongated
shape of microfibers also affects clearance rates, enabling
microfibers to get entrained into the epithelial layer while
inhibiting engulfment by macrophages [51, 55]. Com-
bined with a high surface-to-volume ratio compared to
spheres of equivalent mass, such characteristics render
non-spherical particles, and fibers in particular, promis-
ing candidates to be delivered to the deep lungs, which
is supported by the finding that the microfibers identi-
fied in the lung are elongated in this study. Furthermore,
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we suppose the surface-to-volume ratio, hydrophobicity,
size, and other properties of the microfibers can enhance
their ability to attach heavy metal, increasing damage to
the pulmonary immune microenvironment.

In this study, we have applied three microfiber identi-
fication methods, including p-FTIR, LDIR, and Raman,
for different characterization purposes. To quantify the
50 paris lung tissues, we used the p-FTIR method for
>20 um items identification [56], because p-FTIR can
quickly provide reliable material composition results in
lung tissues.

However, p-FTIR has its limitations for application,
which requires the biological samples to be digested and
microfibers should be completely separated before quan-
tification. Thus, to stage the morphological characteris-
tics of microfibers in human lung tissues more intuitively,
we prepared extra 6 tissue samples into tissue slices for
microfiber in situ observation with LDIR. However, only
3 slices cut from the middle section were used for each
sample, as to avoid potential contamination during the
process of tissue embedding, and thus, this may underes-
timate the microfiber abundance in human lung tissues.

Additionally, p-FTIR has a size limitation, which can-
not identify samples smaller than 20 um. Therefore, we
tried to use the Raman to figure this problem out, with a
lazer wavelength of 785 nm and was capable of analyzing
materials larger than 1 pm. However, Raman spectra are
particularly vulnerable to biological fluorescence inter-
ference [57], and tissue digestion and material separation
are still vulnerable. Moreover, there is another important
issue needs to be addressed in future studies. The strong
laser beam could burn out organic matter and the sur-
face of filter membranes, and even some microfibers (i.e.,
cotton); and thus, the compositions of some microfibers
could not be determined with Raman.

Microfibers and the etiology of GGNs

Generally, when microfibers enter the respiratory sys-
tem, the lung tissue has two main ways to dispel them.
If microfibers deposit on the surface of respiratory
mucosa, they can be excreted out of the respiratory tract
by coughing or mucociliary escalator [58]. If microfibers
reach the alveolar region, macrophages in the alveoli can
remove the microfibers through phagocytosis, migra-
tion, or lymphatic transportation mechanisms [59]. Mac-
rophages in alveoli often have high clearance efficiency
for particles larger than 1 pum; thus, microfibers at the
micro-sized level are theoretically difficult to remain
in lung tissue [60]. However, if the lung is continuously
exposed to microfibers for a long time, excessive secre-
tion of chemokines in the lung may be caused, and thus
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destroying the normal chemotactic gradient, and may
result in macrophages containing ingested microfibers
resting in the alveolar space. Or if macrophages engage
in “frustrated” phagocytosis for microfibers, digestive
enzymes and other cellular contents will be spilled into
the alveolar space, and this may mount innate immune
responses which drive the sterile inflammation, fibrosis,
and other malignancies in the lung [53], which thereby
participate in the formation of GGNs and other inflam-
matory respiratory diseases. The ingestion of microfib-
ers by macrophage may mount innate immune responses
which drive the sterile inflammation in the lung, which
thereby participate in the formation of GGNs and other
inflammatory respiratory diseases. Moreover, the inter-
action between vitreous particles/fibers and cells may
lead to lung inflammation via intracellular messengers
and cytotoxic factors which are released, and then cause
secondary genotoxicity due to the continuous formation
of reactive oxygen species [59, 61].

Increasing evidence demonstrated that microfibers carry
bacteria/virus [62], which may play an important role in their
interaction with the host. Intriguingly, compared to normal
tissue, GGNs harbored a distinct lung bacterial community
structure, with significantly increasing Firmicutes and Bacte-
roidetes [63—65]. Even though there is no report about the
biofilm community on airborne microplastics, the biofilm
community structures on microplastics are more affected by
morphology/surface texture rather than polymer composi-
tion [66]. Therefore, we can further perform microbiota anal-
ysis on GGNs and normal tissues containing microfibers to
reveal the influence of microfiber on the lung microbiota. It
is tempting to speculate whether the microbes carried along
by microfibers play a role in shaping the specific structure of
microbiota in GGN. The microbiota analysis of GGNs and
normal tissues that contain or free of microfibers will facili-
tate to understand the role of microfiber in modulating lung
microbiota.

Moreover, airborne microplastic is an ideal vehicle for
carrying micropollutants adsorbed to their hydropho-
bic surface, especially when related to urban environ-
ments. Recent studies performed using pre-diagnostic
serum samples suggest that environmental exposure to
micropollutants plays an important role in the develop-
ment of a series of cancers, including lung cancer, pros-
tate cancer, breast cancer, liver cancer, and acute myeloid
leukemia [67-70]. It is therefore reasonable to speculate
that microplastic may affect the occurrence of GGNs
by delivering micropollutants, which exerts toxic effect
on the host. Of note, in addition to the adsorbed pollut-
ants, microplastics may also contain unreacted mono-
mers, additives, dyes, and pigments which could lead to
adverse health effects [71, 72]. However, no heavy metal
residue was found here by EDS (Additional file 1: Figure
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S6), which may be due to the high detection limit of this
method. However, there is no doubt that the high hydro-
phobicity and adsorption properties of microplastics will
lead to the possibility of carrying pollutants into lung tis-
sues, which needs attention in the future.

Surface roughness—a characteristic awaits attention
Parameters commonly used to describe the character-
istics of microfibers include polymer composition, size,
color, density, shape, etc., whereas little attention is paid
to the index of surface roughness. Here we found all
microfibers had obvious surface wear in both normal or
tumor tissues. This kind of morphology is different from
that found in the air, which shows both worn and unworn
morphology and may be related to their aging degree in
the environment. Although some acidic chemical diges-
tion process may influence the surface of microplastics
[73], our pilot experiment confirmed that no obvious sur-
face roughness was caused during the sampling, diges-
tion, and identification processes. Therefore, it is very
possible that the surface roughness of microfibers was
formed after entering the lungs, formed during microfib-
ers’ long-term interaction with the lungs. Some environ-
mental processes, such as mechanical erosion by wind,
water, or sand, UV radiation, and biodegradation, will
increase the roughness of microplastics [5, 74, 75]. How-
ever, there is no report about the increase of roughness
after microfibers/microplastics enter tissues. We believe
this is the first report of the serious roughness phenom-
enon of microfibers in human tissues.

Little is known about the consequence of enhanced sur-
face roughness to its interaction with the host. It would be
interesting to check whether such characteristic of microfib-
ers modulates its interaction with alveolar macrophages in
multiple processes, such as phagocytosis, recognition, and
mounting of immune responses. The types of cell death,
including apoptosis and necrosis, in response to exogenous
stimulation often show distinct effect on the outcome of
diseases [76]. It would be fascinating to take the surface
roughness as an important characteristic of microfibers into
account in studying its role in modulating the fate of mac-
rophages and shaping of the microenvironment, which may
constitute a new direction in future research of microfiber—
host interaction. The technological advancement in acquisi-
tion of nanoscale microfibers will also promote the research
on microfiber—host interaction.

Microfibers link pulmonary GGN to occupational disease

Some occupational diseases may be related to long-term
exposure to microfibers or microplastics. The “fiber-
drawing workers” experienced a statistically significant
excess in mortality from lung cancer [49]. Some of the
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nylon flock exposed workers had abnormal chest radio-
graphs five-fold than non-exposed ones [50]. In the cur-
rent study, we found that the microfibers significantly
elevated in the normal lung tissues of pulmonary GGN
patients with the increase of age. This phenomenon pin-
points the importance of the cumulative threshold of
microplastics present in the lung in affecting the occur-
rence of GGN. Our work also suggests that it is impor-
tant to perform the routine health examination in those
people who have high risk to expose to microplastics,
especially in the young people.
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