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Abstract: Drug delivery systems, which use components at the nanoscale level as diagnostic tools
or to release therapeutic drugs to particular target areas in a regulated manner, are a fast-evolving
field of science. The active pharmaceutical substance can be released via the drug delivery system
to produce the desired therapeutic effect. The poor bioavailability and irregular plasma drug levels
of conventional drug delivery systems (tablets, capsules, syrups, etc.) prevent them from achieving
sustained delivery. The entire therapy process may be ineffective without a reliable delivery system.
To achieve optimal safety and effectiveness, the drug must also be administered at a precision-
controlled rate and the targeted spot. The issues with traditional drug delivery are overcome by the
development of stimuli-responsive controlled drug release. Over the past decades, regulated drug
delivery has evolved considerably, progressing from large- and nanoscale to smart-controlled drug
delivery for several diseases. The current review provides an updated overview of recent develop-
ments in the field of stimuli-responsive boron-based materials in drug delivery for various diseases.
Boron-containing compounds such as boron nitride, boronic acid, and boron dipyrromethene have
been developed as a moving field of research in drug delivery. Due to their ability to achieve pre-
cise control over drug release through the response to particular stimuli (pH, light, glutathione,
glucose or temperature), stimuli-responsive nanoscale drug delivery systems are attracting a lot of
attention. The potential of developing their capabilities to a wide range of nanoscale systems, such
as nanoparticles, nanosheets/nanospheres, nanotubes, nanocarriers, microneedles, nanocapsules,
hydrogel, nanoassembly, etc., is also addressed and examined. This review also provides overall
design principles to include stimuli-responsive boron nanomaterial-based drug delivery systems,
which might inspire new concepts and applications.
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1. Introduction

Significant progress in drug discovery has been made recently, resulting in novel
therapeutic candidates with excellent effectiveness and safety for the treatment of many
disorders [1-5]. Moreover, when administered through conventional drug formulations,
traditional pharmaceuticals, particularly small molecular drugs, follow a non-specific deliv-
ery inside the human body, and it may cause unacceptable toxic effects on normal tissues,
leading to serious side effects and limiting the therapeutic efficacy [6,7]. Additionally,
several other issues such as hydrophobic nature [8,9], the emergence of multidrug resis-
tance [10-12], and poor cell/tissue (membrane) penetration prevent potential therapeutic
candidates from being implemented in clinical applications [13-15]. The drug delivery
system strategy intended to reduce the accessibility of healthy tissue or organisms to the
drugs and enhance the pharmacokinetic properties of drugs, including such as solubility
and plasma clearance, was supported by the results of issues with conventional pharma-
ceuticals [16-21]. By utilizing the enhanced permeability and retention effect, drugs loaded
onto nanostructured materials, such as nanoparticles, nanosheets/nanospheres, nanotubes,
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nanocarriers, microneedles, nanocapsules, hydrogel, nanoassembly, etc., demonstrated
promising accumulation at the target tissue, improving the ability to specifically target
the cells while reducing the cytotoxicity to healthy cells [22]. As significant progress has
been achieved in the design of DDS, one major problem has emerged: poor controlled
release characteristics from DDS. This leads to unwanted early release of the drug and
exposure to normal tissues, which reduces the therapeutic efficacy [23]. The approach
of controlled drug release was implemented into the DDS to accomplish the appropriate
concentration of the drugs to specific areas [24]. Various materials have gained a great deal
of interest in the initial efforts focused on investigating materials that release drugs in a
regulated manner. It is essential for nanoparticles to have higher drug loading efficiency
and site-specific release, while effectively promoting drug release in the affected body
locations to increase therapeutic efficiency, and the functionalized materials with these
specialized properties have quickly emerged as a viable design toolkit for a variety of
various innovative drug delivery systems. The encapsulation can be accomplished by
encrypting the stimuli-responsive approach into the system, thus providing on-demand
responses to exogenous (light, temperature, magnetic field, ultrasound, etc.) or endogenous
factors (pH, enzyme, redox, etc.) [25-30].

Boron-containing compounds such as boron nitride, boronic acid, BODIPY, etc., have
been attracted by the scientific community in recent years, and they have developed as
new and immersing research in various applications [31-38]. The biological uses of carbon
and boron nitride-based systems especially in drug delivery have increased significantly
in the past few years among various nanostructured materials [39]. Carbon compounds
with alternating B and N atoms instead of C atoms are structural mimics known as BN.
Various nanocarbons have been extensively studied for potentially significant biological
uses such as cell targeting, imaging, drug release, sensing, etc.; carbon nanotubes and
graphene oxide are two examples of the many nanocarbons being investigated [40—44].
However, there are still many challenges to be solved, particularly those associated with
their toxicity. Many in vitro and in vivo experiments have proven that these carbon-based
compounds are toxic to human cells and some other living biosystems. In contrast, it has
been demonstrated that BN materials have lower cytotoxicity and greater biocompatibility
than their carbon counterparts [45], although further research will be required. Designing
and developing nanomaterials based on the BN framework should be a viable and promis-
ing alternative. Two-dimensional hexagonal boron nitride nanosystems have in recent
times attracted considerable attention for a wide range of applications, which include nano-
materials, heat capacity, purification process technology, electronic equipment, and catalyst
owing to the high surface area, considerable wide band gap, and distinctive optoelectronic
properties [46-49]. Currently, the potential uses of BN nanomaterials have extended to drug
delivery [50-52]. Owing to the existence of numerous small-scale surface connections, BN
nanomaterials have an extremely high surface-to-volume ratio that provides a high drug
loading efficiency and may promote effective drug delivery to specific sites. In addition,
tunable BN nanomaterials design opens up many options for biological and pharmaceutical
applications due to their tunable shape, depth, size, and surface characteristics.

Organoboron molecules (phenyl boronic acid) exhibit tremendous potential in biologi-
cal applications [53-55]. PBA-based materials are growingly being used in biomedical fields,
such as stimuli-responsive nanomaterial-targeted delivery of protein, gene, and chemi-
cal drugs, and bio-imaging in vitro and in vivo for the recognition of different bioactive
molecules such as sialic acid, carbohydrates, adenosine triphosphate (ATP), and dopamine.
PBA has been employed as a target component for tumor-targeting drug delivery due to
the unique interaction between PBA and sialic acid, which will be abundantly expressed
in many types of tumors [56,57]. In addition, PBA’s ability to accept electrons allows for
the nucleophilic combination of nanomaterials with electron-donating ions such as oxygen
and nitrogen, which can be used to construct controlled drug delivery with high drug
loading [58]. Additionally, materials containing PBA exhibit a nucleus-targeting capability,
interact with electron-donating units such as amines, generate new boronate ester bonds
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with diol compounds including sialic acid, carbohydrates, ATP, and dopamine, and can
stoichiometrically utilize reactive oxygen species (ROS). Recently, responsive boron nano-
materials have been developed for biomedical applications, such as (i) nanomaterials with
PBA that target sialic acid for the delivery and monitoring of drugs that target tumor cells;
(ii) saccharide-binding PBA-based nanomaterials used for insulin release in response to glu-
cose, different cell capture and release, and self-healing components; (iii) PBA-based drug
carriers with high drug loading efficiency; (iv) ROS-responsive PBA-based nanocarriers
for delivery of drugs and ROS sensors; (v) PBA-based drug carriers with ATP sensitiv-
ity and ATP sensors; (vi) PBA-based monitoring systems with dopamine responsiveness;
(vii) PBA-based nanomaterials for nuclear-targeted delivery of the drug.

Due to their diverse area of applications, 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene,
also known as boron-dipyrromethenes, are receiving a lot of attention [59]. They have
gained considerable research in sensors, bioimaging, catalysts, laser dyes, solar cell com-
ponents, photoremovable protecting groups, photodynamic therapy, and fluorescent in-
dicators [60-65]. This is brought about by their exceptional qualities, which include less
toxicity, comparatively extended excited-state lifetimes, excellent chemical and photo-
chemical durability, photo-stability, large molar extinction coefficients, high fluorescence
quantum yields, and artificial photosynthetic systems [59,60,66]. Additionally, the BODIPY-
moiety can be simply modified to alter its optical and electronic properties. For instance, as
shown in Figure 1, the small structural modification of the BODIPY-core to the azaBODIPY
core, namely the substitution of a nitrogen atom for one CH, group, causes a dramatic
bathochromic shift of approximately 100 nm. At least one substituent is added to the
pyrrole group due to the instability of those exhibited basic framework structures [67].
In the green area (490-570 nm), this chromophore mostly displays strong absorption and
emission spectra with minor stokes shifts. Many chemists can fine-tune the characteris-
tics of BODIPY’s absorption and emission properties because different substituents can
be functionalized at the 8-positions in the BODIPY core by nucleophilic or electrophilic
substitution, C-H activations, and cross-coupling reactions. These have generated numer-
ous original concepts for using BODIPY derivatives to identify biomolecules and provide
photodynamic therapies.
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Figure 1. Chemical structure of BODIPY and azaBODIPY.

This review aims to provide useful information to the scientific community to de-
sign/develop stimuli-responsive boron-based drug delivery systems. We outlined the
different approaches systematically according to the various substitution/caging of the
boron-based systems. We will be discussing the recent developments and advances in the
synthesis of boron-based drug delivery and their current uses in various diseases (Table 1).
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Table 1. Summary of boron-based drug delivery systems.
Core s . Drug Loading .
Structure Cargo Application Stimulus Efficiency Cell Line Ref
Doxorubicin NSs - - Cancer cells [68]
Doxorubicin NTs pH 2.15% U87 MG cells [69]
Doxorubicin NSs Light, pH, GSH 32% MCE-7 cells [70]
Carboplatin NTs - - - [71]
Doxorubicin MS pH 5.26% Hela acrefﬁsMCFﬂ [72]
Boron Nitride Camptothecin NSs - 30% 4T1 cells [73]
Doxorubicin NCs pH - - [74]
Doxorubicin NPs pH 5.50% IAR-6-1 cells [75]
Doxorubicin NSs Temperature, pH 36.20% MCEF-7 cells [76]
Doxorubicin NSs pH 2.07% HelLa cells [77]
HEK 293, HelLa
. e 0, ’ 7
Doxorubicin NSs pH 7.26% MCE-7 [78]
Doxorubicin NSs pH 86.20% HeLa cells [79]
Doxorubicin - pH - LNCaP Cells [80]
Insulin Hy Glucose - - [81]
Insulin Film pH - - [82]
Insulin MNs Glucose - - [83]
Insulin MNs Glucose - - [84]
Insulin Hy Glucose - - [85]
Insulin Hy Glucose, pH 15.6% NIH3TS3 cells [86]
Insulin Hy Glucose, pH - - [87]
Boronic Acid Insulin Hy Glucose - - [88]
Insulin Hy Glucose, pH - - [89]
Insulin Microgel Temperature, pH - - [90]
Insulin Hy Glucose, pH - 1929 cells [91]
Insulin Hy pH 62% - [92]
Insulin Hy Glucose - NIH3T3 cells [93]
Insulin Nanogel Glucose 8.2% NIH3T3 cells [94]
. Temperature, o
Insulin Nanogel Glucose, pH 17.73% L929 cells [95]
Doxorubicin Vesicles pH - A549 cells [96]
Doxorubicin NPs Light 25% 4T1 cells [97]
Methotrexate NPs Light - HelLa cells [98]
Doxorubicin MOF Light 49.70% HeLa cells [99]
mRNA DLNP pH - IGROV1 cells [100]
Gefitinib Fluorophore GSH - PCI cells [101]
Doxorubicin Micelles Azoreductase - 1929 cells [102]
2-phenyl—£f:-h}{d Toxy= Fluorophore GSH - HelLa cells [103]
BODIPY 4(1H)-quinolinone
10-hydroxycamptothecin NPs Light - 4T1 cells [104]
Doxorubicin NPs pH 28% MCF-Zeﬁ‘SN264'7 [105]
Docetaxel NPs Light 34.20% A549 cells [106]
Chlorambucil NA Light 98.85% HCT116 cells [107]
2-phenyl-3-hydroxy-
4(1H)-quinolinone based ~ Fluorophore GSH - HeLa cells [108]
drug

Doxorubicin NC pH 6.73% HeLa, MCF-7 cells [109]
Mertansine Fluorophore Light - MCEF-7 cells [110]
Doxorubicin Vesicles pH - A549 cells [111]

Nalidixic acid, .
Ciprofloxacin Fluorophore Light - - [112]
Doxorubicin NPs Light - MCF7 cells [113]

Note: NSs: nanosheets/nanospheres; NTs: nanotubes; GSH: glutathione; MS: mesoporous silica; NCs: nanocarri-
ers; NPs: nanoparticles; MNs: microneedle; NCPs: nanocapsules; Hy: hydrogel; MOF: metal-organic frameworks;
DLNP: dendrimer-based lipid nanoparticle; NA: nanoassembly.
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2. Types of Drug Delivery Methods

There are numerous ways that drugs can enter the human body (Figure 2). These
pathways are typically categorized according to their “initial point” or the place where the
drug is delivered. Every approach offers benefits and drawbacks of its own.

Ocular

Types of

4 Sublingual
Drug Delivery

Pulmonary Transdermal Vaginal/anal

Figure 2. Drug delivery methods.

2.1. Buccal Drug Delivery

The technique of delivering a drug through the buccal mucosa is known as the buccal
delivery of drugs (lining of the cheek). Delivery is mainly only possible with chemically
synthesized drugs with lipophilic qualities because they can easily penetrate the membrane,
even though this delivery technique minimizes first-pass impacts (efficient drug intake and
conversion into inert chemicals by the liver). Substances that can adhere to the mucosa are
often favored since the buccal approach is frequently utilized for the prolonged delivery
of drugs (where the drug is given in a controlled manner over a long period. For buccal
delivery, a number of compositions have been created, including pills, creams, gum, and
patches [114,115].

2.2. Nasal Drug Delivery

The nasal delivery system refers to the administration of drugs through the nasal
passages. Typically, drugs delivered by nasal spray are utilized to treat upper respiratory
tract localized illnesses. Moreover, this delivery technique can be utilized for systemic
distribution of smaller molecular drugs, such as the headache treatment almotriptan, in
specific situations (when, for example, quick initiation is necessary). The thin nasal mucosa
is responsible for regulating blood, allowing for quick transport to the central blood flow
and, like buccal delivery, the avoidance of first-pass metabolism. For nasal delivery of
drugs, fluid and (lower usually) powdered forms can be utilized [116,117].

2.3. Ocular Drug Delivery

Owing to the eye’s unique architecture and metabolism, drug delivery researchers
have discovered it challenging to distribute drugs through the eye. Stable, dynamic, and
enzymatic retinal barriers all prevent absorption of the drug through the eye. Drugs can be
administered via a variety of different methods to target areas of the eye. By discovering
particular efflux and inflow carriers in the eye and altering drugs to target particular
carriers, scientists have managed to substantially overcome the difficulties of distributing
drugs to ocular regions [118].

2.4. Oral Drug Delivery

Due to its non-invasiveness, simplicity, cost-effectiveness, and extremely absorbent
qualities of the gastro (GI) tract, oral drug delivery is without a doubt the most well enough
and frequently preferred method of drug delivery. In order for oral administration to
always be effective, the drug compound’s GI state’s solubility must be evaluated to see if
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adjustments are needed to increase biocompatibility. Furthermore, oral therapy does not
always work well for some types of patients, such as children, the elderly, and people who
have memory loss [119].

2.5. Pulmonary Drug Delivery

The process of administering a drug by inhaling it via the nose and entering the lungs
is known as pulmonary drug delivery. For the treatment of localized lung illness, inhaled
drugs are beneficial. Because of the respiratory region’s large adsorbing surface area and
highly porous outer layer, pulmonary drug delivery has also lately been investigated as a
potential treatment option for systemic disorders. Dietary issues and interpatient metabolic
diversity have little impact on pulmonary delivery, which is another benefit [120].

2.6. Sublingual Drug Delivery

The process of administering a medication under the mouth so that it can be taken
into the bloodstream through the anterior surface of the mouth and the tongue’s floor
is known as sublingual drug delivery. Since sublingual uptake is speedy, an immediate
commencement of effect is possible. Additionally, this administration method prevents
systemic first-pass metabolism. Moreover, it causes disruptions in speaking, eating, and
having a drink, which is bad. Additionally, smoking reduces the absorption of the drug
and, as a result, effectiveness owing to vascular constriction of the arteries; hence, use in
smoking is not really advised [121].

2.7. Transdermal Drug Delivery

A drug can be administered systemically using the transdermal drug delivery tech-
nique, which involves putting a formulation on healthy skin. The drug first enters the cell
membranes, then moves into the inner epidermis and dermis, and then eventually enters
the bloodstream through the dermal vascular system. Two major benefits include being
non-invasive and appropriate for individuals who are vomiting or asleep [122].

2.8. Vaginal/Anal Drug Delivery

When compared to oral ingestion, vaginal/anal drug delivery methods have a quicker
beginning of action as well as greater bioavailability. Rectal drugs may have local (such
as laxative impacts) or central nervous system effects. Drug delivery through the vagina
bypasses first-pass metabolism and seems to be undisturbed by digestive issues. When
addressing female health issues and administering hormones, the vaginal approach is
considered generally. There are many alternatives for vaginal formulations, including
biopolymers, pills, pessaries, and suppositories [123,124].

In this section, we have discussed generally available drug delivery methods. Most of
the drug delivery systems are oral-based delivery and compared to oral other types of drug
delivery methods have some advantages. The advantages of each method are explained in
this section. Our aim is that researchers should focus more on other types of drug delivery
systems in the near future that will be a good fit for real-time applications.

3. Types of Materials Used in Drug Delivery

In recent years, different types of materials have been used in drug delivery. The
main objectives of drug delivery are: (i) site-specific targeted drug delivery, (ii) high drug
loading efficiency, (iii) allowing for precise spatial and temporal control over the release,
and (iv) increasing therapeutic activity while lowering harmful side effects. This section
examines various types of materials designed /developed for drug delivery [125-129].

3.1. Polymers

Polymers are a type of material that is especially well suited for use in nano-size
drug delivery systems because they provide practically limitless diversity in chemistry,
dimensions, and topology [130]. Understanding the framework interactions of polymers
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is advancing their usefulness. Linear, branching, cross-linked, block, graft, multivalent,
dendronized, and star-shaped polymers are only a few of the many different types of poly-
mer topologies that exist [130,131]. Notably, chemical nature (polyester, polyanhydride,
polyamide), cargo durability (biodegradable, non-biodegradable), and solubility in water
(hydrophilic, hydrophobic) can all have a substantial impact on how well drug delivery
vehicles work [130,131]. In other words, the physicochemical properties of the material are
determined by the copolymer morphology for the same monomer percentages. The physic-
ochemical characteristics of the vehicles are influenced by polymer design, which also has
an impact on drug loading effectiveness, the release of a drug, and bioavailability [132].
Drugs may be covalently bonded to the polymer network or physically confined inside
polymeric capsules and frameworks. By enhancing the drug’s active binding capacity,
polymer—drug conjugates, which feature a physiologically stable, bio-sensitive polymer—
drug linkage, change the pharmacokinetics of the drug. The linker makes sure that the
pro-drug is inert in circulation until the right enzyme or pH specifically releases it at the
target site. It will be possible to develop new and enhanced polymeric nanoparticle drug de-
livery systems by combining biological rationale with reducing synthetic chemistries [133].
These chemistries have to be adaptable to industrial-scale development to be available
for therapeutic uses. Researchers are still looking into novel biodegradable polymers
with more complex three-dimensional frameworks that are more appropriate for regular
parenteral delivery [131].

3.2. Nanoparticles

Drug delivery systems can generally be applied locally or systemically and have the
potential to attach targeted molecules. Both inside and outside of the target cells might be
exposed to the drug payload. Shorter drug delivery systems can directly endocytose cells
as opposed to bigger drug delivery systems, which can produce high localized drug levels.
Nanoparticles are transported from early endosomes to selective endosomes after being
taken in by the cell. Although some of the nanoparticles are carried to secondary endosomes
or lysosomes, where they might release and act as intracellular drug repositories, other
nanoparticles are ejected from the cell [129]. Lower particle sizes allow for greater capillary
penetration, easier passage through fenestrations, and subsequently greater cellular uptake.
In addition, in situ uptake capacities are 100 nm, and particle size is 15-250 times higher
than those of smaller microparticles [134]. Even the blood-brain membrane can be crossed
by nanoparticles [135]. Different formulation techniques have been investigated to manage
drug delivery system sizes as well as to enhance encapsulated drug and release patterns.
Similar to this, adding targeting ligands will raise the drug’s effective concentration at the
targeted site [136].

3.3. Nanocapsules

Nanocarrier techniques, such as lipids and polymeric nanocapsules, can offer con-
trolled drug release and effective targeting [137-139]. Its distribution durability and the
important physiological action, specifically, are determined by the composition of the outer
layer. Layer-by-layer deposition, surface polymerization, adhesive precipitation, interfacial
deposition, and self-assembly processes can also be used to generate nanocapsules [137].
The diameter variation, shell thickness, membrane decomposition, and detergent type
are all significant factors. Lipid-based nanocapsules could be altered to target particular
tissues or cells through antibody binding and to change capillary integrity by channel
implantation. It has been demonstrated that lipid-based nanocapsules retain their pay-
load [140]. However, the usage of lipids may be constrained due to their instability in
physiological environments and sensitivities to a wide range of environmental factors, such
as temperature and osmotic pressure [141]. Lipid—polymer-associated nanocapsules could
be developed to increase the durability of lipid-based nanocapsules. Approaches include
encapsulating the liposome with a polyelectrolyte shell, incorporating surface-active poly-
mers to form hybrid extracellular structures, and polymerizing a two-dimensional system
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in the hydrophobic groups of the membranes [141]. The construction of capsules composed
of disulfide cross-linked polymers was another exciting accomplishment [142]. At opti-
mum pH, hydrogen-bonded layered nanomaterials are more stable because of the disulfide
bonds. They also make the system liable to disintegration when thiol-disulfide exchange
agents are present. Because intracellular proteins such as glutathione will facilitate in vivo
capsule deconstruction, such nanocapsules always had the potential to be developed as
biodegradable nano-scale drug delivery platforms [143,144].

3.4. Nanotubes

For some purposes, nanotubes, which resemble small reusable straws, have benefits
over spherical nanoparticles [145]. Various substances and compounds, varying in size from
tiny molecules to proteins, can be stuffed into their spacious interior chambers [146,147].
Certain types of nanotubes can be selectively manipulated to encapsulate particular drugs
internally and to avoid an immune response outwardly because the inner and exterior
surfaces of these nanotubes are dissimilar [147]. Lastly, loading is made exceptionally
easy by the accessible design of nanotubes. Nanotubes can be produced using a variety
of materials and methods, such as controlled coating and self-assembly. Instances contain
pattern nanotubes, cyclic peptide nanotubes, and heterocyclic nanotubes [145]. Metal-
lic nanotubes can be made using electrodeposition, polymeric nanotubes can be made
through in-pore polymerization, while inorganic nanotubes can be made through sol-gel
technology. The most flexible method for creating nanotubes is the template method. The
component (polymer, silica, metals, or carbon) is deposited into the spherical pores of
a solid surface to form the nanotube [148]. The template’s size determines the outside
diameter, whereas the deposition time determines the inner diameter. This technique can
also be used to create composite nanostructures such as divided nanowires and cylindrical
tubular structures [149,150]. The control of the caps to regulate drug delivery will now be
the main subject of interest in nanotube development. By adjusting the magnetic properties,
nanotube rate, and stabbing period, penetration effectiveness can be modified [151,152].
The lack of cytotoxicity that carbon nanotubes exhibit at lower nanotube levels (10 tM) may
be related to the nanoscale penetration of these materials, which causes less disruption than
other, better mechanical delivery techniques [153]. Nanotube spearing is a significantly
more effective propagation technique than conventional magnetoreception or endocytosis
because the DNA cargo does not depend on lysosomal release and can also be delivered
straight into the nucleus [154]. In addition, compared to other membrane-penetrating
methods, nanotube diving is significantly better suited to high-throughput biochemical
investigations, and it operates at its best at only 100 fm nanotubes [153].

3.5. Nanogels

Hydrogel frameworks are suitable for use in drug release because they have good
bioavailability and adjustable characteristics as well as help to avoid payload agglomer-
ation [155]. The ability to be synthesized without the use of drugs, minimizing the risk
of drug deactivation, perhaps is hydrogels’ greatest benefit as drug transporters [156].
Usually, the drug is eventually loaded using non-covalent self-assembly techniques. Incor-
porating charged and hydrophobic macromolecules is possible in hydrogel frameworks,
which are ultimately defined by the physical characteristics of the polymers that make
them up [127]. Nanoscale hydrogels, also known as nanogels, are simple to make and
have a good drug-loading capability. In the presence of water, hydrogels, which are three-
dimensional cross-linked polymer networks, swell [157]. They can be made to react to a
range of physiological triggers, such as temperature, pH, and ionic strength. Incorporating
both physical and chemical cross-linking components, hybrid polymerizable nanogels have
been developed [157]. Nanogel particles have a high surface-to-volume ratio, a microhetero-
geneous shape, and a compact size, which combine the characteristics of gels and colloids.
Polymeric nanogel carriers exhibit prolonged durability, controlled release, minimal side ef-
fects, and resistance to enzymatic degradation [158,159]. It has recently been demonstrated



Int. J. Mol. Sci. 2023, 24, 2757

9 of 42

that inverted emulsion photo-polymerization can be used to generate well-defined, durable,
cross-linked, amphiphilic hydrogel nanoparticles [160]. By altering the polymerization
parameters, the colloidal substance’s size, which can include hydrophobic drugs, can be
tuned. The hydrophilic corona reduces agglomeration, protein adsorption, and immuno-
genic response, whereas the hydrophobic core dissolves lipophilic substances [160]. This
technology may lead to the development of a novel type of colloidal nanoscale drug release
platform because it is responsive to numerous amphiphilic precursors.

3.6. Dendrimers

Dendrimer architecture is highly controllable, resulting in well-defined form, size,
branching length, thickness, and surface functionality [125,161]. Thus, dendrimers are
desirable candidates for nano-scale drug-delivery platforms. The drug payload may be
chemically or physically bound to the surface of the dendrimer. The increased density of
exo-presented surface functional groups on dendrimers makes them more targetable and
biocompatible [125]. The continuous click strategy or the convergent “Lego” strategy can
be used to synthesize dendrimers, which has recently been made easier [162,163]. Both
methods result in byproducts that are harmless to the environment and allow for simple
purification. Chemotherapeutic drugs such as cisplatin [164], methotrexate [165], and
5-fluorouracil [166] have been the main focus of dendrimer delivery drugs because they
offer slower release, better accumulation in tumor cells, and reduced toxic effect compared
to free drugs, especially whenever the dendrimer is PEGylated. Dendrimer permeability
rises with dendrimer size, and ester-terminated dendrimers are much more accessible
than their amino-terminated equivalents for a given surface-area-to-volume ratio [167].
“Bow-tie” designs that covalently bind a drug-loaded dendron to a PEGylated, dissolving
dendron and mixed dendrimer-based microcapsules that offer a dual releasing strategy are
examples of innovative dendrimer platforms for uses as nano-scale drug delivery systems.
Dendrimers can serve as naturally active anticancer, antiviral, and antimicrobial agents as
well as penetration enhancers that can enhance oral and epidermal drug delivery, and they
can act as drug delivery carriers [168-170].

3.7. Novel Systems

Novel nano-based materials are used in drug delivery systems that discover unique
uses of nanostructures, sizes, substances, and phase transitions. The systems listed below
are some examples of recent developments in the literature. (1) Silicon-based nanomaterials
were developed to deliver anti-cancer drugs selectively with zero-order kinetics to unre-
spectable tumors. To avoid the discomfort of regular localized treatments, the device can
be installed utilizing a less invasive process. Drug delivery methods at the nanoscale that
are reusable and biodegradable were also developed [171]. (2) Using electrospinning meth-
ods, polymeric nanofibers can be constructed for controlled drug delivery with regulated
surface and internal molecular patterns. Polypeptide nanofilms can be applied to other
substances’ surfaces or employed as nanodevices with specific structural features [172].
(3) For nano-drug delivery, several physical shapes have been investigated. As promising
nano-scale drug delivery platforms, peptide doughnut-shaped nanoreactors have been
explored. Depending on the surface features of organic systems, boundary-structured
reaction droplets are being used as models to create nanoeggs using inorganic minerals.
Systems that do not even depend on the polymeric matrix or lipid shells can still deliver
the drugs. A mixture of the PEGylated, protonated analog of the same drug in an aqueous
medium can be used to produce hydrophilic drug nanoaggregates simply by introducing
an excess of the hydrophilic drugs to the solution [173]. (4) It is possible to modify basic
nanoparticles to develop more intricate structures. Particularly, nanoparticles were encapsu-
lated with polymeric nanoshells using layer-by-layer sequential self-assembly. To develop
covert or selective nano-scale drug delivery systems, interface alterations can be applied
to the nanoshell as a template. To control respiratory drug-release rates after inhalation,
nanoparticles were developed as microparticle aggregates containing cleavable in vivo
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chemical cross-linkages [174]. (5) There is a lot of interest in phase-separated nano-scale
drug delivery systems. Amphiphilic copolymers that self-assemble in an aqueous medium
can be used to make polymeric nanomicelles, which are highly effective transdermal and
oral drug delivery systems for hydrophobic and slightly hydrophilic drugs [175]. Develop-
ment in the influence of conventional nano-scale drug delivery systems joined by the ability
to regulate the structural design, produce novel nanomaterials, and personalize creations,
will support engineers, researchers, and medical professionals to exploit nanotechnology
for innovative uses in drug delivery.

4. Controlling Parameters for DDS

Owing to its unique structures and multi-functionalities, such as mechanical character-
istics (compact, better versatility), high selectivity, and flexibility to evaluate the flow path
across the human body, drug delivery has attracted great attention as a rapidly developing
class of research. It is commonly accepted that their physicochemical characteristics are
significantly affected. DDS features (such as drug loading, encapsulation, and coating
ligands) could be tuned to enhance therapeutic agent durability, drug release mechanism
controllability, and transport efficiency [176].

4.1. Drug Loading Strategies

Drug loading strategies must be easy and effective to design an efficient drug delivery
system, as this will affect the amount and binding strength of loaded drugs, and it is also
crucial to have a good drug-to-system interaction. Interactions that are too strong or too
weak will make it difficult to release the drugs or promote unnecessary early leakage,
respectively. Likewise, too low drug loading might have an impact on treatment, while too
high can have serious impacts, and it is essential to figure out how to make drugs bind to
the system. However, covalent bonding, non-covalent adsorption, and direct implantation
are the three most common techniques used today to bind different disease-related drugs
with the nanosystem [177].

4.1.1. Covalent Bonding

The use of such covalent bonds to bind drugs to the system is a well-known methodol-
ogy. This approach typically uses ketals/acetals, boronate esters, and Schiff’s base, which
are all easily reversible condensation processes. For example, dehydration condensation
between -NHj3 and -COOH was used to immobilize anticancer drugs on the surface of
quantum dots. Covalent bonding is regarded as a less versatile method because of the
limited number of reversible condensation processes. Furthermore, because of the slower
binding and dissociation produced by strong covalent bonds, it takes too long to achieve
thermodynamic equilibrium [178].

4.1.2. Non-Covalent Adsorption

Because of its ease of usage and rapid binding and release rate, non-covalent bind-
ing has recently become one of the most favored drug loading techniques. Electrostatic
interactions, hydrogen bonding, m—m stacking, van der Waals interaction, halogen bonding,
coordination bonding, or hydrophilic and hydrophobic characteristics can all be used to
adsorb drugs via non-covalent techniques. The halogen bond was recently employed as
a hit-to-lead-to-candidate to improve drug-target binding affinity in the context of ratio-
nal drug design. Some studies looked into anchoring bio-medicines on nanosystems by
combining numerous non-covalent interactions, which can provide interaction sites and a
stronger affinity [179].

4.1.3. Drug Encapsulation

Encapsulated drugs inside a vesicle generated by a closed phospholipid bilayer mem-
brane is another drug-loading technique. Drug encapsulation, as compared to covalent or
non-covalent immobilization, can prevent undesirable early stages of drug tissue interac-



Int. J. Mol. Sci. 2023, 24, 2757

11 of 42

tions. In addition to lipid nano-vesicles, the molecular imprinting technique is being used
to directly entrap drugs inside 3D nanomaterials cavities, potentially allowing for molec-
ularly controlled drug delivery. It is used as a molecularly imprinted polymer to entrap
the aminoglutethimide substance and develop a drug delivery system. The outcomes of
the experiments demonstrate that this material has good biocompatibility and a high drug
release rate [180].

5. Boron Nitride in Drug Delivery

Nanobiotechnology research has encouraged the development of novel anti-cancer
strategies with various types of nanosystems, such as nanosheets, nanospheres nanotubes,
nanocarriers, microneedles, nanocapsules, dendrimer-based lipid nanoparticles, nanocar-
riers, and micelles [181-183]. Nanomedicine advances depend on the ability to design
and produce distinct nanosystems with appropriate physicochemical properties and bio-
logical effects. Among the different nanosystems in biomedical applications, carbon and
boron nitride-based materials have grown rapidly in the past few years in the area of drug
delivery [184-186].

Over the past few years, two-dimensional nanosheets have been broadly explored in
the area of biomedicine, particularly in oncology therapy [187]. Graphene oxide reformed
with biocompatible polymers, such as polyethylene glycol or dextran, has exposed no
noticeable toxicity in cellular and animal trials [188]. Moreover, the graphene analogs,
such as molybdenum disulfide, tungsten disulfide, and Bismuth selenide nanosheets,
have displayed good applications in animal models, but their metabolisms and potential
toxicity need to be studied additionally over the period [189]. In recent years, boron
nitride nanosheets (BNNSs) have been developed as a new material due to their structural
similarity to graphene in the biomedicine area. Moreover, graphene is a zero bandgap
semi-metal; however, the BN sheet is an insulator in which the B-N bonds show a partial
ionic character [190]. In addition, graphene and BN have covalent functionalization,
epoxy, and hydroxyl groups on their surface, which are responsible for their solubility
in physiological conditions as well as which enrich their immune biocompatibility and
significantly decrease their toxicity [191]. Likewise, many studies have revealed that the
cytotoxicity of low-dimensional boron nitrides was as low as that of their carbon analogs.
Therefore, BNNSs have great potential to be novel drug delivery systems.

Anticancer Drug Delivery

Cancer is one of the biggest threats to the public health concerns of the 21st century. The
need for the complete eradication of cancer is still untouched, despite several advancements
in cancer diagnosis and treatment. The reason for the failure is the severe host toxicity of
chemotherapeutic drugs. Confining the bio-distribution of the chemotherapeutic payloads
only in the affected cancerous regions can reduce toxicity. Deployment of external stimulus,
to release chemotherapeutic agents only in the specified area, is highly beneficial. In
Figure 3, we have shown some of the anticancer drug structures.

Attempts to cure cancer employ three principal methods, namely operation, radiother-
apy, and chemotherapy. Differing from operation and radiotherapy, which emphasize the
treatment of local tissues, chemotherapy is concerned with that of the whole body. While
applying chemotherapy, only those groups of cells that are histologically and conclusively
diagnosed as a tumor are targeted. Generally, at the stage of diagnosis, the number of the
tumor cells already exceeds 1 x 10 (1 g), and the cell population is highly heterogeneous.
Therapeutic effects of chemotherapy can no longer be expected in these tumor cells since
their growth fraction (GF) is low. To achieve a therapeutic effect, potent therapy is required
because the tumor advances to a more intractable state. It is impossible to uniformly kill a
group of cells with high heterogeneity because the group of cells is likely to comprise cells
that are responsive to the treatment as well as those that are resistant. Thus, it is difficult to
obtain a good result through the administration of a single anticancer agent. As a result,
therapy combining multiple agents having different mechanisms of action has evolved, i.e.,
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combination chemotherapy. The goal of combination chemotherapy is to eradicate tumor
cells through potent therapy before the appearance of resistant cells or an elevation in the
number of resistant cells.
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Figure 3. Structure of anticancer drugs.

Treatment with multiple agents would not have any benefit if the drugs used have an-
tagonistic effects and cancel out the action of each other. Ideally, multiple agents must work
synergistically. Thus, it is very important to select drugs according to their phase-specific
characteristics to urge more gap phase (Gg phase) cells to enter the proliferating cycle to in-
crease the number of tumor cells killed by drugs. Many preclinical studies have shown that
drugs such as 5-fluorouracil, 6-mercaptopurine, Gemcitabine, and Capecitabine (Xeloda)
are synthesis-phase (S-phase)-selective. Paclitaxel (Taxol), Vinca alkaloids, and Estramus-
tine are mitotic-phase (M-phase)-selective drugs, whereas chlorambucil, Nitrosoureas,
Alkyl sulfonates, and temozolomide are non-phase-selective drugs. For high GF tumors
such as acute leukemia, phase-specific drugs are firstly used to kill S- or M-phase cells, and
then phase non-specific drugs are used to kill tumor cells in other phases, and finally, the
above two steps are repeated once again to kill new cells from the Gy phase. For low GF
tumors such as solid tumors, phase non-specific drugs are firstly used to kill cells of all
phases, and then phase-specific drugs are used, and finally, the above steps are repeated to
kill the new cells from the Gy phases. Such phase-specific anticancer treatment has been
explained schematically in Figure 4.
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Zhang et al. [70] studied multi-stimuli responsive nanosheets based on hydroxyl boron
nitride with palladium nanohybrids (BNNS-OH@Pd). The nanosheets were synthesized by
a simple facile thermal substitution method. DOX was loaded into the nanosheets at pH
7.4 through hydrophobic interaction and m— stacking due to DOX’s aromatic nature. Then,
the anticancer drug DOX was loaded onto the system with 32% drug loading efficiency, and
the drug release was studied with response to pH, glutathione, and light. The subcellular
localization of the nanosheets was examined in the MCF-7 cell line, and cell viability was
measured by the MTT assay study. Finally, the therapeutic effect of the nanosheets was
studied in in vivo using S180 tumor-bearing mice as the animal model. Feng et al. [72]
introduced the folate-conjugated mesoporous silica-functionalized with BN-nanospheres
(FA-BNMS). The improved drug loading efficiency was achieved by the incorporation of
MS modification. DOX was loaded onto the nanospheres’ BNMS and FA-BNMS complexes
with high efficiency (52.6 and 49.2 pg/mg) compared to simple BNNS (6.9 ug/mg). The
drug-releasing performance was monitored by various pH (5 and 7.4) conditions, and the
maximum drug release was observed at pH 5. A fast DOX release was detected within 8 h
(81%) at pH 5, and the steady drug release was observed until 80 h, whereas 26.1% of the
drug was released at pH 7.4 after 80 h. FA-BNMS complexes were nontoxic to MCF-7 and
HelLa cell lines up to 100 ug/mL concentration, and it was precisely internalized through
folate receptor-mediated endocytosis.

Cheng et al. [73] reported crystalline BNNS-based camptothecin (CPT) delivery. The
nanosheets were prepared by a simple NaCl-template reaction with a high yield of 1 g com-
pared to other techniques. For better dispersibility and stability purposes, the nanosheets
were hydroxylated (BNNSs-OH). After modifying the stability of the material over two
days, there was no precipitation at 1 mg mL~! concentration. The anticancer drug CPT
was loaded onto the system with different mass ratios from 1:2 to 2:1, and the drug load-
ing efficiency reached 170 wt%. To evaluate the drug release performance, cytotoxicity
of BNNSs-OH@CPT and CPT was studied in 4T1 mouse breast cancer cells, and in vivo
experiments were performed in BALB/c female mice bearing 4T1 tumors as the animal
model. Permyakova et al. [74] studied folate bonded with BN nanocarriers for targeted
drug release. Folic acid was effectively fused with the BNNPs via a simple condensation
between the carboxyl group of FA and the amino group of BNNPs. Computational studies
also showed that the attachment of FA to the surface of BNNPs does not affect the tar-
geting properties of FA. Sukhorukova et al. [75] described spherical BNNPs (100-200 nm
in diameter) with the petal-like surface as a drug release system with respect to pH. The
drug loading capacity of the BNNPs was determined by UV-visible absorption and fluo-
rescence, and the calculated drug loading capacity was noted to be 0.055 mg/mg of NPs.



Int. J. Mol. Sci. 2023, 24, 2757

14 of 42

DOX-loaded BNNPs were stable at pH 7.4 (neutral), and drug release was observed from
the BNNPs at pH 4.5 to 5.5 (acidic). To evaluate the anticancer drug release performance,
the cytotoxicity of BNNPs@DOX was studied in IAR-6-1 neoplastic cells.

Cheng et al. [76] reported dual-stimuli responsive BN nanosheets (BNNSs)-based
anticancer drug (DOX) release. A water-soluble adenine-functionalized macromer (A-
PPG) self-assembles into the surface of the BNNSs via non-covalent interactions between
nanosheets and A-PPG. The nanosheets were easily modified by varying the mass ratio of
the BNNS combinations and A-PPG, and the resulting BNNSs showed an excellent response
to the pH/temperature. The anticancer drug DOX was loaded onto the BNNSs, and the
loading capacity was 36.2%. Under normal physiological conditions, the BNNSs@Dox was
quite stable, and the encapsulated drug was released from the nanosheets with respect to
increasing the temperature to 40 °C or at pH 5.5. The cytotoxic effects of the nanosheets
were performed in RAW 264.7 and MCF-7 cell lines. Feng et al. studied folate-conjugated
BNNSs for targeted drug (DOX) release with response to pH. FA was attached to BNNSs
by esterification; the drug was loaded onto the system with a capacity of 2.07% and
released at pH 5. In vitro cytotoxicity assay exhibited that BNNSs-FA was non-toxic in
the HeLa cell line up to 100 pg/mL concentration. Feng et al. [77] introduced pH stimuli-
responsive BNNSs fabricated with a charge-reversible polymer for anticancer drug (DOX)
delivery. The vapor deposition method technique was used to prepare the BNNSs and then
was functionalized with poly(allylamine hydrochloride)—citraconic anhydride (PAH-cit)
polymer. The BNNSs-PAH-cit@DOX was prepared via step-by-step electrostatic interaction,
and the loading efficiency was around 7.26%. The in vitro cytotoxicity assay was shown in
HEK 293, HeLa, and MCF-7 cells, and anticancer activity was studied by the CCK-8 cell line.
In addition, high therapeutic efficiency was observed because of the release of the drug into
the nucleus of cancer cells. Feng et al. [78] reported cancer cell membrane-based BNNSs for
the DOX release with response to pH. The extracted cell membrane (from HeLa cells) was
used to encapsulate BNs via physical extrusion. The loading capacity of the BNNSs@DOX
was around 86.2%, and the nanospheres released the DOX at acidic pH. Enriched cellular
uptake of the nanospheres by HeLa cells was shown due to the homologous targeting
of cancer cell membranes. Weng et al. [80] studied water-soluble porous boron nitride
material-based drug delivery. For better biocompatibility and effective drug loading, BN
materials were hydroxylated, and the drug DOX was released from the system in response
to the pH. When the mass ratio of the drug to BN-OH rises from 1:2 to 5:1, the loading
capacity also remarkably increases, and the maximum loading capacities were calculated to
be 41, 79, and 309 wt%. In neutral pH (7.4), it releases around 36%, while in acidic pH (5.5
to 6.2), it releases around 50-57% of the drug. The biocompatibility and drug transporting
properties were studied in in vitro using NIH/3T3 mouse embryonic fibroblast cells and
LNCaP cells (human prostate cancer cells).

Pasquale et al. [69] reported an innovative drug-loaded nanotube with enhanced
targeting properties based on the homotypic recognition of glioblastoma cells (GBM- U87
MG cell line). This nanoplatform consisted of boron nitride nanotubes (BNNTs) loaded with
doxorubicin and coated with cell membranes extracted from GBM cells. They calculated
the drug loading and encapsulation efficiency as 2.15% and 95.6%, respectively. Then, they
showed the drug release process at various pH conditions, and the maximum drug release
was observed at pH 4.5 at 168 h (0.54 &+ 0.04 pg) compared to various pH conditions. They
were able to specifically target and kill U87 MG cells without affecting healthy brain cells,
upon crossing the blood-brain barrier model.

6. Boronic Acid-Based Drug Delivery

In recent years, many researchers have studied boron-based polymeric nanomaterials
for different biomedical applications. Polymeric nanomaterial-based drug delivery systems
show great advantages such as prolonged blood flow, ease of modification on the surface,
and specific targeting to the site for better efficacy. For better drug accumulation, two
main approaches were followed in the DDS: (i) improved affinity between the target site
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and DDS, and (ii) drug release controlled by some specific triggers such as pH, ROS, or
any specific proteins/carbohydrates [192-194]. In the 1950s, researchers discovered aryl
boronic acid reversibly form cyclic aryl boronic esters in the presence of diols (1,2 or 1,3),
later used for saccharide-responsive materials. The diol-binding nature of aryl boronic
acid may be modified by the electronic properties of the aryl ring or ligating pendant
substituents, and the pKa value of the aryl-derived analogs become significantly lower.
This tunability makes aryl boronic acid-based materials useful for saccharide responsive
materials. While some of the naturally available biomolecules are used to build the DDS in
response to enzymes, it has some disadvantages. In the possible immunogenic response,
it shows low stability, and such materials have storage and processing problems. In the
case of synthetic chemical-based materials, it has better advantages. These systems have
allowed such restrictions but infrequently offer such attractive discernment profiles. While
aryl boronic acid-based materials may frequently have some synthetic challenges, they
produce a huge component of the efforts towards selectivity, stimuli-responsiveness, and
drug delivery research, as this part aims to demonstrate [195-197]. The motivation is on
insulin delivery systems because of the known covalent reversible chemistry of the aryl
boronic acid-based materials for the targeted treatment of diabetes mellitus. In Figure 5,
we show a schematic representation of stimuli-responsive boronic acid-based release.

Diol-responsive

ﬁrgeting ligand functional group

Targeting
Cell

k pH-responsive functional group | ROS-responsive functional group /

Figure 5. Schematic representation of stimuli-responsive boronic acid-based release.

Various advantages of BA materials include biocompatibility, quick reaction times,
and high durability. It has been established thus far that pinacol-type boronic ester moieties
serve as the most efficient and sensitive monitors for biologically relevant HyO, levels. A
complex material composition, such as synthetic amplification techniques, can be used to
optimize the release rates. The microenvironment’s pH has an impact on the quantitative
reactivity between BA and ROS. As a result, using BA as a drug-conjugated linker offers a
useful method for managing the release of drugs in response to certain ROS concentrations
associated with disease activity. Binding in physiologically important functions is made
possible by the special capacity of BAs to link to diol-compounds selectively at physiological
pH. There are still many untapped uses for BA polymers, especially for linking saccharides
and glycoproteins. The activity of proteins, metabolism and gene regulation, migration,
invasion, and other critical activities are all modulated by glycan moieties.

Glycoproteins and carbohydrates are turning into the targets of next-generation ther-
apies because of the crucial function that glycans play in immunological interactions.
Employing polymeric nanomaterials results in enhanced selectivity either via enhanced
affinity by multivalent heterogeneous receptors or increased affinity using numerous bind-
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ing sites. To properly exploit these materials, novel BA polymeric materials are necessary
that function in neutral to mildly acidic biologically relevant microenvironments. This can
occur, for instance, by strategically designing materials or by chemically modifying them
to enhance certain qualities, such as hydrophobicity. BA polymeric materials will also be
widely used in therapeutic applications owing to novel techniques for regulated synthesis,
easy one-step screening, and translatability [198,199].

Insulin Delivery

Diabetes mellitus, usually mentioned as diabetes, is a chronic disease described by
high glucose levels in the blood, which is distinct as a concentration of glucose in the blood
>2 ¢ L~! over an extended time. Diabetes is a worldwide disease, which is growing in
frequency and is projected to increase to 624 million in the year 2040 [200]. Diabetes com-
bined with other diseases such as cancer, cardiovascular disease, etc., is a most important
endangerment to human health and is of rising significance. On the whole, a high level of
glucose in diabetic patients is an effect of either lacking insulin production (type 1) or an
inefficient response to insulin (type 2) [200,201].

In 1922, Banting and Best identified and isolated insulin [202]. It consists of 51 amino
acids organized into polypeptide chains, which are linked by disulfide bridges and form
hexameric in the presence of zinc ions [203]. The main task of insulin is regulating car-
bohydrate metabolism and lipids; on the other hand, it also subdues protein breakdown
and influences other functional developments. This means that it can be used for things
other than diabetes treatment, such as wound healing, calcium channel blocker poisoning,
and anti-aging therapy. Increased insulin secretion is a natural process in response to
high blood glucose levels, which triggers cells to absorb and store glucose as glycogen.
Cardiovascular disease, nephropathy, ketoacidosis, stroke, nerve damage, and retinopathy
are all significant effects of having high-level glucose in the blood for a long time. Diabetes
causes an increase in oxidative stress, and the ROS produced as a result contribute to several
secondary diabetes problems. Type 1 diabetics are almost solely treated with exogenous
insulin, whereas type 2 diabetics may be recommended for small medicines and are urged
to adjust their lifestyles. On the other hand, the case of advanced type 2 diabetes might
cause an insulin shortage, necessitating the addition of insulin to the therapeutic regimen.
This tight regimen must be strictly adhered to to obtain the optimum therapeutic results.
Multiple daily dosages, the necessity to match insulin doses to carbohydrate counts at meal-
times, and the timing of insulin delivery at meals all contribute to a high patient burden.
Hypoglycemia, which can result in unconsciousness or death, can be caused by high levels
of insulin. Moreover, frequent insulin injections and blood glucose self-monitoring can be
difficult in social circumstances and can result in physical pain, necrosis, local infections,
and nerve damage, limiting patient compliance [204-206]. These limitations have drawn
the attention of diabetes researchers, who developed a variety of research methodologies
ranging from insulin engineering to developing new delivery systems.

Chen et al. [81] reported a boronate-containing glucose-responsive, temperature-stable
hydrogel with optimized formulation and assembly into microneedles (MNs) to offer
on-demand insulin delivery. The network’s overall hydrophobicity and the degree of
intermolecular cross-links were fine-tuned to enable this unique and vital function. The
hydrogel had a microporous and linked structure that made it excellent for drug delivery.
The two-layer MN patch was created to validate a painless and convenient transdermal
distribution of insulin, with the tip area made of hydrogel and the base layer made of
crystalline PVA. The prepared MNs patch has sufficient mechanical strength for skin
penetration while maintaining the hydrogel’s glucose reactivity. The MNs patch has high
biocompatibility and can efficiently penetrate the skin. In comparison to the majority of
glucose-responsive MNs patches that rely on glucose oxidase and nanoparticles, synthetic,
protein-free, and nanoparticle-free MNs patches could eliminate safety concerns, provide
long-term viability, and provide a competitive advantage for large-scale production. Zhang
et al. [82] introduced self-regulated insulin release, where a dynamically connected layer-
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by-layer film made of insulin—polyvinyl alcohol and poly[acrylamide-co-3-(acrylamido)-
phenylboronic acid] can be employed. The driving factor for the films was the phenyl
boronate ester link between insulin-PVA and P(AAm-AAPBA). When soaked in aqueous
solutions, the films progressively break down and release insulin because the link can break
under conditions of equilibrium control. The rate of insulin release can be controlled by
adjusting the pH and ionic strength. More importantly, it rises as the glucose concentration
rises, and it has some advantages for insulin release, including the ability to release insulin
over a lengthy period and at a variable rate based on glucose levels. The number of
assembly cycles can also be easily altered to change the amount of the drug.

Lee et al. [89] studied trehalose-based hydrogel to stabilize insulin at higher temper-
atures earlier than glucose-triggered release. The hydrogel was made from a polymer
containing trehalose adjacent position and an eight-arm poly(ethylene glycol) (PEG) with
phenylboronic acid end-functionalization. The hydroxyls in the trehalose side chains es-
tablish boronate ester connections with the PEG boronic acid cross-linker, resulting in
hydrogels without any further trehalose polymer modification. The addition of glucose as
a stronger binder to boronic acid (Kb = 2.57 vs. 0.48 m~! for trehalose) causes the hydrogel
to dissolve, permitting the insulin arrested during gelation to be released in a glucose-
triggered manner. Furthermore, after heating to 90 °C, the trehalose hydrogel stabilizes the
insulin, as determined by immunobinding. In the presence of the trehalose hydrogel, an
enzyme-linked immunosorbent assay detects 74% of insulin after 30 min of heating, but just
2% was found without any additives. Cai et al. [86] reported that hydrogel-based glycopoly-
mer was synthesized by RAFT polymerization via boronic ester linkages. At physiological
pH, the glycopolymer hydrogels were made by phenyl boronate-diol cross-linked binding
and showed glucose-sensitive performance. The hydrogel was synthesized via a dynamic
covalent link by the reaction of boronic acid with diols. After incubation with an aqueous
solution, a hydrogel with a typical porous structure showed a quick increase in swelling
equilibrium, up to 1856%. The hydrogel demonstrated enhanced drug loading capabilities
of up to 15.6% using insulin as a model protein therapy, as well as glucose-responsive
insulin release under a physiological environment. In addition, the viability of NIH3T3
cells after treatment with hydrogel was greater than 90%, demonstrating that the hydrogel
was non-cytotoxic.

Peng et al. [87] described a bio-hydrogel-based composite with a response to pH/glucose
that was synthesized at room temperature by an electron beam irradiation method. The
appearance of carbonyl in the polymerization of 4-ethenyl-phenylboronic acid, grafting and
cross-linking processes in composites, and the formation of a novel composite hydrogel
between poly-4-ethenyl-phenylboronic acid and the cellulose matrix were all caused by
electron beam irradiation. Composite hydrogels with pH and glucose-sensitive properties
were made by including phenylboronic acid groups, and glucose-responsive features were
explored by the self-regulation of insulin release of composite hydrogel over a serial glucose
solution with various concentrations. The suggested composite hydrogel’s cleverness and
biocompatibility make it a suitable candidate for a variety of applications, including self-
regulated drug delivery and actuators, devices, and glyco-sensitivity in the separation
process. Zhi et al. [88] reported nanofilaments bioconjugates with diol affinity-based
single hydrogel with stimuli-responsiveness, injectability, self-healing, and customizable
internal architectures. The M13 virus with a high aspect ratio was used to create a hydrogel
by linking a tailor-made low-pKa phenyl boronic acid analog to a well-defined green
nanofiber (PBAM13). Multiple diol-containing substances, such as poly(vinyl alcohol),
were used to crosslink PBA-M13 via the conventional boronic diol dynamic bonds, resulting
in dynamic hydrogels with adjustable mechanical strength. The produced hydrogels
had good injectability and self-healing properties, as well as chemical access to the PBA
moieties on the virus backbone within the gel matrix. Simple shear-induced alignment of
viral nanofibers was used to impart ordered internal structures to virus-based hydrogels.
Moreover, in situ gelation generated by diffusion of diol-containing molecules was used to
fix the chiral liquid crystal phase of the PBA-M13 virus, resulting in unique hydrogels with
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chiral internal structures. The sugar sensitivity of this gel enables payloads such as insulin
to release in a glucose-regulated manner. At physiological pH, all of these qualities have
been accomplished.

Tong et al. [93] studied glucose-responsive hydrogels for insulin release. The dynamic
boronic esters linkages between phenylboronic acid-loaded y-polyglutamic acid (PBA-
PGA) and konjac glucomannan were developed in situ using a glucose-responsive hydrogel
(KGM). It was expected that using the hydrogel as a delivery vehicle for Ins/Lir would
improve the latter’s cumulative influence on suppressing DN progression. The hydrogel
demonstrated excellent glucose-responsive abilities in scan electronic microscopy and
rheological experiments. Under hyperglycemic conditions, the glucose-dependent release
rate between either Ins or Lir from hydrogel was consistently observed. On streptozotocin-
induced diabetic rats, the preventative efficacy of a hydrogel encapsulating insulin and
liraglutide (Ins/Lir-H) on DN progression was also investigated (DM). The morphology
of the kidneys was recovered six weeks following a single dose of Ins/Lir-H, as evi-
denced by ultrasonography, and the renal hemodynamics was significantly enhanced.
Moreover, urine protein and albumin/creatinine levels were well controlled after 24 h.
Oxidation and stiffness were also significantly reduced. In addition, after therapy with
Ins/Lir-H, renal NPHS-2 was significantly enhanced. Ins/Lir-therapeutic H’s mecha-
nism was found to be strongly linked to the inhibition of lipid peroxidation and the
stimulation of phagocytosis. Guo et al. [94] described sugar-responsive nanogels for
insulin delivery. 3-acrylamidophenylboronic acid as a glucose identifying component, 2-
(acrylamido)glucopyranose as a biocompatible functional group and boron dipyrromethene
as a fluorescence nucleophile were covalently integrated into sugar responding nanogels.
Reversible addition-fragmentation chain transfer (RAFT) polymerization was used to
make the nanogels in a water/ethanol mixture. After being treated with 3mg/mL glucose
medium, nanogels were able to respond to glucose, and their size expanded. The intensity
of fluorescence nanogels varies considerably depending on the glucose content. Further-
more, insulin can be incorporated into the nanogels with a loading of up to 8.2%. The
presence of phenylboronic acid components in nanogels and glucose levels in the release
media impacted the drug release process. The cytotoxic effect of nanogels was evaluated,
and it was observed that nanogels were biocompatible.

Zhao et al. [91] introduced dual-responsive injectable hydrogels for insulin delivery.
Using phenylboronic adapted chitosan, poly(vinyl alcohol), and benzaldehyde encapsu-
lated poly-ethylene glycol, dual responsive pH and glucose inject hydrogels were developed
by cross-coupling Schiff’s base and phenyl boronate ester. During in situ crosslinking,
protein drugs and live cells may be integrated into the hydrogels, resulting in prolonged
and pH/glucose-stimulated drug release from the hydrogels, as well as biocompatibility
and propagation in the three-dimensional hydrogel network. Therefore, the hydrogels
containing insulin and hepatocytes were recognized as bioactive wound dressings for the
diabetic healing process. The efficiency of hydrogel dressings in tissue repair was tested
using a streptozotocin-induced diabetic rat model. The results showed that integrating
insulin and 1929 into hydrogels could enhance neovascularization and collagen deposition,
as well as improve diabetic wound healing. Elshaarani et al. [92] reported hydrogels with
chitosan reinforcement for glucose sensing and insulin delivery. Using poly(ethylene glycol)
diacrylate as a crosslinker, unique hydrogels containing phenylboronic acid-co-chitosan-
loaded maleic acid were developed. Because of the 2:1 boronate glucose binding, the
synthesized hydrogels were constricted at low glucose levels and expanded at high glucose
levels due to 1:1 boronate glucose complex formation. For glucose sensing and insulin
delivery, both binding mechanisms play an important role. The incorporation of CSMA
into the hydrogels matrix improved not only the sensitivity to glucose at physiological pH,
but also the mechanical capabilities and encapsulation efficiency of the hydrogels.

Chen et al. [83] described an enzyme-free polymeric materials-based microneedle-array
patch for insulin delivery. The MN-array patch developed from our smart gel might be used
as an on-skin patch. Mechanically resistant silk fibroin (SF) obtained from the silkworm
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Bombyx mori was incorporated into the gel network to maintain the necessary stiffness
for skin penetration. SF has good biocompatibility, tensile stability, and a programmable
degradation rate to control the rate of crystalline-sheet areas via post-processing. An
MN-array patch was constructed by combining SF with a hydrogel semi-interpenetrating
network. In an aqueous environment, our composite MN-array patch remains stable over
2 months and exhibits both persistent and acute glucose-responsive insulin release abili-
ties. Chen et al. [84] studied smart microneedles for glucose-responsive insulin delivery
crafted from silk fibroin-mixed semi-interpenetrating network hydrogel. The insulin de-
livery system is made from hydrogel, biocompatible silk fibroin (SF), and phenylboronic
acid/acrylamide. Six fabrication strategies were studied to keep the hydrogel’s glucose
sensitivity while minimizing distortion during fabrication. The preferred route for devel-
oping efficient MNs was to obtain a two-layer approach, with a needle region composed
of SF-linked hydrogel and a base layer made of SE. Through the control of the skin layer
developed on the surface, the hybrid MN released insulin spontaneously in response to the
glucose change pattern. Moreover, after 1 week in an aqueous environment, this hybrid
MN maintained its unique needle shape, minimizing the safety issues associated with
dissolving MNs and demonstrating the feasibility of sustained delivery. Yuan et al. [95]
introduced multi-responsive nanogels for insulin delivery. N, Ndiethylacrylamide, and
4-vinylphenylboronic acid were used as monomers in the emulsion precipitation polymer-
ization of multi-responsive nanogels that are sensitive to pH, temperature, and glucose
levels. The effect of the monomer feeding ratio and emulsifier amount on the size and
size distribution of the nanogel was evaluated. The width of the nanogel was 186.9 nm
under optimal conditions, with outstanding monodispersity (PDI 0.005), encapsulation
efficiency of 88.67%, and insulin loading efficiency of 17.73%. The glucose concentration
might be used to modulate and control the release rate of insulin encapsulated in nanogels,
allowing for intelligent modification and control of blood glucose levels in a steady range
of concentration. The insulin-loaded nanogels steady release of insulin in vitro can be
rationally controlled by the glucose concentration, indicating a potential application in the
field of self-regulated drug delivery systems.

Gu et al. reported [90] microgel-based thermo- and glucose-sensitivity and enhanced
salt tolerance for regulated insulin release in a physiological environment. A precipitation
emulsion technique was used to make such an effective microgel from a thermorespon-
sive (N-isopropyl acrylamide), glucose-sensitive ((2-phenylboronic esters-1,3-dioxane-5-
ethyl)methyl acrylate), and water-soluble crosslinker (poly(ethylene glycol) diacrylate).
Upon adjustments in temperature and ionic strength, these colloidal nanoparticles dis-
played dependent responsive behavior. Among them, the microgel with 20.7 mol % and a
narrow particle size distribution is appropriate for diabetes treatment because it can adapt
to the various glucose levels in the extracellular environment over a clinically significant
range (0-2.0 mgmL~!), controlled release of loaded insulin, and is extremely stable under
physiological circumstances. The insulin release from the microgels seemed significantly
reliant on glucose levels, according to the in vitro release studies.

Kataoka et al. [207] studied phenyl boronate ester linkage-based polyplex micelles
(PMs) for mRNA delivery with response to ATP concentration. By complexing mRNA with
poly(ethylene glycol)-polycation block copolymers derivatized with phenylboronic acid
and polyol groups, which form crosslinking frameworks via spontaneous phenyl boronate
ester formation, we created mRNA-loaded polyplex micelles (PMs) with ATP-responsive
crosslinking in the inner core. Thusly produced PMs are resistant to enzymatic attack and,
when stimulated by the breakage of phenyl boronate ester links in response to increased
ATP concentration, disintegrate in the cytosol to release mRNA. Owing to the changing ge-
ometry between the robustness in the physiological environment and the ATP-responsive
mRNA release in the cytosol, two significant components of the PM, including (i) the
introduction ratios of phenyl boronate ester crosslinkers and (ii) the framework and proto-
nation degree of substituents in the polycation section, are crucial for enhancing protein
expression in cell cultures. In order to prolong blood circulation following intravenous
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injection, cholesterol moieties were added to the mRNA and w-end of the block copolymer,
substantially stabilizing the ideal PM formulation. In comparison to the control preparation
with improper synthetic modulation, the ideal mRNA PM formulation was created via
required chemical modulation, where it meets high intracellular translational interaction
and stabilizes the mRNA system in the challenging in vivo environment of the bloodstream.
In vivo use appears to be the ultimate objective of PM systems for mRNA delivery. Kataoka
et al. [208] described phenyl boronate ester linkage-based RNA oligonucleotide compounds
with polyplex micelles for effective mRNA delivery. A substantial but reproducible connec-
tion between mRNA and polycation is necessary for polyplex for messenger RNA (mRNA)
delivery in order to achieve external resilience and specific intracellular breakdown. Here,
mRNA and polycation-bridging RNA oligonucleotide (OligopRNA) compounds are created
to stabilize polyplex micelles (PMs). A group of OligoRNAs that have a polyol moiety
added to their 5’ ends is intended to hybridize to specific locations along the mRNA strand.
Phenylboronic acid (PBA) substituents create reversible phenyl boronate ester bonds with
polyol substituents at the 5" ends of OligoRNAs and a diol molecule at their 3’ end ribose,
in the PM core, following PM preparation from hybridized mRNA and poly(ethylene
glycol)-polycation block copolymer derived with PBA conjugates in its cationic section.
The OligoRNAs serve as a connection to link ionically complexed mRNA to polycation,
enhancing PM durability in the extracellular medium and protecting it from ribonuclease
attack and polyion exchange reaction. During cellular absorption, increasing intracellular
adenosine triphosphate levels causes the breakage of phenyl boronate ester bonds, leading
to the release of mRNA from the PM. The PM essentially demonstrates the capabilities of
the bridging technique in polyplex-based mRNA delivery by efficiently introducing mRNA
into cell lines and mouse lungs upon intratracheal delivery.

Kataoka et al. [209] introduced phenyl boronic acid-based polyplex micelles for plas-
mid DNA (pDNA) delivery. Using block catiomers derived from poly(ethylene glycol)
and derivatized with 4-carboxy-3-fluorophenylboronic acid (FPBA) and D-gluconamide
to construct pH- and ATP-responsive linkages in the core, we synthesized plasmid DNA
(pDNA)-loaded polyplex micelles (PMs). These PMs demonstrated robustness in the extra-
cellular environment and smooth endosomal escape following cell viability, and they aided
in the decondensation of pPDNA brought on by a rise in ATP levels within the cell. Laser
confocal microscopic analysis showed that FPBA construction increased the endosomal
escapability of the PMs; this effect most likely came about because the release of block
catiomers with hydrophobic FPBA conjugates in the chain length from the PM at lower
pH conditions of endo/lysosomes assisted endo/lysosomal cell damage. Additionally, the
profile of intracellular pPDNA decondensation from the PMs has been observed using flow
cytometry and Forster resonance energy transfer measurement. These findings demon-
strated that PMs designed for ATP responsiveness effectively decondensed loaded pDNA
intracellularly to achieve promoted gene transfection. Kataoka et al. [210] reported an
ATP-triggered phenyl boronate-based micelle for siRNA release. Creating polyion complex
(PIC) micelles, which naturally form in aquatic media due to electrostatic interactions
between the anionic siRNA and cationic polymers, is one possible strategy. Moreover, in
general, these PIC-based transporters exhibit instability in physiological settings. This
instability is principally caused by the siRNA’s 20-25 nucleotide chain length, which is
quite short and leads to poor thermodynamic stability. Hence, it has been interesting
to stabilize the PIC-based carriers to allow for planned breakdown once they reach the
intracellular destinations (to release siRNA). Modern research has concentrated on one or
a combination of the three representative techniques listed below: covalent conjugation
of siRNAs to a homing polymer, the addition of hydrophobic materials to strengthen
the core aggregation, and disulfide bonding to crosslink the core aggregate. As a result,
combining such strategies frequently produces a highly complex system and preparation
strategy. Our findings suggest that an ATP-triggered siRNA release from an intracellular
PIC micelle can be achieved. Further fine-tuning is made possible by the concentration
levels that can be regulated to maintain complicated stability. On the basis of the functional
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groups, it is also possible to regulate the strength of the ribose-PBA interaction as well
as the hydrophobicity of PBA, both of which are key considerations of complex stability.
Enhanced biocompatibility and endosomal escape might be achieved by altering the kind
and length of the opposite polycations. In addition, with in vitro and in vivo studies of
gene silencing, more initiatives are being made in the direction of these capabilities.

Smith et al. [211] described anionic saccharides that trigger liposomes carrying phos-
pholipids containing boronic acid for calcium ion fusion. Technical problems with extended
liposome lives and liposome targeting have subsequently been resolved, but the issue of
ineffective cell transfection is still up for discussion. While many techniques are known to
cause liposome release, there are relatively few techniques for causing fusion and content
mixing. The liposome method described in this article is the first to be stimulated for
calcium ion fusion by nontoxic anionic saccharides. This opens the way to the development
of “sugar-sensitive liposomes”, or liposomes that can be selectively induced to undertake
cell fusion and transfected by a relatively high dosage of anionic saccharide. Our findings
and those of others hint at the possibility that utilizing molecular recognition to promote
the creation of noncovalent oligomeric regions at the membrane point of contact is a useful
strategy for designing a membrane-fusing technology from a supramolecular chemistry
approach. Smith et al. [212] utilized liposomes with a synthetic carbohydrate-binding
domain to increase cell binding. Comparing appropriate control liposomes with DOPEB, a
structurally identical phospholipid that contains a boronic acid residue, to related control
liposomes carrying DOPEBA, we discovered that the latter exhibit increased attraction
for erythrocyte ghosts (red blood cells). The easiest and most well-studied human cells
are erythrocytes. Because they are unable to go through endocytosis, they make excel-
lent analogs for binding and fusion experiments. Using fluorescently tagged liposomes
having 0.3% of the phospholipid probe and its resonance energy transfer quencher Rh-PE
(N-(lissamine rhodamine B sulfonyl)phosphatidylethanolamine), liposome—cell interaction
and membrane fusion have been observed. We observe that liposomes containing the
water-soluble pigment sulforhodamine B were used in fluorescence imaging investiga-
tions, but no observable indication of improved transport of liposomal contents was found.
Utilizing existing supramolecular capabilities, the generation of surface-functionalized
liposomes that bind to certain target cells looks to be possible. The creation of structures
that cause membrane fusion and thus enhance drug delivery is a more challenging task.

Best et al. [213] studied carbohydrate binding-driven boronic acid liposomes for cellu-
lar delivery and content release. We have discovered that boronic acid lipid 1-containing
liposomes are efficient for content release and carbohydrate-driven cell penetration. These
liposomes might offer flexibility either by releasing content just outside of the cells or
by effectively delivering therapeutic payload through the cell entrance, both of which
are expected to improve delivery. This offers a promising method for general cellular
targeted delivery, but it also makes it possible to target sick cells specifically for distribution
based on the unique makeup and abundance of cell surface carbohydrates. Best et al. [214]
reported bis-boronic acid-based liposomes for carbohydrate detection and cellular deliv-
ery. In order to obtain sensitive saccharide sensing and improve cell surface recognition
based on carbohydrate-strong interactions, we describe a liposome platform containing
bis-boronic acid lipids (BBALs) to enhance valency. Different BBALs (1a-d) with varied
linkers between the binding components were developed and synthesized in order to alter
their characteristics. According to a microplate fluorescence-based analysis of carbohy-
drate binding, these molecules have different binding characteristics depending on their
structural makeup. Fluorescence microscopy tests further showed that the incorporation of
BBAL:s into liposomes improved cellular interaction. These findings show that multivalent
BBALs are a novel glycan-attaching liposome method for targeted delivery.

Kataoka et al. [215] studied phenylboronic ester-based polymeric nanoreactors (NRs)
for effective in vivo anticancer treatment, including tumor-specific activation and self-
destruction. Using a diblock copolymer composed of poly(ethylene glycol) (PEG) and
copolymerized phenylboronic ester or piperidine-functionalized methacrylate (P(PBEM-co-
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PEM)), unique glucose oxidase (GOD)-loaded therapeutic vesicular NRs were developed.
The tumor pH (pH 6.5-6.7) and H,O, responsive hydrophobic regions of NRs are repre-
sented by the PPEM and PPBEM portions, respectively. NRs remain in an inactive state
in healthy cells with a pH of 7.4. Owing to protonation at tumor acidity, PPEM portions
become hydrophilic after building up in tumor tissues, increasing the susceptibility of NRs
membranes and enabling the transfer of nutritional small molecule compounds (glucose
and oxygen). The oxidation reaction is catalyzed to produce enormous amounts of H,O; by
the presence of GOD. The chronic stress in the tumor site rises in tandem with the decrease
in nutritional material content. In contrast, the high H,O, level damages PPBEM segments
and causes the vesicles to self-destruct, releasing quinone methide (QM) as a residue. The
capacity of QM to reduce intracellular GSH affects the capacity of cancer cells to resist
oxidative stress. Raising oxidative stress and decreasing GSH work together to effectively
destroy cancer cells and stop the expansion of tumors.

7. BODIPY-Based Drug Delivery

Boron-dipyrromethene and its derivatives are extensively used fluorescent dyes in a
variety of chemical and biological applications. For S0-S1 transitions, BODIPY normally
shows a strong wide absorbance peak within the visible range, as well as a shoulder
band owing to the 0-1 vibrational transition. Its constrictive planar structure, combined
with its high molar absorptivity and high quantum yield, photocatalysis and thermal
stability, switchable spectral properties, and ease of structural modification, make it and
its derivatives highly fluorescent dyes with a wide range of chemical and biological ap-
plications, which include fluorescent sensor systems [216], triplet photosensitizers [217],
drug delivery [218], photodynamic therapy (PDT) [219], photocatalytic hydrogen gener-
ation [220], bioimaging [221], organic light-emitting devices [222], dye-sensitized solar
cells [223], triplet-triplet annihilation upconversion [224] and commercial biological la-
bels [221]. A few review articles have been published that summarize the design, synthesis,
and photophysical nature of BODIPY, along with polarized luminescence spectroscopy,
and a summary of biomedical applications such as near-infrared fluorescent probe, pH and
metal ion indicators, and the detection of HyS, NO, CO, bio-thiols, and reactive oxygen or
nitrogen species in living organisms [225]. Figure 6 shows the caging at various positions of
the BODIPY fluorescent probe and stimuli-responsive drug release. This section focuses on
the various stimuli-responsive anticancer drug release utilizing the BODIPY chromophore.
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Figure 6. (a) Schematic view of BODIPY releases caged leaving group (LG) at a different position.
(b) Schematic representation of stimuli-responsive drug delivery.

Zhang et al. [97] described the fluorinated aza-BODIPY (1)-based nanoplatform for
anticancer drug (DOX) release (Figure 7). By inserting nonadecafluorodecanoic acid into
aza-BODIPY via the amide linkage, fluorinated azaboron-dipyrromethene with excel-
lent near-infrared absorption is synthesized. Nanoparticles are synthesized utilizing co-
precipitation techniques, and the resulting NPs can not only load with DOX with a high
loading efficiency (25%) but can also absorb PFC droplets (1H-perfluoropentane) with a bp
of 42 °C due to the fluorinated links inside the NPs. The hyperthermia influence of NBF
helped promote the liquid—gas phase transformation of PFC droplets upon 808 nm light
irradiation, triggering the controlled release of DOX and boosting echo signals for ultra-
sound imaging. Considerable progress in preventing tumor progression is accomplished
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with the NPs under light irradiation, as demonstrated by in vivo ultrasound imaging and
photoacoustic imaging, with no observable adverse effects. The NPs incorporate excellent
bioavailability, stimuli-responsive drug delivery, multi-mode imaging, cancer anoxia re-
lief, and combined PTT/chemotherapy, also expanding the use of aza-BODIPY in cancer
treatment.
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Figure 7. Structure of fluorinated aza-BODIPY (1) and BODIPY-grafted water-soluble chitosan (2).

Li et al. [98] studied BODIPY-grafted water-soluble chitosan-based nanoshells for drug
release (2). The loaded drug methotrexate into the nanoshells resulted in chemotherapy,
photothermal treatment, photodynamic therapy, and imaging in one platform for combi-
natorial treatment in HeLa cells (Figure 7). The nanoshells can act as drug transporters,
increasing solubility, decreasing toxicity, and improving the utility of combinatorial PTT
and PDT. The reduced dosage of chitosan-based nanoparticles (IC5p = 34.5 g/mL) is lower
than the corresponding drug MTX (ICsp = 56.9 g/mL), indicating good biocompatibility
and safety of chitosan-based BODIPY nanoshells as carrier materials. Photothermal tem-
perature and MTT tests demonstrate that NPs generate ROS and have high photothermal
conversion efficiency (38.3%) when exposed to light. Meng et al. [99] introduced pillar-
layered metal-organic frameworks based on BODIPY for chemotherapy and PDT (3). A
unique two-fold interpenetration pillar-layered MOF material was successfully synthesized
employing the BODIPY-derivate bipyridine as a linker and photosensitizer, to act as a drug
carrier and photodynamic agent at the same time (Figure 8). Upon 660 nm light irradiation,
the system could produce singlet oxygen, while the drug doxorubicin could be loaded for
chemotherapy. The system had a high drug loading efficiency of 49.7%, regulated drug
release, and excellent biocompatibility. In Hela cells, the cellular uptake was evaluated at 1,
4, and 8 h, and high amounts of 'O, were produced during light irradiation.

Song et al. [101] reported a near-infrared Azo-BODIPY (4)-based cancer-targeting
prodrug Biotin—Gefitinib with real-time fluorescence visualization that releases the drug
with respect to GSH concentration (Figure 8). Gefitinib, an effective anticancer drug,
combines a biotin-recognizing ligand with a GSH-responsive disulfide bond linker to
produce the prodrug Biotin—-Gefitinib. We synthesized fluorescent theranostics by attaching
a BODIPY probe to the molecular structure of the prodrug Biotin-Gefitinib. The high level
of GSH in the pathological environment allows the prodrug Biotin—Gefitinib to enable
Gefitinib release. We utilized the fluorescent system to evaluate the drug delivery of the
prodrug Biotin—-Gefitinib in PC9 cancer-bearing nude mice models, suggesting that it can be
used to track in vivo drug release activity. In comparison to single Gefitinib chemotherapy
in cells and in vivo, the prodrug Biotin-Gefitinib can be tailored to accumulate inside
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the cancer site, providing a higher and much more effective therapeutic response. The
fluorescent images also demonstrate that anticancer drug-targeted growth and continuous
retention within tumor sites lead to improved therapeutic efficacy. Wang et al. [102]
introduced azobenzene-based BODIPY (5) fluorophore with azoreductase-responsive drug
delivery for treating hypoxic tumors and colon disease (Figure 9). Different azobenzene
compounds have attracted interest in developing fluorescent dyes, even though most
azobenzene compounds exhibit absorptions and emissions that are in the visible region
only. The NIR fluorescent probe BODIPY was attached with an azobenzene group for
quenching the fluorescence. The azo bonds were cleaved in the presence of azoreductase,
and the probe’s fluorescence switched from “OFF” to “ON”. Moreover, the drug-loaded
nanoprobe was successfully synthesized by self-assembly of the amphiphilic polymers,
which were generated from PBS buffer solution. In a simulated colon environment, these
drug-loaded micelles show an effective switch of NIR fluorescence associated with the
release of the drug under the action of azoreductase. The MTT assay was used to assess the
cell cytotoxicity of the system toward the L929 normal cell line and CT26 cancer cell line.
The micelle solutions against the L.929 cell line showed almost no cytotoxic effects at all
tested concentrations (cell viability >99%), while the blank micelle solutions against the
CT26 cell line showed very low toxicity (cell viability >95%) after 72 h of incubation with
the L.929 and CT26 cell lines, respectively. The polymeric nanoparticles exhibit excellent
biocompatibility for prospective uses in biological detection and controlled drug delivery.
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Figure 8. Structure of MOF-based BODIPY (3) and Azo-BODIPY (4).

Porubsky et al. [103] studied amino-BODIPY (6,7)-based targeted drug release with
real-time monitoring (Figure 10). Two-drug delivery approaches are based on small-
molecule drug conjugates with selective targeting and drug release tracking by ratiometric
fluorescence. The functionality of these approaches was confirmed by three model systems:
(i) amino-BODIPY for the detection of the cleavage process in real time, (ii) angiogenesis in
the solid tumor was targeted by peptide-specific receptors or FRET cleavage monitoring
using the red-BODIPY moiety, and (iii) a quinolinone-based model drug. Model drug
release is based on a self-immolating disulfide linker that is sensitive to thiol-rich envi-
ronments, particularly glutathione, which is overexpressed in tumor cells. The findings
suggest thiol-mediated cleavage of the fluorescent reporter and specific drug release in
a tube. By interacting with integrin receptors, the compound was proven to permeate
the cells.
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Figure 10. Structure of amino-BODIPY (6 and 7).
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Lu et al. [104] reported a PEGylated dimeric BODIPY-based nanocarrier (8) for com-
bination therapy (Figure 11). The production of ROS in the product was greatly reduced
by conjugating a cathepsin B substrate peptide into the system, owing to the restriction of
the electron-donating amino group. After the peptide linkage was cleaved by cathepsin
B, in vitro experiments showed that ROS production was resumed under laser irradiation.
The system was subsequently PEGylated and conjugated with a peptide to encapsulate
10-hydroxycamptothecin (hydrophobic anticancer drug). The synthesized nanoparticles
had good stability in serum-containing solution with a size of ~200 nm. The combination
of cathepsin B-activated PDT and chemotherapy was effective in suppressing the develop-
ment of 4T1 breast cancer cells while also inducing cell damage. The nanoparticles were
also capable of penetrating the 4T1 3D tumor spheroid and efficiently reducing the size.

( )

TNH NA\ZO_/ Nci/\n/H

Figure 11. Structure of BODIPY derivatives (8-15).

Asem et al. [105] described the surface engineering of polymeric nanoparticle post-
polymerization-induced self-assembly-based nanocarriers for drug delivery. Using RAFT-
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driven emulsion polymerization via polymerization prompted self-assembly; we synthe-
sized functional poly(acrylic acid)-b-poly(butyl acrylate) NPs. The chain extended with the
hydrophobic monomer n-butyl acrylate, yielding stable, homogeneous, and repeatable NPs
with a diameter of ~130 nm. A two-step strategy was used to investigate the surface engi-
neering of the NPs. Under moderate circumstances, the hydrophilic NP-shell was changed
with allyl groups using allyl amine, resulting in stable allyl-functional NPs appropriate
for bioconjugation. The allyl-NPs were conjugated with a fluorophore (BODIPY-SH) to
the allyl groups utilizing thiol-ene click chemistry. UV-vis spectroscopy confirmed the
effective attachment of BODIPY-SH to the allyl-NPs, revealing the typical absorbance of the
fluorophore at 500 nm, and DLS revealed that the NPs sustained both emulsion stability
and monodispersity. The NPs and allyl-NPs did not cause any cytotoxicity in the RAW264.7
or MCEF-7 cells, suggesting that they have low toxicity. The in vitro cellular uptake of NPs
by the ]J774A cell line was evaluated to be time and concentration sensitive. The drug
doxorubicin was incorporated into the NPs with high efficiency of 90%. A regulated release
pattern was also seen throughout 7 days after a tiny initial rapid release within the first 2 h.
Shen et al. [106] reported a BODIPY-based amphiphilic polymer for photothermal enhanced
anticancer drug Docetaxel release with response to laser irradiation (9). The BODIPY tail,
a hydrophobic polylactide segment, and a hydrophilic polyethylene glycol section were
synthesized effectively (Figure 11). The BODIPY could have a strong absorbance within
the NIR region and serve as a photothermal agent because of its narrow bandgap energy.
The therapeutic drug docetaxel (DTX) can be enclosed inside the core of self-assembled
nanostructures owing to hydrophobic interactions between the drug and hydrophobic
regions. The synthesized nanoparticles enhance drug release in an aqueous medium in
response to heat. Utilizing the photothermal effect as well as the improved penetration and
retention effect, the customized release of drugs and high tumor penetration of nanomateri-
als can be accomplished in the lung cancer A549 cell line, leading to improved therapeutic
efficiency and minimizing undesired side effects. In vivo anti-tumor studies also show
that photothermal-enhanced chemotherapy efficiently reduces tumor growth, whereas
systemic toxicity and side effects of DTX are reduced significantly owing to functionaliza-
tion. Long et al. [107] introduced a simple method for fabricating light-responsive nano
assemblies by coassembling the BODIPY-chlorambucil prodrug (10) and the NIR dye IR783
to obtain optimum prodrug loading capacity (99%) and effective photoresponsive prodrug
activation (Figure 11). The IR783 dye not only stabilized the NPs and enhanced tumor
targeting as expected, but it also degraded upon light irradiation and could be used to
monitor NPs disintegration in real time utilizing fluorescent imaging. The NP dissocia-
tion, anticancer drug release, and singlet oxygen generation were observed when exposed
to 530 nm green light, demonstrating a photoresponsive antitumor activity. Upon light
irradiation, the NPs showed an “ON-to-OFF” pattern, allowing for in-situ fluorescence
imaging of the photoresponsive disintegration of the NPs. IR783’s sulfonate groups also
allowed for increased tumor accumulation of the NPs via CAV-1-mediated transcytosis.
The photoresponsive anticancer efficacy of the NPs that included tumor-targeting, flu-
orescence monitoring, and photoresponsive therapeutic activity was confirmed in both
in vitro and in vivo experiments, leading to more efficient tumor eradication in HCT116
tumor-bearing mice.

Porubsky et al. [108] described amino-BODIPY (11-13)-based glutathione cleavable
conjugates for anticancer drug release (Figure 11). With the utilization of a self-immolating
linker in the conjugate synthesis, free amino-BODIPY was released along with the drug.
Asymmetrical linker was utilized to connect an anticancer drug with such an amino or
hydroxyl group, although an asymmetrical linker was used to link an anticancer drug with
its thiol group (Scheme 1). In the presence of thiols, the disulfide bridge acts as a switch,
stimulating the release of the anticancer drug with unbound amino-BODIPY. The rate of
drug delivery is controlled by both the GSH level and the solution of the pH. The OFF-ON
function and ratiometric fluorescence monitoring of the anticancer drug release were fur-
ther verified in the HeLa cell line using native and significantly raised GSH concentrations.
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Moreover, UV-vis spectrometry enables the calculation of conjugate concentrations irre-
spective of cleavage extent. The approach has also been utilized for making a molecular
electronic selector. Two logic gates (AND and NAND) controlled this selector, which
allowed for the irreversible changing of the two different sources (GSH and pH) while
maintaining the intensity of one light. Chang et al. reported [109] pH-responsive BODIPY
(14)-based polymeric nanocarrier for anticancer drug DOX release and photodynamic
therapy (Figure 11). The polymeric platform was synthesized from the photosensitizer core
diBr-BODIPY and MPEG as the hydrophilic side chain. The anticancer drug DOX was effec-
tively encapsulated into the self-assembled nanosystem with a loading capacity of 6.73%,
and the resulting drug-loaded nanosystem remained stable in physiological circumstances
but showed efficient and faster drug release in an acidic medium due to the cleavage of
the acid-sensitive hydrazone bond linker. The drug-loaded nanosystem was found to have
high biocompatibility for imaging-guided chemotherapy and PDT as well as a high level
of effectiveness and safety. The significant intracellular fluorescence of the internalized
drug-loaded nanosystem in the HeLa and MCF-7 cell lines was demonstrated by confocal
laser scanning microscopy. In addition, the nanosystem generates singlet oxygen upon
light irradiation. Long et al. [112] studied red-light-responsive trigonal molecule BODIPY
(15)-based nanoparticles for anticancer drug paclitaxel release. The self-assembled NPs
were synthesized from the trigonal molecule, BODIPY, and bounded with platinum (II)
tetraphenyl-tetra benzoporphyrin (Figure 11). The anticancer drug was loaded into the self-
assembled NPs by the flash nanoprecipitation technique. During the self-assembly method,
the drug-loading capacity of the NPs grew from 5.6 to 13.1%, while the weight ratio of the
NPs increased from 5 to 80%. The NPs disintegrated and exhibited efficient drug release
performance after being irradiated with red light (635 nm), leading to enhanced anti-tumor
activity in vitro and in vivo. Utilizing confocal laser scanning microscopy, light-triggered
drug release and subsequent cellular uptake were studied in the murine breast cancer
4T1 cell line. For in vivo therapeutic efficiency, a breast cancer model was constructed
utilizing 4T1 tumor-bearing mice. Sozmen et al. [113] reported light-triggered BODIPY and
chitosan-based nanoparticles for anticancer drug DOX release and photodynamic therapy
(Scheme 2). The organic NPs were synthesized through the ionic interaction between
BODIPY and chitosan hydrochloride at pH 6. The anticancer drug DOX was loaded into the
chitosan NPs, and the pH of the solution was maintained at ~6 (color changed from pink
to purple). However, when both drug-free (NPs) and DOX-loaded organic NPs exhibited
excellent PDT activities, they were found to be more efficient on the MCF7 cancer cell line
and less cytotoxic on L929 cells.
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Scheme 1. The drug and amino-BODIPY releases from their conjugates are illustrated in a schematic
diagram.
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8. Boron-Based Materials for Other Diseases

In recent years, boron-based materials have been used for different diseases such as
Alzheimer’s disease (AD), Parkinson’s disease, antimalarial, antimicrobial, anti-inflammatory
prodrugs, COVID-19, etc.

Liu et al. [226] reported dendrimer-peptide conjugate-based ROS-responsive deliv-
ery to target the AD microenvironment and decrease the inflammatory responses at an
early stage. The nanosystem was synthesized from three components: peptide, ROS-
responsive ethylene glycol-based boronic dendrimer and clearing capability, and nuclear
factor (erythroid-derived 2)-like 2 (Nf2)-based therapeutic peptide. The synthesized
nanosystem was able to cross the blood-brain barrier (BBB) and bind to the glycation
end-product RAGE and is widely expressed in the microenvironment of Alzheimer’s dis-
ease. It had a synergistic impact of enhancing antioxidative efficiency and decreasing glial
cell reactivity by removing ROS and releasing Nf2. In vitro and in vivo studies have shown
that inhibiting inflammatory responses has neuroprotective effects in the early stages of
Alzheimer’s disease. However, it shows that multi-target therapy can improve therapeutic
results in the early stages of Alzheimer’s disease when compared to single therapy and
that it may have a greater clinical translation potential. Maiti et al. [227] described boronic
acid-based materials for the suppression of A aggregation and neurotoxicity more effec-
tively in in vitro and in vivo studies. In cellular and animal models of Alzheimer’s disease,
we expected that the molecule trans-2-phenylvinyl-boronic-acid-MIDA-ester (TPVBA) and
trans-beta-styryl-boronic-acid (TBSBA) minimized neuropathological abnormalities. They
found that TBSBA reduced A42 agglomeration and enhanced cell viability more efficiently
than TPVBA in a dot-blot experiment with cultivated N2a cells. The benefits of TBSBA
were applied to C. elegans-expressing A42 and the 5xFAD mouse models of Alzheimer’s
disease. Over two months, oral treatment of a 0.5 mg/kg dose of TBSA or an equal amount
of methylcellulose vehicle to groups of six- and twelve-month-old 5xFAD or wild-type
mice managed to prevent recognition and spatial-memory deficiencies within novel-object
recognition and Morris water-maze storage tasks, respectively, and decreased the amount
of nuclei and degenerated cells, A plaques, and GFAP and Iba-1 immunoreactivity in the
cerebral cortex.

Kucukdogru et al. [228] studied boron nitride NP-based systems in the Parkinson’s
disease model to prevent 1-methyl-4-phenylpyridinium (MPP+)-induced apoptosis. In an
experimental Parkinson’s disease model, ameliorative effects of BN NPs against toxicity of
MPP+ were investigated. MPP+ was used to differentiate pluripotent human embryonal
carcinoma cell (Ntera-2, NT-2) growth in a broad range of doses to generate an experi-
mental Parkinson’s disease model (0.62 to 2 mM). Cell viability measurements such as
MTT and LDH release were used to investigate the neuroprotective efficacy of BN NPs
toward MPP+ toxicity. Antioxidant capacity (AC) and oxidant status (OS) analyses were
used to study oxidative changes caused by the application of BN NPs in a Parkinson’s
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disease tissue culture model. Using the Hoechst 33258 fluorescent staining technique, the
effects of BN NPs and MPP+ on nuclear stability were evaluated. A colorimetric assay
was used to assess acetylcholinesterase enzyme activity in response to BN NPs treatment.
Flow cytometry analysis was utilized to examine the processes of cell death caused by
BN NPs and MPP+ exposure. The application of BN NPs enhanced cellular uptake in a
Parkinson’s disease model as compared to the application of MPP+. Antioxidant capacity
increased upon BN NPs applications, while oxidant levels decreased, according to AS and
OS analyses. Moreover, flow cytometry analysis revealed that after treatment with BN NPs,
MPP+-induced apoptosis was significantly reduced (p < 0.05). Zhu et al. [229] introduced
functionalized boron-based nanoparticles as impending capable antimalarial agents. A
cascade approach was used to synthesize boron nanoparticles (BNPs) functionalized using
hydroxyl groups in situ, followed by bromination and hydroxylation processes. The syn-
thesized BNPs retain low cytotoxicity and cell membrane penetrability. These nanoparticles
were also investigated in vitro for antimalarial activity against Plasmodium falciparum
(3D7 strain) and showed minimal side effects on Uppsala 87 malignant glioma (U87MG)
cells, malignant melanoma A375 cells, KB human oral tumor cells, rat cortical neuron cells,
and rat fibroblast-like synoviocyte cells with an IC50 value of 0.0021 uM. In comparison
with current therapeutic antimalarial drugs such as pyrimethamine and chloroquine, BNPs
exhibit higher antimalarial efficacy in in vitro. BNPs seem to have a strong promise for the
synthesis of next-generation antimalarial drugs along with nanomaterial-based drugs for
malaria.

Garcia et al. [230] reported light-responsive BODIPY-based quinolone (Figure 12) re-
lease for antimicrobial activity (16-18). To protect two separate quinolone-based molecules
and inactive their antibacterial properties, we utilized BODIPY fluorophore with signifi-
cant visual absorption. The BODIPY fluorophore has been connected to the quinolones
at position 3, which is necessary for their antibacterial activity, and it can be resumed by
exposing it to green or red light. These compounds were essentially soluble in biologically
inert water and DMSO solutions, allowing us to investigate antibacterial characteristics
before and after light irradiation. The photocage has a significant deactivation effect
on the molecule’s activity, with better studies revealing a 32-fold increase in activity. A
quinolone-susceptible E. coli strain was used to test the activity of these compounds. An-
dersen et al. [231] described a ROS-responsive boron-based prodrug for the delivery of
methotrexate to inflammatory tissues (19, 20). These drug candidates demonstrated good
chemical and metabolic stability in blood, acidic or basic conditions, and liver microsomes
under varied physiological environments (Figure 12). In the CIA DBA /1] mouse model,
equimolar dosages of drug candidates 19 (9.7 mg/kg) and 20 (8.8 mg/kg) given once every
day over 2 weeks decreased the incidence of arthritis, with a similar outcome to those
provided with MTX (7.0 mg/kg). The system treated with 19 and 20 showed no noticeable
side effects, whereas the MTX-treated system lost a significant amount of weight. These
findings suggested that the ROS-responsive prodrug approach, as demonstrated by pro-
drugs 19 and 20, can be used to convert anti-inflammatory substances into prodrugs with
long-term efficacy in preventing the progression of arthritic disease and enhanced safety
profiles. Kumar et al. [232] studied a cancer theranostic drug 21 that responds to ROS and
targets mitochondria for efficient treatment of cancer and precise in vivo cancer diagnosis
(Figure 12). Theranostic prodrug 21 has four structural functional groups: (i) biotin moiety
that targets cancer and directs 21 to cancer tissues; (ii) fluorescent reporter that targets the
mitochondria and in physiological aqueous conditions, ethidium exhibits a modest fluores-
cent signal, but when it interacts with double-stranded DNA or RNA, it becomes intensely
fluorescent; (iii) inactive drug 5'-deoxy-5-fluorouridine (5’-DFU), which when hydrolyzed
by abundantly expressed thymidine phosphorylase in tumor cells, becomes the active form,
5-fluorouracil; and (iv) self-immolating linker joined to a ROS-responsive phenyl boronate
moiety. The parent anticancer drug 5'-DFU is released from the phenyl boronate component
when it is exposed to increased ROS in cancer tissues. Next, the self-immolating linkage is
severed, releasing the activated fluorescent reporter with a potent signal at 590 nm. In vitro,
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cell-based experiments demonstrated that 21, while showing no noticeable cytotoxicity
against normal cells, seemed to have greatly improved anticancer activity and sensitivity
and selectivity targeting cancerous cells with overexpressed biotin transporters and higher
ROS levels. Theranostic prodrug 21 was able to be distributed selectively in the tumor
tissue, showing a fluorescence intensity that was roughly seven times higher than other
healthy cells, including the respiratory system, liver, cardiovascular system, kidney, and
central nervous system, in in vivo experiments using a xenograft mouse model inoculated
with human A549 lung cancer cells. After the eight-week treatment period in vivo, 21 had
a strong inhibitory effect on tumor growth.

J

Figure 12. Structure of BODIPY-based quinolone release (16-18) and prodrug (19-21).
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9. Boron-Based Materials in Other Applications

Bioactive glasses have been extensively explored as biomaterials for precise uses
in healthcare, dental care, pharmacy, dermatology, and biochemistry. Owing to their
unique bone-forming biocompatibility, proteolysis capacity, and desirable physiological
activities of their reactive species on osteoblastic activities, bioactive glasses (BGs) have
been extensively used as platforms for tissue engineering applications as well as for in situ
tissue regeneration [233]. In addition, altering the BGs’ chemical makeup by adding or
removing various ions may control their bioactivity. Boron is a significant element that
has been thought to be important for bone pathophysiology. It has been observed that a
boron shortage has led to the change or loss of crucial physiological processes related to the
metabolic activities of calcium and the development and rebuilding of bone tissue [234,235].
In addition, recent research has demonstrated that boron inclusion in BGs might promote
osteogenesis in both in vitro and in vivo [236]. Angiogenesis may be essential for bone
tissue regeneration in vivo, according to some findings [237]. This section focuses on
bioactive glasses as potential biomaterials for regenerative medicine.

Xia et al. [238] reported boron-based bioactive glass for bone regeneration using poly-
caprolactone. There has been a large amount of interest in polycaprolactone (PCL) for
bone regeneration due to its cost-effectiveness, durability, and high degradability. Pure
PCL’s weak bioactivity, hydrophobicity, and poor deformability has prevented it from
being used more widely for bone regeneration. In order to assess the prospective uses
of boron-BG/PCL materials for bone regeneration, the effects of boron-BG components
on the physical characteristics and biological function of PCL polymer were evaluated at
varied boron-BG quantities (0, 10, 20, 30, and 40 wt%). The findings show that as compared
to standard PCL polymers, boron-BG/PCL composite materials have improved mechani-
cal properties, a human optimum pH value, and quick breakdown. Furthermore, when
compared to standard PCL polymers, the addition of boron-BG can promote the growth,
differentiation into osteoblasts, and expression of angiogenic factors in rat stromal cells of
bone marrow. Boron-BG was significant in that it enhanced angiogenic development in
endothelial cells from human umbilical veins. The level of boron-BG had an impact on
these improved effects, with a 30 weight percentage of boron-BG/PCL composite mate-
rials having the strongest enhancing effect. The 30 weight percentage of boron-BG/PCL
composite materials could therefore be used in bone regeneration fields. Zheng et al. [239]
described porous BG NPs containing boron to minimize inflammatory responses and to
postpone osteogenic progression. Mesoporous BG NPs are versatile main components used
in nanomedicine and tissue regeneration. Ions that are bioactive can give mesoporous BG
NPs unique capabilities for enhanced therapeutic effects. By utilizing a sol-gel technique,
boron is added to mesoporous BG NPs. By adjusting the quantity of the boron precursor,
one may regulate the percentage of boron integrated. It is possible to create two different
forms of boron-doped mesoporous BG NPs, known as 10B- and 15B- mesoporous BG NPs
(5.8 and 6.5 mol% of B,O3, respectively). The inclusion of boron has no discernible impact
on the particle shape. The size range of the produced particles is between 100 and 300 nm,
and they all have a sphere-like form. Significant specific surface areas (346 and 320 m? g~ !,
respectively) and pore volumes are displayed by 10B- and 15B mesoporous BG NPs. Both
types of boron-doped mesoporous BG NPs have exceptional in vitro biocompatibility and
are not cytotoxic. By regulating the levels of pro-inflammatory proteins, boron inclusion
has been found to lower the inflammatory response associated with macrophages. The
activity of pro-osteogenic genes is downregulated, which suggests that boron inclusion
slows osteogenic development in osteoblasts. Utilizing boron-doped mesoporous BG NPs
to modify the inflammatory response for bone tissue regeneration during inflammatory
circumstances has been proven for the first time in the current study, and the study reveals
that this approach has a bright future.

Cal et al. [240] studied silica-based boron containing cryogels with a possible bone
development ability. The cost-effective synthesis of silicon- and boron-incorporated sol-
gel-enhanced collagen/hair keratin cryogels reactions. Tetraethyl orthosilicate was used as
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a silica precursor to interact with collagen and hair keratin with a B-5i network. Collagen
and keratin, two biopolymer chains, are covalently bound together in the design method
to create an organic-inorganic structure. The resulting cryogels also were investigated
systematically using a variety of techniques. Comparing the generated cryogel to colla-
gen/keratin bioscaffolds made using a conventional method, the latter showed enhanced
mechanical properties and great thermophysical stability. The organic/inorganic cryogen
also helped hAMSCs differentiate into osteoblasts. The inorganic component of the cryogen,
which offers an extracellular matrix resembling bone tissue and eventually encourages cell
initiation and tissue repair, may be responsible for this capacity.

10. Conclusions

In this review, we comprehensively discussed different types of boron-based ma-
terials such as boron nitride, boronic acid, and BODIPY in drug delivery for different
diseases, which is either an exogenous or endogenous stimuli-responsive release. We have
particularly focused on nanoscale-based drug delivery systems, such as nanoparticles,
nanosheets/nanospheres, nanotubes, nanocarriers, microneedles, nanocapsules, hydrogel,
nanoassembly, etc. This review also delivers the concept of designing a strategy and ability
to attain controlled drug release over the response to particular stimuli such as pH, light,
GSH, glucose, or temperature. Regarding boron-based drug delivery systems used as a
particular drug carrier or drug moiety, as well as other essential drug delivery system
design requirements, we have attempted to give readers a detailed understanding of these
systems. The difficulties with the current boron-based materials for drug delivery systems
are projected to be addressed in this review, and new multi-stimuli responsive boron-based
materials for drug delivery are expected to be developed.

Author Contributions: B.C.D. conceived the idea. B.C.D. discussed with all collaborators, wrote the
paper, edited it, and communicated with all authors. P.C. and PM. wrote the paper and edited it. S.D.
wrote the paper and edited it. S.S. read the paper and edited it. All authors have read and agreed to
the published version of the manuscript.

Funding: B.D. acknowledges the NIH for support; R01AI132614-01A1, R21 AA027374-01, IR01NS109423-
01A1.

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

Acknowledgments: B.D. acknowledges the NIH for support; R0O1AI132614-01A1, R21 AA027374-01,
1R01NS109423-01A1, and Long Island University for startup funding. B.D. and C.P. are thankful to
Manavi Yadav for collecting some papers.

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

Abbreviations

DDS: drug delivery system; BN: boron nitride; BODIPY: boron dipyrromethene; PBA: phenyl
boronic acid; ATP: adenosine triphosphate; ROS: reactive oxygen species; NSs: nanosheets/nanospheres;
NTs: nanotubes; GSH: glutathione; MS: mesoporous silica; NCs: nanocarriers;, NPs: nanoparti-
cles; MNs: microneedle, NCPs: nanocapsules; Hy: hydrogel; MOF: metal-organic frameworks;
DLNP: dendrimer-based lipid nanoparticle; NA: nanoassembly; GI: gastro; BNNSs: boron nitride
nanosheets; GF: growth fraction; DOX: doxorubicin; CPT: camptothecin; BNNTs: boron nitride
nanotubes; HyO;: hydrogen peroxide; BA: boronic acid; PEG: poly ethylene glycol; RAFT: reversible
addition fragmentation chain transfer; SF: silk fibroin; PM: polyplex micelles; FPBA: 4-carboxy-3-
fluorophenylboronic acid; PIC: polyion complex; NRs: nanoreactors; GOD: glucose oxidase; QM:
quinone methide; PDT: photodynamic therapy; FRET: fluorescence resonance energy transfer; DTX:
docetaxel; AD: Alzheimer’s disease; BBB: blood-brain barrier; TBSBA: trans-beta-styryl-boronic-acid;
MPP*: 1-methyl-4-phenylpyridinium; AC: antioxidant capacity; OS: oxidant status; 5'-DFU: 5'-deoxy-



Int. . Mol. Sci. 2023, 24, 2757 34 of 42

5-fluorouridine; BGs: bioactive glasses; PCL: polycaprolactone.

References

1. Silva, M.P; Saraiva, L.; Pinto, M.; Sousa, M.E. Boronic Acids and Their Derivatives in Medicinal Chemistry: Synthesis and
Biological Applications. Molecules 2020, 25, 4323. [CrossRef] [PubMed]

2. Fernandes, G.ES.; Denny, W.A.; Dos Santos, ].L. Boron in drug design: Recent advances in the development of new therapeutic
agents. Eur. J. Med. Chem. 2019, 179, 791-804. [CrossRef]

3. Smith, T.P.; Windsor, I.W.; Forest, K.T.; Raines, R.T. Stilbene boronic acids form a covalent bond with human transthyretin and
inhibit its aggregation. J. Med. Chem. 2017, 60, 7820-7834. [CrossRef]

4. Sai, KK.S; Das, B.C,; Sattiraju, A.; Almaguel, F.G.; Craft, S.; Mintz, A. Radiolabeling and initial biological evaluation of [18F]
KBM-1 for imaging RAR-receptors in neuroblastoma. Bioorg. Med. Chem. Lett. 2017, 27, 1425-1427.

5. Sattar, N.; Petrie, M.C.; Zinman, B.; Januzzi, ].L. Novel Diabetes Drugs and the Cardiovascular Specialist. |. Am. Coll. Cardiol.
2017, 69, 2646-2656. [CrossRef] [PubMed]

6.  Robitzki, A.A.; Kurz, R. Biosensing and Drug Delivery at the Microscale. Handb. Exp. Pharmacol. 2010, 197, 87-112.

7. Khaliq, N.U,; Sandra, F.C,; Park, D.Y.; Lee, J.Y;; Oh, K.S.; Kim, D.; Byun, Y.; Kim, L.S.; Kwon, I.C.; Kim, S.Y,; et al. Doxoru-
bicin/heparin composite nanoparticles for caspase-activated prodrug chemotherapy. Biomaterials 2016, 101, 131-142. [CrossRef]

8. Lee, WH.; Loo, C.Y.; Bebawy, M.; Luk, E; Mason, R.S.; Rohanizadeh, R. Curcumin and its Derivatives: Their Application in
Neuropharmacology and Neuroscience in the 21st Century. Curr. Neuropharmacol. 2013, 11, 338-378. [CrossRef]

9. Patel, V.R.; Agrawal, Y.K. Nanosuspension: An approach to enhance solubility of drugs. ]. Adv. Pharm. Technol. Res. 2011, 2, 81-87.

10. Dubikovskaya, E.A.; Thorne, S.H.; Pillow, T.H.; Contag, C.H.; Wender, P.A. Overcoming multidrug resistance of small-molecule
therapeutics through conjugation with releasable octaarginine transporters. Proc. Natl. Acad. Sci. USA 2008, 105, 12128-12133.
[CrossRef]

11. Kunjachan, S.; Rychlik, B.; Storm, G.; Kiessling, F.; Lammers, T. Multidrug resistance: Physiological principles and nanomedical
solutions. Adv. Drug Deliv. Rev. 2013, 65, 1852-1865. [CrossRef]

12. Wang, P; Yang, H.L.; Yang, Y.J.; Wang, L.; Lee, S.C. Overcome Cancer Cell Drug Resistance Using Natural Products. J. Evid. -Based
Complement. Altern. Med. 2015, 2015, 767136. [CrossRef]

13. Mendoza, C.M.L,; Quintana, L.E.A. Smart Drug Delivery Strategies for Cancer Therapy. Front. Nanotechnol. 2022, 3, 753766.
[CrossRef]

14. Oun, R; Moussa, Y.E.; Wheate, N.J. The side effects of platinum-based chemotherapy drugs: A review for chemists. Dalton Trans.
2018, 47, 6645-6653. [CrossRef] [PubMed]

15. Johnson, J.A.; Lu, Y.Y.; Burts, A.O.; Lim, Y.H.; Finn, M.G.; Koberstein, ]J.T.; Turro, N.J.; Tirrell, D.A.; Grubbs, R.H. Core-Clickable
PEG-Branch-Azide Bivalent-Bottle-Brush Polymers by ROMP: Grafting-Through and Clicking-To. . Am. Chem. Soc. 2011, 133,
559-566. [CrossRef] [PubMed]

16. Coelho, J.E; Ferreira, P.C.; Alves, P; Cordeiro, R.; Fonseca, A.C.; Gois, ]J.R.; Gil, M.H. Drug delivery systems: Advanced
technologies potentially applicable in personalized treatments. EPMA J. 2010, 1, 164-209. [CrossRef] [PubMed]

17.  Crommelin, D.J.; Florence, A.T. Towards more effective advanced drug delivery systems. Int. |. Pharm. 2013, 454, 496-511.
[CrossRef] [PubMed]

18. He, C.X,; He, Z.G.; Gao, ].Q. Microemulsions as drug delivery systems to improve the solubility and the bioavailability of poorly
water-soluble drugs. Expert Opin. Drug Deliv. 2010, 7, 445-460. [CrossRef]

19. Tang, B.; Cheng, G.; Gu, ].C.; Xu, C.H. Development of solid self-emulsifying drug delivery systems: Preparation techniques and
dosage forms. Drug Discov. Today 2008, 13, 606-612. [CrossRef] [PubMed]

20. Choi, S.K,; Thomas, T.; Li, M.H.; Kotlyar, A.; Desai, A.; Baker, ].R., Jr. Light-controlled release of caged doxorubicin from folate
receptor-targeting PAMAM dendrimer nanoconjugate. Chem. Commun. 2010, 46, 2632-2634. [CrossRef]

21. Milla, P; Dosio, E; Cattel, L. PEGylation of proteins and liposomes: A powerful and flexible strategy to improve the drug delivery.
Curr. Drug Metab. 2012, 13, 105-119. [CrossRef]

22. Xu, X.; Ho, W.; Zhang, X.; Bertrand, N.; Farokhzad, O. Cancer nanomedicine: From targeted delivery to combination therapy.
Trends Mol. Med. 2015, 21, 223-232.

23. Miller, T.; Breyer, S.; van Colen, G.; Mier, W.; Haberkorn, U.; Geissler, S.; Voss, S.; Weigandt, M.; Goepferich, A. Premature drug
release of polymeric micelles and its effects on tumor targeting. Int. J. Pharm. 2013, 445, 117-124. [CrossRef] [PubMed]

24. Tao, Y, Cai, K, Liu, S.; Zhang, Y.; Chi, Z.; Xu, J. Pseudo target release behavior of simvastatin through pH-responsive polymer
based on dynamic imine bonds: Promotes rapid proliferation of osteoblasts. Mater. Sci. Eng. C 2020, 113, 110979. [CrossRef]
[PubMed]

25.  Solomek, T.; Mercier, S.; Bally, T.; Bochet, C.G. Photolysis of ortho-nitrobenzylic derivatives: The importance of the leaving group.
Photochem. Photobiol. Sci. 2012, 11, 548-555. [CrossRef] [PubMed]

26. Karimi, M.; Sahandi Zangabad, P.; Ghasemi, A.; Amiri, M.; Bahrami, M.; Malekzad, H.; Ghahramanzadeh Asl, H.; Mahdieh,

Z.; Bozorgomid, M.; Ghasemi, A.; et al. Temperature-Responsive Smart Nanocarriers for Delivery Of Therapeutic Agents:
Applications and Recent Advances. ACS Appl. Mater. Interfaces 2016, 8, 21107-21133. [CrossRef]


http://doi.org/10.3390/molecules25184323
http://www.ncbi.nlm.nih.gov/pubmed/32967170
http://doi.org/10.1016/j.ejmech.2019.06.092
http://doi.org/10.1021/acs.jmedchem.7b00952
http://doi.org/10.1016/j.jacc.2017.04.014
http://www.ncbi.nlm.nih.gov/pubmed/28545639
http://doi.org/10.1016/j.biomaterials.2016.05.056
http://doi.org/10.2174/1570159X11311040002
http://doi.org/10.1073/pnas.0805374105
http://doi.org/10.1016/j.addr.2013.09.018
http://doi.org/10.1155/2015/767136
http://doi.org/10.3389/fnano.2021.753766
http://doi.org/10.1039/C8DT00838H
http://www.ncbi.nlm.nih.gov/pubmed/29632935
http://doi.org/10.1021/ja108441d
http://www.ncbi.nlm.nih.gov/pubmed/21142161
http://doi.org/10.1007/s13167-010-0001-x
http://www.ncbi.nlm.nih.gov/pubmed/23199049
http://doi.org/10.1016/j.ijpharm.2013.02.020
http://www.ncbi.nlm.nih.gov/pubmed/23415662
http://doi.org/10.1517/17425241003596337
http://doi.org/10.1016/j.drudis.2008.04.006
http://www.ncbi.nlm.nih.gov/pubmed/18598917
http://doi.org/10.1039/b927215c
http://doi.org/10.2174/138920012798356934
http://doi.org/10.1016/j.ijpharm.2013.01.059
http://www.ncbi.nlm.nih.gov/pubmed/23384729
http://doi.org/10.1016/j.msec.2020.110979
http://www.ncbi.nlm.nih.gov/pubmed/32487396
http://doi.org/10.1039/c1pp05308f
http://www.ncbi.nlm.nih.gov/pubmed/22237825
http://doi.org/10.1021/acsami.6b00371

Int. . Mol. Sci. 2023, 24, 2757 35 of 42

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Lee, J.H.; Lu, Q.; Lee, ].Y.; Choi, H.J. Polymer-Magnetic Composite Particles of Fe30,/Poly(o-anisidine) and Their Suspension
Characteristics under Applied Magnetic Fields. Polymers 2019, 11, 219. [CrossRef]

Hariri, G.; Yan, H.; Wang, H.; Han, Z.; Hallahan, D.E. Radiation-Guided Drug Delivery to Mouse Models of Lung Cancer. Clin.
Cancer Res. 2010, 16, 4968-4977. [CrossRef]

Zhao, Y.Z.; Du, LN.; Lu, C.T; Jin, Y.G.; Ge, S.P. Potential and problems in ultrasound-responsive drug delivery systems. Int. J.
Nanomed. 2013, 8, 1621-1633.

Yonezawa, H.; Nishiyama, Y.; Takeo, K.; Iwatsubo, T.; Tomita, T.; Yokoshima, S.; Fukuyama, T. New photocleavable linker:
a-Thioacetophenone-type linker. Bioorg. Med. Chem. Lett. 2014, 24, 2831-2833. [CrossRef]

Antina, E.; Bumagina, N.; Marfin, Y.; Guseva, G.; Nikitina, L.; Sbytow, D.; Telegin, F. BODIPY Conjugates as Functional
Compounds for Medical Diagnostics and Treatment. Molecules 2022, 27, 1396. [CrossRef] [PubMed]

Singh, PK.; Majumdar, P; Singh, S.P. Advances in BODIPY photocleavable protecting groups. Coord. Chem. Rev. 2021, 449, 214193.
[CrossRef]

Barron-Gonzélez, M.; Montes-Aparicio, A.V.; Cuevas-Galindo, M.E.; Orozco-Sudrez, S.; Barrientos, R.; Alatorre, A.; Querejeta, E.;
Trujillo-Ferrara, ].G.; Farfan-Garcia, E.D.; Soriano-Urstia, M.A. Boron-containing compounds on neurons: Actions and potential
applications for treating neurodegenerative diseases. J. Inorg. Biochem. 2023, 238, 112027. [CrossRef] [PubMed]

Sabnis, R.W. Boron-Containing Pyrazole Compounds as JAK Inhibitors for Treating Inflammation, Autoimmune Diseases, and
Cancer. Acs Med. Chem. Lett. 2022, 13, 1554-1555. [CrossRef]

Ciofani, G. Potential applications of boron nitride nanotubes as drug delivery systems. Expert Opin. Drug Deliv. 2010, 7, 889-893.
[CrossRef]

Joy, J.; George, E.; Haritha, P.; Thomas, S.; Anas, S. An overview of boron nitride based polymernanocomposites. J. Polym. Sci.
2020, 58, 3115-3141. [CrossRef]

Ma, R.; Shi, L. Phenylboronic acid-based glucose-responsive polymeric nanoparticles: Synthesis and applications in drug delivery.
Polym. Chem. 2014, 5, 1503-1518. [CrossRef]

Trippier, P.C.; Mcguigan, C. Boronic acids in medicinal chemistry: Anticancer, antibacterial and antiviral applications. Med. Chem.
Commun. 2010, 1, 183-198. [CrossRef]

Wei, R.; Bozorghi, S.J. y-graphyne and its boron nitride analogue as nanocarriers for anti-cancer drug delivery. Mol. Phys. 2019,
118, €1691748. [CrossRef]

Wang, F; Liu, J. Nanodiamond decorated liposomes as highly biocompatible delivery vehicles and a comparison with carbon
nanotubes and graphene oxide. Nanoscale 2013, 5, 12375-12382. [CrossRef]

Hu, Y.;; Quan, H.; Cui, J.; Luo, W.; Zeng, W.; Chen, D. Carbon nanodot modified N, O-doped porous carbon for solid-state
supercapacitor: A comparative study with carbon nanotube and graphene oxide. J. Alloys Compd. 2021, 877, 160237.

Kim, J.; Oh, J; Lee, K.Y.; Jung, I.; Park, M. Dispersion of graphene-based nanocarbon fillers in polyamide 66 by dry processing
and its effect on mechanical properties. Compos. B. Eng. 2017, 114, 445-456.

Kumar, V.; Nikhil, K.; Roy, P.; Lahiri, D.; Lahiri, I. Emergence of fluorescence in boron nitride nanoflakes and its application in
bioimaging. RSC Adv. 2016, 6, 48025-48032.

Chen, X.; Wu, P; Rousseas, M.; Okawa, D.; Gartner, Z.; Zettl, A ; Bertozzi, C.R. Boron nitride nanotubes are noncytotoxic and can
be functionalized for interaction with proteins and cells. J. Am. Chem. Soc. 2009, 131, 890-891. [PubMed]

Ciofani, G.; Danti, S.; Nitti, S.; Mazzolai, B.; Mattoli, V.; Giorgi, M. Biocompatibility of boron nitride nanotubes: An up-date of
in vivo toxicological investigation. Int. . Pharm. 2013, 444, 85-88. [PubMed]

Wang, T.; Ou, D.; Liu, H,; Jiang, S.; Huang, W.; Fang, X.; Chen, X.; Lu, M. Thermally conductive boron nitride nanosheet composite
paper as a flexible printed circuit board. ACS Appl. Nano Mater. 2018, 1, 1705-1712.

Tapia, A.; Cab, C.; Hernandez-Pérez, A.; Villanueva, C.; Pefiufiuri, F.; Avilés, F. The bond force constants and elastic properties of
boron nitride nanosheets and nanoribbons using a hierarchical modeling approach. Phys. E Low-Dimens. Syst. Nanostruct. 2017,
89, 183-193.

Liu, Q.; Zhou, L.; Gao, J.; Wang, S.; Liu, L.; Liu, S. Surface chemistry-dependent activity and comparative investigation on the
enhanced photocatalytic performance of graphitic carbon nitride modified with various nanocarbons. J. Colloid Interface Sci. 2020,
569, 12-21.

Tiano, A.; Park, C.; Lee, J.; Luong, H.; Gibbons, L.; Chu, S.; Applin, S.; Gnoffo, P.; Lowther, S.; Kim, H.; et al. Boron nitride
nanotube: Synthesis and applications. Nanosens. Biosens. Info-Tech Sens. Syst. 2014, 9060, 51-69.

Lima, D.M.; Chinellato, A.C.; Champeau, M. Boron nitride-based nanocomposite hydrogels: Preparation, properties and
applications. Soft Matter 2021, 17, 4475-4488.

Sharker, S.M. Hexagonal Boron Nitrides (White Graphene): A Promising Method for Cancer Drug Delivery. Int. ]. Nanomedicine.
2018, 14, 9983-9993. [CrossRef]

Roosta, S.; Nikkhhah, S.J.; Sabzail, M.; Hashemianzadeh, S.M. Molecular dynamics simulation study of boron-nitride nanotubes
as a drug carrier: From encapsulation to releasing. RSC Adv. 2016, 6, 9344-9351.

Zhou, S.; Min, X.; Dou, H.; Sun, K.; Chen, C.Y.,; Chen, C.T.; Zhang, Z.; Jin, Y.; Shen, Z. Facile fabrication of dextran-based
fluorescent nanogels as potential glucose sensors. Chem. Commun. 2013, 49, 9473-9475. [CrossRef] [PubMed]

Li, D.; van Nostrum, C.E; Mastrobattista, E.; Vermonden, T.; Hennink, W.E. Nanogels for intracellular delivery of biotherapeutics.
J. Control. Release 2017, 259, 16-28. [PubMed]


http://doi.org/10.3390/polym11020219
http://doi.org/10.1158/1078-0432.CCR-10-0969
http://doi.org/10.1016/j.bmcl.2014.04.104
http://doi.org/10.3390/molecules27041396
http://www.ncbi.nlm.nih.gov/pubmed/35209191
http://doi.org/10.1016/j.ccr.2021.214193
http://doi.org/10.1016/j.jinorgbio.2022.112027
http://www.ncbi.nlm.nih.gov/pubmed/36345068
http://doi.org/10.1021/acsmedchemlett.2c00407
http://doi.org/10.1517/17425247.2010.499897
http://doi.org/10.1002/pol.20200507
http://doi.org/10.1039/C3PY01202F
http://doi.org/10.1039/c0md00119h
http://doi.org/10.1080/00268976.2019.1691748
http://doi.org/10.1039/c3nr04143c
http://www.ncbi.nlm.nih.gov/pubmed/19119844
http://www.ncbi.nlm.nih.gov/pubmed/23357257
http://doi.org/10.2147/IJN.S205095
http://doi.org/10.1039/c3cc45668d
http://www.ncbi.nlm.nih.gov/pubmed/24013877
http://www.ncbi.nlm.nih.gov/pubmed/28017888

Int. J. Mol. Sci. 2023, 24, 2757 36 of 42

55.

56.

57.
58.

59.

60.

61.

62.
63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Zhao, L.; Ding, ]J.; Xiao, C.; Zhuang, X.; Chen, X. Phenylboronic acid-functionalized polypeptide nanogel for glucose-responsive
insulin release under physiological pH. J. Control. Release 2015, 213, e69. [PubMed]

Goponenko, A.V,; Dzenis, Y.A. Role of mechanical factors in applications of stimuli-responsive polymer gels—Status and
prospects. Polymer 2016, 101, 415-449.

Guan, Y,; Zhang, Y. Boronic acid-containing hydrogels: Synthesis and their applications. Chem. Soc. Rev. 2013, 42, 8106-8121.
Zhao, L.; Huang, Q.; Liu, Y,; Wang, Q.; Wang, L.; Xiao, S.; Bi, F; Ding, J. Boronic Acid as Glucose-Sensitive Agent Regulates Drug
Delivery for Diabetes Treatment. Materials 2017, 10, 170.

Ulrich, G,; Ziessel, R.; Haefele, A. A general synthetic route to 3,5-substituted boron dipyrromethenes: Applications and properties.
J. Org. Chem. 2012, 77, 4298-4311.

Sitkowska, K.; Feringa, B.L.; Szymariski, W. Green-Light-Sensitive BODIPY Photoprotecting Groups for Amines. J. Org. Chem.
2018, 83, 1819-1827.

Pérez-Ojeda, M.E.; Thivierge, C.; Martin, V.; Costela, A.; Burgess, K.; Moreno, I.G. Highly efficient and photostable photonic
materials from diiodinated BODIPY laser dyes. Opt. Mater. Express 2011, 1, 243-251.

Kalai, T.; Hideg, K. Synthesis of new BODIPY-based sensors and labels. Tetrahedron 2006, 62, 10352-10360.

Wang, L.; Cao, J.; Wang, ].W.; Chen, Q.; Cui, A.].; He, M.Y. Facile synthesis of dimeric BODIPY and its catalytic activity for sulfide
oxidation under visible light. RSC Adv. 2014, 4, 14786-14790.

Boens, N.; Leen, V.; Dehaen, W. Fluorescent indicators based on BODIPY. Chem. Soc. Rev. 2012, 41, 1130-1172. [PubMed]
Weinstain, R.; Slanina, T.; Kand, D.; Klan, P. Visible-to-NIR-Light Activated Release: From Small Molecules to Nanomaterials.
Chem. Rev. 2020, 120, 13135-13272.

Boens, N.; Verbelen, B.; Dehaen, W. Postfunctionalization of the BODIPY Core: Synthesis and Spectroscopy. Eur. J. Org. Chem.
2015, 30, 6577-6595.

Lu, P; Chung, K\Y,; Stafford, A.; Kiker, M.; Kafle, K.; Page, Z.A. Boron dipyrromethene (BODIPY) in polymer chemistry. Polym.
Chem. 2021, 12, 327-348.

Duverger, E.; Balme, S.; Bechelany, M.; Miele, P.; Picaud, F. Natural payload delivery of the doxorubicin anticancer drug from
boron nitride oxide nanosheets. Appl. Surf. Sci. 2019, 475, 666—-675.

Pasquale, D.D.; Marino, A.; Tapeinos, C.; Pucci, C.; Rocchiccioli, S.; Michelucci, E.; Finamore, F.; McDonnell, L.; Scarpellini, A.;
Lauciello, S.; et al. Homotypic targeting and drug delivery in glioblastoma cells through cell membrane-coated boron nitride
nanotubes. Mater. Des. 2020, 192, 108742.

Zhang, Y.; Guo, R.; Wang, D.; Sun, X.; Xu, Z. Pd nanoparticle-decorated hydroxy boron nitride nanosheets as a novel drug carrier
for chemo-photothermal therapy. Colloids Surf. B Biointerfaces 2019, 176, 300-308.

Khatti, Z.; Hashemianzadeh, S.M. Boron nitride nanotube as a delivery system for platinum drugs: Drug encapsulation and
diffusion coefficient prediction. Eur. J. Pharm. Sci. 2016, 88, 291-297. [PubMed]

Feng, S.; Zhang, H.; Xu, S.; Zhi, C.; Nakanishi, H.; Gao, X.D. Folate-conjugated, mesoporous silica functionalized boron nitride
nanospheres for targeted delivery of doxorubicin. Mater. Sci. Eng. C 2019, 96, 552-560.

Cheng, Y,; Han, Y,; Zhang, W.; Zeng, L.; Long, Y.; Wang, S.; Weng, Q. Gram-scale synthesis of boron nitride nanosheets by
salt-template method for anticancer drug delivery. Chem. Eng. ]. 2022, 437, 135304.

Permyakova, E.S.; Sukhorukova, I.V.; Antipina, L.Y.; Konopatsky, A.S.; Kovalskii, A.M.; Matveev, A.T.; Lebedev, O.1.; Golberg,
D.V.; Manakhov, A.M.; Shtansky, D.V. Synthesis and Characterization of Folate Conjugated Boron Nitride Nanocarriers for
Targeted Drug Delivery. J. Phys. Chem. C 2017, 121, 28096-28105.

Sukhorukova, I.V.; Zhitnyak, 1.Y.; Kovalskii, A.M.; Matveev, A.T,; Lebedev, O.L; Li, X.; Gloushankova, N.A.; Golberg, D.; Shtansky,
D.V. Boron Nitride Nanoparticles with a Petal-Like Surface as Anticancer Drug-Delivery Systems. ACS Appl. Mater. Interfaces
2015, 7, 17217-17225.

Cheng, C.C.; Muhabie, A.A.; Huang, S.Y,; Wu, C.Y.; Gebeyehu, B.T.; Lee, A.W,; Lai, ].Y.; Lee, D.J. Dual Stimuli-Responsive
Supramolecular Boron Nitride with Tunable Physical Properties for Controlled Drug Delivery. Nanoscale 2019, 11, 10393-10401.
Feng, S.; Zhang, H.; Yan, T.; Huang, D.; Zhi, C.; Nakanishi, H.; Gao, X.D. Folate-conjugated boron nitride nanospheres for targeted
delivery of anticancer drugs. Int. . Nanomed. 2016, 11, 4573-4582. [CrossRef]

Feng, S.; Zhang, H.; Zhi, C.; Gao, X.D.; Nakanishi, H. pH-responsive charge-reversal polymer-functionalized boron nitride
nanospheres for intracellular doxorubicin delivery. Int. . Nanomed. 2018, 13, 641-652. [CrossRef]

Feng, S.; Ren, Y.; Li, H.; Tang, Y.; Yan, J.; Shen, Z.; Zhang, H.; Chen, F. Cancer Cell-Membrane Biomimetic Boron Nitride
Nanospheres for Targeted Cancer Therapy. Int. |. Nanomed. 2021, 16, 2123-2136.

Weng, Q.; Wang, B.; Wang, X.; Hanagata, N.; Li, X,; Liu, D.; Wang, X.; Jiang, X.; Bando, Y.; Golberg, D. Highly Water-Soluble,
Porous, and Biocompatible Boron Nitrides for Anticancer Drug Delivery. ACS Nano 2014, 8, 6123-6130.

Chen, S.; Miyazaki, T.; Itoh, M.; Matsumoto, H.; Moro-oka, Y.; Tanaka, M.; Miyahara, Y.; Suganami, T.; Matsumoto, A. Temperature-
stable Boronate Gel based Microneedle Technology for Self-Regulated Insulin Delivery. ACS Appl. Polym. Mater. 2020, 2,
2781-2790.

Zhang, X.; Guan, Y.; Zhang, Y. Dynamically bonded layer-by-layer films for self-regulated insulin release. . Mater. Chem. 2012, 22,
16299-16305.


http://www.ncbi.nlm.nih.gov/pubmed/27005213
http://www.ncbi.nlm.nih.gov/pubmed/21796324
http://www.ncbi.nlm.nih.gov/pubmed/27084121
http://doi.org/10.2147/IJN.S110689
http://doi.org/10.2147/IJN.S153476

Int. . Mol. Sci. 2023, 24, 2757 37 of 42

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Chen, S.; Matsumoto, H.; Moro-oka, Y.; Tanaka, M.; Miyahara, Y.; Suganami, T.; Matsumoto, A. Microneedle-Array Patch
Fabricated with Enzyme-Free Polymeric Components Capable of On-Demand Insulin Delivery. Adv. Funct. Mater. 2019, 29,
1807369.

Chen, S.; Matsumoto, H.; Moro-oka, Y.; Tanaka, M.; Miyahara, Y.; Suganami, T.; Matsumoto, A. Smart Microneedle Fabricated
with Silk Fibroin Combined Semi-interpenetrating Network Hydrogel for Glucose-Responsive Insulin Delivery. ACS Biomater.
Sci. Eng. 2019, 5, 5781-5789.

Shen, D.; Yu, H.; Wang, L.; Khan, A.; Haq, F; Chen, X.; Huang, Q.; Teng, L. Recent progress in design and preparation of
glucose-responsive insulin delivery systems. J. Control. Release 2020, 321, 236-258.

Cai, B.; Luo, Y.; Guo, Q.; Zhang, X.; Wu, Z. A glucose-sensitive block glycopolymer hydrogel based on dynamic boronic ester
bonds for insulin delivery. Carbohyd. Res. 2017, 445, 32-39.

Peng, H.; Ning, X.; Wei, G.; Wang, S.; Dai, G.; Ju, A. The preparations of novel cellulose/phenylboronic acid composite intelligent
bio-hydrogel and its glucose, pH-responsive behaviors. Carbohyd. Polym. 2018, 195, 349-355.

Zhi, X.; Zheng, C.; Xiong, J.; Li, ].; Zhao, C.; Shi, L.; Zhang, Z. Nanofilamentous Virus-Based Dynamic Hydrogels with Tunable
Internal Structures, Injectability, Self-Healing, and Sugar Responsiveness at Physiological pH. Langmuir 2018, 34, 12914-12923.
[CrossRef]

Lee, J.; Ko, ].H.; Mansfield, KM.; Nauka, P.C.; Bat, E.; Maynard, H.D. Glucose-Responsive Trehalose Hydrogel for Insulin
Stabilization and Delivery. Macromol. Biosci. 2018, 18, 1700372.

Gu, S; Yang, L.; Li, S.; Yang, J.; Zhang, B.; Yang, ]J. Thermo- and glucose-sensitivemicrogels with improved salt tolerance for
controlled insulin release in a physiological environment. Polym. Int. 2018, 67, 1256-1265.

Zhao, L.; Niu, L.; Liang, H.; Tan, H.; Liu, C.; Zhu, F. pH and Glucose Dual-Responsive Injectable Hydrogels with Insulin and
Fibroblasts as Bioactive Dressings for Diabetic Wound Healing. ACS Appl. Mater. Interfaces 2017, 9, 37563-37574. [CrossRef]
[PubMed]

Elshaarani, T.; Yu, H.; Wang, L.; Feng, J.; Li, C.; Zhou, W.; Khan, A.; Usman, M.; Amin, B.U.; Khan, R. Chitosan reinforced
hydrogels with swelling-shrinking behaviors in response to glucose concentration. Int. J. Biol. Macromol. 2020, 161, 109-121.
[CrossRef] [PubMed]

Tong, M.Q.; Luo, L.Z.; Xue, PP; Han, YH.; Wang, L.E; Zhuge, D.L.; Yao, Q.; Chen, B.; Zhao, Y.Z.; Xu, H.L. Glucose-responsive
hydrogel enhances the preventive effect of insulin and liraglutide on diabetic nephropathy of rats. Acta Biomater. 2021, 122,
111-132. [CrossRef]

Guo, Q.; Zhang, X. Synthesized of glucose-responsive nanogels labeled with fluorescence molecule based on phenylboronic acid
by RAFT polymerization. J. Biomat. Sci. Polym. Ed. 2019, 30, 815-831. [CrossRef]

Yuan, S.; Li, X; Shi, X,; Lu, X. Preparation of multiresponsive nanogels and their controlled release properties. Colloid Polym. Sci.
2019, 297, 613-621.

Zhou, L.; Liu, C.; Zhang, H.; Han, J.; Liu, Z. Preparation and application of BODIPY-containing pillararenes based supramolecular
systems. Dyes Pigment. 2021, 196, 109828.

Zhang, ].; Huang, H.; Xue, L.; Zhong, L.; Ge, W.; Song, X.; Zhao, Y.; Wang, W.; Dong, X. On-demand drug release nanoplatform
based on fluorinated aza-BODIPY for imaging-guided chemo-phototherapy. Biomaterials 2020, 256, 120211. [CrossRef] [PubMed]
Li, R; Du, Y;; Guo, W,; Su, Y,; Meng, Y.; Shan, Z.; Feng, Y.; Meng, S. Methotrexate coated AZA-BODIPY nanoparticles for
chemotherapy, photothermal and photodynamic synergistic therapy. Dyes Pigment. 2020, 179, 108351. [CrossRef]

Meng, Y.; Du, Y,; Lin, Y; Su, Y,; Li, R;; Feng, Y.; Meng, S. A two-fold interpenetration pillar-layered metal-organic frameworks
based on BODIPY for chemo-photodynamic therapy. Dyes Pigment. 2021, 188, 109174. [CrossRef]

Xiong, H.; Liu, S.; Wei, T.; Cheng, Q.; Siegwart, D.J. Theranostic dendrimer-based lipid nanoparticles containing PEGylated
BODIPY dyes for tumor imaging and systemic mRNA delivery in vivo. J. Control. Release 2020, 325, 198-205. [CrossRef]

Song, X.; Wang, R.; Gao, J.; Han, X,; Jin, J.; Lv, C.; Yu, F. Construction of a biotin-targeting drug delivery system and its near-
infrared theranostic fluorescent probe for real-time image-guided therapy of lung cancer. Chin. Chem. Lett. 2022, 33, 1567-1571.
[CrossRef]

Wang, S.; Wang, Y.; Sun, Y,; Li, L.; Ye, L.; Zhang, W.; Zhou, N.; Zhang, Z.; Zhu, X. A novel BODIPY-based reductant-sensitive
near-infrared fluorescent probe for real-time reporting azoreductase-triggered release. React. Funct. Polym. 2021, 165, 104951.
[CrossRef]

Porubsky, M.; Gurska, S.; Stankova, J.; Hajduch, M.; Dzubak, P.; Hlavac, ]. AminoBODIPY Conjugates for Targeted Drug Delivery
Systems and Real-Time Monitoring of Drug Release. Mol. Pharm. 2021, 18, 2385-2396. [CrossRef] [PubMed]

Lu, S.; Lei, X.; Ren, H.; Zheng, S.; Qiang, J.; Zhang, Z.; Chen, Y.; Wei, T.; Wang, F; Chen, X. PEGylated Dimeric BODIPY
Photosensitizer as Nanocarrier for Combined Chemotherapy and Cathepsin B-activated Photodynamic Therapy in 3D Tumor
Spheroids. ACS Appl. Bio Mater. 2020, 3, 3835-3845. [CrossRef]

Asem, H.; Zhang, W.; Nilsson, F; Zhang, Y.; Hedenqvist, M.S.; Hassan, M.; Malmstrom, E. Functional Nanocarriers for Drug
Delivery by Surface Engineering of Polymeric Nanoparticle Post-Polymerization-Induced Self-Assembly. ACS Appl. Bio Mater.
2021, 4, 1045-1056. [CrossRef]

Shen, J.; Wang, Q.; Lv, Y;; Dong, J.; Xuan, G.; Yang, J.; Wu, D.; Zhou, J.; Yu, G.; Tang, G.; et al. Nanomedicine Fabricated from
A BODIPY-Embedded Amphiphilic Copolymer for Photothermal-Enhanced Chemotherapy. ACS Biomater. Sci. Eng. 2019, 5,
4463-4473. [CrossRef]


http://doi.org/10.1021/acs.langmuir.8b02526
http://doi.org/10.1021/acsami.7b09395
http://www.ncbi.nlm.nih.gov/pubmed/28994281
http://doi.org/10.1016/j.ijbiomac.2020.06.012
http://www.ncbi.nlm.nih.gov/pubmed/32512091
http://doi.org/10.1016/j.actbio.2021.01.007
http://doi.org/10.1080/09205063.2019.1603065
http://doi.org/10.1016/j.biomaterials.2020.120211
http://www.ncbi.nlm.nih.gov/pubmed/32634718
http://doi.org/10.1016/j.dyepig.2020.108351
http://doi.org/10.1016/j.dyepig.2021.109174
http://doi.org/10.1016/j.jconrel.2020.06.030
http://doi.org/10.1016/j.cclet.2021.08.111
http://doi.org/10.1016/j.reactfunctpolym.2021.104951
http://doi.org/10.1021/acs.molpharmaceut.1c00219
http://www.ncbi.nlm.nih.gov/pubmed/33961440
http://doi.org/10.1021/acsabm.0c00394
http://doi.org/10.1021/acsabm.0c01552
http://doi.org/10.1021/acsbiomaterials.9b01145

Int. . Mol. Sci. 2023, 24, 2757 38 of 42

107.

108.

109.

110.

111.

112.
113.
114.
115.
116.
117.

118.
119.

120.

121.
122.

123.

124.

125.

126.
127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.
138.

Long, K.; Wang, Y.; Lv, W.; Yang, Y.; Xu, S.; Zhan, C.; Wang, W. Photoresponsive prodrug-dye nanoassembly for in-situ monitorable
cancer therapy. Bioeng. Transl. Med. 2022, 7, e10311. [CrossRef]

Porubsky, M.; Gurska, S.; Stankova, J.; Hajduch, M.; Dzubak, P,; Hlavac, ]. Amino-BODIPY as the ratiometric fluorescent sensor
for monitoring drug release or “power supply” selector for molecular electronics. RSC Adv. 2019, 9, 25075-25083. [CrossRef]
Chang, Z.; Ye, ].H,; Qi, E; Fang, H,; Lin, E; Wang, S.; Mu, C.; Zhang, W.; He, W. A PEGylated photosensitizer-core pH-responsive
polymeric nanocarrier for imaging-guided combination chemotherapy and photodynamic therapy. New J. Chem. 2021, 45,
6180-6185. [CrossRef]

Ou, C.; Zhang, Y.; Ge, W.; Zhong, L.; Huang, Y.; Si, W.; Wang, W.; Zhao, Y.; Dong, X. Three-Dimensional BODIPY-Iron (III)
Compound with Promoted H,O;-Response for NIR-II Photoacoustic Imaging Guided Chemodynamic/Photothermal Therapy.
Chem. Commun. 2020, 56, 6281-6284. [CrossRef]

Meng, L.B.; Zhang, W.; Li, D.; Li, Y,; Hu, X.Y.; Wang, L.; Li, G. pH-Responsive Supramolecular Vesicles Assembled by Water-
Soluble Pillar [5]arene and BODIPY Photosensitizer for Chemo-Photodynamic Dual Therapy. Chem. Commun. 2015, 51,
14381-14384. [CrossRef]

Long, K,; Han, H.; Kang, W.; Lv, W.; Wang, L.; Wang, Y.; Ge, L.; Wang, W. One-photon red light-triggered disassembly of
small-molecule nanoparticles for drug delivery. |. Nanobiotechnol. 2021, 19, 357. [CrossRef] [PubMed]

Sozmen, F,; Kucukoflaz, M.; Ergul, M.; Inan, Z.D.S.; Bozkurt, Y.; Taydas, D. Synthesis of Multifunctional Organic Nanoparticles
Combining Photodynamic Therapy and Chemotherapeutic Drug Release. Macromol. Res. 2022, 30, 61-69. [CrossRef]

Hao, J.; Heng, P. Buccal delivery systems. Drug Dev. Ind. Pharm. 2003, 29, 821-832. [CrossRef] [PubMed]

Smart, J. Buccal drug delivery. Expert Opin. Drug Deliv. 2005, 2, 507-517. [CrossRef]

Illum, L. Nasal drug delivery—Recent developments and future prospects. J. Control. Release 2012, 161, 254-263. [CrossRef]
Kublik, H.; Vidgren, M. Nasal delivery systems and their effect on deposition and absorption. Adv. Drug Deliv. Rev. 1998, 29,
157-177. [CrossRef]

Gaudana, R.; Ananthula, H.; Parenky, A.; Mitra, A. Ocular drug delivery. AAPS J. 2010, 12, 348-360. [CrossRef]

Inamuddin, A.; Asiri, A.; Mohammad, A. Applications of Nanocomposite Materials in Drug Delivery; Woodhead Publishing: Sawston,
UK, 2018; pp. 509-573.

Labiris, N.; Dolovich, M. Pulmonary drug delivery. Part I: Physiological factors affecting therapeutic effectiveness of aerosolized
medications. Br. . Clin. Pharmacol. 2003, 56, 588-599. [CrossRef]

Narang, N.; Sharma, J. Sublingual mucosa as a route for systemic drug delivery. Int. J. Pharm. Pharm. 2011, 3, 18-22.

Alkilani, A.; McCrudden, M.; Donnelly, R. Transdermal drug delivery: Innovative pharmaceutical developments based on
disruption of the barrier properties of the stratum corneum. Pharmaceutics 2015, 7, 438-470. [CrossRef]

Alexander, N.; Baker, E.; Kaptein, M.; Karck, U.; Miller, L.; Zampaglione, E. Why consider vaginal drug administration? Fertil.
Steril. 2004, 82, 1-12. [CrossRef] [PubMed]

Sahoo, C.K.; Nayak, PK.; Sarangi, D.K.; Sahoo, T.K. Intra vaginal drug delivery system: An overview. Am. |. Adv. Drug Deliv.
2013, 1, 43-55.

Svenson, S.; Tomalia, D.A. Dendrimers in biomedical applications-reflections on the field. Adv. Drug Deliv. Rev. 2005, 57,
2106-2129. [CrossRef] [PubMed]

Rabinow, B.E. Nanosuspensions in drug delivery. Nature Rev. Drug Discov. 2004, 3, 785-796. [CrossRef]

Vinogradov, S.V.; Bronich, T.K.; Kabanov, A.V. Nanosized cationic hydrogels for drug delivery: Preparation, properties and
interactions with cells. Adv. Drug Deliv. Rev. 2002, 54, 135-147. [CrossRef]

Katz, E.; Willner, I. Integrated Nanoparticle-Biomolecule Hybrid Systems: Synthesis, Properties, and Applications. Angew. Chem.
Int. Ed. Engl. 2004, 43, 6042-6108. [CrossRef]

Panyam, J.; Labhasetwar, V. Biodegradable nanoparticles for drug and gene delivery to cells and tissue. Adv. Drug Deliv. Rev.
2003, 55, 329-347. [CrossRef] [PubMed]

Qiu, L.Y,; Bae, Y.H. Polymer Architecture and Drug Delivery. Pharm. Res. 2006, 23, 1-30. [CrossRef]

Duncan, R. The dawning era of polymer therapeutics. Nat. Rev. Drug Discov. 2003, 2, 347-360. [CrossRef]

Peng, T.; Cheng, Y.L. PNIPAAm and PMAA co-grafted porous PE membranes: Living radical co-grafting mechanism and
multi-stimuli responsive permeability. Polymer 2001, 42, 2091-2100. [CrossRef]

Duncan, R.; Spreafico, F. Polymer conjugates. Pharmacokinetic considerations for design and development. Clin. Pharm. 1994, 27,
290-306. [CrossRef]

Desai, M.P,; Labhasetwar, V.; Amidon, G.L.; Levy, R.J. Gastrointestinal uptake of biodegradable microparticles: Effect of particle
size. Pharm. Res. 1996, 13, 1838-1845. [CrossRef]

Roney, C.; Kulkarni, P.; Arora, V.; Antich, P; Bonte, F.; Wu, A.; Mallikarjuana, N.N.; Manohar, S.; Liang, H.F.; Kulkarni, A.R,; et al.
Targeted nanoparticles for drug delivery through the blood-brain barrier for Alzheimer’s disease. |. Control. Release 2005, 108,
193-214. [CrossRef] [PubMed]

Bilati, U.; Allemann, E.; Doelker, E. Poly(D,L-lactide-co-glycolide) protein-loaded nanoparticles prepared by the double emulsion
method-processing and formulation issues for enhanced entrapment efficiency. J. Microencapsul. 2005, 22, 205-214. [CrossRef]
Mayer, C. Nanocapsules as drug delivery systems. Int. J. Artif. Organs. 2005, 28, 1163-1171. [CrossRef]

Krol, S.; Diaspro, A.; Magrassi, R.; Ballario, P.; Grimaldi, B.; Filetici, P.; Ornaghi, P.; Ramoino, P.; Gliozzi, A. Nanocapsules: Coating
for living cells. IEEE Trans. Nanobiosci. 2004, 3, 32-38. [CrossRef] [PubMed]


http://doi.org/10.1002/btm2.10311
http://doi.org/10.1039/C9RA03472B
http://doi.org/10.1039/D0NJ04461J
http://doi.org/10.1039/D0CC01164A
http://doi.org/10.1039/C5CC05785J
http://doi.org/10.1186/s12951-021-01103-z
http://www.ncbi.nlm.nih.gov/pubmed/34736466
http://doi.org/10.1007/s13233-022-0021-0
http://doi.org/10.1081/DDC-120024178
http://www.ncbi.nlm.nih.gov/pubmed/14570303
http://doi.org/10.1517/17425247.2.3.507
http://doi.org/10.1016/j.jconrel.2012.01.024
http://doi.org/10.1016/S0169-409X(97)00067-7
http://doi.org/10.1208/s12248-010-9183-3
http://doi.org/10.1046/j.1365-2125.2003.01892.x
http://doi.org/10.3390/pharmaceutics7040438
http://doi.org/10.1016/j.fertnstert.2004.01.025
http://www.ncbi.nlm.nih.gov/pubmed/15236978
http://doi.org/10.1016/j.addr.2005.09.018
http://www.ncbi.nlm.nih.gov/pubmed/16305813
http://doi.org/10.1038/nrd1494
http://doi.org/10.1016/S0169-409X(01)00245-9
http://doi.org/10.1002/anie.200400651
http://doi.org/10.1016/S0169-409X(02)00228-4
http://www.ncbi.nlm.nih.gov/pubmed/12628320
http://doi.org/10.1007/s11095-005-9046-2
http://doi.org/10.1038/nrd1088
http://doi.org/10.1016/S0032-3861(00)00369-4
http://doi.org/10.2165/00003088-199427040-00004
http://doi.org/10.1023/A:1016085108889
http://doi.org/10.1016/j.jconrel.2005.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16246446
http://doi.org/10.1080/02652040400026442
http://doi.org/10.1177/039139880502801114
http://doi.org/10.1109/TNB.2004.824279
http://www.ncbi.nlm.nih.gov/pubmed/15382641

Int. . Mol. Sci. 2023, 24, 2757 39 of 42

139.

140.

141.

142.

143.

144.

145.
146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Burger, K.N.J.; Staffhorst, R W.H.M.; de Vijlder, H.C.; Velinova, M.].; Bomans, P.H.; Frederik, P.M.; de Kruijff, B. Nanocapsules:
Lipid-coated aggregates of cisplatin with high cytotoxicity. Nat. Med. 2002, 8, 81-84. [CrossRef]

de Kroon, A.LLPM.; Staffhorst, RW.H.M.; de Kruijff, B.; Burger, K.N.J. Cisplatin Nanocapsules. Methods Enzymol. 1995, 391,
118-125.

Ruysschaert, T.; Germain, M.; Gomes, J.F.; Fournier, D.; Sukhorukov, G.B.; Meier, WM.W. Cucurbiturils: Molecular nanocapsules
for time-resolved fluorescence-based assays. IEEE Trans. Nanobiosci. 2004, 3, 39-45.

Haynie, D.T.; Palath, N; Liu, Y,; Li, B.Y.; Pargaonkar, N. Biomimetic Nanostructured Materials: Inherent Reversible Stabilization
of Polypeptide Microcapsules. Langmuir 2005, 21, 1136-1138. [CrossRef]

Sukhishvili, S.A.; Granick, S. Layered, Erasable Polymer Multilayers Formed by Hydrogen-Bonded Sequential Self-Assembly.
Macromolecules 2002, 35, 301-310. [CrossRef]

Zelikin, A.N.; Quinn, J.F,; Caruso, F. Disulfide Cross-Linked Polymer Capsules: En Route to Biodeconstructible Systems.
Biomacromolecules 2006, 7, 27-30. [CrossRef] [PubMed]

Martin, C.R.; Kohli, P. The emerging field of nanotube biotechnology. Nat. Rev. Drug Discov. 2003, 2, 29-37. [CrossRef]

Lee, S.B.; Mitchell, D.T.; Trofin, L.; Nevanen, T.K.; Soderlund, H.; Martin, C.R. Antibody-based bio-nanotube membranes for
enantiomeric drug separations. Science 2002, 296, 2198-2200. [CrossRef] [PubMed]

Mitchell, D.T.; Lee, S.B.; Trofin, L.; Li, N.; Nevanen, T.K.; Soderlund, H.; Martin, C.R. Smart nanotubes for bioseparations and
biocatalysis. J. Am. Chem. Soc. 2002, 124, 11864-11865. [CrossRef] [PubMed]

Martin, C.R. Nanomaterials: A membrane-based synthetic approach. Science 1994, 266, 1961-1966. [CrossRef]

Cepak, V.M,; Hulteen, ].C.; Che, G.L.; Jirage, K.B.; Lakshmi, B.B.; Fisher, E.R.; Martin, C.R. Fabrication and characterization of
concentric-tubular composite micro- and nanostructures using the template-synthesis method. J. Mater. Res. 1998, 13, 3070-3080.
[CrossRef]

Nicewarner-Pena, S.R.; Freeman, R.G.; Reiss, B.D.; He, L.; Pena, D.J.; Walton, I.D.; Cromer, R.; Keating, C.D.; Natan, M.J.
Submicrometer metallic barcodes. Science 2001, 294, 137-141. [CrossRef]

Pantarotto, D.; Briand, J.P.; Prato, M.; Bianco, A. Translocation of bioactive peptides across cell membranes by carbon nanotubes.
Chem. Commun. 2004, 1, 16-17. [CrossRef]

ShiKam, N.W.; Jessop, T.C.; Wender, P.A.; Dai, H. Nanotube molecular transporters: Internalization of carbon nanotube-protein
conjugates into Mammalian cells. ]. Am. Chem. Soc. 2004, 126, 6801-6851.

Cai, D.; Mataraza, ] M.; Qin, Z.H.; Huang, Z.; Huang, J.; Chiles, T.C.; Carnahan, D.; Kempa, K.; Ren, Z. Highly efficient molecular
delivery into mammalian cells using carbon nanotube spearing. Nat. Methods 2005, 2, 449—454. [CrossRef]

Scherer, E; Anton, M.; Schillinger, U.; Henke, J.; Bergemann, C.; Kruger, A.; Gansbacher, B.; Plank, C. Magnetofection: Enhancing
and targeting gene delivery by magnetic force in vitro and in vivo. Gene Ther. 2002, 9, 102-109. [CrossRef] [PubMed]
Morimoto, N.; Endo, T.; Ohtomi, M.; Iwasaki, Y.; Akiyoshi, K. Hybrid nanogels with physical and chemical cross-linking
structures as nanocarriers. Macromol. Biosci. 2005, 5, 710-716. [CrossRef] [PubMed]

Shin, Y.; Chang, ].H.; Liu, J.; Williford, R.; Shin, Y.K.; Exarhos, G.J. Hybrid nanogels for sustainable positive thermosensitive drug
release. |. Control. Release 2001, 73, 1-6. [CrossRef] [PubMed]

Peppas, N.A.; Bures, P.; Leobandung, W.; Ichikawa, H. Hydrogels in pharmaceutical formulations. Eur. ]. Pharm. Biopharm. 2000,
50, 27-46. [CrossRef]

McAllister, K.; Sazani, P.; Adam, M.; Cho, M.].; Rubinstein, M.; Samulski, R.J.; DeSimone, ].M. Polymeric nanogels produced via
inverse microemulsion polymerization as potential gene and antisense delivery agents. . Am. Chem. Soc. 2002, 124, 15198-15207.
[CrossRef] [PubMed]

Vinogradov, S.V.; Zeman, A.D.; Batrakova, E.V.; Kabanov, A.V. Polyplex Nanogel formulations for drug delivery of cytotoxic
nucleoside analogs. J. Control. Release 2005, 107, 143-157. [CrossRef]

Missirlis, D.; Tirelli, N.; Hubbell, ].A. Amphiphilic hydrogel nanoparticles. Preparation, characterization, and preliminary
assessment as new colloidal drug carriers. Langmuir 2005, 21, 2605-2613. [CrossRef]

Lee, C.C.; MacKay, J.A.; Frechet, ] M.].; Szoka, F.C. Designing dendrimers for biological applications. Nat. Biotechnol. 2005, 23,
1517-1526. [CrossRef]

Tomalia, D.A. Starburstr dendrimers—Nanoscopic supermolecules according to dendritic rules and principles. Macromol. Symp.
1996, 101, 243-255. [CrossRef]

Hawgker, C.J.; Frechet, ]. M.]. Preparation of polymers with controlled molecular architecture. A new convergent approach to
dendritic macromolecules. J. Am. Chem. Soc. 1990, 112, 7638-7647. [CrossRef]

Malik, N.; Evagorou, E.G.; Duncan, R. Dendrimer-platinate: A novel approach to cancer chemotherapy. Anti-Cancer Drugs 1999,
10, 767-776. [CrossRef]

Kojima, C.; Kono, K.; Maruyama, K.; Takagishi, T. Synthesis of polyamidoamine dendrimers having poly(ethylene glycol) grafts
and their ability to encapsulate anticancer drugs. Bioconjug. Chem. 2000, 11, 910-917. [CrossRef] [PubMed]

Bhadra, D.; Bhadra, S.; Jain, S.; Jain, N.K. A PEGylated dendritic nanoparticulate carrier of fluorouracil. Int. J. Pharm. 2003, 257,
111-124. [CrossRef] [PubMed]

Devarakonda, B.; Hill, R.A.; de Villiers, M.M. The effect of PAMAM dendrimer generation size and surface functional group on
the aqueous solubility of nifedipine. Int. J. Pharm. 2004, 284, 133-140. [CrossRef]


http://doi.org/10.1038/nm0102-81
http://doi.org/10.1021/la047833d
http://doi.org/10.1021/ma011346c
http://doi.org/10.1021/bm050832v
http://www.ncbi.nlm.nih.gov/pubmed/16398494
http://doi.org/10.1038/nrd988
http://doi.org/10.1126/science.1071396
http://www.ncbi.nlm.nih.gov/pubmed/12077410
http://doi.org/10.1021/ja027247b
http://www.ncbi.nlm.nih.gov/pubmed/12358526
http://doi.org/10.1126/science.266.5193.1961
http://doi.org/10.1557/JMR.1998.0419
http://doi.org/10.1126/science.294.5540.137
http://doi.org/10.1039/b311254c
http://doi.org/10.1038/nmeth761
http://doi.org/10.1038/sj.gt.3301624
http://www.ncbi.nlm.nih.gov/pubmed/11857068
http://doi.org/10.1002/mabi.200500051
http://www.ncbi.nlm.nih.gov/pubmed/16080166
http://doi.org/10.1016/S0168-3659(01)00247-4
http://www.ncbi.nlm.nih.gov/pubmed/11337054
http://doi.org/10.1016/S0939-6411(00)00090-4
http://doi.org/10.1021/ja027759q
http://www.ncbi.nlm.nih.gov/pubmed/12487595
http://doi.org/10.1016/j.jconrel.2005.06.002
http://doi.org/10.1021/la047367s
http://doi.org/10.1038/nbt1171
http://doi.org/10.1002/masy.19961010128
http://doi.org/10.1021/ja00177a027
http://doi.org/10.1097/00001813-199909000-00010
http://doi.org/10.1021/bc0000583
http://www.ncbi.nlm.nih.gov/pubmed/11087341
http://doi.org/10.1016/S0378-5173(03)00132-7
http://www.ncbi.nlm.nih.gov/pubmed/12711167
http://doi.org/10.1016/j.ijpharm.2004.07.006

Int. . Mol. Sci. 2023, 24, 2757 40 of 42

168.

169.
170.

171.

172.

173.

174.

175.

176.
177.
178.
179.
180.
181.
182.
183.
184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Khopade, A.J.; Caruso, F. Stepwise self-assembled poly(amidoamine) dendrimer and poly(styrenesulfonate) microcapsules as
sustained delivery vehicles. Biomacromolecules 2002, 3, 1154-1162. [CrossRef]

Boas, U.; Heegaard, PM.H. Dendrimers in drug research. Chem. Soc. Rev. 2004, 33, 43-63. [CrossRef]

Chauhan, A.S; Sridevi, S.; Chalasani, K.B.; Jain, A K; Jain, S.K,; Jain, N.K.; Diwan, P.V. Dendrimer-mediated transdermal delivery:
Enhanced bioavailability of indomethacin. J. Control. Release 2003, 90, 335-343. [CrossRef]

Lesinski, G.B.; Sharma, S.; Varker, K.A.; Sinha, P.; Ferrari, M.; Carson, W.E., III. Release of biologically functional interferon-alpha
from a nanochannel delivery system. Biomed. Microdevices 2005, 7, 71-79. [CrossRef]

Venugopal, J.; Ramakrishna, S. Applications of polymer nanofibers in biomedicine and biotechnology. Appl. Biochem. Biotechnol.
2005, 125, 147-157. [CrossRef]

Yoo, H.S.; Park, T.G. Folate-receptor-targeted delivery of doxorubicin nano-aggregates stabilized by doxorubicin-PEG-folate
conjugate. J. Control. Release 2004, 100, 247-256. [CrossRef] [PubMed]

Zahr, A.S.; de Villiers, M.; Pishko, M.V. Encapsulation of drug nanoparticles in self-assembled macromolecular nanoshells.
Langmuir 2005, 21, 403—410. [CrossRef] [PubMed]

Kumar, R.; Chen, M.H.; Parmar, V.S.; Samuelson, L.A.; Kumar, J.; Nicolosi, R.; Yoganathan, S.; Watterson, A.C. Supramolecular
assemblies based on copolymers of PEG600 and functionalized aromatic diesters for drug delivery applications. . Am. Chem. Soc.
2004, 126, 10640-10644. [CrossRef] [PubMed]

Senapati, S.; Mahanta, A.K.; Kumar, S.; Maiti, P. Controlled drug delivery vehicles for cancer treatment and their performance.
Sig. Transduct. Target. Ther. 2018, 3, 7.

Wang, N.; Cheng, X.; Li, N.; Wang, H.; Chen, H. Nanocarriers and Their Loading Strategies. Adv. Healthc. Mater. 2019, 8, 1801002.
[CrossRef]

West, K.R.; Otto, S. Reversible Covalent Chemistry in Drug Delivery. Curr. Drug Discov. Technol. 2005, 2, 123-160. [CrossRef]
Doane, T.; Burda, C. Nanoparticle mediated non-covalent drug delivery. Adv. Drug Deliv. Rev. 2013, 65, 607-621. [CrossRef]
Kumari, A.; Singla, R.; Guliani, A.; Yadav, S.K. Nanoencapsulation for drug delivery. Excli. ]. 2014, 13, 265-286.

Shi, ].; Kantoff, PW.; Wooster, R.; Farokhzad, O.C. Cancer nanomedicine: Progress, challenges and opportunities. Nat. Rev. Cancer
2017, 17, 20-37.

Chen, H.; Zhang, W.; Zhu, G; Xie, J.; Chen, X. Rethinking cancer nanotheranostics. Nat. Rev. Mater. 2017, 2, 17024. [CrossRef]
[PubMed]

Gu, Y.-].; Cheng, J.; Jin, J.; Cheng, S.H.; Wong, W.-T. Development and evaluation of pH-responsive single-walled carbon
nanotube-doxorubicin complexes in cancer cells. Int. ]. Nanomed. 2011, 6, 2889-2898.

Weng, Q.; Wang, X.; Wang, X.; Bando, Y.; Golberg, D. Functionalized hexagonal boron nitride nanomaterials: Emerging properties
and applications. Chem. Soc. Rev. 2016, 45, 3989-4012. [CrossRef] [PubMed]

Zhitnyak, I.; Bychkov, I.; Sukhorukova, I.V.; Kovalskii, A.M.; Firestein, K.; Golberg, D.; Gloushankova, N.; Shtansky, D.V. Effect
of BN nanoparticles loaded with doxorubicin on tumor cells with multiple drug resistance. ACS Appl. Mater. Interfaces 2017, 9,
32498-32508. [CrossRef]

Khalifi, M.E.; Bentin, J.; Duverger, E.; Gharbi, T.; Boulahdour, H.; Picaud, F. Encapsulation capacity and natural payload delivery
of an anticancer drug from boron nitride nanotube. Phys. Chem. Chem. Phys. 2016, 18, 24994-25001. [CrossRef] [PubMed]

Chen, Y,; Tan, C.L.; Zhang, H.; Wang, L.Z. Two-dimensional graphene analogues for biomedical applications. Chem. Soc. Rev.
2015, 44, 2681-2701. [CrossRef] [PubMed]

Feng, L.Y.; Wu, L.; Qu, X.G. New horizons for diagnostics and therapeutic applications of graphene and graphene oxide. Adv.
Mater. 2013, 25, 168-186. [CrossRef]

Zhao, H.; Li, L.; Zheng, C.; Hao, Y.; Niu, M.; Hu, Y,; Chang, J.; Zhang, Z.; Wang, L. An intelligent dual stimuli-responsive
photosensitizer delivery system with O2-supplying for efficient photodynamic therapy. Colloids Surf. B Biointerfaces 2018, 167,
299-309. [CrossRef]

Golberg, D.; Bando, Y.; Huang, Y.; Terao, T.; Mitome, M.; Tang, C.; Zhi, C. Boron nitride nanotubes and nanosheets. ACS Nano
2010, 4, 2979-2993. [CrossRef]

Chimene, D.; Alge, D.L.; Gaharwar, A K. Two-dimensional nanomaterials for biomedical applications: Emerging trends and
future prospects. Adv. Mater. 2015, 27, 7261-7284. [CrossRef]

Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O.C. Degradable Controlled-Release Polymers and Polymeric Nanoparticles:
Mechanisms of Controlling Drug Release. Chem. Rev. 2016, 116, 2602-2663. [CrossRef] [PubMed]

Liu, Z.; He, H. Synthesis and Applications of Boronate Affinity Materials: From Class Selectivity to Biomimetic Specificity. Acc.
Chem. Res. 2017, 50, 2185-2193. [CrossRef] [PubMed]

Brooks, W.L.A.; Sumerlin, B.S. Synthesis and Applications of Boronic Acid-Containing Polymers: From Materials to Medicine.
Chem. Rev. 2016, 116, 1375-1397. [CrossRef]

Li, D.; Chen, Y,; Liu, Z. Boronate affinity materials for separation and molecular recognition: Structure, properties and applications.
Chem. Soc. Rev. 2015, 44, 8097-8123. [CrossRef] [PubMed]

Lu, C; Li, H.; Wang, H.; Liu, Z. Probing the interactions between boronic acids and cis-diol-containing biomolecules by affinity
capillary electrophoresis. Anal. Chem. 2013, 85, 2361-2369. [CrossRef]

Yan, J.; Springsteen, G.; Deeter, S.; Wang, B. The relationship among pKa, pH, and binding constants in the interactions between
boronic acids and diols-it is not as simple as it appears. Tetrahedron 2004, 60, 11205-11209. [CrossRef]


http://doi.org/10.1021/bm025562k
http://doi.org/10.1039/b309043b
http://doi.org/10.1016/S0168-3659(03)00200-1
http://doi.org/10.1007/s10544-005-6174-8
http://doi.org/10.1385/ABAB:125:3:147
http://doi.org/10.1016/j.jconrel.2004.08.017
http://www.ncbi.nlm.nih.gov/pubmed/15544872
http://doi.org/10.1021/la0478595
http://www.ncbi.nlm.nih.gov/pubmed/15620331
http://doi.org/10.1021/ja039651w
http://www.ncbi.nlm.nih.gov/pubmed/15327322
http://doi.org/10.1002/adhm.201801002
http://doi.org/10.2174/1570163054866882
http://doi.org/10.1016/j.addr.2012.05.012
http://doi.org/10.1038/natrevmats.2017.24
http://www.ncbi.nlm.nih.gov/pubmed/29075517
http://doi.org/10.1039/C5CS00869G
http://www.ncbi.nlm.nih.gov/pubmed/27173728
http://doi.org/10.1021/acsami.7b08713
http://doi.org/10.1039/C6CP01387B
http://www.ncbi.nlm.nih.gov/pubmed/27711377
http://doi.org/10.1039/C4CS00300D
http://www.ncbi.nlm.nih.gov/pubmed/25519856
http://doi.org/10.1002/adma.201203229
http://doi.org/10.1016/j.colsurfb.2018.04.011
http://doi.org/10.1021/nn1006495
http://doi.org/10.1002/adma.201502422
http://doi.org/10.1021/acs.chemrev.5b00346
http://www.ncbi.nlm.nih.gov/pubmed/26854975
http://doi.org/10.1021/acs.accounts.7b00179
http://www.ncbi.nlm.nih.gov/pubmed/28849912
http://doi.org/10.1021/acs.chemrev.5b00300
http://doi.org/10.1039/C5CS00013K
http://www.ncbi.nlm.nih.gov/pubmed/26377373
http://doi.org/10.1021/ac3033917
http://doi.org/10.1016/j.tet.2004.08.051

Int. . Mol. Sci. 2023, 24, 2757 41 of 42

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Stubelius, A.; Lee, S.; Almutairi, A. The Chemistry of Boronic Acids in Nanomaterials for Drug Delivery. Acc. Chem. Res. 2019, 52,
3108-3119. [CrossRef]

Matsumoto, A.; Cabral, H.; Sato, N.; Kataoka, K.; Miyahara, Y. Assessment of Tumor Metastasis by the Direct Determination of
Cell-Membrane Sialic Acid Expression. Angew. Chem. Int. Ed. 2010, 49, 5494-5497. [CrossRef]

Zimmet, P; Alberti, K.G.; Magliano, D.J.; Bennett, PH. Diabetes Mellitus Statistics on Prevalence and Mortality: Facts and
Fallacies. Nat. Rev. Endocrinol. 2016, 12, 616—622. [CrossRef]

Owens, D.R.; Zinman, B.; Bolli, G.B. Insulins Today and Beyond. Lancet 2001, 358, 739-746. [CrossRef]

Banting, F.G.; Best, C.H. The Internal Secretion of The Pancreas. J. Lab. Clin. Med. 1922, 7, 251-266.

Dunn, M.E. Zinc-Ligand Interactions Modulate Assembly and Stability of the Insulin Hexamer—A Review. BioMetals 2005, 18,
295-303. [CrossRef] [PubMed]

Lee, ].Y.; Chung, S.J.; Cho, H].; Kim, D.D. Phenylboronic Acid-Decorated Chondroitin Sulfate A-Based Theranostic Nanoparticles
for Enhanced Tumor Targeting and Penetration. Adv. Funct. Mater. 2015, 25, 3705-3717. [CrossRef]

Zhao, D.; Xu, J.Q.; Yi, X.Q.; Zhang, Q.; Cheng, S.X.; Zhuo, R.X,; Li, F. pH-Activated Targeting Drug Delivery System Based on the
Selective Binding of Phenylboronic Acid. ACS Appl. Mater. Interfaces 2016, 8, 14845-14854. [CrossRef] [PubMed]

Negri, G.E.; Deming, T.]. Protein Complexation and pH Dependent Release Using Boronic Acid Containing PEG-Polypeptide
Copolymers. Macromol. Biosci. 2017, 17, 1600136. [CrossRef] [PubMed]

Yoshinaga, N.; Uhida, S.; Dirisala, A.; Naito, M.; Osada, K.; Cabral, H.; Kataoka, K. mRNA loading into ATP-responsive polyplex
micelles with optimal density of phenylboronate ester crosslinking to balance robustness in the biological milieu and intracellular
translational efficiency. J. Control. Release 2021, 330, 317-328. [CrossRef]

Yoshinaga, N.; Uhida, S.; Dirisala, A.; Naito, M.; Koji, K.; Osada, K.; Cabral, H.; Kataoka, K. Bridging mRNA and Polycation
Using RNA Oligonucleotide Derivatives Improves the Robustness of Polyplex Micelles for Efficient mRNA Delivery. Adv. Healthc.
Mater. 2022, 11, €2102016. [CrossRef]

Yoshinaga, N.; Ishii, T.; Naito, M.; Endo, T.; Uhida, S.; Osada, HK. Kataoka, K. Polyplex Micelles with Phenyl-
boronate/Gluconamide Cross-Linking in the Core Exerting Promoted Gene Transfection through Spatiotemporal Responsivity to
Intracellular pH and ATP Concentration. J. Am. Chem. Soc. 2017, 139, 18567-18575. [CrossRef]

Naito, M.; Ishii, T.; Matsumoto, A.; Miyata, K.; Miyahara, Y.; Kataoka, K. A Phenylboronate-Functionalized Polyion Complex
Micelle for ATPTriggered Release of siRNA. Angew. Chem. Int. Ed. 2012, 51, 10751-10755. [CrossRef]

Zhang, Z.Y.; Smith, B.D. Anionic Saccharides Activate Liposomes Containing Phospholipids Bearing a Boronic Acid for Ca?t-
Dependent Fusion. J. Am. Chem. Soc. 1998, 120, 7141-7142. [CrossRef]

Vandenburg, Y.R.; Zhang, Z.Y.; Fishkind, D.J.; Smith, B.D. Enhanced cell binding using liposomes containing an artificial
carbohydrate-binding receptor. Chem. Commun. 2000, 2, 149-150. [CrossRef]

Zhang, X.; Alves, D.S.; Lou, J.; Hill, S.D.; Barrerea, F.N.; Best, M.D. Boronic Acid Liposomes for Cellular Delivery and Content
Release Driven by Carbohydrate Binding. Chem. Commun. 2018, 54, 6169—-6172. [CrossRef] [PubMed]

Qualla, M.L.; Hagewood, H.; Lou, J.; Mattern-Schain, S.I.; Zhang, X.; Mountain, D.J.; Best, M.D. Bis-Boronic Acid Liposomes for
Carbohydrate Recognition and Cellular Delivery. ChemBioChem 2022, 23, €202200402.

Li, J.; Dirisala, A.; Ge, Z.; Wang, Y.; Yin, W.; Ke, W,; Toh, K,; Xie, ]J.; Matsumoto, Y.; Anraku, Y.; et al. Therapeutic Vesicular
Nanoreactors with Tumor-Specific Activation and Self-Destruction for Synergistic Tumor Ablation. Angew. Chem. Int. Ed. 2017,
129, 14213-14218. [CrossRef]

Boensa, N.; Verbelena, B.; Ortizb, M.].; Jiaoc, L.; Dehaena, W. Synthesis of BODIPY dyes through postfunctionalization of the
boron dipyrromethene core. Coord. Chem. Rev. 2019, 399, 213024. [CrossRef]

Zhao, J.; Wu, W,; Sun, J.; Guo, S. Triplet photosensitizers: From molecular design to applications. Chem. Soc. Rev. 2013, 42,
5323-5351. [CrossRef]

Xue, Y.; Bai, H.; Peng, B.; Fang, B.; Baell, J.; Li, L.; Huang, W.; Voelcker, N.H. Stimulus-cleavable chemistry in the field of controlled
drug delivery. Chem. Soc. Rev. 2021, 50, 4872-4931.

Majumdar, P; Yuan, X.; Li, S.; Le, B.; Guennic, J.; Ma, C.; Zhang, D.; Zhao Jacqueminde, J. Cyclometalated Ir(III) complexes with
styryl-BODIPY ligands showing near IR absorption/emission: Preparation, study of photophysical properties and application as
photodynamic/luminescence imaging materials. J. Mater. Chem. B 2014, 2, 2838-2854. [CrossRef] [PubMed]

Sabatini, R.P.; McCormick, T.M.; Lazarides, T.; Wilson, K.C.; Eisenberg, R.; McCamant, D.W. Intersystem crossing in halogenated
bodipy chromophores used for solar hydrogen production. J. Phys. Chem. Lett. 2011, 2, 223-227. [CrossRef]

Kowada, T.; Maeda, H.; Kikuchi, K. BODIPY-based probes for the fluorescence imaging of biomolecules in living cells. Chem. Soc.
Rev. 2015, 44, 4953-4972. [CrossRef]

Bonardi, L.; Kanaan, H.; Camerel, F; Jolinat, P; Retailleau, P.; Ziessel, R. Fine-tuning of yellow or red photo- and electrolumines-
cence of functional difluoro boradiazaindacene films. Adv. Funct. Mater. 2008, 18, 401-413. [CrossRef]

Findlay, N.J.; Bruckbauer, J.; Inigo, A.R.; Breig, B.; Arumugam, S.; Wallis, D.].; Martin, R W.; Skabara, P.J. An organic down-
converting material for white-light emission from hybrid LEDs. Adv. Mater. 2014, 26, 7290-7294. [CrossRef]

Mahmood, Z.; Zhao, J. Thiol-activatable triplet-triplet annihilation upconversion with maleimide-perylene as the caged triplet
acceptor/emitter. J. Org. Chem. 2016, 81, 587-594. [CrossRef] [PubMed]


http://doi.org/10.1021/acs.accounts.9b00292
http://doi.org/10.1002/anie.201001220
http://doi.org/10.1038/nrendo.2016.105
http://doi.org/10.1016/S0140-6736(01)05842-1
http://doi.org/10.1007/s10534-005-3685-y
http://www.ncbi.nlm.nih.gov/pubmed/16158220
http://doi.org/10.1002/adfm.201500680
http://doi.org/10.1021/acsami.6b04737
http://www.ncbi.nlm.nih.gov/pubmed/27229625
http://doi.org/10.1002/mabi.201600136
http://www.ncbi.nlm.nih.gov/pubmed/27282493
http://doi.org/10.1016/j.jconrel.2020.12.033
http://doi.org/10.1002/adhm.202102016
http://doi.org/10.1021/jacs.7b08816
http://doi.org/10.1002/anie.201203360
http://doi.org/10.1021/ja980856s
http://doi.org/10.1039/a908142i
http://doi.org/10.1039/C8CC00820E
http://www.ncbi.nlm.nih.gov/pubmed/29809225
http://doi.org/10.1002/ange.201706964
http://doi.org/10.1016/j.ccr.2019.213024
http://doi.org/10.1039/c3cs35531d
http://doi.org/10.1039/C4TB00284A
http://www.ncbi.nlm.nih.gov/pubmed/32261478
http://doi.org/10.1021/jz101697y
http://doi.org/10.1039/C5CS00030K
http://doi.org/10.1002/adfm.200700697
http://doi.org/10.1002/adma.201402661
http://doi.org/10.1021/acs.joc.5b02415
http://www.ncbi.nlm.nih.gov/pubmed/26694534

Int. . Mol. Sci. 2023, 24, 2757 42 of 42

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

Nguyen, V.-N.; Ha, J.; Cho, M,; Li, H.; Swamy, KM.K.; Yoon, ]. Recent developments of BODIPY-based colorimetric and
fluorescent probes for the detection of reactive oxygen/nitrogen species and cancer diagnosis. Coord. Chem. Rev. 2021, 439, 213936.
[CrossRef]

Liu, P; Zhang, T.; Chen, Q.; Li, C.; Chu, Y,; Guo, Q.; Zhang, Y.; Zhou, W.; Chen, H.; Zhou, Z.; et al. Biomimetic Dendrimer—Peptide
Conjugates for Early Multi-Target Therapy of Alzheimer’s Disease by Inflammatory Microenvironment Modulation. Adv. Mater.
2021, 33, 2100746. [CrossRef]

Maiti, P.; Manna, J.; Burch, Z.N.; Flaherty, D.B.; Larkin, ].D.; Dunbar, G.L. Ameliorative Properties of Boronic Compounds in In
Vitro and In Vivo Models of Alzheimer’s Disease. Int. J. Mol. Sci. 2020, 21, 6664. [CrossRef] [PubMed]

Kucukdogru, R.; Turkez, H.; Arslan, M.E.; Tozlu, O.O.; Sonmez, E.; Mardinoglu, A.; Cacciatore, I.; Stefano, A.D. Neuroprotective
effects of boron nitride nanoparticles in the experimental Parkinson’s disease model against MPP+ induced apoptosis. Metab.
Brain Dis. 2020, 35, 947-957. [CrossRef] [PubMed]

Zhu, Y.; Prommana, P.; Hosmane, N.S.; Coghi, P.; Uthaipibull, C.; Zhang, Y. Functionalized Boron Nanoparticles as Potential
Promising Antimalarial Agents. ACS Omega 2022, 7, 5864-5869. [CrossRef]

Garcia, E.C.; Lozano, C.; Iriepa, C.G.; Marazzi, M.; Winter, A.H.; Torres, C.; Sampedro, D. Controlling Antimicrobial Activity of
Quinolones Using Visible/NIR Light-Activated BODIPY Photocages. Pharmaceutics 2022, 14, 1070. [CrossRef]

Andersen, N.S.; Peiré Cadahia, J.; Previtali, V.; Bondebjerg, J.; Hansen, C.A.; Hansen, A.E.; Andresen, T.L.; Clausen, M.H.
Methotrexate prodrugs sensitive to reactive oxygen species for the improved treatment of rheumatoid arthritis. Eur. J. Med. Chem.
2018, 156, 738-746. [CrossRef]

Kumar, R.; Han, J.; Lim, H.-J.; Ren, W.X.; Lim, J.-Y.; Kim, J.-H.; Kim, J.S. Mitochondrial induced and self-monitored intrinsic
apoptosis by antitumor theranostic prodrug: In Vivo imaging and precise cancer treatment. . Am. Chem. Soc. 2014, 136,
17836-17843. [CrossRef] [PubMed]

Vallet-Regi, M.; Ruiz-Heriandez, E. Bioceramics: From bone regeneration to cancer nanomedicine. Adv. Mater. 2011, 23,
5177-5218. [CrossRef] [PubMed]

WU, Y.Y,; Ye, S.; Yao, A.H,; Li, H; Jia, W.T.; Huang, W.H.; Wang, D.P. Effect of gas-foaming porogen-NaHCOj3 and citric acid on
the properties of injectablemacroporous borate bioactive glass cement. J. Inorg. Mater. 2017, 32, 777-784.

Li, H.B.; Wang, D.P; Wu, Y.Y.; Yao, A.H.; Ye, S. Effect of citric acid concentration on the properties of borate glass bone cement. J.
Inorg. Mater. 2017, 32, 831-836.

Balasubramanian, P; Biittner, T.; Miguez Pacheco, V.; Boccaccini, A.R. Boron-containing bioactive glasses in bone and soft tissue
engineering. J. Eur. Ceram. Soc. 2018, 38, 855-869. [CrossRef]

Winet, H. The role of microvasculature in normal and perturbed bone healing as revealed by intravitalmicroscopy. Borne 1996, 19,
39S-57S. [CrossRef]

Xia, L.; Ma, W.; Zhou, Y.; Gui, Z.; Yao, A.; Wang, D.; Takemura, A.; Uemura, M.; Lin, K.; Xu, Y. Stimulatory Effects of Boron
Containing Bioactive Glass on Osteogenesis and Angiogenesis of Polycaprolactone: In Vitro Study. Biomed. Res. Int. 2019, 2019,
8961409. [CrossRef]

Zheng, K.; Fan, Y,; Torre, E.; Balasubramanian, P.; Taccardi, N.; Cassinelli, C.; Morra, M.; Iviglia, G.; Boccaccini, A.R. Incorporation
of Boron in Mesoporous Bioactive Glass Nanoparticles Reduces Inflammatory Response and Delays Osteogenic Differentiation.
Part. Part. Syst. Charact. 2020, 37, 2000054. [CrossRef]

Cal, F; Arslan, T.S.; Derkus, B.; Kiran, F.; Cengiz, U.; Arslan, Y.E. Synthesis of Silica-Based Boron-Incorporated Collagen/Human
Hair Keratin Hybrid Cryogels with the Potential Bone Formation Capability. ACS Appl. Bio Mater. 2021, 4, 7266-7279. [CrossRef]

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.


http://doi.org/10.1016/j.ccr.2021.213936
http://doi.org/10.1002/adma.202100746
http://doi.org/10.3390/ijms21186664
http://www.ncbi.nlm.nih.gov/pubmed/32933008
http://doi.org/10.1007/s11011-020-00559-6
http://www.ncbi.nlm.nih.gov/pubmed/32215836
http://doi.org/10.1021/acsomega.1c05888
http://doi.org/10.3390/pharmaceutics14051070
http://doi.org/10.1016/j.ejmech.2018.07.045
http://doi.org/10.1021/ja510421q
http://www.ncbi.nlm.nih.gov/pubmed/25402959
http://doi.org/10.1002/adma.201101586
http://www.ncbi.nlm.nih.gov/pubmed/22009627
http://doi.org/10.1016/j.jeurceramsoc.2017.11.001
http://doi.org/10.1016/S8756-3282(96)00133-0
http://doi.org/10.1155/2019/8961409
http://doi.org/10.1002/ppsc.202000054
http://doi.org/10.1021/acsabm.1c00805

	Introduction 
	Types of Drug Delivery Methods 
	Buccal Drug Delivery 
	Nasal Drug Delivery 
	Ocular Drug Delivery 
	Oral Drug Delivery 
	Pulmonary Drug Delivery 
	Sublingual Drug Delivery 
	Transdermal Drug Delivery 
	Vaginal/Anal Drug Delivery 

	Types of Materials Used in Drug Delivery 
	Polymers 
	Nanoparticles 
	Nanocapsules 
	Nanotubes 
	Nanogels 
	Dendrimers 
	Novel Systems 

	Controlling Parameters for DDS 
	Drug Loading Strategies 
	Covalent Bonding 
	Non-Covalent Adsorption 
	Drug Encapsulation 


	Boron Nitride in Drug Delivery 
	Boronic Acid-Based Drug Delivery 
	BODIPY-Based Drug Delivery 
	Boron-Based Materials for Other Diseases 
	Boron-Based Materials in Other Applications 
	Conclusions 
	References

