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Abstract

Introduction—Type 1 diabetes mellitus (T1DM) is an autoimmune disease in which the 

pancreas produces insufficient amounts of insulin. T1DM patients require exogenous sources of 

insulin to maintain euglycemia. Transplantation of naked or microencapsulated pancreatic islets 

represents an alternative paradigm to obtain an autonomous regulation of blood glucose levels in a 

controlled and personalized fashion. However, once transplanted, the fate of these personalized 

cellular therapeutics is largely unknown, justifying the development of non-invasive tracking 

techniques.
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Areas covered—In vivo imaging of naked pancreatic islet transplantation, monitoring of 

microencapsulated islet transplantation, visualizing pancreatic inflammation, imaging of 

molecular-genetic therapeutics, imaging of beta cell function.

Expert commentary—There are still several hurdles to overcome before (microencapsulated) 

islet cell transplantation will become a mainstay therapy. Non-invasive imaging methods that can 

track graft volume, graft rejection, graft function (insulin secretion) microcapsule engraftment, 

microcapsule rupture, and pancreatic inflammation are currently being developed to design the 

best experimental transplantation paradigms.
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1. Introduction

Diabetes mellitus (DM) is a chronic, systemic disease of multiple etiology, characterized by 

inadequate regulation of blood glucose levels resulting from a reduced or absent release of 

insulin or the presence of insulin resistence [1]. Among the main risks associated with 

diabetes are blindness, ulcers, amputation, hypertension, nephropathy, and heart disease [2]. 

DM can be classified into two major categories, type 1 (T1DM) and type 2 (T2DM). T1DM 

or juvenile diabetes is characterized by an early onset of autoimmune cell infiltration 

resulting in chronic pancreatic inflammation and destruction of insulin-producing β-cells 

[3]. T2DM is characterized by a later onset of the disease, which can result from either 

inefficient cellular processing of pro-insulin or a premature release of pro-insulin as a result 

of high insulin demand [4], with a high prevalence in the obese population. For both types, 

insulin is required to regulate blood glucose levels. While administration of exogenous 

insulin is now standard practice having been pursued for decades, alternative approaches for 

treatment of T1DM are now being developed based on personalized medicine principles. 

These include naked and microencapsulated islet cell transplantation to achieve a continuous 

on-demand insulin production. Patients in whom pharmaceutical intervention has failed are 

in need of alternative methods to maintain proper regulation of glucose levels and to prevent 

complications associated with hyper- and hypoglycemia [5]. Ideally, all patients that are 

inadequately regulated by insulin injections should be transplanted with a tightly regulating 

insulin-producing graft. However, in those patients the side effects of immunosuppression do 

not outweigh the risk of complications of insulin therapy and for that reason it is now only 

performed in those patients where end-stage renal failure occurred [6]. A combination of a 

kidney and an islet cell graft is usually given. Islet immunoisolation through encapsulation 

can avoid the use of immunosuppression and allows cell transplantation long before end-

stage renal failure occurs in those diabetic patients where exogenous insulin injections 

failed. In this expert commentary, we provide an overview of the alternative new strategies 

that are currently being developed for treatment of T1DM, with special emphasis on the use 

and tracking of microencapsulated islets as a novel approach towards personalized medicine 

in islet transplantation.
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2. Personalized treatment of T1DM

The primary form of treatment for T1DM is the use of exogenous insulin [7]. However, 

other options now exist that can provide a finely regulated and on-demand insulin 

production from within, such as transplantation of the whole pancreas [6, 8], transplantation 

of isolated, naked pancreatic islets [9, 10], and transplantation of immuno-isolated or 

microencapsulated pancreatic islets [11, 12].

2.1 Insulin therapy

The use of exogenous insulin to control hyperglycemia requires multiple daily doses, 

frequent monitoring of glucose levels, and dosage adaptations. A failure to detect fast 

changes in glucose is associated with episodes of severe hypoglycemia and hyperglycemia 

which can lead to diabetic ketoacidosis [13]. The use of devices or pumps to monitor 

continuous changes in glucose controlled insulin release is one solution, but still requires 

follow-up measurements to assess whether or not insulin has been infused correctly, along 

with re-calibration of the device [14].

2.2 Whole pancreas transplantation

Transplantation of the whole pancreas avoids the use of exogenous insulin. Over the last five 

years, pancreatic transplantation has improved in terms of surgical procedures, delay or 

absence of rejection, and patient outcome [15]. One of the major drawbacks of whole organ 

transplantation is the life-long use of immunosupressants, which can lead to deleterious side 

effects [16]. An important early improvement was the introduction of drainage of the 

exocrine pancreas [17], decreasing the risk of thrombosis and anastomotic insufficiency, but 

it comes with a higher risk of gastrointestinal bleeding [15]. This therapy is indicated for 

patients who also receive a kidney transplantation subsequent to transplantation of the 

pancreas, since the maintenance of euglycemia contributes to a reduction of microvascular 

complications, increasing the longevity of both grafts [18].

2.3 Unencapsulated islet cell transplantation

A different approach to the treatment of T1DM is the transplantation of isolated, purified β-

islet cells of the pancreas [19] to reinstitute the production of insulin in response to increases 

of glucose in the blood. The first clinical trial on islet transplantation in patients without 

kidney transplantation was performed in Pittsburgh in 1990 [20]. Ten years later, a 

successful trial was completed in Edmonton, Canada, in 2000, now seen as a landmark study 

[21]. The specific criteria for selecting patients for allogeneic islet transplantation are: 

recipients must be aged between 18 and 65 years, have T1DM for more than 5 years, have a 

negative fasting C-peptide (<0.3 ng/ml), exhibit hypoglycemia unawareness with glycemic 

lability, and have elevated HbA1c levels (above 8%) [9, 22]. The Edmonton clinical trial 

achieved total insulin independence in all transplanted patients for over one year, although 

this independence remained for 5 years in only 10% of patients [23].

Transplantation of islets is desirable over transplantation of the whole pancreas since the 

surgery is less invasive and associated with a lower morbidity. However, a pertinent issue to 

overcome is the significant loss of islets during the immediate post-transplant period. After 
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transplantation, a so-called instant blood-mediated inflammatory reaction (IBMIR) can 

occur. The IBMIR reaction is characterized by the activation of the complement and 

coagulation cascades, inducing the formation of clots and an infiltration of leukocytes into 

the islets, with deleterious effects [24, 25]. Here, successful transplantation depends on the 

use of external factors to control the IBMIR process using inhibitors of both the complement 

and coagulation processes [25], with or without immunosuppressants. Although there have 

been significant improvements in the transplantation of islets since 2000, the use of 

immunosuppressive therapies are still required. The clinical success after transplantation of 

islets depends therefore on the capability to sustain immunosuppression levels and the 

quality of the transplanted islets. A third factor, often overlooked, is the limited availability 

of histocompatible donors. Furthermore, donor islets must survive the harsh enzymatic and 

mechanical procedures that are used to isolate them [26]. After transplantation, many islets 

will die due to ischemia because of hypoxia [27] and the occurrence of inflammation [28]. 

This will lead to increased antigen presentation, making major histocompatibility complex 

(MHC) class II matching of donors a crucial factor in graft success or failure.

A personalized approach to overcome the histocompatibility issue is the use of induced 

pluripotent stem cells (iPSCs) as they are derived from the patients themselves. This 

approach would allow the use of fully MHC class II-matched donor cells [29]. However, this 

may not prevent loss of cells due to autoimmunity as the immunogenic epitopes can still be 

carried by the iPSCs. As the use of iPSCs represents a potentially unlimited source of 

pancreatic endocrine lineage cells that could be used for the treatment of the diabetic 

patients [30, 31], immunoisolation by encapsulation still remains a viable option in this 

scenario.

As stated above, the isolation of islets is a refined process that requires standardization to 

achieve maximum quality and survival of cells. The National Institutes of Health initiated a 

clinical islet cell transplantation consortium for a Phase 3 trial of developing a unified 

process for the manufacturing of highly purified allogeneic human pancreatic islets. The 

process was performed in eight different manufacturing facilities with a common master 

production batch record, islet product specifications, certificate of analysis, and test 

methods, all of them compliant with current good manufacturing practices. The report 

proved that it is feasible to implement a standardized process at multiple facilities for 

obtaining a complex cellular product with the desired characteristics and function after 

transplantation [32].

2.4 Microencapsulated islet transplantation

An effective method to protect transplanted cells from rejection by the host is the use of a 

semi-permeable immunoprotective membrane (Figure 1A). Microencapsulation allows free 

diffusion of certain molecules, including nutrients, glucose, oxygen, and insulin, into and out 

of the capsule, while preventing the penetration of antibodies or contact with host immune 

cells [33, 34, 35]. This technology was first used by Lim and Sun in 1980 [36] and has been 

widely modified and adapted since its first use. Microcapsules must meet several criteria to 

avoid rapid cell death following encapsulation, with insufficient diffusion of oxygen into the 

capsule as one of the primary pitfalls. The capsules should have the proper diameter for a 
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sufficient distance of oxygen diffusion, and be close to blood vessels or are able induce new 

blood supply around the capsule [37, 38].

In 2006, Calafiore et al. transplanted microencapsulated islets in two TD1M patients, 

achieving high levels of C-peptide that were still measurable at 1 1/2 year after 

transplantation without the use of immunosuppression [11]. Another study, performed by 

Tuch et al. [12], observed a rise in C-peptide levels from one to three months after 

transplantation. The subsequent reduction of C-peptide levels was attributed to islet cell 

necrosis and capsule fibrotic overgrowth as demonstrated by biopsy [12]. 

Microencapsulation offers a possibility to use cells from either an allogeneic or a xenogeneic 

source, offering a potential solution to a shortage of suitable donor pancreata. However, 

specific formulation and considerations must be used for both allogeneic and xenogeneic 

sources. For the latter, the discordance in histocompatibility between the donor and recipient 

is formidable [39, 40]. Highly immunoreactive epitopes, such as galactosyl residues, can still 

diffuse out of the microcapsules and activate the complement pathway, leading to neutrophil 

infiltration and the release of many other cytokines.

There are many polymers that can be used in the preparation of microcapsules, as long as 

they comply with certain requirements, such as flexibility, softness, mechanical stability, 

capable diffusion of molecules of interest, and biocompatibility to avoid a native immune 

response [35, 41]. Among the most studied and characterized polymers are poly(ethylene 

glycol), polyvinyl alcohol, polyurethane, polyether-sulfone, polypropylene, sodium 

polystyrene sulfate, polyacrylate, agarose, chitosan, cellulose, collagen, xanthan, and 

alginate [42, 43]. Alginate is a polymer that has been used in humans in compliance with the 

regulatory restrictions and ethical aspects of the Italian Ministry of Health [11] and has been 

studied sufficiently to enable modification of its mechanical characteristics to adapt them to 

meet the desired purposes. It can be extracted from some species of algae and bacteria and is 

an unbranched binary copolymer of 1–4 linked β-D-mannuronic acid (M) and α-L-guluronic 

acid (G) intertwined in different proportions [44]. Alginate consists of G-G blocks, G-M 

blocks, and M-M blocks, and the repetition and quantities of these blocks give different 

alginates specific properties that make them more or less suitable for certain applications 

[35, 42]. The three-dimensional conformational structure of the alginate in the capsule 

allows incorporation of other polymers, e.g., poly-L-lysine (PLL), to further modify the 

properties of the microcapsules, including pore size and mechanical stability [45, 46]. 

Microcapsules are formed when different alginate blocks cross-link with bivalent cations, 

e.g., Ca2+, Ba2+, and Sr2+, giving specific diffusion, rigidity, and elastic properties to the 

microcapsules.

Successful use of microcapsules is dependent on the source and kind of alginate, the gelling 

cation, and the incorporated polyaminoacids and polymers [47]. Many studies have 

successfully used microencapsulated pancreatic islets to reverse hyperglycemia in small 

animal models. In large animal models, however, the host immune response against the 

implanted capsules reportedly remains an issue [40, 48, 49], regardless of implantation site 

[50].
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Proper purification of alginate has been determined as one of the major factors in avoiding a 

host immune response [51]. Clinical-grade commercialized alginates are tested for the 

presence of endotoxins, i.e., lipopolysaccharides, in order to render them safe for human use. 

We have specialized in the development of a platform that enables the production of 

ultrapure alginate with complete removal of residual endotoxins, such as flagellin, 

lipoteichoic acid, and peptidoglycans [52]. Those molecules, also known as pathogen-

associated molecular patterns (PAMPS) [53, 54, 55, 56], are potent triggers of an immune 

response upon binding to pattern recognition receptors, particularly Toll-like receptors 

(TLR) [57, 58].

Another pitfall in microencapsulated islet cell transplantation can be cell death, due to the 

lack of oxygen or nutrients [37, 38, 59]. Certain molecules, known as danger-associated 

molecular patterns (DAMPs), e.g., dsDNA, RNA, HMGB1, and uric acid [59], can be 

present in the intracellular space. After damage occurs, DAMPs are released into the 

extracellular space, and diffuse out of the capsule where they can be recognized by TLRs of 

the host cells, inducing an immediate immune reaction [53, 57, 60, 61, 62]. The release and 

recognition of PAMPs and DAMPs results in the release of cytokines, chemokines, 

recruitment of immune cells, and localized inflammation that will lead to graft failure. The 

presence of PAMPs and DAMPs should be avoided to obtain a maximum therapeutic 

efficacy of islet cell microencapsulation. One solution we have proposed to reduce the 

amount of DAMPs from necroptotic cells is to co-encapsulate necrostatin-1 as an alginate 

additive [59], a potent inhibitor of necrosis [63].

2.5. Imaging of transplanted naked islets

Clinically applicable imaging techniques that can be used to track transplanted naked and 

microencapsulated islet cells include X-ray, computed tomography (CT), single photon 

emission tomography (SPECT), positron emission tomography (PET) and magnetic 

resonance imaging (MRI) [64]. The purpose of non-invasive islet cell tracking is, ideally, 4-

fold: 1) Monitoring the accuracy of delivery and initial engraftment; 2) Monitoring cell 

survival and/or cell rejection; 3) Monitoring the occurrence of an innate or adaptive immune 

response; and 4) Monitoring capsule rupture. All these 4 aspects, of critical importance for a 

prognosis of treatment outcome, can now be addressed as outlined below.

In 2004, Jirak et al. [65] were the first to label transplanted islets with a superparamagnetic 

iron oxide (SPIO) contrast agent, that provides hypointensity on MRI [66]. It was shown 

that, after graft rejection in allogeneic animals, the number of hypointense spots was much 

reduced over time compare to syngeneic transplants [65, 67, 68]. After the initial MRI cell 

tracking trials appeared safe [69], MRI islet cell tracking was introduced in the clinic a few 

years later [70, 71]. However, the initial findings in rodents could not be reproduced, in that 

the number of MRI-visible spots did not correlate to the initial number of transplanted islets 

and hence, no good correlation with cell survival could be made. As an alternative to using 

SPIO as a hypointense MR contrast agent for 1H MRI, perfluorocarbons (PFC) may be used 

as a “hot spot” tracer for 19F MRI [72], where the quantification of label loss is 

straightforward and linear [73]. Indeed, PFC-labeled islets have been successfully imaged 

with sufficient sensitivity using a low-field 3T clinical setup [74]. Now that clinical trials 

Paredes-Juarez et al. Page 6

Expert Rev Precis Med Drug Dev. Author manuscript; available in PMC 2018 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with PFC-labeled cells are being initiated [75], we anticipated fluorinated islet cell tracking 

to be performed in the near future.

PET has shown that live transplanted cells can take up the tracer [(11)C]5-

hydroxytryptophan and that its quantification correlates with islet cell function [76]. 

Alternative strategies include the use of the PET reporter gene herpes simplex virus 

thymidine kinase [77], but its use for transplanted islet cells has not yet been used in the 

clinic. SPECT imaging and quantification of total β islet cell mass in rats following islet 

transplantation has been demonstrated using the glucagonlike peptide-1 receptor-binding 

ligand exendin-3, labeled with 111-indium [78], with a good correlation between the 

radiotracer count and number of islets.

2.6. Imaging of transplanted microencapsulated islets

In comparison to direct labeling of naked islets, it is much easier to label microencapsulated 

islets: the contrast agent or label is simply added to the alginate, and then automatically 

embedded within the hydrogel (Figure 1B) [79, 80, 81]. A key difference is that the label is 

not inside the transplanted islet cell but outside in the gel matrix, ameliorating concerns 

about potential toxicity. Microencapsulated islets have been labeled with a variety of 

contrast agents and tracers, including barium and bismuth [82, 83], SPIO nanoparticles [50, 

84, 85, 86], Gadolinium-gold nanoparticles [87], and PFCs [88]. The use of PFC is 

particularly attractive, as these molecules can act as an oxygen sink and bioreactor [89], 

which may be exploited to reduce the deleterious hypoxic conditions faced after 

transplantation.

Several of these labeling approaches have enabled multi-modal imaging of the same 

microcapsules using X-ray/CT, US, and MRI (Figure 2). In one approach, SPIO and gold 

nanoparticles were first co-encapsulated without cells in a smaller primary capsule, and then 

co-encapsulated with cells in a secondary larger capsule to create a so-called “capsule-in-

capsule” [90]. A demonstration of loss of contrast agents following capsule rupture was 

shown using SPIO nanoparticles [84]. Recently, micro-CT imaging was employed to image 

the fine structure of microcapsules using their intrinsic contrast properties without the use of 

contrast agents [91], using CaCl2 instead of BaCl2 [83]. Barium is particularly attractive, as 

its high affinity for alginate increases the mechanical strength of the capsules [83, 92], 

making them suitable for implantation sites that exhibit high mechanical pressure. Moreover, 

NMR relaxometry can be used to assess the differences in partial oxygen pressure inside the 

capsules at diverse implantation sites in vivo [93].

2.7. Imaging of pancreatic inflammation

In T1DM, inflammation may contribute to an early induction and amplification of the auto-

immune response against islet cells and, at later stages, to the stabilization and maintenance 

of insulitis [94]. Hence, imaging of such inflammation may be a valuable adjunct to monitor 

and evaluate patients at risk for T1DM. Gaglia et al. showed that intravenously injected 

ultrasmall SPIO nanoparticles localize in the pancreas of T1DM patients and that induced 

hypointensity may serve as a non-invasive imaging biomarker of islet inflammation (Figure 

3) [95, 96]. This increased nanoparticle uptake is believed to result from the phagocytic 
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activity of inflammatory cells, which may be facilitated by the presence of leaky blood 

vessels known to exist in animal models of T1DM [97].

2.8. Combining siRNA with SPIO nanoparticles: Towards developing theranostics

As a theranostic approach, magnetic nanoparticles can be linked to small interference (si) 

RNA and incorporated into islets before transplantation. In this way, the engraftment (and 

survival) of naked islets can be tracked while biological processes that drive apoptosis or cell 

rejection can be modulated through molecular-genetic engineering (Figure 4A) [98]. By 

labeling islets with SPIO linked to Caspase-3 siRNA, a protective effect with increased cell 

survival could be achieved as a result of inhibition of apoptosis [99]. Similarly, when human 

islets were labeled pre-transplantation with a siRNA SPIO probe that targets beta (2) 

microglobulin, a key component of major histocompatibility complex class I, a significantly 

improved preservation of graft volume could be observed, along with a delayed onset of 

hyperglycemia following an adoptive transfer of autoimmune T cells (Figure 4B) [100].

2.9. Imaging of insulin production using a zinc-responsive contrast agent

Upon binding of certain metal ions, paramagnetic contrast agents may undergo structural 

changes that affect their access to water protons and hence 1H MR contrast. The Zn2+ -

responsive T 1 agent, (GdDOTA-diBPEN) was found to be able to enhance the pancreas 

following glucose stimulation in normal mice, but not diabetic mice, as a result of 

concomitant insulin release (Figure 5) [101]. Insulin is pre-formed in vesicles containing 

zinc; upon the secretion of these exosomes Zn2+ is instantly released in the surrounding 

extracellular space. This approach may be further used for non-invasive monitoring of β -

cell function in vivo during development of T2DM or after (microencapsulated) islet cell 

transplantation. Alternative approaches for imaging Zn2+ using a non-paramagnetic zinc-

responsive MR contrast agent have also been recently developed. One is a 

hyperpolarized 129Xe gas-based sensor, where the resonance frequency of xenon 

encapsulated in a cryptophane that bears a nitrilotriacetic ligand moiety varies when Zn2+ 

ions are present. A second one is to perform 19F MRI with fluorinated (1,2-bis(o-

aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid) (BAPTA) agents, which are derivatives of 

common fluorescent metal dyes, and which change their chemical exchange saturation 

transfer properties upon Zn2+ binding [102]. For the latter two approaches, no exogenously 

introduced paramagnetic metal is needed, which may facilitate clinical translation.

3. Expert Commentary

Transplantation of naked and microencapsulated islets represents a form of personalized 

medicine that has considerable potential to supplement and perhaps even replace 

conventional exogenous insulin therapy. Since their introduction in 1980, 

microencapsulation of islets has seen many improvements. Among those are a better control 

of the physicochemical properties of the capsule, with specific molecular weight porosity 

cutoff values to prevent the diffusion of non-desired molecules, and the formulation of 

capsules with smooth surfaces that decrease the attachment of immune cells.
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Despite these advances, there are still several key issues that need to be addressed before a 

widespread use of microcapsules in clinical practice can be considered. Many studies cannot 

not be reproduced by others, and many large animal studies failed to produce robust results, 

which is believed to be largely due to differences in the use of specific biomaterials and 

proper purification of alginate. Alginate is a well-studied polymer that offers great flexibility 

when combined with other molecules and cross-linking cations; however, the relative 

amount of guluronic and mannuronic blocks and their viscosity, molecular weight, cross-

linking cations, use of perm-selective polycations, and source and purity of alginate are 

major determinants of the specific mechanical and chemical capsule that do not need to be 

necessarily the same for different implantation sites.

It is, at present, not known how long transplanted islet survive. A halt of insulin production 

may be a good indirect indicator of islet cell death, but even if there is sufficient production 

of insulin, it is possible that it is derived from only a fraction of islets that survive. A 

possible route for increasing cell survival could be pre-conditioning of islets with hypoxia, 

and/or label them with siRNA to inhibit apoptosis or to reduce immunogenicity.

A major weakness for clinical management and further improvement of (microencapsulated) 

islet transplantation is the current lack of suitable non-invasive methods to monitor the fate 

of these cellular therapeutics following engraftment. However, over the last decade or so, 

clinically applicable cellular imaging techniques have been developed that can be used to 

track graft volume, graft rejection, graft function, microcapsule engraftment, microcapsule 

rupture, and pancreatic inflammation.

4. Five-year view

Additional actions are needed to implement (microencapsulated) islets successfully on a 

larger scale. (Stem) cell engineering approaches are currently being pursued that may yield 

sufficient amounts of beta cell mimicking designer cells in a controlled and potentially 

unlimited fashion [103], avoiding the current problem of the limited availability of donor/

graft -matched islet cells. We need to call for a standardization of alginates that are used for 

microencapsulation including source, purification, endotoxin testing, relative amount of M 

and G alginate building blocks, size, and porosity. We can also expect more efforts towards 

engineering implantable encapsulation devices that have the advantage of being able to be 

retrieved.

Cell and capsule tracking techniques will be implemented by the (interventional) radiologist 

working side-by-side with the endocrinologist and surgeon. Immediate verification of 

accurate delivery and engraftment is of paramount importance. It is also desirable to identify 

specific biomarkers that can report on the active release of DAMPs as a consequence of cell 

death. A comprehensive screening of patients for cytokines, chemokines, and adipokines 

should be performed both before and after transplantation in order to determine if their 

presence correlates to the clinical outcome of transplantation [104]. A non-invasive follow-

up of the fate of the implants, for which imaging techniques are now being developed, is 

highly desirable as well. Probe development for imaging of pancreatic inflammation may 

tell us when and why some people develop T1DM and some not, given an equal genetic 
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predisposition. Targeted imaging probes will be more and more combined with therapeutics 

that create a less hostile environment for transplanted islets, leading to a new era of 

personalized medicine. Novel imaging agents that are either targeted to pro-insulin or 

change their properties upon insulin (zinc) release may tell us what fraction of transplanted 

islet cells are functional. To make this happen, biomaterial scientists, cell engineers, imaging 

scientists, and endocrinologists/islet cell biologists will need to work together as one 

interdiscplinary team.
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Key issues

• Islet cell transplantation has shown great potential for treatment of T1DM, but 

the shortage of donors and stringent host immunosuppression calls for 

alternative ways of immunoprotection. Alginate encapsulation is one such 

approach, but major improvements are needed to ensure long-term 

biocompatibility of microencapsulated islets.

• We need imaging probes that can report on pancreatic inflammation, beta cell 

mass, islet cell survival, and capsule biocompatibility.

• The use of personalized medicine for imaging and treatment of T1DM is still 

a largely unexplored area.
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Figure 1. 
(A) Islet immunoisolation through microencapsulation. A semi-permeable alginate 

membrane allows diffusion of essential molecules including oxygen, glucose, insulin, and 

nutrients, while simultaneously protecting the graft from the host immune system. (B) 

Fluoroencapsulated islet tracking using MRI. A deceased donor pancreas is removed and 

islets are enzymatically isolated. Islets are then co-encapsulated with perfluorocarbon (PFC), 

an MRI-detectable tracer, to form fluorocapsules. Fluorocapsules are then transplanted into a 

T1DM recipient to achieve normoglycemia. The location and persistence of the capsules can 

be longitudinally monitored using 19F MRI. Reproduced, with permission, from Ref. [35] 

(A).
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Figure 2. Microencapsulated cell tracking using multiple imaging modalities
(A–D) Macroscopic (A,C) and radiographic (B,D) images of bismuth (A,B) and barium-

loaded (C,D) X-ray-trackable capsules. (E,F) Positive-contrast 1H MR (E) and micro-

computed tomography (CT) (F) images of GadoGold microcapsules (arrow) engrafted 

subcutaneously into a mouse. (G,H) Ultrasound (US) images of the cavity between the 

abdominal skin and parietal peritoneum (arrow) of a mouse with (G) and without (H) 

injected GadoGold microcapsules. (I–L) 1H MR images of agarose-embedded 

magnetocapsules using a (I) T2*-weighted pulse sequence and (J) an inversion recovery on-

resonance (IRON) sequence to generate negative and positive contrast, respectively. 

(K,L) 1H MR images before (K) and after (L) capsule rupture show a decrease of signal due 

to loss of magnetic label inside capsules. (M) Single magnetocapsules (arrows) can be 

detected in a mouse following i.p. transplantation. (N) 1H T2-weighted (left) and 

corresponding 19F (right) MR images of fluorocapsules in a 5 mm glass tube. (M) 1H (grey 

scale)/19F (hot iron scale) overlaid MR images of a mouse after i.p. transplantation of 

fluorocapsules. (O) 19F MR images of agarose-embedded fluorocapsules obtained at clinical 

field strength. Images were obtained for 1, 2, 5, 10, 15, 25, and 50 single capsules, 

respectively. Reproduced, with permission from [82] (A–D), [87] (E–H), [84] (I–M), and 

[88] (N–P).
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Figure 3. Imaging of inflammation using iron oxide nanoparticles
Single-slice (A,B) and 3D volume sets (C,D) of a representative patient with recently 

diagnosed T1D (A,C) and a normal control subject (B,D). An increased pancreatic 

nanoparticle accumulation in patients with T1D can be observed. Hot iron color map 

represents changes in R2* (transversion relaxation rate) values after injection of iron oxide 

nanoparticles. Reproduced, with permission, from Ref. [96].
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Figure 4. 
(A) Theranostic nanoparticle platform. The main core of the particle contains SPIO as 

MR contrast agent. The second component is Cy 5.5 for optical detection. B2M-siRNA is 

the therapeutic arm of the formulation, inhibiting the expression of B2M and the 

immunogenicity of transplanted islets. The theranostic particles are introduced into islet 

cells by simply adding them to the culture medium before transplantation. Cellular uptake is 

verified by Cy 5.5 fluorescence or SPIO-positive Prussian Blue staining. In vivo, labeled 

islets can be visualized by optical imaging and MRI. (B) Delayed onset of hyperglycemia 
for SPIO-siB2M-labeled islets. Kaplan-Meier curve shows animals transplanted with 

control (red) and MN-siB2M-labeled (black) islets. Development of diabetes was defined as 

the occurrence of hyperglycemia (blood glucose level >250 mg/dL on two consecutive 

measurements, n=6; P=0.0006). Reproduced, with permission, from Ref. [98] (A) and [100] 

(B,C).
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Figure 5. Functional imaging of insulin release using a zinc-responsive agent
Grayscale T1-weighted MR images of the pancreas of 12-wk-old non-diabetic mice after 

intravenous injection of either saline (A) or glucose (B) followed by the zinc-responsive MR 

contrast agent GdDOTA-diBPEN. Colored overlays represent pixels where the MR signal 

intensity increased by threefold or more after injection of saline plus agent or glucose plus 

agent. Reproduced, with permission, from Ref. [101].
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