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Diabetes is a chronic metabolic disease characterized by high glucose concentration in blood. Conventional management of diabetes
requires skin pricking and subcutaneous injection, causing physical pain and physiological issues to diabetic individuals. Hydrogels
possess unique advantages such as lightweight, stretchability, biocompatibility, and biodegradability, offering the opportunities to be
integrated as flexible devices for diabetes management. This review highlights the development of hydrogels as flexible materials for
diabetes applications in glucose monitoring, insulin delivery, wound care, and cell transplantation in recent years. Challenges and
prospects in the development of hydrogel-based flexible devices for personalized management of diabetes are discussed as well.
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INTRODUCTION

Hydrogels are flexible semi-solids with high water content and
crosslinked three-dimensional (3D) networks composed of swel-
lable hydrophilic polymer chains’. In the past decades, hydrogels
have received considerable attention due to their wide biological
applications®™”. Their structures bear resemblance to the extra-
cellular matrix (ECM) and possess properties similar to those of
natural soft tissues. In general, hydrogels can be classified as either
natural or synthetic based on the origin of their polymers. The
most widely used natural polymers for fabrication of hydrogels
include proteins (i.e,, collagen and gelatin) and polysaccharides
(i.e., starch, agarose, and alginate)®~'2. Hydrogels composed of
natural polymers possess inherent biocompatibility, biodegrad-
ability, and non-toxicity'>. Synthetic polymer-based hydrogels
generally contain hydrophilic chemical structures that allow them
to interact with water, i.e., ~OH, -COOH, and -CONH,'*'>, Physical
and chemical cross-linkings between polymer chains enable
hydrogels to be resistant to dissolution and stay intact, i.e,
covalent bonding, hydrogen bonding, and van der Waals
interactions'®. These polymer chain entanglements allow entrap-
ment of functional molecules like drugs or proteins for delivery
purpose'’'°. Mechanical properties of hydrogels are usually
adjustable based on degree of polymer chain entanglements®=22,
With different physicochemical properties, they can be made into
stretchable or injectable materials?>>. Depending on biosafety,
biodegradability, and biocompatibility of polymers used, hydro-
gels can be used as implantable materials or devices®*. The porous
structures of hydrogels allow diffusion of compounds, expanding
their applicability for active compound delivery?>. Given their
unique and tunable characteristics, hydrogel-based materials have
attracted great attention from the healthcare industry in devel-
oping personal care products®®?°. drug delivery systems®,
biosensors3!, and new applications that have yet to be explored.
The wide flexibility of hydrogels allows them to be utilized in a
variety of applications relating to diabetes diagnosis, treatment,
and management (Fig. 1).

Diabetes is one of the most common chronic diseases among
the leading causes of death globally. The International Diabetes
Federation (IDF) statistics revealed that there were 463 million
people with diabetes worldwide in 2019 and the number is
expected to reach 700 million by 20453233, There are two types of
diabetes classified based on different pathogenetic mechanisms:
type | and Il. Type | diabetes is caused by insulin deficiency
associated with impaired pancreatic islets and is highly dependent
on insulin administration. In contrast, type Il diabetes is caused by
the occurrence of insulin resistance by the body**. Despite
tremendous progress has been made to treat diabetes, there is no
specific cure for diabetes®>. With an increased glucose level,
diabetic individuals could develop metabolic disorders at higher
risks. They require regular monitoring of blood glucose level to
keep low risks for diabetes complications®®. Although commercial
glucose meters and glycohemoglobin test kits are readily available
for diagnosis and monitoring of diabetes’8, patients require
finger pricking 3-4 times/day for blood glucose checking.
The process can be painful and inconvenient®. In addition, the
process of collecting blood gives rise to a risk of bacterial infection
and may lead to serious health issues®. Thus, it is necessary to
develop real-time and non-invasive monitoring biosensors for
glucose monitoring. In the early stage of diabetes, sustained
insulin hypodermic injection by insulin-pump can be used to
achieve optimal glycemic control*'*?. As the disease progresses
into advanced stage, it is likely for patients to develop insulin
resistance and may face multiple long-term health complication
such as end-stage renal disease, retinopathy, neuropathy, diabetic
foot, etc**. The prevalence of diabetes generally rises with age,
with the age group of 65-79 having the highest percentage of
diabetes occurrence (19.9%, 111.2 million)*. With an increasing
number of elderly patients in diabetes, advanced sensor devices
need to be developed for effective, convenient management and
nursing of elderly diabetic patients**#>,

The healthcare industry is entering the era of digital innovation, as
digitalization can realize the goal of on-demand healthcare*®=°,
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Fig. 1 Hydrogel-based flexible materials for diabetes diagnosis,
treatment, and management. Hydrogels possess unique and
tunable characteristics such as biocompatibility, biodegradability,
stretchability, etc. The wide flexibility of hydrogels allows them to be
utilized in a variety of applications relating to diabetes, including
glucose monitoring, insulin delivery, cell transplantation, wound
care, and nursing management.

Digital health solutions such as telehealth, telemedicine, and remote
patient monitoring, allow patients for decentralized medical care
without sacrificing medical attention®>°, Replacing sporadic
medical appointments with continuous monitoring via connected
medical devices can provide improved diagnostic capability and the
opportunity to deliver preventative care®®>°. In short, digital
healthcare could reduce medical costs while maintaining a high
level of care compared to traditional healthcare. As digital healthcare
is significant, it is of great interest to develop soft, foldable,
stretchable, conformal, lightweight, and wearable digital healthcare
devices for improving healthcare technology and patient compli-
ance. Hydrogel is one of the most representative platforms that
possess aforementioned properties and can be used for fabrication
of flexible healthcare electronics, advancing the development in
diabetes care and unlocking other possibilities. Herein, we discuss
recent advances in the development of hydrogel-based flexible
materials for diabetes diagnosis, treatment and management. We
first focus on hydrogel-based blood glucose monitoring systems for
diabetes diagnosis. We then review hydrogel-based therapeutic
methods in cell transplantation and insulin delivery for type | and
type Il diabetes. We also discuss the application of hydrogels for
wound care, targeting chronic diabetes wounds treatment specifi-
cally. In the final part of the review, we also describe how hydrogels
help on developing flexible electronic-based nursing care devices
for management of diabetes.

GLUCOSE MONITORING

Blood glucose level in diabetic patients fluctuate abnormally from
time to time due to insufficient insulin secretion or defective insulin
action®°. Frequent monitoring of blood glucose is vital for diabetes
diagnosis and management. Development in continuous glucose
monitoring (CGM) systems in the last decade makes on-demand
measurement of glucose level possible, which subsequently
enables hypo/hyperglycemia detection and prediction, retrospec-
tive analysis, etc®'%%, CGM systems provide patients with real-time
blood glucose level that show information on trend, which is useful
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for monitoring the effectiveness of clinical treatment. CGM devices
are therefore seen as the next-generation replacement for
traditional glucose meters®3%% Hydrogels can be made into
microbeads and fibers, offering potential advantages to be
delivered as CGM systems to targeted areas for glucose monitoring
in a minimally invasive way?>5>-%%, There are mainly three glucose
detection methods in CGM systems: (1) the use of phenylboronic
acid (PBA) moiety in binding glucose based on the high specificity
of boronate group for cis-diols, (2) the use of glucose oxidase (GO,)
in catalyzing glucose into hydrogen peroxide (H,O,) and
D-gluconolactone (which would hydrolyze to gluconic acid), and
(3) the use of concanavalin A (Con A) in binding glucose based on
its strong affinity to hydrocarbon moiety®®”°,

PBA and its derivatives are typical glucose-sensitive compounds
and have been widely used for fabrication of glucose-responsive
systems. Incorporation of PBA into hydrogels endow them with
glucose-responsive performance’’. In aqueous solution, PBA exists in
the form of uncharged triangular and anionic tetrahedral in
equilibrium. Glucose has a good affinity for the latter and can be
reversibly bound with it to form a boronate ester (Fig. 2a)’2
Increased negative charge density and hydrophilicity would lead to
an increased distance between polymer chains, which eventually
causes a change in the physicochemical properties of hydrogels, i.e.,
the binding of PBA to glucose changes the optical properties and
glucose level can be detected by fluorescence intensity. On another
note, glucose can be catalyzed by GOx to H,O, and gluconic acid.
The yielded H,0, will be electrolyzed and electrochemically detected
by electrodes (Fig. 2b). Aside from the use of PBA and GOx, Con A is a
well-known mannose/glucose-binding lectin isolated from Jack
beans (Canavalia ensiformis) and contains four sugar-binding sites.
The sugar-binding sites of Con A can bind with a-D-mannopyranose,
a-D-glucopyranose, and other non-reducing sugars. By incorporating
competitors with fluorophore, glucose molecules can compete with
them for binding sites of Con A and glucose level can be detected
through fluorescence intensity (Fig. 2c). Due to PBA’s good
biocompatibility and biodegradability, PBA-modified hydrogels can
be implanted into the body without causing much immune response
and can be used to develop CGM systems”>. Yetisen et al. reported
hydrogel-based optical fibers made of poly(acrylamide-co-poly
(ethylene glycol) diacrylate) core and calcium alginate cladding for
optical-based CGM system’. PBA moieties were covalently incorpo-
rated in the core for glucose sensing. When glucose permeates into
the core and reacts with PBA, osmotic pressure of the hydrogel
increases and causes a change in density (Fig. 3a). Light propagation
through the fiber will be shifted and the differences can be detected
through refractive index (Rl) to get quantitative readout of glucose
level (Fig. 3b). Excitingly, the hydrogel fiber can be injected into
epidermis (as deep as 3 cm) and retractable (Fig. 3c). Besides, PBA-
based glucose sensing hydrogels can also be designed with electrical
signal as quantitative readout of glucose level’”. Dautta et al.
copolymerized polyacrylamide and PBA (p(PBA-co-AAm)) hydrogel
for electrical signal-based CGM system’®. When glucose level
increased, the thickness of capacitor formed by coupling two split
rings will change according to the swelling ratio of the hydrogel,
which ultimately gives resonant frequency as a quantitative measure
of glucose level (Fig. 3d). Power supply is not required for the sensor
because it responses remotely via near-field coupling. The sensor can
be implanted under the skin (Fig. 3e) and exhibited excellent
sensitivity in frequency shift to glucose concentrations (Fig. 3f). In
brief, a variety of detection methods (e.g., optics, electricity, and
electrochemistry) can be incorporated in PBA-based glucose sensors
for deriving glucose readings.

In contrast to implantable sensors, non-invasive sensors can
monitor glucose level by measuring body fluids, i.e., tears and
sweats’’~8°, Studies have shown that there are glucose transporter
proteases in human cornea and glucose can be transported by
these proteases from blood to tears. Hence, blood glucose level
can be monitored non-invasively via tears®'. Apart from tears,
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Fig. 2 Methods for glucose detection in CGM systems. a Reversible and dynamic binding of glucose to anionic tetrahedral structure of
PBA”2. b Glucose is enzymatically converted to H,0, and D-glucose acid, and H,0, is electrolyzed to release electrons. ¢ Con A have various
binding sites for sugar. When free glucose molecules appear around Con A, they will compete the binding sites with competitors.
Through labeling competitors with fluorophore, glucose level can be examined. Reprinted with permission from ref. 72, Copyright 2019

John Wiley & Sons.
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Fig.3 PBA containing hydrogel-based blood glucose sensors. a Structural composition of glucose-sensitive fiber core with calcium alginate
cladding”®. b Transmitted light intensity across the hydrogel fiber measured in different glucose concentrations (4.0-12.0 mM). ¢ Implantation
of hydrogel optical fibers in porcine tissue. d Glucose binding with p(PBA-co-AAm) triggers the hydrogel to swell. Modulation in thickness of
the hydrogel changes the capacitance of resonator’®. e A wireless CGM sensor implanted below the skin (chicken) for near-field coupling
glucose measurement. f Sensor response via frequency shift to glucose concentration (2.8 mM) within chicken meat. Reprinted with

permission from refs. 7476, Copyright 2017 John Wiley & Sons and 2018 American Chemical Society.

blood glucose level can also be monitored via sweats as blood Light diffusion through the hydrogel is dependent on volumetric
vessels around sweat glands are highly developed®. Contact expansion of the hydrogel responding to glucose concentration®3.
lenses are one of the most representative non-invasive Glucose concentration can then be detected by measuring the

approaches to monitor glucose level via tears. Elsherif et al. intensity of optical light diffused through the hydrogel. The
reported PBA glucose sensing-based contact lenses that had laser- diameter of diffused light spot reduces as glucose concentration
inscribed array structure imprinted on them for light diffusion. increases.
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Fig. 4 Non-invasive GOx containing hydrogel-based blood glucose sensor. a PVA/b-CD/GOx hydrogel responds to glucose via
iontophoresis®*. b Integrated PVA/b-CD/GOx hydrogel patch. ¢ Current measured at oxidation peaks of hydrogel responding to different
glucose concentrations. Reprinted with permission from ref. 8. Copyright 2019 Springer Nature.

In contrast, GOx-based hydrogel sensors are widely used due to
their high sensitivity”>. Kim et al. immobilized GOx with polyvinyl
alcohol/B-cyclodextrin/GOx (PVA/b-CD/GOx) hydrogels cross-
linked by citric acid. As mentioned earlier, glucose can be
catalyzed by GOx to H,0, and gluconic acid (Fig. 4a)®*. H,0,
can be further oxidized and releases hydrogen ions and electrons
that alter the conductivity of buffer solution. The changes in
conductivity can be detected amperometrically (Fig. 4b). Apart
from exhibited good biocompatibility and mechanical properties,
the hydrogel sensor showed a relatively high sensitivity to glucose
level ranged from 1.0 to 5.0 mM (7.59 yA mM~") (Fig. 4c).

Con A is also widely used for hydrogel-based glucose sensing.
Locke et al. reported a competitive binding glucose sensor based
on fluorescently labeled PEGylated Con A and aminopyrene
trisulfonate mannotetraose (APTS-MT)®>. PEGylated Con A can
reversibly bind to glucose at higher affinity and fluorescently
labeled APTS-MT at lower affinity. As glucose concentration
increases, glucose molecules compete the binding sites with
APTS-MT. The changes in the ratio of fluorescence intensities
between PEGylated Con A and APTS-MT can therefore reflect
glucose level. Increased ratio of fluorescence intensities corre-
sponds to higher glucose level. Despite Con A has good sensitivity
towards glucose, it has poor stability and biocompatibility,
hampering its application development®®, Research from different
science branches is required for establishing the toxicity profile of
Con A used in hydrogels to overcome the risk of immunogenicity
and cytotoxicity.

INSULIN DELIVERY

Insulin is a key hormone in regulating gluconeogenesis, playing
important roles in diabetes treatment. It can be delivered via
syringe pumps, injection syringes, pens, inhaler injections, and
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more recently, microneedles and oral administration®”-8, Hydro-
gel has the ability to encapsulate insulin and continuously release
it in response to environmental changes, holding great potential
for the development of insulin delivery systems®. It can reduce
pain and risk of infection of diabetic individuals caused by
injection. Similar to CGM systems mentioned above, insulin
delivery systems generally have three types of glucose-
responsive elements, including PBA, GOx, and Con A.

GOx can be covalently immobilized within hydrogels and
catalyzes glucose to generate H,0,, which subsequently lead to
the break of crosslinkers to release insulin®. Wang et al.
synthesized a core-shell microneedle array patch made of
polyvinyl alcohol (PVA) gel®’. The core of the microneedle
contained GOx, which produces H,0, that subsequently stimu-
lates the release of insulin. To control the release of GO, it was
encapsulated with acrylate nanogel (GOx-NG) and immobilized
with PVA network crosslinked by H,0,-labile linker, N'-(4-
boronobenzyl)-N3(4-boronophenyl)-N', N', N3, N3-tetramethylpro-
pane-1,3-diaminium (TSPBA). Increased blood glucose level
triggers the production of H,0, which subsequently activates
the breaking of crosslinker TSBPA to release insulin modified with
4-nitrophenyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) ben-
zyl carbonate (insulin-NBC) (Fig. 5a). Insulin-NBC will then be
hydrolyzed to modulate the corresponding blood glucose level.
On the surface of microneedles, there were nanogels containing
catalase (CAT) to decompose excess H,O, produced in the
catalytic reaction and reduce local inflammatory reaction. When
diabetic mice were administered continuously for up to 40 h, their
blood glucose levels were controlled in the range of 100-250 mg
dL~" and no hypoglycemia was recorded (Fig. 5b).

PBA derivatives have been widely used for glucose-regulated
insulin delivery systems as they have better response towards
glucose and good stability®2. Zhao et al. incorporated PBA-modified
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MP-gel®3. d Therapeutic efficacy of insulin-loaded MP-gel in diabetic mice model. Reproduced with permission from refs. °'°3, Copyright 2018

American Chemical Society and 2017 Elsevier.

porous poly(lactic-co-glycolic acid) microparticles (PBA-PLGA MPs)
into dopamine-conjugated hyaluronic acid (DOP-HA) hydrogel via
reversible phenyl borate esters®®. At low glucose level, DOP-HA
acts as a barrier to prevent the releasing of insulin from the
microparticles; at high glucose level, glucose competes to replace
DOP in response to PBA, causing the detachment of microparticles
from the hydrogel and subsequently the releasing of insulin
(Fig. 5¢). A single injection of the insulin delivery system allowed
diabetic mice to maintain normal blood glucose level for
approximately two weeks (Fig. 5d).

Apart from PBA derivatives, glucose-binding proteins such as
Con A also respond to changes in glucose level by competitive
binding with glucose’®. In general, Con A can be immobilized in
a hydrogel network by physical cross-linking such as hydrogen
bonding. However, physical cross-linking is a dynamic and weak
force that could make hydrogels vulnerable to component loss.
The leakage of Con A could lead to weak glucose sensitivity®.
Alternatively, Con A can be covalently immobilized on the
polymer matrix of hydrogels, in which the loss of Con A could be
much restricted and improve the corresponding glucose-
responsive properties. Lin et al. fabricated a glucose-sensitive
hydrogel from covalently modified carboxylated pullulan and
Con A%, Pullulan was carboxylated with succinic anhydride to
yield a pullulan derivative bearing -COOH groups before reacting
with Con A via amidization to form hydrogel. Insulin can then be
controlled-released based on the hydrogel's response to
physiological pH condition, realizing closed-loop treatment’s
concept for diabetes.

Published in partnership with Nanjing Tech University

At present, oral administration is available to relieve the pain
endured by diabetic individuals who require insulin injection.
However, the bioavailability of orally taken insulin is low. The
stringent enzyme and pH environments of gastrointestinal tract
limit the oral absorption of insulin®~1°2, Qi et al. reported a rigid
and highly elastic semi-interpenetrating polymer network (semi-
IPN) hydrogel made of poly(acrylamide-co-acrylic acid) (PMA) with
salecan for oral insulin delivery (Fig. 6a)'°. In vivo experiments
demonstrated that pharmacological efficacy of oral-administered
insulin-containing hydrogels was 10-fold higher compared to oral-
administered free insulin solution (Fig. 6b). Liu et al. prepared
anionic insulin/heparin sodium nanoparticles coated with cationic
chitosan and encapsulated them with hydrogels for intestinal
insulin delivery (Fig. 6¢)'°*. The pH and amylase-responsive
hydrogel were synthesized via free radical copolymerization of
methacrylic acid (MAA) and acrylate-grafted-carboxymethyl starch
(CMS-g-AA) (Fig. 6d). The hydrogel improves acid stability of the
system and protects insulin from disintegration in the gastric
environment®®, The presence of intestinal amylase triggers the
releasing of insulin, facilitating oral delivery of insulin (Fig. 6e).
More research is needed to develop intelligent insulin delivery
systems with high selectivity, rapid response, better biocompat-
ibility, great efficacy, and simple preparation methods.

CELL TRANSPLANTATION

In type | diabetes, the body’s insulin-producing cells are impaired,
leading to insufficient insulin production. Islet transplantation is a
process that transfers and implants healthy islets from a donor

npj Flexible Electronics (2021) 26
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into a diabetic patient. It reduces the use of exogenous insulin and
prevents the occurrence and development of diabetes complica-
tion. In brief, islet transplantation can improve life quality of a
diabetic individual (especially of type | diabetes) in terms of insulin
dependency and medical expenses. However, implementation of
islet transplantation is hampered by challenges such as shortage
of pancreas donors, transplant rejection by the immune system,
adverse drug reaction, complication due to portal vein injection of
cells, etc'®. Encapsulation of islets by biomaterials and surface
modification of islets may overcome some of these issues'®.
Hydrogels are particularly attractive for islet formation as they are
able to provide environments similar to cytoplasmic matrix and
improve islet’s function and stability’®’. In addition, hydrogels can
encapsulate bioactive molecules such as peptide sequences, ECM
proteins, cytokines, or accessory cells, and allow diffusion and
exchange of oxygen, nutrients, secretory factors, and metabolic
waste to support and protect islets'%8,

Hydrogel-based encapsulation systems for islets can be
classified into macrocapsule and microcapsule devices'?®. Gen-
erally, macrocapsules prevent embedded cells from escaping into
the body, and can be easily inserted and retrieved by
subcutaneous transplantation’'®'"!, On the other hand, micro-
capsules contain membranes to protect contained cells and
facilitate selective transmission that may include diffusion of
biological active substances and protection of islets from immune
cells. Macrocapsules have been widely studied and used in real life
while the application of microcapsules is facing hurdles such as
quality control, toxicity, etc. An et al. reported a thread-reinforced
alginate fiber for islet encapsulation (TRAFFIC) with enhanced
mechanical strength, and simple implantation and retrieval
steps'%. They coated nylon suture with 7% (wt./vol.) poly(methyl
methacrylate)/N,N dimethylformamide solution to get thread with
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nanoporous structure. The threads were spirally twisted and
immersed in a solution of calcium chloride, resulting in a calcium
ion-releasing nanoporous polymer threads. The threads promoted
uniform in situ cross-linking and exerted strong adhesiveness to
alginate hydrogel (Fig. 7a). When TRAFFIC was used to treat
diabetic mice, blood glucose of diabetic mice dropped to normal
range in 2 days after transplantation and remained stable until the
retrieval of graft (Fig. 7b). Further experiment showed that
TRAFFIC could be quickly removed from dogs using a minimally
invasive laparoscopic procedure, having potential in clinical
application (Fig. 7c). Cheng et al. developed a macrocapsule
system for [-cells cryopreservation by combining hydrogel
encapsulation with cold response nanocapsules (CR-NCs)''2. CR-
NCs were fabricated with poly-N-isopropylacrylamide-co-butyla-
crylate (PNIPAM-B), pluronic F127, and PLGA using double
emulsion method. The nanocapsules were loaded with trehalose,
a non-permeating cryoprotective agent (CPA), which has been
recognized as less toxic and highly efficient at cryopreserving
different kinds of cells or organisms. When temperature drops
below 10 °C, PNIPAM-B would undergo phase transformation from
hydrophobic to hydrophilic, causing disintegration of CR-NCs to
release trehalose for freezing of B-cells (Fig. 7d). After transplant-
ing the cell-laden hydrogels, blood glucose level of diabetic rats
gradually decreased to the normal range and maintained for
about 2 weeks, suggesting that cryopreserved cell-laden hydro-
gels have similar ability of regulating blood glucose as fresh islets
(Fig. 7e). This system facilitates the establishment of ready-to-use
biological samples.

Geometry and hardness of microcapsules affect cell viability of
islets to a certain extent. In general, microcapsules require good
film forming performance, mechanical strength, stability, biocom-
patibility, inertness for not reacting with encapsulated cells, etc.
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Microcapsule systems fabricated by additive manufacturing have
attracted great attention from scientists due to their better
mechanical properties. In general, annular microcapsules have
better mass transfer compared to spherical microcapsules''3~11>,
Ernst et al. reported a recyclable annular islet microcapsule with
enhanced encapsulation efficiency and mechanical properties.
The annular microcapsule can be recovered from deformation
(Fig. 8a)''*. Its high encapsulation efficiency saves preparation
time and its improved mechanical strength increased the survival
rate of embedded cells for a longer duration. Each torus of the
device has a 3D-printed elastomer scaffold coated by a cell-
seeded alginate hydrogel layer (Fig. 8b). Specifically, the elastic
double helix scaffold was wetted with calcium sulfate suspension
and dried. It was then further coated with calcium alginate
(Fig. 8c). Ring-shaped hydrogels were proven to be more suitable
for the survival of islets as they provide adequate oxygenation for
encapsulated islets, as opposed to sphere-shaped hydrogels
where hypoxia can happen. Blood glucose level remained
significantly lower in diabetic mice treated with toroidal micro-
capsule for more than 84 days whereas diabetic control was
hyperglycemic at all times, demonstrating the effectiveness of the
device (Fig. 8d).

Hydrogels immobilized with bioactive molecules like heparin or
growth factors can prevent islets from degradation and help to
regulate inflammatory responses during cell transplantation'®'"7,
In particular, vascular endothelial growth factor (VEGF) has been
shown to enhance revascularization of islet transplantation site
and prevent the loss of islet function due to ischemia''®. It can
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stimulate the recruitment of endothelial cells and accelerates
angiogenesis''®. To control the release of VEGF, Marchioli et al.
constructed a 3D ring-shaped polycaprolactone scaffold platform
composed of heparinized surface electrostatically bound to VEGF
for islet encapsulation'?°. Heparin was covalently bound to the
polymer using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-
hydroxy succinimide, enhancing the polymer’s binding ability to
VEGF. VEGF fixed on the surface of scaffold could stimulate rapid
angiogenesis around the scaffold. Excitingly, the scaffold platform
could preserve islet after 7 days by observing islet functional
behavior on day 1 and day 7.

WOUND CARE

Wound healing is a complex process, which includes four
overlapping phases, namely coagulation, inflammation, prolifera-
tion, and remodeling’?'. The transition between phases depends
on inflammatory cells, fibroblasts, keratinocytes and endothelial
cells, as well as relative growth factors and enzymes'?2. However,
diabetic wounds are chronic wounds through complex pathophy-
siological mechanisms and do not proceed through the four
stages of normal wound healing. The cells around diabetic
wounds undergo harmful phenotypic changes that impair their
ability to respond to signaling cascade of cytokines and growth
factors. Diabetic wounds generally contain a low level of growth
factors (e.g., VEGF), which could lead to a reduction in angiogen-
esis. Apart from that, high levels of inflammatory macrophage
around diabetic wounds would cause the production of

npj Flexible Electronics (2021) 26



J. Song et al.

. Compress

Recover
—_— —_—
Stretch Recover
E— E—
4 /7
Fill with alginate
(c) solution

Surface coatung Transfer to
with CaSO4 { cassette
—_—

{ X

(b)

slet tissue
X

Bathe in
crosslinking
buffer
_—

Remove
cassette
_—

—e— Diabetic control

(d) —a— Treated group(n=4)
Retrieval —
600 4
3
= 500 A
%> 400
o " L
S s
To -
o g 300
8%
2 8 200
=]
o
100
0 Ll L) T Al L) L)

Ll Ll
0 5 10 15 20 25 30 35

L
40 45 50

T T T T T T T T T

55 60 65 70 75 80 85 90

Time after implatation(day)

Fig. 8 3D-printed scaffold-reinforced interconnected toroidal microcapsule. a Top: the device recovered to its original configuration
following a release after compression. Bottom: the device maintained its original configuration after tension was applied''®. b Islet
encapsulation device. ¢ Fabrication process for islet encapsulation device. (d) Blood glucose concentration of diabetic mice receiving toroidal
microcapsule transplantation (n = 4) and diabetic control (n = 1) for 88 days. Reproduced with permission from ref. 1'% Copyright 2019 John

Wiley & Sons.

inflammatory cytokines. Overproduction of inflammatory cyto-
kines would subsequently increase fibroblast apoptosis and
decrease angiogenesis. In brief, both fibroblasts and keratinocytes
within diabetic wounds are dysfunctional in comparison to
normal wounds, thereby making the former wound harder to
heal'?. This subsequently increases the risks for infection as
defective cells lead to weaker bacterial load clearance and
promote the formation of biofilms. Diabetic individual is known
to be more susceptible to infections due to impaired immune
system. Bacteria residing the cells would produce endotoxins,
further causing damage to tissues and impeding the wound
healing process'?*'?”. Hence, custom-made wound dressings
with additional functions are important for diabetic individuals to
protect wound sites from infection while providing an undis-
turbed healing process.

Conventional wound dressings are generally made from a piece
of gauze and an adhesive backing. They are on dry basis and
could adhere to wounds, causing pain and trauma to patients
during the removal process. Wound dressings that retain moist
environments for wound sites are thought to be exerting positive
effects for wound healing as they can reduce wound exudate,
providing protection for the wound and accelerating tissue
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regeneration'?®'2°, A moist environment could also promote
keratinocytes migration and fibroblast proliferation, which are vital
for epithelialization'3°-'32, Hydrogels are perfect candidates for
moist wound dressings. They are also more oxygen permeable
compared to conventional wound dressings'3%33, Furthermore,
antimicrobial materials/drugs can be incorporated/loaded into
hydrogels to speed up the wound healing process'>*'37. There
are generally two mechanisms used for designing hydrogels in
preventing microbial infection: contact killing and bactericide-
releasing. Contact-killing mechanism involves killing microbes by
lethal moieties of polymeric networks within a hydrogel; on the
other hand, bactericide-releasing mechanism involves killing
microbes by antimicrobial agents embedded within a hydro-
gel™81%0, Contact-killing approaches kill microbes upon contact
and are considered as the most direct sterilization method. Due to
hydrogels’ good biocompatibility, they can be attached directly to
wounds for contact killing. Quarterization generally involves the
addition of hydrophobic alkyl side chain to amines, eg.,
dimethyldecylammonium chitosan (with high quaternization)-
graft-poly(ethylene glycol) methacrylate (DMDC-Q-g-EM) hydrogel
(Fig. 9a-b)'*". The cationic nature of chitosan attracts microbes
with cell membranes of anionic nature. Microbes can then be
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d Staphylococcus aureus-infected wounds with different treatment groups over a period of 7 days: phosphate buffer solution (PBS) (blank) (I);
carrageenan hydrogel (control) (Il); GA-Ag NP hydrogel (lll); PBS + NIR (IV); Carrageenan hydrogel 4+ NIR (IV); GA-Ag NP hydrogel + NIR (VI).
Reprinted with permission from refs. 41142, Copyright 2011 Nature Publishing Group and 2019 Elsevier.

sucked into the nanopores of the hydrogel, causing their death by
initiating membrane disruption. Apart from contact killing,
bactericide-releasing is a common method to kill bacteria, e.g.,
the incorporation of silver nanoparticles. Liu et al. reported a
polysaccharide hydrogel embedded with gallic acid functionalized
silver nanoparticles (GA-Ag NPs) for silver ion releasing to kill
bacteria (Fig. 9c (i))'#%. Apart from acting as an antibacterial agent,
GA-Ag NPs was also a photothermal agent that can convert
808 nm near-infrared (NIR) light into heat to provide synergistic
antibacterial effect (Fig. 9c (ii)). Wound treated by GA-Ag NPs and
NIR irradiation healed quicker compared to other treatment
groups (Fig. 9d).

As the inflammation phase is toned down, wound contraction
occurs. Angiogenesis is essential to the migration-proliferation
phases'#3-1%8 Delivery of growth factors to wounds accelerates
tissue repair and wound healing'#*'%°, Basic fibroblast growth
factor (bFGF) induces angiogenesis and proliferation of fibroblasts,
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playing a critical role in promoting tissue repair'>'~'>3, Shi et al.
reported alginate/calcium carbonate composite hydrogel micro-
particles loaded with bFGF and rifamycin (CD-F-R) for accelerating
wound healing (Fig. 10a)'>*. Calcium carbonate was added to limit
movement of polymer chains and hinder permeability of targeted
drug to prolong drug release. bFGF and rifamycin were
independently encapsulated in microparticles with different
calcium carbonate concentrations to attain controlled releases of
rifamycin and bFGF independently to achieve hemostasis,
antibacterial properties, cell proliferation, and vascularization.
Treatment with CD-F-R healed better compared to the control
group (Fig. 10b).

Multifunctional hydrogel dressings that simultaneously combat
infection and promote cell growth are of interest. Researchers
reported signaling molecules like nitric oxide (NO) play a crucial
role in cell regeneration’>*. Exogenous NO can promote vascular
perfusion and angiogenesis for modulating wound healing'>®'*7,
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Moreover, NO can genetically alter bacterial biofilms and Kkill
bacteria. Liu et al. reported a hydrogel loaded with NO bearing
metal organic framework (MOF) materials to treat bacteria-
infected chronic wound. NO donor, N,N-di-sec-butyl-N,N"-dini-
troso-1,4-phenylenediamine (BNN6) was selected to release NO
under NIR treatment'8, Zeolitic imidazolate framework-8 (ZIF-8),
possesses a high specific surface area, was used to carry BNN6
non-covalently. Polydopamine (PDA) was coated onto ZIF-8 to
enhance the photothermal effect of ZIF-8, which could also speed
up the releasing rate of NO. The obtained nanoparticles
(BNN6@ZIF-8@PDA) were encapsulated in a methacrylate/oxide
dextran hydrogel (GEL/BZP) (Fig. 10c). Under NIR laser, the GEL/
BZP hydrogel releases NO and possesses excellent photothermal
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in combating infection. e Hematoxylin and eosin staining of wound
154,158

properties to kill bacteria synergistically (Fig. 10d). After 14 days of
GEL/BZP hydrogel and NIR treatment, the wound was healed
quicker and sebaceous glands regenerated (red arrows) were
larger compared to other treatment groups (Fig. 10e-f), demon-
strating that combination of NO and NIR treatment is beneficial for
wound healing by exerting antibacterial effect and promoting cell
regeneration concomitantly.

NURSING MANAGEMENT

Unlike acute lethal diseases, diabetes cause multiple health
complication and older people would have higher risks for severe
illness. Effective long-term nursing management is important to
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facilitate health complication associated with diabetes. While
glucose monitoring is important to indicate patients for clinical
treatment, monitoring of physiological activities of patients (e.g.,
human motion) is essential to manage diabetes as well. Flexible
electronics play important roles in the development of monitoring
and drug delivery devices. One of the most representative
examples of flexible electronics for healthcare technology is
electronic skin. Bao’s group proposed four important skin-like
capabilities to be incorporated into electronic materials, namely,
stretchability, self-healing ability, biocompatibility, and biodegrad-
ability’>°. Hydrogels are ideal materials for fabricating skin-like
electronic devices for personal healthcare and human-activity
monitoring as hydrogels can be designed and custom-made
with aforementioned properties>'%°. Mostafalu et al. reported a
smart wound dressing bandage consisting of a pH- and
temperature-responsive  hydrogel loaded with thermo-
responsive drug microbeads and an electrically controlled
heating sensor (Fig. 11a)'®'. The thermo-responsive drug carrier
was embedded in a layer of alginate brine gel that wrapped
around a pH sensor and a heater to trigger the drug delivery
system. The system was connected to a wireless electronic
device to record signals and transmit them to a computer or
mobile phone. The pH sensor monitors the pH of wounds, which
is a key parameter of chronic wounds. When the pH of a wound
drops below 6.5, the sensor would control the heater to heat up
and release loaded drug into wound area based on thermal
stimulation (Fig. 11b). The drug can be released uniformly when
there is a triggered heat (Fig. 11c). For more comprehensive
management of diabetes, wearable epidermal sensors that can
capture human movements need to be developed, and it is
important to improve the sensitivity and stability of sensors for
better digital healthcare clinical application.

Monitoring of physiological activities can provide accurate and
up-to-date information about a patient’s condition and healthcare
personnel can then come up with corresponding appropriate
intervention and management measures. Monitoring the effects
of daily activities on physiological responses requires sensors with
excellent sensitivity. Sempionatto et al. reported a wearable sensor
that allows dynamic self-monitoring of blood pressure (BP), heart
rate (HR) and levels of lactate (Fig. 11d)'%% The sensors were
integrated with piezoelectric lead zirconate ultrasound transdu-
cers and printed hydrogel composite via solvent-soldering
process. Chemical sensing starts with the introduction of an
iontophoresis current from anode to cathode, allowing electro-
repulsive delivery of sweat-stimulating molecule (P+, pilocarpine
nitrate). Sweat-containing biomarkers (e.g., lactate, caffeine and
alcohol) are then collected and quantified. The iontophoresis
current leads to an osmotic flow of biomarkers (e.g., glucose) from
interstitial fluid (ISF) to the skin surface, allowing their collection
and the subsequent quantitative analysis. The parallel anodic and
cathodic mode in the sensor allows real-time monitoring of
cardiovascular parameters and biomarker levels in relation to
sweat and ISF (Fig. 11e). Continuous lactate and BP were detected
from a sedentary volunteer before, during, and after exercise
(Fig. 11f). The current curve showed that lactate and BP of a
sedentary volunteer after exercise is higher than that of before
exercise (Fig. 11g-h), demonstrating that the sensor has high
sensitivity for biomarkers detection and quantification.

In addition to sensors that detect chemical signals, there are
strain sensors that detect physical signals via human movements.
Zhao et al. reported a conductive hydrogel composed of
supramolecular assembly of polydopamine modified silver nano-
particles (PDA@Ag NPs), polyaniline, and PVA for diabetic foot
wound dressing and epidermal sensor (Fig. 12a)'®%. When
attaching hydrogel sensors to ankle joints of normal and diabetic
mice, motor reflection frequency can be obtained (Fig. 12b-c).
Excellent conductive behavior of the hydrogel endows the
epidermal sensor with high sensitivity for monitoring human
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activities. The sensor can not only monitor finger joint motion with
current variations, but also finger motion at different angles
(Fig. 12d). The sensor can also be adhered to elbow joint or knee
to monitor the state of bending or deploying (Fig. 12e, f), having
potential as a wearable sensor for monitoring human physiolo-
gical signals.

Excellent biocompatibility enables hydrogel to be made as an
implantable material platform for flexible bioelectronic (e.g.,
cardiac patches) by incorporating Internet-of-Things and tissue-
machine interfacing applications to monitor physiological para-
meters in vivo. Liu et al. reported a biocompatible and degradable
hydrogel-based patch that monitor cardiac electrophysiological
signal'%*. Perfusable fluidic microchannels were created on sheets
of hydrogel prepared from acrylamide. Liquid metal was infused
into microchannels to obtain a conductive hydrogel patch. The
hydrogel patch detected vocal vibrations and distinguished
different levels of volume (Fig. 12g). Owing to the biocompatibility
and biodegradability of hydrogel, it can be assembled as a flexible
cardiac patch to monitor the movement of heart tissues in vivo.
The patch was attached to a rabbit's heart and cardiac
electrophysiological signal was recorded (Fig. 12h). Although
there are many reports on the application of hydrogels for
bioelectronics, it is necessary to further improve the respective
detection accuracy and broaden their application range. Integra-
tion of hydrogels and other electronic materials into wearable
flexible electronic devices is also of interest for better manage-
ment of diabetes.

CONCLUSIONS AND PROSPECTS

As a chronic disease, diabetes causes serious harm to the health
and life quality of patients and is a major burden to the society.
Although conventional devices and kits are readily available for
diabetes diagnosis and treatment, it is critical to develop
advanced technologies and devices for diabetes with improved
comfortability, sensitivity, accuracy, and speed. This paper
presented a brief summary on the application of hydrogel-based
flexible materials and devices in blood glucose monitoring, insulin
delivery, wound care, and cell transplantation for diabetes
management in recent years.

Owing to their unique properties (e.g., high water content,
biocompatibility, biodegradability, flexibility), hydrogels have
opened up new opportunities and developments in the manage-
ment and treatment of diabetes. Hydrogels possess excellent
properties (e.g., physicochemical, mechanical, electrical, and
optical properties) that are important to realize sensitive, accurate
and rapid detection of changes in blood glucose concentration.
With accurate CGM systems as the fundamentals, insulin delivery
systems can be integrated on them with the aim to develop
controllable and sustained insulin release systems. Hydrogels
functionalized with antibacterial property are useful for combating
diabetic wounds and medical devices-associated infections. One
of the most appealing features of hydrogels is its similar
biomechanical properties to the native ECM, providing platforms
for cell transplantation and tissue engineering in diabetes
treatments. Moreover, such mechanical properties expand its
application range to fabricate flexible bioelectronic devices that
conform to the physical and/or physiological properties of the
subject (the body or tissues).

Having said that, there are also limitations of hydrogels to be
overcome for expanding its potential in healthcare technologies. It
is of great interest to further improve the chemical stability of
hydrogels and explore their interactions with microenvironments.
Hydrogels are rich in water, and they may pose a risk that could
breed bacteria easily. Also, dehydration of hydrogels in long term
use will influence the connection between hydrogels and
electronic devices embedded, which may cause the devices
cease to function. As a result, the service life and durability of
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Fig. 11

Hydrogel-based flexible electronics for patient health detection. a Conceptual view of an automated smart bandage’®". b In vitro

test of pH variation over time followed by an activation of the heater at pH = 6.5. ¢ Release rate of cefazolin adjusted by heating/re-heating.

d Sensing components of a hydrogel sensor: sweat stimulation (left) and ISF extraction (right)

162 @ Sensor detecting biomarkers (e.g., lactate,

caffeine, alcohol, and glucose) from sweat and ISF via iontophoresis. f Schematic illustration of how lactate, BP, and HR readings were taken for
a volunteer. g Continuous current recording on sweat-lactate profile of a volunteer during cycling. h BP and HR signals recordings of a

sedentary volunteer (left), when the volunteer was cycling (middle), and after cycling (right). Reprinted with permission from refs.

161,162

Copyright 2018 WILEY-VCH and 2021 Springer Nature.

npj Flexible Electronics (2021) 26

Published in partnership with Nanjing Tech University



-40°C
B —
Overnight

N

Dual-functions

allized PDA@Ag NPs/CPH PDA@Ag NPs/CPH

J. Song et al. an

(b)

Stretch Contraction

(c)

Healthy rat

pr——p——N V]

=
= Rat with diabetes
® L — s \'S
Diabetic Foot Wound Dressings Epidermal Sensors g . . :
0 4 8 12 16 20
) ) (& / ®Crystallized /
C AN C ABA PVA PVA .~/ CPHs Time (Second)

(d) (e)

12 14
§ 1.2 "
1.0JEB* TR N
.08 —@ oot |
= —— — 0.6 !"
0.64 0.4-
I v )
04 T r r 0.0 r . . r . ——— r —
0 20 40 60 8 0 25 50 75 100 125 0 25 50 75 100 125

Time (Second) Time (Second)

Brelathing E

\

Serisor
T ' o

Rabbit heart

Heartbeat

(e) (h),,,
4 ]

= = 50
£2 | ¢
- -

o x o
[1'4 [1'4
- | =

A B'C D'E F
. -50
0 20 40 0

Time (s)

5 10
Time (s)

Fig. 12 Hydrogel-based flexible electronics for human activities monitoring. a Synthesis of PDA@Ag NPs/CPHs and its application as both
epidermal sensor and diabetic foot wound dressing simultaneously'®3, b Attachment of PDA@Ag NPs/CPHs to ankle joints of normal and
diabetic mice on a 40 °C hot plate to monitor hydrogel sensors’ responses on the reflection movement of mice to thermal stimulus. ¢ Motor
reflection frequency during continuous thermal stimulation was recorded. It showed diabetic rats had a lower motor reflection frequency than

normal rats. d—-f PDA@Ag NPs/CPHs were adhered on a volunteer’s

finger, elbow, knee joint, serving as strain sensors to detect motion of

human body. g Resistance output from a hydrogel sensor for detecting vocal vibrations on throat'®*. h Movement recorded by liquid-metal-
based cardiac patch inset on the surface of a beating heart of a rabbit. Reprinted with permission from refs. 13154 Copyright 2019 John Wiley

& Sons and 2019 John Wiley & Sons.

hydrogel-based flexible electronics can be greatly reduced.
Therefore, it is crucial to develop novel strategy to expand the
applicability of hydrogels for improved service life and stability.
Better material innovation, sensor or device design and fabrica-
tion, and system integration are necessary to achieve human-
machine interaction and realize digital nursing management.
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At present, most of the applications of hydrogels in management
and treatment of diabetes are still in the exploration and
evaluation stage. Unfolding the potentials of hydrogels as flexible
electronics for diagnosis, treatment, and management of diabetes
would advance towards the vision of precision medicine while
improving the health and quality life of patients.
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