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Design Considerations for Macroencapsulation Devices for
Stem Cell Derived Islets for the Treatment of Type 1 Diabetes

Debkalpa Goswami, Daniel A. Domingo-Lopez, Niamh A. Ward, Jeffrey R. Millman,
Garry P. Duffy, Eimear B. Dolan, and Ellen T. Roche*

Stem cell derived insulin producing cells or islets have shown promise in
reversing Type 1 Diabetes (T1D), yet successful transplantation currently
necessitates long-term modulation with immunosuppressant drugs. An
alternative approach to avoiding this immune response is to utilize an islet
macroencapsulation device, where islets are incorporated into a selectively
permeable membrane that can protect the transplanted cells from acute host
response, whilst enabling delivery of insulin. These macroencapsulation
systems have to meet a number of stringent and challenging design criteria in
order to achieve the ultimate goal of reversing T1D. In this progress report,
the design considerations and functional requirements of macroencapsulation
systems are reviewed, specifically for stem-cell derived islets (SC-islets),
highlighting distinct design parameters. Additionally, a perspective on the
future for macroencapsulation systems is given, and how incorporating
continuous sensing and closed-loop feedback can be transformative in
advancing toward an autonomous biohybrid artificial pancreas.

1. Introduction

Transplantation of stem cell derived insulin producing cells is a
promising treatment option for the reversal of Type 1 Diabetes
(T1D).[1–3] However, successful islet transplantation remains
challenging due to the host immune response, and long-term
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modulation of this response with immuno-
suppressant drugs is undesirable due to a
multitude of negative side effects.[4,5] The
most established method of islet transplan-
tation, known as the Edmonton protocol,
involves infusion of cadaveric islets into
the liver via the portal vein alongside an
immunosuppressive regime to prevent
immune rejection of the transplanted
cells. Although allogeneic or xenogeneic
islet transplantation has had some suc-
cess, there are associated limitations
including graft loss, rejection, and death
during infusion,[6–9] with 50–70% of trans-
planted cells estimated to be lost prior to
engraftment in the liver.[10,11] In terms
of islet numbers, 10 000 islet equivalent
(IEQ) per kg is recommended for intra-
portal transplantation via the Edmonton
protocol; however, only an estimated
3000–5000 IEQ per kg remain viable

following transplantation.[12] To date, limited availability of
functional donor pancreases has prevented widespread im-
plementation of islet transplantation as a treatment for T1D,
since two or more donor pancreases are often needed to achieve
enough islets to reverse diabetes (10 000 IEQ per kg).
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Figure 1. Design considerations for macroencapsulation devices. A) Graphical representation of the temporally dynamic therapeutic cell cargo and peri-
implant tissue during device implantation, device integration, cargo delivery, and cargo maturation—depicting how the processes of fibrosis (negatively
affecting device function) and vascularization (positively affecting device function) are both increasing with time. B) Pertinent functional requirements
and design considerations at each of the stages.

A macroencapsulation device incorporates islets into a se-
lectively permeable membrane which evades the immune re-
sponse, whilst enabling delivery of insulin from the transplanted
cells.[13–15] These macroencapsulation systems have to meet a
number of stringent and challenging functional requirements
in order to achieve the ultimate goal of reversing T1D. Critically,
they need to maintain viability of the transplanted cells, and this
is further complicated by the fact that stem cell derived insulin

producing cells have been shown to exhibit major changes and
phenotypic maturation when transplanted in vivo.[16] In addition
to a maturing cell cargo, the peri-implant environment is tem-
porally dynamic, as the processes of implant vascularization and
fibrosis evolve from device implantation to early integration in
parallel to maturation of the transplanted cells (Figure 1).[17]

Advances in islet macroencapsulation systems lay an excel-
lent foundation for the development of devices with bespoke
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Figure 2. SC-islets for diabetes cell replacement therapy. A) Derivation of human embryonic stem cells (hESCs) and human induced pluripotent stem
cells (hiPSCs). Adapted with permission.[60] Copyright 2013, Company of Biologists. B) In vitro differentiation of hPSCs is possible either in adherent
culture or in suspension culture via embryoid body (EB) formation. Adapted with permission.[60] Copyright 2013, Company of Biologists. C) Response
mechanism of functional 𝛽-cells to increasing glucose levels involves increasing insulin secretion. Adapted with permission.[20] Copyright 2013, Company
of Biologists. D) Improved insulin secretion via a differentiation strategy focused on modulating transforming growth factor 𝛽 (TGF-𝛽) signaling and
controlling three-dimensional cellular cluster assembly. Adapted with permission.[2] Copyright 2019, Elsevier. E) Enriched 𝛽-clusters achieve in vivo
functionality within 3 days after transplant and retain function long-term (≈48 days). Scale bars are 100 µm. Adapted with permission.[33] Copyright
2019, Springer Nature. F) Purification of SC-𝛽-cells using CD49a as a surface marker of the 𝛽-cell population, allowing magnetic sorting to a purity of
80%. Adapted with permission.[38] Copyright 2019, Springer Nature.

design for stem-cell derived insulin producing cells. Without
combination with an immune protection approach, such as im-
munosuppressants or encapsulation devices, SC-islets could not
treat diabetes caused by autoimmune destruction of the insulin-
producing cells, such as in T1D. Some of the major issues faced
by xenogeneic islet macroencapsulation, for example, immune
response, fibrosis, and hypoxia, will also be relevant for devices
that have specific design elements for SC-islets.

2. Stem Cell Derived Islets

Human pluripotent stem cells (hPSCs), including embryonic and
induced pluripotent stem cells, can be expanded indefinitely in
culture and subsequently induced to differentiate into any cell
type found in the body (Figure 2A,B).[18,19] These capabilities have
motivated much interest into these cells as a potential renew-
able source of replacement hPSC-derived islets (SC-islets) for dia-
betes cell replacement therapy (Figure 2C).[20] Early work focused
on the generation of key intermediate cell types that are first re-

quired before SC-islets can be produced in vitro. To produce SC-
islets, hPSCs must first differentiate to definitive endoderm[21]

and pancreatic progenitors expressing the transcription factors
PDX1+.[22] These PDX1+ pancreatic progenitors could spon-
taneously differentiate to SC-islets after transplantation into
mice.[23–25] Subsequent studies further refined and expanded the
understanding of the differentiation protocols for making these
progenitors and immature non-functional endocrine cells.[26–29]

These early studies laid the foundation for the development
of strategies focused on the differentiation of hPSCs to SC-islets
in vitro in a stage-specific fashion through these developmental
intermediates, attempting to recapitulate embryonic events or
cues.[3,30] SC-islets from these first studies produced pancreatic
endocrine hormones and contained 𝛽-like cells, which co-
expressed defining 𝛽 cells markers, such as insulin and NKX6-1.
SC-islets could secrete insulin in response to glucose and pre-
vent diabetes once transplanted into mice. However, these cells
lacked or had lower expression of markers defining mature adult
human islets, secreted less insulin per cell, and lacked proper
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kinetic release of insulin. The immaturity of SC-islets led to
subsequent studies to define the proper conditions to produce
mature SC-islets, including investigating media composition
for differentiation and maturation,[2,31,32] controlling of three-
dimensional cellular cluster assembly,[2,33] and targeting the
state of the actin cytoskeleton.[34] These advances have resulted
in improved SC-islets, particularly in terms of insulin secretion
in vitro and in vivo, approaching that of primary human islets
(Figure 2D).

The promise of SC-islets in diabetes cell replacement therapy
has prompted investigation of different approaches to better fa-
cilitate clinical delivery of these cells into patients. Using cell sort-
ing to improve the purity of cellular preparations has recently re-
ceived significant attention. Nair et al. used a genetically encoded
GFP reporter of INS gene activity to purify cells with active in-
sulin gene transcription to enrich the proportion of hPSC-derived
𝛽-like cells (Figure 2E).[33] Other sorting approaches have focused
on surface markers that could be extended to non-genetically en-
gineered cell lines to both enrich progenitors[35–37] and hPSC-
derived 𝛽-like cells (Figure 2F).[38,39]

SC-islets and other stem cell products have been combined
with other islet non-endocrine cell types. In particular, this has
been done with endothelial cells that, while normally present
in primary islets,[20] are not produced with the differentiation
protocols that generate SC-islets.[40–43] However, while the theo-
retical inclusion of endothelial cells should add noticeable im-
provements in SC-islets, to-date the published protocols have
not improved upon the results of publications without their
inclusion.[34,44]

Preventing the immune rejection of these cells after transplan-
tation is a current major hurdle to clinical translation. While au-
tologous SC-islets could be generated via induced pluripotent
stem cells or using somatic cell nuclear transfer,[45,46] the cost
and hassle of producing current good manufacturing practice
(cGMP) compliant cells[47] for each individual patient is a signif-
icant barrier to early use in clinical trials compared to an allo-
geneic hPSC line.[48] Instead, encapsulation of insulin-secreting
cells, providing a selectively permeable physical barrier to convey
immune protection, has been proposed as a solution.[49] These
approaches have been applied to SC-islets but to date have not
been designed to adapt to the peri-implant environment tem-
porally. Alginate hydrogel chemicals modified to reduce foreign
body response (FBR) has been used successfully with SC-islets
to treat mice.[50] Additionally, alginate hydrogel encapsulation of
SC-islets has been combined with the chemokine CXCL12 to also
lessen the FBR in mice.[51] Conformal coatings of SC-islets, to
lessen the diffusional distance of oxygen and nutrients by pro-
tecting cells with a thin layer of encapsulating material, has also
successfully treated mice.[52] In addition to immune protection,
other recent work indicates that material properties may be im-
portant for the differentiation and maturation of SC-islets.[34,53]

An alternative to encapsulation to convey immune protection of
transplanted SC-islets is genetic modulation of the cells to ren-
der them hypoimmunogenic.[54] This approach has recently been
applied to SC-islets by the genetically engineered overexpression
or interferon-𝛾 induced expression of the cell surface protein
programmed death-ligand 1 (PD-L1) in mice.[32] These studies
indicate that many avenues potentially exist for clinical trans-
plantation of SC-islets. Genetic engineering to introduce a drug-

inducible “kill-switch” for transplanted SC-islets and other cell
types in the event that problems arise, such as the formation of a
tumor,[55,56] is an additional approach being investigated.[57,58] Re-
movable, selectively permeable macroencapsulation devices have
also been developed for similar safety purposes to facilitate re-
moval of the graft.[59]

3. Macroencapsulation Devices for SC-Islets

Advances in the development of unlimited sources of insulin-
producing cells discussed in the previous section hold realistic
promise for the future widening of SC-islet transplant therapy.
However, significant scientific hurdles still need to be overcome
before SC-islet replacement can become a viable treatment op-
tion for all people with T1D. As it is now recognized that tradi-
tional islet transplantation via infusion through the portal vein is
a major contributor to transplanted cell death,[10] research has fo-
cused on more favorable extra hepatic engraftment sites and en-
capsulation of islets. There are a number of methods for islet en-
capsulation (Figure 3A) including intravascular methods where
islets are anastomosed to the vessel, and extravascular techniques
where implant is outside the bloodstream. Depending on the
scale of the encapsulation materials, extravascular encapsulation
can be categorized into: a) microencapsulation: techniques where
only one or a few islets are coated with a permselective biopoly-
mer, or b) macroencapsulation: systems where ≈103–106 islets
are enclosed in a device that contains a semipermeable barrier.
For the scope of this progress report, we focus on the latter.
Each method provides immunoprotection of transplanted cells
while allowing free diffusion of glucose and insulin. In macroen-
capsulation devices, immunoprotection is achieved by a selec-
tively permeable membrane which impedes the movement of
immune cells and immune factors (immunoglobulins) into the
device,[61] while allowing the free diffusion of oxygen, nutrients,
insulin, and glucose to and from the encapsulated cells (Fig-
ure 3B–D).Immune cells can be readily blocked due to their large
≈10 µm diameter; however, large antibodies (IgM) and comple-
ment proteins (C1q) could only be hindered at pore diameters of
≈30 nm, although this may be less important if using an allo-
geneic stem cell source. This device must support the long-term
viability of the transplanted cells by providing a suitable environ-
ment (sufficient vascularization and oxygenation, minimal fibro-
sis, adequate cell spacing) for the safeguarding of efficacious islet
cell function.

4. Sustaining SC-Islet Viability in a Temporally
Dynamic Environment

A primary design consideration of macroencapsulation devices is
the ability to deliver a sufficient cell number to reverse T1D, while
overcoming issues associated with cell overcrowding. The single
most important device requirement is that the device supports
cell viability. This is a significant challenge as the needs of encap-
sulated SC-islets evolve progressively as they mature following
transplantation (Figure 1). The transplantation process may in-
volve transport of the cells to the clinic, preparation of the cell
product and delivery into the device. Cell transport is not without
its challenges as differentiated primary 𝛽-cells do not proliferate,
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Figure 3. An overview of the hierarchy of islet encapsulation devices and some examples of commercially available macroencapsulation devices. A) Islet
encapsulation methods can be categorized into intravascular or extravascular. Extravascular encapsulation techniques include macroencapsulation (the
focus of this paper) and microencapsulation. B) The TheraCyte device. Adapted with permission.[62] Copyright 2014, Frontiers in Bioscience. C) The
Beta-O2 device with ports for recharging oxygen and the encapsulation device. The central module can be filled with oxygen to supply the islet modules
which are islets contained in a membrane. The membrane is made of PTFE impregnated with alginate to prevent infiltration of cells. Adapted with
permission.[49] Copyright 2017, Springer Nature. D) Schematic of the ViaCyte device, a refillable encapsulating system. The membrane prevents immune
cells from entering but allows oxygen, nutrients and glucose to enter the reservoir and allows hormones to exit. Adapted with permission.[49] Copyright
2017, Springer Nature.

cannot be transported easily, and cryopreservation has not been
evaluated.[63] In the clinic, the insulin-producing cells must be de-
livered to the implanted device without damage. Minimizing cell
death during transplantation is imperative not only to ensure ad-
equate insulin production, but also to minimize the production
of biomolecules such as danger associated molecular patterns
(DAMPs), which are released upon cell death and can activate im-
mune cells,[64] leading to a heightened FBR toward the implant.
SC-islets can be preloaded into the device prior to implantation or
can be delivered minimally invasively following a device integra-
tion phase.[49,65] SC-islets have high metabolic needs and require
a rich vascular network to provide adequate oxygen supply for cell
survival.[66] The survival of SC-islets is highly dependent upon
oxygen and nutrient transfer in the stages immediately following
transplantation. In fact, hypoxia is known to be a major under-
lying factor responsible for the loss of islet mass, viability, and
function before, during and after islet transplantation.[67] As SC-
islets developed in vitro have been shown to be transcriptionally
and functionally immature exhibiting drastic changes and matu-
ration when transplanted in vivo,[16] the needs of the cells evolve
as the cells mature. The peri-implant tissue is also temporally dy-
namic (Figure 1), as discussed later in this section. The macroen-
capsulation device must support the viability of the transplanted

cells at all stages throughout the maturation process of the cells
at the transplantation site.

4.1. Transport across Macroencapsulation Device and
Retrievability

Transport of insulin out of a macroencapsulation device is a
critical design parameter, as insufficient diffusion of insulin into
the blood in response to hyperglycemia is a failure of the device
to adequately treat T1D. The diffusion of both glucose into the
device and insulin out are time limited factors that must be
accounted for in the device permeability. Additionally, once a de-
vice is implanted a complex series of events comprising the FBR
is initiated, which can result in the formation of a fibrous capsule
around the device, to protect the host from this foreign object.
The fibrotic capsule, as discussed in Section 6, is very damaging
to the success of devices for T1D as it can obstruct diffusion,
compounding these challenges (Figure 1). Macroencapsulation
devices provide the dual possibility of immunoprotecting trans-
planted SC-islets and thereby removing the need for long-term
immunosuppression, while also being retrievable in the case
of adverse events, which is vital for regulatory approval and
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successful clinical translation.[68] Recent work has described
retrievable implants for xenogeneic cells, which alleviates the
need for long-term immunosuppression.[69,70] This is especially
important in current and future clinical trials with stem cell
derived cells, where tumorigenicity is a crucial concern.[55]

4.2. Device Geometry Considerations

A critical parameter in the design of macroencapsulation devices
is the device geometry. The device must be large enough to
achieve a sufficient cell dose to reverse T1D, whilst overcoming
issues associated with cell density and overcrowding. In order
to evaluate the geometric considerations of a device to achieve
a therapeutic dose, a thickness of 0.4–0.6 mm can be assigned
to the device. This thickness range is appropriate as cells should
not be greater than 0.2–0.3 mm, from the targeted permeability
membrane (unless a method of oxygenation is incorporated)
to allow sufficient transport of vital oxygen and nutrients, if
the ingrowth of vasculature is inhibited.[64,70–74] It can also be
assumed that 1 IEQ corresponds to the tissue volume of a per-
fectly spherical islet with a diameter of 150 µm.[71] Islet density
has been recommended to be 5–10% of the volume fraction of
the device.[72] Based on these inputs, the number of islets that
can be delivered per mm3 in a macroencapsulation device (1 ×
1 × 0.6 mm) is 11.32–33.97 IEQ mm−3 (11.32–33.97 IEQ µL−1).
The clinical therapeutic dose as per the Edmonton protocol is
10 000 IEQ kg−1. The number of cells needed to achieve this dose
is 700 000 IEQ for a person of 70 kg weight. In the case of 0.6 mm
thickness and 10% volume fraction (33.97 IEQ µL−1) the volume
required to achieve a therapeutic cell dose is 20.6 mL. If we do
the same calculation for a 0.4 mm thickness and 5% volume
fraction (11.32 IEQ µL−1), the volume required is 61.8 mL. This
calculation underpins a major challenge in the delivery of a
therapeutic dose of islets in encapsulation devices. It must be
noted, however, it is now estimated that only 3000–5000 IEQ
per kg remain viable following intra-portal transplantation of
10000 IEQ per kg via the Edmonton protocol,[12] therefore
3000–5000 IEQ per kg may be more representative of the dose
required.

A number of macroencapsulation devices have reached clinical
trials, including Beta-O2 Technologies Ltd 𝛽-air, and the ViaCyte
PEC-Encap (see Figure 3). These devices vary greatly in their ap-
pearance, with 𝛽-air having a circular geometry and PEC-Encap
being rectangular. While information on exact dimensions and
cell loading data is not publicly available, it is clear that a large
number of cells (and resulting volume) is required to reach an
adequate therapeutic dose to reverse T1D, with companies of-
ten taking the approach of implanting multiple devices per pa-
tient. 2–6 PEC-Encap devices have been implanted per patient
(NCT02239354), compared to 1–2 𝛽-air devices.[1] The source of
transplanted cells also varies between each device, with Beta-O2
Technologies Ltd using allogenic human islets, whilst ViaCyte re-
mains the only group using stem cell derived (embryonic stem
cell line) pancreatic progenitor cells in clinical trials for T1D.[3,25]

However, recent announcements from Vertex Pharmaceuticals
Inc. indicate that they will begin a Phase I/II clinical trial in early
2021 for VX-880, the first allogenic human stem cell-derived islet
cell therapy product.

4.3. Maintaining Viability throughout a Tiered Foreign Body
Response

As the peri-implant environment is evolving, it is challenging
to promote and maintain the survival of transplanted islets for a
prolonged time period.[75] It is critical to minimize trauma at all
stages, beginning with surgical implantation of the device and
continuing to the delivery and subsequent maturation of cells.
Implantation of a macroencapsulation device is a 3-tier trauma
including: the surgical procedure; the chemistry and size of
the implanted device; and the type and number of transplanted
cells.[64] Inevitably, any surgical procedure will initiate a tissue
repair process which is aggravated by inserting an artificial
device and may be further intensified if the device contains
cells. Furthermore, T1D is a disorder that is characterized by
an autoimmune response, and the transplantation process
and cell delivery can further induce immune responses that
can compromise engraftment and function.[49] Tissue damage
caused during implantation of a medical device initiates a wound
healing response that is initially characterized by spontaneous
protein adsorption to the implant surface. The presence of
fibrinogen and other proteins contributes to the formation of a
dense fibrin network, which subsequently promotes adhesion
of leukocytes and activates phagocytes to secrete cytokines and
chemokines such as IL-1, TNF𝛼, VEGF, and IL-8.[76] This attracts
leukocytes to the implant surface and activates angiogenesis
in the vicinity of the implanted device. Activated macrophages
bind to adsorbed proteins on the implant and fuse to form
multinucleated giant cells and further release inflammatory
cytokines, signaling myofibroblasts to synthesize procollagen.
The maturation of procollagen and other extracellular matrix
proteins contributes to the formation of a dense fibrous capsule,
which is impermeable to many compounds.[77] The formation
of a fibrous capsule around a macroencapsulation device there-
fore presents a twofold problem: i) the impermeability of this
layer prevents diffusion of glucose and insulin required for
device functionality[78,79] and ii) the diffusion distance between
encapsulated islets is increased, with necrosis likely if islets are
>300 µm from neighboring blood vessels.

4.4. Implant Site Considerations

A number of potential implant sites have been discussed in
the literature for macroencapsulation devices for T1D: such
as subcutaneous,[64,80,81] intramuscular,[68] peritoneal,[15,82] and
omentum.[83] The ability for minimally invasive delivery makes
the subcutaneous sites an attractive option for device implan-
tation, but success has been limited due to the low vascu-
lar density of this space.[64,84] Intramuscular implant sites are
promising in this regard as they a have higher affinity for
neovascularization,[85] and can be accessed minimally invasively
with specialized delivery devices.[86] The intraperitoneal space
has also been explored as a potential site of implantation, as
the peritoneal cavity can accommodate large volumes of cells
that are required to reverse T1D in patients. However, access-
ing this space can result in numerous complications associated
with intra-abdominal procedures. Additionally, the implant site
affects the biomechanics of the device as different external forces
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are exerted in different anatomical locations that ultimately may
limit the functionality, performance, and lifetime of the device.
Furthermore, the device can impose chronic mechanical loading
and disrupt the surrounding tissue, which induces tissue remod-
eling and can elicit the FBR.[78] Currently, there has not been con-
sensus on the optimal anatomical location for these devices. As
implant success is hindered by fibrosis of the implant, impairing
nutrient transport and leading to cell death,[84] choosing an im-
plant site that minimizes the effects of this tissue repair process
and the ultimate formation of a dense fibrous capsule surround-
ing the implant will be imperative in establishing an optimal en-
vironment for cell survival and device efficacy.

4.5. Clustering Maturation

Whilst the extracapsular environment is highly volatile dur-
ing the early stages of device implantation and cell delivery,
the behavior of cells encapsulated within the device is also
temporally dynamic. Following transplantation, SC-islets cells
endure significant transcriptional changes before maturation
to closely resemble adult 𝛽-cells.[87] Fetal SC-𝛽-cells are poly-
hormonal, expressing glucagon and somatostatin in addition to
insulin.[3] Additionally, these cells respond to multiple secretory
stimuli other than glucose.[22] As a result, these cells exhibit
weak glucose-stimulated insulin secretion, and acquire glu-
cose responsiveness only through functional maturation.[39,88]

Endocrine cell clustering, as occurs in the native pancreas, is
essential for islet maturation.[33] Whilst significant progress has
been made toward simulating this process in vitro,[33] the extra-
and intra-capsular environment of SC-𝛽 cell macroencapsulation
devices remains to be optimized to encourage and support this
maturation step in vivo, post-implantation.

4.6. Encouraging Vascularization

Encouraging vascularization at the implant site is critical to
promote cell survivability following cell delivery. Cell death and
graft failure results from the low oxygen tension created by
delayed and insufficient vascularization.[89] This is particularly
consequential for 𝛽-cells, which are highly metabolic and will
reduce insulin production under low oxygen tension.[49] In
addition to improving oxygenation at the implant site, vascu-
larization is also required for rapid insulin release kinetics and
removal of metabolic waste.[79] Prevascularization of the implant
site/encapsulation device can be used to prepare the site for
delivery of cells, allowing a sufficient vascular network to be
established prior to cell loading. This process also decouples
the implant site trauma of device implantation and cell delivery.
Extensive research has focused on optimizing the extra-capsular
environment to promote cell survival and long-term device func-
tion (discussed in Section 5.1), with a limited understanding of
the effect of the intra-capsular environment on the encapsulated
cells. The intra-capsular environment likely plays an important
role in cell survival, for example, immediately following encapsu-
lation, islets undergo a cellular transition during which 𝛽-cells are
sensitive to changes in the rigidity of the microenvironment.[64]

4.7. Incorporating ECM Inside the Capsule

Incorporation of a suitable extracellular matrix (ECM) within
a macroencapsulation device can promote survival of encapsu-
lated cells. Interactions between cells and the ECM can medi-
ate insulin release and cell proliferation and can protect cells
from released cytokines, helping to conserve cell viability.[14]

In the native pancreas, cell-cell communication between islets
is essential to coordinate insulin release, and insulin produc-
tion per cell has been shown to increase with three-dimensional
organization.[49,90] Islets which retain their native ECM follow-
ing isolation have also exhibited reduced apoptosis rates and im-
proved insulin response in vitro compared to purified islets.[91]

Collagen type IV is thought to be an essential ECM component
to promote islet functionality, although the mechanisms underly-
ing islet-collagen IV interactions is poorly understood.[91] Llacua
et al. found that islets encapsulated within 3.4% purified algi-
nate with 50 µg mL−1 collagen type IV at a ratio of 800 islets
per mL enhanced their glucose induced insulin secretion (GIIS)
at least two-fold in comparison to islets encapsulated in algi-
nate only. The same study observed that the addition of laminin
sequences 0.01 mM Arginine-Glycine-Aspartate (RGD), 1 mM
Leucine-Arginine-Glutamate (LRE), and 0.01 mM Pro-Asp-Ser-
Gly-Arg (PDSGR) in combination with 50 µg mL−1 collagen
type IV better maintained GIIS than islets encapsulated with-
out ECM components in vitro, with the combination of 1 mM
LRE with 50 µg mL−1 collagen type IV having the most pro-
nounced effect.[92] The same authors found that encapsulation
of islets with these ECM components reduced cell necrosis fol-
lowing exposure to TNF-𝛼, IFN-𝛾 , and IL-1𝛽 cytokines, compared
to a control group with no ECM.[93] Alginate capsules have also
been used to generate a cell-sustaining environment for encap-
sulated cells. More rigid alginate capsules (2%, high-G alginate)
were found to impair cell growth compared to less rigid cap-
sules (3.4%, intermediate-G alginate).[94] Optimizing the design
of the intra-capsular environment to closely mimic the native
ECM will be an important step toward protecting transplanted
cells through the vulnerable stages of their maturation and will
ultimately enhance overall device functionality.

5. Circumventing Islet Hypoxia

While vascularization at the implant site promotes survivability
of cells, hypoxia and necrosis at the center of islet clusters follow-
ing transplantation is a concern, as intra-islet vessel development
is limited by cell encapsulation.[79] Large volumes of encapsu-
lated islets are required to accommodate sufficient insulin
production;[4,65,95] however, large delivery volumes can aggravate
mass transport complications resulting in central necrosis of islet
clusters. Successful clinical translation of macroencapsulation
devices for SC-islets will require increasing islet density to reach
clinically adequate insulin production, and islet densities can be
based on the work with cadaveric islets. Previously, it has been
shown that islet loading at a surface density of 2250 IEQ cm−2

with no external oxygen supply sustained normoglycemia for
a period of only 1–2 days post implantation. In contrast, a
device loaded at a surface density of 2300 IEQ cm−2 was shown
to maintain normoglycemia for a period of 58 days when an
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Figure 4. Schematics showing the different methods of oxygenation to mitigate hypoxia in macroencapsulation devices: prevascularization, external
oxygen delivery, incorporation of oxygen generating material (OGM), or oxygen transporting materials.

exogenous supply of oxygen was delivered to the cells daily.[96]

Evron et al. describe loading up to 4800 IEQ cm−2 in an ultrapure
high-guluronic acid alginate mixture into their 𝛽-air device prior
to implantation in diabetic rats, with an average recovery of
initial oxygen consumption rate of 88% indicating minimal loss
of viable tissue during implantation.[70] This highlights that
oxygen is a critical limiting factor in transplanted islet survival
and that future efforts to implant encapsulated islets should aim
to address islet oxygenation in vivo. This is particularly pertinent
for translation of macroencapsulation devices from small rodent
studies to large animal and clinical studies, where a larger vol-
ume of encapsulated islets is required, reducing the surface area
to volume ratio and exacerbating mass transport complications.

Hypoxia plays a significant role in islet viability and func-
tionality prior to, during, and after islet transplantation.[97] 𝛽-
cells are particularly sensitive to hypoxia and they need to be
exposed to a highly oxygenated environment to survive.[98] It
has been demonstrated that even if 𝛽-cells survive the hypoxic
environment during transplantation, their function may be im-
paired (when pO2 < 40 mmHg)—an effect that can persist even
after re-oxygenation/revascularization.[99–104] Therefore, post-
transplantation graft survival is completely reliant on diffusion of
oxygen (O2) and nutrients from the surrounding environment of
the implant. Several in vivo and in silico diffusion-reaction mod-
els have demonstrated how the oxygen environment and islet
size are the primary limiting factors for islet survival,[105–107] with
average-sized human islets (150 µm diameter) presenting an hy-
poxic core under normal culturing conditions (21% O2). Increas-
ing oxygen tension up to 350 mmHg (47% O2) reduced the hy-

poxic core formation and increased cell viability, even for larger
islet cells.[105] As seen in islets, these hypoxia-related issues will
likely remain in SC-𝛽 cells. Faleo et al. demonstrated that more
than half of SC-islets die shortly after transplantation in mice,
due to nutrient and oxygen deprivation (ischemia).[108]

The supply of oxygen to macroencapsulation devices relies on
several interdependent factors including encapsulant or mem-
brane permeability toward oxygen, the spatial arrangement of
host vasculature at the implant site, rate of oxygen consumption
of the encapsulated cells, tissue density, local pO2 levels at the
implantation site, and geometry of implant.[109] Consequently, to
overcome these limitations, enhanced graft oxygenation is key to
maintaining cell viability and functionality after transplantation.
Two major strategies can be considered: i) increase of the vascula-
ture surrounding the device prior to cell encapsulation, enhanc-
ing the blood supply to the graft and ii) oxygen delivery to the
encapsulated cells through oxygen generating materials, oxygen
transporting materials or external oxygen generators (Figure 4).

5.1. Prevascularization

Following implantation of a medical device, neovascularization
occurs slowly, at a rate of ≈5 µm h−1,[110] and it can take many
weeks/months for an implant to become surrounded by a dense
vascular network.[111] The survival of 𝛽-cells is highly depen-
dent upon oxygen and nutrient transfer in the stages imme-
diately following transplantation, and if this is not achieved
the cells will likely die by hypoxia.[75] Prevascularization of the
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implant site has been explored to prime the site for cell im-
plantation, thereby promoting cell survival immediately follow-
ing transplantation. A number of approaches to prevasculariza-
tion have been examined which include implantation of an empty
macroencapsulation device followed by cell delivery after a num-
ber of weeks or months,[66,112] and implantation of a removable
construct to prime a subcutaneous device-less space for islet
transplantation.[113] Preimplantation of a device for a period of
3 months prior to islet implantation in a rodent study has been
shown to increase diabetic cure rates, with 6/6 animals cured us-
ing pre-implanted devices, compared to 1/6 in freshly implanted
devices.[112] A six week pre-vascularization period has also been
shown to provide sufficient oxygenation to an implanted device in
a rat model, where oxygen tension was measured with microelec-
trodes polarized at−0.8V. pO2 measurements of pre-vascularized
devices were 4.4–12.2% (equivalent to 32.66–90.55 mm Hg, n =
14), with most readings exceeding 5% (37.1 mm Hg), which is
comparable to the mean pO2 measured within vascularized islets
in the native pancreas.[15,114]

Rapid vascularization in the vicinity of devices can be pro-
moted by the inclusion of growth factors, such as vascular
endothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF), to facilitate the controlled release of angiogenic
cues and stimulate angiogenesis.[115,116] Uncontrolled expres-
sion of VEGF, however, can lead to abnormal vascular growth
and vascular tumors, while short-term expression leads to un-
stable vessels, which promptly regress following the removal
of the angiogenic stimulus. The formation of a functional
vascular environment is dependent upon both the generation
of new vessels and the stabilization of these vessels, which
requires the recruitment of smooth muscle cells and ECM
deposition.[115] Platelet-derived growth factor (PDGF) is a key
mediator of vessel maturation through recruitment of smooth
muscle cells,[76] in addition to TGF-𝛽 which stimulates ECM
production.[117] Therefore, a combination of pro-angiogenic and
pro-maturation growth factors may improve the quality of vas-
cular networks in the vicinity of medical implants. Kastellorizios
et al. showed that a combination of VEGF and PDGF at a 2:1
ratio in dexamethasone-releasing poly(lactic-co-glycolic acid)
(PLGA) microspheres increased angiogenesis and improved
capillary orientation compared to PLGA microspheres with
dexamethasone only or PLGA microspheres with both dexam-
ethasone and VEGF in subcutaneous tissue in a rat model.[118]

Furthermore, the same authors have observed that inclusion
of dexamethasone in PLGA microspheres have been shown to
prevent the acute phase of the foreign body reaction to subcuta-
neous implants in a large animal model.[119] In addition to VEGF
and PDGF, bFGF is also known to stimulate angiogenesis. Luan
and Iwata investigated transient implantation of agarose rods
with bFGF and heparin to generate prevascularized pockets for
subcutaneous islet transplantation in a diabetic rat model.[120]

Following implantation of agarose rods (4 mm diameter, 2.5 cm
length) with bFGF-heparin (50 and 25 µg per rod, respectively)
for 1 week, a thick vascularized pocket formed from which the
agarose rods were removed, and 1500 islets were allogeneically
transplanted to the prevascularized subcutaneous pockets. 9 of
10 rats exhibited stable normoglycemia for >100 days, compared
to non-normalization of blood-glucose in rats that received islets
subcutaneously but without prevascularization.

Vascularization can also be promoted by microarchitecture
of the implant surface, not requiring the use of exogenous
agents. Vascularizing membranes, bearing 5 µm pores that al-
lows host cells penetration and induce vascularization, have
been incorporated in macroencapsulation devices such as Ther-
aCyte (Baxter Healthcare, Figure 3B).[80,121] TheraCyte main-
tained cell survival and reversed diabetes in mice models af-
ter allogeneic[5,112] or xenogeneic[122] islet transplantation. This
device has been recently used in combination with bone mar-
row derived insulin producing stem cells, achieving an improved
glycemic control in a diabetic rat model. Another relevant ex-
ample is Sernova Cell Pouch, which employs non-biodegradable
polymers to form a scaffold that allows infiltration with tissues
and microvessels. Islets transplanted in this device reversed di-
abetes long term (>100 days) in a diabetic mice model, com-
pared to subcutaneously implanted naked islets.[123] Khosravi
et al. investigated the effect of surface topography on neovascu-
larization in a rodent model, and found that more complex to-
pographical surfaces promoted an increased rate of neovascular-
ization and vascular maturation compared to a relatively smooth
surface.[124] Although this work focused on titanium based ma-
terials most commonly used in orthopedic applications, surface
roughness has also been shown to be advantageous for soft-tissue
applications, with surface roughness influencing protein adsorp-
tion, cell differentiation, and the FBR to implants.[79] Skrzypek
et al. describe a method of prevascularizing an islet macroen-
capsulation device in vitro using micropatterned poly- ethersul-
fone/polyvinylpyrrolidone (PES/PVP) membranes in a co-culture
of human umbilical vein endothelial cells (HUVECs) and hu-
man dermal fibroblasts (NHDFs). Micropatterned membranes
showed clear cell orientation and cell interconnectivity, in com-
parison to non-patterned membranes which showed no specific
cell orientation.[66] The co-culture also formed stable endothelial
networks, verifying that it closely replicates the in vivo environ-
ment. In vitro prevascularization has the potential advantage of
reducing the number of surgeries required per patient, as the
in vivo prevascularization period prior to cell delivery is greatly
reduced. However, this technique is in preliminary stages and
will require comprehensive optimization before successful clini-
cal translation. The promotion of blood vessel formation for ther-
apeutic purposes remains a challenge as physiological angiogen-
esis is a complex and highly concerted process.[116]

5.2. Oxygen Delivery

Prevascularization strategies are an interesting approach to pro-
vide an extra oxygen supply to the encapsulated islets/𝛽-cells.
However, the immunoprotective membrane of macroencapsula-
tion devices prevents the ingrowth of vessel, limiting the nutri-
ent supply to only diffusion through the semipermeable mem-
brane. The resulting hypoxic environment restricts the density
of viable cells that can be loaded within the device, resulting in
large or multiple devices required to achieve a therapeutic dose of
cells.[125] To mitigate this problem, inclusion of an oxygen deliv-
ery technology within the encapsulation device has been deeply
investigated. Three main approaches have been considered: i)
oxygen generating materials, ii) oxygen transporting materials,
and iii) external oxygen delivery (Figure 4).
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5.2.1. Oxygen Generating Materials

Oxygen generating materials (OGMs), typically peroxides, can
produce and deliver O2 by means of a chemical reaction that in-
volves the formation and subsequent decomposition of hydrogen
peroxide (H2O2). However, peroxide hydrolysis produces toxic
by-products (H2O2) and reactive oxygen species (ROS) that can
compromise cell viability. Inflammatory damage can be over-
come by the use of catalase as antioxidant agent.[126] OGMs aim
to provide a gradual and prolonged O2 release to cells, which
can be controlled by integrating them into constructs such as
scaffolds,[127] nanofibers,[128] hydrogels,[129] or microspheres.[127]

Oxysite is a promising technology consisting of a self-sustaining
CaO2-PDMS disk that can provide a controlled O2 supply to en-
capsulated cells.[130] The Oxysite disk was incorporated into an
immunoisolating agarose macroencapsulation device that can
support elevated cell loading densities (1500 IEQ, or 8.5 × 106

MIN6 cells cm−3). Islets and 𝛽-cells encapsulated in this oxygen-
enhanced device showed increased survival and functionality (as
seen by hyperglycemia correction), under hypoxic conditions for
30 days in a rodent diabetes model, while maintaining high cyto-
and bio-compatibility.[131] To enable clinical translation, efforts to
prolong the oxygen durability of Oxysite are ongoing, with a view
to creating a scaled-up version for clinical studies that, coupled
with an unlimited cell source, could achieve longer implantation
periods (>30 days).

The limited longevity of OGMs, as well as the potential
biotoxicity of their degradation products are the main challenges
for these technologies. OGMs that can provide oxygen for ex-
tended periods (months/years) would require prohibitively large
devices. An interesting approach could be the use of refined
systems to control oxygen release kinetics in response to the en-
vironmental oxygen levels.[132] These “smart” oxygen-responsive
systems, based on H2O2/PVP/catalase microspheres bearing
a 2-nitroimidazole oxygen-responsive shell, demonstrated an
improvement in the survival of mesenchymal SC in vitro and in
vivo.[132]

5.2.2. Oxygen Transporting Materials

Materials that can solubilize and transport higher volumes of oxy-
gen while enhancing oxygen permeability within capsules have
been investigated. These materials—artificial oxygen carriers
(AOCs)—were initially developed as artificial blood substitutes
but their application has shifted toward “oxygen therapeutics”,
including oxygen delivery to encapsulated cells.[133] Two main
families of AOCs can be distinguished: i) perfluorocarbon (PFC)
based oxygen carriers, and ii) hemoglobin-based oxygen carriers
(HbOs).

PFCs are a family of compounds that exhibit very high oxygen
solubility (20-fold volume percent oxygen solubility compared to
water) and favorable diffusion characteristics.[134,135] Owing to
their unique characteristics, PFCs have been used in different
applications, including organ preservation,[136,137] artificial blood
substitutes,[138] or oxygen delivery to cells. PFC-based oxygenated
scaffolds (perfluorodecalin (PFD) emulsions,[139] PFD-alginate
capsules[140]) reduced hypoxia and cell death (reducing ROS gen-
eration) in encapsulated stem cells,[141] 𝛽-cells,[139] and pancreatic

islets, both in culture[139,142,143] and implanted in mice.[140] PFCs
can be pre-loaded with oxygen prior cell encapsulation, proving
an additional initial oxygen supply. Additionally, once the initial
oxygen payload has been delivered, the remaining PFCs could ef-
fectively increase the oxygen permeability inside the macroencap-
sulation device, improving cell nutrition. This enhancement in
oxygen permeability has led to improved survival of encapsulated
islets in alginate-PFC systems, under hypoxic conditions.[144,145]

Despite their promising properties, the high hydrophobicity of
PFCs limits their incorporation within physiological fluids and
their shelf stability. Moreover, some PFC-based products have
shown safety concerns associated with organ retention, and un-
wanted side effects usually related to phagocytosis uptake.[135] Re-
search must focus on producing emulsion-based PFC technolo-
gies bearing low particle sizes (facilitate oxygen transport and
evade phagocytosis), long term shelf stability (months/years) and
having large-scale manufacturing feasibility.[135]

Hemoglobin is the component of blood that transports oxy-
gen by covalent bonding between oxygen and the heme group.
The use of hemoglobin as an oxygen carrier is compromised
by its low availability and portability, special storage require-
ments of blood products and risk of toxicity due to its low
physicochemical stability.[146] Consequently, research has been
focused on developing synthetic or semisynthetic HbOs able
to provide efficient oxygenation while improving their long-
term stability and biocompatibility. These systems have been de-
scribed in detail elsewhere.[147] A recent HbO based on marine
hemoglobin, called HEMOXcell,[148] demonstrated enhanced vi-
ability and multipotency of cultured human mesenchymal SC.
The use of HEMOXcell to reduce cellular hypoxia was further in-
vestigated in an in vitro model of islet encapsulation, in compar-
ison with a PFC derivative. Although both AOCs increased cell
viability and decreased markers of hypoxia when cultured with
rat islets at 2% pO2, HEMOXcell had the capacity to restore in-
sulin secretion to normal levels after 24 h of incubation,[149] due
to its superoxide dismutase activity.[150]

Although AOCs have demonstrated great promise to provide
an extra oxygen supply post transplantation, further evaluation
in more clinically relevant encapsulation devices is required.
AOCs are inherently limited by their long-term stability (e.g.,
colloidal stability of PFD emulsions, tetramer disintegration in
HbOs, etc.), unwanted side effects (potential inflammatory reac-
tions), and storage challenges. Future developments in the de-
sign of AOC formulations, focusing on process standardization
and scale-up production are immediate priorities to further refine
and validate the use of AOCs in regenerative medicine.

5.2.3. External Oxygen Delivery

As an alternative to in situ oxygen generation/transporting, ex-
ogenous oxygen gas injection into a chamber within an im-
munoisolating device is a very promising approach. Several ex-
ternal oxygenation technologies have been developed in the last
number of years.[64,151–153] In the quest to create a bioartificial pan-
creas, the 𝛽-air device (Figure 3C) has emerged at the forefront.
This device, developed by Beta-O2, comprises of: i) an alginate
hydrogel containing immobilized islets, ii) an immunoisolat-
ing semi-permeable membrane comprised of two hydrophilized
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PTFE membranes with a 0.45 µm pores, iii) a rubber silicone
membrane that separates the encapsulated islets from the iv) oxy-
gen reservoir. This oxygen chamber is connected to subcutaneous
access port for daily refuel with an O2 gas blend that could last
for up to 30 h.[64] Prior to clinical assessment, the 𝛽-air device
has shown efficacy in xenogeneic and allogeneic islet transplanta-
tion for the treatment of diabetes using rats,[70,152] pigs,[154,155] and
non-human primates.[156] The 𝛽-air device has been optimized to
support high encapsulation surface densities (4800 IEQ cm−2)
with an initial gas chamber pO2 of 570 mmHg (76% O2), show-
ing nearly 90% preservation of islet viability post-explanation.[70]

In a first-in-human trial performed in 2012, the 𝛽-air device was
able to maintain human donor islet survival and overcome im-
mune rejection for 10 months in a patient with T1D. Due to the
low islet dose used in this study (2100 IEQ kg−1) diabetes was not
reversed and only modest improvements in the glycemic control
were achieved. In a further clinical trial performed in 2019, the 𝛽-
air device was implanted in 4 diabetic patients for 3–6 months at
1800–4600 IEQ per kg body weight.[13] Although the device pro-
moted cell viability through O2 delivery, the functionality of trans-
planted islets was minimal. In order to improve patient compli-
ance, a next-generation device that aims to be refilled weekly is
expected to enter clinical trials soon. These second-generation de-
vices will be adapted for stem cell clusters.[157,158]

Finally, in order to avoid the oxygen refillability issues of
the abovementioned technologies, and improve their long-term
functionality, a novel approach consisting of wearable electro-
chemical oxygen generators (wEOGs) has been proposed.[125,159]

These wEOGs could continuously produce oxygen from water
electrolysis and supply it to macroencapsulation devices, requir-
ing smaller gas chambers that could reduce the size of these
devices.[125] This water-refillable and battery-powered technol-
ogy could be coupled with oxygen enabled implantable cell en-
capsulation devices as is being investigated by the startup Pro-
cyon Technologies LLC in collaboration with Novo Nordisk to
incorporate SC-islets within this technology.[160] A similar tech-
nology, developed by Giner Life Sciences integrates implantable
electrochemical oxygen generators (iEOG) to produce and sup-
ply O2 to implantable immune-isolating devices.[161,162] Proof-of-
concept studies will define the feasibility of this technology.

6. Minimizing Foreign Body Response

6.1. Geometry, Topography, and Mechanical Actuation

Recent advances may provide mechanisms to reduce the for-
eign body response[17] where mechanical and pharmacological
strategies have been employed (Figure 5). It is evident that the
size and shape of the implant play a role in modulating the im-
mune response.[163] For example, less tissue response was found
from implanting circular rods compared to triangular shapes,[164]

and smooth contoured implants showed reduced macrophage re-
sponse compared to those with angular geometry.[165] In terms of
size, spheres greater than 1.5 mm in diameter showed mitigated
FBR in rodents and non-human primates (Figure 5A).[166] Micro-
geometry and thickness also have important effects on FBR, with
porous, thinner implants eliciting less of a fibrous capsule (Fig-
ure 5B,C).[167] For other applications, groups have reported a cor-
relation between porosity and macrophage switching to M2 anti-

inflammatory type; in a study related to cardiac tissue engineer-
ing pHEMA-co-MAA scaffolds with a 30 µm diameter pore size
polarized macrophages to an M2 phenotype leading to a thinner
fibrous capsule and enhanced neovascularization at 28 days post-
implant.[168] Increasing the M2/M1 ratio is important to tissue re-
modeling and capsule thickness,[169] and has been correlated with
porosity in a number of other studies (Figure 5D).[170,171] Nanos-
tructures on the surface can also modulate protein adsorption,
and subsequently the immune response.[172–174] Surface-bound
hydrophilic gold nanoparticles on the surface were shown to re-
duce immune-complement activation by suppressing the activ-
ity of IgG.[175] Our group has recently developed an innovative
strategy to reduce fibrosis around an implanted device using the
principles of soft robotics (Figure 5E). This approach uses me-
chanical actuation to actively modulate the biomechanics of the
biotic-abiotic interface by altering strain, fluid flow, and cellular
activity in the peri-implant tissue.[176] We found that this actuat-
able device significantly improved the number of blood vessels
(p = 0.0099; ≈400 CD31+ blood vessels mm−2, similar to native
human islets[177]), reduced the thickness of the fibrous capsule
formed (p= 0.0005, ≈two-fold reduction) and improved the diffu-
sion of a drug analogue through the formed fibrous capsule com-
pared with non-actuated controls in a subcutaneous rat model.
There was no significant difference in macrophages present be-
tween groups (p = 0.6963) and a significant reduction in myofi-
broblasts (p = 0.0036) in the actuated group. We propose that
actuation reduced the differentiation and proliferation of myofi-
broblasts and therefore extracellular matrix production.

6.2. Immunocloaking

Immunocloaking using extracellular matrix (ECM) is an alterna-
tive strategy that has been used to attenuate FBR,[180–182] for exam-
ple, polypropylene mesh covered by ECM showed a reduction in
FBR, M1 macrophages and giant cells, with an increased M2/M1
macrophage ratio.[183] Pharmacological solutions have been de-
veloped pre-clinically to cloak the implant so that it becomes
invisible to the body and does not initiate the FBR. One such
approach targets macrophages (Figure 5C), a key player in initia-
tion of the FBR, by using the small molecule GW2580 to inhibit
cross-phosphorylation and activation of the macrophage specific
factor cytokine receptor colony stimulating factor-1 receptor
(CSF1R).[179,184] This GW2580 cloaking approach results in a re-
ducing in the FBR to implants, but it is unclear how it affects vas-
cularisation, as endothelial/macrophage crosstalk is critical for
arteriogenesis.[185] Additionally, it requires long-term sustained
release of GW2580, and the off-target effects and long-term
complications have not yet been investigated. Kharbikar et al.
have recently published an extensive review of various strategies
and techniques that have been used for immunomodulation and
prevention of fibrosis for macroencapsulation devices.[78]

6.3. Refillability

The ability to replenish SC-islets in a macroencapsulation sys-
tem is advantageous given the temporally dynamic environment
of biohybrid artificial pancreas. Substantial cell loss can occur
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Figure 5. Strategies for minimizing fibrosis. A) Increase in the spherical diameter of materials, including hydrogels, ceramics, metals, and plastics,
leads to reduced FBR. Scale bar is 2 mm. Adapted with permission.[166] Copyright 2015, Springer Nature. B) Confocal microscopy images showing
reduced fibrosis in modified alginate microcapsules, identified through a combinatorically developed hydrogel library. Scale bars are 100 µm. Adapted
with permission.[178] Copyright 2016, Springer Nature. C) Crystallized drug formulations for long-term controlled-release suppress FBR in both rodents
and non-human primates for at least 1.3 years and 6 months, respectively. Adapted with permission.[179] Copyright 2019, Springer Nature. D) Porosity-
dependent FBR in poly(2-hydroxyethyl methacrylate) implants. Collagen is shown in blue, cellular cytoplasm in red, and cell nuclei in black. Adapted with
permission.[171] Copyright 2013, Springer Nature. E) Soft robotic actuation applied to implanted devices reduces the average thickness across fibrotic
capsule. Adapted with permission.[176] Copyright 2019, American Association for the Advancement of Science.

early after transplantation and late after islet infusion. Hence,
multiple islet infusions are often required to reverse insulin
dependence.[186] Many of the commercially available[5,80] and re-
search stage devices[86,176,187] have incorporated features (tubing
and self-sealing subcutaneous or transcutaneous ports) to enable
the repeated delivery of cell cargo. This design consideration is
particularly relevant to allow dosing and cargo adjustment if one
thinks about future incorporation of continuous sensing of im-
plant function.

7. Ability to Monitor Implant Function over Time
and Closed Loop Control to Adjust Implant/Cargo
Parameters over Time

Continuous measurement of circulating biomarkers is enabled
by an emerging class of biosensors.[188,189] Wearable continuous
glucose monitors (CGM) have been clinically adopted in the T1D
community, thus reducing the burden of patient self-monitoring

and ensuring that patients remain in a euglycemic range.[190,191]

A state-of-the-art CGM worn after graft delivery could help corre-
late graft function to physiologic cell released insulin responses
and help tailor and taper exogenous insulin delivery as the SC-
islet graft matures over time.

Incorporation of implantable CGM sensors within macroen-
capsulation systems could enable continuous measurement of
glucose inside the cell compartment of the encapsulation device
as a surrogate measure of device integration, function, and corre-
sponding host response (vascularization and fibrosis) over time.
For example, dual measurements achieved with a patient worn
and cell compartment CGM could help decipher glucose diffu-
sion into the device post-implantation and help ascertain the best
timing for cell loading if a staged approach is required. Recent
advances in fully implantable CGMs with data transfer direct
to smart devices could make this a reality. Implantable CGMs
(iCGMs) have been tested in large animals[192] and humans,[193]

and are in current development for clinical approval.[194] The cur-
rent iCGM is designed for subcutaneous implantation and would
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require additional design changes to allow signal to be trans-
ported from within a macroencapsulation device to a data receiv-
ing smart device if the implant site was deep within the body.[192]

This may also change the energy requirements and the develop-
ment of wireless energy transfer may be required to maintain
long-term function.

With the refillable and retrievable design considerations dis-
cussed earlier, the access port is advantageous in allowing as-
sessment of cell compartment oxygen tension and pH before cell
loading. This process could be included as an additional safety
check to avoid any conditions that would exacerbate the subse-
quent immune response to the cell cargo, if danger signals were
released from damaged cells in the peri-implant tissue. The port
could also allow cell biopsy during clinical development to allay
any regulatory fears of tumor development. Recent advances in
the development of cell-based biosensors that give insight into
cell and tissue function in vivo could be an attractive technol-
ogy to measure SC-islet implant function. Recently, an insulin
producing cell line expressing a fluorescent calcium sensor was
developed to study beta-cell function in vivo. The bioresponsive
cells, stably expressed the genetically encoded chameleon-based
fluorescent sensor YC3.6cyto and the work demonstrated that
cells could respond to glucose when implanted in mice. If fur-
ther developed, the cells themselves could become the biosens-
ing element to longitudinally monitor the function of implanted
cells using non-invasive imaging or temporal sampling through
the port.[195] With this real-time sensor-based information, and a
refillable device, one could envision a closed-loop feedback sys-
tem where the number of cells, and thus the amount of insulin
secreted could be adjusted based on the dynamic peri-implant
environment, cell maturation and patient need. With this type of
system, we could envision a move toward an integrated platform
for restoring endocrine pancreas function and sensing relevant
real-time outputs of a macroencapsulation device or a biohybrid
artificial pancreas.[196]

8. Conclusion and Perspective

In order to design an optimal macroencapsulation device for
SC-islets, functional requirements and design considerations
will be built on the knowledge foundation from cadaveric islet
macroencapsulation devices and adopt an interdisciplinary,
design-centric approach. Functional requirements for these
devices will vary over time after implantation, and this variability
should be factored into the design, or the design should allow
for adjustability – likely in terms of refillability and retrievability.
Both the cargo and the peri-implant environment are temporally
dynamic, and necessitate adaptive design features. Integration of
continuous sensing into a macroencapsulation system will not
only enable monitoring of glycemic levels, and patient-specific
response to cell delivery allowing personalized dosing, but could
also serve to monitor implant/host interactions such as vascu-
larization and fibrosis. Access ports allow monitoring of graft
phenotype by biopsy if required, particularly during the clinical
trial phases. This information could be fed back into the inputs
for the system, allowing responsive adjustment of number of SC-
islets (in a replenishable device) or allowing on-demand delivery
of agents such as oxygen, anti-fibrotic or pro-vascularization
pharmacologics, or biomechanical actuation to mitigate fibrosis.

The ability to access the intra-capsular environment, potentially
via a microcatheter in the replenishment line, may also allow
temporal sampling to establish post-transplant maturation and
allay any regulatory fears of tumorigenicity. With closed loop
feedback, and potentially smart control over agent replenish-
ment, one could envision an autonomously regulating biohybrid
artificial pancreas that would significantly reduce T1D patient
pain points such as cumbersome self-monitoring of glycemic
levels and long-term immunosuppressants.
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