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ABSTRACT 

Antibacterial properties of two-dimensional (2D) nanomaterials are of great interest in 

fields such as environmental engineering, biomedical engineering and medicine. Ti3C2Tx MXene, 

a novel 2D nanomaterial, has been reported to have excellent antibacterial activity against both 

Gram-negative and Gram-positive bacteria. This paper presents the first study aimed at 

determining the primary antibacterial mode-of-action of the MXene. We studied the antibacterial 

properties of MXene nanosheets with lateral sizes of 0.09, 0.35, 0.57 and 4.40 µm against 

Escherichia coli and Bacillus subtilis bacteria for 3 and 8 hours in the dark. Quantitative analyses 

of bacteria species performed with complementary techniques, fluorescence imaging and flow 

cytometry, confirmed that the antibacterial activity of the MXene nanosheets is both size- and 

exposure-time-dependent. Smaller nanosheets showed higher antibacterial activities against both 

bacteria. For the first time, we applied broth microdilution assay to determine whether direct 

physical interactions between the MXene nanosheets and bacteria cells play a part in antibacterial 

properties on the nanosheets. Growth kinetics measurements evidently indicate that direct physical 

interactions between the sharp edges of the nanosheets and bacteria membrane surfaces play a 

crucial part in antibacterial properties of the nanosheets. The MXene nanosheets were found to 

damage the bacterial cells significantly in less than 3 hours, leading to the release of bacteria DNA 

from the cytosol followed by bacteria cell dispersion. These results point to the great potential of 

MXene-based antibacterial products for water treatment, medical, and biomedical applications. 
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INTRODUCTION 

Antimicrobial resistance lowers the effectiveness of bactericidal compounds. Because of 

this ongoing problem along with the antimicrobial side effects, there is a strong demand for the 

development of innovative compounds that can target microbial pathogens selectively and 

efficiently 1–7. To this end, nanomaterials with biocidal properties (e.g., silver-based 

nanomaterials) 8–15 have been studied for environmental and biomedical applications such as 

wound infection healing 16–19, water treatment 20,21, textile fabrics 22, and foodstuffs 23,24. 

Due to their outstanding antimicrobial properties, two-dimensional (2D) nanomaterials 

have received a lot of attention 25–31. Among 2D nanomaterials, antibacterial properties of 

graphene-based nanomaterials have been studied most 27,32–40.  In addition to graphene-based 

materials, molybdenum disulfide (MoS2) nanosheets have displayed excellent antibacterial activity 

16,17,25,41–43. Specifically, functionalized exfoliated MoS2 have exhibited highly effective bacterial 

growth inhibition against Staphylococcus aureus and Pseudomonas aeruginosa, in which 

oxidative stress and fast membrane depolarization were found to be the most probable bactericidal 

mechanisms 44. A better understanding of the primary antimicrobial mode-of-action (MoA) of a 

nanomaterial allows for tailoring the antibacterial activity of the nanomaterial. Previous studies 

compared various parameters that may play a part in potential antimicrobial properties of 

graphene-based nanomaterials 27,32–37,45. For example, oxygen-containing functional groups of 

graphene oxide (GO) contribute significantly to the antibacterial activity of GO 34–37.  

In contrast to graphene-based nanomaterials, so far there have been only two studies on the 

biocidal activity of Ti3C2Tx MXene nanosheets 46,47. It was speculated that sharp edges of MXene 

nanosheets damage bacterial membranes, resulting in bacteria death 47, and smaller nanosheets 

may infuse into the microorganisms via endocytosis or direct physical penetration.  

This work was aimed to study the primary antibacterial MoA of Ti3C2Tx MXene 

nanosheets against both Gram-negative and Gram-positive bacteria. Understanding the MoA will 

allow for developing minimally-toxic antibacterial agents for medical and biomedical purposes. 

Our hypothesis was that the bacterial cell wall is damaged by the sharp edges of the MXene, 

leading to the loss of membrane integrity and eventually bacteria death. To evaluate our 

hypothesis, the antibacterial activity of 100 g/ml colloidal solutions of Ti3C2Tx MXene 

nanosheets with average lateral sizes of 0.09, 0.35, 0.57 and 4.40 m was evaluated. If sharp edges 

of the nanosheets contribute significantly to damaging the membrane integrity of bacteria, then 
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smaller nanosheets should have higher antibacterial activity. We evaluated the antibacterial 

activity against Bacillus (B.) subtilis and Escherichia (E.) coli. To ensure that only the MXene 

contributed to the observed antibacterial activity, the bacteria was incubated with the nanosheets 

in the dark and the experiments were carried out at conditions that minimized the contributions of 

factors such as osmotic shock and mechanical force. The incubation in dark minimized 

contributions of oxidative stress (i.e., mainly reactive oxygen species (ROS)-dependent oxidative 

stress) to the observed antibacterial activity 48,49. In this study, we applied more quantitative 

techniques and approaches than in previous studies on MXenes and other 2D materials, to shed 

light on the MoA. We applied broth microdilution assay 50 to determine whether direct physical 

interactions between the Ti3C2Tx MXene nanosheets and the bacteria cells play a part in 

antibacterial properties of the nanosheets. Additionally, to characterize the antibacterial properties 

of Ti3C2Tx MXene in a well-quantitative manner, we used the flow cytometry (FC) technique 51–

53, in which SYTO9 fluorescence enhancement in SYTO9-DNA intercalation was exploited to 

remove the interference of the nanosheets from bacteria cells in the FC measurements (i.e., SYTO9 

is a green fluorescent nucleic acid stain for staining bacteria cells). Fluorescence imaging (FI) was 

also used as a complementary technique to visually confirm the FC results. Our results indicated 

that the antibacterial activity of the MXene nanosheets are both size- and time-dependent; that is, 

smaller sizes of the nanosheets result in the release of bacteria cytoplasmic DNA and eventually 

dispersion of the bacteria envelope.  

RESULTS AND DISCUSSION 

Physical Interactions between MXene and Bacteria  

Bacteria growth kinetics was monitored using optical density (OD) measurements of 

bacteria suspensions at 600 nm (i.e., OD600=0.1 is equivalent to 108 cfu/ml) 54–60 to examine 

antimicrobial properties and the dosage of various 2D nanomaterials (including MXene 

nanosheets) against the bacteria strains 46,47,61–65. In these studies, bacteria was allowed to grow in 

terrific broth (TB) culture media in the absence and the presence of 2D nanomaterials. Here, we 

apply broth microdilution assay 50 to examine inhibitory properties of MXene nanosheets against 

the growth of B. subtilis and E. coli. Each bacteria strain with a final density of 108 cfu/ml in TB 

culture media was treated with 100 g/mL of 0.09, 0.35, 0.57 and 4.40 m wide Ti3C2Tx MXene 

nanosheets. The strain was then grown aerobically at 37 oC at 150 rpm for ~18 hours. To quantify 
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the cultivated bacteria, we performed the FC measurements of the bacteria/MXene suspensions. 

To reduce the effect of debris in our FC analysis, we set thresholds of 10,000 for forward angle 

scatting (FSC), and 100 for side angle scattering (SSC) signals (see Materials and Methods). FSC 

histograms depict the particles size distributions along with the total number of the particles 

detected in the population-of-interest.  

As depicted in Figure 1a, for a constant volume of the analyzed samples (i.e., 10 L), FSC 

histograms of the suspensions are totally conserved for both bacteria strains regardless of the 

MXene nanosheets lateral size. Indeed, various sizes of MXene nanosheets did not induce any 

significant changes in the total number of the particles and their size distributions in treated 

bacteria samples. We should note that although the FSC histograms of the samples provide 

information about the population of the bacteria-size particles, it is unable to distinguish bacteria 

from the MXene nanosheets in the FC measurements. To eliminate any interferences from the 

nanosheets in our FC analysis, we incubated the treated and untreated bacteria samples with 

SYTO9. SYTO9 exhibits a fluorescence enhancement of ~30-fold upon intercalation into the DNA 

double-strand. Because bacterial DNA molecules were found exclusively inside the cytoplasmic 

region, for SYTO9 to interact with the bacteria DNA molecules, they have to pass through the 

cytoplasmic membrane (CM) of bacteria. Also, SYTO9 easily cross the bacteria CM, which results 

in a green fluorescence enhancement. Given that the MXene nanosheets do not produce 

fluorescence enhancement with the SYTO9 molecule (see SI for details), intercalation of SYTO9 

with bacteria DNA can be exploited to differentiate bacteria from the MXene nanosheets in a 

particular population-of-interest. Figure 1b exhibits the histogram of the SYTO9 fluorescence 

signals from Figure 1a. Neither the position nor the height of the fluorescence histograms are 

affected by the MXene-treated bacteria strains. We note that the slightly shifted histograms for the 

0.09-m MXene-treated samples are almost certainly due to the lower optical density of the 

samples, which allowed more fluorescence signals to reach the FC detector. Figure 1c depicts the 

bacteria counts resulted from the histogram in Figure 1b for both bacteria strains. These results 

show that even high density of 100 g/ml MXene nanosheets cannot induce any significant 

changes in bacteria growth over ~18 hours treatment. We also note that the MXene nanosheets do 

not interfere with bacteria cells in FC measurements. Of significance, Figure S1 exhibits SYTO9 

fluorescence histogram of various sizes of MXene nanosheets (no bacteria cells present) stained  
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Figure 1. MXene precipitation in TB culture media induces its antimicrobial properties. (a-c) FC 

analysis of cultured B. subtilis and E. coli bacteria in TB media for untreated and treated samples 

with 100 g/ml of MXene nanosheets of various sizes. The FSC (a) and SYTO9 fluorescence (b) 

histograms depict the populations of detected particles (i.e., bacteria and nanosheets) and real 

bacteria cells, respectively. The histograms of untreated bacteria are shown with the gray 

background signals. The inset in (b) represents the auto-fluorescence histogram of unstained 

bacteria for comparison. The numbers of cultured bacteria cells from (b) are shown in (c) for both 

bacteria strains. Each error bar was obtained from three independent experiments on each bacteria 

strain. (d) UV-Vis spectra of 0.09-m MXene suspensions in deionized (di-) water (black spectra) 

and TB solution (colored spectra) after 0 and 3 hours. (e) MXene suspensions are stable in di-water 

but precipitated in TB media after 3 hours.  

 

with 5 M SYTO9 in which the fluorescence signals of the MXene nanosheets are completely 

apart from the one from untreated bacteria sample stained with 5 M SYTO9. 
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As shown in Figure 1a-c, there are no substantial differences in the total counts of 

untreated and MXene-treated bacteria samples, indicating that MXene has no significant effect on 

the bacteria growth. MXene precipitation in the TB media induces the peaks intensities, while no 

shifts are observed in the peak wavelengths. One hypothesis is that Ti3C2Tx MXene nanosheets 

precipitate in TB media, which decreases the probability of physical interaction between the 

nanosheets and bacteria surfaces. To test this hypothesis, we recorded the UV-Vis spectra of 0.09-

m MXene suspensions in DI water and in TB media after 0 and 3 hours. As depicted in Figure 

1d, MXene precipitation in TB media causes a decrease in the MXene peak intensities (i.e., 328 

and 780 nm) after 3 hours exposure. However, shaking the suspension resulted in the recovery of 

the peak intensities (also see Figure 1e for the MXene suspensions prepared in di-water and TB 

media). We note that no shift was observed in the peak wavelengths indicating that TB did not 

produce any chemical changes in the MXene nanosheets even after 3-hours exposure (neither did 

PBS; see Figure S2). These results suggest that Ti3C2Tx MXene precipitation in a TB culture 

media significantly inhibits its antibacterial properties, agreeing with the conclusions from Figure 

1a-c that physical interactions between the MXene and bacteria is crucial in antibacterial properties 

of the nanosheets. As this precipitation can create significant uncertainty in OD measurements, 

broth microdilution assay is recommended for investigating whether physical interactions between 

nanomaterials and bacteria cell surfaces contribute significantly to antibacterial properties of 

nanomaterials. 

 

Size-dependent Antibacterial Activity of the MXene  

Figure 2 exhibits the FC analysis of bacteria samples, which characterizes the antibacterial 

activity of different sizes of MXene nanosheets against B. subtilis and E. coli.  Bacteria suspensions 

with a density of 108 cfu/ml were treated with 100 g/ml colloidal solutions of the MXene 

nanosheets with average lateral sizes of 0.09, 0.35, 0.57 and 4.40 m for 3 hours in the dark; this 

implies that the ratio of the nanosheets to bacteria was about 1 pg/cfu. To minimize the 

contributions of oxidative stress (which is mainly due to ROS-dependent oxidative stress) to the 

observer antibacterial activity of Ti3C2Tx, we incubated the bacteria with MXene nanosheets in the 

dark. 

To investigate the probable production of debris in our samples, we set the lower thresholds 

of 1,000 for FSC and 10 for SSC signals (see Materials and Methods in the SI). As shown in 
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Figure 2a, there are two distinct populations in the FSC histogram, the low FSC (i.e., debris) and 

high FSC (i.e., bacteria-size) populations. The population of untreated bacteria is shown by a 

background gray histogram. Of significance, 4.40-m MXene nanosheets did not make significant 

changes in the two populations. However, other three sizes of the nanosheets decreased the live 

bacteria population by ~40% and simultaneously increased the debris population by ~25%. As 

discussed before, we used SYTO9 to differentiate bacteria from the MXene nanosheets in the FC 

measurements. Figure 2b exhibits the histogram of the SYTO9 fluorescence signals for the 

untreated and treated bacteria samples from Figure 2a. As depicted, there are two distinct 

populations.  The population with fluorescence of < 103 corresponds to the stained debris and the 

auto-fluorescence of the biological molecules in the bacteria cytosol. The population with the 

fluorescence of >103 corresponds to the stained bacteria populations. Given that the FC 

experiments were performed under constant-volume samples (i.e., 10 L), the >103 population 

represents the relative number of bacteria in treated versus untreated samples. The trend is marked 

by an arrow in Figure 2b, where decreasing of the average lateral size of Ti3C2Tx sheets, from 

0.09 to 4.40 µm, leads to a significant decrease in both bacteria counts and SYTO9 fluorescence 

intensities. 

The SYTO9 fluorescence histograms were used to quantify the number of dispersed 

bacteria in MXene-treated samples. As depicted in Figure 2c, in both B. subtilis and E. coli 

samples, a significant percentage of bacteria cells were dispersed after treatment with the 

nanosheets, and smaller sizes of the nanosheets produced higher percentages of dispersed bacteria. 

Of significance, 3-hour treatment of E. coli and B. subtilis with 0.09, 0.35, 0.57 and 4.40 m 

nanosheets resulted in the dispersion of ~50%, 40%, 30%, and 20% of the bacteria populations, 

respectively. Our results show that smaller lateral sizes of the Ti3C2Tx nanosheets leads to more 

damaged the bacteria envelope.  

Figure 2d represents a semi-quantitative analysis of the amount of bacterial cytoplasmic 

DNA in untreated and MXene-treated samples. The mean fluorescence of the bacteria population 

was calculated from the SYTO9 fluorescence histograms in Figure 2b. Bacteria populations 

treated with smaller sizes of the Ti3C2Tx MXene nanosheets contained less amount of stained 

cytoplasmic DNA. The smaller MXene nanosheets had higher antibacterial activity against both 

bacteria strains, especially against B. subtilis. Given that the same amount of MXene nanosheets 

of various sizes were applied to the bacteria samples, more nanosheets per bacteria cells are 
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Figure 2. Antibacterial activity of various sizes of MXene nanosheets against B. subtilis and E. 

coli investigated via FC analyses. (a) FSC histogram of bacteria treated and untreated with 100 

g/ml MXene nanosheets for 3 hours in the dark. Debris and bacteria-size populations are shown 

by arrows. (b) SYTO9 fluorescence histogram depict the populations of bacteria cells in (a), where 

histograms of untreated bacteria and the auto-fluorescence histogram of unstained bacteria are 

shown by the gray background and the inset, respectively. The percentage of MXene-induced 

dispersed bacteria and the bacteria mean fluorescence are quantified and depicted in (c) and (d), 

respectively. The bacteria mean fluorescence signals are normalized to untreated samples and 

depicted in (e). Each error bar was obtained from three independent experiments on each bacteria 

strain. The lines between points in (e) are not fitted lines; they were added to show the trends.  
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expected for smaller sizes. In other words, bacteria cells experience more sharp edges of the 

smaller than larger nanosheets. Moreover, for smaller sizes of the nanomaterial, there is a higher 

probability of getting into the cytosol and damaging the cytoplasmic components, mainly the 

DNA. This suggests that the MXene-treatment resulted in the release of DNA from the bacterial 

cytosol. To highlight the decrease in the concentration of the cytoplasmic DNA, the mean 

fluorescence signals were normalized to the corresponding signal for untreated bacteria samples 

(Figure 2e). The release of DNA from both B. subtilis and E. coli increased significantly, as the 

nanosheet size decreased. Three-hour treatments of E. coli with 0.09, 0.35, 0.57 and 4.40 m 

nanosheets decreased in the bacteria mean fluorescence intensity by ~70%, 55%, 40%, and 20%, 

respectively. These decreases were more significant for B. subtilis bacteria; three-hour treatment 

of B. subtilis with 0.09, 0.35, 0.57 and 4.40 m nanosheets decreased in the bacteria mean 

fluorescence intensity by  ~92%, 90%, 85%, and 75%, respectively. MXene-induced damages to 

the bacteria envelope, which resulted in cytoplasmic DNA release and bacteria dispersion, were 

found to be nanosheet size-dependent. 

 

Stronger Size-dependent Damages to Bacteria Envelope for Longer Exposures 

As discussed in the previous sections, 0.09-m MXene nanosheets significantly damaged 

both B. subtilis and E. coli bacteria, which resulted in the release of cytoplasmic DNA and 

eventually bacteria dispersion. To evaluate how the exposure time affect antibacterial properties 

of the nanosheets, we allowed bacteria samples to be in contact with the smallest lateral size 

MXene nanosheets used in this study (i.e., the 0.09-m lateral size nanosheets) for up to 8 hours 

in the dark. Figure 3 depicts the FC analysis of B. subtilis and E. coli treated with 100 g/ml of 

the nanosheets for 3 and 8 hours. Both FSC and SYTO9 fluorescence histograms (Figure 3a and 

b) clearly suggest that the majority of bacteria population was dispersed for the longer exposure 

time. Figure 3c exhibits the quantitate analysis of the results from Figure 3b. The treatment of B. 

subtilis and E. coli with 0.09-m MXene nanosheets for 8 hours in the dark resulted in >90% 

dispersion of the bacteria samples. Moreover, Figure 3d shows that more than 95% of the DNA 

content were released from the bacteria cytosol. These results support the notion that smaller sizes 

of the nanosheets significantly damage the bacteria membranes, cause the DNA release, and 

eventually disperse bacteria cells. 
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Figure 3. Antibacterial activity of 0.09-m MXene nanosheets against B. subtilis and E. coli 

investigated via FC analyses. FSC (a) and SYTO9 fluorescence (b) histograms of bacteria treated 

and untreated with 100 g/ml MXene nanosheets for 3 and 8 hours in the dark. The fluorescent 

populations move to smaller counts and lower intensities for longer treatments, which are 

quantitatively analyzed in (c) and (d). As shown, the majority of bacteria population was dispersed 

after 8 hours treatment with 0.09-m MXene nanosheets. Each error bar was obtained from three 

independent experiments on each bacteria strain. 

 

To investigate these effects, we applied the FI technique, as a complementary approach to 

the FC analysis, to measure the viability of bacteria cells in MXene-treated samples. Similar to 

SYTO9, propidium iodide (PI) exhibits a fluorescence enhancement upon intercalation into the 

DNA double-strand 66,67. In contrast to the SYTO9 molecule, the PI molecule does not cross the 

CM of live bacteria cells, and therefore, no fluorescence enhancement is observed. Nevertheless, 

bacteria with disrupted membranes exhibit an induced permeability enhancement of the CM, 

which results in the uptake of PI molecules into the cytoplasmic region followed by fluorescence 

enhancement 68,69. The use of both fluorescent molecules allowed us to estimate the dead/live ratio 

in bacteria samples (i.e., SYTO9-stained and PI-stained cells are indicative of live and dead 

bacteria, respectively) 51–53,70,71.  Figure 4 depicts the antibacterial activity of 100 g/ml MXene 

nanosheets of 0.09- and 0.57-m sizes against B. subtilis and E. coli investigated by the FI, where 

the bacteria were treated with the nanosheets for 3 and 8 hours in the dark. The number of dead 

bacteria (i.e., the PI-stained bacteria) in untreated samples were ~2–5%. However, treatment of 

the bacteria with 0.57-m MXene for 3 hours resulted in an obvious increase in the dead population 

in both bacteria samples. Moreover, the treatment of the bacteria with the smallest lateral size 
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nanosheets (0.09-m MXene) resulted not only in higher populations of dead bacteria but also in 

less fluorescence intensities, supporting the notion that the smaller nanosheets caused the release 

of DNA from the bacteria cytosol. Of significance, the treatment of the bacteria with 0.09-m 

MXene for 8 hours resulted in dispersing the majority of the population in both strains. 

 

 

Figure 4. Antibacterial activity of 100 g/ml MXene nanosheets of 0.09- and 0.57-m sizes 

against B. subtilis and E. coli investigated by fluorescence imaging. The bacteria were treated with 

Ti3C2Tx MXene nanosheets for 3 or 8 hours in the dark. As shown, the majority of bacteria 

population was dispersed after 8 hours treatment with the 0.09-m MXene nanosheets.  

 

Proposed Inhibition Mechanism of Colloidal MXene Nanosheets 

Based on our findings presented herein, we propose that MXene nanosheets with sharp 

edges get into the bacteria cytoplasmic region by cutting through the bacteria cell wall, resulting 

in the release of bacteria DNA and eventually bacteria dispersion. Figure 5 is a schematic 

representation of the proposed antibacterial MoA of the colloidal MXene nanosheets. As discussed 

in the previous sections, for the MXene nanosheets to show antibacterial properties against B. 

subtilis and E. coli, they should have direct physical contacts with the bacteria surfaces (see Figure 

1). Furthermore, the FC and FI results (Figures 2-4) depict that the antibacterial activity of the 

MXene nanosheets is size and exposure-time dependent. Indeed, the smaller MXene flake sizes 
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caused more damage to the cells especially for longer exposure times. Considering the average 

thickness of the bacteria cell walls (i.e., 20-50 nm) 54,72,73, the sharp (i.e., ~1-nm thick) edge of 

MXene flakes most probably cut through the bacteria membranes and reach the cytoplasmic DNA. 

Also, by reducing the MXene flakes lateral size, the number of sharp edges increases and make 

MXene flakes more effective in cutting bacteria membrane. During the first 3 hours of the 

treatment with the nanosheets, the release of DNA from bacteria cytosol was observed. However, 

for longer exposure times, significant damages in the bacteria cell wall resulted in the dispersion 

of bacteria population.  

It is worth knowing that our observations are in a good agreement with previous studies. 

For instance, Rasool et al. 47 detected the MXene-induced damages to the bacteria membranes 

using the scanning (SEM) and transmission electron microscopy (TEM). Their SEM imaging 

results pointed to the interactions of the MXene nanosheets (with the minimum concentration of 

50 μg/mL) with the bacteria surface, causing prevalent cell lysis indicated by a severe membrane 

disruption and cytoplasm leakage. Furthermore, their high resolution TEM results demonstrated 

that the MXene nanosheets tightly adsorb around and enter into the bacteria cells, which eventually 

lowers intracellular densities of both bacteria species 47.   

The isoelectric point of the bacteria surface has been reported to be in the range of  

1.75−4.15 for Gram +  and 2.07−3.65 for Gram− bacteria species 74–76. At the pH of 7.3 of our 

study, both bacterial species should be repelled by the negatively charged MXene nanosheets 

having zeta potential of −31 mV. Hence, the bacterial surface charge should not contribute to the 

interactions of the MXene nanosheets with bacterial surfaces. However, the slightly more negative 

surface charge of Gram− bacterial may contribute to the higher resistance of Gram− species (e.g., 

E. coli) to the MXene nanosheets. The good agreement between our results and previous ones 

suggests that the MXene and other 2D nanomaterials (e.g., graphene family nanomaterials) act as 

nano-knives 27,32,37,42. 

Bacteria are prokaryotic, which means they do not contain membrane-bound nucleus. 

Therefore, bacteria DNAs freely float in the cytosol 54. As a result, any permeant molecule or 

compound that is able to pass across the bacteria cell walls may reach the freely floating DNAs as 

there is no other membrane barrier to pass through. Unlike previous reports, this work showed 

evidently the existence of interactions between MXene nanosheets and the bacteria DNA 

molecules. It is known that peptidoglycan mesh (PM) plays a crucial part in preserving the integrity  
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Figure 5. Schematic representation of our proposed antibacterial MoA of MXene nanosheets. (a) 

Interactions of the nanosheets with bacteria cells result in the release of bacteria DNA and 

eventually bacteria dispersion. (b) MXene sharp nanosheets get into the bacteria cytoplasmic 

region by cutting the bacteria cell wall. PM and CM stand for peptidoglycan mesh and cytoplasmic 

membrane, respectively. 

 

of bacteria cell walls by creating a turgor pressure of 4 atm from the cytoplasmic space towards 

the exoplasmic region 54. Therefore, any external stimulus (e.g., interaction with the nanomaterials) 

can lead to the loss of the bacterial membrane integrity 54,77 and/or the extraction of the lipid 

molecules from the membranes 78. Our results suggest that interaction of the MXene nanosheets 

with the bacteria membrane surfaces results in reducing the integrity of the cell wall and eventually 

bacteria dispersion in both gram-negative and gram-positive species. We should note that due to 

similar structures of prokaryotic and eukaryotic cell (e.g., human cell) membranes, interactions 

between antibacterial and eukaryotic cells are always likely 29,79–82. For instance, Jastrzębska et al. 

29 have examined cytotoxicity of delaminated Ti3C2 MXene against normal and cancerous cell 

lines in vitro. They have reported higher toxicity of the MXene against cancerous cells, which is 
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thought to be due to the generation of ROS in the cells. Nevertheless, Nasrallah et al. 80 have 

reported that the MXene at concentrations of ≤ 50 μg mL−1 has no significant teratogenic effects 

on zebrafish embryos. Overall, understanding how 2D nanomaterials interact with bacteria 

membranes allows for developing minimally-toxic antibacterial agents for medical and biomedical 

purposes. Specifically, the absence of the PM in the human cell membrane makes it a unique target 

for antibacterial. Therefore, any nanomaterial that primarily targets the PM, but not the plasma 

membrane, can be a great candidate for antibacterial applications. 

 

CONCLUSION 

The antimicrobial MoA of the MXene nanosheets was investigated via treating the bacteria 

samples (B. subtilis and E. coli) with 100 g/ml colloidal solutions of the MXene nanosheets with 

average lateral sizes of 0.09, 0.35, 0.57 and 4.40 m. Broth microdilution assay was applied to 

examine inhibitory properties of the MXene nanosheets against the growth of B. subtilis and E. 

coli. This study indicated that direct physical interactions between the sharp edges of the 

nanosheets and bacteria membrane surfaces play a significant part in antibacterial properties of the 

nanosheets. In the FC analysis, the intercalation of the SYTO9 molecule with bacteria DNA was 

exploited to differentiate bacteria from the MXene nanosheets in a particular population-of-

interest. The FC and FI results indicated that Ti3C2Tx MXene nanosheets damage the bacterial cell 

wall significantly in less than 3 hours, resulting in the release of bacteria DNA from the cytosol 

followed by the dispersion of the bacteria cells. This work showed that the antibacterial activity of 

the nanosheets is both size- and exposure-time-dependent. Of significance is that the treatment of 

B. subtilis and E. coli bacteria with 0.09–4.40 m MXene nanosheets for 8 hours in the dark 

resulted in >90% dispersion of the bacteria samples. Moreover, more than 95% of the DNA content 

was released from the bacteria cytosol.   

 

MATERIALS and METHODS 

All reagents were analytical grade and were used without further purification. 

Preparation of Ti3C2Tx MXene 

For preparation of Ti3C2Tx powder, Ti3AlC2 MAX powder (<38  m particle size) was 

etched using the synthesis method described in Ref 83. First, 1 g of a LiF powder was dissolved in 
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20 mL of a 9 M hydrochloric acid solution over 5 min while stirring the solution at ambient 

temperature. Next, 1 g of the Ti3AlC2 powder was added gradually to the solution for 10 min at 

ambient temperature while stirring the solution. To complete the reaction, the mixture was kept 

under stirring at 500 rpm at 35ºC for 24 h. To separate the supernatant from the Ti3C2Tx sediment, 

50 mL of di-water was added to the mixture followed by centrifuging at 3500 rpm for 5 min. 

Supernatant color was changed to dark green by repeating the washing step for 5-6 times (pH~6). 

After 1 h centrifuging, the sediment was separated followed by re-dispersing the sediment in di-

water by vigorous shaking and centrifuging at 3500 rpm (2500×g) for another 30 min. The 

supernatant containing large Ti3C2Tx flakes in di-water was collected. Using a Celgard film (0.25 

m pore size, 3501 Cated PP, Celgard), the sediment was filtered and dried under vacuum at room 

temperature to get multilayered Ti3C2Tx powder. 0.08 g of the multilayered Ti3C2Tx powder was 

dispersed in 50 mL of DI water and sealed under N2 blanketing. To obtain different flake sizes of 

Ti3C2Tx, the sealed Ti3C2Tx suspension was bath-sonicated (Branson 2510 Ultrasonic Cleaner, 100 

W) at 20 °C for 1.5, 3, and 8 hours. 

Bacteria Strains 

The Gram-negative bacteria, Escherichia coli (E. coli, mc4100 strain, ATCC 35695) and 

Gram-positive bacteria, Bacillus subtilis (B. subtilis, Ehrenberg Cohn 168 strain, ATCC 23857) 

were cultivated on Lauria Broth agar (LB Broth with agar Lennox, Cat. No.: L2897, Sigma-

Aldrich) medium plates at 37oC for ~24 hours and then stored at 4oC for future use. 

Bacteria Growth Measurements in the Presence of the MXene Nanosheets 

To measure changes in the growth of E. coli and B. subtilis bacteria strains induced by 

various sizes of the MXene nanosheets, we performed the broth microdilution experiments 50. 

Terrific broth (TB) culture media was made of 9.52 g Terrific Broth (Cat. No.: T0918, Sigma-

Aldrich) and 0.8 ml glycerin (Cat. No.: G31-1, Fisher Scientific, USA) in 200 ml distilled 

deionized (di-) water (Millipore, 18.2 MΩ.cm) and was autoclaved at 121oC for 20 min. To obtain 

statistical results, the experiments were performed on three separate single-colony of each bacteria 

strain. A single-colony of bacteria was grown aerobically at 37oC in 4 ml of TB media in a shaking 

flask at 150 rpm for about 5-6 hours. 1 ml of each harvested bacteria was transferred to a UV-Vis 

spectrometer to measure the optical density of the bacteria suspensions at 600 nm (i.e., OD600). 

For each sample, a bacteria stock with a density of ca. 2 × 108 cfu/ml was prepared (OD600=0.1 
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is equivalent to 108 cfu/ml) to be used for the broth microdilution experiments. In a 96-well 

microtiter plate (flat-bottom), each bacteria sample with a final density of 108 cfu/ml in TB media 

was treated with 0.09, 0.35, 0.57 and 4.40 m MXene nanosheets with a final concentration of 100 

g/ml (i.e., MXene stock suspensions of 200 g/mL were sonicated at 37 kHz for 10-15 minutes 

before use). The ratio of the MXene nanosheets to the bacteria was estimated to be 1 picogram 

MXene to one colony-forming unit bacteria (i.e., 1 pg/cfu). The last two wells in each series 

contained untreated bacteria (i.e., no MXene) and TB media (i.e., control). The 96-well plate was 

then placed on the shaker to allow bacteria grow aerobically at 37ºC at 150 rpm for ~18 hours. To 

prevent the solvent evaporation in the wells, a di-water bath was placed on the shaker. To quantify 

the number of cultivated bacteria in each well, we made FC measurements using a BD Accuri® 

C6 Flow Cytometer. Samples were incubated with 30 l of 33 M SYTO9 (Molecular ProbesTM) 

for 15 min in the dark at room temperature (i.e., the final SYTO9 concentration in each well was 

5 M). Samples were then placed on the FC stage for analysis. The FC analysis was performed 

with a medium fluid rate and 10 l of samples. The SYTO9 was illuminated with a 15 mW argon 

ion laser (488 nm) and the fluorescence signals were collected through the FL3 channel with the 

detection wavelengths of ≤ 670 nm. The SYTO9 fluorescence (FL3-H) and the forward angle 

scattering (FSC-H) signals were amplified with the logarithmic mode (i.e., histogram with 

logarithmic bin of 500) and shown in logarithmic scale. To reduce the effect of debris in the FC 

analysis, we set thresholds of 10,000 for FSC-H and 100 for side angle scattering (SSC-H) signals. 

To do single-cell analysis, we used FSC-A versus FSC-H counter plot to remove doublets from 

our calculations in which the doublets show a separate population towards higher FSC-A values 

(A and H stand for the area and height of the signals, respectively). The number of events recorded 

for the 10 l samples from each well were 67,000±500 counts. 

Bacteria Preparation for Viability Measurements 

To measure the viability of E. coli and B. subtilis bacteria strains treated with various sizes 

of the MXene nanosheets (i.e., to investigate antibacterial activity of the nanosheets against the 

bacteria strains), we performed two complementary techniques; that is, the FC and the fluorescence 

imaging (FI). A discrete colony of each bacteria strain was grown aerobically at 37°C in 50 ml 

Terrific Broth solution in a shaking flask at 150 rpm for 8 hours (i.e., at middle-to-late exponential 

phase). The harvested bacteria were centrifuged (i.e., 1500 x g, 2 min, room temperature) and then 
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washed twice with enough phosphate buffer saline (i.e., 1 x PBS; pH = 7.3) to remove waste and 

residual TB. For each washing step, we used a Rotamix (10101-RKVSD, ATR Inc.) at 20 rpm to 

suspend the pellet bacteria cells in 1xPBS with no biomechanical forces applied to the bacteria 

during the resuspensions. After twice washing with enough 1xPBS, the supernatant was removed 

and the pellets were collected for preparing the E. coli and B. subtilis stock samples in 1xPBS with 

the cell density of ~2 × 108 cfu/ml.  

Bacteria Viability Measurements Made Using the FC Technique  

For each bacteria strain, the corresponding bacteria stock was exposed to a series of various 

sizes of MXene nanosheets (i.e., 0.09, 0.35, 0.57 and 4.40 m) with the final densities of 100 

g/ml MXene and 108 cfu/ml in a 96-well microtiter flat-bottom plate (i.e., MXene stock 

suspensions of 200 g/ml were sonicated at 37 kHz for 10-15 minutes before use). The ratio of 

MXene nanosheets to the bacteria was estimated to be ~1 picogram MXene to one colony-forming 

unit bacteria (i.e., 1 pg/cfu). The 96-well plate containing the untreated and treated bacteria 

samples were placed on the shaker at room temperature at 150 rpm for 3 or 8 hours in the dark. To 

prevent the solvent evaporation in the wells, a di-water bath was placed on the shaker. To make 

viability measurements of the bacteria samples using the FC technique (i.e., BD Accuri® C6 Flow 

Cytometer), the samples were incubated with 30 l of 33 M SYTO9 (Molecular ProbesTM) for 

15 min in the dark at room temperature (i.e., the final SYTO9 concentration in each well was 5 

M). Samples were then placed on the FC stage for analysis. The FC analysis was performed with 

a medium fluid rate and limits of measuring 10 l of samples. The SYTO9 was illuminated with a 

15 mW argon ion laser (488 nm), and the fluorescence signals were collected through the FL3 

channel with the detection wavelengths of ≤ 670 nm. The SYTO9 fluorescence (FL3-H) and the 

forward angle scattering (FSC-H) signals were amplified with the logarithmic mode (i.e., 

histogram with logarithmic bin of 500) and shown in the logarithmic scale. To record both debris 

and bacteria populations in our FC analysis, we set the thresholds of 1,000 for FSC-H and 10 for 

side angle scattering (SSC-H) signals, respectively. To do single-cell analysis, we used a FSC-A 

vs. FSC-H counter plot to remove doublets from our calculations, in which the doublets show a 

separate population towards higher FSC-A values (i.e., A and H stand for the area and height of 

the signals, respectively). 

 



18 
 

Bacteria Viability Measurements by Using the Fluorescence Imaging 

In each fluorescence imaging experiment, the untreated and treated bacterial suspensions 

(see the previous section for details) were incubated with 5 M SYTO9 (Molecular ProbesTM) and 

20 M propidium iodide (PI, Sigma-Aldrich) for 15 min in the dark at room temperature. A 20 l 

aliquot of each sample was then added onto a microscope glass slide, enclosed by a glass coverslip, 

and mounted on the fluorescence microscope stage. Epi-fluorescence images of at least 15 filed-

of-view (FOV) were recorded for each glass slide (i.e., each sample) and more than 2,000 cells 

were counted in each experiment. The SYTO9-stained bacteria (i.e., green) correspond to the live 

bacteria and the PI-stained bacteria (i.e., red) correspond to the dead bacteria.  

Fluorescence Microscope Setup and Image Analysis 

A Nikon ECLIPSE TE200 microscope with a 40x/0.60 PlanFlour (Nikon) objective lens 

coupled to a digital image capture system (Hamamatsu C11440) was used to record images by the 

NIS Elements (ver. 4.20) software. An EXFO X-cite 120 Fluorescence Illuminator light source 

was used to excite the PI and SYTO9 molecules, and the red and green fluorescence emissions 

were recorded in epi-fluorescence configuration through appropriate filter cubes. Filter cubes had 

an excitation and detection wavelengths respectively centered at 560 and 630 nm for PI (Prod. No.: 

49008, CHROMA) and 480 and 535 nm for SYTO9 molecules (Prod. No.: 49011, CHROMA). 

Image analysis was performed by using ImageJ software (National Institutes of Health, 1.43u). In 

a typical image analysis, the images recorded by the two filter cubes were stacked to show the 

SYTO9-stained and PI-stained bacteria in a single FOV. 
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ABBREVIATIONS 

FC = flow cytometry 

FI = fluorescence imaging 

XRD = X-ray diffraction 

CM = cytoplasmic membrane 

PM = peptidoglycan mesh 

PI = propidium iodide  

E. coli = Escherichia coli  

B. subtilis = Bacillus subtilis 

MoA = mode-of-action  

2D = two-dimensional  

GO = graphene oxide 

rGO = reduced graphene oxide  

Gram+ = Gram-positive 

Gram− = Gram-negative  

ROS = reactive oxygen species 

 

Supporting Information Summary 

The Supporting Information provides details on the interference of the MXene nanosheets 

with the bacteria cells, investigated by FC. It also reports UV-Vis spectra of the MXene 

suspensions, XPS spectra, and SEM images of the MXene.  
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Synopsis: 

Antibacterial activity of the MXene nanosheets with different lateral sizes. MXene-based 

antibacterial products for water treatment, medical, and biomedical applications. 


