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Acoustic platforms meet MXenes — a new
paradigm shift in the palette of biomedical
applications
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The wide applicability of acoustics in the life of mankind spread over health, energy, environment, and
others. These acoustic technologies rely on the properties of the materials with which they are made of.
However, traditional devices have failed to develop into low-cost, portable devices and need to overcome
issues like sensitivity, tunability, and applicability in biological in vivo studies. Nanomaterials, especially 2D
materials, have already been proven to produce high optical contrast in photoacoustic applications. One
such wonder kid in the materials family is MXenes, which are transition metal carbides, that are nowadays
flourishing in the materials world. Recently, it has been demonstrated that MXene nanosheets and
quantum dots can be synthesized by acoustic excitations. In addition, MXene can be used as a mechanical
sensing material for building piezoresistive sensors to realize sound detection as it produces a sensitive
response to pressure and vibration. It has also been demonstrated that MXene nanosheets show high
photothermal conversion capability, which can be utilized in cancer treatment and photoacoustic
imaging (PAI). In this review, we have rendered the role of acoustics in the palette of MXene, including
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acoustic synthetic strategies of MXenes, applications such as acoustic sensors, PAl, thermoacoustic
devices, sonodynamic therapy, artificial ear drum, and others. The review also discusses the challenges
and future prospects of using MXene in acoustic platforms in detail. To the best of our knowledge, this is
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1. Introduction

Sound signal perception has been monitored by mankind for
decades, and the term ‘acoustics’ deals with the production,
transmission, control, and effects of sound. It is a physical
science closely related to our daily lives in the form of telepho-
nic conversations, sound absorption systems, ultrasound
imaging, voice interaction systems, and others. According to
the definition of sound, it is a vibration that propagates as an
acoustic wave through a transmission medium, such as a gas,
liquid, or solid, and an acoustic wave is a mechanical wave
that transmits energy through the movements of atoms and

“Department of Biological Sciences and Engineering, Indian Institute of Technology
Palakkad, Palakkad, Kerala, 678557, India. E-mail: abdulrasheed@iitpkd.ac.in
bDepartment of Chemistry, Indian Institute of Technology Palakkad, Palakkad,
Kerala, 678557, India

‘Department of Chemistry, National Institute of Technology Calicut, Calicut, Kerala,
673601, India

Bio-Nano Theranostic Research Laboratory, Cancer Research Program (CRP), School
of Life Sciences, Bharathiar University, Coimbatore, 641 046, India

‘Department of Chemistry, School of Sciences, National Institute of Technology
Andhra Pradesh, West Godavari, Andhra Pradesh, 534101, India

18156 | Nanoscale, 2023, 15, 18156-18172

the first review combining acoustic science in MXene research.

molecules.” A sound wave is typically investigated in terms of
its pressure levels, frequencies, and interactions with the
environment. This interaction can be labelled as diffraction,
interference, reflection, a combination of these three, or even
refraction when it involves many media. Since the sound
source causes the medium it is in to vibrate, the sound wave
spreads out from the source and disperses energy throughout
the medium. This energy is converted into new forms at the
location of the reception such as physical, biological, or other
effects.”

Acoustic waves (sound) are mechanical vibrations that travel
through elastic media like air, liquid, or solid objects. Acoustic
waves are referred to as audible sound, ultrasonic, and infra-
sonic by separating the complete spectrum into three parts.
The only range of sound that can be recognized by human
ears is the audible range, which is roughly between 20 Hz and
20 kHz. Over 20 kHz is considered as the ultrasonic range and
this frequency range is employed in medical applications,
such as ultrasonography because the shorter wavelengths
improve the imaging resolution.® A suitable transducer that
can convert electrical energy or other forms of energy to acous-
tic energy is typically used to generate ultrasound.’ The
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majority of ultrasonic transducers make the use of piezoelec-
tric materials and the opposing piezoelectric effect to produce
acoustic waves from an alternating electric field. The final
segment, or 20 Hz and lower, is where the infrasonic range is
located.

The first large-scale application of ultrasound occurred
towards the start of World War I (1914), with the development
of the first underwater sound navigation and ranging system
(known as SONAR), which relied on a pulse-echo operation.”
Many additional uses for ultrasound emerged in the years
afterward, encouraging the advancement of new technological
improvements. As a form of physical treatment, ultrasonogra-
phy was used in the 1930s to generate heat and warm the deep
tissues in the body. Ultrasonic pulse-echo imaging was devel-
oped and deployed to diagnostic medicine in the late 1940s to
lessen reliance on radiative medical X-ray imaging.® In the
1950s, Fellinger and Schmid effectively used ultrasonic
irradiation to promote the transport of hydrocortisone oint-
ment into inflamed tissues for the treatment of polyarthritis.”
Since then, the discipline of diagnostic and therapeutic ultra-
sound, often known as medical ultrasound, has evolved into
one of the most active research areas, with numerous notable
breakthroughs documented. Ultrasound imaging has been
widely and actively employed in the fields of cardiology, gynae-
cology, angiology, and gastroenterology due to its benefits
such as ease of use, low cost, noninvasive assessment, and the
absence of ionizing radiation.®'° Furthermore, ultrasound has
been used to increase drug or gene delivery into specific
tissues such as the brain, skin, and endothelium. It has also
been used to treat a variety of disorders, including throm-
boembolism, cancer, and arteriosclerosis.

Acoustic waves have been used for decades in biological
sciences and engineering, with applications ranging from
disease diagnostics, including imaging techniques to high-
energy sound wave lithotripsy. Acoustic waves can manipulate
the fluid flow in the micro and nanoscale, which can be used
to develop miniaturized technologies and microelectromecha-
nical systems (MEMS)."" This domain of contactless and label-
free acoustic technique is known as acoustofluidics,'® and its
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applications range from the analysis of cells,”® and bio-
molecules,'* to techniques like acoustic levitation,'” acoustic
actuation,'® acoustophoresis,'” acoustic tweezers,'® etc. Recent
progress in acoustofluidics technologies for diagnostics, drug
synthesis and delivery, tissue engineering, fundamental bio-
logical studies, biological particle separation, and sorting
proves the evidence of using acoustics in modern medical
science and technology."’

At the beginning of the 1980s, nanoscience and technology
received greater attention among a broad spectrum of the
research community. In the past decades, nanotechnology
served as a platform for the multidisciplinary research of col-
lections like chemistry, material science, physics, biology, and
medicine. In many ways, the blend of nanotechnology and
ultrasound for biomedical applications has revolutionized con-
ventional techniques to apply ultrasound. Even the integration
of nanotechnology and acoustics has led to a new branch of
study called ‘nanoacoustics’ that deals with the study of the
manipulation of nanomaterials with acoustics and its various
applications like nanoacoustic characterization, nanoacoustic
sensing, ultrasound drug delivery, PAI, etc.”® Nanomaterials
for acoustics were broadly classified as active and passive, lead
zirconate titanate (PZT),*' polyvinylidene difluoride (PVDF)
nanofibers,** etc. belong to active while organic nanomaterials
(such as organic molecules*® and semiconducting nano-
materials®*) and inorganic nanomaterials (such as metallic
nanoparticles,”® metallic nano-patterns,® and carbon-based
nanomaterials®’). Active nanomaterials for acoustics can gene-
rate an electrical field when acoustic waves strike them, or they
can generate acoustic waves in the presence of an electrical or
magnetic field, whereas passive nanomaterials for acoustics
primarily consist of nano-scaled materials that aid in acoustic
generation/detection and interact with acoustic waves for
different purposes.

The advent of two-dimensional nanomaterials in the
palette of materials science has made a notable change in
applications like biomedical,*® energy* as well as the environ-
ment sector.’® When these materials were integrated into the
acoustics field, advancement in different application sectors
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was quoted by the materials scientists. Materials like gra-
phene,*! reduced graphene oxide,*” transition metal oxides,?
transition metal dichalcogenides,’* metal-organic frameworks
(MOF),*® covalent organic frameworks,*® hexagonal boron
nitride (h-BN),*” black phosphorus®® and MXenes*® showed a
wide variety of advances when integrated with acoustics. These
materials have been used in acoustic sensing, photoacoustic
imaging (PAI), thermoacoustic devices, etc. Out of these
materials, MXenes being the youngest family member has
recently been explored in the acoustics domain. This family of
transition metal carbides has already explored applications in
biosensing,’®*" wastewater treatment,’”> cancer therapy,*
energy storage,** electromagnetic interference (EMI) shield-
ing,*” biomedical applications®® etc. In this review, we have
briefly elucidated the synthetic techniques and the biomedical
applications of MXenes using acoustics platform. As per the
best part of our knowledge, this is the first review article cover-
ing the integration of MXenes and acoustic platforms for bio-
medical applications.

2. Introduction to MXenes

MXenes are a new class of two-dimensional materials of tran-
sition metal carbides or carbonitrides with the general
formula M,,,1X,,T, (n = 1-4 layers) in which M represents early
transition metal, which is inserted between carbon/nitrogen
(X) and T, represents surface terminations such as -O, -OH,
and -F.*” A large variety of compositions and structures are
possible in the MXene family by varying the combination of
transition metals, carbon/nitrogen, and functional groups.*® It
has been reported that over 100 stoichiometric MXene compo-
sitions with unique functionalities make MXenes suitable for
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multiple applications.*>>® The fascinating properties of
MXenes include excellent conductivity,”* hydrophilicity,>* cata-
lytic activity,>® easy functionalization,>® good biocompatibil-
ity,”> and the ability to form robust films.>® Among the large
family of MXenes, Ti;C,T, MXene is largely explored for
different applications, including acoustic applications.’”®
However, other MXenes such as Nb,CT,, Mo,CT,, and Ta,C5T,
are also explored for various applications including acoustic
applications.>®*°

The synthetic routes of MXenes mainly revolve around
three different etching methods for removing the A layer from
their corresponding MAX phases. The first and most com-
monly employed method is the hydrofluoric acid (HF) etching
method by reacting the MAX phase in 48% HF for several
hours (varies 24-96 h) at room temperature. The major issue
with this method is that HF is a highly corrosive and toxic acid
that can cause burns and damage to the skin upon contact.
Another etching method involves the in situ generation of HF
produced by mixing lithium fluoride (LiF) with hydrochloric
acid (HCI), which is less hazardous. The in situ HF etching
method is highly successful for the etching of Ti-based
MXenes; however, it is not highly recommended for Nb-based
MXenes owing to the stronger Nb-Al bond strength than Ti-Al.
Another etching method is an alternative to the use of toxic
etchants, replacing it with a mixture of NaBF, and HCI with a
comparatively shorter time duration (30 h).*" This etching
route can be considered an environmentally benign route for
MXene synthesis with high exfoliation efficiency in addition to
better chemical and oxidative stability, enhanced conductivity,
and lower cytotoxicity. Recently, new synthetic methodologies
have evolved, which include the use of HCI as the etchant®*®3
and electrochemical etching methods.®® After successful
etching, the next step is to exfoliate the multilayer MXene
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sheets into delaminated sheets (single- to few-layer MXene
sheets). Mechanical exfoliation is quite challenging because of
the hydrogen bonding between MXene layers.®®> To avoid this,
intercalation of different solvents, organic molecules, and ions
between the MXene layers, followed by agitation or sonication
can be used, which can expand the interlayer spacing and
minimize the interflake interactions.®®

Recently, it has been demonstrated that MXene nanosheets
and quantum dots (QDs) can be synthesized by acoustic exci-
tations, which is discussed in the next section.®””® In
addition, MXene can be used as a mechanical sensing material
for building piezoresistive sensors to realize sound detection
as it produces a sensitive response to pressure and vibration.
This efficient mechanical response of MXenes originated by
changing the interlayer distances with an applied force.*® It
has been demonstrated that MXene nanosheets show high
photothermal conversion capability, which can be further
established as the photothermal nanoagents for cancer treat-
ment.”® This high photothermal conversion capability of
MXenes provides contrast-enhanced imaging capability, which
can be utilized in PAI Fig. 1 shows the various biomedical
applications of MXenes using an acoustic platform.

3. Acoustics in MXene synthesis

Ghazaly et al. introduced a novel one-step salt solution-based
acoustic synthesis method for converting the Ti;AlC, MAX
phase into Ti;C,T, MXene, which involved the use of mega-
hertz acoustic excitation to generate protons via solution dis-
sociation.®® They employed 30 MHz high-frequency energetic
surface acoustic waves (SAWs) and the influence of the evanes-
cent electric field (108 V m™") interacted with a droplet consist-
ing of 0.05 M LiF solution containing TizAlC, MAX particles.
The SAW process harnessed the high localization of mechani-
cal vibrations to facilitate rapid water dissociation and proton
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Fig. 1 Schematic representation showing the acoustic applications of
MXene, created with BioRender.com.

evolution upon exposure to acoustic waves. The strong electro-
mechanical coupling properties of the piezoelectric substrates
facilitated a dynamic polarization process at atomic and mole-
cular scales, leading to the exfoliation of the bulk MAX phase
into one or more layers of nanosheets. The Ti;C,T, MXene for-
mation mechanisms are suggested to follow the below
equations.
Water dissociation:

SAW + H,0 = H' + OH * +e~
Localized HF formation:
LiF + HY = HF +Li"
Delaminated MXene production:
Ti;AlC, + aHF + bH,0 — TizC,T, + AlF; - xH,O + cH,.

Acoustic waves improve mass transfer by inducing acoustic
streaming throughout the entire solution volume. This effect
results in increased exposure of additional active sites to the
etching solution. This mechanism accelerates the overall
process while also ensuring a uniform distribution of MXene
flakes in terms of their size. The SAWs facilitate the dis-
sociation of water molecules, producing OH* free radicals and
protons (H'). The protons then react with fluorine ions to form
localized hydrofluoric acid (HF), causing a slight decrease in
the solution’s pH. This decrease in pH extends the solubility
limit of LiF at room temperature, enabling it to reach the
minimum concentration required to etch out the aluminium
layer. The OH* free radicals play a role in the formation of
surface termination groups on the MXene. This rapid reaction
technique not only eliminated the need for acids but also

Nanoscale, 2023, 15, 18156-18172 | 18159
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demonstrated its potential for large-scale MXene synthesis.
Additionally, the presence of Li ions becomes confined
between the multi-layered MXene, contributing to the delami-
nation of MXene flakes. The high-frequency SAW is believed to
significantly enhance the kinetic rates of the reaction, while
the mechanical wave component generated by the SAW facili-
tates the delamination process. Recently, Alijani et al. devel-
oped a unique method for creating MXene quantum dots
(MQDs) based on an acoustomicrofluidic approach with
minimal degradation.®® The schematic illustration of the
experimental setup is given in Fig. 2, in which a multilayer
Ti;C,T, MXene sample is continuously brought to the surface-
reflected bulk waves (SRBW) device through the formation of
aerosol droplets of delaminated and cleaved Ti;C,T,, which is
finally collected at the bottom of the glass bottle enclosure. As
shown in the figure, the piezoelectric substrate’s high-fre-
quency electromechanical vibrations greatly speed up the
surface, nebulizing the layered Ti;C,T, dispersion and result-
ing in progressively smaller and thinner MXene nanosheets
and MQDs. This room-temperature synthesis method that

Ti,C,T, MXene nanosheets and MQDs

AC sign:
input

Multilayer Ti,C,T, MXene

(b)

%@;‘% -3
8

Ti,C,T, MXene nanosheets and MQDs

Muttilayer Ti,C,T,
MXene

Fig. 2 (a) Schematic illustration of the experimental setup for the
acoustomicrofluidic synthesis of pristine ultrathin TizC,T, MXene
nanosheets and MQDs. Here, the multilayer TizC,T, MXene sample is
continuously delivered to the SRBW device. The delaminated and
cleaved TizC,T, condenses within the glass bottle enclosure after
forming the aerosol droplets in the top by nebulization. (b) The conden-
sate collected after many cycles at the bottom undergoes successive
renebulization to form (i) laterally cleave and (ii) delaminate the sample
into smaller and thinner MXene nanosheets and MQDs. Reproduced
with permission from ref. 68. Copyright © 2021, American Chemical
Society.
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doesn’t require the input of any additional chemicals pro-
duced high-purity MXene quantum dots with superior per-
formance as electrode materials for the electrochemical
sensing of hydrogen peroxide.>*

4. MXene in acoustic applications

4.1. Artificial eardrum and throat

Human hearing receives air disturbances with periodic
pressure changes, which are then translated into sounds by
the ear. The auditory system handles human hearing, which
transforms the eardrum’s mechanical waves into neural pulse
responses for brain processing. Presbycusis, which affects
older individuals, heredity, congenital abnormalities, and a
person’s surroundings, can all result in hearing loss. Using a
hearing aid and treating the perforated eardrum are two strat-
egies that can improve hearing. Hearing aid devices that
combine a microphone, amplifier, and loudspeaker have made
life easier for those who are deaf and suffer hearing loss. The
major components of a hearing aid include a microphone,
which picks up the sound, and an amplifier circuit to enhance
the sound. The next is a miniaturized loudspeaker (receiver),
which delivers the amplified vibrations to the external acoustic
meatus (auditory canal), and the electronic parts are powered
by batteries. The general mechanism in the working of a
hearing aid is the transport of an input signal to the micro-
phone. This signal gets amplified using a battery-powered
amplifier and passed to the receiver in the form of an output
signal. Fig. 3 shows the schematic outline of the mechanism
of a hearing aid.

Currently, available acoustic technology is restricted by
bulky rechargeable nickel-metal batteries that are difficult to
carry. Isinglass, wood, mica, and polymers are the usual
materials used in conventional acoustic membranes. They are
heavyweight and are difficult to tailor. Acoustic devices’ ulti-
mate objective is to create or detect a sound with great sensi-
tivity, low limit of detection, and a large frequency spectrum.
Core demands for technical innovation include lightweight,

Amplifier
0 b ] VWA
— > — —
\/\/\j\ @
Input signal Microphone Receiver Output signal
Battery

Fig. 3 The general outline mechanism behind the working of the artifi-
cial hearing aid, created with BioRender.com.
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low energy consumption, battery longevity, and integration
with microsupercapacitors or microbatteries. Acoustic mem-
brane performance may be enhanced by nanostructured
materials, especially low-dimensional materials.”* Low-dimen-
sional nanostructures have already been implanted in the
damaged eardrum of animal models to restore hearing. Deep
data learning-aided speech recognition has been reported to
be possible with acoustic sensors built of graphene.”?

Recently, Ren et al. built an artificial eardrum using an
acoustic sensor based on Ti;C,T, for realizing voice detection
and recognition.>® The fabricated eardrum mimics the func-
tion of a human eardrum, which consists of MXene with a
large interlayer distance and micropyramid polydimethyl-
siloxane arrays, enabling two-stage amplification of pressure
and acoustic sensing. The overview of the two-stage amplified
MXene artificial eardrum with the operating principle of two-
stage enhancement, and the schematic illustration of the
MXene eardrum device are given in Fig. 4. The difference
between the conventional sensor and MXene-based sensor is
given in Fig. 4(a). The device is assembled from double-layer
MXene-polydimethylsiloxane (PDMS)-polyethylene (PE) films,
abbreviated as MPP film, as shown in Fig. 4(b). The image of
the MXene eardrum device, image of the MXene device placed
on the ear model, and the fabrication process of the MXene-
PDMS-PE film are given in Fig. 4(c-e), respectively. The scan-
ning electron microscopy (SEM) images of the PDMS substrate
with pyramid microstructures and the substrate covered with
MXene nanoflakes are shown in Fig. 4(f) and (g), respectively.
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Fig. 4 (a) The operating principle of two-stage enhancement of the
fabricated MXene artificial eardrum. (b) Schematic representation of the
MXene eardrum device. (c) The image of (c) MXene eardrum and (d)
MXene device placed on the ear model. (e) Fabrication process to
prepare the MPP film. The SEM image of (f) the PDMS substrate with
pyramid microstructures and (g) the substrate covered with MXene
nanoflakes. Reprinted with permission from ref. 39. Copyright © 2022
The Authors, some rights reserved; exclusive license American
Association for the Advancement of Science.
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The fabricated artificial eardrum displays an exceptionally
high sensitivity of 62 kPa~" with a promising detection limit of
0.1 Pa. They have adopted a machine-learning model to realize
the training and testing of large amounts of data recorded by
the fabricated MXene device. The results indicate that the
MXene artificial eardrum shows great potential for appli-
cations in wearable acoustical healthcare devices in building a
human-machine interaction system.

Another interesting work is the fabrication of MXene-based
acoustic devices in speech recognition. Towards this aspect,
Jin et al. fabricated a wearable and deep-learning-enabled
MXene-based artificial throat device using Ti;C,T, MXene con-
ductive film and PDMS.” This artificial MXene-based sound
detector (MXSD) throat device realizes the detection of the
action of sound signals at different frequencies and intensi-
ties, along with the detection of different pronunciations of
several different words. They have combined MXSD with a
deep learning network model to further explore the perform-
ance of the device in recognizing two sound signals (long
vowels and short vowels). They have concluded that the devel-
oped MXSD has the potential to become a wearable artificial
throat device in biomedical fields that assists patients in com-
munication and the development of deep-learning-enabled
sensors in complex data environments.

4.2. Photoacoustic imaging

The photoacoustic effect is a particular case of the thermoa-
coustic effect, in which the heat energy is generated by the
absorption of light by the sample. When the sample is irra-
diated by a pulse light source (flash) or a modulated light (per-
iodic light) using a laser source, the material absorbs the light
energy and converts it into heat energy. These temperature
variations, translated into regular pressure changes, are fol-
lowed by the expansion and contraction of the substance and
the surrounding medium. Thus, sound waves are generated
and this phenomenon is named as the photoacoustic effect.”*

The commonly used wavelength for PAI is in the visible and
near infrared (NIR) part of the spectrum between 550 and
900 nm. The photoacoustic property is predominantly applied
in the field of PAI, which is a cutting-edge diagnostic imaging
technique that produces optical imaging by introducing the
tissue to the excitation light. This can be used for functional
imaging of a biological cell or tissue structure, which can be
employed in the early detection and primary stage treatment
of cancer. Fig. 5 shows the schematic representation of PAI of
tumour cells and the mechanism of action involved during the
process. Apart from PAI, the photoacoustic effect can be
applied to reproduce sound. For example, few-layer graphene
can transform optical energy into sound energy while optical
excitations are applied.”

PAI utilizes both endogenous and exogenous contrast
agents to image cells and tissues. The endogenous agents
include DNA,”® lipid,”” oxygenated-/deoxygenated-haemo-
globin,”® melanin,”® etc. These contrast agents come up with
functional, histopathologic, and metabolic information such
as blood oxygenation, vascularity, and oxygen metabolism.

8
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Fig. 5 Schematic representation of PAI of tumour cells and the mecha-
nism of action involved, created with BioRender.com.

Coming to exogenous contrast agents, several materials,
including fluorescent proteins (red/green fluorescent protein
(RFP/GFP)),2%®! organic dyes,®* and inorganic nanomaterials
(gold nanoparticles,® graphene,®* carbon nanotubes,® meso-
porous silica nanoparticles,*® MOFs,*” covalent-organic frame-
works,?® MXenes®® etc.), are used as good PAI contrast agents.
MXenes, the youngest 2D material, are excellent PAI contrast
agents because they can undergo photothermal conversion
and span a spectrum from ultraviolet-visible to near-infrared.
TizC,Ty, Nb,CT,, and Ta,C;T, are the MXenes that demon-
strated excellent photoacoustic behaviour combined with
photothermal effect or singly, which is evident from the pre-
vious literature.

The extensive surface area and ultrathin planar structure of
MXene sheets provide numerous binding sites for therapeutic
drugs, along with high photothermal and photoacoustic con-
version efficiency.®® Wang et al. synthesized 3-bromopyruvate-
loaded Ti;C,T, MXene/Cu,O nanosheets for PAI-guided syner-
gistic cancer therapy combined with photothermal therapy
(PTT)/chemodynamic therapy (CDT).*® The composite contains
Cu', which produces OH* radical via Fenton-like reactions in
acidic tumor environments to achieve CDT. Additionally, the
3-bromopyruvate can inhibit the glycolytic pathway, which
results in further inhibition of tumor growth. It was found that
the composite has excellent photothermal properties and a
high-resolution PAI capability in NIR irradiation.

Han et al. explored the photoacoustic and photothermal
capabilities of Ti;C,T, MXene by modifying it with soybean
phospholipid.”® From the in vitro investigations, these Ti;C,T,
MXenes show a high photoacoustic signal intensity at an exci-
tation wavelength of 808 nm, and the photoacoustic signal
intensity increases with the increase of the composite.
Moreover, when administered at a dose of 15 mg kg™ in 4T,
tumor-bearing mice, a significant enhancement in the photoa-
coustic signal was observed, indicating the potential of utiliz-
ing these MXenes for PAI-guided therapy. Additionally, TizC, T,
MXene has displayed excellent in vivo compatibility and facile
elimination from the body, highlighting its potential for
strong biosecurity in future clinical applications. However,
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MXenes face limitations as diagnostic imaging agents due to
their inherent material properties. To confer specific function-
ality for theranostic purposes, several investigations have been
conducted. One such study by Dai et al. involved the develop-
ment of MnO,/Ta,C;T, composite modified with soybean
phospholipid, which acts as a contrast agent for simultaneous
computed tomography (CT), tumor microenvironment-respon-
sive T;-weighted magnetic resonance imaging, and PAL°® The
schematic presentation of the synthetic procedure and mag-
netic resonance imaging (MRI)/CT/PAl-guided photothermal
cancer therapy by MnO,/Ta,C;T,—SP composite nanosheets are
given in Fig. 6, which includes the scheme of the synthesis of
Ta,C3T, nanosheets and MnO,/Ta,C3T,—SP composite
nanosheets along with illustration of theranostic functions of
MnO,/Ta,C;T,—SP. Following subcutaneous administration to
mice with 47; tumors, the composite nanosheets, as made
with surface modifications (SP-MnO,/Ta,CsT,), exhibited
rapid enhancement of photoacoustic signals, with the
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@;!!;r,.,.l

A

ilayered Ta,C, in Ta,C,
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=
HF etching Sonication g \
Ta,AlC, i Ta,Cy Ultrathin Ta,C, nanosheets
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Fig. 6 Schematic presentation of the synthetic procedure and MRI/CT/
PAIl imaging-guided photothermal cancer therapy by MnO,/Ta,CsT,—SP
composite nanosheets. (a) The scheme of the synthesis of 2D Ta,C3T,
nanosheets, including HF etching, followed by sonication exfoliation. (b)
The synthetic procedure for MnO,/TasCsT,—SP composite nanosheets,
etching, exfoliation, in situ redox reaction between TasCs nanosheets,
and post-introduction of KMnO,4 and preceding surface SP modification.
(c) Iustration of theranostic functions of MnO,/Ta,CsT,—SP composite
nanosheets, ie., MRI/CT/PAl-guide efficient PTT tumour ablation.
Reprinted with permission from ref. 90. Copyright © 2017, American
Chemical Society.
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maximum optical density observed at 15 min post-adminis-
tration. Furthermore, the SP-MnO,/Ta,CT, nanosheets
demonstrated contrast-enhanced characteristics in both mag-
netic MRI and CT, suggesting the potential of utilizing these
nanosheets for therapy guided by a variety of imaging
modalities.

In another study, researchers designed 2D core-shell nano-
composites (Ti;C,T,@Au) for applications in dual-modal
imaging, specifically photoacoustic and CT.”* The nano-
composites were synthesized using a seed-growth approach,
starting from Ti;C,T, nanosheets. The study revealed that by
coating the nanosheets with gold (Au) on their exterior, the
biocompatibility and stability of the nanocomposites were sig-
nificantly enhanced through thiol amendment. Moreover, the
introduction of gold shell resulted in increased optical absorp-
tion in the near-infrared region. Additionally, the mild photo-
thermal effect exerted by the nanocomposites improved tumor
oxygenation and enhanced the efficacy of radiotherapy.
Importantly, the nanocomposites exhibited no apparent long-
term toxicity, highlighting their potential for safe biomedical
applications.

Exploration of other MXenes, such as Nb,CT, and Mo,CT,
for PAI was also reported. Chen et al. conducted a fascinating
study where they successfully synthesized mesoporous-silica
shells on the surface of Nb,CT, (Nb,CT,-MSN) and modified
them with cetyltrimethylammonium chloride (CTAC), poly-
ethylene glycol (PEG), and cyclic arginine-glycine-aspartic
pentapeptide ¢(RGDyC). The synthesized composite is denoted
as CTAC@Nb,CT,~MSN-PEG-RGD and is used for effective
in vivo photothermal ablation of second near-infrared biowin-
dow (NIR-II) in mouse tumor xenografts.”> Additionally, the
CTAC@ND,CT,-MSN-PEG-RGD composite exhibited promis-
ing PAI capabilities. In another report, a novel therapeutic
modality based on core/shell-structured Nb,CT, was modified
with mesoporous silica (MSN) and S-nitrosothiol (SNO)
(Nb,CT,~-MSNs-SNO) for photonic thermogaseous therapy.”
Here, the mesoporous silica provides the reservoirs for SNO,
while the core of Nb,CT, creates heat shock upon NIR-II
irradiation. Additionally, the Nb,CT,~-MSNs-SNO composite
can be used for PAI guidance and monitoring for precise
cancer treatment. In a separate investigation, Dai et al. devel-
oped Mo,CT, MXene QDs using a straightforward liquid phase

Table 1 A comparison of the recently reported MXene-based PAI systems
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exfoliation method assisted by ultrasound.”® The resulting
Mo,CT, QDs demonstrated exceptional performance in PAI
Furthermore, they exhibited high biocompatibility, minimal
cytotoxicity, and excellent stability, making them highly suit-
able for various biomedical applications. Similarly, Ta,C;T,
modified with SP has been used for in vivo photoacoustic/CT
dual-mode imaging combined with PTT by Lin et al.’> A com-
parison of the recently reported MXene-based PAI systems is
collectively summarized in Table 1.

4.3. Acoustic sensors

As the acoustic wave passes through or on the facet of the
material, any switch to the attribute of the propagation path
affects the velocity or/and amplitude of the material. These
changes in the velocity can be tracked by calculating the fre-
quency or phase features of the transducer and can be in tune
with the physical quantity to be measured using acoustic
sensors. Exploration of 2D materials like MOFs, transition
metal oxides, transition metal dichalcogenides, etc. have been
reported in the fabrication of acoustic sensors for a multitude
of applications. Recently, MXenes have proved to be an excel-
lent candidate for developing a variety of acoustic sensors.
Compared to MXene devices, the sound-to-noise ratio (SNR) of
devices based on other 2D materials falls noticeably short at
the same frequencies. Additionally, the d-spacing between the
layers of MXene measures a significant 1.31 nm, which
exceeds that of other materials. These combined factors play a
pivotal role in enhancing MXene’s mechanical sensitivity,
allowing our MXene-based acoustic sensors to demonstrate
remarkable responsiveness in sensing acoustic waves across a
wide audible frequency range. Researchers have recently been
interested in combining macromolecules like intrinsically con-
ducting polymers or electroactive conjugated polymers with
MXenes because of their distinctive electrochemical pro-
perties, which include excellent electrical conductivity, out-
standing electronic affinities, poor ionization potential, and
good optical properties.”® In a study, Derry Holaday and her
coworkers reported an interesting approach of combining poly-
imide conducting polymer with MXene clubbed with surface
acoustic waves for developing a biosensor.”” The bioreceptor
electrode was prepared by covalent immobilization of antibody
of carcinoembryonic antigen (CEA) through the thioglycolic

MXene Functionalization agents Applications Ref.
Ti;C,Ty 3-Bromopyruvate and Cu,O PAI-guided integrated treatment for hypoxia relief 89
Ti;C,Ty Soybean phospholipid PAI-guided diagnostic-imaging guidance and monitoring during therapy 70
Ti;C,Ty Au PAI-guided cancer imaging 91
Nb,CT, CTAC, PEG, and RGDyC In vitro and in vivo PAL 92
Nb,CT, Mesoporous silica, S-nitrosothiol, and PAI guidance and monitoring for precise cancer treatment 93
PEG

Mo,CT, No modification Photoacoustic/photothermal imaging-guided PTT for cancer 94
QDs

Ta,C3Ty Soybean phospholipid In vivo photoacoustic/CT dual-mode imaging combined with PTT 95
Ta,C3Ty MnO, and SP PAI for high-performance theranostic nanoagents for efficiently combating 90

cancer

This journal is © The Royal Society of Chemistry 2023
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acid arm linker mechanism on the delay line area of the SAW
device. The biosensor was aimed to selectively detect CEA. By
using a polymer-based nanocomposite system, the usual chal-
lenge of high insertion loss in polymer-based SAW analysis
was effectively overcome. The excellent properties of conduct-
ing polymers, MXene, and AuNPs allows the love wave to pass
through the polymer nanocomposite-coated delay line of the
SAW device with minimal intensity loss. The high aspect ratio
AuNPs served as active reaction sites for thioglycolic acid, pro-
moting the formation of a dense biofilm consisting of an anti-
CEA monolayer on the polyimide nanocomposite thin film,
which leads to enhanced sensitivity and stability of the bio-
sensor. The biosensor exhibited a detection limit value of
0.001 ng mL™" and an upper saturation point of 120 ng mL™"
for CEA concentration. The biosensor exhibited excellent
selectivity towards CEA and displayed minimal affinity towards
common tumor markers, such as AFP (alpha-fetoprotein),
cancer antigen 125, and r-tryptophan. The current biosensor’s
outstanding stability is another noteworthy result of the inves-
tigation. The biosensor demonstrated consistent performance
for approximately 75 days without indicating a significant
decline in biosensing ability.

The rapid advancement of information technology has
made the field of wearable electronics diverge to a multitude
of applications like health monitoring, human-skin interfa-
cing, and electronic skin (E-skin). Flexible pressure sensors
with piezoresistive, capacitive, and piezoelectric properties
have been widely studied due to their easy signal acquisition,
high sensitivity, simple fabrication strategy, and fast response.
Ding et al. reported a wearable and flexible piezoresistive
acoustic sensor based on MXene/poly(3,4-ethylenedioxythio-
phene)-poly(styrene sulfonate) (PEDOT:PSS), which was fabri-
cated by a safe and facile drip-drying method.’® In this sensor,
PEDOT:PSS acts as a binder and connecting agent between
adjacent MXene nanosheets for improving the flexibility and
inherent conductivity of the MXene nanocomposite. The
MXene/PEDOT:PSS acoustic sensor (MPAS) showed high sensi-
tivity, a fast response time (57 ms), ultra-thin thickness
(30 pm), and exceptional stability. The schematic representa-
tion of the detection of human physiological signals by the
MPAS is given in Fig. 7. The figure shows the photograph of
the acoustic sensor attached to the skin surface of the human
neck and the recordings of response curves while speaking
different words (Fig. 7(a-d)).

Generally, the methods for increasing the flexibility of the
MXene matrix, such as flexible intercalation or the inclusion
of flexible polymers, usually result in a loss in electrical charac-
teristics. To address this issue, the conducting polymer
PEDOT:PSS, which has intrinsic conductivity and flexibility, is
used. Dynamic bending tests were performed to create and
examine MXene/PEDOT:PSS sensing films with various
mixture ratios, and the best ratio was analyzed. The sensor’s
superior performance allows it to detect and identify weak
muscle movements and skin vibrations, such as word pronun-
ciation. MPAS recognized sound signals with various contents,
such as vowels, words, and sentences, while preserving the dis-

18164 | Nanoscale, 2023, 15, 18156-18172

View Article Online

Nanoscale

(@ (b) (©). (@),

‘ “MXene" 12
HEERRREED l'\ I 'i
b | : 0 u\]\ \;1\,“ “‘l\

5
Time(s) Time(s)

"lnformation”

s

“Carotid pluse”

bl ln‘t\,'.l\,‘\.l f

V‘\"\f\“ \ ~\\u\ .

© 1 2 3 4 § 6 12 14 1e 18
Time(s) Time(s)

Fig. 7 Detection of human physiological signals by the MXene/PEDOT:
PSS acoustic sensor (MPAS). (a) Photograph of the acoustic sensor
attached to the skin surface of the human neck. (b—d) The recordings of
response curves during speaking “a,” “MXene,” and “information,”
respectively. (e) Photograph of the acoustic sensor attached to the
lateral surface of the human neck. (f) The location of the carotid artery
in the human body. (g) Resistance changes of carotid artery pulses
measured by the acoustic sensor. (h) The magnified curve of resistance
changes for a single pulse time period. Reprinted with permission from
ref. 98. Copyright © 2022 The Authors. Advanced Intelligent Systems
published by Wiley-VCH GmbH.

tinctive peaks of each audio signal. Also, this acoustic sensor
introduced a novel feature in its device structure, incorporating
scalable interdigital electrodes (IDE). This advancement leads
to exceptional performance in detecting faint signals, such as
throat articulations, skin vibration, and carotid pulse.
Furthermore, when the sensor is attached to the skin surface,
its capabilities are further enhanced. The carotid artery wave
serves as a crucial physiological signal for detecting various
aspects of cardiovascular health, including heartbeat rhythm,
ejection rate, and arterial elasticity. By attaching the MPAS to
the lateral surface of the human neck, it becomes possible to
detect the carotid wave (Fig. 7(e) and (f)). The MPAS effectively
detects and records a stable and periodic pulse signal, with
each cycle represented by the green shaded curve (Fig. 7(g)
and (h)). These pulse signals enable the determination of
heart contraction periods and facilitate the quantitative assess-
ment of cardiac function. As a result, the proposed MPAS
holds immense value in real-time human health monitoring
devices. Additionally, the MPAS was enhanced with the inte-
gration of the NR-CNN (Number Recognition Convolutional
Neural Network) deep learning method, showcasing its poten-
tial in speech recognition. This novel deep learning model
allows for accurate recognition of various pronunciations of
frequently used numbers in
Remarkable

everyday conversations.

results have been achieved in recognizing
different number signals commonly encountered in daily
interactions. The MPAS, empowered by deep learning, offers
an exceptional platform for future applications in voice inter-
action, the advancement of artificial larynx technology, and
other related fields. Notably, its outstanding performance,
straightforward fabrication process, and cost-effectiveness con-
tribute to its promising prospects.

Another interesting work by Chen et al. introduced a voice
recognition platform based on machine learning employing a

This journal is © The Royal Society of Chemistry 2023
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very sensitive flexible vibration sensor (FVS) made of MXene/
MoS, film.*® A novel machine-learning-based voice analyzing
platform was developed and trained to achieve high speaker
recognition accuracy (99.1%) and the sensor showed a high
sensitivity (25.8 mV dB™') with a broadband response of
40-3000 Hz. To fabricate the sensor patch, 0.5 mL of MXene
solution was sprayed uniformly over the nitrile powder-free
gloves using an airbrush, followed by spraying 0.5 mL of MoS,
solution in a repeated manner. The bottom portion of the
gloves was heated to a temperature of 70 °C and then clamped
with a piece of copper strip to fabricate the sensor patch with
high sensitivity. To achieve high performance, deep learning
was incorporated to learn complex representations, whereas
traditional algorithms that rely on hand-crafted properties
were also incorporated and examined. The sensor also pro-
cessed speech data-based speaker recognition using an artifi-
cial neural network (ANN) based training and testing tech-
nique. The test speaker’s probability was computed in each
frame, and frequency information from human sounds offered
a high sensitivity.

4.4. Sonodynamic therapy

Surgical site infection (SSI) remains a major and significant
postoperative complication of surgery, which can originate due
to the infection occurring in the implants such as prostheses,
materials, and devices. Once bacteria adhere to the surface of
implants and form biofilms, prostheses loosen, pain and
finally, risk of paralysis or even death for patients may happen.
An estimated 160 000 to 300 000 individuals are affected by SSI
every year worldwide, causing a financial cost of more than
$3.5 billion. The traditional therapies against these infections
are prolonged oral or intravenous antibiotics, and partial or
complete explant of foreign materials may result in a severe
clinical and financial burden to patients. Therefore, develop-
ing rapid, efficient, and non-invasive bacteria elimination
therapies during implantation is an urgent task.

Towards this aspect, stimuli-responsive therapy can be
employed by using laser irradiation, ultrasound, electricity, or
magnetism to generate reactive radicals. In recent years,
photo-mediated treatments have shown promising potential
for similar clinical applications; however, they have some limit-
ations, such as limited penetration depth of excitation light,
inefficient delivery of the photosensitizing agents, and non-
negligible peripheral tissue damage. To overcome this, sonody-
namic therapy (SDT), a novel noninvasive method combining
sonosensitizers and low-intensity ultrasound, can be used to
eliminate the tumor or bacteria by triggering sensitive reac-
tions to generate ROS. The schematics of the sonosensitizer-
based SDT are given in Fig. 8. Compared with photo-mediated
treatments, SDT possesses potentially advantageous properties
of fewer side effects and deeper tissue penetration. The other
advantage of this technology is the use of ultrasound that can
penetrate biological tissue up to a thickness of 40 mm, almost
five times that of NIR (8.5 mm). Considering that orthopaedic
implants are often surrounded by soft and hard tissues, the
high tissue penetration depth of ultrasound makes SDT poten-

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Schematic representation of sonosensitizer-based sonodynamic
therapy, created with BioRender.com.

tially suitable for implant-related infection. MXenes exhibit
the ability to quickly produce reactive oxygen species (ROS)
when exposed to ultrasound, making them a highly promising
choice as sonosensitizers in cancer therapy. In the evaluation
of rapid ROS generation, cell penetration, and cytotoxicity in
comparison to other materials, MXene stands out as an
advanced material compared to other 2D materials.

Lin et al. developed a Ti;C,T, MXene-based therapeutic
agent, which showed excellent absorption in the NIR II region,
making it an excellent candidate for deep photothermal appli-
cations as well as photoacoustic/photothermal imaging.'® To
bestow sonodynamic functions, oxygen defect-enriched TiO,_,
was coated over Ti;C,T, by an in situ hydrothermal approach
(TizC,T,@TiO,_,). When exposed to the ultrasound,
Ti;C,T,@TiO,_, could generate abundant ROS due to the
enhanced separation of electron-hole pairs. In another study,
Chen et al. introduced in situ synthesis of nano sonosensitizers
based on a TizC,T,/CuO,@bovine serum albumin (BSA) cata-
lyst for the in situ generation of nanosonosensitizers by
responding to the tumor microenvironment.'** Fig. 9 shows
the schematic representation of 2D MXene based in situ nano-
sonosensitizer generation for synergistic sonodynamic cancer
nanotherapy including the synthetic procedure of TizC,T,/
CuO,@BSA nanosheets and synergic chemodynamic and sono-
dynamic process. Based on a carbon matrix with a desired
electrical conductivity, the CuO,/Ti;C,T, sonosensitizer pro-
duced in situ under tumor instances improved electron and
hole separation and increased SDT performance.

CaO,-loaded Ti;C,T, nanosheets were used for enhanced
ROS production in response to sonodynamic therapy, which
can be used as an ideal antibacterial agent.'®> Here, the
nanosheets exhibited chemodynamic features, which resulted
in a Fenton reaction triggered by self-supplied H,O,. Here, the
presence of CaO, can cause the in situ oxidation of Ti;C,T, to
produce acoustic sensitizer TiO, on its surface. In addition,
these nanosheets enabled Ca** deposition, which promoted
osteogenic transformation and improved bone quality in osteo-
myelitis models. Wang et al. used a porphyrin MOF with a
Schottky junction modified by Ti;C,T, nanosheets for SDT of
osteomyelitis and bone regeneration with high efficiency.'®®
Oxygen-defective Ti;C,T, after PEG modification and carbon
dot@Ti3C,T, heterostructures have been used as highly
efficient and safe sonosensitizers for photothermal-enhanced
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Fig. 9 Schematic representation of 2D MXene-based in situ nanosono-
sensitizer generation for synergistic sonodynamic cancer nanotherapy.
(@) Schematics of the synthetic procedure of TizC,/CuO,@BSA
nanosheets. (b) Synergic chemodynamic and sonodynamic process of
2D TizC,/CuO,@BSA nanosheets under ultrasound irradiation. Reprinted
with permission from ref. 101. Copyright © 2022, American Chemical
Society.

SDT of cancer.'®*'% Recently, Liu et al. introduced TizC,T,
modified by Zn porphyrin for sonodynamic treatment of
bladder cancer with the capability to remove cancer in just
15 min by the collective action of SDT and Zn>". Table 2 shows
the list of reports based on the SDT application of MXenes.
Apart from Ti;C,T, MXene, Nb, Mo, and V-based MXenes
also showed excellent sonodynamic applications for cancer
therapy, antibacterial therapy as well and bone regeneration.

Table 2 Various reports of SDT application of different MXenes
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Xu et al. reported the potentiality of the use of Nb,CT, MXene
as a sonocatalytic platform in cancer therapy.’®” In this study,
they used a theoretical approach for the design of MXene-
based sonocatalyst and experimentally synthesized in situ self-
oxidized Nb,CT, MXenes (noted as Nb,CT,-Ox) along with
NIR-II photonic hyperthermia for tumour eradication. In
another work, Yang and his coworkers reported integration of
a porphyrin MOF with Nb,CT, as a sonosensitizer for antibac-
terial therapy and bone regeneration.'®® In this study, the
developed sonosensitizer successfully prompted stem cell
differentiation by facilitating cation transport and ATP-syn-
thesis-linked electron transport using ultrasonic currents. In a
recent study by Yu Chen et al., oxygen-vacancy-rich MoO,
directly on fluorine-free Mo,CT, was synthesized with unique
neural network-like structures.' These nanonetworks demon-
strated excellent antibacterial efficacy, driven by their ability to
capture bacteria and generate robust reactive oxygen species
(ROS) when subjected to precise ultrasound irradiation. The
exceptional  broad-spectrum  microbicidal  activity  of
MoO,@Mo,CT, nanonetworks, without harming normal
tissues, was substantiated through comprehensive in vitro and
in vivo assessments. Xiaogang Qu and his colleagues used
V,CT, MXene quantum dots through an Nrf2 antioxidant
mechanism, and ultrasound-assisted ROS generation served as
one of the best anticancer nanoagents. The quantum dots also
decreased the expression of associated downstream anti-
oxidant enzymes, increasing the cytotoxicity of ROS during
SDT."'° These above examples showed the efficacy of MXenes
as one of the best materials for use as a sonosensitizer for SDT
in tumor therapy.

4.5. Thermoacoustic device

The generation of sound sources from different types of
energy, such as electrical energy, mechanical energy, light
energy (optoacoustics), and water (underwater acoustics) are

Material Technique Mechanism Application Ref.
Ca0,-TiO,@Ti;C, Ty Sonodynamic therapy ROS generation Antibacterial activity, bone 102
tissue regeneration
Porphyrin MOF-TizC, Ty Sonodynamic therapy ROS generation Osteomyelitis, bone 103
regeneration
Oxygen-defective Ti;C,T,~ Photothermal therapy enhanced ROS generation Cancer therapy 104
PEG nanosheets sonodynamic therapy
Carbon dot@Ti;C,Ty Mild photothermal therapy- ROS generation Tumour therapy 105
enhanced SDT
TizC,/CuO,@BSA Sonodynamic nanotherapy Oxidative phosphorylation, ROS Tumour therapy 101
generation apoptosis
TizC,Ty/ZnTCPP Sonodynamic therapy ROS generation Bladder cancer therapy 106
TizC,T,@TiO,_, NIR-II photothermal enhanced ROS generation Antitumour therapy 100
Sonodynamic therapy
Nb,CT,-Ox NIR-II photothermal hyperthermia ROS generation Tumour therapy 107
and sonodynamic therapy
Porphyrin MOF-Nb,CT, Sonodynamic therapy ATP synthesis, ROS generation Antibacterial therapy and 108
bone regeneration
MoO,@Mo0,CT, Sonocatalytic therapy ROS generation Bacterial eradication 109
V,CT, quantum dots Nrf2 antioxidant mechanism, ROS generation Cancer therapy 110

sonodynamic therapy
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reported in the literature. The conversion of heat energy to
acoustic energy, denoted as thermoacoustic, is an advance-
ment in this field. The possibility of thin films and mem-
branes converting energy from one medium to sound energy,
especially using 2D materials like graphene,'’! transition
metal oxide,"*? and 1D materials like carbon nanotubes,''?
and nanowires”*'** have been used conventionally in the past
decades. Usually, there will be a substrate on which a layer of
conducting material is coated, and driving energy will be
passed to these layers and it will pass to the air molecules,
thereby causing a temperature rise. This temperature rise, i.e.,
heat energy, produces sound energy, the basic mechanism
behind the thermoacoustic effect which is explained in Fig. 10.

The interlayer distance between the MXene layers is
1.31 nm, which is about 3 times greater than that of graphene
(0.335 nm) and other 2D materials. Therefore, it can offer an
ultrasmall heat capacity per unit area (HCPUA) and promote
enhancement in the efficiency of heat transfer into the sur-
rounding air medium. Consequently, it becomes feasible to
construct a sound source device that leverages the thermoa-
coustic effect, employing an ultrathin MXene film. In a recent
study by Gou et al, the possibility of using MXenes as a
thermoacoustic sound source has been explored.'"® The
important requirement that needs to be met by a high-per-
formance sound source is a lower value of minimal heat
capacity per unit area (HCPUA). A thin MXene film with a low
HCPUA and unique layered structure is considered an emer-
ging possible option to be used in making acoustic devices.
The second requirement for a high-performance sound source
is that the thermal conductivity of the substrate must be low
enough, or the conductive film must be suspended as far from
the substrate as feasible to prevent heat loss from the sub-
strate. Towards this aspect, they have successfully made sound
source devices on anodic aluminium oxide (AAO) and flexible
polyimide (PI) substrates using the synthesized Ti;C,T, nano-
flakes. The AAO substrate contains numerous holes, which can
lower thermal leakage from the substrate and increase heat
transfer effectiveness. The basic mechanism involved in sound
generation is that a tiny layer of air molecules on the film
surface can be heated up when AC voltage is given to the
MXene device, causing the MXene film to produce Joule
heating, which causes the periodicity of the air vibration to

I3
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Temperature Wave t t t
[ XY

Air molecules P

Driving Energy Leaked H
I ! eal eat
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Fig. 10 Working principle of a thermoacoustic sound source, created
with BioRender.com.
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Fig. 11 Performance of the flexible MXene-based acoustic device on
the PI substrate. (a) Schematic representation of the device. (b) The
sound pressure level response of the Pl-based MXene device at different
powers. (c) The sound pressure level response of the MXene device
under different radii of curvature. (d—f) The sound pressure level
response of the flexible device attached to an arm, backside of the palm,
and finger, respectively. Reprinted with permission from ref. 115.
Copyright © 2019, American Chemical Society.

produce sound waves. The dynamic frequency analyzer and
the conventional microphone, respectively, receive and analyze
the sound waves at this point. With a frequency range of 100
Hz to 20 kHz, the as-developed MXene sound source device on
an AAO substrate demonstrated a higher SPL of 68.2 dB (f= 15
kHz) and a relatively steady sound spectrum output. Moreover,
a flexible PI substrate-based MXene sound source device has
also been mounted to the fingers, back of the hand, and arms,
exhibiting its outstanding acoustic wearability, as shown in
Fig. 11. The schematic representation of the device and the
sound pressure level response of the device at different powers
and under different radii of curvature are given in Fig. 11(a-c).
The flexible device attached to an arm, the backside of the
palm, and the finger, with their sound pressure level response,
are given in Fig. 11(d-f), respectively. The sound pressure level
response of the flexible device is attached to an arm, backside
of the palm, and finger, respectively. In addition, they have
also made flexible MXene earphones and evaluated the sound
pressure level response compared with those of commercial
earphones.

5. Challenges and future prospects

MXenes have emerged as an expanding research domain, exhi-
biting significant growth over the past decade, as evidenced by
the extensive literature in the field. The incorporation of acous-
tic platforms into the realm of MXenes has unveiled a fresh
dimension in biomedical research. The remarkable electronic,
mechanical, and biological characteristics inherent to MXenes
underlay these notable advancements.''® Based on this com-
prehensive review, it is apparent that the utilization of MXenes
in acoustic platforms holds promise for applications such as
cancer therapeutics and the development of acoustic sensors.
Artificial eardrums and sound detectors constructed with
MXene materials exhibit a remarkable combination of flexi-
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bility and lightweight attributes in contrast to their conven-
tional rigid and bulky counterparts. This breakthrough paves
the way for innovative wearable devices, particularly those
focused on enhancing human-machine interaction.""
Furthermore, the biocompatibility of MXenes has found
diverse applications, including their utilization as sonosensiti-
zers in cancer therapies like sonodynamic therapy.
Additionally, these materials have been harnessed as imaging
agents in the realm of PAI, further showcasing their versatility
and potential in biomedical contexts.

While the potential of MXene-based acoustics applications
is evident, several technical challenges must be addressed for
successful real-world implementation. Among these chal-
lenges, the chemical instability of most MXenes is an impor-
tant point to consider. The instability is characterized by
issues such as oxidation, restacking, colloidal solution instabil-
ity, swelling, and thin film degradation, which hampers their
catalytic, storage, and electron shielding capabilities, thereby
significantly constraining their widespread research and
industrial applications. Consequently, addressing this chal-
lenge has become an important research topic among
researchers. To enhance the stability of MXenes, various strat-
egies are being explored, including optimizing the synthesis of
MAX phases, modifying MXene preparation techniques (e.g.,
promoting ordered assembly and modifying terminations),"*®
and controlling storage conditions (e.g:, frozen storage under
an inert gas atmosphere).''® Other methods include imple-
menting protective measures such as functionalization'?***!
or surface modification by introducing appropriate antioxi-
dants,"?* silane coupling agents,'”* and biopolymers'** at the
surface and edges of MXene flakes.

Another prominent challenge is achieving optimal conduc-
tivity in acoustic devices such as voice recognition tools and
artificial eardrums. Conventionally, fabricating these devices
has relied on methods like vacuum filtration, dip-coating,
inkjet coating, spray coating, and chemical vapor deposition
(CVD) over the past decades. However, processes like CVD can
damage the nanomaterial and thereby diminish its properties,
and most importantly, these techniques are expensive. While
coating techniques can overcome those challenges, the con-
ductivity of the material remains a big question mark. To over-
come these hurdles, it becomes imperative to explore innova-
tive fabrication techniques like 3D printing, 3D bioprinting,
etc. By embracing such approaches, the development of novel
devices could hold the key to surmounting existing limitations
and unlocking the full potential of MXene-based acoustics in
various applications.

Another challenge we face is the interaction between
human skin and machine surface. When we broadly analyze
the challenges of acoustic devices-based wearable systems, the
human skin, sensor, and material interface are the most dis-
cussed challenges. Our human skin is soft, stretchable, and
has an outer viscoelastic epidermal layer with a unique surface
contour that acts as a barrier for the exchange of fluids. The
wearability is fundamentally decided by the materials that
align with the epidermal layer’s physical, chemical, and bio-

18168 | Nanoscale, 2023, 15, 18156-18172

View Article Online

Nanoscale

logical aspects. Skin irritation and discomfort are caused by
entering foreign materials, demanding the skin material inter-
face to consider all these prerequisites. The contact of the skin
surface with these devices can cause irritations and allergies.
Acoustic devices are still in their blooming stage with many
upgrades in performance (accuracy, resolution, detection limit,
reliability, durability) and the analyzing parameters (tempera-
ture, hydration, pressure). The individual factors that act as a
barrier have to be improved with new materials like MXenes.
Furthermore, the optimization of transduction mechanisms
within acoustic devices could be enhanced through the incor-
poration of the triboelectric effect.">> When acoustic devices
are attached to the skin surface, the skin friction and the inter-
action of skin with the machine studies, i.e., skin tribology,
have to be addressed.'®® In the design of artificial eardrums,
the interaction of the tympanic membrane (middle ear) with
the device must also be studied.

In PAI to learn more about the cytotoxicity impacts and
long-term stability of MXenes under in vivo environments,
similar techniques may be used to investigate the interaction
of MXenes with biomolecules.'” To realize the promise of
MXenes for biological applications, storage technology for
effective storage and improvements in thermal and oxidative
stability must be addressed. Simulation studies may prove to
be a beneficial tool in this regard. Moreover, the fusion of
wearable technology, the Internet of Things (IoT), and artificial
intelligence (AI) with acoustic sensors holds promise for chart-
ing new trajectories."**"*° The acoustic detection of bio-
markers, environmental contaminants, etc., can be expected in
the coming years with advanced technologies.

Other acoustic techniques like acoustic tweezers,”” acoustic
levitation,"*! acoustic separation,®> surface acoustic wave
sensors,** etc., are explored with other nanomaterials, but
exploration with MXenes is still in the blooming stage. Also, the
integration of acoustics with microfluidics, i.e., acoustofluidics, is
explored only in the synthesis of MXenes, but the application
window, like acoustofluidic diagnosis, is not explored. There are
also other fluidic techniques like nanofluidics, optofluidics, ang-
strom fluidics, etc. with which acoustics can be integrated and
can be presented as a realm of exploration.'** 3¢

In the context of thermoacoustic application, MXenes were
only used to produce sound and fabrication of acoustic
devices. The possibility of microwave-induced thermoacoustic
imaging can be explored for cancer therapy when combined
with microwave technology."®” Since MXenes are good micro-
wave absorbers, they act as information carriers and pass to
form ultrasound energy transfer and they can achieve non-
destructive, high-resolution imaging of deep cells and
tissues.'*® Therefore, MXene-based microwave-induced ther-
moacoustic imaging of cell-related studies can be expected
shortly. Non-thermal acoustic treatment using MXenes can be
regarded as a safe alternative protocol to thermosensitive
hyperthermia for cancer therapy, and more studies have to be
done. Overcoming challenges and exploring future prospects
in MXene acoustics can open new directions in the palette of
biomedical applications. Fig. 12 shows the schematic represen-

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 Schematic representation of the future perspectives and the
major challenges of MXene-based acoustics platforms, created with
BioRender.com.

tation of the future perspectives and the major challenges on
MXene-based acoustics platforms. This includes the expected
future applications of MXenes in acoustic tweezers, thermo-
acoustics, acoustofluidics, acoustomicrofluidics, Al-enabled
acoustics, etc. The major challenges faced in the previous
studies include degradation and cytotoxicity of MXene, fabrica-
tion methods of the acoustic device, and human skin-acoustic
device interface.

6. Conclusions

The focal point of this review predominantly illustrated the
utilization of MXenes within the domain of acoustics. The
scope of the article encompassed a broad spectrum, spanning
from the acoustic synthesis of MXenes to diverse applications
such as developing artificial eardrums, facilitating PAI, fabricating
acoustic sensors, engineering thermoacoustic devices, and advan-
cing sonodynamic therapy. Exciting prospects are arising in the
medical realm with the utilization of acoustics technology. This
innovation offers patients not only pain-free and side-effect-free
treatments but also enhanced outcomes, serving as a foundation
for the advancement of smart and digital healthcare in the
future. The potential integration of MXene nanomaterials into
medical applications holds the promise of paving a path for their
substantial role in the times ahead. Despite significant chal-
lenges, our conviction remains that the progress in nanomaterials
and nanotechnologies can drive the achievements of acoustic
devices in the forthcoming years.
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