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Abstract 

Fibers are found in all environments. However, the impact of their presence on ecosystems and human health is not 
yet well understood, especially in the case of the atmosphere. In this work, we presented evidence that fibers traveling 
through the atmosphere act as vectors to spread microorganisms. Here, we investigated the presence of viable 
microorganisms on fibers collected within and beyond the planetary boundary layer during flights of a C-212 aircraft 
over Central Spain. In total, seven fibers, six of which transported viable microorganisms, were isolated in two flights. 
The viability of the microorganisms was determined by confocal microscopy by means of the fluorescent probes 
SYBR-Green to detect microorganisms and CTC redox dye to assess their cellular respiration activity. The fibers that 
transported viable microorganisms were spectroscopically analyzed by micro-FTIR and identified as wool-silk and 
cellulose-cotton. Taken together, the results demonstrated that fibers host viable microorganisms when traveling 
through the lower free troposphere. 

Introduction 

Airborne particulate matter (APM) may include a 
biological fraction consisting of bacteria, fungi and 
other organisms that travel along with natural or 
anthropogenic particles 1. The transport of 
bioaerosols may play an important role in the 
dispersion of microbial populations facilitating 
their colonization of new habitats or in the 
spreading of pathogenic strains 2, 3. The biological 
material carried by non-biological particles can 
remain suspended for periods that depend on 
particle size and are transported by winds, thereby 
allowing microorganisms to disseminate over long 
distances. The long-range transport of atmospheric 
microbiota was suggested by Iwasaka et al., who 
detected DNA in dust particles collected at 2 km 
above sea level (a.s.l.) using balloons flying above 
desertic regions by means of DAPI (4',6-
diamidino-2-phenylindole), a DNA-specific probe 
4. The distribution of biological communities in the 
atmosphere is poorly known as very few 
investigations exist about airborne microorganisms 
and high altitudes. Maki et al. showed that the 
bacterial communities in APM change depending 
on the origin or air masses. 16S rDNA sequencing 
showed that the bacterial communities collected 

during dust events consisted of sand or terrestrial 
naturally occurring bacteria in agreement with the 
continental origin of such air masses 5. The data 
available from the pyrosequencing analysis of 
samples taken from aircrafts flying over the Sea of 
Japan, indicated that composition changes with 
consistent with their different origin. Samples at 
high altitude were dominated by terrestrial 
bacteria, possibly travelling from continental areas, 
while samples at lower altitude displayed marine 
microorganisms and some possibly pathogenic 
strains 6. 

The concern about anthropogenic environmental 
pollutants includes fibers, which have been found 
in essentially all compartments. Some reports 
evidence the presence of anthropogenic fibers in 
remote areas, including polar regions proving that 
atmospheric transport plays an important role in 
worldwide pollution spreading 7, 8. Allen et al. 
reported the presence of fibers in a remote 
Pyrenean mountain location, interpreted as 
evidence of long-range transport from populated 
areas 9. In the air of urban areas, man-made fibers 
have also been documented 10. Overall, little is 
known how these fibers transport through the 
atmosphere to downwind places that can influence 
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ecosystem and human health. In this work, we 
presented the first direct evidence that fibers 
travelling through the atmosphere host viable 
microorganisms and, therefore, can act as vector 
for microbial transport between distant places. We 
investigated the presence of viable microorganisms 
on fibers collected between 300 and 2300 meters 
above ground level (a.g.l.) using aircrafts from the 
Spanish National Institute for Aerospace 
Technology.  

Materials and Methods 

Samples taken at 300 and 2300 m a.g.l. were 
obtained onboard a CASA C-212 turboprop-
powered cargo aircraft from the Spanish National 
Institute of Aerospace Technology (Fig. S1, 
Supplementary Information, SI). Two flights were 
performed in Autumn 2019 in Central Spain. One 
of them above rural areas (Fig. S2, SI) and the 
other essentially flying over urban zones 
(Guadalajara, 260 000 inhab., Fig. S3, SI). Both 
flights took place from 9.00 to 13.00 UTC. The 
weather was relatively humid, with precipitations ~ 
14 mm and ~ 5 mm recorded during the 72 h 
before each flight (rural and urban respectively). 
Incoming air was filtered using 25 µm steel 
meshes fitted inside filter holders directly 
connected to air intake openings. The reason for 
using 25 µm mesh is because lower size openings 
would result in too low flow of air and because 
materials below some tens of microns cannot be 
identified by current micro-FTIR apparatus. The 
location of air sampling lines (Fig. S1, SI) avoided 
the potential collection of debris produced by the 
engines, propeller, spinner, and aircraft fairing. 
Filter holders were sealed after sampling and 
stored at 4 ºC before being opened in sterile 
conditions. Airflow through filters was measured 
using a SKC393 flowmeter (SKC, USA). The total 
volume of air filtered was 12379 L: 3234 L above 
rural area at 300 m a.g.l., 3373 L above rural area 
at 2300 m a.g.l., 2769 L above urban area at 300 m 
a.g.l. and 3003 L above urban area at 2300 m a.g.l. 
Additional details on sampling procedure can be 
found elsewhere 11. The procedure for preventing 
contamination is described in SI together with 
operational details on micro-FTIR analysis. 

The viable microorganisms attached to fibers were 
studied after opening filter holders in sterile 
conditions and placing steel meshes into clean and 
sterilized glass Petri dishes that were immediately 
closed. To avoid contamination, only one fiber per 
mesh was selected for viability studies using the 

cell-permeable 5-cyano-2,3-ditolyl tetrazolium 
chloride (CTC) redox dye. CTC is transformed by 
actively respiring cells into the fluorescent CTC-
formazan, visualized as red fluorescent spots (Ex. 
488 nm, Em. 630 nm). SYBR-Green (Invitrogen) 
was also used for the specific staining of cell 
nucleic acids (Ex. 488 nm, Em. 510 nm). 
Epifluorescence images were taken using a Zeiss 
AxioImager M2 microscope (Carl Zeiss, 
Germany). Details on staining procedures can be 
found elsewhere 12.  

Results and discussion 

The planetary boundary layer (PBL) is the 
turbulent layer of the atmosphere closest to the 
Earth's surface. PBL height (PBLH) is the altitude 
over the ground that separates the free troposphere 
from the turbulent PBL and is an important 
parameter for pollutant dispersion and air quality 
modelling 13. Estimating PBLH is a complex task 
because of its local and temporal variability, but, 
overall, PBLH is characterized by a daily cycle 
with maximum about noontime 14. The average 
PBLH estimated in the Iberian Peninsula is 
generally below 2 km a.g.l., coincident with the 
maximum PBLH recorded in the south of Iberian 
Peninsula 15. Sicard et el. that PBLH does not 
change too much along the year, with an average 
PBLH of 1.45 km within a range from 0.79 to 1.6 
km for the north-eastern of the Peninsula 16. Our 
fight sampled a volume of 6607 L of air above 
PBHL and 6003 L of air inside PBL. We used 24 
filters in two flights (12 per flight). From the total 
number of filters, 7 of them bore at least one fiber. 
The total number of fibers was 12 and 3 filters 
presented more than one fiber and even in this 
case, only one was taken for viability studies to 
reduce manipulation. Procedural blanks showed to 
fibers. One purple fiber (cotton > 80 %) and one 
red fiber (possibly cotton but with matching < 60 
%). No red or purple fibres were found in samples 
and, therefore, we concluded that no contamination 
took place. The rest of procedural and cleaning 
controls did not show any evidence of 
contamination. The procedure resulted in six fibers 
bearing viable microorganisms: two fibers 
collected at 300 m a.g.l. in the urban flight, two 
fibers collected at 300 m a.g.l. over rural areas, and 
two more at 2300 m a.g.l. flying over rural areas. 
Width and length of all fibers are given in Table S1 
(SI). The chemical nature of fibers is discussed 
below. 
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FTIR spectroscopy was used to assess the chemical 
composition of fibers. The seven fibers were 
analysed by micro-FTIR with positive 
identification (matching ⁓ 60 % and adequate band 
assignment for 4 of them). FTIR spectroscopy is a 
very useful technique for the identification of 
microplastics. However, obtaining clear spectra 
from small, and often outside the plane fibers is not 
an easy task 17. Another difficulty, which is a 
consequence of the small diameter of some fibers, 
is the diffraction limit of IR, which is about 10 µm 
at 1000 cm–1 and makes it generally unfeasible 
obtaining clear spectra of fibers with diameters 
close to that limit 18. The interference with 
immersion oil used for bright field and 
fluorescence microscopy was another difficulty 
found in this study.  

FTIR identification showed the presence of one 
fiber identified as wool (Fiber #1, 300 m a.g.l.) and 
three cellulose-cotton fibers (Fiber #3 at 2300 m 
a.g.l., and Fibers #4 and #5 at 300 m a.g.l.). Fig. 1 
shows the spectra of Fiber #1 (Fig. 1A) and the 
three cellulose-cotton fibers (Fibers #3, #4 and #5, 
Fig. 1B) together with their respective standards. 
All these fibers except Fiber #4 carried viable 
microorganisms as explained below. The 
identification of Fiber #1 had some complexity. 
Based on the wide band at 3000-3500 cm-1, 
attributed to the stretching vibration of N–H and 
O–H, the fiber is probably of natural origin as this 
absorption, broader for natural products, generally 
allows differentiating wool or silk from synthetic 
polyamide. However, the hydroxyl band is rather 
variable from sample to sample as it depends on 
the amount of adsorbed water. Although the 
absence of clear scales on the surface of Fiber #1 
(Fig. S4A) would be consistent with a synthetic 
fiber, the overall spectrum matched better with 
natural wool. Silk is usually identified because of a 
sharp maximum near 1710 cm-1, which is absent 
from the spectrum of Fiber #1. The bands typically 
associated to proteins were also clearly observed.  
The amide I band due to C=O stretching vibration 
appears at about 1640 cm-1 and the amide II band 
due to N–H bending and C–N stretching appeared 
at about 1520 cm-1 19. Other bands typical from 
natural wool and similar materials are the C-N 
stretching (amide III) band at 1380 cm-1 and the C-
O stretch at 1230 cm-1, all of them clearly 
identifiable in Fig 1B 20. 

The FTIR spectra of Fibers #3, #4, and #5 
displayed a broad absorption at 3330 cm-1 due to 

the stretching vibration of the hydroxyl group of 
polysaccharides. The band at 2890 cm-1 
corresponded to the stretching vibration of C-H 
bonds in the hydrocarbon constituents of the 
macromolecule. The peak located at 1640 cm-1 was 
due to absorbed water molecules 21. The absorption 
bands at 1425, 1334, and 1028 cm-1 were attributed 
to the stretching and bending vibrations of -CH2 
and -CH, -OH and C-O bonds in cellulose. The 
absorption band at 894 cm-1 is characteristic of the 
glycosidic bond 22.  

 
Figure 1. Figure 1. micro-FTIR of Fiber #1 (identified as 
wool, A) and Fibers #3, #4 and #5 (identified as cellulose-
cotton, B). 

The presence of microorganisms attached to fibers 
has been previously reported in several 
environments such as oceans and sediments 23-25. 
However, little is known about the atmospheric 
compartment. Direct cell counts allowed the 
observation and quantification of low biomass 
samples, i.e.: ≤ 102-104 cells, exploring their 
presence and metabolic status 26. The use of two 
fluorochromes SYBR-Green and CTC allowed 
simultaneous assessment of cells attached to the  
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Figure 2. Figure 2. Fluorescence microscopy images showing microorganisms attached to Fibers #1, #2, #3, #5, #6 and #7 (using 
the same numbers as in Table S1). A-column: Fluorescence image with EGFP filter exhibiting attached cells (SYBR-Green+); B-
column: Fluorescence image with HE rhodamine filter showing active cells as revealed by CTF fluorescence (CTC+); C-column: 
Overlay of EGFP and HE rhodamine filters. Bright dots appearing simultaneously in A and B series indicate attached active cells. 
Yellow dots in C series indicate presence of both DNA and active cells. White arrows point to attached active cells. Scale bar = 10 
μm. 
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fibers and their metabolic activity. Fig. 2 shows 
fluorescence microscopy images (SYBR-Green 
and CTC) of all of them (their characteristics 
indicated in Table S1). Fig. S5 (SI) shows the 
only fiber examined (cellulose-cotton) with no 
cells attached. Cells showing green fluorescence 
(SYBR-Green+) (Fig. 2, column A) could be 
defined as attached, while those simultaneously 
presenting bright orange CTF fluorescence 
(SYBR-Green+/CTC+) (Fig. 2, column C) were 
metabolically active cells. Six fibers collected 
during both flights exhibited microorganisms 
attached to their surface. Fluorescence images 
showed microorganisms scattered along the 
whole fiber without forming aggregates or 
colonies, the apparently lack of physical 
connection between cells suggesting a role of the 
fiber as physical carrier rather than a substrate 
colonized by a microbial community. This might 
imply that microorganisms might have become 
attached while in the atmosphere; this aspect 
merits further research. 

To check the adequacy of the method to stain 
attached microorganisms and not nuclei of some 
biological particles, the same staining procedure 
used for fibers was applied to fragments of a tree 
bark, plant leaf hairs, and fungal hyphae. The 
results are shown in Fig. S6 (SI). Overall, the 
nuclei inside the cells and the DNA of surface 
bacteria (only detected on tree bark) showed 
fluorescence. Specifically, the tree bark did not 
show any fluorescence, probably because the 
incubation time was insufficient for the dye to 
enter cells. However, bacteria were detected on its 
surface (Figure S6 A2). In the case of plant leaf 
hairs, fluorescence micrographs with EGFP filter 
did not show any attached cells after SYBR-
Green staining (Figure S6 B2). The nuclei of 
fungal cells were clearly stained by SYBR-Green 
(Figure S6 C2).  

Fluorescence microscopy allowed approximate 
cell counting to estimate the total number of cells 
harbored by each fiber. Cell counts revealed that 
each fiber contained between 25 and 50 cells, 
approx. 70 % of which showed metabolic activity. 
This ratio of metabolic activity, exceeds that 
observed in other environmental samples studied 
with the same probe such as sea water (~ 40 %) 
27, coastal sediments (~ 25 %) 28, temperate lakes 
(12-20%) 29 and sewage activated sludge (~ 55 %) 
30. The surface of the fibers collected in this work 
ranged between 8 x 103 and 27 x 103 µm2 
(average 24 x 103 µm2), representing about 103 

metabolically active cells per mm2 or, converted 
into mass units, 250 cells/µg. This is at least one 
order of magnitude higher than the concentration 
of viable bacteria observed in dust, but similar to 
bacterial load on leaves and other plant surfaces, 
which are in the order or 102 cells/µg 31, 32. 
Expressed in the usual volumetric units, the 
concentration of fibers measured in this work 
yielded 0.97 fibers/m3 (or 0.68 colonized 
fibers/m3) or 3.0 cells/m3 (2 active cells/m3). This 
is below the abundance of bacteria found on 
moving dust particles, which is in the 104-
105 cells/m3 range 33. However, this result must 
be put in the context of the relative abundance of 
fibers in the atmosphere. Dris et al. reported 
concentrations of man-made microfibers in urban 
areas in the 0.3-1.5 fibers/m3 range, essentially 
the same value found in this work 10. The same 
authors measured concentrations of fibers above 
50 µm in indoor and outdoor air with median 
values of 5.4 and 0.9 fibers/m3 respectively 34. 
The number of fibers recovered in our samples 
was about one fibre per cubic meter, which is 
compatible with the values reported before. 

Up to our knowledge this is the first study 
reporting the presence of viable microorganisms 
in fibers collected from the atmosphere. Although 
it is well known that inter-continentally air 
transported particles can transport bacteria to 
distant regions, whether microbes are active in the 
atmosphere or not is still an area of intense 
research 35. Previous studies in aerobiology 
introduced the atmosphere as an ecosystem, but in 
situ reliable measurements of metabolic microbial 
activity in the atmosphere are scarce 36-38. The 
role of natural fibres and textiles as environmental 
stressors is a topic that has received limited 
attention in contrast to synthetic or plastics fibers 
mainly because their biodegradability limits the 
perception of their risks. Concerning natural 
materials, biological aerosols are known to play a 
significant role in atmospheric chemistry. APM 
includes biological aerosol particles, mostly with 
rod-like aspect, which are a probable carrier of 
bacterial and fungal particles 39.  

We are aware of the limited number of fibers 
collected in this work. APM is in the atmosphere 
at low concentration and the capacity of filtering 
a high volume of air using in situ sampling 
devices is limited. Future research is needed on 
the atmospheric lifetime of microorganisms in the 
atmosphere to evaluate their resistance to stress 
factors like dryness, low temperature and solar 
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irradiation, which may govern the efficiency of 
APM for microbial spreading. Another important 
aspect is to clarify whether the fibers act as 
physical carrier of microorganisms that have 
become attached while in the atmosphere or are a 
substrate colonized in the ground. More research 
is needed on this topic as studies on the viability 
of airborne microbial communities are scarce. 
Culture experiments would be needed to 
demonstrate the capacity of microorganisms to 
form colonies or induce infections.  

Supporting information. Detailed information 
about the procedure for preventing contamination 
and the spectroscopic identification of fibres, 
details on Aircraft sampling lines, flight altitudes 
and times, photographs of fibres, bright field and 
fluorescence micrograph of a non-colonized fiber 
and micrographs of other materials shown for 
comparison. 
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Figure S1. Aircraft CASA C-212 Aviocar with blue arrows indicating air sampling lines. A and B) The 
scheme shows the six air sampling lines located at the leading edge of the airplane on both sides (left: L1, 
L2, L3; right: R1, R2 and R3). C) Detail of the air sampling lines located on the left side. 

Figure S2. Sampling profile (A; red line) and information (B; altitude above sea level and distance) of the 
flight above rural areas (Flight 1). Flight 1 started at 9.00 UTC on November 12th, 2019 and ended the 
same day at 12.30 UTC. (Initial and final altitude 618 m a.s.l.) 

Figure S3. Sampling profile (A; red line) and information (B; altitude above sea level and distance) of the 
flight above urban areas (Flight 2). Flight 2 started at 9.30 UTC on December 3rd, 2019 and ended the 
same day at 13.30 UTC. (Initial and final altitude 618 m a.s.l.) 

Table S1. Characteristics of collected fibers. 

Figure S4 Photographs of Fibers #1 (A), #3 (B) #4 (C) and #5 (D). Mesh size opening: 25 µm. FTIR 
spectra are shown in Fig. 1. 

Figure S5. Bright field and fluorescence microscopy of a fiber (cotton-cellulose) collected at 300 m a.g.l. 
with no microbial cells attached. Series A) Bright field image; Series B) Fluorescence image with EGFP 
filter set exhibiting no attached cells after SYBR-Green staining. Series C) Fluorescence image with HE 
rhodamine filter set exhibiting no metabolically active cells after CTC staining. Scale bar = 20 μm 

Figure S6. Micrographs showing tree bark (A), plant leaf hair (B) and fungal cells (C) stained with 
SYBR-Green and CTC. A1, B1 and C1: Bright field images. A2, B2 and C2: Fluorescence images with 
EGFP filter. A3, B3 and C3: Fluorescence image with HE rhodamine filter. A4, B4, C4: µFTIR 
representative spectra. Scale bar 10 μm. 
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Materials and methods 
 
Procedure for preventing contamination. All metal, steel and glass materials were carefully cleaned 
with Milli-Q water, wrapped with aluminum foil, and heated to 300 ºC for 3 hours in order to remove all 
possible rests of organic matter. Steel meshes were also heated at 300 ºC for 3 h to remove all possible 
fibers or particles and carefully fitted inside clean filter holders. Filter holders with filters were 
individually wrapped with aluminum foil and sterilized at 115 ºC. The use of any plastic material was 
avoided except for the polycarbonate filter holders.  
 
To account for possible contamination associated with sampling and sample processing, negative controls 
were performed as follows: (i) two procedural controls per flight consisting of 25 µm steel meshes 
previously heated to 300 ºC for 3 h, fitted into their holders and sterilized at 115 ºC for 15 min were 
exposed to during flights except for air filtration; (ii) one blank per flight consisted of a glass Petri dish 
with one 25 µm steel mesh previously heated to 300 ºC for 3 h and kept open during sampling to identify 
possible contamination inside the aircraft and when fibers were collected and placed in sterile conditions 
on glass slides; and (iii) all surfaces, including sampling lines, were cleaned with filtered ethanol 70% 
(v/v) before each flight. All controls were treated the same way as samples throughout the entire 
experimental process. 
 
Spectroscopic identification. After analyzing the viable microorganisms attached to sampled fiber, the 
same fibers were analysed by micro-Fourier Transform Infrared Spectroscopy (µFTIR) using a Perkin-
Elmer Spotlight 200 Spectrum Two device with mercury cadmium telluride detector. For FTIR analyses, 
individual fibers were placed on potassium bromide discs with a zircon microneedle. The equipment 
operated in micro-transmission mode with the following parameters: spot 50 µm, 32 scans, and spectral 
range 550-4000 cm-1 with 8 cm-1 resolution. The spectra were processed by means of Omnic software 
(Thermo Fisher) and compared with Omnic 9 database or with spectra from other samples and standards 
recorded by our group.  
 

 
 
Figure S1. Aircraft CASA C-212 Aviocar with blue arrows indicating air sampling lines. A and B) The 
scheme shows the six air sampling lines located at the leading edge of the airplane on both sides (left: L1, 
L2, L3; right: R1, R2 and R3). C) Detail of the air sampling lines located on the left side. 
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Figure S2. Sampling profile (A; red line) and information (B; altitude above sea level and distance) of the 
flight above rural areas (Flight 1). Flight 1 started at 9.00 UTC on November 12th, 2019 and ended the 
same day at 12.30 UTC. (Initial and final altitude 618 m a.s.l.) 
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Figure S3. Sampling profile (A; red line) and information (B; altitude above sea level and distance) of the 
flight above urban areas (Flight 2). Flight 2 started at 9.30 UTC on December 3rd, 2019 and ended the 
same day at 13.30 UTC. (Initial and final altitude 618 m a.s.l.) 
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Table S1. Characteristics of collected fibers. 

Id. 
Height 
(a.g.l.) 

Width  
(µm) 

Length 
(µm) 

Notes on the identification of fibers Colonized 

Fiber #1 300 m 18.4 623 Natural fiber/textile, probably wool Yes 
Fiber #2 300 m 15.3 603 Natural fiber/textile Yes 
Fiber #3 2300 m 16.7 511 Natural fiber/textile (cotton-cellulose) Yes 
Fiber #4 300 m 21.9 393 Natural fiber/textile (cotton-cellulose) No 
Fiber #5 2300 m 16.9 452 Natural fiber/textile (cotton-cellulose) Yes 
Fiber #6 300 m 12.8 420 Natural fiber/textile Yes 
Fiber #7 2300 m 9.2 267 Natural fiber/textile Yes 

 
 
 

 
 
Figure S4 Photographs of Fibers #1 (A), #3 (B) #4 (C) and #5 (D). Mesh size opening: 25 µm. FTIR 
spectra are shown in Fig. 1. 
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Figure S5. Bright field and fluorescence microscopy of a fiber (cotton-cellulose) collected at 300 m a.g.l. 
with no microbial cells attached. Series A) Bright field image; Series B) Fluorescence image with EGFP 
filter set exhibiting no attached cells after SYBR-Green staining. Series C) Fluorescence image with HE 
rhodamine filter set exhibiting no metabolically active cells after CTC staining. Scale bar = 20 μm 
 
 
 

 
 
Figure S6. Micrographs showing tree bark (A), plant leaf hair (B) and fungal cells (C) stained with 
SYBR-Green and CTC. A1, B1 and C1: Bright field images. A2, B2 and C2: Fluorescence images with 
EGFP filter. A3, B3 and C3: Fluorescence image with HE rhodamine filter. A4, B4, C4: µFTIR 
representative spectra. Scale bar 10 μm. 
 


