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Glucose-responsive materials have attracted great intention in recent years due to their potential
application in drug delivery. Phenylboronic acid-containing materials have been most widely studied and

Received 1st September 2013
Accepted 10th October 2013

used in construction of glucose-responsive system for insulin delivery. This review covers the recent

advances in synthesis of phenylboronic acid-based glucose-responsive materials, especially in forms of
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1. Introduction

Diabetes mellitus has become one of the most serious threats to
human health worldwide. Life-long treatment is needed for
diabetic patients to maintain the glucose concentration at the
normal level and prevent acute complications. Currently, daily
injection of insulin is the most effective way to treat insulin-
dependent diabetes mellitus. It is a long-suffering inconve-
nience for the diabetics. Therefore, it is desirable to find an
alternative strategy for the treatment of diabetes, which can
deliver and release insulin in a self-regulated way in response to
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nanogels (microgels), micelles, vesicles, and mesoporous silica nanoparticles. Applications of these
nanomaterials in drug delivery are discussed.

the fluctuation of blood glucose concentration. In recent years,
phenylboronic acid (PBA) based glucose-responsive materials
have attracted great interest because of their potential appli-
cations in the construction of self-regulated insulin delivery
systems for the treatment of diabetes.

It is known that phenylboronic acid and its derivatives are a
kind of Lewis acid with reported pK, in the range of 8.2-8.86."
As shown in Fig. 1, PBA exists in an equilibrium between an
uncharged form and a charged form.* The uncharged form is
hydrophobic but the charged form is hydrophilic. While both
forms react reversibly with 1,2-cis-diols of glucose, the
complexation of the uncharged form with glucose is unstable
because it is highly susceptible to hydrolysis. The charged form
of PBA can complex with cis-diol compounds, for example
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Fig.1 Equilibria between different forms of phenylboronic acid. (Adapted with permission from ref. 3. Copyright 2003 American Chemical Society.)

glucose, and form stable but hydrophilic phenylborates, which
shifts the equilibrium in the direction of increasing the
hydrophilic form but decreasing the hydrophobic form.>” This
shift increases the swelling degree of the crosslinked nanogels
or disintegrates self-assembled micelles, causing the entrapped
payload to be released into solution. This provides a way for
designing polymeric carriers for self-regulated delivery of
insulin.

However, PBA-based glucose-responsive materials could only
work in alkaline media but not at physiological pH, due to the
high pK, value of the PBA moiety.**** This was because only a
small fraction of the phenylboronic acid moieties were ionized
under physiological conditions (pH 7.4), resulting in poor water
solubility of the PBA-containing copolymer and thus lower
binding affinity to glucose. Two methods were proposed for
reducing the pK, of the PBA group and thus increasing glucose-
sensitivity at physiological pH. One method was introduction of
electron-withdrawing groups such as nitro, fluoro, and carbonyl
groups on the phenylboronic acid at a meta-position with
respect to boronic acid.**>** For example, 4-(1,6-dioxo-2,5-
diaza-7-oxamyl)phenylboronic acid (DDOPBA), with a pK, of 7.8,
was synthesized and used for the synthesis of glucose-sensitive
hydrogels operating at physiological pH.*"> Another method
was introduction of amino groups into a PBA-containing poly-
mer>*® or onto the phenyl ring in the vicinity of boronic acid"” to
decrease the apparent pkK, value of PBA because of the possible
coordination between nitrogen and boron.

Recently, several new methods were developed to either
decrease the pK, of PBA or increase glucose-sensitivity at
physiological conditions. The first one was partial modification
of pendent carboxyls on a polymer chain leading to a PBA/
carboxyl interaction in the polymer and thus decreasing its
apparent pK,."*" The second method was complexation of PBA-
containing polymer with a glycopolymer resulting in PBA/polyol
complexes with lowered pK,.”*** The third method was using
benzoboroxoles, a new kind of PBA analogue which possessed

-(—CHZ-?H);(CHZ—(IZH)—Y
0

high water solubility and a low pK, compared with that of
simple PBA.*

Until now, PBA-based glucose-responsive materials in the
forms of bulk gels, nanogels (microgels), micelles, vesicles, and
silica NPs have been synthesized and used for insulin delivery.
Several excellent reviews have summarized boronic acid-con-
taining glucose-responsive systems from different views.*>*>°
This review will cover the recent advances in PBA-containing
glucose-responsive materials especially in the form of nano-
particles including nanogels (microgels), micelles, vesicles, and
mesoporous silica NPs. Synthesis and application in drug
(insulin) delivery are reviewed.

2. Chemically cross-linked PBA-
based nanogels

Kataoka and coworkers made outstanding contributions to the
synthesis and application of PBA-based glucose-responsive
materials. Their pioneering work was the synthesis of a complex
gel based on the reversible complexation between PBA of P(NVP-
co-PBA) and diols or PVA.* Glucose-sensitive release of insulin
using this complex gel was successfully achieved.** Later,
chemically crosslinked gels composed of alkylacrylamide and 3-
acrylamidophenylboronic acid (AAPBA) were synthesized and
used for glucose-regulated on-off release of insulin.*** Though
PBA-containing bulk gels could be synthesized and used as an
implantable carrier for insulin delivery,* more desirable PBA-
based glucose-responsive materials were suggested to be in the
nanoscale forms such as nanogels (microgels), which may meet
different needs, such as prompt drug release, oral administra-
tion, and intravenous injection.

Typical glucose-responsive nanogels based on PBA were
synthesized through modification of poly(N-isopropylacrylamide-
co-acrylic acid) P(NIPAM-co-AA) nanogels with 3-amino-
phenylboronic acid (APBA) (Fig. 2).*'** The introduction of the

CH,~CHHCH —CH)—
NH, ~fer, | >—x( Ty
EDC <|3=0 (|:=o
+ > Il\IH NH
B
HO” “OH

i =0 C=
I
NH OH
/CIH\ H3C’CH\CH3 / o
HyC© TCHs B\
OH

Fig. 2 Synthesis of P(NIPAM—-AAPBA) nanogels by modification of P(NIPAM—-AA) nanogels with 3-aminophenyboronic acid. (Reprinted with

permission from ref. 8. Copyright 2006 American Chemical Society.)
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hydrophobic PBA group significantly decreased the volume phase
transition temperature of the resultant microgels. As a result, the
P(NIPAM-PBA) nanogels with a 10.0 mol% PBA content were in a
collapsed state at room temperature. However, the addition of
glucose makes the microgels swell dramatically at pH 9.0.° The
swelling degree was proportional to the PBA content, glucose
concentration, and pH value. Theoretically, insulin could be
absorbed into the nanogels and released in response to glucose.
But a higher pH value than 7.4 was needed. In another
case, Zhang and coworkers® reported temperature-controlled
release of diols from poly(N-isopropylacrylamide-co-3-acryl-
amidophenylboronic acid) P(NIPAM-AAPBA) microgels. Glucose
and Alizarin Red S (ARS) were absorbed into microgels via
binding with PBA at lower temperature. The diols were released
as the temperature increased and the microgels shrunk.

Ravaine and coworkers® reported the synthesis of mono-
dispersed glucose-responsive P(NIPAM-AAPBA) microgels by
direct copolymerization of N-isopropylacrylamide (NIPAM) and
3-acrylamidophenylboronic acid (AAPBA) in aqueous solution.
Microgels with 10 mol% PBA displayed remarkable glucose-
responsiveness at pH 8.5. They also synthesized glucose-
responsive microgels with a core-shell structure.*” The PNIPAM
core microgels were first prepared by an aqueous free radical
precipitation polymerization. Then the shell was synthesized by
the polymerization of a mixture of NIPAM-BIS-AAPBA in the
presence of the core as seeds. Fluorescein isothiocyanate (FITC)-
labelled insulin was loaded into the core-shell microgels and
released in the presence of 100 mM glucose at 25 °C and
physiological pH.

Phenylboronic acid based glucose-sensitive microgels with 4-
vinylpyridine (4VP) for working at physiological pH and
temperature were reported by Siddiq and coworkers.*® The
microgels with different 4VP content were synthesized by the
functionalization of P(NIPAM-4VP-AA) microgels with 3-ami-
nophenylboronic acid. The incorporation of the 4VP moiety into
the PBA-based copolymer microgels could significantly reduce
the pK, of the PBA moiety by Lewis acid/base interaction,
increase the volume phase transition temperature (VPTT), and
thus enhance the glucose sensitivity at physiological pH and
temperature conditions (Fig. 3).

For general PBA-containing nanogels, determination of
glucose-responsiveness could be achieved by monitoring the

Fig. 3 Illustration for Lewis acid/base interaction in the microgels and
glucose-induced swelling. (Reprinted with permission from ref. 38.
Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)
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Fig. 4 Schematic illustration for the sugar-responsive FRET effect in
the nanospheres. (Reprinted with permission from ref. 39. Copyright ©
2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

change of particle size. Recently, sugar-responsive fluorescent
nanospheres were reported by Zenkl and coworkers,* which
offered high sensitivity for measuring changes in small
dimensions on the nanoscale. Except NIPAM and AAPBA, fluo-
rescence donor and acceptor were also polymerized into the
nanospheres. The nanospheres were in their shrunken state
without sugar and the fluorescent donor and acceptor were in
close proximity for effective fluorescence resonance energy
transfer (FRET) effect. After the addition of sugar, the nano-
spheres began to swell, and the distance between the fluores-
cent donor and acceptor increased. Consequently, the FRET
effect decreased (Fig. 4).

The above nanogels are non-degradable and cannot be easily
cleared from blood circulation or metabolized in cells. Recently,
Chen and coworkers* reported a facile one-pot synthesis of a
glucose-sensitive nanogel via thiol-ene click chemistry for self-
regulated drug delivery. Copolymerization of pentaerythritol
tetra(3-mercaptopropionate) (QT), poly(ethylene glycol) dia-
crylate (PEGDA), methoxyl poly(ethylene glycol) acrylate
(mPEGA) and N-acryloyl-3-aminophenylboronic acid (AAPBA)
resulted in core-shell nanogels with disulfide cross-linked core
and PEG shell (Fig. 5). Owing to the presence of PBA, the
nanogel exhibited high glucose sensitivity in phosphate-buff-
ered saline. ARS and insulin were loaded into this glucose-
sensitive nanogel. In vitro release profiles revealed that the drug
release from the nanogel could be triggered by the presence of
glucose. The more glucose in the release medium, the more
drugs were released and the faster the release rate. At the later
period of drug delivery, the disulfide linkage could be reduced
and thus favored the clearance of the drug carriers.

Another kind of degradable multifunctional PBA-containing
microgel for self-regulated insulin delivery under physiological
conditions was reported by Liu and coworkers.** Such multi-
functional microgels were fabricated with N-isopropylacrylamide
(NIPAM), (2-dimethylamino)ethyl methacrylate (DMAEMA) and
3-acrylamidophenylboronic acid (AAPBA) through a precipitation
emulsion method and cross-linked by reductive degradable N,N'-

Polym. Chem., 2014, 5, 1503-1518 | 1505
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Fig. 5 Structures of the nanogel and glucose-sensitive behavior of ARS-loaded nanogel in PBS. (Reprinted with permission from ref. 40.

Copyright © 2013, Elsevier.)

bis(arcyloyl)cystamine (BAC) (Fig. 6). This kind of microgel with
an average size of about 250 nm was suitable for diabetes treat-
ment because it can adapt to the surrounding medium of
different glucose concentrations over a clinically relevant range
(0-20 mM), control the release of preloaded insulin and was
highly stable under physiological conditions (pH 7.4, 0.15 M
NaCl, 37 °C). During drug delivery, the microgels gradually
degraded as time passed and showed enhanced biocompatibility.

An injectable and glucose-sensitive nanogel for controlled
insulin release was synthesized by Wu and coworkers.”” The
nanogels were composed of three interpenetrating polymer
networks of poly(N-isopropylacrylamide), dextran, and poly(3-
acrylamidophenylboronic acid) (P(NIPAM-Dex-AAPBA)). The
nanogels swelled with increased glucose concentration. Insulin
was loaded into the nanogels and released in response to glucose.

Fig. 6 Schematic illustration of synthesis, multi-response, and
degradation of the multifunctional microgels at physiological condi-
tions. (Reproduced from ref. 41 with permission from The Royal
Society of Chemistry.)

1506 | Polym. Chem., 2014, 5, 1503-1518

Invivo study revealed that insulin-loaded nanogels decreased the
blood glucose levels in diabetic rats and maintained 51% of the
baseline level for almost 2 hours. Importantly, the drug-loaded
nanogels could keep blood glucose levels stable and avoided
blood sugar fluctuations compared with free insulin.

3. Self-assembled PBA-based
micelles

Glucose-responsive nanogels of several hundred nanometers in
diameter offer structural integrity during drug delivery but may
encounter the plights of quick clearance in blood circulation,
because the nanogels lack the protection by a corona layer just
like self-assembled micelles protected by a PEG corona and the
difficulty of renal excretion because of their non-biodegrad-
ability. Recently, glucose-responsive micelles self-assembled by
PBA-containing amphiphilic block polymers have been reported
as potential and excellent carriers for insulin delivery due to
their faster response to glucose at neutral pH, longer circulation
stability as a result of the protection by PEG, and easier drug
loading upon self-assembly.

For the preparation of PBA-based glucose-responsive
micelles by self-assembly, the first and most important is the
synthesis of PBA-containing block copolymers. Jékle and
coworkers* synthesized well-defined organoboron block
copolymers via atom transfer radical polymerization (ATRP) by
using two different routes as shown in Fig. 7. In the direct
polymerization method, route A, well-defined organoboron
polymer was synthesized by ATRP of pinacol protected styr-
eneboronic acid and used as a macroinitiator in the chain
extension with styrene or other monomers to obtain organo-
boron block copolymers. In route B, postpolymerization modi-
fication of silylated polymers was used as an alternative. Silicon-
functionalized monomer was first polymerized by ATRP* and
then followed by chain extension with styrene. Subsequent

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Synthesis of organoboron block copolymer via ATRP through
two different routes of direct polymerization and postpolymerization
modification. (Reprinted with permission from ref. 43. Copyright ©
2005, American Chemical Society.)

borylation of the silylated polymer resulted in well-defined
organoboron block copolymers.

Recently, Sumerlin et al* reported a facile strategy to
synthesize well-defined water-soluble boronic acid-based (co)
polymers by reversible addition-fragmentation chain transfer
(RAFT) polymerization (Fig. 8). They polymerized a pinacol ester
of 4-vinylphenylboronic acid and subsequently deprotected
utilizing a mild and convenient strategy to obtain the boronic
acid (co)polymers. This was the first example of boronic acid/
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Fig. 8 Synthesis of boronic ester and boronic acid homopolymers and
block copolymers by RAFT polymerization. (Reprinted with permission
from ref. 45. Copyright © 2007, American Chemical Society.)
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ester block copolymers being prepared by RAFT polymerization.
The amphiphilic block copolymer could self-assemble into
polymeric micelles in water. After transesterification with
another boronic acid, the pinacol was removed from PBA, and
the block copolymer became glucose responsive. But an alkaline
condition was needed for glucose-triggered dissociation of the
self-assembled micelles because of the higher pK, of PBA. In
another case, the same group synthesized sugar-responsive
block copolymers by direct RAFT polymerization of unprotected
and less hydrophobic boronic acid monomers.*® This block
copolymer self-assembled into micelles in aqueous solution
and dissociated in response to glucose at lower alkaline pH.

To further decrease the critical pH value for apparent
response to glucose, Sumerlin and coworkers reported a similar
PBA-containing block copolymer with a lower boronic acid
pK, = 8.2. This block copolymer was synthesized by RAFT
copolymerization of N,N-dimethylacrylamide and a boronic
acid-containing acrylamide monomer with an electron-with-
drawing substituent on the pendant phenylboronic acid
moiety.*” Below pH 8.2, the block copolymer self-assembled into
aggregates. Addition of base to yield a pH > pK, or addition of
glucose at pH 7.4 resulted in aggregate dissociation (Fig. 9). This
may prove promising for controlled delivery applications under
physiological relevant conditions.

The above block copolymer micelles were formed by hydro-
phobic association of PBA-containing blocks and could be dis-
integrated by sugar binding to PBA moieties on the polymer
chains, which transformed PBA-containing blocks from hydro-
phobe to hydrophile. Recently, Yang and coworkers***
synthesized an amphiphilic block copolymer poly(ethylene
glycol)-block-poly[(2-phenylboronic  ester-1,3-dioxane-5-ethyl)
methylacrylate] (PEG-b-PPBDEMA) with phenylborate ester as a
leaving group in response to glucose in the hydrophobic block
(Fig. 10). Acrylate monomer containing pinacol phenylboronate
was prepared and used for polymerization. The block copolymer
self-assembled into core-shell micelles in aqueous solution
with PPBDEMA as the core and PEG as the shell. Due to
saccharide molecules having a predominant association force
with organoboron, the presented pinacol phenylboronate
moieties on the polymer are prone to combine with sugar
molecules and detach from the polymer architecture as a
phenylboronate-saccharide complex. The disengagement of
phenylboronate groups will trigger the polarity transfer of the
polymer from amphiphile to double hydrophile, thus leading to
disruption of the initial nanoaggregates formed via self-
assembly of the amphiphilic polymer. The micelles were used as
glucose-sensitive drug carriers and glucose-responsive release
of insulin was successfully realized at neutral pH.

Complete synthesis of new block copolymers always involves
complicated work. Shi and coworkers*®* reported a simple but
effective method to synthesize a PBA-containing block copol-
ymer PEG-b-P(AA-co-AAPBA) that could respond to glucose at pH
7.4. The block copolymer PEG-b-P(AA-co-AAPBA) was synthe-
sized by partial modification of an existing poly(ethylene glycol)-
block-poly(acrylic acid) (PEG-b-PAA) with 3-aminophenylboronic
acid (APBA) (Fig. 11). A modification degree of 63% AA units
transformed into AAPBA units resulted in an amphiphilic block

Polym. Chem., 2014, 5, 1503-1518 | 1507
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Fig.9 Structure of the PBA-containing block copolymer and schematic illustration for glucose-triggered dissociation of the micelles. (Reprinted
with permission from ref. 47. Copyright © 2012, American Chemical Society.)
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Fig. 10 Schematic illustration for sugar-responsive behavior of PEG-b-PPBDEMA micelles. (Reproduced from ref. 48 with permission from The

Royal Society of Chemistry.)

copolymer that self-assembled into core-shell micelles but
dissociated in response to glucose at pH 7.4. Solid ''B MAS
NMR analysis indicated that coordination between carboxyl and
PBA induced the transform of PBA from the trigonal planar to
the tetrahedral form, resulting in the decrease of apparent pK,
and glucose-responsiveness of the micelles at pH 7.4. Insulin
was loaded into the micelles through hydrophobic interaction
during self-assembly and released in the presence of glucose at
neutral pH (Fig. 11). Higher glucose concentration led to faster
and complete dissociation of the micelles and also faster release
of insulin.

The block copolymer PEG-b-P(AA-co-AAPBA) can also be
considered as one obtained by introduction of hydrophilic
comonomer AA into a PBA-based polymer. Sumerlin and
coworkers® found that the incorporation of hydrophilic como-
nomers within the responsive PBA-containing block was a
possible way to tune the glucose sensitivity of the block copol-
ymers. A hydrophilic comonomer N,N-dimethylacrylamide
(DMA) was used in this case and block copolymers PAAPBA-b-

1508 | Polym. Chem., 2014, 5, 1503-1518

PDMA with different compositions were studied. Their data
suggested that micelles self-assembled of the block copolymer
with relatively higher content of PDMA had a lower transition
pH value to dissociate. This indicates a decrease of apparent pK,
of PBA and thus an increase of glucose sensitivity of PBA-con-
taining block copolymers by incorporating DMA.

Poly(acrylic acid) based PBA-containing polymers are non-
degradable, which is unfavorable for blood clearance after drug
delivery. Recently, glucose-sensitive polypeptide micelles with
better biocompatibility for self-regulated insulin release at
physiological pH were reported by Chen and coworkers.** PBA
functionalized block copolymers, monomethoxy poly(ethylene
glycol)-b-poly(i-glutamic acid-co-N-3-1-glutamylamidophenylbor-
onic acid) (mPEG-b-P(GA-co-GPBA)), were synthesized by modi-
fying mPEG-b-PGA with 3-aminophenylboronic acid (APBA). The
resultant diblock copolymers self-assembled into micelles in
phosphate buffer at physiological pH (pH 7.4) and insulin-loaded
micelles were successfully prepared. The in vitro release profiles
revealed that the release of insulin from the micelles could be

This journal is © The Royal Society of Chemistry 2014
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micelles. (Reprinted with permission from ref. 18. Copyright © 2009,
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triggered by glucose, i.e. less insulin was released at healthy
blood glucose level (1 g L™"), while quick release occurred under
diabetic blood glucose level conditions (above 2 g L™ ).

Though PBA-based block copolymer micelles were success-
fully used to encapsulate insulin and glucose-responsive release
profiles were obtained, the simple core-shell structure was
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hardly able to achieve repeated on-off release due to its disas-
sembly in response to glucose. Shi and coworkers®* developed a
glucose-responsive complex polymeric micelle through the self-
assembly of two amphiphilic diblock copolymers, poly(ethylene
glycol)-b-poly(aspartic acid-co-aspartamidophenylboronic acid)
(PEG-b-P(Asp-co-AspPBA)) and poly(N-isopropylacrylamide)-b-
poly(aspartic acid-co-aspartamidophenylboronic acid) (PNI-
PAM-b-P(Asp-co-AspPBA)) (Fig. 12). The complex micelles had a
common P(Asp-co-AspPBA) core and a mixed PEG/PNIPAM
shell. Upon increasing temperature, PNIPAM chains collapsed
on the glucose-responsive P(Asp-co-AspPBA) core, forming a
novel core-shell-corona structure. The complex micelles
exhibited a reversible swelling in response to changes in the
glucose concentration, enabling the repeated on-off release of
insulin regulated by the glucose level. Furthermore, the
continuous PNIPAM membrane of the complex micelles could
effectively protect the encapsulated insulin against protease
degradation. This kind of glucose-responsive complex micelles
provided a simple and powerful strategy to construct a self-
regulated insulin delivery system for diabetes treatment.

All of the above micelles were obtained by self-assembly of
PBA-containing block copolymers driven by the hydrophobic
association of PBA-rich blocks under appropriate conditions.
Dissociation of the micelles could be simply achieved by addi-
tion of glucose which combined PBA and transformed it into a
hydrophilic state. Recently, Sumerlin and coworkers® reported
the preparation of dynamic-covalent nanoaggregates based on
reversible boronic ester linkages (Fig. 13). They demonstrated
that well-defined PBA-containing block copolymers were highly
versatile building blocks for the construction of nanoaggregates
via PBA-diol interaction. The addition of multifunctional 1,2/
1,3-diols to block copolymers that contain one segment with
pendent boronic acid moieties led to nanoaggregates that were
composed of covalent boronic ester linkages. The dynamic-
covalent nature of the boronic ester cross-links allowed the

I. Shell collapse

o
D rrcreases

IV. Insulin protection

Fig. 12 Schematic illustration of glucose-responsive complex polymeric micelle (CPM) self-assembled from two diblock copolymers for
repeated on—off release and insulin protection under physiological conditions. (Reproduced from ref. 52 with permission from The Royal Society

of Chemistry.)

This journal is © The Royal Society of Chemistry 2014
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Fig. 13 Formation and disintegration of dynamic-covalent nano-
aggregates via boronic ester formation and transesterification.
(Reprinted with permission from ref. 53. Copyright © 2011, American
Chemical Society.)

nanoaggregates to reconfigure their covalent structure in the
presence of monofunctional diols that competed for bonding
with the boronic acid component. Therefore, the nano-
aggregates could be induced to dissociate via competitive
exchange of the multi-diol cross-linkers with monodiols.

By amplifying small multifunctional diols into glycopol-
ymers with many more diols, Shi and coworkers**** reported the
fabrication of glucose-responsive complex micelles by self-
assembly of a phenylboronic acid-containing block copolymer
PEG-b-P(AA-co-AAPBA) and a glycopolymer poly(acrylic acid-co-
acrylglucosamine) (P(AA-co-AGA)) based on the covalent
complexation between phenylboronic acid and glycopolymer
(Fig. 14). This kind of complex micelles combined a variety of
advantages such as stability against aggregation due to PEG
shell, fast response to glucose due to nanoscale size and
hydrophilic micelle core, and more importantly better glucose
sensitivity ascribed to the decrease of apparent pK, of PBA as a
result of complexation with glycopolymer. The complex micelles
displayed an enhanced glucose-responsiveness compared to the

PEG-b-P(AA-co-APBA)
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2 2 2
C—=NH )
= |2
2|FE°
sl 8

? HO

Lo o

OH 00—
” o OH

0= it HO Q N
S H
/s< W HO OH 9 H
HO ©
HO

Fig. 14 Schematic illustration for the formation and glucose respon-
sive disintegration of the PEG-b-P(AA-co-AAPBA)/P(AA-co-AGA)
complex micelles. (Adapted with permission from ref. 20. Copyright ©
2012, American Chemical Society.)
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Fig. 15 Synthesis of the PBA-containing random amphiphilic glyco-
polymer P(AAPBA-r-MAGA). (Reprinted with permission from ref. 56.
Copyright © 2009, American Chemical Society.)

simple PEG-b-P(AA-co-AAPBA) micelles and the sensitivity of the
complex micelles to glucose increased with the decrease of the
amount of P(AA-co-AGA) in the compositions. Glucose-triggered
on-off release of insulin was obtained under physiological pH 7.4
with 2 g L™ " glucose (hyperglycemia), which provided an effective
strategy for self-regulated insulin delivery in response to physio-
logical glucose level. The enhanced glucose-responsiveness of the
complexes was ascribed to free boronic acids having a lower Lewis
acidity than the corresponding neutral esters.”** For example,
the pK, of phenylboronic acid decreases from 8.8 to 6.8 upon
esterification with glucose leading to the formation of boronate.>

Based on the reversible interaction between PBA and glyco-
polymer, Zhang and coworkers reported a series of self-assem-
bled glucose-responsive nanoparticles.>*** They synthesized a
PBA-containing random amphiphilic glycopolymer P(AAPBA--
MAGA) by copolymerization of 3-acrylamidophenylboronic acid
(AAPBA) and maleimide-glucosamine (MAGA) (Fig. 15).>¢ Self-
assembled NPs with a narrow size distribution were successfully
prepared using this copolymer. These nanoparticles were
glucose-sensitive and were used as carriers for the nasal delivery
of insulin.”” The plasma glucose level of rats was significantly
decreased by insulin-loaded P(AAPBA--MAGA) nanoparticles
across the nasal respiratory.

Block and random copolymers composed of AAPBA and
another sugar unit 2-lact