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Antimicrobial resistance of existing antibacterial agents has become a pressing issue for human health and
demands effective antimicrobials beyond conventional antibacterial mechanisms. Two-dimensional (2D)
nanomaterials have attracted considerable interest for this purpose. However, obtaining a high yield of
2D nanomaterials with a designed morphology for effective antibacterial activity remains exceptionally
challenging. In this study, an efficient one-step mechanical exfoliation (ECO-ME) method has been
developed for rapidly preparing TisC, MXenes with a concentration of up to 30 mg mL™%. This synthetic
pathway involving mechanical force endows E-TisC, MXene prepared by the ECO-ME method with
numerous irregular sharp edges, resulting in a unique nanoknife effect that can successfully disrupt the
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wet chemical etching methods. Overall, this study provides a simple and effective method for preparing
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Introduction

Bacteria are ubiquitous in the environment and profoundly
influence human activity. Antimicrobials are the most effective
tools for intervening in the consequences of bacterial infesta-
tion. However, the abuse and overuse of antimicrobials have led
to antimicrobial resistance (AMR), which has seriously endan-
gered the efficacy of antimicrobials, leading to recalcitrant
bacterial infections and has emerged as one of the most
pressing issues in global public health.** Most conventional
antimicrobials originate from natural sources and primarily act
on processes essential for bacterial growth and/or survival,
including the production of DNA, RNA, or essential proteins.®
Moreover, through prolonged exposure, bacteria have evolved
the ability to evade the activity of existing antimicrobials,
requiring the use of multiple or high doses for bacterial eradi-
cation.® The spread of this acquired resistance will render
existing antimicrobials ineffective; therefore, there is an urgent
requirement for developing new antimicrobial agents.
Two-dimensional (2D) nanomaterials have exhibited
extraordinary potential for numerous applications since the
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environmental and biomedical applications.

discovery of graphene in 2004, particularly in the field of anti-
microbial agents.”** Impressively, 2D nanomaterials represent
a novel antimicrobial modality for bacteria and have been
extensively explored for environmental and biomedical appli-
cations, such as water treatment, wound infection healing, and
food packaging.'®>* Compared to conventional antimicrobials,
2D nanomaterials can circumvent the existing known resistance
mechanisms and exhibit less susceptibility to the development
of selective resistance.?® However, the antibacterial mechanisms
of 2D nanomaterials vary with their size, shape, and surface
chemistry, resulting in various processes and outcomes of
interactions with bacteria, which significantly influence their
antibacterial activity. Therefore, an in-depth investigation and
understanding of the antibacterial properties and action
mechanisms of different nanomaterials remain challenging.
MXene, a novel 2D nanomaterial, has been discovered with
the general formula M,.,1X, T, where M represents an early
transition metal, X denotes carbon and/or nitrogen, and T
indicates various terminals, typically hydroxyl, oxygen, and
fluorine groups.*** MXenes have demonstrated outstanding
biocompatibility, as the main elements (carbon and nitride) are
essential while some early transition metals, such as Ti and Nb,
are relatively inert in biological organisms.**** MXenes show
flexible functionalization owing to their diverse and tunable
surface, while their high hydrophilicity enables direct use in
biomedical applications without complex surface hydrophilic
modifications.*****> However, conventional approaches to
MXene preparation have some inevitable inherent limitations,
such as unbearably long fabrication times, high temperatures

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and high pressures, as well as costly materials.***® Therefore,
insufficient MXene production further hinders its development
as a bacteriostatic agent.

Mechanical exfoliation conducted through ball milling is
a well-established, efficient, and operational method for 2D
nanomaterial preparation and has been successfully used to
produce numerous 2D nanomaterials including graphene,
boron nitride nanosheets, and transition metal
dichalcogenides.***** Although mechanical exfoliation has been
proven to be an effective approach for preparing 2D nano-
materials, the presence of strong M-A bonds in MXene
precursors, which are unlike other 2D materials, makes them
almost impossible to obtain by simple mechanical exfoliation.
Existing strategies for MXene preparation through mechanical
exfoliation require a multi-step process,**® which fails to
improve the preparation efficiency and limits the possibility of
subsequent large-scale applications. Therefore, it is necessary to
develop a one-step mechanical exfoliation approach to prepare
MXenes using a facile and efficient process.

Herein, an efficient one-step mechanical exfoliation (ECO-
ME) method has been developed for the rapid preparation of
MXenes, which significantly reduces the preparation time and
energy consumption while maintaining comparable yields with
conventional wet chemical etching methods. The prepared
Ti3C, MXene (E-Ti3;C,) exhibited excellent hydrophilic proper-
ties, enabling E-Ti;C, to be easily dispersed in heated agar
aqueous solutions and uniformly distributed in the hydrogels.
E-Tiz;C, demonstrated excellent antibacterial activity that
enabled significant inhibition against Escherichia coli (E. coli),
therefore, a mechanism for the antibacterial activity of E-TizC,
was proposed. Owing to the irregular shape and numerous
sharp edges, which are attributed to the presence of mechanical
forces, the nanosheets present a distinct nanoknife effect,
leading to antibacterial activity by disrupting the bacterial cell
wall. Such characteristics also endow E-Ti;C, with superior
antibacterial activity compared to MXenes prepared by the
conventional wet chemical etching method. Furthermore, to
validate the antibacterial mechanism, genetic engineering
techniques were used to manipulate the overexpression of wall
synthesis genes murA in E. coli to increase the cell wall thick-
ness. For E. coli with thickened cell walls, the inhibitory effect of
E-Ti;C, was obviously reduced, thus confirming that E-Ti;C,
achieves a bactericidal effect primarily through the physical
disruption of bacterial cell walls. This unique inhibitory
behaviour makes E-Ti;C, a promising candidate to combat the
potential effects that may be caused by bacteria from the envi-
ronment, while also providing new insights for the subsequent
development of bactericides.

Experimental section

Materials

The MAX phase precursor TizAlC, (400 mesh, =98%) was
provided by 11 Technology Co., Ltd, China. Hydrochloric acid
(HCl, 36-38%, AR) was purchased from Xilong Scientific Co.,
Ltd, China. Lithium fluoride (LiF, 99%, AR) was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd, China.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Sodium chloride (NaCl, AR) was purchased from Sinopharm
Chemical Reagent Co., Ltd. Phosphate buffered saline (PBS, pH
= 7.2-7.6) was provided by Sangon Biotech Co., Ltd (Shanghai,
China). Agar was supplied by Rhawn Chemical Co., Ltd. Yeast
extract (total nitrogen =9.0%, amino nitrogen =3.0%) and
tryptone (total nitrogen =12.5%, amino nitrogen =2.5%) were
purchased from Labgic Technology Co., Ltd. Lysozyme (BR,
from chicken egg white, =20 000 units per mg protein) was
provided by Shanghai Yuanye Biotechnology Co., Ltd. All
chemicals were used as received.

Synthesis of E-Ti;C, MXene

E-Ti;C, was obtained by the ECO-ME method. Specifically, 1 g of
the pristine MAX phase precursor, Ti;AlC,, 1.6 g of lithium
fluoride, and 20 mL of 9 M hydrochloric acid were added directly
to a ball mill jar with a polytetrafluoroethylene (PTFE) liner. A
ball-milling jar with an atmosphere protection device controlled
the ball-milling atmosphere with nitrogen at atmospheric pres-
sure. The ball mill jar was pumped to vacuum, then filled with
nitrogen and purged three times; finally, the ball mill atmo-
sphere was maintained with nitrogen. The milling ball material
was chosen as silicon carbide (SiC), with a diameter of 8 mm and
controlled ball-to-MAX mass ratio of 8.4 : 1. After ball milling for
2 h, the mixture was washed with deionized water using
a centrifuge model H4-21KR (KeCheng, China) at 10 000 rpm for
30 min per cycle, with a washing water volume control at 200 mL
until the final pH reached approximately 7. After redispersing the
sediment in water through mild manual shaking, E-Ti;C, was
collected by centrifugation at 3000 rpm for 30 min to remove the
unexfoliated bulk material. Thereafter, stable aqueous solutions
of E-TizC, were obtained by repeated centrifugation until the
final supernatant became transparent. The final yield was
approximately 70%. For the high-concentration E-Ti;C, solution,
the obtained E-Ti;C, solution was further centrifuged at 10 000
rpm for 1 h, the sediment was retained, and the appropriate
volume of water was added and redispersed by manual shaking
to obtain a high-concentration E-Ti;C, dispersion.

Synthesis of W-Ti;C, MXene

TizC, MXene (W-Ti;C,), used as a comparison, was prepared by
the conventional wet chemical etching method.*” In brief, 1 g
TizAlC,, 1.6 g lithium fluoride and 20 mL 9 M hydrochloric acid
are added to a PTFE beaker, then stirred at 300 rpm for 30 h at
50 °C. The following centrifugal washing and collection steps
are the same as those described for E-Ti;C,.

Synthesis of agar/E-Tiz;C, MXene hydrogels

An agar/E-Ti;C, hydrogel containing 1.5 wt% agar was obtained
through a solution mixing method. Briefly, 1.5 g of agar powder
was poured into 100 mL of deionized water and then heated to
95 °C and stirred at 1000 rpm for 1 h until the agar was
completely dissolved. When the temperature of the agar solu-
tion was cooled to approximately 65 °C, the required amount of
E-Ti;C, solution was added to the agar solution and stirred at
150 rpm for 2 min. The resulting mixture was poured into
a polymethyl methacrylate (acrylic) cube with a side length of
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4.5 cm and then placed at 5 °C for rapid cooling until agar gelled
to obtain the agar/E-Ti;C, hydrogel.

Hydrophilic measurements of E-Ti;C,

The hydrophilicity of E-Ti;C, was investigated by measuring its
contact angle on a nylon substrate. A certain amount of an
aqueous E-TizC, solution was filtered onto a nylon substrate
with a pore size of 0.22 um and a diameter of 47 mm using
a facile vacuum filtration method, and the water contact angle
of E-Ti;C, was then measured.

Assessment of E-Ti;C, antibacterial activity

Wild-type E. coli and E. coli with thickened cell walls obtained by
overexpressing the cell wall synthesis gene murA through
genetic engineering were used in the experiments. Luria-Ber-
tani (LB) medium was employed to provide the necessary
conditions for bacterial growth, which contains 1.5 wt% agar
and nutrients. Briefly, 10 g tryptone, 5 g yeast extract, 10 g
sodium chloride and 15 g agar were mixed with 1 L sterilized
water, and the pH was subsequently equilibrated to 7.2 £ 0.2.
The mixture was then divided into appropriate volumes and
autoclaved at 121 °C for 15 min. After the LB medium had
cooled down to approximately 60 °C, different concentrations of
E-Tiz;C, and W-Tiz;C, solutions were then added, and the
mixture was subsequently poured into a 9 cm diameter Petri
dish. LB medium without MXene was used as a control. 100 pL
(ODggp nm = 0.6) of wild-type E. coli and E. coli with thickened
cell walls were inoculated onto the medium and colonies were
counted after 12 hours of incubation at 37 °C.

LB liquid medium was prepared to measure bacterial
growth, and the composition and preparation process were
similar to those of the LB medium described above, except for
the absence of agar. After autoclaving, 20 mL of the resulting LB
liquid medium was dispensed into 50 mL sterile tubes. LB
liquid medium containing a final concentration of 600 ug mL "
E-Ti;C, and an equal volume of water was added as a control.
Next, 100 pL of bacterial suspension with ODgpp nm = 0.6 was
inoculated into the media and then placed in a shaking incu-
bator at 180 rpm, 37 °C. The optical density at a wavelength of
600 nm was measured using a spectrophotometer. All experi-
ments were performed in triplicate.

Confocal microscopy to investigate the interaction between
bacteria and E-Ti;C,

To observe the interaction between E-Ti;C, and E. coli, 0.25 mL
of E. coli suspension at a density of 10° CFU mL ™" was with-
drawn and washed thrice using 0.2 M PBS buffer at 5000 rpm for
3 min per cycle. After resuspension in PBS buffer, 100 uL of E-
Ti;C, solution (600 pg mL™') was added and continuously
shaken at 180 rpm for 1 h at 37 °C and then observed using
a confocal laser scanning microscope.

Evaluation of the bacterial cell wall thickness using lysozyme

100 pL bacterial suspensions of wild-type strain and E. coli
strain with thickened cell walls at a concentration of 10° CFU
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mL ™" were spread on LB agar plates. The filter paper was then
trimmed into discs with a diameter of 6 mm and placed onto
the surface of LB agar plates. Subsequently, 10 pL of lysozyme
(100 mg mL ") was dropped onto the surface of the filter discs
and incubated at 37 °C overnight. Equal amounts of water were
also dropped onto a filter paper as a control. The diameters of
the lysis halos were measured.

Characterization

XRD analysis of E-Ti;C, was performed using a Rigaku Ultima
IV powder diffractometer with Cu-Ko radiation, with a step
width of 0.02° at 0.6 s per step in the 26 range from 5-65°
(Rigaku Co., Japan). The morphology and structure of E-Ti;C,
were observed using a Hitachi S4800 SEM instrument with an
acceleration voltage of 2 kv (Hitachi Co., Japan). A Hitachi
HT7700 TEM with an acceleration voltage of 80 kV was used to
further reveal the morphology of E-Ti;C, (Hitachi Co., Japan).
Chemical binding component and chemical state analyses of E-
TizC, were performed using a K-Alpha XPS (Thermo Fisher
Scientific Inc., USA). The contact angle was measured using
a Sindin SDC-200S system (Shengding Instrument Co., Ltd,
China). FTIR spectra were obtained using a Nicolet IS50 FTIR
spectrometer (Thermo Fisher Scientific Inc., USA). The size
distribution and zeta potential were obtained from a Zetasizer
Nano ZS (Malvern Panalytical, Ltd, Malvern, UK). Bacterial
growth was measured at an optical density of 600 nm using
a microplate spectrophotometer (Multiskan GO, Thermo Fisher
Scientific Inc., USA). A Nikon TI2-S-HU confocal laser scanning
microscope was used to investigate the interaction of E-Tiz;C,
nanosheets with bacteria (Nikon Co., Japan).

Results and discussion

Characterization of MXene prepared through the ECO-ME
method

Ti;C, MXene, the most investigated member of the MXene
family, and its corresponding precursor TizAlC, were selected as
raw materials, and the mechanical forces provided by a ball mill
were engaged in the entire preparation process for the rapid
preparation of MXenes, as illustrated in Fig. 1a. In general, the
presence of strong M-A bonds prevents direct acquisition of
MXene from the original MAX phase by simple mechanical
exfoliation, often making it necessary to divide the preparation
process into a mechanical exfoliation process and an etching
process.*>** In such processes, mechanical exfoliation typically
acts to reduce the size of the MAX phase particles for acceler-
ating subsequent etching, or to peel the etched accordion-sha-
ped MXene into individual sheets. This multistep strategy
increases the operational complexity while affecting the effi-
ciency of preparation and increasing the risk to the operator.
Furthermore, the choice of etchant significantly influences the
morphology and purity of the final product.*¢

In the ECO-ME approach, an acid- and alkali-resistant poly-
tetrafluoroethylene (PTFE) lining is employed to isolate the
reactant mixture from direct contact with the ball mill jar,
thereby avoiding damage to the equipment and preventing

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic diagram of the rapid preparation of MXene using the ECO-ME method. (a) Schematic diagram of MXene prepared via the ECO-
ME strategy and drop casting after mixing with agar. (b) E-TizC, agueous solution obtained by the ECO-ME method. Scanning electron

microscopy (SEM) (c) and transmission electron microscopy (TEM) (d)

images of the prepared E-TizC,. (€) SEM image of the agar/E-TizC,

hydrogel after freeze-drying. (f) Digital photograph of E-TizC, aqueous solution with a typical Tyndall effect. (g) Digital photograph of the agar/E-

TizC, hydrogel.

contamination of MXene with substances released by corrosion
of the ball mill jar.*®* Owing to the remarkable hardness and
suitable density of silicon carbide (SiC), it was selected as the
material for milling balls, which can endure impact during ball
milling while offering sufficient shear forces, in addition to high
acid resistance, which is essential.** As a result of the configu-
ration and material selection of the milling balls and jars,
corrosion and potential product contamination are avoided;
thus, an effective acid etchant can be used in the ECO-ME
approach. Acid etchants are considerably more effective than
alkaline etchants in removing the Al atomic layer from the
pristine MAX phase while preventing the formation of new
Al(OH); and AIO(OH) passivation layers.”® The liquid phase
milling environment minimizes fragmentation forces during
the ball milling process, thereby maintaining the lateral size
and structural integrity of the product. The nitrogen milling
atmosphere was employed to inhibit MXene oxidation from the
edges during the preparation process.”® Furthermore, since
mechanical forces are involved to accelerate the preparation
process, the ECO-ME method is more energy efficient, with only
4.6% power consumption of the conventional wet chemical
etching method, as shown in Table S1.

The ECO-ME method has demonstrated the ability to
prepare MXenes at high yields and with high efficiencies. The
high-speed motion of the SiC milling balls first breaks the
passivation layer wrapped around the MAX particles, leaving the
Al atomic layer exposed to the etchant, while the shear force
provided by the milling balls quickly peels off the etched E-

© 2023 The Author(s). Published by the Royal Society of Chemistry

Ti;C,, leaving the active site continuously exposed. In contrast
to conventional wet chemical etching methods, the ECO-ME
method maintains high yields but significantly reduces fabri-
cation time with the possibility of obtaining aqueous MXene
solutions at high concentrations (>30 mg mL ") by subsequent
centrifugation. As shown in Fig. 1b, an aqueous E-Ti;C, solution
was prepared on a large scale using the ECO-ME method.
Scanning electron microscopy (SEM) revealed that the
morphology of E-Ti;C, was transformed from the bulk phase
morphology of the original MAX phase (Fig. S1}) into a sheet-
like structure with distinct two-dimensional features after ECO-
ME treatment, while maintaining the integrity of the two-
dimensional structure, as shown in Fig. lc. Transmission
electron microscopy (TEM) (Fig. 1d) further revealed the
morphology of freestanding E-Ti;C,, which showed distinct
two-dimensional features while possessing a small thickness.
The size distribution of the individual E-Ti;C, nanosheets
prepared using the ECO-ME method has a diameter of
approximately 0.5 to 1.5 um, as illustrated in Fig. S2.}

E-TizC, possesses an excellent hydrophilic nature with
a water contact angle of 54.2° as measured on a nylon substrate
(Fig. S3) and the zeta potential is measured at —44.6 mV; thus,
E-TisC, is capable of dispersing homogeneously in water to
form a stable colloid and the typical Tyndall effect of E-Ti;C,, as
displayed in Fig. 1f. Meanwhile, the high hydrophilicity of E-
Ti;C, allowed it to be homogeneously dispersed in heated and
completely dissolved aqueous agar solution; after sufficient
stirring and subsequent drop casting in a polymethyl

Nanoscale Adv., 2023, 5, 6572-6581 | 6575
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methacrylate (acrylic) cube, agar/MXene hydrogels (1.5 wt%
agar content) with specific shapes could be obtained, as shown
in Fig. 1g. The SEM image of the agar/E-Ti;C, hydrogels after
freeze-drying revealed its microstructure, wherein E-Ti;C, was
uniformly distributed throughout the hydrogel and was fully
incorporated into its structure (Fig. 1e).

To further confirm that the MXene has been successfully
prepared, the pristine MAX phase and E-Ti;C, were investigated
by X-ray diffraction (XRD), as shown in Fig. 2a. The XRD pattern
of the pristine MAX phase showed several characteristic peaks
including (002), (004), (101), (104), (105), (107), (108), and (110);
however, after ECO-ME processing, all peaks except for (002)
disappeared, indicating that the MAX phase was almost
completely transformed into MXene. The characteristic peak
(002) shifted from 9.49° to 6.24° with weakening and broad-
ening, demonstrating the structural expansion and larger d-
spacing caused by extraction of the Al atomic layer from the
MAX phase and confirming the formation of E-Ti;C,. X-ray
photoelectron spectroscopy (XPS) demonstrated the removal of
the Al atomic layer. Titanium, carbon, oxygen, and aluminium
were detected in the original MAX phase (Fig. 2b). After ECO-ME
treatment, the peaks corresponding to aluminium were
completely removed and characteristic peaks of fluorine and
chlorine were observed, which could be explained by the
introduction of the reactants during the preparation process;
the detailed percentages of the individual elements are listed in
Table S2.7 For a deeper investigation of the changes in the
aluminium elements through ECO-ME treatment, the high-
resolution Al 2p XPS spectra are presented in Fig. S4.f The
pristine MAX phase presents two distinctive peaks belonging to
Al-O and Al-Ti, whereas in the E-Ti;C, spectrum, both peaks
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were absent, indicating complete removal of the A-layer and
confirming the successful preparation of E-Ti;C, MXene.
High-resolution XPS spectra were obtained to understand
the chemical bonding state in E-Ti;C,. In the Ti 2p region
(Fig. 2¢), peaks corresponding to Ti-C, (OH)-Ti**-C, (OH)-Ti**-
C, C-Ti-(O/OH), TiO,_,F, and TiO, were detected, where the
presence of the Ti—C peak indicated successful preparation of E-
TizC, and the C-Ti-(O/OH) peak could be attributed to termi-
nation of the bare surface of the Ti atom by abundant surface
functional groups. The (OH)-Ti**-C and (OH)-Ti**-C bonds
were considered to be due to the formation of suboxide and/or
hydroxide moieties when highly reactive E-Ti;C, reacted with
ambient moisture or oxygen. The appearance of the TiO, and
TiO,_,F, peaks can be explained by the inevitable oxidation of
the sample and its subsequent termination by fluorine func-
tional groups. Successful preparation of E-Ti;C, was further
confirmed by high-resolution XPS C 1s spectra (Fig. 2d), where
a peak corresponding to C-Ti was also observed. The C-C bond
can be considered to be due to the selective dissolution of Ti
atoms, whereas the detection of C-O and O-C=0 is considered
to be derived from the highly reactive E-TizC, sheet exposed to
the atmosphere. Moreover, high-resolution O 1s and F 1s
spectra revealed the detailed chemical bonding situation in E-
Ti;C,, as shown in Fig. 2e and f, respectively. The appearance of
TiO, and TiO,_,F, peaks in the O 1s spectra could be attributed
to the inevitable oxidation of E-Ti;C, throughout the prepara-
tion and measurement periods; furthermore, the oxidized E-
Ti;C, was terminated by a fluorine functional group. The
presence of the C-Ti—(OH), peak resulted from highly reactive E-
Ti;C, flakes exposed to moisture and oxygen under ambient
conditions. The C-Ti-F, and TiO,_,F, observed in the F 1s high-
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Fig. 2 Characterisation of E-TizC, MXene. (a) X-ray diffraction (XRD) patterns of the pristine TizAlC, MAX phase and E-TizC,. (b) X-ray photo-
electron spectroscopy (XPS) of the pristine MAX phase and E-TizC,. High-resolution XPS spectra of (c) Ti 2p, (d) C 1s, (e) O 1s, and (f) F 1s.
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resolution XPS spectra corroborate the outcome of the C 1s and
O 1s spectra, confirming that the fluorine functional group
terminates E-Ti;C,.>> The binding energies of each fitted peak in
the high-resolution XPS spectra are summarized in Table S3.}
Fourier transform infrared (FTIR) spectroscopy further revealed
functional groups on the E-Ti;C, surface, as shown in Fig. S5.1
The peak at 3423 cm ™" was attributed to the stretching vibration
of the ~-OH group, whereas the absorption peak at 2023 cm™"
could be explained by the vibrational band of the C-O group.
The bending vibrations of the C=O bond contributed to
a characteristic peak in the spectrum located at 1624 cm ™. The
characteristic peak at 1394 cm™ ' was generated by the bending
vibration of the O-H bond. The peaks at 1115 cm ™' and 556
cm ™' represented the stretching vibrations of the C-F bond and
Ti-O bonds, respectively.

Antibacterial activity of prepared E-Ti;C, MXene

To investigate the antimicrobial activity of E-TizC, in hydrogels
and its inhibitory properties against bacterial growth, the model
Gram-negative bacterium E. coli (wild-type) was used for the
examination. To provide the necessary nutrients to sustain E.
coli, Luria-Bertani (LB) agar, with the same hydrogel

View Article Online
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composition and content (1.5 wt%, agar) but with only the
addition of appropriate nutrients, was employed as a medium
for measuring the antibacterial effect of MXene. 100 pL of wild-
type E. coli suspension at 10® CFU mL " was gently inoculated
on the surface of the agar plates containing different concen-
trations of E-Ti;C,. Owing to the distinctive dark green colour of
the MXene solution, the agar hydrogel plates supplemented
with MXene presented a black colour, in contrast to the pure
nutrient agar plates. The growth of bacterial colonies was
assessed using the bacterial counting method after incubation
at 37 °C for 12 h in the dark. Under the treatment of 300 pg
mL ™! E-Ti;C,, the size of the bacterial colony was obviously
decreased compared to those in the control sample without E-
Ti;C, MXene, indicating that E-Ti;C, suppressed the growth of
E. coli at this concentration. Besides, the inhibitory activity of E-
Ti;C, on E. coli growth became more pronounced with a further
increase in the E-Ti;C, concentration (Fig. 3a). The colonies
were hardly visible at 600 pg mL™", and with a further increase
to 900 pg mL™ ", the plates displayed a glossy appearance with
no visible colonies, achieving 100% inhibition of the bacteria
(the other two replicate experiments are shown in Fig. S6 and
S71). The growth curves of wild-type E. coli in the absence of E-
TizC, and in LB liquid medium containing 600 pg mL~" E-Ti;C,

o

~
=
oo

—a— O ugmL’!
—o— 600 ug mL"!

= =
L o)
1 I

Optical density at 600 nm
=)
)

S
o

6 8 10
Time (h)

S
[\e]
I

Fig. 3 Antibacterial activity of E-TizC, against wild-type E. coli. (a) Photographs of E. coli incubated in LB media without or with the treatment of
E-TisC, for 12 hours. (b) The growth curves of E. coli under the treatment of 600 pg mL™* E-TizCs. (c) Confocal microscopy image of E-TizC»

interacting with E. coli (bacteria highlighted in yellow circles).
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were investigated by measuring the optical density at 600 nm.
The growth rate of E. coli exposed to E-Ti;C, was significantly
slower than that of the control sample after 2 h (Fig. 3b).
Notably, the growth curve showed a declining trend after 6 h.
Thus, E-TizC, in agar hydrogels demonstrated significant anti-
bacterial activity.

To investigate the mechanism of E-Ti;C, antibacterial
activity, confocal microscopy was used to observe the interac-
tion of E-Ti;C, nanosheets with E. coli. The results showed that
E-Ti;C, (shown as a black fragment) is not distributed evenly in
the field of vision but presents an aggregated group around E.
coli (highlighted by yellow circles). At positions where more E.
coli are present, more E-TizC, nanosheets surround them
(Fig. 3c). This can be attributed to the large specific surface area
conferred by the unique two-dimensional structure of E-Ti;C,
and the abundance of functional groups and highly hydrophilic
interactions with E. coli, which drive the two species to
approach each other and eventually crowd together.

E-Ti3C2 MXene flakes

View Article Online
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Antibacterial mechanism of E-Ti;C, MXene

Therefore, we proposed a model for the antibacterial activity of
E-Ti;C, MXene nanosheets based on a nanoknife effect and its
mechanism of action as illustrated in Fig. 4. Owing to the
intensive mechanical forces involved in the preparation
process, E-Tiz;C, prepared using the ECO-ME method has
numerous irregular edges. The large specific surface area and
abundant functional groups of E-Ti;C, enable it to spontane-
ously gather around bacteria, while the high hydrophilicity of E-
TizC, further enhances contact with bacteria. The relative
interaction between the bacteria and E-Ti;C, sheets and the
constant squeezing and movement of numerous E-Ti;C, nano-
sheets result in the sharp edges of the nanosheets repeatedly
injuring the bacterial cell walls, leading to their lysis and
demise. Compared to other 2D materials such as graphene,
MXene has a thicker monolayer, leading to higher bending
rigidity.>® The ECO-ME preparation method not only accelerates

Bacteria exposed to E-Ti3C2

Cell lysis and cytoplasm leakage

A

Surface groups

- o

Titanium Carbon

E-Ti3C2 nanoknife effect

E-Ti3C2 flakes Bacteria Cytoplasm

Fig. 4 Schematic diagram of the nanoknife effect of E-TizC, to inhibit E. coli growth.
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preparation but also creates a large number of sharp irregular
edges on MXene, which enable E-Ti;C, to act as a nanoknife to
effectively suppress or kill bacteria. As E-Ti;C, ruptures the
bacterial cell wall by repeated physical contact, leading to
cytoplasmic leakage and eventual death, bacteria have a limited
ability to develop resistance against the nanoknife effect;
therefore, E-Ti;C, not only kills the bacteria but also reduces the
risk of bacterial resistance.

To confirm the ability of the proposed E-Ti;C, nanoknife to
disrupt the E. coli cell wall, E. coli was genetically engineered to
overexpress cell wall genes (murA) for increasing the cell wall
thickness and to investigate its antibacterial activity. To deter-
mine whether the overexpression of murA thickens the E. coli
cell wall, lysozyme, which could induce bacterial cell wall
hydrolysis, was used to test the inhibition zones. The difference
in cell wall thickness between wild-type and E. coli over-
expressing the cell wall synthesis gene murA can be determined
by distinguishing the size of the lysis halo formed by lysozyme,
as shown in Fig. 5a. The lysis halo was absent in the water-
added region, whereas E. coli was lysed around the filter paper
to which lysozyme was added and a circular lysis halo was
formed.

It can be clearly observed that lysozyme lyses the thickened
cell wall of E. coli into a narrow circle, in contrast to the
significantly larger lysis halo formed by lysing wild-type E. coli
using the same dose of lysozyme, which produced a circle of
approximately 1.35 cm in diameter on the plate (Fig. S87). The
thickened cell wall E. coli were incubated on plates containing

(b)

Filter disc IYSif‘hﬂb lysis\ halo

% ®

Filter disc

\. 0

Water  lysozyme Water  lysozyme

E. coli (murd)

0.8

~
o
~
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E-Ti;C, at a concentration of 600 ug mL ' and although the
individual size of the E. coli colonies was reduced compared to
that in the control sample, no significant suppression effect was
achieved as seen in the E. coli with normal cell walls. Further-
more, even with a further increase in the E-Ti;C, concentration
to 900 pg mL ', the presence of E. coli colonies was still
observed, as presented in Fig. 5b (the other two replicate
experiments are shown in Fig. S9 and S10t). The weakened
inhibitory effect of E-Ti;C, on genetically modified E. coli was
further confirmed by measuring the optical density at 600 nm
(Fig. 5¢). After overexpression of the cell wall synthesis gene, the
effect of E-Ti;C, on the growth curve of E. coli with thickened
cell walls was obviously diminished and its growth inhibition
rate was significantly reduced.

Thus, the antimicrobial activity of the E-Ti;C, MXene
nanosheets is attributed to their remarkable bending rigidity
and sharp edges,* which could disrupt the cell walls of E. coli.
Owing to the mechanical forces involved in their preparation
using the ECO-ME method, E-Ti;C, nanosheets had irregularly
shaped edges, which destroyed the bacterial cell walls, leading
to their eventual rupture and death. In contrast, the inhibitory
activity was significantly reduced when the E. coli cell wall was
thickened through genetic engineering. This can be explained
by the thickening of the cell wall, which makes it difficult for the
edges of the 2D E-Ti;C, nanosheets to puncture E. coli cells,
resulting in the failure of antibacterial activity. Notably,
although E-Ti;C, was unable to kill the bacteria with the
thickened cell walls, it still had an inhibitory effect on bacterial

—=— 0 pgmL!
—eo— 600 pg mL™!

< o
B (o)}
1

Optical density at 600 nm
(=)
o

e
=

Treated by 600 pg mL" E-TisC2 | [ Treated by 900 ug mL" E-TisC2

o
[\

4 6 8 10 12
Time (h)

Fig. 5 Antibacterial activity of E-TizC, against E. coli with thickened cell walls. (a) The lytic activity of the same dose of lysozyme on wild-type E.
coli (right) and thickened cell wall E. coli (left). (b) Photographs of thickened cell wall E. coli incubated on LB media with or without E-TisC, for 12
hours. (c) The growth curves of thickened cell wall E. coli under the treatment of 600 pg mL™* E-TizCo.
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growth, as the individual E. coli colonies were significantly
smaller than those in the sample without E-Ti;C,. This can be
attributed to the E-Ti;C, MXene nanosheets surrounding E. coli,
which prevent the bacteria from obtaining nutrients from the
environment; this results in the inhibition of bacterial growth.

Antibacterial activity of E-Ti;C, compared with MXene
prepared by conventional methods

To evaluate the antibacterial activity of E-Ti;C, compared with
the conventional wet chemical etching method prepared Ti;C,
(W-Ti3C,), a 100 uL suspension of wild-type E. coli at 10° CFU
mL~" was inoculated onto the surface of agar plates contain-
ing different concentrations of W-Ti;C,. The growth of colo-
nies was evaluated by bacterial counting after 12 h incubation
at 37 °C in darkness. It was clearly observed that in contrast to
the significant antibacterial activity presented by E-Ti;C, at
a concentration of 900 pg mL ™!, visible E. coli colonies were
still observed on the surface of agar plates containing 900 pg
mL ™' of W-Ti;C, (Fig. S11,1 the other two replicate experi-
ments are shown in Fig. S12 and S137). This can be attributed
to the absence of mechanical forces in the preparation process
of W-Ti;C, resulting in flakes lacking sharp edges, as displayed
in Fig. S14.1 Furthermore, it has been demonstrated that the
lateral size of the nanosheets significantly affects the cutting
effect, which diminishes with increasing size of nano-
sheets.*»** Therefore, the larger lateral size reduces the
nanoknife effect of W-Ti;C, and consequently impairs the
antibacterial activity. As a result, E-Ti;C, with a relatively small
lateral size and numerous irregular edges produced through
the ECO-ME method achieves better antibacterial activity than
W-Ti;C, prepared via conventional wet chemical etching
methods.

Conclusion

In summary, for the large-scale preparation of MXene, an effi-
cient one-step mechanical exfoliation (ECO-ME) method has
been developed, which dramatically reduces the preparation
time and energy consumption of E-Ti;C, MXene compared with
the conventional wet chemical etching method, while main-
taining a high yield and obtaining E-Ti;C, aqueous solutions
with high concentrations of more than 30 mg mL~". Overall, E-
TizC,, with a designed morphology, possesses excellent hydro-
philicity and can be easily dispersed in agar solutions to form
agar/MXene hydrogels. E-Ti;C, nanosheets have irregular sharp
edges and exhibit an extraordinary nanoknife effect that results
in antibacterial activity. The antibacterial mechanism of E-Ti;C,
was confirmed using E. coli strains with thickened cell walls,
indicating that the antibacterial activity of E-Ti;C, was achieved
by disrupting the bacterial cell wall. Furthermore, E-Ti;C,
demonstrated superior antibacterial activity than MXene
prepared through conventional wet chemical etching
approaches. These remarkable antimicrobial properties of E-
Ti;C, make it a promising candidate for combating the poten-
tial effects of bacteria and provide new insights for the devel-
opment of bactericides.
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