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Adipose-Derived Stromal Cells Preserve Pancreatic Islet
Function in a Transplantable 3D Bioprinted Scaffold

Shadab Abadpour,* Essi M. Niemi, Linnea Strid Orrhult, Carolin Hermanns, Rick de Vries,
Liebert Parreiras Nogueira, Håvard Jostein Haugen, Dag Josefsen, Stefan Krauss,
Paul Gatenholm, Aart van Apeldoorn, and Hanne Scholz*

Intra-portal islet transplantation is currently the only clinically approved beta
cell replacement therapy, but its outcome is hindered by limited cell survival
due to a multifactorial reaction against the allogeneic tissue in liver.
Adipose-derived stromal cells (ASCs) can potentially improve the islet
micro-environment by their immunomodulatory action. The challenge is to
combine both islets and ASCs in a relatively easy and consistent long-term
manner in a deliverable scaffold. Manufacturing the 3D bioprinted
double-layered scaffolds with primary islets and ASCs using a mix of
alginate/nanofibrillated cellulose (NFC) bioink is reported. The diffusion
properties of the bioink and the supportive effect of human ASCs on islet
viability, glucose sensing, insulin secretion, and reducing the secretion of
pro-inflammatory cytokines are demonstrated. Diabetic mice transplanted
with islet-ASC scaffolds reach normoglycemia seven days post-transplantation
with no significant difference between this group and the group received islets
under the kidney capsules. In addition, animals transplanted with islet-ASC
scaffolds stay normoglycemic and show elevated levels of C-peptide
compared to mice transplanted with islet-only scaffolds. The data present a
functional 3D bioprinted scaffold for islets and ASCs transplanted to the
extrahepatic site and suggest a possible role of ASCs on improving the islet
micro-environment.
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1. Introduction

Beta cell replacement therapy with the help
of scaffolds delivering cells give a possi-
bility to radically change the treatment of
type 1 diabetes (T1D) by improving the ef-
ficacy, accessibility, and safety of transplan-
tation of insulin-producing islet cells. Cur-
rently, clinical islet transplantation (CIT)
via the hepatic portal vein is the standard
method utilized in clinical settings. This ap-
proach has demonstrated a significant en-
hancement in glycemic control and effec-
tively eliminating the requirement for in-
sulin therapy in patients with severe T1D
for several years.[1,2] However, CIT is lim-
ited by several confounding factors that
lead to a loss of ≈50% of the transplant
in the first weeks after transplantation.[3,4]

These factors include inadequate vascular-
ization, poor engraftment, immediate blood
mediated inflammatory reaction, long-term
allo- and auto-immunity, high concentra-
tions of lipids and glucose, and immuno-
suppressive drugs that are present in the
hepatic vasculature. All these factors cause
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loss of islets, leading to multiple CIT procedures to reach insulin
independence without any guarantee for long-term survival of
the transplanted islet grafts.[5–7] Delivery of islets in hydrogel-
based scaffolds have been explored over the years in several di-
abetic in vivo models and reported to have partial islet function
and protection from immune rejection.[8] However, using large
scaffolds comes with a price of limited oxygen, nutrients and in-
sulin transports to and from the encapsulated islets, which sub-
sequently lead to decreased islet survival and function.[9–12]

Three-dimensional (3D) bioprinting could provide the advan-
tages of a macroscopic delivery approach by retaining multiple
islets in one potentially flat scaffold. This could offer a short dif-
fusion distance to the surface which is an advantage for nutrient
exchange and glucose sensing. 3D bioprinting could also provide
an internal mesh-like porous structure to keep the islets in place
between the hydrogel fibrils. By creating a porous 3D bioprinted
scaffolds which allow the ingrowth of vasculature around and in,
one single delivery scaffold could be transplanted to any extra-
hepatic site of choice.[13–15] 3D bioprinting is explored for cell de-
livery applications as it allows for the creation of a predesigned
scaffold architecture using computer-aided design.[16–21] It pro-
vides relatively good control over homologous cell distribution
within a scaffold, and it gives a possibility to use multiple cell
types in a fabricated 3D cell scaffold.[22] Alginate has been ex-
plored as a biomaterial in the field of islet encapsulation for
over two decades and also recently in 3D bioprinting applica-
tions because of its high biocompatibility and low cytotoxicity.[23]

Despite robustness of alginate in generating islet microcap-
sules, the favorable concentration of 1.5% for islet encapsula-
tion complicates 3D bioprinting. In addition, the low viscos-
ity of the uncrosslinked alginate prevents shape retention dur-
ing the fibril dispositioning.[24] Cellulose is a natural biopolymer
and has been suggested as a potential biomaterial with suitable
shear thinning properties and good biocompatibility.[25] Nanofib-
rillated cellulose (NFC) is cellulose fibers that have been fib-
rillated in order to achieve agglomerates of cellulose microfib-
ril units with the size of normally less than 100 nm in diame-
ter and the length of several micrometers.[26] A mixture of al-
ginate/NFC has been investigated to create 3D bioprinted scaf-
folds that are stable in shape for example in cartilage related,
human ear pinna and sheep meniscus applications.[27–30] Only
recently, alginate-based 3D bioprinting has been applied for pan-
creatic islets and stem cell-derived insulin-producing cells.[31,32]
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Marchioli et al. demonstrated the proof-of-principle for bioprint-
ing primary islets with alginate and alginate-gelatin mixture.[33]

Likewise, Duin et al. 3D bioprinted pancreatic islet scaffolds by
using alginate-methylcellulose bioink.[32] However, islets in these
3D bioprinting scaffolds reported poor functionality in regards to
glucose sensing and insulin secretion likely due to the hydrogel
composition that prevented proper insulin secretion from the re-
sulting scaffolds.[32,33] Bioprinting of islets with biomaterials, like
other cell encapsulation methods create a barrier for diffusion of
nutrients, oxygen and insulin to and from the islets, which might
cause delay or hinder glucose sensing and insulin secretion.[34]

During the islet isolation procedure, islets get exposed to rad-
ical changes in their micro-environment due to a combination
of enzymatic digestion and mechanical disruption of pancreatic
tissue.[35,36] These changes induce stress-related cell signaling
to islets which can lead to diminished cell survival and loss of
islet function. Combination of these factors potentially reduce
the function and viability of 3D bioprinted islet scaffolds.[8,31,32]

Interestingly, Marchioli et al. showed that the 3D bioprinting pro-
cess itself did not harm the islets and they suggest that a more
optimal hydrogel composition is needed for 3D bioprinting with
proper mass transport capabilities to support beta cell function.
Potentially, mixing hydrogel-based bioink with extracellular ma-
trix (ECM) molecules obtained from pancreatic tissue is one strat-
egy to improve islet health post-printing.[37] A recent published
study demonstrated the use of porcine ECM from decellularized
pancreas in hydrogel-based bioink improved islet health and in-
duced angiogenesis 90 days post-transplantation in a diabetic
mouse model.[38] However, implication of such strategy on clini-
cal islet transplantation could add extra challenges including the
access to human pancreas to generate human ECM as well as
more defined characteristic of ECM molecules.

Another strategy to improve islet health post-bioprinting is
the use of supporting cells together with islets in scaffold. Sev-
eral studies have indicated that the addition of supporting cells
such as mesenchymal stromal cells (MSCs), or endothelial cells
to islet culture can improve islet function and survival.[39] Co-
axial bioprinting of islets in core of a tube-like scaffold and en-
dothelial cells in the shell of the structure showed survival of
the cells 21 days post-printing.[40] Bioprinting rat islets together
with endothelial cells reported reduced apoptosis and an increase
in the expression of ECM molecules and VEGF analyzed by
transcriptomics.[41] Although, these studies suggested the ben-
eficial effect of endothelial cells on islets post-bioprinting, they
lack functionality analysis of islets in both in vivo and in vitro
settings. MSCs are found in tissues such as bone marrow, adi-
pose tissue and among other tissue types.[42] Presence of MSCs
together with islets has been reported to improve islet function
by inducing the beneficial effect on islet glucose response and
viability.[43,44] Adipose-derived stromal cells (ASCs) can be eas-
ily isolated through minimal invasive lipoaspiration procedure
and expanded to the larger amount. They have been investigated
on various cell-based therapies and wound healing applications
over the years.[45–48] Similar to MSCs, the secretome and molecu-
lar properties of ASCs exhibit several favorable features for sup-
porting islet cells. In particular, the ASC secretome has been re-
ported to contain high levels of vascular and intracellular adhe-
sion molecules as well as a diverse range of cytokines and growth
factors.[49,50] Moreover, co-culture and co-transplantation of ASCs
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with mouse islets showed prolonged portal graft survival, islet
function and glucose tolerance in diabetic immunocompetent
mice.[50–52] In these experiments, the paracrine effects of ASCs
through secretion of protective and anti-apoptotic factors have
been suggested to be one of the key factors to improve islet func-
tion and viability.[53,54]

Here, we report for the first time the bioprinting of a double-
layered cell delivery scaffold for pancreatic islets and ASCs with
the combination of alginate/NFC bioink. We characterized the
diffusion kinetics of small molecules varying in size between 3
and 70 kDa, inside the scaffold along with rheology and glucose
absorption analysis by our bioink to model the nutrient and in-
sulin exchange potential. In the bioprinting of the scaffolds with
cells, we combined primary mouse or human islets with human
ASCs while creating the delivery scaffold using bioprinting tech-
nique and visualized the even distribution of islets inside the bio-
printed scaffolds using micro-computed tomography (micro-CT).
We report the beneficial paracrine effect of the ASCs on islet func-
tion and viability through indirect culture of islets and ASCs by
bioprinting the cells to two separate layers within the scaffold.
We show that human ASCs can improve the islet behavior and
their long-term function during the 60 days of intraperitoneal
(IP) transplantation into diabetic mouse model and after recov-
ery of the scaffolds, the presence of the ASCs in the scaffolds 60
days post-IP transplantation. This two layer approach suggests
a positive impact and long-term support of ASCs on islets, pro-
longing the islet viability and function in this transplantable 3D
bioprinted scaffold model.

2. Experimental Section

2.1. Ethics

The use of human donor islets (2011/782) and human ASCs
(2014/838) was approved by the Regional Committee for Medi-
cal and Health Research Ethics Central (REC) in Norway. In vivo
experiments were approved by the Norwegian National Animal
Research Authority (FOTS ID 10680) and performed according to
the guidelines for care and use of laboratory animals published
by the US National Institutes of Health (NIH Publication, 8th
Edition, 2011), and Norwegian Animal Welfare Act. All animals
were handled by an experienced animal technician at all times in
a blinded fashion to exclude eventual bias caused by pre-existing
knowledge about the experimental groups.

2.2. Cell Isolation and Cultivation

2.2.1. Human Donor Islets

Human islets from non-diabetic donors were obtained via the
JDRF award 31-2008-416 ECIT Islet for Basic Research Program,
and isolated as previously described[55] from 2 male and 2 female
non-diabetic brain-dead donors with average age 53 years (46–59
years) and a BMI ≈20 (23–29 kg m−2) after appropriate informed
consent from relatives for multi-organ donation and use in re-
search. Islet preparations with at least a purity of>80% were used
in this study verified by digital imaging analysis and using dithi-
zone staining.[56] Equally sized islets were manually hand-picked

and distributed randomly among the experimental groups to en-
sure uniformity. Islets were cultured at 37 °C (5% CO2) up to
48 h on petri dishes (Sterilin, Newport, UK) using CMRL 1066
medium supplemented with 10% human AB serum (Milan ANA-
LYTICA, Rheinfelden, Switzerland), 1% penicillin/streptomycin,
10 mmol L−1 HEPES (Life Technologies, Carlsbad, CA, USA)
prior to the start of experiments.

2.2.2. Primary Mouse Islets

Mouse islets were isolated from 8–18 weeks old male Balb/c Rag
1−/− mice (Taconic, Denmark) as previously described.[57] Iso-
lated mouse islets were cultured at 37 °C (5% CO2) up to 24 h on
petri dishes (Sterilin, Newport, UK) using RPMI-1640 (HyClone,
Utah, USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 1% penicillin/streptomycin, 10 mm Hepes and 1%
L-glutamine (Gibco, Paisley, UK) at 37 °C (5% CO2) prior to the
start of experiments.

2.3. Primary Human ASCs

Human ASCs were derived from healthy surgical adipose tis-
sue excision samples (Oslo University Hospital, Norway, REC ap-
proval 2014/838 with informed consent obtained from individ-
uals). Cells were isolated as previously described.[47] Cells from
all batches demonstrated the expressions of MSC-specific cell
surface markers such as CD45, CD34, CD19, CD11b, or HLA-
DR and they showed the ability to differentiate into cholangio-
cytes, osteocytes, and adipocytes after 14 days stimulation with
specific culture medium.[58,59] The same batch of cells as charac-
terized was used in this study. All ex vivo expanded ASCs were
used between passages 2 and 4. The cells were maintained in
T175 cm2 flasks ((Nunc; Thermo Fisher Scientific, Waltham, MA,
USA) at 37 °C (5% CO2) in essential medium MEM-𝛼 (Gibco,
Thermo Fisher Scientific, Oslo, Norway) supplemented with 5%
human platelet lysate (HLP) (Sexton Biotechnologies, USA), and
50 μg mL−1 gentamicin (Braun, Esbjerg, Denmark) prior to the
start of experiments.

2.4. 3D Bioprinting of the Cell Delivery Scaffold

A double-layered scaffold with the size of
10 mm × 10 mm × 1 mm was designed using TinkerCAD
web application and the resulting STL files were converted
with Slic3r slicing program into G-code and manually adjusted
to match the final intended format. Commercially available
CELLINK Bioink (CELLINK AB), which is a mixture of 80%
plant-derived NFC and 20% alginate, was used for bioprinting.[30]

Prior to bioprinting, ASCs were trypsinized and collected by
centrifugation (400 g, 8 min) before mixing them into the algi-
nate/NFC bioink. An average of 1.2 × 106 ASCs per bioprinted
scaffold (14 × 106 ASCs/1 mL bioink for about 12 scaffolds) was
aimed since the previously published data showed good viability
and function of cells with this density in the scaffolds.[20,60] Hand-
picked equally sized islets (100 human or mouse islets/scaffold)
were added using PE-50 tubing and Hamilton threaded plunger
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syringe and gently mixed with bioink using a small spatula on
a sterile petri dish.[60] Bioprinting was done using a pneumatic
extrusion bioprinter INKREDIBLE+ (CELLINK AB) at a print-
ing pressure of ≈5–12 kPa for all layers, which is tolerable for
most cells types and the size of the nozzles suitable for the size
of islets and ASCs is selected to avoid excessive shear stress on
the embedded cells.[17,29] First, a solid ASC containing base layer
was deposited using a blue standard conical 22 G (410 μm) noz-
zle. Subsequently, an islet containing layer consisting of an or-
thogonal grid of fibers was created with a pink standard conical
20 G (580 μm) nozzle. Calcium chloride (CaCl2) solutions at a
concentration of 50 mm (CELLINK AB) was used to crosslink
and stabilize the final-obtained scaffolds right after bioprinting
procedure for 5 min at room temperature. 3D bioprinted scaf-
folds were divided into four groups; i) mouse islets and human
ASCs (mIslets+hASCs), ii) mouse islets alone (mIslets-alone),
iii) human islets and human ASCs (hIslets+hASCs), and iv)
human islets alone (hIslets-alone). All bioprinted samples were
cultured in MEM-𝛼 complemented with 10% HPL, 1% peni-
cillin/streptomycin, 10 mmol L−1 HEPES (Life Technologies,
Carlsbad, CA, USA).

2.5. Micro-CT Imaging

Phosphotungstic acid (PTA), which acts as an enhancer of con-
trast in micro-CT imaging,[61] was used at the concentration
of 0.3% PTA aqueous solution overnight at room tempera-
ture to stain and visualize islets inside the printed scaffolds.
100 islets/scaffold were used for this analysis. The scaffolds
were placed into Eppendorf tubes for 3D x-ray imaging using
a micro-CT Bruker 1172 system (Kontich, Belgium). Samples
were scanned at 55 kV and 170 μA, with an exposure time of
250 ms per projection and a frame averaging of 4, leading to
a total of 1000 ms per projection. In total 539 projections were
acquired around 180°+ at an 1100 × 1332 pixels (W × H) field
of view. The datasets were used for image reconstruction using
NRecon (Bruker micro-CT version 1.7.5.9) software, and further
segmentation and analysis was performed using Dragonfly soft-
ware (version 2020.2, Object Research Systems (ORS) Inc., Mon-
treal, Canada). For further info check Electronic Supplementary
Method (ESM).

2.6. Fluorescence Recovery after Photobleaching (FRAP)

Cell-free circular alginate/NFC discs (Ø20 mm) were generated
and crosslinked as described earlier. The resulting discs were in-
cubated at room temperature using varying sizes of 0.1 mg mL−1

FITC-labelled dextran molecules (3–5, 10, 20, or 70 kDa (Sigma-
Aldrich)) in PBS with 20 mm CaCl2 (Sigma) overnight. 20 mm
CaCl2 was needed to keep the integrity of the scaffolds through-
out analysis. FRAP was performed on 5 random spots per hy-
drogel disc using a Leica TCS SP8 STED confocal microscope
with a 60 μm diameter bleaching area, and a frame rate of 0.223 s
for 120 s. Fluorescence recovery curves were obtained from the
collected imaging data using open source FIJI software (https:
//fiji.sc/). The time required for a bleached spot to recover half of
its fluorescence intensity, halfway the recovery curve (𝜏1∕2), was

determined with the help of FRAPbot software (http://frapbot.
kohze.com/). Apparent diffusion constants (D) were determined
according to Soumpasis et al. utilizing formula (1), with r the ra-
dius of the laser spot.[62,63]

D = 0.224 r2

𝜏1∕2
(1)

2.7. Glucose Absorption Test

3D bioprinted cell-free alginate/NFC scaffolds were immersed in
30 mm glucose solution containing 20 mm CaCl2 as a crosslinker
and incubated in this solution for 60 min. Glucose level was mea-
sured via sampling before start of the incubation (0 min) and after
5, 15, 30, and 60 min post-incubation by using Glucose Colori-
metric Detection Kit (Invitrogen, Oslo, Norway).

2.8. Rheology

All rheology measurements were performed with a Discovery
HR-2 hybrid rheometer and 8 mm flat parallel plate geometry
both from TA instruments. 1 mL of cell-free alginate/NFC hydro-
gel was filled into 12 mm diameter silicon molds and crosslinked
with 50 mm calcium chloride for 5 min. Crosslinked discs were
loaded into the rheometer. A solvent trap filled with distilled wa-
ter was used to prevent hydrogels from drying. Hydrogels were
preconditioned with a 5 min time sweep at 1% strain and an an-
gular frequency of 10 rad s−1. Followed by a frequency sweep at
1% and frequencies ranging from 0.1–600 rad s−1 to determine a
suitable frequency for the strain sweep. Last a strain sweep with
strains ranging from 0.1–1000% strain and an angular frequency
of 10 rad s−1 were performed to determine the linear viscoelas-
tic region of the hydrogel. The storage modulus within the linear
viscoelastic region of the strain sweep was used to calculate the
hydrogel mesh size utilizing formula (2).

Dmesh =
(

6 RT
𝜋NavG′

) 1
3

(2)

2.9. Glucose Stimulated Insulin Secretion (GSIS) Assay

Human and mouse islet scaffolds with/without (w/wo) ASCs
were incubated in Krebs buffer (11.5 mmol L−1 NaCl2,
0.5 mmol L−1 KCl, 2.4 mmol L−1 NaHCO3, 2.2 mmol L−1 CaCl2,
1 mmol L−1 MgCl2, 20 mmol L−1 HEPES, and 2 mg L−1 albu-
min: all Sigma-Aldrich, Oslo Norway) containing 1.67 mmol L−1

glucose for 2 h at 37 °C, followed by 2 h incubation in Krebs
buffer containing 20 mmol L−1 glucose, and again 2 h incubation
with Krebs buffer containing 1.67 mmol L−1 glucose. In paral-
lel, GSIS analysis was also performed on 100 free-floating hand-
picked equally sized human and mice islets in a similar man-
ner except for a 45 min incubation time with each glucose/krebs
buffer solutions instead of 2 h incubation time. It was assumed
that a longer incubation of bioprinted cells was needed to com-
pensate for the limitations in mass transport caused by the hy-
drogel. Insulin secretion was analyzed using either a human-
specific or mouse-specific insulin ELISA kit (Mercodia, Uppsala,
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Sweden). The stimulation index (SI) was calculated as a ratio of
insulin secreted at high glucose (20 mmol L−1) versus low glu-
cose (1.67 mmol L−1) indicating the glucose responsiveness of
the islets.

2.10. Cell Survival after Bioprinting

The viability of cells after printing was assessed at day 1, 8, and
14 post-print using a standard live/dead assay based on fluores-
cein diacetate (FDA) 20 μg mL−1 (Sigma-Aldrich, Oslo, Norway)
and propidium iodide (PI) 100 μg mL−1 (Thermo Fisher Scien-
tific). Scaffolds were incubated with the live/dead staining solu-
tion containing 20 mm CaCl2 for 5 min at room temperature be-
fore proceeding to imaging. Addition of CaCl2 prevented disinte-
gration of the samples by protecting the alginate ionic crosslink-
ing. Scaffolds were imaged using an Axio Observer Inverted Mi-
croscope (Carl Ziess AS) operated by ZEN lite software. 5 images
per scaffold were taken at each time-point.

Cytotoxicity was determined by measuring the amount of mi-
tochondrial Adenylate Kinase (ADK) in culture medium har-
vested at 1, 8, and 14 days using a ToxiLight non-destructive cy-
totoxicity bioassay kit according to the manufacturer’s protocol
(Lonza, Basal, Switzerland).

2.11. Biochemical Measurements

The level of mouse and human monocyte chemoattractant
protein-1 (MCP-1, also known as CCL2), interferon gamma-
induced protein-10 (IP-10, also known as CXCL10) and growth-
regulated protein-𝛼 (GRO-𝛼, also known as CXCL1) were mea-
sured in culture medium of bioprinted scaffolds at day 1, 8,
and 14 post-print using a Procartaplex multiplex immunoassay
according to the manufacturer’s protocol (Thermo Fisher, MA,
USA).

2.12. In Vivo Transplantation of Scaffolds

Animals were housed with no more than 5 mice per cage, un-
der a 12 h light-dark cycle with free access to food and water
except during fasting. Prior to transplantation experiments, di-
abetes was induced in 8–10 weeks old male BALB/c Rag 1−/− im-
munodeficient mice (C.129S7(B6)-Rag1tm1Mom J−1, stock 003145,
The Jackson Laboratory, Sacramento, California, USA) by admin-
istration of one dose of Alloxan Monohydrate (75 mg kg−1) in-
travenously (Sigma Aldrich, Oslo, Norway) 3 days prior to trans-
plantation of scaffolds to the IP or islets under the kidney cap-
sule. Mice with non-fasting blood glucose ≥20 mmol L−1 for 2
consecutive days were selected as viable diabetic recipients. For
in vivo studies, scaffolds containing mIslets+hASCs or mIslets-
alone (in each scaffold, 100 mouse islets and 1.2 × 106 human
ASCs) were transplanted at the IP site of the diabetic mice. In
addition, 250 hand-picked free-floating mouse islets of the same
islet batch were transplanted under the left kidney capsule as
controls to verify the primary islet function.[57] For experimental
conditions, 6 mice were used in the mIslets+hASCs and mIslets-
alone groups. In control experiments, 2–3 mice were used in the
diabetic, non-diabetic and kidney capsule transplantation groups.

The mice were followed by measuring non-fasting blood glu-
cose levels every 2 to 3 days randomly until the end of the ex-
periment. At termination of studies on day 60, fasting blood glu-
cose was measured and mice were sacrificed under anesthesia
by a heart puncture for blood sampling and further analysis of
mouse-specific C-peptide. In addition, mouse pancreases were
snap frozen and stored in liquid nitrogen for analysis of remain-
ing residual native beta cells.[57] Transplanted scaffolds and islet
grafts under kidney capsule were explanted also at termination
of studies for further snap freezing and immunofluorescent mi-
croscopy imaging.

2.13. Immunofluorescent Imaging of Bioprinted Scaffolds

All explanted scaffolds were fixed in 4% paraformaldehyde, in-
cubated overnight in 30% sucrose, followed by an overnight
incubation in 60% sucrose/optimal cutting temperature
compound (OCT compound) solutions. 20 mm CaCl2 were
added to all solutions before embedding in OCT. Using a
cryo-microtome, 8 μm sections made and labelled with a
mouse anti-human CD105 1:100 (Thermo Fisher Scientific
Cat# MA5-11854, RRID:AB_10985671, Oslo, Norway) and
guinea pig anti-mouse insulin 1:100 (Abcam, Cat# ab30477,
RRID:AB_726924, Cambridge, UK) antibodies. Alexafluor 594
labeled donkey anti-mouse (Thermo Fisher Scientific Cat#
A-21203, RRID:AB_141633, Oslo, Norway) and Alexafluor 488
goat anti-guinea pig (Thermo Fisher Scientific Cat# A-11073,
RRID:AB_2534117, Oslo, Norway) antibodies, dilution ratio
1:300, were used as secondary antibodies while a nuclear stain-
ing using a SlowFade Gold antifade reagent with DAPI (Life
Technologies AS, Oslo, Norway) was done as a counterstaining.
Fluorescent light micrographs were taken, 5 representative loca-
tions per transplant, with an Axio Observer Inverted Microscope
(Carl Zeiss AS) operated by ZEN lite software.

2.14. Statistical Analysis

Data are presented as mean ± SD. Differences among 3 study
groups and more were evaluated by one-way ANOVA with Bon-
ferroni corrections. A Mann–Whitney U test was performed for
difference analysis between 2 groups. Significance was set at
p < 0.05. Data were analyzed using GraphPad Prism software,
version 6.0 (La Jolla, CA, USA).

3. Results

3.1. Even Distribution of Islets and ASCs after Bioprinting in
Double-Layered Scaffold

Schematic image of the 3D bioprinted scaffolds created by Au-
todesk Fusion 360 shows our double-layered scaffold with the
pancreatic islets in the top grid layer and ASCs in the bottom
layer of the scaffold (Figure 1a). In order to investigate the num-
ber and the distribution of islets in bioprinted scaffolds, we de-
veloped a phosphotungstic acid (PLA) staining and micro-CT
analysis method to visualize the islets post-printing within the

Adv. Healthcare Mater. 2023, 2300640 2300640 (5 of 15) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 1. Schematic image of the 3D bioprinted scaffold as well as micro-CT and FDA imaging of islets and ASCs inside bioprinted scaffolds. a) Double-
layered 3D bioprinted scaffold with pancreatic islets in the top layer and ASCs in the bottom layer, b) homologous distribution of islets within the scaffolds
post-bioprinting, c) Image analysis shows that the frequency of islet size in each scaffold. d) Fluorescein diacetate (FDA) staining show the distribution
of ASCs in scaffolds post-printing. **p < 0.01, ***p < 0.001 versus 30–75 μm.

scaffolds. Micro-computed tomography (Micro-CT) imaging of
human islets after bioprinting showed a homologous distribu-
tion throughout the delivery scaffold (Figure 1b, ESM, Electronic
Supplementary Figure (ESF) 1, Electronic Supplementary Video
(ESV) 1, and Electronic Supplementary Table (EST) 1, Support-
ing Information). Islet size in each scaffolds were ranged from
30 to 300 μm shown by different colors in which the blue indi-
cates smaller islets and the red indicates larger islets (Figure 1b).
In addition, we showed that most of the islets in bioprinted scaf-
folds were 100–200 μm in diameters (Figure 1c). Due to the small
size of ASCs which were not visible in micro-CT, we performed
FDA staining post-printing to show the distribution of the ASCs.
This FDA staining of ASCs showed even distribution of the cells
within the scaffolds post-printing (Figure 1d).

3.2. Alginate/NFC Bioink Was Able to Mass Transport Molecules
with Different Sizes

FRAP is a technique which can be used to study the diffusion
behavior of fluorescently labeled molecules. FRAP measures the
speed of fluorescent molecule recovery in an optically transpar-
ent environment like a hydrogel after a specific area has been
bleached by a confocal laser. We used a series of FITC-dextran
molecules, ranging from 3–5, 10, 20 to 70 kDa, as defined model
for insulin and other relevant biomolecules, which were incorpo-
rated into circular cell-free alginate/NFC bioink discs. A small
spot of Ø 60 μm, inside these discs was subjected to bleach-
ing by a confocal laser and fluorescence recovery over time was
subsequently monitored using fluorescent confocal microscopy
(Figure 2a–d, and ESV 2—4, Supporting Information) to deter-
mine diffusion kinetics of the different sized molecules through

the alginate/NFC bioink. Evaluation of the diffusion coefficients
calculated from the FRAP data sets of different sized dextran
molecules show that the diffusion rate of 3–5 kDa FITC-labeled
dextran is significantly higher than 20 and 70 kDa (Figure 2e,f).
Overall, the fluorescent intensity of the bleached spots recovered
for all molecules around 1 min (Figure 2e). This indicates that al-
though the rate of diffusion decreases with the size of the dextran
molecule, eventually all molecules were able to diffuse through
the bioink. The fluorescence recovery curves clearly show that
the diffusion rate of larger sized molecules is much lower than
of the smaller sized molecules, indicating that the bioink is lim-
iting free diffusion of molecules depending on their size. By per-
forming a strain sweep and determining the storage modulus G’
(ESF 2a,b, Supporting Information), we also calculated the aver-
age mesh size (Dmesh) of our bioink which was 6.35 nm ± 0.5 nm
(EST 2, Supporting Information). Due to the importance of glu-
cose on islet function, we also investigated the rate of glucose
absorption from the surrounding glucose solution into the 3D
bioprinted cell-free scaffold. Our data report the absorption of
glucose by the biomaterial until 30 min post-incubation in glu-
cose solution before it reached plateau (ESF 3, Supporting Infor-
mation). Following the FRAP and rheology analysis, this anal-
ysis also shows the ability of our biomaterial to absorb small
molecules.

3.3. Human ASCs Improved the Function and Viability of Mouse
Islets in Bioprinted Scaffolds

Double-layered scaffolds were bioprinted with either mouse islets
or a combination of mouse islets and human ASCs to determine
the islet function at different time points after printing. GSIS

Adv. Healthcare Mater. 2023, 2300640 2300640 (6 of 15) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. Diffusion of various sized molecules in alginate/NFC bioink. a) Confocal images of the bioprinted alginate/NFC discs saturated with
fluorescent-labelled dextran molecules of 3–70 kDa in size, before bleaching, b) during bleaching, c) early recovery phase, and d) late-recovery phase. e)
The fluorescence recovery curves were obtained by determining fluorescence intensity of the bleached area of each dextran molecule in separate discs
made from alginate/NFC. f) The fluorescence recovery curves were used to calculate the rate of diffusion (apparent diffusion). All printed discs were
measured five times at random locations. Data are presented as mean ± SD analyzed by one-way ANOVA with Bonferroni corrections. **p < 0.01 and
***p < 0.001 versus 3–5 kDa.

was performed at day 1, 8, and 14 post-bioprinting. Although,
insulin secretion in response to high glucose levels (20 mm) in-
creased in the mIslets-alone, islets in this group failed to reduce
insulin secretion to basal levels during the second incubation
in low glucose (1.67 mm) solution (Figure 3a). In contrast, bio-
printed mIslets+hASCs showed an increase in insulin secretion
in response to 20 mm glucose and a normal return to basal lev-
els at all analyzed time points. In parallel, GSIS analysis on free-
floating mouse islets also showed an increase in insulin secre-
tion in response to high glucose levels on day 1 post-isolation,
which was followed by the return of insulin levels to basal levels
by switching to low glucose solution (Figure 3a). In addition, we
found a significant increase in SI levels in mIslets+hASCs group
on day 1 and 14 post-bioprinting compared to the mIslets-alone
group (day 1 post-bioprinting, mIslets+hASCs 2.581 ± 0.14 vs
mIslets-alone 1.108 ± 0.04, p < 0.05, Day 8 post-bioprinting,
mIslets+hASCs, 1.575 ± 0.05 vs mIslets-alone 1.108 ± 0.04, Day
14 post-bioprinting, mIslets+hASCs 1.410 ± 0.06 329 vs mIslets-
alone 0.7989 ± 0.1095) (Figure 3b). These data clearly show the
impaired function of mIslets-alone group to return to basal in-
sulin secretion levels, whereas, the islets function was improved
in the presence of human ASCs (Figure 3b).

ADK is a well-known alternative to ATP and acts as a
marker for cell death releasing from cells into the surround-
ing environment.[64] Bioprinted mIslets+hASCs group showed
a trend in reducing the levels of secreted ADK compared to the
mIslets-alone group on day 1 and 8 post-bioprintng. A signifi-
cant reduction in the levels of ADK was observed on day 14 post-
bioprinting in mIslets+hASCs group compared to the mIslets-
alone group (Figure 3c). In addition, fluorescence imaging of
scaffolds revealed less PI positive cells in the mIslets+hASCs
group compared to mIslets-alone group, which was in line with
ADK data (Figure 3c,d).

3.4. Human ASCs Improved the Function and Viability of Human
Islets in Bioprinted Scaffolds

In order to determine the human islet function post-3D bio-
printing, double-layered scaffolds were bioprinted with either
human islets or a combination of human islets and human ASCs.
GSIS revealed that the overall insulin secretion increased in the
hIslets-alone group over time; however, these scaffolds showed
blunted insulin secretion when transferring them from high

Adv. Healthcare Mater. 2023, 2300640 2300640 (7 of 15) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Human ASCs support glucose responsiveness and cell viability of mouse islets in bioprinted scaffolds. a) Insulin secretion in response to
basal (1.67 mm) and stimulated (20 mm) levels of glucose measured by b) ELISA and calculated as stimulation index for mouse islets w/wo human
ASCs analyzed at day 1, 8, and 14 post-bioprinting (a, b). c) Cell loss was measured via ADK released from degrading cells in bioprinted scaffolds on
day 1, 8, and 14 post-bioprinting. d) FDA (live cell-green)/PI (dead cell-purple) staining followed up by the visualization of mouse islets w/wo human
ASCs at day 1, 8, and 14 post-bioprinting. Scale bars 200 μm, n = 4 independent biological replicates. Data are presented as mean ± SD and analyzed by
one-way ANOVA with Bonferroni corrections and Mann–Whitney U test. *p < 0.05 versus high glucose (20 mm) group, *p < 0.05 versus mIslets-alone
group.

glucose levels (20 mm) to low glucose (1.67 mm) (Figure 4a).
In contrast, bioprinted hIslets+hASCs scaffolds showed proper
maintenance of islet function during culture (Figure 4a). Free-
floating human islets displayed reasonable insulin secretion al-
beit lower than in the hIslets+hASCs group at day 1 (Figure 4a).
The hIslets+hASCs scaffolds displayed elevated levels of SI
compared to the hIslets-alone group (Day 1 post-bioprinting,
hIslets+hASCs 1.835 ± 0.22 vs hIslets-alone 1.239 ± 0.27, Day
8 post-bioprinting, hIslets+hASCs, 2.408 ± 0.42 vs hIslets-
alone 0.7203 ± 0.13, Day 14 post-bioprinting, hIslets+hASCs
2.315 ± 0.38 vs hIslets-alone 0.7203 ± 0.13) (Figure 4b). In ad-
dition, bioprinted hIslets+hASCs scaffolds showed lower levels
of ADK compared to the hIslets-alone group over time. More-
over, fluorescence microscopy revealed less PI positive cells in
the hIslets+hASCs group compared to the hIslets-alone group,
which is in line with ADK data (Figure 4c,d).

3.5. Presence of Human ASCs in Islet Scaffolds Reduced
Secretion of Pro-Inflammatory Cytokines

In order to study the inflammatory stress effect of 3D bioprinting
process on the islets within the scaffolds, we measured secretion
of three pro-inflammatory cytokines, which their secretions by
islets have been reported post-clinical islet transplantation.[65–67]

We also investigated whether presence of ASCs in the scaf-

folds could induce a protective effect on the mouse and human
islets. It has been previously reported that co-culture of human
islets with human ASCs could reduce the secretion of the pro-
inflammatory cytokines.[49] In comparison to mIslets+hASCs
bioprinted scaffolds, mIslets-alone scaffolds showed in general
higher mouse specific pro-inflammatory cytokine levels, at all an-
alyzed time points (Figure 5). We found a significant decrease
in secretion of measured cytokines in mIslets+hASCs group
compared to the mIslets-alone group on day 1 post-bioprinting
for all three cytokines and on day 14 post-bioprinting for GRO-
𝛼 and IP-10 (Figure 5a–c, EST 3, Supporting Information).
The same cytokine secretion reducing effect of human ASCs
were observed in hIslets+hASCs group compared to the hIslets-
alone group (Figure 5d–f, EST 4, Supporting Information).We
observed a significant decrease of human GRO-𝛼 and MCP-1
on day 1 post-bioprinting and IP-10 on day 8 post-bioprinting
in hIslets+hASCs group compared to the hIslets-alone group
(Figure 5d–f, EST 4, Supporting Information).

3.6. Mitigation of Diabetes Influenced by Human ASCs in 3D
Bioprinted Islet Scaffolds

To assess the effect of human ASCs on islet function and glucose
regulation in vivo, mIslets+hASCs scaffolds were transplanted
to the IP site of the diabetic mice and followed up for 60 days

Adv. Healthcare Mater. 2023, 2300640 2300640 (8 of 15) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Human ASCs support glucose responsiveness and cell viability of human islets in bioprinted scaffolds. a) Insulin secretion in response to
basal (1.67 mmol L−1) and stimulated (20 mmol L−1) levels of glucose measured by ELISA and calculated as b) SI for human islets w/wo human ASCs
analyzed at day 1, 8, and 14 post-bioprinting. c) Cell loss was measured via ADK released from degrading cells in bioprinted scaffolds at day 1, 8, and
14 post-bioprinting. FDA (live cell-green)/PI (dead cell-purple) staining followed up by the visualization of human islets w/wo ASCs at day 1, 8, and 14
post-bioprinting (d). Scale bars 200 μm, n = 4 independent biological replicates. Data are presented as mean ± SD and analyzed by Mann–Whitney U
test. *p < 0.05 and **p < 0.01 versus the hIslets-alone group.

post-transplantation. All animals transplanted with scaffolds con-
taining mouse islets showed a reduction in blood glucose and
reaching normoglycemia (10 mm blood glucose) around day 7
(Figure 6a,b). However, blood glucose in diabetic mice with scaf-
folds containing mIslets+hASCs clearly displayed less fluctua-
tion over time and was always under the 10 mm threshold, while
mice with mIslets-alone scaffolds remained above this threshold
(Figure 6a,b). Kaplan–Meier curves indicate that the time until
normoglycemia was reached around day 7 for mIslets+hASCs
scaffolds, whereas for mIslets-alone scaffolds, the time of reach-
ing normoglycemia was at the end of the transplantation period
at day 56 (Figure 6c). To compare the 3D bioprinted scaffolds
with the gold standard in vivo potency bioassay, 250 free-floating
mouse islets were transplanted under kidney capsule of the di-
abetic mice as control animal group. In these control animals,
the reduction in blood glucose to normoglycemic levels was ob-
served from day 2 post-transplantation, which was similar to mice
treated with the bioprinted mIslet+hASCs scaffolds (Figure 6c).
This outcome indicates that the 100 primary mouse islets within
the scaffold benefit from the presence of ASCs to reach stable
normoglycemia in a relatively short time similarly to the con-
trol group where the 250 islets were transplanted under the kid-
ney capsule. Whereas the diabetic mice transplanted with mIslet-
alone scaffolds needed considerably longer time to reach normo-
glycemia and seemed to be less effective.

The measurement of circulating C-peptide and the ratio of C-
peptide to fasting blood glucose have been known as the sign of

preserved islet function post-transplantation.[68] C-peptide mea-
sured on day 60 showed a significant increase in mice trans-
planted with the mIslets+hASCs scaffolds compared to the
mIslets-alone group (Figure 6d). C-peptide levels in these mice
were similar to mice transplanted with islet grafts under kid-
ney capsule, while mIslets-alone transplanted mice displayed sig-
nificantly lower levels of secreted C-peptide (Figure 6d). Simi-
larly, the ratio of mouse C-peptide to fasting blood glucose in
mice transplanted with mIslets+hASCs scaffold was significantly
higher compared to mice transplanted with mIslets-alone scaf-
folds on day 60 post-transplantation (Figure 6e). Control analy-
sis of native insulin in mouse pancreata showed no detectable
insulin, indicating that no significant beta cell regeneration had
taken place during the transplantation period (ESF 4, Supporting
Information). This confirms that C-peptide was secreted by the
transplanted islets in the scaffolds. Explanted mIslets+hASCs
scaffolds showed insulin and CD105 positive cells for beta cells
and ASCs respectively, indicating the presence of both islets and
ASCs in the transplanted scaffolds 60 days post-transplantation
(Figure 6f).

4. Discussion

In this study, we present a method for 3D bioprinting of trans-
plantable alginate/NFC scaffold that contains mouse or human
islets together with ASCs as supportive cells for islet function.

Adv. Healthcare Mater. 2023, 2300640 2300640 (9 of 15) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. Comparison of inflammatory cytokine releases from bioprinted islet scaffolds w/wo human ASCs. The assessment of the mouse inflammatory
cytokines a) MCP-1, b) IP-10, and c) GRO-𝛼 in bioprinted scaffolds containing mouse islets and human ASCs at day 1, 8, and 14 post-bioprinting. Data
are presented as mean ± SD and analyzed by a Mann–Whitney U test, n = 4 independent biological replicates,* p < 0.05, and ** p < 0.01 versus mIslets-
alone scaffolds. The assessment of the human inflammatory cytokines d) MCP-1, e) IP-10, and f) GRO-𝛼 in bioprinted scaffolds containing human islets
and human ASCs at day 1, 8, and 14 post-bioprinting. Data are presented as mean ± SD and analyzed by a Mann–Whitney U test, n = 4 independent
biological replicates. *p < 005 versus hIslets-alone group.

Transplanting pancreatic islets to alternative extrahepatic sites
can play an important role in improving the outcome of beta cell
replacement therapy.[69] Tissue engineering technologies such as
3D bioprinting offer advanced and versatile tools for the creation
of transplantable islet scaffolds and delivery devices that can be
used toward development of modern T1D treatment options.[8,70]

Despite the significant progress in the development of islet deliv-
ery macro-scaffolds, major challenges including the long diffu-
sion pathway for nutrients and oxygen to reach the islets as well
as the number of cells per device have still remained unsolved.[71]

Alginate as standing alone biomaterial with fast cross-linking
ability and high water content offers fast exchange of nutrients,
oxygen and waste throughout the 3D bioprinted scaffolds.[72]

However, alginate has poor printability but in combination with
other hydrogels with higher printing fidelity, the printability can
be improved. As previously shown, the combination of alginate
with NFC offers desirable properties for bioprinting of living cells
due to the suitable rheological properties for printing and en-
capsulation of cells, and additionally, the shear-thinning nature
of the NFC that allows precise printability.[29,73] Also, we previ-
ously reported about the stability of the bioink material where
cell-free alginate/NFC scaffolds did not degrade, but stayed in-
tact during 10 months of follow-up period post-transplantation in
a mouse model.[60] Similarly, very low levels of biodegradation of

alginate/NFC scaffolds have been reported after 10 months trans-
plantation in an application with chondrocytes and chondrocytes
together with MSCs in vivo.[20,54] Following up with this data,
the measurement of the diffusion properties of alginate/NFC
bioink using FRAP analysis reported that the used bioink in this
study allows the diffusion of wide-range of small molecules with
the size from 3 to70 kDa. This data together with the measured
mesh size and glucose absorption by the bioink as an exam-
ple show the ability of this bioink to exchange molecules with
various sizes between the cells and outer environment. Previ-
ously published studies reported bioprinting and maintenance
of liver cells and induced pluripotent stem cells (iPSCs) in algi-
nate/NFC scaffolds.[17,72] They showed that this bioink combina-
tion was suitable for keeping the pluripotency of iPSCs later used
to generate cartilage tissue.[74] Recently two studies has shown
the use of tunicates that is another source of NFC, in combi-
nation with alginate as bioink to create 3D bioprinted scaffolds
of human chondrocytes and autologous micro-fat for pre-clinical
applications.[16,75] These publications together with our data show
the long-term stability and compatibility of the material as a
transplantable biomaterial and more importantly also, show the
suitable diffusion properties of vital nutrients as well as mainte-
nance of encapsulated cells including islets post-bioprinting pro-
cedure.

Adv. Healthcare Mater. 2023, 2300640 2300640 (10 of 15) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 6. Improved in vivo efficacy of 3D bioprinted mIslets + hASCs in diabetic mice. Random blood glucose measurements over a) 60 days post-
transplantation and b) calculated AUC in mice transplanted with mIslet scaffolds w/wo ASCs. Islets transplanted under the kidney capsule, healthy and
diabetic mice served as controls. c) Kaplan–Meier curves for mice transplanted with scaffolds or islet grafts under kidney capsule. d) Circulating mouse
C-peptide and e) calculated ratio of mouse C-peptide to fasting blood glucose at the termination of studies for diabetic mice transplanted with either
scaffolds or mouse islet grafts under kidney capsule. f) Immunofluorescent labeling of explants for insulin and CD105 at day 60 post-transplantation.
Magnification 10×, scale bar 200 μm. In all analysis, data are presented as mean ± SD and analyzed by one-way ANOVA with Bonferroni corrections and
unpaired Mann–Whitney U test, n= 3 independent biological replicates and for each replicate 6 mice per group were used. *p< 0.05 versus mIslets-alone
group. **p < 0.01 and ***p < 0.001 versus diabetic mice group.

The other major challenge with bioprinting of islet scaffolds is
the knowledge of cells and their distributions within scaffolds.
Pancreatic islets are metabolically active organoids that prefer
sparse distribution in their native environment. Having them in
close proximity with each other induce hypoxia and cellular stress
signals that could negatively affect their function and viability.[79]

Therefore, the number of islets per scaffold and the islet position-
ing within the scaffold could have reducing impact on the long-
term function of islets in scaffolds. Micro-CT imaging has been
used previously to study the shape and the pore size of 3D bio-

printed scaffolds but not for identifying the number of cell clus-
ters within a scaffold.[77] Phase-contrast imaging using micro-CT
with PTA staining has been shown to give high-quality visualiza-
tion of chondrocytes in articular cartilage.[61,78] By utilizing this
technique, we were able to visualize islets post-bioprinting in the
scaffolds and show that we have equally distributed islets in each
scaffold.

During the islet isolation procedure, the islets go through
both mechanical and enzymatic destructions of pancreatic tis-
sue which results in disruption of islet micro-environment and
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endocrine cell niche.[79,80] This disruption has been reported to
cause increased levels of some pro-inflammatory cytokines in-
cluding IL-6, IL8 and MCP-1 post-islet isolation.[81,82] We also
reported elevated levels of the pro-inflammatory cytokines IP-
10, GRO-𝛼, and MCP-1 secreted by both human and mouse
islets from islet-alone scaffolds post-bioprinting. The increase of
these three measured mediators has previously been reported
in the early phase after clinical islet transplantation in T1D
patients.[83–85] One strategy to improve islet health is to create a
supportive micro-environment for the islets with ECM molecules
and anti-inflammatory cytokines. One strategy to create this sup-
portive micro-environment for pancreatic islets is bioprinting of
islet scaffold with suitable bioink mixed with ECM proteins ex-
tracted from pancreatic tissue. Although, this strategy could be
beneficial for the islets, challenges including purifying ECM pro-
teins from the pancreatic tissue and characterizing all molecules
of the ECM as well as potential access to human pancreas to
isolate ECM make this strategy hardly applicable for clinical
purposes.[37] Therefore, we used ASCs as the source of ECM
and growth factors that could be beneficial for 3D bioprinted
islets. Our previous co-culture studies of islets and ASCs have
shown the paracrine effects of ASCs for prolonging islet survival
and function as well as reducing inflammatory reactions.[49,52]

Cell-free therapies by using ASC secretome from conditioned
medium and ASC-derived extracellular vesicle have been con-
sidered also in various clinical trials for treatment of neurode-
generative, cardiovascular and metabolic diseases.[86,87] However,
challenges of the short half-life of these ECM molecules, growth
factors, and cytokines as well as the frequencies of administra-
tion need more investigation for long-term outcome of these
strategies.[33,77,88,89] In addition, presence of the bioink in 3D bio-
printed cell structures could make these strategies more compli-
cated in terms of the absorption rate and the lag time for these
factors reaching islets.

We printed islets and ASCs in two separate layers in a double-
layered scaffold. The shape and geometry of the scaffold in this
study have been tested previously with various types of cells.
As previously published, 3D grid-like shaped scaffold containing
chondrocytes and MSCs at the density of 1 × 106 cells per scaffold
in alginate/NFC bioink showed proliferation of the cells as well as
type 2 collagen and glycosaminoglycan by chondrocytes 60 days
post-transplantation subcutaneously in node mouse model.[20,28]

Another study using the similar 3D scaffold structure and sim-
ilar number of cell density harvested from fat tissue (contain-
ing ASCs, endothelial progenitor cells, and endothelial cells) re-
ported 150 days of scaffold survival in vivo as well as identifica-
tions of angiogenesis in nude mouse model.[90] Although in these
studies ASCs or MSCs were mixed together in the scaffold, direct
co-culture or mixing of islets and ASCs can induce adhesion of
ASCs on the islet surface. This can change the morphology of an
islet and affect the potency of insulin secretion.[91] However, in-
direct culture of ASCs on a petri dish and islets in transwells in
close proximity has been reported to be beneficial through secre-
tion of growth factors including Hepatocyte growth factor (HGF)
and Vascular endothelial growth factor (VEGF) from ASCs to im-
prove islet function.[92] Our strategy in bioprinted ASCs and islets
into a double-layered scaffold also serves as an indirect co-culture
method of islets and ASCs that revealed reduction in secretion
of IP-10, GRO-𝛼 and MCP-1 from bioprinted scaffolds. Thus,

ASCs could be an effective approach to improve the islet micro-
environment and consequently islet health when using in tissue
engineering constructs.

Although, bioprinting of islet scaffold has been reported previ-
ously, generation of transplantable islet scaffolds has been yet to
achieve. Islet transplantation under kidney capsule is considered
as the standard model to monitor the islet potency.[93] A tissue
engineered biomaterial based scaffold that is transplantable to
an extrahepatic site and also easily retrievable, would give an in-
valuable knowledge and a possibility to monitor long-term islet
function toward investigation of alternative and novel regenera-
tive approaches for T1D treatment.[94–96] In this study, we used
our defined minimal mass of islets together with ASCs, to study
the indirect effects of ASCs in the scaffolds. ≥200 mouse islets
are considered a full islet mass that is required to achieve nor-
moglycemia in allogenic diabetic mouse model.[97,98] To study
whether ASCs can improve minimal islet function under dia-
betic micro-environment, we bioprinted scaffolds containing 100
mouse islets and 1.2 × 106 human ASCs. Co-transplantation of
ASCs with marginal allogenic islets under kidney capsule has
also been reported to prolong graft survival in diabetic mice.[52]

The beneficial effect of ASCs is thought to improve islet function
and their glucose responsiveness in vivo.[49,50]

The transplantation of a scaffold to the IP site of a diabetic
mouse model is beneficial due to the easy accessibility and the
larger space for different shaped scaffolds as these strategies are
developing toward clinical applications.[99] However, delayed de-
livery of oxygen and nutrient supplies due to the passive diffu-
sion properties compared to the kidney capsule site could hinder
the outcome of transplanted scaffolds at the IP site.[100] We used
a dose of 1.2 × 106 human ASCs in the scaffolds transplanted
at the IP site. Five-times intravenous administration of 5 × 106

ASCs to a diabetic mouse model has been shown to be less in-
efficient for reversal of diabetes. This was also confirmed by de-
tection of ASCs in lungs, spleen and peritubular regions but not
in the pancreas post-infusion.[101] Interestingly, our immunoflu-
orescent staining data shows the presence of ASCs together with
islets in scaffolds for at least 60 days post-transplantation. There-
fore, bioprinting ASCs together with islets could be advantageous
strategy for keeping the beneficial indirect effects of ASCs on
islets post-transplantation and support the preservation of islet
function.

5. Conclusion

This is the first study showing the supportive role of ASCs
on pancreatic islets specifically in 3D bioprinted scaffolds. The
model exhibited the possibility of transplanting fewer islets to-
gether with ASCs to achieve normoglycemia and maintenance
of it throughout the study time frame of 60 days. In addition,
we demonstrated the stability of islet function and viability in
vitro when bioprinted with ASCs to a scaffold up to 14 days.
This study makes the ground for future research for moving the
field of beta cell replacement therapy toward developing stem
cell-derived islet-like organoids that could potentially replace al-
logenic human islet transplantation. Recreation of clinically rele-
vant physiological islet micro-environment for these organoids
could be achieved by using supportive cells and engineering
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scaffolds that hold different cell types together for long-term en-
graftment using an extrahepatic transplantation site.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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