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Abstract
In this minireview, we briefly outline the hallmarks of diabetes, the distinction between type

1 and type 2 diabetes, the global incidence of diabetes, and its associated comorbidities.

The main goal of the review is to highlight the great potential of encapsulated pancreatic

islet transplantation to provide a cure for type 1 diabetes. Following a short overview of the

different approaches to islet encapsulation, we provide a summary of the merits and

demerits of each approach of the encapsulation technology. We then discuss various

attempts to clinical translation with each model of encapsulation as well as the factors

that have mitigated the full clinical realization of the promise of the encapsulation technol-

ogy, the progress that has been made and the challenges that remain to be overcome. In

particular, we pay significant attention to the emerging strategies to overcome these chal-

lenges. We believe that these strategies to enhance the performance of the encapsulated

islet constructs discussed herein provide good platforms for additional work to achieve

successful clinical translation of the encapsulated islet technology.

Keywords: Diabetes, islets, encapsulation, insulin delivery, bioengineering

Experimental Biology and Medicine 2021; 246: 2570–2578. DOI: 10.1177/15353702211040503

Introduction

Diabetes mellitus is a chronic metabolic disorder caused by
either a relative or absolute failure of beta cells, leading to
insulin deficiency. Insulin, secreted by beta cells in the pan-
creatic islets of Langerhans, is a key mammalian glucore-
gulatory hormone. Diabetes is diagnosed when fasting
blood glucose concentration is >7.0mmol/L (126mg/dL),
or random blood glucose concentration is >11.1mmol/L
(200mg/dL) with symptoms. Other methods for diagnos-
ing diabetes include a 2-h plasma glucose level of
>11.1mmol/L (200mg/dL) during a 75-g oral glucose tol-
erance tests and hemoglobin A1c levels of >6.5%.1

Diabetes mellitus is commonly classified as type 1 dia-
betes mellitus (T1DM) or type 2 diabetes mellitus (T2DM).
T1DM is characterized by severe insulin deficiency usually
caused by immune-mediated destruction of beta cells,

while T2DM results from insulin resistance and relative
insulin insufficiency.1 The etiology of both T1DM and
T2DM involves an interplay of genetic and environmental
factors with genetics playing a greater role in T2DM.2

However, absolute or relative insulin deficiency is a cardi-
nal feature of diabetes. Indeed, insulin secretion in amounts
commensurate with insulin demand guarantees freedom
from diabetes.3

Of note is the increasing prevalence of diabetes mellitus
across all age groups.4 The reasons for the increasing inci-
dence of type 1 diabetes are unclear, whereas the rising
incidence of type 2 is caused by rising urbanization, partic-
ularly in developing countries.5 It has been suggested that
one type of immune cell, the B lymphocyte, may play a role,
but it is presently unknown what precipitating factors may
enhance B lymphocyte activity leading to T1DM. It had
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been shown that B cell depletion in new onset T1DM
patients in the first Phase II trial of B cell depletion resulted
in slowing the destruction of insulin-producing pancreatic
beta cells. However, the mechanism for the beneficial
effects of lymphocyte depletion remains to be determined.6

Global incidence of diabetes is over 382 million with
approximately 10% being T1DM.7 T1DM is a chronic auto-
immune disorder that can present acutely with life-
threatening diabetic ketoacidosis (DKA). Long-term
complications of uncontrolled T1DM include blindness
from retinopathy, chronic kidney disease, and amputation
from the combined effects of neuropathy and peripheral
vascular disease. Diabetes also is the leading cause of mac-
rovascular complications, such as cardiovascular disease
and stroke, and a major driver of healthcare expenditure.8

There is compelling evidence from landmark clinical
trials that the achievement and maintenance of optimal gly-
cemic control prevents the development of long-term com-
plications of diabetes. Due to the underlying severe or
absolute insulinopenia, lifelong insulin replacement is the
standard of care for controlling blood glucose levels in
people with T1DM. Currently, exogenous insulin therapy
is the predominant option for insulin replacement.
Alternative approaches, based on cell-based therapies,
include transplantation of whole pancreas or isolated islet
cells and the emerging application of induced pluripotent
stem cell technology. This review focuses on T1DM treat-
ment by encapsulated islet transplant.

Historical perspectives

Islet isolation from the pancreas had been attempted earlier
with poor islet yield. In 1967, a method of islet isolation
from rat pancreas was reported by Paul Lacy and his
team at Washington University in St. Louis MO.9 The
Lacy method involves injecting the digestive enzyme, col-
lagenase, into the pancreatic duct before mincing the pan-
creas and digesting the tissue. That approach generated an
improved islet yield and also demonstrated evidence of
ability to isolate intact metabolically active islet cells. The
Washington University group led by Dave Scharp subse-
quently isolated and purified human islets and successfully
implanted them in the liver through the portal vein of a
T1DM patient in the first clinical trial that resulted in no
exogenous insulin requirement for 22days.10 Various mod-
ifications have been made on this method of islets isolation
over the years with modern technology but the basic prin-
ciple remains the same. A standardized clinical islet trans-
plantation guideline was later established in 200011 that
include proper islet handling, patient selection, and subse-
quent transplantation to the liver through the portal vein
with� 5000 islet equivalent/kg body weight.12 The success
rate in achieving glycemic control at one year post trans-
plantation was reported at 44%12 but declined overtime.
Intra portal site is routinely used for unencapsulated islet
transplantation, but the low oxygen tension within the liver
vasculature, exposure to immunosuppressive drugs, liver
ischemia from islet emboli, and immediate blood-mediated
inflammatory response have led to research on transplan-
tation with no immunosuppression.

Challenges in human islet isolation and
transplantation

Exceptional advances have been made in the area of islet
isolation but some barriers remain to its general use in the
treatment of T1DM patients. Some of the challenges to this
approach include limited number of human donors’ pan-
creata for islet isolation. Also, ischemic injury from isola-
tion and purification processes leads to islet loss, which
necessitates the use of more than one donor pancreas to
achieve a therapeutic transplant dose for each human recip-
ient. Also, inadequacies in the currently available islet puri-
fication process exacerbate islet loss resulting in very low
yields of islets during isolation.13 In addition, immediate
blood-mediated inflammatory response by immunologic
cells to islet graft results in islet transplant failure.
Human islets are very sensitive to low oxygen tension to
which islets are exposed at the transplant site making trans-
plant failure more likely.14

Alternative sources of islet for
transplantation and their isolation

As a result of limited supply of human islets, alternative
sources of islets have become imperative toward meeting
demand for pancreatic islets for transplantation.
Alternative sources for generating pancreatic islets/beta
cells that are being investigated include human pluripotent
stem cells—embryonic and adult somatic cells. Xenoislets,
specifically porcine islets, constitute another alternative
source of islets for human transplantation. Porcine islets
are attractive because there is only one amino acid differ-
ence between human insulin and pig insulin with a single
residue change at B30,15 resulting in similar biological
activities that justified the use of pig insulin to treat
human diabetic patients for a very long time. Initial concern
on possible transmission of retrovirus infection from por-
cine islet has been resolved.16 Also, immune disguise of
surface antigens on stem cell derived-beta cells and xenois-
lets to evade immune detection by allo and auto antibodies
responsible for destruction of native and transplanted beta
cells is also being explored..

A technology that has good potential to enhance the use
of xenoislets in human diabetic patients is encapsulation
prior to transplantation, which is capable of solving the
problem of islet supply shortage. This approach may also
help eliminate the need for chronic immunosuppression of
transplant recipients, thus addressing the two major bar-
riers to islet transplantation in patients.

Isolation of islets by encapsulation for
immunoprotection

Islet graft triggers host immune response resulting in
destruction of islet transplants. Thus, immune-protection
of islets by means of encapsulation with semi permeable
membrane allows the entry of oxygen and nutrients to the
encapsulated cells and the exit of insulin and metabolic
waste products while preventing the entrance of
immune cells.
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Traditional encapsulation approaches to islet
cell immunoprotection

Macroencapsulation

Macroencapsulation of pancreatic islets is a method
of encapsulation that involves the suspension of isolated
(allogenic or xenogeneic) pancreatic islets in an implantable
macrodevice.17 A macrodevice measures more than 1mm18

and holds hundreds to thousands of islets, as illustrated in
Figure 1(a). Macrodevices can be implanted in the extravas-
cular or intravascular space, and come in various designs
such as tubular hollow fibers, tubular ultra-filtrate cham-
bers, planar device.19,20 The merits of macroencapsulation
include its ease of retrieval after implantation in case of
graft failure or complications such as uncontrolled prolif-
eration of islet—derived from human embryonic and plu-
ripotent cells. Fabrication of macrodevices with thicker wall
and thermoplastics offers good mechanical strength and
ensures chemical stability for long-term implantation.
Demerits of macroencapsulation include inadequate
supply of oxygen and nutrients to the islets as a result of
the relatively high islet density and diffusion distance from
capsule to blood vessel. This puts islets at the risk for hyp-
oxia, especially those cells at the center of the islet cluster, as
they are the furthest from the nearest blood vessel. Hypoxia
activates the apoptosis signal in beta cells21leading to
decrease islet viability. In addition, the effective diffusional
distance of the islet graft to the nearest blood vessel is
150–200 mm,22 but the macrocapsule diameter is >1000
mm; this also causes a time lag in insulin response time to
changes in host’s blood glucose.23 These issues have damp-
ened the progress in the development of intravascular
device until recently.

Microencapsulation

Microencapsulation is an encapsulation technique, which
involves the enclosure of islet grafts in an often spherical
microcapsule with a semi-permeable membrane, as illus-
trated in Figure 1(b). This permselective enclave allows the
passage of oxygen, nutrients, and insulin while keeping out
the host immunologic cells (leukocytes, macrophages).
Numerous microcapsules are required to achieve normal
blood glucose level. The size of a microcapsule ranges

from 100 to �1000 mm in diameter with islet capacity of
one or two per capsule and can be of various geometries.24

The therapeutic use of microencapsulation of islets was
introduced by Lim and Sun in 198025 when they achieved
normoglycemia in rats for threeweeks by encapsulating
islets in alginate/poly-L-lysine composite. The failure of
the devices following this three-week period was attributed
to poor biomaterial biocompatibility. Following this initial
study, the use of microencapsulation in cell-based therapies
for T1DM became a subject of interest and has become the
most researched type of pancreatic islet encapsulation
employed in the context of transplantation. Studies are
replete of islet microencapsulation using natural (alginate,
agarose, chitosan, gelatin, collagen) and synthetic (polyeth-
ylene glycol (PEG), polyvinyl alcohol(PVA) biomaterials24

which have been tested in both animal and human
models26–28 with some short-term partial or complete con-
trol of blood glucose with or without immunosuppression.
Large numbers of islet microcapsules are needed to achieve
normal blood glucose and the site of implantation is usually
in the peritoneal cavity, which is poorly vascularized rela-
tive to islets’ high metabolic demands29 which necessitate a
plentiful oxygen supply.

Hydrogels are the most widely used means of microen-
capsulation, with alginate being the most commonly used
biomaterial for enclosing cells. It can be sourced naturally
from extracellular matrix of seaweed and is made up of
guluronic and mannuronic acid with variation in the com-
position of these two monomers resulting in different prop-
erties for the microcapsules formed including the pore size,
capsule strength, and biocompatibility.30 Alginate is gener-
ally used because of its biocompatibility and gel-like prop-
erties when combined with divalent cations such as Ca,2

Ba2þ Sr2þ, andMg2þ.31 There is a direct correlation between
the purity of alginate and its degree of biocompatibility,
with less purified alginate causing more fibrosis around
capsules.32 Alginate does not have adequate permselectiv-
ity and thus polyamides like PLL or PLO are used to
improve the permselectivity of alginate33 but they are
strongly proinflammatory. External layering of the polyam-
ide membrane with alginate to create alginate/polyamide/
alginate microcapsule provides control over the pore size,
thickness of the coating for better permselectivity, stability,
and immunoisolation of the capsule.

Figure 1. Illustration of the three different types of encapsulation for islets: (a) macroencapsulation showing multiple islet clusters within a macrocapsule equipped

with a semi-permeable membrane; (b) microencapsulation of an islet cluster in a microcapsule within a semi-permeable construct; (c) nanoencapsulation in which

each islet is encapsulated with a thin polymeric layer that protects the islet from immune attack. (A color version of this figure is available in the online journal.)
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The merits of microencapsulation include increased sur-
face to volume area, which ensures a more efficient trans-
port of insulin and metabolites. Reduced cell density in the
microcapsule improves viability of islet and minimizes islet
loss from hypoxia. Disadvantages of microencapsulation
include unreliable long-term stability of alginate hydrogel
microcapsule membranes as a result of changes in pore size
due to biochemical changes in the capsule microenviron-
ment, which affects permselectivity.34 Also, difficulty of
retrieval from intraperitoneal cavity due to protein adsorp-
tion, fibrosis, and attachment to the omentum seems to
occur most frequently with microcapsules� 500 mm.35 In
addition, the uneven surface of smaller microcapsules
that results from physical lodging of islets during encapsu-
lation has been demonstrated to elicit an inflammatory
reaction.36 Studies have also shown that islet hypoxia
occurs in microcapsules due to slow diffusion of oxygen
and nutrients causing necrosis of islets and transplant fail-
ure, especially in larger microcapsules with diameter
�500 mm.37 Clumping of capsules on the pelvic floor from
gravity38 affects diffusion of nutrients and oxygen to the
islets with resulting hypoxia in the generally poorly vascu-
larized peritoneal cavity. Limited implantation sites for the
many microcapsules are compounded by the large islet
graft volume required to achieve therapeutic insulin level.

Nanoencapsulation

Nanoencapsulation of islets is an encapsulation technique
that involves the application of biopolymer hydrogel
directly on the surface of islet to create an ultrathin coating
thickness39 that molds to each islet, as illustrated in Figure 1
(c). This eliminates the diffusional distance between the
encapsulating surface and the cell for better nutrient and
insulin delivery. It ensures precise and uniform distribution
of pore size for better selectivity. Nanoencapsulation can be
achieved using a polyethylene glycol (PEG) conformal coat-
ing and layer-by-layer polymer assembly.40 One merit of
nanoencapsulation is the profound reduction in transplant
volume achieved by virtually eliminating the void space
between the islet and encapsulating membrane.39

Elimination of the void space also improves glucose–insu-
lin response time41 and increases oxygen delivery to islets.
Reduction in graft size also has the potential to allow for
islet transplantation in narrow spaces like the portal vein

which is commonly used as a transplantation site for unen-
capsulated islets.12,42 Additionally, nanoencapsulation
offers better control of uniform capsule thickness and
pore size to enhance perm selectivity. It equally offers a
way to incorporate tailored functionality to each film
layer like immunocamouflage bymasking surface antigens,
angiogenicity, anticoagulability among other applications.
Demerits include lack of long-term stability in single layer
conformal coating, which unwinds as a result of islet mem-
brane turnover.41 In addition, the ultrathin coating does not
withstand mechanical and biochemical stress, and incom-
plete coating and exposure of the islets triggers a host
immune response.

Table 1 provides a summary of the merits and demerits
of each of these three forms of encapsulation for islets.

New era of encapsulation

Encapsulation of islets cells is a work in progress and great
strides have been made to improve islet viability and func-
tion in both in vitro and in vivo studies. Some of these devel-
opments are discussed below.

Reengineering of the encapsulation matrix to
mimic the microenvironment of the native

Islet transplantation entails harvesting and isolation of
islets from the native pancreas with processes to purify
the isolated islets. This procedure strips the islets of
extracellular matrix and supporting proteins, including
other molecular components which make up the
microenvironment.43The main proteins in the extracellular
matrix are laminin, collagen, elastin, fibronectin as well as
many other peptides entwined with glycosaminoglycans
(like heparan sulfate, chondroitin sulfate, dermatan sulfate,
or keratan sulfate),43 which provide cell-to-cell signaling,
stimulation of growth factors release, structural support,
and stability important for islet viability and function.44,45

Hence, designing an encapsulating hydrogel matrix that is
similar to the microenvironment of the native pancreas is
desirable. The matrix is reengineered to provide: (a) struc-
tural support for the islet, (b) biological cues for cell-to-cell
interaction, and (c) immunoprotection/isolation for
the islet.

Table 1. A summary of the merits and demerits of each of the three methods of encapsulation for islets.

Type Merits Demerits

Macroencapsulation Easily retrievable.

Mechanical strength and stability.

Inefficient transport of insulin, oxygen, nutrients,

and metabolites to islets.

Large transplant capsule diameter limits transplant sites.

Inadequate biotolerance of biomaterials.

Microencapsulation Improved transport of oxygen, insulin, and

metabolites to islets than macrocapsule.

Reduction in capsule diameter.

Not completely retrievable.

Limited implantation sites

Suboptimal diffusion of nutrients, oxygen.

Inadequate biotolerance of biomaterials.

Nanoencapsulation Significant reduction in transplant volume.

Improved transport of oxygen, insulin, and

metabolites than macro and microcapsule.

More incorporation of functionalized capsule layers

Less mechanical stability.

Inadequate biotolerance of biomaterials.

Not easily retrievable.
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The encapsulation matrix can be supplemented with
specific ECM components or combinations of compo-
nents to investigate the role of these proteins on islet func-
tion and viability. A study has demonstrated the role of
laminin on microencapsulated porcine islets using ECM
laminin peptide sequences RGD, LRE, YIGSR, PDGEA,
and PDSGR in combination and singly to modify alginate
microcapsule matrix. A capsule without covalently
bound RGD was also used as control. Increased glucose-
stimulated release of insulin and islet viability was
observed in porcine islets encapsulated in RGD-bound
alginate when compared to islets encapsulated in alginate
non adhered to RGD and alginate adhered with other
peptide sequences LRE, YIGSR, PDGEA, and PDSGR.46

Enck et al.45 modified alginate hydrogel microcapsule
matrix by addition of decellularized ECM (dECM) com-
ponents from human pancreas and observed improved

stability of the morphology and mechanical strength of
alginate microcapsules with significant increase in
matrix stiffness of Sr2þ relative to Ca2þ crosslinked hydro-
gels (Figure 2), as well as improved function of encapsu-
lated human islets (Figure 3).

Other studies have also incorporated specific ECM pep-
tides or combinations,46,47with similar reports of improved
islet function. However, while some combinations of ECM
peptides may improve islet function and viability, other
combinations decrease insulin production in beta cells.
For example, in vitro studies of human fetal beta cells
adhered to HTB-9 matrix, collagen IV, and vitronectin dem-
onstrated reduced insulin gene transcription as compared
with adult human beta cells.47 In another in vitro study of
microencapsulated human islets, collagen IV at concentra-
tion >50 mg/mL was found to have no effect on glucose-
stimulated insulin secretion.48

Figure 2 . Effects of alginate crosslinking cation and the incorporation of ECM into the encapsulation matrix on the morphological and rheological properties of a

microcapsule construct. (a) Inverted microscopy images of alginate beads following 36 h of mechanical agitation. From left to right, the beads are crosslinked in 25mM

SrCl2, 25mM SrCl2 with ECM-alginate, 50mM SrCl2, and 50mM SrCl2 with ECM-alginate. (b) Number of beads intact after mechanical agitation. Initial count of 100

beads were made with or without ECM and crosslinked with either 25mM or 50mM SrCl2. Student’s t-test (mean�SD, n¼ 5, *P< 0.05, **P< 0.01, ****P< 0.0001).

Reprinted with kind permission from Enck et al.45

Figure 3. Effects of alginate crosslinking cation and the incorporation of ECM into the encapsulation matrix on encapsulated islets glucose-stimulated insulin

secretion (GSIS) results on day 7 post-encapsulation one-way ANOVA (mean�SD, *P< 0.05, **P< 0.01, ***P< 0.001, n¼ 3). Reprinted with kind permission from

Enck et al.45
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Incorporation of oxygenation materials into
the construct

Islets have high metabolic demands and require adequate
oxygen to function properly. Hypoxia during isolation,
encapsulation, and post transplantation ischemia can lead
to as much as 60% islet loss before revascularization of islet
graft by angiogenesis, which can take up to twoweeks.44

Macrodevices with refillable gas chambers can be cumber-
some and may result in patient noncompliance. Oxygen-
generating compounds such as calcium peroxide (CPO)
and sodium percarbonate (SPO) commonly referred to as
particulate oxygen-generating substances (POGS), which
become reactive in the presence of water to produce
oxygen provide an alternative approach for oxygen
supply to reduce the effect of hypoxia on islets with posi-
tive results reported. However, free radicals are also
formed during oxygen generation from POGS, which can
have deleterious effects on the islets when high concentra-
tions of these oxygen generating compounds are used. In a
study by a research group, an increase in glucose-
stimulation index (GSI) of porcine islets when a defined
amount of SPO was added during islet isolation, purifica-
tion, and culture was observed. They also reported an
increase in porcine islet viability and function of coencap-
sulated islets and CPO after seven days.49

In another in vitro study, the Oxysite (calcium peroxide
in polydimethylsiloxane) macroencapsulation device was
used to show enhanced function and viability of mouse
beta cells, rat, and human islets compared to control islets
without Oxysite. The polydimethylsiloxane served to neu-
tralize free radicals. In vivo studies using mouse beta cells
within Oxysite macro device in immunocompetent
streptozotocin-induced diabetic mice were reported to
demonstrate improved graft function with shorter time to
achieve andmaintain euglycemia for over 30 days.50 Ex vivo
examination following explantation of the mouse beta cells
showed increased insulin secretion and glucose-stimulated
insulin response.50 Silicone-calcium peroxide with extracel-
lular hemoglobin coencapsulated with pig islets was
described to have improved islet viability and insulin secre-
tion. Hemoglobin served as an oxygen carrier and also
reduced oxidative stress that can be caused by oxygen-
free radicals.51 Research is ongoing in the context of
clinical utilization of oxygen-generating materials in
encapsulation.

Post-transplant vascularization strategies

Following transplantation of islets, there is an interim
period of up to twoweeks before the reestablishment of
blood supply to the graft by neoangiogenesis.52 Engrafted
islets in the meantime depend on diffusion of oxygen and
nutrients from nearby blood vessels for metabolic activities
with effective diffusional distance being� 200 mm. This
often creates low oxygen tension in the islet microenviron-
ment with risk for graft ischemia and death.29,53Loss of islet
viability due to hypoxia has been a persistent challenge for
long-term survival of encapsulated islet post transplanta-
tion, and as a result, strategies to stimulate new blood

vessel growth and consequently improve islet survival
are being examined.

Co-encapsulation of proangiogenic factors with islets in
hydrogel has been used to enhance revascularization of
islet grafts. Opara et al. studied the co-encapsulation of
proangiogenic protein, fibroblast growth factor-1 (FGF-1)
with heparin in the outer alginate coating of alginate
poly-L-ornithine alginate (APA)) microcapsules. They
observed sustained release of FGF-1 with increase in angio-
genesis and maintenance of its biological activity for
30 days,54while in vivo studies with islet isografts and allog-
rafts in diabetic rats showed increased blood vessel forma-
tion and islet viability.55

The viral vector transduction method is another
approach to enhance islet graft neoangiogenesis by increas-
ing gene expression of proangiogenic factor, vascular endo-
thelial growth factor (VEGF). In vitro investigation of
transcribed viral mRNA in islet grafts to stimulate angio-
genesis has been demonstrated to result in a transient
increase in vascular endothelial factor leading to a signifi-
cant increase in vascularization of transfected syngeneic
mice islet transplant and also in xenotransplant of trans-
fected human islet grafts in severe combined immunodefi-
cient mice.56 Another in vivo study with non-viral plasmid
vector encoding VEGF-A in human islet graft in mice liver
reported euglycemia, which was attributed to rapid revas-
cularization of islet engraft.57

Alternative transplant sites to the traditional
intraperitoneal space for encapsulated
islet transplantation

For encapsulated islets, the routinely used liver transplan-
tation site through the portal vein for unencapsulated islets
is not applicable because of the large volume of the trans-
plant. The peritoneal space and subcutaneous space are
commonly used for encapsulated islet transplantation,
but are not well vascularized, resulting in reduced
oxygen and nutrient flow, which is detrimental to islet.
The omentum has been investigated and has shown prom-
ise as a viable alternative transplant site. A study using
microcapsules implants of allogeneic islets in rat omental
pouches reported significant islet survival post implanta-
tion.54 Intravascular macrocapsule transplant of xenoislets
from rabbits has also demonstrated islet survival and func-
tion in T1DM patients.58

It remains to be determined if any of the alternative sites
mentioned in this review would be useful in encapsulated
islet clinical transplantation. Encapsulated islet viability in
larger animal models (non-human primates, pigs, dogs) is
more challenging compared to rodents due to robust
immune response causing more fibrosis of encapsulating
device impairing nutrient exchange.59 A recent study
using triazole-modified alginate hydrogel appear to pre-
vent excessive fibrosis common with larger animal
models (non-human primates) and may be useful in pro-
longing encapsulated islet graft.60
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Clinical translation of encapsulated islets
technology – The bioartificial pancreas

A bioartificial pancreas is defined as a pancreatic islet con-
struct based on encapsulation of islet cells within a semi-
permeable membrane so that the cells can be protected
from the host’s immune system while they secrete insulin
to regulate blood sugar. This is to be distinguished from an
artificial pancreas, which is an insulin delivery system
accomplished by an insulin pump integrated with a glu-
cose sensor with no living cell involvement. A bioartificial
pancreas can be either a macrocapsule construct, microcap-
sule, or nanocapsule constructs.

Macroencapsulated islets

Preclinical studies abound demonstrating islet function in
macrocapsules, but clinical trials are currently sparse.
A study demonstrated the viability of macroencapsulated
islets after twoweeks in a hollow fiber membrane when
implanted subcutaneously in nine patients, three for each
group of diabetic T1DM, T2DM, and non-diabetic
recipients.61Beta O2 device which supplies oxygen to islet
graft was utilized to investigate intraperitoneal islet allo-
transplantation in a non-immunosuppressed long-term
type 1 DM patient with report of improvement in HbA1C
and slight reduction in insulin requirement for 10months.
A functional islet graft without fibrosis was retrieved fol-
lowing explantation at the end of the clinical trial.62

Intravasular xenotransplant of islets from rabbit fetuses in
73.2% of T1DM recipients showed reduced insulin require-
ments and stable glycemic control for two years without
immunosuppression.58 These examples provide evidence
of the potential application of the macrocapsule construct
in future cell-based therapy and probably in
xenotransplantation.

Microencapsulated islets

Advances have been made using microencapsulated islets
in clinical application since the introduction and applica-
tion of the concept. Soon-Shiong et al.27 reported transient
euglycemia in an immunosuppressed diabetic patient.
Calafiore carried out a successful clinical allotransplanta-
tion of microencapsulated islet in non-immunosuppressed
T1DM patients with reduction in exogenous insulin
requirements and hypoglycemic episodes.28 Clinical allo-
transplantation of microencapsulated islets has also been
demonstrated to be safe63 with long-term stable blood glu-
cose, reduced insulin requirements, and non-sensitization
of host to islet graft antigens64 in non-immunosuppressed
recipients.

The first clinical trial of xenotransplantation of micro-
encapsulated islet carried out in New Zealand demonstrat-
ed the safety of using porcine islets without transmission of
porcine endogenous retroviruses to 14 non immunosup-
pressed type 1 diabetic recipients which has been a concern
in porcine islet xenotransplant,16 although islet graft func-
tion was low with minimal reduction in HbA1c and insulin
dose requirement. Another clinical trial carried out with
porcine islet transplantation showed significant

improvement in diabetic recipients HbA1c> 600 days fol-
lowing a two-time transplant of 10,000 IEQ/kg porcine
islets at threemonths intervals without immunosuppres-
sion.65 Long-term safety of porcine xenograft in recipients
has also been confirmed.16,66

Nanoencapsulated islets

Clinical utilization of nanoencapsulated islets is attractive
because of the significant reduction in islet transplant
volume, improved diffusional limitations, and reduced
inflammatory immune response by modulation of islet
microenvironment through functionalized nanolayers.
However, the only clinical trial in the US utilizing nano-
encapsulation involves two T1DM patients implanted
with allogeneic islets into the subcutaneous tissue in the
back and abdomen with resulting reduction in hypoglyce-
mic and hyperglycemic episodes, but exogenous insulin
independence was not achieved in either patient through-
out the duration of the trial at six and fourmonths,
respectively.58

Conclusions

Encapsulation of islets is a pivotal innovation with obvious
potential capability to enhance transplant survival and
secretory function. Encapsulated islets equipped with ade-
quate barrier to host immune cells and antibodies would
advance islet transplantation without use of toxic immuno-
suppressive drugs to prevent transplant rejection while
addressing donor islet shortage. Nevertheless, more advan-
ces are needed to achieve a better islet immunoisolation
without impeding nutritional transport and therapeutic
delivery of insulin within appropriately designed encapsu-
lation matrix that resembles the native pancreatic microen-
vironment. Also, more studies of efficacy in preclinical
trials with larger animal models are needed as in vitro
and preclinical rodent studies often do not always translate
to human response. In conclusion, careful optimization of
the encapsulation technology will accelerate its clinical
translation and conventional use as a therapeutic option
in diabetes mellitus.

AUTHORS’ CONTRIBUTIONS

AO and AJ generated the first draft of the manuscript and
formatted it according to journal specifications for submission.
SDJ reviewed and edited the manuscript. EO generated the
review outline, reviewed, and edited the manuscript.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

FUNDING

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This work was supported by the National Institutes of
Health for research in Dr. Opara’s lab (5 R21 AG061588-02 and

2576 Experimental Biology and Medicine Volume 246 December 2021
...............................................................................................................................................................



1R25DK121572-01) and Dr. Dagogo-Jack’s lab (1R01
DK128129, 5U01DK62203, 5U01DK048411).

ORCID iDs

Alec Jost https://orcid.org/0000-0003-2628-3072
Sam Dagogo-Jack https://orcid.org/0000-0001-5318-9677

REFERENCES

1. Association AD 2. Classification and diagnosis of diabetes: standards of

medical care in diabetes-2021. Diabetes Care 2021;44:15–33
2. Kaur S, Mirza A, Overgaard A, Pociot F, Størling J. A dual systems

genetics approach identifies common genes, networks, and pathways

for Type1and 2 diabetes in human islets. Front Genet 12:63–9
3. Dagogo-Jack S. Presidential address: 75 years of battling diabetes-our

global challenge. Diabetes Care 2015;39:3–9
4. Mayer-Davis E, Lawrence J, Dabelea D. Incidence trends of type 1 and

type 2 diabetes among youths, 2002-2012. N Engl J Med

2017;376:1419–29

5. Jervell J. Diabetes in international perspective. Tidsskr nor Laegeforen

2000;120:2686–9

6. Chamberlain J, Attridge K, Wang C, Ryan G, Walker L. B cell depletion

in autoimmune diabetes: insights from murine models. Expert Opin

Ther Targets 2011;15:703–14
7. Gamble A, Pepper A, Bruni A, Shapiro A. The journey of islet cell

transplantation and future development. Islets 2018;10:80–94
8. Association AD. Economic costs of diabetes in the U.S. Diabetes Care

2018;41:917–28

9. Lacy P, Kostianovsky M. Method for the isolation of intact islets of

langerhans from the rat pancreas. Diabetes 1967;16:35–9
10. Scharp D, Lacy P, Santiago J. Insulin independence after islet transplan-

tation into type I diabetic patient. Diabetes 1990;39:515–8
11. Shapiro A, Lakey J, Ryan E. Islet transplantation in seven patients with

type 1 diabetes mellitus using a glucocorticoid-free immunosuppres-

sive regimen. N Engl J Med 2000;343:230–8

12. Shapiro A, Ricordi C, Hering B. International trial of the Edmonton

protocol for islet transplantation. N Engl J Med 2006;355:1318–30

13. Farney A, Sutherland D, Opara E. Evolution of islet transplantation for

the last 30 years. Pancreas 2016;45:8–20
14. Rajab A. Islet transplantation: alternative sites. Curr Diab Rep

2010;10:332–7

15. Smith G, Swenson D, Dodson E, Dodson G, Reynolds C. Structural

stability in the 4-zinc human insulin hexamer. Proc Natl Acad Sci U S

A 1984;81:7093–7

16. Wynyard S, Nathu D, Garkavenko O, Denner J, Elliott R.

Microbiological safety of the first clinical pig islet xenotransplantation

trial in New Zealand. Xenotransplantation 2014;21:309–23

17. Hwang P, Shah D, Garcia J. Progress and challenges of the bioartificial

pancreas. Nano Converg 2016;3:1–11

18. Tomei A, Villa C, Ricordi C. Development of an encapsulated stem cell-

based therapy for diabetes. Expert Opin Biol Ther 2015;15:9
19. Monaco A, Maki T, Ozato H. Transplantation of islet allografts and

xenografts in totally pancreatectomized diabetic dogs using the

hybrid artificial pancreas. Ann Surg 1991;214:339–60; discussion 361–2

20. Storrs R, Dorian R, King S, Lakey J, Rilo H. Preclinical development of

the islet sheet. Ann N Y Acad Sci 2001;944:252–66
21. Liu Z, Hu W, He T, Dai Y, Hara H, Bottino R, Cooper D, Cai Z, Mou L.

Pig-to-primate islet xenotransplantation: past, present, and future. Cell

Transplant 2017;26:925–47
22. Schweicher J, Nyitray C, Desai T. Membranes to achieve immunopro-

tection of transplanted islets. Front Biosci 2014;19:49–7
23. Wilson J, Chaikof E. Challenges and emerging technologies in the

immunoisolation of cells and tissues. Adv Drug Deliv Rev

2008;60:124–45

24. Aijaz A, Perera D, Olabisi R. Polymeric materials for cell microencap-

sulation. Methods Mol Biol 2017;1479:79–93

25. Lim F, Sun A. Microencapsulated islets as bioartificial endocrine pan-

creas. Science 1980;210:4472
26. Soon-Shiong P, Feldman E, Nelson R. Successful reversal of spontane-

ous diabetes in dogs by intraperitoneal microencapsulated islets.

Transplantation 1992;54:5

27. Soon-Shiong P, Heintz R, Merideth N. Insulin independence in a type 1

diabetic patient after encapsulated islet transplantation. Lancet

1994;343:950–1

28. Calafiore R, Basta G, Luca G. Microencapsulated pancreatic islet allog-

rafts into non immunosuppressed patients with type 1 diabetes: first

two cases. Diabetes Care 2006;29:37–8
29. McQuilling J, Opara E. Methods for incorporating oxygen-generating

biomaterials into cell culture and microcapsule systems. Methods Mol

Biol 2017;1479:135–41
30. De Vos P. Historical perspectives and current challenges in cell micro-

encapsulation. Methods Mol Biol 2017;1479:3–21
31. Mørch Y, Donati I, Strand B, Skjåk-Braek G. Effect of Ca2þ, Ba2þ, and
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