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A B S T R A C T   

Cell therapy is targeted at many organs, but locally or systemically delivered cells are shortly able to survive 
resulting from the immune/inflammation reactions and irregular cell targeting. Here we explore the multimodal 
nanoparticle having anti-inflammation and magnetic guidance for successful cell transplantation. We design 
magnetic resonance (MR)-active glycyrrhizin-chitosan coated superparamagnetic iron oxide nanoparticle 
(SPIO@Chitosan-GL) to inhibit release of inflammatory damage-associated molecular pattern (DAMP) protein 
and to offer noninvasive monitoring after intrahepatic transplantation of pancreatic islets and mesenchymal stem 
cell (MSC) spheroids. Intracellular delivered SPIO@Chitosan-GL is not cytotoxic to pancreatic islets and MSC 
spheroids and attenuate DAMP release from them. Also, therapeutic cells labeled with SPIO@Chitosan-GL are 
magnetically localized to the intended lobe of liver during transplantation procedure. If necessary, partial 
hepatectomy can be performed to remove the localized therapeutic cells for protection of the remaining liver 
lobes from systemic inflammation. Therapeutically, the cells selectively localized in the liver can treat blood 
glucose in diabetic mice to normal levels with DAMP modulation, and are visualized using in vivo MR imaging 
for over 4 weeks. Collectively, DAMP-modulating SPIO@Chitosan-GL can be used in multimodal nanomedince 
for attenuating the inflammation reaction by transplanted cells and for noninvasively long-term monitoring of 
transplanted cells.   

1. Introduction 

Cytotherapy (also called cell transplantation or cell delivery) is 
transplantation of viable stem cells or mature (differentiated) cells into a 
patient to exert a therapeutic effect through the secretion of the relevant 
therapeutic factors [1]. Therefore, cytotherapy is targeted at many or
gans by several strategies. However, locally or systemically delivered 
cells are usually able to survive for relatively short periods of time 
(days-weeks) resulting from the host’s immune reactions and irregular 

cell targeting. 
Insulin-secreting pancreatic islet transplantation is currently the only 

promising strategy to simultaneously achieve normal blood glucose 
level in patients with type I diabetes mellitus, which is complicated by 
impaired awareness of hypoglycemia [2–4]. Clinically, the donated is
lets cells are intrahepatically transplanted in the liver of diabetic pa
tients. However, the substantial loss of transplanted islet cell mass is 
primarily attributable to the host’s immune responses and the instant 
blood-mediated inflammatory reactions (IBMIR). Importantly, in severe 
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cases of islet graft rejection, the antigenic islets should be removed 
rapidly to protect the liver organ from the immune reaction and 
inflammation. However, the transplanted islets spread widely 
throughout the liver, making it impossible to remove them from the 
liver. On the other hand, High-mobility group box 1 (HMGB1) is a 
non-chromosomal DNA-binding nuclear factor protein that is present in 
almost all eukaryotic cells, but is more abundant in islets [5]. During 
immune response and inflammation, unavoidable damage to the islet 
causes the release of HMGB1 protein into the extracellular space. 
Extracellular HMGB1 plays a key role in the potent activation of innate 
immunity and proinflammatory cytokine production [6–8]. Therefore, 
multifunctional remedies to control HMGB1 action will provide a 
breakthrough for successful clinical cell transplantation. 

Glycyrrhizin (GL), clinically used as a treatment for hepatitis in 
Japan, is a well-known inhibitor of HMGB1, which directly binds to two 
shallow concave surfaces formed by the two arms of both HMG boxes 
[9]. In addition, GL attenuate the inflammatory response through low
ing the activity of 11β-Hydroxysteroid dehydrogenase (11β-HSD) in cell 
[10–12]. Therefore, GL would enhance the protective effect on the 

therapeutic cells. Meanwhile, superparamagnetic iron oxide (SPIO) 
nanoparticle is a safe and well-proven method that has been used in 
clinical magnetic resonance imaging (MRI) for decades [13–15]. 
Furthermore, SPIO nanoparticles would be a potential agent for mag
netic guidance of therapeutic cells to injured organs [16–19]. Therefore, 
here we developed Chitosan-GL-coated SPIO nanoparticle (called 
SPIO@Chitosan-GL). The amine group of water-soluble glycol chitosan 
was chemically conjugated with aldehyde group of the oxidized GL, 
which was further treated with as-prepared SPIO nanoparticle requiring 
sonication and heating method [20,21]. Therefore, this MRI-active 
SPIO@Chitosan-GL nanoparticle would be multimodal nanomedicine 
with anti-inflammation and magnetic guidance for successful thera
peutic cell transplantation (Fig. 1). 

To prove this hypothesis, we investigated the benefit of MRI-active 
SPIO@Chitosan-GL treatment on islets and/or adjuvant mesenchymal 
stem cell (MSC) spheroids in intrahepatic cell transplantation. First, we 
internalized the synthesized SPIO@Chitosan-GL nanoparticles into islets 
and MSC spheroids. We then tested the feasibility of magnetic guidance 
of the labeled therapeutic cells, and their ability to attenuate HMGB1 

Fig. 1. Magnetic nanoparticle with glycyrrhizin-chitosan conjugate (Chitosan-GL) and its application. (a) Schematic structure of superparamagnetic iron oxide 
nanoparticle coated with chitosan-GL (SPIO@Chitosan-GL) for binding the HMGB1, a DAMP protein. (b) Application of SPIO@chitosan-GL for successful cell 
transplantation. After internalization of SPIO@Chitosan-GL into therapeutic cells (pancreatic islets and stem cells), they could be intraportally transplanted into the 
liver under the magnetic guidance. In addition, the internalized SPIO@Chitosan-GL could reduce the inflammation reaction of transplanted cells, and they could be 
visualized by using MR imaging for a long time. If immune reaction/inflammation is occurred at the specific lobe, the transplanted cells could be eliminated by 
partial hepatectomy. 
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release in the labeled therapeutic cells. Next, the labeled therapeutic 
cells were intrahepatically transplanted into specific lobe of liver organ 
of diabetic mice under the magnetic guidance. Finally, glycemic 
outcome for their therapeutic effect and persistence of SPIO@Chitosan- 
GL nanoparticle in them were evaluated. 

2. Results and discussion 

2.1. Charaterization of MRI-active SPIO@Chitosan-GL nanoparticle 

To prepare MRI-active SPIO@Chitosan-GL nanoparticle, the 
glycyrrhizin-chitosan conjugate (Chitosan-GL) was synthesized via the 
linkage between amine group of chitosan and aldehyde group of the 
oxidized glycyrrhizin (oGL) (Fig. S1 and Fig. S2). The linkage of gly
cyrrhizin to glycol chitosan was confirmed by proton nuclear magnetic 

Fig. 2. Optimization of SPIO@Chitosan-GL internalization into pancreatic islets. (a) Schematic strategy for internalization of SPIO@Chitosan-GL. (b) The cell 
viability of pancreatic islets labeled with four experimental strategies: unlabeled islets without SPIO@Chitosan-GL, static magnetic field (SMF), Frequency- 
alternating magnetic field (F-AMF). Data were expressed as mean ± s.e.m (n = 5). (c) Relative amount of SPIO@Chitosan-GL labeled with four experimental 
strategies. Data were expressed as mean ± s.e.m (n = 5). *P < 0.05. (d) TEM image of islets labeled with four experimental strategies. (e) Relative amount of 
SPIO@Chitosan-GL in pancreatic islet labeled with F-AMF strategy according to different treatment concentration of SPIO@Chitosan-GL. Data were expressed as 
mean ± s.e.m (n = 5). NS: not significant. (f) The viability of pancreatic islet labeled with F-AMF strategy according to different treatment concentration of 
SPIO@Chitosan-GL. Data were expressed as mean ± s.e.m (n = 5). (g) Relative amount of SPIO@Chitosan-GL in pancreatic islet labeled with F-AMF strategy ac
cording to different repeat times (cycle). Data were expressed as mean ± s.e.m (n = 5). NS: not significant. (h) The viability of pancreatic islet labeled with 
SPIO@Chitosan-GL (20 or 60 μg/ml) by using F-AMF strategy (8 cycles) during different cultivation time. Data were expressed as mean ± s.e.m (n = 5). (i) Relative 
amount of SPIO@Chitosan-GL in pancreatic islet labeled with F-AMF strategy according to different cultivation time (day). Data were expressed as mean ± s.e.m (n 
= 5). 
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resonance (1H NMR) spectroscopy (Fig. S3~S6). The single peak at δ 
5.67 was attributed to the protons of olefinic bond (-(C––O)–CH––C-) in 
GL. The peaks at δ 3.61–3.71 were attributed to the protons from the 
chitosan backbone and the protons from the glucuronic acids in GL. The 
peak at δ 2.73 came from the protons of C-2 in secondary amine linkage 
(acetyl group or GL). Thus, Chitosan-GL conjugate was successfully 
synthesized. Then the Chitosan-GL conjugate was treated on SPIO 
nanoparticles prepared by co-precipitation of Fe3+ and Fe2+ salts in 
basic aqueous solution to prepare MRI-active SPIO@Chitosan-GL 
nanoparticle (Fig. S7a). The typical surface potential and size of bare 
SPIO (no coating with Chitosan-GL) and SPIO@Chitosan-GL was 
measured with a zeta sizer (Nano ZS, Melvern, UK), and the morphology 
of SPIO@Chitosan-GL was analyzed with transmission electron micro
scope (TEM). The surface potential of SPIO@Chitosan-GL was 0.2 ± 0.1 
mV in PBS at pH 7.4, whereas that of bare SPIO was − 0.1 ± 0.2 mV 
(Fig. S7c). The both particle size and hydrodynamic diameter of 
SPIO@Chitosan-GL (8.4 ± 0.3 nm and 136 ± 3.6 nm, respectively) was 
smaller than bare SPIO nanoparticle (14.9 ± 0.4 nm and 175 ± 2.7 nm, 
respectively) (Figs. S7b and S7c). Based on these findings, Chitosan-GL 
that coated on the surface of SPIO nanoparticle inhibits the over- 
growth of nanoparticle and stabilize the interface where nanoparticle 
interact with medium. Moreover, the polydispersity index (PDI) of 
SPIO@Chitosan-GL was maintained below 0.2 value after 2 weeks of 
storage, demonstrating stability against aggregation and nanoparticles 
of uniform-size. To quantify Chitosan-GL amounts in SPIO@Chitosan- 
GL, a 70% nitric oxide solution was added to the lyophilized 
SPIO@Chitosan-GL and heated to 180 ◦C for 2 h to remove organic 
compounds. Then, the iron amount of the samples was measured with 
inductively coupled plasma-mass spectrometry (ICP-MS). Therefore, the 
amounts of Chitosan-GL in SPIO@Chitosan-GL was obtained by sub
tracting the iron contents from the pre-measured mass of the lyophilized 
SPIO@Chitosan-GL (Fig. S7d). As a result, the average amount of 
Chitosan-GL out of 52.0 mg of SPIO@Chitosan-GL was 18.4 ± 0.3 mg 
(0.35 mg of Chitosan-GL per 1 mg of SPIO@Chitosan-GL). Unfortu
nately, the exact binding ratio between glycol chitosan (GC) and gly
cyrrhizin in the Chitosan-GL conjugate is not available to be calculated. 
This is because the molecular weight of GC ranges from 20 to 250 kDa 
with the degree of deacetylation from 60 to 82.7%. 

2.2. Optimization of intracellular uptake of SPIO@Chitosan-GL into 
pancreatic islets 

To optimize intracellular uptake of SPIO@Chitosan-GL into the iso
lated pancreatic islets, various concentrations of SPIO@Chitosan-GL 
were treated to pancreatic islets. To this end, we first set for different 
strategies with different treatment times and reaction time: (a) simple 
treatment without magnet, (b) static magnetic field (SMF), (c) static 
magnetic field with gentle pipetting (SMF-P), and (d) frequency alter
nating magnetic field (F-AMF); 1 cycle = first static magnetic field for 1 
min and then no magnetic field with gentle pipetting for 1 min (Fig. 2a). 
Regardless of the conditions used for intracellular uptake process, the 
viability of the labeled pancreatic islets was not affected (Fig. 2b). 
Among the four conditions, the highest iron content was achieved by F- 
AMF strategy (Fig. 2c). Representative TEM images of the internalized 
SPIO@Chitosan-GL nanoparticles were shown in Fig. 2d (blue arrow). In 
the case of F-AMF strategy, SPIO@Chitosan-GL nanoparticles were 
highly internalized into the islet cells. Furthermore, when 
SPIO@Chitosan-GL was treated up to 45 μg/ml with F-AMF strategy, the 
relative amount of intracellular SPIO@Chitosan-GL reached plateau at 
20 and 45 μg/ml without changes in the viability of islet (Fig. 2e and f). 
Next, when F-AMF was repeated up to 12 cycles, the amount of 
SPIO@Chitosan-GL nanoparticles internalized into the islet cells 
reached plateau at 8 and 12 cycles (Fig. 2g). The intracellular 
SPIO@Chitosan-GL nanoparticles did not affect the viability of pancre
atic islet for 7 days (Fig. 2h). In addition, intracellular SPIO@Chitosan- 
GL nanoparticles maintained in the islets, suggesting that no damage of 

islet viability was not occurred by the loss of the intracellular 
SPIO@Chitosan-GL nanoparticles (Fig. 2i). Collectively, with the opti
mized intracellular uptake strategy, i.e., F-AMF strategy, pancreatic is
lets were stably labeled with SPIO@Chitosan-GL nanoparticles. SMF 
strategy was also constant field with a frequency of 0 Hz, which was no 
change in intensity or direction over time. Therefore, SPIO@Chitosan- 
GL nanoparticles were not largely internalized into the islet when 
applied with SMF strategy. However, F-AMF strategy below the surface 
of the cell culture plate has a regular frequency, which could generate 
oscillation of SPIO@Chitosan-GL nanoparticles. Accordingly, F-AMF 
could strongly pull SPIO@Chitosan-GL nanoparticles into contact with 
the islet cell membrane and then SPIO@Chitosan-GL nanoparticles were 
largely internalized into the islet cells with high efficiency in the absence 
of damage. On the other hand, it is well known that the coating of SPIO 
with non-magnetic polymers like polysaccharide or its derivative such as 
our glycol chitosan leads to a decrease in magnetization as compared 
with bare SPIO [22]. Nevertheless, we showed that F-AMF strategy 
could be suitable to enhance the internalization of SPIO@Chitosan-GL 
nanoparticles. Collectively, based on these findings, the intracellular 
uptake strategy of SPIO@Chitosan-GL into islets were optimized with 
F-AMF strategy. 

2.3. Functionality of pancreatic islets labeled with SPIO@Chitosan-GL 
nanoparticle 

It has been reported that magnetic forces (strength of a magnetic 
field or magnetic flux density) greater than 2–3 T (Tesla) can cause 
short-term effects such as dizziness, irregular movement, and nausea in 
patients due to generation of small electrical current [23–25]. In our 
study, a magnetic force with 0.2 T (or 2000 G) was used for the inter
nalization of SPIO@Chitosan-GL nanoparticles. Therefore, the F-AMF 
strategy may not have adverse effects on islets. To determine if the 
F-AMF strategy to internalize SPIO@Chitosan-GL nanoparticles could 
affect islets, we metabolically evaluated the viability and function of 
islets. The viability of islets labeled with SPIO@Chitosan-GL was not 
impaired, which was assessed via fluorescent dye staining (Fig. 3a and 
b). Mitochondrial markers, essentially one of the most reliable pre
dictors of islet function, are important for assessing islet health [26,27]. 
No metabolic change in the cytosolic ADP/ATP ratio was measured 
(Fig. 3c). Therefore, using F-AMF strategy, metabolism of islets labeled 
with SPIO@Chitosan-GL nanoparticles was not affected. For further 
evaluation of SPIO@Chitosan-GL-labeled islet function, the amount of 
insulin secreted from them during static incubation at low and high 
glucose concentration was measured. The secretion patterns of insulin 
protein and the stimulation index (SI) values of glucose were similar in 
all experimental groups (Fig. 3d and e). Overall, it was confirmed that 
internalization of SPIO@Chitosan-GL did not affect the viability and 
function of islets. To assess whether SPIO@Chitosan-GL attenuated the 
release of HMGB1 in islets, islets were damaged by treatment of strep
tozotocin (STZ; 1.5 mM) for 2 h, which was confirmed by AO/PI fluo
rescence staining (Fig. 3f). Thereafter, the level of HMGB1 in the 
medium was immediately investigated. In the unlabeled or bare 
SPIO-labeled islets, the release of HMGB1 was significantly increased by 
STZ injury (Fig. 3g). However, the release of HMGB1 from 
SPIO@Chitosan-GL-labeled islets was not increased even though the 
treated STZ damaged islets. The mechanisms by which cells release 
HMGB1 into the extracellular environment are either passive or active 
[28]. HMGB1 is passively released into extracellular space from 
damaged cells, and then it acts as a cytokine-like-factor that recruits 
immune cells by binding to receptors such as Toll-like receptors (TLRs) 
as well as receptors for advanced glycation end products (RAGE). Then, 
the activated immune cells actively released HMGB1 again. Therefore, 
blocking initiation of HMGB1-derived immune response is considered an 
important strategy to prevent exacerbation of cellular damage. From 
these results, we found that SPIO@Chitosan-GL nanoparticles intro
duced into cells could functionally inhibit the passive release of HMGB1 
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after cell damage, which is the starting point of immune response after 
cell injury. Moreover, it has been reported that iron oxide nanoparticle 
such as SPIO are aggregated in the cytoplasmic fraction of islets due to 
their ferrimagnetic properties to prevent exocytosis for a long period of 
time [29]. In the case of SPIO@Chitosan-GL, it would have been further 
improved the islets through binding GL to HMGB1 for inhibition of 
passive release of HMGB1 from islets. 

2.4. Magnetic guidance of SPIO@Chitosan-GL-labeled pancreatic islets 
during the intrahepatic transplantation 

For MR imaging, the magnetic property of SPIO@Chitosan-GL 
nanoparticle was characterized with T2*-weighted MR image. To this 
end, T2*-weighted images were obtained by using in vitro phantom of 
agar gel with different concentration of SPIO@Chitosan-GL nano
particle. As a result, SPIO@Chitosan-GL nanoparticle demonstrated a 

log-linear dependency of the 1/T2* (T2 relaxation rate, a measure of T2* 
value within the regions of interest (ROI) values on the SPIO@Chitosan- 
GL concentration (Fig. S8). T2*-weighted MR images of SPIO@Chitosan- 
GL nanoparticle with more than 8.3 μg/ml were blurred, suggesting that 
low concentration of SPIO@Chitosan-GL is possible enough to image 
pancreatic islets. After that, pancreatic islets labeled with 5 μg/ml of 
SPIO@Chitosan-GL were intrahepatically transplanted to visualize them 
in the whole liver. In the absence of magnetic guidance, the hypointense 
spots representing SPIO@Chitosan-GL-labeled islets were distributed 
throughout the liver (Fig. 4a). Under magnetic guidance, however, they 
were highly localized into the median lobe of liver. To clearly analyze 
the distribution of them in each lobe of liver organ, the dissociated lobes 
were analyzed with in vitro T2-weighted MRI phantom (Fig. 4b and 
Fig. S9). The islets were specifically localized in the median (M1 & M2) 
lobe of liver via magnetic guidance. To quantify their hypointensity in 
agar gel phantom, we analyzed the T2 relaxation time of each lobe 

Fig. 3. Effect of SPIO@Chitosan-GL internalized into the pancreatic islets. (a) Fluorescent acridine orange (AO)/propidium iodide (PI) stain of unlabeled islets 
(control) and SPIO@Chitosan-GL-labeled islets. Scale bar: 100 μm. (b) The viability of unlabeled islets (control) and SPIO@Chitosan-GL-labeled islets. Data were 
expressed as mean ± s.e.m (n = 5). (c) The changes in ADP/ATP ratio of unlabeled islets (control) and SPIO@Chitosan-GL-labeled islets. Data were expressed as 
mean ± s.e.m (n = 5). (d) Glucose-stimulated insulin secretion (GSIS) assay to unlabeled islets (control) and SPIO@Chitosan-GL-labeled islets. Data were expressed 
as mean ± s.e.m (n = 5). (e) Stimulation index (SI) value to unlabeled islets (control) and SPIO@Chitosan-GL-labeled islets after GSIS assay. Data were expressed as 
mean ± s.e.m (n = 5). (f) Fluorescent AO/PI stain of unlabeled islets treated with streptozotocin (STZ, 1.5 mM) for 2 h. Scale bar: 100 μm. (g) Secreted amount of 
HMGB1 from unlabeled islets (control) and SPIO@Chitosan-GL-labeled islets without or with treatment of streptozotocin (STZ, 1.5 mM) for 2 h. Data were expressed 
as mean ± s.e.m (n = 5). *P < 0.05, **P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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(Fig. 4c). T2 relaxation time due to magnetic guidance was significantly 
longer in the median (M1 & M2) lobe than in other lobes. To confirm the 
presence of SPIO@Chitosan-GL in the median lobe, all sectioned slices of 
the whole median lobe were stained with anti-insulin (for insulin- 
secreting islet stain) and prussian blue dye (for SPIO@Chitosan-GL 
stain) (Fig. 4d and e, and Fig. S10). In addition, the sectioned slices of 
the median lobe were visualized with in vitro MRI phantom analysis 
(Fig. 4f). From these findings, we found that SPIO@Chitosan-GL-labeled 
pancreatic islets could be intrahepatically transplanted into the target 
median lobe of liver organ through magnetic guidance. 

2.5. Internalization of SPIO@Chitosan-GL into murine pancreatic 
mesenchymal stem cell (MSC) 

Because of their immunomodulatory properties as well as survival 
and angiogenesis-promoting properties, co-transplantation of islets and 
human mesenchymal stem cell (MSC) in portal sinusoids has been an 
active area of investigation [30–32]. To the best of our knowledge, 
however, translational potential of this approach in clinical allogeneic 
islet transplantation has not been tested in diabetic patients. One of the 
important issues is the instant blood mediated inflammatory reaction 
(IBMIR) induced by intrahepatically infused MSCs, potentially leading 
to immune-mediated clearance of therapeutic cells and portal vein 
thrombosis [33]. Recently, we observed that the thrombogenic proper
ties of MSCs were weakened by forming the spheroids of them instead of 

Fig. 4. In vivo and in vitro MR image analysis of SPIO@Chitosan-GL-labeled islets after intraportal transplantation. (a) T2-weighted MR image of unlabeled islet 
(control) and SPIO@Chitosan-GL-labeled islets after intraportal transplantation without or with magnetic guidance. Yellow circle: SPIO@Chitosan-GL-labeled islets. 
(b) In vitro T2-weighted MR phantom image of each lobe of liver organ dissociated from the recipient after intraportal transplantation without or with magnetic 
guidance. C1 and C2: Caudate lobe, M1 and M2: Median lobe, L: Left lobe, RA: Right Anterior, RP: Right Posterior. (c) T2 relaxation time of each lobe of liver organ 
after In vitro T2-weighted MR phantom analysis from Fig. 4b. Red dash line: T2 relaxation time or liver organ on average. *P < 0.05. (d) Absolute pixel number of 
insulin-positive cells from the whole sections of median lobe by using Image-J software. Data were expressed as mean ± s.e.m (n = 5). (e) Absolute pixel number of 
Prussian Blue-positive cells from the whole sections of median lobe by using Image-J software. Data were expressed as mean ± s.e.m (n = 5). *P < 0.05. (f) In vitro 
MR phantom analysis of agarose gel phantom with pancreatic islets without or with SPIO@Chitosan-GL labeling. Yellow circle: MR-positive islets. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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single cells [34]. To further control the inflammation of MSCs in the liver 
organ, here we first demonstrated that internalization of 
SPIO@Chitosan-GL into murine pancreatic MSC spheroids could atten
uate the release of HMGB1 and resultant conversion of complement 
factor C3 into C3a in the bloodstream, an effector of the complement 
system, with functioning immune cells’ activation. To this end, 
SPIO@Chitosan-GL nanoparticles were treated to the cultured MSCs 
with frequency alternating magnetic field (F-AMF), and then the 
SPIO@Chitosan-GL-labeled MSCs were aggregated by conventional 
hanging-drop method (Fig. 5a). SPIO@Chitosan-GL nanoparticles were 
dose-dependently internalized in the MSCs, which was quantified by the 
iron assay (Fig. 5b and c). The viability of SPIO@Chitosan-GL-labeled 
MSCs was not impaired for a day when SPIO@Chitosan-GL was 
treated up to 80 μg/ml (Fig. 5d). However, when the 
SPIO@Chitosan-GL-labeled MSCs were cultured for 7 days, the viability 
of them treated with more than 20 μg/ml was damaged. Conversely, it 

can be confirmed that no cytotoxicity was found until the 7th day at a 
treatment concentration of 20 μg/ml or less. To evaluate whether 
SPIO@Chitosan-GL affect the proliferation of MSCs, the proliferation 
rate of SPIO@Chitosan-GL-labeled MSCs was measured for 7 day. The 
proliferation of SPIO@Chitosan-GL-labeled MSCs was similar to that of 
unlabeled MSCs (Fig. S11), which was similar to the average doubling 
time (2–3 days) of MSCs [35]. In addition, when MSCs were treated with 
less than 20 μg/ml of SPIO@Chitosan-GL, the MSC spheroid formed with 
all initial cell numbers using the hanging-drop method (Fig. 5e and f). To 
visualize the internalized SPIO@Chitosan-GL at up to 20 μg/ml, the 
SPIO@Chitosan-GL-internalized MSCs were stained with prussian blue 
dye, suggesting that the low concentration of SPIO@Chitosan-GL (20 
μg/mL or less) could be sufficiently internalized into MSCs (Fig. 5g). 
Based on these findings, the concentration of SPIO@Chitosan-GL for 
MSC labeling was optimized to 20 μg/ml. 

Fig. 5. Optimization of SPIO@Chitosan-GL labeling to mesenchymal stem cells (MSC). (a) Spheroid formation of MSC labeled with SPIO@Chitosan-GL. (b) Optical 
image of MSCs after treatment with different concentration of SPIO@Chitosan-GL nanoparticle. Scale bar: 100 μm. (c) Internalized amount of SPIO@Chitosan-GL 
into MSCs after treatment with different concentration of SPIO@Chitosan-GL nanoparticle. Data were expressed as mean ± s.e.m (n = 5). (d) Cytotoxicity of 
SPIO@Chitosan-GL nanoparticle to MSCs during cultivation time after treatment with different concentration of SPIO@Chitosan-GL nanoparticle. Data were 
expressed as mean ± s.e.m (n = 5). **P < 0.01. ***P < 0.001. (e) Spheroid formation of MSCs labeled with different concentration of SPIO@Chitosan-GL. Scale bar: 
100 μm. (f) Aggregated cell numbers per each MSC spheroid that were formed with MSCs labeled with different concentration of SPIO@Chitosan-GL (n = 1). (g) 
Prussian Blue stain image of MSC spheroid that were formed with MSCs labeled with different concentration of SPIO@Chitosan-GL. Scale bar: 10 μm. (For inter
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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2.6. Magnetic guidance of SPIO@Chitosan-GL-labeled MSC spheroids 
during the intrahepatic transplantation 

Next, we evaluated whether MSC spheroids labeled with 
SPIO@Chitosan-GL could be magnetically guided during the intra
hepatic transplantation. As control, SPIO@Chitosan-GL-labeled MSC 
spheroids were also transplanted without magnetic field (negative 
control) or with surgical vascular clamp (positive control). After trans
plantation of them in the liver through the portal vein, the liver organ 
was scanned with T2-weighed MR scanner. SPIO@Chitosan-GL-labeled 
MSC spheroids were well magnetically guided to the target median 
lobe of liver organ, which were similar to positive control (yellow circle, 
Fig. S12). However, the simply infused MSC spheroids were not clearly 

detected in the intended lobe because of the lack of magnetic guidance. 
These results suggested that MSC spheroids labeled with 
SPIO@Chitosan-GL could be well guided by magnetic targeting effect. 
However, the MR images of the liver with SPIO@Chitosan-GL-labeled 
MSC spheroids were severely blurred, meaning that 20 μg/ml of 
SPIO@Chitosan-GL was still high concentration. 

On the other hand, we confirmed the persistence of SPIO@Chitosan- 
GL MSC spheroids in the recipient liver tissue by iron staining, which 
was obtained three weeks after the allogeneic intraportal trans
plantation of SPIO@Chitosan-GL MSC spheroids alone (Fig. S13). MSC 
spheroid were stained with green fluorescent protein (GFP)-antibody, as 
murine pancreatic MSCs in this study were isolated from male GFP- 
transgenic C57BL/6J mice. As a result, extensive uptake of 

Fig. 6. Effect of SPIO@Chitosan-GL internalized into the MSC spheroid. (a) MSC spheroids labeled with different concentration of SPIO@Chitosan-GL. (b) The 
images of moving MSC spheroids labeled with different concentration of SPIO@Chitosan-GL. Scale bar: 20 μm. (c) Migration distance of SPIO@Chitosan-GL labeled 
MSCs spheroid under magnetic field. (d) In vitro T2-weighted MRI phantom analysis of MSC spheroids labeled with each concentration of SPIO@Chitosan-GL. (e) 
Experimental scheme for cellular damage to MSC spheroids during cultivation with high concentration of glucose (72 mM, 72 h). (f) Secreted amount of HMGB1 from 
the MSC spheroids that were formed with MSCs treated with different concentration of SPIO@Chitosan-GL according to different glucose concentration. Data were 
expressed as mean ± s.e.m (n = 5). **P < 0.01 and ***P < 0.001 versus MSCs were treated with 0 μg/ml of SPIO@Chitosan-GL at 75 mM glucose concentration. (g) 
Intracellular amount of HMGB1 in the MSC spheroids that were formed with MSCs treated with different concentration of SPIO@Chitosan-GL according to different 
glucose concentration. Data were expressed as mean ± s.e.m (n = 5). **P < 0.01 and ***P < 0.001 versus MSCs were treated with 5 μg/ml of SPIO@Chitosan-GL at 
75 mM glucose concentration. (h) Serum concentration of complement factor C3a after intraportal transplantation of MSC single cells or spheroids. Blood samples 
were collected at 0 or 30 min after intraportal transplantation of MSC spheroids. Data were expressed as mean ± s.e.m (n = 3). **P < 0.01 and ***P < 0.001. 
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SPIO@Chitosan-GL was observed in MSC spheroids (GFP-stained area), 
which is explained by the formation of MSC spheroids after 
SPIO@Chitosan-GL uptake in single MSCs and stably localizing and 
functioning at the implanted site for a long period of time. 

2.7. Effect of SPIO@Chitosan-GL nanoparticle in MSC spheroid under the 
cellular damage 

Therefore, we optimized the concentration of SPIO@Chitosan-GL 
through evaluating responsiveness to the magnetic field (Fig. 6a). The 
MSC spheroids labeled with 5 μg/ml of SPIO@Chitosan-GL still 
responded well to the magnetic field of strength of 2000 G given at a 
distance of 5 cm from the dish (their reaction velocity at magnetic field: 
~345 μm/s) (Fig. 6b and c). Then, we optimized the concentration of 
SPIO@Chitosan-GL using in vitro T2-weighted MRI phantom analysis 
(Fig. 6d). The MSC spheroids labeled with 5 μg/ml of SPIO@Chitosan- 
GL were clearly visualized in agar gel phantom without image blur
ring. After that, to evaluate whether the internalized SPIO@Chitosan-GL 
could attenuate the secretion of HMGB1, i.e., inflammatory protein, in 
MSC spheroids, we measured the amount of HMGB1 on MSC spheroids 
after cellular damage with high concentration of glucose (Fig. 6e). 
HMGB1 content was normally maintained in the cell at low glucose 
concentration (2 mM), meaning that the internalized SPIO@Chitosan- 
GL did not affect the release of HMGB1 (Fig. 6f). When MSC spheroids 
were damaged with high glucose (75 mM), HMGB1 was significantly 
released into culture medium. However, SPIO@Chitosan-GL-labeled 
MSC spheroids significantly attenuated HMGB1 release. To confirm 
low release of HMGB1, we measured the intracellular HMGB1 content of 
the MSC spheroids. The intracellular HMGB1 content was significantly 
reduced by cell damage with high glucose in the case of no treatment of 
SPIO@Chitosan-GL (Fig. 6g). Interestingly, SPIO@Chitosan-GL-labeled 
MSC spheroids had significantly higher intracellular HMGB1 content 
at cellular damage with high glucose. These results correlated with the 
ability of SPIO@Chitosan-GL (5 μg/ml) to attenuate HMGB1 release in 
islets (see Fig. 3f). Therefore, internalization of SPIO@Chitosan-GL 
could significantly regulate the secretion of HMGB1 regardless of cell 
type. 

On the other hand, C3a, one of the proteins formed by cleavage of 
complement factor, is an inflammation-inducing molecule [36]. In 
addition, C3a could bind to RAGE (receptor for advanced glycosylation 
end-products) with high affinity [37]. Also it could form a complex with 
CpG oligonucleotides to enhance release of interferon-α (IFN-α) cytokine 
from leukocytes [38]. The concentration of C3a can be increased in the 
bloodstream after islet and MSCs are infused through the portal vein of 
liver, because HMGB1 released from the damaged therapeutic cells in
duces conversion of C3 to C3a as a part of IBMIR. Internalization of 
SPIO@Chitosan-GL into MSC spheroids can reduce C3 to C3a conversion 
through attenuated release of HMGB1 by damaged MSC spheroids, 
thereby lowering serum C3a levels and reducing the instant blood 
mediated inflammatory reaction (IBMIR) [39,40]. 

The serum concentration of C3a was measured 30 min after the 
transplantation of MSC spheroids, considering that the IBMIR occurs 
immediately after intraportal infusion of therapeutic cells. In this re
gard, islet transplantation is a process in which a massive destruction of 
majority of transplanted islets occurs during the first few days by IBMIR, 
hypoxia, and metabolic stress. Surviving islets can achieve engraftment 
after ~14 days of revascularization process [41]. We agree that C3a 
levels in immediate posttransplant period of co-transplantation of islets 
and MSC spheroids would be informative for documentation of reduc
tion in IBMIR. However, the serum C3a levels were not measured during 
the co-transplantation experiments for a reason. Because there was a 
critical trade-off between the benefit of measuring serum C3a levels by 
blood sampling of small animals (C57BL/6J mice) and major stress in
duction in experiments requiring the survival of animals for >4 weeks. 
Stress during the early posttransplant period of islet transplantation is a 
major perturbing factor in islet graft function. This is because 

transplanted islets are most vulnerable to stress during the early post
transplant period before engraftment with revascularization. In pres
ence of major stress, the glycemic outcome of islet transplantation is 
confounded, as hyperglycemia could be more severe in recipient animals 
that are more vulnerable to stress. 

As a result, the intrahepatically transplanted MSC single cells or MSC 
spheroids without SPIO@Chitosan-GL highly induced the serum con
centration of C3a even though their cell number was lower (Fig. 6h). 
However, the serum concentration of C3a was significantly low at 
transplantation of SPIO@Chitosan-GL-labeled MSC spheroids although 
their cell number was higher those in other groups. Furthermore, C3a is 
known to contain a binding domain with high affinity for glycyrrhizin 
[42]. Therefore, it is expected that the result is not only due to the 
attenuation of IBMIR by reduced release of HMGB1, but also that the 
conformational change of C3 after binding with glycyrrhizin may be 
additionally involved in the anti-inflammatory effect in vivo. 

2.8. Therapeutic effect of SPIO@Chitosan-GL-labeled pancreatic islets 
and MSC after intrahepatic co-transplantation with magnetic guidance 

Next, we co-transplanted allogenic mouse-derived pancreatic islets 
and allogenic mouse-derived MSC spheroids into the liver of diabetic 
mouse under magnetic guidance to evaluate therapeutic effect of 
SPIO@Chitosan-GL in allotransplantation condition, which is relevant 
setting with current clinical allotransplantation (Fig. 7a). To this end, 
SPIO@Chitosan-GL was separately treated or not in both cells, and then 
intrahepatically infused in the streptozotocin (STZ)-induced diabetic 
mouse. In general, it is known that islet architecture is fundamentally 
different among various species [43]. However, taken together with in 
vitro results, SPIO@Chitosan-GL nanoparticles could be well internal
ized in both rat-derived and mouse-derived islets. After allo
transplantation, the blood glucose outcomes in the diabetic recipients 
were monitored with a short 5-days cyclosporine A (CsA) regimen, 
which was suitable for assessing post-transplant loss of 
pre-transplantation cell grafts. Transplantation of unlabeled pancreatic 
islets alone did not completely reverse STZ-induced diabetes, even 
during CsA injection (black circle, Fig. 7b). In addition, 
co-transplantation of unlabeled pancreatic islets and unlabeled MSC 
spheroids reversed STZ-induced diabetes for 13 days (triangle, Fig. 7b), 
demonstrating the cytoprotective effect of the stem cells. The survival 
time (16–18 days) of SPIO@Chitosan-GL-labeled islets alone were very 
similar to transplantation of SPIO@Chitosan-GL-labeled islets with un
labeled MSC spheroids (white circle and inverted triangle, Fig. 7b), 
suggesting that the cytoprotective effect of MSC spheroid was limited. 
These results might be attributed to the release of HMGB1 protein (see 
Figs. 3f and 6f). In general, HMGB1 is known to play a crucial role in the 
early loss of transplanted islets in a diabetic mice model, which is highly 
correlated to immune rejection [39]. This is because pancreatic islets 
contained abundant HMGB1, which was released into the circulation 
soon after islet transplantation into the liver. Mechanistically, HMGB1 
stimulates hepatic mononuclear cells (MNCs), which upregulate CD40 
expression and increases IL-12 production by dendritic cells (DCs). It 
then leads to NKT cell activation and NKT cell-dependent increased 
IFN-γ production by Gr-1+CD11b+ cells. Therefore, inhibition of 
HMGB1 secretion from islet cell is significant to prevent early islet graft 
loss mediated by immune rejection. In this regard, GL, which exhibits 
high affinity for HMGB1 in SPIO@Chitosan-GL-labeled islets, is ex
pected to inhibit HMGB1 secretion and successfully attenuate the im
mune rejection response that occurs during islet transplantation. On the 
other hand, co-transplantation of SPIO@Chitosan-GL-labeled pancreatic 
islets and SPIO@Chitosan-GL-labeled MSC spheroids significantly low
ered the mean blood glucose levels in the diabetic recipients to within 
200 mg/dl for 30 days after transplantation (black square, Fig. 7b). 

When we compared the % proportion of HMGB1-, CD68− , and CD3- 
stained area to insulin-stained area in the islet grafts of the two groups 
with co-transplantation of islets and MSC spheroids (SPIO@Chitosan- 
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GL-islets with SPIO@Chitosan-GL MSC spheroids group and unlabeled 
islets with unlabeled MSC-spheroids group), the SPIO@Chitosan-GL- 
islets with SPIO@Chitosan-GL MSC spheroids group showed lower 
proportion of HMGB1-, CD68− , and CD3-stained area to insulin-stained 
area in the islet grafts (Fig. 7c and Fig. S14). We also explored if the 

SPIO@Chitosan-GL MSC spheroids are present in the recipient liver four 
weeks after co-transplantation of SPIO@Chitosan-GL pancreatic islets 
with SPIO@Chitosan-GL MSC spheroids. As a result, it was confirmed 
that the grafted area on the slide was stained with Prussian blue (black- 
dashed circles). Markers for pancreatic islet (anti-insulin antibody, red- 

Fig. 7. Therapeutic effect of SPIO@Chitosan-GL-labeled pancreatic islets and MSC spheroids intraportally co-transplanted with magnetic guidance. (a) Allo
transplantation of pancreatic islets and MSC spheroids after SPIO@Chitosan-GL internalization. (b) Nonfasting blood glucose level of the diabetic recipients after 
intraportal co-transplantation with magnetic guidance. Data were expressed as mean ± s.e.m (n = 5). ITx: intraportal transplantation at day 0. Arrow: immuno
suppressant cyclosporin A (CsA, 20 mg/kg) injection. Green dash line: standard dotted line for judging diabetes treatment (200 mg/dl). (c) Immunofluorescence 
image and HMGB1/insulin (%) ratio in the islet grafts of the two groups with co-transplantation of islets and MSC spheroids (SPIO@Chitosan-GL-islets with 
SPIO@Chitosan-GL MSC spheroids group vs. unlabeled islets with unlabeled MSC-spheroids group). Data were expressed as mean ± standard deviation. Scale bar: 
100 μm. (d) In vivo T2-weighted MR images of the diabetic recipients after intraportal co-transplantation with magnetic guidance. Red circle: the detected islets and 
MSC spheroids. (e) In vitro T2-weighted MR images of the sectioned median lobe of liver organ after intraportal co-transplantation with magnetic guidance. Black 
spots: the detected islets and MSC spheroids. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

S.B. Jang et al.                                                                                                                                                                                                                                  



Biomaterials 287 (2022) 121679

11

dashed circles) and MSC spheroids (anti-GFP and anti-stem cell antigen- 
1 (Sca1) antibody, blue-dashed circles) were also stained adjacent to the 
iron stained-site (Fig. S15). 

Given that the durable euglycemia was achieved only when both the 
SPIO@Chitosan-GL-islets and SPIO@Chitosan-GL MSC spheroids were 
transplanted (Fig. 7b). These findings may indicate that the profound 
difference in the glycemic levels between the two groups was attribut
able to the inflammatory state of the islet grafts, probably mediated by 
the reduced release of HMGB1 by of SPIO@Chitosan-GL uptake in both 
cell types. 

In vivo MRI of the diabetic recipients transplanted with 
SPIO@Chitosan-GL-labeled pancreatic islets or SPIO@Chitosan-GL- 
labeled MSC spheroids showed hypointense spots successfully local
ized in the median lobe of the liver for 4 weeks post-transplantation 
(Fig. 7d), indicating that both cells could be well co-localized in the 
intended location by magnetic guidance. In addition, SPIO@Chitosan- 
GL-labeled pancreatic islets or/and SPIO@Chitosan-GL-labeled MSC 
spheroids were strongly detected when the dissected median lobe was 
sectioned and analyzed with in vitro MRI phantom (Fig. 7e). Meanwhile, 
to ascertain whether the recipients’ diabetic reversal is truly attributable 
to the transplanted SPIO@Chitosan-GL-labeled pancreatic islets, we 
partially hepatectomized the median lobe in which SPIO@Chitosan-GL- 
labeled pancreatic islets were selectively localized by magnetic guid
ance. The blood glucose levels of partially hepatectomized recipients 
were immediately hyperglycemic (Fig. S16), indicating that the trans
planted pancreatic islets were successfully localized in the median lobe 
of the liver and were responsible for the normoglycemia. It was also 
demonstrated that the localized islets could be safely removed without 
whole hepatectomy in the event of an inflammatory reaction in the liver. 
Next, we thoroughly explored if there was remnant hepatic infarction in 
the four weeks post-transplantation liver tissues and found that there 
was no evidence of hepatic infarction in transplantation sites in all an
imals (Fig. S17). Given that islet transplantation has been accepted as a 
safe procedure unless portal thrombosis occurs, we sought to ensure that 
there is no evidence of safety issue in the 4-week liver tissues. 

3. Conclusion 

Collectively, SPIO@Chitosan-GL nanoparticle would be useful for co- 
transplantation of islets with adjuvant therapeutic cells such as mesen
chymal stem cells (MSCs), which can be facilitated by co-localization of 
islets and adjuvant therapeutic cells [34]. Given that most MSCs are 
substantially damaged in the early stage of their engraftment and IBMIR 
[33], intracellular delivery of GL as SPIO@Chitosan-GL to islets and 
MSCs would result in better immunological protection. Both treated 
cells offer a higher probability of synergistic effects by paracrine 
mechanism. Given that both SPIO and GL has been clinically used 
without safety issues [14,15], we speculated that our approach could 
offer an important breakthrough for the widespread clinical use of 
pancreatic islet transplantation and potentially any cell therapy with 
MSCs. 

4. Materials and methods 

4.1. Conjugation of glycyrrhizin-glycol chitosan (Chitosan-GL) 

To synthesis glycyrrhizin-glycol chitosan conjugate (Chitosan-GL), 
glycyrrhizin ammonium salt (GL; 411.5 mg; Sigma-Aldrich, St. Louis, 
Missouri, USA) was dissolved in 10 ml of carbonate buffer solution (CBS; 
pH 9.5) at 4 ◦C. Sodium periodate (214 mg; Sigma-Aldrich) was also 
dissolved in 10 ml of deionized water, which was slowly dropped into 
the as-prepared glycyrrhizin solution and reacted for 90 min at 4 ◦C, 
thereby preparing the oxidized glycyrrhizin (oGL). Separately, glycol 
chitosan (205.7 mg; Wako pure chemical industries, Osaka, Japan) was 
dissolved in 10 ml of CBS (pH 9.5) at 4 ◦C, which was also further 
dropped into the oGL solution and gently shake at 4 ◦C for 24 h. To 

stably become the glycyrrhizin-glycol chitosan (Chitosan-GL) conjugate, 
cyanoborohybride (15 μL; Sigma-Aldrich) was further dropped into the 
solution and reacted for 24 h. After that, the solution was purified with 
dialysis membrane (MWCO 3500–5000 Da; membrane filtration prod
ucts, USA) in CBS (pH 9.5) for 48 h and then further dialyzed in 
deionized water for 72 h. The dialysis buffer solution was newly 
replaced at each time. Then, the purified solution was replaced into 50- 
ml tube and frozen with liquid nitrogen. It was freeze-dried for 3 days to 
be lyophilized. Finally, the powder form of Chitosan-GL was obtained. 
The link between GL and glycol chitosan was confirmed by Fourier- 
transform infrared (FT-IR) spectroscopy (Nicolet™ iS™50 FR-IR Spec
trometer; Thermo scientific, Waltham, MA, USA) and 1H NMR (500 MHz 
NMR Avance-500, Bruker, Germany). 

4.2. Preparation of SPIO@Chitosan-GL nanoparticle 

To synthesize superparamagnetic iron oxide (SPIO) nanoparticle, 
iron (II) chloride tetra hydrate (0.28 g, Sigma-Aldrich) and iron(III) 
chloride hexahydrate (0.56 g, Sigma-Aldrich) were dissolved at 30 ml of 
deionized water in 3-neck round bottom flask. Rubber stoppers were put 
on the flask and nitrogen gas was injected for 30 min to remove oxygen 
in the flask. After nitrogen gas injection was stopped, ammonium hy
droxide (8 ml, Sigma-Aldrich) was dropped in the flask with syringe and 
gently stirred for 30 min under the nitrogen gas purge to make precip
itation of the SPIO nanoparticle. The solution in the flask was transferred 
to a 100-ml beaker that was put on a neodymium circular magnet (5-cm 
in diameter, 5000 G). When the black-colored SPIO nanoparticles were 
precipitated at the bottom by the magnet, the supernatant was removed. 
Then 20 ml of deionized water was added in the beaker and vigorously 
mixed with pipetting. This washing step was repeated twice more. 

To coat superparamagnetic iron oxide (SPIO) nanoparticle with 
Chitosan-GL, the lyophilized Chitosan-GL (100 mg) was dissolved in 10 
ml of deionized water. If it was not completely dissolved well, 5–10 μL of 
acetic acid was added. The fully dissolved as-prepared SPIO nano
particle solution was poured into the Chitosan-GL solution and stirred at 
80 ◦C for 2 h. And then, the solution was sonicated ice condition for 1 h 
with a specific condition (39% amplification; On time: 2sec, Off time: 2 
s, Total time: 1 h condition). To remove the uncoated SPIO nano
particles, the solution was put on the neodymium magnet for 5 min. 
Then the supernatant was collected and centrifuged for 10 min. After 
that, the supernatant was filtered with 0.8-μm pore size and then further 
filtered with 0.45-μm pore size. The final solution of Chitosan-GL-coated 
SPIO, i.e., SPIO@Chitosan-GL, nanoparticles was stored at 4 ◦C and left 
at room temperature before use. The size of SPIO@Chitosan-GL was 
measured by using transmission electron microscope (TEM, Joel, Pea
body, MA 01960, USA). The surface potential and size of 
SPIO@Chitosan-GL nanoparticle was measured using a zeta sizer (Nano 
ZS, Melvern, UK). 

5. Animal purchase and study approval 

Male Sprague Dawley (SD) rat, C57BL/6J mice, or FVB mice of 
seven-week-old were purchased from Nara-Bio Company, Seoul, Korea. 
Animals were controlled in Specific Pathogen-Free (SPF) condition in 
accordance with the provisions of the Institutional Animal Care and Use 
Committee (IACUC) at Hanyang University. Feed was given once a day 
and an automated watering system was used. The experimental protocol 
was approved by IACUC (No. 2018-0205A) and conformed to the 
guidelines for the Care and Use of Laboratory Animals. 

5.1. Internalization of SPIO@Chitosan-GL into isolated pancreatic islets 

To isolate pancreatic islets, 10 ml of collagenase P solution (1 mg/ml 
in Hanks’ balanced salt solution; Roche, Basel, Switzerland) was intra
ductally injected into the common duct of pancreas organ in male 
Sprague Dawley (SD) rat, C57BL/6J mice or FVB mice. The expended 
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pancreases organ was surgically and incubated for enzymatic digestion 
in water bath (37 ◦C) for 15 min. After adding the complete medium, 
purification of isolated islets was carried out by using discontinuous 
Histopaque (Sigma) and centrifugation. The purified islets in the layer of 
Histopaque was collected washed two times. To recover the purified 
islets, they were cultured for 24 h in RPMI-1640 (Invirogen, Carlsbad, 
CA, USA) which contains 10% fetal bovine serum (Sigma) and 1% an
tibiotics for further experiments. The isolated islets were cultured in a 
cell culture incubator (37 ◦C, 5% CO2) before use. 

For internalization of SPIO@Chitosan-GL into isolated pancreatic 
islets, pancreatic islets were seeded in 35-mm dish and treated with the 
dissolved SPIO@Chitosan-GL (109.5 μg/ml). To prevent the precipita
tion of SPIO@Chitosan-GL to the bottom of dish, the culture medium 
was gently pipetted for 1 min. Then the dish was quickly moved under 
the magnetic field of the neodymium circular magnet (2000 G, 5-cm in 
diameter) and maintained for 1 min. These serial steps were defined as a 
1-cycle procedure. To optimize internalization of SPIO@Chitosan-GL, 
various concentration of SPIO@Chitosan-GL was treated to pancreatic 
islets with different cycle numbers and reaction time: (a) simple treat
ment without magnet, (b) static magnetic field (SMF), (c) static mag
netic field with gentle pipetting (SMF-P), and (d) frequency alternating 
magnetic field (F-AMF). After that, the internalized amount of 
SPIO@Chitosan-GL was quantified with iron colorimetric assay kit 
(K390; Biovision, Milpitas, USA). In addition, the viability of 
SPIO@Chitosan-GL-labeled MSCs was measured by using Cell counting 
kit-8 (CCK-8; Dojindo Molecular Technologies, Rockville, MD, USA). 

5.2. Preparation of murine pancreatic mesenchymal stem cells (MSC) 

Murine pancreatic MSCs were isolated from male green fluorescent 
protein-transgenic (GFP-Tg) and wild-type C57BL/6J mice aged 10–12 
weeks, as describe elsewhere [34]. Pancreatic cells left at the bottom 
after islet isolation by density gradient separation were washed in PBS 
and cultured with α-MEM medium supplemented with 10% FBS and 1% 
penicillin/streptomycin. Medium was changed after 24–48h to remove 
nonadherent cells. When cultures reached confluence, cells were tryp
sinized and subcultured. In the present study, we used MSCs at passage 
3. The cell surface marker pattern of the MSCs was confirmed flow 
cytometry, as describe elsewhere [34]. The Institutional Animal Care 
and Use Committee of Samsung Biomedical Research Institute approved 
all animal experimental protocols in this study. 

5.3. Internalization of SPIO@Chitosan-GL into murine pancreatic 
mesenchymal stem cells (MSC) 

For internalization of SPIO@Chitosan-GL into murine pancreatic 
mesenchymal stem cell (MSC), the detached MSC was seeded on 35-mm 
culture dish (5 × 105 cells/dish) and cultured for overnight. Next day, 
they were treated with various concentration of SPIO@Chitosan-GL 
solution. Total volume of culture medium in dish was set to 3 ml for 
all groups. Immediately, SPIO@Chitosan-GL treated dish was put under 
the magnetic field of neodymium circular magnet (2000 G, 5-cm in 
diameter) for 1 min and the quickly put off the magnetic field for 1 min. 
This cycle was totally repeated 8 times. After that, the internalized 
amount of SPIO@Chitosan-GL was quantified with iron colorimetric 
assay kit. In addition, the viability of SPIO@Chitosan-GL-labeled MSCs 
was measured by using CyQUANT LDH assay kit (C20300; TermoFisher 
Scientific, Waltham, MA, USA). 

5.4. Spheroid formation of SPIO@Chitosan-GL-labeled MSC 

For spheroid formation of SPIO@Chitosan-GL-labeled MSCs, they 
were collected and diluted to be 5 × 104 cell/ml. Then, 20 μl of medium 
having the cells (1000 cell/20 μl) was mildly dropped on the surface of 
150-mm dish cover. The dish covers with droplets were carefully 
inverted and put onto the 150-mm dish that was filled with 15 ml of 

culture medium to prevent evaporation of the droplets during cultiva
tion. After cultivation for 3 days, the newly formed MSC spheroids were 
collected and cultured. The morphology of the SPIO@Chitosan-GL- 
labeled MSC spheroids was observed with microscope. 

5.5. Cell viability assay of SPIO@Chitosan-GL-labeled islets or MSC 
spheroids 

For cell viability assays, SPIO@Chitosan-GL-labeled islet and MSCs 
were seeded in 96-well plates for each well and cells were treated with 
the culture medium containing EZ-Cytox (Itsbio Inc., Seoul, Korea) at 
37 ◦C and 5% CO2 for 4 h. After that, the viability of cells which labeled 
with various concentration of SPIO@Chitosan-GL (0, 2.5, 5, 10, 20, 45 
μg/ml) and long culture (1, 3, 5, 7 days) was measured by measuring the 
absorbance at 450 nm wavelength. 

5.6. Moving velocity of SPIO@Chitosan-GL-labeled islets or MSC 
spheroids under the magnetic field in vitro 

For evaluation of moving velocity of SPIO@Chitosan-GL-labeled 
pancreatic islets or MSC spheroids, they were gathered on the bottom 
of 35-mm culture dish. Then magnetic field with neodymium magnet 
was applied at the 5 cm distance from the gathered islets or spheroids to 
induce their mobility toward the magnet. During mobility of the islets or 
spheroids, running distance between start position and moved position 
at every second was measured with Image-J software. Finally, the 
moving velocity of the islets or spheroid was calculated. 

5.7. Inhibition of HMGB1 release from SPIO@Chitosan-GL-labeled islet 
or MSC spheroid in vitro 

To evaluate whether the internalized SPIO@Chitosan-GL nano
particles could attenuate the HMGB1 release from the isolated islets and 
MSC spheroids, the cellular damage against islets and MSCs were 
occurred by using streptozotocin (STZ) or high concentration of glucose. 
In the case of cellular damage to rat pancreatic islets, unlabeled or 
SPIO@Chitosan-GL-labeled islets (50 IEQ/ml/well in 48-well plate) 
were treated with 1.5 mM STZ and reacted for 2 h. After that, the 
cultured medium was collected for Rat HMGB1 ELISA kit (NBP3-06661; 
Novus Biologicals, Centennial, USA). All steps were followed according 
to the procedure of manufacturer. On the other hand, in the case of 
cellular damage to murine pancreatic MSC spheroids, unlabeled or 
SPIO@Chitosan-GL-labeled MSC spheroids were treated with 75 mM 
glucose and reacted for 72 h. After that, the culture medium was 
collected for human HMGB1 ELISA kit (NPB2-62766; Novus Bi
ologicals). In both cases, the size variant of pancreatic islets and the MSC 
spheroids were compensated with the amount of DNA contents 
measured by using DNA quantitation kit (DNAQF-1KT; Sigma-Aldrich). 

5.8. Intraportal transplantation of SPIO@Chitosan-GL-leveled pancreatic 
islets and MSC spheroids into the lobe of liver in diabetic mouse 

For transplantation of pancreatic islets and/or MSC spheroids, STZ- 
induced diabetic C57BL/6J mice were anesthetized with injection of 
Zoletil/Rumpun mixture solution (mixing ratio 4:1; 100 μl). Then 
pancreatic islets (500 IEQ/mouse) or MSC spheroids (1000 spheroids/ 
mouse) were collected in 20 μl of saline, which was transferred to a 
surgical butterfly needle and connected with Hamilton syringe. After 
that, the butterfly needle containing islets or MSC spheroids was 
smoothly poked into the portal vein of the mice and they were slowly 
infused. During infusion, the magnetic field with neodymium magnet 
was simultaneously applied to selectively localize the islets or MSC 
spheroids into the median lobe of the liver. As control group, instead of 
magnetic field, a hemostatic clip band was put on the site of injection to 
mechanically guide them into the median lobe of the liver. After 
transplantation, the blood glucose level of the mouse was continuously 
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monitored to confirm whether the SPIO@Chitosan-GL-labeled islets 
and/or MSC spheroids could cure the diabetic mellitus. 

5.9. Partial hepatectomy for removal of intrahepatically transplanted 
cells 

To confirm whether the blood glucose level to the mouse was regu
lated by the transplanted SPIO@Chitosan-GL-labeled islets, the median 
lobe of the liver was partially hepatectomized at day 8 after trans
plantation. After partial hepatectomy, the blood glucose level of the 
mouse was further continuously monitored to evaluate the increment of 
blood glucose level. At the end of experiment, all mice were sacrificed, 
and the whole liver organ was detached and dissociated with each lobe 
of liver (total 7 lobes) that were fixed with 4% formalin solution for 3 
days. And then, the fixed lobes were paraffin-blocked, sectioned, and 
stained with the hematoxylin and eosin (HE) dye. 

5.10. Magnetic resonance imaging (MRI) of SPIO@Chitosan-GL-labeled 
islets or MSC spheroids in vivo and in vitro 

In vivo magnetic resonance imaging (MRI) was performed to confirm 
the effect of magnetic guidance during infusion of SPIO@Chitosan-GL- 
labeled islets or MSC spheroids. After transplantation of them, the 
mice were anesthetized and scanned with T2-weighted imaging using by 
the 7.0 T MR scanner (Bruker-Biospin, Ettlingen, Germany). The 
detailed parameters and procedures in the MRI experiments were 
described elsewhere [44]. Briefly, anesthetized mice were restrained in 
the prone position. Coronal T2-weighted MR images were acquired 
using a FLASH (Fast low angle shot) sequence with the following 
acquisition parameters: repetition time of 231 msec; echo time of 8.0 
msec; field of view (FOV) of 27.0 × 27.0 mm; matrix size of 270.0 ×
270.0; flip angle of 30.0◦; signal averaging number of 10; and 16 total 
slices with a slice thickness of 1.0 mm and no inter-slice gaps. 
SPIO@Chitosan-GL-labeled pancreatic islets appeared as hypointense 
signals on T2-weighted MR images. 

In vitro MRI was confirmed to evaluate whether the transplanted 
SPIO@Chitosan-GL-labeled islets and MSC spheroids were mainly 
located at the median of the liver. To this end, the dissociated with each 
lobe of liver (total 7 lobes) that were fixed with 4% formalin solution for 
3 days. Then they were put in 150-mm Petri dish and 1% agarose gel 
solution was brimmingly poured to get rid of the noisy caused by oxy
gen. All petri dishes were moved into the 7.0 T MR scanner to perform 
T2-weighted MR imaging. 

5.11. Immunofluorescence of transplanted SPIO@Chitosan-GL-labeled 
pancreatic islets 

To evaluate transplanted SPIO@Chitosan-GL-labeled pancreatic is
lets, the sectioned tissue slides were fixed with primary anti-insulin 
antibody or anti-HMGB1 antibody (dilution 1:200; Invitrogen, Wal
tham, MA, USA) simultaneously with 20% goat serum for overnight at 
4 ◦C. And next day, secondary AlexaFluor 488 goat anti-rabbit (dilution 
1: 1000, green color fluorescence; Invitrogen) were dropped into all 
slides for 1 h at room temperature without light. Then the slides were 
washed with PBS and counter-stained with fluorescent DAPI dye (Sigma- 
Aldrich). The immunostained tissue slides were observed through a 
fluorescence microscope. On the other hand, to verify the existence of 
SPIO@Chitosan-GL in the transplanted islets, the sectioned tissue slides 
were first stained with iron stain kit (ab150674; Prussian blue stain; 
Abcam) for 10 min, which was intended for use in the detection ferric 
ion in the slide. 

5.12. Image analysis of islet or MSC spheroid grafts and evaluation of 
graft morphology 

To detect transplanted SPIO@Chitosan-GL-labeled pancreatic islets 

in liver, the liver tissue slides were deparaffinized and were blocked with 
phosphate-buffered saline (PBS) containing 5% normal goat serum and 
0.1% Tween-20 for 1 h. For paraffin-embedded sections, antigen 
retrieval was performed in 10 Mm citrate buffer at pH 6.0 for 5 min, 3 
times. After blocking, the tissue slides were stained with primary anti
bodies HMGB1 clone 951,420 (R&D systems, Mab16901, Minneapolis, 
USA), recombinant anti-insulin antibody (abcam, ab181547, Cam
bridge, UK), anti-CD3 antibody (abcam, ab5690, Cambridge, UK), and 
CD68 (abcam, ab955, Cambridge, UK) overnight at 4 ◦C. The next day, 
the slides were washed three times with PBST and then incubated with 
secondary antibodies as follows: Goat anti-rabbit IgG H&L (Alexa Fluor 
594, 1:1000) (abcam, ab150080, Cambridge, UK), goat anti-rabbit IgG 
H&L (Alexa fluor 488, 1:1000) (abcam, ab150077, Cambridge, UK), and 
donkey anti-rat IgG H&L (Alexa 594) (abcam, ab150156, Cambridge, 
UK). Cell nuclei were visualized using DAPI (1:10,000 dilutions of 14.3 
μM stock) (Invitrogen, D1306, Massachusetts, USA). The stained slides 
were taken by using confocal microscope Zeiss LSM 780 and the per
centage of markers positive areas were analyzed by image J. 

The total liver was sectioned stained with primary antibody anti-GFP 
(1:500, Cell Signaling, mAb#2955) and anti-Sca-1 (1:500, Cell 
signaling, mAb#4336) and secondary antibody Goat anti-mouse IgG (H 
+ L) HRP (1:1000, invitrogen #31430) and then the slides were visu
alized with diaminobenzidine (DAB) reagent kit (Dako, K-5007) after 
counter stained using Mayer’s hematoxylin. The total liver tissue (4 μm 
interval section) areas were captured and measured with Aperio Scan
Scope® AT2 Turbo (Aperio Technologies, Inc., Vista, CA) and the ratio 
of islet to whole liver area were quantified using Aperio ImageScope 
12.0. 

6. Statistics 

All data were expressed as mean ± S.E.M, and t-test was used to 
verify the significance between experimental group and control group 
(Sigma stat Software, CA, USA). The t-test results were statistically sig
nificant only when the p value was 0.05 or less. 
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