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Precision drug delivery and multimodal synergistic therapy are crucial in treating diverse ailments, such
as cancer, tissue damage, and degenerative diseases. Electrodes that emit electric pulses have proven
effective in enhancing molecule release and permeability in drug delivery systems. Moreover, the
physiological electrical microenvironment plays a vital role in regulating biological functions and triggering
action potentials in neural and muscular tissues. Due to their unique noncentrosymmetric structures, many
2D materials exhibit outstanding piezoelectric performance, generating positive and negative charges under
mechanical forces. This ability facilitates precise drug targeting and ensures high stimulus responsiveness,
thereby controlling cellular destinies. Additionally, the abundant active sites within piezoelectric 2D materials

Received 20th December 2023, facilitate efficient catalysis through piezochemical coupling, offering multimodal synergistic therapeutic

Accepted 2nd January 2024 strategies. However, the full potential of piezoelectric 2D nanomaterials in drug delivery system design
DOI: 10.1039/d3nh00578] remains underexplored due to research gaps. In this context, the current applications of piezoelectric 2D

materials in disease management are summarized in this review, and the development of drug delivery
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1 Introduction

At present, an estimated 90% of pharmaceuticals are administered
orally, yet they frequently exhibit suboptimal efficacy." In response,
there has been a concerted effort to develop sophisticated drug
delivery systems aimed at augmenting treatment effectiveness.
This development often incorporates additional physical stimula-
tions in the design of controlled drug delivery mechanisms, such
as thermal,® magnetic,* and electrical modalities.” Intrinsic electric
fields within human physiology are crucial for modulating biolo-
gical functions and eliciting action potentials in neural and
muscular systems.®® Electric pulses emanating from electrodes
have been shown to enhance both molecular release and permea-
tion in these systems.” However, the current dependence on
wired and battery-powered electrodes impedes precise spatial
electrical stimulation.'*'*
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systems influenced by these materials is forecast.

The piezoelectric effect refers to the phenomenon where
specific materials generate an electrical charge upon experiencing
mechanical stress. This occurrence is attributed to the polarization
of molecules within the material structure, leading to the emergence
of an electrical potential. Conversely, these piezoelectric materials
also exhibit the capability to undergo mechanical deformation when
subjected to an electrical current, illustrating the bidirectional
nature of this effect. Fundamentally, the piezoelectric effect repre-
sents a transduction mechanism, converting mechanical energy
into electrical energy and vice versa, thus bridging the domains of
mechanical and electrical phenomena.'>'®

Piezoelectric materials have been widely applied in energy
sources,'””  actuation,'®'®  sensing,'*'*?%*'  environmental
protection,® and catalysis.>*** With the verification of their
biocompatibility, piezoelectric materials have attracted consider-
able attention in biomedical applications.>® Usually, some drugs
need to be transferred to specific tissues/organs, including brain
tissues and concealed tumors.>®*® Compared with wearable or
implantable bulk piezoelectric materials, nanoscale piezoelectric
materials can be precisely delivered to the targeted tissue via the
circulatory system.?® Piezoelectric nanomaterials can be remotely
activated by external mechanical stress (e.g., ultrasound) to
produce electrical charges in situ and achieve noninvasive drug
release with better spatial resolution."®?=?

Among piezoelectric nanomaterials, two-dimensional (2D)
nanosheets mimic natural membranes® and enhance the bionano
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Scheme 1 New evidence for piezoelectric nanomaterials across energy
harvesting, piezocatalysis, and biomedicine fields, guiding and supporting
future drug delivery system development.

interactions between the nanosheet surface and biosurface,**
including proteins and cells.>> 2D nanosheets, sheet-like planar
shapes under weak van der Waals forces, have sparked great
potential in biomedical engineering due to their distinctive
optical,*® electrical,’” and mechanical characteristics.***° The
high surface-to-volume ratio of 2D nanosheets enables the loading
of various therapeutic payloads via noncovalent interactions.*'™**
Moreover, the high surface energy of 2D nanosheets with surface
and edge defects offers an essential active site for surface
functionalization.**™*” The increased surface tunability allows the
construction of targeted drug delivery systems.*®

Recent research has also reported the advanced properties of
piezoelectric 2D nanosheets in the energy and catalysis
fields.*>>" Although these properties meet the demands of drug
delivery systems, there is a time lag in the discussion, design, and
fabrication due to the gap between different fields. The remotely
controlled drug delivery system with spatial-temporal precision
has theoretical significance and practical value for future
medication.”®>* Thus, this paper offers potential pursued
research ideas and directions in the future for drug delivery
system fabrication and disease treatment using piezoelectric
materials based on previous studies (Scheme 1). This paper also
intends to provide a foundation and guidelines for drug delivery
system investigation and development.

2 Piezoelectricity of representative 2D
materials

Piezoelectric bulk materials show promise in transducers for
human-machine interfaces® and electroactive scaffolds for
tissue regeneration.”®®” Conversely, nanoscale piezoelectric
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materials excel in targeting specific body sites and penetrating
cytomembranes to create internal electrical fields crucial for cell
fate determination.’® Notably, 2D nanosheets, characterized by
higher piezoelectric coefficients and greater surface-to-volume
ratios,”® fall into three categories: ‘flattened’ bulk materials,
‘stripped’ asymmetrical monolayers from symmetrical bulk mate-
rials, and ‘decorated’ symmetrical 2D nanosheets with interfacial
polar symmetry.”® Additionally, piezoelectric bioactive molecules,
including amino acids, peptides, and proteins, have potential in
developing engineered healthcare materials.

2.1 Traditional piezoelectric 2D materials

In the realm of conventional bulk piezoelectric materials, these
materials are primarily classified into two categories: piezoelectric
polymers and ceramics. Among piezoelectric polymers, notable
examples include polyvinylidene fluoride (PVDF), poly(vinylidene
fluoride-trifluoroethylene) (P(VDF-TTFE)), and polyvinyl chloride.
Conversely, barium titanate (BaTiO;) and zinc oxide (ZnO) stand
out as quintessential piezoelectric ceramics. PVDF is distinguished by
its exceptional flexibility, straightforward processing methodology,
and satisfactory biocompatibility. This polymer is characterized by
its ability to exist in five distinct crystalline phase configurations,
namely, o, B, v, 6, and g, with the o- and B-phases being the most
significant. The o-phase of PVDF, owing to the reverse parallel
arrangement of its dipoles, exhibits minimal piezoelectricity. However,
during the electrospinning process, PVDF undergoes mechanical
stretching coupled with in situ poling, resulting in a transformation
of the nonpolar a-phase into a highly polar B-phase.” The parallel-
arranged dipoles in -phase PVDF result in a strong dipole moment
per unit cell and enhanced piezoelectric characteristics.”!
Nanopillar morphologies are achievable on PVDF film
surfaces,”” yet 2D nanosheets of PVDF and other piezoelectric
polymers remain undeveloped, likely due to viscoelastic difference-
induced interfacial instabilities in PVDF nanofibers.®® Neverthe-
less, P(VDF-TrFE) nanotubes and spheres are fabricable."
Advancements in nanoscale piezoelectric polymers, particularly
through the Langmuir-Blodgett technique, have yielded ultrathin
P(VDF-TrFE) films with a minimum average thickness of
2.072 nm.** This nanoscale innovation is set to enhance piezo-
electric polymers’ applications in precision medicine, spanning
scaffolds to drug delivery systems and pharmaceuticals.
Piezoelectric materials ideally require high electromechanical
(ks3) and piezoelectric (ds3) coefficients. Yet, piezoelectric
polymers often have lower k;; and ds; values compared to com-
monly used ferroelectric ceramics and crystals like Pb(ZrTi)05.%®
Interestingly, certain inorganic ceramics, such as hexagonal cad-
mium sulfide and ZnO, maintain piezoelectric properties even
when reduced to nanoscale thicknesses. Specifically, 2D
nanosheets of cadmium sulfide and ZnO show enhanced vertical
ds3 compared to their bulk counterparts, likely due to reduced
carrier concentration and altered local polarization.'® Additionally,
the piezoelectric efficiency of synthesized ZnO has been con-
firmed, revealing structure-dependent performance, with higher
surface-to-volume ratio structures exhibiting superior efficacy.
For polymer—ceramic composites, a TizC,T, MXene anchoring
method has been recently proposed to manipulate the
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intermolecular interactions within the all-trans conformation of
a polymer matrix.®® B-Phase programming boosts the piezo-
electric response of samarium-doped Pb(Mg;,3ND,/3)O3-PbTiOs/
PVDF composite nanofibers by 160% via Ti;C,T, 2D nanosheet
inclusion.

2.2 Monolayer and few-layer piezoelectric materials

In addition to flattened conventional piezoelectric ceramics,
the piezoelectric effect has been observed in 2D nanosheets
whose bulk counterparts do not possess piezoelectric proper-
ties, such as MoS,. In 2014, Wang et al. first conducted an
experimental study on the piezoelectric properties of MoS, 2D
nanosheets. Due to the loss of centrosymmetry, the MoS, 2D
nanosheets with an odd number of atomic layers produced
piezoelectric voltage and current outputs, whereas the even
number of layers showed no current. Similarly, piezoelectricity
has been verified in transition metal dichalcogenides (TMDCs),
such as WSe,. Insulating monolayer hexagonal boron nitride
(BN) has also been proven to have piezoelectric properties.
Owing to the 2D confinement, these materials display unique
electronic, optical, and mechanical properties that are unat-
tainable in their bulk counterparts. Cheon et al. conducted data
mining for over 50000 inorganic crystals and predicted 325
potential piezoelectric monolayers, which significantly extends
the scope of 2D piezoelectric materials.

Apart from conventional piezoelectric ceramics, 2D nanosheets
like MoS,, which lack piezoelectricity in bulk form, exhibit piezo-
electric effects. Wang et al. in 2014 first experimentally demon-
strated MoS, 2D nanosheets’ piezoelectric properties,®” where odd-
layered sheets generated piezoelectric voltage and current, unlike
even-layered ones. This piezoelectricity is also present in transition
metal dichalcogenides like WSe, and in insulating monolayer
hexagonal boron nitride (BN).***® These 2D materials showcase
distinct electronic, optical, and mechanical properties, divergent
from their bulk forms.”® Additionally, Cheon et al.’s data mining of
over 50 000 inorganic crystals identified 325 potential piezoelectric
monolayers, broadening the range of 2D piezoelectric materials.”*

Differing from TMDC monolayers, certain ’stripped’ 2D nano-
sheets like graphene lack asymmetric crystalline structures and
gain piezoelectric properties only when chemically modified or
structurally defected to disrupt centrosymmetry.”> Moreover, in
Schottky junctions—classic interfaces between noble metals and
centrosymmetric semiconductors—the built-in electric field within
the depletion region can induce polar structures in the semicon-
ductors, thereby generating piezoelectric effects.*

2.3 Bioactive piezoelectric 2D materials

Inside the human body, the principle of piezoelectricity relies
on numerous biological counterparts, from basic building
blocks, including amino acids and proteins, to highly orga-
nized tissues, such as skin, muscle and bone.”?

Amino acids. Amino acids, basic organic compounds, con-
tain a carboxyl (-COOH) group, an amine (-NH,) group, hydro-
gen, and a specific side functional group (R). Most of them
exhibit chirality and thus piezoelectricity. Glycine, unique as a
nonchiral amino acid with hydrogen as its side group, crystallizes
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into o, B, and y polymorphs. o-Glycine’s central symmetry pre-
cludes piezoelectricity, whereas f3- and y-glycine’s asymmetry con-
fers it.”* Self-assembled glycine 2D nanosheets, created via spin-
coating, demonstrate piezoelectricity, a high nonlinear optical
coefficient, wide transparency, and high damage threshold in
B-glycine.”® An applied force of 0.172 N on these nanosheets yields
an open-circuit voltage of 0.45 V. The potential for assembling
amino acids into peptides and proteins through dehydration
condensation opens avenues for fabricating biological piezoelec-
tric materials.

Peptides and proteins. Short peptides, created by amino acid
linkage, can exhibit piezoelectric properties. Notably, dipheny-
lalanine, a dipeptide of two phenylalanine molecules, stands
out as a significant piezoelectric biomolecule. Kholkin et al
synthesized diphenylalanine 2D nanosheets, nanotubes, and
nanofibers through solution processes, confirming their piezo-
electricity via piezoresponse force microscopy.”® The synthetic
polypeptide poly-y-benzyl-i-glutamate, with an o-helical
structure, has demonstrated a piezoelectric coefficient (dy4) of
26 pC N~ when oriented in a magnetic field.””

Extracellular matrix bioactive proteins like collagen, fibrin,
and keratin exhibit piezoelectricity, influencing cellular activity
regulation. Collagen’s piezoelectric properties are sensitive to pH
and humidity, which can alter its polar bond activity and crystal-
line structure,”® leading to varied piezoelectric characteristics
based on processing. Emulating biological piezoelectricity, Yang
et al. produced an ultrathin collagen fibril nanofilm using small
intestinal submucosa through van der Waals exfoliation,”
although its size isn’t customizable. Vivekananthan et al. pio-
neered a collagen film-based piezoelectric energy generator.®
This device, created by sandwiching a collagen film between two
conducting films and laminating with polypropylene, outper-
forms traditional ceramic/oxide humidity sensors. It’ is a self-
powered, non-toxic, eco-friendly piezoelectric biopolymer with
notable sensitivity and reliability. Under a 5 N force, it generates
a maximum V. of 50 V and I, of 250 nA. As a humidity sensor, it
demonstrates linear responsiveness between 50 and 90% relative
humidity, with a sensitivity of 0.1287 pA % ' relative humidity.

The challenge of arranging ordered piezoelectric domains
has hindered the creation of uniformly distributed piezoelectric 2D
nanosheets through natural collagen assembly. However, given
their biocompatibility and degradability, bioactive molecule-
synthesized piezoelectric 2D nanosheets hold potential in regen-
erative medicine. Beyond intrinsic piezoelectric properties, Takano
et al. discovered a piezoelectric-like effect in myosin via molecular
dynamics simulation.” Mechanical stimuli applied locally on
proteins can trigger electrostatic potential changes in remote
areas, a process termed piezoelectric allostery. This input/output
mechanism implies that mechanical input at a specific site can
cause extensive structural changes in proteins, resulting in altered
electrostatic potential. Such dynamic transduction could lead to
the design of protein-based biomaterials.

2.4 Biocompatibility of piezoelectric 2D materials

Biocompatibility refers to the compatibility of materials with
biological systems, particularly focusing on adverse biological
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reactions and stability within organisms.®> A material with high
biocompatibility does not trigger immune responses, inflam-
mation, or other harmful reactions, while maintaining its
functionality and performance within the biological environ-
ment. Biocompatibility encompasses compatibility with cells,
blood, and tissues, and also considers the material’s genotoxi-
city and neurotoxicity.®® Exceptional biocompatibility is a cri-
tical prerequisite for clinical applications of all biomaterials.

Lead-based piezoelectric ceramics, such as lead zirconate
titanate, despite their excellent electrical properties, are excluded
from biomedical applications due to their widespread biotoxicity,
especially in the development of drug delivery systems.** In
contrast, lead-free piezoelectric ceramics like BaTiO; demon-
strate superior biocompatibility, making them more suitable
for biomedical purposes.®® Additionally, ZnO piezoelectric 2D
materials not only circumvent the toxicity issues associated with
lead-containing materials but also exhibit properties that
enhance cell proliferation.®®

Monolayer or few-layer 2D nanomaterials exhibit notable
biocompatibility. For instance, 2D BN nanomaterials with
graphene-like structures have demonstrated exceptional biocom-
patibility in both in vitro and in vivo studies. This is primarily
attributed to their propensity to adsorb onto cell membrane
surfaces without penetrating the cells.®” However, as the size of
BN increases to the micrometer scale, its biotoxicity significantly
escalates.®® Another category of 2D materials, piezoelectric
TMDCs, such as MoS,,** WS,,°® and TiS,,”" are also widely used
in the field of biomaterials and have been confirmed to possess
good compatibility with cells, blood, and tissues. Under physio-
logical conditions, unmodified 2D TMDCs face challenges in
direct application in drug delivery systems due to inadequate
colloidal stability.”> Consequently, combining these piezoelectric
2D nanomaterials with organic coatings to enhance their solubi-
lity, dispersibility, and stability can facilitate their acceptance by
biological systems. It is important to note that while these
piezoelectric 2D nanomaterials do not inherently elicit adverse
biological reactions, their interaction with aquatic perfluoroalkyl
substances, such as MoS, and WS,, can lead to significant
accumulation in zebrafish, causing oxidative stress in the liver
and intestines.”® The biotoxicity arising from such interactions
between toxic substances and nanomedicines is a critical concern
in the biological application of piezoelectric 2D nanomaterials.

Natural piezoelectric materials (like amino acids, peptides,
and proteins) are generally considered biologically safe. How-
ever, apart from amino acids and shorter peptides, the unique
three-dimensional structures and surface characteristics of
longer peptides® or proteins® can act as antigenic determi-
nants, triggering recognition and activation by the immune
system. Therefore, the antigenicity of naturally derived piezo-
electric materials should be a key consideration when selecting
them for internal applications. Despite potential antigenicity
concerns, bio-derived piezoelectric nanomaterials demonstrate
exceptional in vivo degradability. These natural materials
decompose into fundamental molecules like water and carbon
dioxide under physiological conditions, or are reabsorbed by
the body.’® For instance, glycine, a piezoelectric amino acid, is
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absorbed in the small intestine and breaks down into ammonia and
carbon dioxide under the action of the glycine cleavage system
enzyme.” Collagen fibers, another piezoelectric material, exhibit
variable degradation times based on their degree of crosslinking. In
Sprague-Dawley rats, non-crosslinked collagen scaffolds degrade
rapidly within three weeks, whereas those treated with glutaralde-
hyde maintain structural integrity for up to nine weeks.”® This
characteristic is crucial for certain implantable piezoelectric devices,
allowing the adjustment of expected degradation times to align with
treatment periods, thereby minimizing the trauma associated with
secondary surgeries required for device removal.

3 Piezocatalysis-related biomedical
uses of piezoelectric 2D nanosheets

Piezoelectric 2D nanosheets are suggested to facilitate redox
reactions in catalysis, generating oxidants, antioxidants and gas
molecules that have effects on biomedical applications.

3.1 Mechanisms of piezocatalysis

Piezoelectric material catalysis fundamentally involves dipole
orientation shifts, leading to bound charge changes. Stress-
induced dipole alterations in the catalyst disrupt local free charge
concentration, initiating redox reactions.>**° Piezoelectric 2D
nanosheets, with their ultrathin structure, reduce the energy
barrier by shortening the charge carrier transport distance (for
electrons and holes), thereby enhancing reactant adsorption and
activation. These nanosheets are adept at fostering specific
reactions while suppressing competing ones, thereby controlling
catalytic reaction efficiency and selectivity.'® For instance,
Fig. 1(a) illustrates single-layer MoS, decomposing water to
generate reactive oxygen species via spontaneous polarization
and catalysis, whereas Fig. 1(b) depicts the decomposition of
rhodamine B dye through this mechanism.**

Defect engineering shapes the physicochemical properties
of catalysts, enhancing catalysis through atomic rearrangement,
charge redistribution, energy band changes, and optimization of
intermediate adsorption-desorption and charge/mass transfer.”*
This approach has been widely applied in piezocatalysis and
cocatalysis.’®"'** Combining piezoelectric output with piezocata-
lysis, piezo-photocatalysis, piezotronics, and piezophototronics has
led to advancements in sensing and pollutant degradation,'**™%>
leveraging the established piezoelectric effect of 2D nanosheets.
These nanosheets also show promise in biomedical applications,
such as using ultrasound-driven piezocatalytic bismuth oxychlor-
ide 2D nanosheets for disintegrating Alzheimer’s f-amyloid aggre-
gates into harmless fragments,’®® and in antitumor and
antibacterial therapies.'”'*® Therefore, the exploration and appli-
cation of catalytic piezoelectric 2D nanosheets can significantly
contribute to biomedical solutions through chemical reactions, a
potential often overlooked by researchers.

3.2 Products generated via piezocatalysis

Piezoelectric 2D nanosheets are revolutionizing green catalysis
by converting mechanical energy, particularly in water’s

This journal is © The Royal Society of Chemistry 2024
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hydrogen and oxygen evolution processes."'>"'" Hydrogen, nota-

bly promising in tissue regeneration,'** serves as a therapeutic
agent in ischemic tissue injury recovery and metabolic syndrome
management."® "> It mitigates bone loss by reducing oxidative
stress and TNFo-induced damage in osteoblasts’*®'"” and les-
sens steroid-associated femoral head necrosis in rabbits through
hydrogen-rich saline."'® Furthermore, hydrogen’s role in dimin-
ishing neuroinflammation, closely linked to oxidative stress, is
notable."*®"*° In early brain injury scenarios, hydrogen protects
against oxidative stress-induced damage by influencing gene
transcription and controlling the generation of oxidized
phospholipids.

Molecular hydrogen’s extensive medical applications neces-
sitate designing carriers for its storage and controlled release. While
hydrogen is generally non-toxic, its systemic administration can
cause minor side effects like heartburn, diarrhea, and headaches.*!
Nanoscale hydrogen delivery systems offer precise microenviron-
ment regulation, proving effective in treating Alzheimer’s disease,"**
fatty liver disease,'*® diabetic feet,'** and exercise-induced
inflammation."*” Interestingly, carbon monoxide (CO) and reactive
oxygen species (ROS), typically deemed toxic, are byproducts of
piezocatalysis. Their targeted, controlled release can yield therapeu-
tic effects in specific tissues while minimizing systemic toxicity,
applicable in tumor treatment,"*® anti-infective therapy, and cardio-
vascular and nervous system protection.'*”'*® The 2D structure,

This journal is © The Royal Society of Chemistry 2024

with its large surface-to-volume ratio, is particularly suited for
hydrogen generation and anti-inflammatory therapy.'* Piezocataly-
tic nanoparticles enhance hydrogen generation rates and enable
targeted release within the human body (Scheme 2).

3.3 Piezocatalysis-related neurodegenerative disease
treatment

Piezocatalysis can be a potential treatment for Alzheimer’s disease
(AD). Research indicates that self-assembly, accumulation, and
deposition of AP aggregates in the central nervous system are key
AD pathologies.'®®'*® 2D nanosheets are effective in absorbing
amyloid peptides, impeding conformational transitions and fibril-
lation, thus decelerating disease progression.”*" Park et al. devel-
oped an ultrasound-driven piezocatalytic platform using BiOCl 2D
nanosheets, which successfully broke down AP aggregates into
non-toxic fragments (Fig. 1(c))."® Ex vivo studies showed a sig-
nificant reduction in A plaque density in AD mouse brain slices
from 121.6 cm > to 25.2 cm > using sono-activated BiOCl 2D
nanosheets. These nanosheets are believed to disrupt AP aggre-
gates’ strong side-chain interactions through piezocatalytic redox
reactions.

3.4 Piezocatalysis-related antibacterial treatment

Bone defects infected by Staphylococcus aureus can lead to
complications like osteomyelitis, impeding bone regeneration

Nanoscale Horiz., 2024, 9, 365-383 | 369
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Scheme 2 Schematic diagram of the applications of piezocatalysis products H,, CO, and ROS in the field of biomedical science.

and causing secondary bone loss.'*” Piezoelectric 2D MoS,
nanosheets have been shown to promote osteogenesis by reducing
bone loss through infection and inflammation inhibition. These
nanosheets are proven to induce bone integration and demon-
strate good biocompatibility.** The ROS generated via piezocata-
lysis can efficiently kill methicillin-resistant Staphylococcus aureus
within 20 min under ultrasonic excitation, as illustrated in
Fig. 1(d). The red blood cell membrane-coated MoS, reduces
inflammation and suppresses bone destruction, evidenced by a
decrease in bone defect area after effective sonodynamic treat-
ment. Consequently, piezoelectric MoS, 2D nanosheets are sig-
nificant in treating bacterium-infected osteomyelitis, substantially
reducing inflammation and bone loss."%*'**

3.5 Piezocatalysis-related tumor therapy

Due to the acoustic excitation properties of piezoelectric catalysis,
it facilitates remote stimulation for in situ controllable catalytic
therapy within the body. Combined with the dimensional char-
acteristics of piezoelectric two-dimensional nanosheets, localized
catalytic treatment of tumors becomes feasible. A strategic
piezoelectric-mediated drug delivery system is designed to down-
regulate tumor interstitial fluid pressure via water splitting of
MoS, in the tumor interstitium, which employs piezocatalysis to
downregulate tumor interstitial fluid pressure and enhance
intratumoral drug delivery. Piezocatalytic therapy has been
demonstrated as a potential universal strategy for promoting
intratumoral drug delivery, eliminating deep tumor cells, and
inhibiting tumor recurrence by Gao et al. (Fig. 2(a))."*® In addi-
tion, piezocatalysis can be applied to activate tumor immunother-
apy. He et al. have discussed a novel approach for treating deep
tumors using ultrasound-driven piezocatalysis. The method uti-
lizes a piezoelectric 2D nanosheet to produce hydrogen molecules
and reduce lactic acid under ultrasonic stimulation. This process

370 | Nanoscale Horiz., 2024, 9, 365-383

effectively inhibits liver tumor growth through immune regula-
tion of the tumor microenvironment. Piezocatalytic hydrogen
generation is highly responsive to ultrasound irradiation, allow-
ing for controlled catalytic reactions and on-demand therapy
(Fig. 2(b))."*°

4 Electrical signal-related biomedical
uses of piezoelectric 2D nanosheets

Piezoelectric nanomaterials, including pyroelectric and ferroelectric
materials,”®” offer mechanical and electrical stimuli for tissue
regeneration,'®**>'*® capable of converting various energy types such
as force, heat, electricity, and light into electrical, mechanical, and
optical signals. These conversions can harness energy changes
within tissue microenvironments. When integrated into scaffolds,
piezoelectric nanomaterials can generate electrical signals to induce
tissue regeneration, mimicking pathways in the extracellular
matrix.”* Ultrathin 2D nanosheets, a type of piezoelectric nanoma-
terial, feature a high surface-to-volume ratio, significant anisotropy,
and superior chemical and mechanical properties.'*® Their unique
morphology fosters special ‘nano-bio’ interactions, affecting biolo-
gical activities like intracellular trafficking, biodistribution, and
biodegradation. The ultrathin structure also offers advantageous
transport and physicochemical properties for energy and catalytic
applications.’® Additionally, these nanomaterials can function as
targeted drugs, endocytosed into cells to create intracellular elec-
trical fields. Current biomedical applications of piezoelectric 2D
nanomaterials are detailed in Table 1, indicating a prospective
trajectory for future biomedical strategies involving these materials.

4.1 Bone repair and regeneration

Piezoelectricity in natural bone. It has been reported that
piezoelectricity is essential in regulating natural bone

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The applications of piezoelectric 2D nanosheets in piezocatalysis-related tumor therapy. (a) Schematic illustration of the construction procedure
of the MoS,-DOX@cytomembrane (MD@C) and the mechanism of piezocatalytic enhancement of penetration ability in solid tumors. Reprinted with
permission from ref. 135. Copyright 2022, Elsevier B.V. (b) Schematic illustration of the mechanism of SnS nanosheet-mediated piezocatalytic hydrogen
generation and lactic acid deprivation for tumor immunoactivation. Reprinted with permission from ref. 136. Copyright 2023, Wiley-VCH Verlag GmbH &

Co. KGaA, Weinheim.

metabolic activities, such as bone growth, structural remodel-
ling and fracture healing. Halperin et al. found that the varia-
tion in ds; ranges from 7.7-8.7 pC N~ " for the human tibia."*®
The asymmetric structure of collagen molecules leads to the
piezoelectricity of natural bone.”® The collagen molecule is
made from three polypeptide strands connected via hydrogen
bonds and twisted to form a triple helix structure. It can
generate piezoelectricity by changing the orientation of dipoles
of -NH and -CO groups. Under mechanical stress, collagen
fibres undergo various motions, such as rotation and sliding,
leading to the generation of electrical charges. The broken
hexagonal symmetry of their structure at the nanometric level
is what causes the piezoelectric action. Additionally, ion
motions in the mineralized matrix control the production of
electrical potentials in the bone under mechanical stress.*>>*®

The piezoelectricity of collagen fibres, the key component of
the bone tissue extracellular matrix, stimulates various cellular
activities within the bone microenvironment. Compressive
loads increase the negative charge on collagen fibres in the
periosteum, thus facilitating osteoblast perception of electrical

This journal is © The Royal Society of Chemistry 2024

cues.’®”'*® The voltage-gated calcium channels on the cyto-
membrane open under the effect of electrical signals, resulting
in a Ca®" influx into the cytoplasm. The signaling pathways
triggered by Ca®" ultimately activate R, and the extracellular
signal-related protein kinase signaling pathway, which is criti-
cal for Runx2 activation and the induction of several growth
factors, such as TGF-B and BMP.'*°

Osteogenic piezoelectric 2D nanosheets

ZnO. ZnO crystals, featuring three rapid growth directions,
enable a range of morphologies from 0D to 3D.'®° Their
nanomaterials, synthesized through various crystal-growth
techniques, exhibit notable semiconductivity, piezoelectricity,
chemical stability, and biocompatibility."*®'®" Bone tissue gen-
erates electrical stimulation in response to mechanical stress, a
process reflecting the piezoelectric materials’ ability to harvest
and redistribute energy, thus countering energy entropy
increase. This mechanical energy is partially converted into
electricity through piezoelectricity to regulate cellular activities.
Esteve et al. demonstrated this by culturing osteoblast-like cells
(Saos-2) on piezoelectric ZnO 2D nanosheets,'*" as depicted in
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Fig. 3(b). The nanosheets’ reduced thickness (around 20 nm)
and high aspect ratio enable deflection from inherent cell
forces without external stimulation. These minute cell forces,
in the nanonewton range, generate a piezoelectric potential of
0.5-50 mV, activating voltage-gated and stretch-activated cal-
cium channels. Consequently, this leads to elevated expression
of osteoblast differentiation genes.

Cell movement strains ZnO 2D nanosheets, producing local
electric fields through piezoelectricity. These fields open voltage-
gated calcium channels, enhancing cell proliferation and early
differentiation. Furthermore, when used as drug nanocarriers, the
electric signals from cell-nanosheet interactions can synergize
with drug internalization.'®® The applied electric field also influ-
ences cell alignment and migration, known as electrotaxis—the
directed cell movement in response to electric cues.'®® This
property is advantageous for targeted drug delivery.

BN. When considering piezoelectricity, BN nanotube hybrid
piezoelectric scaffolds show enhanced proliferation and osteo-
genic differentiation of MC3T3-E1 cells and Saos-2 cells.'**"%*
Although the form of the nanotube is not quite the same as that
of the 2D nanosheet, the piezoelectricity of BN can be further
applied in bone tissue engineering.

MXene. MXenes (M,,+1X,, Ty, 1 = 1-3), graphene-like transition
metal carbides and nitrides, are established as highly oriented
piezoelectric materials.'®®*¢”
disrupt inversion symmetry in lattice structures, endowing
them with piezoelectric properties. When integrated into
polymer-based scaffolds, these piezoelectric MXenes enhance
the piezoelectric response.®®

The role of MXenes (i.e., Ti;C,T,) in bone tissue engineering
has been explored'®®*7°
additive to functionalize bone regeneration scaffolds.
MZXene-loaded scaffolds show a positive effect on spontaneous
osteogenic differentiation of MC3T3-E1 preosteoblasts by accel-
erating the absorption of Ca**."”° The programmable functio-
nalization of Ti;C,T, MXenes endows them with stimuli-
responsiveness, such as pH-responsiveness and chiral biore-
cognition of certain enzymes. This characteristic helps to
recognize and activate MXene nanosheets in complex micro-
environments, indicating their potential in targeted therapeutic
nanomaterial fabrication and drug delivery systems.'’>'”®
However, the applications of piezoelectric MXenes are limited
in bone tissue engineering thus far, which seems to be a
feasible idea for future material design.

Their surface functional groups

and can be used as an auxiliary
10,170,171

4.2 Nerve repair and regeneration

Electrical signals in neuron growth. Electric fields signifi-
cantly influence neurite outgrowth and nerve tissue regenera-
tion, paralleling osteogenesis effects.'’*'”> Jaffe and Poo
initially demonstrated electric fields’ positive impact on neuri-
tic growth.’”® They observed increased neuritic outgrowth in
embryonic chick dorsal root ganglia cultured on polylysine-
coated glass under 70-140 mV mm ' electric fields. This
growth is hypothesized to occur as neurite growth cones react

Nanoscale Horiz., 2024, 9, 365-383 | 373
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Fig. 3 The applications of piezoelectric 2D nanosheets in bone and nerve tissue engineering. (a) Self-powered piezoelectric nanogenerators based on a

ZnO 2D nanosheet network. (i) Sketch of a cell growing on the top array of ZnO 2D nanosheets, indicating the possible pathways involved in cytosolic
Ca®* concentration changes in the osteoblast-like cells. (ii)—(v) The nanogenerator—cell interaction that is assessed by scanning electron microscopy and
focused ion beam shows the firm adhesion of osteoblast-like cells on the 2D nanosheets and the emitted long projections that anchored on the 2D
nanosheets. (vi)—(viii) Confocal laser scanning microscopy analysis shows a high number of focal contacts at the end of long parallel bundles of actin
filaments on cells grown on AIN, displaying a polygonal shape. Reprinted with permission from ref. 141. Copyright 2017, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. (b) Piezoelectric nanoparticles modulate neural plasticity and recovery of degenerative dopaminergic neurons. (i) The piezoelectric
BaTiOz nanoparticle mediates neuron plasticity. (ii) Ilustration of zebrafish injected with 6-OHDA to develop Parkinson's disease symptoms and
schematic diagram of PD treatment via ultrasound-induced electromagnetic fields using nanoparticles. (iii) Representative spatiotemporal behavioral
phenotyping in adult zebrafish under different treatments (control, sham, 6-OHDA, 6-OHDA + US, and 6-OHDA + nanoparticles + US). Reprinted with

permission from ref. 194. Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

to nerve growth factor signaling, with its receptors rearranged
by electric fields. Patel and Poo further found that steady
electric fields (0.1-10 V ¢m™?) lead to pronounced neurite
outgrowth towards the cathodal current and increased neuritic
density, attributed to the redistribution of growth-controlling
surface proteins like Concanavalin A receptors.'””

In nerve tissue, intrinsic pulsatile electric fields create non-
uniform and focal electric fields. To study neuritic outgrowth
orientation in embryonic Xenopus, three types of extracellular
electric fields are employed: focally applied pulsed fields,
steady fields, and spatially uniform pulsed fields. While alter-
nating currents typically induce osteogenesis, neural cell sti-
mulation necessitates direct currents due to transmembrane
potential dynamics."”® Application of a 250 mV mm ™" direct
electric field attracts the growth cone to negative polarities and

374 | Nanoscale Horiz., 2024, 9, 365-383

causes deflection towards positive polarities. Resultantly, Xeno-
pus neurons develop longer neurites oriented towards the
cathodal side and shorter neurites on the anodal side.
Electrical signal-related neurogenesis. Electrical signals are
crucial not only in neural development but also in nerve repair
and regeneration post-injury.’”® Injuries to the central or per-
ipheral nervous system can impair cognitive and sensorimotor
functions.'®>"®" Research indicates that low-frequency pulsed
electrical stimulation facilitates nerve injury regeneration,'>4
Consequently, piezoelectric materials, which generate electrical
signals under mechanical stress, can be engineered into devices
for treating nerve injuries to aid nerve regeneration.
Capitalizing on the exceptional characteristics of 2D nanosheets,
piezoelectric BN nanosheet-enhanced polycaprolactone channel
scaffolds have been developed. BN inclusion elevates the

This journal is © The Royal Society of Chemistry 2024
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piezoelectric and mechanical properties of these scaffolds. It
mitigates the immune response and corrects energy metabolic
disturbances by lowering ROS levels. Enhanced slow-type myo-
sin expression in the BN@polycaprolactone group indicates BN
nanosheets’ role in muscle structure recovery and amyotrophy
reduction, likely due to microelectrical stimulation and injury
area microenvironment rebalancing. This suggests concurrent
regeneration of motor and sensory neurons.'*>

Piezoelectric nanomaterials in auditory nerve recovery
mimic cochlear acoustic-electrical transduction by vibrating at
distinct sound frequencies and conveying electrical impulses to
the vestibulocochlear nerve."®* Additionally, electroconductive
2D nanomaterials excel in differentiating mesenchymal stem
cells into neural-like cells, supporting their growth.'®*'®” A chip-
like flexible biomimetic device, combining MXene artificial
synapse with an ion-conductive elastomer, simulates the affer-
ent nervous system.'®® This device, using piezoelectric 2D
MXene layers, not only transmits external stimuli but also
emulates biological neural responses like ionic migration. It
converts electronic variation in ion-conductive elastomers into
neuro-electric signals, detecting joint flexion and radial artery
pulse. This leads to neural tissue engineering and smart med-
ical robot design.

Li et al. have demonstrated neural stem cells cultured on
TizC,T, MXene 2D nanosheets showed enhanced differentia-
tion, neurite growth, and synaptic transmission.'®® Ti;C,T,
increases voltage-gated Ca”>* currents in mature neurons, boost-
ing spiking activity without altering passive membrane proper-
ties. Moreover, Tiz;C,T, MXene interfaces maintain basal
neuronal physiology, evidenced by calcium imaging and synap-
tic current recordings."*

Electrical signal-related neurodegenerative disease treat-
ment. Neurodegenerative diseases, characterized by the progres-
sive loss of neuronal function, prominently include Alzheimer’s
and Parkinson’s diseases, noted for their severe complications
and high prevalence.'”'%? Electromagnetic field exposure has
been found to influence cell epigenetics and facilitate efficient
somatic cell reprogramming, offering a potential approach for
recovering degenerative neurons.'*?

Carbon-shelled BaTiO; nanoparticles, designed for endocy-
tosis by neurons, generate intracellular electromagnetic fields
under ultrasound, as depicted in Fig. 3(b).'®* These electrical
signals boost Ca®" influx in nerve cells via voltage-dependent L-
type Ca®" channels. The resultant rise in intracellular Ca>"
concentration leads to phosphorylation of tyrosine hydroxylase
and heightened hydroxylase activity.'> This piezoelectric effect
modulates neural plasticity, aiding in the recovery of degen-
erative dopaminergic neurons in the midbrain.

5 Piezoelectric 2D nanosheets for
future drug delivery applications

Piezoelectric 2D nanomaterials are emerging as effective agents
in targeted regenerative drug delivery systems. They release
drugs at specific sites in response to mechanical stimuli like

This journal is © The Royal Society of Chemistry 2024
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ultrasound,'® friction,"®® and vibration.'”” These nanomaterials,
with their adaptable surface properties, are increasingly used in
intelligent drug delivery for biomedical applications.*"'*® They offer
more active sites and unique action mechanisms compared to other
materials. These nanomaterials interact with protons,'*>?%
substrates,”®' enzymes,”” and cell surface proteins and lipids,
facilitating piezoelectric responsiveness and microcurrent stimula-
tion. They can anchor nanodrugs to cellular membranes using
antibodies and aptamers.>**%

Furthermore, piezoelectric nanomaterials play a significant
role in controlling inflammation and maintaining immune
microenvironment homeostasis at nano-bio interfaces.>* Piezo-
electric 2D nanosheet drug release systems are being combined
with polymers,>*” biomolecules,”*®** and nanodots*'® to create
multifunctional materials. Various 2D materials exhibiting piezo-
electricity show promise in drug delivery nanoplatforms and as
therapeutic agents, including metal-organic frameworks,>""
graphene,>* black phosphorus,®®® BN,>"® transition metal
oxides,*** MXenes,"*® TMDCs,?*® and layered double hydroxides
(LDH).>*®

5.1 Wearable and implantable devices

Electroactive materials can control drug release by electrically
activating the release of adsorbed molecules. This method allows
fine-tuning of release kinetics through the applied potential’s
magnitude, ensuring the drug delivery systems respond to phy-
siologically safe mechanical forces without interference from
daily human activities. Recently, Su et al. introduced a stretchable
electronic facial mask (SEFM) to enhance the delivery of large-
sized hyaluronic acid molecules for facial healthcare (Fig. 4(a)).>
Utilizing sonophoresis, which increases skin permeability for a
wide range of molecular sizes without harming living cells, the
SEFM has proven effective in animal/human experiments. It
notably increased human facial skin moisture by 20%. These
developments affirm the potential of piezoelectric-stimuli mate-
rials in localized controlled drug release.

Piezoelectricity-based controlled release systems can import
not only large molecules but also small molecules. A self-
sufficient, subcutaneous implant, controlled by the push-
button and powered by finger pressure, has been developed,
enabling the release of biopharmaceuticals without the need
for complex electronics and external energy (Fig. 4(b)).>*” This
implant, featuring a piezoelectric membrane, facilitates the
rapid and adjustable release of drugs from engineered cells,
effectively normalizing blood sugar levels in a diabetic
mouse model.

Furthermore, a wearable drug delivery device has been
designed to achieve delicate contact on the nanoscale interfaces
between materials and cells (Fig. 4(c)).>*® With a sufficiently high
local electric field in the limited area of the nanoneedle-cell
interface, the device shows elevated delivery efficiency and mini-
mal damage caused to cells. The integrated system achieves
efficient delivery (up to 90%) of exogenous materials into differ-
ent types of cells, with cell viability over 94%. These results
demonstrate that the 'nano-bio’ interaction enables precise and
safe drug release.

Nanoscale Horiz., 2024, 9, 365-383 | 375
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Fig. 4 Illustrations of wearable and implantable devices for drug delivery using piezoelectric materials. (a) Schematic illustration of a stretchable

electronic facial mask as a platform for facial healthcare enabling the promotion of the delivery effect. Reprinted with permission from ref. 55. Copyright
2022, American Chemical Society. (b) Schematic illustration of a push button-controlled rapid drug delivery system from a piezoelectrically activated
subcutaneous cell implant. Reprinted with permission from ref. 217. Copyright 2022, American Association for the Advancement of Science. (c)
Schematic illustration of the in vitro electroporation and the in vivo electroporation system of a TENG-driven electroporation system to enhance delivery
efficiency with minimized impairment to cell viability. Reprinted with permission from ref. 218. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.

5.2 Targeted drug delivery systems

The rapid development of nanodrug delivery systems has
initiated a revolution in tissue engineering.>'>**° They can
effectively stimulate cellular responses at the nanoscale with
improved drug loading efficiency, targeted capability and
uptake rate.*>*" Owing to both direct and indirect piezoelec-
tric effects, mechanical and electrical energy can be effectively
harnessed in the design of drug-release media.

Mechanical energy-mediated drug delivery and release. A
smart nanoeel has been designed according to the coupled
concept of the piezoelectric effect and electromagnetism
(Fig. 5(a)).** Once alternating magnetic fields are applied, the
magnetic Ni head module oscillates, subsequently causing the
ferroelectric tail to flex and generating electric polarization
changes via the piezoelectric effect. It is possible to precisely steer
the nanoeels to the targeted location and trigger drug release by
switching the magnetic field. Under magnetic fields of 15 mT and
11 Hz, the carriers remained in swimming mode, whereas doxor-
ubicin release could not be observed. In contrast, in the drug
release mode of 10 mT and 7 Hz, doxorubicin delivered into the
cancer cells can be observed. Similarly, magneto-piezoelectric
Janus particle-based micromachines have been fabricated to pre-
cisely control nanorobot motions under magnetic fields.*

Electrical energy-mediated drug release. Unlike devices
releasing drugs based on the indirect piezoelectric effect, the
electrical signals generated via the direct piezoelectric effect
can trigger drug release by charge repulsion. A targeted nano-
scale platform has been fabricated to treat glioblastoma

376 | Nanoscale Horiz., 2024, 9, 365-383

multiforme according to the responsive release of molecules under
the piezoelectric effect.”*” Functionalized P(VDF-TrFE) nano-
particles loaded with the small-molecule inhibitor nutlin-3a were
designed for antitumour treatment in vivo. The nanoparticles can
be remotely activated by ultrasound-based mechanical stimuli to
induce drug release and deliver anticancer electric signals.

Flexible FeGa@P(VDF-TTFE) core-shell magnetoelectric nano-
wires have demonstrated that they can be actuated by different
magnetic fields for targeted drug delivery."® Upon magnetic stimu-
lation, the magnetostrictive FeGa core deforms. The strain trans-
ferred onto the piezoelectric P(VDF-TrFE) shell induces surface
polarization and releases the loaded paclitaxel. Similarly, the piezo-
electric effect can be coupled with electromagnetism to generate
loco-motion and migrate to the targeted cells,” as shown in
Fig. 5(b). Subject to the appropriate magnetic stimulation, magneto-
electric materials change their electric polarization, induce surface
charge redistribution and trigger chemical processes.

5.3 Controlled molecule release

Growth factors, key elements in tissue engineering, stimulate
cell differentiation, migration and proliferation.>***** Bioactive
ions, such as Zn>*,*** Mg>",>*® and Sr**,>*” have been identified
to regulate cell metabolism and tissue regeneration either
alone or in combination with growth factors. Due to the short
half-life, growth factors and bioactive ions require targeted
delivery and a precise release pattern.*>®

2D materials are attractive substrates for protein
immobilization.** The high protein adsorption capacity is

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Illustration of targeted drug delivery systems using piezoelectric materials. (a) Images of a soft hybrid nanowire that mimics an electric eel to
deliver drugs in a controlled manner. (i) Scheme depicting functionalization of hybrid nanoeels with polydopamine and drugs, followed by magnetically
triggered drug release. (i) Continuous rhodamine-B release at 10 mT and 7 Hz shows three times higher release for the piezoelectric P(VDF-TrFE)
nanowires than for the nonpiezoelectric nanowires. (iii) Steps of fabricating nanowires, characterized by SEM. (iv) Characterization of the swimming
behaviors of the hybrid nanowires. Reprinted with permission from ref. 32. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b)
Schematic illustration of a highly controllable micromotor to induce targeted neural stem-like cell differentiation. Reprinted with permission from ref. 30.

Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

supported by the large area-to-volume ratio of 2D materials.>*’

The atomic thickness provided mechanical flexibility for interac-
tions between the material surface and adsorbed protein. Other
surface characteristics, including functionality, crystallinity and
curvature, can be altered to regulate protein adsorption and
profoundly influence material-protein interactions.***°

A piezoelectric polymer (poly(3-hydroxybutyrate)) loaded
with silica microcapsules is investigated, demonstrating its
capability to anchor bioactive molecules (such as bovine serum
albumin) onto the scaffold surface.>*® The change in surface
charges, brought about by the matrix’s piezoelectric properties,
favors the adherence of more bioactive compounds. An inves-
tigation into the impact of ultrasound, enzymes, and laser
radiation on initiating reactions reveals that ultrasound

This journal is © The Royal Society of Chemistry 2024

(20 kHz, 50 W for 120 s) rapidly alters the kinetic profile of the
drug. According to piezoelectric Pb[ZrTi;;_]O; and biocompa-
tible polydimethylsiloxane (PDMS), Tseng et al fabricated a
flexible and stretchable electronic device for drug delivery.**
The advantages of piezoelectric 2D nanosheet flexibility and
stretchability in drug release applications have been proven.
Piezoelectricity has been proven to boost interfacial cation
transport in a controlled way. Zhang et al. have designed an
integrative material built using a piezoelectric-dielectric flex-
ible PVDF film that involves reduced graphene oxide 2D
nanosheet fillers.”**> The enhanced release may be attributed
to the release of charged small molecules, which are produced
by random and alternating positive/negative piezoelectric
potentials under mechanical disturbances. They have also

Nanoscale Horiz., 2024, 9, 365-383 | 377
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developed a similar enzyme release system that preserves
enzyme activities.*** All the devices can be utilized in active
drug release by responding to extensive mechanical distur-
bances of human movement.

Furthermore, piezocatalysis offers a viable approach for
prodrug activation. The employment of piezoelectric 2D nano-
carriers for prodrug loading enables not only efficient delivery to
targeted sites but also increased concentration of prodrugs at
these specific locations.*** Under the influence of ultrasound,
the catalytic action facilitated by piezoelectric 2D nanomaterials
converts inactive prodrugs into highly active pharmaceutical
compounds, thus enabling targeted and precise drug therapy.**

6 Conclusions and perspectives

Since the demonstration of the piezoelectric properties of MoS,
2D nanosheets, 2D-structural piezoelectric nanomaterials have
become popular in sensing, catalysis, energy and biomedicine
areas. The strong targeting ability and minimized side effects
are major advantages of these nanoscale drug delivery systems.
In this review, the potential suitability of piezoelectric 2D
nanosheets for drug delivery systems is discussed. When seek-
ing solutions for more structurally demanding targets, such as
bone defects and nerve injuries, the remote fields, for example,
the acoustic fields, can provide biomedical modes in driving
directional or local cell responses within in vivo tissue culture.
On the one hand, the piezoelectric 2D nanosheet inside the
human body can act as an energy converter to generate elec-
trical signals without an open wound when applying an acous-
tic field. These essential electrical cues can trigger osteogenic-/
neurogenic-related cell pathways or alter the local microenvir-
onment to switch on the regenerative mode. Conversely, in the
absence of remote fields, 2D nanosheets are capable of harvest-
ing energy from cellular activity and modulating cell behaviors.
This process inherently represents a method of inverse entropy
increase in energy dissipation.

Moreover, piezoelectric 2D nanosheets can interact with the
fundamental components of tissue regeneration: cells, materi-
als, and biochemical factors. For cells, ultrathin electrical 2D
nanosheets can build a unique nano-bio interface for cell activa-
tion. Regarding materials, 2D nanosheets can either be consid-
ered as standalone entities or employed as enhancements for
scaffold materials. By connecting the scaffold material with the
seed cells, the scaffolds can be functionalized for precise regula-
tion. For biochemical factors (ie., ions and proteins), 2D
nanosheets can be transformed into drug delivery systems. The
vast canvas — the large surface of the 2D structure - provides
active sites for molecular binding and is beneficial for drug
loading, tissue targeting and stimulus response. The controllable
surface polarization brings programmable electrical signals,
guaranteeing a release pattern of bioactive molecules.

For tumor treatment, piezocatalysis of 2D nanosheets can
provide a synergistic effect with therapeutic drugs. Piezocata-
lysis causes ROS generation and glutathione depletion in tumor
cells, leading to a sharp decrease in the activities of tumor cells.

378 | Nanoscale Horiz., 2024, 9, 365-383
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Stimuli-responsive released chemotherapeutic or immunotherapeu-
tic drugs can obtain excellent antitumour effects. In addition,
piezoelectric-related water splitting can remodel the tumor micro-
environment by reducing tumor interstitial pressure, thereby achiev-
ing deep penetration of drugs. The treatment of degenerative
diseases can be conducted in the same way. Given that piezoelectric
2D nanosheets can harvest energy from the surrounding subtle
mechanical cues, drug delivery systems with high piezoelectric
coefficients can even have a sustainable treatment effect after
removing the external stimulus, realizing energy recycling.

Therefore, considering the increasing mechanisms and
applications of piezoelectric 2D nanosheets being revealed, this
review aims to build bridges between diverse academic disci-
plines. Looking towards the future of drug delivery, the design
of drug delivery systems should ideally adopt a top-down
approach, emphasizing energy-efficient fabrication and the
attainment of effective functionalities. Using piezoelectric 2D
nanosheets as an example, it is possible to discover multiple
functions of a single material from various perspectives across
different fields. This may simplify the complicated design and
fabrication of drug delivery systems and optimize the applica-
tions of nanoscale drug delivery systems.
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