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Graphene oxide nanoribbons (GONRs) were synthesized using an oxidative unzipping of multi-walled
carbon nanotubes. The interactions of the GONRs with various concentrations of fetal bovine serum
or human plasma serum indicated that the GONRs were functionalized substantially by the albumin
originated from the two different protein sources. Then, concentration-dependent cytotoxicity of the
protein-functionalized GONRs on human epithelial cells was studied. Although the GONRs with concen-

trations <50 p.g/mL did not exhibit significant cytotoxicity on the cells (with the cell viability >85%), the
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concentration of 100 pg/mL exhibited significant cytotoxicity including prevention of cell proliferation
and induction of cell apoptosis. These results can provide more in-depth understanding about cytotoxic
effects of graphene nanostructures which can be functionalized by the proteins of media.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Graphene, as a single-layer of graphitized carbon atoms, is
known as a rising star among the most famous nanostruc-
tures, because its unique and fascinating properties have been
highly excited fundamental researches [1-3] as well as promising
nanotechnology-based applications [4-9]. Recently, graphene-
based nanomaterials have been highly induced promising advances
in, e.g., biology and medicine including cancer cell targeting, imag-
ing, and therapy [9-14], drug delivery [15-17], antiviral [18],
bactericidal [19-23] as well as nematocidal [24] nanomaterials, tis-
sue engineering [25-28], and neural cell and network regeneration
[29-33].

In parallel to the bio-applications of graphene-based nanoma-
terials, their probable toxic effects (such as cytotoxic and even
genotoxic effects) on environmental and human health (as almost
entirely unfamiliar effects) should be simultaneously investigated
for each special case. For instance, Zhang et al. [34] reported
concentration- and time-dependent cytotoxicity of graphene
in neural phaeochromocytoma-derived PC12 cells, based on
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reactive oxygen species (ROS) generated by graphene. Chang et al.
[35] found although graphene oxide sheets could not enter A549
cells (caused no significant cytotoxicity), it was able to induce
a concentration-dependent oxidative stress in the cells result-
ing in a slight loss of the cell viability at high concentration of
~100 pg/mL. In addition to the ROS generation mechanism, direct
contact interaction of extremely sharp edges of graphene with
cell wall membrane is known as one of the main mechanisms
describing cytotoxicity and even genotoxicity of graphene [19,36].
Wrapping cells within aggregating graphene sheets was also found
as another possible mechanism describing cytotoxic effects of
graphene sheets in a suspension [37].

In many bio-applications, to obtain biocompatible graphene
sheets with lower cytotoxic effects and high stability in biolog-
ical media, graphene and/or graphene oxide are functionalized
with various biocompatible and biostable molecules, such as
polyethylene glycol (See, for example, [11]). Moreover, recent
investigations demonstrated that upon entrance of nanomateri-
als (including graphene sheets) into a biological medium, their
surfaces are covered by various kinds of biomolecules including
proteins. This phenomenon is so-called as “protein corona” [38].
Hence, the type and amount of the associated proteins in the
protein corona-graphene composites can significantly affect the
potential cytotoxicity of graphene [6]. For example, Hu et al. [39]
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found although cytotoxicity of graphene oxide sheets against A549
cells mainly originated from damaging the cell wall membrane
(through direct contact interaction with the sheets), fetal bovine
serum (FBS) in culture media could soften such destructive inter-
actions.

Recently, cyto- and geno-toxicity of graphene nanoribbons (as
elongated strips of single-layer graphene having straight edges and
high length-to-width ratio) were studied by our group [40]. But, so
far, no investigation has been reported on potential cytotoxicity
of protein corona-graphene nanoribbons. Since the toxic effects of
graphene-based nanomaterials strongly depends on their size (i.e.,
lateral dimensions of the sheets or nanoribbons) [36], the cytotoxic
effects of protein corona-graphene nanoribbons can be different
from the cytotoxic effects of bare graphene sheets [35,36] and also
protein corona-graphene sheets [39].

In this work, graphene oxide nanoribbons (GONRs) were
synthesized using oxidative unzipping of multi-walled carbon
nanotubes (MWCNTs). Concentration-dependent cytotoxicity of
protein corona-GONRs (the GONRs functionalized substantially by
albumin originated from two different protein sources) on human
epithelial cells (A549 cell line) was studied. Although cytotox-
icity of bare nanoribbons [40] on stem cells and functionalized
(e.g. PEGylated) reduced GONRs on glioblastoma cells [11] were
previously studied by our group, this investigation can help to
better understanding the cytotoxicity of graphene nanoribbons
self-functionalized in culture media (i.e., protein corona-graphene
nanoribbons).

2. Experimental
2.1. Synthesis of GONRs

The starting material was MWCNT powder (95% purity, outer
diameter of 10-30 nm and length of <5-15 m [41], provided from
io.li.tec). 75 mg of the MWCNTSs and 50 mg NaNO3 were added into
75mL conc. H,SO4. After 12 h, 380 mg KMnO4 was added to the
mixture. H,SO4was used to further exfoliate the MWCNTSs and also
the subsequent ribbons. The suspension was stirred for 1 h at room
temperature and then heated in an oil bath at 55°C for 30 min,
at 65°C for 60 min and finally at 70°C for 20 min. Then the sus-
pension was removed from the oil bath and allowed to be cooled
and stabilized at room temperature. The progress of reactions was
determined through color of the solution, so that after comple-
tion of the reactions, the color of the solution altered from black
to brown, while the green color of permanganate in acid disap-
peared. The obtained suspension diluted by a deionized (DI) cooled
water containing 1 vol% H,0,. Then, the suspension was filtered by
a polytetrafluoroethylene (PTFE) membrane (5.0 wm pore size) and
washed by diluted H,SO4, ethanol and finally DI water.

2.2. Material characterization

Surface topography and height profile of the GONRs were
examined by atomic force microscopy (AFM; Digital Instruments
NanoScope V) in tapping mode. The sample for the AFM imaging
was prepared by drop-casting a diluted suspension (10 pg/mL) of
the GONR onto a cleaned Si3N4/Si(100) substrate. To deposit the
GONRs on the substrate with similar alignments, the droplet was
spread over the substrate by repeating unidirectional strokes of
a soft paintbrush. After drying the deposited substrate at 100°C
for 1h, it was washed by DI water in a direction the same as the
direction of the brushing. X-ray photoelectron spectroscopy (XPS)
was used to study the chemical states of the GONRs. The data were
acquired by using a hemispherical analyzer equipped by an Al Ko
X-ray source (hv=1486.6eV) operating at a vacuum better than

10-7 Pa. The XPS peaks were deconvolution by using Gaussian com-
ponents after a Shirley background subtraction. The O/C atomic
ratios of the samples were determined using peak area ratio of the
XPS core levels and the sensitivity factor (SF) of each element in XPS.
Raman spectroscopy was performed at room temperature using a
HR-800 Jobin-Yvon with 532 nm Nd-YAG excitation source to study
the carbon structure of the GONRs. Samples for XPS and Raman
spectroscopy were prepared by casting concentrated suspensions
of GONRs onto the substrates and removing the solvents by dry-
ing at 100 °C for 1 h. Fourier transform infrared (FTIR) spectroscopy
was carried out to study the chemical structure of the GONRs. A FTS
7000 DIGILAB UMAG600 spectrometer was used to record the spec-
tra in the range 700-2500 cm~! with 4cm~! resolution. 256 scans
were co-added to improve S/N. Positive and negative ion spectra
obtained by ION-TOF IV time-of-flight-secondary ion mass spec-
trometry (TOF-SIMS), using a 15kV Bi* primary ion source, were
acquired at masses up to 500 D, while maintaining the primary ion
dose at less than 10'2 jons/cm? to ensure static conditions. All the
positive ion spectra were calibrated to the H*, C*, CH*, CH,*, CH3*,
CyHs* and C3Hs™* peaks and all the negative ion spectra were cal-
ibrated to the C-, C;—, CH-, C,H~, C3~, C3H~ peaks before data
analysis. Sample spectra were taken over an area 50 wm x 50 pm,
with an emission current of 1.0 wA in bunch mode and presented
as 128 by 128 pixels.

2.3. Protein corona evaluation

The interactions of the GONRs with both FBS and human plasma
serum (HPS) were probed using sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) approach. Human plasma
was obtained from 15 volunteers following the Human Proteome
Organization Plasma Proteome Project (HUPO BBB) guidelines [42].
Typically, 100 L of GONRs (with a concentration of 500 g/mL)
were mixed with 900 L of FBS or HPS (with two different concen-
trations of 10% (in vitro simulator) and 100% (in vivo simulator)),
followed by incubation at 37 °C for 1 h. After the incubation time,
hard corona-GONRs were obtained by centrifugation. The standard
procedure consists of three washing steps before resuspension
of the final pellet to the desired concentration. The washing
process is designed to remove the excess (unbound or loosely
bound) proteins. The hard corona samples were centrifuged (at
4°C, 20,000 rpm, 50 min) to pellet the GONRs-protein complexes,
and the supernatant was carefully removed. The pellet was resus-
pended in a small amount of phosphate-buffered saline (PBS, with
volume of 500 L) and centrifuged again (at 4°C, 20,000 rpm,
50min) to pellet the GONRs -protein complexes. Before the final
washing step, the samples were transferred into a low-protein
attachment Eppendorf tube, followed by the final centrifugation,
and the obtained hard corona GONRs were collected. In order
to define the protein profile of hard coronas, 1D SDS-PAGE was
employed. For this process, the hard corona GONRs were resus-
pended in 40 nL of fresh PBS, followed by the addition of 20 pnL
loading buffer containing 10% Dithiothreitol.

2.4. Cell culture

A549 cell line is one popular cell line in nanotoxicology stud-
ies with a cell cycle time of 22 h [43]. A549 cells were purchased
from American type culture collection (ATCC, CCL-185). They were
cultured in Dulbecco’s modified Eagle medium nutrient mixture F-
12 Ham (ATCC) supplemented with 10% (v/v) heat-inactivated FBS
(Sigma-Aldrich) and 1% penicillin/streptomycin and maintained at
37°Cin humidified 5% CO, and 95% air atmosphere.



598
2.5. Cell viability

The cell viability in terms of mitochondrial integrity, and overall
cellular metabolism was measured by alamar blue assay (Invitro-
gen, Grand Island, NY). A549 cells were plated at 5 x 103 cells per
well in 96 well plates, and incubated for 24 h. Before commenc-
ing with the assay, old media was replaced with 100 mL of fresh
media containing the GONRs with three concentrations mentioned
above. The cells were incubated at 37°C for 24 h. After the incu-
bation period, 10 L of alamar Blue reagent was added. The plates
were again incubated for 30 min at 37 °C. After that, 100 pL of the
solution was transferred to an opaque plate. Fluorescence readings
of the wells were recorded by a cytofluor fluorescence multi well
plate reader (Series H4000 PerSeptive Biosystems, Framingham,
MA) with excitation at 530 nm and emission at 580 nm. The cell
viability in terms of percent of control cells is expressed as the per-
cent of (Fsampie/Feontrol) X 100, where Fgymple is the fluorescence of
the cells exposed to the GONRs and Fqpo) is the fluorescence of the
unexposed control sample. The fluorescence of the wells without
any cells was also measured.

2.6. Cell mortality

The cell mortality was evaluated by blue trypan assay. A549 cells
were plated in the 12-well plates (1 x 10° cells per well) and incu-
bated for 24 h. Then, the GONRs were incubated with the cells at
three different concentrations (10, 50 and 100 pg/mL) in the cul-
ture medium. The cells cultured in the free medium were taken as
the control. After 24 h, the supernatant was collected and the cells
were detached with 250 pL trypsin-ethylenediaminetetraacetic
acid solution. The trypsin effect was inhibited with 250 wL of cell
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culture medium containing FBS. For the cells counting, 100 L of
supernatant each concentration received 20 p.L of blue trypan solu-
tion. For the detached cells, the same amount (100 wL) received
20 L of blue trypan solution. After staining, cells were counted
using Hemacytometer. The dead cells were stained with blue color.
Cell mortality was expressed as the percentage of the dead cells out
of the total number of cells for each concentration.

2.7. Apoptosis assay

Hoechst (Hoe) and propidium iodide (PI) were employed
to detect living and dead cells. PI (3,8-diamino-5-(3-(diethyl-
methylamino)propyl)-6-phenyl phenanthridinium diiodide) is
very stable fluorescent dye absorbing blue-green light (493 nm)
and emitting red fluorescence (630 nm). As a polar compound, it
only enters into dead or dying cells having a damaged or leaky
cell membrane. Once inside the cell PI interacts with DNA to yield
a brightly red fluorescence. PI has been used as a marker of cell
damage [44]. Bisbenzimide (Hoe 33342) produces light blue fluo-
rescence when bound to living cells and illuminated with UV light.
We used the same culture conditions and GONR exposure as in the
case of the test with trypan blue. After GONR exposure, cells were
washed two times with PBS, stained with Hoe (0.9 ng/p.L in PBS)
and incubated for 10 min. After the incubation, cells were washed
once with PBS and stained with PI (5 ng/wL in PBS). The plate was
mounted and fluorescence images were acquired with an Olympus
(1X2-UCB) inverted fluorescent microscope. All images were inter-
faced and controlled by a PC equipped with a specifically designed
software package, utilizing the IPP (Image Pro Plus) as a system
environment.
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Fig. 1. (a) AFM image of GONRs aligned by a paint-brushing method on Si3N4/Si(100) substrate, (b) height profile of the ribbons marked in the AFM image indicating a
thickness equivalent to the thickness of a single-layer GO (~1 nm), and (c) FTIR, (d) C(1s) core level of deconvoluted XP, and (e) Raman spectra of the GONRs.
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3. Results and discussion

AFM image of two aligned GONRs with widths of ~100 nm is
shown in Fig. 1a. Height profile diagram the GONRs marked in
the AFM image (shown in Fig. 1b) indicates that the thickness of
the nanoribbons (~1.0 nm) corresponds to the typical thickness of
single-layer GO sheets (~0.8 nm) [45]. According to our AFM anal-
ysis, abundance of the thicknesses ~1nm was more than ~75%
(among ~50 nanoribbons).

FTIR spectrum of the GONRs is shown in Fig. 1c. The peaks
of oxygen functionalities were observed at 3400, 1760, 1300 and
1080cm™!. According to the paper of Choi et al. [46], these vibra-
tions demonstrate the presence of O—H, C=0, C—OH, and C—0
bonds.

The chemical state of the GONRs was studied using XPS. Fig. 1d
shows deconvoluted C(1s) peaks of the GONRs. The peak centered
at285.0 eV was assigned to the C—C and C=C bonds. The other peaks
centered at the binding energies of 286.5, 287.1, 288.3 and 289.2 eV
were assigned to the C—OH, C—0—C, (=0, and O=C—OH oxygen-
containing functional groups, respectively (see, e.g.,[47]). Based on
the SF-modified peak area ratios of the C(1s) and O(1s) core levels,
it was found that the O/C ratio of the GONRs was 0.54, which is
substantially higher than the oxygen content of the MWCNTs (with
0/C ratio of ~0.05).

Raman spectroscopy was utilized to more investigate the carbon
structure of the GONRs, as presented in Fig. 1e. The Ip/I; inten-
sity ratio, originated from the G (~1580cm~1)and D (~1350cm™1)
bands was found ~1.38. The high value of the Ip/I; ratio can be
assigned to the nearly overall edge defects of the nanoribbons
which can also promote increasing the number of smaller aro-
matic domains. Raman spectra of carbon materials also exhibit a 2D
band (described by the adopted double resonant model [48]) sensi-
tive to stacking of graphene sheets [49]. For single-layer graphene,
the 2D band locates at 2679 cm~!, while for multilayer graphene
(including 2-4 layers) the 2D band appears as a wider peak with
19cm~! shift to higher wavenumbers [50]. Fig. 1e indicates that
the 2D band of the GONRs is around 2680 cm~!implying formation
of single-layer nanoribbons.

The characteristic TOF-SIMS peaks were observed in the mass
range of 1-70 amu, for both positive and negative spectra. Fig. 2
shows positive and negative ion mode TOF-SIMS high mass res-
olution spectra of the GONRs. Characteristic peaks observed in
the negative mode spectrum include O~ (m/e 16) and OH~
(mfe 17). Impurities, such as Na* (m/e 23), and adventitious
hydrocarbon fragments were also observed in the positive mode
spectrum.

Before incubation of the GONRs with cells, the interactions of the
nanoribbons with proteins (protein corona) were evaluated using
SDS-PAGE approach. As previous results confirmed the significant
role of protein sources in the composition of protein corona [51],
we examined two different protein sources including HPS and FBS.
According to the protein corona profiles (see Fig. 3), the major-
ity of associated protein in the corona compositions, for both FBS
and HPS with the various concentrations, corresponds to albumin
(the bands around 70 kDa), as has been proved previously by liquid
chromatography-mass spectrometry [52].

The cell viability is examined to estimate the toxicity of the
protein corona-GONR samples quantitatively by alamar blue assay
(also called prestoblue assay). In this fluorescence-based assay,
the non-fluorescent dye Alamar blue (resazurin) acts as an elec-
tron acceptor for enzymes like nicotinamide adenine dinucleotide
phosphate (NADP), and is converted to a pink fluorescent dye. The
amount of non-fluorescence to fluorescence conversion is depend-
ent on the metabolic state of cells. Increased metabolic activity
produces more conversion, and hence more fluorescence. Fig. 4ia
shows that the viability loss is dose-dependent. At higher GONR
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Fig. 2. (a) Positive and (b) negative TOF-SIMS spectra of GONRs.

15 &

Fig. 3. 15% SDS-PAGE gel of HPS and FBS proteins obtained from GONR-protein
complexes free from excess plasma following incubation with human plasma at
various concentrations (both 10% and 100%). The molecular weights of the proteins
in the standard ladder are reported in terms of kDa on the left for reference.

concentrations (100 pg/mL), a significant viability loss is observed.
The viability is only 32% after 24 h post-exposure.

While viability shows the activity of cell mitochondria, the
mortality indicates death of the cells. Here, the cell mortality is
monitored by trypan blue assay which is based on the principle of
dye exclusion to differentiate between living, and dead cells. Living
cells with intact cell membranes prevent the trypan blue dye from
entering them, whereas dead cells with compromised leaky cell
membranes allow the dye to pass through. This allows dead cells
stained by the dye to be visualized under a bright field microscope.
Fig. 4ib shows the mortality of A549 cells when incubated with
the protein corona-GONRs for 24 h. The control (untreated cells)
is also included. The average of three independent experiments
exhibited a mortality of ~7% for the control and a dose-dependent
mortality including ~20 and 58% mortality at 10 and 100 p.g/mL
concentrations of the GONRs.

Based on nuclear double staining with PI and Hoe (Fig. 4ii),
exposure to100ug/mL of the protein-functionalized GONRs
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Fig. 4. i Viability (a) and mortality (b) of A549 cells after exposing to the protein corona-GONRs for 24 h. ii Double-staining for Hoe 33342 (blue) and PI (red) in human
epithelial cells cultures exposed to the protein corona-GONRs for 24 h at different GONR concentrations: (a) 0 (control), (b) 10, (c) 50, and (d) 100 p.g/mL.

significantly decreased the growth and amount of the cells (up to
~60+10% decrease with p<0.005). These images reconfirm the
dose-dependent cytotoxicity of the protein corona-GONRs. It is
also seen that by increasing the GONR concentration from 10 to
100 pg/mL, not only the cell growth decreased (decreasing the blue
color features), but also the interaction of PI with DNA of damaged
cells increased (increasing the red color features). The interaction
of PI with the damaged cells indicated apoptosis of ~40% of the
cells incubated with the GONRs at concentration of 100 pg/mL. The
cell apoptosis can be occurred due to the direct contact interaction
of the extremely sharp edges of the GONRs with the membrane
of cells (as also previously reported for graphene sheets [19,39]).
These results also suggest the significant contribution of cell apo-
ptosis (~40%) in decrease of the cell viability (down to ~32%) and
increase of the cell mortality (up to ~58%) at the high concentration
of GONRs (100 pg/mL). The significant lower toxic property of the
GONRs at the lower concentrations (<50 pg/mL) can be assigned
to the lower chance of the GONRs for damaging the cell mem-
brane (lower cell apoptosis and cell mortality) and inhibiting the
cell growth (higher cell viability).

4. Conclusions

Concentration-dependent cytotoxicity of GONRs (synthesized
through an oxidative unzipping of MWCNTs) was investigated
against human epithelial cells in culture media containing FBS or
HPS. Incubation of the GONRs in such culture media resulted in for-
mation of protein corona-GONRs (here, GONRs functionalized by
albumin, independent from the protein sources used). The protein-
functionalized GONRs with concentrations <50 pg/mL showed no
significant cytotoxicity on the cells. However, the high concen-
tration of 100 wg/mL exhibited significant cytotoxicity resulted
in decrease of cell growth and induction of cell apoptosis. These
results can provide some more essential and necessary knowl-
edge about interaction of graphene (i.e., protein corona-graphene)
with cells in protein-containing culture media and/or body of living

organisms. This can also shed light further on upcoming graphene-
based nanomedicine.
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Cytotoxicity of protein corona-graphene oxide nanoribbons on @Cmm
human epithelial cells
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ARTICLE INFO ABSTRACT
Article history: Graphene oxide nanoribbons (GONRs) were synthesized using an oxidative unzipping of multi-walled
Received 30 August 2014 carbon nanotubes. The interactions of the GONRs with various concentrations of fetal bavine serum

Received in revised form
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Accepted 23 September 2014
Available online 30 September 2014

or human plasma serum indicated that the GONRs were functionalized substantially by the albumin
originated from the two different protein sources. Then, concentration-dependent cytotoxicity of the
protein-functionalized GONRs on human epithelial cells was studied. Although the GONRs with concen-
trations <50 p.g/mL did not exhibit significant cytotoxicity on the cells (with the cell viability >85%), the
concentration of 100 ug/mL exhibited significant cytotoxicity including prevention of cell proliferation

Keywords: ) . ; ) ) ) .
Grﬁphene oxide and induction of cell apoptosis. These results can provide more in-depth understanding about cytotoxic
Nanoribbons effects of graphene nanostructures which can be functionalized by the proteins of media.

Protein corona © 2014 Elsevier B.V. Al rights reserved.

Cytotoxicity
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Fig. 1. (a) AFM image of GONRs aligned by a paint-brushing method on SisN4/Si(100} substrate, (b) height profile of the ribbons marked in the AFM image indicating a
thickness equivalent to the thick of a single-layer GO (~1 nm), and (c) FTIR, (d) C(1s) core level of deconvoluted XP, and (e) Raman spectra of the GONRs.
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Figure 2. a) Positive and b) negative TOF-SIMS spectra of GONRs.
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Fig. 3. 15% SDS-PAGE gel of HPS and FBS proteins obtained from GONR-protein
complexes free from excess plasma following incubation with human plasma at
various concentrations (both 10% and 100%). The molecular weights of the proteins
in the standard ladder are reported in terms of kDa on the left for reference.
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Fig. 4. i Viability (a) and mortality (b) of A549 cells after exposing to the protein corona-GONRs for 24 h. i Double-staining for Hoe 33342 (blue) and PI (red) in human
epithelial cells cultures exposed to the protein corona-GONRs for 24 h at different GONR concentrations: (a) 0 (control), (b) 10, (¢) 50, and (d) 100 pg/mL.



