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A B S T R A C T

MXene phases are a member of the intriguing 2D material family, beyond graphene. They are good candidates
for many applications, however, their potential toxicity is of crucial importance for future development. Herein,
we present a simple, low-cost and fully green approach for controlling the potential cytotoxicity of 2D MXenes
after delamination by harnessing the interactions that occur between the surface of MXene phases and natural
biomacromolecule – collagen. We also demonstrate that the step-by-step adsorption and desorption of collagen
from the surface of 2D MXenes is easily controlled using in situ zeta potential measurements coupled with
dynamic light scattering (DLS) method. The obtained results demonstrated that the electrostatically driven
unprecedented susceptibility of the MXenes' surfaces to collagen. Surface-modification reduces toxicity of
MXenes in vitro i.e. adjust cells' viabilities as well as reduce their oxidative stress. This indicates enhanced
biocompatibility of 2D Ti3C2 and Ti2C MXenes surface-modified with collagen, which is involved in many bio-
interactions as important building blocks in the human body. The presented study opens new avenues for de-
signing MXenes with defined surface properties and paves the way for their future successful management in
nano-medicinal applications.

1. Introduction

Interactions that occur at the material-biological matrix interface
are of great importance for the development of new bioactive systems.
Understanding and controlling these mechanisms promote new appli-
cations e.g., in nanomedicine. In this regard, two-dimensional (2D)
materials are considered ideal for such a challenge due to their unique
capability to tune their properties. The family of 2D materials possesses
a large variety of compounds, among which carbides, nitrides and
carbonitrides of early transition metals (known as MXenes) phases are
the most promising. The name ‘MXene’ reflects stoichiometry Mn+1Xn

where n= 1, 2, 3 or 4, M is early transition metal from the periodic
table of elements, X is carbon or nitrogen [1–4]. In 2011 Nagiub, Go-
gotsi and Barsoum discovered the first Ti3C2 phase [1]. Since then, the
area of MXenes has rapidly expanded. MXene phases are obtained from

MAX phases [2,4] through chemical etching with concentrated hydro-
fluoric acid. The MXene phases contain such terminal groups as hy-
droxyl, oxygen or fluorine, which give them a hydrophilic character
[5–7]. These groups influence the surface properties of MXenes phases,
which define their application in various fields of science [8] and also
affect their toxicity in vitro [9,10] or potential ecotoxicity [11].
Nevertheless, certain MXene phases have been reported as good can-
didates in nanomedical applications [11–13].

The biological properties of MXenes relates to their carbon and/or
nitrogen content [14], which are the main building blocks of all living
organisms. Whereas, early transition metals such as Ti, Ta and Nb, are
stated as relatively inert [9,15–17], however, increasing reports suggest
their potential toxicity [9]. Therefore, in-depth studies seeking simple,
low-cost and green approaches for controlling their potential toxicity
are highly desirable.
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Nevertheless, the specific surface and unique charge of the MXenes
allows for property control via surface modifications i.e. using organic
macromolecules [18]. To date, several modifications of Ti3C2 phase
have been reported, such as glucose [19], dopamine [20] or tyrosine
[21] for biosensor applications. Furthermore, modification of Ti3C2

phase with hyaluronic acid [22] or polyethylene glycol (PEG) [9,23]
increases stability of nano-colloidal suspension. Nb2C phase was sur-
face-modified with PVP [17], whereas Ta4C3 phase was superficially
adjusted with soybean phospholipids [15] once again increasing sta-
bility. Recent reports have shown that different types of MXenes exhibit
various adsorption efficiency of albumins, such as lysozyme [24]. In
this paper, it is assumed that by using simple surface-interactions with
collagen, a major component of the extracellular matrix, the potential
toxicity of MXenes can be controlled. Collagen, a linear protein of he-
lical structure, plays a key role in the creation of tissues and organs as
well as their regeneration [25]. Moreover, it is an essential elastic
component of the skin, which allows rapid regeneration of wounds and

burns [26]. In nanomedicine, it allows ease of transportation into
human cells [27] due to its enhanced biocompatibility compared to
other natural biodegradable polymeric materials [28].

The unique features of MXenes make it applicable to the bio-
technological area. Accordingly, in-depth studies into new approaches
for controlling their potential toxicity by simple usage of interactions
between the surface of MXene phases and biomacromolecules are in
high demand. Moreover, this is also important for assessing their po-
tential toxicity and behavior in living systems. The present paper un-
iquely uses dynamic light scattering (DLS) and zeta potential methods
to examine the step-by-step adsorption of collagen on the surface of the
chosen MXenes (i.e. Ti3C2 and Ti2C) in its native aqueous environment
as well as analysis of its adsorption on cytotoxicity in vitro. In vitro
studies have allowed for a greater understanding of the interactions that
occur between collagen and MXenes. We also reveal the potential im-
pact of these interactions on the functioning of human cells in vitro.

Fig. 1. SEM images of acidic-etched Ti3C2 (A,B), Ti2C (E,F); delaminated 2D sheets of Ti3C2 (C) and Ti2C (G); HREM analysis of delaminated 2D sheets of Ti3C2 (D)
and Ti2C (H).
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2. Materials and methods

2.1. Synthesis procedure of delaminated 2D sheets of Ti3C2 and Ti2C

Delaminated 2D sheets of Ti3C2 and Ti2C MXene used for mea-
surements were obtained from the respective MAX phases Ti3AlC2 and
Ti2AlC. These phases were synthesized using the SHS method, as de-
scribed in our previous work [9]. The MAX phases using this approach
were expanded in concentrated 48% hydrofluoric acid for 24 h at room
temperature. The ratio of hydrofluoric acid to powder was 10 cm3 per
1 g. Then the obtained material was washed with distilled water to
neutralize the pH, followed by technical grade ethanol. The obtained
material was dried in the air overnight at room temperature. The ex-
panded structures were subjected to the delamination process, as de-
scribed in our previous work [24]. The process allows for obtaining
multilayered structures of 2D flakes. The first step of sonication using a
high Energy sonicator (Vibra Cell VCX750, 750 W, 20 kHz, Sonics &
Materials Inc.) was carried out in non-polar solvent – hexane, which
was used in a ratio of 50 cm3 per 1 g of powder. The post-reaction
mixture was centrifuged and dried in the air at room temperature.

2.2. Characterization of 2D flakes of Ti3C2 and Ti2C phases

The morphologies of 2D flakes of Ti3C2 and Ti2C phases were ana-
lyzed using scanning electron microscopy (SEM-LEO 1530, Zeiss, USA).
Prior to analysis the powder material was applied to a carbon tape, and
then coated with a carbon layer using an SCD 005 duster from BAL-TEC.
The morphology of each sample was tested at an accelerating voltage of
2.0 kV. The layered structure of the delaminated 2D Ti3C2 and Ti2C
MXene was examined using high-resolution transmission electron mi-
croscope (HREM, Philips CM 20). Before the measurement, the powder
samples were placed on CueC mesh.

Analysis of the specific surface area and pore structure was carried
out using the method of physical sorption of nitrogen using
Quadrasorb-SI equipment (Quantachrome Instruments, USA). Before
the measurement, the samples were degassed at 300 °C in vacuum for
24 h. The measurement was conducted at −195.8 °C in a liquid ni-
trogen bath. The specific surface area (SBET area) was determined using
the Brunauer, Emmett and Teller (BET) method, while the total pore
volume (VBJH) was calculated using the Barret, Joyner, and Halenda
approach described in ref. [27]. MXenes were also characterized using
the Tyndall effect with red laser light, which was diffusely reflected via
scattering by 2D MXene flakes suspended in distilled water.

2.3. Analysis of collagen adsorption

The distributions of the hydrodynamic diameters of the 2D flakes of
Ti3C2 and Ti2C phases unmodified and modified with collagen were
measured using the dynamic light scattering (DLS) method. The mea-
surements were carried out using the NANO ZS ZEN 3500 analyzer
equipped with a light scattering detector operating at an angle of 173°.
The samples were subjected to water solutions of 2D flakes Ti3C2 and
Ti2C phases at a concentration of 3.3∙10−5 g mL−1 modified with col-
lagen in different weight ratios of MXene to collagen (from 1:0 to
1:6.6). Three measurement series were conducted at 25 °C. This method
was also used to measure the zeta potential of 2D Ti3C2 and Ti2C
modified with collagen. The concentrations of the analyzed colloidal
solutions were the same as those of DLS measurements. The
Smoluchowski model was used to measure zeta potential. The mea-
surements were carried out at 25 °C and repeated 10 times. Due to

additionally verify the advancement of the assumed case of the study
over other currently used organic macromolecules, we performed the
verification study of the adsorption of L-glutamic acid, L-arginine, L-
lysine, L-tyrosine, L-aspartic acid, L-histidine, L-tryptophan, and also
glucose (the simple sugar-type) on the surface of Ti3C2 and Ti2C MXenes
in distilled water environment, using the zeta potential and DLS studies.
Result are presented in Supplementary Information in Figs. S1 and S2.
The verification assured us that the collagen can be successfully applied
for surface-modification of tested MXenes. Other molecules do not give
such direct response in the form of zeta potential changes. Going further
with verification, the study of step-by-step collagen adsorption on the
surface of Ti3C2 and Ti2C MXenes phases suspended in the phosphate
buffered saline (PBS) environment were also carried out. The obtained
results were presented in Supplementary Information (i.e., Fig. S3).

Zeta potential analysis as a function of pH was also performed. The
pH value for aqueous solutions containing 3.3∙10−5 g mL−1 MXene and
collagen in 1:1 ratio was changed from 4 to 11, with a step of 0.5. The
titrants were 0.1 M HCl and 0.1 M NaOH.

In order to perform qualitative analysis of the functional groups
present on the surface of unmodified and modified with collagen 2D
flakes of Ti3C2 and Ti2C MXene phases, Fourier transform infrared
spectroscopy (FT-IR) was used. The measurements were performed
using a Thermo Scientific FT-IR Nicolet iS5 Spectrometer, monitored in
situ using diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS). This method required that both 2D flakes of Ti3C2 and Ti2C
phases unmodified and modified with collagen in the weight ratio of
MXene to collagen 1:1 be mixed with dry KBr. The content of the tested
material in KBr was 2.5% by weight. The spectrum of each material
tested was performed for 60 scans. The computer program OMNIC,
Thermo Fisher, was used to analyze the data.

The absorption spectra of both the unmodified and modified with
collagen 2D flakes of Ti3C2 and Ti2C were generated using the UV–Vis
spectrometer model Evolution 220 (Thermo Scientific) in 220–1100 nm
range. The measurement parameters were: 0.3 s integration time, 1 nm
resolution, and 200 nm min−1 scanning speed.

2.4. Analysis of toxicity in vitro

In vitro cytotoxicity analysis was performed on unmodified and
modified with collagen 2D flakes of Ti3C2 and Ti2C phases against A375
(human skin malignant melanoma cells), HaCaT (human immortalized
keratinocytes), MCF-7 (human breast cancer cells) and MCF-10A
(mammary epithelial cells) - bioassays – tetrazolium viability tests
(MTT test). The cell lines were placed in a 96 well plate at a density of
1∙104 cells per well. The cells were then incubated for 24 h to ensure
adhesion to the surface. Subsequently, the cellular cultures were ex-
posed to MXenes dispersions in complete Dulbecco's Modified Eagle
Media (DMEM) or DMEM F-12 (dependent on the tested cell line)
medium (at 0–500 μg mL−1). The supernatant was removed and re-
placed with appropriate cell culture media, and the each tested material
was added to each well, followed by incubation at 37 °C for 1 h. A
control probe was also carried out without the participation of the

Fig. 2. Analysis of pure 2D Ti3C2 and Ti2C MXene sheets comprising nitrogen sorption isotherms (A) and distributions of pore sizes (B). Analysis of step-by-step
adsorption of collagen on the surface of 2D Ti3C2 and Ti2C MXene sheets comprising 2D sheets hydrodynamic diameters (C) and zeta potentials (D). Adsorption-
desorption studies of the dispersions of 2D sheets of MXene: collagen with 1:1 M ratio in distilled water in a function of pH (E). UV–Vis spectra (F) and FT-IR analysis
(G) of 2D sheets of Ti3C2 and Ti2C MXenes. Tyndall effect of 2D flakes of (I) Ti2C and (H) Ti3C2.

Table 1
The specific surface area and total pore volume of 2D flakes of Ti3C2 and Ti2C
MXenes.

Sample name SBET [m2/g] VBJH [cm3/g]

Ti3C2 86.78 0.128
Ti2C 93.08 0.118
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MXenes phase. In the next step, the cells were rinsed with buffer saline
without phosphates. Then 90% solution of MTT in ethanol was added
and the cells were incubated for 4 h. In the last step, the absorbance was
measured at 570 nm. To confirm the ROS level results obtained using
the MTT test, the additional measurements were carried out using a
flow cytometer. The results were presented in Supplementary
Information (Fig. S5, and S6). In addition, in order to verify the impact
of the environment on the stability of prepared colloidal systems,
measurements were also made for zeta potential and hydrodynamic
diameter (DLS method) for pristine flakes and surface-modified with
collagen in a 1: 1 ratio. Various biological media were considered such
as PBS, DMEM, and DMEM-F12. The results are presented in Tables S1,
S2 and Fig. S4.

2.5. Analysis of mechanism of toxicity

To determine the possible mechanism of cytotoxicity of the mod-
ified and unmodified MXene phases, the reactive oxygen species (ROS)
test was performed. This monitored the amount of intracellular ROS of
low-specific fluorescein i.e., 2′,7′-dichlorofluorescein diacetate (DCF-
DA, Sigma-Aldrich). After incubation for 24 h with MXene phases, the
cells were treated with DCF-DA solution for 30 min in the absence of
light. The supernatant was removed and replaced with 0.1% solution of
Triton-X™ (Sigma-Aldrich) (v/v) (100 μL per well). The cells were then
incubated with the surface-active solution for 1 h. Then, the fluores-
cence intensity at 530 nm was measured with the usage of multiwall
plate reader. The levels of ROS obtained for tested 2D Ti3C2 and Ti2C
samples were verified using flow cytometry. The obtained results are
shown in Supplementary Information (Fig. S4, S5, and S6).

3. Results and discussion

The morphologies of the HF-etched and delaminated Ti3C2 and Ti2C
MXene phases were examined using a scanning electron microscope
(SEM) (Fig. 1). Fig. 1A and B show the chemically etched structures of
Ti3C2, whereas Fig. 1E and F display the morphology of Ti2C. In all
cases MXene flakes sizes are generally below 20 μm, which is in
agreement with our previous works [24,29,30]. The delaminated form
of Ti3C2 and Ti2C MXenes (Fig. 1C and D, respectively) are typical for
2D MXenes delaminated using the approach of subsequent solvent
changing i.e. hexane and isopropanol [29]. Ti3C2 and Ti2C layered
structure of 2D sheets were also analyzed using high-resolution trans-
mission electron microscopy (HREM). HREM images presented in
Fig. 1D and H show the characteristic multilayered structure of Ti3C2

and Ti2C sheets, respectively, which are composed of ca. 6 single layers
with each sheet ca. 6 nm in thickness.

The analysis of the surface area and porosity of delaminated 2D
sheets of Ti3C2 and Ti2C MXene phases were performed in order to
assess the effective surface available for the adsorption of collagen
molecules. As shown in Fig. 2A, the shapes of the obtained isotherms
possess a similar planar structure with slit-shaped pores. The calculated
values of SBET and VBJH are summarized in Table 1, where the 2D flakes
of Ti2C phase display similar physical parameters compared to 2D
Ti3C2, with only 7% and 8% difference of SBET and VBJH, respectively.
Furthermore, pore size distribution has a similar shape (Fig. 2B), which
suggests comparable porous structures. In both examined materials, the
largest volume of pores is observed in the range of 3–10 nm.

After confirming similar surface area of 2D Ti3C2 and Ti2C available
for collagen adsorption as well as nano-colloidal characteristics by

observation of Tyndall effect (Fig. 2 H, I), dynamic light scattering
(DLS) and zeta potential techniques were applied for in-depth studies of
step-by-step adsorption. Our previous works confirms the stability of
colloidal 2D sheets of Ti3C2 and Ti2C MXenes in various water en-
vironments in a function of pH [27] as well as the possibility of surface
modification by model protein - lysozyme [24]. Herein, we examined
collagen modifications of the surface properties of tested MXenes by
DLS (Fig. 2C). An increase in collagen concentration of 2D Ti3C2 and
Ti2C did not affect the size of the hydrodynamic diameter i.e. both
materials oscillate between 600 and 800 nm, similarly to the effect of
lysozyme adsorption [24].

Analysis of zeta potential of colloidal suspensions of 2D Ti3C2 and
Ti2C is presented in Fig. 2D. Ti3C2 and Ti2C zeta potentials are negative,
which is in agreement with previous reports [24] and is associated with
the presence of such terminal groups as = O, eOH and eF, and TiO2

surface-passivation layer. Additionally, it should be noted that the
collagen particles possess a positive charge [31].

As shown in Fig. 2D, the addition of a small amount of collagen
dramatically influences the zeta potential value of 2D MXenes and
quickly changes its sign from negative [32] to positive. However, cer-
tain ratios of MXene to collagen allow crossing of the isoelectric point
(IEP) i.e. 1:0.878 and 1:0.083 of Ti2C and Ti3C2 sheets, respectively.
Importantly, the crossing of the IEP value explicitly corresponds to the
total coverage of 2D flakes of MXenes with collagen. As observed, Ti3C2

phase more efficiently adsorbs collagen compared to the Ti2C phase,
which is evident by the final value of the obtained zeta potential after
adsorption i.e. 2D Ti2C phase targeted 4 mV, whereas 2D Ti3C2 is c.a.
11 mV.

In the next step of the study, adsorption-desorption features of 2D
Ti2C and Ti3C2 MXenes were tested using zeta potential as a function of
pH. 2D flakes of Ti3C2 and Ti2C were first surface-modified with col-
lagen in a molar ratio of 1:1 and the zeta potentials recorded (Fig. 2E).
At first, the zeta potential value decreases to ca. −7 mV at pH ~10.7 in
both materials. At pH ~9.5, the zeta potential of the materials crosses
IEP and changes its sign, which is related to desorption of collagen from
the surface of the 2D MXene flakes.

The presence of collagen on the surface of 2D MXene sheets was
confirmed by UV–Vis analysis (Fig. 1F). The surface-modified samples
display a peak at ca. 270 nm, which is not present in unmodified
MXene. The intensity of this peak is greater for surface-modified Ti3C2,

which additionally confirms higher efficiency of collagen adsorption
compared to the Ti2C phase.

The presence of collagen on the surface of 2D flakes of the Ti3C2 and
Ti2C phases was further confirmed by FT-IR analysis. Pristine MXene 2D
flakes of Ti3C2 and Ti2C phases, pure collagen, and MXene flakes
modified with collagen in the ratio of 1:1 were analyzed. The results are
presented in Fig. 1G. In the case of surface-modified MXenes, peaks
derived from collagen are observed in the range of 1400–2360 cm−1.
The obtained results confirm that the Ti3C2 phase more effectively
adsorbs collagen in comparison to the Ti2C phase, which is in agree-
ment with the zeta potential studies (Fig. 1E). In the case of Ti3C2

phase, we observed higher peak intensities in its FT-IR pattern. More-
over, the intensity of peak of 2D Ti2C at ca. 2360 cm−1 is related to
collagen is considerably smaller.

By confirming the possibility of controlling collagen adsorption on
the surface of analyzed MXenes, biological studies were conducted in
order to investigate its influence on potential cytotoxicity of 2D Ti3C2

and Ti2C sheets. Previous reports have described the possibility of su-
perficial modification of graphene and its derivatives with collagen to

Fig. 3. MTT assay after 24 h exposure of HaCaT, A375, MCF-10A and MCF-7 cells to increasing concentrations of: 2D Ti3C2 (A,C) and 2D Ti2C (B,D) flakes modified
and non-modified with collagen. Production of reactive oxygen species (ROS) during 24 h incubation of HaCaT, A375, MCF-10A and MCF-7 cells with increasing
concentrations of: 2D Ti3C2 (E,G) and 2D Ti2C (F,H) flakes modified and non-modified with collagen. The star icon indicates samples that are significantly different
from the control (p≤ .05; t-Student test; p= .05; n= 3). ‘ref’ denotes non-modified 2D sheets of MXene, whereas ‘collagen’ denotes samples surface-modified with
collagen.
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provide higher affinity of biocompatible nanocomposite scaffolds to cell
cultures [31]. Herein, the biological activity of collagen-coated MXene
phases in relation to non-coated ones was evaluated in vitro using the
MTT viability test. The obtained results presented in Fig. 3A-D, clearly
show that the collagen modifications have a statistically important in-
crease on cellular survival compared to cultures exposed to pristine 2D
MXenes. What is more, the reduction in cell viability is negligible over a
relatively wide range of concentrations (1–125 mg L−1) suggesting that
the superficial layer of collagen provides satisfactory biocompatibility.
Such result is especially important in relation to the usage of potentially
harmful HF acid in the synthesis process. On the other hand, its influ-
ence is also negligible due to the fact that it was removed during
multiple cycles of washing before and after delamination. In order to
confirm the observed tendency, the level of intracellular ROS was
monitored using non-specific fluorescence dye (DCF-DA). The oxidative
stress, an effect of the production of highly cytotoxic ROS [9,12], is
considered as the main mechanism of MXenes mode of action. In other
cases, also the mechanical stress [34] or even surface oxidation [35]
can play a key role in its biological response. In comparison to cells
incubated with non-modified 2D MXenes, collagen coating decreases
ROS generation (Fig. 3E–H). Modification of the 2D MXenes reduces
toxicity in vitro i.e. adjusting cells' viability as well as reducing oxida-
tive stress. ROS reduction is highly noticeable especially for 2D Ti2C in
relation to breast cancer cells (MCF-7). What's more, the cytometric
assay (see Supplementary Information, Fig. S6) additionally confirmed
the higher ROS generation of collagen-modified MXenes towards can-
cerous cells. This indicates enhanced biocompatibility and targeting of
2D Ti3C2 and Ti2C MXenes surface-modified with collagen, which is
involved in many bio-interactions as important building blocks in the
human body.

4. Summary

The intriguing properties of MXenes makes them interesting can-
didates for many applications including biotechnological ones.
Furthermore, numerous reports have depicted their potential toxicity,
resulting in increasing demand for in-depth studies to discover a simple,
low-cost and green approach for controlling the potential toxicity of
MXenes. Our approach is considered completely environmentally be-
nign due to collagen being a natural biomacromolecule, which is in-
volved in many bio-interactions as important building blocks in the
human body. Furthermore, the present study uses a unique method
developed to gain a more in-depth understanding of the step-by-step
adsorption and desorption of collagen on the surface of chosen 2D
MXenes (i.e. Ti3C2 and Ti2C) after delamination. The method employs
in situ controlling of the zeta potential parameter coupled with DLS
method. Implementation of this approach reveals mechanistic interac-
tions that occur between collagen and MXenes.

We also investigated the effect of surface modification of 2D flakes
of MXenes with collagen on potential cytotoxic properties using in vitro
bioassays i.e. tetrazolium viability tests (MTT), which was performed
on human cell lines such as MCF-7, MCF-10, HaCaT, and A375. The
potential mode of action was tested using ROS assay.

To summarize the obtained results, the most important findings are
as follows:

1) We have developed a simple, low-cost and fully green approach for
controlling cytotoxicity of 2D Ti3C2 and Ti2C MXenes after delami-
nation. We take advantage of interactions that occur between the
surface of MXene phases and natural biomacromolecule – collagen.

2) Adsorption and desorption of collagen from the surface of 2D
MXenes is easily controlled step-by-step using zeta potential mea-
surements. The adsorption occurs in the positive branch of zeta-
curve.

3) The collagen easily desorbs from the surface of 2D MXenes in pH
over 9.5. Desorption is also controlled step-by-step using zeta

potential parameter, which occurs after crossing the IEP and pro-
gresses towards negative branch of zeta-curve.

4) The mechanism of interactions between 2D MXenes and collagen is
mainly electrostatic. Addition of a small amount of collagen to
suspensions of both tested 2D MXenes quickly changes the sign of
zeta potential from negative to positive, which also results in
crossing of IEP value.

5) Comparison of 2D Ti3C2 and Ti2C MXenes after delamination shows
their different susceptibility towards collagen. Surface adsorption of
collagen is more effective in the case of Ti3C2 phase, which is re-
flected in the results of zeta potential analysis, UV–Vis and FT-IR
spectroscopy.

6) Despite similar morphology and structure of both tested materials,
the surface properties of Ti3C2 and Ti2C phases differ in relation to
collagen adsorption abilities.

7) Surface-modification with collagen reduces the toxicity of MXenes
in vitro. The results of in vitro tests (MTT) show that the mod-
ification of 2D flakes of MXene phases with collagen statistically
increases cellular survival compared to the unmodified material.

8) Collagen-modified MXenes positively influence cells by reducing
oxidative stress. The results of in vitro tests (MTT) show that the
modification of 2D flakes of MXenes phases with collagen reduces
the generation of ROS in non-malignant cells together with its in-
tensification in cancerous ones.

Our studies reveal enhanced biocompatibility of 2D Ti3C2 and Ti2C
MXenes surface-modified with collagen, which is involved in numerous
bio-interactions as important building blocks in the human body. This
study provides a plethora of future possibilities for designing MXenes
with well-defined surface properties, and paves the way for their future
successful management of nano-medicinal applications.
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