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Insulin administration is necessary for patients with type 1 diabetes and advanced type 2 diabetes.
However, there are many drawbacks associated with it, such as hypoglycemia and loss of insulin activity.
Zwitterions with antifouling, nonthrombogenic, and cell-compatible properties have attracted wide scien-
tific interest, particularly in biomedical applications. This review focuses on the application of functional
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zwitterionic materials for a variety of modes of insulin administration including controlled insulin release
systems, improving insulin activity, and encapsulation of islet cells. In particular, the relationships between
the function of zwitterionic materials and the administration of insulin are discussed in detail. Finally, the
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1. Introduction

Diabetes is a chronic metabolic disease characterized by
increased production of glucose in the liver and its reduced
clearance into muscle and fat, leading to abnormal accumu-
lation of glucose in the blood, which is caused by inadequate
levels of insulin." It has become one of the most challenging
health problems in the world, with a dramatic increase in the
number of diabetic patients.>® Approximately 425 million
people suffer from diabetes mellitus globally according to
2017 reports, and this number is likely to rise to 625 million
by 2045.* Diabetes is commonly caused either by the failure of

College of Medicine, Southwest Jiaotong University, Chengdu 610031, China.
E-mail: chenxy@swjtu.edu.cn

Dr Xingyu Chen obtained her Ph.
D. (2015, Mater. Sci) from
Sichuan University. She is now
an assistant professor at the
College of Medicine, Southwest
Jiaotong University. Her research
focuses on the development of
biomedical polymeric materials
bioinspired from cell mem-
branes.

Xingyu Chen

4906 | Biomater. Sci,, 2020, 8, 4906-4919

challenges and future of zwitterionic materials in the administration of insulin are summarized.

the pancreas to produce insulin (type 1 diabetes) or by a defect
in the body’s response to insulin (type 2 diabetes).>®

The general method for treating type 1 and advanced type 2
diabetes requires frequent subcutaneous injection or continu-
ous infusion of exogenous insulin combined with monitoring
of blood glucose.” However, this treatment has many draw-
backs such as hypoglycemia, insulin denaturation, and aggre-
gation, resulting in decreased insulin activity while using of
insulin pumps.® Efforts have been made to develop new routes
of insulin administration, such as controlled insulin delivery,
modification of insulin molecules to enhance bioactivity, and
artificial pancreas for insulin production.

Zwitterion is a type of electrically neutral material that con-
tains both cations and anions in their molecular structure.’
According to their charge distribution, zwitterionic polymers
are divided into two types. One is where a single monomer has
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both positive and negative charges, such as poly (2-methacry-
loyloxyethyl phosphorylcholine) (PMPC), poly(sulfobetaine)
(PSB), poly(carboxybetaine) (PCB) and poly[2-(methacryloyloxy)
ethyl choline phosphate] (PMCP). The second type is the
zwitterionic electrolyte polymer where the same amount of
positive and negative charge are carried by different
monomers.'®'" In this review, we focus on the properties and
applications of zwitterionic polymers formed by monomers
with both positive and negative charges. A large number of
studies have shown that zwitterionic polymers are polar and
can combine with water molecules to form a hydration layer
through strong ionic solvation. This can block the adhesion of
proteins, platelets, and other biomolecules, and bacteria to the
surface effectively, and improve the blood compatibility of
materials.">™*®> The hydration layer also confers excellent anti-
fouling properties to these coating.* Many reviews have sum-
marized these properties of zwitterions.'®™® Because of these
properties, zwitterionic polymers are widely used as effective
substitutes for polyethylene glycol (PEG) polymers in non-
fouling applications. Choline phosphate (CP) contains amino
and phosphate groups in the reverse order of phosphate
choline (PC) headgroups of the cell membrane. Thus, among
these zwitterions, PMCP is different from the others because it
can interact with cells through a unique CP-PC interaction,
and this may have potential applications in the field of tissue
engineering.?*"°

In this review, we first describe the administration of
insulin as a therapy for diabetes, and later, the role of zwitter-
ions in preventing protein aggregation and reducing of
foreign body reaction (FBR) are highlighted. Next, the role of
zwitterionic biomaterials in insulin administration is sum-
marized. Finally, the challenges and outlooks in this area are
discussed. The keynote of this review is schematically illus-
trated in Fig. 1.
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Fig. 1 Schematic illustration of the biomedical applications of zwitter-
ionic biomaterials in administration of insulin.
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2. Insulin administration in diabetes
therapy
2.1 Controlled release systems for insulin

Controlling insulin release as a direct response to the blood
glucose levels, allows continuous administration of insulin,
forming a feedback control and closed-loop insulin release
system.””*° Glucose-sensitive insulin delivery systems, which
can respond to changes in the blood glucose levels, have
received increasing attention in recent decades and has a
promising future in anti-diabetic therapy. Glucose-responsive
systems, such as glucose oxidase (GOD), lectin, and phenyl-
boronic acid-modified systems, have been investigated.*® The
glucose oxidase-modified material was widely used in the
glucose-sensitive drug delivery system.>"**> The immobilization
of GOD can endow pH-sensitivity to glucose-sensitive materials
because GOD converts glucose to gluconic acid, lowering the
pH which changes the pH-sensitive materials.>>™” In our pre-
vious work, we fabricated glucose-sensitive multilayer films
consisting of positively charged poly[2-(dimethylamino)ethyl
methacrylate] (star PDMAEMA) and negatively charged insulin
and GOD using a layer-by-layer method.** Owing to the GOD
in the films and the pH-sensitivity of star PDMAEMA, the
films facilitate the on-off regulation of insulin release.

To reduce the inconvenience and pain of subcutaneous
needle injection, microneedles as a new attractive carrier were
introduced for transdermal delivery of insulin for modulating
glucose levels noninvasively in diabetes patients.*®*° For
example, Jiang and co-workers fabricated a series of composite
microneedles for transdermal delivery of insulin, using
materials such as alginate and maltose, alginate and hyaluro-
nate, calcium sulfate and gelatin, and gelatin and
hydroxyapatite.*'™** In diabetic rats, these composite micronee-
dles show good mechanical properties and excellent biocompat-
ibility, and the released insulin from biodegradable composite
microneedles had clear and effective hypoglycemic effects com-
pared to the subcutaneous injections. To modulate insulin
secretion from pancreatic cells, Gu et al. developed various
types of glucose-sensitive microneedles.*>™ Some of these
contain responsive particles, such as hypoxia-sensitive hyaluro-
nic acid vesicles, H,O,-responsive polymeric vesicles, and H,0,-
responsive PVA-TSPBA gels, and these microneedles can quickly
release insulin in response to enhanced glucose.”>™*” In
addition, some new varieties of glucose-responsive insulin deliv-
ery microneedles, such as self-administrable powder-carrying
microneedles, microneedle carrying pancreatic cells that can
control the insulin secretion externally, triggered by the internal
hyperglycemic state, and microneedles based on an interaction
between glucose derivative-modified insulin and glucose trans-
porters on red blood cells, have been developed to better mimic
the function of pancreatic cells.>*?

2.2 Modified insulin with enhanced bioactivity

Insulin is usually administered through injections and pumps.
These pumps eliminate the need for daily injections and
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provide an accurate amount of insulin. However, use of insulin
pumps as a common method is hampered by protein aggrega-
tion and denaturation, resulting in loss of effectiveness of
insulin over time, leading to insufficient dose. In addition,
insulin aggregation can trigger a potentially dangerous
immune response.’*® Thus, it is a challenge to administer
insulin while suppressing its aggregation and maintaining its
activity.

To address this issue, various small compounds, polymers,
and metal ions were used to inhibit insulin aggregation.>*>®°!
Small molecules like eugenol and epinephrine can effectively
inhibit thermally-induced insulin aggregation, and maintain
insulin activity to a considerable extent at 1 mM concen-
tration.>® Covalently linking the proteins with poly (ethylene
glycol) (PEG) is the most widely used polymer conjugation
technique to improve the stability of proteins.®*®* A cationic
polyelectrolyte, poly (ethylene glycol)-b-poly (i-histidine)\(PEG-
polyHis) can effectively reduce insulin aggregation at the inter-
face during the microencapsulation process.®® However,
PEGylation does not necessarily improve the stability of pro-
teins under different environmental pressure during storage
and transportation. Many other polymers have also been used
to enhance the stability of insulin. For example, trehalose, a
non-reducing disaccharide formed by o,a-1,1-linked glucose
units, is known to stabilize proteins, through vitrification,
water replacement, and/or water entrapment.®*®> Addition of a
trehalose glycopolymer by covalent conjugation can prevent
thermal or agitation-induced aggregation of insulin.®®®’
Further, a well-defined insulin-trehalose glycopolymer conju-
gate was polymerized from a site-specific initiator to stabilize
insulin to heat and to improve its bioactivity.®® Furthermore, a
series of zwitterion and trehalose-substituted degradable poly-
mers were prepared to stabilize the therapeutic insulin against
activity loss due to aggregation and extend its half-lives.>®
These studies indicated that the activity of insulin can be effec-
tively retained by molecular modification.

2.3 Artificial pancreas

Using of insulin in the treatment of diabetes has made great
progress in the past few decades. Injection or infusion of
exogenous insulin remains the primary treatment option for
blood glucose control in patients with type 1 and advanced
type 2 diabetes. However, insulin administration is cumber-
some, often needs patient compliance and cannot completely
prevent the side effects of diabetes. To overcome the draw-
backs of direct insulin treatments, like aggregation and loss of
activity of insulin, and to provide new alternates in type I dia-
betes therapy, encapsulation of living insulin-producing islet
cells has been developed.®®”® Encapsulating biomaterials
allow the permeation of nutrients, oxygen, glucose, insulin,
and waste products, but block immunocompetent cells, anti-
bodies, and complements.

Alginate is a non-toxic structural polysaccharide with low
immunogenicity, and is often used to encapsulate islets.”®”*”>
For example, Zhang et al. fabricated a Alg/PEI hydrogel with
balanced charged, which enables highly efficient encapsula-
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tion of islets.”® After intraperitoneal transplantation into strep-
tozotocin (STZ)-induced T1DM C57BL/6] mice, the encapsu-
lated islets were able to maintain their glucose-responsiveness
and insulin-production. The hydrogel can achieve blood
glucose correction within 2 days and stably maintain normo-
glycemia for at least 150 days. Moreover, Anderson and co-
workers encapsulated rat pancreatic islet cells, and beta cells
derived from human embryonic stem cells with modified algi-
nate microspheres and transplanted into STZ-induced diabetic
C57BL/6 mice, which can achieve glycemic correction without
immunosuppression for about 6 months.”*”® A collagen-based
cryogel with oxygen-generating bioscaffold containing calcium
peroxide was also used to carry pancreatic islets.”" The oxygen-
generating bioscaffold can provide a biostable and biocompati-
ble 3D microenvironment for islets and facilitate their survival
and function.

3. Properties of zwitterionic
biomaterials
3.1 Anti-protein aggregation

Protein aggregation and denaturation are among the most
serious concerns in the field of protein biopharmaceutics.
Protein aggregation is usually accompanied by the formation
of amyloid-like fibrils,”” which cause a wide range of diseases
such as Alzheimer’s disease, type II diabetes, Parkinson’s
disease, and prion disease.”®® Therefore, inhibiting the for-
mation of fibrils is of great significance for the development of
protein biopharmaceuticals. A number of compounds, such
as cyclodextrin, arginine, and proline, have been developed to
prevent protein aggregation.’’ However, these compounds
were not efficient enough to be used in therapy. Thus there is
a great need to develop new inhibitors of protein aggregation.
Zwitterionic polymers in mixed charged state, exhibit pro-
perties similar to proteins,®* making them particularly inter-
esting in this regard.®®*%* Rajan et al. first reported a zwitter-
ionic polymer polysulfobetaine (poly SPB) acted as a molecular
shield to prevent collisions between protein that can inhibit
protein aggregation.®! It was significantly more efficient than
the previously described inhibitors of lysozyme aggregation.
The solubility and enzymatic efficiency of lysozyme were
retained even at higher temperatures in the presence of poly
SPB, inhibiting its aggregation.®® Furthermore, they syn-
thesized zwitterionic polymer-based nanogels to suppress the
thermal aggregation of lysozyme with high efficiency. When
heated in the presence of these nanogles, lysozyme retained its
enzymatic activity and higher order structures, without
forming amyloid fibrils.®” Zwitterionic polymers are also used
to increase the stability of proteins without sacrificing their
binding affinity or bioactivity. Jiang’s group conjugated PCB to
protein to improve the stability in a manner similar to
PEGylation.®® Moreover, the conjugation maintains or may
even improve the binding affinity, thus enhancing protein sub-
strate hydrophobic interactions. This approach opens a new
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avenue for the development of protein therapeutics by avoid-
ing the need to compromise between stability and affinity.

3.2 Low immunogenicity

Recent studies have found that zwitterionic biomaterials can
reduce the FBR in vivo due to their superior ability to resist
nonspecific protein adsorption, thereby avoid recognition by
macrophages.’”'%® Hydrogels prepared from zwitterions effec-
tively suppress inflammatory reactions.®’ *° For example, ultra-
low-fouling zwitterionic hydrogels, poly (carboxybetaine meth-
acrylate) (PCBMA) hydrogels prepared from a carboxybetaine
monomer and a carboxybetaine cross-linker, can resist the for-
mation of a capsule for at least 3 months after subcutaneous
implantation in mice.”® Compared with poly(2-hydroxyethyl
methacrylate) (PHEMA) hydrogels using HEMA monomers and
PEGX cross-linkers, the PCBMA hydrogels elicited less inflam-
mation, and this weaker inflammatory response may be
because of the superior ability of these hydrogels to resist non-
specific protein adsorption, thus avoiding recognition by
macrophages. Catheters coated with a hydrogel containing the
zwitterionic moiety sulfobetaine significantly reduced both
protein adsorption in vitro and FBR in vivo.”" Zwitterionic PCB
hydrogels were coated on neural interface implanted devices
polyimide substrates, which could effectively minimize the
FBR because macrophages were not activated after hydrogel
coating.””> Wu et al. prepared ultra-low-fouling zwitterionic sul-
fated poly(sulfobetaine methacrylate) (polySBMA) hydrogels
and applied them to full-thickness cutaneous wounds in
mice.”® The SBMA hydrogels decreased the inflammatory
response and effectively promoted wound healing and tissue
regeneration in mice. In order to reduce the FBR of implanta-
ble materials, Leigh et al. developed a simple method to simul-
taneously photograft pSBMA and pCBMA zwitterionic hydro-
gels to a poly(dimethylsiloxane) (PDMS) surface.” The zwitter-
ion hydrogel-coated PDMS surface reduced fibrinogen adsorp-
tion by 90%, and fibroblast adhesion by more than 20-fold.
These results indicated that zwitterion coating has a potential
to drastically reduce the fibrotic response to implanted
biomaterials.

Because of the anti-fouling effect of zwitterions, functional
biomaterial surfaces coated with them have low immunogeni-
city and long life.”>” Coating the implants with a zwitterionic
layer is a potential approach to mitigate the FBR. Golabchi
et al. developed a coating composed of zwitterionic PSB and
polydopamine (PDA) for neural probes.’® The PDA-PSB coating
can significantly reduce protein adsorption and fibroblast
adhesion in vitro, and also can suppress the acute inflamma-
tory response in the brain tissue after implantation in the
mouse brain. Zwitterinoic copolymers consisting of sulfobe-
taine methacrylate (SB) and 2-aminoethyl methacrylate (AE)
modified PDMS substrates demonstrated a significant
reduction in capsule thickness associated with the FBR.”® A
report by Plegue et al. showed that zwitterion modified PDMS
surface to protected the blood-contacting materials from the
natural FBR.' They modified the PDMS surface with SBSi, to
provide the maximum shelf life stability, best platelet resis-
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Fig. 2 Schematic illustrations of the sequence of events after PEG-
nanoparticle (a) and PCB-nanoparticle (b) enter the blood stream.
Reprinted with permission from ref. 100 Copyright 2014, Elsevier.

tance, and best stability under low shear rates.'® A thiol-con-
taining PMPC zwitterionic copolymer was used to coat the
surface of alginate microspheres to protect them form the
surface-mediated fibrotic reaction.'® Implantation of the
these modified alginate microspheres into the IP space of
C57BL/6] mice showed that PMCP-modified microspheres had
little cellular deposition after 14 days in vivo, while significant
fibrosis was seen on the unmodified alginate microspheres. In
a further research, a zwitterionic polymer coating on the con-
tinuous glucose monitors (CGMs) improved their function by
eliminating the FBR and sensor noise.'** At the early stages of
sensor implantation, inflammation was significantly reduced
by the PMPC zwitterionic coating. In addition, zwitterionic
PCB-coated nanoparticles induce extremely low antibody
response as compared to PEG-modified nanoparticles
in vivo.'® Immunoglobulin M (IgM) was produced initially in
response to PEG-nanoparticles, and later immunoglobulin G
(IgG) was also produced, after repeated injections. However,
the PCB nanoparticles prevented the production of poly-
specific antibodies because the extremely low fouling of PCB
coating shielded the nanoparticles from the immune response
(Fig. 2). In our previous work, we also found that the zwitter-
ionic PMCP-modified PCL surface induced weaker inflamma-
tory responses than the unmodified PCL film.>*

4. Zwitterionic biomaterials in insulin
administration
4.1 Drug delivery system

In recent years, a variety of glucose-sensitive drug delivery
systems have been developed to treat diabetes.'®® Micelle,
which has a hydrophilic shell connecting the biological
environment, and a hydrophobic core that acts as drug reser-
voir, is one type of effective platform for glucose-sensitive
insulin delivery, due to its high sensitivity to glucose and a
long circulation stability."®™'%” For instance, zwitterionic dia-
ldehyde starch-based micelles with glucose-responsive behav-
ior have been developed to control insulin release.'®®
Zwitterionic sulfobetaine (SB) was used as the hydrophilic
shell to reduce macrophage response, and 3-aminophenylboro-
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nic acid (APBA) was used as a glucose-responsive group with
the dialdehyde starch (DAS) backbones (SB-DAS-APBA) (Fig. 3).
Insulin released from the nanocarriers was sensitive to various
glucose concentrations, and the release rate was rapid at a con-
centration of 3 mg mL™"' at pH 7.4. Meanwhile, PEGylated
micelles, with monomethyl ether (mPEG) as the hydrophilic
shell in place of zwitterionic SB, were also synthesized to
compare the macrophage response. However, the PEGylated
and zwitterion coated micelleswere recognized by macro-
phages through different processes. Immune cells clearly
responded to PEGylated micelles, resulting in macrophage
activation in the blood microenvironment, wheraeas, zwitter-
ionic micelles, due to the SB chain, elicited poor response
from immune cells, resulting in unresponsive macrophages.
This study indicated that zwitterionic micelles SB-DAS-APBA
not only had the insulin delivery characteristics with glucose
response, but also reduced the activation macrophages.

Wang et al. constructed a unique zwitterionic Janus dendri-
mer (JD) system, designed to integrate the protein binding
domains in the core, and protein repelling domain on the
surface of nanocarriers.'*® The core of the dendron combined
the charged and hydrophobic moieties via multivalent and
synergistic interactions, and the zwitterionic peripheries on
the surface of dendrons endowed the system with a hydro-
philic and antifouling surface, which effectively prevented the
adsorption and exchange of proteins in the biological environ-
ment, and reduced the premature release of proteins (Fig. 4).
The insulin loaded in zwitterionic JD (GPC-JD) elicited the best
hypoglycemic response when subcutaneously injected into the
fasted mice, and the effect was maintained up to 4 h.
Pharmacological availability of insulin in insulin-GPC-JD was
160% in comparison to the free insulin injection. These
results indicated that the bioactivity of insulin was signifi-
cantly enhanced after loading it in the zwitterionic JD
nanocarrier.

Based on the characteristics of the zwitterion used, zwitter-
ionic hydrogels with anti-fouling properties and good biocom-
patibility are also fabricated for insulin release. Biomimetic
polymer phosphorylcholine (PC) and biocompatible poly(pro-
pylene glycol) (PPG) were used to prepare a zwitterionic ther-

Ll >3 S
[

|
[.

Fig. 3 (a) The preparation of insulin-loaded SB-DAS-APBA micelles. (b)
Different endocytotic response for zwitterionic and PEGylated micelles
in contact with immune cells in the blood vessel. Reprinted with per-
mission from ref. 104 Copyright 2018, Elsevier.
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Fig. 4 (a) Structure of zwitterionic Janus dendrimer with protein
binding and antifouling properties. (b) Blood glucose response of
normal mice after subcutaneous injection with free insulin and insulin-
loaded nanoparticles. (c) Pharmacological availability of insulin formu-
lations for blood sugar control (0—6 h). Reprinted with permission from
ref. 105 Copyright 2019, Elsevier.

mogel (PC-PPG-PC), which had unique multiple sol-gel tran-
sitions as the temperature increased.'’’ Based on the low
protein adsorption and the broad gel window properties, the
zwitterionic gel proved to be useful for sustained release of
insulin. Bhuchar et al. reported a zwitterionic nanogel with
stable thermoresponsive and acid-degradable, cross-linked
cores, and a nanogel fabricated with hydrophilic shell of
PMCP, and a hydrophobic core composed of poly(methoxydi-
ethylene glycol methacrylat) (poly(MeODEGM)), and poly(2-
amino-ethyl methacrylamide hydrochloride) (poly(AEMA))
(Fig. 5)."*" The hydrophilic and zwitterionic poly (MPC) shell
determined the solubility and stability of the nanogels, and
poly(AEMA) provided cationic character to the nanogel core,
which facilitated the encapsulation of anionic insulin. The
thermoresponsive and degradable cross-linked cores swelled
and shrank with the change in temperature, which helped
control the encapsulation and release of insulin.
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Fig. 5 Schematic illustration of zwitterionic nanogel with thermo-
responsive and degradable cores. Reprinted with permission from ref.
107 Copyright 2012, American Chemical Society.
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Nam et al reported spontaneously forming hydrogels
induced by two different molecular polymers with MPC moi-
eties, e.g. water-soluble polymer poly(MPC-co-methacrylic aid
[MA]) (PMA) with carboxylic acid groups and poly(MPC-co-n-
butyl methacrylate [BMA]) (PMB) with hydrophobic
groups."® ™ The PMA/PMB polymer hydrogels were formed
by physical cross-linking through hydrophobic interactions
and hydrogen bonding, and the hydrogel dissociated with the
change in pH caused by the ionization of carboxylic acid
groups.'” This pH-sensitive hydrogel system was used to load
insulin using the hydrophobic domain in PMB, and it released
the insulin load in the pH range prevalent in the small intes-
tine and be suppressed under acidic conditions.'’> In
addition, insulin release could be regulated by changes in the
molecular weight of the polymers, the ratio of PMA and PMB
and the polymer concentration."** In brief, the PMPC hydrogel
can be used as an oral insulin delivery system, and the insulin
delivery process can be controlled by adjusting the compo-
sition of the hydrogel.

A biocompatible polymer alloy membrane for implantable
artificial pancreas was composed of a zwitterionic MPC
polymer and segmented polyurethane (SPU).''® The MPC
polymer poly(MPC-co-2-ethyl-hexyl methacrylate) (PMEH) was
dissolved in the same solvent as SPU to prepare the SPU/
PMEH alloy membrane by the solvent evaporation method.
This membrane can resist the adherence of fibroblasts to its
surface because of the antifouling property of zwitterionic
MPC units. Because of its excellent biocompatibility, mechani-
cal properties, and permeability for glucose and insulin, it was
used for the fabrication of an implantable insulin pump.*'” By
controlling the domain structure of PMEH, the insulin per-
meation pathway was formed in the SPU/PMEH alloy mem-
brane. The permeability of insulin through the polymer alloy
membrane was synchronized with the pressure applied to the
membrane (Fig. 6). Under pressure, insulin permeability was
enhanced, and the reproducibility of the insulin permeation
could be maintained for several periods and a constant level of

Osmotic pump Diaphragm

Osmotic pressure - f.::

Microparticles
hydrogel
Polymer package mﬁl')raue Pore  Hydrogel permeation plate
) » >, Glucose

.\l’. J/’ Insulin

Fig. 6 Insulin release controlled by an implantable insulin pump under
pressure. Reprinted with permission from ref. 113 Copyright 2002,
Elsevier.
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insulin permeation could be maintained by changing the
pressure gradient. Thus, the polymer alloy membrane can be
applied as a valve in an insulin pump to control the insulin
release. Based on this insulin pump design, Uchiyama et al.
reported the use of a H,0, degradable MPC hydrogel in an
implantable insulin pump device.''® The PMCP hydrogel was
degraded by H,O,, which was produced by enzymatic reaction
between glucose oxidase and glucose, and the degradation was
proportionate to the concentration of H,O,. This system can
be used as an insulin release device synchronized with glucose
concentration by using this enzymatic reaction.

Diabetes is often accompanied by many complications.
Vascular diabetes is one of the most serious ones and it results
in high morbidity."*® In this case, synergistic therapy that can
simultaneously load multiple drugs using drug delivery plat-
forms for diabetes and associated potential complications may
have a better therapeutic effect. Micelle-hydrogel composites
combine easily, have stability based on micelles, significantly
improve different drug domains, allowing a variety of drugs
carried by the gel."*>'®" Wen et al. have prepared chitosan/
zwitterionic derivatives (CS/SB-DAS-VPBA) micelle-hydrogel
synergistic therapy system, in which insulin was loaded into
the micelle and nattokinase, as a thrombolytic agent, was
loaded in hydrogel matrix to treat the complications of vascu-
lar diabetes (Fig. 7)."** Drug release studies indicated that the
release of the two drugs was relatively independent, and the
synergistic therapy system allowed continuous release of
insulin and rapid release of nattokinase for improving the
therapeutic effect of diabetes and reducing vascular
complications.

4.2 Improving insulin activity

Modifying insulin with small compounds, polymers, or metal
ions could enhance its pharmacokinetics (PK) and retain
bioactivity.#>**® The most common strategy is to use PEG to
conjugate insulin, called PEGylation."”® However, conjugating
PEG or other polymers with proteins significantly affects the
bioactivity of proteins because the conventional covalent coup-
ling attaches the polymer chains near the active sites of the

Fig. 7 Schematic illustration of chitosan/zwitterionic dialdehyde starch
derivative micelle-hydrogel synergistic therapy system. Reprinted with
permission from ref. 118 Copyright 2019, Elsevier.
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protein or on its surfaces groups.'>* For example, Lispro, a
PEGlated insulin developed by Eli Lily, is needed at high molar
concentrations to achieve the level of glucose lowering effect of
unconjugated insulin in the in vitro insulin receptor binding
studies.'*®

Compared with PEG, zwitterion is superhydrophilic, and
when conjugated to a protein, it does not interfere with the
hydrophobic-hydrophobic interactions and substrate-binding
site interactions.®® Xie et al conjugated PCB to insulin
through simple conventional coupling chemistry, which
improved the PK of insulin without compromising its bioactiv-
ity.'*® Fig. 8 shows that the in vitro bioactivity of PEG-insulin
decreased significantly, while no such decrease was observed
in the zwitterionic PCB-insulin. When PCB-insulin and PEG-
insulin were injected into diabetic mice, the pharmacological
activity of PCB-insulin was about 124.3%, and that of PEG-
insulin was about 97.5% of that of native insulin, and the PCB-
insulin showed significantly greater blood glucose lowering
ability than insulin. Matsumura et al. synthesized a hydro-
phobic zwitterionic polymer poly-sulfobetaine (poly-SPB),
which was more efficient in suppressing insulin aggregation,
and significantly inhibited aggregation and fibrillation of
insulin even at very low polymer concentrations and long incu-
bation periods.® In addition, while being incubated with poly-
SPB, insulin could completely preserve its secondary structure,
even making the denatured insulin refold. This is because the
poly-SPB can interact with the hydrophobic domains of
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Fig. 8 (a) Schematic illustration of PCB conjugation with insulin. (b)
Circular dichroism spectra of native insulin, PEG-insulin, and PCB-
insulin, respectively. (c) The bioactivity of native insulin, rough PEG-
insulin, purified PEG-insulin, rough PCB-insulin, and purified PCB-
insulin, respectively. (d) Before and (e) after purifying insulin conjugate
products. Reprinted with permission from ref. 122 Copyright 2017, John
Wiley and Sons.
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insulin, preventing aggregation and facilitating refolding. This
group further studied the ability of poly-SPBs with different
chain lengths to inhibit insulin aggregation and reversible
addition fragmentation chain transfer (RAFT) agents to notice
the change in the inhibition patterns of these polymers.®?
Thioflavin T (ThT) fluorescence assay was used to analyze the
effect of sulfobetaine polymers on insulin fibrillation.'*” ThT
shows specific binding to amyloid fibrils, which enhanced
fluorescenece.'®® Their results indicated that sulfobetaines are
highly efficient in inhibiting insulin aggregation, and a change
in molecular weight and hydrophobicity of polymers caused a
greater stabilization of insulin.

Zwitterionic molecules have been used to explore amphi-
philic surfactants to inhibit insulin fibrillation."**"** Wang
et al. have studied the effect of two amphiphilic surfactants
(1,2-dihexanoyl-sn-glycero-3-phosphocholine  (di-C6-PC) and
1,2-diheptanoyl-sn-glycero-3-phosphocholine (di-C7-PC)) on the
in vitro fibrillation process of bovine insulin at pH 2.0 and
55 °C."*° Their results indicated that di-C6-PC and di-C7-PC
decreased the B-sheet formation and aggregation, and insulin
fibrillation may be inhibited by both surfactants in a dose-
dependent fashion. The best inhibition of fibril formation was
observed when insulin was incubated with 4 mM di-C7-PC.

To trap insulin in biomaterials without aggregation and to
control its release in the native form are very important in
designing effective insulin therapy. A zwitterionic 2-methacry-
loyloxyethyl phosphorylcholine (MPC) nanogel was used to
build blocks and multiple cross-linkers for fabricating hybrid
hydrogels with an ability to trap insulin without aggregations
and release in its native form."*" Hybrid hydrogels with cha-
perone-like activity were considered promising as a versatile
technique for insulin reservoirs.

Insulin may lose activity during transportation due to
mechanical agitation, and studies have shown that insulin
degrades rapidly when shaken."*? Thus, the degradable poly-
mers with adjustable degradation rate on their backbone can
be used to attenuate this process by stabilizing proteins
against aggregation."*®* Maynard et al. have reported a series of
zwitterionic and trehalose side-chain polymers with tunable
degradability, added to insulin solution in a transportation
simulation environment at thermal and mechanical stress
(37 °C, 250 rpm).>® These polymers were able to maintain the
stability of insulin, and prevent the aggregation and conse-
quent loss of activity, showing their potential as degradable
excipients in insulin formulation.

4.3 Encapsulation system for islet cells

Encapsulation of insulin-producing pancreatic islet cells pro-
vides additional options for the treatment of type 1 diabetes.
However, immune reactions, such as FBR lead to fibrosis,
which cuts off the diffusion of nutrients to the encapsulated
cells, causing cell death.”® Thus, in spite of their side effects,
immunosuppressive drugs need to be used to inhibit immune
reactions and prolong graft functioning."** To promote cell
transplantation therapy that does not need immunosuppres-
sive drugs,””"** non-fouling and biocompatible zwitterions are
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applied to biomaterials used to encapsulate islets.
Multilayered nanocoating, applied in a layer-by-layer tech-
nique, was developed for the encapsulation of islets or p-cell
spheroids. Insulin-producing pancreatic p-cell spheroids were
encapsulated in chitosan/alginate multilayers, and a layer of
phosphorylcholine-modified chondroitin-4-sulfate was de-
posited on the outermost layer, to shield the large molecules
from the antigen-presenting cells (Fig. 9)."*° After encapsula-
tion, the coating did not damage the cell structure, and the
cell viability and their metabolic functions were retained. In
addition, insulin secretion from encapsulated pseudoislets
indicated that encapsulation did not compromise the ability of
MING cells to respond to stimuli of changes in the extracellular
concentration of glucose stimuli. To improve the survival and
function of islets, spheroids were formed by co-culturing MIN6
p-cells with mesenchymal stem cells (MSCs). Inclusion of a
small number of MSCs in the culture enhanced the structural
and morphologic stability, improved insulin secretion and con-
ferred immunosuppressive and antiapoptotic properties.'?”
These nanofilm islet encapsulation provide the necessary fea-
tures for efficient transplantation as a therapy for type 1
diabetes.

Although hydrogel materials have elicited extensive interest
for pancreatic islet encapsulation, FBR leads to formation of a
dense, avascular collagenous capsule around the implanted
hydrogels. This capsule compromises the diffusion of oxygen
and nutrients, leading to hypoxic death, finally resulting in the
implant failure. For biomedical application, PEG is widely
used as an antifouling material in hydrogels. Even though the
biocompatibility of PEG hydrogels is sufficient in many cases,
sometimes it can induce FBR. Zwitterionic hydrogels as anti-
fouling materials, have a better ability to aboid FBR.”> A new
class of triazole-zwitterionic hydrogels with excellent mechani-
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Fig. 9 (a) Schematic illustration showing formation of pseudoislets
from MIN6 cells with LBL nanofilm encapsulation. (b) Live/dead MIN6
cells encapsulated within chitosan/alginate multilayers after 2 and 5
weeks post-encapsulation maintained in tissue culture. (c) Light
microscopy images showing capsule stability in culture medium. (d)
Insulin release from the naked and encapsulated MIN6 pseudoislets in
response to different glucose concentration stimuli. Reprinted with per-
mission from ref. 132 Copyright 2010, American Chemical Society.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review

cal robustness and biocompatibility were used for islet encap-
sulation and transplantation, which induced less fibrosis and
more blood vessel formation upon subcutaneous implantation
in vivo compare with a poly (2-hydroxyethyl methacrylate)
hydrogel control. These zwitterionic hydrogels demonstrated
diabetes correction up to 1 month in mice from the sub-
cutaneous site of implantation (Fig. 10).*” The intraperitoneal
glucose tolerance test indicated that the mice form the
P(TR-SB) hydrogel group could restore normoglycemia within
90 min, which was similar to the non-diabetic mice, and the
glucose-stimulated insulin secretion assay performed on the
islets encapsulated in P(TR-SB) hydrogels were responsive to
glucose change and secreted insulin upon stimulation with
glucose, indicating their viability and function.

Liu et al. reported a group of zwitterion-modified algi-
nates, SB-alginate and CB-alginate, which can reduce the FBR
against implanted alginate microcapsules in mice, dogs, and
pigs."*® Ziwitterion-modified alginate microcapsules, viz.,
SB-SLG20 were examined 180 days after implantation in
C57BL/6] mice. These microcapsules were free of cellular
deposition, whereas unmodified alginate microcapsules
(SLG-20) showed strong cellular overgrowth (Fig. 11). They
also used SB-alginates to demonstrate improved outcome of
islet encapsulation in diabetic mice model (Fig. 11). Most dia-
betic mice transplanted with islets encapsulated in
SB-SLG20 microcapsules maintained to normoglycemia
during a long-term 200-day transplantation. In the intraperi-
toneal glucose tolerance test (IPGTT) mice from the
SB-SLG20 group returned to normoglycemia as quickly as the
non-diabetic mice did, even 200 days after transplantation.
However, the blood glucose levels of the mice from the unmo-
dified alginate group could not restore the blood sugar to
normal range after 150 min, which was similar to diabetic
mice with no islet transplantation. In addition, the glucose-
stimulated insulin secretion test, performed on the retrieved
SB-SLG20 microcapsules, showed that encapsulated islets
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Fig. 10 (a) Chemical structure of TR-SB monomers. (b) Schematic illus-
tration showing the n—n stacking between the triazole rings. (c)
Schematic illustration of the low level of fibrosis and high degree of vas-
cularization around the robust P(TR-SB) hydrogel for islet encapsulation.
(d) Blood glucose concentrations for SLG100 hydrogels and P(TR-SB)
hydrogels. (e) Intraperitoneal glucose tolerance test. (f) Glucose chal-
lenge stimulated insulin secretion of islets in P(TR-SB) hydrogels.
Reprinted with permission from ref. 86 Copyright 2020, Elsevier.
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Fig. 11 (a) Schematic illustration of zwitterion-modified alginate micro-
capsules for islet encapsulation. (b) Images of microcapsules and the HE
stained histological sections 180 days after their implantation in vivo. (c)
Blood glucose concentrations of mice; (c) intraperitoneal glucose toler-
ance test; (d) glucose-stimulated insulin secretion by islets in
SB-SLG20 microcapsules. Reprinted with permission from ref. 134
Copyright 2019, Springer Nature.

responded to glucose and secreted insulin, further support-
ing normal islet function.

Pancreatic p-cells need optimum cell-cell and cell-matrix
interactions to survive and function in vitro."** To meet this
demand, Perugini et al. modified the surface of the succiny-
lated chitosan-based beads (NSC) with zwitterionic carboxy-
betaine (CB) moieties to regulate the cellular hydration state
and promote the formation of f-cell spheroids.**° Their results
indicated that NSC coated with CB at a concentration of
0.3 mg mL™", encouraged pancreatic cells to proliferate and
form spheroids of about 80 pm. These spheroids exhibited
high cell viability and enhanced insulin expression secretion.

Membrane materials are also used to encapsulate islets. For
instance, a compound membrane made of phosphorylcholine-
containing polymer and cellulose acetate to encapsulate islets,
achieved rapid insulin production and diffusion across the
membrane in response to glucose challenges."*!

4.4 Others

There are many other zwitterionic functional biomaterials for
insulin administration or assist in insulin therapy. For
instance, a water-soluble zwitterionic phospholipid-like
polymer, poly(2-methacryloyloxyethyl phosphorylcholine-co-n
stearyl methacrylate) (PMC,g) with a hydrophilic and a hydro-
phobic region, stimulated insulin release from RINmS5G rat
insulinoma cells.'*® PMC;5s had an n/m ratio (the ratio of the
hydrophilic to the hydrophobic region) of 80/20, and it showed
the most potent insulin release-stimulating activity.

The determination of insulin present in the blood is of
great value in the diagnosis of diabetes mellitus. Various
approaches have been employed for the determining the
amount of insulin, including immunoassays, bioassays,
electrochemistry, surface plasma resonance, chromatography,
and flow injection analysis."**"'*® A sensitive and non-fouling
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electrical insulin biosensor was fabricated by immobilizing
anti-insulin antibody on a zwitterionic PCBMA interface, and
chemisorbed on a gold electrode surface (Fig. 12)."*” For this,
cysteamine gold electrode was modified by CBMA monomers
containing carboxyl groups with EDC and NHS. Then, the con-
nected monomers were photopolymerized from monomer
solution to form the zwitterionic PCBMA polymer interface,
for chemical adsorption. Finally, anti-insulin antibodies were
coupled to the carboxyl groups of PCBMA, forming a selective
antifouling receptor interface for insulin. The zwitterionic
PCBMA provided excellent antifouling property, and the anti-
insulin antibody had the specific binding sites for insulin. The
interfaces are highly sensitive to insulin and are completely
free from interference, even in undiluted serum.

Due to reduced insulin sensitivity in peripheral tissues,
insulin therapy was found to be ineffective for some of patients
with diabetic.'*® Therefore, other forms of diabetic therapy were
developed to regulate blood glucose level in such patients with
severe insulin resistance."* Xiao et al. developed a sugar-breath-
ing glycopolymerssomes for regulating the levels of glucose.
The glycopolymersomes can bind and store the glucose from
surrounding solution when the glucose concentration is higher
and optimum and release it when the concentration is lower
than necessary.'*® Recently, a new antidiabetic treatment strat-
egy using an injectable glucose-responsive zwitterionic nanogel
was developed to regulate blood glucose in diabetic rats."*® The
glucose-responsive nanogles were prepared by copolymerization
of zwitterionic sulfobetaine methacrylate (SBMA) and 4-acryla-
mido-3-fluorophenylboronic acid (AFBA). AFBA can interact
with glucose molecules directly and tune to enable glucose
storage and release at high and low blood glucose concen-
trations, respectively. At hyperglycemia, the nanogels absorb
glucose molecules, and swell. During hypoglycemia, they shrink
to release stored glucose. In vivo studies have shown that the in
type I diabetic rats, glucose-sensitive nanogels can regulate
blood level up to 6 h after being injected.

CBMA ( Photoinitiator
Cysteamine $ 1y EDC/NHS. 254 0m UV
Au S S

! 9
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Fig. 12 Schematic illustration of the fabrication of insulin receptive
interface and its antifouling and selective insulin-binding properties.
Reprinted with permission from ref. 143 Copyright 2013, American
Chemical Society.
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Fig. 13 (a) Schematic illustration of the glucose-sensitive composite
microneedle patch based on zwitterionic nanogel. (b) Schematic of
hypoglycemia-triggered delivery of glucagon. Reprinted with permission
from ref. 147 Copyright 2019, John Wiley and Sons.

An intelligent composite microneedle (cMN) patch com-
posed of methacrylated hyaluronic acid (MeHA) microneedle
array with embedded glucose-responsive zwitterionic microgels
was developed to prevent hypoglycemia, associated with inten-
sive insulin therapy.'”" The zwitterionic microgels were pre-
pared using zwitterionic PSB, 4-acrylamido-3-fluorophenylboro-
nic acid (AFBA), and cationic carboxybetaine (CB) (Fig. 13). In
the design of microgels, the zwitterionic PSB was used to stabil-
ize encapsulated glucagon, CB facilitated glucagon loading,
and AFBA provided glucose-responsiveness in the physiological
environments. Then, a mixture of loaded microgel and PMeHA
was introduced into silicone MN molds to prepare cMN patch.
During hypoglycemia, AFBA units formed bis-complexation
with glucose and generated secondary crosslinking between
polymer chains, resulting in substantial microgel shrinkage. By
this, the loaded glucagon was squeezed out of the microgels
and the cMN patch could release glucagon rapidly. However, at
hyperglycemia or euglycemia, the AFBA units formed mono-
complexation with glucose leading to microgel swelling, and
glucagon was released the relatively slowly from the cMN patch
(Fig. 13). Based on the functions of the cMN patch, the treat-
ment of hypoglycemia can shift from intervention to preven-
tion, reducing the risk of insulin therapy.

5. Concluding remarks and outlook

Zwitterionic materials are promising next-generation biomater-
ials for a wide range of biomedical engineering applications

This journal is © The Royal Society of Chemistry 2020
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owing to their excellent biocompatibility, through avoiding
nonspecific protein adsorption, increasing the stability of pro-
teins without losing their bioactivity, and inducing no
immunological response in vivo. In addition, PMCP materials
have the characteristics of promoting cell adhesion and pre-
venting protein adsorption, which may be used for tissue
engineering materials with anti-fouling feature. Thus, the
future direction for this field is to develop new zwitterionic
materials through naturally generated ones, and to tune the
structure and functions of these to adjust their properties for
diverse applications.

As diabetes is a growing global public health problem,
new technologies and methods for insulin administration
have to be developed, and modification of insulin need to
be designed to suppress its aggregation and improve its
activity. Zwitterionic materials have advantages in adminis-
tration of insulin. In controlled insulin release systems, and
encapsulation islet cells, zwitterionic materials contribute
antifouling function and reduce immune response to
improve the biocompatibility of the materials. Zwitterionic
materials have been used to increase the stability of insulin
without sacrificing its binding affinity or its bioactivity, to
prevent its aggregation and inhibit the induction of fibrosis.
Although considerable progress has been made in increas-
ing the sensitivity, durability, and biocompatibility of
insulin, the current approaches need to be further improved
to make them suitable for the clinical setting. First, as it is
still difficult to rapidly release insulin in response to blood
glucose under physiological conditions, mimicking the
ability of normal islet cells in complex and dynamic environ-
ments has become a research hotspot in this field. Second,
it is still a challenge to release insulin consistently and
stably in response to blood glucose levels. Third, precise
control of insulin release is not yet achieved. Further optim-
ization of biocompatibility, reduction of inflammation and
the ensuing non-toxic side effects after long-term use are
also issues of concern while selecting functional biomater-
ials. As for zwitterionic biomaterials, scaling up the manu-
facturing process, i.e., improving the productivity to make
their application viable in clinical settings remain to be
achieved. All these demands will certainly promote the
development of new methods and techniques for insulin
administration.
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