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Insulin Delivery Using Dynamic Covalent Boronic

Acid/Ester-Controlled Release

tukasz Banach,* George T. Williams, and John S. Fossey*

The number of people affected by diabetes mellitus increases globally year on
year. Elevated blood glucose levels may result from a lack of insulin to manage
these levels and can, over a prolonged period, lead to serious repercussions.
Diabetes mellitus patients must monitor and control their blood-glucose
levels with invasive testing and often alongside administration of intravenous
doses of insulin, which can often lead to suboptimal compliance. To mitigate
these issues, “closed-loop” insulin delivery systems are deemed to be among
superior options for rapid relief from the demanding and troublesome
necessity of self-directed care. The reversible dynamic covalent chemistry of
boronic acid derivatives and their competitive affinity to 1,2- and 1,3-diols
(such as those present in saccharides) allows for the design and preparation

for adequate regulation of blood glucose,
requires frequent monitoring of blood glu-
cose levels by finger-prick tests and the
subsequent administration of insulin by
injection.?! Such a regime is demanding
and can lead to poor compliance, resulting
in imbalanced blood glucose, in turn result-
ing in further complications and increased
cost of treatment.!?*3] Insulin delivery ma-
terials are one strategy envisioned to over-
come the burden of such a frequent and in-
vasive regime.[*l While not completely re-
moving the need for invasive interventions,

of responsive self-regulated insulin delivery materials which respond to
elevated and changing glucose levels. A range of meritorious and noteworthy
contributions in the domain of boron-mediated insulin delivery materials is
surveyed, and providing a multidisciplinary context in the realisation of the

ambitious goal of ultimately addressing the desire to furnish

glucose-responsive insulin delivery materials through innovative synthesis

and rigorous testing is targetted.

1. Introduction

Diabetes mellitus is a chronic disease that, if not treated well,
leads to serious health degeneration which can manifest in loss
of sight, stroke, heart attack and other severe consequences. The
number of people suffering from diabetes mellitus is increasing,
and the search for improved diabetes treatments and manage-
ment strategies has never been more urgent.[!! The most com-
mon management strategy in therapy for patients with type 1 di-
abetes, those whose pancreas is not producing enough insulin
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materials that function as insulin reser-
voirs may act as an “artificial pancreas,”
discharging insulin inside a patient’s body
in response to elevated glucose levels then
ceasing release under normoglycemic con-
ditions, i.e., closed-loop systems.’] While
such systems must be replenished at regu-
lar intervals, they remove the worry of mon-
itoring and reactive treatment scenarios.
The development of such systems has seen
increased attention in recent years, as the
best hope for a rapid increase in quality of
life lies with advanced management strategies in the interven-
ing years before a true cure for diabetes is hopefully realised.
The intrinsic ability of boronic acid derivatives to reversibly re-
act with 1,2 and 1,3-diols to form boronic esters, enables boronic
acid derivatives to reversibly and covalently bind with saccha-
rides, making them among the most promising platforms for the
innovation and discovery of materials capable of responding to
fluctuations in blood glucose levels. Recent advances in combin-
ing functional and soft materials research with the reversible co-
valent supramolecular chemistry of boronic acid derivatives, offer
the potential for the realisation of a closed-loop insulin delivery
without the need of external accoutrements.

Alongside the herculean effort put into the development of
new drugs, parallel research into materials capable of controlled
release, in order to find the more effective administration meth-
ods is also ongoing;® the mechanism delivery of a drug cannot
be underestimated in realising its full potential and efficacy.”!
Optimal delivery regimes can mitigate disadvantages such as
short lifetimes of biologically active substances due to metabolic
transformations, low cellular uptake or poor drug distribution.®!
Drug delivery materials aim to overcome these problems, typi-
cally by encapsulating a drug in order to store, protect, distribute
and subsequently release it. The potential of the relatively new
area of controlled release is evidenced by an increasing number
of drug delivery systems approved for clinical use,®! utilising

© 2021 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 1. Exemplary blood glucose profile chart. Blue region denotes “ex-
tended target range” of blood glucose concentration [mmol L™'], while
fasting 4-7 mmol L™" is recommended, 2 h after meals up to 11 mmol
L=". Symbol A denotes meal intake.["*]

materials that range from hydrogels to gated porous nanoparti-
cles, with numerous release mechanisms and supporting math-
ematical models having been explored.'”) Beyond diffusion-
mediated release are the designed, responsive drug-delivery
materials that release their cargo in response to specific stimuli,
to control and cease liberation of a payload in response to the
drug delivery environment. An obvious trigger for such materials
in the treatment of diabetes is an elevated level of the saccharide,
glucose, in the blood. Blood glucose levels change over the course
of a day, and there is a clear correlation with meal intake, often
requiring diabetics to inject themselves with insulin shortly after
meals, often preceded by invasive monitoring.?*!l Not only
is this inconvenient, error could lead to mistakes resulting in
hypoglycemia with serious medical consequences.!'>'2] An ideal
smart glucose-responsive insulin-delivery material would release
its cargo in such way to maintain healthy blood glucose levels
between 4 X 1073 and 11 x 1073 M, avoiding high-glucose spikes
while not attenuating glucose levels too much (Figure 1).['%]

Reports dating back to the 1950s first revealed the ability of
aryl boronic acid derivatives to reversibly form cyclic boronic es-
ters upon complexation with 1,2- or 1,3-diols.[**] This reversibil-
ity makes aryl boronic ester derivatives ideal candidates for the
construction of saccharide responsive materials, where the diol
motifs within the saccharide become competitive binders for the
integral boronic acids.[®! The planar sp? hybridised boron of an
aryl boronic acid is a Lewis acidic center that in an aqueous en-
vironment is coordinated by water, which in turn facilitates liber-
ation of a proton generating the corresponding boronate anion.
While the formation of neutral boronic esters is indeed possi-
ble, boronate anions are more prone to diol complexation than
their neutral counterparts at physiological pH (Scheme 1). The
pH of the aqueous media and the pK, of the boronic acid play
a significant role in the propensity for boronate ester formation,
namely if the pH is below the pK, then boronate ester formation
is disfavored.['®]

The diol-binding properties of aryl boronic acids may be
tuned through the modification of the electronic properties of
their aryl ring or by employing ligating pendant substituents
ortho to the boron-containing substituent, such as an N,N-
dimethylaminomethyl group (Wulff-type complexes),['”) which
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Scheme 1. pH-Dependent equilibria of aryl boronic acid and boronate
derivatives in aqueous media: boronic acid derivatives tend to undergo
condensation reactions with 1,2- and 1,3-diols to form the corresponding
boronic/boronate esters.

HO Me
HO\B/O HO; 2
(i) (i)
| X
X [j
EW
Electron Woulff-type
withdrawing complex
substituents
HO. __OH
B
(i) (|v)
X
» [ ]
N
Heteroatoms Benzoxaborole
in aryl ring

Figure 2. Boronic acid derivatives with superior diol-binding properties,
exhibiting the ability to undergo diol complexation at physiological pH. i)
Aryl boronic acids featuring electron withdrawing groups, which increase
the Lewis acidity of the boron. i) Wulff-type complexes featuring an amino-
group capable of coordinating the boron. iii) Aryl boronic acids featuring
heteroatoms within the aromatic ring. iv) Benzoxaboroles which offer in-
creased propensity to form boronate anions.

have a pK, significantly lower than their phenyl-derived analogs
(Figure 2).1'8 This tunability makes boronic acid derivatives ver-
satile components for the development of saccharide responsive
materials.[') While nature provides a wide range of biomolecules
that can be used to create drug delivery systems with stimuli
selectivity (i.e., enzymes),?°! there are some drawbacks. The
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possibility for an immunogenic response, coupled with their
low stability (tendency for denaturation), makes the storage and
processing of such materials problematic. On the other hand,
synthetic chemical (as opposed to biopolymer-derived) materials
confer advantages ready for exploitation.’!l These systems
can be free of such limitations but rarely offer such exquisite
selectivity profiles. While aryl boronic acid derivatives may
often present some synthetic challenges,??! they form a large
component of the efforts toward selective, responsive, delivery
materials research,!?)] as this review aims to demonstrate.

Owing to the fast moving and rapidly expanding research base
in the area of boron-diol-mediated controlled release, this re-
view surveys contributions primarily made over the past five
years. The focus is on insulin delivery systems that make use
of the dynamic reversible covalent chemistry of principally aryl
boronic acid derivatives targeted toward the treatment of diabetes
mellitus.

2. Diabetes Mellitus

Diabetes mellitus, often referred to as diabetes, is a chronic
disease characterised by high blood glucose levels (i.e., hyper-
glycemia), which is defined as a blood glucose concentration at
>2.0 g L7! (or 11.1 x 10~* M) over a prolonged time.['>?*] Dia-
betes is a global condition which is increasing in prevalence; 422
million people were affected in 2016 which is predicted to rise to
642 million in the year 2040.12°] Diabetes, together with cancer
and cardiovascular diseases, is a major endangerment to human
health and is of growing significance. In general, elevated glu-
cose levels in diabetic patients are the result of either insufficient
production of insulin (type 1 diabetes) or ineffective response to
insulin (type 2 diabetes).[2¢]

Insulin was first isolated and identified by Banting and Best in
1922.27] 1t is a peptidic hormone consisting of 51 amino acids
arranged into two polypeptide chains which are connected by
two disulphide bridges. In the presence of zinc ions it often
adopts a hexameric form.[?®) Insulin is secreted by p-cells in pan-
creas regions known as the Islets of Langerhans.[?) The main
function of insulin is the regulation of metabolism of carbohy-
drates and lipids, but it also suppresses protein breakdown and
influences other physiological processes.*" This gives it applica-
tions outside of diabetes treatment, e.g., in wound healing, treat-
ing poisoning with calcium channel blockers or in anti-ageing
therapy.l?!] Increased secretion of insulin is a natural response
to elevated blood glucose levels, which triggers cells in the body
(particularly in the liver and muscles) to uptake and store glucose
in the form of glycogen.!??] Tt is the disruption of this process that
results in diabetes.

There are two main types of diabetes. Type 1 diabetes, known
also as Juvenile Diabetes, has its onset primarily in children and
is a result of autoimmune damage of f-cells in the Islets of
Langerhans that leads to insulin deficiency.[*) Conversely, type
2 diabetes afflicts mainly adults and is a state of systemic resis-
tance to insulin, despite its normal production by p-cells.?3l A
third type of diabetes is gestational diabetes, which is a transient
resistance to insulin developing at times during pregnancy.3*
Moreover, cases are known where diabetes and insulin deficiency
can arise as a result of disease (e.g., pancreatic cancer), infection
or side effects of used medication.!'")
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A persistent state of elevated blood glucose levels leads
to a series of severe complications, including cardiovascular
disease, nephropathy, ketoacidosis, stroke, nerve damage and
retinopathy.['?l Diabetes is also responsible for elevation of ox-
idative stress, thus generated reactive oxygen species contribute
to these secondary diabetic complications.3’] People suffering
from type 1 diabetes are treated almost exclusively with ex-
ogenous insulin, while type 2 diabetics may be prescribed
small molecule drugs and advised to make lifestyle changes.!*’]
However, advanced type 2 diabetes can lead to insulin defi-
ciency and insulin has to be introduced to the therapeutic
regime.%¢]

As discussed, current diabetes treatment requires patients to
monitor their blood sugar concentration, most often by finger
prick tests, calculate required insulin dosage and self-administer
by subcutaneous injection several times a day (so called “open
loop” treatment). Multiple types of insulin injections a day are
often required for effective treatment. For mealtimes rapid act-
ing insulins (aspart, glulisine, and lispro) or intermediate act-
ing insulins (neutral protamine, Hagedorn, or Lente) are used,
while long acting insulins (glargine or detemir) are applied in
order to meet the required basal level of insulin throughout
the day.''¥’] In order to achieve best therapeutic outcomes this
strict regime has to be carefully followed.I**] High patient bur-
den results from the need for multiple doses each day, the need
to match insulin doses to carbohydrate counts at mealtimes,
and also the timing of insulin administration at meals (rapid-
acting insulins are recommended 15 min before a meal).®!
High levels of insulin can lead to hypoglycemia that can re-
sult in coma or even death.*! Furthermore, frequent insulin
injections and blood glucose self-monitoring can be inconve-
nient in social situations and cause physical pain, skin necro-
sis, local infections and nerve damage, further reducing patient
compliance.[1>2*]

These drawbacks attracted the attention of scientists working
on diabetes treatment and inspired different research approaches
from engineering of insulin*” toward designing other means
of delivery. An alternative approach is the use of a continuous
subcutaneous insulin infusion pump. As well as the high cost of
such devices it has been shown that incidents of insulin pump
malfunction increases frequency of ketoacidosis.[*!! Originally,
these pumps consisted of an insulin reservoir and pump which
was worn either on a belt or kept in a pocket, with a tube running
into an injection site; this tube could be over a meter in length,
presenting obvious inconvenience.[*?] Recent developments
include patch pumps. These are adhesive reservoir and pump
combinations that sit near the subcutaneous delivery site, remov-
ing inconvenience and offering greater discretion, making them
more popular in patient surveys.*] Alternative noninvasive
routes, such as nasal,l**] oral ] pulmonary,*®l and transdermal
insulin delivery systems[*] have gained attention. However,
the intrinsic properties of insulin, such as its poor permeation
of biological membranes, high molecular weight and ease of
deactivation, limits these noninvasive administration methods.
Nevertheless, such an approach would still have to rely on active
monitoring of blood glucose levels by the patient in order to de-
termine whether insulin is required. Therefore, further work into
the development of self-regulating insulin release strategies is
required.

© 2021 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Oral delivery of drugs is preferable to either subcutaneous
or intravenous administration; its ease and lack of invasiveness
prevents the need for trained personnel, and patient preference
across a range of other disease treatments tends toward oral ad-
ministration being preferred.*8! Unfortunately, the peptidic na-
ture of insulin means that it is metabolised by the digestive track
if ingested unprotected, and has a poor diffusion rate through
the mucosal layer.[*"] A recent review by Xiao et al. outlines the
strides that have been taken toward making these technologies
a reality. While orally available insulin would begin to address
the inconvenience of regular injections, patients would still be
required to maintain vigilance of their blood glucose levels, and
as such we believe that the future of transformative care is in the
development of closed-loop delivery materials.

In an attempt to develop external “closed-loop” insulin de-
livery systems, there have been attempts to combine contin-
uous glucose monitoring (CGM) and insulin pump technolo-
gies. These systems use a CGM to automatically detect blood
glucose level (BGL) fluctuations, and an algorithm then alters
insulin administration via an insulin pump in response. One
early effort to produce such systems was the “Medtronic Min-
iMed 640G with Smart guard.” This device would predict hypo-
glycemic events and suspend insulin delivery, significantly reduc-
ing these events compared to the control group.l*"! The first com-
mercially available closed-loop system capable of reacting to both
hyper- and hypoglycemic events was the Medtronic 670G.[5%>1]
This, and all other systems currently commercially available, are
known as hybrid closed-loop systems. This means that they still
require the patient to manually enter carbohydrate levels that
they plan to consume. Unfortunately, the expense of these sys-
tems has rendered their use minimal in clinical practice. In-
deed, the expense of such systems has led to a movement to-
ward the use of home-made or do-it-yourself artificial pancreas-
type systems, with guides and software available online.l*? True
closed-loop systems have yet to be made commercially available.
Indeed, the nature of the subcutaneous delivery system means
that a long road may need to be followed to realise a true ar-
tificial pancreas. Researchers have made many efforts to min-
imise the issues through the use of insulin releasing materi-
als, which removes the requirement for the external pump and
the CGM.

Such insulin releasing constructs are often called “intelligent”
or “smart” with their ultimate goal being to serve as an artificial
or pseudo pancreas. That is a system composed of insulin loaded
into an appropriate abiotic carrier that would be regulated by en-
dogenous feedback mechanism in which this hormone would be
released as a response to a rise in blood glucose levels (“closed-
loop”). Despite ruling out the necessity for frequent insulin injec-
tions and invasive monitoring, this type of material would also
benefit diabetic patients by making the therapy truly adjusted
to their blood glucose level in real time. However, reaching this
long-standing goal represents a great challenge. Materials for
“closed-loop” diabetes insulin replacement therapy must be sen-
sitive specifically to glucose, with both a quick response to ele-
vation in blood glucose levels and the ability to promptly cease
insulin release to prevent overdose. As diabetes therapy is a life-
long process, the desired system must be convenient and practi-
cal in application over the years, and possess physiological prop-
erties like good clearance kinetics, without triggering inflamma-
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tion and immune response. These and other requirements must
be met to develop functional and applicable glucose-responsive
insulin delivery system.

3. General Modes of Operation in
Glucose-Responsive Materials for Insulin Release

Efforts toward creating such synthetic pancreas are underway,
and have been for about the last forty years.>3] Development
of smart insulin delivery materials has also become a strategic
priority of Juvenile Diabetes Research Fund (JDRF) and other
institutions supporting this cause.’*! Generally, three different
approaches have been used in the development of these materials
in regard to glucose sensing that later induces insulin release.!*"]
One common strategy is incorporation of an enzyme-glucose ox-
idase (GOx) into pH-responsive material. GOx catalyze oxidation
of glucose with molecular oxygen in water to produce gluconic
acid and H,0,.%*] As GOx converts glucose into gluconic acid it
induces a change in the pH of microenvironment of the mate-
rial, causing a structural change of the GOx-incorporated carrier
allowing for insulin release.®®] While GOx is very selective for
glucose, its activity is strongly dependent on its microenviron-
ment. Accumulation of hydrogen peroxide and depletion of
oxygen are an effect of GOx’s activity, such changes can intern
have a deleterious effect on the efficiency of GOx.[*] This has
been mitigated by incorporation of other components capable
of transforming of hydrogen peroxide back into oxygen and
water, i.e., other enzyme—catalases or nanoparticles of cerium
or manganese oxides.>>>”] Gu and co-workers turned GOx
induced hypoxia into a factor further strengthening the respon-
siveness of insulin releasing material. They modified water
soluble hyaluronic acid with 2-nitroimidazole units which were
responsible for hydrophobic properties of overall amphiphilic
vesicle forming material. That is until GOx consumed oxygen for
reaction with glucose yielding conditions in with bio-reduction
took place transforming mentioned moieties into hydrophilic
2-aminoimidazole units leading to dissociation and liberation of
insulin.® There are also examples of drug delivery platforms
using both GOx and boronates together.[?°l However, instead of
being dependent on pH changes, the cargo is released due to ir-
reversible oxidation of boronates to alcohols or phenols by H,0,
produced in the reaction of GOx with glucose. As boronates
in these types of materials serve as linking units holding the
material’'s network together, their oxidation causes breakage of
the link and the overall structure, consequently discharging an
insulin cargo. Since this is not a dynamic or reversible transfor-
mation, these types of materials are outside of the scope of the
present review. Another approach for endowing an insulin de-
livery material with glucose sensitivity is the use of concanavalin
A (ConA), a plant lectin protein possessing capacity for binding
glucose with high affinity.>) ConA is known to form tetramers
that are capable of binding four glucose molecules. Hence,
ConA often serves as an exquisite recognition motif in glucose
sensitive materials for insulin delivery where it can be deployed
as a crosslinker of molecules with pendant saccharide units such
that competitive glucose binding disrupts the network causing
cargo liberation.[®] ConA can also bind saccharide-modified
insulin that is later detached due to substitution with glucose.
That is the mode of operation of the first reported system for

© 2021 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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glucose-sensitive insulin release.>>] Despite high sensitivity
for glucose GOx- and ConA-based materials for insulin release
display some disadvantages. One such disadvantage being
the fact that these proteins show immunogenic properties.[®!]
Moreover, preparation and processing of GOx- or ConA-
containing materials is limited in respect of possible protein
denaturing. Long-term storage difficulties due to instability of
GOx and ConA also can be an issue. GOx and ConA based in-
sulin release systems have been expertly reviewed elsewhere, to
where readers are directed for more details.**2062] Arylboronic
acids, a class of compounds capable of reversibly binding to
glucose and other saccharides, are free of these limitations and
synthetically tractable yet are relatively underutilised in a clinical
setting, however they are emerging as a class of compounds
subject to intense research in the challenging area of “closed-
loop” responsive/controlled insulin therapy and are thus the
subject of this review.[1%62¢%3] These systems, when compared
to protein/enzyme based materials, offer greater potential for
versatile design. Their preparation can be conducted in a wider
range of conditions as they are more stable, thus are also easier
to process and store. Versatile design of materials based on the
chemistry of arylboronic acids is exemplified by the fact that they
are known in forms of gels,[® vesicles,[®) and nanoparticles!®®!
amongst other materials and particles.[*”]

4. Boronic Acid Materials for Glucose-Responsive
Insulin Release

The potential of arylboronic acids in the preparation of materi-
als for insulin delivery was first recognised in 1991 by Kataoka
and co-workers who obtained a polymer based gel that under-
goes a gel-sol transition upon treatment with glucose.[®] Soon
after, the concept of utilising the glucose-responsiveness of aryl-
boronic acid containing co-polymers for triggered insulin releas-
ing gels was realised concurrently by them and Seo Young and co-
workers.!®IThese pioneering findings established the foundation
for further research in the area of arylboronic acid-based glucose-
responsive materials for controlled insulin release. Subsequent
efforts probed aspects, including adjusting operational pH,!”"!
endowing materials with thermo-responsiveness!”!! or using for-
mulations other than gels.”?] It is worth noting that the con-
ducted studies often employed modified versions of insulin, e.g.,
labeled with fluorescein, for ease of determination of release pro-
cess, or insulin functionalised with saccharide moieties in sys-
tems where its release was based on competition with glucose.!”?]
Herein we offer a detailed account of recent advances within
this field, focusing not only on the physiochemical and biolog-
ical efficacy of these systems, but also the syntheses of glucose-
responsive materials in a variety of forms.

5. Gels and Polymer Network Materials

Gels are essentially amorphic materials often composed of inter-
spaced chains thus forming a network structure with “jelly-like”
mechanical properties. Among them are hydrogels which are sys-
tems capable of retaining relatively large amounts of water with-
out dispersing in aqueous environment.”*] Such materials have
been studied for use as drug delivery reservoirs, owing to their
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Figure 3. Gelators 1 and 1-NaOH for obtaining low molecular weight
hydrogels as synthesised by Das and co-workers,[’®! featuring a carbo-
moylphenylboronic acid unit to imbue it with glucose sensitivity, and a
pyrene group to enable z-stacking and acts as a fluorescent reporter.

high biocompatibility, adjustable pore size and ease of synthe-
sis. However, they also face challenges when considering nonspe-
cific release of compounds and administration. Since diabetes is
a long-term disease it is essential that gels used for this purpose
are injectable, rather than requiring a more invasive implantation
protocol.[7?]

The first low molecular weight hydrogel displaying glucose-
responsive release of insulin, as well as glucose sensing prop-
erties, was obtained by Das and co-workers.l”?! The authors be-
lieved that hydrogels would be more susceptible to external
stimuli than polymeric gels.””) The authors carefully designed
a gelator molecule taking into account hydrogen bonding and
hydrophilic-lipophilic balance while maintaining glucose sensi-
tivity. Compound 1 (Figure 3) utilised a pyrene unit as both a
reporter moiety and a platform for z-—z stacking interactions,
amides were incorporated to enable hydrogen bonding, as both
types of interactions facilitate the gelation processes. A spacer
derived from 1,8-diamino-3,6-dioxaoctane was integrated to pro-
vide appropriate hydrophilicity to the structure. Finally, a 4-
carbamoylphenylboronic acid derived fragment is utilised as the
glucose sensitive unit. The authors found that 1 shows water im-
bibing properties forming hydrogels in a pH range from 8 to 12,
which is unfortunately above the physiologically most relevant
pH value (7.4). Not discouraged, Das and co-workers prepared the
corresponding sodium salt 1-NaOH (Figure 1), and found that it
presented efficient hydrogelation ability at pH 7.4 with a mini-
mum gelation concentration of 5 mg mL™! (6.6 ymol mL™1).

© 2021 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 4. Tris-boronic acid gelator as synthesised by Sarkar and
Dastidar,[%#b] with a rigid structure to enable the formation of “honey-
comb” gels.

The obtained hydrogel and its response to glucose was thor-
oughly characterised by transmission electron microscopy (TEM)
and scanning electron microscopy (SEM), as well as a series of
FTIR, UV-vis, fluorescence and circular dichroism (CD) spec-
troscopic studies. All this allowed the authors to characterise the
entangled fibrillary structure of a hydrogel network with a-helical
aggregates, as well as to investigate key interactions for gel for-
mation to be hydrogen bonding between the carbonyl and amide
NH and also 7—x stacking of pyrene units. Fluorescence studies
of 1-NaOH were conducted in dilute (0.05 mg mL™!) and concen-
trated (0.5 mg mL~!) solutions, and showed that binding glucose
causes increase in emission intensity even for minute quantities
of analyte, with saturation of 0.6 X 103 and 1.2 X 10~ m of glu-
cose respectively. Authors found that upon contact with glucose,
the gel’s fibers increased in diameter with macroscale swelling of
the hydrogel reaching 500% within 10 h in 12 x 10~* M glucose
solution. The authors thus investigated the insulin loading capac-
ity for the hydrogel obtained from 1-NaOH at minimum gelation
concentration, which was found to be about 3%, but the authors
noted that this could be improved by increasing gelator concen-
tration. Release studies were conducted using hydrogels with an
insulin content of 1%. In phosphate-buffered saline (PBS) with-
out glucose ~#10% of insulin was released within 60 h, with a
plateau being reached after 16 h. At normoglycemic glucose con-
centration (6 X 10~ M) about 60% of insulin was released in 60 h,
however a plateau is not reached in that time. On exposure to hy-
perglycemic glucose concentrations (12 X 107% and 18 x 10~ m),
~80% of insulin was released within 60 h reaching plateau after
48 h and showing more rapid rate than for normoglycemic glu-
cose concentration. The storage/release of large structures such
as insulin may change their structure, rendering them inactive;
however investigations using CD proved that the released in-
sulin remains in an active form. Moreover, authors found that
gels obtained by them show good thixotropic properties (making
them suitable injectable materials), and cell viability studies us-
ing Hela cells in MTT-based assays proved good biocompatibility
of studied material.

Recently, Sarkar and Dastidar reported a tris-boronic acid (2)
(Figure 4), able to form hydrogels in DMSO/water (1:9 v/v)
mixture.[***! This compound was designed to utilise the ability of
boronic groups to dimerise (or oligomerise) through hydrogen
bonding. The tris-boronic acid drove self-assembly into honey-
comb structure, forming a network that was able to occlude sol-
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Figure 5. lllustration of Anderson and co-workers’ hydrogel network.[781 i)
The structure of the boronic acid and sugar based four-armed peg build-
ing blocks. ii) A schematic representation of the peg—diol interactions
that forms the hydrogel network. iii) Key: Red cut out circles represent
boronic acid groups. Blue triangles represent diol containing saccharide
units. Blue triangles in red cut out circles indicate boronic acid complexed
with diol within the saccharide unit.

vent molecules, resulting in a gel. The authors demonstrated that
insulin can be entrapped in the hydrogel structure, and subse-
quently investigated its glucose-dependent release at physiologi-
cal pH (7.4). On exposure to 5 X 1073 M glucose ~#40% of insulin
was released, while at 10 X 1073 M it was almost 60% and at 20 x
1073 M glucose about 75% of entrapped insulin was released af-
ter 30 h. Analysis using CD indicated the structure of the insulin
was conserved.

Anderson and co-workers presented an approach utilizing dy-
namic covalent chemistry in the preparation of hydrogels from
macromonomers derived from four-arm polyethylene glycol
amine (PEG-NH,).[”®] Amino-groups in starting substrate were
functionalised either with a saccharide unit (containing diols) or
with an arylboronic acid unit (Figure 5). Boronic acid derived
structures included 4-carbamoyl-3-fluorophenylboronic acid (3),
4-carbamoylphenylboronic acid (4) and 2-aminomethylboronic
acid (5) (Figure 5). The authors envisioned hydrogels ob-
tained from these components would exhibit shear-thinning
and self-healing properties along with pH- and saccharide-
responsiveness, due to the dynamic nature of the boronic acid-
diol bonds. Among the obtained materials, the material based
on 3 showed optimal mechanical properties and pH-response,
therefore it was used for further investigations related to protein
encapsulation and release. Three model proteins were chosen:
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Figure 6. Acrylamide monomers used for terpolymer synthesis: 4-(2-
Acrylamidoethylcarbamoyl)-3-fluorophenylboronic (6) to yield glucose
responsiveness, 2-carboxyisopropylacrylamide (7) to maintain solubil-
ity, N-isopropylacrylamide (8) or N-isopropylmethacrylamide (9) used
to imbue the material with temperature responsiveness, and N,N’-
methylenebisacrylamide (10) to act as a crosslinker.

insulin labeled with fluorescein isothiocyanate (FITC), bovine
serum albumin-FITC and Alexa Fluor-conjugated immunoglob-
ulin G. Release of all proteins was tested first without glucose
stimuli in single cargo loaded hydrogels. Results showed that full
release of insulin was achieved within 150 h, while the two other
proteins only displayed partial release. As insulin is the smallest
among tested cargos, the authors concluded that this was due to
the “mesh size” of the hydrogel network being too large, hence
not displaying a high degree of glucose dependent controlled re-
lease.

In recent years Matsumoto et al. published follow-on results
of their investigation on fully synthetic co-polymeric gels based
on N-substituted poly(acrylamide) and its derivatives bearing
fluoro-substituted arylboronic acid functionality.l”®”°! In one con-
tribution, the authors concentrated on a phenomenon of “skin
layer” formation[®) on a surface of glucose-responsive hydro-
gels when glucose concentration decreases in the medium./”?
That phenomenon is essentially gel dehydration in the sur-
face region resulting from a change in counterionic osmotic
pressure upon transformation of the negatively charged borate
to neutral species which occurs as concentration decreases
in the bulk hydrogel. Matsumoto et al. sought a chance for
using this process to improve control over insulin release,
hoping to use this effect to give the ability to cease insulin
release as glucose concentration diminishes. Owing to its
influence on this process, the effect of temperature was a
key consideration in the selection of monomers for this gel-
forming terpolymer synthesis (Figure 6). The authors sought to
include a maximal amount of 4-(2-acrylamidoethylcarbamoyl)-
3-fluorophenylboronic (6) acid in order to minimise tem-
perature dependent gel-hydration/dehydration, while com-
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Figure 7. A pictographic representation of the glucose triggered insulin re-
leasing hydrogel designed by Matsumoto et al.l7?b! The external surface of
the gel would react to changing glucose concentrations while the bulk re-
mains unchanged. This enabled the surface to dehydrate, forming a “skin
layer” at low glucose concentrations, decreasing the mesh size and re-
taining the encapsulated insulin. At high glucose concentrations the outer
layer is hydrated, enabling insulin release.

pensating decreased solubility of the gel by introduc-
ing 2-carboxyisopropylacrylamide (7). Thermosensitive N-
isopropylacrylamide (8) or N-isopropylmethacrylamide (9) were
used alternatively as the main component of the polymer chain
while N,N'-methylenebisacrylamide served as a crosslinker (10)
(Figure 6).

A series of terpolymer gels were obtained. The size of the ma-
terials in different glucose concentrations (2.78 x 1073 to 55.5 X
1073 M) at temperatures ranging from 30 to 45 °C was probed. The
authors noted that increasing the concentration of the boronic
acid functionality yielded a proportional increase in hydration
upon contact with glucose solution. It was also found that in-
creasing the proportion of carboxylic acid bearing monomer im-
proved swelling at higher temperatures, enabled gelation even at
high boronic acid concentration. The ability of these gels to con-
trol insulin release was studied at temperatures between 35 and
40 °C. Surprisingly, the best material in the series was the one
with the least significant scale of glucose-dependent hydration
changes. This was composed of 20% of boronic acid function-
alised monomer 6% and 1% of monomer 7, with the main com-
ponent being 8. The experiments consisted of treating the studied
materials with different glucose concentrations at discreet time
points, and simultaneously monitoring insulin release, a plot of
which gave a series of peaks alternating in shape (symmetric and
nonsymmetric). For the above-mentioned material, insulin re-
lease reflected the glucose treatment profile at applied temper-
atures and discharge of the cargo was proportional to and effi-
ciently shut off with change and removal of the stimuli. The au-
thors rationalised the results in terms of “mesh size” the internal
and surface of studied gels changing in response to stimuli.

Additionally, Matsumoto et al. utilised a hydrogel based on 6, 9,
with 10 serving as a crosslinker in preparation of an electronics-
free insulin delivery device confined within a single catheter,
which was proven to function as an artificial pancreas in vivo.!”*"!
Insulin release was controlled by glucose concentration and skin
layer formation served to shut off cargo discharge (Figure 7). In-
jections of fructose or aspartame did not cause a significant effect
on blood glucose levels in mice implanted with insulin-loaded
devices showing glucose-specificity of studied material. In vivo
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studies on mice proved effective control of glucose concentration
levels and high durability of the device, which was functioning
for at least three weeks.

The established boronic acid-based hydrogel system of Mat-
sumoto et al. was also employed as constituent of a micronee-
dle array patch for glucose responsive transdermal insulin
delivery.®!] Thus achieving the first example of an enzyme-free
self-regulated system that can serve as an “on-skin pancreas.”
A glucose-responsive hydrogel was blended with silk fibroin to
form a semi-interpenetrated network providing the appropri-
ate mechanical properties of microneedles. The authors found
that the presence of silk fibroin does not impair the glucose-
responsiveness of boronic acid-based hydrogel. In vitro studies
at 37 °C proved that insulin release from this microneedle ar-
ray is glucose-dependent and occurs promptly, mirroring the glu-
cose concentration profile. Further improvements to the needle-
patch system involved developing a fabrication method of a gel-
silk fibroin hybrid material using a two-layer strategy, yielding
a deformation resistant structure.l®?) Matsumoto et al. took an-
other step forward in regard of hydrogel composition, improv-
ing the formulation to decrease the effect of temperature on
mesh size (and consequently insulin release), while maintain-
ing high glucose responsivity,®}! by replacing 9 with 8 and de-
creasing its overall content. Moreover, the percentage of 6 was
increased and N-hydroxyethylacrylamide was introduced to make
up for increased hydrophobicity and prevent the network loosen-
ing due to crosslink formation with boronic groups. As a result,
the authors obtained a hydrogel material with glucose responsive
insulin release properties that were insensitive to temperature
change within a 28 to 39 °C range.

The utility of this new formulation was demonstrated by
Matsumoto et al. in another electronics-free insulin delivery
device.3*] The authors combined their glucose-sensitive gel with
bundled hemodialysis hollow fibers, they covered the bundle with
a thin layer of PEG leaving open ends, and connected one end to
an insulin reservoir, and the other to a cellulose dialysis mem-
brane. Such a device was subcutaneously implanted into rats
and its effect was studied within groups of healthy and diabetic
rodents. The obtained results showed that glucose levels were
well normalised and fluctuations were mitigated. In using a rat
model, the authors demonstrated scalability of their approach
since rats are about ten times larger than the previously used
mice.[7%]

Gu and co-workers recently reported a microneedle patch
for transdermal insulin delivery in response to elevated glu-
cose levels.!® The authors based their device on a poly-
meric matrix constructed of three different monomers: N-
vinylpyrrolidone (11), 2-(dimethylamino)ethyl acrylate (12) and 3-
(acrylamido)phenylboronic acid (13). These were mixed together
with ethylene glycol dimethacrylate (crosslinker, 14) (Figure 8)
insulin (20 wt%) and photoinitiator (1 mol%, Irgacure 2959) in
a microneedle mold, followed by UV irradiation causing pho-
topolymerisation, yielding a set of polymeric needles loaded with
insulin. The UV-curable polymer base was later laid out and after
photopolymerisation the microneedle patch could be de-molded.
The authors also prepared reference microneedle patches, which
were also loaded with insulin but lacked 12 and 13. The boronic
acid part of 13 is responsible for binding glucose, forming a
boronate complex under hyperglycemic conditions. This in turn
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Figure 8. Monomers N-vinylpyrrolidone (11), 2-(dimethylamino)ethyl
acrylate (12), 3-(acrylamido)phenylboronic acid (13) (to imbue the ma-
terial with glucose responsiveness) and ethylene glycol dimethacrylate
crosslinker (14) used by Gu and co-workers in preparation polymeric ma-
trix for microneedle path releasing insulin in response to glucose.[?°]

increases the negative charge density, causing polymer swelling
and repulsion of negatively charged insulin, initiating its release.
Monomer 12 introduces a tertiary amine functionality that is eas-
ily protonated, forming areas of positive charge, which increase
the affinity of the polymer to insulin, preventing its release under
normoglycemic conditions. In vitro experiments revealed glu-
cose binding by microneedles to proportionally increase across
the normoglycemic (5.5 X 1073 m) to hyperglycemic (22 x 1073
M) range. Insulin release profiles for different glucose concen-
trations were presented, and the ability of the materials to switch
cargo release on and off in response to glucose was demon-
strated. Insulin loaded microneedles proved to work well in vivo,
as demonstrated using mice and minipigs animal models. A
patch of about 5 cm? enabled effective regulation of the plasma
glucose levels of 25 kg minipigs for over 20 h, during which time
minipigs were subject to glucose tolerance tests.

The concept of incorporating saccharide units into the hy-
drogel structure was explored by several other groups. Wu and
co-workers used reversible addition-fragmentation chain trans-
fer (RAFT) polymerisation in order to obtain block co-polymer
comprised of 13 and 2-lactobionamidoethyl methacrylate (15),
(Scheme 2). However, the obtained material showed lim-
ited glucose responsiveness.®! Ju and co-workers prepared a
cellulose/4-vinylphenylboronic acid composite bio-hydrogel by
electron beam irradiation, which they investigated for glucose
triggered insulin release at pH 9.0, 28 °C. The release profiles
for normoglycemic (5.5 X 1073 ) and hyperglycemic (16.5
x 1073 M) were very similar in range of slightly over 20 h,
thus were not suitable for a glucose responsive insulin release
system.!®”] Maynard and co-workers prepared a hydrogel based
on a trehalose functionalised polymer derived from polystyrene
and eight-arm PEG-NH,, functionalised with boronic acid units
via reductive amination with 4-formylphenylboronic acid.®!
Trehalose was chosen because of its weak affinity to boronic
acids, which was anticipated to provide high glucose-sensitivity
to the hydrogel. Another reason for selecting trehalose was its
abundance of hydroxyl groups which have been observed to aid
hydrogel formation. The authors obtained a hydrogel loaded
with FTIC-insulin by mixing the three components together.
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Scheme 2. Synthetic procedure developed by Ju et al.,!%] using RAFT to generate a block co-polymer containing both 3-acrylamidophenylboronic acid
13 and 2-lactobionamidoethyl methacrylate (15), which offered limited glucose responsiveness (conditions: AIBN, DMP, DMF/H,0, 70 °C).

Although after 2 h, without glucose stimulation, over 60% of
insulin was released, applying a 27.8 x 1073 M concentration of
glucose resulted in complete release.

The use of hydrogels as multifunctional materials in various
applications requires endowing them with multiple physio-
chemical properties. Zhang and co-workers addressed this need
with their nanofilamentus virus-based dynamic hydrogel incor-
porating boronate esters to give them glucose sensitivity.**] The
authors functionalised the rod-like M13 virus with 4-((3-((2,5-
dioxopyrrolidin-1-yl)oxy)-3-oxopropyl)carbamoyl) phenylboronic
acid in an active ester approach. This bioconjugate was then
coupled with poly(vinyl alcohol) (PVA) giving an injectable and
self-healing hydrogel. This hydrogel could be structured by
shear-induced orientation of virus nanofibers. Also, gelation by
diffusion of diol-containing material engendered a chiral liquid
crystal phase into the hydrogel leading to unique internal chiral
structures. Insulin loading took place at the hydrogel formation
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step through mixing three components together (bioconjugate,
insulin, and PVA). Insulin release studies showed that after
120 h, ~85% of the cargo was discharged in medium with
no glucose while for glucose concentration of 33.3 x 107> m
cumulative release after the same time was ~95%.

Recent work by Zhang and co-workers showed an example
of a multifunctional glucose and thermally responsive mi-
crogel with high salt tolerance.”®) The authors synthesised a
random copolymer using 7 and (2-phenylboronic esters-1,3-
dioxane-5-ethyl)methyl acrylate (16) as monomers, endowing
thermo-responsiveness and the other in glucose-responsiveness
respectively, with PEG diacrylate used as a crosslinker (17)
(Scheme 3). Three microgels varying in monomer ratio were
prepared via radical initiated polymerisation. FITC-tagged in-
sulin was loaded through diffusion. Analysis of insulin release
against varying temperature, concentrations of phosphate buffer
and concentrations of glucose demonstrated that while changes
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Scheme 3. A pictographic representation of the glucose responsive micro

gel as developed by Zhang and co-workers.[?0] i) Radical initiated polymerisa-

tion of acrylamide monomers. i) Schematic of the materials response to temperature and the presence of glucose. iii) Key: Orange circle/oval represents

glucose. Green oval represents bulk polymer above its lower critical solut
unit. Pale green square represents fluorescein-tagged insulin. Red cut out

ion temperature (LCST). Blue triangle represents diol-containing monomeric
circle represents boronic acid unit. Orange circle within the red cut out circle

cavity represents glucose complexed to the boronic acid. Pale blue oval represents bulk polymer below its LCST. Blue triangle within red cut out circle
represents boronic acid unit bound to the diol containing monomeric unit.

of first two factors within physiological range do not exert
significant effects, altering glucose concentrations adequately in-
fluence insulin release. The extent of this effect was proportional
to boron-containing monomer (16) incorporation.

Zhao et al. sought to take advantage of insulin’s tissue re-
generative ability in the design of a bioactive dressings for di-
abetic wound healing. They synthesised a three-component hy-
drogel comprising of boronic acid-modified chitosan, PVA, and
benzaldehyde capped PEG.[! Bis-aldehyde formed crosslinks
between chitosan derived chains that were complexing PVA by
boronate ester formation (Scheme 4). The authors found that
hydrogel formation could occur in the presence of insulin and
live cells could also be incorporated. The obtained material was
shown to release insulin in response to glucose (at 16.6 X 1073
M) and lowering pH (from 7.4 to 6.4), with cumulative discharge
in response to these stimuli after 34 h being 43% and 33%, re-
spectively. This process was influenced by changing the ratio of
the hydrogel monomers components. The authors tested their
insulin- and fibroblasts-loaded hydrogel topically on the wounds
of diabetic mice. They were shown to reduce blood glucose levels
and improve the healing process compared to controls over an
18-day experimental time course.

Chitosan was also incorporated into an insulin-releasing
hydrogel by Yu and co-workers.[2] The authors sought to use
chitosan to imbue the material with biodegradability, as well as to
lower the pK, of the boronic acid moiety through the interactions
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of chitosan amine groups with the boronic acid groups. Another
benefit of the incorporation of chitosan units was improved
mechanical properties, better protecting loaded insulin against
mechanical deformations at the site of implantation. The authors
synthesised a set of materials by radical polymerisation of acry-
lamide, 13, maleic acid grafted chitosan and poly(ethylene glycol)
diacrylate crosslinker, with varied monomer ratios. Investigation
into the mechanical properties of the hydrogel samples con-
firmed that the chitosan was responsible for both an increased
stiffness of the hydrogel and an increased storage modulus. In-
creasing the proportion of chitosan also increased the hydrogel’s
swelling in response to glucose. However, the authors noticed
that their materials were swelling more in PBS solution than
in glucose solution, and swelling was smaller in 22.2 X 1073 M
glucose than in 5.5 x 10~ M glucose. This was hypothesised
to be due to the 2:1 boronic acid to glucose binding that was
essentially forming additional crosslinks. Only at concentrations
of 55 x 1073 M of glucose did the hydrogel swell more than in the
control experiments. To further evidence this theory, the authors
conducted experiments with fructose, as the fructose boronic
acid binding is 1:1. This resulted in the hydrogels swelling two
to four times more than the equivalent glucose concentrations.
Following this investigation, insulin was loaded into hydrogels
by the swelling-diffusion method. Insulin solution was added
to a vial with a dried sample of the hydrogel and the vial was
incubated at 25 °C for 48 h. The hydrogel was then washed with
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Scheme 4. Glucose responsive PVA based hydrogel for diabetic wound healing as developed by Zhao et al.[®' i) Schematic representation of the effects
of pH and glucose on the hydrogel material, outlining the acid sensitive imine bonds and the glucose sensitive boronate esters. ii) Key: Orange circles
represent glucose. Yellow pear-shape represents amines present on chitosan. Pink sickle-shapes represent aldehydes present on bis-aldehyde crosslinker.
Red cut out circle represents boronic acid unit. Pale green triangle represents diol unit on PVA chains. Grey sickle pear-shape bound unit represent imine

bonds. Thick blue lines represent polymeric chains.

distilled water. Optimal loading capacity was observed for the
material with intermediate chitosan content. In vitro tests for
insulin release in response to glucose were conducted, showing
differentiation in cargo liberation in response to different glu-
cose concentrations. In the case of the hydrogel with the highest
chitosan content, insulin release was most effective in absence
of glucose. However, all other tested materials liberated their
payload in correlation with increasing glucose concentrations.
Zhao and co-workers developed a glucose-responsive hydrogel
for diabetes therapy that releases insulin and liraglutide, chosen
since a combination of these has greater potential for preventing
diabetic nephropathy.”’] The authors based their material on
poly(y-glutamic acid) which they modified through amide forma-
tion with 3-aminophenylboronic acid (24). Boronic esters formed
between boronic acid and diol units of konjac glucomannan,
a polysaccharide consisting of glucose and mannose, resulting
in the formation of a hydrogel network. Insulin and liraglutide
were loaded into this network. In vitro experiments showed that
release of both cargos was influenced by glucose. However, it
was observed that insulin discharge was slightly more glucose
sensitive than liraglutide. Cumulative insulin release for glucose
concentrations of 0 X 1073, 22.2 x 1073, and 66.6 X 1073 M, in oth-
erwise physiological conditions, was 60%, 70%, and 80% within
72 h, respectively. For liraglutide cumulative release under these
same conditions varied from x71% to about 82%. The material
was also demonstrated to undergo “on-off” release cycling in re-
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sponse to varying glucose concentration. Diabetic rats were used
to perform in vivo test over 42 days, therapeutic administration
took place once every three days and provided good blood glucose
normalisation. Moreover, the authors have also confirmed that
development of nephropathy in studied rats was prevented.

6. Nano Objects/Nano Materials

Nanomaterial encompasses materials composed of particles in
the range of 1 to 1000 nm. This size range is accompanied with
unique properties, e.g., a relatively high surface area and sur-
face tension.[®*] Nanotechnology materials offer advantages when
considering the design of an artificial pancreas such as increased
permeability across mucosal membranes, and the ability to form
novel insulin formulations.[) However, it should be noted that
such nano-objects can suffer from low loading capacity or levels,
which may ultimately require more frequent treatment.

7. Nanogels

Hydrogels can be prepared in the form of nanoscale objects,*!

which when compared to larger formulation bulk hydrogels have
advantages such as faster response to external stimuli.[*®) Chen
and co-workers recently reported an insulin-releasing polypep-
tide nanogel with a bis-boronic acid crosslinker endowing it with
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Scheme 5. The synthesis the terpolymer reported by Chen and co-workers,!®’! via ring opening polymerisation of y-benzyl-L-glutamate N-
carboxyanhydride (18) and y-propargyl-L-glutamate N-carboxyanhydride (19), with subsequent addition of a-p-glucopyranoside (20) units with copper(l)-
catalyzed alkyne-azide cycloaddition (CuAAC), which is then crosslinked with bisboronic acid (21) to yield a glucose responsive material.

glucose-sensitivity.””] The authors prepared their material utiliz-
ing amino-terminated methoxy-PEG initiated ring opening poly-
merisation (ROP) of y-benzyl-1-glutamate N-carboxyanhydride
(18) and y-propargyl-i-glutamate N-carboxyanhydride (19)
(Scheme 5), obtaining first a block terpolymer with PEG and
polypeptide blocks. Following this, a-p-glucopyranoside (20)
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units were appended to the polymer by copper(l)-catalyzed
alkyne-azide cycloaddition. Finally, a bis-boronic acid (21) was
used as a crosslinker binding to the saccharide motif appended
to the polymer chains (Scheme 5). The material was shown,
by dynamic light scattering (DLS) and TEM analyses, to be a
spherical nanogel with low polydispersity (PDI = 0.12). This
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nanogel exhibited glucose-dependent swelling. For glucose
concentrations in the range of 0 X 107 to 5.5 X 107> M, only a
slight increase in particle size was observed, while in a range
of 5.5 to 16.6 x 10~* M, network expansion was much more
significant, a promising result considering the physiological
and pathophysiological glucose concentrations in diabetes.
Therefore, the authors loaded insulin into their nanogel with a
loading capacity of 9.5% and an efficiency of 47.5%. The authors
noted that loading insulin increased the particle size. Insulin
release as a function of glucose concentration was studied at pH
7.4 and 37 °C, with increased release observed with increasing
glucose concentrations between 0 to 16.6 x 10~% M. In all cases
a burst release of over 50% of the insulin was observed in first
2 h, which was attributed to partial entrapment of insulin on the
nanogel’s surface. Analysis of the released hormone showed that
discharged insulin did not suffer from structural changes. Chen
and co-workers also performed cytotoxicity and hemotoxicity
analyses of the studied nanogel showing very good results in
both cases.

Kim and co-workers also focused their attention on hy-
drogel preparation using 1-glutamic acid derivatives but they
addressed the challenge of increasing bio-compatibility.®! -
Benzyl-r-glutamic acid (22) was converted to (23), and 23 was
treated with hexamethyldisilazide in order to perform controlled
polymerisation (Scheme 6). The obtained product was subjected
to benzyl-deprotection and subsequent amino-group protection,
before an amide-coupling with 3-aminophenylboronic acid (24)
was performed. The resulting product had 37.5% of its carboxylic
groups functionalised. After cleaving amino-protecting fluorenyl-
methyloxycarbonyl group the obtained compound was grafted
on to sodium alginate (Scheme 5). The obtained material (SA-
PGGA) was able to form a nanogel by itself. Kim and co-workers
utilised glycol chitosan (GCh) to form a double-layered nanogel
(GCh/SA-PGGA), with GCh serving as the outer layer. This ma-
terial showed glucose concentration-dependent swelling proper-
ties. Insulin-loaded GCh/SA-PGGA material was prepared by an
isotropic gelation and electrostatic interactions. The release of in-
sulin in solutions ranging in glucose concentration from 0 x 10~
to 55.5 X 1073 M was studied, showing burst release within the
first 5 h for each concentration, with cumulative release varying
from 40% to 80% within 60 h. Biocompatibility and hemotoxicity
of GCh/SA-PGGA were also investigated, showing promising re-
sults. Finally, Kim and co-workers studied the material in vivo. In-
sulin loaded-GCh/SA-PGGA was able to effectively lower blood
glucose levels in mice. The authors have shown that GCh/SA-
PGGA has the potential to lower the frequency of insulin in-
jections, as a single dose of insulin loaded-GCh/SA-PGGA per-
formed as well as two injections of free insulin which totaled
150% the insulin loaded into the nanogel.

The effective combination of glucose-responsive cargo delivery
and glucose-sensing nanogel platform was achieved by Guo and
Zhang.” The authors utilised RAFT to build a polymer using
13, 2-(acrylamido)glucose (25), methacrylate ester with a boron-
dipyrromethene moiety (26) and N,N’-ethylenbisacrylamide as
crosslinker (Scheme 7). A set of three polymers of varying
boronic acid concentration were prepared, and the resulting
nanogels were characterised by DLS. The particle size ranged
from about 178 to 249 nm, with increased boronic acid incor-
poration resulting in larger sizes. The obtained hydrogels were
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Scheme 6. The synthetic route toward the GCh/SA-PGGA double-layered
hydrogel reported by Kim and co-workers.[%®] y-Benzyl-L-glutamic acid (22)
was converted to (23) through reaction with phosgene, which was subse-
quently polymerised using hexamethyldisilazane. After benzyl deprotec-
tion of the acid and Fmoc protection of the amine, 3-aminphenylboronic
acid (24) is coupled to 37.5% of the free acid groups. Following Fmoc de-
protection, the compound was bound to sodium alginate, before being
fabricated into a dual layered hydrogel with chitosan.

also studied using UV-vis and fluorescence spectroscopies in so-
lutions of glucose with concentrations from 0 x 1073 to 22.2 X
10~% m with 2.78 X 1073 M increments. Glucose concentration-
dependent changes in fluorescence of the BODIPY-derived flu-
orophore and UV-vis absorption were observed. Insulin release
studies showed that the boronic acid content in the nanogel was
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Scheme 7. The glucose responsive nano-gel formulated by Guo and Zhang.[®*] i) Glucose responsive increase in nanogel size, accompanied by a
fluorescence decrease. ii) Key: Orange circles represent glucose. Blue triangles represent 2-(acrylamido)glucose units. Red cut out circle represents

boronic acid units. Red cut out circles with orange circles represent boronic

acid units complexed to glucose. Red cut out circles with blue triangles

represent boronic acid units complexed 2-(acrylamido)glucose units. Yellow ovals represent BODIPY units.

inversely proportional to cumulative release. Moreover, for the
nanogel with medium boronic acid content showed a significant
discrepancy in total cumulative release for 5.5 X 10~* m glucose
and 16.6 X 10~ M glucose as the results were ~25% and 55%,
respectively. Alternating pulsatile glucose concentration changes
from 16.6 X 1073 to 0 X 107> M exerted on the nanogel demon-
strated the “on-off” release capabilities of this platform. CD anal-
ysis of the released insulin confirmed that it does not suffer from
structural changes, and cell viability studies confirmed good bio-
compatibility of the nanogels.

Lu and co-workers developed a glucose-responsive nanogel
for insulin delivery through the emulsion precipitation
polymerisation method using N,N-diethylacrylamine and 4-
vinylphenylboronic acid.['%! Insulin release studies showed that
within 50 h, a glucose solution of 5.5 X 10~ M causes about 85%
cumulative insulin release, while at 16.6 X 10~* M glucose this
release reaches almost 100%. The authors also demonstrated
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that alternating glucose solution concentration changes insulin
release with fluctuations of 16.6 X 10~ to 8.4 x 10~* M and then
back to 16.6 X 10~* m again. The gradient of the insulin release
curve flattens at lower glucose concentrations, and increases
again with the concentration.

Huang and co-workers prepared glucose-responsive core—shell
hydrogels via one-pot thiol-ene copolymerisation under DMAP
catalysis.[!%t The authors used PEG methyl ether acrylate, 4-
(5-((acryloyloxy)methyl)-5-methyl-1,3,2-dioxaborinan-2-yl)benzyl
acrylate and pentaerythritol tetra(3-mercaptopropionate) as
monomers. The nanogel was designed to be prone to decom-
position through competitive transesterification of the boronate
with glucose, as well as by the oxidation of the C—B bond by
H,0, that was to be produced by GOx, which was encapsu-
lated alongside insulin. Glucose-responsive insulin release was
investigated at 37 °C using solutions of pH 7.4 and glucose
concentrations of 0 x 1073, 5.5 x 1073, and 22.2 X 107 M.
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Over 30 h, up to 60% of insulin was released in response to
a glucose solution of 22.2 x 10~* M, while for 5.5 x 107> and
0 X 10~* M solutions about 35% and 15% of the insulin was
released respectively. In vivo studies on diabetic mice were also
performed, showing stabilisation of blood glucose for 9 h.

8. Nanoparticles

Siddiqui et al. functionalised chitosan with boronic acid units
by reductive amination using 4-formylphenylboronic acid, and
studied the resulting materials for glucose-responsiveness and
insulin release.['?! During the insulin release studies the glucose
concentrations used were 5.5 X 1073, 16.6 X 10~* and 27.7 x 107
M at 37 °C in phosphate buffered solutions; over 45 min each con-
centration yielded similar results, indicating a lack of suitability
for use in treating diabetes.

Another chitosan-derived delivery system based on glucose
boronate formation was developed by Chai and co-workers.[1%!
The authors produced two-component nanocarriers composed
of poly(3-methacrylamidophenylboronic acid) and thiolated-
chitosan, a product of amide-coupling between chitosan and
N-acetyl-1-cysteine. These two constituents were able to form
nanoparticles thanks to boronic acid-diol binding, with disul-
phide bridges conferring structural integrity. The authors
obtained a series of three types of nanoparticles with different
ratios of components, as well as nanoparticles consisting of
poly(3-methacrylamidophenylboronic acid) and nonthiolated-
chitosan for comparison purposes. Insulin was successfully
loaded into the assemblies (with a capacity of up to 18%) and its
release in response to glucose in was studied in physiologically
relevant conditions (pH 7.4 and 37 °C). Disulphide crosslinks
proved to be crucial in controlling insulin release, for those
particles without the disulphide 60% of cumulative release was
reached within 14 h without glucose, which was reduced to be-
low 20% by the thiolated-chitosan. In glucose-containing media,
insulin release was characterised by a burst in the initial stages,
with differences in the cumulative release for normoglycemic
(5.5 x 107% M) and hyperglycemic (16.6 x 10~ M) of about 25%
to almost 100% respectively. Moreover, authors showed that
under hyperglycemic conditions with increased boronic acid
unit content, the intensity of insulin release decreased, while
preserving the same cumulative value over 14 h. CD spectra
of released insulin showed that it was not distorted, hence its
activity should be preserved. The authors also demonstrated
good biocompatibility of studied the materials.

Chitosan-based materials were further explored by Jiang
and co-workers who developed an oral delivery system for
insulin.'® The authors envisioned that functionalizing chi-
tosan with 1-valine would enhance absorption in the small
intestine, while grafting chitosan with boronic acids will endow
resulting material with glucose responsive properties. In the
synthetic procedure chitosan was first alkylated with chloroacetic
acid, followed by amide coupling between the newly introduced
carboxylic groups, 3-aminophenylboronic acid (24) and 1-valine.
Insulin could be loaded into this material with an efficiency of
67% and a capacity of 9.8%. Studies of cargo release revealed
burst discharge profiles in initial stages. Moreover, in all studied
conditions cumulative release reached a plateau after 12 h. The
authors also found that in acidic conditions (pH 1.2) release
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is least efficient and does not exceed 20% with no glucose
present, indicating the potential for the protection of cargo
from stomach acid. Experiments at pH 6.8, still without glucose
stimuli, revealed cumulative insulin release of 50%, which was
essentially the same as for 5 x 10~ M glucose solution at pH
7.4 (55%). Further increasing the glucose concentration to 10 x
107% and 20 x 1073 M resulted in 68% and 92% of cumulative
insulin release respectively. CD spectral analysis showed that
discharged insulin does not differ in its secondary structure
from a standard sample. The studied material was found to be of
good biocompatibility and confocal laser scanning microscopy
showed that insulin loaded nanoparticles are being internalised
by HT-29 cells (FITC-labeled insulin was used).

The affinity of different saccharides to boronic acids varies,!1%!
for monoboronic acids fructose is generally the strongest
binder due to the favorable orientation of hydroxyl groups
in its highly present furanose form,[!%! and this is a poten-
tial problem in saccharide-mediated release systems. Billa and
co-workers decided to take a deeper look at this issue while
working on boronic acid-functionalised chitosan nanoparticles
for insulin delivery.'”] The authors used reductive amination
to conjugate chitosan with 2-formyl-thienylboronic acid or 4-
formylphenylboronic acid, allowing them to obtain two series of
materials with different ratios of functionalisation. These materi-
als were used in a curcumin displacement assay to evaluate their
affinity to glucose and fructose. Comparison of results showed
that thienylboronic acid functionalised chitosan (at 1:1 ratio) dis-
played slightly better selectivity for glucose over fructose. The au-
thors ascribed this to favorable orientation of boronic acid groups
and secondary interactions (e.g., C-H...x). Insulin was loaded
into both types of material and its release was studied. Cargo
discharge was monitored throughout 60 min either in deionised
water, 0.11 x 107 m fructose solution and glucose solutions with
concentrations ranging from 5.5 X 1073 to 16.6 X 10~ m. These
studies also showed that material bearing thienylboronic acid had
better glucose-selectivity when compared to the phenylboronic
acid analog, however in glucose concentrations of 11.1 X 10~* M
or higher the cumulative insulin release reached the same level
for both materials.

Ma and co-workers prepared a glucose-sensitive nanogel
by thermally initiated precipitation polymerisation.'®! In the
synthesis process 13, methacrylic acid and ethylene glycol
methacrylate as crosslinker were mixed together with 2,2'-
azobisisobutyronitrile radical initiator in acetonitrile at 60 °C.
The authors obtained a set of nanogels varying in monomer
ratio, including one with no boronic acid component. Nanogels
incorporating 13 swelled in glucose solutions, proportional to the
inclusion of boronic acid units. Insulin was loaded into the stud-
ied nanogels by the immersion method with a loading capacity of
14.8%. Insulin release was studied in PBS at 37 °C and showed
to proceed with an initial burst. At glucose concentrations of 10
% 107* M about 60% insulin was released, while at 50 x 1073 M
cumulative release slightly exceeded 70%, in both cases within
70 h. The authors performed an in vivo study using diabetic rats
which showed sustained insulin release, which was compared to
free insulin and insulin loaded-poly(methacrylic acid) and was
able to stabilise blood glucose levels over time. Although adverse
effects relating to blood-clothing were observed, the material
exhibited acceptable cytocompatibility and low hemotoxicity,
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Scheme 8. The glucose sensitive nanogel reported by Ma and co-workers. 1191 i) A pictographic representation of the nanogel displaying increased
insulin loading, with subsequent glucose triggered insulin release; ii) Key: Pale green square represents insulin. Red cut out circle represents boronic
acid units. Orange circle represents glucose. Pink Y-shapes represent nitrilotriacetic zinc binding units. Blue lines indicate polymer chains.

further underpinned the merit of future work on these systems.
Moreover, the authors demonstrated that insulin loaded into
their nanocarriers was protected from simulated gastric or in-
testinal fluid. The authors performed in vivo studies on diabetic
rats in order to verify performance of their delivery system as in
oral administration route and was shown to effectively reduce
blood glucose concentration.

Ma and co-workers, inspired by inherent affinity of insulin to
zinc ions,!'%! used this phenomenon to improve the loading ca-
pacity of a glucose-sensitive nanogel (Scheme 8).1'%! In order to
do so the authors incorporated nitrilotriacetic units into a poly-
acrylamide derived structure. While 3-carbamoylphenylboronic
acid units endowed the material with glucose-responsiveness, the
zinc ions chelated by nitrilotriacetic fragment could bind to in-
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sulin through its histidine imidazole rings. The authors showed
that this modification allowed for an increase of insulin loading
capacity from 11.0% to 18.3%. Cargo release was studied in dif-
ferent solutions of pH 7.4 at 37 °C varying with glucose concen-
tration from 0 X 1073 to 111 X 1073 M and cumulative release was
observed ranging from about 20% to almost 80% over 60 h. Al-
though burst release was observed for the nanogel, the authors
also demonstrated that their material is capable of on-off cargo
discharge, and offers good biodegradability and biocompatibility.

Zhang and co-workers showed how important polymer struc-
ture is in formation of glucose-responsive nanoparticles for in-
sulin delivery by contrasting random and block copolymers of
constructed from monomers 13 and 25.1°" Both random and
block copolymers were obtained using RAFT polymerisation.
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Scheme 9. The synthetic procedure toward developing nanoparticles fea-
turing different distributions of functional groups as reported by Zhang
and co-workers to demonstrate the importance of this distribution.[6¢P]
i) 13 was first polymerised using RAFT polymerisation in DMF, and
the obtained polymer was subsequently used as a macro-raft agent in
DMSO/H,0 to build a 25 block. ii) Random polymers were obtained by
performing RAFT polymerisation in DMSO/H,O with a mixture of each
monomer at defined ratios.

In the case of block copolymers, 13 was polymerised first and
used subsequently as a macroRAFT agent upon which to build
a block of poly(2-acrylamido-p-glucose) (Scheme 9i). Random
copolymers were obtained by performing RAFT polymerisation
in a mixture of both monomers at specific ratios (Scheme 9ii). A
total of six copolymers were obtained, three block and three ran-
dom. Synthesised copolymers were assembled into nanoparticles
using the nanoprecipitation method, which was assisted by com-
plexation of boronic acid and glucosamide units. TEM and DLS
served to investigate size and morphology of the nanoparticles,
revealing spherical shaped assemblies. It was noted that those
nanoparticles comprised of block copolymers were smaller than
those built of random copolymers. This was thought to be due
to a higher content of boronate linkages in random copolymer-
based materials. This was further supported with result of ''B
NMR spectroscopic analysis, which showed higher ratio of ester
to acid signals in the random copolymer sample. Nanoparticles
of both copolymers exhibited glucose-triggered swelling, propor-
tional to increased boronic acid content. Insulin was successfully
encapsulated in the studied nanoparticles, with those derived
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Figure 9. Two amphiphilic copolymers reported by Zhu and co-workers
synthesised using RAFT polymerisation,['"l derived either from either
13 and diethylene glycol monomethyl ether methacrylate (p(AAPBA-b-
DEGMA)) or 6-O-vinylazeloyl-p-galactose (p(AAPBA-b-OVZG)).

from block copolymers having higher encapsulation efficiency
(3% to 5%, with highest value being 64.9 + 3.6%) and loading
capacity (about 2%, with highest value being 12.9 + 1.4%) than
corresponding random copolymer nanoparticles. While loading
capacity increased with the content of boronic acid units, encap-
sulation efficiency showed the opposite trend. Insulin release was
studied in solutions of pH 7.4 varying in glucose concentration
of either 0 X 1073, 5.5 x 1073 or 16.6 x 10~* m at 37 °C. Cargo dis-
charge was the most effective for materials with the least boronic
acid content and random copolymer nanoparticles were show-
ing quicker release. Both types of nanoparticles showed good
biocompatibility.

Another glucose-responsive insulin delivery system based
on a block copolymeric structure was obtained by Zhu and
co-workers.""'l' Amphiphilic copolymers were obtained using
RAFT methods with 13 and diethylene glycol monomethyl
ether methacrylate or 6-O-vinylazeloyl-p-galactose as monomers
(Figure 9). In both cases a series of five materials varying in
monomer ratio were produced. Particles containing diethylene
glycol monomethyl ether pendant units displayed both temper-
ature and pH responsiveness. Increasing the temperature from
12 to 47 °C caused a 60% decrease in size, an effect that was re-
duced as boronic acid content increased. On the contrary, pH-
dependent size change of nanoparticles was more pronounced
for materials richer in boronic acids, causing up to 30% swelling
with pH increase from 5 to 9.5. Both types of particles, grafted
with p-galactose and diethylene glycol monomethyl ether, were
successfully loaded with insulin and its release upon glucose
stimulation was investigated. The material with saccharide pen-
dant units showed better differentiation of discharge rate at dif-
ferent glucose concentrations and offered a more sustained pay-
load release. Following toxicity studies both types of nanoparticle
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Scheme 10. Radical-initiated polymerisation of 13 and N-vinyl-e-
caprolactam (27) yielding random copolymers capable of forming
nanoparticles, as reported by Zhu and co-workers.['%]

were shown to be biocompatible. Importantly, the authors also
performed in vivo evaluation of their systems on diabetic mice,
showing that both insulin delivery platforms work well in lower-
ing and stabilising blood glucose levels, with the system includ-
ing p-galactose units exerting this effect for twice as long. Wu
and co-workers also worked on a similar material built of two
polyvinyl-type blocks: a hydrophilic one appended with galactose
units and a hydrophobic part including boronic acid groups,!!*!
and obtained similar results.

The challenge of achieving glucose-stimulated insulin re-
lease was also tackled by Chang and co-workers who developed
nanoparticles derived from 3-aminophenylboronic acid 24 and
formaldehyde.l'3] By use of an extended Stober method(''*] the
authors prepared nanoparticles loaded with insulin. TEM imag-
ing demonstrated swelling behavior upon contact with glucose
and cell viability studies revealed good biocompatibility of this
material in concentrations below 20 g mL™!. Insulin release was
also found to be glucose concentration-dependent. The authors
found that for glucose concentrations up to 7 X 10~ M cargo
release was negligible, and that total discharged insulin after
90 min increases with increased glucose above this point. Fur-
thermore, the authors shown that for 5 x 10~ m glucose solu-
tions, insulin release reaches a plateau at about 15% cumulative
release within 60 min whereas at 15 X 10~ M glucose the re-
lease increases to over 80% at about 180 min, at which time a
plateau in payload release was not reached. While, insulin re-
lease under hyperglycemic was rapid, in vivo studies may be
needed to verify appropriateness of release kinetics. Chang and
co-workers also performed rhodamine 6G encapsulation in the
same polymer nanoparticle formulation and showed that the ob-
tained nanoparticles can serve as glucose sensors in concentra-
tions ranging from 0 X 1073 to 10 X 1073 m.

Zhu and co-workers prepared a series of random copolymers
using 13 and N-vinylcaprolactam and studied their potential
as insulin delivery materials (Scheme 10).'"] In aqueous
media they obtained copolymers formed nanoparticles with
temperature-, pH- and glucose-responsiveness that was inves-
tigated by monitoring hydrodynamic diameter in response to
stimuli. While an increased content of boronic acid lowered the
degree of thermo-response, it increased pH- and glucose-induced
swelling. Moreover, a higher ratio of boronic acid to N-vinyl-e-
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caprolactam units results in a higher insulin loading/entrapment
capacity, although this occurred at the expense of lower loading
efficiency. Insulin release studies were performed at pH 7.0 at
37 °C over 120 min with glucose concentrations varying from
0 x 107 to 16.6 x 107> M. The authors observed that while
glucose had some impact on the discharge of insulin, release
without stimuli amounted to between 60% and 90% for different
polymers, with only slight increases on exposure to glucose.
CD spectroscopic analysis was used to demonstrate retention of
insulin’s structure post-release. Both in vitro and in vivo toxicity
studies were performed giving good results. Finally, the authors
performed in vivo studies with insulin loaded nanoparticles in
rats and found them able to stabilise blood glucose levels with
similar efficacy to a control group treated with insulin injection.

Wu and co-workers have also used 13 and N-vinyl-e-
caprolactam (27) to obtain a glucose responsive material for
insulin delivery, using a diblock copolymer synthesised using
RAFT methods.[''®] The authors prepared a set of copolymers
varying ratios of 13 and 27 from 1:0 to 1:5. All the polymers
formed had similar molecular weights with a M, in range of
4.5x10* to 6.4x10*, and were very close in polydispersity (PDI
between 1.20 and 1.23). The authors showed that these polymers
self-assemble into nanoparticles in aqueous media. Measuring
hydrodynamic diameters the authors noted that increasing the
content of caprolactam units resulted in the formation of larger
nanoparticles. Moreover, nanoparticles also increased in diame-
ter with increasing pH, attributed to boronate anion formation.
Seeing that nanoparticle size increase was significant at pH 8.0
the authors concluded that copolymerisation lowered the pK, of
the boronic acid. Investigation of nanoparticle diameter in dif-
ferent glucose concentrations further supported that hypothesis.
For all copolymers of 13 and 27, nanoparticle size increased sig-
nificantly with respect to glucose concentration, while the size of
the purely poly(3-acrylamidophenylboronic acid) (from 13) parti-
cles were essentially the same. Moreover, caprolactam units en-
dowed the nanoparticles with temperature-sensitivity, gradually
reducing in size as the temperature was increased from 12 to
42 °C. During insulin loading studies the authors noted that
the composition of the copolymeric nanoparticles, i.e., ratio of
monomers, had virtually no effect on loading capacity and en-
capsulation efficiency. Insulin release experiments revealed that
at physiological conditions when no glucose was present ~35%—
60% of the insulin was discharged, depending on copolymer
composition, with cumulative release increasing with increased
caprolactam content. The presence of glucose furthered the in-
sulin release, at 16.6 x 10~* M glucose depending on copolymer
composition ~#60%-85% of insulin was released. Toxicity inves-
tigations conducted gave rise to no concerns and in vivo studies
on diabetic mice demonstrated that their glucose-responsive in-
sulin delivery platform was capable of lowering blood glucose in
a similar fashion to insulin injections.

Li and co-workers focused their efforts on developing orally
administered glucose-responsive nanocarriers for insulin
delivery."'”] The authors synthesised a set of three random
copolymers using p-gluconamidoethyl methacrylate and 13 as
monomers in ratios 1:1, 1:2, and 1:3 (Figure 10). Higher boronic
acid content within the polymer yielded larger nanoparticles,
with sizes ranging from 131.1 + 3.1 nm to 191.5 + 2.3 nm. With
the increase of boronic acid units in copolymers both insulin

© 2021 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advtherap.com

ADVANCED
SCIENCE NEWS

ADVANCED
THERAPEUTICS

www.advancedsciencenews.com

Me R

B(OH),

(@ R=H
(b) R = Me Wang and co-workers

Li and co-workers

Figure 10. Random copolymers of i) p-gluconamidoethyl methacrylate
and 13 as reported by Li and co-workers.['"] ii) p-Gluconamidoethyl
methacrylate and 3-methacrylamidephenylboronic acid as reported by
Wang and co-workers.[118]

loading capacity and encapsulation efficiency increased. All
three types of particles displayed swelling in response to glucose,
with concurrent release of insulin. Within the first two and a
half hours, burst release was observed, thought to be due to
the release of insulin adsorbed on the surface of nanoparticles.
Importantly, the higher the content of boronic acid units in
polymer nanoparticles, the lower the total cumulative release
of insulin, and differences between normo- and hyperglycemic
conditions were significant. CD spectroscopy was used to verify
the integrity of released insulin and in vitro studies proved that
it stimulated glucose transporter type 4. Cell viability studies
also gave promising biocompatibility results. This prompted the
researchers to further investigate their platform in vivo. Rats
were orally administered with nanoparticles loaded with differ-
ent amounts of insulin, control experiments whereby insulin
or cargo-free nanoparticles were administered orally were per-
formed. The obtained results indicated that in normoglycemic
conditions studied nanoparticles do not release insulin. Also,
insulin loaded nanoparticles were demonstrated to lower and
stabilise blood glucose levels to different degrees, depending on
their insulin content.

Similar materials were obtained by Wang and co-workers
who copolymerised p-gluconamidoethyl methacrylate and 3-
methacrylamidephenylboronic acid (13).181 A series of three
random copolymer differing in component ratio were obtained.
All were able to form nanoparticles and encapsulate insulin, their
loading capacity and efficiency increased with boronic acid con-
tent. Glucose stimulated insulin release was characterised by
burst discharge in initial stages but differences between cumula-
tive insulin release in normo- and hyperglycemic conditions were
significant.

Polyamidoamine-based materials were developed by Liu and
co-workers who prepared a nanoscale dendritic material for
glucose-responsive insulin delivery (Figure 11).1'°1 A boronic
acid moiety was grafted onto a polymer by amide formation
between 3-aminophenylboronic acid (24) and carboxylic acid
groups of a poly-r-aspartic acid block. The diameter of parti-
cles formed from the dendritic material was determined by
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Figure 11. The nanoscale dendrimeric material reported by Liu and co-
workers for glucose responsive insulin delivery.l"®1'i) A pictographic rep-
resentation of the material; i) Key: Yellow lines featuring red cut out circles
represent the boronic acid units bound to a poly-L-aspartic acid block. The
blue triangles represent amines acting as three-way linker between repeat-
ing polyamidoamine units. Green line represents an ethylene unit. Blue
lines represent repeating polyamidoamine units.

TEM to be in the range of 80 to 150 nm. Initial studies of
glucose-responsiveness by DLS confirmed that particle size in-
creases upon treatment with glucose. Investigation of insulin re-
lease in response to various glucose solutions revealed a glucose
concentration-dependent release. In vivo studies on diabetic mice
revealed that the tested delivery material had a similar effect to
free insulin in stabilising blood glucose.

Combination of drug and gene therapy is gaining increas-
ing attention in cancer treatment,'?°! but Liu and co-workers
demonstrated that a similar approach can also be applied in
diabetes.!'?!l The authors synthesised nanoclusters composed
of polyethyleneimine grafted with adamantyl units, and g-
cyclodextrin with pendant 4-carbamoyl-3-fluorophenylboronic
acid (3) moieties. Noncovalent complexation between the p-
cyclodextrin cavity and adamantyl groups enabled the formation
of assemblies capable of encapsulating insulin and plasmids con-
taining full length clone DNA of human insulin (Scheme 11).
These nanoclusters were characterised by TEM, SEM, and DLS.
Insulin could be loaded into the nanoassemblies with an effi-
ciency of 84.4% and with a loading capacity of 8.4%. The nan-
oclusters were able to effectively condense plasmid DNA, as
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Scheme 11. Liu and co-workers’ supramolecular combination insulin and
clone DNA delivery system.['2'l i) A pictographic representation of the
host—guest driven formation of nanoclusters that encapsulate insulin and
pCMV-Ins. ii) Key: Pale green squares represent insulin. Red cut out cir-
cles represent boronic acid units. Blue pentagons represent triazole rings.
Lime green double helixes represent pMV-Ins. Golden hollow cones rep-
resent f-cyclodextrins. Blue spheres represent adamantly units.

= Insulin

= Adamantyl (guest)

measured by complete condensation of the plasmid DNA at a
polyimine nitrogen to DNA phosphorus ratio of N/P = 4, com-
pared to a ratio of N/P = 10 for nonboronic acid containing nan-
oclusters. The authors attributed this to the intrinsic affinity of
boronic acids to oligophopsphates.[?2] Both insulin release and
gene transfection were investigated at 0 and 27.7 x 107> m glu-
cose, showing dependence of response on the presence of the
glucose stimuli. Insulin secretion of HepG2 cells doubled upon
treatment with these nanoclusters, indicating the effectiveness of
the gene delivery aspect of this multifunctional tool.

Lei and co-workers developed glucose-responsive materials
for insulin delivery based on gold nanoclusters.l'? The authors
took advantage of the small size of gold nanoclusters (below
5 nm), and their ease of surface modification.?*] In their
first contribution!'?*3 gold nanoparticles were functionalised
with amine groups (using thiol-containing peptides) that were
later used for amide formation with 4-carboxyphenylboronic
acid or 4-carboxy-3-fluorophenylboronic acid, yielding two
distinct materials. This was followed by complexation of glu-
conic acid-modified insulin with free boronic acid groups.
TEM imaging revealed that these insulin delivery systems
consisted of spherical gold nanocluster aggregates with a di-
ameter of about 11 nm, and three to six nanoclusters within a
complex. The authors reported an insulin loading capacity of
their materials of 951 + 174 umol of insulin per gram of gold
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Scheme 12. Gold nanocluster-based glucose responsive materials as re-
ported by Lei and co-workers.'??] i) A pictographic representation of
boronic acid units bound to gold nanoclusters via peptides, and com-
plexed to gluconated insulin. On exposure of the system to glucose the
gluconated insulin is released. ii) Key: Aggregated gold spheres represent
a gold nanocluster. Red or blue lines represent peptides/proteins. Orange
circles represent glucose. Red cut out circles with orange circles repre-
sent boronic acid units complexed to glucose. Pale green cloud shapes
with blue triangles represent insulin gluconated (grafting the insulin with
diols). Pale green cloud shapes with blue triangles bound to cut out red
circles represent boronic acid units complexed to the gluconated insulin.

nanoclusters. In vitro insulin release tests at 0, 5.5 and 22.2 X
10~* M glucose concentrations demonstrated that both mate-
rials exhibit glucose concentration-dependent cargo discharge.
Slightly better results were obtained for a material containing
a fluoro-boronic acid derivative which was attributed to the
lower pK, of the boronic acid unit in this material. Streptozo-
tocin (STZ)-induced type 1 diabetic mice were used for in vivo
testing and both materials were shown to be capable of sta-
bilising blood glucose levels under 11 x 10~ m for about
20 h without causing hypoglycemia. In their second
contribution,!'?"! the authors prepared gold nanoclusters in
the presence of bovine serum albumin (Scheme 12) and treated
the free amine groups with glutaraldehyde, followed by glycine,
to enrich the carboxylic group content Amide coupling with
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4-aminophenylboronic acid served to graft a glucose-responsive
moiety to the surface of the nanoclusters at higher concentra-
tions. This was followed by boronic ester mediated complexation
of gluconic acid-modified insulin. TEM imaging of this mate-
rial revealed that cluster complexes were also formed, with a
diameter of about 23 nm with three to eight clusters within a
complex. The insulin loading capacity was even higher than
for previously reported materials at 1297.5 + 211.1 pmol of
insulin per gram of gold nanoclusters. In vitro insulin release
experiments confirmed glucose concentration-dependent re-
lease cargo. Circular dichroism spectroscopic analysis confirmed
the integrity of the liberated gluconic acid-modified insulin.
The authors investigated the ability of their delivery platform
to stabilise blood glucose levels in STZ-induced type 1 diabetic
mice. Blood glucose levels were maintained at under 11 X 1073 M
for about 20 h. Further increases in blood glucose concentration
were slow and it took four days to reach 20 x 1073 M, and hypo-
glycemia was avoided when using the studied material. Lei and
co-workers went on to incorporate their functional nanoclusters
into microneedle patches composed of gelatine and starch.[!’]
Such a system performed well for transdermal insulin delivery,
the microneedle patches gradually dissolved, liberating loaded
insulin nanoclusters which were able to release insulin in
response to elevated glucose concentrations. The authors have
demonstrated that blood glucose in STZ-induced type 1 diabetic
mice can be held within a normoglycemic region for two days by
use of these microneedle patches.

Electrostatic interactions for insulin retention and release
have been utilised recently by Gu and co-workers.!'?® The au-
thors synthesised a polyacrylamide-type polymer with pendant
primary amine groups. They then coupled about 60% of these
amino groups with either 4-carboxy-3-fluorophenylboronic acid
or 4-carboxyphenylboronic acid to obtain materials that at pH
7.4 in aqueous solution had a positive net charge, enabling them
to bind negatively charged insulin (Scheme 13). The cargo re-
lease mechanism was based upon creating a negatively charged
boronate upon glucose binding, repelling the insulin. Glucose
binding experiments revealed that fluoro-boronic acid function-
alised material was significantly more efficient, binding approxi-
mately twice as much glucose for a given concentration (ranging
from 5.5 to 22.2 X 1073 m). Further insulin release investigations
confirmed the glucose concentration-dependence, kinetics and
“on-oft” capability of this process, with the fluoro-functionalised
boronic acid once again being shown to be the most effective.
STZ-induced diabetic mice were treated with both types of
material, as well as reference substances, to evaluate their influ-
ence on blood glucose. The fluoro-boronic acid-derived material
stabilised blood glucose levels within the normoglycemic range
for about 8.5 h while boronic acid derived material lacking fluo-
rination exerted such effect for only 2 h, which underperformed
against the 3 h stabilisation provided by free insulin. The authors
went on to evaluated the fluoro-boronic acid derived material
in a diabetic Gottingen mini pig model, displaying promising
results with no hypoglycemia. Gu and co-workers further ex-
tended this concept,['?’] with the aim to endow their material
with biodegradability properties and ensure low and steady
basal insulin release. They modified the original polyacrylamide
polymer structure to one centered on poly(r-lysine). In order to
transform poly(r-lysine) into glucose responsive material that
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Scheme 13. The polyacrylamide-type polymer containing pendant amino
groups, coupled with boronic acid groups, reported by Gu and co-
workers!126] to be capable of electrostatically binding insulin, with sub-
sequent glucose triggered release. i) A pictographic representation of the
electrostatic binding of insulin to the cationic material, with subsequent
release as the boronate ester formation that results from glucose complex-
ation neutralises the overall cationic charge. ii) Key: Pale green squares
represent insulin. Orange lines represent bulk polymer.

= Polymer with pendant amines and boronic acids

could serve to release insulin the authors functionalised a frac-
tion of the free primary amine groups through amide formation
with 4-carboxy-3-fluorophenylboronic acid. The authors thus
prepared 35% and 60% boronic acid functionalised materials
and insulin loading efficiency was over 90%. The obtained mate-
rials employed the same release principle as the aforementioned
polyacrylamine material. Coulombic forces between positively
charged protonated amine groups and negatively charged insulin
were responsible for binding and holding cargo within material,
a positive entropy change resulting from anion expulsion was
ascribed as an additional insulin retention driving. The insulin
liberation process relied upon boronate ester formation upon
glucose binding to the boronic acid groups resulting in the
formation of negatively charged boronate units thus decreasing
effective positive charge and corresponding insulin retention ca-
pability resulting in its enhanced release. The authors noted that
higher a content of boronic acid units resulted in a material that
was more sensitive to glucose giving a more intense release of
insulin. The phenomenon was rationalised to be a result of lower-
ing the proportion of positively charged ammonium sites (since a
greater proportion of amines were correspondingly converted to
lining amide functionalities), and a higher proportion of boronic
acid residues were available to bind glucose and accommodate
a corresponding boronate-ester negative charge. The authors
also demonstrated that the higher the ratio of polymer to loaded
insulin, the more strongly insulin is held. This was ascribed to
a higher polymer to insulin ratio containing a greater density
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Scheme 14. The synthetic route toward a nanomaterial developed by Zang and co-workers for nasal insulin delivery.['28] Dextran is oxidised with sodium
periodate, before undergoing reductive amination with 3-aminophenylboronic acid and sodium borohydride. Different materials were prepared by varying

the amounts of 3-aminophenylboronic acid.

positively charged centers. The molecular weight of the polymer
was also of significant impact to the glucose-responsiveness of
insulin release, shorter polymer chains were characterised by
faster payload release. In vivo testing of blood glucose manage-
ment was performed in STZ-induced type 1 diabetic mice using
recombinant human insulin. The obtained results showed that
materials with 35% and 60% boronic acid unit incorporation
and a 2:1 polymer to insulin weight ratio worked almost equally
well for blood glucose stabilisation, maintaining normoglycemic
levels for 20 h. Intraperitoneal glucose tolerance tests revealed
that the material with 60% functionalisation by boronic acid
units and 2:1 polymer to insulin ratio allowed for most effective
plasma insulin increase and blood glucose normalisation.

Wang and co-workers have dedicated their efforts to the prepa-
ration of poly(acrylamido phenylboronic acid)/sodium alginate
nanoparticles that were able to encapsulate insulin and release it
in response to glucose.'?8] Their particles were proven to dissi-
pate and release entrapped insulin upon action of glucose which
competes with the material-stabilising interactions between the
alginate’s diol units that serve to form boronic ester crosslinks in
the absence of glucose. In vivo experiments using diabetic mice
showed that insulin loaded particles stabilise blood glucose lev-
els for about 8 h while insulin injection offer equivalent stabilisa-
tion for only 2.5 h. Superior results were obtained when GOx and
insulin were encapsulated and normoglycemic conditions were
maintained for 15 h.

The dynamic chemistry reversibly covalent chemistry of
boronic acid derivatives with 1,2- and 1,3-diols was utilised by
Zhang in co-workers to develop insulin-delivery materials for
nasal administration.['”] The authors designed a nanomate-
rial decorated with boronic acid functionality, such that a high
affinity for glycosylated mucin, an essential component of mu-
cus, would manifest and increase residence time in nasal cav-
ity. It is noteworthy that in this case boronic acid derivatives
were not used for their glucose-responsive potential, but rather
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to enhance its bioadhesion and improve endocytosis. The au-
thors built their nanoparticles about dextran which they oxidised
with sodium periodate and then reductively aminated with 3-
aminophenylboronic acid 24 (Scheme 14). Different types of ma-
terials were prepared varying the ratio of oxidised dextran to 24
from 1:2 to 1:4. The authors noted that the higher proportion of
boronic acid units the higher the insulin loading capacity (18.6%
to 22.5%). The authors performed insulin release test in PBS
buffer (pH 7.4) at 37 °C and found that the higher the content of
boronic acid unit, the lower the insulin release (53% to 46% re-
lease over 36 h respectively). In both cases this was attributed to
hydrophobic interactions between insulin and boronic acid units
present in the material. It is feasible that boronate ester mediated
crosslinking may be partially responsible for observed results. To
study the mucoadhesive properties of their nanoparticles, i.e., in-
teractions with mucin, the authors used turbidimetric measure-
ments and differential scanning calorimetry (DSC). The results
confirmed mucin absorption by the tested materials. Further cell
viability studies showed good biocompatibility of the nanopar-
ticles and in vivo experiments on diabetic rats were conducted.
Where blood glucose levels were indeed lowered after nasal ad-
ministration of insulin-loaded nanoparticles. The degree of this
effect varied from about 20% to 50%, with better results being
obtained for material with lowest boronic acid content.

Ni and co-workers developed a glucose responsive insulin de-
livery system based on diblock polyphosphoester grafted with
boronic acid units.'??! The authors reasoned that the advan-
tages of polyphosphoesters, such as biocompatibility, biodegrad-
ability, facile synthesis and functionalisation at low cost, make
polyphosphoesters ideal candidates for creating insulin-release
platforms.l3% Preparation of their final material consisted of
three steps, the first being ring opening polymerisation leading
to a diblock polyphosphoester, this was followed by double (click)
reaction of 3-mercaptopropionic acid (28) with an alkyne, the
free carboxylic acid groups of which were amide-coupled with
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Scheme 15. The synthetic route toward the diblock polyphosphoester based glucose responsive insulin delivery system reported by Ni and co-
workers.['2°] Ring opening polymerisation yielded the diblock polyphosphoester (PBYP-b-PEEP), which was subsequently thiolated with 28 giving (PBYP-
g-MPA)-b-MEEP. To imbue the material with glucose responsivity, 3-aminophenylboronic acid 24 was bound through amide coupling to the free acid

groups to yield (PBYP-g-MPBA)-b-PEEP.

24 (Scheme 15). This boronic acid-grafted material was able to
self-assemble into nanoparticles of #114 nm diameter in aque-
ous media, as confirmed by DLS. Further studies showed that in
the presence of glucose the nanoparticles exhibited swelling, at-
tributed to the boronic ester formation between the saccharide
and boronic units within the hydrophobic core of the function-
alised polyphosphoester. The resulting boronate ester formation
gives rise to a negative charge, with repulsive forces causing the
observed increase in size. The authors loaded insulin into their
platform using a dialysis method at pH 7.4 in phosphate buffer.
In vitro insulin release experiments were carried out over 46.5 h
with different glucose concentrations under physiologically rel-
evant conditions. In the absence of glucose 20.4% of the totally
entrapped insulin was released. As glucose concentration were
increased to 5.5 X 1073 », 11.1 X 1073, 27.7 x 1073 M, and 55.5
x 1072 M cumulative insulin release was measured at 24.5%,
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37.9%, 64.5%, and 86.9%, respectively. CD spectroscopic mea-
surements confirmed the integrity of the insulin discharged from
the nanoparticles.

Gated porous silica nanoparticles have been deployed as in-
sulin retention and release platforms. He and co-workers utilised
them for simultaneous drug delivery and monitoring thereof.[*3!]
In order to obtain the envisioned material, the authors func-
tionalised the surface of porous silica nanoparticles with 3-
aminopropyltriethoxysilane, to which alizarin complexone (29)
was amide-coupled. Next, rosiglitazone maleate (an insulin-
sensitizing drug) was loaded into the particles while gluconated
insulin was linked to the surface through ditopic interactions
benzene-1,4-diboronic acid (30), thus serving as a gate for the
cargo-filled pores. Exposure to glucose resulted in competitive
displacement of the boronate assembly from the particles, accom-
panied by dissociation of gluonated insulin, opening the pores,
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Scheme 16. Gated porous silica nanoparticles developed as a glucose responsive insulin release material by He and co-workers.['3'1'i) A pictographic
representation of the rosiglitazone maleate loaded porous silica nanoparticles. Bound to the bisboronic acid, alizarin complexone (29) is fluorescent,
and the other end of the bisboronic acid (28) binds to the gluconated insulin to “cap” the pores. As the system is exposed to glucose, the alizarin unit
is displaced by glucose, turning off the fluorescence and releasing both the gluconated insulin and the previously encapsulated rosiglitazone maleate.
ii) Key: Orange circles represent glucose. Yellow triangles represent alizarin complexone unit. Red dual cut out figures of eight represent bisboronic acid
units. Red dual cut out figures of eight with a yellow triangle represent bisboronic acid unit bound on one side to alizarin. Pale green cloud shapes with
blue triangles represent insulin gluconated (grafting the insulin with diols). Burgundy ovals represent rosiglitazone maleate.

allowing for rosiglitazone maleate release, as well as loss of spec-
tral emission of the alizarin unit (Scheme 16). These events were
correlated proportionally to glucose concentration, enabling real-
time fluorescence monitoring of glucose-responsive cargo re-
lease. In addition to studying this system in physiologically rele-
vant conditions the authors also used human serum as a medium
to better evidence the potential of this material for application in
a real-world setting. A claim further bolstered by the material’s
biocompatibility and low hemolytic activity.

Another example of insulin retention and controlled re-
lease from gated silica nanoparticles was reported by Lin
and co-workers.[132l The authors prepared silica amine-
functionalised nanoparticles that were amide-coupled to
4-carboxyphenylboronic acid. This material was loaded with
insulin, and sodium alginate was then deposited to serve as a
gatekeeper, blocking the channels. Boronate formation between
boronic acid residues and 1,2-diol moieties from sodium alginate
served well to ensure low level of insulin release without the
presence of glucose; after 8 h about 8% of the loaded insulin was
discharged. At glucose concentrations of 11.1 x 10~ and 27.7 x
10~% M cumulative insulin release after 8 h reached ~29% and
39% respectively (Scheme 17). Moreover, with alternating glu-
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cose concentration the authors observed an alternating release
profile, demonstrating the ability of the particles to perform
“on-off” release cycles in this regime. CD spectroscopic analysis
confirmed the integrity of the released insulin. Cell viability and
hemolysis assays proved the nanoparticles to be nontoxic, and
they were taken forward to in vivo studies. Experiments on dia-
betic mice provided evidence that a single dose of insulin loaded
gated nanoparticle was able to stabilise blood glucose level for
12 h. The authors also proved that their material alleviated lipid
metabolism disorder and organ damage of diabetic mice after
treatment.

9. Gel-Particle Hybrids

Gel-particle hybrid materials display a number of properties de-
sired in controllable drug delivery, e.g., decrease in burst release,
injectability resulting from shear thinning, rapid stimuli respon-
siveness and better control of the discharge process.!'33] These po-
tential advantages have underpinned and inspired developments
in insulin delivery systems.

To protect insulin loaded into nanoparticles from degradation
in the gastrointestinal tract, Jiang and co-workers protected
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Scheme 17. Porous gated silica nanoparticles as a glucose responsive insulin release system, as reported by Lin and co-workers.['32] i) A pictographic
representation of the alginate capped pores in silica nanoparticles releasing their loaded insulin in response to glucose. The glucose complexes the
boronic acids, displacing the alginate, removing the “cap” and enabling the insulin to diffuse out. ii) Key: Orange circles represent glucose. Red cut out
circles represent boronic acid units. Pale green squares represent insulin. Green chains represent alginate polymers. Yellow triangles represent amides

that link the alginate to the particle.

them in a hydrogel.'3 The authors prepared insulin loaded
glucose-responsive nanocarriers by copolymerisation of 4-
vinylphenylboronic acid, acrylic acid, folic acid conjugated
poly(ethylene glycol) acrylate and ethylene glycol dimethacrylate
in the presence of insulin. A further coating of hyaluronic acid
and divinyl sulfone crosslinker was applied. The authors showed
that the obtained nanoparticles are capable of insulin retention
and release at different rates depending upon applied glucose
concentrations. Moreover, in a comparative study between hy-
drogel coated and noncoated nanoparticles the hydrogel coating
was shown to decreases insulin release in acidic conditions
(pH 1.2) and give a more sustained release profile at close to
neutral conditions (pH 6.8). CD spectroscopy corroborated the
integrity of the released cargo, and cell viability studies gave good
results. The authors tested their platform in vivo using diabetic
rats. Over a 10 h study, hydrogel coated nanoparticles loaded
with insulin were able to effectively lower and stabilise blood
glucose levels more effectively than injection of insulin, even at
loadings 15 times lower than the injected insulin. The authors
also observed that nanoparticles without a hydrogel coating were
unable to lower blood glucose as effectively, thought to be due to
degradation in gastrointestinal tract.

Wang and co-workers developed an injectable hydrogel-
particle hybrid with impressive blood glucose level-stabilising
properties.['3°] First, poly(lactic-co-glycolic) and porous micro-
spheres were obtained via a modified water-in-oil-in-water dou-
ble emulsion method!**¢! followed by amide coupling between
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surface carboxylic acid groups and 3-aminophenylboronic acid
(24). Insulin loading capacity was determined to be 35.6% + 4.5%
while the efficiency of this process was 45.8% =+ 2.9%. These in-
sulin loaded particles were embedded in a dopamine-modified
hyaluronic acid hydrogel. Thanks to the presence of catechol-type
diol units, a dense hydrogel layer was formed at the nanoparticle
surface that positively influenced the properties of the drug re-
leasing platform. This material was shown to be injectable and
to display good bio-adhesion, attributed to dopamine moieties in
hydrogel structure. In vitro studies of insulin release were per-
formed in physiologically relevant conditions (37 °C and pH 7.4).
Under normoglycemic conditions the investigated material dis-
charged only about 7% of the loaded insulin over 24 h (5.5 x 10~
M glucose). For a hyperglycemic glucose concentration of 16.6
x 1073 M ~11% of the loaded insulin was released within the
same time frame. Very high glucose concentrations (27.7 X 1073
and 55.5 X 1073 M) were required to elicit 32% and 77% cumula-
tive release, respectively and “on-off” insulin release was demon-
strated (Figure 12). CD spectroscopic investigation evidenced the
integrity of released insulin. In vitro cytotoxicity and in vivo stud-
ies confirmed the investigated material to have good biocompat-
ibility. In vivo studies and appropriate control were conducted
with diabetic mice. While injection of an insulin solution offered
a fast-acting reduction in blood glucose level to a healthy level,
within one day this level returns to the same as that of the con-
trol experiments. Whereas administering insulin that is loaded
into the described microporous-gel healthy blood glucose levels
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Figure 12. Results of in vivo studies on blood glucose levels in STZ-
induced diabetic mice treated with microparticle-hydrogel hybrid system
(MP—gel) loaded with insulin and other reference substances adminis-
tered by a single abdominal subcutaneous injection. Values represent
mean =+ standard deviation (n =5 per group). “p < 0.05. Reproduced with
permission.!13%1 2017, Elsevier.

were maintained for fourteen days. Notably glucose levels in the
treated group did not reach the level of the control group over the
course of the 21-day study.[**]

A dual glucose-sensing and glucose-mediated insulin-delivery
nanoparticle-gel material was reported by Zhou and co-
workers.[13”] The authors hypothesised that upconversion carbon
quantum dots could serve as a fluorescent probe for glucose sens-
ing when anchored in a glucose-responsive hydrogel network
which undergoes volume phase transition upon external stimuli,
simultaneously discharging encapsulated cargo. One step rad-
ical copolymerisation of 4-vinylphenylboronic acid, acrylamide
and N,N’-methylenebisacrylamide in the presence of carbon dots
yielded the desired material. Photoluminescence studies showed
a linear response to glucose concentrations up to 20 X 1073 M, in-
dicating suitability to function as a sensor within this range. After
loading insulin into the material, its release at physiologically rel-
evant conditions was studied. Cargo discharge was dependent on
glucose concentration, in the absence of glucose ~15% cumula-
tive release was noted within 48 h, whereas in the presence of 20
x 10~* M concentrations of glucose ~80% of the retained insulin
was released over the same time frame. Toxicity studies revealed
good biocompatibility of the studied material incentivizing fur-
ther studies.

Liu and co-workers aimed to address the problems of vas-
cular diabetes complications as well as stabilise blood glucose
through the use of a micelle-hydrogel hybrid glucose-responsive
system.!138] The authors envisioned a system capable of deliv-
ering both insulin nattokinase, a thrombolytic agent capable
of reducing vascular diabetes complications.[***0] The au-
thors derivatised starch dialdehyde by transforming it into a
polymerisation macroinitiator through partial esterification
with 2-bromoisobutyryl bromide, followed by single electron
transfer living radical polymerisation with 4-vinylphenyl boronic
acid. The obtained material was further reacted with a 3-
aminopropanesulphonic acid derived zwitterionic alkylating
agent, yielding a material capable of forming micelles. Assembly
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of micelles in insulin solution yielded cargo-loaded particles that
were then introduced into a solution chitosan and nattokinase.
Cargo release properties of the obtained hybrid systems were
tested under physiological conditions in the presence of glucose
at 0 x 1073, 5.5 x 107 M and 16.6 X 10~ M concentrations. For
both insulin and nattokinase, burst release was observed in the
initial stage. The cumulative release of nattokinase was similar
for each glucose concentration, (=80% after 50 h); however, the
release of insulin was shown to be more glucose dependent. At
0 X 107 M glucose up to 20% of loaded insulin was released
after 72 h, while for 5.5 and 16.6 X 10~* m glucose ~35% and
50% of loaded insulin was released, respectively over the same
timeframe. The authors also undertook thrombolytic tests using
their synergistic dual delivery therapy system and blood clots
were successfully dissolved.

A micelle-hydrogel hybrid formulation was identified by Ma
and co-workers as a suitable platform for dual-mode insulin de-
livery, offering gradual sustained release that could be increased
with increasing glucose concentrations.['"!] This composite ma-
terial was designed in such way that both components, the mi-
celles and the hydrogel, were endowed with glucose respon-
siveness, though originally only micelles were loaded with in-
sulin. Moreover, boronic acid moieties in the micelles (derived
from 3-aminophenylboronic acid 24) were of lower acidity than
boronic acid moieties in the hydrogel (derived from 3-fluoro-4-
carboxyphenylboronic acid). It is noteworthy that the binding
partner diols both in micelles and hydrogels were polypeptides
functionalised with p-aminogalactose. The authors reasoned that
the diol-binding capabilities the two types of boronic acid in the
hydrogel and micelle parts of their system will permit a tuned
glucose response across ranges of glucose concentration regi-
mens. Therefore, under hyperglycemic conditions both the hy-
drogel and micelles should be primed to deliver cargo resulting in
rapid insulin release. While under normoglycemic states the mi-
celles could still release insulin but entrance to the bloodstream
would be controlled by the hydrogel matrix in which boronate
crosslinks would be formed again, slowing the release. Both mi-
celles and hydrogel were individually studied for glucose induced
insulin release under physiological conditions (pH 7.4 and 37 °C)
at glucose concentrations of 0, 5.5, 11.1 x 1073 and 27.7 x 1073
M. Insulin release profiles for the two systems were significantly
different, for the hydrogel cumulative release of insulin after 45
hat5.5 and 11.1 x 10~ ™ glucose was about 5%, while for mi-
celles it was close to 30% over the same range. This divergence
in insulin release potential across these glucose concentrations
was further emphasised to 40% under equivalent conditions for
a hybrid material containing both micelles and hydrogel. The au-
thors confirmed that release rate could be modulated by switch-
ing glucose concentration between 5.5 X 10~* and 27.7 X 10~ M.
CD spectroscopic analysis of the released insulin confirmed its
integrity. STZ-induced type 1 diabetic mice were used for in vivo
testing of the insulin-loaded hybrid material, which showed the
tested material to be able to maintain healthy glucose level for
up to 24 h. In a separate experiment it was also proven that blood
glucose level can be stabilised after injections of glucose, a critical
stress test of the system akin to a diabetic patient eating a meal.
The hydrogel and micelles alone were not as effective; in the case
of the hydrogel hypoglycemia was detected, which could be at-
tributed to the large pore size of hydrogel allowing for insulin to
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Figure 13. Jeong et block copolymers of polyethylene
monomethyl ether and copolymeric blocks derived from styreneboroxole
and oligo(ethylene glycol)-functionalised styrene, capable of forming
vesicles able to release insulin in response to glucose.

be released freely rather than modulated by glucose concentra-
tion fluctuations.[1*!]

10. Micelles and Vesicles

Micelles and vesicles are structures assembled from amphiphilic
compounds. Micelles are particles with a core—shell structure
with amphiphile fragments of the same polarity grouping to-
gether either inside of a sphere or at its surface, while vesicles
are bilayer hollow spheres.[1*?]

Jeong et al. utilised RAFT to obtain a series of block
copolymers with polyethylene monomethyl ether block and
copolymeric blocks derived from styreneboroxole and
oligo(ethylene glycol)-functionalised styrenes (Figure 13).'4
The amphiphilic polymers that were obtained could self-
assemble into vesicles that were analyzed by TEM and DLS. The
authors successfully encapsulated insulin into the assemblies,
and performed an experiment demonstrating glucose responsive
release of the protein in the absence and presence (100 x 1073
M) of glucose.

A micellar insulin delivery system integrating glucose- and
UV-responsiveness has been developed by Jiang and co-
workers.['**] The authors synthesised an amphiphilic copolymer
with one block derived from acrylamide or poly(ethylene gly-
col) monomethyl ether amine, and the other based on 13 and
2-nitrobenzylacrylate monomers, endowing the resulting mate-
rial with glucose- and UV-responsive properties, respectively. To
improve the stability of the resultant micelles a small quantity
of N,N'-bis(acryoyl)cystamine was used. Insulin could be loaded
into micelles during polymerisation process with a capacity of
25.6%. The authors demonstrated that UV irradiation (4,,, =
365 nm, 75 mW cm™2) could cause near quantitative release of in-
sulin within 30 min, as a result of photo-induced micelle degrada-
tion brought about by ester cleavage. During these investigations
negligible insulin discharge was observed (about 5%) in the ab-
sence of glucose, however in 5 x 10~* M glucose solutions ~50%
cumulative insulin release was observed, reaching 93% release at
25 x 107 ™M glucose, characterised by burst release in the initial
stages. CD spectroscopic analysis confirmed the integrity of the
released insulin.

Continuing their efforts to develop micellar insulin deliv-
ery platforms, Jiang and co-workers created systems based
on random copolymers of 13 and PEG monomethyl ether
methacrylate.'*’] These monomers were polymerised in a rad-
ical process using 3-phenylpyruvic acid as a photo-initiator, at
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which point insulin could be loaded into the micelles. The au-
thors found that insulin release was temperature dependent, with
increased temperature causing increased release. The glucose
sensitivity of the system was also investigated; within 24 h in
the absence of glucose about 20% of insulin was released. This
value rose significantly, accompanied by burst release, to 60% for
5.5 x 10~ M glucose concentration and to ~#75% and 80% cargo
release for 11.1 x 107% and 27.7 x 1073 M glucose concentrations,
respectively.

In a following contribution, Jiang and co-workers used pho-
topolymerisation combined with enzymatic transesterification to
obtain a micelle-forming random copolymer capable of insulin
encapsulation and glucose-responsive release.l*! The authors
used 4-vinylphenylboronic acid, trifluoroethyl methacrylate and
9-anthracenylmethyl methacrylate as monomers. Trifluoroethyl
groups were substituted with poly(ethylene glycol) chains in en-
zymatic transesterification catalyzed by Candida antarctica lipase
B enzyme. The resulting polymer could form micelles, as demon-
strated by DLS analysis and TEM imaging. The anthracene
moieties within the assemblies imbued them with inherent
fluorescence. Insulin was successfully loaded into the micelles
post-polymerisation and its release in response to glucose was
studied in PBS solution, pH 7.4. Regardless of glucose concentra-
tion burst discharge was observed in initial stages; in the absence
of glucose ~25% of loaded insulin was released within 24 h. At
11.1 x 107* M glucose almost 50% of loaded insulin was released,
while for 27.7 x 10 M glucose 80% of loaded insulin was dis-
charged. Cell viability studies proved good biocompatibility of
the studied material.

A combination of controlled polymerisation techniques and
click chemistry!'*’! allowed Yang and co-workers to obtain
an amphiphilic brush copolymer, able to form micelles with
thermo- and glucose-responsive properties.'*¥! The authors
used atom transfer radical polymerisation (ATRP) to obtain an
alkyne-terminated polymer comprising of boronate-containing
units derived from (2-phenylboronic esters-1,3-dioxane-5-ethyl)
methacrylate. Next, RAFT and nucleophilic substitution were
used to obtain a block copolymer containing benzyl azide and
mixed oligo(ethylene glycol) monomethyl ether units. CuUAAC
was employed to graft the boronate-containing polymer to the
alkyne terminated polymer chain by a formed triazole linkage.
The obtained polymer was capable of self-organizing into mi-
celles in water, with a boronate-rich core and oligo(ethylene gly-
col) monomethyl chains segments in its corona. The presence
of glucose caused swelling of the micelle core, while a tempera-
ture rise the lower critical solution temperature (LCST) of the hy-
drophilic block (38 °C) resulted in shrinkage of the micelle outer
layer. Both phenomena impacted insulin release, with the influ-
ence of glucose being more pronounced. At in the absence of glu-
coseat 37 °Cand pH 7.4 ~30% ofloaded insulin was released over
70 h. Under normoglycemic conditions (5.5 X 10~ M glucose)
~40% of loaded insulin was released, while under hyperglycemic
(11.1 x 10~% M glucose) this value increased to 60% release. The
authors also demonstrated the “on-off” release capability of this
material by alternating glucose concentrations between 5.5 and
27.7x 1073 M.

An interesting approach was taken by Shi and co-workers,
who prepared a vesicular insulin delivery system obtained
from complex micelles with a thermo-responsive core.l%P!

© 2021 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advtherap.com

ADVANCED ADVANCED
SCIENCE NEWS THERAPEUTICS

www.advtherap.com

www.advancedsciencenews.com

OBn
HaN 0%( P
o)

Me Me
Me Me
B(OH)
MeO
1N NaOH o
HCI
Me
O
MeO
40
Me Me
(@) NH
Me)\Me
(if)
BnO ~<
MeO{/\/ VNHZ Me0+\/ 1L/\ ]
35 °C
3d
as o OBn
OH

1N NaOH MeoT~C V Pj/ ] P 3Hs

EDC, NHS/H20

HO,C
HO RT, 12 h
Hﬂo OH
H
QN A °
meoT™>OFy NWN—L; -
114 H o H a
HO,C

Scheme 18. The synthetic route toward the polymer used by Shi and co-workers to produce temperature and glucose responsive vesicles.[6%] i) an -
aspartic acid block is copolymerised onto a PNIPAM block, and subsequently reacted with 24 to imbue glucose sensitivity. ii) A PEG block is copolymerised
onto a PNIPAM block, and subsequently reacted with 24 to imbue glucose sensitivity.

The authors first synthesised a block copolymer consisting capsulation in aqueous medium at 45 °C. The obtained micelles
of a poly(N-isopropylacrylamide) (PNIPAM) block, offering  were further transformed by covering them with a hydrophilic
thermo-sensitive properties, and an 1-aspartic acid derived block,  copolymer that contained glucosamine units. Crosslinking
functionalised by partial amide formation with 24 (Scheme 18).  between the boronic acids and the glucosamine diol groups
This polymer was able to form micelles capable of insulin en-  of the two polymers resulted in the formation of complex
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Scheme 19. The synthesis of poly(e-caprolactone) derived polymer described by Yang and co-workers.['?] PEG monoether was reacted with 29 to form
a block copolymer. Through ATRP (2-phenylboronic esters-1,3-dioxane-5-ethyl) methacrylate (30) side chains are then bound to the poly(e-caprolactone)

backbone.

core—shell-corona micelles. Storing these constructs below the
LCST of PNIPAM core (34.5 °C) resulted in transformation of
these complex micelles into vesicles. In this study two types
of complex micelles were obtained by using different ratios of
boronic acid- and glucosamine-containing copolymers, namely
1:0.8 and 1:1.5. The authors noted that complex micelles could
not be produced if the glucosamine-containing copolymer was
used in less than a 0.8 weight ratio in relation to the boronic
acid-containing copolymer. Micelles with a 1:0.8 copolymer ratio
were further transformed into vesicles. DLS measurements and
TEM imaging revealed that complex micelle to vesicle transition
is accompanied with size expansion, ascribed by authors to water
absorption. These techniques were also employed to demon-
strate vesicle swelling upon treatment with glucose. Insulin
release was investigated at physiologically relevant conditions
(37 °C, pH 7.4) and glucose dependent behavior was demon-
strated. In all cases burst discharge was observed in the initial
stages; in the absence of glucose cumulative insulin release was
below 15%, while at 27.7 x 10~* M glucose this value reached
40% after 70 h, which increased to 80% at 111 x 10~ m glucose
over the same period. The authors also demonstrated that the
system they developed is capable of “on-off” cargo release.

Yang and co-workers worked toward developing degradable
micelles that exhibit glucose-sensitivity.['*] The authors envi-
sioned that incorporating poly(e-caprolactone) would endow
a material with good degradability properties. Therefore, they
prepared a block copolymer by ring opening polymerisation
using a-bromo-e-caprolactone (29) and poly(ethylene glycol)
monomethyl ether as an initiator. Next, ATRP was employed to
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graft (2-phenylboronic esters-1,3-dioxane-5-ethyl) methacrylate
(30) derived sidechains onto the poly(e-caprolactone) backbone
(Scheme 19). The authors prepared a series of three copolymers
differing in length of the boronate-containing block, yielding
polymers capable of forming micelles that could encapsulate
insulin. The encapsulation process was more effective with
higher boronate content (up to 74%), while the loading capacity
was essentially the same for all studied materials (about 17%).
Three types of polymeric micelles were studied for insulin
release under physiologically relevant conditions 0, 5.5, and
16.6 x 107 M glucose concentrations. Remarkably, no burst
release was observed in any case and no insulin release was
observed over 30 h from any material. In the absence of glucose
10% of loaded insulin was released at 70 h, at 5.5 x 107> M
glucose ~30% of loaded insulin was released and up to 100%
of loaded insulin was released at 16.6 X 10> M glucose over
the same timeframe. Importantly, the insulin release profiles
of the three tested materials differed little under no or low (5.5
x 107* M) glucose concentrations; however, at higher glucose
concentrations the impact of the material’s boron content was
manifest, i.e., increased boronate content renders insulin release
less efficient. CD spectroscopy confirmed the integrity of the
released insulin, and good biocompatibility was confirmed via
cell toxicity assays. The authors studied the degradability of their
material by monitoring the release of insulin from drug loaded
micelles in the presence of Novozym 435 lipase. Without the en-
zyme less than 10% of insulin was discharged over 50 h, while in
presence of lipase quantitative cargo delivery was realised within
that time. Gel permeation chromatography (GPC) analysis of
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decomposition products revealed hydrolysis of the poly(e-
caprolactone) backbone.

In a subsequent contribution Yang and co-workers, guided
by the intention of improving salt-tolerance, developed an-
other complex nanoparticle carrier for glucose-responsive insulin
delivery.['*%] The authors sought to take advantage of stabilising
effect of hydrogen bonding in polyamides and developed a plat-
form that consisted of two block copolymers, both containing a
poly(ethylene glycol) block, with the second block being either
a polymer chain derived from 30 or poly(y-benzyl-1-glutamate).
These two materials were combined in differing ratios to yield
micellar assemblies. These micelles were analyzed with CD spec-
troscopy and structural composition assigned, showing an in-
creased ratio of a-helix structures with increasing size of the
poly(y-benzyl-1-glutamate) block. This was accompanied by a re-
duction in the population of f-sheet structures. Next, the au-
thors loaded insulin into their formulations and studied the sta-
bility of the assemblies against salt by monitoring cargo release.
The best results were obtained for micelles composed of 75 wt%
of polyamide-containing copolymer which released only 12% of
loaded insulin within 12 h (0.15 M PBS). The structures of these
best-performing micelles were studied by CD spectroscopy, and
changes with time were observed, whereby the a-helix content
drops at as f-sheet content increases. Glucose-mediated insulin
release was also studied (0.15 m PBS, pH 7.4 at 37 °C). In an
observation similar to the previous contribution of Yang and co-
workers burst release was not observed. Materials with a higher
content of poly(y-benzyl-1-glutamate) showed high divergence
in payload discharge between normo- and hyperglycemic condi-
tions, ~20% versus 100% loaded insulin release within 90 h re-
spectively. Cell toxicity assays of the investigated material yielded
good results.

Yang and co-workers further explored their glucose responsive
platform for insulin delivery in context of how the polyamide
component’s secondary structure influenced the payload dis-
charge process.!'>!] The authors prepared equivalent sets of two
block copolymers, with higher degrees of polymerisation in
poly(y-benzyl-1-glutamate) block. Next, partial hydrolysis of ben-
zyl esters was performed yielding two derivatives with ester to
carboxylic acid ratios of 20:40 and 48:12 (Figure 14). The differ-
ence in free carboxylic acid content resulted in hydrogen bond-
ing differences, leading to differences in secondary structure, as
evidenced using CD spectroscopy. At physiological pH (7.4) the
a-helical form was the dominant structural motif for the copoly-
mers with no carboxylic acid groups, while copolymers with 20:40
and 48:12 ester to carboxylic acid group ratios random coil and g-
sheet structures predominated respectively. The incorporation of
boronate units into the block copolymer did not disrupt the ter-
tiary structure of these polyamides. Three types of assembly were
obtained and TEM served to determine their morphology that var-
ied from irregular nanopatterns with tentacles, through to willow
leaf-like shapes, to nearly spherical micelles for assemblies made
from the copolymer with no carboxylic acid groups. Insulin re-
lease and salt stability studies in the absence of glucose proved
that these micellar assemblies show low cargo release (0.15 M
PBS) over a prolonged period of time (*10% cumulative loaded
insulin release after 90 h). Under normoglycemic conditions
(5.5 x 1073 ™ glucose) ~20% cumulative release of loaded in-
sulin occurred after 90 h, while significant increases in insulin re-
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Figure 14. The structure of block copolymers MPEG-b-PPBDEMA (P-1),
MPEG-b-PBLG (P-4), MPEG-b-(PBLG-coPGA) (P-2), and MPEG-b-(PBLG-
coPGA) (P-3) reported by Yang and co-workers.[1>1]

lease were observed under elevated glucose concentrations (11.1
x 1073 and 16.6 X 1073 M) under the same conditions at the same
time (x75% and 90% cumulative loaded insulin release, respec-
tively). The two other materials displayed inferior properties, in
terms of both salt stability and insulin release discrimination for
different glucose concentrations, attributed by the authors to the
differences of secondary structures of polyamide components of
the assemblies. Furthermore, blood compatibility of the best per-
forming carrier was studied showing encouraging results which
prompted in vivo experiments. The authors demonstrated that
their delivery platform showed superior blood glucose level sta-
bilisation in diabetic mice compared to administration of equiv-
alent amounts of free insulin. For free insulin, 1 h post admin-
istration blood glucose dropped to hypoglycemic levels whereas
glucose levels were maintained at more satisfactory levels when
the studied assemblies were deployed. Moreover, in mice treated
with free insulin blood glucose returned to a hyperglycemic level
0f16.6 x 1073 m after 4 h, while for studied material blood glucose
levels reached 11.1 x 10~* M over the same time frame. The au-
thors also evidenced a low to no risk of hypoglycemia in healthy
mice.

Boronic acid derivatives have been utilised by Ma and co-
workers as synthetic chaperones in the form of glucose re-
sponsive mixed-shell (hydrophilic/hydrophobic) micellar assem-
blies for insulin protection and delivery.'>?! In their approach
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Scheme 20. The synthesis reported by Ma and co-workers!>2] of
copolymers  containing  poly(e-caprolactone)-b-poly(ethylene  glycol)
and poly(e-caprolactone)-b-poly(aspartic acid), functionalised with 24
post polymerisation to poly(e-caprolactone)-b-poly(aspartic acid-co-
aspartamidophenylboronic acid).

the authors drew inspiration from natural assisting proteins
that support structural changes of other macromolecules, and
were able to draw upon insights gained in previous experi-
ence of restoration of amyloid # homeostasis.l'>3] By develop-
ing synthetic nanochaperones capable of glucose-sensitive in-
sulin delivery, they have sought to address potential issues
with aggregation and fibrillation of insulin in the process
of drug encapsulation, storage and release. The authors con-
structed their insulin delivery platforms as mixed-shell poly-
meric micelles with hydrophobic and hydrophilic domains
on the surface. These particles were built of two copoly-
mers poly(e-caprolactone)-b-poly(ethylene glycol) and poly(e-
caprolactone)-b-poly(aspartic acid-co-aspartamidophenylboronic
acid) (Scheme 20). The boronic acid-containing copolymer
formed hydrophobic domains on the surface of the nanochap-
erones which were responsible for adsorbing partially unfolded
insulin, while PEG chains from the other copolymer in surround-
ing hydrophilic domains formed a protective barrier for the ad-
sorbed insulin, shielding it from enzymatic degradation. The po-
tential of these nanochaperones for protecting insulin was stud-
ied. The authors demonstrated that the structure of insulin was
practically undisturbed either after seven days of incubation at
37 °C or after 1 h at temperatures as high as 70 °C. Moreover,
degradation assays showed that insulin adsorbed onto nanochap-
erones was shielded from proteinase K activity, displaying 4.6
times less degradation compared to a free insulin reference sam-
ple. The binding of glucose, resulting in boronate formation, in-
verts the polarity of the hydrophobic domains, making them hy-
drophilic. Thus, insulin was released, as the hydrophobic inter-
actions keeping it adsorbed are broken. Glucose tolerance ex-
periments, conducted at 37 °C (PBS, pH 7.4), showed the ex-
tent of insulin liberation to be proportional to glucose concen-
tration. In the absence of glucose only 16% of loaded insulin
was released after 60 h. At glucose concentrations of 5.5 x 1073
M cumulative release of loaded insulin was 24% and for 22.2 X
10~% M glucose 60% of loaded insulin was released under oth-
erwise equivalent conditions. The authors also confirmed the
capability of their platform to performing “on-off” release for
varying glucose concentrations. In vivo studies on diabetic mice
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Figure 15. Block copolymer containing poly[2-(N,N-dimethylamino)ethyl

methacrylate] and poly[(2-phenylboronic  esters-1,3-dioxane-5-ethyl)

methylacrylate] as reported by Yuang and co-workers.[154]

showed that the investigated insulin delivery platform is capa-
ble of stabilising blood glucose levels in a normoglycemic range
up to 5 h after administration, blood glucose levels returned
to their original levels after 14 h. Moreover, hypoglycemia was
avoided and nanochaperones treated with proteinase K or in-
cubated for 7 days at 37 °C or for 1 h at 70 °C were still ef-
fective in the normalisation of blood glucose levels of diabetic
mice. The authors also conducted an intraperitoneal glucose tol-
erance test; 1 h after administration of insulin or nanochaper-
ones carrying insulin mice were intraperitoneally injected with
1.5 g kg™! glucose. The nanochaperone platform provided very
good blood glucose stabilisation, resembling the blood glucose
profile obtained for control group of healthy mice within 2 h.

In their quest for multi-responsive drug delivery materi-
als Yuan and co-workers developed a polymer based micelle-
forming material capable of insulin release upon exposure
to glucose, which also featured temperature and pH sensitiv-
ity (Figure 15).**1 The authors integrated dual thermo- and
pH-responsive poly[2-(N,N-dimethylamino)ethyl methacrylate]
structure with glucose-sensitive poly|[(2-phenylboronic esters-1,3-
dioxane-5-ethyl) methylacrylate] by making a block copolymer us-
ing ATRP (Scheme 21). Thanks to the amphiphilic nature of the
material, it could self-assemble in water, forming micelles with
a hydrophobic core of the boronic acid ester block, and a hy-
drophilic amine appended shell with critical micelle concentra-
tion (CMC) as low as 0.02 mg mL!. Studies showed that when in
contact with glucose the micelle core swelled significantly, while
temperature increases resulted in shrinking of the micelle shell
and the aggregation of particles. An increase in pH initially re-
sulted in shell shrinkage and micellar aggregation, but after 48
h new micelles were formed in which the core and shell had
swapped. That was explained in terms of differences between
acid-base reactions taking place in both copolymer blocks. As
deprotonation of (N,N-dimethylamino)ethyl causes an increase
in hydrophobicity, the ionisation of boronic acid ester units in-
creases hydrophilicity. When response to different stimuli was
established, the authors demonstrated that their micelles were
capable of entrapping insulin with an efficiency and loading ca-
pacity of 29% and 5.3%, respectively. Insulin release studies have
shown that in the absence of a glucose stimuli 33.4% of loaded
insulin is released after 70 h (pH 7.4, 37 °C), while 38%, 53%,
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Scheme 21. Starch based polymer synthesis as reported by Lii and co-workers.['>%1 i) Starch was partially oxidised by sodium periodate. i) The remaining
free hydroxyl groups were then esterified with methoxypolyethyleneglycol succinic acid monoester and EDC with DMAP. iii) Imine formation with 24 and

esterification with 31 was then performed using EDC/NHS.

and 71% of cumulative loaded insulin release was observed for
glucose concentrations of 5.5 X 1073, 11.1 x 1073, and 27.7 x 103
M, respectively. The authors have also shown “on-off” insulin re-
lease under alternating glucose concentration of 5.5 and 27.7 x
1073 M

Lii and co-workers obtained micelles suitable for glucose-
responsive insulin delivery from starch.[*>*] Hoping to develop a
material with good biocompatibility and degradability they first
was partially oxidised starch using sodium periodate to con-
vert some of the 1,2-diol units to aldehydes. Next, the methoxy-
polyethyleneglycol monoester of succinic acid was used to par-
tially esterify the remaining hydroxyl groups. This material
was the subject of imine formation with 3-aminophenylboronic
acid (24) and a second esterification step, this time with 7-
hydroxycoumarinyl-4-acetic acid (31) (Scheme 21). The authors
explained that they decided to introduce the coumarin moiety
to lower the effective pK, of arylboronic acid units. It was also
determined that introducing coumarin unit resulted in signifi-
cant lowering of CMC when compared to a corresponding ma-
terial that did not include it, and that it contributed to increased
micellar core hydrophobic stabilisation. The obtained materials
formed micelles capable of encapsulating insulin. Cargo release
studies were performed showing a glucose-dependent degree of
discharge with a burst profile in the initial stages. Good results
in hemolyses and cytotoxicity assays further supported authors’
expectations.

Starch-based micelles were investigated further by L and
co-workers in a subsequent contribution.!'>®] The authors dec-
orated a starch derived material with zwitterionic moieties
that had previously been shown to have a positive effect
on stability and other properties (e.g., cell interactions) of
nanoparticles.'”] Similarly, to their previous work, Lii and
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co-workers partially oxidised starch by reaction with sodium
periodate, and the resulting aldehyde groups were used to
form imines with 3-aminophenylboronic acid 24, and free
hydroxyl groups were functionalised in reaction with 3-((3-
chloropropyl)dimethylaminio)propane-1-sulfonate (32), result-
ing in two materials differing in graft ratio (Scheme 22). The
first having a 0.15 boronic acid graft ratio and a 0.25 graft ra-
tio of zwitterionic units. The second material had lower con-
tent of boronic acid units and higher content of zwitterionic
units as their graft ratio were 0.13 and 0.33, respectively. A PEG-
functionalised reference material was also prepared, its boronic
acid graft ratio was 0.15 and PEG graft ratio was 0.25. It was
shown that starch-derived materials functionalised with boronic
acids and zwitterionic betaine-derived groups were able to form
micelles, with CMC reducing as betaine content increased. In-
sulin was effectively loaded into zwitterion functionalised starch
bearing boronic acid units. Glucose-induced release capabilities
were further studied under physiological conditions over 48 h.
For the material with higher boronic acid graft ratio in the ab-
sence of glucose insulin release rates were slow, reaching ~22%
of loaded insulin release, while at 5.5 and 16.6 x 10~ m glucose,
insulin release profiles were almost identical (~68%). The mate-
rial with the lower boronic acid content was tested in the presence
of 16.6 x 10~* M glucose and showed insulin release of ~35%.
The integrity of released insulin was corroborated by CD spec-
troscopy. Hemolysis and cell viability studies showed good results
for both tested materials. Phagocytosis test proved that micelles
with zwitterionic groups were internalised by macrophage cells
to far less extent than reference PEG-functionalised micelles.
The aforementioned concept of using zinc to increase in-
sulin loading that was explored by Ma and co-workers in gels
(Scheme 8)[11%1 was also applied by them in the formation
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Scheme 22. Zwitterionic starch-based polymers as reported by Lii and co-workers.[136] The starch was partially oxidised by sodium periodate, before the
aldehydes were reacted with i) mPEG and 3-aminophenylboronic acid 24 to produce mPEG-DAS—APBA or ii) 32 and 24 to produce SB-DAS-APBA.

of complex micelles for boron-mediated insulin delivery.!!%®]
The authors fabricated complex micelles using two copolymers:
poly(aspartic acid-co-aspartglucosamine-co-aspartnitrilotriacetic
acid) and poly(ethylene glycol)-b-poly(aspartic  acid-co-
aspartamidophenylboronic acid) (Figure 16). The process
consisted of conditioning the copolymer with nitrilotriacetic acid
units in a solution containing zinc ions, followed by the addition
of insulin, and then subsequent complexation with the other
copolymer containing boronic acid units. Four sets of complex
micelles were obtained, varying in their ratio of boronic acid,
glucosamine, and nitrilotriacetic acid units, with one blank with
respect to the nitrilotriacetic acid units, to serve as a reference.
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Insulin loading efficacy was shown to increase by about 40% for
materials with zinc ions complexed by nitrilotriacetic acid units.
Subsequent insulin release experiments showed confirmed a
dependence on glucose concentration. Moreover, the authors
demonstrated an “on-off” release profile for their complex
micelles. Cell viability studies using MTT assays on NIH 3T3
mouse fibroblast cells proved studied materials to nontoxic by
tis measure. This prompted authors to pursue in vivo tests using
diabetic mice. The results showed that complex micelles with
zinc assisted insulin loading were able to stabilise blood glucose
significantly better than the material without zinc and were
superior in this regard to injection of insulin.
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Figure 16. Block co-polymers capable of forming glucose responsive mi-
celles as reported by Ma and co-workers,[™*®] boronic acid containing
PEG-b-P(Asp-co-AspPBA) and glycopolymer containing P(Asp-co-AspGA-
co-AspNTA).

A unique vesicle insulin delivery platform built from
supramolecular host—guest complexes of pillar[5]arene and pyri-
dynyl boronic acid derivatives was constructed by Hu and co-
workers (Scheme 23).[%%1 The authors sought to take advan-
tage of the fact that pyridinium salts form stable inclusion com-
plexes with water-soluble pillar[5]arene,'®] and use this phe-
nomenon for functional supramolecular amphiphile formation
(Scheme 15). Insulin-loaded vesicles were prepared by adding in-
sulin to an aqueous solution of 4-borono-1-hexadecylpyridinium
bromide and carboxylatopillar[5]arene decasodium salt (ina 1.5:1
molar ratio, respectively; with 1% of ethanol). Encapsulation ef-
ficiency was determined to be 64%. TEM and DLS analysis con-
firmed that insulin-loaded vesicles were much larger than their
hollow analogs (%320 nm vs 132 nm). Insulin release studies
were performed at pH 7.4 with a range of glucose concentrations.
In the absence of glucose no insulin discharge was observed. Fur-
thermore, the vesicles were able to differentiate between normo-
and hyperglycemic conditions, as at 5.5 X 10~ M glucose con-
centration ~20% of loaded insulin was released while for 11.1
x 1073 M glucose nearly 60% of insulin was released. However,
strong burst release was observed, and discharge profiles reached
a plateau after about 15 min. Cytocompatibility studies also gave
good results.

Hu and co-workers took the concept of supramolecular vesi-
cles for insulin release even further.!**!] This time, instead of us-
ing pyridinium boronic acids with N-substituted long aliphatic
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chains, the authors utilised a bis-boronic acid with an analogous
structure to those synthesised by James and Shinkai for glucose
sensing.[1%2 This bis-boronic acid used together with carboxy-
latopillar[S]arene decasodium salt was able to form vesicles. As
demonstrated by the authors these assemblies were disrupted by
glucose, as well as by hydrogen peroxide and by a drop in pH, as
a result of GOx being incorporated alongside insulin. This was
attributed to the oxidation of glucose to gluconic acid with H,O,
being produced as a side product, and subsequent boronic acid
oxidation furthering vesicle disruption and insulin release. The
presence of gluconic acid caused a pH drop, resulting in the pro-
tonation of pillararene carboxylate groups, causing a decrease in
water solubility.

Gu and co-workers noticed that orally administered materi-
als for insulin delivery often lack in their ability to efficiently
release insulin following meals. In response they designed
insulin-loaded liposomes that targeted Fc receptor (FcRn),
which were enclosed in a glucose sensitive shell made of
hyaluronic acid modified with 2-aminophenylboronic acid.['®]
FcRn facilitates protein transport across the intestinal epithe-
lium as it binds Immunoglobulin G (IgG) and is expressed in
the apical region of epithelial cells in the small intestine.'**l
These liposomes were based on egg phosphatidylcholine,
dioleoylphosphatidylethanolamine, cholesterol, 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine- N-[maleimide(polyethylene
glycol)] and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[carboxy(polyethylene glycol)] which they coupled with
dopamine, a binder of boronic acid. After the preparation of
insulin loaded liposomes through a lipid film hydration method,
polyclonal IgG Fc fragments were modified with Traut’s Reagent
and conjugated to the PEG through maleimide-thiol bonds.
These liposomes were then enclosed in a shell of hyaluronic
acid coupled with 2-aminophenylboronic acid, and boronate for-
mation between the dopamine catechol unit from the liposomal
surface and boronic acid moieties integrated the two structures.
This coating served to protect the liposomes until a postprandial
increase of glucose concentration caused shell disruption due
to competitive binding. When this occurred, Fc groups became
exposed promoting intestinal absorption of insulin-loaded li-
posomes, leading to insulin release into the bloodstream and
subsequent lowering of blood glucose concentration. That was
confirmed by in vivo studies on STZ-induced type 1 diabetic
mice which showed around a 40% decline in blood glucose levels
8 h after oral administration of the vesicles, while free insulin
had no effect. Similarly, other reference materials (insulin-loaded
liposomes without Fc groups on the surface and insulin-loaded
liposomes with a chemically crosslinked shell of hyaluronic
acid) showed no effect. Simulation of postprandial conditions
showed the tested liposomes work effectively in reducing an
initial increase and in further lowering blood glucose levels.

Another orally administered platform for insulin delivery was
developed by Feng and co-workers.['®] This time authors de-
signed an amphiphilic dendrimer branching out from an eight-
armed poly(ethylene glycol) with hydrophobic blocks, terminated
by benzoxaborole units (Scheme 24). This material proved able to
self-assemble into micelles under aqueous conditions. Moreover,
insulin encapsulation could be achieved by introducing the den-
drimer to an insulin solution. In vitro experiments on insulin re-
lease in response to glucose showed that the studied micelles are
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Scheme 23. The insulin delivery vehicle based on host-guest complexation, as reported by Hu and co-workers.['>°1 i) A pictographic representation of
the inclusion of the water soluble pillar[5]ene complexation around the pyridinyl boronic acid derivative bound to a linear alkyl chain. This complex is then
shown to form vesicles which may encapsulate insulin, with subsequent release on addition of glucose. ii) Key: Orange circles represent glucose. Red
cut out circles represent boronic acid units. Pale green squares represent insulin. Blue hollow cylinders represent pillar[5]arenes. Green chains represent

linear alkyl chains.

glucose sensitive, with concentration dependent payload release.
This was attributed to the benzoxaborole units binding glucose,
leading to a reduction of the hydrophobic nature of the core of the
micelle structure, consequently leading to the rupture of the as-
sembly and cargo liberation. Authors also noticed that at low pH
(pH < 2) spontaneous release of insulin from studied micelles
is hampered, which is beneficial given that oral administration
was intended for that material, and thus it must pass through the
acidic stomach. Encouraging results of permeation experiments
led to in vivo studies being undertaken on STZ-induced type 1 di-
abetic mice. Insulin loaded micelles, administered orally, showed
prolonged stabilisation of blood glucose levels compared to sub-
cutaneously injected insulin (10 h vs 4 h). Moreover, glucose tol-
erance tests proved that blood glucose levels of diabetic mice in-
jected intraperitoneally with glucose 1 h after administration of
insulin-loaded micelles closely resembled those for healthy mice
after the same glucose intake. Moreover, none of the tested mice
experienced hypoglycemia following the use the orally adminis-
tered system, while 75% of mice injected with subcutaneous in-
sulin did.

Another type of vesicular assembly for glucose-responsive
insulin release and delivery was prepared by Tong and co-
workers.[1%] The authors utilised RAFT polymerisation tech-
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niques in order to obtain a well-defined triblock copolymer with
boronic acid and boronate units (Figure 17). Tong and co-workers
envisaged that the boronic acid groups would endow their ma-
terial with glucose responsivity, while including boronate units
would provide responsivity to H,O,. Further tests proved that the
studied material is able to form vesicles and encapsulate insulin,
which would be subsequently released on exposure to glucose or
H,0,. ~20% of loaded insulin was released in glucose free me-
dia, while ~50% and 70% of cumulative release was obtained in
11.1 X 1073 and 22.2 x 1073 M glucose solutions, respectively. It
is worth noting that the authors also found out that if glucose
oxidase is co-loaded with insulin, it increases insulin release in
response to glucose, resulting to over 90% cumulative loaded in-
sulin release at 22.2 x 1073 M glucose. Furthermore, the studied
polymeric vesicles were shown to have good biocompatibility and
the authors used them to prepare transcutaneous microneedle
array patch devices. In vivo testing proved the potential of this
invention to lower blood glucose levels.

Mandal and Das reported a glucose-responsive vesicular
assembly based on a cholesterol derived boronic acid (33)
(Figure 18).1'” The authors decided to utilise cholesterol, which
is known to be beneficial for lipid vesicles formation, and build
on it in order to construct a spherical drug-delivery platform.
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Scheme 24. The orally administered insulin delivery platform developed by Fe

ng and co-workers.[19°1 i) A pictographic representation of the benzoxabo-

role terminated branched amphiphilic dendrimer, and their encapsulation of insulin into micelles, with subsequent insulin release as the benzoxaborole

units bind to glucose. ii) Key: Orange circles represent glucose. Green cut out c

ircles represent benzoxaborole units. Pale green squares represent insulin.

Yellow chains represent hydrophobic triazole linked branches. Blue chains represent PEG chains.

Electron microscopy techniques confirmed the formation of
vesicular assemblies from the designed compound. The authors
successfully entrapped insulin, which according to their obser-
vations localised itself in the bilayer of the assembly, and studied
cargo was release upon glucose stimulation. UV-vis and fluores-
cence measurements served to determine the extent of insulin
release. Glucose concentrations of 0-30 x 10~* M were tested with
6 x 10~ M increments, and a concentration dependent release
of insulin, reaching a maximum of 66% release, was observed.

Adv. Therap. 2021, 2100118 2100118 (36 of 43)

Shi and co-workers once more addressed the problem of
enzymatic degradation of insulin in drug-delivery platforms
by preparing complex micelles that could protect the insulin
from this process.l'®®] The authors synthesised two types of
polymeric materials. One being a block copolymer of poly(N-
isopropylacrylamide)-co-poly(aspartic acid) with poly(aspartic
acid) block functionalised with a nitrilotriacetic acid derivative
and with glucosamine, the other being a block copolymer of PEG
and poly(aspartic acid) functionalised with 24. Using these two
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Figure 17. Di- and Tri-block copolymers PEG-b-PPBA and PEG-b-PPBA-b-PPBEM prepared by Tong and co-workers to develop a material for glucose

responsive insulin delivery.[16¢]

Figure 18. The cholesterol derived boronic acid derivative (33) utilised by
Mandal and Das to develop a spherical glucose responsive insulin delivery
system.[167]

materials the authors prepared a series of complex micelles with
varying compositions. The PNIPAM block endowed the micelles
with thermo-responsive properties, with an LCST of 37 °C. This
collapse of the PNIPAM fraction was how the authors intended to
protect insulin against degradation. To increase the insulin load-
ing efficiency Zn?* ions were chelated by nitrilotriacetic acid do-
mains. Stimuli-induced cargo discharge experiments were con-
ducted under physiological conditions using glucose solutions
with a concentration of 0 x 1073, 11.1 x 1073, and 27.7 x 1073
M giving cumulative release after 60 h of 19%, 53%, and 71%,
respectively. Moreover, “on-off” release of insulin was demon-
strated when the complex micelles were exposed to alternating 0
x 1073 and 27.7 x 1073 m glucose concentrations. Next, the degra-
dation of the encapsulated insulin was measured on exposure to
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proteinase K, and results showed that the developed material sig-
nificantly reduces degradation compared to analogous micelles
lacking PNIPAM blocks or free insulin. Moreover, this protection
is increased by raising the temperature from 25 °C to 37 °C. After
proving the biocompatibility of their material the authors under-
took in vivo studies. STZ-induced diabetic mice were treated with
insulin loaded complex micelles and two controls: free insulin
and insulin loaded micelles without PNIPAM blocks. Only the
use of complex micelles prevented hypoglycemia following in-
jection, and this material also exerted the longest blood glucose
level stabilisation effect (16 h), compared to the other micelles
(10 h) and free insulin (5 h). The micelles were also shown to
stabilise blood-glucose levels following glucose injection, simu-
lating a meal.

Gaballa and Theato employed RAFT to prepare block copoly-
mers that they transformed into glucose-responsive micelle-
forming materials.'®! The authors installed diol moieties
(p-(+)-glucosamine, (+)-3-aminopropane-1,2-diol) or boronic
acid residues by aminolysis of the corresponding pentafluo-
rophenyl ester in a block derived from the appropriate acrylate
(Figure 19i-iii), respectively. After studying the assembly of
pairs of block copolymers into micelles, glucose-responsive
insulin release was also investigated. Cargo discharge inves-
tigations were performed under physiological conditions (pH
7.4, 37 °C). The micelles formed from the glucosamine copoly-
mer offered the same cumulative release of insulin for 5.5 x
1073 and 11.1 x 1073 M glucose concentration, ~#90% and 95%
loaded insulin release after 24 h, respectively. The discrimi-
nation of payload liberation was much more pronounced for
micelles incorporating 3-aminopropane-1,2-diol. In this case
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Figure 19. Block co-polymer prepared by Gaballa and Theatol'%] prepared by aminolysis pentafluorophenyl esters, through reaction with i) boronic acid

derivative (24); ii) diol moieties (

cumulative loaded insulin release after 24 h for 5.5 x 1073 M
of glucose was about 30% while for 11.1 X 1073 m it was close
to 90%.

11. Capsules

Chen and co-workers explored glucose-concentration controlled
insulin release from polymeric capsules prepared by a layer-by-
layer (LbL) technique.['”%! The authors sought to address issues
that are common with such assemblies including low degrad-
ability, low biocompatibility, and poor glucose-responsive release
profiles. They anticipated that using poly(y-glutamic acid) and
chitosan, well known biological polyelectrolytes, might allevi-
ate these disadvantages.['’% In order to endow resulting cap-
sules with the desired properties these bio-derived materials
were further modified; poly(y-glutamic acid) was grafted with 3-
aminophenylboronic acid (24) by amide formation and similar
transformation was employed to functionalise chitosan with lac-
tobionic acid (34) (Figure 20).

Boronic acid moieties were added to ensure glucose-
responsivity, while lactobionic acid was introduced to provide
1,2-diols to improve the binding between these two polymers.
To form the capsules, the authors utilised LbL techniques with
amino-functionalised SiO, particles as a template. Insulin load-
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D-(+)-glucosamine; or iii) (x)-3-aminopropane-1,2-diol).

ing was performed prior to the LbL process. The final capsule
had ten alternating layers on a SiO, core, before the SiO, was
removed using an NH,F/HF mixture. The resulting particles
exhibited significant swelling in glucose containing media, even
breaking in more concentrated solutions. Studying capsules
with poly(y-glutamic acid) functionalised to a different degree
showed that increasing the boronic acid content increased the
stability of the capsules in glucose solutions. Insulin release
monitoring led to the conclusion that boronic acid content also
has an influence on the cargo discharge process. The higher the
boron content, the smaller the observed cumulative release and
the slower initial discharge for a given glucose concentration.
The authors also showed that these particles were also capable
of “on-off” release. Biocompatibility studies gave good results at
reasonably high concentrations, leading to the conclusion that
these capsules have potential to be applied in diabetes treatment.

In their following contribution on glucose-responsive capsules
for insulin delivery, Chen and co-workers aimed to limit polymer
dissociation from the capsules in order to better control cargo
discharge processes, and to minimise the burden on the kidney
involved in clearance processes."”®®! They sought to accomplish
this by reinforcing the capsules via crosslinking in their walls.
Alginate was chosen for this purpose, as it is known that calcium
ions cause the formation of crosslinked networks in this material.
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Figure 20. The two polymers utilised by Chen and co-workers['70] to
develop glucose responsive capsules; chitosan functionalised with lac-
tobionic acid (34) and poly(y-glutamic acid) functionalised with 3-
aminophenylboronic acid (24).

The second component for capsule formation was chitosan mod-
ified via amide coupling with 3-carboxyphenylboronic acid. The
fabrication of these capsules and the subsequent insulin loading
were performed similarly as in previous report.'’?l The authors
obtained a series of capsules differing in degree of chitosan func-
tionalisation and number of layers. TEM analysis revealed that
the addition of calcium ions resulted in a slight increase of cap-
sules size and a significant thickening of their shell. Calcium ions
were also shown to influence the glucose-responsive swelling
behavior of the studied capsules making it less pronounced with
increased calcium content. This was translated to the insulin
release process as capsules with calcium ions were slightly
less active in cargo discharge at a given glucose concentration.
Secondary structure of released insulin was investigated by CD
spectroscopy showing no significant changes when compared
with standards. Irrespective of the inclusion of the calcium ions
and alginate, the capsules maintained good biocompatibility.

The LbL approach was also utilised by Li and co-workers
who developed microspheres based on poly(lactic-co-glycolic
acid) and a copolymer of 13 and N-vinyl-e-caprolactam, (29)
(Scheme 25).7Y1 These vehicles were capable of sustained
insulin release over 25 days and displayed marked glucose-
dependence, increasing discharge rates with increased glucose
concentrations. CD spectroscopy corroborated the integrity of the
released insulin. Furthermore, cell and animal toxicity studies
of the microspheres confirmed good biocompatibility. The au-
thors performed in vivo studies of their material on diabetic mice,
which showed that after single administration it can keep blood
glucose level the same as in healthy control group for 16 days; a
further seven days were required for blood glucose to rise over 10
x 1073 M
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Scheme 25. Radical initiated polymerisation of 13 and N-vinyl-e-
caprolactam (29) to form a polymer capable of forming a glucose respon-
sive insulin delivery system, as reported by Li and co-workers.['71]

Multilayer capsules with glucose responsiveness for insulin re-
lease were also prepared by Belbekhouche and co-workers.!'7?]
The authors prepared modified alginate by amide formation us-
ing 3-aminophenylboronic acid, (24) and deposited this mate-
rial in alternating layers with polyvinylpyrrolidone using CaCO,
microparticles as a sacrificial templates, later removed by action
of EDTA upon completion of the LbL assembly process. Insulin
loading was performed utilizing the porous nature of CaCO; be-
fore deposition of the first layer. As a proof of concept, the au-
thors performed studies on a surface. Analysis of LbL by quartz
crystal microbalance (QCM) first gave evidence for formation of
consecutive polymer layers. Subsequent studies using QCM de-
termined the impact of glucose solutions at different pHs (pH 2
and 8) on the multilayer assembly. The authors found that at pH
2 the material remains intact regardless of glucose concentration
(up to 27.7 X 10~ M). At pH 8, glucose concentrations up to 2.76
% 1073 M caused minor decomposition of the multilayer assem-
bly, 5.5 X 1073 M glucose caused a significantly higher degree of
decomposition. The insulin loaded capsules behaved in a simi-
lar way. No cargo release was observed upon treatment with 5.5
x 1073 M glucose at pH 2, while for the same glucose concen-
tration at pH 8 cumulative loaded insulin release was about 95%
after 10 min. It is worth noting that these capsules did not release
any insulin at pH 8 without glucose present. Their stability at a
range of pHs was attributed to hydrogen bonding that was pre-
served even at elevated pH, thanks to the presence of boronic acid
groups serving as hydrogen bond donors to polyvinylpyrrolidone
while carboxylic groups of alginate are deprotonated.

Ziganshina and co-workers sought to improve the proper-
ties of their sulfonated resorcinarene-phenylboronate polymer
nanospheres in such way that they would become stable in nor-
moglycemic glucose concentrations with no insulin release.!'”?]
The authors hypothesised that this could be achieved through
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Scheme 26. Sulfonated resorcinarene nanosphere formation through boronate complexation using phenyl boronic acid 36, as reported by Ziganshina

and co-workers.[173]

optimisation of the sulfonated resorcinarene (35) to phenyl-
boronic acid (36) ratio during the preparation of their nanopar-
ticles (Scheme 26).['# Experiments proved this hypothesis to be
true, with a 6:5 molar ratio of sulfonated resorcinarene to phenyl-
boronic acid proving to be optimal. Nanospheres of that compo-
sition were capable of insulin encapsulation with 76% efficiency,
and their loading capacity was determined to be 8.5%. Insulin re-
lease experiments demonstrated that this material liberates only
7% of its cargo at 5 x 107> M glucose, while at 7.5 and 10 x
10~ M glucose cumulative insulin release was 21% and 100%, re-
spectively. In all cases the insulin release profiles plateau within
30 min of exposure to glucose under physiological conditions.
CD spectroscopy corroborated the integrity of the released
insulin.

12. Cyclodextrin-Derived Materials

An interesting example of a molecular glucose-responsive cap-
sule for insulin delivery was produced by Li and co-workers.['7]
The authors sought to take advantage of cyclodextrin’s po-
tential to encapsulate proteins/!’®! and integrate this property
with the glucose-sensitivity of boronic acids and their deriva-
tives. This prompted them to O-alkylate f-cyclodextrin with (2-
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phenylboronic esters-1,3-dioxane-5-ethyl) bromoacetate. Insulin
complexation by functionalised f-cyclodextrin was evidenced by
FTIR and a continuous variation method served to determine
complex stoichiometry as 1:4 f-cyclodextrin derivative:insulin.
The mechanism for insulin release was based on competitive dis-
placement of the diol unit in by glucose forcing the insulin out
of the g-cyclodextrin cavity by the freed boronic acid derivative.
This behavior was confirmed by the authors, the integrity of the
released insulin was corroborated by CD spectroscopy. Cytotoxic-
ity studies showed that the insulin complex has better properties
than g-cyclodextrin derivative itself, which is used already in a
range of medical applications.['”’]

PEG functionalised insulin has been shown to form pseu-
dopolyrotaxanes with cyclodextrins, in which cyclodextrin
rings are threaded by a polymer chain and these systems
were studied for sustained release.'’8] Egawa and co-workers
endowed such pseudopolyrotaxanes with glucose-sensitivity
by using y-cyclodextrins functionalised with arylboronic acid
(Scheme 27).*°] The authors prepared two y-cyclodextrin
derivatives in form of esters with 4-carboxyphenylboronic acid
or 3-carboxy-5-nitrophenylboronic acid. Pseudopolyrotaxanes
with PEG functionalised insulin have been obtained for these
derivatives. Structural studies of pseudopolyrotaxanes by powder
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Scheme 27. Glucose responsive pseudopolyrotaxanes as reported by
Egawa and co-workers. i) A pictographic representation of PEG-derivatised
insulin threaded with y-cyclodextrins functionalised with boronic acids,
and the subsequent glucose responsive discharge of the y-cyclodextrin.
ii) Key: Orange circles represent glucose. Red cut out circles represent
boronic acid units. Pale green squares represent insulin. Golden hollow
cones represent y-cyclodextrin. Blue chains represent naphthalene modi-
fied PEG chains.[179b]

X-ray diffraction indicated that the cyclodextrin rings with
nitro-boronic acids are arranged in a head-to-head and tail-to-tail
fashion, while the other material presents a head-to-tail arrange-
ment. Further analysis of the materials by 2D NMR and CD
spectroscopic techniques, in conjunction with density functional
calculations gave insight into the orientations of the boronic acid
moieties in both types of pseudopolyrotaxanes. The nitro-boronic
acid groups were localised as protruding from the pseudopoly-
rotaxane string, while boronic acid groups in the other material
were mostly situated inside a cavity of a neighboring cyclodextrin
derivative along the string. Glucose-responsiveness tests were
performed on both materials at pH 7.4 and 37 °C using 0, 30, and
100 x 10~ M glucose solutions. The obtained results showed that
the pseudopolyrotaxane with nitro-boronic acid moieties displays
a much higher sensitivity for glucose, resulting in a cumulative
release of about 70% (compared to ~45% for the other material),
at a concentration of 100 x 10~* M glucose after 24 h. Authors
attribute this effect to easier accessibility of nitro-boronic acid
moieties protruding from the pseudopolyrotaxane string.

13. Membranes

Building on their experience with (2-phenylboronic esters-1,3-
dioxane-5-ethyl)methyl appended block copolymers for insulin
releasing micelles.'> Yuan and co-workers constructed a mem-
brane material capable of glucose responsive behavior.'® The
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Figure 21. Boronic acid appended block copolymer PCL-b-PPBDEMA,
used by Yuan and co-workers to form a glucose responsive membrane
material [130]

authors noted that membranes have an advantage over self-
assemblies like micelles, and are often characterised with bet-
ter encapsulation efficiency and loading capacity. Deciding on
a copolymer structure, Yuan and co-workers picked poly(e-
caprolactone) as it is both biodegradable and biocompatible.
As for the glucose responsive part poly[(2-phenylboronic esters-
1,3-dioxane-5-ethyl)methylacrylate] was selected (Figure 21). The
block copolymer was synthesised by combination of ROP and
ATRP. Polarised optical microscopy (POM) and DSC studies re-
vealed that presence of poly[(2-phenylboronic esters-1,3-dioxane-
5-ethyl)methylacrylate] block reduced the crystallinity of poly(e-
caprolactone) segments, thus making the whole material more
plastic. A solution casting method was used to load the mem-
brane with insulin. The encapsulation efficiency and loading ca-
pacity values of insulin for the prepared membrane material were
71% and 7.1%, respectively Such an insulin-loaded membrane
was proven to hold its cargo well when stored in PBS buffer
(pH 7.4) at 37 °C, as cumulative insulin release after 72 h was
about 20%. For a glucose concentration of 5.5 x 10~* M the ob-
served insulin release was only negligibly higher, while for a hy-
perglycemic glucose concentration (11.1 x 10~ m) over 55% of
loaded insulin was released. A glucose concentration of 44.4 x
107% M caused a cumulative 95% insulin release after 72 h. Fur-
ther studies showed that the membrane material exhibited mod-
ulating insulin release rate proportional to changes in glucose
concentration.

14. Films

The first example of a porous functional film for glucose-
responsive insulin release was presented recently by Wu and
co-workers.['81] The authors utilised a method similar in prin-
ciple to breath figurel®®”) that consisted of preparation of a
microemulsion of water in polystyrene/dichloromethane with
dodecyldiamine as surfactant-stabiliser. After casting this mix-
ture on a surface and allowing for the evaporation of the organic
solvent, water droplets served as template for pore formation.
Due to the amphiphilic nature of dodecyldiamine its amino
groups localised mainly on the cavity surface after evaporation
of water. This was further taken advantage of in following
functionalisation. Poly(acrylic acid) was deposited into cavities
thanks to interaction between amino- and carboxylic acid groups.
Carboxylic acid groups on the poly(acrylic acid) surface were
used to introduce 3-aminophenylboronic acid (24) to the cavities
via amide formation. Next, the authors utilised the affinity of
boronic acids toward 1,2-diols to cover the pores with a negatively
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charged alginate layer. Finally, positively charged insulin aggre-
gates were deposited in cavities thanks to electrostatic charge
attraction. The authors demonstrated that the obtained material
is capable of releasing insulin, and that this process is glucose
concentration dependent. However, in each case strong burst
discharge was observed.

Egawa and co-workers used PVA and boronic acid ap-
pended insulin, which served as a linker, to prepare multi-
layer glucose-responsive films by a LbL method."®¥) The au-
thors started by modifying insulin by amide coupling with 4-
carboxyphenylboronic acid or 3-fluoro-4-carboxyphenylboronic
acid. According to HPLC traces the materials obtained were mix-
tures of insulin derivatives in each case, which resulted from a
statistical reaction outcome. These were further tested for their
hypoglycemic activity. Both had impeded activity, in case of 4-
carbamoylphenylboronic acid appended insulin this drop was
roughly 50%, but for fluoro-analog loss of activity was much more
significant. Five-layer films were prepared with both types of in-
sulin derivative and their degradation in glucose containing me-
dia was studied. Unfortunately, regardless of “crosslinker” used,
film degradation upon stimulation with glucose at physiologi-
cal pH was only marginal and comparable to a glucose-free sce-
nario. However, fructose, which binds to monoboronic acid mo-
tifs more effectively than glucose was effective at inducing film
degradation.

15. Conclusions

The boronic acid/boronate based materials for glucose-
responsive insulin delivery presented in this review cover a
wide variety of formats, nevertheless all are utilizing the same
fundamental property of boronic acids to reversibly bind diols.
Dynamic chemistry of boronic acids and boronates is now well
understood, enabling the next steps to be taken in the develop-
ment of evermore effective functional materials. Indeed, analysis
of recent results in the field leads to the conclusion that current
research is focused more on gaining a deeper understanding
and fine-tuning properties that are not strictly related to payload
discharge, e.g., salt stability or thermo-responsiveness. Nonethe-
less, exciting new approaches, such as developments in the use
of supramolecular vesicles, are still being introduced. Reversible
boronic ester formation with glucose has also been incorporated
into insulin derivatives, offering potential for new strategies
toward artificial pancreas development.!'84 Researchers are also
developing boronate based materials for insulin delivery with
additional functions to strengthen potential therapeutic effect
(additional type of cargo) or/and allow for better glucose moni-
toring, which may soon see the realisation of multicomponent
systems. One of the key advantage of enzymes over man-made
materials is their specificity whereas wholly synthetic systems
offer superior shelf lives and may be processed, transported and
stored under nonambient or nonrefrigerated conditions; while
the problem of glucose selectivity over fructose in the context of
insulin delivery platforms has been tackled, huge improvements
are still to be made to match the exquisite specificity of nature’s
tools.

Alongside developments within the field of boronic acid based
insulin delivery, so too have great advances been made in boronic
acid based molecular sensors in diagnostic systems.!'] In efforts
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to develop ever more selective sensors, synthetic chemists have
begun to utilise a diverse range of boronic acid derivatives, and in-
corporate a range on functionalities and broadening the sensors’
reporting capabilities. Conversely, the materials reported for use
in insulin delivery, and thus reported in this review, tend to be
constructed from building blocks that draw upon a smaller, sim-
pler subset of compounds.['®] It is our belief that the application
of the ever-expanding synthetic chemical toolbox bolstered by the
developments in the boron-containing chemical sensors arena
could bolster the chemical diversity and capabilities on offer in
the boron-mediated insulin delivery domain and incorporation
of more diverse derivatives into drug-delivery materials presents
a great source of untapped potential within this field.[8¢]

The release of multiple agents in addition to insulin from these
materials can further increase therapeutic benefit in control of
diabetes. While it is primarily pancreatic p-cells that are consid-
ered in diabetes, there is also evidence that the a-cells may also
become damaged, preventing the release of glucagon.['¥”] This is
another hormone essential to blood glucose control, which con-
verts glycogen into glucose in hypoglycemic conditions. One of
the key problem areas in the development of artificial pancreas
materials is the delay in the “turn off” of release. Dual release sys-
tems that are also capable of releasing this important secondary
hormone, which can help to prevent hypoglycemia due to exces-
sive insulin release have also been the subject of some important
studies.!*8] We envisage that dual hormone release protocols will
become more important as this research translates toward clini-
cal serving to present a more useful artificial pancreas.

Looking toward a material as a potential clinical candidate
for diabetes management, those materials that display “on-off”
release kinetic profiles are undeniably superior; since in the ab-
sence of a clear “off” characteristic, resolving high blood glucose
only for a patient to potentially become hypoglycemic offers
little advantage compared to current treatments. The capacity
for encapsulating insulin also varies greatly across the reviewed
materials, with the most effective materials reaching over 90%
loading efficiency. While this is an important metric to consider,
the maximum reported loading capacity of the reviewed materi-
als was 35.6% with many failing to reach even half of this level. It
may perhaps be concluded that this value should be improved in
order prevent the requirement for large volumes of material to
be ultimately clinically administered. The glucose concentration
range over which these materials are effective is also of great
importance; normal blood sugar levels are between 4 X 1073 and
11 x 10~% M, however a number of the tested systems use much
higher concentrations to trigger release. It is imperative moving
forward in this field that materials are developed that are capable
of responding to these smaller fluctuations. While the shelf life
of materials is impacted by glucose-free insulin leaching it is
important to recognise that the absence of glucose is not a phys-
iologically relevant scenario and clinically accessible extremes of
blood glucose offer a tighter test regime by which to benchmark
controlled release materials to for translation. Many of these ma-
terials exhibit “burst release” responses, which while important
for immediate control of blood sugar, must be limited in scale to
prevent hypoglycemia. An accompanying slow release of insulin
may also serve to help maintain basal insulin levels; optimum
release factors and rates are yet to be defined, and will be crucial
moving forward in the development of these materials. Many
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authors noted that other sugars, fructose in particular, may inter-
fere with the insulin release. This may not however be an issue,
owing to the low concentration of other sugars within the body,
though to test against nonglucose specific release at their phys-
iological concentrations would help to alleviate these concerns.
Other common interferents and drugs are also meritorious con-
trol compounds that could be considered at the in vitro efficacy
testing stage. As in many of the reported works, the use of CD
spectroscopy to determine the integrity of the released insulin,
and thus activity, is essential. While there are no instances within
this review of the insulin being adversely effective by encapsula-
tion and release, it is imperative to determine that this is the case
before proceeding toward in vivo studies. Indeed, unless success-
ful results across the a range of rigorous in vitro experiments are
obtained the use of animal models should not be pursued.['®]

One of the largest barriers to the translation of materials to
a clinical setting is that of in vivo testing, and it gives us great
reassurance in this approach to see how many of the reviewed
works offer no negative side effects and prolonged delivery char-
acteristics. As injectable/implantable devices, such materials are
defined within the EU as a class I1I medical device.'® This ne-
cessitate that not only does the device gain approval through regu-
latory authorities, but there are regulations that must be adhered
too when considering the sourcing and manufacture of associ-
ated materials; this may guide the choice of materials from which
future systems are developed.
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