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■ Abstract 
Transplantation of pancreatic islets encapsulated within im-
muno-protective microcapsules is a strategy that has the po-
tential to overcome graft rejection without the need for toxic 
immunosuppressive medication. However, despite promis-
ing preclinical studies, clinical trials using encapsulated is-
lets have lacked long-term efficacy, and although generally 
considered clinically safe, have not been encouraging over-
all. One of the major factors limiting the long-term function 
of encapsulated islets is the host’s immunological reaction to 
the transplanted graft which is often manifested as pericap-
sular fibrotic overgrowth (PFO). PFO forms a barrier on the 
capsule surface that prevents the ingress of oxygen and nu-
trients leading to islet cell starvation, hypoxia and death. The 
mechanism of PFO formation is still not elucidated fully, and 
studies using a pig model have tried to understand the host 

immune response to empty alginate microcapsules. In this 
review, the varied strategies to overcome or reduce PFO are 
discussed, including alginate purification, altering microcap-
sule geometry, modifying alginate chemical composition, co-
encapsulation with immunomodulatory cells, administration 
of pharmacological agents, and alternative transplantation 
sites. Nanoencapsulation technologies, such as conformal 
and layer-by-layer coating technologies, as well as nanofiber, 
thin-film nanoporous devices, and silicone-based NanoGland 
devices are also addressed. Finally, this review outlines re-
cent progress in imaging technologies to track encapsulated 
cells, as well as promising perspectives concerning the pro-
duction of insulin-producing cells from stem cells for encap-
sulation. 
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1. Introduction 
 

 ype 1 diabetes mellitus (T1DM) is an auto- 
 immune disorder resulting from a progress- 
 sive destruction of the insulin-producing 

beta-cells in the pancreas leading to elevated blood 
glucose levels [1]. The prolonged high blood glucose 
levels in patients with T1DM can lead to chronic 
complications such as retinopathy, neuropathy and 
nephropathy. Currently, it has been estimated 
that 415 million people have diabetes worldwide 
and approximately 41.5 million are afflicted with 
T1DM. With its onset predominantly during the 
first two decades of life, it was estimated in 2013 

that more than 86,000 children developed T1DM 
[2]. The current mainstay treatment for T1DM is 
the daily subcutaneous administration of insulin to 
regulate blood glucose levels (BGLs). However, the 
degree of control of BGLs with exogenous insulin 
delivery is inferior to that achieved by normal pan-
creatic insulin-producing cells, which secrete insu-
lin directly into the blood stream in a dynamic 
fashion to maintain BGLs within a physiological 
range. With exogenous insulin treatment, BGLs 
can still fluctuate considerably in some people, re-
sulting in symptoms such as sweating and dizzi-
ness when the levels are low, and damage to the 
eyes and kidneys when levels are high for long pe-
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riods of time [3]. Furthermore, prolonged and re-
current episodes of hypoglycemia can lead to life-
threatening “hypoglycemic unawareness syn-
drome” which accounts for 6-10% of all deaths in 
T1DM [4]. The limitations of exogenous insulin 
administration to achieve normal BGL homeosta-
sis have led to the development of alternative 
therapies, including closed loop pumps, whole or-
gan transplantation, and beta-cell replacement. 

Whole pancreas transplantation has been car-
ried out since 1966 and has been demonstrated to 
routinely provide tight blood glucose control with-
out hypoglycaemic episodes and prevent the pro-
gression of diabetes complications [5, 6]. New sur-
gical techniques and newer immunosuppressive 
strategies have improved the graft survival rate 
dramatically with a survival rate of >95% at one 
year and > 83% after 5 years post-transplantation 
[7]. However, though clinically successful, this pro-
cedure has its drawbacks, involving major surgical 
intervention with associated mortality rates of up 
to 8% and morbidities such as graft thrombosis, 
pancreatic fistulae, and pseudocyst formation [8]. 
Furthermore, the transplanted patients must ad-
here to a life-long immunosuppressive regime that 
has potentially serious side effects. As a result, 
whole pancreas transplantation is most commonly 
performed in patients undergoing simultaneous 
kidney transplantation. Some of the limitations of 
whole pancreas transplantation can be overcome 
by transplanting only the endocrine component of 
the pancreas namely the pancreatic islets of 
Langerhans or ‘islets’. 

Islet transplantation can be performed as a 
minimally invasive procedure without many of the 
associated complications of whole pancreas trans-
plantation. At the same time, it can still provide 
better glycemic control compared with conven-
tional exogenous insulin treatment. Therefore, po-
tentially, this becomes an attractive option for a 
wider range of patients with T1DM. Since the 
landmark study of islet transplantation published 
in 2000 by the Edmonton group using a steroid-
free immunosuppressive protocol [9], several cen-
ters and islet consortia around the world have re-
ported promising results with human islet trans-
plantation. Islet graft survival rates improved sig-
nificantly with most series reporting 55-60% of pa-
tients being insulin independent at 1 year. In some 
selective studies, as many as 92% were insulin-
independent a year following islet transplantation, 
and 44% were still insulin independent at 3 years 
[10]. Reports of the Collaborative Islet Transplant 
Registry (CITR) concluded that islet transplanta- 

 

tion could achieve near-normal or normal HbA1c 
levels and could routinely resolve life-threatening 
hypoglycemia [11]. Despite the dramatic progress 
made in islet transplantation, longer-term graft 
function and insulin independence is not achieved 
routinely. Several non-immunosuppressive and 
immunosuppressive related factors are associated 
with the long-term failure of transplanted islets. 
Factors not associated with immunosuppression 
may also lead to graft failure, including poor islet 
quality, insufficient islet mass [12], poor vasculari-
zation, relative hypoxia of the transplanted islets 
leading to graft failure [13], and graft loss by in-
stant blood-mediated inflammatory reaction (IB-
MIR) [14]. Factors associated with immunosup-
pression conc ern the immunosuppressive medica-
tion that islet recipients receive to prevent al-
lograft rejection. Apart from the clinical side-
effects associated with chronic immunosuppres-
sion, such as renal dysfunction, increased suscep-
tibility to infection, and increased risk of cancer, 
immunosuppressive drugs can also have deleteri-
ous effects on the transplanted islet themselves 
which in turn can lead to graft failure. Even the 
most promising rapamycin-based immunosuppres-

Abbreviations: 
 

APA alginate-poly-l-lysine-alginate 
BGL blood glucose level 
CITR Collaborative Islet Transplant Registry 
CT computed tomography 
ECM extracellular matrix 
FGF fibroblast growth factor 
GAD glutamic acid decarboxylase 
hESC human embryonic stem cells 
HMGB1 high-mobility group box 1 
IBMIR instant blood-mediated immune response 
IDD insulin-dependent diabetes 
IGF insulin-like growth factor  
IL-1beta interleukin -1 beta 
iPSC induced pluripotent stem cells 
LPS lipopolysaccharide 
MPEG methoxy poly ethylene glycol 
MRI magnetic resonance imaging 
MSC mesenchymal stem cells 
NEED nanofiber-enabled encapsulation devices 
PAMP pathogen-associated molecular proteins 
PCL polycaprolactone 
PFC perfluorocarbons 
PFO pericapsular fibrotic overgrowth 
PLL poly-l-lysine 
PMCG ploy methylene-co-guanidine 
SPIO super paramagnetic iron oxide 
TLR toll-like receptor 
TLR4 toll-like receptor 4 
TNF-alpha tumour necrosis factor alpha 
US ultrasound 
VEGF vascular endothelial growth factor 
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sion protocol adopted by the Edmonton group was 
found to have deleterious effects on both rodent 
and human islets and to induce beta-cell apoptosis 
[15]. Other agents such as tacrolimus were found 
to be more toxic to beta-cells than cyclosporine 
[16]. Several new immunosuppressive protocols 
such as T-cell depletion (hOKT3gamma 1 [Ala-
Ala]), B-cell depletion (rituximab) or induction of 
peripheral tolerance (anti-CD40L and belatacept) 
have been tested both in preclinical and clinical 
studies [17]. However, at present there is no single 
immunosuppression protocol that can prevent islet 
allograft rejection without being toxic to the 
grafted islets and without causing serious side-
effects to transplant recipients. One strategy to 
overcome the use of immunosuppressive medica-
tions therefore is to place the islets within an im-
munoisolation device using encapsulation technol-
ogy. 

2. Islet encapsulation 
Encapsulation of pancreatic islets involves en-

casing the pancreatic islets within a protective 
immunoisolation device to overcome immune me-
diated destruction of the graft without the need for 
toxic immunosuppression. Generally, the immu-
noisolation device is made of a semi-permeable in-
ert material which allows the exchange of glucose, 
oxygen, nutrients, metabolic waste and insulin, 
but prevents the entry of large molecules such as 
immune cells or antibodies. Thus islets encapsu-
lated within an immunoisolation device can also be 
termed a ‘bioartificial pancreas’. Islet encapsula-
tion can be broadly classified into two categories 
namely i) macroencapsulation that involves encap-
sulation of multiple islets within a macro device, 
and ii) microencapsulation that involves encapsu-
lation of each individual islet. 

2.1 Macroencapsulation 

Macroencapsulation involves encasing multiple 
islets within a macrocapsule device (>1 mm). 
These are classified into two main types, namely 
intravascular and extravascular. An intravascular 
macrocapsulation generally involves placing mul-
tiple islets within hollow semi-permeable fibers 
that are then directly connected to the host’s vas-
culature by vascular anastomoses [18]. Since the 
device is in direct contact with the blood stream, 
the islets within the device receive ample oxygen 
and nutrients thereby promoting islet survival 
while being protected from the immune system by 
the fiber membrane. Despite promising animal 

studies with intravascular devices [19, 20], groups 
have reported severe problems with embolization 
and clot formation, thereby preventing the FDA 
from approving this bioartifical pancreas for clini-
cal trials [21]. Recently, a group from California 
has developed an intravascular device containing a 
silicon nanopore membrane to prevent thrombosis 
by exhibiting greater hydraulic permeability and a 
superior pore size selectivity [22]. 

Extravsacular macroencapsulation generally 
involves places multiple islets within simple diffu-
sion chambers that do not require the creation of 
intravascular shunts. Extravascular macrodevices 
are in the form of either tubular or planar diffu-
sion chambers. Tubular diffusion chambers are 
generally composed of a copolymer of polyacryloni-
trile and polyvinylchloride; they have demon-
strated good biocompatibility, and provided excel-
lent graft survival in a clinical setting [23]. How-
ever, the tubular device was weak structurally and 
is susceptible to rupture and required large islet 
numbers due to low islet seeding density [24]. 
These drawbacks of tubular devices were overcome 
using planar devices which were more stable and 
provided a flat configuration thereby enhancing 
the islet seeding density. Islet Sheet is one exam-
ple of the planar flat sheet devices designed by Is-
let Sheet Medical; it has been demonstrated to 
provide excellent graft survival both in an alloge-
neic and xenogeneic transplantation setting [25, 
26]. However, the Islet Sheet devices are yet to be 
tested in clinical trials for their safety and efficacy. 
One of the major advantages of the extravascular 
macrodevices is that they can be retrieved easily 
and completely from the recipients if there are any 
safety concerns. The major disadvantage with 
these devices is the limited oxygen diffusion lead-
ing to hypoxia and central necrosis of the im-
planted islets. The issue of limited oxygen diffu-
sion was overcome by another macrodevice, the 
Theracyte, which was designed with an outer 
membrane that facilitated neovascularization [27]. 
Islets encapsulated within Theracyte devices have 
been shown survived for extended period of time 
both in an allo- and xeno- transplantation models 
[28, 29]. A modified version of the Theracyte de-
vice, namely the Encaptra® Drug Delivery System 
(EN250 device) designed by Viacyte, is currently 
being tested for safety in a Phase I/II clinical trial 
[30]. Another approach to overcome limited oxygen 
diffusion is to supply the macrodevice with an ex-
ogenous source of oxygen. This approach has been 
adopted by Beta-O2 Technologies Ltd. that has de-
veloped an oxygen-refueled macrochamber (βAir). 
This has generated promising data in preclinical 
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models [31, 32]. A pilot clinical trial carried out 
with human islets encapsulated in βAir demon-
strated preserved islet morphology and persistent 
graft function up to 6 months post-transplantation 
though insulin independence was not achieved 
[33]. Recently, another Phase I clinical trial has 
been started to continue evaluating the safety and 
efficacy of implanting the βAir macrodevice into 
human subjects. 

2.2 Microencapsulation 

Microencapsulation involves encasing single or 
a small number of islets within microcapsules, and 
offers several advantages compared with macroen-
capsulation. Microcapsules are generally spherical 
in shape, thereby providing a large surface 
area/volume ratio, and thus maximizing the trans-
port of oxygen and nutrients essential for islet 
survival [34]. Further, the microcapsules are me-
chanically stable and simpler to produce, thereby 
giving freedom to alter parameters such as capsule 
size, permeability and thickness. They can be im-
planted using a minimally invasive procedure and 
the smooth spherical geometry minimizes foreign 
body reaction as opposed to host inflammatory re-
actions seen against rough surfaces [35]. However, 
the main disadvantage is the difficulty in retriev-
ing the microcapsules from the implanted site. The 
microcapsules are generally made from polymers 
that form hydrogels and many natural polymers 
such as alginate, agarose, chitosan and synthetic 
polymers such as polyethylene glycol, poly methyl 
methacrylates, 2-hydroxyethylmethacrylate have 
been frequently employed [36]. Of these, the natu-
rally occurring alginate polymers are widely used 
for microencapsulation as they can be produced 
under physiological conditions without the need for 
toxic chemicals and without affecting islet viability 
and function. 

Alginate is an anionic polysaccharide obtained 
from seaweed and comprising monomers of α-L-
guluronic acid (G) and its C-5 epimer β-D-
mannuronic acid (M) residues joined together by 
(1-4) glycosidic linkages. Alginates isolated from 
different species vary widely in their G and M 
composition as well as the length of each block, 
and hence affect the physiochemical properties of 
the alginate microcapsules [37]. The process of 
preparing microcapsules commonly involves three 
basic steps namely incorporation of islets within 
the alginate solution to form a suspension, disper-
sion of the suspension through an air-driven drop-
let generator to form alginate droplets and finally 
gelation of the alginate droplets using divalent 

cations such as Ca2+ or Ba2+. The binding of these 
ions is highly selective and is a result of anonic in-
teraction between the carboxyl groups and the 
cations which strongly depends on the alginate 
composition [38]. Microcapsules made from high G 
alginate are stronger, more stable, and swell less 
compared to those made from high M alginate as 
the divalent cations bind strongly to G than to M 
residues. To reduce the permeability and increase 
the stability of alginate microcapsules, a polyca-
tion layer is generally added to the alginate gel 
core as a second layer followed by an outer layer of 
alginate. The polycation most commonly used is 
poly-l-lysine, although other polycations such as 
poly-l-ornithine have also been employed. But the 
most commonly used microencapsulation system 
for islet encapsulation employed either alginate-
poly-l-lysine-alginate (APA) or barium alginate 
microcapsules. 

2.3 Preclinical studies with microcapsules 

The first animal study using encapsulated is-
lets was conducted by Lim and Sun in 1980. These 
authors showed that encapsulated islets trans-
planted intraperitoneally into diabetic rats could 
maintain normoglycemia for up to 3 weeks in con-
trast to non-encaspulated islets which survived 
only for a week when transplanted beneath the re-
nal capsule [39]. In that study, they used APA 
microcapsules made from high M alginate which 
had a liquid capsule core. However, high M algi-
nate is associated with increased swelling. There-
fore, APA microcapsules with a liquid core were 
unstable. Based on this finding, many studies were 
performed to replace the liquid core with a solid 
core and high G alginate was utilized as they are 
less susceptible to swelling and produced stable 
and mechanically stronger microcapsules. A study 
by de Vos et al. demonstrated that high M alginate 
led to insufficient islet encapsulation and islet pro-
trusion [40]. Furthermore, transplantation of high 
M APA microcapsules stimulated macrophages 
and lymphocytes leading to PFO and high M algi-
nate has been shown to be more immuonogeneic 
than high G alginate [41, 42]. However, a consen-
sus has not been reached within the scientific 
community regarding the biocompatibility of high 
G or M alginates. Despite this, many animal stud-
ies have been carried out using islets encapsulated 
within APA microcapsules and transplanted into 
rodents, dogs and monkeys [43]. Long term sur-
vival of both allogeneic and xenogeneic islets en-
capsulated in APA microcapsules without immu-
nosuppression has been reported [43]. A slightly 
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modified microcapsule containing poly-l-ornithine 
instead of PLL provided better graft survival of pig 
islets when xenotransplanted into cynomolgus 
monkeys [44]. Despite these encouraging results, 
APA microcapsules suffer from a major shortcom-
ing. The polycationic PLL coating degrades over 
time and are found to be highly immunogenic 
which makes the APA microcapsules bio-
incompatible and unstable in the long run [45, 46]. 

To overcome the problems associated with PLL 
in APA microcapsules, the alginate was cross-
linked directly with barium without the addition of 
PLL to form barium alginate microcapsules. It has 
been demonstrated that cross-linking high G algi-
nate with Ba2+ ions resulted in microcapsules of 
higher strength and stability and that the result-
ing microcapsules were less permeable to IgG 
compared to other microcapsules [47]. Further, the 
absence of PLL makes these barium alginate 
microcapsules more biocompatible compared to 
APA microcapsules [48]. Many animal studies 
have been carried out both by our group [49-51], 
and by others [43, 52], which have demonstrated 
the capability of these barium alginate microcap-
sules to provide long-term immunoprotection both 
in an allo- and xeno- transplantation setting. How-
ever, even in the absence of the immunogeneic 
PLL, the barium alginate microcapsules were sus-
ceptible to PFO. Whether the inflammatory re-
sponse seen as PFO is directed against the encap-
sulated tissue or the alginate material is poorly 
understood. This is due to widely varying results, 
with outcomes influenced by varied factors such as 
the alginate purity and composition, polycations 
used and the animal models employed. Indeed, we 
have previsouly shown that the PFO directed 
against alginate microcapsules is species specific 
with barium alginate microcapsules being devoid 
of PFO when tested in small animals like rodents 
but elicited a strong PFO when transplanted into a 
large animal such as baboon [53]. 

Furthermore, it has been reported previously 
that empty microcapsules made from a purified 
source of alginate do not develop PFO when im-
planted into the peritoneal cavity of rodents [54, 
55], but do provoke extensive PFO when implanted 
into the portal vein of pigs [56]. To our knowledge, 
there are no studies reported in the literature as-
sessing the biocompatibility of empty barium algi-
nate microcapsules when implanted into the peri-
toneal cavity or omentum of a large animal model. 
Hence we carried out a study in pigs (Figure 1) to 
test the biocompatibility of empty barium alginate 
microcapsules transplanted either intraperito-
neally (n = 2) or into the omental pouch (n = 2). 

For intraperitoneal transplants, the pigs were 
transplanted with ~100,000 microcapsules, which 
they were retrieved at 1 week, 3 weeks, 8 weeks, 
and 1 year post-transplantation. Laparoscopic ex-
amination of the peritoneal cavity at 1 and 3 
weeks demonstrated free microcapsules that could 
be flushed out by saline, and microcapsules were 
seen both singly and in clumps (Figures 2A and 
2B). However, at 8 weeks post-transplantation, the 
microcapsules were found adherent to abdominal 
structures with no evidence of free-floating micro-
capsules which can be flushed out easily (Figure 
2C). At 1 year post-transplantation, no free micro-
capsules could be found within the peritoneal cav-
ity and papules, consistent with clusters of adher-
ent microcapsules, were visible at a number of 
sites including the posterior peritoneal wall (Fig-
ure 2D), omentum (Figure 2E), and liver (Figure 
2F). For the omental pouch experiments, the pigs 
were transplanted with ~37,000 microcapsules and 
retrieved at 8 weeks post-transplantation. Analy-
sis of the retrieved graft showed that microcap-
sules were not free floating and were found em-
bedded in the omental tissue. 

 
 
Figure 1. Biocompatibility testing of barium alginate micro-
capsules in pigs. Empty barium alginate microcapsules were 
transplanted into the peritoneal cavity and omental pouch of 
Erhualian pigs and the host immune response assessed at 
varied time points post-transplantation. 
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Histology of the grafts retrieved at 8 weeks 
post-transplantation demonstrated that capsules 
were scattered throughout the pouch and lay adja-
cent to each other mostly surrounded by a thin 
layer of fibrous tissue which was well vascularized 
(Figures 3A and 3B). A cellular response was ob-
served around some capsules and in cases a visible 
cellular infiltrate was seen (Figures 3C and 3D). 
This study demonstrated that the barium alginate 
microcapsules are not biocompatible in the pig 
model, at least when placed in the peritoneal cav-
ity of the pig, and elicit a foreign body response 
depicted as PFO when transplanted both intrap-
eritoneal and into the omental pouch. The thin 
layer of well vascularized fibrous tissue around the 
microcapsules in the omentum offers some hope 
that if insulin-producing cells were placed in 
microcapsules transplanted at this site, they might 
survive and function. 

2.4 Clinical studies with microcapsles 
The first human study of encapsulated islets 

was carried out in 1994 by Soon Shiong et al. on a 
diabetic patient who was on immunosuppressive 
drugs for a functioning kidney allograft [57]. The 
diabetic patient received an initial intraperitoneal 
infusion of islets (10,000 IEQ/kg) encapsulated 
within APA microcapsules followed by an interme-
diary infusion of encapsulated islets (5000 IEQ/kg) 
6 months after the first infusion. Tight glycemic 
control was achieved and the patient remained in-
sulin independent for 9 months post-
transplantation. Since then many clinical trials 
have been carried out using encapsulated islets. 
However, none of these were able to achieve insu-
lin independence, as reported in the study Soon 
Shiong et al. 

Almost 12 years later, Calafiore et al. carried 
out a clinical trial with human islets encapsulated 
within alginate-PLO microcapsules without im-
munosuppression [58, 59]. In that study, four dia-
betic patients were implanted intraperitoneally 
with encapsulated islets ranging from 5000-15,000 
IEQ/kg (under local anesthesia and ultrasound 
guidance). All the transplanted patients tested 
positive for serum C-peptide response a marker for 
islet graft function throughout 3 years of post-
transplant follow-up. The study also reported the 
need for a reduction in the exogenous insulin re-
quirement in all the patients, with transient insu-
lin independence in one patient. There was no in-
duction of HLA class I or II antibodies and all the 
patients tested negative for anti-GAD65 antibod-
ies. However, 7 years post-transplant all patients 
became insulin-dependent again, and were back to 
their original exogenous insulin requirements 
prior to transplantation. Microcapsule retrieval at 
5 years post-transplant from a patient with ab-
dominal discomfort demonstrated a cyst formation 
with fibrotic lump that contained mostly intact 
microcapsules with no viable islets. The authors 
reported the cyst formation to be attributed to sur-
gical error as the microcapsules were inadver-
tently placed beneath the muscle fascia instead of 
the intraperitoneal cavity. 

Between 2005 and 2006, two companies, 
namely Amycte, Inc., and Novocell, Inc. (now Via-
Cyte, Inc.), planned to carry out clinical trials with 
encapsulated islets in type 1 diabetic patients. 
Amycte, Inc. planned to encapsulate human islets 
with APA microcapsules, which were then embed-
ded into a macrodevice before implantation into 
twelve type 1 diabetic patients. Novocell, Inc. 
started a phase1/2 clinical trial, employing PEG-

 
 
Figure 2. Graft retrieval from the peritoneal cavity of pigs. 
Laparoscopy images show the presence of large number of 
free transparent microcapsules at week 1 (A) and week 3 (B) 
respectively. At week 8 the number of free microcapsules 
was less and most capsules were found adhering to abdomi-
nal structures (C). No free microcapsules were seen by 1 
year post-transplantation and papules, consistent with clus-
ters of adherent microcapsules, were visible at a number of 
sites including posterior peritoneal wall (D), omentum (E) 
and liver (F). 
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encapsulated islet allografts; twelve patients were 
enrolled in this trial and received subcutaneous 
implants. However, the study was terminated by 
the company after only limited efficacy was ob-
served in the first two recipients [21]. Currently, 
there is not much information available about 
these clinical trials. 

In 2007, Living Cell Technologies (LCT) re-
ported on the outcome of a clinical trial initiated in 
1996 involving encapsulated porcine islet trans-
plantation [60]. In that trial a 41-year old Cauca-
sian male with type 1 diabetes received an intrap-
eritoneal transplant of porcine islets (15,000 
IEQ/kg) encapsulated within alginate-PLO micro-
capsules. By 3 months post-transplant, his exoge-
nous insulin requirements reduced significantly by 
30% and had improved glycemic control as re-
flected in the reduction of the total glycated hemo-
globin. Moreover, urinary C-peptide levels peaked 
at 4 months and remained detectable at 11 
months. However, by 11 months post-transplant 
the graft became non-functional and the exogenous 
insulin dose returned to the pre-transplant levels. 
The patient was monitored long-term thereafter 
and showed no evidence of porcine viral or retrovi-
ral infection with a laparoscopy being carried out 
9.5 years post-transplant. Laparoscopy revealed 
opaque nodules spread throughout the omentum 
and mesentery, and more importantly, no signs of 
peritoneal reaction or fibrosis. Biopsies of the nod-
ules demonstrated opaque microcapsules that were 
intact with live cell clusters that stained sparsely 
for insulin and glucagon and produced a small 
amount of insulin in response to an in vitro glucose 
challenge. Recently, LCT reported on a phase 1/2 
clinical trial of DIABECELL conducted in New 
Zealand and Russia enrolling fourteen type 1 dia-
betic patients [61]. Reports from the company web-
site state that the first four patients transplanted 
with encapsulated porcine islets (10,000 IEQ/kg) 
had a 76% reduction in hypoglycemic unawareness 
episodes after 7-12 months post-transplantation 
follow-up. Another eight patients were trans-
planted with 15,000 IEQ/kg (four patients) and 
20,000 IEQ/kg (four patients) of encapsulated por-
cine islets, and are currently being followed up. 
The last two patients were transplanted with 5000 
IEQ/kg of encapsulated islets and were enrolled to 
construct the dose ranging data required for a 
phase 3 clinical trial. There has been a lowering of 
the level of HbA1c to <7% for more than 600 days 
post transplantation, with a significant reduction 
of unrecognized hypoglycemic events. Recently, the 
company website reported that a registration 
study has been launched in 2013 for a phase 2b/3 

trial, and DIABECELL is expected to be available 
in the market by 2016 [62]. 

We also carried out a phase 1 clinical trial (‘The 
Seaweed Diabetes Trial’) with encapsulated hu-
man islets encapsulated within barium alginate 
microcapsules without any polycations such as 
PLL or PLO [63]. Four type 1 diabetic patients 
with no detectable C-peptide received an intraperi-
toneal infusion of barium alginate encapsulated 
islets with a mean of 178,000 IEQ per infusion. 
One patient received four islet infusions over 7 
months and another received two infusions 10 
months apart, and the remaining two recipients 
received one infusion each. No immunosuppression 
was used, but the recipients received a mild anti-
inflammatory agent and antioxidants. Urinary C-
peptide was detected in all the patients on day 1 
post transplantation, and the blood glucose levels 
and insulin requirements decreased to 36 ± 8% 
and 22 ± 3%, respectively, but not thereafter. Uri-
nary C-peptide became undetectable at 1-4 weeks 
in 3 of the recipients. In the one patient receiving 
multiple infusions, urinary C-peptide was detected 
at 6 weeks and remained detectable by 2.5 years 
post-transplantation. However, the small amount 
of insulin produced in that patient altered neither 
the exogenous insulin requirements nor the glyce-
mic control. In contrast to other clinical studies 
discussed above, antibodies against GAD were de-

 
 
Figure 3. Graft retrieval from the omental pouch at 8 weeks 
post-transplantation. Multiple capsules were located adja-
cent to each other (A), most surrounded by a thin layer of 
fibrous tissue, which was well vascularised (B). A cellular 
response was observed around some capsules (C) and in a 
small number of cases, there is a visible cellular infiltrate 
(D). 
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tected in three patients and remained detectable 
1.1-2.5 years after the first infusion. Cytotoxic an-
tibodies were detected in two patients and re-
mained detectable at 0.6-1.9 years after the first 
infusion. To better understand what was happen-
ing to the encapsulated islets, a laparoscopy was 
carried out on the multi-islet recipient at 16 
months post-transplantation. Large number of 
microcapsules were found scattered throughout 
the peritoneal cavity, and were found attached to 
the parietal peritoneum, spleen, omentum, and 
kidney. A biopsy demonstrated that the microcap-
sules remained intact, and were surrounded by 
layers of fibrous tissue with necrotic islets. Al-
though a clinical benefit could not be demon-
strated, this study showed that allografting of bar-
ium alginate encapsulated human islets is safe 
with no major side-effects or infection to the trans-
planted recipients. 

Mostly recently, Jacobs-Tulleneers-Thevissen et 
al. has published on a human trial employing 
Ca2+/Ba2+ alginate microbeads containing allogenic 
islets [64]. Encapsulated human islets (300,000 
IEQ) were injected into the peritoneal cavity of a 
61-year old female type 1 diabetic patient under 
maintenance immunosuppression for an intrapor-
tal islet transplantation received 5 years earlier. 
Plasma C-peptide levels increased above the pre-
transplant levels in the first 12 weeks but reached 
a threshold within the first week. However, there 
was no reduction in the exogenous insulin re-
quirements and diabetes auto-antibody status re-
mained unchanged with no induction of cytotoxic 
antibodies. A laparoscopy carried out a 3 month 
post-transplantation, reported single as well as 
cluster of microcapsules spread throughout the 
peritoneal cavity. The numerous single microcap-
sules loosely attached to the peritoneum were eas-
ily retrievable, free of fibrosis and marginally func-
tional which the authors relate to poor viability of 
the retrieved islets. However, the majority of the 
microcapsules were seen clustered at several sites 
including the greater omentum and pelvic floor 
and were surrounded by vascularized fibrous tis-
sue infiltrated with immune cells and mostly con-
tained debris. 

From the above clinical studies, it can been 
concluded that both alginate-polycation-alginate 
and Ca2+/Ba2+ alginate microcapsules were em-
ployed for encapsulation, and both were trans-
planted in diabetic recipients at the same site, 
namely the peritoneal cavity. In all the cases, 
small amounts of C-peptide were detectable at dif-
ferent time points post-transplantation, suggesting 
microcapsules to offer some degree of immune pro-

tection to islets, at least in the early stages. How-
ever, in the long term, microencapsulated islet 
grafts eventually failed, and offered no clinical 
benefit to the diabetic recipients, although no ad-
verse reactions were reported. The reasons for 
graft failure are not clear, and are attributed to 
many factors such as quality of the isolated islets, 
graft volume, and encapsulated islet viability, all 
of which can influence the transplant outcome. 
However, laparoscopic retrieval of microcapsules 
carried out in some clinical studies suggested that 
clumping of microcapsules and formation of PFO 
are major factors resulting in loss of graft function 
[63, 64]. Whether the PFO is directed against the 
microcapsules or the encapsulated tissue remains 
largely unclear, the contribution of alginate mate-
rial to PFO cannot be ruled out as antibodies to-
wards alginate were detected as early as 20 days 
post-transplantation, though the levels declined 
thereafter [65]. However, since empty microcap-
sules have not been tested in humans, their con-
tribution to PFO remains unanswered. Despite 
this, and based on the available information, it can 
be said that PFO is one of the major causes for the 
failure of encapsulated islets in a clinical setting. 

3. Strategies to prevent/reduce PFO 
and improve encapsulated islet sur-
vival 

The ideal microencapsulation device should 
have the following characteristics: 

 
- It should be completely inert so as not to in-

duce an immunological or fibrotic reaction 
- It should be robust without disintegration 

(i.e., non-biodegradable) over prolonged pe-
riods of time 

- It should have a smooth topography without 
rough surface 

- It should be compatible both with the encap-
sulated cells and the host to be bio-tolerable 
and not induce an immunological and fi-
brotic reaction 

 
The alginate hydrogels used in encapsulation 

largely fulfill the above characteristics in being in-
ert, robust, having a smooth surface, and being 
hydrophilic, which highly reduces protein adsorp-
tion and cell attachment. Microencapsulated islets 
have also been shown to normalize glucose levels 
for extended periods in both preclinical models of 
allo- and xeno- transplantation [66]. However, in 
all these studies, graft survival was limited, and 
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varied considerably, ranging from months to a few 
years. Furthermore, phase 1 clinical studies with 
encapsulated islets resulted in poor outcomes, with 
PFO being the major factor responsible for graft 
failure [67-69]. The factors contributing to PFO are 
poorly understood, and are often seen as a foreign 
body reaction to the alginate microcapsules or host 
inflammatory response to antigens shed by encap-
sulated tissue [70, 71]. Thus, combating PFO is 
crucial for improving transplant outcomes with en-
capsulated islets, and is actively being pursued by 
varied research groups. Below we discuss the vari-
ous strategies pursued or being pursued to re-
duce/prevent PFO and enhance graft survival (as 
summarized in Table 1, see Appendix). 

3.1 Alginate purification 

Alginate purity is one of the major factors af-
fecting the biocompatibility of alginate-based 
microcapsules leading to fibrotic overgrowth. Algi-
nates are obtained from natural sources and are 
known to contain immunogenic contaminants such 
as proteins, polyphenols, and endotoxins [72]. En-
dotoxins can stimulate the immune system while 
polyphenols and proteins can be toxic to the encap-
sulated cells. Lipopolysaccharide (LPS) is the most 
common endotoxin found in alginate polymers and 
can bind to toll-like receptor 4 (TLR4) to induce an 
inflammatory response in a wide variety of im-
mune cells [73]. Studies have demonstrated that 
impurities in alginate are a key culprit, contribut-
ing to poor biocompatibility, and consequently 
leading to poor graft survival due to PFO [74-76]. 
The majority of studies used alginate which has 
been sourced commercially and marketed as being 
‘highly purified’, despite the alginate microcap-
sules made from them being immunogenic. Micro-
capsules made from these alginate sources have 
been shown to activate the innate immune system 
and induce the release of proinflammatory cyto-
kines IL-1β, TNF-α, and IL-6 from both murine 
and human monocytes and macrophages [77-79]. A 
recent study used a cell based assay as a screening 
tool to identify impurities and found that commer-
cially sourced alginate labeled as “ultra-pure” still 
contain impurities such as peptidoglycan and lipo-
teichoic acid which are referred to as pathogen-
associated molecular patterns (PAMPs) [80]. The 
study also elegantly demonstrated that the PAMPs 
can act as ligands for toll-like receptors (TLR) and 
pattern recognition receptors (PRRs), thereby acti-
vating NF-kB resulting in activation of the innate 
immune system and release of proinflammatory 
cytokines. Most of these cytokines are small 

enough to permeate through the microcapsule 
pores, and have deleterious effects on encapsulated 
islet cells [81, 82]. Upon transplantation into im-
munocompetent rats, these unpurified alginate 
with PAMPs elicited a PFO and poor biocompati-
bility. On the other hand, purified alginate with 
low levels of PAMPs demonstrated superior bio-
compatibility with no PFO upon transplantation 
[83]. However, removal of all these impurities is a 
cumbersome process and as such all purification 
procedures focused only on endotoxin LPS. There-
fore, novel screening tools and purification proce-
dures need to be developed to detect and remove 
other PAMPs such as peptidoglycan and lipo-
teichoic acid. A recent study suggested the devel-
opment of a cell based screening assay to identify 
PAMPs in alginate polymers [80]. This clearly 
demonstrates the need for purifying alginate be-
fore being used for encapsulation and transplanta-
tion purposes. However, many groups have diffi-
culties in consistently producing ultra-pure algi-
nates, despite using the same purification proce-
dures, which leads to considerable inter-lab varia-
tions [84, 85]. This problem highlights the crucial 
need for the optimization of the purification proce-
dure, and development of a standard operating 
procedure to purify alginate employed in islet en-
capsulation. 

3.2 Alginate composition and geometry 

Apart from purity, alginate composition also 
plays a major role in determining the biocompati-
bility. Alginate is a polysaccharide and is made of 
repeating units of guluronic (G) and mannuronic 
(M) acid, and the ratio of G/M greatly affects the 
physiochemical properties and play a major role in 
determining the biocompatibility of alginate 
microcapsules. Alginate microcapsules made from 
high-G alginate are more stable compared with 
high-M, whereas microcapsules from high-M algi-
nate can provide selective permeability to immu-
noglobulins and immune cells, thereby providing 
better immunoprotection [86, 87]. However, some 
studies have reported alginate microcapsules with 
high M to be more immunogenic leading to PFO 
[88, 89], whereas others have reported the oppotite 
[90, 91]. Another study demonstrated that micro-
capsules made from intermediate-G alginate were 
biocompatible and free of PFO compared to micro-
capsules made from high-G alginate [92]. 

Apart from G/M ratio, alginate viscosity and 
molecular weight also plays a major role in deter-
mining the biocompatibility of alginate microcap-
sules. It has been demonstrated that microcap-
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sules prepared from low, but not medium, viscosity 
alginate elicited a strong PFO, stressing the need 
to remove low molecular weight fractions during 
purification procedure to enhance biocompatibility 
[93]. Another study demonstrated that alginate 
implants made from high viscosity and high man-
nuronic acid, but without guluronic acid, demon-
strated better stability, no PFO, and improved 
graft survival in a xenotransplantation setting 
[94]. 

Another factor that plays a critical role in de-
termining biocompatibility is capsule geometry. 
Traditional microcapsules comprise fixed-diameter 
spheres ranging from 700-1500 µm, and have been 
reported to have large diffusion barriers leading to 
delayed glucose sensing and insulin responsive-
ness and poor oxygenation, resulting in hypoxia 
and necrosis of the encapsulated islets, thereby 
triggering the immune response leading to PFO 
[95]. These drawbacks could be overcome using 
smaller microcapsules, and studies have demon-
strated that smaller microcapsules can provide 
better insulin kinetics and improved cell oxygena-
tion [96, 97]. Furthermore, smaller microcapsules 
of the order of 250-350 µm are found to be biocom-
patible with less PFO compared with the tradi-
tional microcapsules [98, 99]. However, a recent 
study elegantly suggested another strategiy by 
showing that larger alginate microcapsules of 1.5 
mm diameter have better biocompatibility, and 
significantly mitigated PFO compared with 
smaller 0.5 mm capsules when transplanted both 
into C57BL/6 and in non-human primates [100]. 
The authors also demonstrated that islets encap-
sulated within these larger 1.5 mm capsules re-
mained viable, had similar insulin kinetics, and 
provided better glycemic control in a xenotrans-
plantation setting with significantly less PFO 
compared with smaller microcapsules. In conclu-
sion, it can be stated that not all results are in 
agreement. There is still a need for a better under-
standing of the alginate composition and micro-
capsule geometry in influencing alginate micro-
capsule biocompatibility. 

3.3 Modification of alginate microcapsules 

Traditionally, alginate microcapsules used for 
islet encapsulation are made of alginate/poly-l-
lysine-alginate complex where ploy-l-lysine (PLL) 
has been added to reduce porosity and osmotic 
swelling [101]. However, several studies have 
shown that the bound PLL is immunogeneic and 
increases the host reaction resulting in PFO and 
being detrimental to the encapsulated islets [102, 

103]. Over the years, many polycations such as 
poly-L-ornithine [104], chitosan [105], poly-d-
lysine [106], and diblock copolymers [107] have 
been tried as an alternative to PLL to reduce PFO 
and improve biocompatibility. Some studies have 
investigated the incorporation of anti-
inflammatory agents into alginate microcapsules 
to combat PFO. Hybrid curcumin-alginate micro-
capsules significantly reduced PFO and improved 
glycemic control when encapsulated rat islets were 
xenotransplanted into immunocompetent mice 
[108]. Similarly, composite alginate microcapsules 
containing ketoprofen loaded biodegradable micro-
spheres demonstrated better biocompatibility with 
no PFO compared to unmodified microcapsules 
when transplanted into the peritoneal cavity of 
CD-1 mice [109]. Alginate microcapsules co-
encapsulated with steroids (namely dexa-
methasone) demonstrated better biocompatibility 
and were ‘free floating’ with no PFO when re-
trieved from the peritoneal cavity at 4 weeks post-
transplantation [110]. Another study demon-
strated that loading anti-inflammatory drug pen-
toxifylline into the inner layer of dextran-spermine 
coated alginate microcapsules had enhanced im-
munosuppressive effects in vitro when encapsu-
lated islets were co-cultured with lymphocytes 
[111]. A recent study demonstrated the usefulness 
of incorporating ursodeoxycholic acid into the algi-
nate matrix which produced microcapsules of good 
stability and cell viability [112, 113]. Another 
study demonstrated that co-encapsulation of islets 
with HMGB1 A box protein significantly attenu-
ated TNF-a secretion when co-cultured with 
macrophages and improved graft survival by 2 fold 
in a xenotransplantation setting [114]. 

Another approach to improve biocompatibility 
and reduce PFO is by modifying the surface chem-
istry of alginate microacspules. One study demon-
strated that coating alginate-chitosan microbeads 
with methoxy poly (ethylene glycol) (MPEG) cre-
ated a more biocompatible and protein repellent 
surface which prevented gamma globulin (IgG) 
and fibrinogen protein adsorption important in 
PFO formation [115]. Another study showed that 
genipin-modified empty alginate/PLO/alginate mi-
crobeads exhibited improved hydrophilicity and 
biocompatibility with less PFO when transplanted 
into the peritoneal cavity of immunocompetent 
mice [116]. However, the beneficial effect was lost 
when genipin modified microcapsules containing 
islets were xenotransplanted. The same group re-
cently demonstrated that coating photocross-
linkable methacrylated glycol chitosan on alginate 
microcapsules improved capsule properties with-
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out affecting cell viability and function in vitro, 
and demonstrated good biocompatibility in vivo 
with reduced PFO when compared to algi-
nate/PLO/alginate microcapsules [117]. Coating 
alginate microcapsules with poly (methylene-co-
guanidine) (PMCG) resulted in stronger microcap-
sules with increased stability compared to algi-
nate/PLL/alginate capsules. However, its in vivo 
biocompatibility is yet to be tested [118]. A recent 
study demonstrated that coating alginate micro-
capsules with rapamycin-containing polyethylene 
glycol decreased the proliferation of macrophage 
cells and significantly reduced PFO compared to 
non-coated alginate microcapsules [119]. In yet 
another study, it has been shown that alginate-
PEG microcapsules, when transplanted, improved 
biocompatibility and engraftment of allogenic is-
lets only at the site of the peritoneal cavity, but 
not the highly vascularized epididymal fat pad in a 
rodent model [120]. This study suggests that 
transplant site also affect graft outcomes in addi-
tion to microcapsule composition. 

We recently showed that modifying the surface 
of alginate microcapsules with a patented macro-
molecular heparin conjugate improved biocompati-
bility and significantly reduced PFO in both syn-
geneic and allogeneic transplantation models with 
no benefit seen in a xenogeneic model [121]. How-
ever, another study concluded that coating algi-
nate microcapsules with a chemokine CXCL12 im-
proved biocompatibility and resulted in long term 
allo- and xeno- islet survival and function by re-
cruiting the immunosuppressive regulatory T cells 
to the transplant site [122]. Recently, we have 
demonstrated that coating the surface of alginate 
microcapsules with zwitterionic block co-polymers 
significantly reduced PFO, and improved graft 
survival in a xenotransplantation setting (unpub-
lished data). A recent elegant study showed that 
chemical modification of alginate using triazole-
thiomorpholine dioxide resisted PFO when empty 
alginate microspheres were implanted into both 
rodents and non-human primates [123], and stem 
cell-derived β-cells encapsulated within these algi-
nate microspheres provided long-term glycemic 
control without immunosuppression in a 
xenotransplantation setting [124]. Another recent 
study has shown that coating alginate microcap-
sules with chitosan significantly improved its bio-
compatibility by reducing PFO. In this study, the 
authors showed that chitosan-coated alginate 
microcapsules significantly reduced PFO and nor-
malized blood glucose levels for up to 1 year both 
in a canine allotransplantation and rodent 
xenotransplantation model [125]. However, despite 

all the surface-modification strategies to reduce 
PFO and improve graft survival in small animal 
models, as outlined above, none of them have been 
successful in large animals, thereby undermining 
the clinical significance of the above approaches. 
Therefore, a concentrated research effort is needed 
to develop novel biocompatible alginate microcap-
sules which are free of PFO and which can im-
prove graft survival both in an allo- and xeno-
transplant setting. Clinical trials should test the 
most promising microcapsules, containing human 
insulin-producing cells, in normalizing blood sugar 
levels of recipient humans without immunosup-
pression. 

3.4 Co-encapsulation with companion cells 

Another strategy to reduce PFO and enhance 
encapsulated islet survival is by co-encapsulating 
with immunomodulatory companion or bioengi-
neered cells. Sertoli cells have been widely studied 
as an immunomodulatory companion cell, and 
have been shown to inhibit T- and B-cell prolifera-
tion and IL-12 production [126]. Co-
transplantation of non-encapsulated islets with 
Sertoli cells has been shown to be beneficial in en-
hancing graft survival in allo- [127], xeno- [128], 
and autoimmune transplant models [129]. Fur-
ther, studies have found that co-encapsulation of 
islets with Sertoli cells improved graft survival 
and function in a xenotransplantation setting by 
producing local immunosuppressive factors [130, 
131]. However, the effect of Sertoli cell co-
encapsulation on PFO was not reported in those 
studies. Other attractive companion cells, which 
are widely investigated for their immunomodula-
tory properties, are mesenchymal stem cells 
(MSC). MSC inhibit immune responses by releas-
ing soluble cytokines and growth factors to 
neighbouring cells, resulting in a localized immu-
nosuppressive effect [132, 133]. The immunomodu-
latory properties of MSC have been widely ex-
ploited, and MSC have been used in several stud-
ies to enhance islet survival and improve trans-
plantation outcomes [134-136]. A recent study 
highlighted the benefit of co-encapsulating islets 
with MSC to enhance insulin secretion and im-
prove transplantation outcomes in a syngeneic set-
ting with no benefit seen in PFO reduction [137]. 
In a macroencapsulation study, MSC co-
encapsulation with pig islets improved graft sur-
vival and function by enhancing oxygenation and 
neoangiogenesis in subcutaneous transplants with 
no apparent positive MSC effects on the occurrence 
of PFO [138]. As there are no studies examining 
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the direct effects of MSC co-encapsulation on PFO 
and graft survival, we recently investigated this 
strategy to reduce PFO in different transplanta-
tion setting. We found that co-encapsulating MSC 
significantly reduced PFO and improved graft sur-
vival both in allotransplantation (unpublished 
data) and xenotransplantation models (unpub-
lished data). Furthermore, we also found that acti-
vating MSC prior to transplantation significantly 
enhanced their immunosuppressive properties and 
co-encapsulation of activated MSC significantly 
reduced PFO, improved graft survival, and pro-
vided better glycemic control in an allotransplan-
tation setting (unpublished data). Apart from Ser-
toli cells and MSC, genetically modified cells have 
also been co-encapsulated to enhance islet sur-
vival. Co-encapsulation of islets with bioengi-
neered IGF-II producing TM4 cells improved beta-
cell survival, and provided better glycemic control. 
However, the effect on PFO was not reported in 
that study [139]. 

3.5 Administration of pharmacological agents 

Another strategy which has been applied to pre-
vent or reduce PFO is the use of immunosuppres-
sive drugs. It has been demonstrated that short-
term immunosuppression for 10 days with either 
rapamycin, tacrolimus, combination of rapamycin 
and tacrolimus, or gadolinium-chloride did not 
prevent PFO, but reduce its thickness around the 
intraportally implanted empty microcapsules 
[140]. Another study demonstrated that continu-
ous subcutaneous delivery of the immunosuppres-
sive drug 15-deoxyspergualin for 4 weeks had a 
dose-dependent effect on reducing PFO and pro-
longing graft survival when xenotransplanted into 
BalB/c mice [141]. Oral administration of an anti-
fibrotic agent, HOE 077, reduced PFO and im-
proved encapsulated porcine islet survival when 
xenotransplanted into an immunocompetent 
mouse [142]. A research group in Chicago has 
shown the benefit of using a 2-week long T-cell-
directed immunosuppressive medication and TNF-
a blocker to prevent PFO [143]. They demon-
strated that the immunosuppressive regime could 
prevent PFO on empty Ca2+/Ba2+ alginate micro-
capsules transplanted into the peritoneal cavity of 
cynomologous monkeys only for the time period 
when the medications were administered. The 
above studies require the extended use of immuno-
suppressants to prevent PFO and improve graft 
survival. However, this defeats the goal of the en-
capsulation strategy, and is not being pursued by 
many research groups. 

3.6 Transplant site 

The choice of the anatomical transplant site is 
based on where the host’s immune system might 
have minimal impact on the transplanted mate-
rial, so called ‘immune privilege’. An ideal trans-
plant site should have features like low immune 
exposure, easy retrievability of implanted cap-
sules, access to the host’s vasculature with a po-
tential for the implanted graft to neovascularize, 
and adequate space to accommodate the desired 
quantity of implanted microcapsules [144]. Non-
encapsulated islets are generally transplanted into 
the liver via the portal vein, as this is a highly vas-
cularized site enabling the transplanted islets to 
receive sufficient oxygen. However, infusion into 
the portal vein is not possible with microencapsu-
lated islets due to the large graft volume, and 
therefore, microencapsulated islets are generally 
transplanted into the peritoneal cavity. Poor re-
vascularization, high immunogenicity, and diffi-
culty in retrieval of the transplanted capsules 
make the peritoneal cavity an unfavorable trans-
plant site for microencapsulated islets. Moreover, 
the influence of gravity on the placement of the 
microcapsules may cause them to fall and clump 
together within the pelvic cavity in bipedal hosts, 
which is another major disadvantage. Further-
more, microcapsules prevent the revascularization 
process, and microencapsulated islets are sub-
jected to chronic hypoxic stress, which hampers 
their ability to function properly. This explains the 
requirement for large numbers of encapsulated is-
lets to normalize glucose levels compared to non-
encapsulated islets [145]. Microencapsulated islets 
subjected to hypoxic stress are known to secrete 
higher levels of HMGB1, which can trigger an in-
flammatory response and contribute to PFO [146]. 

A surgically created omental pouch can help 
overcome this problem by providing the required 
space for the large volume of encapsulated islets, 
as well as enabling close proximity to the vascula-
ture, and hence exerting less hypoxic stress on en-
capsulated islets. It also ensures easy retrievabil-
ity of the microcapsules and delivery of insulin into 
the portal circulation. Studies have demonstrated 
the benefit of transplanting encapsulated islets 
into an omental pouch, resulting in long term 
normoglycemia in rodent models of diabetes using 
this approach [147]. However, rodent studies have 
yet to be translated to large animal models, some-
thing that is important given that we see a strong 
PFO when empty barium alginate microcapsules 
were transplanted into the omental pouch of pigs 
(Figure 3) in our study. Another transplantation 
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site that has been investigated is the kidney cap-
sule. A large animal study demonstrated that por-
cine C-peptide was detectable 60 days post-
transplantation in two of the seven cynomolgus 
monkeys when microencapsulated porcine islets 
were xenotransplanted under the kidney capsule 
[148]. Although the kidney capsule is highly vascu-
larised, space is limited for the large graft volume 
associated with encapsulated islets. Other ana-
tomical transplant sites, such as the gastric sub-
mucosal space [149], lymph node [150], skeletal 
muscle [151], pancreas [152], spleen [153], bone 
marrow [154], the testis, thymus, and anterior eye 
chamber [155] have all been attempted with non-
encapsulated islets, but none of these have been 
explored for encapsulated islets, mainly because of 
the space restriction for the large transplant vol-
ume. 

Another alternative site, which has been widely 
explored for encapsulated islet transplantation, is 
the subcutaneous space. The subcutaneous site of-
fers a large surface area, is easy accessible, and 
permits minimal invasiveness for both transplan-
tation procedure and graft retrieval. However, re-
sults from the subcutaneous site transplants have 
not been encouraging because of poor oxygen ten-
sion and slow revascularization, which may com-
promise islet function and engraftment [155]. A 
possible explanation might be that the inadequate 
oxygen supply in the subcutaneous site might have 
reduced the capacity of encapsulated islets to se-
crete insulin because they are known to be highly 
metabolic [155]. Despite poor oxygen supply, sub-
cutaneous transplant site might still be attractive 
as they are less immunogeneic than the peritoneal 
cavity. Our own studies have demonstrated that 
xenotransplantation of encapsulated cells into the 
peritoneal cavity of an aggressive C57BL/6 mouse 
results in strong PFO by 3 weeks post-
transplantation. However, when encapsulated cells 
were xenotransplanted subcutaneously the PFO 
was reduced significantly, despite the capsules be-
ing contained within a fibrotic pouch [156]. Thus, 
transplantation of microencapsulated islets at the 
subcutaneous site can be adopted as a strategy to 
reduce PFO and improve islet survival if the issue 
of poor oxygen supply can be resolved at this site. 
Several approaches have been attempted to en-
hance oxygenation at the subcutaneous site, in-
cluding generating oxygen close to the microcap-
sules by means of photosynthesis [157] or electro-
chemical generator [158]. Unfortunately, these 
oxygen-generating systems cannot produce enough 
oxygen required in a clinical setting. Other ap-
proaches to enhance oxygenation at the subcuta-

neous site include delivering oxygen through an 
external source [159], making the islet cells hy-
poxic resistant [160-162], and inducing neoangio-
genesis around the transplanted device. Several 
groups have demonstrated the benefit of inducing 
neovascularization using fibroblast growth factor 
(FGF) [163-165] and hemoglobin cross-linking 
[166] with improved transplant outcomes in ro-
dents. Other studies have shown that conjugating 
VEGF to the alginate scaffolds promoted angio-
genesis, and improved islet engraftment and func-
tion [167, 168]. Recently, an elegant study demon-
strated the benefit of using a pre-vascularized sub-
cutaneous device-less site, which provided long 
term syngeneic, but not allograft, survival (using 
immunosuppression) by enhancing neovasculariza-
tion and creating a localized immune tolerance at 
the transplant site [169]. 

4. Nanoencapsulation 

Another approach to enhancing oxygenation 
and improving graft survival is to reduce the 
microcapsule size to decrease the diffusion dis-
tance for the oxygen to reach the islet core from 
the capsule surface. This can be achieved using re-
cent techniques such as conformal coating or layer-
by-layer approach. Furthermore, reducing the 
microcapsule size will significantly reduce the 
transplant volume, thereby allowing the trans-
plantation of these encapsulated islets into the 
highly vascularized site such as liver through por-
tal vein infusion. 

4.1 Conformal coating 

The most commonly used polymer for conformal 
coating is polyethylene glycol (PEG), which can be 
cross-linked easily by exposing to UV/Visible light 
and polymerized in the presence of photo-
initiators, thereby forming a nanocapsule around 
the islets [170]. The first study with conformal 
coating was carried out by Neocrin Inc., and 
showed that conformal coated porcine islets nor-
malized blood sugar levels when xenotransplanted 
into non-immunosuppressed diabetic rodents 
[171]. However, similar success was not achieved 
in larger animals as there was a strong immune 
response against the PEG coatings resulting in 
graft failure. Another company, Novocell (now 
ViaCyte), modified the PEG component to improve 
binding to photo-initiators and to accelerate cross-
linking in order to be non-reactive in large ani-
mals. The company carried out a pre-clinical non-
human primate study by subcutaneously implant-
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ing conformal coated islets into five diabetic ba-
boons, and demonstrated allograft function in 
presence of low-dose immunosuppression [172]. 
Graft retrieval at 20 months post-transplantation 
showed minimal inflammatory reaction to confor-
mal coated islets. Encouraged by these results, 
Novocell carried out a phase I/II clinical trial with 
two type 1 diabetic recipients receiving conformal 
coated islets transplanted subcutaneously both in 
the abdomen and back. Although the recipients 
experienced a decrease in the number of hypogly-
cemic episodes, both patients did not achieve insu-
lin independence, and the C-peptide levels were 
lower than expected [172]. 

A group at the University of Miami developed a 
new microfluidic method for conformal coating 
that allowed complete encapsulation of islets 
within a thin continuous layer of PEG-alginate 
hydrogel. The group demonstrated that the func-
tion of conformally coated islets was not affected 
both in vitro and in vivo in a syngeneic rodent 
transplantation model [173]. A recent study dem-
onstrated that allogeneic transplantation of con-
formally PEG coated islets along with a short-
course immunotherapy (anti-LFA-1 antibody) pro-
vided a synergistic effect by reversing hyperglyce-
mia and maintaining normoglycemia for more 
than 100 days with no foreign body reaction [174]. 
Despite the promising results, PEG is less biocom-
patible than other hydrogels currently being tested 
for islet encapsulation, and PEG encapsulated is-
lets are susceptible to cytokine attack [175], which 
necessitates further investigation before this tech-
nology may be applied widely. 

4.2 Layer-by-layer coating 

In this coating technology, islets are encapsu-
lated by altering positively and negatively charged 
polymers over the surface of cell clusters, thereby 
significantly reducing the capsule thickness, im-
proving insulin release kinetics, and promoting dif-
fusion of metabolites and waste products [176]. In 
2006, Krol et al. demonstrated that islets can be 
nanoencapsulated through a layer-by-layer ap-
proach using alternating layers of either poly-
allylamine hydrochloride or poly-diallyldimethyl-
ammonium chloride as polycations and poly-
styrene sulfonate as a polyanion [177]. Subsequent 
studies improved the layer-by-layer coating by us-
ing a biotin-PEG peptide conjugated with strepta-
vidin in the PEG coating [178, 179]. Nanoencapsu-
lation of islets using alternate layers of phos-
phorylcholine-derived polysaccharides and algi-

nate normalized blood sugar levels and reversed 
hyperglycemia in diabetic mice in an allotrans-
plantation setting [180]. Another study demon-
strated that PEGylated nanocoated islets can in-
duce normoglycemia for more than 100 days in an 
allotransplantation murine model of type 1 diabe-
tes [181]. 

In a recent study, it was shown that nanothin 
coating of islets with poly(N-vinylpyrrolidone) and 
tannic acid decreased pro-inflammatory chemokine 
synthesis and T cell migration, and restored eugly-
cemia after allotransplantation into diabetic mice 
[182]. Layer-by-layer coating with three layers of 
PEG molecules on non-human primate islets pro-
vided a uniform nano-shielding and 100% survival 
rate for 150 days post-transplantation in a 
xenotransplantation setting in the presence of 
immunosuppression [183]. Despite the promising 
results seen with layer-by-layer coated islets in 
providing immunoprotection and improving graft 
survival in small animal models they are yet to be 
tested in large animal models which warrants fur-
ther investigation before proceeding to clinical tri-
als. 

5. New encapsulation technologies 
Several encapsulation technologies are cur-

rently being explored to improve hydrogel biocom-
patibility, robustness, and improve graft survival. 
Using electrospinning technology, highly porous 
hydrogel based nanofiber-enabled encapsulation 
devices (NEEDs) were made without altering the 
intrinsic chemistry of hydrogels [184]. Encapsulat-
ing rat islets within these devices did not alter is-
let function and were shown to reverse diabetes 
when transplanted into diabetic mice with mini-
mal PFO. A California group developed a novel mi-
cro- and a nanoporous thin-film cell encapsulation 
device using a FDA approved polymer poly-
caprolactone (PCL) which allows long term biolu-
minescent transfer imaging (185). They demon-
strated that encapsulating islets within these PCL 
devices did not affect islet function and rendered 
selective protection from immune cells and cyto-
kines. Further, they also showed that allotrans-
plantation of insulin producing cells encased 
within these thin-film devices did not elicit a for-
eign body response and induced neovascularization 
around the device. To overcome islet loss, Sabek et 
al. developed a novel encapsulation silicon device, 
the NanoGland, to prolong islet survival and pro-
mote revascularization [186]. The NanoGland de-
vice preserved islet viability and function in vitro 
for over 30 days and for over 120 days when trans-
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planted subcutaneously in mice with neovasculari-
zation seen in the retrieved grafts. 

A recent study tested the suitability of hyalu-
ronic acid/collagen hydrogel as an alternative to 
alginate which are prone to PFO resulting in pre-
mature graft failure [187]. Islet encapsulation in 
hyaluronic acid/collagen hydrogels retained islet 
morphology and function and provided long-term 
immunoprotection for over 18 months in an al-
lotransplantation setting with little or no evidence 
of PFO on retrieved grafts. Microfluidics based en-
capsulation technologies are actively being pur-
sued by varied groups as they offer many advan-
tages compared to conventional electro-static 
spraying or air-syringe pump-based encapsulation 
methods by producing uniform capsule size with 
less coefficient of variation and improved spheric-
ity of capsules [188]. 

6. Tracking microcapsules 
There are multiple reasons for failure of encap-

sulated islet grafts. These include PFO, hypoxia 
and erroneous delivery of microcapsules, resulting 
in capsule aggregation and subsequently islet 
starvation and islet death [189-191]. Strategies 
could be developed to improve clinical outcomes if 
microencapsulated islets infused into the perito-
neal cavity could be tracked by non-invasive 
means to better understand the optimal delivery 
method, capsule distribution, and engraftment. 
Magnetic resonance imaging (MRI) is the most 
commonly used non-invasive technique for track-
ing cells due to its high resolution and enhanced 
tissue contrast [192]. A range of iron oxide 
nanoparticles have been employed as MRI contrast 
agents and especially super-paramagnetic iron ox-
ide (SPIO) particles have been extensively studied 
due to their high relaxitivity and enhanced nega-
tive contrast [193]. Labeling islets with SPIO does 
not seem to impact viability, and SPIO nanoparti-
cles have been used to produce magneto-capsules 
for encapsulation of pancreatic islets, and for non-
invasive tracking by MRI [194]. However, there 
are major drawbacks with SPIO particles in terms 
of stability and magnetic sensitivity [195]. which 
can be overcome by using large micrometer-sized 
iron particles such as magnetic microspheres. Re-
cently, we showed that islets can be labeled effi-
ciently with these magnetic microspheres, and 
that encapsulated labeled islets can be tracked 
non-invasively by MRI [196]. 

Another group of contrast agents, namely per-
fluorocarbons (PFC), have been employed to pro-
duce fluorocapsules for microencapsulated cell 

tracking using 19F MRI. Furthermore, these fluoro-
capsules allow multimodal imaging, and can be 
scanned on clinical grade ultrasound and CT scan-
ners [197]. Similarly, microcapsules loaded with 
gold-gadolinium nanoparticles helped to track 
transplanted encapsulated islets with multiple 
imaging modalities such as MRI, CT, and US 
[198]. Encapsulating contrast agents such as bar-
ium sulphate or bismuth sulphide produced radio-
opaque microcapsules which can be tracked non-
invasively by x-ray imaging [199]. In another 
study, a simple method was developed using gold 
nanoparticles as a contrast agent to track single 
alginate microcapsules using x-ray micro-CT sys-
tem with a reduced radiation dose [200]. The same 
research group demonstrated that coating cationic 
homopolymer modified gold nanoparticles onto the 
surface of negatively charged alginate microcap-
sules resulted in hybrid capsules, which can be 
easily detected with a low X-ray dose both in vitro 
and in vivo [201]. However, in both studies using 
gold nanoparticles, the authors demonstrated the 
feasibility of the system only in a post-mortem ro-
dent model, and hence warrant further investiga-
tion in live animal models. 

Although the above imaging studies require 
further validation for clinical trials, they have 
clearly demonstrated that many contrast agents 
can be readily incorporated into the microcapsule 
matrix with negligible toxicity, thereby paving the 
way for a new generation of imaging biomaterials 
that can be tracked with multiple imaging modali-
ties. 

7. Encapsulation of stem cells 
One of the major factors hindering islet trans-

plantation is the limited availability of donor pan-
creases, i.e., access to unlimited source of insulin-
producing cells. The donor shortage issue has been 
addressed extensively, and porcine islets have 
been suggested as one potential source of clinical 
islets [202]. Despite the risks associated with 
xenotransplantation seem to be reduced, recent 
advances in stem cell differentiation have opened 
up the prospect of obtaining sufficient amounts of 
insulin-producing cells from human sources. Stud-
ies have clearly demonstrated that fully functional 
beta-cells or pancreatic progenitors can be ob-
tained from either human embryonic stem cells 
(hESC) [203, 204] or induced pluripotent stem cells 
(iPSC) [205]. Since the insulin-producing cells are 
obtained from a human source, and more recently 
from the patient’s own cells, it is anticipated that 
there will be only a minimal alloreactivity to the 
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transplanted cells. However, considering the un-
derlying autoimmune etiology of type 1 diabetes, it 
is likely that stem cell-derived beta-cells will still 
need to be encased within capsules to protect from 
immune destruction. 

Studies have shown that hESC can be encapsu-
lated within alginate microcapsules and differenti-
ated into definitive endoderm, and pancreatic pro-
genitors with capsule stiffness playing a major role 
in regulating the efficiency of pancreatic differen-
tiation [206-208]. ViaCyte LLC (San Diego, CA), a 
pioneer in hESC differentiation to pancreatic line-
ages, demonstrated the feasibility of encapsulating 
pancreatic progenitors into a macrodevice (Thera-
Cyte) that mature into glucose-responsive insulin-
producing cells and other endocrine cells upon 
transplantation into mice [209, 210]. Others ob-
tained similar results showing that efficient differ-
entiation of pancreatic progenitors can occur in a 
macroencapsulation device, producing mature glu-
cose-responsive cells capable of reversing chemi-
cally induced diabetes in vivo [211, 212]. Recently, 
it has been shown that encapsulated neonatal 
pancreatic cells can be immune protected, and can 
reverse diabetes in a murine model of virus-
induced type 1 diabetes [213]. It has also been 
shown that cryopreservation of macroencapsulated 
insulin-producing cells were safe, and that encap-
sulated cells were functional post-thawing [214]. 
ViaCyte is currently evaluating its encapsulated 
stem cell-derived product “VC-01” in a Phase 1/2 
clinical trial for safety and efficacy, which is one of 
the first embryonic stem cell-derived therapies to 
be tested in the clinic. Initial results suggest the 
approach to be safe, but of limited efficacy (unpub-
lished data). 

Stem cells derived from other sources such as 
amniotic fluid and adipose tissue can be trans-
formed into insulin-producing cells, encapsulated, 
and normalized blood sugar levels when trans-
planted into diabetic animal recipients [215, 216]. 
The incorporation of mesenchymal stem cells 
(MSC) and extracellular matrix (ECM) proteins 
into the encapsulation device matrix improved 
graft survival and function as the capsule micro-
environment mimicked the natural pancreatic mi-
lieu [217]. In this regard, the use of sulphated 
alginate to encapsulate insulin producing cells 

might be of interest as it mimics heparan sulphate 
a natural component of the ECM to provide the de-
sired microenvironment and as well for the reduc-
tion of PFO [218, 219]. These studies demonstrate 
that a combination of stem cells and encapsulation 
technologies could hold the answer to a widely ap-
plicable and effective therapy for type 1 diabetes. 

8. Conclusions 
In conclusion, various preclinical studies sup-

port the efficacy of alginate encapsulated islet 
transplantation in diabetic models and data from 
clinical trials suggest that they are safe, However, 
graft survival and function is severely hampered 
by the presence of PFO, leading to blockage of nu-
trient and oxygen transfer, resulting in islet cell 
hypoxia and death. The mechanism of PFO is still 
vague, and it is not clear whether the host immune 
response is directed against the encapsulating ma-
terial/tissue or both. However, recent findings in 
reducing PFO by alginate purification, altering 
microcapsule geometry, modifying alginate chemi-
cal composition, co-encapsulation with immuno-
modulatory agents/cells, and new encapsulation 
technologies provide an optimistic view of the fu-
ture of encapsulated islet transplantation. 

With the recent developments in porcine islet 
transplantation and deriving human insulin-
producing cells from varied stem cells, the outlook 
for encapsulated insulin-producing tissue looks en-
couraging both short- and long-term. Ongoing 
clinical trials will provide further insight into the 
safety and efficacy of encapsulated insulin produc-
ing cell product, although a concerted research ef-
fort is required for its clinical translation. Finally, 
guidelines and consensus for the transplantation 
of encapsulated insulin-producing cells sourced 
from pancreas (human/porcine) or stem cells 
(hESC/iPSC) need to be framed, which might have 
consequences on the future of encapsulated islet 
transplantation. 
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Table 1. Summary of varied strategies adopted to prevent/reduce PFO and improve encapsulated islet survival 
 

Strategy Method Transplantation model Transplant 
site 

Outcomes Ref. 

Purifying alginate Unpurified Keltone 
LV vs highly puri-
fied Pronova LVG 
sodium alginate 
 
Purification of 
commercially 
sourced ultra-pure 
alginate 
 
Removal of PAMPs 
from commercially 
sourced alginate 

Xenotransplantation of porcine is-
lets encapsulated in barium algi-
nate microcapsules 
 
 
 
Syngeneic transplantation of en-
capsulated mouse islets into im-
munocompetent mice 
 
 
Transplantation of empty alginate 
microcapsules into immunocompe-
tent rats 

Liver pocket 
 
 
 
 
 
Intraperitoneal
 
 
 
 
Intraperitoneal
 

Purified alginate had significantly 
less PFO and enhanced cell viabil-
ity compared to unpurified alginate 
at 4 weeks post-transplantation 
 
Further purification of commer-
cially sourced alginate improved 
graft survival and dramatically re-
duced PFO 
 
Removal of PAMPs from commer-
cially sourced highly purified algi-
nate significantly reduced PFO and 
improved biocompatibility  

[74] 
 
 
 
 
 
[75] 
 
 
 
 
[83] 

Modifying alginate 
molecular weight 
and monomer ratio 

Medium-viscosity 
Vs low-viscosity 
alginate 
 
 
 
High viscosity 
guluronic or  man-
nuronic acid con-
tent Vs very low 
viscosity guluronic 
or  mannuronic 
acid content 
 
 
High-G alginate Vs 
Intermediate-G 
alginate 

Empty barium alginate and multi-
layer microcapsules (with poly-
ethylenimine and polyacrylacid) 
transplanted into Sprague-Dawley 
rats  
 
Empty disc-like alginate implants 
cross-linked with calcium and en-
capsulated porcine islets 
xenotransplanted into Wistar rats  
 
 
 
 
 
 
Empty calcium/barium alginate 
beads transplanted into C57BL6/J 
mice 

Muscle pouch 
 
 
 
 
 
Subcutaneous 
 
 
 
 
 
 
 
 
 
Intraperitoneal
 

Medium-viscosity alginate elicited 
a less PFO compared to low-
viscosity alginate  
 
 
 
Implants made from alginate with 
high viscosity and high man-
nuronic acid but not guluronic acid 
content demonstrated better graft 
stability, no PFO, high angiogene-
sis with encapsulated porcine islets 
functioning efficiently for up to 60 
days without immunosuppression 
 
Microcapsules from Intermediate-
G alginate were clean and free of 
PFO compared to those from high-
G alginate 2 days post-
transplantation 

[93] 
 
 
 
 
 
[94] 
 
 
 
 
 
 
 
 
 
[92] 

Modifying alginate 
microcapsule ge-
ometry 

Increasing micro-
capsule diameter 
to 1.5 mm 

i) Empty capsules into C57BL/6 
mice, Sprague-Dawley rats and 
non-human primates 
 
 
ii) Xenotransplantation of encapsu-
lated rat islets into C57BL/6 mice 
 

Intraperitoneal
 
 
 
 
Intraperitoneal 

Diminished foreign body response 
and PFO to 1.5 mm compared to 
0.5 mm capsules associated with 
reduced macrophage activation 
 
Normalization achieved until 175 
days post-transplantation with 1.5 
mm as opposed to 35 days with 0.5 
mm capsules 

[100] 
 
 
 
 
[100] 

Incorporating im-
munomodulatory 
agents into alginate 
matrix 

Hybrid alginate 
capsules made 
with dexa-
methasone or cur-
cumin 
 
Composite algi-
nate/PLO/alginate 
microcapsule con-
taining ketoprofen 
loaded PLGA or 
PLA biodegradable 
microspheres 
 

Xenotransplantation of rat islets 
encapsulated in hybrid barium 
alginate microcapsules into 
C57BL/6 mice 
 
 
Empty microcapsules transplanted 
into CD-1 mice 
 
 
 
 
 
 

Intraperitoneal
 
 
 
 
 
Intraperitoneal
 
 
 
 
 
 

Hybrid curcumin-alginate signifi-
cantly reduced PFO with improved 
glycaemic control compared to 
dexamethasone-alginate microcap-
sules 
 
Microcapsules containing ketopro-
fen loaded PLA composites had 
better biocompatibility with no 
PFO at day 63 post-transplantation 
 
 
 

[108] 
 
 
 
 
 
[109] 
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Table 1. continued 
 

Strategy Method Transplantation model Transplant 
site 

Outcomes Ref. 

Incorporating im-
munomodulatory 
agents into alginate 
matrix 

Co-encapsulation 
with dexa-
methasone 

Empty alginate-PLL-alginate 
microcapsules transplanted into 
Wistar/R rats 
 

Intraperitoneal Microcapsules co-encapsulated 
with dexamethasone were free 
floating with no PFO at 4 weeks 
post-transplantation 

[110] 

Modifying alginate 
chemical composi-
tion 

Crosslinking with 
genipin 
 
 
 
 
Photo cross-
linking methacry-
lated glycol chito-
san 
 
 
 
Coating with ra-
pamycin-
containing PEG 
 
 
 
Reinforcing algi-
nate with PEG 
 
 
 
 
Coating alginate 
microcapsules with 
macromolecular 
heparin conjugates 
 
 
 
Incorporating 
chemokine 
CXCL12 
 
 
 
 
Chemical modifi-
cation of alginate 
using triazole-
thiomorpholine 
dioxide  
 
Coating with chi-
tosan 

Transplantation of empty genipin 
cross-linked alginate/PLO/alginate 
microcapsules into immunocompe-
tent mice 
 
 
Transplantation of empty 
methacrylated glycol chitosan 
cross-linked calcium alginate 
microcapsules into immunocompe-
tent mice 
 
 
Xenotransplantation of islets en-
capsulated in rapamycin-containing 
PEG coated alginate microcapsules 
into immunocompetent mice 
 
Allotransplantation of encapsulated 
BALB/c islets into diabetic 
C57BL/6  
 
 
 
Syngeneic, allogeneic and xenoge-
neic transplantation into immuno-
competent rats 
 
 
 
 
Allotransplantation of encapsulated 
C57BL/6 into NOD/LtJ mice 
 
Xenotransplantation of encapsu-
lated porcine islets into C57BL/6 
mice 
 
Transplantation of chemically 
modified empty alginate microcap-
sules into immunocompetent mice 
and non-human primate 
 
 
Xenotransplantation of encapsu-
lated human insulin producing 
cells into C57BL/6J mice 
 
Allotransplantation of encapsulated 
canine islets into beagles 
 
Xenotransplantation of encapsu-
lated porcine islets into 1,3-
galactosyltransferase knockout 
mice 

Intraperitoneal
 
 
 
 
 
Intraperitoneal
 
 
 
 
 
 
Intraperitoneal
 
 
 
 
 
Intraperitoneal
 
 
 
 
 
Intraperitoneal
 
 
 
 
 
 
Intraperitoneal
 
 
Intraperitoneal
 
 
 
Intraperitoneal
 
 
 
 
 
 
Intraperitoneal
 
 
 
 
Intraperitoneal
 
 
Intraperitoneal 

Genipin cross-linking reduced PFO 
and improved biocompatibility 
compared to standard algi-
nate/PLO/alginate microcapsules 
 
Methacrylated glycol chitosan 
cross-linking reduced PFO and 
improved biocompatibility com-
pared to standard algi-
nate/PLO/alginate microcapsules 
 
Significant decrease in the number 
of microcapsules with PFO in the 
rapamycin-containing PEG groups 
compared to standard alginate 
microcapsule group 
 
Graft retrieval at 100 days post-
transplantation revealed majority of 
alginate-PEG reinforced capsules 
presented no PFO, capsule dam-
age/fracture 
 
Macromolecular heparin conjuga-
tion significantly reduced PFO at 3 
weeks post-transplantation both in 
syngeneic and allogeneic models 
but not in xenotransplantation 
model  
 
Incorporation of CXCL12 into algi-
nate matrix significantly reduced 
PFO and enhanced graft survival 
both in allo- and xeno- transplanta-
tion setting 
 
 
No PFO observed on alginate 
microcapsules retrieved from both 
mice and non-human primate 
 
 
 
 
Long term normoglycaemia was 
achieved with no evidence of PFO 
on retrieved grafts 
 
 
Coating alginate microcapsules 
with chitosan significantly reduced 
PFO both in the allogeneic and 
xenogeneic model when retrieved 
at 1 year post-transplantation 
 

[116] 
 
 
 
 
 
[117] 
 
 
 
 
 
 
[119] 
 
 
 
 
 
[120] 
 
 
 
 
 
[121] 
 
 
 
 
 
 
[122] 
 
 
 
 
 
 
[123] 
 
 
 
 
 
 
[124] 
 
 
 
 
[125] 
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Table 1. continued 
 

Strategy Method Transplantation model Transplant 
site 

Outcomes Ref. 

Co-encapsulation 
with immunomodu-
latory companion 
cells 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Co-encapsulation 
with Sertoli cells 
 
 
Co-encapsulation 
with kidney MSC 
 
 
 
 
Co-encapsulation 
with bone marrow 
MSC 
 
 
 
Co-encapsulation 
with bioengi-
neered IGF-II pro-
ducing cells 

Xenotransplantation of encapsu-
lated fish islets into diabetic 
BALB/c mice 
 
Syngeneic transplantation of islets 
co-encapsulated with kidney MSC 
 
 
 
 
Xenotransplantation of human 
HUH7 cells co-encapsulated with 
bone marrow MSC into C57BL/6 
mice 
 
 
Allotransplantation of mouse islets 
co-encapsulated with IGF-II pro-
ducing TM4 cell into B6.CB17-
Prkdc scid/SzJ mice 

Intraperitoneal
 
 
 
Intraperitoneal
 
 
 
 
 
Intraperitoneal 
& Subcutane-
ous 
 
 
 
Intraperitoneal 

Co-encapsulation with Sertoli cells 
enhanced mean graft survival 
 
 
Co-encapsulation with MSC im-
proved the efficacy of microencap-
sulated islets and improved graft 
survival for at least 6 weeks post-
transplantation 
 
Co-encapsulation with MSC had a 
dose-dependent effect on reducing 
PFO and improve graft survival 
when implanted either intraperito-
neal or subcutaneous 
 
Co-encapsulation with bioengi-
neered IGF-II producing cells im-
proved graft survival and provided 
better glycaemic control up to 125 
days post-transplantation 

[130] 
 
 
 
[137] 
 
 
 
 
 
[156] 
 
 
 
 
 
[139] 

Immunosuppression 
with drugs 
 
 
 

Short-term immu-
nosuppression 
with rapamycin, 
tacrolimus or both 
and gadolinium-
chloride 
 
Continuous deliv-
ery of 15-
deoxyspergualin 
(15-DSG) 
 
 
HOE077 adminis-
tered at a dose of 
1.5 mg/ml in 
drinking water for 
4 weeks 
 
2-week long ad-
ministration of T-
cell directed im-
munosuppressive 
medication and 
anti-inflammatory 
agents 

Empty barium alginate microcap-
sules transplanted into Lewis rats  
 
 
 
 
Xenotransplantation of rat islets 
encapsulated in alginate-PLL-
alginate microcapsules into 
BALB/c mice 
 
 
Empty barium alginate and encap-
sulated porcine islets xenotrans-
planted into BALB/c 
 
 
 
Empty Ca2+/Ba2+ alginate microcap-
sules transplanted into cynomolgus 
monkeys 

Intraportal 
 
 
 
 
 
 
Intraperitoneal
 
 
 
 
 
Intraperitoneal 
& Liver pocket
 
 
 
 
Intraperitoneal 

Reduction in PFO seen at 6 weeks 
post-transplantation in all groups 
treated with varied immunosup-
pressive drugs  
 
 
 
Attenuation of pericapsular cellular 
infiltration, reduction in peritoneal 
adherent macrophages and pro-
longed graft survival at 4 weeks 
post-transplantation 
 
Attenuation of PFO seen only when 
liver but not peritoneal cavity used 
as a transplantation site at 4 weeks 
post-transplantation 
 
 
The medications prevented PFO 
only for 2 weeks as long as they 
were administered and not after 
that. 
 
 

[140] 
 
 
 
 
 
 
[141] 
 
 
 
 
 
[142] 
 
 
 
 
 
[143] 

Transplant site Subcutaneous site 
 
 
 
 
Kidney capsule 
 
 
 

Xenotransplantation of encapsu-
lated cells into immunocompetent 
C57BL/6 mice 
 
 
Xenotransplantation of encapsu-
lated pig islets into immunocompe-
tent rats 
 

Intraperitoneal
Subcutaneous 
 
 
 
Intraperitoneal, 
Subcutaneous, 
Kidney capsule
 

Xenotransplantation at the subcu-
taneous site substantially reduced 
PFO compared to intraperitoneal 
site 
 
Capsules retrieved from the subcu-
taneous site or kidney capsule had 
significantly less PFO compared to 
intraperitoneal site 

[156] 
 
 
 
 
[220] 
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