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Abstract
Purpose of Study Although the current treatment option of exogenous insulin administration for type 1 diabetes mellitus (T1DM)
corrects hyperglycemia, it has its own limitations and complications in long-term use. Thus, alternative approaches such as
immune therapies, glucose transporter inhibitors, gastro-enteric protein-hormone pathway modulators, and cell- and tissue-based
therapies are being developed. Among these therapies, islet transplantation has been shown to be a more physiological means of
treating type 1 diabetes. However, the shortage of donor tissues and the use of immunosuppressive agents have led to the
development of immune isolation techniques such as cell encapsulation.
Recent findings Although macroencapsulation of islets has been shown with some success, microencapsulation mostly with
permselectively coated alginate hydrogel has been demonstrated to be superior among the variety of developed encapsulation
technologies including nanoencapsulation and thus, has led to several clinical trials. While microencapsulated islet transplanta-
tion has shown promise in correcting the pathological symptoms of T1DM, the technology still requires improvement in a few
areas in order to achieve sustained performance in long-term application.
Summary Some approaches suggested for improvement include incorporation of immunomodulatory stem cells such as mes-
enchymal stem cells, substitution of current crosslinking agents with stable safe divalent cations, improving the chemistry of
alginate by adding functional groups, and including extracellular matrix (ECM) components of the pancreas in the encapsulated
islet construct. With thorough investigation and improvement on the pitfalls of the technology, and more clinical trials, the
microencapsulation technology would provide a viable option for a sustainable and more physiological means of insulin delivery
in T1DM.
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Introduction

Diabetes mellitus is a heterogeneous disorder characterized by
polyuria and polydipsia. Type 1 diabetes mellitus (T1DM),
previously referred to as insulin-dependent diabetes mellitus
(IDDM), is mainly caused by destruction of the beta cells (β-
cells) of pancreatic islets. Unlike type 2 diabetes, T1DM is not

caused by lifestyle habits, but instead it is caused by either
autoimmune reaction destroying the β-cells in pancreatic is-
lets (type 1a) or due to other factors (type 1b) including idio-
pathic destruction, viral infection, and beta cell failure. If it is
caused by autoimmune reaction, it might take time anywhere
frommonths to years before symptomsmanifest. Even though
hereditary factors might play a role, they are not necessarily
always the major causative agents for the disease.

Epidemiology of Diabetes

While about 463 million people worldwide are reported to be
affected by diabetes, in the USA 23 million were diagnosed
with the disease in 2016 [1]. Diabetes is ranked as the 7th
leading cause of death [2, 3]. It has been estimated that up to
another 7 million more adults in the USA may have the con-
dition but have not yet been diagnosed. In addition,
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approximately 79 million more people in USA have been
predicted to have pre-diabetes, where blood glucose levels
are high, but not high enough yet to be classified as diabetes.
Among all the diabetes cases, T1DM constitutes about 5–10%
[3–5]. Reports from large epidemiologic studies have revealed
that the incidence of T1DM has been increasing by 2–5%
globally and the prevalence of T1DM is approximately 1 in
250 in the USA [3, 6]. In the USA alone, ~ 1.6 million are
living with T1DM and another 40,000 people are diagnosed
every year [3, 7]. T1DM has been the prevalent type of dia-
betes among children and adolescents who have been estimat-
ed to be more than 200,000, albeit T2DM is also increasing
among youth [8, 9].

Current Therapies for Type 1 Diabetes

Exogenous Insulin Administration

The destruction of pancreatic beta cells (b cells) with
concomitant loss of insulin, the endocrine secretion of
this cell, is the primary cause for T1DM.. Therefore,
insulin replacement therapy has been the first-line ther-
apeutic option for treating T1DM. Ever since Banting
and Best reported a century ago the glucose-lowering
effects of their pancreatic extract [10••], there have been
several improved extraction, biosynthesis, and adminis-
tration techniques. Based on the size, molecular struc-
ture, half-life, and pharmacokinetics of insulin, various
forms of injectable insulin analogs have been developed.
These include (a) rapid-acting insulins, whose biologi-
cal activity begins from 4 min and lasts for about 30
min; (b) short-acting insulins that are regular insulin
whose biological actions begin from 30 min after ad-
ministration and last for 4 h; (c) intermediate-acting
insulins whose duration of action is from 4 to 6 h; (d)
long-acting insulins that possess biological activity from
24 to 36h; and (e) ultra-long-acting insulins that start
acting between 30 and 90 min and last up to 42 h [11].
The insulin replacement therapy requires administration
of the hormone anywhere from once to thrice daily de-
pending on the pharmacokinetics profile of the type of
insulin.

A recent development in insulin therapy is research on
ingestible oral insulin delivery systems such as self-orienting
millimeter scale applicator (SOMA). These devices self-
position themselves to engage with gastrointestinal tissues
and deliver the milliposts directly through the mucosa mem-
brane [12, 13]. The results from the rodent study using the
SOMA have shown a comparable outcome with those
achieved with subcutaneous insulin administration [13].
However, there is currently no oral insulin delivery system
available to human patients afflicted with diabetes.

Insulin Pumps and Artificial Pancreas

The next level of improvement in administering exogenous
insulin is the use of insulin pumps. This is an automatic con-
tinuous insulin infusion system which first senses the circulat-
ing levels of glucose and sends computer-controlled signal to
the delivery pump to release the required amount of insulin
[14–16]. This insulin infusion pump provides a better control
on the glycemic index and delivers precise amount of required
insulin with reduced insulin spikes and less hypoglycemic
episodes (<70 mg/dL). However, these automatic insulin
pumps also face some challenges such as occasional hypogly-
cemic episodes due to the inherent pharmacokinetic nature of
the insulin analogs. This has led to the development of an
automatic infusion system to deliver two hormones of the
pancreas (insulin and glucagon) instead of insulin alone, and
hence this automatic pump system that mimics the physiology
of the pancreas is termed as “artificial pancreas.” These dual-
hormone–delivering artificial pancreas devices administer
both glucagon and insulin simultaneously to have tight regu-
lation on the blood glucose level [17]. After improving the
designs, undergoing various safety tests and efficacy tests,
the artificial pancreas systems have shown beneficial effects
in clinical trials [18].

Compared to insulin pumps, artificial pancreas systems
have demonstrated significantly improved control on blood
glucose with improvement in time and target range [19].
Considering the metabolic benefits, these artificial pancreas
systems have been approved by the US Food and Drug
Administration (FDA) to be used in T1DM patients [20].
However, there still exist some critical concerns about
these artificial pancreas systems including affordability
of such expensive devices by the average patient, high
sensor replacement costs, build up in scar tissues due to
repeated microneedle insertions, and the premature fail-
ure of sensors [21].

Alternative Approaches

Some alternative approaches that are being developed in
treating T1DM include immunotherapies, sodium-glucose
co-transporter 2 (SGLT2) inhibitors, peptide hormone–based
therapies, and tissue-based therapies. The available knowl-
edge on the root cause of T1DM shows that the beta cells of
islets being destroyed by the immune system through autoim-
mune reactions, sustained suppression of auto regeneration of
the tissue from stem cells around the β-cells by immune sys-
tem, interplay of other hormones in the onset, and sustention
of the disease form the basis of these alternative approaches.
The interaction between beta cells and components of the
immune system (both innate and adaptive immune system)
involves various pathways, and therefore many immunomod-
ulatory strategies have been proposed to abate or eliminate the
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autoimmune attack. Cyclosporin A was utilized in a therapeu-
tic approach in a large clinical study during the late 1980s
[22]. This immunomodulatory agent is known for its inhibi-
tion of cytokines such as interleukin-2 (IL-2) and thereby reg-
ulating the activation of T-lymphocytes (T-cells) [23].
Although the outcome of the study was promising, the remis-
sion of T1DMwas only for a short duration and soon the daily
requirement for insulin slowly increased with time [24].
Similarly, clinical intervention studies using monoclonal anti-
bodies (mAb) such as anti-CD3 and anti-CD20 also resulted
in only a transient preservation of beta cell functions based on
the circulating C-peptide levels [25]. Other mAb approaches
including anti-thymocyte globulin (ATG) and anti-human IL-
1 (canakinumab) and use of IL-1 receptor antagonists
(Anakinra) also failed to provide effective long-term manage-
ment for T1DM [26, 27].

Studies are currently underway in developing the next gen-
eration of immunotherapies based on strategies modulating
the activities of regulatory T-cells (Tregs) including anti-
human IL-21 therapy (NCT02443155) [28]. Tregs have sup-
pressive functions on other immune cells such as dendritic
cells and cytotoxic T-cells. Hence approaches based on
Tregs have been developed as biological alternatives to chem-
ical immune suppression drugs to enhance islet graft survival
[29]. A recent development along this line of work is the
isolation of Tregs from T1DM patients using CD4, CD25,
and CD127 surface markers and their expansion in vitro.
These in vitro expanded Tregs, when administered into
T1DM patients, have been reported to enhance the functional
activities of Tregs for up to 1 year with detection of C-peptide
in circulation [30]. In this same direction of work, another type
of immunomodulatory study has been performed in a preclin-
ical model where the immune system has been primmed with
nanoparticles coated with pancreatic peptides and major his-
tocompatibility complex class-II (MHC-II) proteins [31]. This
triggers the generation and expansion of antigen-specific
CD4(+) Treg type 1 cells (TR1), and these TR1 suppress the
autoantigen-presenting immune cells, thereby suppressing be-
ta cell–attacking immune cells and thus intervening to halt
further progression of T1DM, in other words, enhancing the
survival of islet grafts [32]. The Treg approach appears to be
very attractive as it suppresses only the immune response that
selectively targets pancreatic β-cells and does not interfere in
any other immune reactions. Further studies and safety eval-
uations are needed before these approaches become part of
T1DM therapies.

SGLT2 inhibition was initially developed as a therapeutic
intervention for treating T2DM and has been evaluated in
preclinical models [33] and patients [34]. Later this same ap-
proach has been investigated in a streptozotocin (STZ)-in-
duced T1DM model and was reported to show direct benefi-
cial effect in protecting and preserving the beta cell regenera-
tive capacity. In addition, the SGLT2 inhibitor has also been

reported to lower the body weight when combined with insu-
lin, thus correcting the mild obesity caused by insulin mono-
therapy [35, 36]. The observations from preclinical studies led
to the combination therapy of insulin and SGLT2 inhibitors
(dapagliflozin and sotagliflozin) in recent clinical trials
(dapagliflozin evaluation [DEPICT-1] phase II trial and
Tandem3 phase III trial) [37]. However, long-term clinical
trials and observational investigations are required to assess
any potential side effect of this approach in order to assess the
benefits of the combination therapy.

Other peptide hormones that constitute part of the digestive tract
endocrine system have also been studied for their therapeutic
values such as preservation of beta cell mass, suppression of beta
cell apoptosis, enhanced insulin secretion, increasing insulin sen-
sitivity, and glucose excursion [38]. The glucagon-like peptide 1
(GLP-1) pathway has been a main target in this approach where
GLP-1 receptor (GLP-1R) agonists such as exenatide and
liraglutide have been used as an adjunct to insulin therapy in
T1DM patients [39, 40]. The findings in these studies have dem-
onstrated a significant reduction in postprandial glucose excur-
sions, decrease in glucagon production, and delay in gastric emp-
tying in T1DM patients taking GLP-1R agonists along with insu-
lin compared to the insulinmonotherapy. Based on these studies, a
proof-of-principle trial is currently underway (NCT02443155)
combining IL-21 and GLP-1R agonist liraglutide.
Oxyntomodulin (Oxm) is another peptide hormone of the diges-
tive system, which is known to simultaneously activate both GLP-
1R and glucagon receptor [41], as well as regulate beta cell func-
tions [42]. Even though Oxm activates the receptors of glucagon
and GLPs, a preclinical study has shown effects such as lowering
of blood glucose and an increase in number of small-sized islets
following Oxm monotherapy [43]. Similar to GLP-1, GLP-2 a
peptide hormone released from endocrine L-cells of the small
intestine also has been studied, and the data suggest a protective
role of this hormone on pancreas, especially diminishing the stress-
induced adoptive response of pancreatic islets [44].

Intestinal endocrine L-cells are known to produce another
peptide hormone named peptide YY (PYY) found to be co-
localized with GLP-1 and GLP-2. Interestingly, the PYY also
expressed in alpha-cells, F cells (pancreatic polypeptide–
producing cells), and delta-cells of pancreatic islets as well
[45]. Hence, it has been suggested that PYY may play a crit-
ical role in preserving the islet mass and regulating the islet
functions directly, thereby enhancing insulin secretion.
Althoughmost of the glucagon/GLP pathway–regulating pep-
tides seem to be counterintuitive in T1DM treatment, the pre-
clinical studies suggest otherwise such as lowering of blood
glucose and preserving islet mass function. These observa-
tions highlight the therapeutic potentials of peptide hormones
either as an adjunct with insulin or with other therapeutic
agents. More clinical trials evaluating the benefits and side
effects of these approaches will provide good guidance on
their therapeutic values in the near future.
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(Stem) Cell–Based Therapies

Since T1DM is an insulin-dependent condition caused by the
destruction of native β-cells, treating the disease through
replenishing the β-cell population using various approaches
have been attempted. Protocols have been developed to dif-
ferentiate insulin-producing β-cells from various stem cell
types, and preclinical investigations have led to clinical trials
[46]. de Klerk and Hebrok [47] recently published a concise
review on stem cell–based clinical trial for diabetes mellitus,
where the authors have provided a detailed list of clinical trials
which have employed stem cells for the management of dia-
betes. Mesenchymal stem cells (MSCs) have been studied
broadly in the stem cell–based therapies for T1DM. MSCs
of different origins have been reported to have potential to
generate insulin-producing cells. Although MSCs appear to
be a promising source for both autologous and allogenic stem
cell therapies [48], their therapeutic application in managing
T1DM is highly controversial based on the clinical trial out-
comes so far. Broadly MSCs have been used in managing
diabetes based on the following hypotheses: (a) MSC-
derived pancreatic progenitor in vitro, which were later be-
lieved to differentiate into insulin-producing β-cells; (b) un-
differentiated MSCs which are expected to transdifferentiate
into β-cells in vivo when transplanted into the pancreas; and
(c) MSCs as supporting cells for the survival of islet in the
pancreas without any differentiation into pancreatic progenitor
cells. Even though the strategy of employing MSCs is effec-
tive for T2DM management, its direct effect on T1DM man-
agement is controversial because of some critical factors in-
cluding the poor differentiation of MSCs in vitro and the fail-
ure of transdifferentiation in vivo. Since clinical trials have
failed to produce clear evidence to support the hypothesis of
MSC differentiation intoβ-cells and ratherMSCswere shown
to have mostly immune modulatory effects, investigators use
MSCs as immune-protecting/immune-modulating supporting
cells for β-cells [47]. The immunomodulatory properties of
MSCs and their use as a strategy to evade immune response
have been discussed later in this review under the “Immune-
Modulation Approaches” section.

Human embryonic stem cell (hESC)–derived β-cells have
been explored as another precursor source of β-cells.
Although studies have shown success in deriving insulin-
producing cells from hESC, transplantation of the resultant
β-cells in patients requires immune suppression as these allo-
genic cells are known to trigger host immune reaction. The
immune reaction is mainly caused by class I HLA molecule
on their surface, and the existence of variations in this mole-
cule adds another layer of complication, and hence using
hESCs requires HLA-type stem cell banks [49]. On the other
hand, removal of HLA molecule results in the immune attack
by natural killer (NK) cells and therefore, warrants further
investigations on how to overcome these issues for successful

employment of these pluripotent stem cells in T1DMmanage-
ment. As an alternate to hESCs, induced pluripotent stem cells
(iPSCs) generated from the somatic cells by induction of stem
cell–related genes have been investigated. iPSCs were shown
to have some advantages including safety and immune com-
patibility. However, the use of iPSCs has technical challenges
in deriving insulin-producing cells, as the protocol needs to be
adjusted according to the patient’s somatic cell properties.
iPSC technology–based generation of pancreatic β-cells is
complicated and time-consuming as it involves derivation of
iPSCs first and then differentiation into insulin-producing β-
cells. In addition to the patient-specific nature of these iPSCs,
their genetic stability is still questionable. Moreover, the abil-
ity of iPSCs to differentiate into functional β-cells has not
reached the same level as what has been observed with that
of hESCs [50], which suggests that the stem cell–based tech-
nology development should be focused on alterations in the
immunogenic properties of ESCs, including induction of im-
mune tolerance and generation of “cloaked” ESCs which are
invisible to host immune system. While, induction of immune
tolerance have been studied using tolerogenic cytokines and
immunomodulatory proteins such as CTLA-4 and PD-L1
[51], the “cloaked” cell approach has been attempted by mod-
ifying HLA protein expression on the surface of hESCs
[52–54]. Recently, Gornalusse et al. [55] have generated
hESCs expressing less variable HLA type (HLA-E), which
provides the cloaking effect to the hESCs, and these cells have
good potential as suitable allogeneic cells in several stem cell–
based technologies including T1DMmanagement for any pa-
tient without immune suppression, and therefore, the authors
referred to these cloaked cells as “universal stem cells.”
However, this technology requires further validation and char-
acterization before being employed in clinical trials for stem
cell–based therapies in T1DM.

Tissue-Based Therapies

Pancreatic islet is known to be composed of other cell types in
addition toβ-cells, and the choice of pancreatic tissue replace-
ment (whole pancreas or pancreatic islet) appears to be a more
natural and viable alternative compared to cell-based therapy
[56]. Whole pancreas transplantation has been shown to im-
prove the quality of life in T1DM patients as it stabilizes or
improves diabetes-associated complications such as nephrop-
athy, neuropathy, retinopathy, and macrovascular complica-
tions [57, 58]. The first whole pancreas transplantation was
reported at the University of Minnesota, USA, in 1967 [59]
and ever since, with the improvements in the surgical tech-
niques and advancements in immunotherapies for T1DM, has
led to an increase in the number of pancreas transplantations
according to the International Pancreas Transplant Registry
(IPTR) [60–62]. Pancreas transplantation has been performed
under one of the following schemes: (a) pancreas transplant
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alone; (b) simultaneous pancreas and kidney transplant; (c)
pancreas after kidney transplant; and (d) transplanting pancre-
as from deceased donor simultaneously with live donor kid-
ney [63]. Pancreas transplantation is a complicated procedure
associated with significant levels of mortality and morbidity.
The major limitation of this approach is the critical post-
operative complications of pancreas transplantation including
graft rejection, vascular thrombosis, hemorrhage, pancreatitis,
peripancreatic fluid accumulation, and exocrine leaks [64].
Another limitation of this procedure is the ratio between the
volume of functional tissue and the nonfunctional associated
tissue. Of note, only 1–2% of the pancreas is made up of the
functional units referred to as “islets,” as the parenchyma is
predominantly made up of the exocrine tissue.

Pancreatic islet transplantation as opposed to whole pan-
creas transplantation is an evolving and promising therapeutic
approach for the management of T1DM. In this approach, the
pancreatic islets are isolated from the pancreas, purified from
any extraneous tissues, and transplanted into the recipient. The
concept of islet transplantation was successfully demonstrated
by Ballinger and Lacy in 1972, where the isolated islets were
infused through intraportal vein in to STZ-induced diabetic
rats [65]. Later, the same approach was successfully replicated
in human subjects where the isolated autologous islets were
successfully transplanted [66]. While the development of the
Ricordi chamber provided an improved islet isolation method
[67], the Edmonton study optimized both the islet isolation
procedure and the post-transplantation care in clinical trial
[68••]. The Edmonton protocol has been adopted globally as
a standardized protocol for clinical studies on islet transplan-
tation and has led to the establishment of 36 centers world-
wide for Collaborative Islet Transplant Registry (CITR) as of
2020. As a result, there has been a considerable improvement
in islet transplantation during the past two decades with many
refinements in the pre- and post-transplant procedures [69,
70]. However, there are still significant challenges in islet
transplantation for the treatment of T1DM including the oc-
currence of instant blood–mediated inflammatory reaction
(IBMIR) immediately after transplantation, loss of islet mass
due to cold ischemia, apoptosis of islets, and the detrimental
side effects of immunosuppressive agents on islets [71, 72].
Therefore, strategies are being developed to improve the out-
come of the islet transplant transplantation for the treatment of
T1DM. Among these strategies, the encapsulation of islets to
circumvent the use of immunosuppressive agents is a signifi-
cant milestone, which we will now discuss in the following
sections of this review article.

Islet-Based Approach vs Exogenous Insulin Therapy

The standard treatment option of exogenous insulin adminis-
tration to treat hyperglycemia causes in T1DM patients some
undesirable effects including severe hypoglycemic episodes,

lifelong dependency on exogenous insulin, subsequent insulin
resistance, mild obesity, and even psychiatric conditions
[73–75]. Interestingly, studies have demonstrated that
T1DM patients presenting with remnant β-cells as demon-
strated by detectable C-peptide in circulation are less prone
to developing microvascular complications compared to those
who are completely C-peptide deficient [76]. This has led to
investigations of the biological effects of C-peptides as well as
a series of studies to assess the clinical benefits of C-peptide
administration in T1DM patients who lack the peptide. The
outcome from these studies was an apparent demonstration
that C-peptide replacement at physiological levels resulted in
significant improvement in various T1DM-induced functional
abnormalities [77–81]. This subsequently has led to thorough
investigations on the biological role of C-peptides that have
provided vital information including the membrane binding of
the peptide and intracellular signaling mechanisms [82].
Therefore, C-peptide that was earlier considered as an inert
byproduct of insulin processing has now been shown to have
critical physiological functions including the prevention of
microvascular damage, kidney, and nerves [83–85] and may
thus be considered as a previously missed therapeutic biomol-
ecule in the treatment of T1DM [86].

As mentioned in the “Alternative Approaches” section, the
other secretions of pancreatic islets such as glucagon and
GLPs have been reported to play critical role in the tight reg-
ulation of blood glucose, thereby ameliorating the complica-
tions associated with chronic hyperglycemia. Similarly, there
may be other putative, yet to be discovered, biomolecules
produced by islet cells that may still be missing in the current
exogenous insulin-based therapies. This highlights the advan-
tages of islet-based therapies over the insulin-based therapies.
Even though islet transplantation is a minimally invasive, clin-
ically available, and preferred approach to treat patients with
labile diabetes (uncontrolled T1DM), this islet-based ap-
proach still faces two critical challenges including the limited
availability of human islets for transplantation due to donor
shortage and the histocompatibility issue associated with life-
long dependency on immunosuppressive drugs. The later has
been reported to cause detrimental effects on the transplanted
pancreatic tissues such as direct β-cell toxicity and impaired
islet viability and functionality [87–91]. Therefore, ap-
proaches such as islet encapsulation have been developed to
provide immune isolation for the transplanting islets in T1DM
cases.

Islet Immune Isolation (Encapsulation)
Strategies

Islets of Langerhans, the functional endocrine unit of the pan-
creas as depicted in Fig. 1, comprise 20% with glucagon-pro-
ducing α cells, 70% with insulin-producing β-cells, 5% with
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somatostatin-producing δ cells, 1–2% with pancreatic
polypeptide–producing F cells, and the remaining portion
made up of substance P–producing enterochromaffin cells
and ghrelin-producing ε cells [92]. The composition of islets
varies from region to region within the pancreas, and islets
constitute 1–2% mass of the pancreas. There have been vari-
ous isolation techniques developed to obtain the islets. Islets
are known for losing function under long ischemia duration or
prolonged hypoxic conditions. Since T1DM is a condition
where the β-cells are completely destroyed, they may be re-
placed by islets from allogenic source, which requires either
the use of immunosuppressive agents or the development of
immune isolation techniques to avoid use of immunosuppres-
sive agents [93].

Scientific Rationale behind Encapsulation of Islets

To circumvent the use of immunosuppressive agents in islet
transplantation, immune isolation strategies such as encapsu-
lation have been developed. Cellular immune isolation con-
cept is based on the principle of separating the transplanted
cells/tissues from the host immune system using a selectively
permeable membrane to coat the cells [94, 95]. The membrane
or selectively permeable pore-sized encapsulation materials
allow neither the entry of inflammatory cells nor the entry of
large immune modulatory molecules such as antibodies and
some cytokines, and therefore as shown in Fig. 1B, such
permselective membrane-protected islet tissues are generally
referred to as bioartificial pancreas (BAP) (Fig. 1B and C).

The immune isolation technology solves two major obstacles
in the clinical application of islet transplantation: (a) the
need for immunosuppressive agents and (b) expansion
of pancreas donor sources as it facilitates the use of
xenogeneic islets [68••].

The concept of immune isolation dates back to 1933 when
Vincenzo Bisceglie described successful encapsulation of tu-
mor cells in a polymer [96], and since then several different
devices and designs have been developed [97–102] and stud-
ied in both preclinical models [103–108] and clinical studies
[109–111]. Encapsulation is an immune isolation technique as
well as a bioengineering technology, where the therapeutic
cells or tissues are encased in a permselective biomaterial to
evade the host immune reaction. In general, encapsulation
devices can be classified into the following categories as
shown in Fig. 2: (a) intravascular device, (b) extravascular
macroencapsulation device, (c) extravascular microencapsu-
lation device, and (d) nanoencapsulation (islet surface coating)
or conformal coating. Classification as intravascular or extra-
vascular device depends on whether or not it is connected
directly to the blood circulation. Similarly, the macro- or mi-
croencapsulation classification depends on the number of is-
lets enclosed in the device.While clubbingmany islets togeth-
er as a single construct during the encapsulation process is
referred to as macroencapsulation, encapsulating a few indi-
vidual islets (usually <3) in a selectively permeable micro-
sphere is referred to as microencapsulation. Several hydrogel
materials have been used to encapsulate islets by different
groups and have reported with success in lowering the blood

Fig. 1 Schematic of immune-isolating islets. Pancreatic islets enclosed in
hydrogel with permselective pore size allow the diffusion of gases,
nutrients, and islet secretions while blocking the entry of immune cells

or their antibodies.A Pancreatic islet composed of different cells types;B
schematic of immune isolation; C dithizone-stained islet encapsulated in
alginate microcapsule
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glucose level. Among various materials that have been used,
alginate have been identified as an ideal material for its supe-
rior qualities over others.

Earlier Form of Encapsulation—Intravascular
Macroencapsulation

Intravascular encapsulation contains a design with a small
chamber that is directly connected to the recipient’s vascular
system [112, 113]. The main biomaterial used in this encap-
sulation is composed of copolymer polyacrylonitrile-
polyvinyl chloride (PAN-PVC) [114]. Originally, this ap-
proach was applied in autologous islet transplantation and
reported to be successful in rodent and nonhuman primate
models [115]. Later, it was modified and tested for allogenic
islets [116, 117]. However, such an intravascular encapsula-
tion system has never been developed for clinical conditions.
The intravascular encapsulation system provides an advantage
to the islets because of close contact with the blood stream
allowing for fast exchange of glucose and insulin and there-
fore, rapid control of circulating levels of glucose. The major
drawback of this approach is the requirement of a major sur-
gical procedure to implant the encapsulated islets. In addition,
like any other type of vascular prostheses, this encapsulation
approach also poses some risks such as thrombosis, infections,
and primary or secondary intimal hyperplasia at the venous
anastomosis (Table 1). In addition, to prevent blood clotting
and cellular adhesion in this approach, it requires (a)
anticoagulation agents, (b) use of large lumen device, and
(c) high flow rate through the macroencapsulation device.
The drawbacks in the current designs in this approach makes
it not suitable for clinical use in treating T1DM patients.

Modern Era of Encapsulation—Extravascular
Encapsulations

Extravascular encapsulation has been shown to be a much
safer approach than the intravascular approach for the islet
delivery. The encapsulated islets can be implanted with minor
surgical procedure and depending upon the site of implanta-
tion can be readily retrieved in case of any complications

Fig. 2 Different types of
encapsulation to immune-isolate
islets. a Intravascular
macroencapsulation approach
where a bunch of islets are
encapsulated in a selectively
permeable cylindrical device and
wrapped around the blood
vessels. b Extravascular approach
in which more than one islet is
encapsulated in a selectively
permeable sealed tubes, sheets, or
slabs. c Microencapsulation
encases 1–3 individual islets in a
permselective microsphere. d
Nanoencapsulation coats the
surface of islets with selectively
permeable membranous materials
providing conformal nano-coat
around the islets

Table 1 Advantages and limitations of various encapsulation
approaches

Encapsulation type Advantages Limitations

Intravascular
Macroencapsula-
tion

Close contact with
bloodstream

Thrombosis, infections,
requires major
surgical procedure to
implant

Extravascular
Macroencapsula-
tion

Requires minor surgical
procedure to implant
and can be retrieved
if needed

Larger
surface-to-volume
ratio, low seeding
density of therapeutic
cells/tissue

Microencapsulat-
ion

Optimal
surface-to-volume
ratio, options are
several with respect
to the implantation
site

Requires vascularized
site for implantation
in order to have an
optimal longevity and
function

Nanoencapsulation Could accommodate
large number of islets
in small region due to
improved
surface-to-volume
ratio

Islets are positioned too
close to the edge of
the capsule and thus
prone to immune
attack, requires
vascularized site
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associated with the implanted islets. The superior qualities of
the extravascular encapsulation devices appear to be suitable
for clinical use and hence they continue to be investigatedwith
various modifications and improvements. With advancement
in various aspects of this approach, studies in extravascular
islet encapsulation devices are considered to constitute the
modern era of encapsulation. In this category, till date three
different types of encapsulation have been developed and in-
vestigated. The three forms of extravascular encapsulation
systems, which are discussed in this section, are (1)
macroencapsulation, (2) microencapsulation, and (3)
nanoencapsulation.

Macroencapsulation

In this approach, a multitude of islets are packed in a bioma-
terial such as PAN-PVC and implanted at a site which may
contain capillary network. The initial studies with extravascu-
lar macroencapsulation devices containing a group of islets
enveloped in one or several large capsules were unsuccessful.
The main reason for the failure has been attributed to the
aggregation of islets into large clumps that led to necrotic
cores with limited diffusion of nutrients and gases [118].
Improvement in the design have been brought about by
immobilizing the islets in a matrix before encapsulating them
in macrocapsules, and the outcome was encouraging in an
animal study with a survival rate in rats reported to be for up
to 200 days post-implantation in the peritoneal cavity [119].
Similarly, some level of success has been reported in a human
study after implanting the microencapsulated islets subcutane-
ously [120••]. The macroencapsulation device was structural-
ly weak and could rupture easily during the implantation pro-
cedure. To overcome the problem in structural vulnerability, a
sheet type device was made (Fig. 2B) that could be handled
easily [121], and this improvement was believed to accommo-
date this approach for clinical application. However, an inher-
ent drawback in the macroencapsulation approach is the rela-
tively large surface-to-volume ratio of macrocapsules, which
interferes with the diffusion of essential nutrients and gases.
To ensure adequate supply of nutrients to the islet cells, the
islet density inside the macrocapsules is kept very low and
never exceeds 5–10% of the volume fraction. As a conse-
quence, very large macroencapsulation devices need to be
implanted to meet the therapeutic demand. It is highly imprac-
tical to implant such large devices in conventional transplan-
tation sites such as the liver, kidney capsules, or spleen [122].
Even the large peritoneal space is not sufficient enough to
implant such large volumes of microencapsulated islets for
long-term performance. In addition, the relatively large
surface-to-volume ratio in this approach also interferes with
optimum regulation of blood glucose due to the slow ex-
change glucose and insulin in these macrocapsules.

Microencapsulation

Current insights point toward microencapsulation as the pre-
ferred approach to transplant islets in diabetic individuals as
microcapsules offer optimum volume-to-surface ratio that aids
fast exchange of nutrients and hormones. The principle of
microencapsulation is based on enveloping individual islets
into microspheres using suitable polymer (Fig. 1B and C;
Fig. 2C). The polymer used in microencapsulation should
not affect the viability and function of the encapsulated cells
and tissues. In addition, it should meet essential criteria of
forming scaffolds that are flexible, yet soft enough, are me-
chanically strong, and allow the diffusion of nutrients into the
capsules and therapeutic hormone (insulin) out of the capsules
into the recipient’s blood stream. Owing to their flexible and
tunable nature, hydrogels are used in fabricating microcap-
sules. Over the past three decades, several hydrogels including
alginate [123], poly(hydroxyethyl methacrylate-methyl meth-
acrylate), agarose [124], polyethylene glycol (PEG) [125],
acrylonitrile copolymers, and chitosan [126] have been fre-
quently used in microencapsulation techniques. Till date, the
most desirable material for microencapsulation is alginate,
which forms liquid when reconstituted in aqueous solution
and then gets gelled into rigid microspheres when crosslinked
with divalent cations.

Alginate (the anhydrous form of alginic acid), a collective
term used for a family of polysaccharides synthesized in sea-
weeds and bacteria, is composed of twomonomers, namelyα-
L-guluronic acid (G unit) and β-D-mannuronic acid (M unit)
[127]. Alginate as a biomaterial exists with a varying gelling
property due to the difference in the compositions of G and M
units. Existence ofmore G units results in a stiffer and stronger
gel, while abundance of M unit yields a softer gel. Further, the
choice of divalent cation also is a determining factor on the
stiffness of the gel. In general, the divalent cations used for
microencapsulating cells and tissues include calcium (Ca++),
strontium (Sr++), and barium (Ba++). Alginate hydrogels
formed by crosslinking with Sr++ are stronger and stiffer than
Ca++-crosslinked gels [128]. Similarly, Ba++ yields a stiffer
gel compared to Sr++ and Ca++ [129, 130]; however, the
use of Ba++ for encapsulating cells and tissue has at times been
debated due to their potential toxicity [131–133] and hence
avoided in most studies. The porosity or stiffness of the algi-
nate gel depends on the following parameters: (a) composition
of G andM units in alginate; (b) concentration of alginate used
for microencapsulation; (c) choice of crosslinking divalent
cation; and (d) concentration of crosslinking divalent cations
[134, 135].

Devices used for microencapsulation have also evolved since
the technique was first introduced. Originally, microencapsula-
tion devices consisted of a design with an extrusion of islet-laden
alginate into droplets and collected a divalent cation crosslinker
(calcium chloride (CaCl2) solution) bath, as shown in Fig. 3A
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[136••]. Several improvements have been made in the design of
extrusion-based microencapsulation devices to obtain desired
characteristics of the islet microcapsules [137]. Since devices
based on the initial model extrude alginate through a nozzle into
a single file of islet-laden alginate stream that uses gravity as the
shear force to cut it into droplets, it creates a heterogeneous
population of microcapsules with varying sizes ranging from
300 to 1000 μm in diameter. Often, more than one islet end up
within a large-sized microcapsule with a lot of empty capsules in

this approach. However, the size of the microcapsules can be
adjusted with the needle sizes that are used as nozzles in these
devices. When a coaxial airflow has been used as a shearing
force in the design to cut the file of islet-laden alginate stream
as depicted in Fig. 3B, it aided in generating homogeneity in
microcapsule size with most beads containing a single islet and
only occasional empty beads.

Many groups (including ours) developed their microencap-
sulation device design based on this principle, and the

Fig. 3 Schematic of microencapsulation devices. Extrusion devices (A–
D) produce droplets that are crosslinked by divalent cations to create
hydrogel microcapsules. A Simple droplet generator uses gravity as
force to form the alginate-islet droplets and microcapsules; B coaxial air
channel converging at the extrusion nozzle acts as a shear force to
generate homogenous microcapsules; C electrostatic potential between
the extrusion nozzle and crosslinker bath electrospray beads of reduced

size; D inclusion of two input channels (alginate and islet delivery
through different channels) helps to create microcapsules with alginate
sheath and liquid core; E microfluidic chip uses single channel of oil or
two channels of oil (F) as shearing force to generate microbeads within
the device; G separate channels for islets, alginate, and oil generate
microbeads with liquid core and alginate sheath
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generation of empty beads can be avoided by adjusting the
number of islets per mL of alginate suspension used.
Similarly, the sizes of the microcapsules produced can be
maintained as small as 300 μm by controlling the flow rate
of islet-laden alginate through the nozzle and pressure of air-
flow (Fig. 1C) in addition to adjusting the needle size [138,
139]. Similarly, electrostatic potential has also been used as
shearing force to create homogenous smaller microcapsules
(Fig. 3C) [140, 141]. In one approach, the investigators in-
cluded a liquid core harboring the islets and an alginate sheath
around it by modifying the design, as shown in Fig. 3D [142].
Alternatively, microfluidic designs have been developed on
chips using technologies such as photolithography and
threedimensional (3D) printing [143]. These chip-based
microfluidic devices are very tunable to achieve the desirable
microcapsule profile by making a few alterations in their de-
signs as depicted in Fig. 3E–G [144–146]. The advantages of
microfluidic devices in general include the ability to control
microcapsule size with a possibility of obtaining microcap-
sules as small as 100 μm and the uniformity in the generated
beads [147]. In addition, the microfluidic approach permits
high throughput manufacture, which is not available in
extrusion-based devices [148, 149]. Further, the microfluidic
chip microencapsulation design provides room for internal
crosslinking where the islet-laden alginate solution is mixed
with inactive form of crosslinking cations and then activated
within the device allowing the crosslinking process to occur
from inside-out direction in the microbeads instead of outside-
in direction in conventional design [147]. It also avoids any
microencapsulation process–induced stress on the very sensi-
tive islets.

The immune isolation property of alginate microcapsules is
determined by the molecular permeability of the alginate hy-
drogel used in microencapsulation. In turn, the molecular per-
meability of alginate depends on the porosity of the hydrogel
itself and the biochemical characteristics of the molecules in-
volved such as size, shape of the molecule, molecular weight,
and presence of charged group. The porosity of the alginate
hydrogel ranges from 5 to 200 nm [150, 151], depending on
the four parameters mentioned earlier such as (a) composition
of G and/or M unit; (b) concentration of alginate solution; (c)
type of divalent cation used for crosslinking; and (d) concen-
tration of cation. This range of porosity would allow mole-
cules less than 650 kDa (650,000 Da) to diffuse through it
including oxygen (~16 Da), carbon dioxide (~44 Da), urea
(60 Da), glucose (180 Da), insulin (5.7 kDa), and other mac-
romolecules [152]. In some studies, it has been reported that
alginate permits only proteins less than ~ 25 kDa including
insulin and restrict macromolecules such as antibodies [153,
154]. However, in other studies, it has been reported that the
alginate hydrogel may be permeable to proteins up to
~250 kDa and polysaccharides up to ~ 50 kDa [155, 156].
The variation in the permeability could be attributed to the

type of crosslinking cation with its eventual effect on the po-
rosity of the alginate hydrogel used in these studies. Hence,
the porosity of the alginate hydrogel needs to be adjusted
appropriately to provide immune isolation.

Further, the use of polycationic molecules such as poly-L-
Lysine (PLL) or poly-L-Ornithine (PLO) for semi-selective
coating of alginate hydrogel microbeads has been shown to
provide immune isolation for encapsulated cells [157–162]. It
is the poly-anionic nature of alginate that allows the applica-
tion of poly-cationic materials (PLL or PLO) as coatings on
the external surface of the microcapsules. To circumvent any
immune reaction induced by the positively charged
polycationic coating, a second layer of alginate is applied as
the final coating on top of the polycationic semipermeable
membrane in the microcapsule design (Fig. 4G–I). Thus, the
layer-by-layer encapsulation approach yields multilayered mi-
crocapsules referred to as alginate-PLO/PLL-alginate (APA)
microcapsules [159, 160]. In general, encapsulation increases
the diffusion length of essential materials such as nutrients and
gases for the islets from the extracellular fluid (ECF). Even
though the size of islets ranges from ~50 to ~250 μm, when
encapsulated an increased size (~500–800 μm) of homoge-
nous microcapsules occurs. Since each islet is of a different
size and the microcapsules are approximately of the same size,
the diffusion length of alginate around the islet also varies
from one encapsulated islet construct to another. In addition,
the performance of encapsulated islets varies with transplant
sites. For instance, when transplanted in the peritoneal space,
the lack of vascularization and the requirement of large quan-
tities of encapsulated islets not only to correct the hyperglyce-
mic condition in T1DM, but also to compensate any necrotic
loss, are considered as major limitations of microencapsulated
islet transplants.

�Fig. 4 Some of the strategies to improve the functionality of
microencapsulated cells. A–E Incorporation of POGS (CPO and SPO)
in the alginate, while encapsulating islets to supplement oxygen have
shown an increase in viability (B and D) and an enhancement in insulin
expression (C and E) (adapted from McQuilling et al. [163] with
permission). F–I Modification in the microcapsule design including the
APA design (G), liquification of the core harboring islets (H), and
incorporation of growth factors in the outer shell of APA microcapsules
(I). J and K Calcium precipitation observed in Ca++-crosslinked
microcapsules that were retrieved 90 days post-transplantation (J) has
been rectified by the substitution of Ca++ with Sr++ (K) (adapted from
Sittadjody et al. [160] with permission). L–U Incorporation of ECM
materials have demonstrated an improved microcapsule structural
integrity and islet function (adapted from Enck et al. [147] with
permission). CPO, calcium peroxide; SPO, sodium peroxide; MTS, (3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium); qPCR, quantitative polymerase chain
reaction; INS, insulin; CASP-3, caspase -3; PLO, poly-L-Ornithine;
SrCl2, strontium chloride; ECM, extracellular matrix of pancreas; GSI,
glucose stimulation index
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Nanoencapsulation

Nanoencapsulation or conformal coating is an emerging tech-
nique in encapsulation where thin films of hydrogel are placed
onto the surface of islets (Fig. 2d) by interfacial polymeriza-
tion [164–166]. Different combinations of nano-coating

compounds that were attempted as hydrogels include (a)
streptavidin and biotin-PEG derivatives [167, 168]; (b) com-
plement receptor 1 and heparin [169]; and (c) PEG-lipid and
poly(vinyl alcohol) [170, 171]. However, commonly used
hydrogels for nanoencapsulation are acrylate-based polymers
such as acrylate polyethylene glycol (PEG) which is referred
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to as “PEGylation” [172, 173]. The original method of
nanoencapsulation was developed at the University of Texas
[174] and involves thin layers of polymers applied on to the
surface of islets and the polymerization activated by light in
order to provide a conformal coating around the islets on a
nanoscale. Briefly, photo-initiator eosin Y is applied to the
surface of islets, followed by adding a mixture of acrylate
PEG, n-vinylpyrrolidone (NVP) monomers, and a polymeri-
zation accelerant compound triethanolamine (TEA), and then
finally exposed to ultraviolet (UV) light to crosslink the acry-
late PEG and NVP and in order to form a thin film of hydrogel
around the islets [175]. Other than the PEGylation approach of
nanoencapsulation, layer-by-layer encapsulation method also
has been employed in conformal coating [167–171, 176–180].
Conformal coating solves the problem of diffusion length as it
provides the same diffusion length for all nano-capsules.
Another advantage of nanoencapsulation is the improvement
in the surface-to-volume ratio, which allows for implanting
increased number of islets in contrast to other encapsulation
app roaches . Howeve r , t he ma jo r l im i t a t i on in
nanoencapsulation is the difficulty in clinical application. It
is also challenging to retrieve or remove the transplanted islets
(in the case of nonfunctional implants), since there is no con-
trol over the location of individual nanoencapsulated islets in
this approach [181, 182]. Further, in some cases, islets get
exposed due to incomple te coa t i ng dur ing the
nanoencapsulation process, which can trigger immune reac-
tions in the host and lead to graft rejection [168]. The use of
certain components in nanoencapsulation technology such as
PEG, TEA, and UV light also contributes to cytotoxicity and
compromises the viability of islets [183, 184]. Therefore, ad-
ditional investigations are required to develop less immunore-
active formulations to allow for a safer nanoencapsulation
technology to achieve the desired goal and meet the physio-
logical demands of islet transplants.

Encapsulated Islets in Preclinical Studies
and Clinical Trials

Islet encapsulation technology provides immune isolation for
the transplanted islets by utilizing immune-protecting bioma-
terials to create selectively permeable scaffold and mem-
brane around the islets. Such immune-isolating device
that harbors islets and support their long-term survival
and function is referred to as “bioartificial pancreas.”
Following various in vitro analysis and characterization,
the encapsulated islets have been studied in preclinical
animal models and clinical trials to assess their thera-
peutic potentials. The following section discusses some
of the important studies that have evaluated the efficacy
of various forms of encapsulated islets in vivo.

Macroencapsulated Islets

Macroencapsulation-based devices at the macroscopic scale
(> 1 mm)mostly come in either circular or planar designs with
islets embedded in hydrogels and placed within semiperme-
able chambers. An initial preclinical study in diabetic dogs
with multilayered alginate sheet encapsulating islets (central
layer containing islets sandwiched by two empty alginate
layers) demonstrated excellent graft survival and achieved
normoglycemia for 12 weeks [121]. A similar design by
Dufrane et al. that comprises a central islet-embedded alginate
layer covered on both side by collagen matrices was used to
encapsulate porcine islets and implanted subcutaneously into
diabetic monkeys. The macroencapsulated xeno-islets were
shown to correct hyperglycemia for up to 6 months without
any immunosuppression. Even though a strong immune re-
sponse was detected in this NHP study, the alginate layer was
found to be impermeable to immunoglobulin G (IgG) up to 20
weeks post-transplantation [185].

The major drawback of macroencapsulation, poor oxygen
diffusion through the graft due to the size of the device, has
compromised the viability and function of implanted islets. To
address this issue, Beta-O2 Technologies Limited has devel-
oped a macroencapsulation device referred to as “β-Air” with
an oxygen diffusion channel which can supply oxygen
t h r o u g h a n e x t e r n a l t u b i n g s y s t e m [ 1 8 6 ] .
Macroencapsulation device in this design can be fabricated
in different sizes ranging from 31.3 mm × 7 mm to 68 mm
× 18 mm suitable for preclinical investigation or clinical trial,
respectively [186, 187]. Preclinical studies with diabetic pigs
transplanted with allogenic islets were reported to have blood
glucose regulated in the normal range for several months with-
out exogenous insulin [187, 188].

Similarly, the Diabetes Research Institute of Miami has
developed an injectable macroencapsulation system to solve
the low oxygen diffusion problem with a device named
“BioHub.” This device has been developed to increase the
vasculature around graft and thereby improve the functional
efficiency of the transplanted islets [189]. After achieving the
desirable outcome in preclinical small animal models [190],
the group moved into a NHP study with cynomolgusmonkeys
and has also reported encouraging results. The allogenic islets
injected using BioHub system into the omentum of diabetic
monkeys with immunosuppressive drugs have progressively
reduced the dependency on exogenous insulin with well-
preserved islet morphology and abundant graft vasculature
as revealed in post-implant analysis [190].

Another approach to address the oxygen diffusion issue is a
slender thread designed alginate encapsulation, where an islet
embedded in alginate hydrogel layer is placed around a nano-
porous calcium-releasing nylon thread. This device can be
scaled up according to the recipient organism but still retriev-
able through a minimally invasive procedure, and this type of
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macroencapsulated device is referred to as “TRAFFIC”
(Thread-Reinforced Alginate Fiber For Islet enCapsulation).
TRAFFIC devices have been tested in small animal and pre-
clinical models such asmice and dogs and have been shown to
restore normoglycemia while providing immune protection up
to 3 months [191].

In spite of the fact that there have been a good number of
designs of macroencapsulated devices that were developed
and tested in preclinical models, only a few clinical trials have
been carried out using these devices. Following a preclinical
NHP study and its encouraging outcome [185], Dufrane et al.
proceeded to a clinical study where the “monolayer cellular
device” encapsulated with allogenic islets was implanted sub-
cutaneously into a 74-year-old T1DM patient [192]. In this
pilot study, blood glucose levels were controlled for almost
1 year (361 days) post-transplantation with minimal hypogly-
cemic episodes. When the macroencapsulated device was re-
trieved after the study period, the integrity of the device was
revealed without any sign of inflammation or immunization
against the implanted islets.

The β-Air device developed by Beta-O2 Technologies has
also been tested in a pilot clinical study, where a 63-year-old
T1DM patient was transplanted with (2100 IEQ/kg body
weight) allogenic islets encapsulated in the β-Air device.
The study showed graft function for 10 months of insulin
secretion and controlled blood glucose levels without any im-
mune suppression treatments. In the next phase clinical trial,
four T1DM patients were transplanted with 1800–4600 IEQ/
kg B.W. allogenic islets and monitored for the following 3–6
months. The results validated the findings of the preliminary
study demonstrating that β-Air devices are safe and provide
protection to the transplanted islets from the host immune
attack through immune isolation. However, the β-Air device
has failed to provide a long-term insulin independence due to
limited function of implanted islets [186].

The BioHub macroencapsulation device has been evaluat-
ed in a pilot study, where a 43-year-old female T1DM patient
was transplanted with a total of 600,000 allogenic IEQ in her
omentum. This study provided encouraging results such as the
restoration of glucose homeostasis in the T1DM patient with-
out exogenous insulin dependence for at least 1 year [193,
194]. Although the hydrogels used in macroencapsulation
provide physical support in maintaining the 3D structure,
keeping the islets apart to prevent aggregation and thus im-
proving their viability and function, often they are fragile and
unable to support long-term survival of the implanted islets
[195]. In addition, the major limitation of macroencapsulation
is the insufficient diffusion of oxygen and nutrients due to the
increased diffusion length between the encapsulated islet and
the ECF [196]. Further, cellular adherence and fibrous growth
around the implanted microencapsulated devices due to their
size, shape, physicochemical properties of the materials such
as chemical composition, level of hydrophobicity, roughness,

and pore size are other challenging issues associated with
macroencapsulation [197]. Therefore, it requires a lot of
improvements with regard to surface properties and de-
signs of the macroencapsulation devices to achieve a
desirable outcome in long-term clinical trials.

Microencapsulated Islets

Following the initial in vivo studies of Lim and Sun [136••]
with microencapsulated islets in rats, many studies were car-
ried out to improve the technology to treat T1DM. Some of
the main modifications include (a) identifying a divalent cat-
ion that generates a reduced pore-sized alginate hydrogel to
evade immune attack and (b) the inclusion of polycation coat-
ing to provide immune-isolating semipermeable membrane.
Hence, alginate hydrogel crosslinked with the divalent cation,
Ba++, has shown less permeability of compounds of higher
molecular weights including immunoglobulin G (IgG) com-
pared to calcium-crosslinked microcapsules [130]. However,
Ba++-crosslinked microcapsules have been found to be sus-
ceptible to fibrotic overgrowth around the implanted micro-
capsules [181]. As alternative to Ba++ crosslinking, alginate
microcapsules have been coated with polycationic molecules
such as the polyallylamines, PLL, PLO, or polyvinylamine
[161, 174] to create a semipermeable membrane around the
microcapsules. It has been shown that PLL coating around
microcapsules induced immune reactions due to the exposed
layer of positively charged material [198]. As mentioned ear-
lier in the “Microencapsulation” section, the immune provok-
ing reactions by polycationic coating has been addressed by
adding a final external layer of the polyanionic alginate
around the polycation semipermeable membrane to create
APA microcapsules (Fig. 4G) [199]. However, in addition to
cytotoxicity associated with PLL coating, as previously men-
tioned [198] the degradation of this polymer appears to lead to
the compromise of the immune protection [200], and therefore
an alternative choice of PLO for permselective coating of
alginate microbeads [161] has gained much attention for fur-
ther studies including clinical trials [201, 202]. Such
improved microcapsules with islets have been reported
to restore normoglycemia in NHP studies (diabetic
cynomolgus monkeys) with improved islet viability
compared to previous studies [103].

Clinical studies with APA microcapsules gained momen-
tum in 1994 with the study by Soon-Shiong et al., where
microencapsulated allogenic islets were transplanted into the
peritoneum of immunosuppressed T1DM patients. The out-
come of this study showed that the islet grafts in microcap-
sules provided a tight regulation on glucose metabolism with-
out any exogenous insulin for 9 months [109]. Later in another
study by the Calafiore group, intraperitoneally implanted mi-
croencapsulated human islets without immunosuppression
and caused a decreased use of exogenous insulin after a few
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weeks post-transplantation. Further, there was no evidence of
immune reaction or sensitization on the recipients [111].

In 2009, Tuch et al. performed a small clinical trial of Ba++-
crosslinked alginate microcapsules with allogenic islets in
four diabetic patients transplanted in the peritoneal cavity
without immunosuppression agents and reported a decrease
in blood glucose, but not enough to be independent of exog-
enous insulin [110]. Even though this earlier study used hu-
man islets for therapeutic purpose, in later studies this group
advanced to the use of xenogeneic (porcine) islets in order to
address the shortage of human pancreatic islets for transplan-
tation [203]. In this encapsulated xeno-islet approach, Living
Cell Technologies (LCT) Limited (Auckland, New Zealand)
also conducted a clinical trial (NCT01739829) using micro-
encapsulated porcine islets referred to as “DIABECELL®,”
where eight T1DM patients (aged between 21 and 68) were
transplanted with varying doses of islets ranging from 5000 to
10,000 islet equivalent per kilogram body weight (IEQ/kg
B.W.). Six out of eight patients displayed a long-term im-
provement in their blood glucose management as reflected
by both the reduction of their daily exogenous insulin require-
ments and their levels of glycosylated hemoglobin (HbA1c%)
for up to 8 months. Two of them were totally independent of
exogenous insulin use to manage their blood glucose level,
a nd t h i s s t udy demons t r a t e d t h e po t en t i a l o f
microencapsulation-based islet therapy as a safe and effective
alternative approach for exogenous insulin therapy in T1DM
management [203].

Other Forms of Encapsulated Islets in Clinical Studies

An initial in vivo study with the transplantation of 5000–8000
nanoencapsulated porcine islets was reported to decrease the
blood glucose level in diabetic rats [204], and it led to a non-
human primate (NHP) study with five baboons by Novocell,
Inc. that showed improvements with the nanoencapsulation
approach. The preclinical NHP study was successful, as
60% of baboons transplanted with allogenic islets became
insulin independent up to a period of 20 months.
Encouraged by the success of the NHP study, Novocell, Inc.
entered into a phase I/II clinical trial in the USA. In this FDA-
approved clinical study, 12 patients enrolled for the trial, but
only two of them qualified for the study after screening for the
inclusion and exclusion criteria. Nanoencapsulated allogenic
islets were implanted subcutaneously into the back and abdo-
men region without the use of any long-term immunosuppres-
sive agents. Even though the recipients experienced a decline
in the number of hyperglycemic (> 300 mg/dL) and hypogly-
cemic (< 70 mg/dL) episodes, none of them was reported to
achieve insulin independence during the first 4 to 6 months
post-transplantation [174, 203]. Following the unsuccessful
outcome, the clinical trials with nanoencapsulated islets were
discontinued until recommended improvements or

investigations were carried out to make the nanoencapsulation
technology available for further clinical trials.

Summary of Current Status of Encapsulated Islet
Technologies

Among all the islet/β-cell delivery systems that have been
actively investigated for their therapeutic potentials in
T1DM, the islet microencapsulation approach meets all the
essential prerequisites for clinical translation with high poten-
tial to provide desirable outcomes. Various preclinical studies
have demonstrated the efficacy of alginate-based islet micro-
encapsulation in diabetic models, and the data from clinical
trials also suggest that this approach of delivering islet for the
treatment of T1DM is promising. Although the preclinical
studies and clinical trials so far have all shown measurable
function of encapsulated islets for a short duration, their
long-term survival and function remain to be determined.
Despite the fact that the technology has been investigated
and evaluated for almost 35 years, no clinical therapeutic
product has been released in the market yet. While there are
several factors that contribute to the roadblock, some of the
critical ones are discussed in the following section along with
proposed strategies to overcome the problems.

Limitations in Encapsulated Islet
Technologies and Current Strategies
for Improvement

Even though encapsulated islets have shown functional effi-
cacy based on the studies with some success up to 12 months
in preclinical large animal models [199, 205] and in clinical
trials [109–111, 174, 186, 193, 194, 203], a common and
persistent problem of graft failure with BAP in its long-term
function has been observed. Several obstacles still need to be
overcome before the BAP approach becomes a clinical reality.
The limiting factors to the success of this BAP technology in
clinic have been identified as alterations in islet function and
the immune reactions from the graft host recipient.

Causes of Encapsulated Islet Dysfunction

Insufficient quantity and poor quality of transplanted islets are
the prime factors for the limited success in clinical studies.
Diminished viability and endocrine function of islets within
the encapsulated devices over time are the next set of contrib-
uting factors. Since islets by their native architecture are clus-
ter of cells, it is natural that the cells at the center of the islets
suffer from hypoxia due to limited diffusion. Islets are known
for their high oxygen demand compared to other cell types
[206, 207], and hypoxia poses a serious threat to the viability
of the islets. In addition, alterations in the encapsulating
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biomaterials with time contribute to apoptosis or necrosis of
islets within the hydrogel capsules by causing debris around
the devices leading to limited diffusion. Accumulation or pre-
cipitation of calcium salts inside the APA microcapsules has
been reported as a contributing to the failure of encapsulated
cell functions [160]. In addition, displacement of Ca++ ion by
other monovalent cation such as sodium ion (Na+) compro-
mises the tight packing of alginate hydrogel and leads to the
swelling of macro- and microcapsules. When the hydrogel
material swells, the diffusion length also increases corre-
spondingly, contributing to the necrosis of the encapsulated
islets. Another phenomenon observed with some of the bio-
materials used for encapsulation is the biodegradation of
hydrogels over time post-transplantation. Biodegradation
compromises the immune protection property of the encapsu-
lation devices, eventually leading to host immune destruction.

Host Immune Reactions toward Transplanted Graft

Similar to the apoptosis/necrosis of islet and the associated
dysfunction, the host reaction against the encapsulated islet
grafts is also a major contributing factor to the failure of this
approach in treating T1DM. In unencapsulated islets,
intrahepatic transplantation induces instant blood–mediated
inflammatory reaction (IBMIR) [208]. With encapsulation,
the host reaction has been identified against two components
of encapsulated islet: (1) the reaction against the biomaterials
used for encapsulation and (2) the reactions against the allo-
genic or xenogeneic cell-derived bio-factors and antigens that
leak out of the capsules. The inflammatory response against
the materials used for the encapsulation in the form of
pericapsular fibrotic overgrowth (PFO) interferes with the
supply of gases and nutrients to the encapsulated islets leading
to cell necrosis in the transplanted tissue. With advancement
in the technology, these shortcomings can be successfully
addressed by certain processes such as purification of the ma-
terials [94, 209]. Some biomaterials, including alginate, con-
tain impurities associated with their preparation that are rec-
ognized as pathogen-associated molecular patterns (PAMPs)
by the pattern recognition receptors (PRRs) in the immune
system [210, 211]. This results in the release of proinflamma-
tory cytokines causing adverse anti-capsular immune re-
sponse [212]. Toll-like receptors (TLRs) found on the cell
surface or in the endosomal compartment are one such PRR
that can recognize the PAMPs in biomaterials such as alginate.
Some of the common PAMPs that are recognized by
TLRs of immune system include lipopolysaccharides
(recognized by TLR4) [213], peptidoglycans and
lipoteichoic acid (recognized by TLR2) [210], and small
poly-M residues (recognized by both TLR2 and TLR4)
[214]. These data highlight the importance of high-
quality purification of alginate during preparation, and
in recent times many groups have used ultrapure

alginates in their studies to mitigate the PAMP-
associated immune reactions [210].

Also, the transplanted tissue-secreted bio-factors cause
chronic conditions including PFO induced by macrophages
and lymphocytes. The encapsulated cells induce immune re-
action by a process called antigen shedding and secretion of
soluble immunemediators [215]. In addition, the encapsulated
cells can also respond to immune mediators of the host im-
mune system as well. Some of the metabolic products of en-
capsulated cells such as advanced glycation end (AGE) prod-
ucts and uric acid can be recognized as damage-associated
molecular patterns (DAMPs) by the host immune system
[216, 217]. Other compounds released by any apoptotic cells
including nucleic acids and chromosomal fragments can also
serve as DAMPs [218]. Finally, the transplanted microcap-
sules themselves can attract various types of cells from the
host including macrophages, NK cells, CD4+ T-cells, B-cells,
granulocytes, and myofibroblasts, which adhere to the surface
of the capsules forming the PFO. The PFO blocks the diffu-
sion of essential nutrients and gases and suffocate the encap-
sulated islets leading to the failure of the graft. This highlights
the importance of sustained viability of the encapsulated islets
and need for permselectivity in the microcapsule design. Our
current understanding of these factors has led to improvement
in the choice of biomaterials, design, and bio-fabrication pro-
cess, leading to strategies for a better outcome of encapsulated
islet–based therapy for T1DM.

Potential Strategies to Improve Graft Function

Some strategies that can be employed to circumvent graft
failure are discussed in this section and include: (1)
Improved isolation procedures with minimized ischemia time
and shorter isolation procedure/period to minimize shock to
the islets may improve the quantity and quality of islets; (2)
inclusion of oxygen-supplying designs or oxygen-generating
materials in the isolation and encapsulation reagents would
minimize the hypoxia-induced shock to the islets during
the ex vivo handling; (3) incorporating angiogenic
growth factor to accelerate vascularization of the im-
planted islets; (4) replacement of Ca++ cation with a
more stable cation such as Sr++ could diminish the hy-
drogel swelling due to Ca++ displacement by physiolog-
ical cations or calcium precipitation within the micro-
capsules; (5) liquefaction of the core in the APA micro-
capsule design to facilitate diffusion; (6) functionalizing
alginate with RGD sequence or including pancreatic
ECM components to augment the optimum function of
encapsulated islets; (7) co-encapsulating islets with
immune-evading stem cells such as MSCs or immune-
modulating molecules such as HMGB1 proteins. We
will now discuss a few of these issues based on the
available data.
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Strategies to Circumvent Hypoxia

Islets begin to experience hypoxia from the moment circula-
tion severed from the pancreas of the donor until the period of
completion of the neo-vasculature blood supply to the
transplanted islets. Certain measures have been taken to avoid
hypoxia during the islet handling period ex vivo, as well as the
immediate period after transplantation prior to resumption of
circulation at the transplanted site. It may take anywhere from
7 to 14 days for the resumption of blood supply to the
transplanted islets, and this is a critical period during which
most of the encapsulated islets die [219]. Various strategies
have been investigated to meet the oxygen demand of
transplanted islets. One such approach is the utilization of
particulate oxygen-generating substances (POGS). These are
chemicals that can generate oxygen when activated by addi-
tion to aqueous medium or by other chemical agents. Some of
the POGS that have been investigated for various tissue engi-
neering applications include calcium peroxide (CPO), magne-
sium peroxide (MPO), and sodium peroxide (SPO) (Fig. 4A–
E) [163, 220, 221]. An in vitro study with POGS-incorporated
microcapsules have shown an improved viability and function
of encapsulated islets demonstrating the potential benefit of
POGS in BAP technology [163]. CPO, when combined with
hemoglobin, has also been reported to restore the viability and
endocrine function of neonate porcine islets in a study by
Mouré et al. [221].

Oxygen-perfused approaches employed in β-Air de-
vices aimed to circumvent the prevailing hypoxia inside
macrocapsules have shown improved function in clinical
studies [186], demonstrating the importance of oxygena-
tion of islets. However, it is known that islets also ex-
posed to reactive oxygen species (ROS) during the
g r a f t i n g p r o c e s s o r f r om ex c e s s i v e oxygen -
supplementing systems may suffer dysfunction. Inclusion
of antioxidants in reagents during the ex vivo handling
islets have been shown to ameliorate the adverse effects
of ROS and associated cell toxicity [222]. The antioxi-
dant, bilirubin, with cyto-protective effects against oxy-
gen tension, has been shown at physiological concentra-
tions to prevent apoptotic pathways by downregulating
apoptotic genes such as TNF-α, while upregulating anti-
apoptotic genes including bcl-2 and HO-1 [223–225]. It is
also known to downregulate the release of DAMPs from
the encapsulated islets that are known to induce host im-
mune reaction [224]. Various other strategies have been
suggested and discussed in the literature about how to
combat hypoxia in encapsulated islets, including hemo-
globin crosslinking, photosynthetic oxygen generators,
and hyperbaric oxygen therapy [226, 227]. These methods
have been proposed and tested with promising results to
provide protection against oxygen tension and have good
potential for therapeutic application.

Promoting Vasculature at the Transplant Site

Similar to the oxygen-supplementing strategy to improve en-
capsulated islet survival and function, investigators have stud-
ied the incorporation of angiogenic factors to facilitate vascu-
lature and thereby improve nutrient and oxygen supply to the
islet graft (Fig. 4I). In this approach, the growth factors studied
include VEGF, FGF 1, and FGF 2 [162, 228–232]. Apart from
incorporating angiogenic factors in the hydrogels of encapsu-
lated devices, islets pretreated with growth factors and hor-
mones prior to encapsulation also have been shown to pro-
mote longevity. Ludwig et al. [233] have demonstrated an
improved function of islets, when they were pretreated with
growth hormone–releasing hormone (GHRH) prior to micro-
encapsulation and subcutaneous transplantation. In another
study by Vaithilingam et al. [234], the desferrioxamine-
pretreated islets showed an increased expression of VEGF.
The bioactive hydrogel approach developed by BioHub was
designed to promote vascularization around the transplanted
islets [196]. Therefore, researchers are actively aiming to im-
prove the survival and function of encapsulated islets through
facilitation of vasculature and thus improve the transplant
outcomes.

Reengineering Encapsulation Matrix

The survival and function of encapsulated islets are greatly
impacted by the diffusion property of the microcapsules.
The use of APA design of microcapsules with the semiperme-
able polycation membrane, not only masks the exposure of
islet-released DAMPs but blocks PFO on the surface of mi-
crocapsules. However, the addition of an outer layer of algi-
nate could hinder the diffusion of essential nutrients and gases.
The inner core of APA microcapsules could be liquified by
cation chelating agents such as citrate or ethylenediaminetet-
raacetic acid (EDTA), leaving the outer alginate shell intact
(Fig. 4H). This step is carried out between the polycation
(PLL or PLO) coating and the addition of outer alginate layer
during the synthesis of APA microcapsules [235]. As
discussed earlier, the pore size of hydrogel is a determining
factor for the permeability of molecules including nutrients,
gases, secreted insulin, and mediators of immune system.
Therefore, the choice of crosslinking cation plays a crucial
role in adjusting the hydrogel pore size that favors only the
diffusion of essential materials for the survival and function of
islets while restricting the permeability of immune system
components without compromising the integrity of the hydro-
gel. Earlier studies have shown that the substitution of Ca++

with Ba++ decreased the pore size of the hydrogel restricting
the infiltration of immune-related components. However, its
potential toxicity [131–133] restricts the employment of Ba++

as crosslinking agent among the researchers. Another possible
choice of bivalent cation is Sr++, which has been used in
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encapsulation techniques. Substituting Ca++ with Sr++ solves
some of the problems including the swelling of hydrogel due
to leaching out of Ca++ from alginate hydrogel, reduces the
pore size due to compact crosslinking [135], provides a stiff-
ness closer to the native tissue with reduced concentration of
Sr++ compared to Ca++ (Fig. 4U) [128], and prevents the pre-
cipitation inside the APA microcapsules in contrast to Ca++

(Fig. 4J and K) [160].
Mimicking the composition of native tissue has been re-

ported to improve the function of bioengineered tissues. In
that aspect, in addition to recapitulating the stiffness of the
native pancreas for islets encapsulated with Sr++-crosslinked
alginate, incorporating decellularized ECM of human pancre-
as in the encapsulating hydrogel is another approach that has
been used to mimic the native microenvironment of islets.
(Fig. 4L–T). In a study where the hydrogel mimicking the
natural microenvironment of the pancreatic scaffold was used
for encapsulating human islets, it was found that it enhanced
islet function compared to islets without ECMmaterials [128].
Investigators have also incorporated components of the pan-
creatic ECM, rather than using the decellularized pancreatic
ECM [236], and have also demonstrated an improved function
of encapsulated islets. Similarly, attaching the functional units
of ECM such as arginine-glycine-aspartate (RGD) sequence
to alginate molecule referred to as “functionalized-alginate” is
another approach that has been investigated and shown to
improve the functions of encapsulated cells [237–240].

Immune-Modulation Approaches

While the bio-fabrication process (encapsulation) has im-
proved tremendously, there appears to be still some yet to-
be-completely elucidated factors that may cause some adverse
immune reactions against encapsulated islets in vivo. Various
strategies are being studied to address these emerging
immune reactions. Co-encapsulation of HMGB1 A box
protein (an inflammation receptor antagonist) with islets
provided protection against the host immune reaction
and demonstrated a two-fold improved survival and
function of encapsulated islets [241]. In a related study,
16 anti-inflammatory small molecules were screened for
their protective effects against PFO formation over mi-
crocapsules. Among the 16 screened compounds, dexa-
methasone and curcumin have shown encouraging out-
comes in a diabetic mice study [242].

Also, incorporating immunomodulatory compounds or co-
encapsulating immune-modulating stem cells such asMSCs along
with islets and therapeutic cells has been investigated for improved
functions and immune-protecting effects [159]. In a study by
Vaithilingam, MSCs were treated with cytokines such as IFN-γ
and TNF-α and co-encapsulated with islets and reported to result
in an improved islet function and less inflammatory cytokines
compared the islet only encapsulated group [243]. In another

study, MSCs have not only been shown to provide immune pro-
tection but also augmented the induction of blood vessel formation
due to the angiogenic effect ofMSCs [244].MSC co-encapsulated
with islet also have demonstrated a reduction in Th1 cytokines in
addition to improved blood glucose regulation [245]. Consistent
with these data, the incorporation of autologous stem cells along
with islets transplanted in T1DM patients have resulted in a long-
term sustained insulin independence, which had not been
achieved in previous clinical studies [246]. Results from
such studies have provided encouragements in the direc-
tion of using stem cells in encapsulated islet–based ther-
apies for T1DM.

Conclusion and Future Perspectives

Although the microencapsulation technology has been investigat-
ed all around the world by various academic institutions and bio-
technology companies, the technology remains to be perfected
[110, 111, 247, 248], probably due to lack of coordination and
consensus among the investigators. Among several variabilities,
the differences in the raw materials used for bio-fabrication would
be a prime factor. The next issue is the use of various preclinical
models to assess the biocompatibility and safety that are often not
translatable to the clinic. Finally, there is the problem of significant
inconsistency in the results of studies from various groups even
using the same approach and study models. Collaboration is vital
in order to succeed in the clinical cell therapy of T1DM using islet
delivery. A good step in this direction is the Collaborative Islet
Transplant Registry (CITR), which was created in 2004 with the
mission to not only expedite the progress of the technology but
also to promote safety in islet transplantation through collection,
analysis, and communication of the data among various centers
[249]. Despite some success in clinical trials, the slow progress in
the field of islet encapsulation and the inconsistency in the results
of clinical studies threaten to dampen enthusiasm.

Till date, no other cell-based therapeutic approach has been
more thoroughly investigated than islet encapsulation, which
presents both unique opportunities and challenges as well.
Even though the recent development of immune evading “uni-
versal stem cells” appears to have lot of potentials in this field
as discussed in the “(Stem) Cell–Based Therapies” section, it
requires further studies before possible application in manag-
ing T1DM. On the other hand, studies have advanced in the
potential utilization of xenogeneic sources of islets for T1DM.
Some of the variations in the outcome of this approach are due
to differences in the processes used by different groups includ-
ing the encapsulation devices used, the islet source, and dose
of islets transplanted. To achieve a clinically successful
bioartificial pancreas would require advancement and collab-
oration in several areas including biomaterials, cell source,
genetic engineering, growth factor delivery, and scaffold
mimicking the native ECM. Even though the current status
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of the microencapsulated islet technology is that it has not yet
provided permanent independence from exogenous insulin, it
is advancing in the right direction with a strong hope for a
successful outcome in the near future, which will pave way for
its application in the clinical management of diabetes.
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