Introduction

MXenes are a rapidly growing family of two-dimensional
(2D) nanomaterials that are finding applications in energy
storage and conversion, optics, electronics, catalysis, and
medicine.'? Since 2017, at least 100 individual structural
compositions of MXenes have been theoretically predicted,
and >40 have already been synthesized.> In parallel, a deeper
understanding of the relationships between molecular structure
and application-tunable properties and functionalities has been
established. The overall result of these efforts are MXenes with
high electrical conductivity,* tunable optical absorption,* high
fracture toughness,’ excellent electrochemical charge storage,®
solution-based processibility,” and ease of functionalization.®
These developments in material synthesis and processing have
opened up new and exciting opportunities for biomedical tech-
nologies relying on MXenes and their composites.

In 2018, we published one of the first topical reviews on
biomedical applications and biocompatibility of MXenes.’ At
that time, the vast majority of the studies relied on Ti;C,T, and
Nb,C for electrochemical biosensing,'° diagnostic imaging,'!
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antibacterial,'? drug delivery,!' and photothermal therapy,

either assembled in 2D films or directly injected in the blood-
stream. ' The broad biocompatibility of MXenes at cell, tissue,
organ, and whole-body level had also been established.” '+
Since then, more than 450 new scientific articles have been
published,'® expanding on previously proposed technologies
or opening up entire new fields. Such exponential growth dem-
onstrates how the rise of MXenes is profoundly impacting
biomedical research and health care.

In this article, we highlight recent works published after
2018 focusing on emerging and novel areas of applications
of MXenes, specifically in tissue engineering, bioelectronics,
therapeutics, immunotherapy, and blood purification (Fig-
ure 1). In each section, we discuss the underlying physical
mechanisms behind each application, the enabling material
structure, compositions, and functions, the current status of
technology development, as well as potential avenues for fur-
ther improvements. Finally, we discuss existing challenges
that need to be synergistically addressed for supporting the
human translation of MXene-based medical technologies.
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Bioelectronics

with MXenes

The ability to record and
modulate the electrical
activity of cells and organs
is critical for scientific
investigations on functions
and disease, and for the
design of effective thera-
peutic interventions.'®2°
Input/output bioelectron-
ics allow recording elec-
trophysiological signals
and delivering electrical
stimulation to control the
functions of target cells and
tissues.

MXenes, and in par-
ticular Ti;C,T,, are attrac-
tive materials for bio-
electronics, due to their
high conductivity* high
specific-surface area,’ ease
of processability and scal-
ability.! Ti,C,T, micro-
electrode arrays (MEAs)
fabricated through stan-
dard microfabrication?!-??
show a fourfold reduction
in electrochemical imped-
ance compared to Au
MEAs with similar dimen-
sions (Figure 2a).>! This
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Figure 1. Biomedical applications of MXenes. Shaded ovals highlight emerging applications and areas of
research from 2019 to date. PTT, photothermal therapy; PDT, photodynamic therapy.

allows Ti;C,T, MEAs to

be deployed as probes for

cortical surface and intracortical in vivo recording of neu-
ral activity (Figure 2a). In the brain, the enhanced interfa-
cial properties of Ti;C,T, MEAs result in higher sensitivity
and signal-to-noise ratio (SNR) compared to size-matched
Au devices.”! Ti;C,T, has also been recently used in large-
scale arrays for epidermal sensing.”*** Rapid prototyping of
large-area (~1—10? cm?), high channel count (>40) arrays of
Ti;C,T, printed on cellulose-polyester substrates has been
demonstrated for noninvasively monitoring muscle (electro-
myography, EMG), cardiac (electrocardiography, ECG), and
brain (electroencephalography, EEG) activity (Figure 2b).
These electrode arrays are also more compatible with clini-
cal imaging techniques such as magnetic resonance imaging
(MRI) and computed tomography (CT) than metals such as Pt.
This is due to Ti;C, T, weak paramagnetic behavior, low sus-
ceptibility difference with human tissues (tissue: =9.04 x 107,
TiyC,T,: 2.08x 1077, Pt: 1.0x 107*), and low density (Ti;C,T,:
3.7x10° kg m>, Pt: 3.7x 103 kg m 3, Figure 2¢).?* The supe-
rior imaging compatibility of Ti;C, T, opens opportunities for

284 W MRSBULLETIN « VOLUME 48 « MARCH 2023 - mrs.org/bullefin

simultaneous functional MRI and EEG mapping, which is
particularly challenging with conventional metal electrodes.?®

Additional approaches for realizing MXene-based wear-
able bioelectronics include stretchable conductive hydrogels,”
microneedle arrays,”® and sweat-stable epidermal electrodes.?’
Ti,C,T, catalyzed poly(acrylic acid) (PAA) hydrogels exhibit
high electrical conductivity, which allows ECG, EMG, and
electrooculography (EOG) monitoring with high SNR even
after repeated cycles of adhesion and removal.?> The presence
of carboxyl groups on the PAA chains leads to electrostatic
interactions, which allow the hydrogel electrodes to self-
adhere with various surfaces, increasing usability.?>** Mul-
tifunctional MXene-microneedle electrodes can be fabricated
by drop-casting Ti;C,T, onto prefabricated PLA micronee-
dles.?® These microelectrodes penetrate through the outer-
most epidermis layer of the skin to establish a low-impedance
interface compared to conventional gel patch electrodes.
To increase stability and prevent damage from sweat accu-
mulation, Ti;C,T,-infused porous cellulose electrodes have
been developed.’” Tonic cross-linking of the dangling bonds
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of Ti;C,T, in saline solution causes the electrodes to become
hydrophobic, which increases resistance to degradation in wet
environments.?” These electrodes demonstrate high air per-
meability and conductivity, which allows ECG, EMG, and
EOG measurements.?” Engineering mesoscopic arrangement
of Ti;C,T, flakes in 2D MXene films is an effective method for
controlling crack propagation in stretchable sensors.”” Such
material structures can be used as strain sensors, and syner-
gistic integration of machine learning (ML) algorithms with
these piezoresistive sensors can be used to track continuous
full-body motions.*’

Modulation of neuronal activity through direct current
injection as well as remotely via nongenetic photother-
mal stimulation has also been achieved with Ti;C,T,. The
enhanced charge injection and charge-storage capacity of
Ti;C,T,-based electrodes enable safe electrical stimulation as
demonstrated in vivo in rodent brains.?* The high photothermal
energy-conversion efficiency of Ti;C,T, allows remote stimu-
lation of neurons through photothermal mechanisms.*’ Here,
the localized heat dissipation by individual MXene flakes,
upon illumination with light pulses, results in a change in the
membrane capacitance of neurons and subsequent depolari-
zation (Figure 2d).*° The subcellular dimensions of Ti;C,T,
flakes enable photothermal stimulation of networks of con-
nected neurons with high spatiotemporal resolution.*® Remote
photothermal stimulation of neurons is also effective when
delivered through Ti;C,T, films.

Multimodal biosensing with MXenes

Sensitive and selective detection of biomarkers, DNA, drugs,
and pathogens has deepened our understanding of disease eti-
ologies and their progression.’! Biosensing encompasses the
various approaches for the detection of such species through
electrochemical, optical, or acoustic techniques.?

Owing to the high surface area, metallic conductivity, and
tunable functionalization, MXenes are efficient transducers
that can be functionalized with specific biological receptors
for electrochemical sensing of different biomolecules.>* For
example, Ti;C,T, electrodes modified with Prussian blue allow
real-time glucose detection.’® On the other hand, the func-
tional groups on Ti;C,T, form hydrogen bonds with target
molecules such as urea and Cu®*-chelated creatinine, which
increases sensitivity of electrochemical sensors.>® The recent
SARS-CoV-2 (COVID-19) pandemic has led to a demand for
low-cost, real-time virus detection systems.>® Electrochemi-
cal sensing through DNA hybridization at the electrode offers
high specificity (comparable to reverse transcriptase polymer-
ase chain reaction, RT-PCR) without the need for specialized
equipment.®”*® Single-strand DNA (ssDNA) functionalized
Ti;C,T, electrodes have been developed for real-time sens-
ing of SARS-CoV-2N gene (Figure 2¢).* The sensors exhibit
low limit of detection (< 10> copies/mL) and a linear response
in the clinically relevant range of 10°~10° copies/mL of the
virus.*® Alternatively, MXene-based active electrodes can
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be functionalized with specific antibodies for real-time virus
detection.*

Detection and sequencing of individual molecules (e.g.,
DNA) have been demonstrated at commercial and industrial
scales using nanopore-based technologies.*!"** The atomi-
cally thin structure of 2D materials makes them ideal candi-
dates for nanopore membranes, as it enables higher spatial res-
olution than conventional solid-state membranes (e.g., SiNx).43
Recently, Ti,CT, and Ti;C, T, nanopore membranes have been
demonstrated for selective and sensitive DNA detection with
high yield (Figure 2f).* The passage of individual molecules
through the nanopore is detected as a change in ionic cur-
rent across the membrane.** By tuning the surface chemistry
and electrical conductivity of MXenes, a vast library of nano-
pore membranes with high selectivity and specificity can be
developed.®

Live cell imaging is a technique for direct visualization
of cells and biological processes.*®*’ Quantum dots (QDs)
are efficient contrast agents for live cell imaging due to their
tunable optical properties and surface functionalities.*®*’
Recently, Ti;C,T, QDs have been obtained through facile
hydrothermal synthesis.*® Increasing the synthesis tempera-
ture results in larger MXene QDs, which directly influence
the photoluminescence (PL) excitation and the subsequent PL
response (Figure 2g).** When incubated with macrophages
(RAW 264.7 cells) for 4 h, the Ti;C,T, QDs are endocy-
tosed.*® Tllumination with different wavelengths leads to PL
response of specific MXene QDs, facilitating multimodal
bioimaging (Figure 2h).*® Optical sensing of intracellular pH
has been demonstrated using polyethylenimine (PEI)-passi-
vated Ti;C,T, QDs. Here, variations in local pH cause pro-
tonation and deprotonation at the surface of the PEI-Ti;C,T,
QDs, which localizes valence electrons resulting in reduced
photoabsorption.*® A similar approach has been used for opti-
cal sensing of glutathione (GSH), where molecular bonding
between Ti;C,T, QDs and GSH generates a QD-GSH com-
plex.>® Electron transfer from Ti;C,T, to GSH quenches the
PL response of Ti;C,T, QDs.*” Quenching of the fluorescence
response of heteroatom (S and N) doped Nb,C QDs by Cu*
ions has also been used for optical sensing of Cu?* ions and
live cellular imaging.®!

Tissue engineering and immunomodulation
with MXenes
Tissue engineering involves the design and engineering of bio-
logical tissues for restoring or regenerating lost functions due
to disease or injury.>? In this context, MXenes have attracted
increasing attention in stem cell engineering,>*~>
medicine,’® artificial organs,’® and immunomodulation.
Guided differentiation of stem cells through external
physical and chemical cues is a promising approach for tis-
sue regeneration and function recovery.® Ti;C,T, has been
demonstrated to promote differentiation of stem cells into
neural,>® cardiac,’* and osteogenic phenotypes.*® Electrically

regenerative
60-62
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Figure 2. Bioelectronics and multimodal biosensing with MXenes. (a) Schematics of a intracortical array patterned with 25 ym TizC,T, and adja-
cent Au contacts for recording neural activity in vivo. The close-up view shows a scanning electron microscopy image of the surface of one TizC,T,
contact. The arrays can record in vivo intracortical neural activity with higher signal-to-noise ratio and reduced susceptibility to 60 Hz interference
than Au (reproduced with permission from Reference 21). (b) Photograph of Ti;C,T,-infused electrode arrays for electroencephalography (EEG). (c)
MXene EEG electrode array placed on human forehead and imaged in 3T clinical MRI scanner using T1-weighted magnetization prepared rapid
acquisition gradient echo. (b, c) Reproduced with permission from Reference 23. (d) Schematics of the photothermal stimulation of a dorsal root
ganglion (DRG) neuron network with Ti;C,T, flakes (reproduced with permission from Reference 30). () Schematics illustrating the operation of
ssDNA/Ti;C,T, sensors for the detection of SARS-CoV-2 nucleocapsid (N) gene (reproduced with permission from Reference 39).

(f) Schematic illustrating DNA translocation through a MXene nanopore sensor (reproduced with permission from Reference 44). (g) Photolumines-
cent TizC,T, MXene quantum dots (MQDs) for multicolor cellular imaging. UV-vis spectra (solid line), photoluminescence excitation (PLE) (dashed
line), and photoluminescence (PL) spectra (solid line, Ex=320 nm) of MQD-100 in aqueous solutions. (h) Merged bright-field and confocal images
(Ex=488 nm) of MQD-100 interfaced with RAW 264.7 cells. (g, h) Reproduced with permission from Reference 48.

conductive Ti;C,T, films promote neurite growth and sig- platforms is the development of novel approaches for regen-
nificantly enhance neuronal spiking, which is indicative of ~ erative medicine and artificial organ growth.’*>° For example,
cell maturation (Figure 3a-b).’* Osteogenic differentiation 3D printed Ti;C,T, conductive scaffolds lead to phenotypi-
of human mesenchymal stem cells and pre-osteoblasts on cal and electrophysiological maturation of connected net-
Ti,C,T, films and composites has also been achieved.’** works of cardiomyocytes, resulting in synchronous beating
The ultimate goal of these MXene-based tissue engineering (Figure 3c¢).>® Recently, dual functionality of Ti;C,T, and
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Figure 3. Tissue engineering and therapeutic technologies enabled by MXenes. (a) Representative newly generated neurons cultured on
Ti;C,T, flakes. (b) Average length of neurites for new neurons cultured on tissue culture polystyrene (TCPS) and TizC,T,. ™ p<0.01.

(a, b) Adapted with permission from Reference 53. (c) Printed Ti;C,T, on PEG hydrogel with a square (81 mm?) pattern. The inset presents
patterned-induced pluripotent stem cell derived cardiomyocytes on 3D printed Ti;C,T,-PEG hydrogel after seven days in culture (reproduced
with permission from Reference 56). (d) Schematic illustrating 3D Ti;C,T, MXene-Matrigel with electroacoustic stimulation for enhanced
growth of spiral ganglion neurons (reproduced with permission from Reference 57). (€) Schematic representation of in vitro immunomodulatory
model (reproduced with permission from Reference 61). (f) Schematics of Ti;C,T, flakes as adsorbents for urea in dialysate. (g) Urea removal
efficiency (%) from dialysate using different mass loadings of Ti;C,T,. (f, g) Reproduced with permission from Reference 68. (h) Schematics
of a proof-of-concept design for Ti;C,T, adjustable focus lens. (i) (Top) Schematic of Ti;C,T, spin-cast onto an acrylate intraocular lens (IOL);
(bottom) optical power measurement on three different lens powers before and after coating with Ti;C,T, (n=5). Inset is an optical image of
spin-coated IOL. (h, i) Reproduced with permission from Reference 69.

bioactive glass scaffolds for bone tumor ablation and regen-
eration of bone tissue has been demonstrated, enabled by the
high photothermal energy-conversion efficiency and cellular
adhesion of the scaffold.’® Implantation of Ti,C, T, scaffolds
into artificially created cranial defects in the frontal-parietal
bone of rats results in accelerated bone regeneration compared
to control scaffolds without Ti;C,T,.’® Furthermore, Ti,C,T,
and Matrigel hydrogels have been demonstrated to promote
the development of growth cones and neurites in spiral gan-
glion neurons under electrical stimulation (Figure 3d).%” This

approach can be leveraged for restoring impaired cochlear and
auditory functions.®’

The immune response plays a critical role in governing
the success of regenerative medicine and tissue-engineer-
ing strategies in vivo. Thus, understanding and modulating
the immune response toward the implanted biomaterials
is of paramount importance.** The broad biocompatibility
of Ti;C,T, has been extensively investigated and estab-
lished.?'*8 Recently, high-dimensional immune and func-
tional profiling of Nb,C;, Mo,Ti,C;, and Ta,C;T, has
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revealed that these forms of MXenes do not affect immune
cell functionality and have excellent biocompatibility.®
Furthermore, these MXenes possess intrinsic immunomod-
ulatory properties that facilitate engineering the immune
and inflammatory response of different cells and tissues
(Figure 3¢).%%°! For example, treating activated cocultures
of human umbilical vein endothelial cells (HUVECs) and
interferon-gamma (IFN-y) expressing T-lymphocytes with
Ta,C;T, QDs significantly reduced the percentage of IFN-y*
T-lymphocytes, indicating successful immunomodulation.®!

MXene-based therapeutic technologies
Therapeutic technologies aim at curing or alleviating patholo-
gies, thereby impacting patient health directly. Since 2016,
MXenes have been highly investigated for cancer therapeutics
and drug delivery.”!>% Today, there is a surge in novel thera-
peutic platforms such as wound dressings,®’ dialysis mem-
branes,®® and intraocular lenses.®’

Ti;C,T, -based multifunctional hydrogels have been
developed as wound healing dressings and benchmarked
against commercial wound dressings.®” Ti;C,T, hydrogels
exhibit high electrical conductivity, mechanical compliance
with the wound bed, and biodegradability.®” Application of
an external electric field via the conductive Ti;C,T, scaf-
folds results in a significant reduction of the wound area
and accelerated healing.®’ The antimicrobial properties of
MXenes represent an added benefit to support safe wound
healing platforms.”

MXene materials are also being researched in clini-
cal therapeutics. The 2D layered structure can be easily
intercalated by H,O and organic molecules and lever-
aged to capture metabolic byproducts and toxins, such
as urea (Figure 3f).%® By engineering the distribution of
the functional groups (—OH, —O, and —F) on the surface
of Ti;C,T,, the affinity of Ti;C,T, membranes toward
urea can be fine-tuned.®® Ti;C,T, membranes show high
efficiency toward urea removal from dialysate of patients
with chronic kidney disease (Figure 3g).®® Engineering
the composition and chemistry of MXene membranes can
further boost the filtering efficiency for application in arti-
ficial kidneys. Physisorption and reduction of heavy metal
ions and contaminants using MXene-based membrane is
also gaining traction for water purification.”"’* Ti,C,T,
thin films have also been applied on conductive coatings
in accommodative intraocular lenses (Figure 3h).®%"3
Under applied electric fields, Ti;C,T, transparent thin
films enable molecular reorientation of the sandwiched
liquid crystal for tuning the refractive index and optical
power of the lens architecture (Figure 31).%° Such accom-
modative intraocular lenses can mimic the function of a
natural lens and be deployed as replacement lens to restore
visual accommodation.
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Conclusions and future outlook

The exponential growth of MXenes in biomedical research, and
particularly in the fields of bioelectronics, biosensing, tissue
engineering, and therapeutics, is fueled by material synthesis
and processing advances. The synthesis of MXenes with vary-
ing chemical compositions (e.g., Ti;C,T,, Nb,C;, and Ta,C;T,)
along with the growing understanding of their fundamental
properties have led to the development of application-tailored
structures. For example, the high electrical conductivity, sur-
face area, and ease of functionalization of Ti;C,T, has enabled
bioelectronics and biosensing applications.” Other forms of
MXenes, such as Nb,C;, Mo, Ti,C;, and Ta,C;T, are gaining
traction for immunomodulation due to their excellent biocom-
patibility and intrinsic immunomodulatory properties.®

We note that, in the recent past, the focus was primarily on
MZXene biosensing and theranostics. Today, wearable bioelec-
tronics and tissue-engineering applications of MXenes show
high potential for further expansion and translation. In the
field of wearables, with improvements in environmental stabil-
ity and production scale-up, MXenes can potentially replace
high-cost noble metals (such as gold and platinum) and sup-
port high-throughput device manufacturing approaches. In tis-
sue engineering, the ease of fabricating functionalized MXene
composites can support the realization of multimodal platforms
for regenerative medicine, artificial organ engineering, and
immunomodulation.

Pushing MXene-based biomedical technologies through
the translational pipeline for eventual human use will neces-
sitate a thorough evaluation of the biosafety, toxicity, and
long-term stability of MXenes. Although detailed investiga-
tions of the biosafety of Nb,C;, Mo,Ti,C;, and Ta,C; were
recently demonstrated,®® similar analysis needs to be per-
formed for other MXenes and in larger animal models over
chronic time scales, in relevant use-case and form factor sce-
narios, and according to established standards.”* Implantable
bioelectronic devices and chronic biosensors will require
strategies for minimizing the host immune response and
to extend the material lifetime to the required time scales.
Scaling-up of materials synthesis and processing is also of
paramount importance for the commercialization of any
MXene-based biomedical technology. Finally, the regula-
tory processes for evaluating the efficacy of each clinical
application of MXenes need to be well defined to facilitate
and support commercialization. Synergistic developments
addressing these upcoming challenges will be key to bringing
a new generation of MXene-based diagnostic and therapeutic
technologies to the clinic.
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