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ABSTRACT 

Microencapsulation is being investigated as a means to avoid rejection of transplanted pancreatic 

islets. Monitoring bead distribution and stability in vivo is an important step towards improving 

microencapsulated islet transplantation strategies. Islet co-encapsulation with gadolinium-labeled 

mesoporous silica nanoparticles (Gd-MSNs) could provide a means to visualise the beads while 

immobilizing and limiting the potential internalisation of the contrast agent. The porous nature of 

the MSNs could also be used to locally release anti inflammatory, angiogenic, or anti apoptotic 

factors. Mouse insulinoma 6 (MIN6) beta cells were co-encapsulated with Gd-MSNs in alginate 

beads produced by emulsification and internal gelation. Gd-MSN alginate beads appeared brighter 

in T1-w. imaging sequences (detection threshold of 0.016 mM Gd; relaxometric ratio r2/r1 = 1.45). 

No leaching of Gd3+ from the hydrogels was detected over the course of 3 months. Cells co-

encapsulated with Gd-MSNs were viable without significant differences in cell growth rate 

compared to controls. This study paves the way towards microencapsulated islet tracking via MRI 

using co-encapsulated paramagnetic nanomaterials. 
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INTRODUCTION 

Type 1 diabetes is a chronic disease caused by the autoimmune destruction of insulin-producing 

pancreatic beta cells. The economic burden of this disease is estimated to represent ~14.5 billion 

dollars annually in the United States1 and 1.4 billion in Canada.2 Over the last decades, islet 

transplantation has emerged as a promising alternative to traditional insulin therapy. In this 

procedure, human islets are procured from the pancreas of irreversibly comatose donors, and 

introduced into the hepatic portal vein of the patient. Data from the Collaborative Islet Transplant 

Registry indicates that 44% of islet transplant recipients treated between 2007-2010 achieved 

insulin independence for at least 3 years.3 Even in patients that did not achieve long-term insulin 

independence, islet transplantation significantly reduced severe hypoglycemic episodes and 

hemoglobin A1c levels for at least 1 year.4-5 Due to the limited donor islet supply and the current 

need for lifelong immunosuppression following islet transplantation, this therapeutic option 

remains inaccessible to the majority of patients. Even with improvements in islet isolation methods 

and immunosuppressive regimens, the majority of islet transplant recipients revert to insulin 

dependence after 3 to 5 years.6 The immunosuppressive regimen used to avoid islet rejection may 

contribute to the progressive loss of graft function.7-8  

For over 3 decades, islet microencapsulation has been studied as a method to protect transplanted 

cells from the host immune system.9 Islet encapsulation could reduce or even eliminate the need 

for chronic immunosuppression, increasing graft longevity and patient accessibility to the 

treatment. Long-term blood glucose normalization has been achieved in animal models of 

autoimmune diabetes.10-12 However, reproducing these promising results in primates including 

humans has been challenging.13 
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The most common microencapsulated islet transplantation site is the peritoneal cavity due to the 

significant increase in graft volume compared to non-encapsulated islets.14 However, the lack of 

control over bead localization within the peritoneal cavity may lead to variable levels of bead 

fibrotic overgrowth, bead movement and bead agglomeration, all of which may exacerbate the 

oxygen mass transfer limitations that lead to islet dysfunction and hypoxic cell death. This could 

also explain the ~5 to 10-fold higher islet doses required to achieve blood glucose normalization 

using encapsulated islets compared to non-encapsulated syngeneic islets in rodents15. Nutrient 

mass transfer limitations due to bead sedimentation and agglomeration may be even more 

problematic in larger animals, particularly bipeds.16 

To correlate the viability and function of encapsulated islets with the graft anatomical location 

and route of delivery, improved in vivo imaging methods are needed. These methods could also 

be used to guide surgeons during the encapsulated islet transplantation process and to detect post-

surgical complications.17 Magnetic resonance imaging (MRI) is the imaging modality of choice 

for the visualisation and tracking of non-encapsulated islet transplants. MRI offers high spatial 

resolution and soft-tissue contrast, and does not rely on ionizing radiation. MRI can also be used 

to guide the islet engraftment process using real-time visualisation.18 Until now, most of the MRI-

assisted implantations have been performed by labeling the islets with superparamagnetic iron-

oxide (SPIO) nanoparticles.19-22 This “negative” contrast agent offers the possibility to detect islets 

at a very high sensitivity using T2/T2*-weighted MRI. The visualisation of single cells is achievable 

using superparamagnetic iron-oxide labeling, coupled with scanning procedures relying on 

adequate hardware.23 It was suggested that allograft rejection can be monitored through the use of 

MRI, as immunorejection leads to islet cell death and subsequent disappearance of hypointensity 

volumes.24 SPIO-labelled islets were detected for at least 188 days post-engraftment into mice.25 
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Although no effects on islet viability or insulin secretion after labeling were reported in these 

studies, the effects of the labeling agents on long-term islet function remains a concern. 

One drawback of SPIO and other T2/T2* “negative” contrast agents is the absence of correlation 

between the SPIO concentration and the MRI signal. In fact, the “dark” areas generated by SPIO 

in MR images, are largely magnetic susceptibility artefacts of dimensions largely exceeding the 

size of the implanted islets. When considering MRI of encapsulated islets, the larger size of the 

beads with respect to the dimensions of the islets alone would increase the susceptibility-based 

image artifacts induced by SPIO. In addition to this, SPIO labeling is not a valid strategy when 

considering implantations in or close to the liver, due to the strong iron overload in this organ for 

type 1 diabetic patients. This causes hypointensity of this organ in MRI images.  

“Positive” contrast agents used in T1-weighted imaging, and mainly based on paramagnetic 

gadolinium, offer the possibility to correlate the MR signal with the concentration of paramagnetic 

materials. The “hypersignal” generated by the presence of Gd3+ in tissues, hydrated materials or 

in fluids is not an image artefact: it is caused by the efficient “relaxation” of water protons binding 

to, and exchanging from, the available Gd3+ ions contained in the contrast agent.26 To date, very 

few attempts to label and to track islets with Gd3+-based contrast agents have been reported. One 

study consisted in labeling human islets with a clinical gadolinium-based agent (GdHPDO3A).27 

The viability and functionality of cells was not impaired, and the islets were visible for at least 65 

days post-engraftment into immunodeficient mice. This approach is limited by the difficulty to 

track small islets due to the resolution range of MRI. Islet encapsulation represents an opportunity 

to increase the overall volume of the implant to dimensions more closely matching the resolution 

of MRI, and in particular clinical MRI (> 300 μm).  
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To limit the cytotoxicity risks inherent to the uptake of labeling agents and nanoparticles by 

cells, an alternative strategy for encapsulated islet transplantation in vivo monitoring is to sequester 

the MRI contrast agent in the encapsulation material. The most commonly used islet 

microencapsulation material is alginate, which offers the possibility to incorporate Gd3+ directly 

into the polymer gel network.28 However, this strategy is expected to change the mechanical 

properties and the pore size distribution of the gel, which would alter the immunoisolation 

characteristics of the beads. A direct comparison of beads containing the contrast agents to beads 

without contrast agent would be challenging. As an alternative strategy, we propose to incorporate 

relatively large paramagnetic nanoparticles into the alginate hydrogels.  

We have previously developed mesoporous silica nanoparticles (MSNs) grafted with Gd 

chelates (Gd-MSNs)29-31.  These nanoparticles could be co-encapsulated with the cells in alginate 

beads to enable MRI tracking. The porous network of MSNs could also be used in future studies, 

to supplement the cells with a variety of functional molecules that could be progressively released 

in vivo32. In addition to allowing MRI tracking, the Gd-MSNs could therefore be used to deliver 

anti-inflammatory, angiogenic, anti-apoptotic or other factors to improve encapsulated islet 

survival or function.33 In this study, we co-encapsulated pancreatic beta cells and paramagnetic 

Gd-MSNs (for MRI visibility) using an emulsification and internal gelation cell immobilization 

process.34 We previously demonstrated that this process enables the production of high-

concentration alginate beads with reduced permeability towards antibodies and the potential to 

reverse diabetes in allogeneic mice.35 Here, mouse insulinoma 6 cells were used as an initial 

glucose-responsive beta cell model36 to test the effects of co-encapsulated Gd-MSNs on cell 

survival and expansion. 
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EXPERIMENTAL SECTION 

Materials and methods 

Unless specified, all reagents were of the highest purity and ordered from Sigma Aldrich. 

Synthesis of Gd-MSNs 

The synthesis of MSNs was performed according to a previously reported methodology.37 In 

brief, 4 g of Pluronic F127 (EO106PO70EO106 BioReagent) and 1 g of CTAB (n-

cetyltrimethylammonium bromide) were mixed in an aqueous solution of NH4OH 2.9% 

supplemented with ethanol (volume ratio of 2.5:1). Then, 3.86 mL of TEOS 

(tetraethylorthosilicate, 98%) were added to the solution. After one minute of stirring, the mixture 

was left 24 h for aging in static conditions (room temperature). The nanoparticles were then 

collected by centrifugation (15300 x g, 40 min), washed with water and dried in air at 70°C. 

Surfactants were removed by calcination at 550°C during 5 h (Furnace 48000, 

Barnstead/Thermolyne oven, heating ramp of 1°C min-1, air). These particles are referred to as 

MSNs. 

DTPA (diethylene triamine pentaacetic acid) was grafted onto the surface of MSNs as previously 

reported29. Briefly, 160 mg of DTPA dianhydride (diethylenetriaminepentaacetic dianhydride) 

were dissolved in 4 mL of anhydrous DMSO (dimethyl sulfoxide) under N2 and at room 

temperature. After the addition of 0.068 mL APTES (3-aminopropyl)triethoxysilane), the solution 

was stirred overnight. Four (4) mL of this solution were added to a suspension of MSN in 

anhydrous toluene (200 mL at 10 mg mL-1) and the mixture was left overnight at 110 °C under N2. 

The nanoparticles were sequentially washed with 95% ethanol and then nanopure water (18.2 M, 
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NanoPure Diamond, Barnstead, MA, USA) followed by centrifugation (7500 x g, 10 min) and 

vacuum-dried at 40 °C. These particles are referred to as DTPA-MSNs. 

DTPA-MSNs were suspended in a 100 mM solution of gadolinium acetate (Gd(CH3CO2),xH2O) 

during 1 h at room temperature, at a concentration of 10 mg mL-1. The solution was vortexed 30 

min, followed by 30 min in ultrasonic bath (3x), and then 16 to 24 h dialysis (1:1000 sample-to-

water ratio, 1000 kDa MWCO, Spectra/Por, in deionized water, at least 4 changes). The dialysed 

nanoparticles were collected by centrifugation (24,000 x g, 15 min). For the experiments without 

cells, the nanoparticles were re-suspended in phosphate-buffered saline solution (with Ca2+ and 

and Mg2+, Thermo Fisher Scientific, Walthman, MA, USA) supplemented with 10 % FBS (Fetal 

Bovine Serum, Thermo Fisher Scientific, Walthman, MA, USA). For the cell-containing 

experiments, the nanoparticles were re-suspended in DMEM cell culture medium supplemented 

with 10% FBS and 1% penicillin-streptomycin (all from Thermo Fisher Scientific). In both cases, 

MSNs were resuspended at a starting concentration of 50 mg mL-1 (initial mass of powder 

suspended in fluid). The suspensions were vortexed and sonicated (3 times 30 min), then 

centrifuged (500 x g for 5 min.) to remove possible aggregates. The supernatant was collected and 

will be referred to as Gd-MSNs. The gadolinium concentration in these solutions was assessed by 

neutron activation analysis (see next section). For cell culture experiments, Gd-MSNs solutions 

were gamma-irradiated (1 h, final dose of 25 kGy ± 10 %; Nordion, Gamma Center of Excellence, 

Laval, Canada) prior to cell encapsulation. 

 

Characterization of MSNs 
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Textural analysis: The textural properties of MSNs were measured by low-angle X-ray 

diffraction (XRD), nitrogen physisorption measurements, as well as thermal differential analysis 

(TGA). These results are described in the Supporting Information section.  

Transmission electron microscopy (TEM): The size distribution of MSNs was measured by 

transmission electron microscopy (Jeol JEM-1230, 80 keV, Tokyo, Japan). The particles were 

dispersed in water, deposited on a carbon-coated copper grid (CF3000-Cu, Electron Microscopy 

Sciences, Hatfield, PA, USA) and then imaged. The size distribution of at least 125 particles (on 

3 different images taken at 3 different locations) was determined using the ImageJ software.38 

Dynamic Light Scattering (DLS): The hydrodynamic diameter and colloidal stability of the 

particles suspension in complete medium were assessed by DLS with a Nano S Zetasizer system 

(Malvern Instruments, Worcestershire, UK.) using a laser (He-Ne) wavelength of 633 nm and a 

scattering angle of 173°. The temperature measurement was fixed at 25° C. The viscosity and the 

refractive index were set respectively to 0.940 cP and 1.345, for DMEM with 10% FBS.39 For 

silica nanoparticles, the refractive index was set to 1.45. The hydrodynamic diameter was 

calculated from the average of three measurements.  

Neutron activation analysis (NAA): NAA was used to quantify the gadolinium concentration of 

the nanoparticle suspensions at the end of the suspension process. PCR tubes of 0.2 mL containing 

the suspension of Gd-MSN in complete medium were inserted in a Slowpoke reactor (20 kW, 

Ecole Polytechnique, Montréal, Canada), and analysed as previously reported.40  

Relaxivity measurements: The relaxometric properties of the concentrated Gd-MSNs 

suspensions were evaluated by measuring their longitudinal and transversal 1H proton relaxation 

times (T1 and T2) with a time-domain nuclear magnetic resonance relaxometer (Bruker Minispec, 

60 mq, 60 MHz (1.41 T), 37 °C, 300 µL of solution in 7 mm NRM tubes). For the measurement 
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of T1, a standard inversion-recovery sequence was used with 15 different delays. For T2 

measurements, a standard Carr-Purcell-Meibom-Gill sequence was used with at least 12 echos. 

The Gd-MSN stock solution synthesized for the production of alginate beads without cells had a 

T1 of 12.9 ms, a T2 of 7.9 ms and a Gd concentration of 3.71 mM; the stock synthesized for the 

production of alginate beads with cells had a T1 of 26.6 ms, a T2 of 14.2 ms, and a Gd concentration 

of 3.65 mM. 

X-ray diffraction, thermogravimetric analysis and nitrogen physisorption: These methods are 

detailed in the Supporting Information section (supplementary materials & methods). 

Mouse insulinoma 6 cell culture 

MIN6 cells (kind gift from James D. Johnson, UBC) were cultured in complete medium, 

consisting of DMEM supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 

2 mM final concentration L-Glutamine (all from Thermo Fisher Scientific), and 5 mM 

beta mercaptoethanol. Adherent non-encapsulated MIN6 cells were cultured in surface treated T-

flasks (Sarstedt) with at a seeding density of approximately 5 x 104 cells/cm2 in 20 mL/75 cm2 

complete medium. Cells were enumerated using a hemocytometer after Trypan Blue staining 

(0.2% in phosphate-buffered saline solution, Fisher Scientific). Complete media changes were 

performed every 2 to 3 days. The cells were passaged when reaching approximately 90% 

confluency (5 x 105 cells/cm2) by rinsing with phosphate-buffered saline solution (Ca2+ and Mg2+ 

free, Thermo Fisher Scientific), then incubating the cell culture in TrypLE (Thermo Fisher 

Scientific) at 37°C and 5% CO2 for 5 min. Detached cultures were centrifuged at 350 x g then 

resuspended in complete medium at the desired concentration. To generate the cell seed stock for 

encapsulation, suspended cells were washed in complete medium, enumerated after Trypan Blue 

staining and then re-suspended at 10.5 x 106 cell/mL to obtain a final concentration of 106 cells/mL 
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beads. After encapsulation, the immobilized cells were cultured in untreated 25 cm2 T-flasks 

(Sarstedt) by adding 1 mL beads to 9 mL complete medium. Every second day, half of the medium 

was exchanged by adding 10 mL complete medium to each T-Flask, mixing, placing the flask with 

the vent facing upward, allowing the beads to settle, and then aspirating medium in excess of 10 

mL total volume.  

Gd-MSN and/or cell immobilization by emulsification and internal gelation 

Preparation of solutions and reagents: The emulsification and internal gelation process buffer 

consisted in 10 mM HEPES (4-(2-hy droxy ethy l)-1-piperazineethanesulfonic acid) and 170 mM 

NaCl (both from Thermo Fisher Scientific) at pH 7.4, as previously described 34-35. The alginate 

stock solution was prepared by adding sodium alginate (Sigma-Aldrich, CAS Number 9005-38-3, 

Medium Viscosity) at the concentration required to obtain 2% alginate concentration in the final 

alginate suspension containing CaCO3, Gd-MSNs and/or cells. After overnight dissolution in a 

stirred vessel, the alginate solution was autoclaved for 30 min (excluding ramp up and down time) 

at 122.5 °C and 16.8 psig. The CaCO3 suspension was prepared by adding 500 mM CaCO3 powder 

(Sigma-Aldrich) to the HEPES process buffer, followed by autoclaving. The acidified oil solution 

was prepared immediately prior to the emulsification and internal gelation process by adding 44.5 

µL glacial acetic acid to 11 mL of mineral oil (both from Thermo Fisher Scientific) in a 50 mL 

conical tube (Sarstedt, Nümbrecht, Germany), and vortexing the mixture until complete acid 

dissolution. 

For experiments without cells, an alginate/CaCO3/Gd-MSN suspension was prepared by mixing 

alginate stock solution, CaCO3 suspension, and complete medium at 18:1:1:1 volumetric ratio (for 

example, 9.9 mL alginate solution, 0.55 mL Gd-MSN suspension, 0.55 mL CaCO3 suspension and 

0.55 mL complete medium). For experiments with cells, an alginate/CaCO3/Gd-MSN/cell 

http://www.sigmaaldrich.com/catalog/search?term=9005-38-3&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=CA&focus=product
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suspension was prepared by mixing alginate stock solution, Gd-MSN suspension, CaCO3 

suspension, and MIN6 cells in complete medium at 16:2:1:2 volumetric ratio (for example, 8.8 

mL alginate solution, 1.1 mL Gd-MSN suspension, 0.55 mL CaCO3 suspension and 1.1 mL cell 

stock solution). To obtain controls without Gd-MSNs, the volume of Gd-MSN suspension was 

replaced by complete medium. 

Emulsification and internal gelation process: The emulsion process was performed as 

previously described34-35, 41. After preparing the alginate/CaCO3 suspension with or without Gd-

MSNs and/or cells, 20 mL light mineral oil (There Fisher Scientific) was added to a spinner flask 

(Bellco Glass, Vineland, NJ, USA). Using a syringe (VWR, Radnor, PA, USA), 10 mL of the 

alginate suspension (with or without Gd-MSNs and/or cells) was added to the mineral oil, 

dropwise. The mixture was agitated at 486 rpm to generate an alginate-in-oil emulsion. This 

agitation rate (Ni) was selected based on the target volume area moment mean diameter (De 

Brouckere mean diameter, D43), based on the relationship between D43 and Ni, determined 

beforehand as described previously.34, 41 Before the 12 min mark was reached, the acidified oil 

solution was prepared. At the 12 min mark, 11 mL of the acidified oil solution was added to the 

spinner flask to trigger internal gelation. At the 13.5 min mark, the agitation rate was decreased to 

200 rpm. At the 20 min mark, 40 mL of HEPES process buffer supplemented with 10% complete 

medium was added to the spinner flask to neutralize the acid. At 21.5 min, the agitation was 

stopped. Using a 50 mL large bore pipette (Thermo Fisher Scientific), the contents of the flask 

were aspirated and transferred into two 50 mL conical tubes (Sarstedt). The tubes were centrifuged 

for 3 min at 630 x g to accelerate phase separation. Most of the organic and aqueous phases were 

aspirated while carefully avoiding bead aspiration. An additional 30 mL of complete medium was 

added to each centrifuge tube to remove most of the oil by repeating the centrifugation and 
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aspiration process. The beads were then filtered on a 40 µm cell strainer (Thermo Fisher Scientific) 

and transferred into HEPES process buffer at 1:5 volumetric ratio (beads:total volume) for MRI or 

bead size distribution analysis. Alternatively, for cell culture, the beads were transferred into 

complete cell culture medium at 1:10 volumetric ratio and then transferred into suspension culture 

vented T-flasks (Sarstedt). 

Bead size distribution measurement  

To determine the size distribution of the alginate beads, 1 mL beads were transferred into a 15 

mL conical tube (Sarstedt) containing 4 mL HEPES process buffer supplemented with 10% 

complete medium. A saturated Toluidine Blue O solution was prepared in HEPES process buffer, 

and 100 µL of this solution were added to the bead suspension. The tubes were incubated for 1 h 

at room temperature on an orbital shaker at 50 rpm. The stained bead suspension was transferred 

into a 10 cm Petri dish (Thermo Fisher Scientific), and an additional 5 mL of HEPES process 

buffer with 10% complete medium was added to the dish. A ruler was placed next to the dish, and 

an image was acquired using a Samsung Glaxy S4 13 MP handheld camera. The bead sizes were 

determined by image analysis using CellProfiler freeware42. 

 

MRI assessment of Gd-MSN retention in alginate beads 

MRI was used to assess the total retention of Gd-MSNs in the polymer beads, as indicated by 

the total MRI signal produced by the beads imaged with a T1-weighted MRI sequence. MRI is a 

powerful technique to detect the presence of low concentrations of paramagnetic elements (e.g. 

gadolinium); the occurrence of Gd3+, Gd-DTPA, or Gd-DTPA-MSNs potentially escaping the 

alginate network, would be efficiently detected in T1-weighted MRI down to concentrations of 

0.05 mM (Gd). 
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Cell-free beads: First, 40 µL beads were distributed into the wells of a 96-well plate. To do so, 

a 1 mL pipette with a cut tip was used to aspirate 0.2 mL of bead suspension in HEPES process 

buffer (1:5 beads:total volume ratio) while manually mixing the suspension to avoid bead settling 

during pipetting. The plate was then inserted in a radiofrequency coil adapted to scanning 96-well 

plates. The plates were scanned with a 1-Tesla MRI (M2M, Aspect Imaging, Netanya, Israel). A 

T1-weighted 2D spin echo sequence was used with the following parameters: TE = 11.2 ms; TR = 

400, 700, 1000 ms; slice/interslice = 1.5/0.1; FOV: 70 mm; matrix: 200 x 200; 3 NEX; acquisition 

time: 4.0 min. The beads were scanned 24 h after alginate bead preparation, and then 5 months 

later (slight adjustment at TE = 13.3 and slice thickness of 0.5). The samples were kept at 4oC 

between the scans. For the 24 h MRI scans, contrast enhancement was calculated based on the 

comparison of the signal produced by the beads, to that produced by controls (nanopure water), as 

follows:  

𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡 𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 =  
2 × (𝐼𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐼𝑐𝑜𝑛𝑡𝑟𝑜𝑙)

𝐼𝑠𝑎𝑚𝑝𝑙𝑒 + 𝐼𝑐𝑜𝑛𝑡𝑟𝑜𝑙

 Eq. 1 

Intensities (I) were measured by defining 20 pixel regions of interest in the center of each image 

(Image J software). The average of intensity values was calculated, as well as the corresponding 

standard deviation. Results from the long-term follow-up scan (t = 5 months) were compared with 

the initial scan (t = 24 h) by calculating the intensity ratio between each alginate bead sample and 

its corresponding supernatant.  

Cell-containing beads: Samples of cell-containing beads were processed and scanned after 24 h 

and 5 months. Here, the bead:total volume ratio was 1:10, resulting in 20 µL/well bead sample 

volumes. Between scans, the cell-containing beads were kept in T-75 flasks in a cell incubator 

(standard condition). The cell culture medium was refreshed every 48 h to 72 h for the first 14 

days. Prior to each scan, samples of beads were freshly deposited in 96-well plates (time points: 
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24 h, 48 h, 72 h, 14 days, 1 month and 2 months), and MRI images were acquired as described 

above. The retention of Gd-MSNs inside the alginate beads was confirmed by measuring the ratio 

between signal in the beads and the signal in the supernatant. Any decrease in this ratio would 

indicate a release of the gadolinium into the medium. 

 

Live/dead staining of immobilized cells 

A live/dead staining solution consisting of HEPES process buffer supplemented with 10% 

complete medium, 4 µM calcein AM, 4 µM ethidium homodimer and 4 mM Hoechst (all from 

Thermo Fisher Scientific) was prepared. Dead cell controls were obtained by filtering the beads 

using a 40 μm nylon cell strainer, and transferring beads into a microcentrifuge tube containing 1 

mL of 99% ethanol prior to live/dead staining. Sample or control beads were then transferred into 

the staining solution at 1:5 bead:total volume ratio. The mixture was incubated for 30 min at room 

temperature in the dark. The beads were rinsed with HEPES process buffer supplemented with 

10% complete medium and imaged using a fluorescence microscope (Olympus IX81, Tokyo, 

Japan, model: IX2).  

Bead degelling and packed cell volume measurements 

A degelling solution consisting in 55 mM citrate (Thermo Fisher Scientific), 10 mM HEPES, 95 

mM NaCl, at pH 7.4 was prepared. Cells were liberated from the alginate beads by placing 1 

volume of the beads in 9 volumes of 90% degelling solution with 10% complete medium and 

incubating on ice on a rotary shaker at 50 rpm for 20 min. For packed cell volume measurements, 

1 mL of the degelled mixture was pipetted into packed cell volume tubes (TPP Techno Plastic 

Products AG, Switzerland) followed by centrifugation at 2500 x g for 2 min.  

Quantitative polymerase chain reaction (q-PCR) 
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After degelling the beads as described above, 1 mL of the degelled mixture was placed in an 

RNase-free microcentrifuge tube and the cells were washed once in phosphate-buffered saline 

solution. After adding 350 µL RLT buffer (Qiagen, Hilden, Germany) per tube, samples were 

stored at -80ºC. RNA was extracted from the MIN6 cells using the RNeasy Mini Kit (Qiagen, 

Hilden, Germany). Reverse transcription qPCR was performed on the extracted RNA for (mouse) 

insulin I (Ins1), insulin II (Ins2), pancreas/duodenum homebox protein 1 (Pdx1), Glucose 

Transporter 2 (Glut2), homeobox protein Nkx-6.1 (NKX6-1), beta-actin (ActB) and glyceraldehyde 

3-phosphate dehydrogenase (Gapdh). Table S1 details the primer sequences used for qPCR. The 

Viia7 qPCR instrument (Thermo Fisher Scientific) was used to detect the amplification level and 

was programmed with an initial step of 20 sec at 95˚C, followed by 40 cycles of 1 sec at 95˚C and 

20 sec at 60˚C. Relative expression was calculated using the Expression Suite software (Thermo 

Fisher Scientific). 

 

Statistics 

For the results of cell studies, two-way equivalency comparisons of the slopes and intercepts of 

different linear functions were performed using 2-tailed t-tests for independent samples. The F-

test was used to validate the significance of regression of linear regression fits, all in Prism 5 

(GraphPad, San Diego, California). Unless otherwise mentioned, results represent the 

experimental average ± the standard error of the mean. For qPCR experiments, changes in gene 

expression were analyzed by ANOVA testing followed by Fisher’s least significant difference test. 

Results were considered to be statistically significant at p < 0.05. 

 

Results 
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Synthesis and characterization of Gd-MSNs 

The MSNs were synthesized with a well-established Stöber modified method29, 37 leading to 

spherical nanoparticles (Figure 1 - a,b).  The size distribution (Figure 1 b) revealed a distribution 

centered at 166 nm ± 22 nm (full width of peak at half maximum - FWHM), similar to other results 

reported in the literature for this synthesis procedure.29, 37, 43-44 The X-ray diffraction pattern 

revealed particles of a MCM-48 porosity network (Figure S1 in the Supporting Information).45 

The nitrogen physisorption results indicated open porosity even after complexation with Gd-DTPA 

(Table S2 in the Supporting Information). The number-weighted and intensity-weighted 

hydrodynamic diameter profiles measured by DLS in water, are plotted in Figure 1-c (intensity: 

246 ± 9 nm FWHM; number: 195 ± 8 nm FWHM). MSNs appeared to be well-dispersed and non-

aggregated. No significant difference was found between nanoparticles measured on the day of 

preparation, after 3 days in suspension (after slight agitation), and after gamma irradiation prior to 

encapsulation.  

 

 

Figure 1. Size characterisation of Gd-MSNs: a) TEM images; b) corresponding particle size 

distribution; c) hydrodynamic size by DLS.  
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Relaxometric and MRI contrast-enhancement properties of Gd-MSNs 

Relaxation times were measured at different gadolinium concentrations (Figure 2-a), and the 

results were plotted in the form of a relaxometric graph. The slope of 1/T1 and 1/T2 provided the 

relaxivity values r1 and r2, respectively (r1 = 29 mM-1 s-1 and a r2 = 42 mM-1 s-1, r2/r1 of 1.45), 

typical of a high-performance “positive” contrast agent when scanning under T1-weighted MRI 

sequences. These values are similar to those obtained with other Gd-MSNs nanoparticle systems 

published recently.29 The theoretical signal expected when using T1-w. spin echo sequences can 

be calculated by using the following equation:  

 𝑆 ∝ 𝜌𝐻 (1 − 𝑒
−𝑇𝑅

𝑇1
⁄ ) (𝑒

−𝑇𝐸
𝑇2

⁄ ) 

Equation 

2 

where H is the density of protons, TR is the repetition time, TE the echo time, and T1 and T2 are 

the longitudinal and transverse relaxation times measured for a given contrast agent. Figure 2-b 

represents the simulated signal intensity calculated using Equation 2 as well as T1 and T2 values 

measured at each concentration time. At low concentration the signal intensity rises drastically, 

then reaches a peak at about 0.25 mM – 0.4 mM, followed by a progressive decrease. The 

simulated signal intensity curve indicates the maximum signal that can be achieved with a T1-

weighted spin-echo sequence (TE/TR = 10/400 ms). According to this curve, a concentration of 

0.15 – 0.5 mM of gadolinium (Gd-MSNs) dispersed in the volume of the alginate beads would 

lead to an optimal signal enhancement once visualised in T1-w. MRI. The theoretical signal 

intensity curve was confirmed by measuring with MRI (Figure 2.c: TE/TR = 11.2/400 ms), the 

signal of samples of the contrast agent at different concentrations. The highest signal intensity 

occurred at a concentration of 0.239 mM and significant signal enhancement was revealed at 

concentrations as low as 0.016 mM Gd. 
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Figure 2. Relaxometric measurements of Gd-MSNs in water: a) relaxometric curves (1/T1, 1/T2); 

b) MRI signal enhancement curves based on r1 and r2 (measured), and spin-echo parameters TE = 

10 ms and TR = 400 ms) and c) contrast provided in MRI, by the Gd-MSNs suspensions scanned 

under the same parameters. 

 

Alginate beads, Gd-MSN retention and MRI contrast-enhancement properties 

Figure 3 shows the volumetric fraction and cumulative volume fraction as a function of the bead 

diameter obtained from the emulsification and internal gelation alginate bead production process. 

At the 486 rpm agitation rate used during the emulsification step, the average bead diameter (D21) 

was 505 ± 427 µm (standard deviation), the surface area moment mean diameter (Sauter mean 

diameter, D32) was 867 ± 565 µm (area-weighed standard deviation), and D43 was 1235 ± 662 µm 

(volume-weighed standard deviation). The broad bead size distribution obtained is expected for 

stirred emulsification-based alginate bead production.34 The D43 obtained may lead to oxygen mass 
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transfer limitations in vivo but should not be problematic for the current in vitro study.46 For in 

vivo applications, the agitation rate should be increased to obtain slightly smaller beads.    

 

Figure 3. Size-distribution of alginate beads with a) Gd:MSNs only; b) cells only; c) Gd:MSNs 

and cells. 
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Figure 2.b was used as a guideline for the preparation of alginate beads containing a Gd 

concentration enabling MRI contrast enhancement. For the Gd-MSNs retention assay, a Gd-MSN 

suspension of 3.71 mM was used, and diluted at a factor of 12 with the other products of alginate 

preparation. This would theoretically lead to a Gd concentration of 0.31 mM, which is very close 

to the value expected from the signal-enhancement peak indicated by Figure 2.b. 

 For MRI visualization, alginate beads containing Gd-MSNs were suspended in two 

different buffers (complete medium or HEPES buffer + 10% complete medium). They were MRI-

scanned using a T1-weighted spin echo sequence performed at three different repetition times (TR 

= 400, 700, and 1000 ms; see Figure 4). The beads were scanned 24 h after preparation (Figure 

4.a), and then at 5 months (Figure 4.b). No significant difference in signal was found between 

nanopure water and control beads without nanoparticles (in complete medium or in HEPES 

process buffer + 10% complete medium). 
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Figure 4. T1-w. MRI images (TE/TR = 11.2-13.3/400 ms) of Gd-MSNs-containing 2% alginate 

beads 24h after the emulsion process (a), and after 5 months (b). Images at t = 24h were acquired 

with a slice thickness of 1.5 mm, whereas those at t = 5 months were acquired with a slice thickness 

of 0.5 mm (noisier). Controls (alginate beads without Gd-MSNs) are provided at the right side. In 

(c): coronal images of water, controls, and Gd-MSNs-containing beads, in both complete medium 

and HEPES buffer + 10% complete medium (no difference in signal was noted between the 

buffers). 

The intensity generated by the beads in each condition, as well as the contrast calculated based 

on the comparison with the signal of nanopure water (control), are presented in Table 1. As 

expected, longer repetition times lead to images generated with much more signal and thus lower 

signal-to-noise ratios. The contrast of Gd-MSNs-containing beads compared with the control, 

appeared to be 82.7% or 96.4%, respectively for beads suspended in complete medium or in 

HEPES buffer + 10% complete medium (at TR = 400 ms; condition of maximal contrast). A 
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slightly higher signal was found for alginate beads with Gd-MSNs suspended in HEPES buffer + 

10% complete medium, compared with complete medium alone. This difference could be due to 

the presence of serum proteins in the complete medium that was used for the experiment. The 

preparation of beads in complete medium might lead to protein adsorption to the bead and or bead 

pore surfaces, which could slightly affect the free circulation and binding of H2O to the Gd3+ 

paramagnetic sites. The contrast between controls (alginate only) and nanopure water was not 

significant. No significant difference was found between control beads (without Gd-MSNs) 

scanned in HEPES buffer + 10% complete medium and those scanned in complete medium. 

Overall, these results confirm that the presence of ~ 0.31 mM Gd in the alginate beads leads to a 

strong signal enhancement in T1-w. images. In all conditions, the error on the intensity 

measurement and on the calculated contrast values gradually decreased with increasing TR values 

due to the stronger signal detected. Five months later, the same samples were scanned in MRI with 

a TR of 400 ms, since this was the condition leading to the best contrast enhancement. The contrast 

enhancement with regards to the control beads was 86% in complete medium and 108% in HEPES 

buffer + 10% medium with respect to the control beads. The increase between the value at 24 h 

and 5 months (3.6% for complete medium and 11.7% for HEPES buffer + 10% complete medium) 

could be explained by a slight concentration of the Gd contents due either to the contraction of the 

alginate network, or by evaporation of a certain quantity of the water from the wells, potentially 

leading to a local Gd concentration increase in the beads. Overall these changes are not drastic, 

and would not impede the identification of Gd-MSN-alginate beads in vivo. These results also 

confirm the strong and stable entrapment of Gd-MSNs in the alginate network, since the leaching 

of even a slight concentration of Gd-containing product from the polymer network (e.g. sub- 0.05 

mM) would have been detectable in MRI. 
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Table 1. MRI signal intensity and contrast enhancement obtained with 2% alginate beads 

supplemented with Gd-MSNs.a  

Sample Medium 

Repetit

ion 

time 

(TR) in 

T1-w. 

MRI 

[ms] 

Intensity 

(average of 

3 samples) 

Standard. 

deviation 

(+/-) 

Relative error 

(std.dev./int.) 

[%] 

Contras

t [%] 

Absolute 

Error 

(+/-) [%] 

Relative 

Error 

[%] 

Gd-MSNs 

beads 

Complete 

medium 
400 8161 180 2.20 82.7 1.54 0.02 

Gd-MSNs 

beads 

Complete 

medium 
700 11503 262 2.28 69.5 0.95 0.01 

Gd-MSNs 

beads 

Complete 

medium 
1000 13573 69 1.95 61.1 1.57 0.03 

Gd-MSNs 

beads 

HEPES buffer 

+10% medium 
400 9804 170 1.73 96.4 1.02 0.01 

Gd-MSNs 

beads 

HEPES buffer 

+10% medium 
700 13135 221 1.68 83.2 0.49 0.01 

Gd-MSNs 

beads 

HEPES buffer 

+10% medium 
1000 14864 264 1.81 69.5 0.71 0.01 

aThe contrast is the % of signal increase compared to controls. The signal intensity results obtained 

for controls (cell-free beads without nanoparticles and nanopure water) are provided in Table S3 

of the Supporting Information.    

Alginate beads with cells: MRI contrast-enhancement properties  

Alginate beads containing cells were produced and MRI-scanned over a period of several days. 

Beads with Gd-MSNs were clearly visible (Figure 5. c,d), even with a bead quantity reduced to 

20 μL/well compared to prior cell-free beads imaged at ~100 μL/well (Figure 4). The signal was 

measured, and the contrast enhancement was calculated with respect to water and in function of 

the time of scanning (Figure 5, e). For the beads with Gd-MSNs (Figure 5 c and d) the gadolinium 
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concentration was 0.34 mM (optimal range for contrast enhancement, as revealed in Figure 2 b). 

The beads appeared distinctly contrasted, corroborating the Gd-MSNs visualisation in Figure 2 c. 

The evolution of contrast was monitored over a period of over 2 months. The general evolution of 

the curves was similar for all the samples, indicating the occurrence of little deviations due to 

experimental variations during the imaging (e.g. temperature). For the alginate beads with Gd-

MSNs, with or without cells, the contrast enhancement was between 55% and 65%. Beads 

synthesized with cells only (without Gd-MSNs) had a contrast enhancement of 0% ± 4% 

(experimental error) with respect to nanopure water. This confirms that Gd-DTPA functions 

grafted at the surface of MSNs remain in the silica structures, which are in turn entrapped into the 

alginate beads. There was no evidence of Gd-MSN leaching from the gel, making Gd-MSN 

internalisation by the cells unlikely, except potentially for Gd-MSNs in direct contact with the 

cells. Finally, a 2-fold contrast enhancement was noted between the Gd-MSN alginate beads 

compared with free suspensions of Gd-MSNs (without alginate). This phenomenon could be 

explained by the restricted access of water to the Gd3+ groups in a polymeric structure such as 

alginate.47 
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Figure 5. Entrapment of Gd-MSNs in alginate beads. MRI in vitro visualization assays of 

paramagnetic alginate beads: a) water, b) alginate beads with cells, c) alginate beads with 

Gd:MSN, d) alginate beads with cells and Gd:MSN and e) long-term follow-up of contrast 

enhancement of the beads placed in complete medium. 

 

Effect of Gd-MSNs on MIN6 cell survival and expansion 

The MIN6 cells used in these experiments are an immortalized cell line that is expected to 

expand to form aggregates in alginate.48 As a first indication of potential Gd-MSN effects on beta 

cells, MIN6 cells were encapsulated in alginate beads with or without co-encapsulated Gd-MSNs. 

The effect of the Gd-MSNs on MIN6 cell survival was determined by live/dead staining the day 

following the encapsulation process and at regular intervals during cell expansion. The cell growth 

rate and lag time before reaching exponential growth were used as an indication of cellular health 

and metabolic function.  
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One day after encapsulation, very few dead cells were observed within the beads (Figure 6). One 

week after the encapsulation, the majority of cells remained alive, whether encapsulated with or 

without Gd-MSNs. On day 14, reduced cell densities were observed for MIN6 cells co-

encapsulated with Gd-MSNs compared to cells encapsulated without Gd-MSNs (Figure 6). As 

expected, MIN6 cells encapsulated as single cells in alginate beads grew to form ~150 μm diameter 

clusters after 14 days of immobilized culture.34, 49   
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Figure 6. Imaging of the MIN6 cells grown with and without the Gd-MSNs. The black and white 

images are phase contrast images taken at 4x magnification. The colour images are live/dead 

(green, i.e. calcein AM positive / red, i.e. ethidium homodimer positive) fluorescence micrographs 

taken at the same field of view.  
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Based on packed cell volume measurements (Figure 7), the cell doubling time was 4.5 ± 0.5 

days without significant lag time for MIN6 cells encapsulated alone, while MIN6 co-encapsulated 

with Gd-MSNs exhibited a doubling time of 5.0 ± 0.3 days with a lag time of 2.0 ± 0.8 days. Due 

to the experimental complexity associated with co-encapsulation, the Gd-MSNs were seeded 4, 5 

and 6 hours after detachment from adherent culture, whereas the cells without Gd-MSNs were 

seeded 1, 2, and 3 hours after detachment. The statistically significant increase in the lag time for 

the MIN6 cells co-encapsulated with Gd-MSNs could thus be due either to the time interval 

between cell detachment and encapsulation, or to the presence of the Gd-MSNs. Future work will 

aim to decouple the effect of the time between cell detachment and encapsulation from the effect 

of the Gd-MSNs on the cell lag time. 

 

 

 

Figure 7. Growth curves of immobilized MIN6 cells with (closed circles) or without (open circles) 

co-encapsulated Gd-MSNs. X represents the cell concentration at time t; X0 represents the initial 

cell concentration (both measured in packed cell volume/mL alginate). 

  

Effect of co-encapsulated Gd-MSNs on MIN6 gene expression 
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Finally, the effect of the Gd-MSNs on beta cell gene expression was studied as a preliminary 

functional assessment. The expression of genes involved in glucose uptake and insulin secretion 

(Ins1, Ins2, Pdx1, Glut2, NKX6-1) was quantified relative to housekeeping genes (ActB and 

Gapdh) 1, 7 or 14 days post-encapsulation. No significant change in the expression of one 

housekeeping gene relative to the other were noted. Moreover, no significant changes in gene 

expression were observed during immobilized culture with or without Gd-MSNs for any of the 

genes related to glucose-responsive insulin secretion, aside from Glut2. For Glut2, a 1.38 ± 0.18 

fold increase in gene expression relative to ActB was observed after 14 days of immobilized culture 

in the presence of Gd-MSNs (Figure 8). 

 

Figure 8. Change in Pdx1, Ins1 and Glu2 gene expression normalized to ActB as a function of time 

and Gd-MSNs. Values are reported relative to the expression of the same gene before 

encapsulation or Gd-MSN addition. *p < 0.05.  
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Discussion 

Islet microencapsulation is a promising approach to limit or even overcome the need for immune 

suppression following islet transplantation. The most common encapsulated islet transplantation 

site is the peritoneal cavity due to the relatively large graft volume currently required. However, 

bead movement and agglomeration in the peritoneal space may exacerbate mass transfer 

limitations, particularly in bipeds.16 For humans, the minimum graft volume required to transplant 

~1 million islets encapsulated in ~600 µm diameter beads with 1 islet/bead would be 113 mL. 

Developing imaging techniques and tools to track transplanted encapsulated cells is pivotal to 

monitoring bead distribution and settling in vivo, as well as understanding potential causes of 

encapsulated islet cell death.  

MRI is possibly the best noninvasive imaging technique to track implanted islets.50-52 This high-

resolution whole-body imaging modality allows very good soft tissue contrast. Contrary to 

computed X-ray tomography, MRI does not use ionizing radiation. Hence, MRI would enable 

multiple and repeated scans on the same patient. Until now, attempts to track islets were mainly 

performed by using "negative" contrast agents coupled with T2-weighted MRI.18, 22, 53-54 In general, 

negative contrast agents such as iron oxide nanoparticles provide higher detection sensitivity for 

cell labeling, compared with Gd3+-based ones (“positive” contrast agents). However, iron oxide 

nanoparticles generate “blooming artifacts” which can severely impede the delineation of 

anatomical information. It is often difficult to differentiate between the signal loss generated by 

iron oxide nanoparticles and that generated by calcified tissues or by the agglomeration of 

magnetic substances such as blood clots.55  
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Because they generate a signal increase, Gd3+-based contrast agents could be used with T1-

weighted MRI sequences to track islets with a higher precision, in spite of a lower sensitivity. 

Biancone et al.56 visualized islets in the mouse by MRI. For this, the cells were labeled with 

gadolinium contrast agent (GdHPDO3A) prior to implantation. This study provided the first 

demonstration of islet detection using a “positive” contrast agent. However, only limited 

concentrations of Gd can be taken up by cells using such a small Gd3+-based imaging probe. 

Moreover, once internalised by cells, the amount of free water available to generate the chemical 

exchange cascade leading to T1 relaxation is too low, which considerably restricts the possibility 

to achieve full signal enhancement (as predicted by Figure 2.b).57 Finally, the elimination of 

contrast agent from the cells limits the capacity for long-term graft monitoring. The present 

strategy, which consists in the sequestration of Gd-grafted nanoparticles inside the alginate 

immune-protective capsule surrounding the islets, provides an optimal interaction between the 

Gd3+ moieties and the free water diffusing into the alginate network. As a result, a larger 

concentration of Gd3+ can be distributed outside and around cells, leading to a much stronger 

positive signal. This approach also avoids limitations related to contrast agent exocytosis observed 

in direct cell labeling strategies. Finally, the larger size of alginate beads compared to cells 

facilitates the detection of the paramagnetic implants compared to the detection of islets alone. 

Arifin et al. were the first to report MRI of microencapsulated islets while adding a contrast agent 

to the alginate.58 In their study, the contrast agent consisted in gold nanoparticles functionalized 

with gadolinium chelates. The present work explores this concept further by using nanoparticles 

of larger size (MSNs). Because of their very large pore volume, these MSNs could also serve as a 

cargo for functional molecules (i.e. to trigger reactions from the islet cells).  The present study 

provides the first comprehensive and quantitative MRI signal and contrast enhancement study 
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performed on paramagnetic islets scanned for relatively long periods of time (weeks). The 

retention of Gd in the immune-protective capsule was demonstrated over a period of several 

months. Similar results were obtained when the alginate concentration was increased from 2% to 

5% when generating the beads (data not shown). We previously observed mean alginate gel pore 

sizes of ~2 nm for 5% alginate beads and ~5 nm for 1.5% alginate beads produced by 

emulsification and internal gelation.35 The long-term retention of the 166 ± 22 nm Gd-MSNs in 

the alginate gel network is therefore consistent with the expected alginate gel pore size distribution. 

While bead swelling may occur in vivo, a significant change would be required before the alginate 

pore dimensions reach the Gd-MSN size. In previous rodent studies, we did not observe any 

evidence of changes in bead size distribution 20 days after implantation, suggesting that the 

Gd-MSNs would also be retained in vivo.35  

To determine the potential effects of Gd-MSNs on beta cells, MIN6 cells were used as a 

preliminary model to study Gd-MSN cytotoxicity. As shown in Figure 5, the MIN6 cells co-

encapsulated with Gd-MSNs displayed a 2 day lag time that was not observed in the absence of 

Gd-MSNs. It is unlikely that the calculated lag time was due to cell death: no significant 

differences in cell density or viability were observed 24 h after encapsulation (Figure 6). The lag 

time could also simply be due to the confounding effect of the total processing time. Due to 

experimental limitations, the MIN6 cells co-encapsulated with Gd-MSNs were stored in medium 

at room temperature in equilibrium with air on average 3 hours longer prior to encapsulation than 

MIN6 cells encapsulated without Gd-MSNs. The resulting pH increase or time in suspension may 

have led to a lag in cell expansion after encapsulation.  

Although the processing time or the presence of co-encapsulated Gd-MSNs was associated with 

an increased lag time, the co-encapsulated Gd-MSNs did not affect MIN6 cell cell cluster size 
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(Figure 6) or growth rate (Figure 7) over 2 weeks of culture. The similar cell viability and cell 

cluster morphology observed after 14 days suggest that the Gd-MSN effects – if any – subside 

after the initial lag period. The reduced MIN6 cell cluster density but similar cell cluster size with 

or without Gd-MSNs suggests that the lag time observed in Figure 7 was due to initial cell losses, 

and not to a reduction in cell growth rate or cell adaptation to the Gd-MSNs. These initial cell 

losses may have occurred during the additional 3 hours of processing time of the MIN6 cells 

co-encapsulated with Gd-MSNs, but initial Gd-MSN cytotoxicity followed by recovery cannot be 

ruled out. Future work will aim to determine the cause and minimize initial cell losses, for example 

by minimizing the time MIN6 cells are stored in suspension prior to encapsulation. Necrotic cores 

were observed in >50 μm diameter cell clusters obtained after 2 weeks of immobilized culture both 

with and without Gd-MSNs, as expected from oxygen mass transfer models and previous 

observations.34 The Gd-MSNs also did not significantly affect Ins1, Ins2, Pdx1 and NKX6-1 gene 

expression. The encapsulation process and the Gd-MSNs both slightly but significantly increased 

the expression of Glut2 over the period of 2 weeks. Previous work has shown that Glut2 expression 

decreases in glucose unresponsive islets60. In MIN6 cells, Glut2 overexpression did not correlate 

with glucose responsiveness of cells61. The relationship between Gd-MSN exposure and increased 

Glut2 expression by MIN6 cells should be further investigated, but is unlikely to have a negative 

impact on beta cell function. 

Previous work has demonstrated that similar gadolinium-labeled MSNs were biocompatible.62 

Due to the encapsulation process, the Gd-MSNs are sequestered in the alginate. Therefore, the 

possibility of Gd-MSNs uptake by cells, and the related cytotoxicity risks, appear to be minimal. 

Contrary to MIN6 cells, adult mouse63 and human64 islets display very low replication rates, and 

are hence not expected to migrate through the beads or significantly disrupt the hydrogel that 
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sequesters the Gd-MSNs. Furthermore, islets are cell clusters: the ratio of cells in contact with the 

Gd-MSNs and encapsulation material would be less significant than for the dispersed MIN6 cells 

seeded here. Nevertheless, an effect of the Gd-MSNs on MIN6 cell lag time and/or stress may 

have caused the observed lag time and change in Glut2 expression. Future work will investigate 

the fate of the Gd-MSNs in the alginate network, the internalisation of Gd-MSNs by beta cells, as 

well as potential effects of the the Gd-MSNs on cell apoptosis, stress, metabolism and gene 

expression.  

The co-encapsulation of paramagnetic particles and beta cells represents a significant advance 

towards monitoring encapsulated islets or other encapsulated therapeutics in vivo. The Gd-MSNs 

have the capacity for drug loading and potentially controlled drug delivery while allowing in vivo 

tracking of the process. The Gd-MSNs could also be used to study the stability of microbeads 

transplanted in sites other than the peritoneal cavity. The capacity to monitor encapsulated islets 

using MRI constitutes an important step towards developing safe immunoprotected islet 

transplantation technologies. 

 

CONCLUSION 

The non-invasive monitoring of microencapsulated islets could improve our understanding of 

factors that limit encapsulated islet survival in vivo. This study describes a novel Gd-MSN co-

immobilization approach to image encapsulated beta cells using MRI. The co-encapsulation of 

Gd-MSNs with MIN6 beta cells did not lead to significant changes in MIN6 viability or growth 

rate. Further studies are needed to determine whether Gd-MSNs can be internalised by co-

encapsulated beta cells or affect islet function. This work is the first to quantify the MRI contrast 

enhancement of alginate beads using gadolinium-based nanoparticles, and to demonstrate the 
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ability of alginate beads to sequester Gd-MSNs over the long term. In addition to successful MRI 

signal enhancement, these Gd-MSNs are non-toxic. These versatile constructs have the ability to 

deliver drugs and other molecules through their loading capabilities. In addition to enabling MRI 

tracking, the Gd-MSNs could therefore be used to locally deliver factors that enhance encapsulated 

islet survival or function. The Gd-MSNs could be incorporated into a number of existing 

encapsulation devices to aid in vivo monitoring and optimize graft performance in order to develop 

a safe and effective treatement for type 1 diabetes. 
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ABBREVIATIONS 

ActB, beta-actin; APTES (3-aminopropyl)triethoxysilane; DLS, dynamic light scattering; 

DMEM, Dulbecco's Modified Eagle's Medium; DMSO, dimethyl sulfoxide; DTPA, diethylene 

triamine pentaacetic acid; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; Gd-MSN, 

gadolinium-labeled mesoporous silica nanoparticles; Glut2, glucose transporter 2; HEPES, (4-(2-

hydroxy ethyl)-1-piperazineethanesulfonic acid); Ins1, mouse insulin I; Ins2, mouse insulin II; 

MIN6, mouse insulinoma 6, MSN, mesoporous silica nanoparticles; NAA, neutron activation 

analysis; NKX6-1, homeobox protein Nkx-6.1; pdx1, pancreas/duodenum homeobox protein 1; 

TEM, transmission electron microscopy; TEOS, tetraethylorthosilicate; TGA, thermal 

differential analysis; XRD, low-angle X-ray diffraction. 
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