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Abstract

Stimulation of cells with electrical cues is an imperative approach to interact with biological
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systems and has been exploited in clinical practices over a wide range of pathological ailments.
This bioelectric interface has been extensively explored with the help of piezoelectric materials,
leading to remarkable advancement in the past two decades. Among other members of this
fraternity, colloidal perovskite barium titanate (BaTiO3) have gained substantial interest due to
their noteworthy properties which includes high dielectric constant, and excellent ferroelectric
properties along with acceptable biocompatibility. Significant progression is witnessed for
BaTiOs nanoparticles (BaTiOs NPs) as a potent candidate for biomedical applications and in
wearable bioelectronics making it a promising personal healthcare platform. The current
review highlights the nanostructured piezoelectric bio interface of BaTiOz NPs in applications
comprising drug delivery, tissue engineering, bioimaging, bioelectronics and wearable devices.
A particular attention has been dedicated towards the fabrication routes of BaTiO3z NPs along
with different approaches for its surface modifications. The review offers a comprehensive
discussion on the utility of BaTiOs NPs as active devices rather than passive structural unit
behaving as carriers for biomolecules. The employment of BaTiO3z NPs presents new scenarios

and opportunity in the vast field of nanomedicines for biomedical applications.

Key words: Barium titanate; piezoelectricity, nanoparticles, biomedical, bioelectronics

1. Introduction

Biological systems are a complex architect with a continuously enduring succession of
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concurrent events leading to numerous biochemical responses. Appropriateness of a material
for biomedical applications is substantially concluded by their extent of interaction with the
biological system. A variety of organic and inorganic nanoparticles has been demonstrated to
interact with biological systems which includes metal oxide 1, magnetic materials 71, noble
metals 8, polymeric particles [° 1%, miscellaneous inorganic compounds 1213 etc. Recently, a
lot of emphasis has been given to piezoelectric nanomaterials, which are known to become
electrically polarized under mechanical stress. This feature plays a crucial role in muscle and
nerve cells in generating and propagating the action potentials across nerves and muscles 141,
Endogenous electric field (EEFs) is also critical in controlling other cellular physiology and
functions, including differentiation, proliferation, migration, morphology, and gene expression
[51 " In addition, EEFs also influence cell division, intracellular interaction, ion transport,
mechanotransduction, nervous system along with its accountability in bone and skin tissues
healing ['® 171, Bioelectricity is an essential part of living system and plays a crucial role in the
early embryonic stage as developmental defects may arise due to minor deviations from the

steady-state potential of the embryo 8 19,

Up recently, the piezoelectric properties of materials have been exploited to provide interfaces
with biological systems [2% 21 Electrically stimulating cells/tissues has been an imperative
approach in order to interact with living matter and has been explored for clinical practice in
case of many pathological ailments 22, However, the orthodox method of simulation often
requires installation of implanted electrodes and wired networks. Therefore, the opportunity to
achieve indirect electrical simulation through mechanically driven methodology using

piezoelectric materials is of great interest 21, Wireless stimulation of tissues has not only been
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exploited for the treatment of many ailments 2321 but has also been investigated in the field of
tissue engineering or regenerative medicine where electrical stimulation is a regulatory step in

the alteration of the functions of a tissue [26: 271,

Piezoelectricity is offered by both organic and inorganic materials where the rationale of
piezoelectricity is influenced by the category of material. In case of organic materials, upon
induction of mechanical stress, the electric polarization is induced by reorientation of molecular
dipole. In contrast, the piezoelectric effect in inorganic materials mainly evolves as a result of
the rearrangement of ions in the dielectric materials deficient of inversion symmetry in their

crystalline structure 28 291,

In the league of inorganic piezoelectric materials, zinc oxide (ZnO) %31 and boron nitride
(BN) 3233 have been widely studied for their biomedical applications, even if ZnO toxicity is
now well-known B3+ 31, Up recently, ceramic nanomaterials based on perovskite-like oxides
have attracted the interest of many research groups for their utility in biomedical applications
[36. 371 With high dielectric constant, and excellent ferroelectric properties, barium titanate
(BaTiOz) is perhaps one of the most studied compounds of the perovskite family.
Biocompatibility, piezoelectric properties, and non-linear optical features are some of the
advantages offered by this fascinating material which could be explored for its applicability in
different biomedical applications 8. Notably, recent reports suggest that BaTiOs NPs could
be used in a wide range of biomedical applications, including non-linear imaging purposes,
drug delivery, tissue engineering, and bio-stimulation %4, Although, it is reported that the
nonlinear efficiency of most inorganic nanocrystals (BaTiO3z ZnO, KTiOPO4, LiNbO3, KNbO3)

used for developing harmonic nanoparticles are similar 2 but for biomedical application, the
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biocompatibility has always been marked as an essential requirement. Dantec et al. studied the
nonlinear optical properties of ZnO and BaTiOz individually, and based on the analysis marked
them as one of the most promising second harmonic probes for imaging applications 1,
Further, the superiority of BaTiOs in terms of frequency response and power generation has
also been reported in comparison to ZnO and barium sodium niobite (BNN) 14, With a wide
range of inorganic nanomaterials investigated in the field of biomedicine, the potency of

BaTiO3z NPs is not sufficiently explored.

Some reviews have already highlighted the importance of BaTiO3 NPs, among them the review
by Genchi et al. summarizes the utility of BaTiOs NPs as smart nanomaterials for
nanomedicines with much emphasize the utility as nanotransducer for cells and in tissue
engineering 8. However, this review did not highlight the applications concerning drug
delivery, gene delivery, cancer therapy etc. Another review by Kapat et al. provided an
overview of piezoelectric nano-biomaterials with much emphasizes on the classification of
piezoelectric materials and their intrinsic properties (biopiezoelectricity) [*°1. Here, the review
comprehensively describes the utility of BaTiOs NPs in tissue regeneration but not much
emphasize on wearable electronics and cancer therapeutics is given. Another review by Jarkov
et al. provides some critical overview of piezoelectric materials but not totally concerns the
utilization of BaTiO3s NPs in biomedical applications 11, All these reviews do not provide much
details on the in depth understanding of the BaTiOs NPs cellular response along with different

synthetic routes and functionalization strategies of BaTiOs NPs.

The rapid development and functionality of BaTiOs NPs in biomedical applications calls for a

comprehensive review that can offer an informative reference for researchers working in
5



relevant fields. The current review provides a thorough overview of BaTiOs NPs from a broad
perspective, with a focus on their biochemical attributes and utility in biomedical applications
(Figure 1). Herein, we systematically outline the representative mechanism and morphological
features of BaTiOz NPs, with an emphasis on their structural aspects. The review provides a
comprehensive sketch on the synthesis process of BaTiOs NPs along with its
hybrids/composites accompanied by their surface modifications. The latest utilization of
BaTiO3z NPs in biomedical applications including drug delivery, tissue engineering, biosensing,
and wearable bioelectronics are summarized. The review also highlights the efforts that could
be incorporated to improve the applicability and performance of BaTiOz NPs in biomedical
areas. Finally, the review is concluded with a profound analysis on the challenges that need to

be addressed for practical application of this fascinating material.
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Figure 1. Schematic representation of an overview of different aspects of barium titanate

nanoparticles.
2. Barium titanate (BaTiO3) NPs
2.1 History and physico-chemistry of BaTiO3

BaTiOs was first discovered by Wainer and Salomon in United States in 1941 during the World
War 11 81 1t was due to the high demand of the compact capacitors/condensers for the radar
systems and based on widely used titania condenser (TiO2-MgO), researchers doped various
oxides (CaO, SrO and BaO) in wide fraction to develop materials with higher permittivity [*71,
Among the series of materials, the maximum permittivity was achieved for BaTiOs, which
weighed ten times higher than titania at that time. Originally, BaTiOz was discovered for its
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permittivity and later characterized for its high dielectric constant 8 and ferroelectricity
properties [*% 50 |t was Gray at Erie Resistor [®* and Shepard Roberts at MIT 2 who showed
that the electrically poled BaTiOs exhibit ‘piezoelectricity’ due to its domain realignment.
Lately, Rooks [ established the perovskite cubic cell crystal structure of BaTiOz with Megaw

541 providing the data to further determine its structure.

Perovskite crystal structure of BaTiO3

A perovskite name adopted from a mineral perovskite (CaTiO3) for the compounds which share
a chemical formula ABO3, where 'A" and 'B' represent cations and O is an anion. BaTiOz is a
member of perovskite family which show perovskite crystal structure below 1460 °C and
appears non-perovskite hexagonal polymorph at higher temperatures. The BaTiOz has a
primitive cubic cell crystal structure with the larger cation-A [monovalent, (Ba*) divalent, or
trivalent metal] in the corner, smaller cation-B [pentavalent, (Ti*") tetravalent, or trivalent
element] in the middle of the cube, and the anion, commonly oxygen, in the center of the face.
The perovskite structure can be considered as a 3-D framework of TiOg octahedra while Ba*?

has a coordination number of 12 53],

Structural phase transitions in barium titanate

BaTiOs is known for temperature dependent phase transitions of its crystal structure,
below -90 °C (183 K) it acquires ferroelectric rhombohedral (R3m) crystal structure with Ti
displacements aligned along a body diagonal (111). Between -90 °C and 5 °C (278 K), BaTiOs
is ferroelectric orthorhombic (Ammy) with net polarization along a face diagonal (011).

Between 5 °C and 120 °C (393 K), it is ferroelectric tetragonal (P4mm) with polarization along
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the z axis (001). Above 120 °C, BaTiOs become paraelectric, and show cubic (Pm3m) crystal

structure (Figure 2) [¢1,

Figure 2. Crystal structure of cubic BaTiO3 phase

Moreover, it is very well known that physical properties (electrical, mechanical, dielectric) of
polycrystalline materials are related to the grain sizes. Phase transitions which depend on grain
size induce very interesting properties in materials. The case of barium titanate is undoubtedly
one of the more explored and exploited 7581, It is typically demonstrated that upon reduction
of the grain size of polycrystalline BaTiOs to the micron dimension, an increment in the
dielectric constant is observed at room temperature. However, below the Curie temperature
(Tc) substantial modification in terms of temperature dependence of the dielectric constant was
observed 9621 In case of materials with grain size > 1 um, formation of a polydomain subgrain

structure is observed upon cooling (130 °C) as a result of cubic-tetragonal transformation in



order to curtail electrostatic and elastic energies in the polar anisotropic state 1. Above the Tc
(<130 °C), BaTiOs presents paraelectric behavior with cubic arrangement however, below this
temperature, the structure is partially distorted with the existence of three temperature
dependent ferroelectric polymorphs having nonzero dipole moment. Between 10 °C and
130 °C, the tetragonal transformation is stable whereas, below 10 °C the structure changes to

orthorhombic which further transforms to rhombohedral structure below -80 °C (Figure 3) (6>
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Figure 3 Evolution of crystal structure and relative dielectric constant as a function of
temperature in BaTiOs single crystal. Reproduced with permission. © Copyright 2020,

Elsevier.
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A diminution of tetragonal distortion, heat of transition, Tc and relative dielectric constant has
been observed on dense BaTiO3 ceramics with grain size reducing from 1200 to 50 nm. It has
been established that variations in the grain size/temperature/external stress modify the
spontaneous polarization due to alterations of the tetragonal strain which in turn effects the
phase transitions and has influence over the ferroelectric properties [¢®l. The size dependency
of ferroelectric properties in case of isolated particles has been estimated with the help of
theoretical models of the Landau-Ginsburg-Devonshire theory (71, The critical grain size linked
to the suppression of ferroelectric behavior was estimated to be 10-30 nm with the permittivity
of BaTiOz of grain size < 500 nm presenting high sensitivity towards the existence of a low

permittivity, and nonferroelectric grain boundary layer [66 681,

2.2 Synthesis routes and applications of BaTiOz NPs

Different physical and chemical process were developed to synthesize zero-dimensional (0 D)
and one-dimensional (1 D) BaTiOs NPs of various size and morphology. These different
methods of synthesis and parameters highly govern the property of the BaTiOz NPs. Common
synthetic processes involved hydrothermal methods %73 solvothermal ", and sol-gel
methods [® 81 as well as co-precipitation methods with oxalates 7% and catecholates [#%. The
main challenges of BaTiOs NPs synthesis are controlling the size and the crystalline phase to
achieve desired properties. BaTiOs NPs show excellent photorefractive and ferroelectric
properties and these properties have been widely used in the material science and engineering
applications. However, their use in biological and medical applications has been recently
explored. It has been discovered that this material could be used for in vitro imaging 28 cell

targeting [ drug delivery 4 and nanotransducer application in biological system [85 &1,
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Their piezoelectric properties could be used to provide electromechanical stimulation to the
cells, which help modulate the cellular behavior under diseased conditions. This property is
highly utilized in tissue engineering and regenerative medicine application at very high scale
(871 The synthesis methods and application are described in details in the later sections of this

review.

2.3 Morphologies and properties of BaTiO3 NPs

All the material in their nanoscale behaves differently than their bulk counterparts and BaTiO3
IS no exception to this. As the bulk BaTiOs NPs show high permittivity, ferroelectricity and
piezoelectricity, their dielectric and ferroelectric properties heavily depend on their crystal size
at nanoscale (the so-called size effect). These properties have been exploited in a wide range
of applications for non-volatile random-access memory, transducers, gate dielectric, nonlinear
optics, etc. To date, a variety of BaTiOs nanostructures of various size and morphology
including nanodots [ 81 nanoparticles %, nanobowls Y, nanowires [, nanocubes ! and
nanorods [ have been developed in different crystalline phases (e.g., cubic, tetragonal, or
multi-crystalline). A reduction in the size of the material to the nanoscale significantly affects
dipoles length in the BaTiOs crystal structure and lead to the unique dielectric and ferroelectric
properties. Their microstructures, composition, applied stress, defect concentration and surface
composition further contribute to the unique properties in their nanoform . Therefore,
understanding of phase design and its manipulation at the nanoscale is of high importance to
develop micro and nano devices that rely on dielectric and ferromagnetic properties of the
material. Dielectric properties show a strong correlation with particle size. Initially, dielectric

constant of the material increases to a maximum value with successive decrease in the particle
12



size, however, further decrease in particle size results in decline in its dielectric constant [ %,
The ferroelectric Tc of 0 D BaTiO3z NPs decreases progressively with size, resulting in room
temperature stabilization of the paraelectric cubic phase while 1 D BaTiO3z nanowires of 10 nm
diameter still retain their ferroelectric properties. A recent study has suggested that
ferroelectricity is present in all form of BaTiO3z NPs regardless of their size and the density of
these is a function of particle morphology °": %, Compared to 0 D, 1 D nanostructures of
BaTiOgz are highly influenced by extrinsic strains generated during the fabrication process.
Depending upon the type of strain produced can either enhance or suppress the polarization 4,
In a recent study, phase field simulation was used to analyze the relationship between ceramic
morphology and output performance of piezoelectric nanocomposites %, Ferroelectricity is
defined as the property of spontaneous electrical polarization under the influence of an external
electric field. This switchable polarization is ideal for the development of microelectronics and
is highly influenced by the surface effect. Atomic or molecular adsorbates including surface
ligands 1911921 and coatings 1% stabilize the ferroelectricity of nanoscale BaTiOs and make it
useful to design ferroelectric devices that can operate at the atomic scale. High performance
BaTiOs nanocomposite materials have been prepared by integrating complementary polymers
(polyvinylidene fluoride (PVDF) [10% 1051 nolyacrylamide (PAmMA) [0 1071 poly(2-
hydroxylethyl methacrylate) (PHFDA) %1 poly (vinylidene fluoride - hexafluoro propylene)
(P(VDF-HFP)) [10%. 1101 '2_2_(2-methoxyethoxy) ethoxy]ethyl} phosphonic acid (PEGPA) [102
1 with BaTiOs. These nanocomposites offer superior performance, processability and

scalability than the pure BaTiOs nanostructures.
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2.4 Antibacterial and biological response of BaTiO3

The potential of BaTiOs as a compelling candidate for various biomedical applications has
been reported by many research groups 112 113 In addition to the dielectric and ferroelectric
properties, researchers have also reported the antimicrobial properties of BaTiO3. Metal based
nanoparticles when interact with high energy light beams produce Reactive Oxygen Species
(ROS) and this property could be utilized to develop new generation antimicrobial agents. In a
study reported by Shah et al., BaTiOs NPs (~ 100 nm) were prepared by co-precipitation
method using barium nitrate, titanium dioxide, and oxalic acid as the precursors and evaluated
for their antimicrobial efficacy against the human pathogenic bacteria. Through this work,
BaTiO3z NPs have demonstrated a dose dependent significant reduction in gram-positive and
gram-negative bacterial growth and have pronounced effect on the biofilm formation against
clinical isolates of P. aeruginosa and S. aureus. at a very low concentration M4, In an
independent study, Sasikumar et al, studied the antimicrobial activity of hydrothermally
synthesized cubic shaped BaTiOs NPs. These NPs have shown antimicrobial activity against
various multidrug-resistant pathogens and C. albicans at very low dose. These antimicrobial
activities are attributed to the decrease in ergosterol biosynthesis in C. albicans %1, BaTiO3
NPs shows both bactericidal and bacteriostatic properties which was evaluated by Francesco
Boschetto et al. in a study where they incorporated BaTiOs NPs in the Polylactic acid (PLA)
fibres produced by centrifugal spinning to improve their bacteriostatic behavior. The PLA
coated BaTiOs NPs have shown dose dependent response on the growth of Staphylococcus
epidermidis [, In addition to the antimicrobial properties, there have been reports on the

biological responses of BaTiOs NPs which is dependent on the size and surface properties of
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the fabricated nanoparticles. BaTiOs NPs are susceptible to produce oxidative stress in the
cancerous cells as reported by Ahamed et al. by studying the interaction of BaTiOs NPs with
human lung carcinoma (A549) cells [**7], The study reported the oxidative stress mediated, dose
and time dependent cytotoxicity upon interaction of the cells with BaTiOs NPs together with
diminution of mitochondrial membrane potential and stimulation of related enzymatic activity
(caspase-3/-9). Here, the oxidative stress was induced due to production of pro-oxidants (ROS
and H20>) and decline of antioxidants (glutathione). On similar grounds, Candito et al. studied
the antioxidant properties of BaTiOs NPs on neural cell line, PC12 where its biological
responses were analyzed through studies concerning cell viability, cell morphology, apoptotic

markers, oxidative stress and neurite outgrowth (1281,

Since inception for laser, nonlinear optics have been significantly developed and have been an
active research area [11% 1291 There are different non-linear optical effects of which the second
harmonic generation (SHG) has gained substantial attraction globally. SHG is a parametric
nonlinear process in which two photons with the same frequency interact with a nonlinear
optical material and emitting another photon with double the frequency 21, Over the past two
decades, nanomaterials have been explored for their optical non-linearity, due to their local
field effect which results in their enhanced non-linear optical responses 221231, |n case of mid-
refractive all dielectric nanomaterial (e.g. BaTiOs NPs), the electric and magnetic dipole
resonances are spectrally coinciding, enhancing the electromagnetic fields over a wide spectral
range 24 Therefore, BaTiOs NPs have been explored as a potent harmonic
nanoprobes/contrast agent for non-linear bioimaging applications and have shown great

potential for sustainable, tunable, coherent and biocompatible imaging 125 1261,
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Barium has also been highlighted as contrast agents for computed tomography (CT) with
predominantly barium sulfate (BaSO4) suspension has been explored for enhanced CT contrast
in imaging gastrointestinal tract [*2”l. Barium has a high atomic number (Z) due to which the
photon energy corresponding to highest attenuation stage of barium overlaps with the X-ray
energy distribution peak produced by clinical CT scanners, thus absorbing more photons than
any other element [128. Even with such a remarkable CT contrast potential, high toxicity
restricts the use of barium-based materials as a CT contrast agent however, recently, studies
have been underway to explore the use of BaTiOz NPs as CT contrast agent due to its high
biocompatibility and ease of surface modifications 2], This high atomic number of barium

could also be explored for their utility in hyperthermia treatment in destroying cancerous cells

[129]

Up recently, magnetoelectric (ME) core-shell NPs have been used as a very promising drug
nanocarrier for selective penetration of drugs on a specific cell resident 30 131 Here, the
quantum coupling between ferromagnetic and ferroelectric phases produces strain mediated
ME effect responsible for interaction with biological cells. Due to non-zero magnetic moment,
ME NPs have control over drug delivery and drug release mechanisms by using
alternative/direct current magnetic fields 32 131, Magnetoelectric materials tend to control the
surrounding electric field, a feature linked to the cell membrane. This enables the opening of
membrane pores and ingestion of nanoparticles, a prerequisite in drug delivery strategies 341,
An additional advantage of using magnetoelectric NPs is their specificity towards cancer cells
through their capability of discriminating between cancerous cells and normal owing to the

difference in the threshold field which is lower for cancerous cells (~ 3 mT) and higher in case
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of normal cells (> 20 mT), enabling their specificity towards cancer cells (1%,

The biological response of nanoparticles plays a significant role in their utility as a candidate
for biomedical applications and can be acknowledged as the foremost requirement for their
clinical translation. BaTiOz NPs have been reported to be highly biocompatible with negligible
cytotoxicity to living cells. Functionalization and surface modification have been a
straightforward approach used by researchers worldwide, in order to provide specificity and
selectivity across biological systems %6, Further, response against external stimulus have also
been an attractive alternative, that could be incorporated in order to further improve the
biological responses of BaTiO3z NPs. The biological response of any material depends on both
intrinsic as well as extrinsic factors. Size and shapes play an important role in the nanoparticle’s
internalization: different types of endocytosis are possible (phagocytosis, pinocytosis, receptor-
mediated cytosis etc.) *71 or diffusion also called translocation 3. Moreover, the cellular
behavior is also dependent upon the surface charge on the nanoparticles along with the
structural anatomy and arrangement of ions in the lattice structure which also has remarkable
influence on the biological response of the nanomaterials under investigation. Finally, that is
also the so-called protein corona which plays a major role when nanoparticles are investigated

in vitro or in vivo 139,

3. Synthesis and functionalization of BaTiO3 NPs

3.1 Different synthesis methods of BaTiOs NPs

Solid-state reaction, carried out at temperature higher than 1000 °C is a low-cost process

suitable for mass production, but it is not appropriate to obtain nanoparticles. Indeed, diffusion
17



of atoms at such temperature leads to grain growth, allowing to reduce the surface energy of
the powder. Solid-state reaction leads also to powders with low purity and large grain size
distribution. Traditionally, BaTiOs NPs are prepared by solid-state reaction between BaCOs
and TiO2 under high temperature. After the oil shocks of 1973, other techniques less costly in
energy and without the previous drawbacks were born, among them soft-chemistry and high-

energy ball-milling.

Nowadays, BaTiOs NPs can be produced through several synthetic routes such as co-
g
precipitation (1401461 sol-gel methods [8 147-1521 hydrothermal [246: 150, 153-1591 gnq solvothermal

[1601 synthesis, and high-energy milling [1441 [161-1671 (Figyre 4).
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Figure 4. Schematic representation of different synthesis routes for the production of BaTiO3

Other approaches are, for instance, electrochemical synthesis 1% pyrolysis [168]
organometallic approach, templating X% and electrospinning X" or combinations of the
previously mentioned methods. Further thermal treatments (at 800-1000 °C) may be required,
usually to convert cubic into tetragonal BaTiOs NPs [142-144, 147, 156, 161, 166] They are necessary

in the case of the sol-gel approach. They also allow to eliminate BaCOs often present in the as-



The main challenges of BaTiOs NPs synthesis are to control several parameters: their size, the
crystalline phase (cubic, tetragonal, orthorhombic etc.), the morphology, the surface chemistry
(some examples of syntheses and powders obtained are given in Figure 5 and, for biomedical
applications, the agglomeration state while avoiding undesired by-products of reaction such as

carbonates [38],

Figure 5. Different morphologies and sizes of BaTiOs obtained via different synthesis’ routes:
a), ¢), d), e) and f) Reproduced from publications (17, 1571 [1541 [[170] '[168] \ijth permission from

Elsevier; b) Reproduced with permission. 9 Copyright 2001, American Chemical Society.
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3.1.1 Coprecipitation

Coprecipitation is the easier way to prepare NPs. Starting from cations dissolved in water, the
addition of a base lead to the nucleation, then growth of NPs. The reaction involved is the

following (Eq. 1):

BaClog@g) + TiClsgy + 6 NaOH(ag) — BaTiO3(sy) + 6 NaCl@ag) + 3H0  Eq. 1
Several variations in this synthesis process exist such as direct synthesis from solution (DSS)
method. Exploring this approach, Qi et al. [**°! obtained BaTiOs NPs using Ba(OH)..8H,0 and
tetrabutyl titanate as starting materials. Samples were dried at 65 °C for 24 h to form BaTiOs
NPs. Further, Song et al. 4] obtained BaTiOs NPs by a continuous high-gravity reactive
preparation (HGRP) technique, powders are then annealed at 900 °C for 2 h. The BaCly, TiCls
and NaOH solutions were simultaneously and continuously pumped from their storage
reservoirs into different distributors in the Rotating Packed Bed machine (RPB). This apparatus
provided intense mixing for the reaction. The BaTiO3z NPs produced by the HGRP technique
reveal a cubic structure at room temperature and a quasi-spherical morphology with a primary
particle size around 90 nm. Clabaugh precipitation is also an alternative, starting from barium
chloride and titanium oxychloride and using oxalic acid ; F. Baeten et al. [142 obtained BaTiOs
NPs after annealing of the barium titanyl oxalate precursor at 1000 °C. Moreover,
sonochemical approach allows to obtain highly pure powder at a lower processing temperature
of about 50 °C, in contrast to 900 °C necessary for the synthesis by the mechanochemical

approach (1441,

Sol-gel approach was also used to produce core-shell nanoparticles of Co1-xNixFe.Oz:@BaTiOs
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[148] The ferrite cores were obtained via classical coprecipitation at 70 °C for one hour before
being calcinated at 500 °C for one more hour. BaTiO3z shells were grown in an emulsion of
water (with Ba precursor) and ethanolic solution (with Ti precursor). The NPs obtained are
between 50 and 100 nm with quasi-spherical shapes. Combination of these two materials led
to anomalous behavior in their magnetization certainly due magnetoelectric coupling of the

NPs. The authors concluded by the need to further investigate this interesting phenomenon.

Co-precipitation method is a simple and well-used approach to produce metallic oxide NPs (1721,
In the case of barium titanate, polydisperse nanoparticles are usually obtained that might be an
issue in some applications. Furthermore, thermal treatments following co-precipitation is
leading to agglomeration and impurities despite high gravity reactive routes were also

developed to fix these disadvantages [14° 1461,
3.1.2 Sol-gel method

In this process, metal alkoxide are first hydrolyzed and polymerized to form gels, and then
annealing is used to obtain BaTiOz NPs with high purity. In the synthesis developed by
S. O’Brien et al., monodisperse BaTiOz NPs with diameters ranging from 6 to 12 nm were
obtained thanks to a sol-gel procedure. A single bimetallic alkoxide molecular precursor is used
to ensure the correct stoichiometry of the product . Oleic acid was used as a stabilizing agent
and the reaction occurred at 140 °C under argon or nitrogen. The absence of water prevents the
premature hydrolysis of the molecular precursor. The mixture was cooled to 100 °C and
hydrogen peroxide solution was injected through a septum. The solution was maintained in a

close system and stirred at 100 °C for 48 h to promote hydrolysis and crystallization of the
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product in an inverse micelle condition.

Pechini process is an alternative. An aqueous solution of suitable salts is mixed with an alpha-
hydroxycarboxylic acid usually citric acid. Chelation takes place in the solution. A
polyhydroxy alcohol is then added, and the liquid is heated above 150 °C to allow the chelates
polymerization. Thermal annealing allowed to remove water and obtain the mixed oxide. L.R.
Prado [*°% reached a BaTiOs particles size of 44 + 15 nm by using citric acid, barium acetate,
titanium isopropoxide, ethylene glycol and NH4OH as precursors. This solution was calcined
for 5 h at 600 °C under a heating rate of 2 °C min’. A combination of sol-gel and hydrothermal
treatment is also possible. Zanfir et al. [*"1, starting from tetrabutyltitanate and barium acetate,
obtained average crystallite size smaller than 50 nm and a cubic symmetry for BaTiOs NPs. In
this study, the gel was introduced in an autoclave and the hydrothermal treatment was realized

at different temperatures (100 or 120 °C) and with various plateaux (6, 12 or 24 h).

Sol-gel method allows obtaining small BaTiOz NPs in a soft environment at lower temperatures
than with classical co-precipitation method. These small sizes coupled to stabilizing agents
coming from precursors might be of interest in the case of biomedical applications. However,
reaction time is longer than other methods such as microwave assisted synthesis and scale-up

might be an issue because of the difficulty to control reactants> compositions 1521,

3.1.3 Hydrothermal and solvothermal synthesis

Hydrothermal synthesis received attention due to the possibility to produce small particles with
a well uniform size distribution and a high crystallinity. Prado et al. [ prepared BaTiO3 NPs

by various synthesis methods among them hydrothermal and microwave-assisted hydrothermal
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syntheses. While particles of approximately 180 nm were formed using conventional
hydrothermal synthesis, smaller particles (66 + 16 nm) were obtained thanks to the microwave-

assisted hydrothermal synthesis in lower reaction times (six-fold).

The role of in situ stirring under microwave-hydrothermal conditions on the synthesis of
BaTiO3z NPs, has been investigated by S. Komarneni et al. [15]. Stirring in the temperature
range of 150-200 °C enhanced crystallization of BaTiOz NPs and led to smaller and more
uniform NPs compared to those crystallized without stirring (30 nm instead of 60-100 nm).
Hydrothermal/solvothermal syntheses include also supercritical fluids approaches. Reveron et
al. 1 obtained, thanks to a continuous reactor method, BaTiOs NPs by hydrolyzing
isopropoxide precursors in sub and supercritical water/ethanol mixtures (150-380 °C, 16 MPa).
The crystallinity of the NPs can be controlled by varying the water/ethanol ratio, achieving up
to 90% when the ratio is equal to 1. Mixed oxides can also be produced, for instance
BaoeSro4TiOz has been synthesized using the same continuous supercritical chemical
processing %, The shape of mono-dispersed BaTiOz NPs has been controlled in a
hydrothermal reaction system by Q. Ma et al. (571 using oleic acid and tert-butylamine used as
surfactant and additive, respectively. The average size of BaTiOs nanocubes was about 25 nm

with a narrow size distribution.

Hydrothermal and solvothermal approaches are more complicated to set-up compared to
classical co-precipitation methods. However, once parameters are optimized, such routes are
ready for scale-up production and can lead to BaTiOs NPs obtained without further calcination
and with narrow size distribution and good crystallinity. However, due to the preindustrial

approach of this method, some impurities such as BaCO3 and/or TiO> could be observed after
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synthesis [150: 1581,

3.1.4 High energy milling

In this approach, two cases must be highlighted: direct mechanosynthesis in the mill and
mechanical activation, followed by thermal annealing under softer conditions than classical
solid-state reaction. Very few publications report the direct synthesis of BaTiOz NPs in a mill.
Using BaO and TiO; as the staring materials, B.D. Stojanovic et al. 521 demonstrate that
BaTiOz NPs could be obtained in a planetary ball-mill. The quantity of carbonates was
minimized during extended milling time, even if realize under air atmosphere. The resulting
perovskite BaTiOsz powder exhibited a particle size in the range of 20-50 nm, rather
agglomerated after 240 min of milling. Ohara et al. !5 reported the complete formation of
BaTiOs NPs (10 nm) after 12 min of milling, starting from a mixture of BaCO3 (50 nm) and

TiO2 (7 nm) and using an attrition type milling apparatus with a rotating speed of 4000 rpm.

Concerning mechanical activation, wet and dry millings can be considered. In the Sundararajan
et al. study 61, BaTiOs NPs were synthesized using high-energy planetary milling approach
under wet and dry conditions. Then, the milled powders were calcined at 1000 °C by
microwave and conventional heating. Dry milled and microwave calcined BaTiOs NPs showed
the highest value of tetragonality, lowest particle size and highest surface area. In order to
improve the kinetics of the solid-state reaction, Ashiri et al. 164 milled for 10 h the BaCO3 and
TiO> starting materials. BaTiO3z NPs (27 nm), free from the secondary phases, were obtained

at a lower temperature than classical solid-state reaction (900 °C instead of 1100-1400 °C).

25



Milling is a common method to obtain BaTiOz NPs. This approach allows to use lower
temperature to obtain crystalline phase, sometimes, by optimization of the milling conditions,
the BaTiO3z NPs can be obtained directly in the mill. Classical impurities come from the milling
tools. However, as this technique is mainly occurring in dried conditions, NPs produced are
agglomerated and hardly redispersible in water and that could be the major issue for biomedical

applications 1162 1731,
3.1.5 Other approaches

Several other synthesis methods are possible to obtain BaTiOs NPs for example above the
melting point of the chosen salt, the molten salt forms a liquid phase acting as a solvent for
reactant dissolution, diffusion and precipitation. BaTiO3 NPs were synthesized by molten salt
method using barium hydroxide octahydrate, TiO2 and the eutectic salts (NaCI-KCI) [*6%1, NPs
can be formed at 600 °C. The crystallinity of BaTiOs increases with the temperature. Most

BaTiO3z NPs display hexagonal shape, with an average size around 50 nm.

Purwanto et al. [*® obtained BaTiO3 NPs with tunable size by flame-assisted spray pyrolysis
(FASP). Particle size was controlled over a wide range (from about 23 to 71 nm) by varying
the concentration of precursor and methane flow rate. Organometallic synthesis uses
organometallic precursors dissolved in organic solvents. It provides an ideal environment for
controlling BaTiOz NPs size since the nucleation and the subsequent growth steps are separated.
Surfactants or stabilizing agents are usually used in this process for controlling the morphology
of the resulting NPs. In a typical procedure, a moisture-sensitive bimetallic alkoxide is injected

into mixed solvents of diphenyl ether and oleic acid at 140 °C under inert atmosphere.
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Hydrogen peroxide is further injected into the system once it is cooled to 100 °C allowing the
hydrolysis of the precursor and the formation of uniform BaTiOs NPs with a diameter of 8 nm
89 By the electrochemical synthesis method, Prado et al. [**! obtained BaTiOs NPs with large

distribution in particle size (67 = 20 nm).

Some other approaches lead to bigger structures and morphologies for which the prefix nano
if not always appropriate. BaTiOs tubes have been obtained by templating approach with either
a ‘‘hard template’’ (e.g. anodic aluminum oxide (AAO) templates or TiO>) or ‘‘soft template’
(e.g. polymers) 174 In the Chen et al. study %], the obtained SrTiOz and BaTiOs tubes were
around 250 nm in diameter and 2.5 mm in length, that is why the term “nano” is not really
appropriate for this procedure. Yuh et al. 7% obtained BaTiO3 nanofibres via electropinning
process. After sol/gel synthesis of the BaTiOz precursor, the solution was mixed with a polymer,
here poly(vinyl pyrrolidone) (PVP, Mw=1,300,000) dissolved in ethanol. After being stirred at
room temperature for 2 h, the mixture was loaded into a plastic syringe. The electrospun
polymer—ceramic composite fibres were heat treated to yield perovskite fibres after annealing
at 750 °C for 1 h. Typical fibre diameter was between 80 and 190 nm with fibre lengths

exceeding 0.1 mm.

All these other approaches to synthesize BaTiOs NPs are less common. With molten salt route,
particles are obtained with lower calcination’s temperature but their colloidal stability after
synthesis might still be an issue. Flame-assisted spray pyrolysis is a one-step method to obtain
the desired NPs without further calcination treatment. However, as for milling techniques, the
synthesized particles are agglomerated and so not stable in suspension. Electrochemical

synthesis has the shortest reaction time but it might be difficult to scale-up such methods as
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they’ll need high power supply. Template method allows the formation of original and
promising shapes but not with nano sizes. It is the same observation for electrospinning
approach that leads to interesting nanofibers but not in the nano-range. Table 1 summarizes
the different synthetic process (native and variant form) for BaTiO3z NPs synthesis, highlights

their features and summarize their advantages and disadvantages.

Table 1. Summary of different synthetic process (native and variant form) for BaTiOsz NPs

synthesis along with their features.
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Synthesis Variant Phase Size Morphology Advantages/Limits References
Cubic 30-50 nm Sphere [140]
Sonochemistry + Zr | Cubic 51+ 6 nm Sphere [141]
Pros :
Thermal treatment | Cubic/ ND ND Simple [142]
tetragonal Well-used
+ Calcination + Ca | Tetragonal 400-500 nm Sphere Cons : [143]
Co-precipitation | + Zr Polydispersity
+ Sonochemical Tetragonal 50 nm Sphere Agglomeration if annealing is | [144]
required
High-gravity Cubic 90 nm Sphere Some impurities [145]
reactive preparation
High-gravity Cubic 60 nm Sphere [146]
reactive preparation
+ Co1xNixFe204 NPs | Tetragonal 53-95 nm Quasi-Sphere [147]
Gel collection Cubic 8-12 nm Sphere [148]
Pros :
Sol-gel methods | + Hydrothermal Cubic 25 nm Sphere Small sizes [149]
Low temperature
Cubic 20.5 nm Heterogeneous | Cons : [150]
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+Hydrothermal Cubic 25-30 nm Sphere Long time [171]
Scale-up complicated
+ Bi doped + | Cubic 32-36 nm Sphere [152]
calcination
Cubic 6-12 nm Sphere [89]
Under N Cubic 115 nm Sphere [146]
Cubic 44.7 nm Sphere [150]
+ Microwave Cubic 33.6 nm Sphere [150]
+ Microwave Cubic 60-100 nm Sphere Pros . [153]
Easy to scale-up
+ Stirring Cubic 30 nm Sphere No calcinaion needed
+  Hydroxyapatite | Cubic 50-100 nm Nanorod Narrow size distribution [154]
Nanorods Good cristallinity
Hydrothermal = Titanate | Cubic/tetragona | 50 / 200-500 nm | Helical CE:IO%S : ted set [155]
nanotubes I nanotube aborated set-up
Impurities
+ Eu + 1000 °C Tetragonal 31-34 nm Sphere [156]
+ Oleic acid Cubic 25 nm Cube [157]
Supercritical H,O + | ND 23 nm Irregular Sphere [158]
Sr
Supercritical Cubic 15-36 nm Irregular Sphere [159]

H,O/EtOH
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Solvothermal Tetragonal 100 nm Sphere [144]
Microwave Tetragonal 75-80 nm Sphere Pros : [161]
calcination Low temperature

Cubic/tetragona | 20-50 nm Sphere Cost effective [162]
I Scale-up quite easy
High-energy Addition of Ag Tetragonal 800 nm Sphere Cons : [163]
milling Agglomerated
Cubic 27 nm Sphere Large grain size dispersity [164]
Cubic 22 nm ND Hardly dispersible [165]
Microwave Tetragonal 150 nm Needle Impurities coming from the | 7reg)
calcination grinding tools
+ Sonication Tetragonal 64 nm Heterogeneous [167]
Molten Salt Cubic 50 nm Hexagonal Pros : Low temperature [160]
Cons : Colloidal stability
Pyrolysis Cubic 23-71 nm Sphere Pros : One step [150]
Other Cons : Agglomerated
approcahes Electrochemical Cubic 21 nm Heterogeneous | Pros : Fast [168]
Cons : Energy consumption
Templating Cubic 250 nm /2.5 um | Tube Pros : Original shapes [169]
Electrospinning Tetragonal ® 180-360 nm | Fibre Cons : Not “nano” [170]
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3.2 Surface modification of BaTiO3z NPs

All of synthesis methods above-mentioned provide BaTiOs nanoparticles with unique physical
and chemical properties mainly depending on their size and shape. According to recent
development of BaTiOz for biomedical applications, many researcher teams are interested on
the surface enhancement method to provide BaTiOsz NPs with appropriate dispersibility and
biocompatibility properties. Indeed, BaTiOs NPs produced by traditional solid-state methods
tend to have broad size distributions and poor dispersibility in aqueous media. In this review,
we report several surface modification methods such as the hydroxylation, the functionalization
with an organic modifier (coupling agent, polymer, zwitterion) or the core-shell formation with
an inorganic compound (gold, cobalt ferrite, etc). A figure representation of the summary of
different functionalization approaches along with their utility for biomedical applications is

presented in Figure 6.
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Figure 6. Schematic representation of different functionalization approaches for numerous

biomedical applications of BaTiOs NPs.

3.2.1 Hydroxylation

BaTiOz NPs have high surface energy and large surface area which tend to form large

aggregates when there are dispersed in aqueous media [** 151 Hence these next decades, the
hydroxylation of pristine BaTiOz surface became a common surface activation method before

any surface modification such as functional ligand or core-shell formation with metallic

element [81. 83, 176-178]

Generally, the hydroxylation of BaTiOs NPs surface is occurred via a thermal decomposition
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of hydrogen peroxide (H202). Refluxing H20: at high temperature (106 °C) in an aqueous
solution containing the nanoparticles derives the free hydroxyl groups [*7® 8%, However, this
heating temperature is closed to the Tc where the material undergoes a transition between its
ferroelectric and non-ferroelectric structures 3. Hydroxylating NPs at high temperature could
damage piezoelectric properties and hinder their potential for theranostic applications. Jordan
et al. conducted a study about hydroxylating at 85 °C while varying the reaction time from 30
min to 8 h ¥, By a FTIR investigation of the O-H bond stretching located at 3900-2800 cm™
and according to a statistical study, they showed that the longer is the reaction time the higher
is the magnitude peak. The OH level coverage quantification was performed by a
spectrofluorometer after the grafting of a bifunctionalized polyethylene glycol (PEG) with a
fluorescent moiety. For the sample after a hydroxylating during 8 h, 15 £ 1.5 fluorescent PEGs
were counted while 6.9 £ 0.55 were counted for 1.5 hours reaction time and only 5.6 + 1.5 for
an unmodified BaTiOz NPs. This result means that higher is the reaction time, denser is the
hydroxyl coverage which will provide more available binding reactive sites for surface
modification. After washing and drying, the modified BaTiOs is able to be used for surface

modification without any other treatments.

3.2.2 Modification with an organic modifier

In addition to the different sizes and shapes obtained after synthesis methods, surface
composition of BaTiOz NPs is considered to be one of the key factors that affect their
chemical/colloidal stability and biocompatibility. An improvement of the stability has been
observed by covalently attaching organic monolayers onto oxides [*8%: 1821 The most common

approach to both stabilization and functionalization/targeting of the metal oxides nanopatrticles
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is the grafting of PEG molecules, also named “pegylation” 1831851, PEG has no affinity to metal
oxide surface and need to have special active moieties to be introduced to ensure the grafting
[186] These special moieties could be for example silane or phosphonate 1% 187181 Generally,
the used PEG is heterobifunctional and the second end of the polymer chain is the targeting

biomolecules for imaging or therapeutic applications.
3.2.2.1 Silane

Surface modification with a silane-PEG is similar to the one with alkoxysilane coupling agent
which is one of the most commonly used methods to prepare monolayers on oxides including
BaTiOs [0 191 The main advantage of using silanes for monolayer formation on oxidic
surfaces is the rapid formation of a covalent bond between the OH surface onto the substrate
and the anchoring group. The general silanization process is a solution-phase reaction between
the hydroxyls on the surface of BTO and the silane agent following a three-step mechanism.
Firstly, the initial hydrolysis of alkoxysilanes occurs where trialkoxy groups turned into
trihydroxyl groups. Then, the trihydroxyls groups react with the ones on the oxide surface and

form hydrogen bonds followed by a condensation to create covalent bonds 92,

The recent results of Jordan et al. are a good example of the large pegylation capacity of BaTiOs
in order to be used in many theranostic applications such as cancer imaging, brain stimulation
or therapy [#. They developed methods to tune the BaTiOs fluorescence properties to be able
to work with standard 488 nm, 532 nm and 633 nm fluorescent light sources. Indeed, green
fluorescent PEG is readily available but for many applications it is require another fluorescent

spectrum. By coating modified PEG obtained by mixing silane-PEG-SH with sulfocyanine3
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maleimide or silane-PEG-NH2 with suflocyanine5 NHS ester, orange and red fluorescent
BaTiOs NPs were obtained, respectively. Furthermore, the authors highlighted the impact of
the pegylation on the surface charge and found a way to tune it according to the desired
applications. For example, a positively charged polymers enhanced the interactions with cells
membranes and increased cellular uptake [“1 Depending on the nature of the second function
of a silane-PEG, the (-potential can be tuned either more negatively if it is a carboxylic moiety
or more positively if it is an amine moiety. The reaction with a silane-PEG-SH provided an
antibody conjugation potential of BaTiOs NPs. The study on the specific monoclonal anti-
EGFR antibody (225) and a human epidermoid carcinoma cells (A431 cell line) concluded on

the BaTiOs-PEG-SH efficiency for molecular targeting.
3.2.2.2 Phosphonate

Pazik et al. worked on the functionalization of BaTiO3z NPs with phosphonate molecules by
pegylation to provide biocompatible coating properties for an application in the treatment of
juvenile diabetes (881, The studied phosphonate-based modifiers were ethylphosphonic acid
(EPA), aminoethylphosphonic acid (AEPA), imino-dimethylphosphonic acid (IMPA), nitrile-
trimethylphosphonic acid (NMPA), adenosine-5’-triphosphate (ATP), phosphocreatine (PCr)
and y amino-butyric acid (GABA). Results in 3P NMR confirmed the strong interaction
between modifying agents and oxide surface and concluded on a successfully covalent and
stable surface modification for all grafted molecules. DLS and {-potential analysis showed that
the most stable suspensions of BaTiOs NPs (with an average diameter of 5 nm) were produced
with ATP modifier. The hydrodynamic size with ATP was to be only 101 nm while the value

is more than 300 nm for the others phosphonate coupling agents. The {-potential was equal to
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-35.1 mV for ATP modifier whereas it was closer than -25 mV for the others molecules. In
sum, the charge and the steric stabilization showed clearly a better dispersion of the ATP-

modified particles.
3.2.2.3 Dopamine

The elaboration of biocomposite based of the mix of BaTiOs and PVDF is a new effective
approach to synergize the advantages of both organic and piezoelectric materials %1, However,
the poor interfacial adhesion between the rigid piezoelectric material and flexible polymers
enable a direct coupling. To address this concern, surface modification of the oxide particles
via dopamine (DOPA) was employed as a linker. Su et al. developed a method where dopamine
encapsulated BaTiOz NPs after reaction with the oxide surface hydroxyl groups. Then, a high
electric field during electrospinning was applied which allows positively charge amine group
to form stable hydrogen bonds with the difluoromethylene groups of PVDF chain. The
successful deposition of PDA-modifier layer was defined by SEM analysis where a uniform

thickness of amorphous material was observed around the surface of each oxide nanoparticles

[194]

3.2.3 Modification with an inorganic compound

BaTiOs nanoparticles can also be coupled with metallic elements like gold or with a
semiconductor like TiO2 in order to modulate the electrical properties thanks to its specific

piezoelectric ability.

3.2.3.1 Gold nanoparticles
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With their specific plasmonic properties, gold nanoparticles (AuNPSs) are widely used in cancer
treatment by noninvasive method like photothermal therapy. The linkage of AuNPs with
BaTiOs could follow either a core-shell method 9191 or a deposition-precipitation method
[1971 'Wang et al. synthesized a BaTiOsz-core Au-shell composite by Duff and Baiker method
after a preliminary amino-functionalization of the oxide surface. Briefly, BaTiO3 was firstly
treated with H.O: to activate the surface. Then, NPs were functionalized with an amino-
function before being mixed with a gold colloidal suspension to form BaTiOs NPs seeds.
BaTiOs NPs seeds are allowed by an overnight reaction between small Au colloids (2-3 nm)
and aminated- BaTiOs NPs. Then, the full gold shell is reached after that BaTiOz NPs seeds
have been reacted with a gold chloride solution (HAuUCI4) in presence of formaldehyde. This
method leads them to a nanoparticles size with an average hydrodynamic diameter around
83 nm composed with an Au shell thickness ~10 nm and a core diameter of ~80 nm. Their
applied study showed that irradiation of tumors in animals with the injected intravenously
nanocomposite lead to an efficient photothermal effect at irradiances that did not result in

thermal injury (%1,

Wu et al. synthesized an Au@BaTiOs composite based on the growing of AuNPs on the
BaTiOs surface by deposition-precipitation method. Typically, they previously synthesized
BaTiOs NPs by hydrothermal method and dispersed the obtained-nanocubes in a gold salt
solution to obtain oxide nanocubes decorated by gold nanoparticles (size diameter ~ 3 nm) [28].
Their recent results showed that the as-created Schottky junction and the piezoelectric effect
allow the nanocomposite to be used as a novel sonosensitizers for bacterial killing and wound
repair 11971,
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3.2.3.2 Others

Shahzad et al. spotlighted the interest to develop another core-shell nanocomposite based on
CoFe;O4s@BaTiOs for targeting cancer therapy. The main problem to obtain a such
nanocomposite is related to the agglomeration effect. Indeed, to exploit the advantage of the
combination of a magnetic core surrounded by a piezoelectric shell, each CoFe.O4 magnetic
core should be completely wrapped by a piezoelectric BaTiOs shell. This includes good
dispersibility because unwrapped parts due to agglomeration could cause leakage current and
disturb the required magnetoelectric properties during cellular interactions. For that reason, a
synthesized method by sonication was used and a core-shell morphology with a 26 nm diameter
size for the core and around 6 nm diameter for the shell was obtained. The potential efficiency
in nano carrier’s application was carried out with two drugs: doxorubicin (DOX) and
methotrexate (MTX). The drugs loaded onto nanocomposites were obtained after a polymer
coating which provide free carboxylic acid groups on the particles surface to react with an
amine groups via EDC (1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride)
chemistry. For both drugs, results indicated that magnetoelectric CoFe.Os@BaTiOs
nanocomposite is effective as drug carrier and show promising future for cancer therapy under
external magnetic-field 1%l Table 2 summarizes the different strategies of surface

modification and highlight their advantages.

Table 2. Summary of different strategies of surface modification for BaTiO3 NPs in biomedical

application
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Stratégies of Modifier agents Advantages Ref.
surface
modification
. Improve the surface activation | ;.4 154
Hydroxylation | H20 of BaTiOs nanoparticles [ ]
Organic Mix of siIgne-PEG-?I—! with Rapid formation of a covalent
modifier by su!focyapmeS maleimide / . bond between OH surface [83]
oegylation Mix of silane-PEG-NH> with | onto the substrate and the
sulfocynanine5 NHS ester anchoring group
Organic : -
modifier by S_llane-PEG-COOH and Possibility to tune the surface [41]
: silane-PEG-NH: charge
pegylation
Ethylphosphonic acid (EPA),
aminoethylphosphonic acid
Organic (AEPA), imino-
e . dimethylphosphonic acid Provide biocompatible
modifier with L . .
based- (IMPA), nitrile- o properties with a cc_mtrol of [188]
phosphonate trlmethylphosphqnlc acid the c?harg_e and steric
molecules (NMPA), adenosine-5’- stabilization
triphosphate (ATP),
phosphocreatine (PCr) and vy
amino-butyric acid (GABA)
Dopamine acts like a bridge to
Organic pre-functionalize BaTiOs3 to
. Dopamine be then coupling with [194]
modifier o )
polyvinylidene fluoride
(PVDF)
Modulation of the electrical
Core-shell . properties, lead to an efficient
modification Gold nanoparticles photothermal effect in cancer -
therapy application
Metalic Gold nanoparticles deposit Provide new electrical
nanoparticles onto the oxide surface by properties and lead to a novel [197]
surface deposition-precipitation sonosensitizers for bacterial
modification method killing and wound repair
New electrical properties and
Core_-s_hel_l CoFe;04 lead to effective NPs for drug [198]
modification

carrier in cancer therapy
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4. BaTiOs NPs-based nanocomposites and their applications

4.1 Drug/gene delivery, cancer therapy, and bioimaging

Due to excellent biocompatibility and unusual nonlinear optical characteristics, BaTiO3z NPs
has been used as nanocarriers or piezoelectric layer in actuators for drug delivery applications
and as label-free imaging probes [ 1991 BaTiO3; NPs exhibited the optimal cytocompatible
behavior even at higher amount (100 pg/ml) and enhanced the efficiency of doxorubicin (DOX;
a chemotherapy drug) upon supramolecular complexation %%, Further, electric potential can
be produced by BaTiOs NPs in remote modality using ultrasound effect, wherein mechanical
pressure waves are safely and effectively carried to deep tissues. As the utmost usual and
detrimental primary brain tumor among adults in categorized by glioblastoma multiforme
(GBM), the leading difficulties in treating GBM are related to the attained resistance to
chemotherapeutic drugs and recurrence of cancer after surgery in connection to residual tumor

micro-foci.

Multidrug resistance of chemotherapeutic molecules often results due to overexpression of
membrane glycoproteins known as P-glycoprotein (P-gp) encoded by MDR1 gene, which lacks
substrate specificity due to recognition of diverse chemical structures leading to wide spread
substrate specificity and cross-resistance 2%, To address this issue, electric simulation of
piezoelectric materials has reported to be an interesting approach to alter biological activities
of biological cells [2°% 2031 |n this case, low-intensity electric stimulation acts for reducing
multidrug resistance of cancer/tumor (without affecting healthy cells). Here, specific MDR1

inhibitors such us Tariquidar (XR9576) are stimulated while inducing significant anti-
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proliferative consequences by affecting Ca®* and K* homeostasis and by obstructing the
arrangement of mitotic spindles. Therefore, Marino et al. developed ultrasound-responsive
piezoelectric NPs to deliver electric stimulations remotely to glioblastoma cells. 2%, Herein,
BaTiO3 NPs were modified with an antibody against the transferrin receptor (TfR) (abBTNPs)
for getting dual action by furnishing potential to cross the blood-brain barrier (BBB) and
targeting glioblastoma cells through in vitro 2D transwell model utilizing cultures of
immortalized brain-derived endothelioma bEnd.3 cells and glioblastoma cell line (U-87 cells).
In this configuration, endothelial layer separates the top compartment (luminal) from the
bottom compartment (abluminal). These ultrasound-responsive piezoelectric NPs remarkably
decreased the proliferation of glioblastoma cells in vitro and enhanced the sensitivity to
chemotherapeutical action with significant anti-proliferative and pro-apoptotic outcomes

(Figure 7).
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Figure 7. (a) Functionalization of BaTiOs NPs with antibody against TfR, (b) NPs crossing via
a static 2D model of the BBB (nuclei, cell membranes, and AbBaTiOz NPs are shown in blue,
green and red color, respectively), and (c) chronic ultrasonic-sensitized piezoelectric-

stimulation of glioblastoma cells. Reproduced with permission. 2% Copyright 2019, Elsevier.

In another study, the surface of BaTiOz NPs has been modified by hydroxylation, then coated
with the hydrophilic poly (ethyl glycol) (PEG). In addition, the conjugation of anti-EGFR
antibodies to the surface of BaTiOs NPs exhibited effective molecular targeting of NPs to
epithelial cells (A431 cells). The surfaced-functionalized BaTiOz NPs expand the applications

possibly in cancer therapy, molecular imaging, or non-invasive neurostimulation 831,

Further, a core-shell structure of BaTiOs nanospheres (as core) and gold (Au; as nanoshells)
has been synthesized, wherein core nanospheres were functionalized by (3-aminopropyl)
triethoxyysilane (APTES) having exposed surface amine groups. The core-shell structure
showed the shifting of surface plasmon resonance (SPR) position of nanoshells from visible to
near infrared (NIR) region of electromagnetic wave, having potential biological interest [2%°]
with potential to be utilized in bioimaging areas. However, BaTiOz NPs exhibit low level of
cellular uptake efficacy, which was improved by coating of the NPs using polyethylenimine
(PEI, a cationic polymer and one of the most effective nonviral gene delivery agents). The PEI
coated BaTiO3 NPs demonstrated 8-fold enhancement in cellular uptake capacity and achieved
high amounts of gene delivery with the complex of PEI@BaTiO3z/DNA (nucleic acids). The

complexed platform showed great potential in coupled imaging and gene therapy 11,

To explore the magnetoelectric influence BaTiOs based nanocomposites in a study, various
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core-shell types magnetoelectric NPs (CoFe204-BaTiOs, CoFe20s-BisTisO12 and Fe3Oas-
BaTiOs3) have been synthesized and modified with poly (N-isopropylacrylamide) (PNIPAM).
The obtained thermo/magnetic-sensitive nanocarriers were evaluated for the adsorption and
release kinetics of methotrexate drug by using mathematical modelling. All NPs exhibited
similar physicochemical behavior (e.g., drug release patterns) and are responsive to both
temperature and alternative magnetic fields, however overall drug release was attained only
under magnetic effects. Furthermore, methotrexate interparticle-confined led in an incomplete
release at temperatures below or above the lowest critical solution temperature of PNIPAM
[26] |In another study, core-shell magnetoelectric cobalt ferrite@BaTiOs nanocarriers with
colloidal stability have been synthesized and conjugated with anticancer drugs (DOX and
methotrexate) with up to 80% functionalization via EDC chemistry. Under external magnetic
field of 5 mT, magnetoelectric nanocarriers showed significant improved cytotoxicity to human
hepatocellular carcinoma (HepG2) and human malignant melanoma (HT144) as compared to
drug-free or without field repetitions %, Furthermore, tumor-treating fields (TTF) supply
alternating electric fields of low intensity (1-3 VV/cm) and intermediate frequency (100-300 kHz)
via non-invasive transducer arrangements within the anatomical area of tumor [2°7: 2081, On
considering it, the effect of TTF-responsive sensitizer (BaTiOz NPs) has been demonstrated on
breast cancer cells (BCCs), wherein they sensitize TTF-resistant BCCs and BaTiOz NPs
accumulated in the cytoplasm of BCCs in response to TTF. Moreover, TTF-responsive BaTiOs
NPs showed antitumor action by controlling various breast cancer-related routes, particularly
cell cycle-related apoptosis route 2%, The anticancer effect of BaTiO3 NPs was also studied in

breast cancer cell line, MCF-7 with almost 57% reduction in cell viability was observed for a
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maximum concentration of 200 pg/mL of BaTiOs NPs 29 In another study, core-shell
magnetoelectric nanoparticles of Coo.sMno.2Ro.02F€1.9s04 (CoMnRFe) (R = Ce, Eu, Tb, Tm, or
Gd) (core) and BaTiOs NPs (shell) was prepared by Alfareed et al. to study the anticancer
activity of the designed system on human colon cancer cells (HCT-116) '3, The toxicity
assessment of these core-shell nanoparticles was also analyzed in HEK-293 cells to emphasize

minimal toxic effect of these nanoparticles on normal cells.

The size and morphology of BaTiOs NPs are important factors that could decide its pattern and
efficiency of cellular internalization. However, other attributes like dielectric properties and
piezoelectric effect could also be vital in its assessment as an effective drug/gene delivery
system. The burst release of the drug from the nanocarriers is a major issue in local drug
delivery applications. Therefore, a dam-like property due to piezoelectric activity was
introduced on TiO2 nanotubes by the coating of BaTiO3 to prepare TiO.@BaTiO3 co-axial
nanotubes. Herein, the free diffusion rate of the drug (vancomycin hydrochloride; VMH)
loaded onto TiO,@BaTiOs co-axial nanotubes was decreased by dam-like action and the
cumulative release of high VMH concentration was decreased by 54.8% when evaluated for 7
days. Also, the polarized VMH/TiO,@BaTiOs co-axial nanotubes showed long-term
antibacterial efficacy on Staphylococcus aureus 221, The association of BaTiO3 could be useful
in providing additional features like sustained release of drugs, antimicrobial properties to the

already existing delivery systems, marking its utility as a potent carrier platform.

Osteosarcoma (OS) is a hostile malignant neoplasm, which arises from embryonic transformed

cells of mesenchymal origin and encourage osteoblastic differentiation and create malignant
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osteoids 2% 214 The clinical treatments such as surgery or high-dose chemotherapy are
promising and effective in treating OS, but various side effects, including second malignancies
and tumor metastasis 2> 2181 have been observed with increased drug resistance 271, In this
regard, hyperthermia has been considered as an effective adjuvant therapy for carcinoma and
sarcomas after surgical treatments 28 291 On considering it, Sasikala et al. developed
piezomagnetic nanoparticles (PMNPs) composed of BaTiOz and superparamagnetic iron oxide
(FesOg4) for the multimodal anticancer therapy, imaging, and non-invasive cell stimulation.
Here, the ferroelectric core of PMPNSs is composed of the piezoelectric BaTiO3z NPs surrounded
by ferromagnetic shell of superparamagnetic iron oxide nanoparticles to offer excellent
electromagnetic properties. The efficacy of the fabricated PMNPs was evaluated for post-
surgical osteosarcoma healing, diagnosis, and bone regeneration (collectively termed as
Theranogeneration). These PMNPs showed remarkable anticancer activities to eliminate the
residual osteosarcoma cells by using magnetic hyperthermia. Further, the study also reported
the strong absorbance at 808 nm (due to transition from Fe?* - Fe** valance states along with
the intrinsic absorption properties of BaTiOz NPs) with concentration dependent intensity
increment designating their utility as a potential photothermal agent for photothermal therapy.
BaTiOs NPs have also been reported to generate ROS which can further be explored for their
utility in photodynamic therapy for cancer treatment. In addition, the imaging proficiency of
PNMPs was also evaluated as a contrast agent for computed tomography. The conjugation of
risedronate R (RIS) as bisphosphonate drug to PMNPs instructed bone getting characteristic to
PMNPs. Therefore, under low-intensity pulsed ultrasound (LIPUS) and LIPUS-facilitated RIS

release from PMNPs demonstrated the improved bone regeneration and thereby helped in
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repairing large bone defects caused by osteosarcoma resection 22 (Figure 8).

PMNPs as a post-surgical Osteosarcoma Theranogeneration Platform

Hyperthermia, photothermal
" and photodynamic therapy

CT contrast agent Anticancer property

Fluorescent nanoprobe * Bone Regeneration property

Mechanoelectrical Enhanced cell proliferation

transduction

Anti-cancer effect and Enhanced tissue
metastasis prevension regeneration under LIPUS

* ' Hyperthermia, photothermal
{ and photodynamic therapy
Post surgical
Residual oscteosarcoma after surgery ¥ bone regeneration

Figure 8. Schematic representation of the phase-wise treatment efficacy of PMNPs for the
eradication of osteosarcoma, leading to subsequent osteogenesis. Reproduced with permission.

[220] Copyright 2022, Elsevier.

The use of heating effect (i.e. hyperthermia) has been promising approach to treat cancerous
lesions. Herein, photothermal treatment is considered as a non-invasive and selective healing

of cancer. On considering this therapy, BaTiOs (core)-Au (shell) NPs for hyperthermia healing
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against cancer cells have been synthesized. Here, the gold shell was coated on the surface of
BaTiOs NPs via seed mediated growth mechanism where the negatively charged gold
nanoparticles were initially electrostatically attached to the positively charged APTES
functionalized BaTiOs NPs. No remarkable variations in cell viability were detected up to
50 pg/ml of NPs and exhibited the ability to destroy human neuroblastoma cells under NIR
laser light 1961, The study emphasized on the bioelectric interface of using this fabricated core-

shell nanoparticle for future applications.

In another study, sub-100 nm core-shell BaTiOs/Au NPs with bimodal imaging proficiencies
have been developed and demonstrated the photothermal consequences, wherein BaTiO3z/Au
NPs showed efficient absorption of NIR light and converted into heat to remove tumors.
Further, the intrinsic dual imaging ability (i.e. core BaTiOs imaged by second harmonic
generation and Au shell produces two-photon luminescence) permitted the distribution of NPs
in tumor vasculature morphology during photothermal eradication. This study facilitated the in
vivo real-time tracking of BaTiOz/Au NPs and thermal-induced consequence on tumor vessels
[195] " All these studies reflect the association of BaTiOs with imaging contrast agents have

proved its worth as a multifaced candidate for theranostics applications.

The influence of BaTiOz NPs in both native form and composites on the cell viability,
mitochondrial membrane, cellular internalization, and cell division are principal factors that
regulates the transportation of biomolecules across tumor tissues. The capacity of BaTiOsz NPs
based delivery system to encapsulate the biomolecules and further their release behavior is
influenced by the surrounding microenvironment. BaTiOsz NPs based drug delivery systems

has opened a new platform in cancer therapy and deserves in depth investigation and
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understanding. Table 3 summarizes the different compositions of BaTiOz NPs along with their

functionalization strategies used in cancer treatment.

Table 2. Summary of different compositions and functionalization strategies of BaTiOz NPs

used in cancer treatment.

(HT144) cells

Composition Functionalization | Application Cell line Ref.
PEG coated BaTiOs3 Antibody Cancer therapy | Human [83]
NPs epidermoid
carcinoma
(A431)
BaTiOs; @Gold core- | Thiolated PEG Photothermal Primary Human | (%]
shell nanoparticles. therapy, Umbilical Vein
Bimodal Endothelial
Imaging (HUVAC) cells
BaTiOs NPs@Gold NA Hyperthermia | Human [196]
core-shell neuroblastoma
nanoparticles. (SH-SY5Y)
cells
CoFe204@BaTiO3 Doxorubicin, Drug delivery Hepatocellular | [1%€]
core-shell Methotrexate carcinoma
nanoparticles. (HepG2) cells,
Malignant
human
melanoma

O3,
CoFe204@Bi4Ti3012 an
d Fes04@BaTiO3 core-
shell nanoparticles

1,2-distearoyl-sn- Anti-transferrin Multimodal Human primary | (204
glycero-3- receptor antibody | imaging, glioblastoma
phosphoethanolamine- Ultrasound (U-87) cells

N- stimulations,

[methoxy(polyethylene Drug delivery

glycol)-5000] coated

BaTiO3 NPs

1 CoFe;0s@BaTi | PNIPAmM Drug delivery | NA [206]
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Fetal bovine serum NA Sensitizing Breast cancer | [29]
(FBS) coated BaTiOs antitumor action | (MCF-7), (BT-
NPs of Tumour 549), and
Treating Fields | (MDA-MB-

231) cells
BaTiOs NPs NA Cancer therapy | Breast cancer [210]

(MCF-7) cells
C00.8Mno.2Ro.02F€1.9804 Cancer therapy | Human colon [211]
(CoMnRFe) (R = Ce, cancer (HCT-
Eu, Tb, Tm, or Gd) @ 116) cells, Non-
BaTiOs NPs cancerous

(HEK-293)

cells

4.2 Tissue engineering and wound healing

Tissue engineering is a promising approach to repair or regenerate damaged tissues that
encounters wear and tear in day-to-day life. Different biomaterials, including polymers (natural
or synthetic), nanomaterials (organic or inorganic) or their combination play an important role
in designing biomaterial scaffolds for tissue regeneration. Under optimal conditions, suitable
biomaterial scaffold with growth factors and signaling molecules enables the adhesion,
proliferation, migration, and differentiation of cells for helping in restoring damages tissues
[221-224] "I this regard, perovskite ceramic NPs has been utilized to develop scaffolds for
mimicking the chemical, mechanical, electrical, and biological characteristics similar to natural
tissues 12252281 and shown a great potential in developing composite scaffolds for various tissue
engineering, especially hard tissue regeneration 2% 2%l Among other perovskite ceramics,
BaTiOz NPs are more promising in developing tissue engineering scaffolds due to their

excellent biocompatibility and peculiar non-linear optical characteristics that can be used to
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improve the performance in microscopy for tissue imaging % 23 as well as electrical
characteristic with high piezoelectric coefficient [232, Theses facets have made BaTiOz NPs as

a compelling contender for tissue engineering/wound healing applications.

Sonodynamic healing has been believed to be a minimally invasive treatment for eliminating
pathogen and curing cancer with high spatial and temporal precision. Therefore, a novel
sonosensitizer (Au@BaTiO3) has been developed for highly efficient sonodymanic healing.
The study evaluated the generation of reactive oxygen species (ROS) under the influence of
ultrasonic waves, thereby establishing the utility of the fabricated nanoparticles as an effective
sonosensitizer for sonodynamic therapy for antibacterial attributes. Furthermore, in vitro and
in vivo studies demonstrated that the sonodymanic effect also accelerated the migration of
fibroblasts, contributing to the healing of dermal wound in mice %71 In another study, the
surface of TiO2 nanotubes was modified with BaTiO3z NPs by preserving nanotube structure
(TiO2@BaTiOs3 co-axial nanotube) and utilized for coating the surface of titanium alloy with
the piezoelectric properties for an effective drug delivery and bone repair 2%, Titanium
scaffolds are advantageous for large bone defects, but they are lacking the electrical activity
and limit their full utilization in bone regeneration 24 231 Therefore, the surface of porous
titanium scaffold (Ti-6Al-4V) has been modified with BaTiO3 ceramic and evaluated for in
vitro and in vivo studies under LIPUS. The activity of bone marrow mesenchymal stem cells
was remarkably higher in BaTiOs-coated Ti-6Al-4V+LIPUS, BaTiOs-coated Ti6Al4V, Ti-
6Al-4V+LIPUS scaffolds than that of Ti-6Al-4V scaffold. Also, a significant improvement in
osteogenesis and osteointegration in treated scaffolds, specifically BaTiOs-coated Ti-6Al-

4V+LIPUS, was observed after implantation for 6 and 12 weeks in large segmental bone
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defects (radius rabbits) as compared to Ti-6Al-4V scaffold 2%,

Although, BaTiO3 NPs provides a platform to display piezoelectric activity, its application in

tissue engineering is limited owing to its poor bioactivity and osteoconductivity. Since natural

bone has piezoelectric character, BaTiOz owing to its high piezoelectricity has been considered

effective in accelerating bone regeneration. Inspired by this, Ahmadi et al. demonstrated that
the incorporation of Ca?* ions into BaTiOs NPs ((BaxCai-x) TiOsz) not only decreased the
dielectric constant of the system, but also improved the bioactivity and showed remarkable
increase in the proliferation of MG63 cells [2%], As said just before, BaTiO3 lacks of bioactive
ions that are useful in contributing to osteogenesis. In this regard, calcium ions (Ca?*; plentiful
in bone mineral) and manganese ions (Mn**; key doping element for HAp) were separately or
co-doped into BaTiOz nanofibres through sol-gel/electrospinning/calcination process. The ion-
doped BaTiOs nanofibres exhibited piezoelectric coefficient (ds3) of 0.9-3.7 pC/N comparable
to natural bone tissue (0.7-2.3 pC/N). Synergistically, Mn** (2 mol%) and Ca?* (10 mol%) co-
doped BaTiOz nanofibres showed highest ability in improving osteogenic differentiation of
bone marrow MSCs without any cytotoxicity %71 Similarly, in another study, the strontium
(Sr) was introduced into BaTiOs NPs ((Bao.7Sro.3)TiO3) and then utilized in 3D printing of
((Bao.7Sro.3) TiOs)/p-tricalcium phosphate (B-TCP) based bioactive and piezoelectric bone
scaffolds. The ((Bao.7Sro.3) TiOs)/B-TCP scaffolds with 60% ((Bao.7Sro.3) TiO3) and 40% B-TCP
exhibited highest mechanical performances (compressive strength, bending module, elastic and
young’s modulus), however the dielectric constant was improved further with the incorporation
of (Bao.7Sro.3) TiO3 content in the 3D printed construct. Also, ((Bao.7Sro.3) TiO3) 60%/p-TCP40%

scaffold exhibited highest in vitro biomineralization activity (bone-like apatite deposition) after
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28 days of incubation in simulated body fluid (SBF) as well as the higher activity of
osteosarcoma cells as compared to other composites 2%, In another study, the effect of
((BaxZrix) TiO3) was investigated on the properties of B-TCP composite scaffolds, which have
been fabricated by using solid-state reaction process. The results showed improvement in
electrical properties (e.g., dielectric, ferroelectric, and piezoelectric activities) and mechanical
properties (i.e. hardness) with the incorporation of (BaxZrix)TiOs NPs, whereas apatite-
forming ability was reduced [2%. Furthermore, calcium silicate (CaS) (akermanite,
Ca2MgSi207) has been utilized with BaTiOs to prepare porous bioactive scaffold with
satisfactory piezoelectric coefficient (dzs) and compressive mechanical properties with no
cytotoxic behavior with human bone marrow MSCs 4%, In a study, calcium phosphate (CaP)
and BaTiOz NPs have been deposited on bacterial cellulose (BC) membranes using ultrasonic
irradiation effect followed by a thermal treatment (1000 or 1200 °C) to remove polymeric
template to achieve 3D porous structures. The obtained CaP/BaTiO3 scaffolds exhibited
cytocompatibility behavior with mesenchymal stem cells (MSCs) 43, The properties and
morphology of BaTiOz NPs are not severely affected by change in the processing conditions
and can withstand high temperature, pressure and irradiation. This is very important aspect

marking the versatility of BaTiOs NPs in numerous applications.

The combination of hydroxyapatite (HAp) and BaTiOz NPs have shown a great potential in
fabricating biocompatible, mechanical improved and electro-active prosthetic orthopedic graft
material 422441, |n two separate studies, aligned porous piezoelectric scaffolds composed of
HAp and BaTiO3z NPs showed the remarkable compressive strengths (~14.5 MPa and ~34.7),

porosities (~57.4% and ~50%), and piezoelectric coefficient ds3 of 2.8 pC/N and 5.0 pC/N
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(greater than that of natural bone tissue) and demonstrated no cytotoxicity to the fibroblasts
(L929 cells) as well as accelerated attachment, proliferation, and differentiation of MG63 cells
[245. 2481 Similarly, hydroxyapatite (HAp)/BaTiOs and a-TCP/BaTiOs composite scaffolds have
been fabricated and sintered (500-1300 °C) under various atmospheres. The higher phase
stability was observed in a-TCP/BaTiOs scaffold compared to HAp/BaTiOs scaffold. In
HAp/BaTiOz scaffold, by-product phases of CaTiOz and Ba,TiOs were formed at around
900 °C, whereas these by-products associated with the low concentration of BaTiOsz NPs were
detected at sintering temperature between 1100 and 1300 °C. Moreover, the composite
scaffolds with BaTiOz NPs exhibited accelerated osteoblast attachment even well than that of
only HAp and TCP 2471, In another studies, natural and synthetic polymers have been applied
with HAp and BaTiO3z NPs to improve the efficacy of the scaffold systems. For example, highly
porous BaTiOz based scaffolds have been fabricated by foam replication process and polarized
by using an external electric filed. These scaffolds were coated with gelatin (GEL) and HAp
nanostructures and the coated scaffolds exhibited improved compressive strength and elastic
modulus as well as remarkably higher cell density of MG63 osteoblast cells compared with the
uncoated scaffolds 2481, Further, collagen-HAp/BaTiOs scaffolds have been explored for their
biological influence exhibiting good biomineralization and remarkable osteoinductive
properties by Busuioc et al. 1?1 and Zanfir et al. 1 in two separate studies. The
responsiveness of BaTiOs towards external stimuli (in the form of electric field) could further
be explored to design electric field driven system and should give this fascinating material,

edge in tissue engineering and regenerative medicines.

The topography and interconnected pore-network of the scaffold are important factors for
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better cellular activities. To obtain these characteristics, uncoated BaTiOz NPs, Al.Os-coated
BaTiO3 NPs, and SiO-coated BaTiOs NPs have been incorporated into a poly L/D-lactic acid
copolymer (PLDLA) scaffold using breath figure process (dissolving a polymer in a volatile
solvent and casting under high humidity conditions). The uncoated BaTiOz NPs facilitated pore
size of 16.2 pm into the scaffold, while both Al,Oz-coated and SiO>-coated BaTiO3 NPs based
scaffolds showed pore sizes smaller than 5 um as compared to only PLDLA scaffold (pore size:
1.6 um). Also, the optimal pore size was obtained in uncoated BaTiOs NPs incorporated
PLDLA scaffold, while retaining the honeycomb-like structure. Moreover, the designed
scaffolds were biocompatible to be used potentially for musculoskeletal tissue regeneration 2491,
Further, synthetic polymers such as poly(vinyl pyrrolidone) (PVP) and PEG were utilized to
prepare cross-linked nanocomposite hydrogels using BaTiOs NPs and treated with gamma
irradiation at different doses (25 and 35 kGy). The obtained hydrogels exhibited good
mechanical stimulation and dielectric permittivity was increased with increasing BaTiO3 NPs

(1, 2, and 3 wt%) [2501,

In addition, Polycaprolactone (PCL)/BaTiOs piezoelectric composites have been prepared and
evaluated under optimal polarization conditions, wherein the composite showed enhanced
piezoelectric characteristics with the increasing of BaTiOs NPs content. The obtained
composites exhibited good cell adhesion compared to only PCL, without any cytotoxicity 254,
Furthermore, the piezoelectric nature of PVDF acts a decisive role in rebuilding the
endogenous electrical environment of the bone tissue. The more  phase in PVDF directs to
greater piezoelectric activity. The B phase nucleation could be induced by incorporating NPs,

but the aggregation of NPs can reduce the nucleation ability of the B phase. Therefore, BaTiO3
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NPs were hydroxylated and modified with polydopamine (PDA) to accelerate their
homogenous dispersion in PVDF Scaffolds. Catechol groups of PDA form hydrogen bonding
with hydroxylated-BaTiOz NPs, whereas amine groups of PDA make bonding with C-F group
of PVDF. The functionalized-BaTiOz NPs remarkably increased the B phase fraction (from 46%
to 59%) with an improved output voltage by 356%. Composite scaffold exhibited improved
mechanical properties (tensile strength and modulus) and accelerated cell attachment,
proliferation, and differentiation 122, BaTiOs; NPs have been used to prepare piezoelectric
composites with widespread applicability not only in tissue engineering but in bioelectronics

as well.

In the field of tissue engineering, repair of cartilage tissues is very critical. Cartilage tissue is a
type of flexible connective tissue with avascular nature and less systematized microarchitecture.
Nanofibrous structure of the scaffold is very promising to mimic the natural structure of the
native cartilage. Therefore, poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and
BaTiOs NPs based electrospun scaffolds has been fabricated, wherein the addition of 20%
BaTiOs NPs into the scaffold improved mechanical properties and piezoelectric coefficient of
1.4 pC/N (similar to natural cartilage tissue). Also, electrically polarized scaffolds showed
superior cellular activity of human MSCs-derived chondrocytes compared to only PHBV and
non-polarized scaffold 2531, In another study, BaTiOs NPs have been incorporated into alginate
as natural polysaccharide to induce osteogenic differentiation of human MSCs. Alginate/
BaTiOs based 3D scaffold with highly interconnected pore-network and surface
nanotopography showed an osteogenic differentiation of cells without adding osteogenic

supplements 2541, During joint movement and involvement of mechanical operation, cartilage
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tissue experiences electrical potential which also aids in cell regeneration and development.
The electric attributes of BaTiOs NPs could be vital in exploring this environment and develop
effective materials for cartilage tissue regeneration.

The field of tissue engineering and regenerative medicine is the need of the hour for an efficient
healthcare system. As a potent candidate for tissue regeneration, BaTiO3 NPs should be able
to influence the upregulation of specific markers and at the same time should be able to initiate
and regulate the mineralization process of extracellular matrix. Further, the ability of BaTiOs
NPs to stimulate the cell differentiation without the inclusion of chemical inducer is another

advantage associated with BaTiOz NPs based systems.

4.3 Biosensors, wearable and implanted bioelectronic devices

Biosensors, wearable and implantable bioelectronics has achieved a great attention and
therefore, various wearable and implantable functional bioelectronic devices have widely been
developed to improve the quality of life of the patients and healthy persons. However, the
continuous operation of these bioelectronic devices is challenging due to the replacement of
the conventional batteries in a short time span. In this regard, self-powered bioelectronic
devices by using piezoelectric materials (e.g., BaTiO3) have been developed to sensing
biomolecules or harvest biomechanical energy from human motions. For example, a self-
powered glucose sensor has been fabricated by utilizing BaTiOsz NPs and PVDF, which
exhibited promising selectivity, reasonable sensitivity of 23.79 A/mM cm?, detection limit
down to 7.94 M showing linear relationship with glucose concentrations 21, In a similar study,
Su et al. investigated BaTiO3s NPs doped PVDF both experimentally and through simulation to

elucidate the fundamental mechanism underlying the interfacial coupling effect in the
57



developed polymer composites to develop high-performance wearable textile bioelectronics
2561 Furthermore, the requirement of flexible and stretchable piezoelectric diagnostic or
surgical functional bioelectronic devices for soft and greatly deformable tissues of the human
body also poses a substantial challenge. Moreover, self-powered implantable bioelectronic
devices are more desirable to provide real-time, precise, and constant monitoring of key
physiological or pathological signals (e.g., body temperature, breathing, arterial pulse, heart
rate, blood glucose or pressure or oxygen). Also, the power supply in implantable bioelectronic
devices is more crucial, wherein the replacement of battery in an implanted device (inside the
human body) is highly difficult 57-25°1. Among piezoelectric materials, BaTiO3 ceramic NPs
has been studied widely due to its non-toxicity, remarkable dielectric and ferroelectric
characteristics (174 2691, In this section, BaTiOs-based piezoelectric wearable and implantable

devices are described and discussed.

For wearable electronic devices, poly (vinyl chloride) (PVC)/aligned BaTiO3z nanowires-based
flexible hybrid piezoelectric fibre fabric have been developed, which was integrated with
copper wires and cotton threads. Here, a 2D fabric like nanogenerator was manufactured where
copper wire with interdigital structure functioned as electrode and cotton thread performed the
function of a spacer to avert electrode shorting along with the support in increasing the
durability of the device (Figure 9). The resemblance of this device with the native fabric like
appearance provides edge to this device. Due to the presence of BaTiOs, the device offered the
ability to convert the movement of human body into electrical energy. When attached on human
arm (for elbow movement), this wearable nanogenerator system could generate 1.9 V output

voltage, 24 nA output current and 10.2 nW output power for 80 MQ as an external load 2%,
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Figure 9. Representations of the operating mechanism of the flexible fabric nanogenerator
(FNG). (a) FNG structure, (b) Mechanical deformation (Bending) of FNG along the direction
of piezoelectric fibres, (c) Unbending of FNG, (d) The status of FNG after poling process where
the dipole aligns alongside the direction of the piezoelectric fibre, (e) Carrier flow due to the
generation of piezopotentials on the electrodes under the mechanical bending, and (f) under the
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influence of unbending status, the potential disappears with the carriers flowing back.

Reproduced with permission. 261 Copyright 2015, Elsevier.

In another study, a KNaNbOs (lead-free)/BaTiOs NPs impregnated polydimethylsiloxane
(PDMS) flexible composite film-based nanogenerator was prepared and exhibited the efficacy
for sleep monitoring or sleep disorder in humans by showing a maximum electrical output 58
V and 450 nA [?621, Powering transient implants using biodegradable power sources is highly
promising. Therefore, a biodegradable and biocompatible piezoelectric transducer composed
of BaTiOs NPs and poly (L-lactic-co-glycolic acid) (PLGA) was prepared and used in two
different powering arrangements (ultrasonic and energy harvesting from low frequency
acoustic waves). The power density of BaTiOz/PLGA transducer reached up to 10 mW/cm2 in
ultrasonic powering, while it generated sufficient power for small electronics in low frequency
acoustic waves 263, In a study by Su et al., polydopamine (PDA)-coated BaTiO3 NPs were
prepared and PDA@BaTiO3z NPs-doped PVDF fibres were formulated for high-performance
wearable bioelectronics (PMNP). Herein, the coating of an optimal volume (2.15 v%) of PDA
on BaTiOs NPs could significantly promote the neighboring all-trans conformation in PVDF
chains and modulus equivalent at the polymer/nanofiller interface, resulting in the maximum
coefficient of piezoelectric charge and voltage as well as mechanical stiffness. Furthermore,
the fabricated PMNP exhibited long-term stability, high sensitivity and broad range of pressure
sensing, showing a remarkable ability of real-time limb motion detection, identification of
facial emotion, respiratory monitoring and human-machine interaction (Figure 10) %4, In
another study, fluorinated BaTiOs (F-BaTiOs3)/PVDF-based nanofibrous wearable

piezoelectric nanogenerators (PENGs) have been developed and they exhibited three times
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higher B-phase content (up to 91%) for 5 wt% F-BaTiOzs than that of BaTiOs (5 wt%)/PVDF
nanofibres. The results exhibited output voltage as high as 1.5 V (under 2N external force) and
did not reduce apparently after 300 cycles in a vertical pressing analysis. Also, PENG was
observed to be sensitive to detect human motions 4. These studies reflect the potential of

BaTiOzas a persuasive candidate to develop biosensors and wearable bioelectronics.
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Figure 10. Sensing operation of PMNP textile bioelectronics: (a) Real-time output voltage
pattern, (b) dynamic output voltage waveforms of finger bending at different angles, (c)
dynamic output pattern for free-falling table tennis ball with various falling heights, and (d)
schematic model of PMNP textile bioelectronics for active facial expression identification.

Real-time output patterns in response to frown (e) and smile (g). Digital images of PMNP
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textiles attached on the keyboard and dynamic voltage patterns of three adult volunteers when
typing the word “DIY” (h) and when crossing and ticking on the touchscreen of a smartphone

(e) Reproduced with permission. 1% Copyright 2021, Elsevier.

Similarly, a BaTiOs film-based piezoelectric airflow sensor has been developed unified with
PDMS orifice membrane as the core sensing module. Herein, hydrothermally grown BaTiO3
film (on titanium foil) showed an orthorhombic crystal construction with good piezoelectric
characteristics. Furthermore, the Young’s modulus and piezoelectric constant of the BaTiO3
film were 100 GPa and 8 pC N, respectively. In this study, an algorithm is proposed that
determines the sensing performance of the airflow sensor by utilizing the data recorded from
the measured piezoelectric signal along with the degree of deflection of the piezoelectric beam.
Herein, a relation was established between the pressure and volume rate of airflow across
sensing membrane, movement of the piezoelectric sensing beam, and the strain experienced by
the piezoelectric film to calculated Young’s modulus and piezoelectric constant of BaTiO3
composite film. With the help of the proposed algorithm and signals produced from the
manufactured sensor, significant breath factors of a 20-year-old young male were monitored
[26%] One of the requirements for a wearable device is the compact size of the micromachined
device, this aspect is adequately addressed using this manufactured system. The manufactured
device still has to be evaluated and compared for their efficacy with commercially available

breath monitoring systems.

Implantable medical devices exhibit biofilm-related infection issues and cause a main obstacle
that limits their effective clinical translation. In this regard, BaTiO3 integrated biomaterial has

been developed as anti-infectious medical device (implantable), which demonstrated effective
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anti-biofilm activities against Streptococcus mutans without bactericidal outcome by
maintaining their mechanical and piezoelectric activities. This anti-adhesive property directed
to ~10-fold decrease in colony-forming entities (in vitro). The poling process on BaTiOz-
nanocomposites caused in asymmetrical surface charge density on each side, which may assist
in addressing two main issues in prosthetics such as bacterial contamination and tissue
integration. Moreover, BaTiOs-nanocomposites showed excellent biocompatibility towards

human gingival fibroblasts and keratinocytes [?%¢1 (Figure 11).
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Figure 11. Schematic illustration of a bimodal BaTiOz nanocomposite platform with
antibiofilm and self-powering functionalities Reproduced with permission. 2561 Copyright 2021,

American Chemical Society.

Neurostimulation is a promising strategy in treating various neurological disorders, wherein
intensive miniaturization of neuro-stimulators to millimeter (mm) size dimensions is crucial to

avoid invasive surgery or post-surgery trauma and infection [7,8]. The stimulators must also
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be able to target nerves located deeper inside the human body (> 5 cm) and require a large
average load power (up to some mWs). Therefore, to achieve high output power, large “depth-
to-size ratio” (ratio of tissue depth to implant volume), and long-term safety and stability are
the main concerns in developing desired stimulators. In this advancement, Charthad et al.
developed a wireless electrical stimulation implant for peripheral nerves by achieving more
than ten times increase in the depth/volume ratio over existing IC-based neurostimulators. The
fully integrated implant (size: 2 mm x 3 mm x 6.5 mm, 39 mm?, and weight: 78 mg) was
operated at 10.5 cm in a tissue phantom by using ultrasound for wireless powering (safe
intensity level) and co-design strategy (e.g., a miniaturized piezoelectric receiver, IC, off-chip
energy storage capacitor, and platinum stimulation electrodes as well as optional blue light
emitting diode for promising optogenetic stimulation) for complete operation. As-developed
implant system is allowed to externally fully programmable current-regulated stimulation of
peripheral nerves, with a broad range of factors both electrical stimulation (amplitude:
22-5000 pA, pulse width: 14-470 ps, and repetition rate: 0-60 Hz) and optical stimulation
(optical intensity up to 23 mW/mm?) as well as high compliance voltage (15 V) for chronic
applications. The fully integrated implant, in vitro analysis, and the electrical stimulation of a
sciatic nerve demonstrated the efficacy of the developed stimulator for peripheral nerves

(Figure 12) 2671,

In the quest of developing advanced wearable electronics associated with biointerface for real
time health care monitoring, BaTiO3 NPs have shown to have tremendous potential. Further
improvement in the processing methodology, concentration of the initial materials for

composite formation, and governing parameters could result in efficient systems for real time
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monitoring.

External ultrasonic transmitter array
for beamforming (conceptual)

(A)

Focus of this work

\';
, mm-sized Electrical
_Implant | _ _stimulation _____ .
B) | — (©) BaTiO3

{ ;'ﬁ:j' Programmable E
33 Signal g

Electrode/LED terminals

for verification of the
stimulation pattern
Oscilloscope

Castor oil

Implant Front

Fully integrated C.
implant / SR LED Volume:
39 mm*®
i
2mm > Weight:
Pt 78 mg
®) E— Implant Back Electrodes
Computer
: ed
ﬁ, Programmable : (d) 3l
g Signal g o
US gel . E 2
o Electrode/LED terminals =
for verification of the g1
Porcine stimulation pattern =7 o
tissue l 6.0cm Oscﬂloscopa g
£
_!__ é 2 Measured over
Fully / @@ 3 R=1kQ
01 0.15_ 0.2 0.25
Time (ms)

Figure 12. Schematic illustrations of (A) the proposed electrical stimulation implant and (B)
the measurement setup for implantable device (fully integrated system) in castor oil in the depth
of 10.5 cm (a) and 6 mm of porcine tissue (b), digital image of the fully integrated stimulation
system (c), and quantified current waveform (only magnified single pulse is shown) for the
setup in (b) and the performance data (discussed in main text) of fully integrated system for the

setup in (a). Reproduced from [2671,
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5. Toxicity assessment and limitations

The translation of nanoparticles based biomedical approaches from in vitro assessment to in
vivo platform may sometimes leads to contradicting results 281, The administration of
nanoparticles in vivo aims in treating the targeted pathological condition with minimal harm to
the health tissues, hence the toxicity assessment and evaluation of adequate dose rate is a crucial
factor which needs a careful examination. Although the underlying mechanism concerning the
toxicity of BaTiOs NPs is still in progress however, oxidative damage due to over production
of reactive oxygen species (ROS) have been linked to the underlying toxicity mechanisms of

BaTiO3 NPs [117.269]

In a study, a concentration range of 25-100 pg/mL of BaTiOz NPs was highlighted to shown
decrease in cell viability in case of Human lung cancer cells (A549) with a dose rate of 50
pg/mL of BaTiOs NPs showing pronounced oxidative stress [**71. Similar results were also
presented in a separate study by Staedler et al. where a time dependent cytotoxicity of BaTiO3
NPs (50 pg/mL) was evaluated on A549 cells with % cell survival of almost 91%, 84%, and
81% after an exposure of 24 h, 48 h, and 74 h, respectively 2", The cell survival rate and the
dose to be administered is much dependent on the category of cell lines and the exposure time.
In this study, the cytotoxicity of BaTiOs NPs (50 pg/mL) was also evaluated on adenosquamos
carcinoma cell line (HTB-178), lung squamous carcinoma cell line (HTB-182), and,
nontumoral BEAS-2B cells with different exposure time (24 h, 48 h, and 74 h). Interestingly,
at this dose, BaTiOs NPs did not show extreme cell death with HTB-17B showing the least %

cell survival of approximately 74% upon an exposure of 72 h.
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Similar results were reported by Bonacino et al. in a separate study where a range of harmonic
nanoparticles including BaTiOs NPs were tested for cytotoxicity effect in case of A549, HTB-
178, HTB-182, and BEAS-2B cells for an exposure time of 5 h and 24 h [*26], With a dose rate
of 50 pg/mL of BaTiOz NPs a decrease in the cell survival for majority of the cell line was in
the range of 20-30%. Further, Genchi et al. reported negligible effect on the % live cells while
reporting the response of human neuroblastoma cells (SH-SY5Y) towards P(VDF-TrFE)/

BaTiOs NPs films when compared with control 273,

Although many advantages are associated with BaTiOz NPs, however adequate flexibility and
durability are two aspects that often restricts the single domain use of BaTiO3 NPs 272, Due to
this BaTiOs NPs is often composited with matrices of many soft polymers and their derivatives
[273, 2741 The exact mechanisms of cell responses towards piezoelectric stimulation is still not
fully uncovered. There can be multiple factors (type of cells under investigation, mode of
functionalization, and size of BaTiOz NPs) that could affect their internalization, followed
pathway and corresponding cellular expressions. In case of BaTiOs NPs, another factor that
limits its biomedical usage is the complexity in differentiating and omitting the cellular
responses towards nonspecific phenomenon (mechanical/thermal) that could show overlay
effect with the electrical cues 1. This could lead to misinterpretation of the obtained results,

that might affect the clinical translation of BaTiOz NPs in numerous biomedical applications.

Moreover, the accurate measurement of piezoelectric effect of nanomaterials is another
arduous process with piezoresponse force microscopy (PFM) being accepted as the most
widely accepted method to detect and quantify piezoelectric behaviour of nanomaterials 27

2761 However, the piezoelectric effect measured through PFM usually gets influenced by
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electrostatic attraction between the sample surface along with resonance frequency associated
with the cantilever’s tip. These issues could mislead the correct interpretations of the obtained

results (2771,

In the authors opinion, the overall biological effects of the piezoelectric stimulation by BaTiO3
NPs are assumed to be governed by its subcellular localization. Although, the response of
cellular membrane and the participation of voltage-gated channels upon exposure towards
piezoelectric simulation have been studied, however, the biochemical pathways triggered, and

organelle specific functionalization of BaTiO3 NPs needs in depth investigation.

6. Conclusion

Nanoparticles are considered as the forefront in the advancement of the nanotechnology era
thus, selecting the targeted application, curtailing the production cost, and minimizing the long-
term health concerns should engage substantial painstaking. The proficiency of nanoparticles
is perceived in almost every domain with mounting consideration for their utility in the
biomedical applications. The market for nanoparticles commercialization is set to escalate over
the next decade with more clinical applications of these nanoparticles are been established. Up
recently, the field of nanomedicines have started exploring the intrinsic chemical/physical
properties and responses of nanoparticles rather than just using them as a carrier vehicle for

delivering therapeutics.

Although there are numerous nanoparticles that have surfaced with some remarkable properties
to be utilized for biomedical applications, still the urge to develop novel nanoparticles with
superfluous benefits never ends. In this regard, piezoelectric nanomaterials have been explored
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for their applicability in bioelectric interface. While BaTiO3 NPs has been studied intensively
for the last few decades, there is still a disparity between the accomplished and anticipated
performance of this interesting material in terms of biological response. While, substantial
amount of evidence at in vitro level have been collected so far, in-depth knowledge of the

physical mechanisms and biological responses underlying BaTiO3z NPs is still absent.

The clinical translation of BaTiOs NPs based applications like, cancer therapy, targeted
delivery, and cell stimulation needs a comprehensive understanding of its piezoelectric
properties, cellular response, optimum dosage, and regulatory response towards internal and
external factors. Constant efforts are underway to address every aspect of this fascinating
material and with the technological advancement and research efforts, we could observe the

transformation of attractive material from lab scale to clinically significant technologies.

7. Future prospectives

In order to interact with biological systems and understand pathological conditions, electrically
stimulating cells and tissues has been an important approach being explored. However, the
orthodox methods of simulation often need invasive installation of electrodes along with
network of wires. This is where BaTiOs NPs have established its importance by offering the
opportunity to provide indirect electrical simulation via mechanically driven simulations. The
importance of wireless stimulation of tissues is not only applicable in the treatment process of
many diseases but has also been investigated in the field of tissue engineering or regenerative

medicine.

Mostly, BaTiOs NPs has been studied for their ferroelectric behavior that can be used for
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bioimaging and biosensing purpose. However, this material could be explored for real time
stimulation of heart, muscle, and nerve cells. Further, the property of piezoelectric behavior
could find application in cell proliferation and differentiation in close microenvironments. In
addition, the high atomic number and high dielectric constant associated with this fascinating
material is utilized for enhanced contrast property and cancer therapy however, the toxicity
associated with barium is a matter of concern. Although, biomedical applications for BaTiOs
NPs have been reported by many research groups, their biological response, immune
modulatory properties, and reliability in cancer therapies has not been explored much. More
research efforts should focus on dealing these aspects and challenges. Similarly, more
biological application-oriented fabrication of BaTiOs NPs is required which involves
functionalization with peptide sequences, development of nanobiocomposites, and enzyme
crosslinked scaffolds. An interdisciplinary approach is essential to evaluate the performance of
BaTiOs NPs using microfluidic chips which will allow to imitate the native architect and
physiological attributes of organs/tissues like heart, brain, muscle etc., where the utility of

BaTiO3 NPs could be evaluated for their cellular behavior.

Overall, BaTiOz NPs can be considered is a material with some remarkable properties and
utility in biomedical field. A thorough understanding of their biological responses could further
open new avenues in utilizing this material for advanced clinical applications that would

certainly benefit the pharmaceutical and medical sectors.
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