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Abstract: The development of biomaterials has a substantial role in pharmaceutical and medical
strategies for the enhancement of life quality. This review work focused on versatile biomaterials
based on nanocomposites comprising organic polymers and a class of layered inorganic nanoparticles,
aiming for drug delivery (oral, transdermal, and ocular delivery) and tissue engineering (skin and
bone therapies). Layered double hydroxides (LDHs) are 2D nanomaterials that can intercalate anionic
bioactive species between the layers. The layers can hold metal cations that confer intrinsic biological
activity to LDHs as well as biocompatibility. The intercalation of bioactive species between the
layers allows the formation of drug delivery systems with elevated loading capacity and modified
release profiles promoted by ion exchange and/or solubilization. The capacity of tissue integration,
antigenicity, and stimulation of collagen formation, among other beneficial characteristics of LDH,
have been observed by in vivo assays. The association between the properties of biocompatible
polymers and LDH-drug nanohybrids produces multifunctional nanocomposites compatible with
living matter. Such nanocomposites are stimuli-responsive, show appropriate mechanical properties,
and can be prepared by creative methods that allow a fine-tuning of drug release. They are processed
in the end form of films, beads, gels, monoliths etc., to reach orientated therapeutic applications.
Several studies attest to the higher performance of polymer/LDH-drug nanocomposite compared to
the LDH-drug hybrid or the free drug.

Keywords: nanocomposites; layered double hydroxides; hydrotalcite; anionic clays; layered materi-
als; intercalation compounds; composite biomaterials; nano-based drug carrier; drug delivery system;
tissue engineering

1. Introduction

The world population reached the milestone of eight billion people, which brings
challenges to achieving the goals of sustainable development addressed in Agenda 21 of
the United Nations [1]. One target of the agenda includes the protection and promotion of
human well-being and health status. In this context, biomaterials science has contributed to
the development of new and/or superior therapeutical technologies in collaboration with
other fields of science, including materials science, chemistry, biology, physics, engineering,
pharmacy, and medicine.

According to a consensus conference supported by the International Union of Societies
for Biomaterials Science and Engineering held in Chengdu, China, in 2018, the biomaterial
is “a material designed to take a form that can direct, through interactions with living systems,
the course of any therapeutic or diagnostic procedure” [2]. Hence, biomaterials include not
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only long-term medical implants such as heart valves or artificial joints but also materials
on the nanoscale used for drugs, vaccines, gene delivery, tissue engineering and imaging
contrast [3]. A biomaterial must show biocompatibility, a property defined as “the ability of
a material to perform its desired functions with respect to a medical therapy, to induce an appropriate
host response in a specific application and to interact with living systems without having any risk of
injury, toxicity, or rejection by the immune system and undesirable or inappropriate local or systemic
effects” [2]. Emphasis should be placed on the fact that the biocompatibility of a material
depends on the host response in a specific application or situation, which means that the
classification of a material as biocompatible deserves the specification of the application
evaluated.

The application of biomaterials has highlighted their substantial role among phar-
maceutical and medical strategies in the enhancement of quality of life. Considering the
chemical composition, biomaterials are classified as metal, ceramic, polymer, or a mixture
of them (Figure 1), i.e., a composite, defined by IUPAC (International Union of Pure and
Applied Chemistry) as a “multicomponent material comprising multiple, different (non-gaseous)
phase domains in which at least one type of phase domain is a continuous phase” [4]. Furthermore,
if “at least one of the phase domains has at least one dimension of the order of nanometers”, the
material is classified as a nanocomposite [4]. Biomaterial-based products are commercially
available as, for instance, polymeric microspheres for hormone therapies [5].
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Figure 1. Classification of biomaterials by chemical composition. Materials having two or more
phases are nominated (nano)composites. Biomaterials can have several properties guiding a particular
application.

Figure 1 indicates some properties of biomaterials, which diversity and complemen-
tarity allow combining phases of dissimilar chemical classes and length scales to obtain
biomaterials showing improved or new physicochemical, mechanical and/or biological
properties (i.e., synergic effects). Nature produces (nano)composites like bone and wood in
a sophisticated hierarchical design [6], demonstrating concepts that inspire the scientific
community and induce technological progress in diverse fields: biomedical, packing, textile,
and aerospace, being fundamental to engender (nano)composites. In this way, biomaterials
based on (nano)composites for pharmaceutical and biomedical applications should be
tailored to match the properties required to reach the therapeutic goal. For instance, a
pacemaker’s case of polymeric material is more suitable than the metal one because it is
lighter and more resistant to corrosion [7]. For the rehabilitation of ligament injuries, this
fibrous tissue can be repaired using a biodegradable composite of polylactic and hyaluronic
acid esters. Issues related to sustainable processes of fabrication and social-economic
cost-benefit also should be addressed when engendering biomaterials.

Over time, the properties required from a biomaterial have evolved from bioinerts
(first generation), usual single-phase materials such as implants of titanium, to biorespon-
sives and bioresorbables ones (second generation) as bioglasses, to bioactive materials that
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provide biochemical stimuli (third generation), modulating the cell response (proliferation,
migration, and differentiation) at the molecular level [8,9]. Considering the complexity
of the desired properties, multifunctional (nano)composites are appropriate materials to
accomplish such goals. They can combine the properties of the therapeutic agent as, for
instance, antibacterial, antineoplastic, or antioxidant, promoting synergic effects. Fur-
thermore, the materials should be responsive to intrinsic or external stimuli, triggering a
specific biofunction. The material identifies a signal that can be a chemical, physical or
biological/physiological stimulus such as, for instance, pH value, temperature, humidity,
light, sound, electricity, magnetism, stress, reactive oxygen species (ROS), or enzyme activ-
ity [10,11]. Nowadays, materials with such properties are called "smart materials" or "smart
devices", which include emerging materials (fourth generation) that recognize a particular
disease in the beginning, revealing and treating it before any injury. The accomplishment
of the fourth generation of biomaterials involves the concept of biomaterialomics: the ma-
terials” design is based on the structure-property-functionality correlation extracted from
experimental methods, advanced manufacturing, computational approach, database, and
informatics tools [8].

This review focused on versatile biomaterials based on nanocomposites comprising a
class of layered inorganic nanoparticles and natural or synthetic organic polymers aiming
for drug delivery and tissue engineering purposes (Figure 2). Inorganic polymers, defined
by IUPAC as “polymer or polymer network with a skeletal structure that does not include car-
bon atoms”, which comprise polyphosphazenes, polysilicates, polysiloxanes, polysilanes,
polysilazanes, polygermanes, polysulfides etc. [4], are out of the scope of this review work.

Biomaterial-based
Delivery Systems

pomv.s

NANOCOMPOSITES

Biomaterial-based
Tissue Engineering
strategies

Figure 2. Biomaterials-based nanocomposites focused on this work: 2D nanomaterials and organic
polymers.

The term tissue engineering is employed here in a comprehensive manner as a discipline
that seeks to repair, replace or regenerate tissues or organs by translating fundamental knowledge
in physics, chemistry and biology into practical and effective materials or devices and clinical
strategies [12]. The inorganic material belongs to the class of layered double hydroxides
(LDHs), whose structure and properties will be introduced ahead. Between the layers,
LDHs can intercalate or confine simple anions (such as carbonate, nitrate, or chloride) or
organic ions, metal complexes, and biopolymers, for instance. Since 2000, research works
about the intercalation of drugs have addressed the development of drug delivery systems
(DDS), as well as investigations to access the LDH biocompatibility [13].

In this work, the drug term was used in a broader meaning: a substance that has
recognized therapeutic properties based on reported scientific investigations although not
necessarily recognized in an official pharmacopeia for use as a medication. Moreover, the
term hybrid material was employed as defined by IUPAC: “material composed of an intimate
mixture of inorganic components, organic components, or both types of component. The components
usually interpenetrate on scales of less than 1 ym” [4].
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The studies about organic-inorganic hybrid materials in which the organic phase is a
drug intercalated into the LDH inorganic phase (structural organization at the nanoscale)
were not emphasized in this present review unless the hybrid material is dispersed in an
organic polymeric phase. Several good review papers were published about drug-LDH
nanohybrids [14-25].

2. Properties of Organic Polymers to Attend Pharmaceutical and Medicinal Applications

As shown in Figure 1, a biomaterial is classified as metal, ceramic, polymer, or a
mixture of them. Some advantages of polymers are recognized compared to the other two
types of materials: they can have several chemical compositions, different crystallinities and
densities, and be molded with different shapes [26]. Consequently, their physical, chemical,
mechanical and biological properties are more easily changeable according to the end
application than metal or ceramics. Concerning the interest of polymers for pharmaceutical
and medicinal issues, they have been applied in tissue engineering, DDSs, gene therapy,
and bioimaging. Synthetic polymers obtained by controlled and reproductive processes and
with a high level of purity to avoid unsafe effects seem to be more appealing than natural
polymers. Both classes of polymers can be degradable or not, hard or soft, thermoplastic or
thermosetting, swellable, hydrophilic or hydrophobic, among other properties, permitting
a broad option of materials to line up with the expected application. For tissue engineering
applications, biodegradable polymers are requested, which include polymers of natural
origin such as the polysaccharides chitosan (CS) and pectin, biotechnological products such
as poly(lactic acid) (PLA), and petrochemical-based polymers as polycaprolactone (PCL),
polyethylene glycol (PEG) (see their structures in Figure 3) [27].
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Figure 3. Chemical structures of some natural and synthetic organic polymers are used to develop
biomaterial-based delivery systems and biomaterials for tissue engineering.

Polymers are also used as nanocarriers in DDSs: capsules having the drug dissolved or
dispersed in the core or solid spheres. Usually, encapsulated species are controlled and re-
leased by diffusion, external stimuli, swelling, degradation, or chemical bond cleavage [28].
Besides the natural polymers CS and dextran, PLA and PCL, carriers from polyvinyl
alcohol (PVA), PEG, polymethacrylates (commercial Eudragit class), and thermoplastic
polyurethanes find application in DDS (structures shown in Figure 3).

Hydrophilic polymer (or co-polymer) can form a gel, defined as a "non-fluid colloidal
network or polymer network that is expanded throughout its whole volume by a fluid. A gel can
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contain a covalent polymer network, e.g., a network formed by crosslinking polymer chains or by
non-linear polymerization; a polymer network formed through the physical aggregation of polymer
chains caused by hydrogen bonds, crystallization, Helix formation, complexation, etc., that results
in regions of local order acting as the network junction points” [4]. Gels are molded in different
aspects (micro- or nanoparticles, films, monoliths etc.), are stimuli-responsive (for instance,
thermoreversible gel, which swollen is controlled by temperature variation), and can be
nonionic, ionic, or amphoteric [29]. They present different swelling grades, being those
with high levels (90-99.5%) are more biocompatible and preferred for medical applications.
Hydrogels are appropriate to produce scaffolds for tissue engineering because they retain a
high amount of water, have elevated porosity, and are easily molded in different shapes
and sizes or directly injected into specific sites, i.e., they show ideal properties for cell
growth and secretion of cellular matrix [30]. For bone formation, hydrogels should have
a pore size in the range of 200400 um, while a pore size between about 90-200 pm is
more appropriated for cartilage formation. The level of the hydrogel degradation (degrad-
able, semi-permanent or permanent) depends on the application, type of injury etc. The
biodegradable polymers used in hydrogels are homopolysaccharides (cellulose, starch etc.),
heteropolysaccharides (CS etc.), peptides/proteins (gelatin, albumin, silk etc.), and deoxyri-
bonucleic acid (DNA) and ribonucleic acid (RNA) [29]. Among the synthetic polymers,
non-biodegradable (2-hydroxypropyl methacrylamide; poly(ethylene glycol) monoacrylate
and biodegradable (PEG) polymers are used as hydrogels. The physicochemical properties
of hydrogels can be enhanced if composed of natural and synthetic polymers because they
align the advantages of each class of macromolecules (for instance, the hybrid hydrogel can
respond in vivo to biological signals or remote triggers) [29]. Besides tissue engineering,
hybrid hydrogels are applied for drug-controlled release, wound dressing, and ophthalmic
lenses, among other uses.

Some characteristics of polymers used in pharmacy and medicine should be high-
lighted. Chitosan (and its structure-modified derivatives) has antimicrobial properties,
immunostimulant effects, hemostatic function, antitumor and anti-inflammatory activi-
ties [31]. The polymer is obtained from crustaceous, and samples with low mass weight
usually have the best bioactivity. Physical and mechanical properties of CS-based polymers
permit their processing by several methods, manufacturing films, hydrogels, microparticles
or nanofibers; CS-based health materials are available in the market. When applied to
the production of hydrogel scaffolds for bone and cartilage regeneration, CS is associated
with other polymers to reach the expected mechanical strength [30]. Equally CS, pectic
polysaccharides have several similar pharmacological properties but show higher structural
complexity [32]. They are obtained from plants (for instance, apple or lemon peel and
sugar beet), which means effective accessibility. Pectin-based polymers can be used as DDS
molded as beads, films, or gel capsules. Pectin forms gel in acidic media is dissolved in
basic media, and can be chemically modified by reactions involving carboxylic and alcohol
groups, for instance, promoting changes in its formal charge, degree of esterification, and
molecular mass [33].

PEG is a synthetic, amphiphilic, and water-soluble polymer composed of ethylene
glycol units [34]. It is a polymer of choice due to its low toxicity, biological inertness, and
versatility. Plenty of PEG with different molecular mass and size chains, as well as PEG
derivatives and co-polymers, are available for DDS and pharmaceutical purposes. It is note-
worthy that the physicochemical properties and therapeutic efficiencies of PEG are highly
dependent on its molecular weight. The surface modification of nanoparticles is achieved
by PEGylation (grafting) through covalent or non-covalently linkage with PEG assuming
different conformations and packing degrees according to the preparation method [34].
The polymer provides steric stability to nanoparticles, improving the pharmacokinetics
and pharmacodynamics of drugs by avoiding or attenuating immunogenicity (escape the
immune defense system) and antigenicity, combined with the improvement of the drug
residence time and biodistribution. Formulations handled by oral, topical, and intravenous
administration routes are reported, but the maximum dose to be administered is variable.
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A set of United States Food and Drug Administration (FDA)-approved therapeutic for-
mulations constituted by PEG are available in the market to treat different diseases and
illnesses [34,35], and it is also used as an excipient of SARS-CoV-2 Virus (COVID-19) vac-
cines [36]. Despite this, anti-PEG antibodies were noticed in the population that received
the treatments, which can accelerate the drug/therapeutic clearance [34,35]. However,
hypersensitivity and anaphylactic shock are some side effects that are rarely reported.

Commercial Eudragit® polymers belong to the synthetic polymethacrylate class, and
their properties depend on the substituent groups R in the carbon chains (Figure 3) [37].
They can be neutral, anionic, or cationic; the presence of carboxyl or amine groups allows
the polymer solubilization in different pH ranges by protonation/deprotonation reactions,
suitable for enteric coating applications. Some Eudragit® samples are insoluble and exhibit
pH-independent swelling properties; they are used for the development of sustained DDS
materials. Thermoplastic medical-grade polyurethanes are used in commercial products:
vaginal rings, stents, breast implants, heart valves, pacemaker leads, and also in medical
thin-walled tubes and vascular catheters [38,39]. The chemical structure of polyurethanes
combines hard (isocyanate end-groups) and soft (carbon chains with hydroxyl end-groups)
segments, responsible respectively for the mechanical resistance and elastomeric behav-
ior [40]. The unique structure of polyurethanes provides properties such as resistance to
abrasion, durability, chemical stability and easy processability. The chemical composition
of polyurethanes permits the classification of them as biostable or biodegradable. The
last category is incorporated into DDS biomaterials. Polyurethanes are also employed to
produce scaffolds for tissue engineering.

As mentioned above, to improve the properties of the polymers (or co-polymers)
and add functionalities, their bulky surfaces can be modified to increase, for instance,
wettability, biodegradability, bioavailability, cell adhesion, and cell internalization [41,42].
Through organic chemical reactions (amide or ester bonds formation, click chemistry, ring-
opening etc.), some moieties can be anchored to the carbon chains making the polymer more
hydrophobic or hydrophilic, bioactive, selective etc. The surface of polymers for health
applications can be linked to antimicrobials, antioxidants, and/or cell surface receptors
(also known as a ligand, exemplified by growth factors, neurotransmitters etc.). Polymer
chains can also be attached to inorganic polymers as polysiloxanes.

3. Properties of Nanoparticles to Attend Pharmaceutical and Medicinal Applications

The search for more effective therapies than the traditional ones requires multidisci-
plinary studies in order to develop drugs with less toxicity and greater selectivity and/or
pharmaceutical formulations that provide bioactive species with greater chemical stability
and solubility. Moreover, administration in smaller doses and modified release are wel-
comed attributes to reduce side effects. With the advent of nanoscience and nanotechnology,
pharmaceutical formulations are increasingly focusing on systems of organic or inorganic
nature for the transport or loading of bioactive species that serve the area of nanomedicine.
Nanomedicine involves materials on a submicrometer scale, smaller than the dimensions of
cells, which have medicinal effects resulting from their unique physicochemical properties
in relation to their analogues with larger dimensions (not in the nanometer scale) [43].
These nanoparticles can be used not only in therapies but also in laboratory or imaging
diagnosis.

Several types of particles of nanometric dimensions for therapeutic purposes can be
engineered to achieve the desired performance in the body. As Figure 4A illustrates, carriers
with different physicochemical characteristics are possible, such as chemical composition,
size, shape, and porosity, as well as intrinsic surface properties or those modified by
functionalization (hydrophobic or hydrophilic, neutral, or electrically charged etc.) [44].
Such characteristics influence biocompatibility, transport, biodistribution, modulation of
the immune response and recognition of the nanomaterial by specific sites in the live
organism. The design of nanometric carriers also allows for promoting the release of
bioactive species through internal or external stimuli, as mentioned before in this text [45].
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Thus, nanomedicine can be considered as the application area of nanotechnology in health
and medicine.
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Figure 4. (A) Variable chemical and physical parameters considered in the design of the nanoparticles;
(B) Nanoparticles can have different chemical natures, shapes, porosity, dimensionality etc.

Despite only a few decades of existence, nanomedicine has impacted the health area
with approximately 200 products (approved or under clinical investigation), which include
therapeutic species, agents for in vitro or imaging diagnosis, and medical devices. The
first “nano-formulation” approved by the FDA in 1995 is known as Doxil™, a liposome-
based formulation as an antitumor drug carrier [46]. Currently, formulations containing
drugs inserted in nanoparticulate micelles of the biodegradable poly(ethylene glycol)-
poly(D,L-lactide) co-polymer (Genexol-PM™) are also approved. Still, regarding polymeric
micelles as carriers, cisplatin encapsulation in a formulation denominated Nanoplatin™
demonstrated its effectiveness in reducing side effects such as nephro- and neurotoxicity.
Among the inorganic nanoparticles, the superparamagnetic iron oxide coated with dextran
(called Sienna+) was released by the European Commission in 2011 for local administration
in the diagnosis of breast cancer by sentinel lymph node imaging [46].

Figure 4B shows examples of organic carriers such as liposomes, polymers, and pro-
teins, together with carriers of spherical (metal gold), tubular (carbon nanotubes), or layered
(clay minerals) structures. In some particles, drugs are attached to the external surface,
while in other ones, therapeutic species are in porous vehicles or in structures designed
core-shell, in which one phase is recovered by another, and the drugs can be dispersed
in one of them or in both, promoting dual kinetic release profile. Hence, the options of
nanocarriers are vast, and their design can be chosen to adjust to the administration route
and therapeutic goal.

In the process of intravenous administration of non-particulate drug carriers, one of
the biggest problems is the aggregation that occurs in a biological environment. Thus, a
major challenge is to find methodologies for obtaining nanocarriers with a low degree of
aggregation. Recently, the possibility of using the corona effect of proteins in the stabiliza-
tion of nanoparticle dispersions in the body has been explored [47]. Studies with albumin
and LDH intercalated with chloride, heparin, methotrexate (MTX) or dodecylsulfate ions
concluded that this protein has the potential capacity to keep LDHs disaggregated in
conditions close to those of the biological environment for the transport and internalization
of drugs confined in this inorganic carrier [48-50].

Aiming to prepare nanocomposites, the nanoscopic dimensions of the particles pro-
mote a huge interfacial region between them and the polymer, consequently fostering
uncommon physical, chemical, and mechanical properties when compared to conventional
materials in which microscopic particles are dispersed in the polymer [51]. As mentioned
forward, the surface of nanoparticles can be modified to improve its compatibility with the
polymeric phase, avoiding aggregates of nanoparticles in the organic phase. Hence, the
homogeneous dispersion of nanoparticles within the organic phase plays a pivotal role in
the preparation of nanocomposites.
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4. Preparation of Polymer/Nanoparticles (Nano)Composites to Attend Pharmaceutical
and Medicinal Applications

Polymer nanocomposites have significant potential in the treatment of cancer and
diabetes, among other diseases, and in their diagnosis [52]. The preparation of polymer
nanocomposites involves different methods in which characteristics and setting parameters
impact the performance of the materials, for instance, mechanical properties, chemical
decomposition, gas permeability, the release rate of therapeutic agents, and cell adhe-
sion [52]. Basically, the methods are divided into two approaches: (i) one phase is produced
in the presence of the other one (such as the polymerization of the organic monomers in
a media containing the other phase) [53], or both phases are produced concomitantly (in
situ composite formation) [54], and (ii) the phases are produced separately and mixed (ex
situ composite formation) [55], using methodologies suitable to specific characteristics of
each phase (solubility, thermal stability etc.) and the looked-for morphological feature.
Some polymers can also be produced by microorganisms, i.e., a biosynthetic process, in the
presence of the other phase as bacterial cellulose in a medium with graphene oxide [56].

Considering the biomaterials highlighted in this work, the discussion will focus on
the preparation of nanocomposites based on organic polymer and inorganic nanoparticles
(nanofillers), which main methods are pointed out in Figure 5, as well as the shapes or forms
of nanocomposites that guided to different morphological features. Several techniques
are promising for the preparation of nanocomposites comprising inorganic nanoparticles
and organic polymers, such as solvent casting, electrospinning, electrospray, supercritical
CO,, spray drying, sol-gel transition, ionotropic gelation, 3D-printing, freeze-drying. These
methods are briefly described ahead.

Monomers polymerization | Solvent-casting
in the presence of dispersed

inorganic particles

Electrospray

in situ composite POLYMER/INORGANIC ex situ composite

PARTICLES Electrospinning
Forn:latlo.n of the inorganic formation| (NANO)COMPOSITE | formation F———
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the polymer ) ’ Extrusion
Biosynthesis of the polymer Supercritical CO,
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F i | . .
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! Freeze-drying

would dressing, transdermal patch, sealant, microneedle patch, particle depot, implant,
injectable device, hydrogel, scaffold

Figure 5. Experimental approaches to produce nanocomposites based on organic polymer and
inorganic nanofillers: in situ methods (left side) and ex situ methods (right side).

The solvent evaporation or casting method [57,58] consists of a simple and cheap tech-
nique for membrane preparation and is an alternative to more complex methods, such as
electrospinning or extrusion, for instance. By this method, a polymer solution or suspension
is spread on a substrate. After solvent evaporation under ambient or controlled pressure,
humidity, and temperature conditions, polymer precipitates, generating the polymeric
membrane. The casting method has been widely employed for the preparation of a variety
of polymer/LDH composite membranes from natural or synthetic polymers [59-65].

Electrospraying and electrospinning techniques allow particle and fiber deposition,
respectively, which can be done by means of the same experimental apparatus. Both
techniques are based on the application of a high voltage electrostatic field charging a
particle’s suspension or the surface of a polymer solution or suspension, respectively,
pumped through a small needle leading to the ejection of the liquid jet towards a conduc-
tive collector [66]. During the electrospraying process, the solvent evaporates, and the
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electrospray particles can homogeneously cover the surfaces. Concerning electrospinning,
when a strong electric field is established between the metallic needle and the collector,
the droplet exiting the needle can take the shape of the so-called Taylor cone, from which
the charged jet is propelled, elongates, and solidifies; a nonwoven mat is then formed by
the dried fiber, which usually has an average diameter ranging from tens of nanometers
to a few micrometers [67]. Operational conditions such as the tension and the distance
between the needle and the collector, the average molecular weight of the polymer and
concentration, the viscosity of the solution, and the vapor pressure of the solvent have to
be adjusted to allow proper Taylor cone and subsequently fibers formation [68].

Electrospun membranes find applications in diverse areas, such as the food industry
and agriculture [69], electrochemistry for energy storage [70], and medicinal device devel-
opment. In this last field, wound healing purpose has to be highlighted because electrospun
nanofibrous mats mimic the extracellular matrix (ECM) components and enable cell growth
and differentiation [71]. Fibers possess a high surface area/volume ratio and high porosity,
able to create nutrient gradients [68]. Thus, the polymer matrix by itself is promising to
be applied as wound dressings or implantable devices, supporting damaged tissues and
improving tissue regeneration. Polymer/LDH electrospun membranes are usually pre-
pared via the introduction of particles inside the polymeric fibers. This design is obtained
by suspending LDH in the polymer solution, which is further electrospun [72]. Such an
approach frequently leads to the formation of beads by increasing the LDH percentage,
turning fibers less homogeneous. Alternatively, LDH electrospraying can be combined
with polymer electrospinning allowing higher content of LDH particles [73].

Likewise described to electrospinning, the rotary jet spinning method produces cen-
trifugal spun fibers. In the center of a circular structure, a polymer solution or melt polymer
passes through the nozzle of a rotary spinneret whose fly towards vertical collector bars,
positioned at the border of the circular structure, conducts the deposition of fibers [74].
This technique allows the building of hollow 3D structures that could mimic body cavities,
for instance. As an advantage, rotary jet spinning industrial scaling is feasible.

Extrusion consists of applying shear stress in a material at room temperature or under
heating (hot-melt extrusion), polymer or polymer suspension, and passing through a
fixed cross-sectional profile. Due to the pressure employed in the process, the stability
of the formulation is critical and must be controlled to avoid component degradation.
Hot-melt extrusion is a technique widely employed in the pharmaceutical field for the
production of polymer DDSs (for instance, polyurethanes and Eudragit®) covering several
administration routes [37,75]. It is needed to be aware that the applied temperature can
modify the bioactive species, compromising its bioactivity. Considering that LDH particles
are great candidates as nanofiller, as reported in the literature [76,77], its application in the
preparation of biomaterials based on nanocomposites by extrusion is suitable.

Supercritical CO; is an alternative method to replace organic solvents used as reaction
media, processing, and dispersant agents by using eco-friendly CO,. Supercritical fluids are,
in general, obtained by employing a temperature and pressure above the thermodynamic
critical point of a substance. Supercritical substances show solvation diffusivity properties,
which can be tuned by adjusting pressure and temperature. Usually, CO; is the ideal
substance for supercritical solvents and reaction medium in polymerization reactions,
since it is less toxic than organic solvents and does not present oxidant properties such
as water [78]. Supercritical CO, was promising for surface-modification processes due to
its low viscosity, inert behavior, and absence of superficial tension for the development of
structure nanomaterials and was already employed for the preparation of polymer/LDH
foam composite [79].

Spray-drying allows the preparation of uniform spherical particles and capsules with
a rapid processing time [80]. In this method, a precursor liquid is conducted to a piece
of atomizer equipment for aerosol formation through a temperature-assisted evaporation
process. Then, droplets are directed to a conversion chamber via a carrier gas flow, where
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droplets undergo evaporation and solute condensation, forming porous particles. LDH
particles can be directly atomized or previously combined with a polymer [81,82].

Sol-gel transition can be applied for LDH thin film formation and also for the prepara-
tion of polymer/LDH composites [83]. In this method, a colloidal dispersion acquires a gel
state through hydrolysis followed by condensation [84]. Hydrolysis can be described by
Equation (1), in which the alkoxide group bonded to a metal (usually a transition metal)
is cleaved and substituted by the-OH group. After condensation (Equation (2)), O-M-O
bounds are formed. M**(OR)y species can be employed for the synthesis of LDH particles
with narrow particle size distribution and small size. Residual alkoxide groups could
potentially participate in polymer synthesis or curing, allowing great compatibility of
LDH-charged particles with hydrophobic polymers.

M(OR); + H,O — HO-M(OR); + ROH )

(OR)3sM-OH + HO-M(OR); — (OR)3sM-O-M(OR); + H,O @)

Ionotropic gelation is a technique for the preparation of nano or microparticles from
the electrostatic interaction between two ionic species in an aqueous medium and under
certain conditions in which at least one of the species is a polymer. Polymers such as CS,
alginate, collagen (COL), gelatin, hyaluronic acid (HA), and well as mixtures of polymers
have been studied. In this sense, small charged molecules and/or ions conduct to the
gel state and get effectively encapsulated in the polymeric matrix, which is particularly
interesting in the case of drug immobilization [85]. Subsequently, a drying process can be
applied, resulting in a powdered product. LDH particles may be added to the polymer
solution being entrapped through gel formation [86].

3D-printing is a broad and versatile technique used for the manufacture of polymeric
materials, but it is not restricted to them; it is also used for the preparation of ceramic and
metallic materials. It consists in building objects from the deposition of superimposed
layers, as illustrated in Figure 6, based on a three-dimensional model created on a computer.
The technique stands out for the diversity of shapes that can be printed, including porous
structures whose types of pores and porosity can be controlled, along with the possibility
of customizing the materials, pondering the application site, and the function to be per-
formed [87]. When biological species such as cells, growth factors, DNA, or biomaterials
(i.e., species with bioactivity) are employed for the object’s preparation, the term bio-printing
is used. 3D-printing can be used to coordinately deposit LDH particles in the constructive
layers of the objects [88], or LDH particles can be embedded into a polymeric ink [89].

MULTILAYER COMPOSITES BASED ON Spin-coating

; POLYMER/INORGANIC PARTICLES Aerosol assisted

N A v Alternating

electrospray and
electrospinning

Organic polymer—> i

Inorganic nanoparticles —

3D-printing

Organic polymer—>|_

Figure 6. Multilayer composites are obtained by methods that alternate de phase’s deposition to form
an object.

Freeze-drying is a process where a frozen solution or suspension is submitted to a
low-pressure condition, causing solvent(s) removal through sublimation leading to the
formation of porous structures, promising for health and tissue engineering [90]. The
porous size is influenced by the freezing temperature. The technique allows the prepa-
ration of polymer/inorganic particle composites from water- or organic solvent-based
suspensions. Especially for water-based suspensions, a dispersant is necessary to stabilize
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particles. Emulsions have also been applied as templates to prepare porous material by the
polymerization of monomers present in the continuous phase with subsequent removal of
the solvent from droplets. LDH and other inorganic particles can be added to a polymer so-
lution prior to freeze-drying originating polymer/LDH composites [91,92]. This technique
also allows the preparation of polymer nanofibers from diluted polymer aqueous solutions;
then, fibers can act as templates for the preparation of hollow microtubes from inorganic
particles [90].

As mentioned above, some techniques allow depositing layers with different chemical
compositions and/or phases. Besides electrospraying (associated or not with electrospin-
ning) and 3D-printing, spin-coating [93] and aerosol-assisted [94] methods promote the
development of multilayer composites, as illustrated in Figure 6. These categories of pro-
cessing permit better control of the materials” properties since different polymers can be
used, as well as nanoparticles with distinct functionalities. Consequently, the surface can
allocate a drug for fast release, whereas the adjacent internal layers can have a therapeutic
payload for long-term release. The design of multilayer composites is flexible and very
valuable for the development of biomaterials based on nanocomposites.

The characterization of polymer/inorganic particles nanocomposites involves several
techniques but mostly wide-angle X-ray diffractometry (XRD), small-angle X-ray scattering
(SAXS), scanning electron microscopy (SEM), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDS or EDX), atomic force microscopy (AFM),
microcomputed tomography (micro-CT) imaging, thermogravimetric analysis (TGA), dif-
ferential scanning calorimetry (DSC), vibrational infrared (IR) and Raman spectroscopies,
ultraviolet-visible (UV-VIS) spectroscopy (absorbance and transmittance), solid-state nu-
clear magnetic resonance (NMR) spectroscopy, X-ray photoelectron spectroscopy (XPS),
measurements of mechanical properties (tensile strength, Young’s modulus, toughness,
flexibility, viscoelasticity etc.), water contact angle, swelling assessment, and gas barrier
behavior. Other techniques are used in less extension because it depends on the nature of
the individual phases, for instance, Mossbauer spectroscopy and electron paramagnetic
resonance. Considering the usage of nanocomposites in pharmacy and medicine, other
characterization assays should be selected to attest to their biocompatibility and therapeutic
effectiveness.

5. Layered Double Hydroxides: Structure, Physicochemical Properties, Biocompatibility

LDHs comprise a class of natural and synthetic materials characterized by a layered
structure (two-dimensional /2D organized materials) that can sandwich some species be-
tween the layers. Hence, this class of materials belongs to the huge group of intercalation
compounds, jointly with graphite, clay minerals, and transition metal dichalcogenides,
which interlayer nanospace confines a sort of guest species (from molecules to nanopar-
ticles or biopolymers) depending on the chemical nature of the 2D material [95]. The
intercalation process enhances the properties of the host and/or of the confined guest (e.g.,
(photo)chemical stability or mechanical strength) as well as may engender new properties
(electrical conductivity, for instance). LDHs, in particular, have positively charged layers
that are neutralized by the presence of negatively charged interlayer ions, and the general
formula [M2+(1,X)M3+ x(OH)21(A"7)y4,-zH0 (M is a metal ion and A is an ion with charge
n; water molecules in the interlayer space establish a net of hydrogen bonds among them,
the hydroxylated layers and the intercalated anions) [96].

Minerals of the following ideal composition were identified among others:
[MgsAl,(OH)16]CO3-4H,0 (hydrotalcite), [MggFes(OH)14]CO3-4H,O (pyroaurite),
[NigAl,(OH)14]CO3-4H,0 (takovite), [ZngAl,(OH)12]CO3-3H,0 (zaccagnaite), and
[CagAlp(OH)12]SO4-6H0 (kuzelite) [97]. LDHs are also known as hydrotalcite-like com-
pounds and are usually abbreviated as M?>*gM?3*-A, where R is the molar ratio between the
di- and trivalent cations. Synthetic analogous can be prepared with high chemical purity
and as a single crystallographic phase (often if 0.20 < x < 0.33 or R = 2, 3 or 4) by diverse
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methods, some of them of low-cost and under mild conditions (water medium at room
temperature and pressure), as reported in the literature [13,98-100].

The LDH layers are formed by [M(OH)g] units containing hydroxide ions in the
vertices coordinated to M?* or M3* cations in their centers (Figure 7A). The edge-sharing
among octahedra forms layers in which each hydroxide anion is coordinated to three metal
cations as a bridging ligand (u3-OH) (Figure 7B) [97]. Each layer can be seen as a closed-
packed array of two sheets of hydroxide ions with M"™* cations filling all octahedral sites.
Considering the plane of edge-sharing [M(OH)s] units, the sequence of the layers stacking
(a face-to-face arrangement) is not the same, yielding several polytypes [101]. Usually,
synthesized LDHs present a polytype with three layers that are related to one another by
translations of 1/3 and 2/3 in the a,b plane, as shown in Figure 7C. Hence, the unit cell of
such polytype has three layers (rhombohedral structure) or three interlayer regions, and
the eclipsed arrangement of hydroxide ions in adjacent layers creates prismatic sites in
the interlayer region (Figure 7D). The basal spacing of LDHs is determined by the size
of the intercalated payload, their negative electric charge, and the arrangement assumed
in the nanospace (for instance, parallel, perpendicular, or tilted arrangement of guests in
relation to the layers; monolayers, bilayers, multilayers, or interdigitated organization of
guest species).

[M(OH),] unit

MZ+/|v|3+

M2 = Mg, Zn, Ca, Cu, Mn, Co, Ni
M3+ = Al, Fe, Ga, Co, Cr
(A)

Superlor pIane«—

=3¢

¢ =dy,

Interlayer region

Basal spacing

cTa_) 3R, polytype
(D)

Figure 7. LDH structural aspects: (A) [M(OH)g] units, (B) edge-sharing among octahedra, (C) se-
quence of the layers stacking and (D) face-to-face arrangement of the layers. Uppercase symbols A, B,

and C represent hydroxide ion positions; P indicates a prismatic site.

The small thickness value of the LDH layer (less than 0.5 nm) confers to this material
the classification as a nanomaterial, defined by the European Union as "a natural, incidental
or manufactured material containing particles, in an unbound state or as an agqregate or as an
agglomerate and where, for 50% or more of the particles in the number size distribution, one or more
external dimensions is in size range 1-100 nm” [102]. The divalent and trivalent metal cations
that form the layers have crystal ionic radii close to the values for magnesium (0.0860
nm) and aluminum (0.0675 nm) values to fit in the octahedral hole, stabilizing the layer
structure [13]. The isolation of LDH having three (ternary) or four (quaternary) different
cations is also possible, which opens the opportunity to insert endogenous bioactive metal
cations in safe amounts in the intralayer sites (e.g., antimicrobial gallium ion) or doping it
with a cation appropriate for diagnosis by imaging (e.g., paramagnetic gadolinium ion).
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The anions intercalated into LDH can be simple inorganic ions (carbonate, chloride,
sulfate, nitrate etc.) [96], organic ions (terephthalate, dodecylsulfate etc.) [103,104], poly-
mers (carboxymethylcellulose (CMC), alginate etc.) [105,106], drugs (anti-inflammatories,
anticancer drugs, antibiotics, antihypertensive, anti-diabetes etc.) [22,24], vitamins (vitamin
C, folic etc.) [107,108], phytochemicals (curcumin, coumaric, abietic, norbixin) [109-112],
and nucleotides (DNA and RNA) [14-25], as represented in Figure 8. Hence, by combining
different metal cations, stoichiometries and intercalated species, a huge number of LDH
materials can be engendered to attend to pharmaceutical and medical needs.

Fooe AN
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molecules polymers macromolecules

Inorganic anions
intercalatedinto LDH  Organic-inorganic hybrid materials: organic anions intercalated into LDH

Figure 8. LDH materials can be intercalated with inorganic or organic anions to neutralize the layer’s
charge.

LDHs are synthesized by different methods categorized as direct or indirect meth-
ods [13,15,96,98,99]. Direct synthesis methods are also known as one-step methods, for
example, coprecipitation, while indirect synthesis methods involve more than onestep, such
as anion exchange, anion exchange by regeneration of calcined material, and exfoliation-
reassembling process. Most studies have used the coprecipitation or ion exchange method.
The first method permits the formation of hydroxylated layers in the presence of the species
to be intercalated, as shown in Equation (3) for the preparation of hydrotalcite:

6Mg§a+q )+ 2A1§a+q) +160H ) + CO3, o~ [MggAL(OH)14]COs) @)

Coprecipitation is a self-assembling process, and organic anion can affect the morphol-
ogy and size of the hybrid particles, for instance, the drug sulindac, attested by electron
microscopic techniques and XRD data [113]. Usually, magnesium, zinc and aluminum are
the cations chosen for DDS preparation, and Mgr Al-LDH presents small particles and
less crystalline materials than the analogous Zng Al-LDH independent of the inorganic or
organic nature of the anion in the synthetic medium to be intercalated [114].

Materials 2D can be exfoliated, i.e., can undergo a “process by which the layers of a
multi-layered structure separate” [4] and this property is useful to prepare a colloidal dis-
persion of anisotropic nanoparticles for intravenous injection or to obtain nanoparticles
dispersed in polymer nanocomposites for other routes of administration. LDH materials
can be exfoliated in organic (DMF, formamide, butanol and xylene) or water solvent under
ultrasonic treatment or mechanical stirring [115-117]. The exfoliation in water requires the
presence of intercalated species (e.g., formate, acetate, and lactate) to swell the interlayer
space and promote the separation of the layers. The exfoliated dispersion in a solvent can
be mixed with a solubilized polymer or with its monomer followed by the polymerization
process. Additionally, the nanocomposite can be achieved by melting the polymer if the
thermal stability of LDH allows it.

Nanocomposites films of PVA/LDH [118] or PCL/LDH [119], both biocompatible and
biodegradable polymers, were prepared, respectively, from a dispersion of the inorganic
particles in water and from the dispersion of the inorganic phase into PCL by a high
energy ball milling. In another example, polyacrylamide(PAM)/MgrAl-LDH hydrogel
was prepared by the exfoliation of MgrAl-isethionate in water with posterior in situ
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polymerization of acrylamide in the presence of an initiator and an accelerator [120], as
represented in Figure 9A.
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Figure 9. Schematic representation of methods used for (A) preparation of PAM/MgrAl-LDH
hydrogel by in situ polymerization; AM: acrylamide; APS: ammonium peroxydisulfate; TEMED:
N,N,N’,N'-tetramethyl-ethylenediamine (reprinted from Wu and Chen [120] with permission of
Wiley-VCH GmbH) and (B) PEGylation of LDH nanolayers (reprinted from Cao et al. [121] with
permission of Elsevier Inc.).

Single layers are suitable for polymer/LDH nanocomposite preparation, but they can
be obtained by routes distinct from exfoliation. Yu et al. [122] reported a “bottom-up"
method to produce single layers of LDH with plate-like morphology, with average lateral
size ranging between 25-50 nm and thickness of 0.8 nm, noticed by HRTEM and AFM
techniques, respectively. The method consists of a one-step synthesis performed directly in
a mixture of water and formamide. Such a method has been used to load diverse BPs with
therapeutic and/or diagnostic properties for cancer treatment [123-127].

Stable and monodispersed LDH nanolayers can be obtained by separating the nu-
cleation and growth particle steps using a flash coprecipitation synthesis method that
consists of a fast mixing of NaOH and metal salt solutions followed by hydrothermal
treatment, reported by Xu et al. [128]. The preparation of monodispersed Mgs;Al-LDH
material hosting radioisotopes (**Cu?* and #*Sc**; PET imaging agents) [129], Mn?* (T;-
MRI payload) [130] or Cu?* (T1-MRI and photothermic payload) [131] in the intralayer
region were also reported. The functional metal cations can be hosted by partial isomorphic
substitution of cations in the LDH layers in a second synthesis step. Mn,Mgs_,Al-LDH,
for instance, presented an average hydrodynamic diameter of 48.0 £ 1.8 nm (20-80 nm)
and an average thickness of 13.7 nm.

The flash coprecipitation method was used to prepare hybrid materials by interacting
the monodispersed LDH nanolayers with drugs/imaging agents [48,131]. In addition,
bovine serum albumin (BSA)/LDH nanocomposites were prepared by covering the surface
of nanolayers with BSA [48,129-131], which can be further crosslinked in the LDH surface
and/or posteriorly modified with targeting and imaging agents [49,132]. Cao et al. [121]
reported the PEGylation of nanolayers by adding phosphonic acid-terminated PEG before
or after the hydrothermal step (Figure 9B). The addition of PEG before the hydrothermal
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treatment aimed to obtain exfoliated and biodegradable PEGylated Fe,; Al-LDH with cat-
alytic Fenton properties (ROS generation) for cancer therapy [133]. The PEGylation and
corona effect promoted by BSA covering confer stability to LDH nanoparticles in biological
media and increase the half-time of materials in the bloodstream by hindering aggregation
due to nonspecific protein absorption, which can improve their bioavailability and tumor
cell uptake.

LDHs show some characteristics of ceramic materials applied in medicine and den-
tistry since they are inorganic materials that exhibit a combination of ionic and covalent
bonds. However, LDHs do not have high melting points (indeed they undergo dehydrox-
ylation at about 200-300 °C) or high hardness such as Al,O3, ZrO,, TiO,, Cas(POy);] or
silica-based glasses, which are examples of bioceramics [134]. In terms of in vivo reactivity,
LDHs have a favorable balance between chemical stability and biodegradability, reminding
bioactive bioceramics such as silica-based glasses and glass-ceramics comprising mostly
the chemical elements silicon calcium, sodium, and phosphorus [134]. The reactivity of
bioceramics depends on their chemical composition, particles mean size, level of crys-
tallinity, porosity, and defects, as observed for LDH materials, allowing to adjust of the rate
of materials solubilization.

The biological environment where the biomaterial should operate needs to be consid-
ered, along with the organism pathways to be crossed in certain modes of administration.
Biological fluids have anions, cations, several proteins, and dissolved gases (O,, CO, and
Ny) at 37 °C and pH at about 7.4, which can change the surface of the material and pro-
voke solubilization [134]. The biomolecules can increase the dissolution process if stable
metal complexes are formed, shifting the equilibrium towards the soluble species. Metal
cations such as iron, zinc and copper are not free in the organism but coordinated with the
biomolecules, which affect metal transport, cell uptake, clearance etc.

In the case of LDH, solubilization promoted by the neutralization of hydroxide layers
releases metal cations in a specific local of the organism (gastrointestinal system, blood,
eyes, skin, bone etc.). Hence, LDH has intrinsic biological active properties driven by the
identity of the metal cation, its concentration (that can be modulated by the solubilization
rate), and its form in the environment, i.e., the metal speciation. In this way, the chemical
composition of LDH layers can be chosen to attend to the therapeutic goal. The alkaline
nature of LDH also can contribute to enhancing the biological response, such as for instance,
osteoblast proliferation in bone regeneration [135].

Synthetic LDH having the composition of the mineral hydrotalcite, [Mg Al,(OH);6]CO3-4H,0,
is commercialized as an antacid with the brand names Talcid™ and Gastrum Plux™, among
others [136]. Studies carried out in 2000 showed that the hydrotalcite-like compound is
not just an antacid, but it can protect the gastric mucosa, activates angiogenesis in injured
mucosa, and accelerates human gastric ulcer healing [137,138]. Such bioactivity is related
to the activation of prostaglandin synthesis and the activation of genes for an epidermal
growth factor (EGF) and its receptor in normal and ulcerated gastric mucosa. Years later,
investigations about the hydrotalcite-like compounds as suitable carriers for DDS devel-
opment motivated studies about their intrinsic bioactivity. Figure 10 highlights the LDH
properties that induce studies comprising the application of this class of intercalation
compounds in health-related concerns.

Some appropriated physicochemical characteristics of LDH to be recognized as a
potential biomaterial were introduced later. Besides the modulation of injured tissue
repair [138], LDH without any immobilized drug (i.e., intercalated with simple anions
like carbonate and chloride) can trigger apoptosis of cancer cells by regulation of gene
expression [139], shows immunomodulating activity [140], promotes osteogenic differen-
tiation [140,141], or induces neovascularization and angiogenesis [142,143]. LDH layers
can be doped with radioisotopes for positron emission tomography (PET) [129,144], with
paramagnetic cations for magnetic resonance imaging (MRI) [125], or with ytterbium for
X-ray computerized tomography imaging (CT) [127].
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Figure 10. Suitable LDH properties for therapeutic and/or diagnosis purposes.

Regarding DDS materials, one parameter to be highlighted is its loading capacity
(LC), which value is usually lower than 10% [145]. The LC of LDH compounds is re-
lated to the amount of trivalent ion in the layers (the x value in the general formula
[M2+(1_X)M3+X(OH)2](A"’)x/n), and with the electric charge of intercalated anions (the n
value in the general formula). Considering both parameters, loading capacities of 30-50%
can be reached [110,111,146]. However, the size/area of the anion can preclude the total
neutralization of positively charged layers because of steric hindrance, decreasing the LC,
as observed for LDH-pravastatin material [146]. The intercalation method (coprecipitation
or ion exchange, for instance) can also influence drug loading, as noticed in studies with
naproxen [147]. Another kind of interaction can be established beyond the electrostatic one
between positively and negatively charged species, as reported when using ultrathin LDH
particles in the presence of doxorubicin; for example, LC was 344.56% [126].

The structural M"* ions allocated in the hydroxylated layers can add functionality to
LDH as follow: zinc, magnesium, and iron ions, natural elements in bone tissue, can be in-
corporated in scaffolds for bone tissue engineering [135]; copper and zinc for antimicrobial
therapies concerning skin wound healing [148,149]; aluminum in vaccine carriers [150];
iron, copper, or manganese biomaterials for Fenton-like catalytic reactions applied in
chemodynamic therapy (CDT), endogenously activated, or photodynamic therapy (PDT)
and sonodynamic therapy (SDT), endogenously activated [151].

The biocompatibility of LDH materials has been investigated by a set of in vitro (cell
viability, hemolysis, ROS generation etc.) and, in a lesser amount of studies, by in vivo
techniques [152]. The innate biological response of LDH was evaluated by the tablets
implantation in the rat abdominal intramuscular wall and, for the first time, an assay
based on the microcirculation to investigate the biocompatibility of such kind of mate-
rial [142]. LDH tablets of composition M;Al-Cl and MyFeAl-Cl M% = Mg or Zn) were
implanted as illustrated in Figure 11A, and the peripheral microcirculation in real time was
monitored by side-stream dark field (SDF) videomicroscopy, a non-invasive imaging tool
(Figure 11B), after 28 days of implantation, in addition to the tissue analysis by histopathol-
ogy (Figure 11C). The visualization of microcirculation around the tablets showed a normal
circulatory network aspect, no blood flow obstruction (thrombosis), hemorrhage or signs
of tissue inflammation. The formation of a fibrous capsule was not observed. Hence, the
materials did not induce an immune response, encouraging their bio-application. The
histological analysis revealed endothelial adhesion, fibroblast proliferation, inflamma-
tory response modulation, presence of neovessels and tissue integration, supporting the
biocompatible use of such materials for implant purposes.

LDH-drug materials can have a role not only in tissues but also in the intracellular
environment. Choy’s research laboratory studied the mechanism of LDH particle inter-
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nalization into cells and observed an endocytosis process, intermediated mainly by the
protein clathrin, which is time, dose and particle size-dependent [153,154]. The cell encloses
the inorganic particles in a vesicle made from a plasma membrane. LDH particles are
accumulated in the endosomes, where can be partially dissolved and/or undergo ion
exchange reaction because of the presence of ionic species (H* and C17) [155]. LDH can go
out of the endosomes into the cytoplasm, where an intercalated ion can be delivered by
exchange with anionic species in the environment. Particles in the cytosol with less than
about 35 nm in size can pass through the nuclear membrane reaching the nucleus [156];
this result shows the potential of LDH for gene therapy.
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Figure 11. Schematic illustration of (A) LDH tablet implanted in the intramuscular abdominal
region of rats and (B) microcirculation monitoring by SDF videomicroscopy image (both figures
reprinted from Constantino et al. [152] with permission of World Scientific Publishing Co.); (C) Iron
histochemistry findings following A-Mg4Al,-Cl LDH, B-Zn4Al,-Cl LDH, C-Mg,FeAl-Cl LDH and
D-Zn,FeAl-Cl LDH tablets implants between abdominal wall intermuscular spaces, after 28th P.O.
The white dotted line with the blue arrow indicates the macroscopic appearance of the implanted
LDH tablet and the cut line for histological processing. LDH tablet (*); positive staining (— arrow
black); positive staining in fibroblast (— arrow green); positive staining in ECM matrix (— yellow);
perimysium between abdominal wall muscle layers (®). Prussian blue staining (reprinted from
Figueiredo et al. [143] with permission of American Chemical Society).

The surface modification of LDH by polymers is an important strategy for their
application in the pharmaceutical field owing to the enhancement of key characteristics of
these hybrids, such as improved stability, biocompatibility, dispersity, cellular uptake and
decrease in systemic toxicity [52,157,158]. The interaction process of organic molecules and
the surfaces of LDH particles can involve different regions of the inorganic phase, such as
the interlayer space and/or the external surface [159]. However, methodologies involving
mainly the interaction of polymers with the outer surface of the LDH phase allow a larger
uptake of a certain bioactive compound, which could benefit drug delivery applications, for
instance [160]. Such interaction between the LDH surface and a polymer or a therapeutic
agent occurs primarily through Coulombic interaction caused by the positively charged
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layers of the inorganic phase [159,161], which can be optimized when the organic species
have negatively charged groups within their structures. However, a large variety of
organic molecules are neutral or do not possess significant hydrophilic portions to interact
with the hydroxylated surface of LDH, which can cause poor compatibility between both
phases [162] and, consequently, worsen several physical properties of the composite. The
surface of the layered structure can also be modified with specific moieties (ligands, for
instance) that target a given therapeutic or imaging purpose [163,164].

One route to improve the overall affinity of both inorganic and organic materials is re-
lated to the intercalation of hydrophobic species, such as surfactants and even hydrophobic
drugs (Figure 12A,B). This modification can also assist the interaction between the polymer
and the interlayer region of LDH, allowing a good dispersion of the inorganic phase over
the hydrophobic polymeric matrix and improving their medical applications, as a result in
the enhancement of physical properties of these hybrids such as mechanical, thermal and
barrier [165]. Further compatibilization between LDH and polymeric phase can be achieved
by the chemical modification of the hydroxide units present in the layered structure with
different silanol groups, depending on the hydrophilic/hydrophobic characteristics of the
macromolecular structure [166] (Figure 12C). The external surface of LDH can be decorated
with polymers as PEG, that have hydrophobic and hydrophilic segments (Figure 12D)
or charged polymers as CMC (Figure 12E). Therefore, when looking for target delivery,
the nanoparticles’ surface can be functionalized with active targeting molecules to reach
membrane receptors overexpressed by cancerous cells (Figure 12F).
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Figure 12. Strategies to modify the LDH surfaces through electrostatic or covalent linkages: (A) hy-
drophobization of surfaces by anionic surfactants; (B) hydrophobization of surfaces by anionic drugs
having hydrophobic groups; (C) surfaces modification by silanization reaction; (D) surface modifica-
tion with neutral polymers having hydrophobic and hydrophilic segments; (E) surface modification

with charged polymers; and (F) surface functionalization with targeting molecules.

Once the surfaces of the inorganic layers are modified or functionalized, the poly-
mer/LDH nanocomposite preparation can be achieved by the methods presented in
Figures 5 and 6, as microcapsules (membrane-like shell surrounding a core containing the
LDH-drug) or microspheres (LDH-drug particles homogeneously dispersed in a polymeric
matrix), shown in Figure 13A. The hybrid particles can be dispersed in a polymer and man-
ufactured as wound dressing, transdermal patch, microneedle patch, implant, injectable
hydrogel, or scaffold, among other forms. During the processing step, LDH particles can
keep the stacking arrangement of the layers, producing an intercalated nanocomposite. On
the other hand, layers can be separated, producing an exfoliated nanocomposite. Figure 13B
illustrates such classes of polymer/2D filler, which confer to the nanocomposites very dis-
tinct physical, mechanical, thermal, and gas barrier properties. Such arrangement of the
hybrid filler in the polymeric matrix should also address different release mechanisms and
rates.

Table 1 brings the review works published from 2017 up to now about polymer/LDH
composites associated or not with other phases. Details about such materials, their proper-
ties and applications will be presented in the next items.
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Figure 13. Polymer/LDH nanocomposites: (A) microcapsules and microspheres-based delivery
systems; (B) intercalated and exfoliated nanocomposites.

Table 1. Review papers focusing on nanocomposites based on polymers and layered double hydrox-
ides for pharmaceutical and medical applications published in 2017-2022.

Title Year Ref.
Nanoarchitectured two-dimensional layered double 2022 [167]
hydroxides-based nanocomposites for biomedical applications
Layered double hydroxide applications in biomedical implants 2022 [168]
Surface modification of two-dimensional layered double hydroxide
. o1 . . SO 2022 [159]
nanoparticles with biopolymers for biomedical application
Topology dependent modification of layered double hydroxide for
. . . 2022 [163]
therapeutic and diagnostic platform
Layered double hydroxide-based nanocomposite scaffolds in tissue 2021 [169]
engineering applications
Advanced drug delivery applications of layered double hydroxide 2021 [170]

Recent advancements in synthesis and drug delivery utilization of
polysaccharides-based nanocomposites: The important role of 2021 [171]
nanoparticles and layered double hydroxides

2D Layered Double Hydroxide Nanoparticles: Recent Progress

toward Preclinical /Clinical Nanomedicine 2019 [172]

Layered double hydroxide nanostructures and nanocomposites for
. . N 2019 [157]

biomedical applications

Layered double hydroxide based bionanocomposites 2019 [173]

Layered double hydroxides: A brief review from fundamentals to
I . . . 2018 [15]

application as evolving biomaterials

Hybrid nanocomposites of layered double hydroxides: an update 2017 [18]

of their biological applications and future prospects

The surface modification of LDH particles deserves special attention in the develop-
ment of theragnostic (from the words therapo-gnostics) agents, an expression introduced in
1998 by Funkhouser as the capacity to access the diagnostic and the therapy of a disease
in a single step [174]. A theragnostic agent is comprised of a biomedical payload (BP), a
carrier, and a surface modifier [175]. The BP comprehends a large spectrum of organic
and inorganic species that are specifically responsible for imaging and/or therapy. Several
BPs can be intercalated between LDH layers (e.g., isophthalic acid, a photosensitizer) [176]
or loaded on particles’ surface (e.g., indocyanine green, a sulfonated dye) [127] or hosted
in the layers (e.g., Cu®*, both T1-MRI and photothermal agent) [131]. The carrier is re-
sponsible for delivering the BPs through the body into the desired local for therapy and
diagnosis [175]. Finally, the surface modifiers, as the name suggests, are responsible for
conferring steric/electrostatic stabilization and changing the physicochemical properties of
the carrier surface, such as surface charge and hydrophobicity [175,177,178].
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Surface modifiers stabilize theragnostic nanoparticles in fluid blood by avoiding their
aggregation and overcoming the clearance pathways of nanoparticles in the organism,
prolonging the circulation time in the bloodstream and/or enable that the material preferen-
tially targets a specific site [175,177-179]. Consequently, their biodistribution is improved
because the attack from the immunologic system is decreased, and the accumulation in
organs of the reticuloendothelial system (liver, spleen, and lung) is reduced, allowing the
systemic administration of the theragnostic nanomaterial [175,177-179]. The administra-
tion of theragnostic materials in routine medical procedures has the potential to achieve:
(i) localized therapy, a non-invasive treatment that can decrease side effects, (ii) evaluation
of delivery and distribution of therapeutic agents by imaging, (iii) monitoring the treatment
efficacy in real-time, and (iv) personalized medicine [175,180]. Although there are some
FDA-approved DDSs (e.g., polymers and vesicles) [35,181], most theragnostic materials are
still in pre-clinical evaluation, especially those constituted by LDH [172].

Up to now, the in vivo studies involving LDH as a carrier in theragnostic materi-
als reported applications in cancer treatment models. For this application, the therag-
nostic agent is administered by intravenous [125-127,130,131,176] or intratumoral injec-
tion [123-125,182,183], which require stable dispersions in biological fluids [184]. Besides,
small particles (higher than 5 nm and lesser than 200 nm) are needed to prolong bloodcircu-
lation half-time and to avoid the clearance by the reticuloendothelial system, favoring the
accumulation of nanoparticles in the tumor tissue by enhanced permeability and retention
(EPR) effect [181,185]. At a first glance, LDH seems not to be suitable for theragnostic
therapy carried out through systemic administration because of its poor stability in water
and physiological fluid in relation to particle aggregation [48,50,184,186]. However, LDH
materials show remarkable versatility since it allows the combination of different functional
metals in the layer composition (e.g., Cu?*, Mn?*, rare-earth metals etc.) with diverse
intercalated counter anions or loaded molecules [124-127,130,131,176].

The preparation method of LDH can guide the formation of ultrathin particles (or
single layers) in the 20-200 nm size range [125-127,130,131]. Owing to the plate-like
morphology and thin thickness, LDH monolayers possess extremely high surface area,
leading to outstanding values of drug loading capacity [126,127], a desired property for
the development of theragnostic materials. Organic BPs loaded in LDH monolayers are
stabilized and well dispersed, being released at a slow rate in the pH of normal body
fluid (pH 7.4) [125-127]. Compared to pristine (or commercial) diagnosis and therapeutic
agents, BPs loaded into LDH present superior effects in a minor administration dose,
as for instance: the low solubility of a hydrophobic drug in physiological media can be
overcome, the fast clearance by the organism can be prevented and the side effects can be
lowered [125-127,130,131,182,183,187]. Furthermore, LDH monolayers present anisotropic
properties such as the electron-withdrawing and confinement effects, which can enhance
the photodynamic/photothermal properties and photoelectron activities of BP (emission
intensity and sensitivity enhancement by avoiding bleaching) [123-125,183]. In addition,
LDH responds to endogenous pH value, which is an advantage in remembering the
acidic microenvironment of the tumor (pH = 6.5-7.0), early endosome (pH 6.0) and late
endosome/lysosome in cells (pH 5.0) [130]. The slow solubilization of LDH in acid media
promotes drug release in a controlled pathway [125-127] and raises the magnetic resonance
relaxivity of LDH containing paramagnetic cations by the structural defects generated
during the inorganic particle dissolution [130,131].

BSA is a promising surface modifier considering that it is the most abundant protein
in human blood [178,186]. Giacomelli and co-workers [50,186], as well as Xu and co-
workers [48,49], were pioneers in the BSA-coated LDH studies. Such protein generates a
steric effect between the inorganic nanoparticles, stabilizing them in electrolytic solutions
and cell culture medium [50,178,186]. Furthermore, BSA-coating can reduce the adsorption
of opsonins and inhibit the uptake of nanoparticles by mononuclear phagocytes, extending
their half-life in the bloodstream [131]. Because of these outstanding features, BSA-coated
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LDH nanoparticles are extensively applied in the context of theragnostic materials and/or
LDH-administered by intravenous route [129-132].

Beyond albumin, polymers and co-polymers can also be utilized as LDH surface modi-
fiers for theragnostic purposes in cancer treatment. Yan et al. [188] reported the PEGylation
of LDH by PEG-carboxy-conjugated aminopropyltriethoxysilane as it is an alternative for
surface modification of LDH nanoparticles, which demonstrated to be suitable for MTX
systemic administration. Xu and co-workers [189] reported the use of LDH-coated with
pH-sensitive charge-reversible polymers to enhance the blood circulation of theragnostic
nanoparticles and, consequently, their passive targeting into the tumor tissue. The use
of modified co-polymers that comprise PEG [189] and poly(2-aminoethyl methacrylate
hydrochloride) [189] conjugated with dimethyl-maleic acid allowed the selective action of
Cu-LDH in the tumor environment.

Active targeting molecules are promising in cancer treatment because cancerous cells
overexpressed membrane receptors to specific molecules. One of the most attractive
targets is folic acid (or folate) since many cancerous cells overexpress the folate receptor.
Park et al. [190] studied passive and active targeting strategies for cancer gene therapy
by applying survivin siRNA loaded in LDH nanoparticles. Passive targeting mediated
by the EPR effect was undergone by Mg, Al-COj3 particles with 100 nm of average size
and hexagonal shape. On the other hand, the active targeting was evaluated by Mg,Al-
COj3 conjugated with folic acid (LDH-FA). Better results were noticed when handling the
LDH-FA hybrid material. Using a similar approach, Wen et al. [191] prepared a carrier
constituted by stratified layers of CoAl-LDH and MnO, conjugated with folic acid. More
details about the application of LDH as a carrier in theragnostic agents are reported in
review works [159,172,192-194].

6. Drug Delivery Systems Based on Organic Polymers and Layered Double
Hydroxides Nanocomposites

Recent developments in the field of biomaterials have facilitated the preparation of
alternative therapeutic systems to traditional pharmaceutical forms, resulting in a con-
siderable improvement in drug administration procedures. This is especially important
because there are many disadvantages associated with the direct use of certain drugs. Be-
fore 1950 drugs were compacted directly like pills and released without any discrimination
upon contact with an aqueous medium [195]. However, after the first sustained-release
formulation introduced by Beecham in 1952 [196], the recent developments of new and
more effective therapeutic systems as an alternative to traditional pharmaceutical forms
resulted in a considerable improvement in drug administration techniques. These more
advanced systems in their conception and capacity to release the active ingredients are the
DDSs, devices that release one or more active principles at predetermined rates and times,
depending or not on the environment in which they are applied, following a particular
purpose.

Although this modern drug delivery technology is only 70 years old, it has evolved
spectacularly to develop the most numerous and attractive DDSs for various diseases and
clinical applications. Thus, DDSs have three well-defined phases in their development:
(i) the first generation (1950-1980), which was very important in the production of new oral
and transdermal formulations of drugs controlled release, showing as its main limitation the
physicochemical barriers [197]; (ii) the second generation (1980-2010), focused on “smart
drug delivery”, where the release of insulin via the pulmonary route was significantly
explored (however, the product was withdrawn from the market due to low bioavailability
compared to parenteral administration) [198], and on tumor-targeted drug delivery using
nanoparticles, where biological barriers as the main challenge; and (iii) the third generation
(from 2010 onwards) which are focused on “modulated delivery systems” and need to
overcome both physicochemical and biological barriers [195] and, concomitantly, show a
high drug retention capacity and the maintenance of drug concentration in blood or target
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tissues at the efficacious level (besides low-cost and ease manufacturing using conventional
equipment and techniques) [199].

The effectiveness of a DDS depends on the combination of three fundamental factors:
(i) specific cellular binding, (ii) intracellular absorption of the nanocarrier by target cells,
and (iii) release of the drug in its active form. Among these topics, the release is a critical
aspect of the process and, therefore, must occur in a precisely controlled manner for the
drug to perform its therapeutic efficacy with good bioavailability in the bloodstream [200].
However, since biological mechanisms occur at the nanometric scale, nanocarriers show
increasing interest mainly because they have the ability to interact with specific cellular
targets [201]. In this regard, the DDS design is generally based on the physicochemical and
pharmacokinetic properties of the drug and how these properties are associated with the
material that will play the role of carrier and protector of the active principle.

DDSs are classified considering the administration route (Figure 14) [26]: (i) systemic
drug delivery, in which the drug is released directly (by intravenous injection) or indirectly
(by oral pills) in the blood plasma, and transported to the target and off-target tissues;
(ii) local drug delivery in the target tissue preventing that the drug reaches off-target tissues;
(iii) targeted drug delivery, administrated in the blood plasma to reach a target tissue by
the specific design of the DDS.

Drug Delivery Systems

off-target 4 target
. €Y «—-- Blood plasma ====» &
tissue - - = = =pr  fissue

Local DDS

Figure 14. Classification of the Drug Delivery Systems considering the administration route.

LDH has been studied as a nanocarrier applicable in DDS for different purposes. For
example, LDHs can intercalate bioactive species establishing arrangements and physical
interactions that favor solubilization compared to those ones in the pristine drug crystal.
Many drugs, such as the anti-inflammatories ibuprofen [202] and zaltoprofen [203], the
diuretic piretanide [204], and the vitamin B3 (nicotinic acid) [205], among others, were
manipulated by intercalation into LDH to overcome the low solubility challenge. The
solubility test of zaltoprofen in water and phosphate buffer (pH equal to 6.8) showed
that its intercalation into Zngr Al-LDH improved three times its solubility compared to the
non-intercalated drug [203] and presented better performance than the physical mixture of
zaltoprofen and LDH, demonstrating the benefits of the DDS approach. The therapeutic
efficacy of a drug in a disease depends on its bioavailability in the bloodstream. Working
just on the structure modification of bioactive molecules is not enough to achieve this
purpose [26,206]. Hence, the use of a DDS is a suitable approach to improve the drug
action by enhancing its solubility through (i) adsorption on the carrier surface, avoiding the
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previous crystal building formation or (ii) by the confinement inside the carrier structure to
change the intermolecular interactions. These processes improve the drug solubility and its
release by diffusion, dissolution, or swelling.

Another motivation for the encapsulation of therapeutic species into a carrier is to
improve its shelf life and prevent its decomposition along the pathway process in the
organism. Considering the oral administration, the changes in pH values to achieve
local absorption can cause the breakage of the drug’s intramolecular bonds and the loss
of its action, besides the formation of toxic products [26,206]. Vitamin C is sensitive to
light, oxygen, and heat, so the intercalation process can increase its chemical stability.
Aisawa et al. [107] evaluated the light and heat resistance of ascorbate ion intercalated
into LDH after exposing the samples to a simulator of sunlight for 24 h at 303 K and, in
another experiment, to heat (313 K) for 30 days under air. The oxidation rate of the confined
vitamin was slower when compared to the free vitamin. Vitamin B3 (nicotinic acid), which
is also very sensitive to degradation processes, was protected and presented better thermal
stability intercalated into the Zng Al-LDH when compared to the free molecule [205].

DDS strategy can also increase the drug bioavailability. The capacity of LDH to
enhance the bioavailability of confined bioactives without causing toxic effects in the
bloodstream because of its ability to promote a sustained release was reported in the lit-
erature [152,206]. The composite material Mgr(Al,Gd)-LDH containing atorvastatin (a
neuroprotective drug) and ferritin (a blood -brain barrier transport agent) was prepared to
aim the suppression of ischemic stroke-reperfusion injury, as reported by Wang et al. [207].
The hemolytic activity in vivo was relatively low (about 3%; the secure value is 5%) even in
a high concentration of the material (100 ppm). This result allowed the composite adminis-
tration by intravenous injection in mice since it presents an elevated hemocompatibility.
Furthermore, the biochemical indicators of the liver functions (such as alanine transaminase
and aspartate transaminase) showed no alteration. The route of administration affects the
drug bioavailability, which could have contributed to the outstanding performance of the
composite: reduction of neurons apoptosis and oxidative damage in the brain cortex.

Several nanocarriers based on organic units and inorganic compounds are developed
specifically for the purpose of application in nanomedicine. In this sense, nanocomposite
systems resulting from the assembly of polymers that are combined at the molecular level
with LDH have achieved prominence in recent years with special emphasis in the biomedi-
cal field, such as drug delivery and tissue engineering applications. These nanomaterials
can also show a wide range of responses to stimuli, such as pH, temperature, ionic strength,
and concentration, becoming particularly attractive for the development of novel, and even
smart, oral drug delivery systems, offering new targeting strategies for disease diagnosis
and treatment [208].

As an example of a promising nanocomposite system, doxorubicin (DOX), a drug used
for a broad spectrum of cancer (breast cancer, bladder cancer, sarcoma etc.), was intercalated
into MgAI-LDH with a polyacrylic polymer [209]. Confocal microscopic images showed
the improvement of DOX bioavailability because the amount of the drug inserted and
maintained into the cell nucleus of human osteosarcoma cells (MG-63) and human lung
adenocarcinoma epithelial cells (A549) for the efficacy of the treatment were pronounced
compared to free drug In another study, DOX immobilized on LDH-CuAl decorated
with poly(phenylenediamine) promoted a sustained release of the drug in pH 7.4 [210].
Moreover, according to confocal laser scanning microscopy, the nanocarrier increased the
biocompatibility in normal (PC12 and HEK298) cells and the anticancer potential in HT-29
cells by enhancing the internalization of it into the cells compared to the free drug.

Treatment of ocular diseases is challenging due to the difficulties regarding drug
maintenance and permeation on the eye surface. Therefore, the in vivo fluorescence images
of the ocular irritation test using eye drops were analyzed for the anti-inflammatory
drug flurbiprofen (FB) and ophthalmic DDSs based on LDH-FB and LDH-FB coated with
HA [211]. The results of release showed that even after 10 min of dropping, the retention
time of the drug in the ocular surface was higher in the DDS form. The FB was still present
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after 30 min in the LDH-FB-HA indicating the promotion of the bioavailability by the
composite delivery system.

Niclosamide (NIC), an antiviral drug that showed good efficacy combined with a
vaccine in facing the virus SARS-CoV-2, has limited bioavailability and solubility. Thus, the
use of a carrier can enhance its efficacy. NIC was intercalated into MgAl-LDH modified by
the polymer Eudragit® S100 (ES 100) and afterward coated by the Tween 60 (Nanoparticle,
NP). The NP presented higher pharmacokinetic parameters (in vivo test by oral adminis-
tration), maximum plasma concentration (Cmax) of about 15,000 ng/mL, the time required
to reach the Crax (tmax) was 0.60 h, and area under the plasma concentration-time curve
(AUC) was about 14,000 ng.h/mL. These results are superior to those data observed for the
commercial form Yomesan®: Cpay of about 155 ng/mL, tmax of 4 h, and AUC of approxi-
mately 110 ng.h/mL. These results endorse the importance of using LDH to improve and
combat diseases such as COVID-19 [212].

General disease treatments suffer from biodistribution drug effects which compromise
health cells and organs [26]. An LDH dopped with copper and loaded with anticancer drugs
5-fluorouracil and albumin-bound paclitaxel was used to treat 4T1 breast cancer cells that
are highly aggressive for lung metastasis [213]. The hematoxylin and eosin staining of the
lung tissues showed that photothermal therapy of the composite material suppressed lung
metastasis compared to free drug and chemotherapy. Hence, the use of LDH associated
with photothermal therapy showed its ability to target cancer cells without compromising
other tissues. In other work, the in vivo pharmacokinetic parameters of LDH stabilized
by the poly((oligo(ethylene glycol) methyl ether acrylate)-block-poly(monoacryloxy ethyl
phosphate) and having immobilized DOX (abbreviated as P-LDH-DOX) were evaluated
after intravenous administration [214]. According to the study, the free DOX had a rapid
terminal elimination phase (t; 25 = 3.26 h) compared to LDH-DOX (t1 /5 = 24.02 h) and
P-LDH-DOX (t; /2 = 26.05 h). Therefore, the LDH promotes a longer circulation and
retention time of the drug in the bloodstream, which improves the efficacy of the treatment.

LDH has been used to overcome the side effects commonly presented by drugs. The
nanoparticle comprising LDH-albumin containing the antitumor drugs 5-FU and albumin-
bound PTX (ABX) (abbreviated BLDH-5FU-ABX) was evaluated for colorectal cancer
treatment, showing high efficacy in the induction of colon cancer cells apoptosis [215]. The
in vivo anticancer efficacy analyzed by the tumor size of Balb/c female nude mice showed
that the nanoparticle inhibited by 4 to 6 times the tumor growth compared to the BLDH-5FU
or BLDH-ABX, which was even higher with the free drugs. Thus, the combination of 5-FU
and ABX with BLDH increasingly improved cell apoptosis. The hematoxylin and eosin
images did not show changes in the other organs (heart, lung, liver, spleen, and kidney),
which demonstrated no overload by them after the application. Therefore, LDH can assist
in cancer treatment, decreasing the side effects of the drugs.

Considering the LDH properties and the data collected in the experiments mentioned
above, the mechanism of drug delivery from DDS based on polymer/LDH nanocomposites
occurs by the processes involving the polymer phase (water absorption/swelling, osmotic
pumping, external-stimuli degradation, erosion etc.) and the LDH hybrid material (ex-
change reaction or carrier solubilization) (Figure 15). At the beginning of the release process,
transformations should occur mainly in the polymer phase, moving on to a step in which
both phases are changed. In view of the inorganic phase, deserves to be highlighted that the
delivery rate should be affected by the solubility products of the metal hydroxides related
to the LDH chemical composition, the material crystallinity (structural organization), the
size and morphology of the particles, and the surface functionalization.
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Figure 15. Mechanisms for the drug delivery from DDS based on polymer/LDH nanocomposites.

6.1. Polymer/LDH Nanocomposites for Oral Drug Delivery

Focusing on oral drug administration systems, nanocomposites display improved
properties when compared to their components separately. In this regard, polymers used
in biomedicine have desirable biocompatibility and biodegradability properties. However,
they are often unstable in aqueous or saline solutions at different pH values, triggering
a premature drug release, and frequently show low thermal stability [216]. On the other
hand, although LDHs are widely explored as reservoirs of pharmacologically active species,
they are highly soluble in acidic media, such as the stomach fluid (pH 1.2) [217], occurring
dissolution and, consequently, the early release of the stabilized drug in the interlayer
region, making it a drawback for oral administrations.

Thus, the combination of both organic and inorganic counterparts in one material be-
comes highly advantageous: the inorganic counterpart offers high surface area, low toxicity,
enhancement of the therapeutic agent solubility, and thermal and chemical protection of the
active compound [218]. On the other hand, besides providing higher biocompatibility with
biological systems, the organic phase has the function of protecting the LDH-drug hybrid
from drastic changes in pH, such as previous solubilization of the LDH fraction in an acidic
environment (e.g., gastric juice) [219], contributing for decrease the possibility of first-pass
effects, where the concentration of the intercalated drug in LDH may be significantly re-
duced, and the drug can be inactivated before reaching the systemic circulation. Therefore,
the combination of polymers and LDH-drug hybrids to form nanocomposites support
the controlled release of the active species owing to the decrease in both mobility of ionic
drugs and their aggregation, besides overcoming drawbacks associated with traditional
DDSs [220]. Hence, the preparation of LDH-based drug delivery nanocomposites is a
strategy widely employed in the last two decades to preserve the release properties through
the gastrointestinal tract [170,171].

With this strategy in mind, a core-shell nanocomposite was proposed by Li et al. [221],
in which the LDH-fenbufen hybrid was the core, and the protective enteric polymers
Eudragit® S 100 or Eudragit® L 100 acted as the shell. The presence of the carboxylate
groups in the anionic co-polymers facilitates a strong interaction by hydrogen bonding
between the polymer chains and surface hydroxyl groups from the LDH layers. In addition,
in vitro experiments simulating the passage through the gastrointestinal tract demonstrated
that the presence of enteric polymers as coating of the intercalation compound allowed a
controlled release of fenbufen in an acid medium; the release was essentially completed
after 3 h in pH 7.4 due to the dissolution of the polymer matrix at higher pH values.

From this seminal work to date, many studies with analogous purposes involving
different polymers in LDH-based nanocomposites have been reported in the literature.
For instance, xyloglucan, a natural polymer extracted from Hymenaea courbaril (jatobd, a
native Brazilian plant) seeds, was employed at different concentrations (0.5 and 3.0% w/v)
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to protect the LDH-enalaprilate intercalation compound prepared by an ion exchange
reaction [219]. The resulting nanocomposite, which was processed as powder, showed
a heterogeneous core-shell structure with different nanometric sizes and distributions.
In vitro studies of enalaprilate, released from the nanocomposites in a sequential experi-
ment that simulate the different environments of the gastrointestinal tract, revealed that
the system containing LDH-enalaprilate coated by xyloglucan at 3% (w/v) shows a slowed
drug release (less than 60%), allowing the drug transit through the gastrointestinal tract.
The associated mechanism involved the dissolution of the LDH counterpart and ion ex-
change between the intercalated drug and phosphate anions from the simulated intestinal
medium.

On the other hand, the effect of the presence of LDH in a series of pH-sensitive
nanocomposite beads prepared from the combination of LDH and alginate was explored
by Zhang et al. [222]. The drug loading, swelling properties, and controlled release profile
of diclofenac sodium adsorbed on LDH in the beads were investigated. The presence of
LDH significantly increased the entrapment efficiency, modulated the swelling behavior
according to the LDH content in the material, and improved the controlled release of
diclofenac sodium from the nanocomposite beads. These effects were attributed to the
electrostatic interaction between alginate and LDH, which probably restricted the polymer
chains’ mobility, slowing down the swelling and dissolution rates of the beads in aqueous
solutions.

Analogously, a pH-sensitive system for oral delivery of insulin from nanocomposite
beads composed of alginate and LDH was also developed [223]. The strategy employed
in this study was to combine a gel of alginate with ZnAl-LDH particles, and once formed
the LDH-alginate hybrid hydrogel, the insulin was added to the medium, forming a
single batch that was posteriorly processed as beads. The release of insulin from the
nanocomposite beads was tested in the presence and absence of glucose phosphate in pH
7. The results demonstrate that from 60 units of loaded insulin, the LDH-alginate/insulin
beads show 93% and 26% of insulin released in 70 and 50 min of the assay in the presence
and absence of glucose phosphate, respectively. Interestingly, in a material prepared from
the combination of LDH and insulin (in the absence of alginate) for comparison purposes,
a release of 95% of insulin in 90 min of the test was noticed in the presence of glucose
phosphate. However, in the absence of glucose, the releasing rate was about 50% of
loaded insulin after 30 min of the test, where a reduction in the slope of the releasing plot
was evidenced after this time. This behavior was attributed to a possible restoration of
hydrogen bonding between the released insulin and hydroxide groups of LDH layers,
causing a modification in the release of the peptide hormone.

Likewise, taking advantage of the positive charge of the LDH layers and the versatility
of processing biopolymers as beads through ionic gelification, pH-sensitive nanocomposite
hydrogel beads based on the combination of LDH-drug and CMC polysaccharide were
proposed as a potential system for ibuprofen [224] and cephalexin [225] oral administration.
Both drugs were previously intercalated into MgAI-LDH, forming the hybrid materials,
and later incorporated in a gel of CMC. After homogenization, the resulting nanocomposite
gel was stabilized as beads through crosslinking with Fe* ions from a FeCl solution.
Considering that swelling studies can indicate the speed and easiness of a liquid diffusion
into the nanocomposite bead, swelling properties of the prepared beads were carried
out in buffer solutions at different pH values (1.2, 6.8 and 7.4). The results revealed a
pH-dependent swelling behavior of the nanocomposite beads with increasing pH value;
the ionization of carboxylic groups of CMC chains and the consequent increase of the
electrostatic repulsion between the charged groups, and also the rise of osmotic pressure,
promoted the materials’ swelling. The drug delivery profiles of both nanocomposite
beads showed better protection against a stomach-like environment in comparison to
LDH-ibuprofen or LDH-cephalexin alone while still allowing controlled release under
the conditions of the intestinal tract. Such results indicated that these systems are very
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promising for achieving good control over the release of drugs that must pass through the
gastrointestinal tract.

Similar results were also reported by Negati et al. [226], i.e., an increase in the con-
centration of CS in nanocomposite systems based on LDH-cetirizine decreased the release
rate of the drug in pH 7, showing 50% of the drug released after 15 h of experiment with
nanocomposite samples with 1 wt.% of polymer. The possible reason for observed sus-
tained release behavior is that the interlayer region of LDH acts like a microvessel where
the incorporated cetirizine species can be released via the ion exchange reaction, while
the CS concentration can be adjusted to control the rate of cetirizine release from the LDH
structure. Rezvani and Shahbani [227] studied the rate of drug release of core-shell systems
based on ciprofloxacin (CFX) intercalated into ZnAl-LDH (core), protected by alginate or
CS polysaccharides (shell) under pH conditions that simulate the sequence in the gastroin-
testinal tract (1.2 for 2 h, 6.8 for 2 h and 7.4 for 4 h). The results showed a lower release rate
of CS/LDH-CFX (39% of cumulative drug release) in comparison to analogous materials
prepared from alginate biopolymer, showing in the last case 96% of CEFX release in the
assay finalization. This behavior is mainly due to the leaching of Ca?* ions employed in
the crosslinking of alginate chains, increasing the solubility of the nanocomposite system in
the simulated intestinal medium.

As explored throughout this review work, some synthetic polymers and currently
more studied natural polymers are effective materials to compose the LDH-based formula-
tions. This is the case of positively charged CS, which shows high sensitivity in acidic media
(high swelling degree) and low sensitivity to neutral or alkaline environments (low swelling
degree). The opposite behavior is observed using negatively charged polymers, such as
alginate, CMC, xanthan gum or carrageenan, which are stable in acid conditions, but highly
sensitive to basic media. To increase the resistance of such systems under conditions of
high sensitivity and thus allow a better performance of the nanocomposite system in other
areas of interest in the gastrointestinal tract, a strategy widely used is its combination with
other polymers, in which they act as macromolecular crosslinking agents.

In this sense, polymeric blends are widely studied and associated with LDH as effective
pharmaceutical carriers for the most diverse proposals [228]. Usually, the good interaction
between the components, mainly driven by hydrogen bonds between polar groups of the
polymers and hydroxide ions present in the LDH structure, results in a highly synergistic
effect. Regarding this, Alcantara et al. [106] built up a nano-system of oral controlled
delivery based on LDH-ibuprofen combined with alginate and zein biopolymers. The
aim of this work was to improve the properties of the DDS using a hydrophobic protein
combined with LDH-ibuprofen before the incorporation of the alginate matrix into the
system. Besides the physicochemical characterization, the alginate-zein/LDH-ibuprofen
nanocomposite, which was processed as beads, was evaluated for swelling properties and
drug delivery in conditions that simulate the gastrointestinal tract. In vitro studies revealed
that, due to the presence of the LDH together with the formation of a complex between
the carboxylate groups of alginate, the amine groups of zein and hydroxide groups from
the LDH fraction, the formulation was capable of delaying drug release, not only in acidic
conditions but also in solutions that simulated intestinal fluid (pH 6.8 and 7.4, in which the
alginate is very sensitive), allowing the drug release in a sustained manner in the medium,
with preservation of the bead structure until the end of the test.

In a recent work, the LDH-amoxicillin intercalation compound was also protected
with a biopolymer blend composed of zein protein and CMC polysaccharide, giving rise to
nanocomposite beads [229]. When compared to LDH-amoxicillin or pristine biopolymers
blend, the nanocomposite beads, which were evaluated as a function of the amount of zein
protein, demonstrated good compatibility between their components, providing a more
controlled release of amoxicillin and enabling the active species to reach the intestinal tract,
improving the drug’s bioavailability (Figure 16A).
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Figure 16. (A) Amoxicillin drug release profile at in vitro simulated gastrointestinal conditions (2 h
at pH 1.2, 2 h at pH 6.8 and 4 h at pH 7.4, simulating the gastric juice and the first and second
zone of intestinal fluid, respectively) from LDH-amoxicillin and CMC-zein coated LDH-amoxicillin
systems (reprinted from Rebitski et al. [229] with permission of Elsevier) and (B) Cumulative DOX
release profile at pH 5.5 and 7.4 in the absence and presence of NIR radiation from the LDH-based
chemophotothermal nanocomposite system (reprinted from Anirudhan and Chithra-Sekhar [230]
with permission of Elsevier).

Experiments following similar strategies to enhance specific properties of the carrier
system and modulate the release of pharmaceuticals to a particular target region were
reported. In this perspective, an effective oral controlled release system of 5-aminosalicylic
acid (5-ASA) intercalated into LDH combined with CS and pectin was reported [231].
Considering that 5-ASA should act predominantly in the intestinal tissue due to its action
in the treatment of intestinal inflammatory diseases (treatment of ulcerative colitis and
Crohn’s disease, for instance), the LDH-5ASA was incorporated into a CS matrix with
mucoadhesive properties and processed as beads coated with a thin layer of pectin, ensuring
the stability of the CS at the acidic pH of the gastric fluid. The resulting nanocomposite
proved to be a promising candidate for the targeted administration of 5-ASA because of its
great stability in aqueous media, in addition to a controlled release of the drug over pH
variations from the gastrointestinal tract, with a greater amount of drug dispensed in fluids
that simulate the intestinal area, acting on the focus of the disease and minimizing possible
side effects.

In an analogous approach, Abniki et al. [232] proposed a new formulation for the sus-
tained delivery of mefenamate anions intercalated into MgAl-LDH for oral administration.
To improve the loading and sustained release of the mefenamate drug, a co-intercalation of
gum arabic together with the drug into LDH was investigated; subsequently, the resulting
LDH-drug-gum arabic system was covered with CS biopolymer. A strong organic-inorganic
interaction between the layers of LDH and gum arabic chains produced a slow release
of the drug, while the presence of CS provided better control of the drug release in the
intestinal medium.

Considering that the poor solubility of pharmacologically active species can be a
limitation in drug delivery, it is essential to develop strategies that improve the solubility,
which would result in better absorption of drugs, and consequently increase the drug’s
bioavailability, as mentioned before. In this context, Pu et al. [233] developed nanocom-
posite beads based on MgAl-LDH and PLGA, a copolymer of PLA and polyglycolic acid,
with the aim of increasing the solubility of danshensu, a component of Salvia miltiorrhiza
(Danshen) applicable in cardiovascular diseases treatment. The strategy employed in the
work was the previous exfoliation of LDH structure using formamide as solvent before
the combination with danshensu extract. Then, the hybrid material was incorporated into
PLGA suspension, which was processed as beads through the double emulsion solvent
evaporation method. In addition to the enhancement of the drug solubility, physicochem-
ical characterization indicated that the danshensu was successfully intercalated in LDH
by an exfoliation reassembly process, reaching 32.6% of drug loading. The presence of
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LDH in the PLGA matrix contributed to reducing burst effects with a sustained release
profile within 10 days. Moreover, the PLGA /LDH-danshesu nanocomposite beads were
ineffective in the induction of hemolysis, suggesting that these materials show good blood
compatibility and can be an effective DDS for oral administration.

In another study, multiple layers of pH-sensitive enteric copolymers (Eudragit® copoly-
mer S-100 and L-100) were coated over sulfasalazine-loaded LDH nanohybrids previously
prepared using DMSO as a co-solvent [234]. This is a strategy commonly employed to
improve the solubility of hydrophobic drugs and enhance the loading efficiency of the
LDH-drug hybrids. The results demonstrated that the multiple layered enteric polymer
coating preserved the LDH structure in the gastric environment, accelerated drug release
efficiency and dissolution rate, along with increased oral bioavailability in the colon, likely
due to emulsification properties of the Eudragit, showing sustained release that maintained
the sulfasalazine concentrations in a therapeutic window. Furthermore, biological studies
of the nanocomposite formulation through experiments employing superoxide radicals
and lipid peroxidation suggested a highly protective effect against inflammation, while the
histological view from the liver and kidney sections indicated that the Eudragit®/LDH-
sulfasalazine nanocomposite is safe and highly biocompatible.

Taking into account that combination of immunization with antiviral medication
formulation can be an effective technique for combating the current pandemic scenario, an
oral formulation with Tween 60 and Eudragit S100® that incorporate niclosamide-exfoliated
LDH was proposed as the antiviral system against COVID-19 [212]. In vitro experiments
showed that coating the particles with Tween 60 increased both the extent and rate of release
compared to the uncoated sample under pH conditions of 1.2 and 6.8. Hence, a coating
can be advantageous to improve niclosamide release, especially in the intestinal region.
In comparison to the commercially available Yomesan®, the in vivo analysis revealed that
the oral nanocomposite system with antiviral action was able to maintain a therapeutic
relevant concentration of the drug in the plasma, demonstrating that the new formulation
can be a successful oral DDS to treat SARS-CoV-2 viral infections.

More recently, in order to obtain biocompatible magnetic systems of oral delivery of
sodium diclofenac, Barkhordari and Alizadeh [235] developed nanocomposite beads based
on LDH and CS that incorporate different amounts of Fe3O4 nanoparticles (0.05-0.15 wt.%).
The release of sodium diclofenac adsorbed on the beads was investigated at different pHs
and under the influence of an external magnetic field (EMF). Through the vibrating sample
magnetometer as a function of the magnetic field at room temperature, the saturation
magnetization for the DDS was 5360 emu/g, indicating that the coating of Fe;O4 by
CS/LDH does not change the magnetization of the nanoparticles. This superparamagnetic
property showed a significant effect on the sodium diclofenac release: the increasing
amount of Fe3O4 nanoparticles in the nanocomposite beads becomes the release slower
than to control samples, displaying a cumulative diclofenac release under EMF at pH = 1.2
and 7.4 and 9.3 in the range of 58.3-76.4% and 20.0-25.1 and 16.2-18.3%, respectively. These
results indicated that the CS/LDH/Fe304/sodium diclofenac system has become more
targeted and can be promising as magnetic pH-sensitive drug delivery.

Another reported strategy employed to obtain an innovative composite system of oral
drug release endowed with magnetic properties described the incorporation of magnetic
graphite nanoparticles into an alginate matrix containing ibuprofen between the layers
of MgAIl-LDH [231]. The analysis by different characterization techniques evidenced that
the processed systems, such as films and beads, that contain magnetic graphite in their
composition present a significant reduction in water absorption and an increase in the
mechanical resistance of the wet material compared to the systems based on pristine
alginate. Additionally, the in vitro kinetic results of ibuprofen release from the magnetic
systems revealed a more sustained profile, wherein the release can be stimulated by an
external magnetic field, allowing the modulation of the release levels and the delivery at a
specific target site.
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To increase biocompatibility and comply with essential requirements for promising
oral drug administration, biocompatible LDH can also be used as a coating of nanoparticles.
Since LDH has demonstrated an advantage in internalization across negatively charged
biological membranes without the requirement for any extra post-modification or function-
alization, this approach can be applied [236,237]. In this perspective, ZnAl-LDH, together
with PVA and sorafenib antineoplastic drug, was used as co-coating of iron oxide nanopar-
ticles by coprecipitation method in the preparation of a magnetic DDS [238]. According to
reported data, the coating resulted in a narrower size distribution and decrease in particle
size (around 40 nm), while the superparamagnetic nature of the iron oxide nanoparticles
was preserved in the composite. Besides no cytotoxicity towards normal fibroblast cells, an
enhancement of the antineoplastic effect of the magnetic system compared to free sorafenib
against liver cancer and HepG2 cells was observed.

Considering this biocompatible property, numerous researchers have conjugated
negatively charged cytotoxic drugs with LDH and successfully delivered them into the
cells with features of controlled release [164]. However, scarce studies on LDH combined
with polymers as oral devices for cancer treatment are reported up to now; most of them
involve natural polymers in their composition. Pooresmaeil et al. [239] investigated the
design of a new oral DDS for colon cancer treatment comprising 5-FU loaded in ZnAl-LDH
(about 87%); the resulting hybrid was posteriorly encapsulated in a polymer matrix based
on CMC. The presence of the biopolymer in the CMC/LDH-5FU material processed as
beads induced a controlled and sustained drug release behavior, preventing the previous
dissolution of the system in the simulated stomach medium; a high swelling and drug
release in the alkaline medium were observed, indicating that these systems have pH-
sensitive properties. The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium (MTT)
assay demonstrated the biocompatibility of the nanocomposite beads, yielding a potentially
safe oral delivery system for colon cancer therapy.

Likewise, a new drug carrier based on MTX-loaded ZnAl-LDH and carboxymethyl
starch (CMS) as an oral vehicle for specific colon tumors was recently developed by Poores-
maeil and Namazi [240]. The prepared DDS exhibited controlled and prolonged drug
release in the gastrointestinal tract and high bioavailability. Additionally, CMS@LDH-MTX
microspheres showed acceptable enzymatic breakdown and cancerous cell-killing ability,
becoming a versatile therapeutic choice for the delivery of anticancer drugs to the intesti-
nal area. Similarly, in another study, CMS was also used as a coating of simultaneously
co-loaded 5-FU and DOX into MgAI-LDH to improve colon cancer therapy [241]. The
results showed that coating the LDH-drug hybrids with CMS as a pH-sensitive biopolymer
improved performance in cancer treatment exhibiting a controlled release profile in acidic
conditions (about 22% and 29% of DOX and 5-Fu, respectively), allowing most of the loaded
drug to be released into the intestinal environment. In addition, the cell viability tests
against Caco-2 cells (colon cancer cell line) displayed that the nanocomposite material is
biocompatible, likely due to the sustained release properties, which prevented the burst
drug release of the anticancer agents.

Photothermal therapy (PTT) is widely used in physical cancer treatment, which is
mediated by light. However, PTT alone can be a challenging treatment because of the
uneven distribution of heat in the treatment volume [242]. Hence, integrating targeted
chemotherapy with PTT would be a viable way to increase the effectiveness of cancer
treatment. This approach was recently explored by Anirudhan and Chithra-Sekhar [230]
in a study that describes the design and synthesis of a complex dual-sensitive nanocom-
posite platform based on the combination of LDH functionalized with isocyanate, covered
with targeting ligand folic acid conjugated thiolated CS and gold nanoparticle (AuNp)
for both targeted pH-responsive photothermal therapy against breast cancer using DOX
as an anticancer molecule model. Thanks to interactions established between the compo-
nents through electrostatic interactions, an improvement of encapsulation and loading
efficiency of DOX was observed, showing a maximum of drug release at pH 5.5, which sim-
ulates the microtumoral environment, characterizing the system as pH-stimuli responsive
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(Figure 16B). In addition to the non-toxic nature of the system, quantitative flow cytometry
analysis of the proposed formulation indicated a good targeting effect as well as increased
destruction activity of cells than free DOX in MCEF?7 cells (breast cancer cells), while AuNp
provided to the system better resistance to high temperatures by the near-infrared (NIR)
light irradiation, enhancing the photothermal therapy and fluorescence imaging.

As aforementioned, many research groups around the world are working to develop
more effective therapies with fewer side effects for millions of patients. Although LDH
shows considerable potential for treating diseases like cancer, great challenges must be
overcome in the biological environment, such as the (i) propensity to agglomeration in
ion-rich surroundings, increasing its size and, consequently, promoting alterations in the
colloidal stability, (ii) acidic degradation in the stomach and (iii) low bioavailability in
the small intestine [243,244]. A possible approach to overcome such drawbacks is the
modification of LDH with a sort of “camouflage,” which can mimic other components of
the biological environment. In this context, the interaction of LDH with polysaccharides or
proteins (albumin, for instance) can give rise to changes in the physicochemical properties
of the layered solid in a biological medium [48]. These possibilities of modifications,
together with the excellent ability and good adjuvant function of LDH as a nanocarrier for
protein antigen delivery, enhancing the immune response, yield potential constituents in
oral vaccine delivery.

This was the strategy recently employed by Yu et al. [245] to obtain new nanocompos-
ites based on LDH for enhanced oral vaccine delivery purposes. In this case, alginate-CS
coated LDH@protein antigens (protein antigens = BSA, Albumin-fluorescein isothiocyanate
conjugate (BSA-FITC)) have been developed, and the protein release properties were in-
vestigated at various pH values. For this, LDH@antigen was then coated with the CS,
following a second polymer coating with alginate, using sodium tripolyphosphate (TPP)
and CaCl, as crosslink agents, respectively. The nanocomposite system displayed effective
protection of the antigens and LDH from acidic solubilization. The flow cytometry analy-
sis demonstrated that after the disintegration of the alginate layer from the oral vaccine
device at the basic medium, the resulting CS-coated LDH could significantly improve the
attachment and internalization of proteins at the Caco2 intestinal cells and macrophage,
likely due to its strong interaction with the saccharide receptors and surface proteins. These
studies demonstrated the high versatility and potential of LDH-based nanocomposites,
opening new possibilities for the use of these materials as oral delivery systems for a wide
variety of pathological conditions.

6.2. Polymer/LDH Nanocomposites for Transdermal Drug Delivery

The transdermal delivery of drugs from polymer/LDH nanocomposites can be achieved
by two minimally invasive approaches, such as the use of gel formulations applied to the
skin tissue [246] or through the formation of an array of microneedles [247]. Using the first
approach, Kim et al. [246] developed a system based on a gel of Zn, AI-LDH intercalated
with the model drug flurbiprofen (FB) and Eudragit® S-100 at different concentrations. XRD
data confirmed the intercalation of FB, and in vitro release study showed that Eudragit®
aided the release of FB from the layered material in comparison to the system without
polymer. Possibly, Eudragit® promotes the enlargement of the edges of the LDH particles,
aiding the total out-diffusion of the drug after 24 h. The in vitro skin permeability test
using mice model tissue revealed that the increasing polymer concentration fostered the FB
release while the delivery system without polymer permeated at least two times less drug.

Yan et al. [247] employed a Mg, Al-chloride LDH phase to improve the mechanical
properties of a CMC array of microneedles containing ovoalbumin (OVA) protein for trans-
dermal delivery application using a silicon microneedle array male mold. In comparison
to the traditional subcutaneous and intramuscular injections, this approach drastically
reduces pain and needle stick injuries while it can be manufactured to target a specific
layer of the skin. Upon application, the polymer phase is dissolved in the skin, and the
delivery system releases the drug without yielding a sharp waste product. Elastic modulus
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and hardness of the hybrids at 5 wt.% of loaded LDH were significantly improved in
comparison to pristine CMC, which could benefit the piercing process of the skin tissue.
Additionally, the dissolution process of CMC after contact with the skin was not affected
by the presence of the layered phase in human and pig skin. The in vivo comparison of
the antibody production through subcutaneous injection and the microneedle showed a
greater response after 14 and 38 days of the procedure in both pristine and CMC-LDH
microneedles, confirming the potential of this novel transdermal delivery approach.

6.3. Polymer/LDH Nanocomposites for Ocular Drug Delivery

Intercalation of bioactive compounds into LDH structure for drug delivery is an
interesting strategy for the treatment of eye-related illness since topical administration of a
drug is preferred in comparison to more invasive procedures, especially in the inner and
posterior segments of the eye [248,249]. Several characteristics of these delivery systems
are often required for effective therapeutic intervention, such as ocular bioavailability, long
retention and minimal systemic exposure, while also improving the permeability across
ocular tissues [250,251]. The formation of polymer/LDH-drug composites can also enhance
several key characteristics of the final product: increase of permeation to the inner portion
of the eye and rise of the retention time of the drug [166,252].

Xu et al. [251] studied the use of a composite based on a Mg, Al-LDH co-precipitated
in the presence of glycylsarcosine-modified chitosan (GS-CS), pirenoxine sodium (PRN).
CS exhibits good mucoadhesion and enhanced trans-cornea drug penetration, while gly-
cylsarcosine can target the peptide transport-1 (PepT-1) protein to further enhance corneal
permeation. PRN is widely used to inhibit the development of cataracts but exhibits low
ocular bioavailability, which can be improved by intercalation in LDH matrices. XRD data
revealed that the basal spacing of the GS-CS-PRN-LDH contains intercalated PRN, and it
was further expanded when the GS-CS content was increased in the hybrids, indicating
a combination of both intercalation and surface adsorption of the modified polymer over
the LDH structure. The in vitro release study showed a fast initial release during 45 min,
a slower release during the 45-300 min and a constant release until 360 min. This release
profile is related to the initial release of PRN from the surface or near the surface of the LDH
structure, and the slower release is associated with the ion-exchange reaction from the in-
tercalated PRN. The increase of the GS-CTS content in the hybrid decreases the cumulative
release of PRN owing to a slightly stronger host (GS-CTS-LDH)-guest (PRN) interaction.
All analyzed GS-CTS-PRN-LDH systems exhibited a sustained release when compared to
pristine PRN. Both GS-CTS-PRN-LDH and GS-CTS-LDH (PRN unloaded sample) showed
a high degree of cell viability up to 75 ug mL~! for human corneal epithelial primary
cells (HCEpiC). Quantitative cellular uptake by HCEpiC showed that GS-CTS-PRN-LDH
hybrids presented an uptake index over 3 times larger than pristine PRN and double of the
PRN-LDH sample at 4 h of experiment.

The in vivo precorneal residence measurements of New Zealand albino rabbits showed
that, in a commercial product, PRN could only be detected in the first 2 h after eye drop
administration, while GS-CTS-PRN-LDH remained detectable for 6 h and the PRN concen-
tration was significantly higher as well. The ex vivo fluorescence image of rabbit ocular
tissue showed that CG-GS-FITC-LDH eye drops were strong in all ocular tissue, especially
in the iris-ciliary and crystalline lens, and a higher content of GS-CTS in the hybrid material
increased the fluorescence of the analyzed tissue, indicating an enhancement of the ocular
bioavailability for PRN. Similar results were also observed for other GS-CTS-LDH eye drop
systems intercalated with dexamethasone sodium phosphate (DEXP) for drug delivery to
the posterior segment of the eye [253] or phacolysin for cataract treatment [250].

In the study developed by Sun et al. [254], LDH-based composite materials were
employed for glaucoma treatment through a hydrogel/thermogel based on an amphiphilic
copolymer, poly-(DL-lactic acid co-glycolic acid)—polyethylene glycol-poly-(DL-lactic acid
co-glycolic acid) (PLGA-PEG-PLGA) containing the intercalated brimonidine (Bri) drug.
After hydrothermal synthesis of the Mgz Al-Bri LDH phase, the inorganic content was
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dispersed on a solution containing the (PLGA-PEG-PLGA) polymer phase to produce the
hydrogels. The in vitro drug release study showed that without the polymer phase (LDH-
Bri), over 75% of the Bri content was released from the LDH in the first 15 min and up to 90%
after 30 min of the experiment. On the other hand, the thermogel containing LDH-Bri (LDH-
Bri-thermogel) sustained the release of over 75% of the Bri content after 2 days and with a
significant reduction in the initial burst release. This effect can be attributed to the polymer
that causes a significant decrease in the ion exchange reaction of Bri from the LDH structure
and/or slower diffusion of Bri from the thermogel. Cytotoxic evaluation using human
corneal epithelial (HCET) cells showed that none of the components of the DDS decreased
cell viability. The drug concentration in the aqueous humor of New Zealand rabbits was
initially smaller for LDH-Bri-thermogel in comparison to the Alphagan® commercial eye
drops during the first 3 h but remained close to three times more concentrated after 24 h.
After 48 h, the detection of Bri from the Alphagan® group was almost zero, while it was
still detected from the LDH-Bri-thermogel system after 7 days. The hybrid formulation
sharply decreased the intraocular pressure in the first 3 h of the experiment and kept it
consistently lower than the Alphagan® group at 24 and 48 h.

7. Organic Polymers and Layered Double Hydroxides Nanocomposites for Tissue Engineering

Tissue engineering comprises the preparation of scaffolds to replace, repair, or recon-
struct part or entire tissue (bone, cartilage, skin, blood vessels, muscle etc.) and is classified
into two types: skin tissue engineering and bone tissue engineering [255].

7.1. Polymer Composites and Skin Tissue Engineering

Wounds consist of lesions coming from local trauma or originating from pathological
conditions. Although the wound healing process presents particularities according to the
tissue and local affected, the skin wound healing process illustrates the repair steps for
the majority of tissues [256]. Since polymer/LDH composites application for skin wound
healing is more studied in relation to other tissues, hereafter, the process of skin repair will
be provided. Skin wound healing can be illustrated as a sequence of four linear steps, which
may overlap over time: (1) homeostasis, (2) inflammation, (3) proliferation, and (4) remod-
eling step [256,257]. It involves different types of cells, such as keratinocytes, fibroblasts,
immune, endothelial, and progenitor cells. These events are controlled by growth factors,
chemokines, and cytokines. Metallic ions are also involved in the wound-healing process
due to their implications for cell behavior and enzymatic activity regulation [258]. The
action of these and many other chemical identities are coordinated by a signaling network
formed by a family of interleukin proteins that regulate the immune response and growth
factors, coordinating cell-cell and cell-ECM interactions necessary to skin healing [257].

In the first step of wound healing (homeostasis and coagulation), platelets circulating
into the blood stick to the damaged tissue keeping the blood in and protecting the body
from microorganisms and dirt. Mediators that cause localized vasoconstriction are released,
and the protective barrier of the skin is restored. Then, coagulation factors are activated,
which will direct the deposition of fibrin proteins. Platelets and fibrils form a clot. At this
point, homeostasis is restored. The clot mitigates hemorrhage and serves as a preliminary
matrix for cell migration by releasing scaffold proteins such as fibronectin, vitronectin, and
thrombospondins, allowing for the migration of keratinocytes (primary types of cells in the
epidermis), immune cells, and fibroblasts. This step takes from minutes to hours.

Zinc cations play a role in keratinocytes differentiation and function, thus being an
important metal in the first step of wound healing. In fact, Zn?* dietary or inherent de-
ficiency is associated with skin diseases, such as alopecia and dermatitis [259]. Platelet
degranulation also leads to the release of inflammatory mediators and activates the comple-
ment cascade [260]. In the second step, which overlaps with homeostasis and occurs in the
first 72 h after wound occurrence, histamine released by the activated complement cascade
causes capillary dilation, accelerating the migration of inflammatory cells into the wound
area. Pro-inflammatory signals make neutrophils and monocytes migrate and infiltrate
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the wound region, eliminating pathogens, dead cells, necrotic tissue, foreign debris, and
toxic metabolites. Neutrophils phagocyte pathogens kill them through the release of ROS,
proteases, or antimicrobial proteins.

The death of injured cells and the consequent release of cellular content are under-
stood by the body as a danger signal that is recognized by tissue-resident cells, making
them express several genes coding for chemical mediators responsible for propagating
the inflammatory response. After fulfilling their function at the injured tissue, neutrophils
undergo apoptosis and are uptake by macrophages triggering the system out of the inflam-
matory phase. At this point, macrophages, which transited from an inflammatory to an
anti-inflammatory state, produce Vascular Endothelial Growth Factor (VEGF), promoting
vessel growth and vascular anastomosis, in the called angiogenesis process, which re-
establish vascular channels. Concomitantly to the angiogenesis, granulation tissue (which
is composed primarily of type-III collagen (COL-III), fibroblasts, and new blood vessels)
is also formed. From days to several weeks after wound occurrence, the fourth and last
step takes place. In the remodeling and last step, angiogenesis slows down, and type-1
collagen (COL-I) replaces COL-III making tissues stronger. This step starts two to three
weeks after skin injury and can last from months to years [256]. It consists of the synthesis
and reorganization of the EMC.

Wounds can be classified as acute or chronic. Acute wounds reach the complete
cure, usually take no more than 12 weeks to heal, and present fewer chances to originate
prominent scars. Chronic wounds, on the other hand, tend to recur, to persist for more than
12 weeks, and scars are more expected [261]. Impaired tissue regeneration is aggravated
by age and diseases such as diabetes mellitus, ischemia, and hypertension [262]. Chronic
wounds affect millions of people, and elderly persons (65 years and older) account for
85% of the cases [262]. In just three decades, the number of older adults is expected to
more than double, driven by Eastern and South-Eastern Asia and North and sub-Saharan
Africa [263]. The replacement of damaged tissues (including skin, bones, and vascular
systems) follows the constant increase in global life expectancy, and that non-healing
wounds result in enormous health and financial burden to individuals and the health care
system, leading to morbidity or even mortality. Hence, discovering technologies able to
assist tissue regeneration is of great interest.

In fact, the global chronic wound care market, valued at 11.61 billion in 2021, is
projected to grow to $19.52 billion by 2029 [264]. Although the increasing demand for
treatments is apparent, solutions for acute delayed wounds and chronic wounds remain
challenging.

Delayed acute wounds and chronic wounds frequently enter a state of pathologic
inflammation due to a postponed, incomplete, or uncoordinated healing process. In
these cases, the inflammatory phase of the healing process cannot be resolved and then is
prolonged, affecting angiogenesis and ECM deposition. These scenarios can also be due to
or intensified by bacterial infections [257]. Polymer composites as implantable devices or
wound dressings for assisting wound healing may act in preventing infections, improving
specific cells” attachment, migration, and differentiation, or performing a targeted or
local release of bioactive BL that can assist the wound healing process in one or more
phases of wound healing. Regarding wound dressings, they were originally designed
to cover the wound, providing a beneficial microenvironment for successful healing by
controlling wound moisture and absorbing excess exudate [265]. Although the urgency
in the development of solutions to treat severe or chronic wounds is evident, only four
therapies were approved by FDA. Three of them consist of dermal substitutes or equivalent,
while one therapy involves recombinant human platelet-derived growth factor [257]. No
therapy with small-molecule drugs has been approved up to now [174]. Some challenges to
the development of products for non-healing chronic wounds include scarcity of biological
models (chronic wounds are uncommon in animals and difficult to simulate) and challenges
in clinical trial execution and in drug delivery (release kinetics modulation) [266].
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Effective wound dressings are expected to interact actively at the molecular level with
biological structures guiding the wound-healing process. In more detail, they can locally
alter the wound’s environment by targeting bacterial load and excessive protease levels,
providing exogenous COL or species that stimulate or participate in COL neogenesis, and
can also provide drugs responsible for reducing local pain. In general, wound dressings
consist of natural or synthetic polymers able to be processed by many diverse methods,
as previously discussed. Natural polymers, such as CS, gelatin, COL, and HA, have been
studied due to their bioactivity and hydrophilicity, which are interesting to abstract exudate.
Many synthetic polymers employed in tissue regeneration, such as PCL, PGA, and PLGA,
present high hydrophobicity, which hinders the control of wound moisture and the interac-
tion with tissues and body systems. Moreover, they are, in general, biologically inert. On
the other hand, the synthesis of polymers provides versatility in composition and structure,
thus allowing the tuning of the polymer properties [265]. The employment of LDH for
the preparation of biomaterials for tissue regeneration offers noticeable advantages. The
interlayer space of the LDH structure can accommodate several types of bioactive payloads
of interest for the design of active wound dressings, like antibiotics, anti-inflammatories,
and statins. LDH layer solubilization can provide metallic cations (such as Mg?* or Zn?*)
playing a role in different phases of wound healing, acting in the metabolism and/or in the
activity of key cells, and/or having antimicrobial properties.

The incorporation of LDH particles in the polymeric matrix may surpass the limita-
tions of both LDH and polymer. On the one hand, the surface morphology and porosity of
the polymeric matrix assist cells adhesion, migration, and proliferation; the polymer sup-
ports and immobilize LDH solid particles, offering an additional barrier and possibilities to
modulate the release of intercalated species and the degradability rate to follow the wound
healing progression. On the other hand, LDH increases the hydrophilicity, improves the
biocompatibility of the polymer, and allows the loading of hydrophilic bioactive species
incompatible with hydrophobic polymers. LDH can also enhance the mechanical perfor-
mance of the polymeric matrix. Thus, LDH/polymer composites are strong candidates for
the modern generation of wound dressings.

Concerning specifically the role of LDH in tissue healing, the repair of intramuscular
tissues of mice around LDH tablets through the deposition of different COL types, ac-
cording to the metal cations in the layers, was observed. For instance, COL-I and COL-III
are predominant when Mg, Al-Cl and Zn,Al-Cl LDH are implanted, respectively [142].
Interestingly, when the same experiment was performed with LDH where half of the AI**
cations were substituted by Fe3* (MgyFeg5Aly 5 and ZnyFep5Aly5), COL-I was predomi-
nant, prevailing over the divalent cation action [143]. The substitution of exogenous AI**
cations by endogenous Fe3* is of great interest. However, there is a concern about the
possibility of iron excess causing oxidative stress and overpopulating the wound region
with macrophages, which could impair wound healing [267]. Undoubtedly, the possi-
ble negative effects of iron are dependent on its dose. Furthermore, Mg,Feg5Aly5 and
ZnyFeq 5Aly 5 LDH were intercalated with anti-inflammatory naproxen (NAP) and submit-
ted to drug release assay in simulated medium to quantify not only NAP but the metals
by ICP-AES technique [143]. Differently from Mg?" and Zn?*, no signal for Fe3* cation
could be obtained due to its very low solubility product. Thus, a very low amount of free
Fe3* cations was leached from LDH, already able to play a role in COL neogenesis but
not high enough for possible deleterious effects. In fact, the Fe** LDH samples presented
excellent in vivo biocompatibility. The higher presence of macrophages in comparison
to the studies for A13*-LDH, but in the absence of other inflammatory cells, suggested a
possible influence of iron in macrophage mobilization. Figure 17 brings aspects of each step
of wound healing in which the polymeric matrix and LDH may act to assist the process.

Some works showing different polymer/LDH composites aimed at modern wound
dressings are commented ahead. Looking for a membrane design for an effective release of
bioactive payload in the wound site, Figueiredo et al. [73] designed sandwiched membranes
prepared by alternating electrospun PLA and electrospray LDH layers (Figure 18A). The
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Mg, Fep5Alp 5 LDH intercalated with NAP anions (Mg,Fe 5Aly 5-NAP) were employed as
model structures. Changing only the thickness of the electrospun polymeric layers, NAP
anions release persisted from weeks to months. Such an approach can be employed for
different systems, and the drug release is tuned according to the drug’s bioactivity.
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Figure 18. (A) Preparation of the composite membranes and (B) NAP anions release percentage as a
function of time for the different composites (reprinted from Figueiredo et al. [73] with permission of
Elsevier).

Mg,Feq5Alg5-NAP and Zn,Fe(5Alg5-NAP LDH particles were also employed by
Figueiredo et al. [65] for the development of casting membranes based on the polyether-
block-polyamide block copolymer (PEBA) aiming wound dressings preparation. LDH
particles improved the mechanical properties of PEBA. Interestingly, by changing the di-
valent cation in the LDH layers, faster (for Mg-based LDH) or slower (for the Zn-based
LDH) drug release was observed. LDH particle immobilization prevented normal hu-
man dermal fibroblasts from particle overload and exacerbated cytotoxicity. Moreover,
LDH-NAP/PEBA membrane presented higher cell viability in comparison to the mem-
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brane containing non-intercalated NAP anions or containing the pristine MgyFe( 5Alg 5-Cl
particles.

Mohammadi et al. [268] developed a wound dressing consisting of a polyurethane elas-
tomer containing MgsAl particles intercalated with an antibacterial curcumin macrocyclic
calixarene complex. The polyurethane elastomer was synthesized from ricinoleic acid, also
called castor oil, a polymeric raw material containing reactive-OH groups. Curcumin, a
natural product, presents antibacterial activity and accelerates skin wound healing, acting
in early and advanced steps of the healing process. In that investigation, curcumin was
pre-immobilized in the macrocyclic calixarene complex and then the complex into LDH,
aiming to surpass low chemical stability, rapid metabolization, and weak bioavailability.
The composite containing 1 wt.% of LDH, in addition to the control composites consisting
of LDH-NOj3 and LDH, intercalated only with curcumin, was prepared by in situ poly-
merization. The composites containing Mg, AlI-NO3; LDH presented antibacterial activity
against E. coli, attributed to the high surface area/volume ratio of LDH nanosheets and
their positive electric charge. The composite containing LDH-curcumin complex presented
antibacterial activity for both E. coli and S. aureus strains, including accelerated wound
healing.

Yoosefi et al. [269] designed CMC-PEO bionanocomposite electrospun fibrous mats
for wound healing containing ibuprofen (IBU) drug and Mg, Al LDH intercalated with
vancomycin (LDH-VAN) for simultaneous delivery of analgesic and antibiotic species,
respectively. The tensile strength of the fibrous mats was enhanced in the presence of LDH
particles in comparison to the control (CMC-PEO mat). Figure 19 shows the visual aspect
of the wounds in rats treated with mats. The following crescent order of wound healing
improvement was observed: control < CMC-PEO < IBU/CMC-PEO < LDH-VAN/CMC-
PEO < LDH-VAN/IBU/CMC-PEO.
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Control

CMC-PEO

IBU/
CMC-PEO

LDH-VAN/
CMC-PEO

LDH-VAN/IBU/
CMC-PEO

Figure 19. Representative photographs of wounds treated by control, CMC-PEO, and IBU/CMC-
PEO, LDH-VAN/CMC-PEO, and LDH-VAN/IBU/CMC-PEO groups on days 0, 3, 7, 10, 14, and 19.
(reprinted from Yoosefi et al. [269] with permission of Elsevier).

7.2. Polymer Composites and Bone Tissue Engineering

Procedures for bone replacement or repair have been consistently investigated over
the past years due to an increasing demand caused by different factors such as the growing
older population, fractures, and bone defects and diseases [270-272]. Bone is not a static or
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isolated organ but multifunctional, metabolically active and integrated with other body
organs [273]. The bone structure is constantly renewing itself during life, undergoing a
remarkable rotation compared to other types of tissues present in the body. The processes
of bone formation and resorption must be precisely regulated, guaranteeing their integrity
to avoid bone fragility and, consequently, its injury. Bone regeneration is observed in
the normal healing of a fracture in human and veterinary orthopedics and in more com-
plex processes such as bone defects caused by trauma, infection, removal of tumors, or
osteonecrosis (a disease caused by lack of blood supply to the bones), atrophic non-union
(the bone starts to disappear because it is resorbed) and osteoporosis.

Several strategies are used to increase the process of bone regeneration in the dental
and medical areas, such as autologous bone graft (i.e., the bone comes from the same
individual), allograft implantation (i.e., material obtained from an individual of the same
species), use of osteoconductive scaffolds (that is, which allow the juxtaposition of new
bone tissue on its surface), or osteogenic distraction (a form of tissue engineering) [274]. The
third generation of biomaterials for bone regeneration involves biodegradable materials
to allow bioresorbability during the formation of new healthy bone and usually porous
scaffolds instead of monolithic or bulk phases [275].

The scaffold for bone regeneration can be of different chemical nature: metallic (or
metallic alloys), ceramic or polymeric. However, composites have properties more suitable
for use as scaffolds. The human bone itself is an inorganic-organic composite, made
up of approximately 70% of the inorganic phase (containing mainly calcium, phosphate,
and carbonate ions) and 30% of the organic phase, with a predominance of the COL
polymer [274]. Thus, tissue repair in orthopedics or dentistry has aimed at the use of
biomimetic materials, that is, composites formed by phases that have properties close to
those of bone in terms of structure, mechanical properties, bioactivity and osteoconductivity,
to achieve the required therapeutic efficiency. Furthermore, scaffolds can host bioactive
agents (growth factors, small peptides, drugs) released into the biological environment in a
controlled way. Tissue engineering is based on a tripod consisting of scaffolds, biochemical
agents, and cells.

The use of poly(methyl methacrylate) (PMMA) cements for orthopedic procedures
became the gold standard because of their mechanical properties and safe characteristics
for such purposes [270,276]. PMMA is biologically inert but not biodegradable, hindering
bone growth over the polymer structure [272]. Furthermore, PMMA polymerization is
an exothermic process that can cause tissue necrosis [276], requiring the incorporation of
heat-stable antibiotics to address possible infections [270]. If the polymer used as support
for cell adhesion and proliferation is biodegradable, chemical or enzymatic reactions lead
to its disappearance until the end of bone repair. Biopolymers such as COL, CS and alginate
are preferred over synthetic ones because they have comparatively high performance and
low environmental impact, as they are abundant, renewable, inexpensive, and have low
molecular weight. A new generation of scaffolds also includes nanoparticles (fillers) that, if
they are also degradable, produce the known green composites.

These limitations can be minimized, and even novel properties on polymer-based
materials can be achieved, by the presence of a wide variety of inorganic structures. Espe-
cially for bone-related applications, hybrid materials based on the combination of LDH and
polymers are promising to owe to: (i) the enhancement of the mechanical properties of the
resulting composite [271,277]; (ii) the improvement of osteogenic differentiation associated
with the release of Mg?* ions from the LDH structure and the alkaline microenviron-
ment [272,278]; (iii) good biocompatibility, low toxicity and structural homogeneity [169];
(iv) thermal stability and drug release of bioactive compounds from the intercalated LDH
structure [279]; (v) thermal insulation from the exothermic polymerization process, and
(vi) creation of surface irregularities that could benefit osteointegration [272].

An example of these scaffolds, developed by Belgheisi et al. [280], is shown in
Figure 20A. A 3D structure of PCL micro-strands grid was combined with nanofibers
of PCL containing dispersed particles of pamidronate (Pam) drug intercalated into LDH
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(LDH-Pam) obtained by electrospinning (PCL/LDH-Pam). The delivery behavior of the
drug in the PCL/LDH-Pam fibers glued in the 3D PCL grids, followed by 28 days in PBS
medium, showed two stages of the controlled release: water penetration (firstly 7 days) and
degradation (Figure 20B). The first stage occurs by ion-exchange sustained release event.
After 28 days, the surface degradation by the PCL ester bonds hydrolysis began, exposing
more LDH-Pam hybrids and keeping the gradual release of the drug. The data about activ-
ity of alkaline phosphatase (ALP), which indicates the osteogenic effect, showed a better
behavior of PCL/LDH-Pam compared to PCL-scaffold without LDH-Pam in the MG-63
cells. Furthermore, changing the divalent cation in the LDH structure, a higher osteocon-
ductivity was noticed for Mg-LDH than for the Ca-LDH. Therefore, the PCL/LDH-Pam
composite shows potential for local drug delivery application in bone tissue engineering.
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Figure 20. (A) Structural characterization of the PCL-based scaffolds: (a) macroscopic images; (b) top
view (scale bar: 500 pum), (c) cross-sectional view (scale bar: 500 um), and (d) top view of a pore of a
3D-printed grid (scale bar: 200 um), and electrospun nanofibers (scale bar: 20 pm); (B) In vitro drug
release: (a) cumulative release of Pam and (b) images of PCL/LDH-Pam fibers in the scaffold at the
water penetration and degradation phases (scale bar: 200 um), after 28 days of immersing in PBS
solution (reprinted from Belgheisi et al. [280] with permission of Elsevier).
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A study conducted by Wang et al. [272] investigated the formation of composites based
on PMMA, Mg, Al LDH and mineralized COL-I. A mixture of methyl methacrylate (MMA)
monomet, pre-polymerized PMMA and LDH and/or COL-I, submitted to polymerization
reaction at 25 °C, produced a composite placed into molds to generate samples with
different shapes. The presence of both COL-I and/or LDH in PMMA did not change the
curing time of the polymer matrix. In vitro differentiation assays of human bone marrow
mesenchymal stem cells (hBMSCs) showed a larger presence of the ALP-positive cells in
PMMA-LDH and PMMA-COL-I-LDH than in pristine PMMA or PMMA-COL-I samples.
Apparently, more calcium nodules were present in the ECM of hBMSCs cultured over the
surface of modified PMMA materials in comparison to the pristine polymer, demonstrating
the osteogenic capability of PMMA-LDH hybrids. When analyzing the skull bone growth
into the PMMA-based materials using New Zealand white rabbits, it was observed that
the samples containing LDH grew bone volume over 17 times higher than pristine PMMA.
Tissue analysis (heart, liver, spleen, kidney, and spinal cord) of the rabbits showed no
evidence of these structures exhibiting in vivo biocompatibility of COL-I and/or LDH-
modified PMMA hybrid materials.

Furthermore, the use of new polymer-based hybrid materials was proposed as a
promising candidate to replace PMMA-based cements. In one of these studies, Enderami
et al. [271] evaluated the osteogenic differentiation of bone cells using highly porous PCL
scaffolds containing a Mgy Al LDH intercalated with chloride ions to overcome the poor
bone cell adhesion over the hydrophobic surface of the pristine polyester. This polymer
has a low melting point (60 °C), is biodegradable and can be processed through different
techniques for bone implant applications, such as electrospinning, 3D-printing, salt leaching
and also thermally induced phase separation (TIPS) [281]. TIPS can promote the formation
of a porous structure with a wide range of pore sizes, which can assist bone integration
into the scaffold. To produce the PCL-LDH composites by TIPS, different concentrations
of LDH-CI (0.1, 1.0, and 10 wt.%) were dispersed in 1,4-dioxan and later mixed with a
solution of PCL dissolved in the same solvent, frozen at —72 °C and then freeze dried
to remove the dioxane. Regarding the mechanical properties, the compressive modulus
of the composite was up to twice the value observed for pristine PCL at a moderate
concentration of LDH, while the maximum displacement decreased owing to the presence
of the inorganic particles. The porosity of the samples was not affected by the presence
of LDH particles and remained high (94-96% range). The results of in vitro degradation
indicated a faster rate when increasing the LDH content in comparison to the pristine PCL,
which can take up to 24 months to fully degrade, which took less than 3 days for the 10 wt.%
PCL/LDH sample. The results from in vitro bioactivity revealed the presence of apatite
layers in all samples, but the number of mineralized spots was higher in the composite
materials in comparison to the pristine PCL. Cell viability assessment revealed that the
cells attached to the surface of composite scaffolds grew rapidly, indicating the presence
of a cell-friendly microenvironment, while cell attachment investigation using hBMSCs
indicated a regular distribution of the stem cells on all porous samples. The assessment of
osteogenic differentiation of the hBMSCs showed that ALP and Runt-related transcription
factor 2 (RUNX2) expression patterns were significantly higher for the 1.0 wt.% PCL/LDH
in comparison to pristine PCL after 14 days, reinforcing the role of LDH particles on the
differentiation process of stem cells to generate bone structure.

Céamara-Torres et al. [270] investigated the use of poly(ethylene oxide terephtha-
late) /poly(butylene terephthalate) (PEOT/PBT) block copolymers containing 5, 10 and
20 wt.% of MgsAl intercalated with CFX to promote tissue regeneration and prevent
bone infection. These composites were prepared using a twin-screw extruder by mixing
PEOT/PBT pellets and the previously synthesized Mgz Al-CFX. Then, the scaffolds were
produced from the pelletized hybrid material by melt extrusion, yielding porous cylindrical
structures composed of stacked submillimetric filaments with pore size larger than 300 um
(overall porosity around 50%). Surface analysis of the scaffolds indicated a good integration
of the LDH structure over the polymer matrix; the surface roughness was comparable to
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those of pristine PEOT/PBT scaffolds. The in vitro release of CEX from the polymer/LDH
scaffolds indicated a sustained release over 1 month and a direct correlation between the
amount of antibiotic delivered and the LDH-CFX loading. Since less than 20 wt.% of CFX
was released from the polymer/LDH scaffolds at the highest loading tested and the cumu-
lative release plateau was not reached during the evaluated period, it was proposed that
only the particles located at the surface of the filaments were able to release the antibiotics.
Even though CFX thermal decomposition occurred to some extent by extrusion technique,
the scaffolds preserved antimicrobial activity against P. aeruginosa and S. epidermidis dur-
ing the 1-month evaluation. The cytotoxicity of the composite investigated using human
mesenchymal stromal cells (hMSCs) indicated no difference in cell viability regardless of
the concentration of the LDH-CFX employed once it eliminated the initial burst release of
antibiotics from the surface of the scaffolds. Calcium deposits were observed only after
28 days of experiments for the different samples tested and were absent on the highest
LDH-CFX scaffold loading even after 49 days, indicating that CFX exhibits a tendency to
hinder the mineralization step.

LDH-based hybrid materials were also proposed for bone-related applications when
combined with pristine or modified natural polymers to improve their physical and bio-
logical properties. Alargir et al. [278] combined a Mg, Al intercalated with carbonate ions,
gelatin methacryloyl (GeIMA) and alginate to produce printable bioinks for additive manu-
facture to generate biocompatible hydrogel scaffolds. The presence of the inorganic phase
in the composite aided the filament formation and the stackability of layers of filaments
to yield different printed shapes. In these composites, the presence of LDH also resulted
in lower in vitro degradation rates in all evaluated loadings in comparison to the samples
without LDH since the GelMA /alginate blend fully degraded after 4 weeks of the tests.
In vitro cell adhesion studies also revealed that osteoblasts were attached to the surface and
spread over the scaffolds in all LDH loadings during the 7-day evaluation. The osteoblasts
cells were also added to two different bioink compositions (one containing 3.0 wt.% of
LDH to the GeIMA content and another without LDH) to assess their survivability upon
the bioprinting process to produce the hydrogels to assist bone growth. The results showed
that the scaffold containing LDH generated over 20% larger cell area and osteoblasts with a
higher aspect ratio than the bioink without LDH, resulting in a larger cell spreading area.

Chen et al. [282] investigated the use of a Mgz Al LDH intercalated with carbonate
ions and CS at high inorganic loading (33 wt.% of LDH to the CS mass) to produce porous
structures by the freeze drying process, loading pifithrin-« (PFT«) after the contact with
different concentrations of its solutions (10, 20 and 40 umol L~!). PFT« is a selective
inhibitor of the p53 protein associated with the hindering of the bone growth process. The
CS/LDH scaffolds exhibited 3D interconnected macropores with pore sizes around 100 um
owing to the removal of the ice from the frozen structure upon the freeze-drying process;
inorganic platelets were detected over the surface and in the inner parts of the scaffolds.
XRD data suggested that LDH maintained its structural integrity even after contact with
the acetic acid solution required to solubilize CS. All concentrations showed a fast release
rate of the inhibitor in the first 15 h and then gradually reached a release equilibrium and
did not exhibit significant differences in their drug release properties. However, osteogenic
differentiation of hBMSCs was increased when PTFa concentration on the scaffold was
high, which was related to a decrease in the protein level of p53 in hBMSCs, according
to the western blot data. All CS/LDH-based scaffolds tested (with and without PFTx)
exhibited similar adhesion and proliferation of hBMSCs, showing good biocompatibility of
all components. In vivo experiments using Sprague-Dawley rats and implants of CS/LDH
and CS/LDH-PFT« (40 umol L~ 1) showed a higher amount of new bone formation, bone
mineral density and total bone volume/tissue volume in the cranial defects treated with
CS/LDH-PFT« after 12 weeks of the procedure. Hence, the CS/LDH nanocomposite
loaded with an osteogenic molecule showed properties expected for local DDS in bone
regeneration (Figure 14).
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8. Conclusions

Several polymers and inorganic materials, such as layered double hydroxides, have
been studied for decades and applied for the development of pharmaceutical formulations
and medical devices, showing the basic requirements for proper contact with the human
body, such as biocompatibility and metabolization. Additionally, each phase owns multi-
ple and interesting properties allowing the development of original treatments, through
different administration routes, for several diseases and assisting injured tissues and or-
gans to heal. For instance, both LDH and polymeric matrices can intercalate and load
bioactive species, respectively, and be superficially and structurally modified to achieve
specific morphologies and superficial reactivity. Several metal cations able to form the LDH
structure play a role in tissue regeneration. Moreover, changing the composition of the
layers (i.e., M?* and M3* metals and the M?* /M3* molar ratio), the particles morphology,
and the degree of particles aggregation (according to the synthesis method, samples ag-
ing, and dispersive treatments), it is possible to adjust the metals leaching and the drug
release kinetics. The chemical nature of the polymers dictates hydrophilic/hydrophobic
balance, degradation kinetics, and physicochemical properties. Additionally, polymers can
be processed through several techniques, which allow the production of 2D and 3D objects,
porous and fibrous structures, with tunable physical properties (i.e., elasticity, toughness,
density). Therefore, the combination of LDH and polymers, intimacy-related in the form of
composites, offers a great opportunity to assist body functions and metabolism according
to their complex and clever way of working.

More specifically, the association among drugs, LDH, and polymers have shown
great enhancement in bypassing some usual problems faced by a DDS when interacting
with the cells and the bloodstream. The factors impairing drug-based treatments, i.e.,
low drug solubility, poor biodistribution and low bioavailability, can be outlined through
the integration into polymer/LDH nanocomposites. Therefore, it can potentialize the
performance of the drug. Polymer/LDH composites for the ocular route assist local
maintenance of active principles and can contribute to improving their permeation on
the eye surface. Transdermal applications of LDH-based composites can be achieved by
exploring diffusion processes from the external structure of the skin or by piercing the skin
using an array of microneedles, for example.

LDH-based materials exhibit interesting features in different composite formulations
because of their tunable composition and the variety of characteristics that their presence
can produce in these composites, depending on their biomedical application. The polymer-
LDH interactions also present a crucial role in the design of novel materials giving the
initial properties of the organic phase, which can be retained or modified by the presence
of the inorganic structure. Especially regarding the production of devices to assist wound
healing and bone-related therapies, the choice of the polymer and the LDH composition is
crucial for the direction of new tissues formation, and bone structure growth since metal
ions from the LDH structure (i.e., Mg2+, Zn?*, Fe3*) have a role in the metabolism of cells
involved in wound healing and COL neogenesis, and to possess osteogenic properties. All
these characteristics indicate a feasible use of polymer/LDH composites with a tremendous
potential breakthrough in the life quality of people suffering from severe diseases which
can leave permanent side-effects or be lethal, such as diabetes and cancer, and also by the
loss of function of organs and tissues resulting from accidents, diseases, and aging.

Although the combination of LDH and polymers clearly offers advantages in com-
bining and complementing properties of each other, polymer/LDH composites still face
challenges for both drug delivery and tissue engineering. In the case of oral administration,
although the obstacle of sensitivity of LDH in acidic environments seems to be overcome
with core-shell techniques using gastro-resistant polymers, the current challenge consists
in overpassing the biological barriers, which can drastically decrease the bioavailability
of the encapsulated drug due to changes in colloidal stability and/or enzymatic degra-
dation of the LDH-based nanocomposite. However, recent advances have been widely
explored to modulate drug release and create new smart and effective oral systems to
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increase bioavailability and decrease possible side effects, such as pH stimuli and magnetic
or chemophotothermal therapies. On the other hand, intravenous administration routes
are limited due to the difficulty in producing stable LDH suspension able to safely travel
through the bloodstream and reach specific cells (systemic-targeted delivery). For tissue
engineering, the main challenge resides in the dynamism of the wound environment or
local damage, whose physical structure, chemical, and biological entities present chance ac-
cording to the progression of the healing process and the multiple processes involved. Thus,
polymer/LDH composites must be envisaged as smart multi-action materials engendered
to follow each step of healing.

Author Contributions: Conceptualization, V.R.L.C.; writing—original draft preparation, V.R.L.C.,
M.PE, VRM.,, VRR.C, A.CS.A. and G.EP; writing—review and editing, VR.L.C.,, M.PF,, VR.M,,
D.E, VR.R.C, A.CS.A. and G.EP. All authors have read and agreed to the published version of
the manuscript.

Funding: VR.M. and D.E. are grateful to the Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES; Finance Code 33002010191P0, and 88887.352040/2019-00, respectively) for the PhD
scholarships. G.F.P acknowledges the Amazonas State Research Support Foundation (FAPEAM; grant
processes 062.00875/2020 and 01.02.016301.03332/2021-12) and CAPES for the financial support.
A.C.S.A acknowledges the Fundacao de Amparo a Pesquisa e ao Desenvolvimento Cientifico e
Tecnologico do Maranhao (FAPEMA; processes 02533/21, 06741/22 and 05118/21) and the Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq; processes 425730/2018-2; 315109/2021-
1; 401840/2021-2; 405048 /2021-1). V.R.L.C. is grateful to CNPq (314034/2021-8) and the Sao Paulo
Research Foundation (FAPESP; INCT-INEO 2014/50869-6) for the research grants.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Available online: https://sustainabledevelopment.un.org/outcomedocuments/agenda21 (accessed on 18 November 2022).

2. Ghasemi-Mobarakeh, L.; Kolahreez, D.; Ramakrishna, S.; Williams, D. Key Terminology in Biomaterials and Biocompatibility.
Curr. Opin. Biomed. Eng. 2019, 10, 45-50. [CrossRef]

3. Williams, D.F. There Is No Such Thing as a Biocompatible Material. Biomaterials 2014, 35, 10009-10014. [CrossRef] [PubMed]

4. TUPAC. Compendium of Chemical Terminology, 2nd ed.; the “Gold Book”; McNaught, A.D., Wilkinson, A., Eds.; Blackwell Scientific
Publications: Oxford, UK, 1997; ISBN 0-9678550-9-8.

5. Han, X,; Alu, A.; Liu, H.; Shi, Y.; Wei, X,; Cai, L.; Wei, Y. Biomaterial-Assisted Biotherapy: A Brief Review of Biomaterials Used in
Drug Delivery, Vaccine Development, Gene Therapy, and Stem Cell Therapy. Bioact. Mater. 2022, 17, 29-48. [CrossRef] [PubMed]

6.  Plocher, J.; Mencattelli, L.; Narducci, F; Pinho, S. Learning from Nature: Bio-Inspiration for Damage-Tolerant High-Performance
Fibre-Reinforced Composites. Compos. Sci. Technol. 2021, 208, 108669. [CrossRef]

7.  Egbo, M.K. A Fundamental Review on Composite Materials and Some of Their Applications in Biomedical Engineering. J. King
Saud Univ. Eng. Sci. 2021, 33, 557-568. [CrossRef]

8. Basu, B.; Gowtham, N.H.; Xiao, Y.; Kalidindi, S.R.; Leong, K.W. Biomaterialomics: Data Science-Driven Pathways to Develop
Fourth-Generation Biomaterials. Acta Biomater. Biomater. 2022, 143, 1-25. [CrossRef]

9.  Hench, L.L.; Thompson, I. Twenty-First Century Challenges for Biomaterials. . R. Soc. Interface 2010, 7, S379-S391. [CrossRef]

10. Kowalski, P.S.; Bhattacharya, C.; Afewerki, S.; Langer, R. Smart Biomaterials: Recent Advances and Future Directions. ACS
Biomater. Sci. Eng. 2018, 4, 3809-3817. [CrossRef]

11. Montoya, C.; Du, Y.; Gianforcaro, A.L.; Orrego, S.; Yang, M.; Lelkes, PI. On the Road to Smart Biomaterials for Bone Research:
Definitions, Concepts, Advances, and Outlook. Bone Res. 2021, 9, 12. [CrossRef]

12. Di Silvio, L. Bone Tissue Engineering and Biomineralization. In Tissue Engineering Using Ceramics and Polymers; Elsevier:
Amsterdam, The Netherlands, 2007; pp. 319-331.

13. Evans, D.G,; Slade, R.C.T.S. Structural Aspects of Layered Double Hydroxides. In Structure & Bonding; Duan, X., Evans, D.G.,
Eds.; Springer: Berlin/Heidelberg, Germany, 2006; pp. 1-87, ISBN 3540282793.

14. Liu, J.; Zhao, C.; Chen, WR,; Zhou, B. Recent Progress in Two-Dimensional Nanomaterials for Cancer Theranostics. Coord. Chem.

Rev. 2022, 469, 214654. [CrossRef]



Pharmaceutics 2023, 15, 413 44 of 54

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Mishra, G.; Dash, B.; Pandey, S. Layered Double Hydroxides: A Brief Review from Fundamentals to Application as Evolving
Biomaterials. Appl. Clay Sci. 2018, 153, 172-186. [CrossRef]

Cunha, VR.R;; Ferreira, A M.d.C.; Constantino, V.R.L.; Tronto, J.; Valim, ].B. Layered Double Hydroxides: Inorganic Nanoparticles
for Storage and Release of Species of Biological and Therapeutic Interest. Quim. Nova 2010, 33, 159-171. [CrossRef]

Del Hoyo, C. Layered Double Hydroxides and Human Health: An Overview. Appl. Clay Sci. 2007, 36, 103-121. [CrossRef]
Allou, N.B.; Saikia, P.; Borah, A.; Goswamee, R.L. Hybrid Nanocomposites of Layered Double Hydroxides: An Update of Their
Biological Applications and Future Prospects. Colloid Polym. Sci. 2017, 295, 725-747. [CrossRef]

Kuthati, Y.; Kankala, R.K.; Lee, C.H. Layered Double Hydroxide Nanoparticles for Biomedical Applications: Current Status and
Recent Prospects. Appl. Clay Sci. 2015, 112-113, 100-116. [CrossRef]

Saifullah, B.; Hussein, M.Z.B. Inorganic Nanolayers: Structure, Preparation, and Biomedical Applications. Int. |. Nanomed. 2015,
10, 5609-5633. [CrossRef]

Bi, X.; Zhang, H.; Dou, L. Layered Double Hydroxide-Based Nanocarriers for Drug Delivery. Pharmaceutics 2014, 6, 298-332.
[CrossRef]

Rives, V.; del Arco, M.; Martin, C. Intercalation of Drugs in Layered Double Hydroxides and Their Controlled Release: A Review.
Appl. Clay Sci. 2014, 88-89, 239-269. [CrossRef]

Liang, R.; Wei, M.; Evans, D.G.; Duan, X. Inorganic Nanomaterials for Bioimaging, Targeted Drug Delivery and Therapeutics.
Chem. Commun. 2014, 50, 14071-14081. [CrossRef]

Rives, V.; Del Arco, M.; Martin, C. Layered Double Hydroxides as Drug Carriers and for Controlled Release of Non-Steroidal
Antiinflammatory Drugs (NSAIDs): A Review. J. Control. Release 2013, 169, 28-39. [CrossRef]

Oh, J.-M,; Park, D.-H.; Choi, S.-].; Choy, J].-H. LDH Nanocontainers as Bio-Reservoirs and Drug Delivery Carriers. Recent Pat.
Nanotechnol. 2012, 6, 200-217. [CrossRef] [PubMed]

Benoit, D.S.W.; Overby, C.T.; Sims, K.R., Jr.; Ackun-Farmmer, M.A. Drug Delivery Systems. In Biomaterials Science; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 1237-1266, ISBN 9780128161371.

Armentano, I; Puglia, D.; Luzi, E; Arciola, C.; Morena, F; Martino, S.; Torre, L. Nanocomposites Based on Biodegradable
Polymers. Materials 2018, 11, 795. [CrossRef] [PubMed]

Lee, J.H.; Yeo, Y. Controlled Drug Release from Pharmaceutical Nanocarriers. Chem. Eng. Sci. 2015, 125, 75-84. [CrossRef]
[PubMed]

Vasile, C.; Pamfil, D.; Stoleru, E.; Baican, M. New Developments in Medical Applications of Hybrid Hydrogels Containing
Natural Polymers. Molecules 2020, 25, 1539. [CrossRef] [PubMed]

Tran, H.D.N,; Park, K.D.; Ching, Y.C.; Huynh, C.; Nguyen, D.H. A Comprehensive Review on Polymeric Hydrogel and Its
Composite: Matrices of Choice for Bone and Cartilage Tissue Engineering. J. Ind. Eng. Chem. 2020, 89, 58-82. [CrossRef]

Kou, S.G.; Peters, L.; Mucalo, M. Chitosan: A Review of Molecular Structure, Bioactivities and Interactions with the Human Body
and Micro-Organisms. Carbohydr. Polym. 2022, 282, 119132. [CrossRef]

Minzanova, S.; Mironov, V.; Arkhipova, D.; Khabibullina, A.; Mironova, L.; Zakirova, Y.; Milyukov, V. Biological Activity and
Pharmacological Application of Pectic Polysaccharides: A Review. Polymers 2018, 10, 1407. [CrossRef]

Freitas, C.M.P,; Coimbra, J.S.R.; Souza, V.G.L.; Sousa, R.C.S. Structure and Applications of Pectin in Food, Biomedical, and
Pharmaceutical Industry: A Review. Coatings 2021, 11, 922. [CrossRef]

D’souza, A.A.; Shegokar, R. Polyethylene Glycol (PEG): A Versatile Polymer for Pharmaceutical Applications. Expert Opin. Drug
Deliv. 2016, 13, 1257-1275. [CrossRef]

Hong, L.; Wang, Z.; Wei, X.; Shi, J.; Li, C. Antibodies against Polyethylene Glycol in Human Blood: A Literature Review. J.
Pharmacol. Toxicol. Methods 2020, 102, 106678. [CrossRef]

Haq, H.N,; Khan, H.; Chaudhry, H.; Nimmala, S.; Demidovich, ]J.; Papudesi, B.N.; Potluri, S.D. Pfizer-BioNTech (BNT162b2),
Moderna (MRNA-1273) COVID-19 MRNA Vaccines and Hypersensitivity Reactions. J. Natl. Med. Assoc. 2022, 114, 601-612.
[CrossRef]

dos Santos, J.; da Silva, G.S.; Velho, M.C.; Beck, R.C.R. Eudragit®: A Versatile Family of Polymers for Hot Melt Extrusion and 3D
Printing Processes in Pharmaceutics. Pharmaceutics 2021, 13, 1424. [CrossRef]

Crago, M,; Lee, A,; Farajikhah, S.; Oveissi, F,; Fletcher, D.F; Dehghani, F.; Winlaw, D.S.; Naficy, S. The Evolution of Polyurethane
Heart Valve Replacements: How Chemistry Translates to the Clinic. Mater. Today Commun. 2022, 33, 104916. [CrossRef]

Claeys, B.; Vervaeck, A.; Hillewaere, X.K.D.; Possemiers, S.; Hansen, L.; De Beer, T.; Remon, ].P.; Vervaet, C. Thermoplastic
Polyurethanes for the Manufacturing of Highly Dosed Oral Sustained Release Matrices via Hot Melt Extrusion and Injection
Molding. Eur. |. Pharm. Biopharm. 2015, 90, 44-52. [CrossRef]

Rusu, L.-C.; Ardelean, L.C,; Jitariu, A.-A.; Miu, C.A,; Streian, C.G. An Insight into the Structural Diversity and Clinical
Applicability of Polyurethanes in Biomedicine. Polymers 2020, 12, 1197. [CrossRef]

Makvandi, P; Iftekhar, S.; Pizzetti, F.; Zarepour, A.; Zare, E.N.; Ashrafizadeh, M.; Agarwal, T.; Padil, V.V.T.; Mohammadinejad,
R.; Sillanpaa, M.; et al. Functionalization of Polymers and Nanomaterials for Water Treatment, Food Packaging, Textile and
Biomedical Applications: A Review. Environ. Chem. Lett. 2021, 19, 583-611. [CrossRef]

Narayanan, K.B.; Bhaskar, R.; Han, S.S. Recent Advances in the Biomedical Applications of Functionalized Nanogels. Pharmaceutics
2022, 14, 2832. [CrossRef]



Pharmaceutics 2023, 15, 413 45 of 54

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Rivera Gil, P.; Hithn, D.; del Mercato, L.L.; Sasse, D.; Parak, W.J. Nanopharmacy: Inorganic Nanoscale Devices as Vectors and
Active Compounds. Pharmacol. Res. 2010, 62, 115-125. [CrossRef]

Gonzalez Solveyra, E.; Szleifer, I. What Is the Role of Curvature on the Properties of Nanomaterials for Biomedical Applications?
WIREs Nanomed. Nanobiotechnology 2016, 8, 334-354. [CrossRef]

Oliva, N.; Unterman, S.; Zhang, Y.; Conde, J.; Song, H.S.; Artzi, N. Personalizing Biomaterials for Precision Nanomedicine
Considering the Local Tissue Microenvironment. Adv. Healthc. Mater. 2015, 4, 1584-1599. [CrossRef]

Min, Y.; Caster, ].M.; Eblan, M.].; Wang, A.Z. Clinical Translation of Nanomedicine. Chem. Rev. 2015, 115, 11147-11190. [CrossRef]
[PubMed]

Nguyen, V.H.; Lee, B.-]. Protein Corona: A New Approach for Nanomedicine Design. Int. . Nanomed. 2017, 12, 3137-3151.
[CrossRef] [PubMed]

Gu, Z.; Zuo, H,; Li, L.; Wu, A.; Xu, Z.P. Pre-Coating Layered Double Hydroxide Nanoparticles with Albumin to Improve Colloidal
Stability and Cellular Uptake. . Mater. Chem. B 2015, 3, 3331-3339. [CrossRef] [PubMed]

Zuo, H.; Gu, Z.; Cooper, H.; Xu, Z.P. Crosslinking to Enhance Colloidal Stability and Redispersity of Layered Double Hydroxide
Nanoparticles. J. Colloid Interface Sci. 2015, 459, 10-16. [CrossRef] [PubMed]

Rojas, R.; Giacomelli, C.E. Size-Tunable LDH—protein Hybrids toward the Optimization of Drug Nanocarriers. ]. Mater. Chem. B
2015, 3, 2778-2785. [CrossRef]

Fu, S.; Sun, Z.; Huang, P;; Li, Y.; Hu, N. Some Basic Aspects of Polymer Nanocomposites: A Critical Review. Nano Mater. Sci. 2019,
1, 2-30. [CrossRef]

Kumar, S.; Nehra, M.; Dilbaghi, N.; Tankeshwar, K.; Kim, K.-H. Recent Advances and Remaining Challenges for Polymeric
Nanocomposites in Healthcare Applications. Prog. Polym. Sci. 2018, 80, 1-38. [CrossRef]

do Nascimento, G.M.; Constantino, V.R.L.; Landers, R.; Temperini, M.L.A. Spectroscopic Characterization of Polyaniline Formed
in the Presence of Montmorillonite Clay. Polymer 2006, 47, 6131-6139. [CrossRef]

Karim, A.V,; Hassani, A.; Eghbali, P.; Nidheesh, P.V. Nanostructured Modified Layered Double Hydroxides (LDHs)-Based
Catalysts: A Review on Synthesis, Characterization, and Applications in Water Remediation by Advanced Oxidation Processes.
Curr. Opin. Solid State Mater. Sci. 2022, 26, 100965. [CrossRef]

Perotti, G.F; Barud, H.S.; Messaddeq, Y.; Ribeiro, S.J.L.; Constantino, V.R.L. Bacterial Cellulose-laponite Clay Nanocomposites.
Polymer 2011, 52, 157-163. [CrossRef]

Gabrys, T.; Fryczkowska, B.; Fabia, ]J.; Binia$, D. Preparation of an Active Dressing by In Situ Biosynthesis of a Bacterial
Cellulose-Graphene Oxide Composite. Polymers 2022, 14, 2864. [CrossRef]

Drioli, E.; Giorno, L. Encyclopedia of Membranes; Springer: Berlin/Heidelberg, Germany, 2016; ISBN 978-3-662-44323-1.

Drioli, E.; Giorno, L. Membranes Operation—Innovative Separations and Transformations; Wiley-VCH: Weinheim, Germany, 2009;
ISBN 978-3-527-32038-7.

Liang, N.; Liu, W.; Zuo, D.; Peng, P; Qu, R.; Chen, D.; Zhang, H. Quaternized Polysulfone-Based Nanocomposite Membranes and
Improved Properties by Intercalated Layered Double Hydroxide. Polym. Eng. Sci. 2018, 58, 767-774. [CrossRef]

Martos, A.M.; Herrero, M.; Varez, A.; Levenfeld, B. Synthesis and Characterization of New Membranes Based on Sulfonated
Polysulfone/Zn,Al-Heptamolibdate LDH. Mater. Lett. 2015, 152, 125-127. [CrossRef]

Mohapi, M.; Sefadi, ].S.; Mochane, M.].; Magagula, S.I.; Lebelo, K. Effect of LDHs and Other Clays on Polymer Composite in
Adsorptive Removal of Contaminants: A Review. Crystals 2020, 10, 957. [CrossRef]

Oyarzabal, A.; Mugica, A.; Miiller, A.].; Zubitur, M. Hydrolytic Degradation of Nanocomposites Based on Poly(L-Lactic Acid)
and Layered Double Hydroxides Modified with a Model Drug. J. Appl. Polym. Sci. 2016, 133, 43648. [CrossRef]

Yadollahi, M.; Namazi, H.; Barkhordari, S. Preparation and Properties of Carboxymethyl Cellulose/Layered Double Hydroxide
Bionanocomposite Films. Carbohydr. Polym. 2014, 108, 83-90. [CrossRef]

Figueiredo, M.P; Lini, B.; Garcia-Villén, F,; Borrego-Sanchez, A.; Rossi, A.; Viseras, C.; Constantino, V.R.L. Innovative Membrane
Containing Iron-Based Layered Double Hydroxide Intercalated with Phyto Therapeutic Diterpenoid. Appl. Clay Sci. 2022, 216,
106358. [CrossRef]

Figueiredo, M.P,; Borrego-Sanchez, A.; Garcia-Villén, F.; Miele, D.; Rossi, S.; Sandri, G.; Viseras, C.; Constantino, V.R.L.
Polymer /Iron-Based Layered Double Hydroxides as Multifunctional Wound Dressings. Pharmaceutics 2020, 12, 1130. [CrossRef]
Ghosal, K.; Agatemor, C.; Tucker, N.; Kny, E.; Thomas, S. CHAPTER 1 Electrical Spinning to Electrospinning: A Brief History.
In Electrospinning: From Basic Research to Commercialization; The Royal Society of Chemistry: London, UK, 2018; pp. 1-23, ISBN
978-1-78801-100-6.

Bhardwaj, N.; Kundu, S.C. Electrospinning: A Fascinating Fiber Fabrication Technique. Biotechnol. Adv. 2010, 28, 325-347.
[CrossRef]

Boda, S.K.; Li, X,; Xie, J. Electrospraying an Enabling Technology for Pharmaceutical and Biomedical Applications: A Review. J.
Aerosol Sci. 2018, 125, 164-181. [CrossRef]

Noruzi, M. Electrospun Nanofibres in Agriculture and the Food Industry: A Review. J. Sci. Food Agric. 2016, 96, 4663—4678.
[CrossRef] [PubMed]

Li, Z.; Zhang, J.; Yu, L.; Zhang, J. Electrospun Porous Nanofibers for Electrochemical Energy Storage. J. Mater. Sci. 2017, 52,
6173-6195. [CrossRef]



Pharmaceutics 2023, 15, 413 46 of 54

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

Liu, M,; Duan, X.-P; Li, Y.-M.; Yang, D.-P.; Long, Y.-Z. Electrospun Nanofibers for Wound Healing. Mater. Sci. Eng. C 2017, 76,
1413-1423. [CrossRef] [PubMed]

Valarezo, E.; Tammaro, L.; Gonzalez, S.; Malagén, O.; Vittoria, V. Fabrication and Sustained Release Properties of Poly(e-
Caprolactone) Electrospun Fibers Loaded with Layered Double Hydroxide Nanoparticles Intercalated with Amoxicillin. Appl.
Clay Sci. 2013, 72, 104-109. [CrossRef]

Figueiredo, M.P; Layrac, G.; Hébraud, A.; Limousy, L.; Brendle, J.; Schlatter, G.; Constantino, V.R.L. Design of 3D Multi-Layered
Electrospun Membranes Embedding Iron-Based Layered Double Hydroxide for Drug Storage and Control of Sustained Release.
Eur. Polym. J. 2020, 131, 109675. [CrossRef]

Rogalski, ].].; Bastiaansen, C.W.M.; Peijs, T. Rotary Jet Spinning Review—A Potential High Yield Future for Polymer Nanofibers.
Nanocomposites 2017, 3, 97-121. [CrossRef]

Lang, B.; McGinity, ].W.; Williams, R.O. Hot-Melt Extrusion—Basic Principles and Pharmaceutical Applications. Drug Dev. Ind.
Pharm. 2014, 40, 1133-1155. [CrossRef]

Geng, Z.; Zhen, W. Preparation, Performance, and Kinetics of Poly(Lactic-Acid)/ Amidated Benzoic Acid Intercalated Layered
Double Hydroxides Nanocomposites by Reactive Extrusion Process. Polym. Compos. 2019, 40, 2668-2680. [CrossRef]

Ha, ].U.; Xanthos, M. Drug Release Characteristics from Nanoclay Hybrids and Their Dispersions in Organic Polymers. Int. ].
Pharm. 2011, 414, 321-331. [CrossRef]

Haldorai, Y.; Shim, J.-J.; Lim, K.T. Synthesis of Polymer-inorganic Filler Nanocomposites in Supercritical CO2. J. Supercrit. Fluids
2012, 71, 45-63. [CrossRef]

Ogunsona, E.O.; Dagnon, K.L.; D'Souza, N.A. Multi-Fold Enhancement in Compressive Properties of Polystyrene Foam Using
Pre-Delaminated Stearate Functionalized Layer Double Hydroxides. Polymers 2019, 12, 8. [CrossRef]

Nandiyanto, A.B.D.; Okuyama, K. Progress in Developing Spray-Drying Methods for the Production of Controlled Morphology
Particles: From the Nanometer to Submicrometer Size Ranges. Adv. Powder Technol. 2011, 22, 1-19. [CrossRef]

Wang, Y.; Zhang, F; Xu, S.; Wang, X.; Evans, D.G.; Duan, X. Preparation of Layered Double Hydroxide Microspheres by Spray
Drying. Ind. Eng. Chem. Res. 2008, 47, 5746-5750. [CrossRef]

Jin, H,; Yuan, D.; Zhu, S.; Zhu, X.; Zhu, ]. Ni-Co Layered Double Hydroxide on Carbon Nanorods and Graphene Nanoribbons
Derived from MOFs for Supercapacitors. Dalton Trans. 2018, 47, 8706-8715. [CrossRef]

Smalenskaite, A.; Kaba, M.M.; Grigoraviciute-Puroniene, I.; Mikoliunaite, L.; Zarkov, A.; Ramanauskas, R.; Morkan, I.A.; Kareiva,
A. Sol-Gel Synthesis and Characterization of Coatings of Mg-Al Layered Double Hydroxides. Materials 2019, 12, 3738. [CrossRef]
Oliveira, M.; Machado, A. Preparation of Polymer-Based Nanocomposites by Different Routes. In Nanocomposites: Synthesis,
Characterization and Applications; Wang, X., Ed.; NOVA Publishers: New York, NY, USA, 2013; p. 22, ISBN 978-1-62948-227-9.
Pedroso-Santana, S.; Fleitas-Salazar, N. Ionotropic Gelation Method in the Synthesis of Nanoparticles/Microparticles for Biomedi-
cal Purposes. Polym. Int. 2020, 69, 443-447. [CrossRef]

Viscusi, G.; Gorrasi, G. Facile Preparation of Layered Double Hydroxide (LDH)-Alginate Beads as Sustainable System for the
Triggered Release of Diclofenac: Effect of PH and Temperature on Release Rate. Int. |. Biol. Macromol. 2021, 184, 271-281.
[CrossRef]

Wang, C.; Huang, W.; Zhou, Y.,; He, L.; He, Z,; Chen, Z.; He, X,; Tian, S.; Liao, J.; Lu, B.; et al. 3D Printing of Bone Tissue
Engineering Scaffolds. Bioact. Mater. 2020, 5, 82-91. [CrossRef]

Ahn, J.; Park, Y.S,; Lee, S;; Yang, J.; Pyo, J.; Lee, J.; Kim, G.H.; Choi, S.M.; Seol, S.K. 3D-Printed NiFe-Layered Double Hydroxide
Pyramid Electrodes for Enhanced Electrocatalytic Oxygen Evolution Reaction. Sci. Rep. 2022, 12, 346. [CrossRef]

Ren, Y.; Feng, J. Skin-Inspired Multifunctional Luminescent Hydrogel Containing Layered Rare-Earth Hydroxide with 3D
Printability for Human Motion Sensing. ACS Appl. Mater. Interfaces 2020, 12, 6797-6805. [CrossRef]

Qian, L.; Zhang, H. Controlled Freezing and Freeze Drying: A Versatile Route for Porous and Micro-/Nano-Structured Materials.
J. Chem. Technol. Biotechnol. 2011, 86, 172-184. [CrossRef]

Liang, Q.; Pan, Y.; Zhang, D.; Lii, T.; Zhao, H.; Zhang, Y. Preparation of Bichar/Layered Double Hydroxide@alginate Aerogel as a
Highly Efficient Adsorbent for Cu2+ and Cd2+. J. Appl. Polym. Sci. 2023, 140, €53361. [CrossRef]

Hibino, T. New Nanocomposite Hydrogels Containing Layered Double Hydroxide. Appl. Clay Sci. 2010, 50, 282-287. [CrossRef]
Cao, Y,; Zheng, D.; Zhang, F; Pan, ].; Lin, C. Layered Double Hydroxide (LDH) for Multi-Functionalized Corrosion Protection of
Metals: A Review. J. Mater. Sci. Technol. 2022, 102, 232-263. [CrossRef]

Guan, Q.-F; Han, Z.-M.; Luo, T.-T,; Yang, H.-B.; Liang, H.-W.; Chen, S.-M.; Wang, G.-S.; Yu, S.-H. A General Aerosol-Assisted
Biosynthesis of Functional Bulk Nanocomposites. Natl. Sci. Rev. 2019, 6, 64-73. [CrossRef]

Sangian, D.; Ide, Y.; Bando, Y.; Rowan, A.E.; Yamauchi, Y. Materials Nanoarchitectonics Using 2D Layered Materials: Recent
Developments in the Intercalation Process. Small 2018, 14, 1800551. [CrossRef]

Cavani, F; Trifiro, F,; Vaccari, A. Hydrotalcite-Type Anionic Clays: Preperation, Properties and Applications. Catal. Today 1991, 11,
173-301. [CrossRef]

Mills, S.J.; Christy, A.G.; Génin, ].-M.R.; Kameda, T.; Colombo, F. Nomenclature of the Hydrotalcite Supergroup: Natural Layered
Double Hydroxides. Mineral. Mag. 2012, 76, 1289-1336. [CrossRef]

Yu, J.; Wang, Q.; O’'Hare, D.; Sun, L. Preparation of Two Dimensional Layered Double Hydroxide Nanosheets and Their
Applications. Chem. Soc. Rev. 2017, 46, 5950-5974. [CrossRef]



Pharmaceutics 2023, 15, 413 47 of 54

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Qu, J.; Zhang, Q.; Li, X.; He, X.; Song, S. Mechanochemical Approaches to Synthesize Layered Double Hydroxides: A Review.
Appl. Clay Sci. 2016, 119, 185-192. [CrossRef]

Zhang, C.; Gui, R.; Wang, Z.; Chen, S.; Wang, Q. Recent Advances in the Synthesis of Layered Double Hydroxides. In Progress in
Layered Double Hydroxides: From Synthesis to New Applications; Nocchetti, M., Costantino, U., Eds.; World Scientific: Singapore,
2022; pp. 41-131.

Radha, S.; Kamath, P.V. Structural Synthon Approach to Predict the Possible Polytypes of Layered Double Hydroxides. Z. Anorg.
Allg. Chem. 2012, 638, 2317-2323. [CrossRef]

Available online: https://ec.europa.eu/environment/chemicals /nanotech/faq/definition_en.htm (accessed on 27 July 2019).
Gardner, E.; Pinnavaia, T.J. On the Nature of Selective Olefin Oxidation Catalysts Derived from Molybdate- and Tungstate-
Intercalated Layered Double Hydroxides. Appl. Catal. A Gen. 1998, 167, 65-74. [CrossRef]

Crepaldi, E.L.; Pavan, P.C.; Valim, ].B. A New Method of Intercalation by Anion Exchange in Layered Double Hydroxides. Chem.
Commun. 1999, 2, 155-156. [CrossRef]

Perotti, G.F,; Bortotti, ].R.; Lima, ES.; Michels, L.; dos Santos, E.C.; Altoé, M.A.S.; Grassi, G.; Silva, G.J.; Droppa-Jr, R.; Fossum, ].O.;
et al. Exfoliation of Carboxymethylcellulose-Intercalated Layered Double Hydroxide in Water. Appl. Clay Sci. 2021, 205, 106005.
[CrossRef]

Alcantara, A.C.S.; Aranda, P; Darder, M.; Ruiz-Hitzky, E. Bionanocomposites Based on Alginate—zein/Layered Double Hydroxide
Materials as Drug Delivery Systems. J. Mater. Chem. 2010, 20, 9495-9504. [CrossRef]

Aisawa, S.; Higashiyama, N.; Takahashi, S.; Hirahara, H.; Ikematsu, D.; Kondo, H.; Nakayama, H.; Narita, E. Intercalation
Behavior of L-Ascorbic Acid into Layered Double Hydroxides. Appl. Clay Sci. 2007, 35, 146-154. [CrossRef]

Choy, J.H; Jung, ].S.; Oh, ].M.; Park, M.; Jeong, J.; Kang, Y.K.; Han, O.J. Layered Double Hydroxide as an Efficient Drug Reservoir
for Folate Derivatives. Biomaterials 2004, 25, 3059-3064. [CrossRef]

Madhusha, C.; Rajapaksha, K.; Munaweera, I.; de Silva, M.; Perera, C.; Wijesinghe, G.; Weerasekera, M.; Attygalle, D.; Sandaruwan,
C.; Kottegoda, N. A Novel Green Approach to Synthesize Curcuminoid-Layered Double Hydroxide Nanohybrids: Adroit
Biomaterials for Future Antimicrobial Applications. ACS Omega 2021, 6, 9600-9608. [CrossRef]

Guilherme, V.A.; Cunha, VR.R.; de Paula, E.; de Araujo, D.R.; Constantino, V.R.L. Anti-Inflammatory and Analgesic Evaluation
of a Phytochemical Intercalated into Layered Double Hydroxide. Pharmaceutics 2022, 14, 934. [CrossRef]

Figueiredo, M.P,; Diaz Suarez, E.M.; Petrilli, H.; Leroux, F,; Taviot-Guého, C.; Constantino, V.R.L. Limiting Content of Trivalent
Iron to Form Organic-Inorganic Single-Phase Layered Double Hydroxides Hybrids by Coprecipitation. Appl. Clay Sci. 2022, 228,
106642. [CrossRef]

Perotti, G.E; Silva, EF.; de Couto, R.A.A.; Lima, EC.D.A.; Petrilli, H.M.; Leroux, F.; Ferreira, A.M.C.; Constantino, V.R.L.
Intercalation of Apocarotenoids from Annatto (Bixa Orellana L.) into Layered Double Hydroxides. J. Braz. Chem. Soc. 2020, 31,
2211-2223. [CrossRef]

Rocha, M.A.; Petersen, P.A.D.; Teixeira-Neto, E.; Petrilli, H.M.; Leroux, F,; Taviot-Gueho, C.; Constantino, V.R.L. Layered Double
Hydroxide and Sulindac Coiled and Scrolled Nanoassemblies for Storage and Drug Release. RSC Adv. 2016, 6, 16419-16436.
[CrossRef]

Troutier-Thuilliez, A.-L.L.; Taviot-Guého, C.; Cellier, J.; Hintze-Bruening, H.; Leroux, F. Layered Particle-Based Polymer Compos-
ites for Coatings: Part I. Evaluation of Layered Double Hydroxides. Prog. Org. Coat. 2009, 64, 182-192. [CrossRef]

Mao, N.; Zhou, C.H.; Tong, D.S.; Yu, WH.; Cynthia Lin, C.X. Exfoliation of Layered Double Hydroxide Solids into Functional
Nanosheets. Appl. Clay Sci. 2017, 144, 60-78. [CrossRef]

Zhang, Y.; Xu, H.; Lu, S. Preparation and Application of Layered Double Hydroxide Nanosheets. RSC Adv. 2021, 11, 24254-24281.
[CrossRef]

Liang, J.; Si, H.; Cui, S.; Ma, R.; Sasaki, T. Unilamellar Crystalline Sheets of Layered Double Hydroxides via Soft Chemistry
Delamination: A Unique Class of 2D Functional Materials. In Progress in Layered Double Hydroxides: From Synthesis to New
Applications; Nocchetti, M., Costantino, U., Eds.; World Scientific: Singapore, 2022; pp. 133-187.

Mallakpour, S.; Dinari, M.; Talebi, M. Exfoliation and Dispersion of LDH Modified with N-Tetrabromophthaloyl-Glutamic in
Poly(Vinyl Alcohol): Morphological and Thermal Studies. ]. Chem. Sci. 2015, 127, 519-525. [CrossRef]

Costantino, U.; Bugatti, V.; Gorrasi, G.; Montanari, F.; Nocchetti, M.; Tammaro, L.; Vittoria, V. New Polymeric Composites Based
on Poly(e-Caprolactone) and Layered Double Hydroxides Containing Antimicrobial Species. ACS Appl. Mater. Interfaces 2009, 1,
668—677. [CrossRef]

Hu, Z.; Chen, G. Novel Nanocomposite Hydrogels Consisting of Layered Double Hydroxide with Ultrahigh Tensibility and
Hierarchical Porous Structure at Low Inorganic Content. Adv. Mater. 2014, 26, 5950-5956. [CrossRef]

Cao, Z.; Adnan, N.N.M.; Wang, G.; Rawal, A; Shi, B.; Liu, R.; Liang, K.; Zhao, L.; Gooding, J.J.; Boyer, C.; et al. Enhanced
Colloidal Stability and Protein Resistance of Layered Double Hydroxide Nanoparticles with Phosphonic Acid-Terminated PEG
Coating for Drug Delivery. . Colloid Interface Sci. 2018, 521, 242-251. [CrossRef]

Yu, J.; Martin, B.R.; Clearfield, A.; Luo, Z.; Sun, L. One-Step Direct Synthesis of Layered Double Hydroxide Single-Layer
Nanosheets. Nanoscale 2015, 7, 9448-9451. [CrossRef]

Guan, S.; Yang, D.; Weng, Y.; Lu, H.; Meng, X.; Qu, X.; Zhou, S. Excitation-Dependent Theranostic Nanosheet for Cancer Treatment.
Adv. Healthc. Mater. 2018, 7, €1701123. [CrossRef]



Pharmaceutics 2023, 15, 413 48 of 54

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Weng, Y,; Guan, S.; Lu, H.; Meng, X,; Kaassis, A.Y.; Ren, X.; Qu, X,; Sun, C.; Xie, Z.; Zhou, S. Confinement of Carbon Dots
Localizing to the Ultrathin Layered Double Hydroxides toward Simultaneous Triple-Mode Bioimaging and Photothermal Therapy.
Talanta 2018, 184, 50-57. [CrossRef]

Mei, X.; Wang, W.; Yan, L.; Hu, T.; Liang, R.; Yan, D.; Wei, M.; Evans, D.G.; Duan, X. Hydrotalcite Monolayer toward High
Performance Synergistic Dual-Modal Imaging and Cancer Therapy. Biomaterials 2018, 165, 14-24. [CrossRef]

Peng, L.; Mei, X.; He, J.; Xu, ].; Zhang, W,; Liang, R.; Wei, M.; Evans, D.G.; Duan, X. Monolayer Nanosheets with an Extremely
High Drug Loading toward Controlled Delivery and Cancer Theranostics. Adv. Mater. 2018, 30, €1707389. [CrossRef]

Mei, X.; Ma, J.; Bai, X.; Zhang, X.; Zhang, S.; Liang, R.; Wei, M.; Evans, D.G.; Duan, X. A Bottom-up Synthesis of Rare-Earth-
Hydrotalcite Monolayer Nanosheets toward Multimode Imaging and Synergetic Therapy. Chem. Sci. 2018, 9, 5630-5639.
[CrossRef]

Xu, Z.P; Stevenson, G.S.; Lu, C.-Q.; Lu, G.Q.M.; Bartlett, P.F.; Gray, P.P. Stable Suspension of Layered Double Hydroxide
Nanoparticles in Aqueous Solution. J. Am. Chem. Soc. 2006, 128, 36-37. [CrossRef]

Shi, S.; Fliss, B.C.; Gu, Z.; Zhu, Y.; Hong, H.; Valdovinos, H.E;; Hernandez, R.; Goel, S.; Luo, H.; Chen, F,; et al. Chelator-Free
Labeling of Layered Double Hydroxide Nanoparticles for in Vivo PET Imaging. Sci. Rep. 2015, 5, 16930. [CrossRef]

Li, B;; Gu, Z,; Kurniawan, N.; Chen, W.; Xu, Z.P. Manganese-Based Layered Double Hydroxide Nanoparticles as a T1-MRI
Contrast Agent with Ultrasensitive PH Response and High Relaxivity. Adv. Mater. 2017, 29, 1700373. [CrossRef]

Li, B.; Tang, J.; Chen, W.; Hao, G.; Kurniawan, N.; Gu, Z.; Xu, Z.P. Novel Theranostic Nanoplatform for Complete Mice Tumor
Elimination via MR Imaging-Guided Acid-Enhanced Photothermo-/Chemo-Therapy. Biomaterials 2018, 177, 40-51. [CrossRef]
Chen, W.; Zuo, H.; Zhang, E.; Li, L.; Henrich-Noack, P.; Cooper, H.; Qian, Y.; Xu, Z.P. Brain Targeting Delivery Facilitated by
Ligand-Functionalized Layered Double Hydroxide Nanoparticles. ACS Appl. Mater. Interfaces 2018, 10, 20326-20333. [CrossRef]
Cao, Z.; Zhang, L.; Liang, K.; Cheong, S.; Boyer, C.; Gooding, J.J.; Chen, Y.; Gu, Z. Biodegradable 2D Fe-Al Hydroxide for
Nanocatalytic Tumor-Dynamic Therapy with Tumor Specificity. Adv. Sci. 2018, 5, 1801155. [CrossRef] [PubMed]

Regi, M.V.; Esbrit, P.; Salinas, A.]. Degradative Effects of the Biological Environment on Ceramic Biomaterials. In Biomaterials
Science; Elsevier: Amsterdam, The Netherlands, 2020; pp. 955-971.

Chen, Z.; Zhang, W.; Wang, M.; Backman, L.J.; Chen, J. Effects of Zinc, Magnesium, and Iron Ions on Bone Tissue Engineering.
ACS Biomater. Sci. Eng. 2022, 8, 2321-2335. [CrossRef] [PubMed]

Available online: https://www.drugs.com/international /hydrotalcite.htm (accessed on 15 December 2022).

Tarnawski, A.S.; Tomikawa, M.; Ohta, M.; Sarfeh, 1.]. Antacid Talcid Activates in Gastric Mucosa Genes Encoding for EGF and Its
Receptor. The Molecular Basis for Its Ulcer Healing Action. J. Physiol. 2000, 94, 93-98. [CrossRef] [PubMed]

Tarnawski, A.; Ahluwalia, A.; Jones, M.K. Gastric Cytoprotection Beyond Prostaglandins: Cellular and Molecular Mechanisms of
Gastroprotective and Ulcer Healing Actions of Antacids. Curr. Pharm. Des. 2013, 19, 126-132. [CrossRef]

Bhattacharjee, A.; Hasanur, S.; Saha, S.; Chakraborty, M. Determination of Half Maximal Inhibitory Concentration of CaAl
Layered Double Hydroxide on Cancer Cells and Its Role in the Apoptotic Pathway. Appl. Clay Sci. 2019, 168, 31-35. [CrossRef]
Kang, H.; Kim, M.; Feng, Q.; Lin, S.; Wei, K.; Li, R.; Choi, C.J.; Kim, T.-H.; Li, G.; Oh, ].-M.; et al. Nanolayered Hybrid Mediates
Synergistic Co-Delivery of Ligand and Ligation Activator for Inducing Stem Cell Differentiation and Tissue Healing. Biomaterials
2017, 149, 12-28. [CrossRef]

Kang, H.R.; da Costa Fernandes, C.J.; da Silva, R.A.; Constantino, VR.L.; Koh, LH.J.; Zambuzzi, WE Mg-Al and Zn-Al
Layered Double Hydroxides Promote Dynamic Expression of Marker Genes in Osteogenic Differentiation by Modulating
Mitogen-Activated Protein Kinases. Adv. Healthc. Mater. 2018, 7, 1700693. [CrossRef]

Cunha, VR.R;; de Souza, R.B.; da Fonseca Martins, A.M.C.R.P,; Koh, LH.J.; Constantino, V.R.L. Accessing the Biocompatibility of
Layered Double Hydroxide by Intramuscular Implantation: Histological and Microcirculation Evaluation. Sci. Rep. 2016, 6, 30547.
[CrossRef]

Figueiredo, M.P; Cunha, V.R.R.; Leroux, F.; Taviot-Gueho, C.; Nakamae, M.N.; Kang, Y.R.; Souza, R.B.; Martins, AM.C.R.PF;
Koh, I.LH.J.; Constantino, V.R.L. Iron-Based Layered Double Hydroxide Implants: Potential Drug Delivery Carriers with Tissue
Biointegration Promotion and Blood Microcirculation Preservation. ACS Omega 2018, 3, 18263-18274. [CrossRef]

Kim, TH,; Lee, J.Y,; Kim, M.K; Park, ].H.; Oh, ] M. Radioisotope Co-57 Incorporated Layered Double Hydroxide Nanoparticles as
a Cancer Imaging Agent. RSC Adv. 2016, 6, 48415-48419. [CrossRef]

Shen, S.; Wu, Y;; Liu, Y.; Wu, D. High Drug-Loading Nanomedicines: Progress, Current Status, and Prospects. Int. ]. Nanomed.
2017, 12, 4085-4109. [CrossRef]

Cunha, V.R.R.; Petersen, P.A.D.; Gongalves, M.B.; Petrilli, H.M.; Taviot-Gueho, C.; Leroux, F; Temperini, M.L.A.; Constantino,
V.R.L. Structural, Spectroscopic (NMR, IR, and Raman), and DFT Investigation of the Self-Assembled Nanostructure of Pravastatin-
LDH (Layered Double Hydroxides) Systems. Chem. Mater. 2012, 24, 1415-1425. [CrossRef]

Figueiredo, M.P,; Cunha, V.R.R; Cellier, J.; Taviot-Gueho, C.; Constantino, V.R.L. Fe(IIl)-Based Layered Double Hydroxides
Carrying Model Naproxenate Anions: Compositional and Structural Aspects. ChemistrySelect 2022, 7, e202103880. [CrossRef]
Spirescu, V.A.; Chircov, C.; Grumezescu, A.M.; Vasile, B.S.; Andronescu, E. Inorganic Nanoparticles and Composite Films for
Antimicrobial Therapies. Int. ]. Mol. Sci. 2021, 22, 4595. [CrossRef]

Forano, C.; Bruna, F; Mousty, C.; Prevot, V. Interactions between Biological Cells and Layered Double Hydroxides: Towards
Functional Materials. Chem. Rec. 2018, 18, 1150-1166. [CrossRef]



Pharmaceutics 2023, 15, 413 49 of 54

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.
175.

176.

Li, A; Qin, L,; Zhu, D.; Zhu, R;; Sun, J.; Wang, S. Signalling Pathways Involved in the Activation of Dendritic Cells by Layered
Double Hydroxide Nanoparticles. Biomaterials 2010, 31, 748-756. [CrossRef]

Huang, H.; Wang, Z.; Chen, L.; Yu, H.; Chen, Y. Catalytic Biomaterials and Nanomedicines with Exogenous and Endogenous
Activations. Adv. Healthc. Mater. 2022. Early View. [CrossRef]

Constantino, VR.L.; Cunha, VR.R.; Rocha, M. A ; Figueiredo, M.P.; Magri, V.R.; Eulalio, D.; Perotti, G.F.; Bizeto, M.A.; Zambuzzi,
W.E,; Koh, I.H.J. Layered Double Hydroxides: Characterization, Therapeutic Activities and Biocompatibility. In Progress in Layered
Double Hydroxides: From Synthesis to New Applications; Nocchetti, M., Costantino, U., Eds.; Series on Chemistry, Energy and the
Environment; World Scientific: Singapore, 2022; Volume 8, pp. 413-482, ISBN 978-981-12-4060-7.

Oh, J.-M.; Choi, S.-J.; Kim, S.-T.; Choy, J.-H. Cellular Uptake Mechanism of an Inorganic Nanovehicle and Its Drug Conjugates:
Enhanced Efficacy Due To Clathrin-Mediated Endocytosis. Bioconjugate Chem. 2006, 17, 1411-1417. [CrossRef]

Choi, G.; Choy, J. Recent Progress in Layered Double Hydroxides as a Cancer Theranostic Nanoplatform. WIREs Nanomed.
Nanobiotechnology 2020, 13, €1679. [CrossRef]

Xu, Z.P,; Niebert, M.; Porazik, K.; Walker, T.L.; Cooper, H.M.; Middelberg, A.PJ.; Gray, P.P; Bartlett, P.F.; Lu, G.Q.M. Subcellular
Compartment Targeting of Layered Double Hydroxide Nanoparticles. J. Control. Release 2008, 130, 86-94. [CrossRef]

Li, S.; Li, J.; Wang, C.J.; Wang, Q.; Cader, M.Z.; Lu, ].; Evans, D.G.; Duan, X.; O'Hare, D. Cellular Uptake and Gene Delivery Using
Layered Double Hydroxide Nanoparticles. J. Mater. Chem. B 2013, 1, 61-68. [CrossRef] [PubMed]

Yan, L.; Gonca, S.; Zhu, G.; Zhang, W.; Chen, X. Layered Double Hydroxide Nanostructures and Nanocomposites for Biomedical
Applications. J. Mater. Chem. B 2019, 7, 5583-5601. [CrossRef] [PubMed]

Dang, Y.; Guan, J. Nanoparticle-Based Drug Delivery Systems for Cancer Therapy. Smart Mater. Med. 2020, 1, 10-19. [CrossRef]
[PubMed]

Pavlovic, M,; Szerlauth, A.; Murath, S.; Varga, G.; Szilagyi, I. Surface Modification of Two-Dimensional Layered Double Hydroxide
Nanoparticles with Biopolymers for Biomedical Applications. Adv. Drug Deliv. Rev. 2022, 191, 114590. [CrossRef] [PubMed]

Li, D.; Xu, X.; Xu, J.; Hou, W. Poly(Ethylene Glycol) Haired Layered Double Hydroxides as Biocompatible Nanovehicles:
Morphology and Dispersity Study. Colloids Surf. A Physicochem. Eng. Asp. 2011, 384, 585-591. [CrossRef]

Mallakpour, S.; Hatami, M.; Hussain, C.M. Recent Innovations in Functionalized Layered Double Hydroxides: Fabrication,
Characterization, and Industrial Applications. Adv. Colloid Interface Sci. 2020, 283, 102216. [CrossRef]

Manzi-Nshuti, C.; Songtipya, P.; Manias, E.; Jimenez-Gasco, M.d.M.; Hossenlopp, ] M.; Wilkie, C.A. Polymer Nanocomposites
Using Zinc Aluminum and Magnesium Aluminum Oleate Layered Double Hydroxides: Effects of the Polymeric Compatibilizer
and of Composition on the Thermal and Fire Properties of PP/LDH Nanocomposites. Polym. Degrad. Stab. 2009, 94, 2042-2054.
[CrossRef]

Kim, T.-H.; Young Lee, ].; Xie, J.; Hoon Park, J.; Oh, J.-M. Topology Dependent Modification of Layered Double Hydroxide for
Therapeutic and Diagnostic Platform. Adv. Drug Deliv. Rev. 2022, 188, 114459. [CrossRef]

Li, L.; Zhang, R.; Gu, W.; Xu, Z.P. Mannose-Conjugated Layered Double Hydroxide Nanocomposite for Targeted SIRNA Delivery
to Enhance Cancer Therapy. Nanomed. Nanotechnol. Biol. Med. 2018, 14, 2355-2364. [CrossRef]

Mochane, M.].; Magagula, S.I.; Sefadi, J.S.; Sadiku, E.R.; Mokhena, T.C. Morphology, Thermal Stability, and Flammability
Properties of Polymer-Layered Double Hydroxide (LDH) Nanocomposites: A Review. Crystals 2020, 10, 612. [CrossRef]

Chen, C.; Buffet, ].-C.; O'Hare, D. Surface Modification of Aqueous Miscible Organic Layered Double Hydroxides (AMO-LDHs).
Dalton Trans. 2020, 49, 8498-8503. [CrossRef]

Kankala, R.K. Nanoarchitectured Two-Dimensional Layered Double Hydroxides-Based Nanocomposites for Biomedical Applica-
tions. Adv. Drug Deliv. Rev. 2022, 186, 114270. [CrossRef]

Rojas, R.; Mosconi, G.; Pablo, J.; Gil, G.A. Layered Double Hydroxide Applications in Biomedical Implants. Appl. Clay Sci. 2022,
224,106514. [CrossRef]

Izbudak, B.; Cecen, B.; Anaya, I.; Miri, A K,; Bal-Ozturk, A.; Karaoz, E. Layered Double Hydroxide-Based Nanocomposite
Scaffolds in Tissue Engineering Applications. RSC Adv. 2021, 11, 30237-30252. [CrossRef]

Ameena Shirin, V.K,; Sankar, R.; Johnson, A.P.; Gangadharappa, H.V.; Pramod, K. Advanced Drug Delivery Applications of
Layered Double Hydroxide. J. Control. Release 2021, 330, 398-426. [CrossRef]

Mallakpour, S.; Azadi, E.; Hussain, C.M. Recent Advancements in Synthesis and Drug Delivery Utilization of Polysaccharides-
Based Nanocomposites: The Important Role of Nanoparticles and Layered Double Hydroxides. Int. . Biol. Macromol. 2021, 193,
183-204. [CrossRef]

Cao, Z,; Li, B,; Sun, L.; Li, L.; Xu, Z.P;; Gu, Z. 2D Layered Double Hydroxide Nanoparticles: Recent Progress toward Preclini-
cal/Clinical Nanomedicine. Small Methods 2020, 4, 1900343. [CrossRef]

Chatterjee, A.; Bharadiya, P.; Hansora, D. Layered Double Hydroxide Based Bionanocomposites. Appl. Clay Sci. 2019, 177, 19-36.
[CrossRef]

Kelkar, S.S.; Reineke, T.M. Theranostics: Combining Imaging and Therapy. Bioconjugate Chem. 2011, 22, 1879-1903. [CrossRef]
Lim, E.-K.; Kim, T.; Paik, S.; Haam, S.; Huh, Y.-M.; Lee, K. Nanomaterials for Theranostics: Recent Advances and Future
Challenges. Chem. Rev. 2015, 115, 327-394. [CrossRef]

Gao, R;; Mei, X,; Yan, D.; Liang, R.; Wei, M. Nano-Photosensitizer Based on Layered Double Hydroxide and Isophthalic Acid for
Singlet Oxygenation and Photodynamic Therapy. Nat. Commun. 2018, 9, 2798. [CrossRef]



Pharmaceutics 2023, 15, 413 50 of 54

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Kang, H.; Mintri, S.; Menon, A.V,; Lee, H.Y,; Choi, H.S.; Kim, J. Pharmacokinetics, Pharmacodynamics and Toxicology of
Theranostic Nanoparticles. Nanoscale 2015, 7, 18848-18862. [CrossRef]

Moghimi, S.M.; Hunter, A.C.; Andresen, T.L. Factors Controlling Nanoparticle Pharmacokinetics: An Integrated Analysis and
Perspective. Annu. Rev. Pharmacol. Toxicol. 2012, 52, 481-503. [CrossRef] [PubMed]

Zylberberg, C.; Gaskill, K.; Pasley, S.; Matosevic, S. Engineering Liposomal Nanoparticles for Targeted Gene Therapy. Gene Ther.
2017, 24, 441-452. [CrossRef] [PubMed]

Ryu, J.H.; Lee, S.; Son, S.; Kim, S.H.; Leary, ].F.; Choi, K.; Kwon, I.C. Theranostic Nanoparticles for Future Personalized Medicine.
J. Control. Release 2014, 190, 477-484. [CrossRef] [PubMed]

Raza, K.; Kumar, P.; Kumar, N.; Malik, R. Pharmacokinetics and Biodistribution of the Nanoparticles. In Advances in Nanomedicine
for the Delivery of Therapeutic Nucleic Acids; Elsevier: Amsterdam, The Netherlands, 2017; pp. 165-186.

Liang, R.; Tian, R.; Ma, L.; Zhang, L.; Hu, Y.; Wang, J.; Wei, M; Yan, D.; Evans, D.G.; Duan, X. A Supermolecular Photosensitizer
with Excellent Anticancer Performance in Photodynamic Therapy. Adv. Funct. Mater. 2014, 24, 3144-3151. [CrossRef]

Guan, S.; Weng, Y.; Li, M,; Liang, R.; Sun, C.; Qu, X.; Zhou, S. An NIR-Sensitive Layered Supramolecular Nanovehicle for
Combined Dual-Modal Imaging and Synergistic Therapy. Nanoscale 2017, 9, 10367-10374. [CrossRef]

Moore, T.L.; Rodriguez-Lorenzo, L.; Hirsch, V.; Balog, S.; Urban, D.; Jud, C.; Rothen-Rutishauser, B.; Lattuada, M.; Petri-Fink, A.
Nanoparticle Colloidal Stability in Cell Culture Media and Impact on Cellular Interactions. Chem. Soc. Rev. 2015, 44, 6287-6305.
[CrossRef]

Yang, G.; Phua, S.Z.F; Bindra, A K.; Zhao, Y. Degradability and Clearance of Inorganic Nanoparticles for Biomedical Applications.
Adv. Mater. 2019, 31, 1805730. [CrossRef]

Vasti, C.; Bedoya, D.A.; Rojas, R.; Giacomelli, C.E. Effect of the Protein Corona on the Colloidal Stability and Reactivity of
LDH-Based Nanocarriers. J. Mater. Chem. B 2016, 4, 2008-2016. [CrossRef]

Hakeem, A.; Zhan, G.; Xu, Q.; Yong, T.; Yang, X.; Gan, L. Facile Synthesis of PH-Responsive Doxorubicin-Loaded Layered Double
Hydroxide for Efficient Cancer Therapy. |. Mater. Chem. B 2018, 6, 5768-5774. [CrossRef]

Yan, L.; Zhou, M.; Zhang, X.; Huang, L.; Chen, W.; Roy, V.A.L.; Zhang, W.; Chen, X. A Novel Type of Aqueous Dispersible
Ultrathin-Layered Double Hydroxide Nanosheets for in Vivo Bioimaging and Drug Delivery. ACS Appl. Mater. Interfaces 2017, 9,
34185-34193. [CrossRef]

Xu, T.; Liu, J.; Sun, L.; Zhang, R.; Xu, Z.P,; Sun, Q. Enhancing Tumor Accumulation and Cellular Uptake of Layered Double
Hydroxide Nanoparticles by Coating/Detaching PH-Triggered Charge-Convertible Polymers. ACS Omega 2021, 6, 3822-3830.
[CrossRef]

Park, D.-H.; Cho, ]J.; Kwon, O.-].; Yun, C.-O.; Choy, ].-H. Biodegradable Inorganic Nanovector: Passive versus Active Tumor
Targeting in SiRNA Transportation. Angew. Chem. Int. Ed. 2016, 55, 4582-4586. [CrossRef]

Wen, J.; Lv, Y,; Xu, Y,; Zhang, P; Li, H.; Chen, X; Li, X.; Zhang, L.; Liu, F; Zeng, W.; et al. Construction of a Biodegradable,
Versatile Nanocarrier for Optional Combination Cancer Therapy. Acta Biomater. 2019, 83, 359-371. [CrossRef]

Choi, G.; Eom, S.; Vinu, A.; Choy, ].H. 2D Nanostructured Metal Hydroxides with Gene Delivery and Theranostic Functions; A
Comprehensive Review. Chem. Rec. 2018, 18, 1033-1053. [CrossRef]

Park, D.-H.; Choi, G.; Choy, ].-H. Bio-Layered Double Hydroxides Nanohybrids for Theranostics Applications. In Photofunctional
Layered Materials. Structure and Bonding; Yan, D., Wei, M., Eds.; Springer: Berlin/Heidelberg, Germany, 2015; pp. 137-175, ISBN
978-3-319-16991-0.

Wen, J.; Yang, K.; Huang, J.; Sun, S. Recent Advances in LDH-Based Nanosystems for Cancer Therapy. Mater. Des. 2021, 198,
109298. [CrossRef]

Yun, Y.H.; Lee, B.K,; Park, K. Controlled Drug Delivery: Historical Perspective for the next Generation. J. Control. Release 2015,
219, 2-7. [CrossRef]

Lee, PI; Li, J.-X. Evolution of Oral Controlled Release Dosage Forms. In Oral Controlled Release Formulation Design and Drug
Delivery; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010; pp. 21-31.

Park, K. Controlled Drug Delivery Systems: Past Forward and Future Back. J. Control. Release 2014, 190, 3-8. [CrossRef]
Heinemann, L. The Failure of Exubera: Are We Beating a Dead Horse? J. Diabetes Sci. Technol. 2008, 2, 518-529. [CrossRef]
Vargason, A.M.; Anselmo, A.C.; Mitragotri, S. The Evolution of Commercial Drug Delivery Technologies. Nat. Biomed. Eng. 2021,
5,951-967. [CrossRef] [PubMed]

Wong, P.T.; Choi, S.K. Mechanisms of Drug Release in Nanotherapeutic Delivery Systems. Chem. Rev. 2015, 115, 3388-3432.
[CrossRef] [PubMed]

Ding, C.; Li, Z. A Review of Drug Release Mechanisms from Nanocarrier Systems. Mater. Sci. Eng. C 2017, 76, 1440-1453.
[CrossRef] [PubMed]

Luengo, C.V,; Crescitelli, M.C.; Lopez, N.A.; Avena, M.]. Synthesis of Layered Double Hydroxides Intercalated With Drugs
for Controlled Release: Successful Intercalation of Ibuprofen and Failed Intercalation of Paracetamol. J. Pharm. Sci. 2021, 110,
1779-1787. [CrossRef]

Maggi, L.; Bruni, G.; Ferrara, C.; Puscalau, C.; Quinzeni, L; Friuli, V.; Monteforte, F.; Capsoni, D. Zaltoprofen-Layered Double
Hydroxide Hybrids to Enhance Zaltoprofen Solubility and Dissolution Rate. Appl. Clay Sci. 2023, 231, 106723. [CrossRef]
Guagliano, M.; Monteforte, F.; Bruni, G.; Friuli, V.; Maggi, L.; Quinzeni, I.; Bini, M. The Peculiar Dissolution Behaviour of
Piretanide Hosted in Layered Double Hydroxides. Appl. Clay Sci. 2020, 198, 105826. [CrossRef]



Pharmaceutics 2023, 15, 413 51 of 54

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

Kleyi, PE.; Mudaly, P.; Kesavan Pillai, S.; de Beer, M. Zn/ Al Layered Double Hydroxides Nanostructure as Effective Controlled
Release Vehicle of Nicotinic Acid for Topical Applications. Appl. Clay Sci. 2021, 215, 106304. [CrossRef]

Mehta, S.; Suresh, A.; Nayak, Y.; Narayan, R.; Nayak, U.Y. Hybrid Nanostructures: Versatile Systems for Biomedical Applications.
Coord. Chem. Rev. 2022, 460, 214482. [CrossRef]

Wang, L.; Zhang, B.; Yang, X.; Guo, S.; Waterhouse, G.LN.; Song, G.; Guan, S.; Liu, A.; Cheng, L.; Zhou, S. Targeted Alleviation of
Ischemic Stroke Reperfusion via Atorvastatin-Ferritin Gd-Layered Double Hydroxide. Bioact. Mater. 2023, 20, 126-136. [CrossRef]
Adepu, S.; Ramakrishna, S. Controlled Drug Delivery Systems: Current Status and Future Directions. Molecules 2021, 26, 5905.
[CrossRef]

Kim, H.-J.; Jeung, D.-G.; Oh, ].-M. Boosting the Anticancer Activity of Doxorubicin with a Layered Double Hydroxide Nanocarrier.
Appl. Clay Sci. 2021, 203, 106000. [CrossRef]

Ashrafizadeh, M.; Nazarzadeh Zare, E.; Rossi, F.; Rabiee, N.; Sharifi, E.; Makvandi, P. Photoactive Polymers-Decorated Cu-Al
Layered Double Hydroxide Hexagonal Architectures: A Potential Non-Viral Vector for Photothermal Therapy and Co-Delivery
of DOX/PCRISPR. Chem. Eng. J. 2022, 448, 137747. [CrossRef]

Gu, D; Pan, H,; Xu, S.; Chen, W.; Zhu, R.; Jiang, W.; Pan, W. Construction and Evaluation of Hyaluronic Acid—-Coated
Flurbiprofen-Layered Double Hydroxide Ocular Drug Delivery System. AAPS PharmSciTech 2022, 23, 287. [CrossRef]

Rejinold, N.S.; Piao, H.; Choi, G.; Jin, G.-W.; Choy, J.-H. Niclosamide-Exfoliated Anionic Clay Nanohybrid Repurposed as an
Antiviral Drug for Tackling Covid-19; Oral Formulation with Tween 60/Eudragit S100. Clays Clay Miner. 2021, 69, 533-546.
[CrossRef]

Liu, J.; Liu, K,; Zhang, L.; Zhong, M.; Hong, T.; Zhang, R.; Gao, Y,; Li, R,; Xu, T.; Xu, Z.P. Heat/PH-Boosted Release of
5-Fluorouracil and Albumin-Bound Paclitaxel from Cu-Doped Layered Double Hydroxide Nanomedicine for Synergistical
Chemo-Photo-Therapy of Breast Cancer. |. Control. Release 2021, 335, 49-58. [CrossRef]

Zhang, H.; Zhang, L.; Cao, Z.; Cheong, S.; Boyer, C.; Wang, Z.; Yun, S.L.J.; Amal, R.; Gu, Z. Two-Dimensional Ultra-Thin
Nanosheets with Extraordinarily High Drug Loading and Long Blood Circulation for Cancer Therapy. Small 2022, 18, 2200299.
[CrossRef]

Li, L.; Qian, Y;; Sun, L.; Han, EY.; Zhang, R.; Wang, P-Y.; Xu, Z.P. Albumin-Stabilized Layered Double Hydroxide Nanoparticles
Synergized Combination Chemotherapy for Colorectal Cancer Treatment. Nanomed. Nanotechnol. Biol. Med. 2021, 34, 102369.
[CrossRef]

Rayment, P.; Wright, P.; Hoad, C.; Ciampi, E.; Haydock, D.; Gowland, P.; Butler, M.F. Investigation of Alginate Beads for
Gastro-Intestinal Functionality, Part 1: In Vitro Characterisation. Food Hydrocoll. 2009, 23, 816-822. [CrossRef]

Costantino, U.; Ambrogi, V.; Nocchetti, M.; Perioli, L. Hydrotalcite-like Compounds: Versatile Layered Hosts of Molecular Anions
with Biological Activity. Microporous Mesoporous Mater. 2008, 107, 149-160. [CrossRef]

Alcantara, A.C.S.; Darder, M. Building Up Functional Bionanocomposites from the Assembly of Clays and Biopolymers. Chem.
Rec. 2018, 18, 696-712. [CrossRef]

Ribeiro, C.; Arizaga, G.G.C.; Wypych, E; Sierakowski, M.-R. Nanocomposites Coated with Xyloglucan for Drug Delivery: In Vitro
Studies. Int. |. Pharm. 2009, 367, 204-210. [CrossRef] [PubMed]

San Romén, M.S.; Holgado, M.].; Salinas, B.; Rives, V. Drug Release from Layered Double Hydroxides and from Their Polylactic
Acid (PLA) Nanocomposites. Appl. Clay Sci. 2013, 71, 1-7. [CrossRef]

Li, B.; He, J.; Evans, D.G.; Duan, X. Enteric-Coated Layered Double Hydroxides as a Controlled Release Drug Delivery System.
Int. J. Pharm. 2004, 287, 89-95. [CrossRef] [PubMed]

Zhang, J.-P; Wang, Q.; Xie, X.-L.; Li, X.; Wang, A.-Q. Preparation and Swelling Properties of pH-Sensitive Sodium Algi-
nate/Layered Double Hydroxides Hybrid Beads for Controlled Release of Diclofenac Sodium. J. Biomed. Mater. Res. Part B Appl.
Biomater. 2010, 92B, 205-214. [CrossRef]

Mahkam, M.; Davatgar, M.; Rezvani, Z.; Nejati, K. Preparation of PH-Sensitive Polymers/Layered Double Hydroxide Hybrid
Beads for Controlled Release of Insulin. Int. J. Polym. Mater. 2013, 62, 57-60. [CrossRef]

Barkhordari, S.; Yadollahi, M.; Namazi, H. PH Sensitive Nanocomposite Hydrogel Beads Based on Carboxymethyl Cellu-
lose/Layered Double Hydroxide as Drug Delivery Systems. J. Polym. Res. 2014, 21, 454. [CrossRef]

Barkhordari, S.; Yadollahi, M. Carboxymethyl Cellulose Capsulated Layered Double Hydroxides/Drug Nanohybrids for
Cephalexin Oral Delivery. Appl. Clay Sci. 2016, 121-122, 77-85. [CrossRef]

Nejati, K.; Keypour, H.; Nezhad, P.D.K.; Rezvani, Z.; Asadpour-Zeynali, K. Preparation and Characterization of Cetirizine
Intercalated Layered Double Hydroxide and Chitosan Nanocomposites. J. Taiwan Inst. Chem. Eng. 2015, 53, 168-175. [CrossRef]
Rezvani, Z.; Shahbaei, M. Bionanocomposites Based on Alginate and Chitosan/Layered Double Hydroxide with Ciprofloxacin
Drug: Investigation of Structure and Controlled Release Properties. Polym. Compos. 2015, 36, 1819-1825. [CrossRef]

Xu, Y,; Zhan, C.; Fan, L.; Wang, L.; Zheng, H. Preparation of Dual Crosslinked Alginate—chitosan Blend Gel Beads and in Vitro
Controlled Release in Oral Site-Specific Drug Delivery System. Int. J. Pharm. 2007, 336, 329-337. [CrossRef]

Rebitski, E.P,; Souza, G.P.; Santana, S.A.A ; Pergher, S.B.C.; Alcantara, A.C.S. Bionanocomposites Based on Cationic and Anionic
Layered Clays as Controlled Release Devices of Amoxicillin. Appl. Clay Sci. 2019, 173, 35-45. [CrossRef]

Anirudhan, T.S.; Sekhar, V.C. Fabrication of Functionalized Layered Double Hydroxide/Chitosan Nanocomposite with Dual
Responsive Drug Release for the Targeted Therapy of Breast Cancer. Eur. Polym. . 2020, 139, 109993. [CrossRef]



Pharmaceutics 2023, 15, 413 52 of 54

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

Ribeiro, L.N.M.; Alcantara, A.C.S.; Darder, M.; Aranda, P.; Herrmann, P.S.P.; Aratjo-Moreira, EFM.; Garcia-Herndndez, M.;
Ruiz-Hitzky, E. Bionanocomposites Containing Magnetic Graphite as Potential Systems for Drug Delivery. Int. J. Pharm. 2014,
477,553-563. [CrossRef]

Abniki, M.; Moghimi, A.; Azizinejad, F. Fabrication of Bionanocomposite Based on LDH Using Biopolymer of Gum Arabic and
Chitosan-Coating for Sustained Drug-Release. . Serbian Chem. Soc. 2020, 85, 1223-1235. [CrossRef]

Pu, L.; Yu, H; Dy, J.; Zhang, Y.; Chen, S. Hydrotalcite-PLGA Composite Nanoparticles for Loading and Delivery of Danshensu.
RSC Adv. 2020, 10, 22010-22018. [CrossRef]

Kankala, R K.; Kuthati, Y.; Sie, H.-W.; Shih, H.-Y.; Lue, S.-I.; Kankala, S.; Jeng, C.-C.; Deng, J.-P.; Weng, C.-F,; Liu, C.-L.; et al.
Multi-Laminated Metal Hydroxide Nanocontainers for Oral-Specific Delivery for Bioavailability Improvement and Treatment of
Inflammatory Paw Edema in Mice. J. Colloid Interface Sci. 2015, 458, 217-228. [CrossRef]

Barkhordari, S.; Alizadeh, A. Fabrication of PH-Sensitive Chitosan/Layered Double Hydroxide (LDH)/Fe304 Nanocomposite
Hydrogel Beads for Controlled Release of Diclofenac. Polym. Bull. 2022, 79, 5533-5548. [CrossRef]

Lee, J.; Seo, H.S.; Park, W,; Park, C.G.; Jeon, Y.; Park, D.-H. Biofunctional Layered Double Hydroxide Nanohybrids for Cancer
Therapy. Materials 2022, 15, 7977. [CrossRef]

Li, L.; Li, B.; Gu, W,; Xu, Z.P. Modifying Layered Double Hydroxide Nanoparticles for Tumor Imaging and Therapy. Clays Clay
Miner. 2019, 67, 72-80. [CrossRef]

Ebadi, M.; Buskaran, K.; Bullo, S.; Hussein, M.Z.; Fakurazi, S.; Pastorin, G. Drug Delivery System Based on Magnetic Iron Oxide
Nanoparticles Coated with (Polyvinyl Alcohol-Zinc/Aluminium-Layered Double Hydroxide-Sorafenib). Alex. Eng. J. 2021, 60,
733-747. [CrossRef]

Pooresmaeil, M.; Behzadi Nia, S.; Namazi, H. Green Encapsulation of LDH(Zn/ Al)-5-Fu with Carboxymethyl Cellulose Biopoly-
mer; New Nanovehicle for Oral Colorectal Cancer Treatment. Int. J. Biol. Macromol. 2019, 139, 994-1001. [CrossRef] [PubMed]
Pooresmaeil, M.; Namazi, H. Facile Coating of the Methotrexate-Layered Double Hydroxide Nanohybrid via Carboxymethyl
Starch as a PH-Responsive Biopolymer to Improve Its Performance for Colon-Specific Therapy. Eur. Polym. J. 2022, 165, 111026.
[CrossRef]

Ranjbar, E.; Namazi, H.; Pooresmaeil, M. Carboxymethyl Starch Encapsulated 5-FU and DOX Co-Loaded Layered Double
Hydroxide for Evaluation of Its in Vitro Performance as a Drug Delivery Agent. Int. |. Biol. Macromol. 2022, 201, 193-202.
[CrossRef] [PubMed]

Li, X.; Takashima, M.; Yuba, E.; Harada, A.; Kono, K. PEGylated PAMAM Dendrimer—doxorubicin Conjugate-Hybridized Gold
Nanorod for Combined Photothermal-Chemotherapy. Biomaterials 2014, 35, 6576-6584. [CrossRef]

Wu, L.; Shan, W.; Zhang, Z.; Huang, Y. Engineering Nanomaterials to Overcome the Mucosal Barrier by Modulating Surface
Properties. Adv. Drug Deliv. Rev. 2018, 124, 150-163. [CrossRef]

Lefebvre, D.E.; Venema, K.; Gombau, L.; Valerio, L.G.; Raju, J.; Bondy, G.S.; Bouwmeester, H.; Singh, R.P.; Clippinger, A.J.;
Collnot, E.-M.; et al. Utility of Models of the Gastrointestinal Tract for Assessment of the Digestion and Absorption of Engineered
Nanomaterials Released from Food Matrices. Nanotoxicology 2015, 9, 523-542. [CrossRef]

Yu, X.; Wen, T.; Cao, P; Shan, L.; Li, L. Alginate-Chitosan Coated Layered Double Hydroxide Nanocomposites for Enhanced Oral
Vaccine Delivery. J. Colloid Interface Sci. 2019, 556, 258-265. [CrossRef]

Kim, M.H.; Park, D.-H.; Yang, ].-H.; Choy, Y.B.; Choy, J.-H. Drug-Inorganic-Polymer Nanohybrid for Transdermal Delivery. Int. ].
Pharm. 2013, 444, 120-127. [CrossRef]

Yan, L.; Raphael, A.P; Zhu, X.; Wang, B.; Chen, W,; Tang, T.; Deng, Y.; Sant, H.].; Zhu, G.; Choy, KW.; et al. Nanocomposite-
Strengthened Dissolving Microneedles for Improved Transdermal Delivery to Human Skin. Adv. Healthc. Mater. 2014, 3, 555-564.
[CrossRef]

Wang, Y.; Xu, X.; Gu, Y,; Cheng, Y.; Cao, F. Recent Advance of Nanoparticle-Based Topical Drug Delivery to the Posterior Segment
of the Eye. Expert Opin. Drug Deliv. 2018, 15, 687-701. [CrossRef]

Xu, T.; Zhang, J.; Chi, H.; Cao, F. Multifunctional Properties of Organic-Inorganic Hybrid Nanocomposites Based on Chitosan
Derivatives and Layered Double Hydroxides for Ocular Drug Delivery. Acta Biomater. 2016, 36, 152-163. [CrossRef]

Qin, Z.; Zhang, ].; Chi, H.; Cao, F. Organic-inorganic Hybrid Nanocomposites Based on Chitosan Derivatives and Layered Double
Hydroxides with Intercalated Phacolysin as Ocular Delivery System. J. Nanoparticle Res. 2015, 17, 468. [CrossRef]

Xu, T.; Xu, X.; Gu, Y.; Fang, L.; Cao, F. Functional Intercalated Nanocomposites with Chitosan-Glutathione-Glycylsarcosine and
Layered Double Hydroxides for Topical Ocular Drug Delivery. Int. |. Nanomed. 2018, 13, 917-937. [CrossRef]

Chi, H.; Gu, Y,; Xu, T.; Cao, F. Multifunctional Organic-Inorganic Hybrid Nanoparticles and Nanosheets Based on Chitosan
Derivative and Layered Double Hydroxide: Cellular Uptake Mechanism and Application for Topical Ocular Drug Delivery. Int. ].
Nanomed. 2017, 12, 1607-1620. [CrossRef]

Wang, Y.; Zhou, L.; Fang, L.; Cao, F. Multifunctional Carboxymethyl Chitosan Derivatives-Layered Double Hydroxide Hybrid
Nanocomposites for Efficient Drug Delivery to the Posterior Segment of the Eye. Acta Biomater. 2020, 104, 104-114. [CrossRef]
Sun, J.; Lei, Y,; Dai, Z.; Liu, X.; Huang, T.; Wu, J.; Xu, Z.P.; Sun, X. Sustained Release of Brimonidine from a New Composite Drug
Delivery System for Treatment of Glaucoma. ACS Appl. Mater. Interfaces 2017, 9, 7990-7999. [CrossRef]

Aslam Khan, M.U.; Abd Razak, S.I; Al Arjan, W.S,; Nazir, S.; Sahaya Anand, T.J.; Mehboob, H.; Amin, R. Recent Advances
in Biopolymeric Composite Materials for Tissue Engineering and Regenerative Medicines: A Review. Molecules 2021, 26, 619.
[CrossRef]



Pharmaceutics 2023, 15, 413 53 of 54

256.

257.

258.

259.

260.
261.

262.
263.
264.

265.
266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

Gonzalez, A.C.d.O.; Costa, T.F.; Andrade, Z.d.A.; Medrado, A.R.A.P. Wound Healing—A Literature Review. An. Bras. Dermatol.
2016, 91, 614-620. [CrossRef]

Hamdan, S.; Pastar, 1.; Drakulich, S.; Dikici, E.; Tomic-Canic, M.; Deo, S.; Daunert, S. Nanotechnology-Driven Therapeutic
Interventions in Wound Healing: Potential Uses and Applications. ACS Cent. Sci. 2017, 3, 163-175. [CrossRef]

Coger, V,; Million, N.; Rehbock, C.; Sures, B.; Nachev, M.; Barcikowski, S.; Wistuba, N.; Strauf3, S.; Vogt, PM. Tissue Concentrations
of Zing, Iron, Copper, and Magnesium During the Phases of Full Thickness Wound Healing in a Rodent Model. Biol. Trace Elem.
Res. 2019, 191, 167-176. [CrossRef]

Inoue, Y.; Hasegawa, S.; Ban, S.; Yamada, T.; Date, Y.; Mizutani, H.; Nakata, S.; Tanaka, M.; Hirashima, N. ZIP2 Protein, a Zinc
Transporter, Is Associated with Keratinocyte Differentiation. J. Biol. Chem. 2014, 289, 21451-21462. [CrossRef] [PubMed]

Ellis, S.; Lin, E.; Tartar, D. Immunology of Wound Healing. Curr. Dermatol. Rep. 2018, 7, 350-358. [CrossRef] [PubMed]
Barakullah, A.; Gulzar, A.; Arshad, M.; Ali, M.N.; Mir, M. Polymeric Biomaterials for Wound Healing—A Review. Prog. Polym.
Sci. 2018, 7, 1-21. [CrossRef]

Guo, S.; DiPietro, L.A. Factors Affecting Wound Healing. . Dent. Res. 2010, 89, 219-229. [CrossRef] [PubMed]

UN DESA. World Population Ageing 2020: Highlights (ST/ESA/SER.A/451); UN DESA: New York, NY, USA, 2020.

Available online: https:/ /www.fortunebusinessinsights.com/industry-reports /chronic-wound-care-market-100222 (accessed on
16 December 2022).

Negut, I.; Dorcioman, G.; Grumezescu, V. Scaffolds for Wound Healing Applications. Polymers 2020, 12, 2010. [CrossRef]
Verma, K.D.; Lewis, F.; Mejia, M.; Chalasani, M.; Marcus, K.A. Food and Drug Administration Perspective: Advancing Product
Development for Non-Healing Chronic Wounds. Wound Repair Regen. 2022, 30, 299-302. [CrossRef]

Wright, J.A.; Richards, T.; Srai, S.K.S. The Role of Iron in the Skin and Cutaneous Wound Healing. Front. Pharmacol. 2014, 5, 156.
[CrossRef]

Mohammadi, A.; Abdolvand, H.; Ayati Najafabadi, S.A.; Nejaddehbashi, F; Beigi-Boroujeni, S.; Makvandi, P.; Daemi, H.
Antibacterial Host-Guest Intercalated LDH-Adorned Polyurethane for Accelerated Dermal Wound Healing. ACS Appl. Bio Mater.
2022, 5, 5800-5815. [CrossRef]

Yoosefi, S.; Rakhshani, A.; Montazeri, V.; Tavakoli, M.; Aliabadi, A.; Fatahi, Y.; Behrouzfar, H.; Keihankhadiv, S.; Darbasizadeh, B.;
Motasadizadeh, H.; et al. Dual Drug Delivery System Based on Layered Double Hydroxides/Carboxymethyl Cellulose-Poly
Ethylene Oxide Bionanocomposite Electrospun Fibrous Mats: Fabrication, Characterization, in-Vitro and in-Vivo Studies. Int. ].
Biol. Macromol. 2022, 222, 3142-3154. [CrossRef]

Camara-Torres, M.; Duarte, S.; Sinha, R.; Egizabal, A.; Alvarez, N.; Bastianini, M.; Sisani, M..; Scopece, P.; Scatto, M.; Bonetto, A.;
et al. 3D Additive Manufactured Composite Scaffolds with Antibiotic-Loaded Lamellar Fillers for Bone Infection Prevention and
Tissue Regeneration. Bioact. Mater. 2021, 6, 1073-1082. [CrossRef]

Enderami, S.E.; Shafiei, S.S.; Shamsara, M.; Enderami, S.E.; Rostamian Tabari, A. Evaluation of Osteogenic Differentiation of
Bone Marrow-Derived Mesenchymal Stem Cell on Highly Porous Polycaprolactone Scaffold Reinforced with Layered Double
Hydroxides Nanoclay. Front. Bioeng. Biotechnol. 2022, 10, 1-17. [CrossRef]

Wang, Y.; Shen, S.; Hu, T.; Williams, G.R.; Bian, Y.; Feng, B.; Liang, R.; Weng, X. Layered Double Hydroxide Modified Bone
Cement Promoting Osseointegration via Multiple Osteogenic Signal Pathways. ACS Nano 2021, 15, 9732-9745. [CrossRef]
Gemini-Piperni, S.; Milani, R.; Bertazzo, S.; Peppelenbosch, M.; Takamori, E.R.; Granjeiro, ] M.; Ferreira, C.V.; Teti, A.; Zambuzzi,
W. Kinome Profiling of Osteoblasts on Hydroxyapatite Opens New Avenues on Biomaterial Cell Signaling. Biotechnol. Bioeng.
2014, 111, 1900-1905. [CrossRef]

Bahraminasab, M.; Janmohammadi, M.; Arab, S.; Talebi, A.; Nooshabadi, V.T.; Koohsarian, P.; Nourbakhsh, M.S. Bone Scaffolds:
An Incorporation of Biomaterials, Cells, and Biofactors. ACS Biomater. Sci. Eng. 2021, 7, 5397-5431. [CrossRef]

Guerrieri, A.N.; Montesi, M.; Sprio, S.; Laranga, R.; Mercatali, L.; Tampieri, A.; Donati, D.M.; Lucarelli, E. Innovative Options for
Bone Metastasis Treatment: An Extensive Analysis on Biomaterials-Based Strategies for Orthopedic Surgeons. Front. Bioeng.
Biotechnol. 2020, 8, 589964. [CrossRef]

Arora, M. Polymethylmethacrylate Bone Cements and Additives: A Review of the Literature. World J. Orthop. 2013, 4, 67-74.
[CrossRef]

Kapusetti, G.; Mishra, R.R,; Srivastava, S.; Misra, N.; Singh, V.; Roy, P; Singh, S.K.; Chakraborty, C.; Malik, S.; Maiti, P. Layered
Double Hydroxide Induced Advancement in Joint Prosthesis Using Bone Cement: The Effect of Metal Substitution. |. Mater.
Chem. B 2013, 1, 2275-2288. [CrossRef]

Alargin, E.; Izbudak, B.; Yiice Erarslan, E.; Domingo, S.; Tutar, R.; Titi, K,; Kocaaga, B.; Guner, ES.; Bal-Oztiirk, A. Optimization of
Methacrylated Gelatin /Layered Double Hydroxides Nanocomposite Cell-Laden Hydrogel Bioinks with High Printability for 3D
Extrusion Bioprinting. J. Biomed. Mater. Res. Part A 2023, 111, 209-223. [CrossRef]

Sinha, R.; Sanchez, A.; Camara-Torres, M.; Uriszar-Aldaca, 1.C.; Calore, A.R.; Harings, J.; Gambardella, A.; Ciccarelli, L.;
Vanzanella, V.; Sisani, M.; et al. Additive Manufactured Scaffolds for Bone Tissue Engineering: Physical Characterization of
Thermoplastic Composites with Functional Fillers. ACS Appl. Polym. Mater. 2021, 3, 3788-3799. [CrossRef]

Belgheisi, G.; Haghbin Nazarpak, M.; Solati-Hashjin, M. Fabrication and Evaluation of Combined 3D Printed /Pamidronate-
Layered Double Hydroxides Enriched Electrospun Scaffolds for Bone Tissue Engineering Applications. Appl. Clay Sci. 2022,
225,106538. [CrossRef]



Pharmaceutics 2023, 15, 413 54 of 54

281. Gandolfi, M.G.; Zamparini, F,; Degli Esposti, M.; Chiellini, F.; Fava, E; Fabbri, P.; Taddei, P; Prati, C. Highly Porous Polycaprolac-
tone Scaffolds Doped with Calcium Silicate and Dicalcium Phosphate Dihydrate Designed for Bone Regeneration. Mater. Sci. Eng.
C 2019, 102, 341-361. [CrossRef] [PubMed]

282. Chen, Y.X,; Zhu, R.; Ke, Q.F; Gao, Y.S.; Zhang, C.Q.; Guo, Y.P. MgAl Layered Double Hydroxide/Chitosan Porous Scaffolds
Loaded with PFT« to Promote Bone Regeneration. Nanoscale 2017, 9, 6765-6776. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



