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ABSTRACT: Two-dimensional (2D) nanomaterials have been widely used in biomedical applications because of their
biocompatibility. Considering the high risk of exposure of the circulatory system to Ti3C2Tx, we studied the cytocompatibility of
Ti3C2Tx MXene with red blood cells (RBCs) and human umbilical vein endothelial cells (HUVECs) and showed that Ti3C2Tx had
excellent compatibility with the two cell lines. Ti3C2Tx at a concentration as high as 200 μg/mL caused a negligible percent
hemolysis of 0.8%. By contrast, at the same treatment concentration, graphene oxide (GO) caused a high percent hemolysis of
50.8%. Scanning electron microscopy revealed that RBC structures remained intact in the Ti3C2Tx treatment group, whereas those in
the GO group completely deformed, sunk, and shrunk, which resulted in the release of cell contents. This difference can be largely
ascribed to the distinct surficial properties of the two nanosheets. In specific, the fully covered surface-terminating −O and −OH
groups leading to Ti3C2Tx had a very hydrophilic surface, thereby hindering its penetration into the highly hydrophobic interior of
the cell membrane. However, the strong direct van der Waals attractions coordinated with hydrophobic interactions between the
unoxidized regions of GO and the lipid hydrophobic tails can still damage the integrity of the cell membranes. In addition, the sharp
and keen-edged corners of GO may also facilitate its relatively strong cell membrane damage effects than Ti3C2Tx. Thus, the
excellent cell membrane compatibility of Ti3C2Tx nanosheets and their ultraweak capacity to provoke excessive ROS generation
endowed them with much better compatibility with HUVECs than GO nanosheets. These results indicate that Ti3C2Tx has much
better cytocompatibility than GO and provide a valuable reference for the future biomedical applications of Ti3C2Tx.

■ INTRODUCTION
In 2011, the discovery of MXenes, a family of two-dimensional
(2D) nanomaterials, sparked a research boom because of their
intriguing physical and chemical properties.1 MXenes are
composed of external transition-metal oxides/hydroxides and
internal transition-metal carbides, resulting in their good
electrical conductivity, high photothermal conversion effi-
ciency, and fluorescence imaging properties. Given these
characteristics and their high specific surface areas, MXenes
have been extensively studied in the fields of energy,2−4 storage
systems,5−7 electronic devices,8−11 electromagnetic shield-
ing,12−15 and water desalination/purification membranes.16−19

In addition, MXenes have been extensively studied for their

biomedical applications,20 including biosensing,21−27 antibac-
terial activity,28−32 drug delivery,33−35 tumor photothermal
therapy,36−40 artificial bio-synapse,41,42 and bioimaging.43−45

One of the most studied MXenes is Ti3C2Tx (T stands for
surface termination and represents functional groups such as
−O, −OH, and −F). For instance, Yan et al.41 have shown that
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Ti3C2Tx MXene microelectrodes perform well in recording
nerve activity. Zhang et al46 have reported that MXene-doped
fiber belts can be used as a near-infrared (NIR)-responsive
vitamin E carrier to promote wound healing in vivo. Mahmoud
et al.29 have demonstrated that Ti3C2Tx has good antibacterial
properties and is a potential antibacterial agent. Ahamed et
al.47 have illustrated the antifungal function of Ti3C2Tx. In
addition, Ti3C2Tx and other MXene materials have been
applied in the photothermal therapy of tumors owing to their
high photothermal conversion efficiency.39 Given their strong
optical absorption properties and excellent photothermal

conversion efficiency under a wide spectral region (e.g.,
ranging from ultraviolet to visible light to NIR), they show
high potential in treating diseases in deep tissues.39,40,48−54

Predictably, Ti3C2Tx and other MXene materials may offer
great promise in biomedicine.
However, research on the cytocompatibility of Ti3C2Tx is

still insufficient because of the high complexity of the response
of various cell lines to the stimulus of Ti3C2Tx.

55−57 For
instance, Ti3C2 nanosheets were reported to have a relatively
high cytocompatibility with HUVECs.58 Specifically, only at a
very high treatment concentration (500 μg/mL), they could

Figure 1. Characterization of Ti3C2Tx and GO nanosheets. (a) DLS intensity distributions. (b) AFM images; the inset shows the height maps of
the cross sections at the black lines. (c) SEM images.
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induce significant changes in the energy metabolism of
HUVECs, which was attributed to the injury of mitochondria.
However, Ti3C2 quantum dots showed higher cytotoxicity with
HUVECs.59 They can trigger serving cytotoxicity at a much
lower treatment concentration (100 μg/mL) via disruption of
autophagy. Interestingly, Ti3C2Tx nanosheets exhibited higher
toxic effects on cancerous cells (A549, A375, MCF7, and
HeLa) over normal cells (MRC-5, HaCaT, IMR90, MCF10A,
and human fibroblasts) due to their relative stronger capability
to provoke a higher intracellular ROS level and adhesion to cell
membranes of cancer cells.47,60,61 In addition, Ti3C2Tx
nanosheets demonstrated high cytotoxicity with primary neural
stem cells (NSCs) and NSC-derived differentiated cells.62 On
treatment at 25 μg/mL, they can elicit significant cytotoxicity
via the destruction of cell membranes. Ti3C2Tx nanosheets also
had high toxicity to human mesenchymal stem cells, when the
treatment concentration was larger than 50 μg/mL.63 Thus,
these uncertainties constitute some essential biosecurity
concerns.56,64

Considering the fact that the circulatory system may have a
high risk of exposure to Ti3C2Tx in many biomedical
applications, red blood cells (RBCs) are the most abundant

blood cells in the circulatory system and human umbilical vein
endothelial cells (HUVECs) are the dominant component of
the inner lining of major blood vessels. Thus, RBCs and
HUVECs are likely to be the first living components
encountered by nanomedicine injected intravenously into the
human body. Accordingly, we studied the compatibility of
Ti3C2Tx with RBCs and HUVECs and elucidated the
underlying mechanisms. Graphene oxide (GO) was set as
the control since it is a star 2D nanomaterial, which has been
most extensively used in bioapplications. Our results showed
that Ti3C2Tx was more compatible than GO with these two
types of cells, especially RBCs. The better cytocompatibility of
Ti3C2Tx than GO was mainly due to its better compatibility
with the cell membranes. Our findings provide important
references for possible safe biomedical applications of Ti3C2Tx
in the future.

■ RESULTS AND DISCUSSION
The structural properties of Ti3C2Tx nanosheets were
characterized using dynamic light scattering (DLS), atomic
force microscopy (AFM), X-ray diffraction (XRD), Raman
spectroscopy, and X-ray photoelectron spectroscopy (XPS)

Figure 2. Hemolytic activity of Ti3C2Tx and GO nanosheets. (a) Hemolytic properties of the two nanosheets were assessed by the colors of cell
supernatants when RBCs were treated with Ti3C2Tx and GO nanosheets at different concentrations (6.25−200 μg/mL). The (+) and (−) signs
indicate the positive and negative controls, respectively. (b) The percent hemolysis of each group of cells is shown in panel (a). The cells were
treated for 3 h.

Figure 3. Observation of RBC morphology. The RBC morphology was observed via (a) light microscopy and (b) SEM.

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.2c00154
Chem. Res. Toxicol. 2023, 36, 347−359

349

https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00154?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00154?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00154?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00154?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00154?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00154?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00154?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00154?fig=fig3&ref=pdf
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.2c00154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Figures 1 and S1−S3). GO nanosheets, typical 2D nanoma-
terials widely studied in the biomedical field, were set as the
control. Further characterization details about GO nanosheets
are provided in our previous literature.65 Water-dispersed GO
and Ti3C2Tx nanosheets displayed average hydrodynamic
diameters of 311.9 (Pdl: 0.367) and 188.6 nm (Pdl: 0.533)
by DLS; and, their ζ-potentials were 0.04 and −0.01,
respectively (Figure 1a and Table S1). AFM imaging (Figure
1b) revealed that the thicknesses of Ti3C2Tx and GO
nanosheets were ∼1.3 and 0.9 nm, respectively. However,
GO nanosheets had much more keen-edged corners than
Ti3C2Tx (Figure S4). SEM images (Figure 1c) exhibited well-
distributed Ti3C2Tx/GO nanosheets, where the morphology of
the flakes was observed. These data indicate that these two
types of nanosheets had several similar morphological
characteristics, such as lateral size, thickness, roughness, and
uneven shape, but with varying sharp degrees of corners. XPS
suggested that the surface-terminating groups of Ti3C2Tx
nanosheets should be mainly the −O and −OH groups
(Figure S3). However, the surface of GO nanosheets contains
C−O−C, −OH, −COOH, and C�O groups.65

RBCs are the most abundant blood cells in the human body
and are the first tissue encountered by nanomedicine injected
intravenously. Studying the biocompatibility of Ti3C2Tx and
GO nanosheets with RBCs, especially their impact on the
integrity of RBC membranes, is important to evaluate the
biomedical application of the materials. We conducted in vitro
hemolysis, a method commonly performed in previous

studies.66−68 As shown in Figure 2a, the supernatant of the
RBCs coincubated with Ti3C2Tx was clear and transparent,
whereas that of the RBCs coincubated with GO changed color
from light red to dark red as the GO concentration was
increased. As shown in Figure 2b, the percent hemolysis
increased rapidly as the GO concentration was increased. The
percent hemolysis of GO at 200 μg/mL concentration reached
50.8%, whereas that of Ti3C2Tx was only 0.8%. These results
confirm the excellent cytocompatibility of Ti3C2Tx with RBCs.
The results of the above hemolysis assay were verified using

light microscopy and scanning electron microscopy (SEM).
Under light microscopy (Figure 3a), the morphology of the
RBCs incubated with Ti3C2Tx nanosheets was similar to that
of the RBCs in the control group. However, the morphology of
the RBCs coincubated with GO was clearly different, showing
a flattened or irregular shape (as indicated by black arrows in
Figure 3a). In addition, SEM imaging (Figure 3b) confirmed
the findings of light microscopy�that the RBCs coincubated
with Ti3C2Tx nanosheets maintained their typical biconcave
disc shape (similar to the control group), but the edges of the
RBCs incubated with GO nanosheets were disrupted and had
severely deformed shapes. Microscopic observation results
showed that Ti3C2Tx nanosheets did not damage the RBC
membranes and had good cell membrane compatibility, which
can also explains their good RBC compatibility.
Then, we used all-atomic molecular dynamics (MD)

simulations to further unravel the interface behavior and the
underlying mechanisms between a Ti3C2Tx/GO nanosheet

Figure 4. (a, b) Representative trajectories of a Ti3C2Tx/GO nanosheet on a POPC membrane. Silver lines show phospholipids in POPC
membranes. P, Ti, C, O, and H atoms are shown in lime green, pink, cyan, O red, and white, respectively. The time evolution of (c) the atom
contact number and (d) the center-of-mass (COM) distance between Ti3C2Tx/GO and the membrane. (e) The electrostatic (elec) and vdW
interaction energies between Ti3C2Tx/GO and the membrane.
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and the cell membrane. Figure 4a,b shows the trajectories of a
Ti3C2Tx/GO nanosheet interacting with the POPC model

membrane. Clearly, within the simulation timescale of 300 ns,
Ti3C2Tx cannot insert into the membrane and destructively

Figure 5. HUVEC viability after Ti3C2Tx and GO treatments analyzed by the CCK-8 assay. HUVEC survival rates after incubation with different
concentrations of Ti3C2Tx and GO for (a) 24 h and (b) 48 h. Data are presented as mean ± s.d., n = 6 per group. *p < 0.05; **p < 0.01; and ***p
< 0.001 between groups by t-test.

Figure 6. HUVEC viabilities after Ti3C2Tx and GO nanosheet treatments analyzed by the LIVE/DEAD kit for (a) 24 h and (b) 48 h. (c) Cellular
apoptosis was measured by annexin V staining and flow cytometry. Data are represented as the mean ± s.d., n = 3. Scale bar = 100 μm.
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extract phospholipid molecules out of the membrane. This can
be confirmed by the time evolution of the atom contact
number and the center-of-mass (COM) distance between
Ti3C2Tx and the membrane because the two indexes only had
a very mild change over time. During the process, both the
electrostatic and van der Waals (vdW) interaction energies
decreased weakly, while the former declined apparently more
than the latter. In contrast, GO nanosheet can quickly
penetrate into the membrane and extract phospholipid
molecules from the membrane. At the early stage, the shape
corner on the unoxidized region (sp2 domain) first penetrated
into the membrane; then, more sp2 domain region inserted
into the membrane and was accompanied by the lipid
extraction from the membrane. At the end of the simulation,
the sp2 domain region was fully covered with lipid molecules;
however, only the partially oxidized region was covered with
lipid molecules. The interaction energy analysis demonstrates
that vdW interactions had a remarkable contribution to the

behaviors of the GO nanosheet on the membrane; while, the
electrostatic interactions had a relatively weaker contribution.
The observed interacting behaviors of GO nanosheet with the
membrane here are consistent with previous literature.69−71

The distinct behavior of the two nanosheets on the surface of
the membrane may partially arise from the difference in the
surface physical and chemical properties of the two nanosheets.
The surface of Ti3C2Tx is fully covered with the polar −O

and −OH groups showing high hydrophilicity,72 thereby
hindering its penetration into the highly hydrophobic interior
of the cell membrane. Although the surface of GO also
contains C−O−C, −OH, −COOH, and C�O groups, a large
area of unoxidized regions (sp2 domain) remains as illustrated
by the characterizations using ultra-high-resolution trans-
mission electron microscopy in several previous literature
studies.73−75 Specifically, Goḿez-Navarro et al.73 reported that
the unoxidized regions of GO can reach ∼60%. Therefore, the
strong direct vdW attractions coordinated with hydrophobic

Figure 7. ROS levels in HUVECs after 48 h incubation with Ti3C2Tx/GO nanosheets at 50 and 200 μg/mL. (a, b) The ROS level was measured by
flow cytometry. Data are represented as mean ± s.d., n = 3, **p < 0.01, ***p < 0.001 vs the control group by t-test. (c) Representative micrographs
of HUVECs for the detection of intracellular ROS. Blue: cell nuclei stained by Hoechst 33342 dye; green: DCF fluorescence generated from the
oxidization of nonfluorescent DCFH by ROS. (d) Fluorescence imaging of JC-1 staining after Ti3C2Tx/GO nanosheet treatment. Blue: cell nuclei
stained by Hoechst 33342 dye; red and green: mitochondrial membrane potential as determined by JC-1 staining. If MMP depolarizes, JC-1
becomes a monomer (green); if it polarizes, it becomes a polymer (red). Scar bar: 100 μm.
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interactions between those unoxidized regions with the lipid
hydrophobic tails can still destroy the cell membrane.69,76 In
addition, the keen-edged corners of GO nanosheets should
also facilitate their cell membrane damage effects, promoting
hemolytic activity (Figure S4). The important role of these
sharp corner sites in assisting GO nanosheets to penetrate cell
membranes had been thoroughly illustrated previously by
combining multiscale modeling and imaging experiments.71

We further studied the cytocompatibility of Ti3C2Tx to
HUVECs. To quantify the cytotoxicity of Ti3C2Tx and GO
nanosheets, we first used the cell counting kit-8 (CCK-8) assay
to analyze the effects of the two nanomaterials on the cell
viability of HUVECs (Figure 5). In general, the cell viability
negatively correlated with the incubation time and treatment
concentration of the two nanomaterials, but Ti3C2Tx nano-
sheets showed much better cytocompatibility than GO under
the same conditions. For instance, at the concentration of 200
μg/mL for 24 h, the cell viability was ∼83.7% in the Ti3C2Tx
nanosheets treatment group and 71.6% in the GO nanosheet
treatment group (Figure 5a,b). When the treatment concen-
tration of two nanosheets was further increased even to 600
μg/mL, the viability for cells treated with Ti3C2Tx nanosheets
was still much higher than that treated with GO nanosheets
(∼62.5% vs ∼25.6%) (Figure S5). In addition, as the treatment
duration time was extended to 48 h, the cytotoxicities caused
by Ti3C2Tx and GO also both elevated; at 200 μg/mL, the
viability of HUVECs decreased to ∼67.7% under Ti3C2Tx
treatment and to ∼47.2% under GO treatment. The cell
viability performance of Ti3C2Tx nanosheets toward HUVECs
here was qualitatively consistent with the findings by Zhang et
al.58 All of these results pronounced that Ti3C2Tx nanosheets
had decent cytocompatibility with HUVECs under the
conditions.
The mortality of HUVECs after treatment with Ti3C2Tx and

GO nanosheets was evaluated using the LIVE/DEAD kit to
verify the above results. As shown in Figure 6, the appearance
of the dead cells (red dots) increased with the incubation time
and treatment concentration of the two types of nanosheets.
Thus, the cell mortality caused by the two nanosheets was
dependent on treatment duration and dose. Moreover, the
density of detected red signals in the Ti3C2Tx nanosheet
treatment group was much milder than that in the Ti3C2Tx
nanosheet treatment group under the same conditions (Figure
6a,b). At the highest treatment concentration of 200 μg/mL,
the percentage of dead cells in the Ti3C2Tx group increased
from ∼1.2 to ∼3.6% as the treatment time was prolonged from
24 to 48 h. By contrast, the value increased from ∼3.9 to
∼11.9% in the GO nanosheet treatment group (Figure 6a,b).
In addition, the apoptosis results obtained from flow cytometry
using annexin V/propidium iodide were consistent with LIVE/
DEAD staining results. Results showed that GO nanosheets
indeed induced more apoptosis events than Ti3C2Tx nano-
sheets on HUVECs (Figure 6c). Therefore, these results
collaborated that Ti3C2Tx nanosheets had much lower
cytotoxicity than GO nanosheets with HUVECs.
We then measured the cellular uptake of two nanosheets

using the side scattered light (SSC) assay. At equal treatment
concentrations, GO nanosheets had a higher cellular uptake
rate than Ti3C2Tx (Figure S6). SEM imaging results
demonstrated more GO nanosheets adhering to the cell
membrane surfaces (Figure S7). In addition, GO nanosheets
exhibited a relatively strong capability of damaging the
integrity of cell membranes. Next, the intracellular reactive

oxygen species (ROS) levels were detected because of their
importance in inducing cytotoxicity by many nanomateri-
als.77,78 Excessive production of ROS can induce cell damage
via various mechanisms, such as interacting with and
destroying cellular proteins, DNA, and lipids or affecting
normal cellular signaling pathways, the integrity of the
mitochondrial inner membrane, and gene regulation. The
present results showed that Ti3C2Tx nanosheets show a very
weak capacity to cause the generation of extra intracellular
ROS as compared with the control group even when the
treatment concentration was increased to 200 μg/mL (Figure
7a,b). By contrast, GO nanosheets indeed provoked the
generation of high-level ROS (Figure 6a,b), which agreed very
well with previous literature.65,77,78 In specific, the intracellular
ROS level induced by GO nanosheets was about 2-fold that
induced by the control and Ti3C2Tx nanosheets at a
concentration of 200 μg/mL and duration of 48 h (p < 0.01;
Figure 7b). These results were further validated by the
fluorescence microscope observations (Figure 7c, top and
middle panels).
We further probed the depolarization status of the

mitochondrial membrane potential (MMP) because it is an
important indicator for the early apoptosis induced by ROS or
other factors. The mitochondrion is a vital organelle for energy
production and an important target of cellular oxidative
damage.79 When the mitochondrial inner membrane is
destroyed under some external stimuli (e.g., peroxide by
ROS), depolarization and the outflow of proapoptotic factors
from the mitochondrion occur.80 As shown in Figure 7d, the
mitochondria in the control and Ti3C2Tx nanosheet treatment
groups showed red fluorescence signals, suggesting a normal
MMP status. Consequently, Ti3C2Tx nanosheets only had a
very limited capacity to stimulate ROS generation, which
improved their cytocompatibility. By contrast, extensive green
fluorescence signals were detected in the cells after treatment
with GO for 48 h, which indicated that GO-provoked ROS
severely disrupted the mitochondrial inner membranes, thus
inducing MMP depolarization and, eventually, cell apoptosis.
Moreover, we also performed an impurity analysis of GO
nanosheets, and the results showed that few sulfate and
manganese groups can be detected in the original GO
suspension (Figure S8). However, before treating cells, the
original GO suspension (13.3 mg/mL) must undergo ∼66- to
∼532-fold dilution to the concentration of 200 μg/mL to 25
μg/mL, resulting in these impurities also undergoing at least
66-fold dilution. That said, impurities should not be a critical
reason for the cytotoxicity of GO here.

■ CONCLUSIONS
In this study, we investigated the cytocompatibility of 2D
Ti3C2Tx MXene with RBCs and HUVECs and showed that
Ti3C2Tx had excellent compatibility with RBCs. Even when the
Ti3C2Tx treatment concentration was as high as 200 μg/mL,
the percentage of hemolysis caused by Ti3C2Tx was still
negligible (only 0.8%). By contrast, under the same treatment
concentration, the percent hemolysis caused by GO reached
50.8%. The morphological observation indicated that Ti3C2Tx
had better compatibility with the cell membranes and had
nearly no effect on the integrity of the cell membranes when
compared with GO. By contrast, GO caused extremely severe
deformation, depression, and shrinkage of the cell membranes,
causing the release of cellular contents. In addition, Ti3C2Tx
had much better compatibility with HUVECs than GO.
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The excellent cell membrane compatibility of Ti3C2Tx
nanosheets over GO nanosheets can be largely attributed to
their more hydrophilic surface. For instance, the dominating
surface-terminating groups of Ti3C2Tx nanosheets are −O and
−OH groups, thus increasing their adsorption onto the surface
of the cell membrane through electrostatic or hydrogen
binding interactions with the polar head group of membrane
lipids. By contrast, the strong direct van der Waals attractions
coordinated with hydrophobic interactions between the
unoxidized regions of GO nanosheets and the lipid hydro-
phobic tails disrupted the cell membranes. On the other hand,
these sharp corners on GO nanosheets also strengthen their
cell membrane damage effects. Therefore, the excellent cell
membrane compatibility of Ti3C2Tx nanosheets and their
ultraweak capacity to provoke the generation of excessive ROS
endowed them with much better compatibility with HUVECs
than GO nanosheets. In addition, previous literature studies
have experimentally and theoretically demonstrated that serum
protein coatings can alleviate the cytotoxicity of GO by
lowering its cell membrane penetration capability.70,81 This
also suggests that in the presence of serum proteins, Ti3C2Tx
may also be able to form protein corona, and thus, the cell
membrane compatibility of Ti3C2Tx may further be relieved.
It should be emphasized that in vitro compatibility

assessments are usually an initial step to evaluate the toxic
effects of nanomaterials. Though these cell-based assays
suggest that Ti3C2Tx nanosheets have decent compatibility
toward RBCs and HUVECs, the much-complicated in vivo
toxicity still needs to be thoroughly examined. Because there
are several previous literature studies that have demonstrated
that different cell lines show distinct tolerance to the treatment
dose of Ti3C2Tx nanosheets.47,60−63 The biodistribution of
Ti3C2Tx nanosheets also needs to be clearly identified when
they were administered into the body by different routes. In
addition, Ti3C2Tx nanosheets can be degraded to small species
(e.g., titanium dioxide, carbon, and other small species) via
oxidation reaction with oxidizing agents, when exposed to air,
water, or organic solvents.27,72,82−88 This suggests that the
biotransformation of Ti3C2Tx nanosheets in physiological
environments and its potential risk to the body also should
be considered. On the whole, our findings provide an early
glimpse into the cytocompatibility of Ti3C2Tx MXene with
RBCs and HUVECs, offering some useful references for the
safe use of this material in biomedical applications in future.

■ MATERIALS AND METHODS
Materials and Characterizations. Ti3C2Tx nanosheets were

obtained from Nanjing MKNANO Tec Co., Ltd. (Nanjing, China).
GO nanosheets were obtained from Timenano (characterization
details are provided in our previous literature65). HUVECs were
purchased from American Type Culture Collection (ATCC).
Dulbecco’s modified Eagle’s medium (DMEM; cat#11965092),
penicillin/streptomycin solution (P/S; cat#15140122), L-glutamine
(cat#25030149), nonessential amino acids (cat#11140050), and
0.25% trypsin−EDTA solution (cat#25200056) were obtained from
Gibco, Thermo Fischer Scientific (CA). Cell counting kit-8 (CCK-8,
cat#ck04) was purchased from Dojindo Molecular Technologies Inc.
(Kumamoto, Japan). Live/dead kits (cat#l3224) were from Life
Technologies Corporation (Carlsbad, CA). Dulbecco’s phosphate-
buffered saline (PBS; cat#c0021a), fluorescent dye 2′,7′-dichloro-
fluorescin diacetate (DCFH-DA, cat#S0033M), and JC-1 kit
(cat#C2006) were purchased from Beyotime Biotechnology (Shang-
hai, Chian). Calcein-AM and ethidium homodimer-1 (LIVE/DEAD
kit, cat#l3224) were purchased from Invitrogen. Annexin V apoptosis
detection kit (cat#88-8005-74) was from eBioscience (CA).

The thicknesses of Ti3C2Tx and GO were observed via AFM (Icon,
Germany) in tapping mode, and the height of the sample was
analyzed. Hydrodynamic diameters, dispersity, and ζ-potentials were
measured using a dynamic light scattering (DLS) instrument
(Zetasizer Nano ZS90, Malvern). The chemical composition and
structure of Ti3C2Tx were investigated via Raman spectroscopy and
XPS. The XRD patterns of Ti3C2Tx nanosheets were generated from a
Shimazu XRD-6100 X-ray diffractometer (Japan). Raman patterns of
Ti3C2Tx nanosheets were obtained from a Renishaw inVia laser
confocal Raman spectrometer (U.K.). XPS spectra of Ti3C2Tx
nanosheets were obtained on an X-ray photoelectron spectrometer
(EscaLab 250Xi, Thermo Fisher Scientific).

In Vitro Hemolysis Assay. Fresh blood obtained by removing the
eyeballs of C57BL/6J mice was collected in an Eppendorf tube
prerinsed with heparin and then transferred to a 10 mL centrifuge
tube containing 5 mL of physiological saline for mixing before
centrifugation at 800 rpm for 5 min to collect RBCs (the supernatant
was discarded). All animal experiments were reviewed and approved
by the Animal Ethics Committee of Soochow University. The RBCs
were washed in physiological saline and further centrifuged until the
supernatant turned clear and transparent. The washed RBCs were
prepared into a 4% RBC suspension with physiological saline and
mixed with an equal volume of Ti3C2Tx or GO at different
concentrations to obtain a mixed solution of RBCs and Ti3C2Tx or
GO at a final concentration of 6.25−200 μg/mL. An RBC suspension
treated with physiological saline was used as a negative control, and an
RBC suspension treated with ultrapure water was used as a positive
control. The RBC suspensions in different groups were placed on a
metal bath and incubated at 37 °C and 600 rpm for 3 h. After
centrifugation at 1500 rpm for 3 min, the RBC morphology of each
group was photographed. In addition, 100 μL of each supernatant was
placed into a 96-well microplate to obtain the absorbance at 540 nm
using a microplate reader (Bio-Tek Instruments, Synergy NEO) and
to analyze and calculate the percentage of hemolysis. The percentage
of hemolysis was calculated as follows

=

×

i
k
jjjjj

y
{
zzzzz

percent hemolysis (%)

(sample abs 540 nm negative control abs 540 nm)
(positive control abs 540 nm negative control abs 540 nm)

100 (1)

RBC Morphology Observed under Light Microscopy. The
RBC pellet in each group after centrifugation in the above experiment
was collected and resuspended in 1 mL of normal saline. The
resuspended RBCs (10 μL) were dropped onto a glass slide (24 × 64
mm2) and covered with a glass coverslip (24 × 32 mm2) for
morphological observation and photographing under a light micro-
scope (Olympus, Tokyo, Japan).
RBC Morphology Observed under SEM. The RBC pellet in

each group after centrifugation in the above experiment was collected
and resuspended in 1 mL of 2.5% glutaraldehyde to fix the cells
overnight at 4 °C. After washing the cells in ultrapure water three
times (5 min) the next day, the cells were dehydrated through a series
of ethanol solutions (30, 50, 70, 80, 90, 95, and 100%) for 10 min
each. After dehydration, the RBCs were resuspended in 1 mL of tert-
butanol, frozen at −20 °C for 20 min and then placed in a freeze
dryer. The morphology of RBCs was observed under an SEM
(Quanta 200FEG, FEI).
CKK-8 Viability Assay. The HUVECs in the logarithmic growth

phase were trypsinized and plated at 5 × 103 cells per well in 96-well
plates and cultured in complete DMEM containing 10% FBS. The
edges of the 96-well plates were sealed with sterile PBS. After 24 h
incubation, HUVECs reached ∼80% confluence. Subsequently,
HUVECs were incubated with different concentrations of Ti3C2Tx
or GO (25, 50, 100, and 200 μg/mL) in serum-free DMEM for 24 or
48 h, and then, the cells were washed three times using PBS. The
CCK-8 assay was performed according to the manufacturer’s
instructions. A microplate reader (Bio-Tek Instruments, Synergy
NEO) was used to obtain the absorbance (optical density, OD) of
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cells in different groups at 450 nm to calculate the viability according
to the following equation

= ×
i
k
jjjjj

y
{
zzzzzcell viability

OD OD
OD OD

100test blank

control blank (2)

where ODtest refers to the absorbance of the cells exposed to the
nanomaterial sample, ODcontrol refers to the absorbance of the control
sample, and ODblank refers to the absorbance of the blank well. Each
sample was tested in six replicates.
Live/Dead Assay. The HUVECs were plated at a density of 5 ×

103 cells per well in six-well plates and cultured in complete DMEM
containing 10% FBS. When confluence reached ∼80%, the HUVECs
were incubated with Ti3C2Tx or GO (50, 200 μg/mL) in serum-free
DMEM. Ti3C2Tx and GO samples were dispersed into the
concentration of 1000 μg/mL with sterile water and ultrasonicated
for 30 min before use. All samples were diluted to concentrations of
25, 50, 100, and 200 μg/mL using FBS-free DMEM before adding
them to the cell culture. After being incubated for 24 or 48 h, the
medium was aspirated and replaced with fresh medium containing
calcein-AM and ethidium homodimer-1 at a concentration of 1 μg·
mL−1 and placed in a humidified incubator at 37 °C and 5% CO2 for
30 min. Images were taken by fluorescence microscopy (Leica DMi8,
Germany). Approximately 300 cells were counted in both live and
dead images. Live/dead experiments were performed as three
independent exposures for each treatment medium.
Apoptosis Assay. HUVECs were seeded in six-well plates and

cultured under the same condition as the live/dead assay. After being
incubated with Ti3C2Tx or GO (50, 200 μg/mL) for 48 h, the cells
were washed with PBS and added with Annexin V-FITC/PI following
the protocol. Apoptosis was analyzed by flow cytometry (BD FACS
Verse). The apoptosis ratio was analyzed by Flowjo V10 software.
Assay of Intracellular ROS. The intracellular ROS level was

detected by the oxidant-sensitive fluorescent dye 2′,7′-dichlorofluor-
escin diacetate. DCFH-DA as a nonfluorescent compound can be
freely taken up by cells and oxidized to its fluorescent form (2′,7′-
dichlorofluorescin, DCF), thereby indicating the level of intracellular
ROS. In this study, the HUVECs were exposed to Ti3C2Tx or GO
nanosheets (50, 200 μg/mL) in serum-free DMEM for 48 h, stained
with DCFH-DA following the protocol with the kit, and then
analyzed with flow cytometry (BD, FACS Verse). For the
fluorescence imaging of DCF and Hoechst 33342, images were
captured under a fluorescence microscope (Leica, DMi8, Germany).
MMP Detection. Changes in the mitochondrial membrane

potential elicited by Ti3C2Tx/GO nanosheets were detected using a
JC-1 kit, which was processed following the protocol. In brief,
HUVECs were seeded in six-well plates and cultured under the same
condition as the live/dead assay. After being exposed to Ti3C2Tx/GO
nanosheets for 48 h, the HUVECs were stained with the JC-1 reagent
for 20 min and washed with JC-1 buffer (1×). The cells were then
imaged using a fluorescence microscope and imaging system (Leica,
DMi8, Germany).
Statistical Analysis. Data are presented as the means ± standard

deviation (SD) of three parallel experiments. Statistical analysis
software SPSS 24.0 (SPSS Inc., Chicago, IL) was used to perform
Student’s t-test. Significance was considered at *p < 0.05, **p < 0.01,
and ***p < 0.001.
MD Simulations. MD simulations were performed to study the

interface behavior and the underlying mechanisms between Ti3C2Tx/
GO nanosheets and cell membranes. MD simulation is a powerful
theoretical method, which has been widely and successfully applied in
various investigations on the nano−biomolecules interface inter-
actions. Here, the RBC membrane was molded with 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) because the population
of phospholipids with phosphocholine head groups is higher than
85% in the entire molar lipid content on the outer membrane leaflet
of RBCs.

The size of the model Ti3C2Tx/GO nanosheet was 5.0 nm × 4.7
nm/5.0 nm × 4.8 nm, respectively. The model and force field
parameters of Ti3C2Tx were obtained from a previous study.89 In the

GO nanosheet, the mole ratio of epoxy/oxhydryl/carboxyl was 2:2:1.
The force field parameters of the GO nanosheet were also taken from
a previous literature study.69 The POPC membrane containing 214
lipids has a lateral size of 7.87 × 7.87 nm2. The complex of each
system was dissolved in a water box (7.87 nm × 7.87 nm × 16.0 nm).
To mimic the physiological environment, 0.15 M NaCl (including 90
Na+ and 90 Cl−) was added to the system. All MD simulations were
performed with the software package GROMACS (version 2019).90

VMD software (version 1.9.3)91,92 was adopted to visualize the
simulation results. The CHARMM3693,94 force field and TIP3P95

water model were adopted for POPC molecules and water molecules,
respectively. The v-rescale thermostat method was adopted to
maintain the simulation temperature at 300 K.96 The pressure was
coupled at 1 atm by the semi-isotropic Parrinello−Rahman barostat
method.97 The periodic boundary condition was applied to all
systems. The particle mesh Ewald method was used to calculate the
long-range electrostatic interactions.98 The vdW interactions were
treated with a cutoff distance of 1.2 nm. All valence solute bonds were
maintained constant at their equilibrium values with the LINCS
algorithm.99 Each system was first energy-minimized using the
steepest descent minimization algorithm and pre-equilibrated for 10
ns with restraints applied to the nanosheet positions of the
nanosheets. Afterward, 300 ns of data-production simulations were
conducted in the isothermal−isobaric (NPT) ensemble. The timestep
was set to 2.0 fs, and simulation data were collected every 1 ps.
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