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Reliable characterization of protein coronas (PCs) that form when nanomaterials are introduced into
biological fluids is a critical step in the development of safe and efficient nanomedicine. We observed
that bovine serum albumin (BSA)-coated multi-walled carbon nanotubes (MWCNTs) do not induce
cytotoxicity, but have different cellular uptake rates depending on the BSA pretreatment concentration.
To determine how these slight differences affect A549 cell responses and intracellular changes, we
conducted spectroscopic (circular dichroism and Fourier-transform infrared) and spectrometric
(nanoflow liquid chromatography—electrospray ionization—tandem mass spectrometry) analyses. The
various characterization techniques conducted in this study reveal the following. () The composition
ratio of PCs on MWCNTs differs depending on the BSA concentration. (ii) Analysis of the secondary
structure of the proteins revealed that the a-helix structure increased with increasing BSA concentration.
(iii) Proteomic analysis showed that different biological pathways were activated at levels higher and
lower than 5 mg mL™. Such combined spectroscopic and spectrometric approaches provide an
integrated understanding of PC composition as well as how nano/bio-interface states are linked to
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Introduction

Multi-walled carbon nanotubes (MWCNTSs), consisting of
multiple layers of cylindrical graphene sheets, are applied as
nanocarriers because their small diameters enable them to
penetrate cells and tissues." They are widely used in biomed-
ical science due to their ability to prevent drug degradation,
which increases drug stability and treatment efficiency.*®
However, MWCNTs in their original form easily aggregate and
generate non-specific binding within a cell or organism, leading
to undesired results.*” To improve the biocompatibility of
MWCNTSs, their surfaces should be modified to ensure homo-
geneous dispersion, stability in biological fluids, and inhibition
of non-specific binding.**

The most common method of preventing the aggregation of
nanomaterials (NMs) to increase their dispersibility is surface
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functionalization.®** The surfaces of NMs can be functionalized
by modifying the surface functional groups that are prone to
aggregation using chemical reagents or by modifying the
surface properties using proteins. In particular, protein surface
modification is the preferred method for biological research
due to its high biocompatibility and absence of in vitro and in
vivo toxic effects.”®** The most commonly used protein for
surface modification is bovine serum albumin (BSA) as it offers
the advantages of high water solubility, abundance, and low
cost.'® NMs, including MWCNTS, are coated with BSA to prevent
aggregation and increase dispersion in biological environ-
ments,"”*® for which one strategy is the pre-incubation of NMs
with BSA.'314161921 T addition to surface modification, ultra-
sonication is frequently utilised to facilitate the dispersion of
MWCNTs. The application of ultrasonication disrupts the
aggregates, thus enabling the nanotubes to disperse on an
individual basis. The combination of BSA coating and ultra-
sonication is of great importance for the improvement of
dispersion uniformity and the maintenance of the mechanical
performance of MWCNTSs in biological environments.**
When NMs are introduced into a biological environment,
regardless of whether pre-coated with proteins or not, they
inevitably interact and bind with the surrounding proteins in
the exposed environment. A layer called the protein corona (PC)
quickly forms around the NMs, altering their surface
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properties.>***” For example, Cedervall et al. demonstrated that
the formation of the protein corona is highly dependent on the
nanoparticles’ surface characteristics, affecting protein binding
affinity and exchange rates.”® It is known that the shape, size,
and molecular composition of the NMs determine the proteins
that make up the PCs.**?*" The PCs formed on NMs give them
a new biological identity, differing from that of the intrinsic
NMs, which can significantly affect their bioactivity."* For
example, Zhang et al. reported that using BSA and immuno-
globulin G (IgG) on the same NMs to form PCs in different ways
resulted in different cellular responses.*® Similarly, Fleischer
et al. reported that the BSA coating of NMs with different surface
charges can result in secondary structure variations in the
proteins composing the PCs, which can affect their interaction
with cells.*** Recent advances in in situ assays have revealed
that the soft corona, the outer layer of the protein corona, plays
an important role in determining the biological identity of
nanomaterials and undergoes dynamic evolution even within
minutes of exposure.**** Furthermore, it has been reported that
using different concentrations of the same protein to coat NMs
results in conformational changes in the proteins that make up
the PCs and also differential cellular uptake.”® Such reports
suggest that the composition and conformation of PCs gener-
ated on the surfaces of NMs play*® a more crucial role in their
interaction with cells than the NMs themselves. Therefore, in
order to understand the interaction between PCs generated on
NMs and the surrounding environment, it is essential to
understand not only the identity of the proteins adsorbed on
NMs, but also their conformation.’” From this perspective,
previous studies on MWCNTSs have reported differences in their
properties,**** PC composition influenced by the surrounding
environment and the protein used in pre-coating,">**'”**** and
responses of MWCNTs under in vivo and in vitro condi-
tions.***2> However, there is a lack of studies on how the
concentration of BSA used in pre-incubation affects PC forma-
tion and cellular response to BSA-coated MWCNTs.

The present study examined the impact of varying concen-
trations of BSA on the surface modification of MWCNTs, with
a particular focus on the alterations induced in PC composi-
tions and cellular responses. In our experimental model, the
pre-incubation and ultrasonication treatment of BSA resulted in
the formation of a hard corona on MWCNTs that was suffi-
ciently stabilised. Subsequently, an additional layer of the
protein corona, designated as the soft corona, formed on the
MWCNTs that had been pre-incubated with BSA in a 10% FBS
cell culture medium. This model provides an appropriate
framework for investigating the manner in which the behaviour
of newly formed nanomaterials within a biological environment
is regulated by the type of hard corona that forms on their
surface. It was observed that while altered protein coronas did
not affect the viability of A549 cells, they significantly reduced
the uptake of MWCNTs, particularly at BSA concentrations of 5
and 10 mg mL ' The use of circular dichroism (CD) and
Fourier-transform infrared (FT-IR) spectroscopy revealed an
increase in o-helix structures within the PCs at higher BSA
concentrations. Proteomic analysis using nanoflow liquid
chromatography-electrospray ionisation-tandem mass

5586 | Nanoscale Adv, 2024, 6, 5585-5597

View Article Online

Paper

spectrometry (nLC-ESI-MS/MS)**** demonstrated that MWCNTSs
pre-incubated with 0 and 1 mg mL™" BSA exhibited down-
regulation of proteins associated with the ribosome and
oxidative phosphorylation pathways, whereas 5 and 10 mg mL ™
BSA resulted in downregulation of proteins involved in the
mRNA surveillance pathway. These findings suggest that the
concentration of BSA influences the secondary structure and
composition of the PCs, resulting in disparate cellular
responses at concentrations exceeding and falling below 5 mg
mL . The findings of this study offer valuable insights into the
potential for enhancing the biocompatibility of MWCNTs
through protein pre-incubation.

Results and discussion
Characterization of BSA-coated MWCNTSs

When MWCNTs are introduced into cell culture, aggregation
occurs due to surface charge imbalance. To increase dispersion
stability, MWCNTs pre-incubated at different BSA concentra-
tions (0, 1, 5, and 10 mg mL~ ") were prepared and evaluated for
dispersion stability. First, the cell culture media dispersed with
MWCNTs prepared after pre-incubation with various concen-
trations of BSA appeared black due to the uniformly dispersed
MWCNTSs, as shown in Fig. 1A. To verify the morphology of the
MWCNTSs, transmission electron microscopy (TEM) measure-
ments were performed, which confirmed that they consisted of
multiple layers of carbon and an elongated cylindrical shape, as
shown in Fig. 1B. Next, DLS measurements were performed to
evaluate the dispersion stability of the MWCNTs in solution. In
Fig. 1C, the particle size according to the concentration of BSA
showed a similar and consistent range, measuring about 170~
180 nm, with no significant differences between samples.
Additionally, the polydispersity index (PI), a measure of sample
heterogeneity based on size, sustained at about 0.3-0.4 over a 28
day experimental period, confirming that the samples did not
aggregate during the analysis (Fig. 1D).

The surface functionality of BSA-coated MWCNTs can be
evaluated through protein structure investigation. The interac-
tion of proteins with NMs can lead to secondary structure
modifications of the proteins that compose the PCs formed on
NM surfaces.®® Since these changes can determine the function
and biological activity of proteins, it is important to evaluate
protein conformational changes upon interaction between
proteins and MWCNTs. The secondary structure of proteins can
be determined by circular dichroism (CD) spectroscopy,
a widely used method to measure conformational changes in
proteins. In Fig. 2A, CD spectral analysis of the four types of
BSA-coated MWCNTs reveals two minima at 209 nm and
222 nm with increasing concentration of the BSA coating, which
was attributed to the a-helix structure. As the concentration of
the pre-coated BSA solution increases, the CD signal becomes
more negative, indicating an increase in the proportion of a-
helix structures. The B-sheet structure typically appears in the
210-230 nm range, with a peak around 215 nm. As illustrated in
Fig. 2A, the CD measurements also reveal that the spectrum at
215 nm becomes more negative with increasing BSA pre-coating
concentration, indicative of a more pronounced p-sheet

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Characteristics of multi-walled carbon nanotubes (MWCNTSs) dispersed in cell culture media at various concentrations of bovine serum
albumin (BSA). (A) Image of the dispersions of MWCNTs. (B) Transmission electron microscopy image of pristine MWCNTs. (C) Hydrodynamic size

distributions. (D) Dispersion stability of MWCNTSs in cell culture media.

structure. The relative contribution of each secondary structural
element was calculated as shown in Fig. 2B. The extent of the a-
helix structures was determined using the 209 nm and 222 nm
minima, from which the a-helix structure of the MWCNTSs
without BSA was found to be at the 60% level. For MWCNTs in
the presence of BSAat 1 mg mL ™", 5 mg mL ™", and 10 mg mL ",
the respective a-helicity values were around 70%, 80%, and
80%; the a-helix structure increased with the concentration of
BSA, saturating at 5 mg mL ™. On the other hand, B-sheets and
B-turn structures were the highest without BSA pre-incubation,
while the percentage of these structures decreased with BSA pre-
incubation. Overall, an increase in the concentration of the BSA
pre-coating results in a more negative CD signal, indicating an
enhancement in the secondary structures of the protein, namely
the a-helix and B-sheet. This suggests that the protein structure
is stabilised and that specific secondary structures are rein-
forced as the concentration of the BSA pre-coating increases.
Another approach for determining the secondary structure is
to use infrared (IR) spectroscopy because structural arrange-
ments in the protein chain are associated with specific vibration
bands. We investigated the differences in the secondary struc-
ture of BSA-coated MWCNTSs using FT-IR; the spectra are pre-
sented in Fig. S1 (ESIf). The BSA structural analysis was
performed in the amide I vibration band (1700-1600 cm ™) and
the amide II region (1600-1480 cm ™ ').** The 1655-1650 cm ™"
region is attributed to the a-helix structure, and the peak in this
region was found to increase significantly with increasing BSA
concentration. In the absence of the BSA pre-coating, the peak

© 2024 The Author(s). Published by the Royal Society of Chemistry

observed near 1654.69 em™ " exhibited a broad and diffuse
character. However, as the concentration of the BSA pre-coating
increased to 1, 5, and 10 mg mL ", the peak became sharper
and more defined, indicating an increase in the a-helix content
within the protein. This structural alteration suggests that the
quantity of BSA adsorbed on the MWCNT surface rises in
conjunction with elevated BSA pre-coating concentrations. The
main peak near 1540 cm ™' in the amide II region is associated
with B-sheet structures. As the concentration of the BSA pre-
coating solution increases, the peak in the spectrum becomes
more pronounced and sharper. In particular, the peak shifts
from 1549.58 cm ' under conditions without the BSA pre-
coating and with a 1 mg mL™' BSA pre-coating to
1546.69 cm ' at 5 mg mL ™' and further to 1545.24 cm ™' at
10 mg mL~". This shift suggests that as the protein structure
undergoes alteration, the proportion of B-sheet structures may
decrease, or other secondary structural elements may increase.
This trend is consistent with the CD measurement results,
which also indicate a reduction in the B-sheet content.

The integration of the CD and IR data reveals a clear
enhancement in the signals associated with the a-helix struc-
ture as the concentration of the BSA pre-coating increases. In
the case of the B-sheet structure, while the intensity of the
structure increases with increasing BSA concentrations, the
data also indicate that structural changes occur. This suggests
that when BSA is exposed to MWCNTs at high concentrations
initially, without competition from other proteins, it can adsorb
in a well-aligned manner on the surface. Considering the

Nanoscale Adv., 2024, 6, 5585-5597 | 5587
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Fig.2 (A) Circular dichroism (CD) spectra of MWCNTs in the presence
of BSAat 0 mgmL™% 1 mgmL™% 5 mg mL™%, and 10 mg mL™%. (B)
Calculated relative contribution of each secondary structural element
of BSA on MWCNTs at various concentrations based on the CD spectra
in (A).

impact of BSA pre-incubation concentration on the secondary
structure of proteins, it is likely that the initial pre-incubation of
BSA contributes to structural changes in the protein. At higher
pre-incubation concentrations, BSA may strongly adsorb onto
the MWCNT surface, maintaining its structural stability. The
higher the concentration of BSA during pre-incubation, the
more likely it is that the pre-adsorbed BSA will hinder or limit
the adsorption of other proteins. This could result in the BSA
structure being more distinctly preserved, suggesting that BSA
may act as a barrier against dynamic surface changes that could
occur in the medium. Conversely, if the BSA pre-incubation
concentration is low, other proteins in the 10% FBS medium
may more easily adsorb onto the surface and compete with BSA.
The changes in the secondary structure observed in the IR and
CD data can be understood as a result of interactions that occur
when BSA-pre-incubated MWCNTs are introduced into the 10%
FBS medium. The analysis indicates that a-helical and B-sheet
structures are more stably maintained or even enhanced at
higher BSA pre-incubation concentrations. At lower pre-
incubation concentrations, structural changes may occur
more readily, as evidenced by shifts in peak positions and
intensities in the IR and CD spectra. This reflects the competi-
tive adsorption between BSA and other proteins in the 10% FBS
medium. In conclusion, the amount of BSA stably adsorbed
onto the MWCNT surface serves as a primary driving force

5588 | Nanoscale Adv,, 2024, 6, 5585-5597

View Article Online

Paper

influencing the formation of the secondary protein layer on the
MWCNTs, acting as a barrier to the subsequent adsorption of
other proteins and potentially playing a crucial role in stabi-
lizing the MWCNTs.

Protein coronas adsorbed on BSA-coated MWCNTSs

MWCNTs were pre-incubated with 0, 1, 5, and 10 mg mL ™" of
BSA (0-, 1-, 5-, and 10-BSA) and stored in DMEM medium with
10% fetal bovine serum (FBS), during which PCs formed on the
MWCNT surfaces. Since the behavior of MWCNTSs depends on
their surface properties,*>** it is important to investigate the
composition and amount of the proteins of the PC, which can
define the surface properties of the MWCNTS. To extract the PCs
from the MWCNT surfaces, non-specifically bound proteins were
first eliminated using several PBS washings. Then the PCs were
extracted from the washed MWCNT pellets, and digested
samples were introduced into the nLC-ESI-MS/MS system to
identify and quantify the PCs adsorbed on the BSA-coated
MWCNTs. PC proteomic analysis identified approximately 400
proteins in the four groups, regardless of the concentration of
BSA used in the pre-incubation, as shown in Fig. 3A. As displayed
in the Venn diagram in Fig. 3B, 315 common proteins (64.5%)
were identified in the four groups. Interestingly, 22 and 20
unique proteins were measured in the 0- and 1-BSA groups,
respectively, while 1 and 3 unique proteins were measured in the
5-and 10-BSA groups, respectively. In addition, by examining the
percentage of the peak area values of the identified proteins, the
peak area of serum albumin was found to be higher at the high
concentrations of BSA for the MWCNT coating, while those of
other proteins were lower (Fig. 3C). These results suggest that
BSA, which has a higher affinity for hydrophobic MWCNT
surfaces compared to other proteins in serum,**® was used in
the pre-incubation in a concentration-dependent manner,
reducing the opportunity for other proteins to adsorb onto the
MWOCNT surface, thus affecting the PC composition.

In order to characterize the PCs adsorbed on the MWCNTS,
their molecular weight (MW), isoelectric point (pI), and bio-
logical functions were investigated. The distributions of the
MW and pI of the PCs were similar regardless of the concen-
tration of BSA (Fig. S2A and B in the ESI). In addition, classi-
fication according to four physiological functions of the serum
proteins was investigated, namely acute phase, complement,
lipoproteins, and coagulation. The protein mass fraction (%)
was calculated with reference to a previously reported study.”
First, the protein mass fraction for six proteins related to the
acute phase was highest in 1-BSA (Fig. 4A). The protein mass
fractions at other concentrations were similar, but the propor-
tions of individual proteins were different. Second, in comple-
ment, as in the acute phase, the protein mass fraction was
highest in the 1-BSA group, and the protein mass fraction
decreased with increasing BSA concentration (Fig. 4B). Unusu-
ally, cytokine inducible SH2 protein (CIS) was the only protein
measured in 0-BSA, unlike the other groups. On the other hand,
the protein mass fraction of complement factor H (CFAH)
increased significantly after coating with BSA. Third, lipopro-
teins showed the highest protein mass fraction in 0-BSA, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Proteomic analysis of the protein coronas (PCs) adsorbed on
BSA-coated MWCNTSs by varying the BSA concentration in pre-incu-
bation. (A) Total identified protein groups, (B) Venn diagram, and (C)
percentage of the peak area values of PCs adsorbed on BSA-coated
MWCNTs at four different BSA concentrations.

the protein mass fraction decreased with increasing BSA
concentrations (Fig. 4C). The primary lipoproteins that showed
a significant reduction were Apolipoprotein A1 (APOA1) and
Apolipoprotein H (APOH). APOAL1 is the major protein compo-
nent of high-density lipoprotein (HDL) and plays a crucial role
in the reverse cholesterol transport (RCT) process. It possesses
anti-inflammatory properties, which help suppress inflamma-
tory responses.”® APOA1 can inhibit the production of pro-
inflammatory cytokines, reduce oxidative stress, and decrease
vascular inflammation, thereby potentially mitigating the
progression of atherosclerosis.*” APOH, also known as beta-2-
glycoprotein I, is primarily involved in the blood coagulation
process by binding to lipids and phospholipids in plasma and
modulating coagulation.® Finally, the proteins including
coagulation were found to be similarly high for 0-BSA and 1-
BSA, and the protein mass fraction decreased significantly with
increasing concentration (Fig. 4D). Among the coagulation
factors, Antithrombin IIT (ANT3) exhibited the most significant

© 2024 The Author(s). Published by the Royal Society of Chemistry
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decrease. ANTS3 is a key protein that inhibits blood coagulation
by binding to and inactivating thrombin and other activated
coagulation factors.** Through its anti-inflammatory and anti-
coagulant actions, ANT3 can suppress vascular inflammatory
responses.® The protein analysis results of Fig. 4C and D indi-
cate that when BSA-coated MWCNTSs were exposed to 10% FBS
media, there was a significant decrease in the adsorption of
lipoproteins and coagulation factors as the BSA pre-coating
concentration increased.

The comprehensive examination of the PC components
indicated that the adsorption of specific protein groups (lipo-
proteins and coagulation factors) diminished with elevated BSA
pre-incubation concentrations. This observation implies that
BSA effectively hinders the adsorption of other proteins.
Consequently, BSA pre-coating can be employed to enhance the
biocompatibility of nanoparticles or to mitigate non-specific
interactions with particular proteins. This ultimately allows
for the regulation of how MWCNTs interact with other proteins
when exposed to biological environments.

Cellular viability of A549 cells with BSA-coated MWCNTSs

In this study, A549 cells were exposed to MWCNTSs coated with
BSA at various concentrations for 24 h, and toxicity was evalu-
ated using the ATP assay, a method based on mitochondrial
activity. As shown in Fig. 5A, no discernible toxicity related to
the concentrations of BSA and MWCNTs was observed. There-
fore, regardless of the BSA concentration, it was found that the
MWCNTs did not affect intracellular mitochondrial activity.
This is consistent with other reports that BSA-coated MWCNTs
exhibit lower cytotoxicity."** Then A549 cells were treated with
50 ug mL ™" of BSA-coated MWCNTs for 4 and 24 h to quantify
cellular uptake over time. The quantity of MWCNTs taken up by
cells was calculated with reference to a previously reported
study.”® Fig. 5B and C compare the uptake of BSA-coated
MWCNTs in the A549 cells based on different BSA concentra-
tions for 4 and 24 h of exposure, respectively. After 4 h of
exposure, the A549 cells treated with BSA concentrations of
5 mg mL ™' and 10 mg mL ™" exhibited uptake rates of 70.9 +
11.2% and 67.4 £+ 10.7%, respectively, which were lower than
those treated with 0 mg mL™" and 1 mg mL~ " BSA, indicating
minimal uptake at higher concentrations. However, after 24 h of
exposure, the cell absorption rate decreased in a concentration-
dependent manner compared to 0 mg mL ', and at 10 mg
mL ™", the absorption rate was 76.9 =+ 4.5%, indicating that the
higher the BSA concentration, the lower the cell absorption
efficiency. The observed decrease in the cellular uptake of
MWCNTs in our study may be attributed to variations in the
protein composition, quantity, and secondary structure of the
PC formed around MWCNTs, depending on the concentration
of BSA. Changes in the composition and structure of the PC can
interfere with the recognition of MWCNTS by cellular receptors,
leading to reduced cellular internalization. This finding is
consistent with previous studies that observed a decrease in the
cellular uptake of BSA-coated MWCNTs in A549 cells.*
However, our results appear to contradict macrophage research
indicating higher cellular uptake of BSA-coated MWCNTSs
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Fig. 4 Classification of the proteins identified in the PCs adsorbed on BSA-coated MWCNTSs according to their physiological functions. The
protein mass fractions (%) of the identified proteins among the total protein amount were grouped according to four physiological functions of
serum proteins in the PCs: (A) acute phase, (B) complement, (C) lipoproteins, and (D) coagulation.

compared to pure MWCNTs.?° This discrepancy may arise
from the fact that nanoparticle-cell interactions are influenced
not only by surface properties and size but also by the specific
cell type. Different cell types present distinct sets of biomole-
cules on their surfaces,'*** which can significantly impact the
interaction and uptake of nanoparticles.

Proteomic analysis of cellular responses in A549 cells with
BSA-coated MWCNTSs

Through a cell viability assay, we found that the exposure of
A549 cells to BSA-coated MWCNTs did not affect their viability,
but their cellular uptake decreased as the concentration of BSA
used in the pre-incubation increased. Therefore, to investigate
the alteration of proteins in the cells based on the pre-incubated
BSA concentration, we carried out a quantitative analysis of
proteins from A549 cells exposed to four concentrations of BSA
using nLC-ESI-MS/MS.

To measure the alterations of protein expression in cells
exposed to MWCNTs according to BSA concentration in pre-
incubation, A549 cells treated with the four different BSA
concentrations (0-, 1-, 5-, and 10-BSA cells) were compared with
a control unexposed to MWCNTs. A total of 3348 proteins were
quantified from the four different groups. Compared to the
control, the number of downregulated proteins slightly differed
in the four groups (70, 49, 53, and 47 proteins in 0-, 1-, 5-, and
10-BSA cells, respectively, Fig. 6A-D), whereas the number of

5590 | Nanoscale Adv, 2024, 6, 5585-5597

upregulated proteins was similar (16, 20, 23, and 23 proteins in
0-, 1-, 5-, and 10-BSA cells). Biological processes that can provide
detailed information on proteins were investigated using
differentially expressed proteins (DEPs) measured from the four
groups. No biological process was identified for the upregulated
proteins. The downregulated proteins measured in the 0-BSA
cell group were associated with protein targeting, protein
localization, and translation (Fig. 6E). In the 1-BSA cells group,
proteins involved in RNA processing, the RNA metabolic
process, and ribonucleoprotein complex biogenesis were
downregulated, unlike in the 0-BSA cell group (Fig. 6F). The
proteins downregulated in the 5-BSA cell group were similar to
those in the 1-BSA cell group, and the pathways involved in RNA
splicing via either transesterification with bulged adenosine as
a nucleophile or the spliceosome were also identified (Fig. 6G).
Proteins involved in overall RNA processing, RNA metabolism,
and RNA splicing were found to be downregulated in the 10-BSA
cells (Fig. 6H). From the biological process results, MWCNTSs
without BSA coating, whose PCs were formed from the FBS, are
mainly involved in protein localization and cytoplasmic trans-
lation in A549 cells. However, MWCNTs pre-incubated with BSA
showed a different composition of PCs that resulted in altered
surface functionality, and this downregulated the pathways
involved in RNA processing in cells. In addition, the higher the
concentration used for BSA coating, the greater the down-
regulation of the proteins involved in RNA splicing.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Compared to the control, the expression pattern of DEPs was
similar between the 0- and 1-BSA cell groups (low concentration
groups) (Fig. S3A in the ESIt). On the other hand, the protein
expression levels of the high concentration groups (5- and 10-
BSA cells) showed different patterns from the low concentration
groups. By comparing the low and high concentration groups,
we identified the three most differentiated clusters and inves-
tigated the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (Fig. 3B in the ESIT). The proteins in cluster 1, which
were significantly downregulated in the low concentration
groups, were involved in pathways related to the ribosome,
oxidative phosphorylation, and ribosome biogenesis in
eukaryotes. The proteins in cluster 2, which were significantly
downregulated in the high concentration groups, were involved
in the nucleocytoplasmic transport and mRNA surveillance
pathways. Finally, the proteins in cluster 3, which were down-
regulated in the low concentration groups and upregulated in
the 10-BSA cell group, were associated with the pathway of
ribosome biogenesis in eukaryotes.

Based on the above results, the expression levels of the
proteins in four of these pathways are described in Fig. 7A. In

© 2024 The Author(s). Published by the Royal Society of Chemistry

the low concentration groups, the proteins related to the ribo-
some, ribosome biogenesis in eukaryotes, and oxidative phos-
phorylation pathways were significantly downregulated. In the
high concentration groups, only proteins involved in the mRNA
surveillance pathway were downregulated, which correlates
with the RNA splicing pathway described in the analysis in
Fig. 6. The response of RNA splicing in the high concentration
group (5- and 10-BSA cells), as shown in Fig. 6G and H, may
explain the downregulation of the mRNA surveillance pathway.
Heatmap results are also consistent with the western blot data.
As shown in Fig. 7B and S4 (ESIt), 60S ribosomal protein L37a
(RPL37A) and V-type proton ATPase subunit B brain isoform
(ATP6V1B2), which were downregulated at 0 and 1 mg mL ™"
BSA concentrations, were also downregulated in the western
blot results and showed similar expression levels to the control
at higher concentrations. In contrast, histone deacetylase
complex subunit SAP18 (SAP18) was similar to the control at low
BSA concentrations (0 and 1 mg mL ") and decreased in
expression at high BSA concentrations (5 and 10 mg mL™"). The
extent of internalization of MWCNTs and its impact on bio-
logical processes in A549 cells can be attributed to varying levels

Nanoscale Adv., 2024, 6, 5585-5597 | 5591
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Fig. 6 Quantitative analysis of proteins in A549 cells treated with BSA-coated MWCNTSs at four BSA concentrations. Volcano plots of cellular
proteins exposed to MWCNTSs coated with (A) 0 mgmL ™%, (B) 1mgmL™?, (C) 5 mgmL™%, and (D) 10 mg mL~ BSA, compared with the control. The
results show log 2 fold changes in the proteins plotted against the significance (—log 10 p-value). Blue and red in the volcano plots represent
downregulated and upregulated proteins, respectively, in A549 cells treated with BSA-coated MWCNTSs at four BSA concentrations compared to

the control. The red dotted lines indicate p = 0.05 and +1.5-fold change.

Bubble plots represent the biological processes of the downregulated

proteins in A549 cells exposed to MWCNTs coated with (E) 0 mgmL ™2, (F) 1mgmL~2, (G) 5mg mL™?, and (H) 10 mg mL~* BSA, compared with the
control. The vertical axes show the significantly enriched biological processes, and the horizontal axes represent the fold enrichment corre-
sponding to the biological processes. Fold enrichment indicates the percentage of downregulated proteins divided by all proteins within a certain

gene ontology term.

of cellular stress, which depend on the concentration of pre-
coated BSA. When cells are exposed to stressors such as
MWCNTs, it is known that RNA splicing can be disrupted.*® In
addition, previous research reported that long-term exposure to
MWCNTs downregulated ribosomal function and oxidative
phosphorylation in lung cells of mice.’” The results we observed
in vitro with A549 cells are similar to the chronic toxicity results
seen in vivo with mice. Our findings demonstrate that the
chronic toxic effects observed at the tissue level in mouse
models can indeed be reflected at the cellular level, thereby
underscoring the importance of pathway-specific studies in the
field of nanotoxicology. This further substantiates the utility of
our model in elucidating the mechanisms through which

5592 | Nanoscale Adv,, 2024, 6, 5585-5597

nanomaterials, even those devoid of acute toxicity, can influ-
ence cellular processes. Additionally, it is noteworthy that when
MWCNTSs were pre-incubated with BSA at concentrations of 5
and 10 mg mL ™%, no reduction in protein synthesis pathways
was observed. This suggests that adequately passivated
MWCNTs with BSA exhibit reduced interactions with cells,
thereby preventing significant intracellular changes. This vari-
ation appears to be linked to changes in the secondary structure
of the proteins composing the PCs of MWCNTs. The secondary
structure of the PC proteins is an important factor in deter-
mining receptor recognition upon entry into the cell,® and it is
known that protein-NM complexes are maintained upon entry
into the cell.*> Therefore, BSA-coated MWCNTSs with PCs that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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have altered the secondary structures of proteins can change the
biological pathways within the cell. Overall, we demonstrated
through proteomic analysis of PCs and cells that the intracel-
lular response to MWCNTs is highly dependent on the
concentration of BSA used in the pre-incubation.

Conclusions

In this study, we sought to correlate PCs formed on MWCNTs
and their effects on cells according to pre-incubation BSA
concentration. Analysis using CD and FT-IR showed that the
high concentration group (5 and 10 mg mL~ ' BSA) had
increased a-helix structures in the PCs on the MWCNT surfaces,
which affected their surface functionalization. In addition, BSA-
coated MWCNTs did not significantly affect the viability of cells,
but the cellular uptake of the MWCNTs decreased with
increasing concentration of BSA. Through nLC-ESI-MS/MS-
based proteomic analysis, we found that the composition
ratio of PC proteins adsorbed on MWCNTs differs depending on
the concentration of BSA in pre-incubation. Additionally, the
mass fraction of the proteins composing the PCs was also
affected by the BSA concentration. In terms of biological
processes, A549 cells treated with pre-coated MWCNTs at low
BSA concentrations (0 and 1 mg mL ™" BSA cells) had inhibited
ribosome and oxidative phosphorylation pathways, while the
high concentration group (5 and 10 mg mL ™' BSA) exhibited
a suppressed mRNA surveillance pathway. Such results indicate

© 2024 The Author(s). Published by the Royal Society of Chemistry

that cellular responses to BSA-coated MWCNTs can differ
depending on the concentration of BSA. We found that even for
the same MWCNTs, the composition of the PCs is affected by
the protein concentration in the biological environment, and
that cells respond differently to the secondary structures of the
surface-adsorbed proteins, rather than to the MWCNT proper-
ties. Based on this multifaceted analysis of the composition and
secondary structure of protein coronas on MWCNTs along with
cellular responses, we conclude that BSA-concentration-
dependent surface functionality may provide important clues
for modifying related methods to improve the biocompatibility
of nanomaterials.

Experimental

Materials

Tris-HCI buffer (pH 8.0), sodium chloride (NaCl), phosphate
buffered saline (PBS), ammonium bicarbonate (AmBic),
dithiothreitol (DTT), iodoacetamide (IAA), L-cysteine, and for-
mic acid (FA) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Acetonitrile (ACN) and water containing LC-MS grade
0.1% FA, n-dodecyl beta-p-maltoside (DDM), trypsin, and
bicinchoninic acid (BCA) assay reagent were purchased from
Thermo Fisher Scientific (Rockford, IL, USA). The protease
inhibitor cocktail was purchased from Roche Diagnostic GmbH
(Mannheim, Germany). To purify protein digests, HLB
cartridges were purchased from Waters (MA, USA) and HPLC

Nanoscale Adv., 2024, 6, 5585-5597 | 5593
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grade water and ACN were purchased from Honeywell
(MI, USA).

Preparation of BSA-coated MWCNTs. For the MWCNT
dispersion protocol, two types of dispersion media were
prepared: 10% FBS added to cell culture medium without BSA,
and 0, 40, 200, and 400 mg of BSA added to 40 mL cell culture
media for different BSA concentrations. The 10% FBS and BSA-
supplemented media then followed essentially the same prep-
aration steps. Both media were stirred overnight at 4 °C and
filtered through a 0.45 um syringe filter. MWCNTs (NM-402)
were dispersed by adding 20 mg of MWCNTSs to the medium
with the prepared BSA (resulting in a MWCNT stock concen-
tration of 500 pg mL™ "), and the mixture was sonicated at 60%
amplitude in pulse mode (5 s on, 10 s off) for 30 min. Dispersion
was performed with the sample tubes immersed in an ice box to
avoid overheating of the MWCNT mixture media during
successive sonication cycles.

Morphology measurement of BSA-coated MWCNTs. The
morphology and size of the MWCNTs were analyzed using the
following methods. For morphology observation, BSA-coated
MWCNT dilutions were spin-coated on a silicon wafer using
a spin coater (3000 rpm for 30 s). Transmission electron
microscopy (TEM) images were obtained with an FEI Tecnai G2
F30 Super-Twin operating at 300 kV. Particle size and dispersion
stability analyses of MWCNTs coated with BSA at different
concentrations were performed using dynamic light scattering
(DLS; Nano ZS90, Malvern Panalytical Worcestershire,
England).

Size and dispersion stability analysis. Particle size and
dispersion stability analyses of MWCNTs coated with different
concentrations of BSA were performed using dynamic light
scattering (DLS; Nano ZS90, Malvern Panalytical Worcester-
shire, England).

Conformational changes of BSA-coated MWCNTs via CD.
Circular dichroism (CD) spectroscopy measurements for all
samples were recorded using a JASCO J-1500 spectrophotometer
(Jasco Corporate, Tokyo, Japan) with a 10 mm path length
cuvette at 23 °C. The sample temperature was controlled by
means of a water circulation system. The CD spectra were
recorded in the wavelength range of 200-280 nm at a scan rate
of 100 nm min~"' and a response time of 1 s. The various BSA
pre-incubation concentrations were set as 0, 1, 5, and 10 mg
mL " in the presence of MWCNTS. To determine the secondary
structure of the BSA-coated MWCNTs, we used BeStSel (http://
bestsel.elte.hu), which is a web-based protein secondary struc-
ture prediction system for CD data.

Conformational changes of BSA-coated MWCNTSs via FT-IR.
Fourier-transform infrared spectroscopy (FT-IR) spectra were
obtained with a Nicolet iS10 (Thermo Fisher Scientific Inc.
Madison, USA) equipped with an attenuated total reflectance
(ATR) accessory (PIKE Tech., Madison, USA). A drop of
MWCNTs pre-incubated with BSA at different concentrations
was placed on a ZnSe-ATR crystal and dried under vacuum (1 x
10 torr) for 1 h. Mid-IR light was incident at 45° relative to the
normal surface of the crystal under N,. The reflected light was
detected using an HgCdTe detector cooled with liquid N,. Eight
scans were averaged to yield a spectrum at 4 cm™ ' resolution.
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Cell cultures and treatments. The human lung epithelial cell
line A549 was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). A549 cells were cultured
in Dulbecco’'s Modified Eagle's Medium (DMEM; LM 001-05,
Welgene™, Gyeongsan, South Korea) with 10% FBS
(SH30084.03, HyClone™, Marlborough, MA, USA) and 1%
penicillin/streptomycin (LS 202-02, Welgene™, Gyeongsan,
Republic of Korea). For the experiment, A549 cells were allowed
to adhere at 1 x 10" cells per well for 24 h in 96-well plates
(#3596, Corning®, Glendale, AZ, USA). MWCNTs pre-incubated
with BSA at concentrations of 0, 1, 5, and 10 mg mL ™" were
dispersed with tip sonication and vortexed for 30 s prior to the
experiment. The cells were incubated in a 5% CO,, 95% air
environment at 37 °C. After incubation, the A549 cells were
washed once with PBS and exposed to the prepared MWCNTSs at
concentrations of 0, 31.25, 62.5, 125, 250, and 500 pg mL "
for 24 h.

ATP assay. Cytotoxicity caused by MWCNTSs was assessed
using an ATP assay to evaluate mitochondrial activity. After
exposure to MWCNTSs, the culture medium was removed and
washed with PBS 3 to 4 times to remove any MWCNTs that had
settled and adhered to the cells. Next, 100 pL of fresh DMEM
culture medium was added, followed by 100 pL of the reagent as
per the instructions provided by the ATP assay kit company. The
mixture was then incubated for 30 min at room temperature in
a light-blocked environment. In the ATP assay, luciferin reacts
with the ATP present in living cells and is catalyzed by lucif-
erase, and the luminescence signal is measured for fluores-
cence intensity at EX: 485-500 nm/EM: 520-530 nm. The
recorded luminescence was measured here using a microplate
luminescence system (SpectraMax Gemini EM Microplate
Reader). The results were calculated from values analyzed with
SoftMax Pro software using the formula below.

luminance value of each exposed cell

100
average luminance of unexposed cells *

Cell viability(%) =

Quantification of the cellular uptake of MWCNTs. The
quantification of MWCNT cellular uptake was performed based
on ISO/TS 23034:2021, which provides a standardized approach
for estimating the cellular uptake of carbon nanomaterials
using optical absorbance measurements.®® In summary,
MWCNT dispersions with various concentrations (0, 1.25, 2.5, 5,
10, and 20 pg mL ') were prepared by diluting the test
suspension with a mixed solution of sodium dodecylbenzene-
sulfonate (SDBS) and cell lysis reagent (1:1). The diluted
MWCNT dispersions were prepared in three parallel samples.
The absorbance values of the MWCNM dispersions in cuvettes
at 750 nm were measured using a UV-Vis-NIR spectrometer. A
calibration line was generated by plotting the average value of
absorbance versus concentration. Three 6-well plates were used
for three groups (two for the control and one for the MWCNT
test). The cell dispersion (approximately 3 x 10° cells/3 mL) was
seeded in each well of 6-well plates and incubated for 24 h. The
cells were incubated for 24 h, after which the medium was
replaced with MWCNT-containing medium (50 pg mL ') in the
plate for MWCNTs or fresh medium in the two plates for the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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control group. The cells were incubated for a further 4 h and
24 h. One plate was used for cell counting. After washing with
PBS for cell counting, cells were harvested by treating with
0.25% trypsin-EDTA. The number of cells in each well of the
control plate was counted using a cell counter. Another control
plate and a plate for the MWCNT test were washed twice with
PBS after removing the supernatant, and each well was treated
with 0.5 mL of cell lysis reagent for 30 min at room temperature.
After pipetting and transferring to a new e-tube, 0.5 mL of SDBS
was added. The cell dispersions were sonicated for 10 s with
a horn-type sonicator. The concentration of MWCNTs in the cell
lysates was estimated based on the corresponding calibration
curves from the absorbance at 750 nm.

Sample preparation for proteomic analysis

For the protein coronas analysis, 1000 nL of MWCNTs distrib-
uted in cell culture medium was introduced into new tubes to
analyze the PCs adsorbed on the MWCNTSs. The solution was
centrifuged at 20 000g for 30 min at 4 °C, after which the
supernatants were removed. For the elimination of the
remaining cell culture medium, the pellets were gently rinsed
using PBS solution, and the solution was removed after centri-
fugation. This washing process was repeated three times. The
washed MWCNT pellets were added to 50 pL of lysis solution
consisting of 0.2% DDM, 150 mM NacCl, 50 mM Tris-HCI, and
one tablet of protease inhibitor cocktail, and reacted at 95 °C for
10 min in a thermomixer to isolate the proteins from the
MWCNTs. Then the solution was centrifuged at 20 000g for
30 min at 4 °C to remove the MWCNTs. The total protein
concentration of the extracted proteins was measured using the
BCA assay. For protein digestion, 20 pg of proteins was reduced
using 50 mM AmBic solution containing 10 mM DDT. To
prevent re-folding of the disulfide bonds, the solution was
alkylated with IAA at a final concentration of 20 mM and reacted
at room temperature for 30 min. The alkylated proteins in
a tube were digested by adding trypsin (protein : enzyme = 20:
1, w/w) at 37 °C for 18 h to form peptides. After purification of
the peptide mixture with an HLB cartridge, the solution was
dried under vacuum conditions. The dried sample was stored
up to —20 °C prior to analysis by nLC-ESI-MS/MS.

For the A549 cell effect analysis, cell harvests treated with
BSA-coated MWCNTSs incubated for 24 hours were added to 500
uL of lysis solution and mixed vigorously at 95 °C for 10 min. To
remove cell debris, the solution was centrifuged at 12 000g for
15 min at 4 °C. The concentration of the extracted proteins was
detected through the BCA assay. Then 25 pg of proteins was
used for proteolytic digestion. All processes for protein diges-
tion with trypsin were the same as the digestive method for the
PCs. The dried peptides were stored at —20 °C prior to nLC-ESI-
MS/MS analysis.

nLC-ESI-MS/MS analysis

The dried samples were reconstituted with an aqueous solution
containing LC-MS grade 2% ACN and 0.1% FA, and then 250 ng
of the peptide mixture was introduced into a NanoElute LC
system connected to a hybrid trapped ion mobility

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spectrometry-quadrupole time-of-flight mass spectrometer
(timsTOF Pro, Bruker Daltonics, Bremen, Germany) equipped
with a modified nano-electrospray ion source (CaptiveSpray,
Bruker Daltonics). In an in-house column (75 um inner diam-
eter and 250 mm length) packed with C18 resins (1.9 um, 120 A,
Dr. Maisch), the peptide mixture was separated at 50 °C with
a constant flow of 400 nL. min ', followed by elution using the
following binary gradient of mobile phases A (0.1% FA in water)
and B (0.1% FA in ACN): 2% to 17% B for 45.0 min, 17% to 25%
for 22.5 min, 25% to 37% for 7.5 min, and 37% to 80% for
5.0 min, and then this level was maintained for 10 min to rinse
the analytical column. The timsTOF Pro system was operated in
parallel accumulation serial fragmentation (PASEF) acquisition
mode using Bruker Compass Hystar 5.0.37.1. The settings for
the MS and MS/MS scans were as follows: mass range of 100 to
1700 m/z, 1/K, start at 0.6 Vs cm~ > and end at 1.6 V s cm ™2,
capillary voltage of 1500 V, dry gas flow rate of 3 L min~*, and
dry temperature of 180 °C; PASEF mode: 10 MS/MS scans (total
cycle time 1.16 s), charge range of 0 to 5, active exclusion for
0.4 min, scheduling target intensity of 20000, and intensity
threshold of 2500, depending on the precursor mass and
charge.

Data analysis

The obtained spectral data were submitted to PEAKS Studio 10.5
(Bioinformatics Solutions, Waterloo, Canada) for identification
and label-free quantification (LFQ) searches of PCs and cell-
derived proteins against the SwissProt database of Bos taurus
(bovin, UP00000913, downloaded 20/12/2019, 6008 entries) and
Homo sapiens (human, UP00000564, downloaded 22/11/2019,
20379 entries) from Uniprot (www.uniprot.org/) with a false
discovery rate of 0.01. The parameters for protein
identification were as follows: (a) trypsin as the specific
enzyme, with two missed -cleavages allowed; (b) fixed
modification: carbamidomethylation of cysteine and variable
modification: oxidation of methionine and acetylation of
protein N-term, allowing for three variable PTMs per peptide;
(c) precursor mass error tolerance of 20.0 ppm; (d) fragment
mass error tolerance of 0.05 Da. Following the completion of
protein identification, LFQ was performed based on the
analyzed PEAKS dataset. The analysis of variance (ANOVA)
method was used to conduct LFQ analysis, and significance
thresholds were set at two unique peptides, a data filter in at
least two samples per group, a significance of 20 (p-value =
0.01), and a 1.5-fold change. Total ion chromatography (TIC)
was used to perform data normalization. GO-term enrichment
of proteins was carried out using the ShinyGO program (version
0.77) after the data were exported to Microsoft Excel.

Western blot

A549 cells (90-95% confluency) were treated with different
concentrations of BSA (0, 1, 5, and 10 mg mL ') in the presence
of 50 ug mL~" MWCNTs for 24 h. Proteins in the cell lysates
were quantified using Bradford analysis (5X SDS-PAGE sample
buffer, TLP-102.1), and an equal amount of protein was sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE)
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electrophoresis. Subsequently, the proteins were transferred to
a PVDF membrane (polyvinylidene fluoride, 0.45 pm pore size)
at 385 mA for 1 h and then blocked with 3% BSA dissolved in
phosphate buffered saline with Tween detergent (0.05%) for 1 h.
Afterward, the membrane was incubated overnight at 4 °C with
primary antibodies: B-actin (mouse monoclonal, sc-47778,
Santa Cruz Biotechnology), ATP6V1B2 (rabbit polyclonal, PA5-
52518, Invitrogen), RPL37A (rabbit polyclonal, PA5-75866,
Invitrogen), and SAP18 (rabbit polyclonal, PA5-76167, Invi-
trogen). The membrane was washed three times with PBST
(0.05%) for 10 min each time and then incubated with
a secondary antibody (mouse anti-rabbit IgG-HRP, sc-2357,
Santa Cruz Biotechnology) at room temperature for 2 h.
Finally, the blotting was visualized using a ChemiDoc XRS+
system (Bio-Rad Laboratories, Hercules, CA, USA).
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