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drug delivery by targeting cell surface glycans

’ M) Check for updates ‘

Cite this: RSC Pharm., 2024, 1, 403

*3 \/enkatesh Ravula,® Srinivas Batthula,®
9 and Ramesh Gondru*€

Venkanna Muripiti,
Janardhan Banothu

Gene mutations within cells can lead to cancer, a global health challenge affecting millions worldwide. In
combating cancer, various treatments such as surgery, radiotherapy, and chemotherapy have been
employed. However, the distinct underlying genetic abnormalities causing the cancer are sometimes not
addressed by conventional treatments. Adding to these obstacles, targeted therapy is another continuing
challenge in cancer treatment. According to recent reports, phenylboronic acid (PBA)-decorated nano-
particles efficiently transfer genes to the intended location due to their strong affinity for sialic acid (SA),
which is typically overexpressed in cancerous cells. These PBA-decorated nanoparticles may connect to
cancer cells specifically, which enables them to target and deliver the cargo to cancer cells. Therefore,
the present review concentrates on the role of PBA-decorated nanoparticles in gene/drug delivery. It
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includes a discussion on various boronic acid (BA)-conjugated macromolecules. We begin with an
exploration of the chemistry underlying BA and its utility in effective delivery. Furthermore, the review
elaborates on its application as a targeting ligand, providing a promising avenue for more precise and
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1. Introduction

Cancer is the collective name for a wide variety of diseases that
are caused by the uncontrolled proliferation of malignant
cells. All cancers begin with faulty proteins involved in the
cell’s regeneration process that are encoded by mutated genes
(oncogenes)." The World Health Organization (WHO) reported
cancer as the second largest cause of death worldwide after
cardiovascular diseases (CVDs), with an estimated 10 million
deaths each year, a number estimated to reach ~30 million in
2040.>”* Currently, chemotherapy is used to cure cancer by
killing or inhibiting the proliferation of cancerous cells.
However, lack of specificity, the drug resistance of cancer cells,
and significant side-effects from killing normal cells limit
the therapeutic potency of most available chemotherapeutic
drugs.’ Therefore, early detection of cancer cells and the devel-
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effective cancer treatment strategies.

opment of new cancer diagnostic methods and novel anti-
cancer agents (with maximum efficacy and low toxicity) are
essential for early treatment and speedy recovery.® Most of the
current traditional methods rely on the identification of
tumor-related biomarkers. The major part of these biomarkers
include cell surface glycoproteins and their components such
as cancer antigen 125 (CA125), cluster of differentiation 44
(CD44), prostate-specific membrane antigen (PSMA), and
Mucin1 (MUC1).” "

Among the many sugars that make up glycoproteins on the
cell surface, sialic acids (SAs) located at the terminal end of
glycans are of critical importance in the detection and therapy
of various cancers.'>'® SAs are nine-carbon backbone mono-
saccharides usually found as terminal residues of cell surface
glycoconjugates (glycoproteins and glycolipids)* and are
closely associated with several diseases, including cancers/
tumors.">"® The distribution of SAs is ubiquitous, being
secreted as glycoconjugates in vertebrates and ‘higher’ invert-
ebrates, and they can mediate or modulate a variety of physio-
logical'” and pathological processes (infection and survival of
pathogens), and help with cell-cell and cell-pathogen com-
munication, including cell adhesion and immune responses.*®
SAs have many structural and modulatory roles due to their
negative charge and hydrophilicity.'® They act as a component
of binding sites for various pathogens and toxins, and finally,
by ‘molecular mimicry’, allow successful pathogenic microbes
to adhere with SAs thus abetting host immune evasion.'*?°7
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For instance, hemagglutinin (HGN), a protein found on the
surface of influenza viruses, binds to SAs in human respiratory
cells. This binding initiates the infection process. However,
different influenza strains can adhere to different types of SAs
due to differences in their hyaluronic acid (HA) structures. It is
worth noting that certain strains can change to develop
additional SA-binding capabilities, potentially resulting in new
epidemics.?®

SA overexpression is a common manifestation in cancer-
associated cells for their progression, poor prognosis, and
high metastatic potential. Hence, monitoring, analyzing, and
controlling cancer cells through the recognition of specific
binding sites of SA would be essential in diagnostic and thera-
peutic applications.’>?”73® However, efficacy and selectivity in
SA on the tumor cell surface remain a challenge to the scienti-
fic community.” SA has a complicated and intricate involve-
ment in cancer genesis, progression, and therapy. Cancer cells
frequently have increased sialic acid expression in comparison
with healthy cells. This increase may be attributed to certain
enzymes involved in SA production (sialyltransferases).?* Sialic
acids enhance adhesion and motility by allowing cells to inter-
act with other molecules in the tumor microenvironment. This
can promote tumor invasion and metastasis.’” Increased sialy-
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lation protects cancer cells from immune cell detection and
attack. This enables tumors to evade immune monitoring and
grow unrestrained. SAs can contribute to drug resistance by
inhibiting the binding and absorption of therapeutic medi-
cines at their target locations on cancer cells.*

Presently, attention in research is directed towards non-tra-
ditional chemotherapies, such as targeted drug delivery, since
they have the potential to boost the drug’s bioavailability to
tumor tissues.*® In recent years, targeted drug delivery systems
(DDSs) have gained immense attention due to their enhanced
biocompatibility with cancer cells,>** rich specific surface
areas, and reduced metastases.>® Among them, boronic acid
(BA) and its derivatives have attracted considerable attention
as target substances due to their specificity and selectivity
towards SAs on the tumor surface.’”*® In addition, at pH 8.8,
BA forms a cyclic trigonal planar structure with SA, which can
be made reversible at lower pH. This attribute can be exploited
for drug delivery®>*® (Fig. 1). Lewis bases contribute electrons
to boric acids because of their empty orbitals. SA acts as a
Lewis base because its hydroxyl groups deprotonate at around
pH 8.8, acquiring a negative charge and increased electron-
donating capacity. The interaction of SAs’ negatively charged
hydroxyl groups with the empty orbital of boron generates a
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Fig. 1 The schematic paradigm of the gene/drug delivery system showing crucial aspects of understanding the delivery process.
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reversible covalent bond. The geometry of the coordinating
atoms and boron usually results in a cyclic trigonal planar
structure. The fact that this interaction is pH-dependent is
critical in drug delivery. The deprotonated hydroxyl groups
cause significant interaction between BA and SA at physiologi-
cal pH (about 7.4). This permits the boron-based chemical to
transport a drug molecule linked to it. However, when the
complex enters the cell’s slightly more acidic environment
(about pH 6.8), protonation of the hydroxyl groups weakens
the BA-SA connection. This causes the drug molecule to be
released into the mammalian cell’s cytoplasm.*®*!

BA is less toxic, acts as a Lewis acid and it is
biocompatible.**** It has been known that sialylated epitopes
on the surface of cancer cells can selectively interact with BA
and its derivatives. This interaction can effectively control
cancer cell adherence and recognition.*>*® Additionally, BA-
based nanoparticles exhibit greater stability throughout circu-
lation in the bloodstream and adequate uptake by target
cells.*”*® This review offers a comprehensive insight into
the latest applications of SA-targeted biomaterials, encompass-
ing (1) the significance of BA chemistry in drug/gene delivery,
(2) the functionality of phenylboronic acid (PBA)
nanoparticles employed in drug/gene delivery, (3) hybrid
vectors combining BA and peptides for gene/drug delivery, and
(4) hybrid nanoparticles comprising polymer-conjugated PBA
vectors for the delivery of siRNA, drugs, and genes. Finally, we
outline a framework for the future progress in SA-targeted
biomaterials.
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2. Role of boronic acid (BA)
chemistry in drug/gene delivery

Boronic acids (BAs) are commonly referred to as Lewis acids,
with pK, values of 4-10.>**° The pK, values vary depending on
the type of substituents on the aromatic ring of BA as follows:
if an electron-withdrawing group (EWG) is present, the pkK,
value will decrease, while if an electron-donating group (EDG)
is present, the pK, value will increase.*® BA and its derivatives
bind covalently to cis-1,2 or 1,3-diols (common motifs of
sugars) with high affinity through reversible five- or six-mem-
bered boronate ester formation in an aqueous medium
(Fig. 2). Because of the sugar-binding ability of BAs, there have
been studies on synthetic mimics of carbohydrate-binding pro-
teins (lectins), termed ‘borono-lectins’.’®**>® Also, such
binding fosters use of BAs as recognition moieties in the devel-
opment of carbohydrate, fluorometric, and calorimetric
sensors and artificial receptors.®”>*

BA and its ester usually exist in a neutral trigonal planar
form (at physiological pH) similar to the carbocation.*>* Also,
the central boron atom is isoelectronic with the carbon cation
and both have an empty p-orbital. In contrast to a carbocation,
the mild Lewis acidic nature of the boron atom readily allows
establishing reversible covalent bonds with nucleophiles like
oxygen found in reactive oxygen species (ROS) and nitrogen in
aqueous environments at a pH value higher than the pK,.*®
This Lewis acid-base reaction results in the interconversion of
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Ka.acia = Acidity constant of boronic acid

Ka.ester = Acidity constant of boronic ester
Keq-trig = Equilibrium constant of trigonal form
Keqg-tet = Equilibrium constant of tetrahedral form

Interaction of PBA and its derivatives with cis-diols leads to boronate esters.
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the central boron atom from an uncharged trigonal planar®”
(trig) geometry to an anionic tetrahedral (tet) structure, which
is iso-electronically equivalent to a neutral sp>-hybridized qua-
ternary carbon.’®>° Hence, the equilibrium between the two
forms (neutral-sp> and ionized-sp®) depends on the pK, values
of BAs. The tumor microenvironment acts as a reduced buffer,
donating electrons, while boron (in BA) itself acts as a Lewis
acid; hence BA-containing nanoparticles act as Lewis acids,
causing a shift in the boronic acid structure to the anionic
tetrahedral type.°”®' BA-based nanoparticles with a specific
morphology influence the release of the drug/gene from the
nanoparticle into the cytosol®>®® (Fig. 1).

3. Functions of phenylboronic acid
(PBA) nanoparticles in drug/gene
delivery

Over the past few decades, nanotechnology has been exten-
sively studied and exploited increasingly for use in cancer
therapy, including applications in diagnosis and precise target-
ing. It can play a significant role in DDSs and has the potential
to overcome various drawbacks associated with conventional
formulations and hence can revolutionize the approaches to
drug delivery for meticulous therapeutic procedures.®**® PBA
and its derivatives as target substances are the most studied as
they specifically recognize SAs that are aberrantly expressed
(hyper sialylation) on the tumor cell surface during tumor
transformation and malignant progression.”””®” In addition,
less-toxic and non-immunogenic properties of PBA make it an
attractive ligand for targeting tumor cells. Compared to con-

(o] OH o 0
OH
N9 1 ~o-TOHY o0
HO'
HN\[//O H
HACE-AMPB 3

Fig. 3 Representative examples of targeted synthetic cationic lipids.
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ventional drugs, the interaction of surface-functionalized NPs
with SA has the potential to achieve precise targeting of malig-
nant tissues/cells, by enhancing permeability, transport across
biological barriers, biocompatibility and stability.*®*°

Qiao Tang et al. reported PBA-derived lipid NPs for messen-
ger RNA (mRNA) delivery and CRISPR/Cas9 genome editing.
The experimental results revealed that PBA-BADP/mRNA NPs
showed 300 times higher luciferase activity for reporter-gene
expression in cancer cells compared to noncancerous cells.
Furthermore, they demonstrated that PBA-BADP (Fig. 3) selec-
tively prohibits cancer cell growth when it delivers the
P53 mRNA gene, while delivery of PBA-BADP/Cas9 mRNA NPs
knocks out the gene-expression of Henrietta Lacks (HeLa) cells
with maximum efficacy than in normal cells.”” Ruonan Wang
et al. reported an interesting finding that PBA modification
can greatly expedite the lysosomal escape of cylindrical
polymer brushes (CPBs) and further promote their exocytosis
and transcellular translocation. They hypothesized that the
mechanism of PBA-augmented lysosomal escape is linked to
specific interactions of the PBA group with the lysosomal
membrane proteins and heat shock proteins (HSPs). They also
stated that their PBA modification has a prominent edge over
the known lysosomal escape strategies in that the former does
not cause notable detrimental effects on the properties of the
CPBs (Fig. 3); on the contrary, it enhances their tumor accumu-
lation and penetration exponentially.”*

Won Jung Kim et al. developed a glucose-responsive con-
tinuous insulin (GRCI) release system by creating a novel
design of polyhedral oligosilsesquioxane (POSS) modified with
3-aminophenylboronic acid (APBA). This modification not only
resulted in a high insulin entrapment efficiency of 73.2%
(Fig. 3), but also ensured a rapid response, effective distri-
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bution, and outstanding biocompatibility. Furthermore, they
explored the effective release of insulin stimulated by glucose
from the POSS-APBA micelles at neutral pH.”*

4. Boronic acid—peptide hybrid
vectors for gene/drug delivery

Peptides have advantageous properties by nature, including
biocompatibility, adequate water solubility, and a relatively
simple method of production (solid-phase peptide synthesis,
for example).”®> Peptide-based vectors are generally less toxic
and mimic the structure of protein o-helices and p-sheets.”
Hence, peptides transport nucleic acids into cells by overcom-
ing biological barriers such as cellular absorption, endosomal
escape, and nuclear threshold.””> In order to find peptide
ligands with unique biological activities, boronic acid has thus
been extensively combined with peptides, an endeavor that
has produced a wide range of applications. Using the combi-
nation of boronic acid and peptides as a starting point, many
research groups’® have given a summary of recent develop-
ments in the field and have emphasized the adaptable and
strong properties of boronic acid. Due to their ability to bond
covalently with sugars or amino acids, peptide boronic acids
are commonly used as ligands that are carriers of RNA and
glycans, and covalently changeable inhibitors of enzymes.”””°
Xue-Long Sun’s research group developed a boronic acid-
lectin-based vector that formed a reversible boronate ester
when it combined with 1,2- and 1,3-diols of saccharides in
aqueous environments.’® Their biological investigation
demonstrated that through inhibiting the lectin-FITC ensem-
ble, the BSA-PBA combination attaches to the SA on the cell
outside of Raw 264.7 cells.*® cRGD peptides and a polyethyl-
eneimine-polyethylene glycol polymer are used to adorn the
surface of boronic acid-rich bovine serum albumin nano-
particles, which have sizes of 70 nm, 110 nm, and 150 nm.
Researchers have shown that incorporating a boronic acid
group into bovine serum albumin nanoparticles increases par-
ticle size and enhances the surface of the particles, which can
significantly boost both the concentration of drugs delivered
and the duration of particle presence at the tumor site.*’
Webster L. Santos’s research group has identified branched
peptide boronic acids (BPBAs) that bind to RRE IIB.*" In both
eukaryotic cell lines, BPBA1 demonstrated good binding
affinity, reasonable cell permeability, and low cytotoxicity.
Nevertheless, it was unable to prevent the development of
HIV-1 p24 capsids.®’ However, it was eventually shown shortly
after that BPBA3 effectively and dose-dependently inhibited
the synthesis of HIV-1 p24 capsids, with an ICs, value of
approximately 5 pM. According to theory, BPBA3 may cause
the tertiary structure of the internal loop to alter conformation,
exposing the RNA to RNase cleavage and inhibiting the replica-
tion of HIV-1.5% Yoshihiro Furukawa led a team for the devel-
opment of boron-assisted abiotic polypeptide synthesis. Their
experimental results revealed that under these circumstances,
initial proteins and RNAs could interact and produce RNAs,

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

which could then be passed down through RNA-dependent
protein production to subsequent generations.®* In order to
create a tumor-targeted gene carrier, PBA-functionalized
PAMAM (PPP), for Bcl-2 siRNA delivery, phenylboronic acid
(PBA) and amine-terminated polyamidoamine (PAMAM) were
successfully conjugated in a study utilizing the heterobifunc-
tional crosslinker NHS-PEG5k-Mal.®*

5. Hybrid nanoparticles of polymer-
conjugated phenylboronic acid
vectors for the delivery of siRNA,
drugs, and genes

PBA can interact with guanidinium groups found on proteins,
forming cationic connections with their assistance.®®
Scientists from East China Normal University in China have
discovered PBA-rich dendrimers for cytosolic transport using
various model natural proteins, including cas9 ribonucleopro-
tein®® (Fig. 4). P4 outperforms dendrimers in efficiency tests,
while P7, similar to P4, performs poorly in delivering BSA-
FITC due to decreased dendrimer attachment effectiveness.
Due to intramolecular nitrogen-boronate coordination, P8
demonstrated high translocation efficiency in BSA-FITC deliv-
ery, highlighting the crucial role of phenyl groups in protein
binding and cytosolic delivery. However, Fu-Jian Xu’s research
team reported a PBA-hybrid disulfide polyaminoglycoside
polymer (SS-HPT-P, Fig. 4) for the delivery of CRISPR-Cas9.
The SS-HPT-P method can be used to transfect CRISPR-Cas9
plasmids in A549 cell lines. SS-HPT-P/pCas9-surv has demon-
strated effective tumor targeting in both in vivo and in vitro set-
tings, reducing sensitive degradability.”

In general, interaction between hydroxyl groups of a sugar
and boronate cis-diol typically occurs. Mangesh Morey and his
team have developed a glucose-responsive submicron particle
(SMP) system for the efficient delivery of NIH3T3 cell genes.®®
The research team from the Institute for Basic Science in
Korea successfully constructed a dual stimuli-responsive
vehicle for gene payloads and release, without any negative
effects on cell viability.®*

Polyanionic DNA showed strong interaction with cationic
polymer structures like PBA, PEI, and PEG, influenced by an
acidic endosomal pH environment. The Kaiyong Cai group
developed hollow silica nanoparticles modified with PBA for
dual-responsive delivery of doxorubicin in targeted tumor
therapy.”® Li Chen and colleagues have published research on
BA cross-linked dextran-PLA micelles or CNPBA-Dex-b-PLA for
effective intracellular drug delivery into tumors. CNPBA-Dex-b-
PLA exhibits exceptional pH sensitivity, indicating the optimal
conditions for medication release from micelles. The MTT
assay revealed that CNPBA-Dex-b-PLA, a drug delivery system,
demonstrated good cytocompatibility with cell viability exceed-
ing 90%.°" Bin Yang et al developed a self-assembled
PEI1.8K-boronic acid-cyclodextrin complex system to deliver
PDNA and the anticancer drug doxorubicin (DOX). Enhancing
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drug efficacy for improved cancer treatment could be possible
with this bio-responsive co-delivery nanotechnology.®*

Ronald T. Raines et al. successfully delivered a hydrophilic
macromolecule into human cells using boronate as a noncatio-
nic vector, combining BA with saccharides.”® Consequently,
Zhao et al. created a parallel block copolymer micelle for
healthy cells, which improved uptake and reduced cytotoxicity
in in vitro uptake and cytotoxicity assays. Therefore, this
straightforward decorating technique may make PBA-targeted
tumor growth easier.”* Jihui Yu’s research group developed a
new approach to increase therapeutic efficacy of camptothecin
using a combination of PBA, polyglutamic acid, PEG, and di-
sulfide-bonded CPT.”> PBA-PEG-P (Glu-co-GlussCPT) demon-
strated antiproliferative action against tumor cells, improved
endocytosis efficiency, and notable in vivo anticancer activity
in murine and human hepatoma xenograft models without
systemic toxicity. Yiffan Ma and his research team developed a
nanovector for cancer-targeted siRNA delivery using PBA and
low molecular weight PEI 1.8K (PEI-PBA), which showed excel-
lent cancer-targeted RNA delivery by recognizing the SA
present on cancer cell membranes, a high level of biocompat-
ibility and RNase resistance, and serum stability.”® The study
synthesized elastin-like polypeptide (ELP) nanoparticles by
polymerizing N-3-acrylamidophenylboronic acid (APBA) in the
presence of ELP, which was expressed from a plasmid in
Escherichia coli. ELP-PAPBA (Fig. 4), nanoparticles that are
incorporated with PBA, have a spherical shape and are highly
stable in an aqueous medium with a wide pH range. This
clearly shows that the BA group plays a significant role in the
internalization of ELP-PAPBA nanoparticles as evidenced by
the ease with which these ELP-PAPBA nanoparticles were
taken up by SH-SY5Y cancer cells and the ability of free APBA
and SA to prevent this uptake.’” Polyplex micelles were created
using siRNAs-3-fluoro-4-carboxyphenylboronic acid (FPBA)-
adapted PEG-b-Plys, which contains esters from PBA and 1,2-
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or 1,3-cis-diols on a ribose ring (Fig. 4). Polyplex micelles,
incorporating three envoy approaches, successfully stabilize
PIC-based siRNA vectors while maintaining environmental
sensitivity, and were successfully used for siRNA delivery in
the OSRC-2 human renal carcinoma cell line.®” Experimental
studies have shown that pendant BAs facilitate the successful
delivery of RNase A into the cytosol.”?

Huayue Wu’s research team developed a dual responsive
hydrogel, combining low molecular weight hydrogel-oligopep-
tide and PBA, for drug delivery, sugar/pH detection, and con-
trolled release. In vitro experimental studies revealed that
hydrogels are capable of sugar/pH detection and self-tuning
controlled-release, and can be used in treating diseases like
diabetes and cancer.’® The research group from the University
of Washington, developed BA-containing copolymers for direct
loading, which could be trafficked into acidic compartments
and showed minimal cytotoxicity. Moreover, this polymer—
drug conjugate effectively delivered Bis-T-23 into cultured
podocytes.”

The prognosis of hepatocellular carcinoma (HCC) is poor
due to its diagnosis in the unresectable phase and limited
treatment options. Polymerized PBA-doxorubicin hybrid nano-
particles, traditionally used in HCC treatment, have been gen-
erated to enhance cancer healing and anticancer effects. The
nanoparticles demonstrated excellent anti-tumor activity in
subcutaneous and orthotopic HCC syngeneic mouse tumor
models, suggesting targeted DOX delivery to liver cancer,
where SA is overexpressed.'” A Kansas State University
research group developed polymeric nanoparticles loaded with
curcumin to address its rapid degradation and minimal solu-
bility in water. The conjugation of PBA with curcumin in poly-
meric nanoparticles enhanced the chemical stability of curcu-
min and its sustained release under physical conditions.
Furthermore, polymeric nanoparticles significantly increased
the antiangiogenic and anticancer activities.'”® PBA-CS-VE-
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decorated nanomaterials demonstrated strong mucin
adhesion, minimal cytotoxicity, biocompatibility, and
maximum cellular uptake in HCE-T-cell studies.'**

6. Conclusion

Nanoparticles of phenylboronic acid (PBA) and its derivatives
have tremendous promise for targeted delivery and advanced
diagnostics. Their distinct sugar-binding capabilities, custo-
mizable qualities, and continuous development make them an
adaptable platform for investigating innovative therapeutic
and diagnostic techniques. In this review, we have presented
an overview of the synergistic benefits of combining the use of
PBA nanoparticles in various treatment methods. We also
described the role of PBA-conjugated macromolecules in drug/
gene delivery. The chemistry of PBA’s binding with and dis-
sociation from cell-surface glycans, as well as the implications
for drug administration, have been discussed with examples.
Future drug delivery research in this area requires more
advancements that combine PBA with other functional
entities, such as imaging agents or stimuli-responsive com-
ponents. This multifunctionality may enable simultaneous
diagnosis and therapy or improve therapeutic effectiveness.
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