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Abstract
In 2016, Rasool et al. first noted that Ti3C2 materials, with super antibacterial
properties, makes two-dimensional nanomaterials as one of the most promising
antibacterial nanomaterials into our focus. Gogotsi’s study revealed that MXene
materials have an ultrathin lamellar structure, and their antibacterial activity is
remarkably better than that of graphene oxide materials. In this test, Ti3C2-Ag complexes were prepared by addition of silver-ammonia solution based on two-dimensional
nano-Ti3C2 materials. Then antibacterial activity of the Ti3C2-Ag complexes against
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) was tested, antibacterial mechanism of the complexes was analyzed. This study found that the Ti3C2-Ag
complexes could reach an antibacterial activity of 98.38% against E. coli and 99.08%
against S. aureus. The antibacterial rate is positively correlated with silver content and
action time. Their antibacterial mechanisms mainly included: (1) physical cutting of
cell membranes by nanoscale sheets; (2) stimulating of oxidative stress response by
silver nanoparticles, etc. The above results demonstrate that Ti3C2-Ag is a promising
antibacterial material.
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1. Introduction
New Ti3C2 material and its synthesis method were first proposed by Professor Yury Gogotsi in 2011 [1], and the same
research group reported ultra-strong antibacterial property of Ti3C2 in 2016 [2], which is much stronger than that of graphene. The antibacterial property of Ti3C2 has attracted many microbiologists; moreover, due to strong modification ability
of rich groups on its surface, the surface modification of Ti3C2 has become a new scientific research boom [3]. In 2020,
Kaiyuan Zheng et al. developed a synergistic antibacterial agent via conjugation of ultra-small gold nanoclusters (AuNCs)
on nanosheets. Ravi P. Pandey reported a silver nanoparticle-modified Ti3C2 (Ag-MXene) film with more than 99% microbial inhibition rate against Escherichia coli (E. coli) [4]. Wei Wang et al. synthesized a novel copper oxide-anchored
Ti3C2 nanosheet with 97.4% antibacterial ability against Staphylococcus aureus (S. aureus) and 95.59% antibacterial
property against Pseudomonas aeruginosa [5].
Two-dimensional nanomaterials represented by the Ti3C2 complexes are triggering a global revolution in antibacterial
technology, and continue to develop rapidly. In this paper, Ti3C2-Ag complexes were prepared, and their antibacterial
ability was explored by studying the long-term antibacterial rate and antibacterial mechanism.
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2. Materials and Methods
2.1 Reagents
Single-layer Ti3C2 was purchased from Shandong Xiyan New Material Technology Co., Ltd.; silver nitrate (AgNO3)
solution was purchased from Sinopharm Chemical Reagent Co., Ltd.; and the test water was pure water (ddH2O).
2.2 Preparation and Purification of Ti3C2-Ag Material
Ti3C2 was diluted and stirred for 30 min to prepare Ti3C2 solution at 1 mg/mL concentration; AgNO3 solution was diluted to 0.01 mg/mL and sonicated for 10 min. According to the mass ratio of AgNO3 to Ti3C2, silver content was set to
12.5%, 25%, 37.5%, and 50%. The AgNO3 solution was dropped into the Ti3C2 solution at a rate of 0.8 mL/min, stirred for
30 min, centrifuged at 10,000 r/min for 5 min, and washed three times to obtain four composites, Ti3C2-Ag12.5%,
Ti3C2-Ag25%, Ti3C2-Ag37.5%, and Ti3C2-Ag50%, respectively.
2.3 Bacterial Information and Culture
Gram-negative bacteria: standard E. coli ATCC25922; Gram-positive bacteria: standard S. aureus USA300. The above
strains were stored by the laboratory.
2.4 Study on Antibacterial Mechanism
In this long-acting antibacterial test (E. coli and S. aureus) with different concentrations of Ti3C2-Ag, four materials,
Ti3C2-Ag12.5%, Ti3C2-Ag25%, Ti3C2-Ag37.5%, and Ti3C2-Ag50%, and a blank bacterial solution control were taken,
with the concentrations of the materials set at 100 ug/mL and 200 ug/mL. They were mixed well with 106 CFU/mL E. coli
or 106 CFU/mL S.aureus, placed for 2.5h, and diluted. Then the diluent was transferred to a constant temperature incubator
for incubation at 37℃ overnight to calculate bacteriostatic rate of the materials.
Calculation of antibacterial rate: antibacterial rate (100%) = (number of colonies in control group - number of colonies
in experimental group)/number of colonies in control group * 100%
Characterization of bacterial fluorescence by a confocal microscope: incubate E. coli in an incubator for 6 h, and then
pipette 1 mL and centrifuge it at 10,000 r/min for 5 min. After that, aspirate the supernatant for protein leakage experiment
(n = 3). Re-suspend the bacteria at the bottom of the centrifuge tube with 0.5 mL PBS, stain them for 15 min with 2 μL of
Syto-9 and PI, respectively, and then use confocal laser scanning (Leica TCS SP8 SR, German) photography equipment:
Canon camera (EOS 90D, Japan) for photographing.
Determination of bacterial protein leakage: take 200 ug/mL Ti3C2-Ag50% material and co-culture it with E. coli for 2.5
h, obtain the supernatant through high-speed centrifugation, extract the protein in it, and use a fluorospectrophotometer
(Shanghai Lengguang Technology Co., Ltd., F96-pro) for testing.
Determination of bacterial reactive oxygen species (ROS) level: take 200 ug/mL Ti3C2-Ag50% material to interact with
E. coli for 2.5 h. Then use a microplate reader (BIO-RAD, USA, model: iMark) in the fluorescence mode (excitation
wavelength: 488 nm, emission wavelength: 525 nm) to determine the bacterial ROS level (The relative fluorescence intensity of the probe was represented as the ROS levels of the bacteria).

3. Results and Discussion
3.1 Analysis of Bacteriostasis
The results showed that Ti3C2-Ag12.5%, Ti3C2-Ag25%, Ti3C2-Ag37.5%, and Ti3C2-Ag50% had good antibacterial
effect in the long-acting antibacterial test. At the concentration of 100 ug/mL, the bactericidal rates of the four materials
against E. coli were 93.56%, 94.45%, 95.67%, 97.45%, respectively and the bactericidal rates against S. aureus were
94.23%, 94.56%, 95.45%, 96.32%, respectively. At the concentration of 200 ug/mL, the bactericidal rates of
Ti3C2-Ag12.5%, Ti3C2-Ag25%, Ti3C2-Ag37.5%, and Ti3C2-Ag50% against E. coli were 97.67%, 97.45%, 96.45%,
98.08%, respectively; the bactericidal rates against S. aureus were 98.32%, 98.62%, 98.54%, 99.08%, respectively.
3.2 Characterization of Morphology Results
SEM in Figure 2a revealed that the bacteria (E. coli) in the control group had full morphology, smooth surface, and clear
structure; the bacteria in the Ti3C2-Ag groups were wrapped by a large number of MXene sheets, having almost destroyed
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cell membranes and cell walls and significantly shrunken morphology, and the cells lost their integrity. TEM in Figure 2b
displayed that the bacteria in the control group had normal morphology, smooth cell surface, intact structure, full cytoplasm, and clear flagella and cell bodies (E. coli); the bacteria in the Ti3C2-Ag groups were wrapped by a large number of
MXene sheets, showing a good adsorption capacity, the cell walls were destructed after inserted with some sheets, and the
cytoplasm lost integrity after rupture and was significantly exposed.
a

b
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S.aureus

Figure 1. (a) Antibacterial rate of E. coli for Ti3C2-Ag complexes; (b) Antibacterial rate of S. aureus for Ti3C2-Ag complexes.

a

b

Figure 2. (a) SEM map of bacteria after interaction with Ti3C2-Ag complexes; (b) TEM map.
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3.3 Fluorescence confocal map, protein leakage detection, intracellular ROS detection
The laser confocal test in Figure 3a showed overall antibacterial effect of the materials. After the Ti3C2-Ag complexes
reacted with bacteria, the bacterial integrity was destroyed and most of the bacteria died. The above confirmed that the
Ti3C2-Ag complexes had a strong antibacterial ability, and the composite nanomaterial could destroy the integrity of the
cells, which was similar to the results of electron microscopy.
The leakage test of cytoplasmic components using protein as a representative index in Figure 3b revealed that only 0.011
mg/mL protein was found in the control group, while 0.308 mg/mL was found in the Ti3C2-Ag group, which was significantly higher and close to 30 times that in the former group. The results indicated that Ti3C2-Ag had considerable damage
to bacteria and contributed to protein dissolution.
Bacterial ROS level in Figure 3c showed that Ti3C2-Ag caused severe damage to the bacterial structure and increased the
bacterial ROS level. After the bacteria were exposed to the nanomaterial for 2 h, the bacterial ROS level in the test group (E.
coli were treated with the nanomaterial at a concentration of 200 ug/mL) increased nearly 10-fold compared with that in the
control group. This showed that after contact with the bacteria, the nanomaterial can not only destroy the cell membrane
integrity through physical action, but also promote the occurrence of oxidative stress, thereby accelerating bacterial death
and exerting antibacterial efficacy.
b

a
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Figure 3. (a) Fluorescence confocal map; (b) Protein leakage after Ti3C2-Ag complexes and bacteria interaction; (c) Intracellular ROS
level after Ti3C2-Ag complexes and bacteria interaction.

4. Discussion
By completing the antibacterial test of Ti3C2-Ag complexes, we obtained: (1) in the concentration range of 100 ug/mL
and 200 ug/mL, the antibacterial rate gradually increased with the increase of concentration, but the increase was not very
large; (2) in the case of the same concentration, the antibacterial rate gradually increased with the increase of AgNPs
content, but the increase was not very large; (3) the bactericidal effect of Ti3C2-Ag materials on S. aureus was stronger than
that on E. coli.
The antibacterial mechanism of Ti3C2-Ag: (1) The composite Ti3C2-Ag is able to cover bacterial surface in a faster and
wider way since it is negatively charged on its surface and has a large specific surface area; (2) The composite Ti3C2-Ag, as
a two-dimensional nanomaterial, has a relatively sharp nano-edge, which can physically destroy cell walls and induce
bacterial death; (3) The composite Ti3C2-Ag is able to increase transmembrane permeability by surrounding bacterial
biofilm, thus resulting in the leakage of substances in bacteria such as proteins; (4) The composite Ti3C2-Ag can induce
oxidative stress in bacterial cells, especially, silver nanoparticles can promote the aggravation of oxidative stress in bacterial cells, thereby accelerating bacterial death.
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Taken together, the two-dimensional nanocomposite Ti3C2-Ag has a good and relatively clear antibacterial property,
which can serve as a new antibacterial material and a promising candidate in biomedical fields such as antibacterial new
materials, antibacterial drugs and antibacterial cloth. Meanwhile there are still many problems to be solved for Ti3C2-Ag
application in the biomedical fields, e.g., the biosafety of Ti3C2-Ag, which are also difficulties faced by two-dimensional
nanomaterial researchers in the future.
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