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Chitosan (CS), a cationic polysaccharide has received increasing attention ever since its entry into the pharmaceutical
domain due to excellent biocompatibility, biodegradability, and high chemical reactivity. Evidence from the literature
reveals that chemical modification on the primary amine group or the hydroxyl group of CS can augment its
application to achieve a specific biomedical application. Phenylboronic acid (PBA) and its moieties are known to
form covalent bonds with polyol compounds and have thus allured researchers owing to their enormous potential. The
conjugation of these two moieties has shown to exhibit a plethora of properties that can be exploited for a variety of
applications. In this review, an effort is made to compile different PBA derivatives conjugated to CS and showcase
their potential. An important application of these conjugates is their ability to function as glucose sensitive polymer
which enables self regulated insulin release in the treatment of diabetes besides functioning as a diagnostic agent.
Also, the noteworthy use of these conjugates has been in wound healing and tumor targeting. This review gives an
overview of research undertaken with CS-PBA highlighting their applications to make the reader aware of their

enormous potential.

INTRODUCTION

Chitosan (CS) a natural biodegradable polymer
has been extensively explored for diverse pharmaceutical
and biomedical application. CS is derived from chitin poly
(N-acetyl glucosamine), which is isolated from the shells of the
crustaceans, via alkaline deacetylation. CS contains glucosamine
and N-acetyl glucosamine units connected together by (1-4)
glycosidic links [1]. The structure of CS offers multiple options
for chemical modification which can result in a wide range
of derivatives possessing unique properties. There are three
reactive sites on the CS chain enabling chemical modification:
one primary amine and two hydroxyl groups (primary or
secondary) (Fig. 1). The primary amine groups present
special properties that render CS suitable for pharmaceutical
applications. The cationic character of CS contributes to
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the permeation enhancing, in situ gelling, mucoadhesive,
antibacterial, and efflux pump inhibitory functions [1,2]. CS
has also demonstrated potential for nucleic acid delivery,
tissue engineering, wound healing, and cancer diagnosis. In
addition, the property of chitosan nanoparticles (CS NPs) to
widen cellular junctions and surface modification has also been
well documented. Due to these aforementioned properties, CS
is of great interest to researchers in the pharmaceutical and
biomedical fields [3,4].

Nevertheless, chemical modification of CS has been
prepared and assessed for their different applications. CS
conjugates have been developed and proven to be effective.
Recently, CS-phenyl boronic acid conjugates have been
explored for their various functions.

Boronic acid compounds have a variety of biomedical
applications. The majority of the polymeric boronic acids
reported in the literature have phenyl boronic acid moieties.
Most phenyl boronic acids have pKa values higher than
physiological pH. The addition of different substituents on the
phenyl ring permits the pKa to be attuned favoring the use of
boronic acid-holding polymers at a physiologically appropriate
pH range [5]. Phenyl boronic acid and its derivatives can bind
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Figure 2. Chemical structure of various reported PBA moieties conjugated to CS.

reversibly to sugars and 1,2 or 1, 3 diol compounds, hence they
could recognize carbohydrates, such as glucose in the blood and
sialic acid (SA) in cancer cells [6-9]. This property has been
widely explored for application as glucose-responsive polymer
complexes, glucose sensors, diagnostic, and various therapeutic
applications [10,11]. This review gives an overview of research
undertaken with CS-phenyl boronic acid.

Various CS-conjugated phenyl boronic acid moieties
have been reported in the literature. They include carboxy

phenylboronic acid (CPBA), formyl phenylboronic acid (PBA),
fluoro PBA, and amino phenylboronic acid (Fig. 2). Each of
them has been discussed in this review.

METHODOLOGY

The literature search was done using the scientific
databases Scopus, PubMed, and Science direct. The document
search tool was employed using the combination of keywords
“CS “and PBA. The inclusion criteria were to consider all
research articles published from 2000 to 2022. The exclusion
criteria was to exclude those articles that did not have biomedical
application. The major focus was on the articles which had
applications for drug delivery.

RESULTS AND DISCUSSION

The database search using the combination of keywords
“CS “and PBA resulted in 74 documents. The articles were
screened and sectioned under the following sections pertaining
to the type of PBA moiety involved in the conjugation with
CS. This review discusses CPBA conjugated CS, formyl PBA
conjugated CS, fluoro PBA conjugated CS, aminophenylboronic
acid conjugated CS, and acrylamidophenylboronic acid
(APBA)-conjugated CS.

CPBA conjugated CS

Nanosized drug delivery systems of
chemotherapeutic agents are preferred in cancer therapy
due to their selectivity. Although considerable efforts have
been made to avoid metastasis, the treatment is challenging
as it requires more efficient carriers. Targeted delivery
of anticancer medication to tumor cells with the aid of
functional carriers is a broadly investigated procedure. The
enhanced efficacy is attributable to explicit interactions
among ligands and receptors. PBA exhibited high binding
affinity to SA residues which are excessively expressed on
the outer surface of cancer cells [11].

For the treatment of tumors, 3-carboxyphenyl boronic
acid (3-CPBA) conjugated carboxymethyl CM NPs were
prepared.The desolvation method was used for the preparation
of CM NPs. 3-CPBA which functioned as a tumor-homing
ligand was covered on the outside of CM NPs to facilitate
tumor-targeting property on (3-CPBA-NPS). The (3-CPBA-
NPs) were prepared by 1-(3-dimethyl aminopropyl)3-
ethyl carbodiimide (EDC)-N-hydroxy succinimide (NHS),
carbodiimide chemistry (Fig. 3). Doxorubicin (DOX)
was incorporated into prepared nanoparticles to acquire
CM-DOX NPs and (3-CPBA-DOX NPs). Monolayer cell
models and three-dimensional (3-D)cultured multicellular
(MCs) spheroids were utilized to assess cellular uptake and
cytotoxicity. The in vivo cellular uptake investigation showed
that (3-CPBA-DOX NPs) formulation delivered more DOX
and retained for a considerable time in lung tissue, compared
to non-modified NPs (CM-DOX NPs). In vivo evaluation of
anti-tumor efficacy in mice bearing H22 tumor showed that
3-CPBA designed NPs exhibit significant accumulation and
penetration potential to the tumor than the non-targeted NPs
as evidenced by reduction in the size of the tumor mass. The
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Figure 3. Schematic diagram of the synthesis of CS conjugated 3-carboxy-4-
fluoro phenyl boronic acid.

results of this study proved the potential of 3-CPBA decorated
NPs for use in chemotherapy [12].

Boronate-conjugated CSs with 4-carboxyphenyl
boronic acid (CS-4CPBA) were prepared to investigate
urothelial mucoadhesiveness with the intention of prolonging
drug residence time in bladder for bladder cancer treatment.
Three types of boronate conjugated CS (low, medium, high)
derivatives were prepared using NHS and EDC hydrochloride
(EDC.HCL) as a coupling reagent, generally employed for
covalent amide bond formation. Mucoadhesive properties were
investigated by the ex vivo flow-through technique and tensile
test. A notable change in the mucoadhesive property of native
CS and boronated CS was observed. The findings of the study
inferred that mucoadhesive property was highest for the highly
boronated CS. The results of the study proved the capability of
boronate conjugated CS to function as a drug delivery system
endowed with mucoadhesive property and thereby suitable for
prolonging the duration of drug action using the mucosal routes
of drug administration [13].

An injectable microcapsule incorporated bioadhesive
hydrogel of metronidazole (MTZ) was prepared for local
delivery in the periodontal pocket. CS-coated MTZ microcapsule
(CS-MTZ) were prepared using the dissolution precipitation
method. The (CS-MTZ) microcapsule served as a cross-linker
along with poly (vinyl alcohol) (PVA) grafted 4CPBA to obtain
PVA-CS-MTZ hydrogel. The release behavior, cytotoxicity, and
antibacterial activity of the prepared PVA-CS-MTZ hydrogels
were evaluated by in vitro and in vivo tests. The prepared
PVA-CS-MTZ hydrogels proved to be safe, biocompatible,
and exhibited superior in vitro bacteriostasis activity. The anti-
inflammatory activity of the prepared gel was evaluated in the
rat periodontitis model. The injectable PVA-CS-MTZ hydrogel
reduced the inflammation for an extended duration in the
periodontal pocket. The findings of this study demonstrate the

ability of the hydrogel for enhanced local delivery of MTZ in
the periodontal pocket [ 14].

3-CPBA modified CS conjugate was synthesized
for site-specific delivery in Coccidiosis treatment, a parasitic
disease in poultry animals. Manifested as low weight gain,
diarrhea resulting in the death of chickens. The synthesized
CS-3-CPBA could self-assemble in water along with diclazuril
(DIC), a cocidiostat to form glucose and pH, dual responsive
micelles. DIC was placed into the hydrophobic core of the
micelles. The micelles were designed to remain stable in
acidic environment and release in intestine, the intended site
of action. The drug release profile was evaluated at various
pH and glucose concentration. A biphasic release was seen.
The rapid release would serve to inhibit the growth of
coccidian while the sustained release would aid in sustaining
the anti-coccidia effect. DIC/CS-3-CPBA micelles showed
good anti-coccidia property, weight gain, and also reduced
gastrointestinal damage compared to the commercially
available formulation. The remarkable performance of micellar
formulation was attributed to the combined effects of DIC,
CS, and the micelles. Along with the inhibition of coccidia by
DIC, CS exerted antibacterial effect due to available positive
charge on CS [15].

CS micelles for delivery of anti-coccidial agents were
prepared which were tailored to function with dual stimuli
triggered site-specific delivery property. CPBA and SA moieties
were conjugated to the CS skeleton through amide reaction
using EDC.HCL and NHS. Loading of DIC, anticoccidial agent
was facilitated by hydrophobic interaction. The DIC-stacked
micelles were designed to stay stable prior to arriving at the
disease-ridden cecum site, and the in-center borate bridges were
clipped by concentrated glucose under alkaline pH of cecum,
creating a free nanostructure and sped up payload discharge.
The borate-bridges SPCS/DIC micelles exhibited, biosafety,
biostability and adaptable medication discharge pattern for
treatment of local infection and delivered superior anti-coccidial
efficacy in vivo [16].

PBA can react with SA residues which are
overexpressed on malignant tumors resulting in good selectivity
and binding efficiency. Grounded on this strategy, Wang ef al.
[17] prepared DOX-loaded CS NPs and decorated them with
4-CPBA (4-CPBA-CS NPs). The CSNPs were prepared using
glutaraldehyde as crosslinker in the presence of ethylene
diamine tetra acetic acid. CS NPs were then conjugated with
4-CPBA using EDC.HCL mediated coupling in the presence of
NHS.

The integration of PBA group bearing negatively
charge onto the surface of CSNPs which were positively
charged reduced the zeta potential and enhanced the efficacy of
nanoparticles to target cancer cells and enhanced the deposition
time in tumor sites. The tumor penetration, cellular uptake,
biodistribution, and anti-tumor activity were examined in 3-D
MCs spheroids models, monolayer cell models, and H22 tumor-
bearing mice. Results of the evaluation showed that 4-CPBA-
CS NPs had internalized the tumor cells to a greater extent
compared to non-decorated nanoparticles.

CPBA conjugated polymers have drawn interest in the
area of pH-sensitive drug delivery aimed at tumor targeting.
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CPBA is reported to improve cellular uptake in tumor cells due
to their ability to recognize and interact with SA.

Curcumin-loaded PBA-conjugated CSNPs was
prepared for curcumin delivery in the treatment of tumor.
Curcumin was successfully loaded due to curcumin-PBA
complexation and the hydrogen bonding interactions among
nanocarriers and curcumin. PBA-CS was synthesized by an
amide reaction between amino groups of CS and the carboxyl
group of 3-CPBA. The suppression of the tumor in the presence
of curcumin-loaded nanoparticles was additionally assessed
utilizing 3D multicellular tumor spheroids (MCTS) as in vitro
tumor model. The curcumin loaded PBA-CS NPs showed
improved tumor regression in 3-D MCTS than free curcumin.
The nanoparticles also demonstrated superior anticancer activity
toward HepG2 cells. The study concluded that the nanocarriers
of CS conjugated with PBA nanocarriers may perhaps be
utilized as a potential strategy for tumor treatment [18].

A hydrogel was prepared by in situ crosslinking of
oxidized dextran and PBA-modified CS using EDC/NHS as
a coupling agent. The crosslinking was enabled through the
imine bond and phenyl boronate ester. Generally, boronate ester
formation occurs at pH 8. Hence, the alteration of pH facilitates
encapsulation. DOX was encapsulated into the hydrogel
through the in-situ gel forming method. The hydrogels were
assessed for their injectable property in vifro by injecting a
3-CPBA/CSPBA/DOX solution into PBS pH 7.4. Cytotoxicity
of the CSPBA was evaluated in 1929 fibroblasts utilizing an
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
test. Cell viability and cell proliferation of the hydrogels were
also examined in L929 fibroblasts. The cells remained viable
the cell proliferation was stifled by DOX addition. Hence, the
CSPBA/DOX hydrogels framework showed potential as a
useful delivery system for anticancer drug delivery [19].

A novel PBA-conjugated CS oligosaccharide-
vitamin E copolymer has been reported for improved ocular
bioavailability and efficacy in the management of keratitis.
Initially, 4-carboxy PBA-CS-VE was prepared with the aid of
EDS-NHS following previously reported procedure. The ethanol
injection method was used for the preparation of PBA-CS-VE-
VRC micelles. The nanomicelles loaded with voriconazole
were designed to function as mucoadhesive as their surface
was modified with PBA, which is known to interact with SA
on the ocular mucin. The PBA-modified micelles demonstrated
prolonged ocular retention, superior corneal penetrating ability
on a rabbit model of fungal keratitis when compared to the free
drug. The results of this study reveal the mucoadhesive potential
of the PBA conjugated CS oligosaccharide-vit E copolymer as
well as its utility to function as a carrier for topical ocular drug
delivery [20].

The various 3-CPBA conjugated CS reported in
literature along with their application is displayed in Table 1.

Formyl PBA conjugated CS

Oral delivery of protein and peptide drugs is
challenging due to their degradation by enzymes present in the
gastrointestinal tract (GIT). One of the approaches to tackle
the problem is the use of enzyme inhibitor. This strategy can
be made more efficacious if the protease inhibitor is bound

covalently to the drug carrier. Boronic acids are reported to
form covalent adducts reversibly with the active site of serine
proteases. Smoum et al. [21] prepared 4-formylphenylboronic
acid (4-FPBA)—CS conjugate potentially to function as
oral delivery systems for calcitonin, a proteinaceous drug,
as literature reports the capability of 4-FPBA in inhibiting
enzymes present in the GIT. Three types of conjugates, 4-FPBA
directly conjugated to CS and other two conjugates with spacers
pentaglycine and glycylglycine were prepared and evaluated.
CS—pentaglycine, PBA conjugate showed good enzyme
inhibition when compared with other prepared conjugates
attributed to the highest degree of substitution of 4-FPBA. The
study concluded that these conjugates proved to be potential
agents in protecting calcitonin from intestinal pancreatic serine
proteases.

The glucose adsorption sensitivity of 4-FPBA-
conjugated chitosan (CS-4-FPBA) and evaluation has been
reported. CS was made to react with different amounts of
4-FPBA with the aid of sodium borohydride as a reducing
agent. The study was undertaken to assess the relationship
between glucose sensitivity and changes in the physicochemical
properties of the various conjugates. The findings of the study
reported that a higher concentration of 4-FPBA resulted in
crystalline conjugate which showed poor access to glucose.
The study concluded that the quantity of boronic acid was
crucial to illicit glucose adsorption. The study demonstrated
the potential of CS-4-FPBA to function as a glucose-sensing
polymer [22].

Scaffolds ofbioglass 45S5 (BG) composites containing
CS-4-FPBA were prepared for bone tissue regeneration. To
assess the effect of PBA conjugated CS on the bioactivity of
composite, CS/BG and CS-4-FPBA /BG were prepared and
assessed. The reason behind adding CS with PBA was to
improve cell adhesion capacity, and therefore the bioactivity of
the material. The ability to form an apatite layer was evaluated
by incubating the prepared composites in simulated body fluid.
Cell cytotoxicity assay proved CS-4-FPBA and CS-4-FPBA/
BG to be non-harmful compared to samples containing only CS
and BG 458S5. The study concluded that incorporated PBAs, CS,
and BG 4585 composite scaffold material show great potential
to treat bone tissue degeneration [23].

Insulin-loaded nanoparticles with CS-4-FPBA
via polyelectrolyte complexation were prepared for insulin
delivery. CS was made to react with different amounts of
(4-FPBA) with sodium borohydride as a reducing agent.
The insulin release profile as a component of glucose
concentration was assessed. The quantity of insulin delivered
was significantly higher with higher glucose levels. Yet,
at higher concentrations of glucose, release was found to
slow down credited to the formation of crosslinks with the
boronic acid moieties. The study concluded that the prepared
CS-4FPBA conjugate exhibited the potential to function as
glucose-dependent insulin delivery system [24].

The preparation of boron-based PBA functionalized
CS for use as flame retardant has been reported. The boron-based
PBA functionalized CS conjugate (B-CH) was synthesized by
Mannich reaction between CS and 4-FPBA. Polylactic acid
was added to the Boron-CS conjugate to enhance the fire
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Table 1. CPBA conjugated CS.
Polymer PBA derivative Drug/Conjugate Formulation  Application Result Reference

DOX loaded 3-CPBA conjugated

Carboxymethyl CS ~ 3-CPBA

Nanoparticles

Enhanced cellular uptake

and tumor penetration

Tumor targeting [12]

CM NPs compared to non-
conjugated nanoparticles
Boronated CS evaluated for in vitro Polymer Increased residence time
CS 4CPBA adhesion to porcine urinary bladder . Y R Bladder cancer of the loaded drug in the [13]
dispersions
mucosa bladder
CS decorated MTZ microcapsules
served as crosslinker for Enhanced topical delivery
CS PVA injectable hydrogel via ionic Hydrogel Periodontitis of MTZ in the periodontal [14]
interaction and covalent bonding of pocket
4CPBA bridge.
DIC loaded dual (pH and glucose) Imoroved anti-coccidial
CS 3-CPBA responsive micelles by self-assembly  Micelles Coccidiosis . ff?cac [15,16]
of 3-CPBA conjugated CS Y
DOX loaded CSNPs were prepared Superior efficacy in
CS 4CPBA and 4CPBA was used to modify the Nanoparticles ~ Tumor targeting pero Y [17]
restricting tumor growth
surface of CSNPs
Efficient antitumor
. . in 1 PBA-conj . . . .
CS oligosaccharide 3-CPBA glslr;;rsmn oaded conjugated Nanoparticles ~ Tumor targeting  efficiency against cancer [18]
cells
Zf:‘;g:;‘Sr:;pig;‘:/tyh;%?o:: using Demonstrated potential as
CS 3-CPBA CPBA conjugated CS and oxidized Hydrogel Tumor targeting zeslim:rt z;ntslf:rlrllcer drug [19]
dextran loaded with DOX very sy
Voriconazole loaded micelles Superior ocular
CS 4CPBA using 4CPBA conjugated CS Nano Micelles  Ocular Targeting  bioavailability of [20]
oligosaccharide -vitamin E. voriconazole
Table 2. Formyl PBA conjugated CS.
Polymer PBA derivative Drug/Conjugate Formulation Application Result Reference
Calcitonin/covalent attachment of Oral delivery Postmenopausal Protected salmon calcitonin
s 4-FPBA the spacer-PBA conjugates to system for osteoporosis against proteolysis (211
P s Calcitonin P 8 P Y
Demonstrated the potential to
CS 4-FPBA CS-4-FPBA Glucose sensing function as a glucose sensing [22]
polymer
Preparation of composite material . ..
CS 4-FPBA using conjugate and BG 45S5 by Scaffold Bone tissue repair Improved blogct1v1ty Of the CS [23]
. based composite material
freeze drying
Self-regulated
cs Conjugate used for formulation of insulin delivery
4-FPBA insulin loaded nanoparticles via Nanoparticles system in Glucose dependent insulin [24]
polyelectrolyte complexation treatment of release
diabetes

performance of the composite. The eco-friendly flame retardant
demonstrated excellent flame-retardant properties attributed to
PBA which improved the char layer through crosslinking. The
outcome of this study exhibits the potential of B-CH conjugate
to function as a novel bio-based flame retardant [25].

The various formyl phenyl boronic acid conjugated
CSs reported in literature along with their application are shown
in Table 2.

Fluoro PBA conjugated CS

In the management of diabetes subcutaneous injections
are repeatedly given. Artificially regulated insulin delivery
systems is an attractive strategy to avoid repeated injections.
PBA and its derivatives can reversibly bind to sugars hence
they could recognize carbohydrates, such as glucose in the
blood. This property has been widely explored for application
as glucose-responsive material. However, most PBA have pKa
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values higher than physiological pH. The addition of different
substituents on the phenyl ring permits the pKa to be adjusted
so that boronic acid-conjugated polymers can be utilized at
physiologically appropriate pH range [26].

Insulin-loaded 4-fluorophenyl boronic acid conjugated
chitosan (CS-FPBA) was prepared for glucose-responsive
release of insulin. The high polarity of fluorine in the FPBA-
substituted CS would display lower pKa and would under
physiological conditions be more negatively charged. CS-FPBA
was synthesized by an amide condensation reaction. FPBA
was initially made to react with EDC and NHS, followed by
reaction with CS to form (CS-FPBA). For the insulin loading,
the prepared CS-FPBA powder was added to insulin solution
under stirring at a high speed overnight stirring followed by
centrifugation and removal of supernatant. The influence of
various factors affecting the preparation of polymer such as
solvent type, pH, the molar ratio of raw materials, molecular
weight of CS, and degree of deacetylation was investigated.
Insulin could be suitably loaded onto CS-FPBA particles enabled
by both the electrostatic interactions between CS and insulin,
and the dynamic ester bonds between insulin and boronic acid
[27]. In contrast to CS-PBA described by Wu ef al. [28] the
loading capacity of CS-FPBA (23%—27%) could increase to a
certain level while the loading capacity of CS-PBA was only
10%—16%, which showed that insulin could be encapsulated at
greater extent using a smaller amount of CSFPBA. The study
concluded that the CS-FPBA has potential in controlling the
release of insulin, and can control the release rate by adjusting
the molecular weight of CS.

A glucose-responsive system was prepared for
the delivery of insulin using two dissimilar copolymers as
material to function as pore-blocking agents and PBA-modified
mesoporous silica (MS) as a carrier for insulin. 3-fluoro-4-
carboxyphenylboronic acid (FCPBA) was made to react with
MS to prepare PBA-modified MS-FCPBA and insulin was
incorporated into the MS-FCPBA. After that, using a free
radical polymerization technique, diol-containing polymer
poly(N-isopropyl acrylamide-co-N-acryloyl glucosamine) was
prepared. Then to attain the glucose-responsive insulin release
system, onto the surface of insulin-loaded MS-FCPBA the
polymer was capped. The results indicated that the encapsulation
efficiency and loading capacity of insulin could attain 85.9%
and 14.7%, respectively. The results of this study confirmed
the potential of the system to function as a controlled release
system for the delivery of insulin with glucose sensitivity [29].
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A controlled release system for the delivery of insulin
with glucose-responsive property employing faster degrading
MS has been reported. In this study PBA and dendritic MS
and were used to formulate a glucose-responsive delivery
system for insulin. Briefly, biphase stratification approach was
employed to prepare dendritic MS. FCPBA was grafted on the
hydroxypropyl CS to obtain PBA-modified hydroxypropyl CS.
Insulin was incorporated into the dendritic MS in a weakly
acidic environment. The loading capacity was 32.1% while
the attained encapsulation efficiency could reach 94.6%.
The insulin-loaded dendritic MS was coated with modified
hydroxypropyl CS. Another insulin release system was
prepared with sodium alginate and calcium ion crosslinking
[30]. The results of this study report that both systems proved
to be effective in delivering sustained insulin release as shown
in Table 3.

Aminophenylboronic acid conjugated CS

Oral delivery of insulin is challenging due to its
degradation at gastric pH and degradation by intestinal
enzymes. Literature reports the use of various biodegradable
and biocompatible materials as well as nanocarriers being
explored for the oral administration of proteins and peptides.
CS has shown promise as an oral drug carrier owing to its
mucoadhesive, biocompatible, nontoxic, and positive charge [2].
Insulin-loaded CS NPs have been prepared by polyelectrolyte
complexation with insulin. However, these systems have shown
burst release. Hence, to avoid undesired toxicity, the synthesis
of a stimuli-responsive drug delivery system is favored. Phenyl
boronic acid can function as a glucose-sensitive moiety due to
its ability to reversibly bind with 1,2 diols [10]. A schematic
diagram presenting the synthesis of CS-conjugated 4-amino
phenyl boronic acid is shown in Figure 4.

Insulin-loaded multifunctional nanocarriers based on
CS for oral delivery of insulin have been reported. PBA was
used to function as a glucose-sensitive unit, CS as nanocarrier
backbone, and L-valine to enable absorption in the small
intestine. The carboxyl groups of carboxymethyl CS were
conjugated to the amino groups of 3amino phenylboronic acid
(3-APBA) and valine to synthesize carboxymethyl chitosan
(CMCS)-PBA-LV. The insulin-loaded CMCS-PBA-LV
nanoparticles were prepared by ionic gelation using sodium
tripolyphosphate. The in vitro insulin release under triggered
pH and glucose conditions was evaluated. The hypoglycemic
effect was evaluated in vivo using streptozotocin-induced
diabetic rats. The results of the study inferred that insulin-loaded

Table 3. Fluoro PBA conjugated CS.

Polymer PBA derivative Drug/Conjugate Formulation  Application Result Reference
CS 4-ﬂuo'r oph'e nyl CS-FPBA for smart release of insulin. - Diabetes Type-1 Exhibited glucgse sensitive [27]
boronic acid release of insulin
Insulin loaded in FCPBA-modified Polymer . Glucose-responsive
s FCPBA MS capped with copolymers dispersions Type-1 Diabetes controlled release of insulin [29]
Hydroxy ) .
Propyl FCPBA Insulin-loaded dendritic MS FCPBA Dendritic MS  Type-1 Diabetes Demonstrated the potency (30]

grafted on the hydroxypropyl CS
CS

of sustained insulin release
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nanocarriers exhibited low cytotoxicity, excellent stability
against proteolytic enzymes and better hypoglycemic effect.
The study concluded that insulin-loaded L-valine modified
CS-based multifunctional nanocarriers CMCS-PBA-LV show
potential as a promising delivery system for oral delivery of
insulin [31].

For controlled release of insulin, a glucose-responsive
double-layered nanogel was prepared and evaluated.
Fluorenylmethyloxycarbonyl chloride protected poly L
glutamate was reacted with 3APBA using NHS and EDC to
obtain poly L-glutmate-co-N-3-L-glutamylphenylboronic acid.
Sodium alginate was made to react with PGGA resulting in SA-
PGGA. Insulin-loaded GC/SA-PGGA nanogel was prepared by
electrostatic interactions using the isotropic gelation method.
Double-layered nanogel showed high biocompatibility.
Preclinical studies were conducted in mice and achieved
insulin-controlled release at high-level glucose concentrations.
Besides, the study reported that GC/SA-PGGA nanogel loaded
with insulin-induced blood glucose lowering effect similar to
the effect obtained upon administration of free insulin injection
twice. These results reveal the potential of nanogels as a
platform for superior insulin delivery [32].

For self-regulated insulin delivery, a biocompatible
based glucose-sensitive polymer with phenyl boronic acid
was prepared. CS conjugated 3-APBA (3APBA-CS) was
synthesized using EDC.HCL acid and hydroxy benzotriazole.
Insulin loaded glucose sensitive nanoparticles were prepared
by self-assembly technique. Insulin-loaded 3-APBA-
CS NPs displayed the high EE (53.6%). Insulin release
profile indicated that the release of insulin was in glucose
concentration-reliant manner. The outcome of the study
reveals that the copolymer could control insulin release and
was responsive to glucose [28].

PBA conjugated polymers have attracted interest in
the area of tumor treatment using pH-sensitive drug delivery.
PBA is reported to improve cellular uptake in tumor cells due to
their ability to recognize and interact with SA.

PBA-modified F127-CS conjugate was prepared for
use of the polymer conjugate to formulate drug-loaded micelles
with DOX as a model drug. 3-APBA and succinic anhydride
were dissolved in anhydrous tetrahydrofuran. The mixture was
evaporated and the residue dissolved in ethyl acetate to obtain
carboxylated-PBA. The carboxylated-PBA was made to react
with amino group in CS-F127 under activation of NHS and
EDC to obtain PBA-CS-F127. PBA and its derivatives can
reversibly bind to 1, 3 diol compounds. Encapsulation with
DOX was facilitated due to the interaction with the 1,3 diol
group in DOX.

The targeting ability of the PBA portion in the conjugate
was evaluated by comparing with DOX micelles prepared with
CS-F127. The in vitro cytotoxic study demonstrated that the
introduction of PBA could increase targeting ability of DOX-
PBA-M to B16 cells when related to PBA unmodified DOX-M.
Results of the study show the potential of PBA -CS-F127
conjugates to function as a drug carrier for chemotherapeutic
drugs in the treatment of cancer [33]. Table 4 shows the various
amino PBA conjugates reported in the literature along with their
application.

APBA conjugated CS

Efficient delivery of chemotherapeutic drugs to the
tumor is challenging due to meager active tumor targeting
and scarce internalization by tumor cells. To address these
challenges, active tumor-targeted ligands have been used to
alter nanoparticle carriers. Phenyl boronic acid can recognize
overexpressed SA in cancer cells. Folic acid can also function
as a tumor-targeting ligand due to its affinity to bind to folate
receptors overexpressed on cancer cells. Cao et al. [34] prepared
tumor targeting nanoparticles using folic acid-modified
CMCS(FA/CMCS) polymerized with N-3-APBA. APBA was
also polymerized with non-conjugated CMCS to form CMCS-
PAPBA NPs. DOX was then loaded into prepared nanoparticles.
The distribution and cellular uptake of DOX-loaded CMCS-
PAPBA and FA/CMCS-PAPBA NPs were investigated in
tumor cells cultured as 3D MCs spheroid mimicking the tumor
environment. The penetration ability of drug-loaded nanocarriers
and accumulation was studied in H22 tumor-bearing mice.
The results exhibited the ability of FA-modified nanoparticles
to accumulate and penetrate in 2-D and 3-D cell models. The
enhanced drug accumulation in tumor was responsible for
increased anti-tumor efficiency in H22 tumor-bearing mice.

CS NPs containing boronic acid were prepared by
the polymerization of N-3- APBA polymer and CS to form
(CS-APBA NPs). Incorporation of the APBA group in the
nanoparticles would aid in the recognition of tumor by the
reaction with SA groups present on the tumor surface. The
CS-PAPBA NPs were conjugated with tumor penetrating
peptide (iIRGD) and loaded with DOX. The cellular uptake,
biodistribution, tumor penetration, and tumor activity were
studied using 3-D MCs in vitro model and in vivo in mice
bearing H22 tumor.
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Table 4. Amino phenyl boronic acid conjugated CS.

Polymer PBA derivative  Drug/Conjugate Formulation  Application Result Reference
Carboxy methyl Insulin lqaded CMCS-PBA-LV — . Oral delivery of pH and glucose triggered
3-APBA nanoparticles were prepared by ionic Nanoparticles . . L [31]
CS . insulin release of insulin
gelation
Glycol CS -sodium alginate-poly Glucose
Glycol CS 3-APBA glutamate--glutamyl PBA Nanogel responsive insulin ~ Controlled insulin delivery [32]
Double layered nanogel delivery system
Insulin loaded PBA-conjugated . Oral delivery of Enhanced glucose sensitivity at
s 3-APBA CSNPs Nanoparticles insulin physiological pH [28]
The PBA modified F127-CS
CS 3-APBA conjugate was used to prepare DOX- Micelles Ant-tumor pH sensitive release of DOX [33]
loaded micelles
Table 5. APBA conjugated CS.
Polymer PBA derivative Drug/Conjugate Formulation Application Result Reference
Carboxymethyl N-3-APBA DOX-loaded CMCS- Nanoparticles Tumor Enhanced drug [35]
CS PAPBA and FA/CMCS- targeting accumulation in tumor
PAPBA NPs
CS 4-(Aminomethyl) PBAP ester  Ce6 loaded nanophotosensitizers ~ Tumor Enhanced drug [36]
hydrochloride ChitoPEG-PBAP targeting accumulation in tumor
nanophotosensitizers .
DOX-loaded iRGD conjugated nanoparticles PATENTS

exhibited much better penetration ability than free DOX and
non-conjugated nanoparticles [35]. These findings were further
supported by in vivo tumor examinations, biodistribution
analysis, and observation of survival rate.

Phenylboronic acid pinacol (PBAP) ester conjugated
ChitoPEG copolymer

Photosensitizer-based photodynamic therapy is a
promising strategy for cancer therapy. Polymeric nanoparticulate
carriers are being explored to deliver photosensitizers for
targeting cancers. Jeong et al. [36] prepared photosensitizer-
incorporated CS-polyethyleneglycol-PBAP ester nanoparticles
for cancer targeting.

PBAP was conjugated with ChitoPEG copolymer
to obtain ChitoPEG-PBAP followed by incorporation of
nanophotosensitizer for photodynamic treatment with reactive
oxygen species (ROS)-specific feature in the management of
various cancers.

Ce6 incorporated nanophotosensitizers showed
sensitivity counter to ROS and quick Ce6 release. The
ChitoPEG-PBAP nanophotosensitizers showed more efficacy
and were internalized into cancer cells compared to Ce6 alone.
Ce6 incorporated nano photosensitizers inhibited the tumor
growth and reduced viability of cancer cells with greater
efficacy in comparison to Ce6 alone. Moreover, ChitoPEG-
PBAP nanophotosensitizers were competently carried to
irradiated tumor tissues, demonstrating that ChitoPEG-PBAP
nanophotosensitizers can be successfully transported to the
tumor in a ROS-sensitive manner [36]. The Ce6 incorporated
ChitoPEG-PBAP nanophotosensitizer has shown promise for
photodynamic therapy of cancer as shown in Table 5.

Glucose-sensitive nanoparticle for cancer diagnosis
and therapy. Application KR1020140078399A. This patent
relates to a glucose-sensitive nanoparticle that comprises a
PBA derivative and a biocompatible polymer and is formed
via amphiphilic conjugation of the PBA derivative and the
biocompatible polymer which are chemically bonded with each
other.

CONCLUSION

The conjugation of CS with PBA has been shown to
exhibit a plethora of properties that can be exploited for a variety
of applications. In this review, an effort was made to compile
different PBA derivatives conjugated to CS and showcase their
potential. Phenyl boronic acid-conjugated CS were formulated
as nanoparticles, micelles, and hydrogel functioning as drug
carriers for diverse therapeutic applications. Many studies
have reported enhanced tumor targeting with phenylboronic
acid-conjugated CS. Another important application of these
conjugates is their ability to function as glucose sensitive
polymer which enables self-regulated insulin release in the
treatment of diabetes besides functioning as a diagnostic
agent. Though considerable research has been done with CS-
PBA conjugates demonstrating potential in various biomedical
applications, there aren’t clinical studies reported to facilitate
transition into clinics. We hope that this review will provide
insight into the novel applications of CS-PBA conjugates to
researchers to further explore their potential.
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