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A B S T R A C T   

Nanomaterials (NMs) taken up from the environment carry a complex ecocorona consisting of dissolved organic 
matter. An ecocorona is assumed to influence the interactions between NMs and endogenous biomolecules and 
consequently affects the formation of a biological corona (biocorona) and the biological fate of the NMs. This 
study shows that biomolecules in fish plasma attach immediately (within <5 min) to the surface of SWCNTs and 
the evolution of the biocorona is a size dependent phenomenon. Quantitative proteomics data revealed that the 
nanotube size also influences the plasma protein composition on the surface of SWCNTs. The presence of a pre- 
attached ecocorona on the surface of SWCNTs eliminated the influence of nanotube size on the formation and 
evolution of the biocorona. Over time, endogenous biomolecules from the plasma partially replaced the pre- 
attached ecocorona as measured using a fluorescently labelled ecocorona. The presence of an ecocorona offers 
a unique surface composition to each nanotube. This suggests that understanding the biological fate of NMs taken 
up from the environment by organisms to support the environmental risk assessment of NMs is a challenging task 
because each NM may have a unique surface composition in the body of an organism.   

1. Introduction 

Carbon nanotubes (CNTs), being miniscule (10− 9 m) rolled up 
seamless cylinders of graphene sheets, are a promising category of 
nanomaterials (NMs) with a rapid expansion of applications ranging 
from development of electronic devices (Javey et al., 2003) to bio
sensors (Chen et al., 2003), and drug delivery systems (Pantarotto et al., 
2004; Thakare et al., 2010). This broad application is due to their 
remarkable properties such as the hollow cavity, nanoscale size and 
their high volume specific surface area (De Volder et al., 2013). The 
toxicological, pharmacological, and environmental risk profiles of CNTs 

are increasingly being studied (Ge et al., 2011; Higgins et al., 2011; 
Lacerda et al., 2006) to reveal the behavior and toxicity of CNTs in 
biological systems. 

It is well documented that NMs adsorb a mixture of biomolecules 
when they are in contact with physiological media. The biomolecules 
(such as proteins, carbohydrates, lipids, nucleic acids, and small mole
cules) adsorbed to NMs form a so-called biological corona (referred to as 
biocorona in this study) (Lynch et al., 2007; Mu et al., 2008), which 
determines the biological identity of NMs (Albanese et al., 2014; Gasser 
et al., 2010). The physicochemical properties of NMs, such as size and 
surface composition, and their exposure time in biological media can 
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influence the formation of such a biocorona (Mu et al., 2008; Tenzer 
et al., 2013; Zhang et al., 2011). This implies that each NM may have a 
unique fingerprint in terms of which biomolecules bind to the NM sur
face and become part of its biocorona (Chetwynd and Lynch, 2020). 
Acquisition of a biocorona significantly modulates the extrinsic physi
cochemical properties of NMs such as diameter, colloidal stability and 
surface charge. This, in turn, may affect the biological fate of NMs 
(Francia et al., 2019; Gunawan et al., 2014; Kumar et al., 2016; 
Monopoli et al., 2011; Mu et al., 2008; Nel et al., 2009) such as cellular 
uptake, biodistribution, biotransformation and clearance. 

In case of a protein corona, it has been reported that some re- 
arrangements of the corona take place in the first few hours of incuba
tion in a physiological medium (Baimanov et al., 2019). The proteins 
with a low affinity which initially occupy the surface of the NMs are 
replaced by proteins of a high affinity (Baimanov et al., 2019; Cedervall 
et al., 2007; Lesniak et al., 2010). Eventually the corona composition 
will reach a steady-state (Lynch and Dawson, 2008). Nevertheless, the 
understanding of the formation of a dynamic biocorona on the surface of 
NMs is limited (Gasser et al., 2010). The formation and the composition 
of a biocorona on the surface of NMs potentially depend not only on the 
composition of the medium in which the NMs are currently residing, but 
also on the history of pre-exposure of NMs in other environments. So, 
pre-attachment of any molecule on the surface of NMs may modulate the 
formation and evolution of a biocorona (Perng et al., 2019). It was, for 
example, documented that pre-coating of CNTs with surfactants (Gasser 
et al., 2010) and proteins (Saptarshi et al., 2013) influences the subse
quent adsorption of plasma proteins on the surface of the nanotubes, as 
observed also for silica and polystyrene NMs (Du et al., 2019; Lundqvist 
et al., 2011; Perng et al., 2019). 

Previous studies showed that NMs in the environment adsorb natural 
organic matter (NOM) (Xu et al., 2020; Yang and Xing, 2009) on their 
surface to form a so-called ecological corona (ecocorona) (Fadare et al., 
2020; Hyung et al., 2007). NOM consists of a heterogeneous mixture of 
biomolecules resulting mostly from the degradation of organisms in the 
environment, such as hydrophilic acids, proteins, lipids, carbohydrates, 
carboxylic acids, amino acids, etc. The ecocorona modifies the surface of 
CNTs and determines the environmental identity of CNTs before 
entering biota. To date, it remains unknown how the presence of an 
ecocorona on the surface of CNTs influences the formation, evolution, 
and composition of the biocorona when the CNTs are taken up by 
organisms. 

Herein, we studied how pre-attachment of an ecocorona on single- 
walled CNTs (SWCNTs) of two different sizes influences the time- 
resolved formation and composition of a biocorona on the surface of 
the nanotubes. Accordingly, SWCNTs of two different sizes were incu
bated in a dissolved organic matter (DOM) solution for 24 h followed by 
incubation in fish plasma (carp) for varying periods of time. The in
teractions between the pre-attached ecocorona and the biomolecules of 
the plasma resulted in the formation of a corona consisting of a mixture 
of an ecocorona and a biocorona (bio-ecocorona-SWCNTs complexes). 
We demonstrate that the presence of an ecocorona influences the 
thickness and the surface charge of the bio-ecocorona-SWCNTs regard
less of nanotube size. We measured the thickness of the corona on the 
surface of SWCNTs and we are not sure if this corona is solely made of 
proteins, thus we refer to this corona as biocorona throughout the study. 
In some cases, where we only determined the protein part of this corona, 
we refer to that as protein corona. By fluorescently labelling the eco
corona, we revealed that the replacement of the ecocorona by a bio
corona is time and size dependent, but a complete replacement does not 
occur within the 25 h exposure duration applied. By using quantitative 
proteomics, we demonstrated that the SWCNT size and the presence of 
an ecocorona influence the quantity and type of proteins contributing to 
the formation of the biocorona. 

2. Materials and methods 

2.1. Materials 

A Millipore Milli-Q (MQ) system was used to provide the MQ water 
for the experiment. The SWCNTs were purchased from Sigma Aldrich 
(St. Louis, USA) with diameter × medium length of 0.75 nm × 3 μm 
(SWCNT-1) and 0.83 nm × 1 μm (SWCNT-2). Suwannee River NOM was 
purchased from the International Humic Substances Society (1R101N). 
Sodium dodecyl sulfate (SDS), ammonium bicarbonate, triethylammo
nium bicarbonate buffer (TEAB), tris(2-carboxyethyl)phosphine, hy
droxylamine and dimethyl sulfoxide were purchased from Sigma 
Aldrich, Germany. lodoacetamide, acetonitrile and ethanol were sup
plied by Merck (Germany). Trypsin was purchased from Promega, USA. 
The TMT10plex™ Isobaric Label Reagent Set was supplied by Thermo 
Scientific, USA. Ammonium formate was purchased from Agilent 
Technologies, USA. The fluorescence material, 5-DTAF (5-(4,6-dichlor
otriazinyl) aminofluorescein), was purchased from ThermoFischer 
Scientific. 

2.2. Preparation of fish plasma 

The blood was collected from a caudal vein of juvenile common carp 
(Cyprinus carpio L.), strain of Ropsha scaly, using a heparinized syringe. 
Plasma was separated by centrifuging at 4 ◦C/10 min/4000 RPM and 
immediately snap frozen in liquid nitrogen. Fish were raised under 
laboratory conditions from larval stage until juvenile stage. 

2.3. Preparation of SWCNTs dispersion in phosphate-buffered saline 

Dispersions of the SWCNT1–1 and SWCNT-2 were prepared in 
phosphate-buffered saline (PBS, 0.1 M and pH 7.5 was used in all ex
periments unless otherwise mentioned) to reach a final concentration of 
1 g L− 1 of SWCNTs. The dispersions were sonicated using a bath soni
cator (35 kHz frequency, DT 255, Bandelin electronic, Sonorex digital, 
Berlin, Germany) in an ice bath for 5 min. The time of sonication was 
optimized to reach a time point at which the sonication process did not 
break down the tubes. The SWCNTs aggregated within 1 min after 
sonication, which made characterization of the SWCNTs in PBS disper
sion not feasible in this study. Therefore, for imaging and comparison 
purposes, the SWCNTs were dispersed in 1% SDS solution followed by 5 
min bath sonication. 

2.4. Characterization of SWCNTs 

Transmission electron microscopy (TEM, JEM-1400, the 
Netherlands) was used to determine the size, shape and agglomeration 
profile of the SWCNT. To be able to provide TEM images of a single tube 
of SWCNTs, the SWCNTs were dispersed in 1% SDS solution followed by 
5 min bath sonication in an ice bath. These dimensions of the SWCNTs 
were determined from TEM images, 600 nanotubes were counted. The 
ζ-potential was measured based on Laser Doppler electrophoresis using 
a Zetasizer Nano ZS (Malvern Instruments). The specific surface areas 
were measured according to the classical method of Bru
nauer–Emmett–Teller (BET) by nitrogen adsorption/desorption at 77 K 
using a Micromeritics Flowsorb 2300 (Norcross, USA). 

2.5. Incubation of SWCNTs in DOM solution: formation of ecocorona 

The procedures for preparing the DOM solution is reported in S1, 
Supplementary Information. To allow for the formation of an ecocorona 
on the surface of the SWCNTs, the NOM solution was filtered through a 
0.45 μm Whatman filter paper to obtain the DOM (Arenas-Lago et al., 
2019) and remove the insoluble NOM, which may facilitate isolation of 
the SWCNTs from the dispersion phase (see Supplementary Information, 
Fig. S1c). Stock dispersions of 100 mg L− 1 of the SWCNTs were prepared 
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in 40 mg L− 1 of DOM solution and sonicated for 5 min in a bath soni
cator. Aliquots of the dispersion were used immediately after sonication 
for further experiments and the rest of the dispersions were incubated 
for 24 h. The formation of DOM ecocorona on the surface of the SWCNTs 
was investigated for both 5 min and 24 h incubation. 

2.6. Incubation of the SWCNT in fish plasma 

The dispersions of SWCNTs in PBS (100 mg L− 1) were incubated in 
fish plasma to reach a final concentration of 50 mg L− 1 SWCNTs in 1 fold 
diluted plasma. The 50 mg L− 1 concentration of the SWCNTs was arbi
trarily selected to facilitate the SWCNTs characterization and protein 
corona measurement in the following experiments. The samples were 
put on a rotator at 4 ◦C and incubated for different time points of 5 min, 
1 h, 6 h and 24 h. After each incubation time, the unbound proteins were 
removed by a stepwise washing process: i) 1 mL of PBS was added to the 
sample and centrifuged at 2500 ×g and 4 ◦C for 10 min, ii) the super
natant was removed, and the previous washing step was repeated twice 
and, iii) 1 mL NH4HCO3 was added to the resulting pellets. The sample 
were stored at − 80 ◦C for further analysis. Four replicates were prepared 
for each time point. 

2.7. Incubation of ecocorona-SWCNTs in fish plasma 

After 24 h incubationb of SWCNTs with 40 mg L− 1 DOM, the dis
persions were centrifuged at 5000 g for 10 min at 4 ◦C (Sorvall RC5Bplus 
centrifuge, Fiberlite F21–8) and the pellets, which contained the DOM- 
coated SWCNTs, were separated. The pellets were dispersed in PBS and 
incubated in the fish plasma. Accordingly, 200 μL of the ecocorona- 
SWCNTs were added to 200 μL of fish plasma and incubated on a rota
tor at 4 ◦C for different time points, including 5 min, 1 h, 6 h and 24 h. 
Subsequently, the unbound proteins were removed by the washing 
process described in the previous section (Incubation of the SWCNT in 
fish plasma) and the samples were stored at − 80 ◦C for further analysis. 

2.8. Observation of corona-SWCNT 

TEM was applied to observe the formation of biocorona, ecocorona 
and bio-ecocorona on the surface of the SWCNTs. The specimens were 
placed on glow-discharged carbon-coated copper grids and negatively 
stained with 1.2% uranyl acetate, visualized by a JEOL JEM-2100F TEM 
(Japan, using 200 kV). The TEM images were recorded with a bottom- 
mount GatanCCD Orius SC1000 camera. The average thinness of the 
corona on the surface of the SWCNTs was measure by using the ImageJ 
software. 

2.9. Testing the affinity of ecocorona and biocorona for the surface of 
SWCNTs 

To test whether the biocorona can totally or partially replace the 
ecocorona on the surface of the SWCNTs, we first labelled the DOM 
using fluorescent material, 5-DTAF (see Supplementary Information, 
S3). The SWCNTs (100 mg L− 1) were incubated with the fluorescently 
labelled DOM (40 mg L− 1) for different time points (5 min, 1 h, 6 h and 
24 h). The hypothesis was that the labelled DOM attaches to the surface 
of the SWCNT over time. Thus, due to centrifugation, the concentration 
of the DOM in the supernatant decreases by assuming that the SWCNTs 
undergo sedimentation. After each incubation time, the samples were 
centrifuged at 5000 g for 10 min at 4 ◦C and the fluorescence intensity 
was measured over time using a Fluorescent spectrometer F900 (Edin
burgh Instruments Ltd., UK) at excitation and emission maxima of ~492 
and 516 nm, respectively. 

After 24 h of SWCNTs incubation (100 mg L− 1) with 40 mg L− 1 of the 
fluorescently labelled DOM, the dispersions were centrifuged and the 
pellets were separated. The pellets were dispersed in 5 mL of PBS and 
immediately incubated in the fish plasma. Accordingly, 500 μL of the 

labelled DOM-coated SWCNTs were added to 500 μL of fish plasma and 
incubated on a rotator at 4 ◦C for different time points, including 5 min, 
1 h, 6 h and 24 h. After each incubation time, the samples were 
centrifuged at 5000 g for 10 min at 4 ◦C and the fluorescence intensity 
was measured in the supernatant. 

2.10. Preparation of protein corona samples with tandem mass tags for 
liquid chromatography tandem mass spectrometry and subsequent 
analyses 

All conditions were analyzed in quadruplicates. The proteins were 
eluted from the SWCNTs as described earlier (Simon et al., 2018) with 
minor adjustments. In brief, a final concentration of 2% (v/v) SDS in 
100 mM ammonium bicarbonate (pH 8) was used, followed by an in
cubation at 95 ◦C for 15 min. Afterwards, the samples were centrifuged 
at 20000 g for 1 h at room temperature and the protein amounts of the 
supernatants were determined using the Pierce™ BCA Protein Assay Kit 
(Thermo Scientific, USA). For each sample, 25 μg protein were further 
processed using paramagnetic beads that allow for single-pot sample 
processing (Hughes et al., 2018). The workflow was conducted as 
described before (Bannuscher et al., 2019) (See Supplementary Infor
mation, S4). 

The liquid chromatography tandem mass spectrometry (LC-MS/MS) 
analysis was conducted as described earlier (Karkossa et al., 2019) with 
some adjustments. Samples were analyzed on a nano-UPLC system 
(Ultimate 3000, Dionex, USA). After trapping (Acclaim PepMap 100 
C18, 3 μm, nanoViper, 75 μm × 5 cm, Thermo Fisher, Germany) at 5 μL/ 
min, peptides were separated on a reversed-phase column (Acclaim 
PepMap 100 C18, 3 μm, nanoViper, 75 μm × 25 cm, Thermo Fisher, 
Germany), applying a non-linear gradient of 150 min at 0.3 μL/min. 
After separation, peptides were ionized using a chip-based ESI source 
(Nanomate, Advion, USA) and subsequently entered the mass spec
trometer (QExactive HF, Thermo Scientific, USA) (See Supplementary 
Information, S4). 

2.11. Statistical analysis 

Results were analyzed statistically using SPSS version 23.0. The 
normality test was performed using a Kolmogorov–Smirnov test. One- 
way analysis of variance (ANOVA), followed by Duncan’s post hoc 
test, was performed to determine statistically significant differences 
between samples with more than two variables. A paired Student’s t-test 
was performed to compare between samples with two variables. To 
unravel significant changes compared to the fish plasma, a Student’s t- 
test with subsequent Benjamini & Hochberg adjustment was performed. 
Furthermore, the top ten most enriched proteins over all time points 
were identified for each condition. 

3. Results 

We used SWCNTs of two different sizes, SWCNT-1 and SWCNT-2. 
TEM images (Supplementary Information, Fig. S1a) report detailed in
formation regarding the morphology and size of each of the differently 
sized SWCNTs dispersed in 0.01 M PBS (pH 7.5). Both SWCNTs tended to 
agglomerate into bundles when dispersed in PBS (average of observing 
600 nanotubes). The presence of these agglomerates prohibited us to 
measure the ζ-potential of the nanotubes in PBS. To measure the size 
distribution of the SWCNTs, the NMs were dispersed in 1% SDS solution. 
The data were plotted as frequency histograms to determine the mean 
length and diameter of the SWCNTs (Supplementary Information, 
Fig. S2). The SDS solution (1%) could not stabilize the particles for a 
long time after sonication. The specific surface area was >820 ± 80 m2 

g− 1 for SWCNT-1 and > 700 ± 62 m2 g− 1 for SWCNT-2. 
A schematic depiction of the attachment and evolution of ecocorona 

on the surface of nanotube walls after 5 min and 24 h of incubation time 
is provided in Fig. 1a. After the incubation of SWCNTs in a suspension of 
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40 mg L− 1 of DOM (an environmentally relevant concentration (Abdo
lahpur Monikh et al., 2018)) for 5 min, the DOM ecocorona formed 
immediately on the surface of the tubes (Supplementary Information, 
Fig. S1b). The formed ecocorona offered a highly negative ζ-potential to 
the SWCNTs (Supplementary Information, Table S1) and acted as a 
stabilizer that increased the colloidal stability of the nanotubes in the 
dispersion, as measured by the number of single nanotubes in suspen
sion (Supplementary Information, Fig. S2). Incubation of SWCNTs with 
40 mg L− 1 of DOM for 24 h significantly (p < 0.05) increased the ab
solute values of the ζ-potential. This finding confirmed our hypothesis 
on the increase of the amount of DOM adsorbed over time on the surface 
of SWCNTs (Supplementary Information, Table S1). 

To allow formation of a biocorona, the SWCNTs were incubated in 
fish plasma obtained from carp with a concentration of 45 g L− 1 proteins 
for 5 min, 1 h, 6 h and 24 h (Fig. 1b). Formation of a biocorona on the 
surface of the SWCNTs increased the absolute value of the negative 
ζ-potential from − 5 to − 28 mV for SWCNT-1 and from − 4 to − 29 mV for 

SWCNT-2 following extension of exposure from 5 min to 6 h. Eventually, 
the ζ-potential reached a steady state at 6 h for both sizes (Supple
mentary Information, Tables S1). The biocorona also led to colloidal 
stabilization of the SWCNTs, i.e. the biocorona stabilized them against 
further agglomeration as measured by the size distribution of the tubes 
(Supplementary Information, Fig. S2). Consistent with the increase of 
the negative ζ-potential over time, the average thickness of the 
biocorona-SWCNT complexes increased significantly, as measured using 
TEM (Fig. 1c), until it reached a value of ~100 ± 12 nm for biocorona- 
SWCNT-1 and ~ 40 ± 8 nm for biocorona-SWCNT-2 after incubation for 
6 h (Fig. 1c). 

After 1, 6, and 24 h of incubation, the biocorona-SWCNT-1 was on 
average significantly (p < 0.05) thicker compared to the biocorona- 
SWCNT-2 (Fig. 1c). The TEM images (Fig. 1d) illustrate the increase in 
the thickness of the complexes over time. To facilitate the comparison 
between the size of SWCNTs with and without corona, we stabilized the 
SWCNTs using 1% SDS in MQ water. It is likely that the higher aspect 

Fig. 1. a) Scheme of the incubation of SWCNTs in a suspension of dissolved organic matter (DOM). The brown molecules on the surface of the SWCNTs represent the 
DOM. b) Scheme of the incubation of SWCNTs with fish plasma. c) It shows the thickness of the biocorona-SWCNT complexes, which was measured (mean and SD of 
100 tubes) using transmission electron microscopy (TEM). d) The TEM pictures were provided for dispersions of SWCNTs in 1% sodium dodecyl sulfate solution 
before incubation in plasma. For both SWCNTs, the biocorona increased the thickness with incubation time. e) Biological corona quantification by using protein as 
proxy. The figure shows the quantification of plasma proteins [femtogram (fg) per nanotube] at the indicated time points (values are mean ± SD). 
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ratio of SWCNT-1 (aspect ratio of 4) compared to the SWCNT-2 (aspect 
ratio of 1.2) led to adsorption of a higher amount of biomolecules before 
reaching steady state, which in turn increased the thickness of the 
biocorona-SWCNT-1 complexes. To test this hypothesis, we quantified 
the total amount of proteins as proxy of the entire biocorona on the 
surface of the SWCNTs and normalized the values by the number of 
nanotubes in each treatment (see Supplementary Information S5). The 
results confirmed that a significantly higher amount of proteins (fem
togram per nanotube) was attached to the surface of each tube of 
SWCNT-1 compared to the individual tubes of SWCNT-2 at 1 h, 6 h, and 
24 h (Fig. 1e). 

We incubated the DOM-coated SWCNTs (ecocorona-SWCNT com
plexes) in full fish plasma and allowed the interplay between the pre- 
attached ecocorona and the biomolecules of fish plasma for different 
time points: 5 min, 1 h, 6 h and 24 h. Four possibilities can be expected 
as a result of ecocorona and biocorona interaction: (a) the biocorona 
may partially replace the ecocorona, (b) the biocorona entirely replaces 
the ecocorona, (c) the biocorona forms on top of the ecocorona, or (d) 
the ecocorona entirely prevents formation of a biocorona (the SWCNTs 
are only covered by DOM). First, we determined the physicochemical 
properties of the complexes of biocorona-ecocorona-SWCNTs (referred 
to as bio-ecocorona-SWCNTs in this study) over time. The ζ-potential 
was roughly stable for the bio-ecocorona-SWCNT-2 (at ~ − 23 mV) and 
its magnitude increased significantly (p < 0.05) for the bio-ecocorona- 
SWCNT-1 (from − 23 to − 38 mV) over time (Supplementary Informa
tion Table S2). The negative ζ-potential for the bio-ecocorona-SWCNT-1 
increased (from − 28 to − 38 mV) and decreased for the bio-ecocorona- 
SWCNT-2 (from − 29 to − 23 mV) in magnitude at 24 h compared to 
the biocorona-SWCNTs without ecocorona at the same time point. 

At time point 5 min, the bio-ecocorona-SWCNT-1 was thicker and at 

the time point 6 h was thinner than the biocorona-SWCNT-1 at the same 
time points. The bio-ecocorona-SWCNT-2 was thicker at 1 h and 24 h 
than the biocorona-SWCNT-2 at the same time point. Interestingly, the 
thickness of the bio-ecocorona on the surfaces of both SWCNTs followed 
a similar temporal evolution (Fig. 2a). When we compared the two 
SWCNTs with each other, we identified minor differences between the 
thicknesses of the bio-ecocorona formed on the two SWCNTs (Fig. 2a). 
This suggests that the presence of a pre-attached ecocorona may deter
mine the thickness of the bio-ecocorona on the surface of SWCNTs 
regardless of the size of the pristine nanotube. The temporal variation of 
the bio-ecocorona on the surface of both SWCNTs was pictured using 
TEM, as illustrated in Fig. 2b. The influence of the ecocorona on the 
quantity of the adsorbed proteins on the SWCNTs is shown in Fig. 2c. 
The presence of the ecocorona decreased the total quantity of attached 
proteins on both SWCNTs compared with the results obtained for 
biocorona-SWCNTs. The reduction in the quantity of the proteins due to 
the presence of an ecocorona was more pronounced for SWCNT-2. 

It is possible that the ecocorona has a higher affinity to the surface of 
the SWCNTs compared to the biocorona, which would limit the partial 
or total replacement of the ecocorona by the biocorona. We tested this 
hypothesis for both SWCNTs by labelling the ecocorona before incuba
tion with SWCNTs. As illustrated in Fig. 3a-e, the DOM molecules were 
dyed with 5-DTAF (5-(4,6-dichlorotriazinyl) aminofluorescein) (see S7, 
Supplementary Information), which is reported to label proteins and 
react directly with polysaccharides and other alcohols in aqueous so
lution (Helbert et al., 2003; Krahn et al., 2006), making the dye suitable 
for labelling DOM molecules. Based on the properties of the 5-DTAF, we 
expect that the label could be applied for humic acid and fulvic acid. We 
used the total DOM solution because it is representative of the real 
conditions of natural aquatic systems. The absorption of light by the 

Bio-ecocorona-
SWCNT-1

5 min 1 h 6 h 24 h

a c

200 nm

Bio-ecocorona-
SWCNT-2

Ecocorona-SWCNT-2

Ecocorona-SWCNT-1

200 nm

200 nm

b

Fig. 2. a) Thickness of bio-ecocorona-SWCNT complexes, which was measured using TEM (mean ± SD, 100 complex) over time. b) TEM images showing the 
evolution and structure of the bio-ecocorona formed on the surface of the SWCNTs. c) Biocorona quantification by using the plasma proteins as proxies. The mass of 
the proteins on the surface of the SWCNTs (femtogram per nanotube) was measured at the indicated time points. 
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labelled DOM was recorded by UV–Vis absorption spectroscopy (see the 
Supporting Information S3). The SWCNTs were incubated jointly with 
the labelled DOM for 24 h (Fig. 3b). After 24 h incubation, the labelled 
DOM-SWCNTs were separated using centrifugation and incubated with 
plasma (Fig. 3c, see S7 of Supplementary Information). Fig. 3d illustrates 
hypothetical interplays between the labelled ecocorona and the bio
corona on the surface of the SWCNTs, showing the partial replacement 
of labelled DOM on the surface of SWCNTs by biomolecules. The signal 
of the fluorescence intensity at the emission maximum in the superna
tant increased significantly after 1 h of incubation for both SWCNTs 
(area under the peak is 199,048 for SWCNT-1 and 211,424 for SWCNT- 
2) (Fig. 3f). By comparing these data with the control, where the 
labelled-ecocorona-SWCNTs were incubated in PBS (not in the plasma, 
see S7 of Supplementary Information), we could confirm that a fraction 

of the DOM molecules on the surface of the SWCNTs was replaced with 
biomolecules of the plasma. At 6 h and 24 h, the fluorescence intensity of 
the dispersion of SWCNT-2 (area under the peak is 365,763 at 6 h and 
361,887 at 24 h) was significantly (p < 0.05) higher than the fluores
cence intensity of the SWCNT-1 (area under the peak is 272,216 at 6 h 
and 268,788 at 24 h) dispersion. This suggests that the ecocorona 
replacement in case of SWCNT-2 is higher. 

Finally, we identified the bio-ecocorona on the surface of the 
SWCNTs using untargeted proteomics to provide insights into the 
composition of the protein corona over time. As mentioned earlier, DOM 
contains many different biological molecules, which makes the identi
fication of the entire bio-ecocorona challenging. The biocorona alone 
consists of proteins and other biomolecules of the plasma. Herein, for 
simplicity, we only focus further on the protein corona as a proxy of the 

Fig. 3. a-e) Scheme of incubation of the SWCNTs with fluorescently labelled DOM and fish plasma is depicted: a) The DOM molecules were fluorescently labelled 
using 5-DTAF. b) The SWCNTs were incubated in the suspension of the fluorescently labelled DOM for 24 h. After 24 h, the SWCNTs and their labelled ecocorona 
were separated from the suspension of the fluorescently labelled DOM using centrifugation. c) The separated SWCNTs and their fluorescently labelled ecocorona were 
incubated in fish plasma for 5 min, 1 h, 6 h and 24 h. d) It is likely that the biomolecules of the plasma replaced the fluorescently labelled DOM over time. e) After 
each incubation time, the dispersion was centrifuged and the fluorescence intensity in the supernatant was measured. f) The measured emission spectra excited at 
~492 nm. Data are shown as the mean ± SD of four independent experiments (n = 4). 
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entire bio-ecocorona. Accordingly, we applied a proteomic approach to 
get insight into the protein corona composition with respect to different 
sizes of SWCNTs and the presence/absence of the ecocorona at different 
time points. The protein corona on the surface of SWCNTs was eluted 
and subsequently identified and quantified using LC-MS/MS. 

We examined Log2-transformed fold changes (FCs) of the abun
dances of plasma proteins bound to the SWCNTs relative to their 
respective abundances in the pure plasma. A principal component 
analysis (PCA) of the obtained Log2(FCs) was used to identify overall 
differences in the protein corona composition under the investigated 
conditions (Fig. 4a). A clear difference between the Log2(FCs) of the 
protein coronas formed on the surfaces of SWCNT-1 and SWCNT-2 was 
observable, as indicated by the full separation in the performed PCA. 
Interestingly, in the presence of the ecocorona, a separation was 
observable for the protein corona formed on SWCNT-1 but not on 
SWCNT-2. The PCAs of Log2(FCs) at the four investigated time points 
(Fig. 4b) revealed only minor differences between the time points 
(Fig. 4b). For SWCNT-1 with ecocorona, the first two time points were 
distinguishable from the last two, while in case of SWCNT-2 with eco
corona only the second time point was separated from the others. The 
overview of significantly enriched or depleted proteins (Fig. 4c) shows 
time-dependent increases of significantly enriched proteins mainly on 
the surface of bare SWCNT-2 (without ecocorona), which is in agree
ment with the obtained PCAs (Fig. 4b). Such clear time-dependent al
terations were not observed in the other treatments. 

We have broken down the protein corona to individual proteins, 
which enabled us to identify the specific proteins responsible for the 
formation of the protein corona. A total of 119 proteins were reliably 
identified in at least three out or four replicates (see Supporting Infor
mation). Herein, the proteins forming the protein corona were investi
gated based on their Log2(FC) relative to their abundance in pure fish 
plasma. Thus, the top 10 most enriched proteins over all time points 
were identified for the different conditions, focusing on those that 
showed significant enrichment compared to pure fish plasma (Fig. 4e 
and 4f). In the presence of the ecocorona, we found Alpha chain, 
Vitellogenin B1 and B2 and CD11–1 on SWCNT-1, while these proteins 
were not detected on the bare SWCNT-1. For the SWCNT-2, in the 
presence of the ecocorona, we detected the proteins L-lactate dehydro
genase A chain, Tumor necrosis factor-3 alpha and Apolioprotein C1 a. 
These proteins were not detectable on the bare SWCNT-2. We found 
proteins that were part of the top 10 enriched proteins under several of 
the tested conditions as well as such that were unique for one condition 
(Fig. 4d). Transferrin a (Uniprot ID I6QXU6), which plays key roles in 
iron metabolism, was found in the list of top 10 enriched proteins under 
all conditions. Further proteins that were shared in at least three of the 
investigated conditions were serotransferrin (Uniprot ID B3GPN2), 
antithrombin III (Uniprot ID O42614), which inhibits blood coagulation, 
parvalbumin beta (Uniprot ID P02618), which plays a key role in cal
cium binding and is involved in calcium signaling, and gamma fibrin
ogen (Uniprot ID O42309), which functions in blood clotting. 

Additionally, the top 10 lists of enriched proteins contained unique 
entries for all conditions. For instance, hemoglobin alpha (Uniprot ID 
M9V0L3) was unique for biocorona-SWCNT-1 (without ecocorona) and 
apolipoprotein Alb1 (Uniprot ID A0A076JYB9) was unique for 
biocorona-SWCNT-2. An alpha chain fragment (Uniprot ID 
A0A0U2SE40) and CD11–1 (Uniprot ID Q98TF1) were found to be 
unique for bio-ecocorona-SWCNT-1 and tumor necrosis factor-3 alpha 
(Uniprot ID Q7T2Q3) and apolipoprotein C I a (Uniprot ID X2EXL8) for 
bio-ecocorona-SWCNT-2. 

4. Discussion 

The topic of NM-biological corona is in its early stage with many 
analytical limitations. There is no validated protocol to determine the 
dynamics of corona formation on the surface of NMs. Ecotoxicologists 
and human toxicologists are currently attempting to unravel the impact 

of a biological corona on the toxico-kinetic of NMs and their biological 
responses. Our results show that performing “injection” or neglecting 
the exposure pathway of NMs is a simplification of the reality for 
environmental risk assessment of NMs. The fit-for-purpose methods we 
describe here provide perspectives towards further mechanistically un
derstanding of the processes underlying the dynamics of corona for
mation on the surface of DOM-coated NMs. We must emphasize that the 
uptake of DOM-coated NMs, in general, through e.g. fish digestive tract 
or gills, is not reported yet. This implies that DOM-coated NMs may not 
directly enter blood vessels and interact with plasma proteins. It is 
therefore required to understand the transformation of DOM-coated 
NMs before entering the blood and interacting with biological 
molecules. 

The tested SWCNTs formed a highly unstable dispersion in water. 
This could be a result of strong van der Waals interactions between the 
tubes, which have been reported to be ~500 eV per μm of tube− tube 
contact (Girifalco et al., 2000; O’Connell et al., 2002). In a DOM sus
pension, the high free surface energy of the SWNCTs and the highly 
hydrophobic surface of the tubes (White et al., 2007) attracted DOM to 
the surface of the nanotubes. Considering the fact that DOM are ubiq
uitous materials in the aquatic environment, which is of a highly het
erogeneous composition, it is inevitable that in the environment 
SWCNTs adsorb DOM on their surfaces. Moreover, DOM is rich in 
reactive groups such as hydroxyls, amines, thiols, and carboxylic acids 
that could provide sites for adsorption to the SWCNTs (Hyung et al., 
2007). Formation of the DOM ecocorona on the surface of NMs changes 
the surface properties of the NMs, and consequently the bioavailability 
and the toxicity of the NMs (Lin et al., 2012). The mechanisms through 
which the DOM ecocorona changes the toxicity of the NMs is not clear. 

In plasma, biomolecules adsorbed to the SWCNTs to form a bio
corona. The ecocorona and the subsequently formed biocorona led to 
colloidal stabilization of the SWCNTs, which is in agreement with pre
vious studies (Zeinabad et al., 2016) and could be attributed to the 
increased absolute value of the ζ-potential of the SWCNTs. In general, 
for NMs to reach colloidal stability, the ζ-potential should be at least ~ 
− 30 mV (Casals et al., 2010). We observed that after 5 min and 1 h of 
incubation, the ζ-potential of both biocorona-SWCNTs was above - 30 
mV. Nevertheless, the SWCNTs showed a partial stability, which could 
result from steric effects induced by the biocorona (Gebauer et al., 2012; 
Gunawan et al., 2014). 

The increase in the average thickness of the biocorona-SWCNT 
complexes over time was expected. In a previous study, an increase in 
the average thickness of a biocorona on the surface of 10 nm gold NM 
has been reported (up to 16 nm after 48 h incubation time), where the 
thickness was determined by measuring the hydrodynamic diameter 
over the incubation time (Casals et al., 2010). 

Interestingly, we observed a thicker biocorona with a significantly 
higher amount of proteins attached to the surface of SWCNT-1 compared 
to SWCNT-2 at incubation times longer than 5 min. This indicates that 
when SWCNTs are incubated in plasma, biomolecules (proteins and 
other compounds) initially (< 5 min) occupy the surface of the SWCNTs 
regardless of the size of the tubes due to the high free surface energy of 
the nanotubes. However, by further evolution of the biocorona on the 
surface of SWCNTs and the decrease in the free surface energy, the size 
of the tubes could play a pronounced role in the further evolution of the 
biocorona. Due to the high-aspect-ratio of SWCNTs (Dutta et al., 2007), 
the biomolecules may align along the longitudinal axis to fit on the 
SWCNT surface (Monopoli et al., 2012). The variation in the aspect ratio 
or the absolute length of the SWCNTs could explain the differences 
observed in the amount of adsorbed biocorona from the plasma on the 
surface of the SWCNTs (Casals et al., 2010), as confirmed by our find
ings. The increase in the diameter of the biocorona-SWCNT complex 
may influence the cellular uptake of the SWCNTs by phagocytic cells, as 
reported for other types of NMs, such as polystyrene (Lesniak et al., 
2010), and consequently their biological fate in an organism’s body 
(Saptarshi et al., 2013). 
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Fig. 4. Results of the Principle Component Analysis of obtained Log2(FCs) relative to pure fish plasma over all time points (a) and with separation of the time points 
(b). c) Summary of significantly (p.adj ≤ 0.05) enriched and depleted proteins upon incubation of pure fish plasma with the SWCNTs. d) Overlaps for the top 10 
enriched proteins under the different conditions. e-f) show the Log2(FCs) and significances (p.adj ≤ 0.05: *; p.adj ≤ 0.01: **; p.adj ≤ 0.001: ***) of the top 10 most 
enriched proteins for SWNCT-1 and SWCNT-2, respectively. 
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Our findings show that the presence of an ecocorona dramatically 
influenced the interaction of biomolecules of plasma with SWCNTs. For 
example, the ζ-potential and the thickness of bio-ecocorona-SWCNTs 
changed significantly compared to biocorona-coated SWCNTs without 
an ecocorona. However, unlike for biocorona, the nanotube size did not 
influence the thickness of the bio-ecocorona on the surface of SWCNTs. 
These findings suggest that attachment of an ecocorona on NMs, which 
occurs inevitably when NMs enter the environment (Abdolahpur Mon
ikh et al., 2018), may act as an environmental code that determines the 
further behavior of the NMs in biological systems. It has been previously 
shown that varying the surface chemistry of NMs [22] using a single 
surfactant (Kapralov et al., 2012) or protein (Maiorano et al., 2010; 
Oliveira et al., 2015) can affect the identity and quantity of proteins 
adsorbed on the NMs. In this study, we showed that the presence of an 
ecocorona affects the subsequent formation and evolution of a bio
corona on the surface of SWCNTs. 

Our finding further indicate that when DOM-coated SWCNTs enter 
the bloodstream, a fraction of the ecocorona is replaced by biomolecules 
over time due to the high affinity of the biomolecules to the surface of 
the SWCNTs compared to the ecocorona. However, the biocorona could 
not replace the entire ecocorona. This is of paramount importance for 
nanotoxicology because it implies that the prediction of the biological 
fate of NMs is difficult if they are taken up from the environment due to 
the limitless variations in the composition of DOM molecules from place 
to place and day to day, which may offer various identities to the surface 
of the NMs. 

Our proteomics findings confirmed that the formation of a biocorona 
on SWCNTs is a size-dependent phenomenon because different protein 
compositions were determined on the surface of SWCNT-1 compared to 
SWCNT-2. The attachment of proteins to the surface of NMs depends in 
general on the affinity of the protein, the surface chemistry of the NM 
and the surface energy of the NM (Baimanov et al., 2019; Gunawan 
et al., 2014; Xia et al., 2011). However, time was not a significant 
influential factor on the evolution of protein corona on the surface of the 
SWCNTs. This suggests that protein exchange between the surface of the 
SWCNTs and the plasma may be a very fast process, as compared to the 
time scale of monitoring, and the equilibrium with regard to the 
composition of the protein corona could be reached in less than 5min. 
This finding is consistent with previous modeling and empirical studies, 
which showed that the significant changes in the composition of a 
protein corona on the surface of NMs occur mostly in the early incu
bation period (Dell’Orco et al., 2010; Tenzer et al., 2013; Zhang et al., 
2011). 

When biological molecules, including proteins, immediately attach 
to the available surface of the SWCNTs, a rapid increase in the value of 
FCs is detectable. Further changes in the Log2(FCs) over time might not 
be observable due to the decreases in the surface energy and surface 
area, which are necessary for further adsorption of proteins (Casals 
et al., 2010). This may also lead to the formation of a loose protein 
corona, known as soft corona. We must mention that a typical method 
used to determine the protein corona composition is by extraction of all 
strongly adsorbed proteins from the surface of NMs into a single sample. 
However, because the protein corona is not at thermodynamic equilib
rium (Monopoli et al., 2012), variation in the composition of the corona 
is inevitable, and observable to some extent, even between NMs of the 
same type and size (Lartigue et al., 2012). A soft corona can for example 
be easily detached from the surfaces upon sample handling and sample 
preparation (Casals et al., 2010; Tenzer et al., 2013), e.g., during sepa
ration of the corona from the SWCNTs. The observed time-dependent 
increase in the thickness of the biocorona could be related to adsorp
tion of other biomolecules (Kapralov et al., 2012; Zeng et al., 2012) 
rather than only proteins. This finding suggests that consideration of the 
full biocorona can provide a more realistic picture of the biological fate 
of NMs. Nevertheless, most studies have aimed to bypass this process of 
understanding the entire biocorona to allow for simplicity (Monopoli 
et al., 2012). 

The size of SWCNTs and the presence of a pre-attached ecocorona 
had an impact on the composition of the protein corona. Proteins have 
different binding capacities to SWCNTs, which may lead to competitive 
protein binding on the SWCNT surfaces (Ge et al., 2011). We demon
strated that transferrin, serotransferrin, antithrombin III, Parvalbumin 
beta gamma fibrinogen were shared between at least three of the 
treatments. A previous study also reported that transferrin, bovine 
serum albumin and bovine fibrinogen were predominantly able to bind 
to SWCNTs (Oliveira et al., 2015). It was reported that proteins with a 
higher number of hydrophobic amino acids on the surface have a high 
adsorption rate to SWCNTs (Ge et al., 2011). A considerable proportion 
of the amino acids on the human transferrin surface appear to be hy
drophobic residues (MacGillivray et al., 1982), leading to formation of 
node-like complex aggregates onto the SWCNT surface (Ge et al., 2011). 
This may also be the case for carp transferrin. Bovine fibrinogen mole
cules are found to bind to SWCNTs non-uniformly due to the high 
number of hydrophobic amino acids and the large contact surfaces of the 
protein molecule to SWCNTs (Ge et al., 2011). Hydrophobic amino acids 
in the surface of antithrombin (Jairajpuri et al., 2003) and parvalbumin 
(Breiteneder and Mills, 2005) may also play a significant role in their 
interaction with the SWCNTs. Thus, it is also likely that the proportion of 
the amino acids in fish plasma proteins determined their affinity to 
SWCNTs. 

The detected unique entries for all conditions suggest that the surface 
properties affect the affinities of individual proteins, in agreement with 
the literature (Ehrenberg et al., 2009; Koutsoukos et al., 1982). For 
example, surface functionalization of CNTs with carboxyl and poly
vinylpyrrolidone led to association of unique proteins with the surface of 
the CNTs (Shannahan et al., 2013). In this study, we demonstrated that 
this can occur for DOM-coated SWCNTs as well, where the presence of 
an ecocorona on the surface of SWCNTs led to association of unique 
proteins with the SWCNTs. This suggests that when the surface of 
SWCNTs or other NMs is functionalized with different molecules of 
DOM, it is likely that each single NM obtains a unique protein corona, 
and consequently induces a unique set of biological fate and unique 
biological responses (Maiorano et al., 2010). 

5. Conclusions 

Formation of an ecocorona on the surface of SWCNTs after entering 
the environment significantly influences the formation and composition 
of a biocorona on the surface of the particles upon entering an organism. 
The biocorona may influence the biological fate of a nanotube, e.g. 
accumulation, biodistribution, and whether the nanotube remains in the 
body or is eliminated from it, which is of paramount importance for 
nanotoxicology. The presence of an ecocorona on the surface of SWCNTs 
controls the thickness, surface charge and the composition of the bio
corona on the SWCNTs. The ecocorona offers a unique composition of a 
biocorona to each SWCNT. Although the formation of a biocorona is 
tube size-dependent, in the presence of an ecocorona on the surface of 
the tubes, size does not play a considerable role in the formation of a 
biocorona and its evolution on the SWCNTs. The results obtained sug
gest that the environment can modify SWCNTs and influence the for
mation of the biocorona when the nanotubes are taken up by organisms. 
Future studies might investigate how the ecocorona on NMs can influ
ence the toxicity profile of the particles. This study can be the first 
building block for future studies to understand the mechanisms behind 
the influence of the ecocorona on the biological corona. We recom
mended future studies to focus on understanding the biological fate of 
CNT- bio-ecocorona in organisms’ bodies. 
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