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Abstract

Clinical trials that have used encapsulated islet cell therapy have been few and overall 

disappointing. This is due in part to the lack of suitable methods to monitor the integrity vs. 

rupture of transplanted microcapsules over time. Fluorocapsules were synthesized by embedding 

emulsions of perfluoro-15-crown-5-ether (PFC), a bioinert compound detectable by 19F MRI, into 

dual-alginate layer, Ba2+-gelled alginate microcapsules. Fluorocapsules were spherical with an 

apparent smooth surface and an average diameter of 428 ± 52 μm. After transplantation into mice, 

the 19F MRI signal of capsules remained stable for up to 90 days, corresponding to the total 

number of intact fluorocapsules. When single-alginate layer capsules were ruptured with alginate 

lyase, the 19F MRI signal dissipated within 4 days. For fluoroencapsulated luciferase-expressing 

mouse ßTC6 insulinoma cells implanted into autoimmune NOD/Shiltj mice and subjected to 

alginate-lyase induced capsule rupture in vivo, the 19F MRI signal decreased sharply over time 

along with a decrease in bioluminescence imaging signal used as measure of cell viability in vivo. 
These results indicate that maintenance of capsule integrity is essential for preserving transplanted 

cell survival, where a decrease in 19F MRI signal may serve as a predictive imaging surrogate 

biomarker for impending failure of encapsulated islet cell therapy.
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1. Introduction

Type I diabetes mellitus (T1DM) is a result of autoimmune destruction of the insulin-

producing beta cells in the pancreas. In encapsulated islet therapy, damaged beta cells in 

T1DM patients are replaced with healthy donor islets immunoprotected inside selectively 

permeable alginate hydrogel microcapsules. Many studies have reported that this approach 

can successfully restore normoglycemia or reduced insulin requirements in diabetic rodents 

[1, 2] and primates [3–5] without the use of immunosuppressive drugs, but the less favorable 

outcomes of clinical trials indicate that further development of capsule technology is 

necessary for further translation [6–9]. For example, in one of the few clinical studies 

performed, a patient received four allografts of encapsulated human islets without 

immunosuppressants, and a reduction in insulin dose or glycemic control was not achieved 

even though human c-peptide was detectable up to 2.5 years post-transplantation [10, 11]. 

Human c-peptide levels in three other patients receiving one or two allografts were 

undetectable at 1–4 weeks. The underlying causes of the graft failure are not known, calling 

for approaches to interrogate the fate of encapsulated islet cells once they are transplanted.

Among the many factors critical for the success of encapsulated islet therapy, the mechanical 

stability of the capsules relates directly to their immunoprotective capacity, as ruptured 

capsules may expose the encapsulated islets to the hostile host environment. Microcapsules 

must be strong enough to survive the shearing forces encountered during the transplantation 

procedure as well as changes in the graft site microenvironment during and after 

transplantation. Indeed, improving the design and/or biomaterials of capsules in order to 

further strengthen and stabilize the capsules has been the focus of recent studies [12–17]. 

Methods to evaluate the mechanical strength and stability of the capsules in vitro are 

numerous, for example bead agitation, osmotic pressure, rotational stress, and compression 

testing [12, 18–20]. However, clinically relevant and non-invasive ways to assess the 

integrity of transplanted capsules in vivo have not yet been developed, with explantation of 

capsule grafts followed by in vitro examination being the only available technique at present 

[21]. This invasive technique does not allow longitudinal or real-time monitoring of the time 

course of disintegration, and cannot report on the capsule condition at the graft site in situ, 

aside from the presence of damaged or deformed capsule artifacts due to the explantation 

procedure.

In this study, we investigated whether the mechanical stability of alginate microcapsules can 

be non-invasively assessed with 19F magnetic resonance imaging (MRI). To this end, we 

added perfluoro-15-crown-5-ether (PFC) to the alginate hydrogel to create fluorocapsules 

[22]. PFC is a bioinert compound with 20 equivalent 19F nuclei that give rise to a single 

NMR peak, and can be used as a tracer to produce “hot spots” on 19F MRI without 

background signal [23]. We hypothesize that fluorocapsules with a compromised mechanical 

stability release their PFC tracer in vivo which is subsequently rapidly cleared by the body 
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in gaseous form via exhalation, while intact fluorocapsules retain the PFC tracer. The 

leakage and dissipation of PFC tracer from ruptured fluorocapsules may then non-invasively 

detected with 19F MRI as a decrease in 19F MRI signal, while the 19F MRI signals of intact 

fluorocapsules would remain stable. As a proof of concept, we compared two types of 

fluorocapsules with opposite mechanical stabilities. Strong, dual-layer fluorocapsules were 

prepared using clinical grade protamine sulfate as cross-linker and barium ions for alginate 

gelation [12]. To create weak fluorocapsules, we synthesized single layer fluorocapsules 

using calcium ions to gel the alginate, which can be readily ruptured by addition of alginate 

lyase. Furthermore, since capsule rupture would no longer physically immunoprotect 

encapsulated islet cells, we performed bioluminescent imaging (BLI) to correlate islet cell 

viability to the magnitude of the 19F MRI signal. As capsule rupture would precede 

immunodestruction followed by cell death, we investigated if the 19F MRI outcome could 

possibly serve as a surrogate biomarker for encapsulated cell survival.

2. Results and Discussion

2.1. Characterization of fluorocapsules

We previously reported that dual-alginate layer microcapsules gelled by Ba2+ ions and cross-

linked with protamine sulfate (alginate-protamine sulfate-alginate or APSA) exhibit superior 

mechanical strength compared to commonly used Ca2+-gelled alginate microcapsules [12]. 

APSA+PFC fluorocapsules were successfully synthesized with a spherical shape, apparent 

smooth surface and an average diameter of 428 ± 52 μm. This size was not statistically 

different from APSA (unlabeled) microcapsules, which was 444 ± 21 μm [12]. Compared to 

unlabeled microcapsules, fluorocapsules appeared dark in color due to the encapsulated PFC 

emulsion (Fig. 1a,b). Each fluorocapsule contained 5.03±3.00×1017 19F atoms, appearing as 

a single peak on the NMR spectrum (Fig. 1c).

Two different in vitro tests were performed to evaluate the mechanical strength of the 

fluorocapsules against possible physical changes in the tissue microenvironment that the 

microcapsules might be exposed to upon transplantation (Fig. 1d,e). Labeling the 

microcapsules with PFC did not alter their mechanical strength as compared to unlabeled 

microcapsules. Fluorocapsules were significantly stronger (p<0.01) than commonly used 

alginate microcapsule gelled by 100 mM Ca2+ and cross-linked by poly-L-lysine (APLLA 

capsules) in withstanding compression forces or a changes osmotic pressure.

2.2. 19F MRI of fluorocapsules

In vitro 19F MRI demonstrated that dual-alginate layer fluorocapsules could be imaged at a 

sensitivity level of single capsules (Fig. 2a,b). The total 19F nuclei per voxel (normalized to 

the TFA reference, Fig. 2c) in 1:10 fluorocapsules was 4.0:48.5. Five thousand dual-layer 

empty fluorocapsules (without cells) transplanted into the peritoneal cavity of a C57/Bl6 

mouse did not exhibit 1H signal in vivo (Fig. 1d), and hence could not be distinguished from 

the host tissue. In contrast, fluorocapsules were easily detected on 19F MRI as “hot spots”, 

and single capsules could be detected in vivo (Fig. 2d–f)
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For 1H MRI, alginate microcapsules have previously been labeled with metallic contrast 

agents including iron oxide nanoparticles[24–26] and gadolinium nanoparticles [1, 27], 

where they appear as hypointense or hyperintense contrast against background tissue, 

respectively. However, other sources of endogenous contrast may exist in the peritoneum, 

such as air and stool in the colon (dark appearance) or fatty tissue (bright appearance), 

rendering it difficult to identify and discern the capsule implants against the tissue 

background. A main advantage of 19F MRI is that fluorine is not a contrast agent but a tracer 

that is detected directly, and thus can be imaged as “hot spots” [28] due to the negligible 

amount of fluorine agents in the tissues, much like PET or SPECT imaging using 

radiotracers. As shown in Figure 1, it is impossible to detect the distribution of 

microcapsules in vivo using only 1H MRI.

In order to study the stability of dual-alginate layer fluorocapsules in vivo, we 

subcutaneously engrafted fluorocapsules into C57/Bl6 mice and imaged them for 90 days 

(Fig. 3a). The total 19F nuclei/voxel in the implant, normalized to the reference, did not 

show significant differences for 90 days. Representative overlaid 1H/19F MRI of mice at day 

1 and day 90 post-transplantation (Fig. 3b and c, respectively) showed water in the 

subcutaneous pouch at day 1 as high signal intensity on the 1H image, which was completely 

absorbed by the body by day 90. The implanted fluorocapsules remained localized within 

the pouch up to day 90.

2.3. In vitro MRI of fluorocapsule rapture

As a proof-of-concept that ruptured fluorocapsules could be detected as a decrease in 19F 

MR-signal, we prepared weak single-layer fluorocapsules that could be enzymatically 

digested by alginate lyase. Microscopic images of fluorocapsules before and after rupture 

are presented in Fig. 4a,b. 1H MRI was not able to distinguish intact from ruptured 

fluorocapsules (Fig. 4c,d). In contrast, the 19F MR signal intensity of fluorocapsule 

phantoms decreased after rupture (Fig. 4e,f). The total 19F nuclei/voxel (normalized to a 

reference) in the fluorocapsule phantoms reduced from 2.33×102 to 1.42×102 after rupture.

2.4. In vivo imaging of fluorocapsule rapture and encapsulated cell survival

To demonstrate the ability of 19F MRI to detect capsule rupture in vivo, and its association 

with cell death resulting from loss of immunoprotection, we transplanted fluoroencapsulated 

luciferase-transfected mouse insulinoma cells subcutaneously into diabetic NOD/Shiltj mice. 

Transplanting the fluorocapsules into a subcutaneous site constrained the capsules to one 

particular graft location for the duration of the experiment, and thus enabled reproducible 

sampling of the entire graft site by 19F MRI and BLI at different time points. Although 

intraperitoneal transplantation is typically used to effectively treat diabetic mice [1, 2], we 

decided to forego this graft site since fluorocapsules would disperse as single entitities 

throughout the peritoneal cavity, making it difficult to serially image the engrafted 

fluorocapsules.

One day after grafting, capsules were subjected to rupture by alginate lyase injection. We 

first assessed whether alginate lyase incubation itself would have an adverse effect on cell 

viability. An MTS assay of luciferase-mouse insulinoma cells, cultured with alginate lyase at 
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the same concentration as cells were exposed to in vivo, showed that this enzyme treatment 

did not affect cell viability and proliferation (Fig. 5).

Fig. 6 shows in vivo 1H/19F overlay MRI and BLI images of the various transplantation 

paradigms at day 1 and day 4 after transplantation. The decrease in 19F MR signal after 

weak single-alginate layer fluorocapsule rupture occurred concurrently with a decrease in 

cell viability as measured by BLI (Fig. 7a), with a good agreement between the 19F MR and 

BLI signal intensity from pre- to post-rupture. For comparison, we also imaged single-

alginate layer fluoroencapsulated cells without lyase administration (i.e., intact single-

alginate layer fluorocapsules) and unencapsulated cell implants ate the same time as for the 

ruptured single-alginate layer fluorocapsules (day 1 and 4 post-engraftment). Fig. 7b,c, 

shows that the 19F signal and BLI signal intensity of intact single-alginate layer 

fluorocapsules remained stable for at least 4 days after transplantation, while the BLI signal 

of unencapsulated cells sharply decreased after transplantation. Hence, both the presence 

and preservation of capsule integrity is necessary for maintaining cell survival. These results 

indicate that the 19F signal may serve as an early predictive marker for cell survival, with 

capsule rupture preceding cell death. As 19F tracer-based MRI does not interfere with 1H-

based MRI (unlike the use of metallic contrast agents), this imaging approach may be further 

combined with 1H-based magnetization transfer ratio imaging to study the presence of a 

peri-capsular host immune reaction [29].

Fluorocapsules have translational potential for clinical applications as potentially toxic 

metal-based contrast agents are not used in the formulation. Gadolinium-chelate contrast 

agents have been reported to cause nephrogenic systemic fibrosis in patients with impaired 

renal function where they remain for prolonged times in the body [30]. Exposure of iron 

oxide nanoparticles to cells may induce toxic effects [31–33]. PFC, on the other hand, is a 

bioinert compound that was originally developed as a clinical artificial blood substitute for 

oxygen transport applications [34–37]. Moreover 19F-based tracers have recently obtained 

IND status for MRI clinical cell tracking applications [38, 39]. Due to its hydrophobicity, 

PFC must be emulsified using egg yolk-derived lecithin and safflower oil for stable and 

homogeneous incorporation and distribution inside alginate microcapsules. Both egg lecithin 

and safflower oil are FDA-approved products and are commonly used in food, 

pharmaceutical products and cosmetics.

3. Conclusion

In this report, we present proof-of-concept that fluorocapsules allow “hot spot” imaging of 

the distribution and mechanical stability of encapsulated islet cell transplants in vivo using 
19F MRI. When engrafted fluorocapsules were ruptured in vivo, their PFC tracer was 

released and subsequently cleared from the graft site. This event was manifested as a 

decrease in 19F MRI signal. In contrast, the signals of intact fluorocapsule grafts remained 

stable for at least 90 days in vivo. The use of fluorocapsules may provide a clinically 

relevant, quantitative and non-invasive strategy to monitor the mechanical stability of the 

capsules in vivo in a serial and real-time fashion. Since ruptured fluorocapsules lead to islet 

rejection, our fluorocapsule approach may be used as a surrogate marker to monitor and 

predict islet graft rejection and therefore impending failure of encapsulated islet therapy.
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4. Experimental Section

4.1. Fluorocapsule synthesis and cell encapsulation

To prepare PFC emulsions, egg yolk lecithin (5% w/v, Sigma Aldrich, St. Louis, MO) and 

safflower oil (2% v/v, Sigma Aldrich) in sterile deionized water were sonicated on ice at 

40% amplitude for 10 minutes. PFC (MW=580.01 Da, Oakwood Chemical, West Columbia, 

SC) was mixed with the lipid mixture (20% v/v) and then sonicated again on ice at 40% 

amplitude for 10 minutes. Two types of alginate were purchased from Novamatrix 

(Sandvika, Norway): 1) Pronova ultrapure low-viscosity high-guluronate (UP LVG) alginate, 

where > 60% of the monomer units are guluronate; and 2) Pronova low-viscosity high-

mannuronate (UP LVM) alginate, where >50% of the monomer units are mannuronate. Both 

alginates have a MW=75–200 kDa, endotoxin level ≤ 100 EU/g and viscosity = 20–200 

mPas.

PFC emulsions were immediately mixed with UP LVG alginate to obtain a final alginate and 

PFCconcentration of 2% and 6% v/v, respectively [40]. For cell encapsulation, luciferase-

mouse βTC6 insulinoma cells (1000 cells per capsule on average, ATCC, Manassas, VA) 

were suspended in the PFPE/alginate mixture. The capsules were produced with an electric 

bead generator technique using a 20 mM BaCl2 gelation bath. Capsules were washed twice 

with sterile 0.9% NaCl and 10 mM HEPES, and then cross-linked with clinical grade 

0.05%w/v protamine sulfate (MW=4500 Da, NovaPlus, APP Pharmaceuticals, Schaumburg, 

IL) for 10 minutes on a horizontal rocker. After saline washing, the capsules were finally 

coated with 0.15% w/v UP LVM alginate for 10 minutes as the second alginate layer. 

Capsules were washed with saline twice before being further used. “Weak” single alginate-

layer fluorocapsules were created by gelling the capsules using 50 mM CaCl2 without 

protamine sulfate cross-linker and without a final LVM alginate layer. Unless otherwise 

specified, solutions were prepared in filtered 0.9% NaCl and 10 mM HEPES.

4.2. Characterization of fluorocapsules

4.2.1. In vitro assessment of mechanical strength: Osmotic pressure test—
One hundred capsules (n=3 independent experiments) were washed with picopure water and 

incubated in 5 mL of picopure water at 37°C for 1 hour. Capsules were then washed with 

0.9% NaCl/10 mM HEPES and stained with 0.4% trypan blue for 5 minutes to aid 

visualization of capsule fracture. After subsequent saline washing, fractured and intact 

capsules were counted using an inverted light microscope (Olympus IX71, Center Valley, 

PA).

4.2.2. In vitro assessment of mechanical strength: Compression test.—The 

mechanical strength of the capsules was quantified with a Texture Analyzer XT plus (Stable 

Micro Systems, Godalming, UK) equipped with a force transducer with a resolution of 1 

mN. Texture Exponent software version 6.0 was used for recording and analyzing data. The 

equipment consisted of a mobile probe (P/25L) moving vertically with a pre-test speed of 

0.5 mm/s, a test speed of 0.01 mm/s, and a post-test speed of 2 mm/s. The mechanical 

strength was measured by compressing a group of ten microcapsules (n=3 independent 

experiments) using a uniaxial compression test. The force (expressed in grams) was 
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quantified when a compression of 60% was reached [41]. The probe was set to return to the 

original position immediately after compression.

4.2.3. Quantification of 19F atoms per fluorocapsule.—100 fluorocapsules (n=3 

indepenent experiments) were ruptured by 0.5 M EDTA at pH=8.0, and the resulting mixture 

was measured at 400 MHz using a Varian NMR system (Palo Alto, CA) using 0.1% 

trifluoroacetic acid as reference.

4.3. Imaging fluorocapsules with 1H/19F MRI and BLI

For in vitro MRI of intact capsules, one and ten fluorocapsules were suspended in 2% 

agarose and imaged using a 17.6 T vertical bore scanner (Bruker Biospin, Erlangen, 

Germany) and a dual-tunable 19F/1H birdcage resonator coil with a 25 mm inner diameter. A 

rapid acquisition with relaxation enhancement (RARE) pulse sequence was used for 1H/19F 

MRI with the following parameters: Repetition time (TR)=4/1s, echo time (TE)=58/6 ms, 

matrix=128×128/128×128, slice thickness (ST)=1/1 mm, number of averages (NA)=2/4, and 

field of view (FOV)=2×2/2×2 cm.

For in vitro MRI of ruptured fluorocapsules, 3000 capsules were incubated at 37°C in 0.9% 

NaCl and 10mM HEPES containing alginate lyase (0.075 mg/ml, Sigma Aldrich) for 2 days 

to weaken the capsules. Capsules were passed through a 25G needle to rupture them. Intact 

and ruptured fluorocapsules were loaded into 5-mm NMR glass tubes and imaged as 

described above using the following parameters: TR=0.5/1 s, TE=11/15 ms, ST=5/5 mm, 

matrix=96×96/128×128, NA=4/4, and FOV=2×2/2×2 cm.

For in vivo MRI of intact fluorocapsules, 5000 fluorocapsules were transplanted into the 

peritoneal cavity of a C57/Bl6 mouse (Jackson Laboratories, Bar Harbor, ME) to 

demonstrate the imaging sensitivity at this site. To measure their in vivo stability, 5000 

empty fluorocapsules were implanted subcutaneously (s.c.) into normal C57Bl/6J mice 

(n=5). 1H/19F MRI was performed using a 11.7T horizontal scanner (Bruker Biospin) and a 

dual-tunable 19F/1H surface coil with a 20 mm inner diameter. MRI was performed at day 1 

post-engraftment, every week for 30 days and at day 60 and 90. The RARE parameters for 
1H/19F MRI of animals were TR=4/1 s, TE=30/23 ms, ST=2/2 mm, 

matrix=196×128/196×128, NA=4/4, and FOV=3.2×2/3.2×2 cm. A liquid PFC sample inside 

a capillary tube was used as reference. Mean 19F MRI signals were quantified using Voxel 

Tracker software (Celsense, Pittsburgh, PA). Data are reported as the ratio of the total 19F 

nuclei/voxel in the implants vs. the mean19F nuclei/voxel in the reference.

For luciferase transduction of mouse βTC6 insulinoma cells, packaged lentivector (pLenti4-

CMV-fLuc2, 250 μl/ml media) and polybrene (6 μg/ml media) were added to cells at 80% 

confluency in order to achieve a multiplicity of infection of 10. The medium was changed 

after 24 hour incubation, followed by cell expansion to yield the desired cell numbers.

For in vivo imaging of ruptured fluorocapsules, 5000 weak (single-layer) fluoroencapsulated 

luciferase-transduced mouse insulinoma cells were engrafted s.c. into diabetic NOD/Shiltj 

mice (Jackson Laboratories, n=6). Alginate lyase (1.2 mg in 100 μl PBS, Sigma Aldrich) 

was injected into the implant site at one day post-transplantation in order to rupture the 
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fluorocapsules. BLI was performed to assess in vivo cell survival using an IVIS 

Spectrum/CT scanner (Perkin-Elmer, Waltham, MA). 1H/ 19F MRI was performed before 

and after lyase injection (day 1 and 4 after transplantation, respectively). Mice engrafted 

with weak fluoroencapsulated cells without lyase injection (n=5) or unencapsulated cells 

(n=5) served as controls, using the same imaging and signal processing protocols.

4.4. Toxicity studies of using alginate lyase

Mouse insulinoma cells were cultured with and without alginate lyase at the same 

concentrations used in vivo. Cell viability and proliferation were measured using a [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] 

(MTS) assay (CellTiter 96 AQueous One Solution Cell Proliferation Assay, Promega, 

Madison, WI). Data were normalized to the values at day 1 post-culture.

4.6. Statistical analysis

Statistical differences were calculated by a two-tailed, unpaired, unequal variance student’s 

t-test with a significance level of of p<0.01 or p<0.05.
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Fig. 1: 
Light microscopic image of an unlabeled APSA microcapsule (a) and an APSA 

fluorocapsule (b). Scale bar = 200 μm. c) 19F NMR spectrum (obtained at 400 MHz) of 

ruptured fluorocapsules showing a single peak. Trifluoroacetic acid (TFA) was used as 

reference. d) Axial force required to compress fluorocapsules (APSA+PFC), unlabeled 

APSA microcapsules and unlabeled APLLA microcapsules to 60% of their original size. e) 

Percentage of intact microcapsules after an osmotic pressure test. *p<0.01.
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Fig. 2: 
a,b) In vitro 17.6T 19F MR images of 1 (a) and 10 (b) dual-alginate layer fluorocapsules and 

(c) reference (undiluted PFC emulsion). e). d-f) In vivo 1H (d), 19F (e) and overlaid 1H/19F 

(f) 11.7T MR images of intact fluorocapsules transplanted i.p. in a C57/Bl6 mouse at day 1 

post-transplantation. i=intestines, b=bladder, t=thigh.
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Fig. 3: 
S.c. transplantation of 5,000 dual-alginate layer fluorocapsules in C57/Bl6 mice (n=5). a) 

Total19F nuclei per voxel in the implant over time, normalized to reference. No significant 

differences could be observed for 90 days (p>0.05). b,c) In vivo overlaid 1H/19F MR 11.7T 

images of s.c. dual-alginate layer fluorocapsule grafts at 1 (b) and 90 days (c) post-

transplantation. Reference (R) is undiluted PFPE emulsion.
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Fig. 4: 
Light microscopic images of a) intact and b) ruptured b) single-alginate layer fluorocapsules 

in saline. Scale bar=200 μm. c,d) Axial 1H and corresponding e,f) 19F MR images at 17.6T 

of intact (c,e) and ruptured (d,f) fluorocapsules inside 5 mm NMR tubes.
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Fig. 5: 
MTS assay of mouse βTC6 insulinoma cells cultured without (black bars) and with (white 

bars) alginate lyase. MTS readout values were normalized against the value at day 1 post-

culture. There was no significant difference in cell viability/proliferation over time (p>0.05).
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Fig. 6: 
a) In vivo 1H/19F MR images at 11.7T before and after single-alginate layer fluorocapsule 

rupture by alginate lyase (top panel) vs. control (no alginate lyase, bottom panel). b) 

Corresponding BLI of mice before and after single-alginate layer fluorocapsule rupture (top 

panel), without alginate lyase treatment (middle panel), and with naked (unencapsulated) 

cells (bottom panel). K=kidney, S=spine.
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Fig. 7: 
a) Correlation plot of 19F signal intensity from implanted single-alginate layer 

fluorocapsules vs. BLI signal of encapsulated mouse islet cells before and after capsule 

rupture using alginate lyase (n=6 mice). b) 19F signal intensity of implanted single-alginate 

layer fluorocapsules with (red symbols, n=6) or without (blue symbols, n=5) alginate lyase 

injection at day 1 (pre-rupture) and day 4 (post-rupture). c) Normalized BLI signal intensity 

with (red symbols, n=6) or without (blue symbols, n=5) alginate lyase injection. For 

comparison, unencapsulated (naked) mouse islet cells (green symbols, n=5) at day 1 (pre-
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rupture) and day 4 (post-rupture) are included. The BLI photon flux values were normalized 

against the values at day 1. Asterisks indicate statistical significance (p<0.05).
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