% Maastricht University

Fabrication of three-dimensional bioplotted hydrogel
scaffolds for islets of Langerhans transplantation

Citation for published version (APA):

Marchioli, G., van Gurp, L., van Krieken, P. P., Stamatialis, D., Engelse, M., van Blitterswijk, C. A.,
Karperien, M. B. J., de Koning, E., Alblas, J., Moroni, L., & van Apeldoorn, A. A. (2015). Fabrication of
three-dimensional bioplotted hydrogel scaffolds for islets of Langerhans transplantation. Biofabrication,
7(2), Article 025009. https://doi.org/10.1088/1758-5090/7/2/025009

Document status and date:
Published: 01/06/2015

DOI:
10.1088/1758-5090/7/2/025009

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

« A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.

« The final author version and the galley proof are versions of the publication after peer review.

« The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

« Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
« You may not further distribute the material or use it for any profit-making activity or commercial gain
« You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl
providing details and we will investigate your claim.

Download date: 15 May. 2024


https://doi.org/10.1088/1758-5090/7/2/025009
https://doi.org/10.1088/1758-5090/7/2/025009
https://cris.maastrichtuniversity.nl/en/publications/cf2696f3-d7ce-410b-ac4b-b078bf36eb8b

(2P,

{Qi BE
oty

\!‘;"f’

International Society

Biofabrication for Biofabrication

PAPER Related content

Fabrication of three-dimensional bioplotted " Colliaden hydiogei or s engneering

. Chang Mo Hwang, Shilpa Sant, Mahdokht
hydrogel scaffolds for islets of Langerhans Masaeli et a.

H - Yield stress determines bioprintability of

tl"a n S p I a ntatl O n hydrogels based on gelatin-methacryloyl
and gellan gum for cartilage bioprinting

Vivian H M Mouser, Ferry P W Melchels,

To cite this article: G Marchioli et al 2015 Biofabrication 7 025009 Jetze Visser et al.

- 3D bioprinting of scaffolds with living
Schwann cells for potential nerve tissue
engineering applications
Liqun Ning, Haoying Sun, Tiphanie Lelong
View the article online for updates and enhancements. etal.

Recent citations

- Bionic Organs: Shear Forces Reduce
Pancreatic Islet and Mammalian Cell
Viability during the Process of 3D
Bioprinting
Marta Klak et al

- Bioengineered Islet Cell Transplantation
Kevin Bellofatto et al

- Challenges and solutions for fabrication of
three-dimensional cocultures of neural

cell-loaded biomimetic constructs
Ulises A. Aregueta Robles et al

Your publishing choice in all areas of biophysics

research.

This content was downloaded from IP address 137.120.155.105 on 02/04/2021 at 18:59


https://doi.org/10.1088/1758-5090/7/2/025009
http://iopscience.iop.org/article/10.1088/1758-5082/2/3/035003
http://iopscience.iop.org/article/10.1088/1758-5082/2/3/035003
http://iopscience.iop.org/article/10.1088/1758-5090/8/3/035003
http://iopscience.iop.org/article/10.1088/1758-5090/8/3/035003
http://iopscience.iop.org/article/10.1088/1758-5090/8/3/035003
http://iopscience.iop.org/article/10.1088/1758-5090/aacd30
http://iopscience.iop.org/article/10.1088/1758-5090/aacd30
http://iopscience.iop.org/article/10.1088/1758-5090/aacd30
http://dx.doi.org/10.3390/mi12030304
http://dx.doi.org/10.3390/mi12030304
http://dx.doi.org/10.3390/mi12030304
http://dx.doi.org/10.3390/mi12030304
http://dx.doi.org/10.1007/s40472-021-00318-1
http://dx.doi.org/10.1116/6.0000700
http://dx.doi.org/10.1116/6.0000700
http://dx.doi.org/10.1116/6.0000700
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssLkXyq2ePKNwKcC_cdhBW-i_TPqxrfn1pTVvoKdqZHblsK4h09CqO46J3vU1mBBFhj3cuaizV_nRge0sqdRndeys5xT-B9BWAX8MrTb_hPwWByLFYF6mvfptTTtVRao0UTMgjcH5v6dPOiM3HA-_dsdp56dtq7H1Vh7Qn9aHQXqzlUMfjrw_4A_MoNa9cuRb973tqv0l_UqlONIAY6af1wCzt8JgWoHx0BjI7Dytsqu3nnWfZd9_sMhiHZYZ9yFM20foZ4KptfoUPw25xoT2_2&sig=Cg0ArKJSzGsFTn0qjRLu&adurl=https://iopscience.iop.org/bookListInfo/iop-series-in-biophysical-society%23series

10P Publishing

@ CrossMark

RECEIVED
23 October 2014

REVISED
20 March 2015

ACCEPTED FOR PUBLICATION
8 April 2015

PUBLISHED
28 May 2015

Biofabrication 7 (2015) 025009 doi:10.1088/1758-5090/7/2/025009

Biofabrication

PAPER

Fabrication of three-dimensional bioplotted hydrogel scaffolds for
islets of Langerhans transplantation

G Marchioli'®, L van Gurp®, P P van Krieken’, D Stamatialis®, M Engelse’, C A van Blitterswijk’,
M B]J Karperien', E de Koning’, ] Alblas*, L Moroni™’ and A A van Apeldoorn"’

! Department of Developmental BioEngineering, MIRA Institute for Biomedical Technology and Technical Medicine, Faculty of Science

and Technology, University of Twente, Enschede, The Netherlands
> Hubrecht Institute, Royal Netherlands Academy of Arts and Sciences and University Medical Centre Utrecht, Utrecht, The Netherlands
Department of Nephrology, Leiden University Medical Center, Leiden, The Netherlands
* Department of Orthopedics, University Medical Center Utrecht, Utrecht, The Netherlands
Department of Tissue Regeneration, MIRA Institute for Biomedical Technology and Technical Medicine, Faculty of Science and
Technology, University of Twente, Enschede, The Netherlands
Department of Biomaterials Science and Technology, MIRA institute for Biomedical Technology and Technical Medicine, Faculty of
Science and Technology, University of Twente, Enschede, The Netherlands

7 Authors to whom any correspondence should be addressed.

E-mail: a.a.vanapeldoorn@utwente.nl

Keywords: type 1 diabetes, beta cells, bioplotting, tissue engineering, islets of Langerhans

Supplementary material for this article is available online

Abstract

In clinical islet transplantation, allogeneic islets of Langerhans are transplanted into the portal vein of
patients with type 1 diabetes, enabling the restoration of normoglycemia. After intra-hepatic
transplantation several factors are involved in the decay in islet mass and function mainly caused by an
immediate blood mediated inflammatory response, lack of vascularization, and allo- and autoimmu-
nity. Bioengineered scaffolds can potentially provide an alternative extra-hepatic transplantation site
for islets by improving nutrient diffusion and blood supply to the scaffold. This would ultimately
result in enhanced islet viability and functionality compared to conventional intra portal transplanta-
tion. In this regard, the biomaterial choice, the three-dimensional (3D) shape and scaffold porosity are
key parameters for an optimal construct design and, ultimately, transplantation outcome. We used 3D
bioplotting for the fabrication of a 3D alginate-based porous scaffold as an extra-hepatic islet delivery
system. In 3D-plotted alginate scaffolds the surface to volume ratio, and thus oxygen and nutrient
transport, is increased compared to conventional bulk hydrogels. Several alginate mixtures have been
tested for INS1E f-cell viability. Alginate/gelatin mixtures resulted in high plotting performances, and
satisfactory handling properties. INS1E f-cells, human and mouse islets were successfully embedded
in 3D-plotted constructs without affecting their morphology and viability, while preventing their
aggregation. 3D plotted scaffolds could help in creating an alternative extra-hepatic transplantation
site. In contrast to microcapsule embedding, in 3D plotted scaffold islets are confined in one location
and blood vessels can grow into the pores of the construct, in closer contact to the embedded tissue.
Once revascularization has occurred, the functionality is fully restored upon degradation of the
scaffold.

1. Introduction the efficiency of this procedure is limited: it is

estimated that a large proportion of the transplanted
Islet transplantation is usually performed in a selected  islets is destroyed shortly after transplantation [1, 2].
group of patients with type 1 diabetes with unstable In addition, long term survival is not optimal as less
glycemia characterized by recurrent low blood glucose  than 50% of the patients remain insulin independent
levels and hypoglycemia unawareness [1,2]. However, after a 5 years follow-up [3]. Several reasons are
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relevant for the adverse outcome of islet transplanta-
tion, like: (i) the instant blood mediated inflammatory
reaction caused by complement activation and innate
immune response [4]; (ii) the disruption of cell-
extracellular matrix interaction during the isolation
phase from the donor pancreas [5-7]; (iii) the loss of
islet vasculature, resulting in a reduced nutrient and
oxygen supply after transplantation [8, 9]; (iv) toxins
and drugs which are commonly processed in the liver
and further cause islet mass decay [10, 11]; (v)
alloimmune response; and (vi) recurrent autoimmu-
nity. Itis likely that a combination of all these factors is
responsible for the reduced graft survival in the
long term.

The creation of an extra-hepatic transplantation
site, aided by the use of bioengineered implants in
which islets are combined with scaffolds, could help
overcoming the aforementioned disadvantages. Scaf-
folds can provide a favorable and protective environ-
ment for islets of Langerhans, including the possibility
of designing the shape of the construct and functiona-
lizing the material to specifically match the require-
ments of the embedded cells. Recently, a number of
polymeric biomaterials have been used for the crea-
tion of porous islet-containing implants. Salt leached
porous scaffolds of poly(DL-lactide-co-glycolide) acid
(PLGA) [12-14], plotted PLGA scaffolds [15], poly-
dimethylsiloxane salt-leached scaffolds [16, 17] and
thermoformed microwell scaffolds of poly(ethylene
oxide terephthalate)—poly(butylene terephthalate)
(PEOT/PBT) block copolymer [18] are examples of
the variety of materials and scaffold shapes used for
extra-hepatic islet entrapment and transplantation.
Although successful in small animal models, the main
disadvantage of such tissue-engineered constructs is
the difficulty in scaling them up to a clinically relevant
size, containing a therapeutic dosage of islets, without
compromising nutrient and oxygen diffusion.

A different approach has been tried by encapsulat-
ing islets in hydrogels. Hydrogels are particularly
attractive for cell encapsulation and have been used in
a variety of applications for soft tissue engineering
[19]. Hydrogel encapsulation can be used for
immune-protection by preventing contact of the
encapsulated cells with the host immune cells. Their
mechanical properties and water content closely
match the ones of soft tissues in the body [20]. Fur-
thermore, hydrogels can be easily mixed or covalently
functionalized with extracellular matrix proteins, pep-
tides and growth factors [21-23]. Among different
hydrogel formulations, alginate is a commonly used
material for islet encapsulation and has been widely
used for immunoprotection of allogeneic transplanted
islets from the attack of antibodies and cytokines after
transplantation [3, 24, 25]. Islets are either embedded
in small alginate beads or mixed in bulk alginate
hydrogels, and injected subcutaneously or into the
peritoneal cavity [3, 26]. A study by Ludwig et al
reports the fabrication of a oxygenated and
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immunoprotective alginate-based macro-chamber for
islets transplantation in a male patient [27]. In all this
cases, the mesh size of the surrounding alginate hydro-
gel has to be carefully tuned to assure optimal insulin
and nutrient diffusion to the embedded islet. At the
same time, the hydrogel mesh needs to be tight enough
to prevent antibodies and cytokines to interact with
the embedded islets [24]. The disadvantage of encap-
sulation is that the embedded islets cannot be regarded
as a single construct but more as a multitude of self-
standing micro organs, which are difficult to implant
and be retrieved all at once, if needed.

We studied three-dimensional (3D) bioplotting
for the fabrication of an alginate-based, islet-laden 3D
construct. Islets of Langerhans are mixed in the pre-
cursor alginate solution and this is plotted in a pre-
defined 3D fashion. Islets are embedded in the
hydrogel strands constituting the construct. Such con-
struct can combine the advantages of a tailor made
shape and porosity with the beneficial properties of
hydrogels in an innovative construct for islet of Lan-
gerhans delivery. In contrast to what happens with
other constructs or with islet encapsulation in beads,
one of the main advantages of this approach is that this
type of construct can host a clinically relevant amount
of islets in a defined tridimensional, porous construct.
In addition, the fabrication of a cell-laden alginate
construct can also combine the advantages of a porous
hydrogel scaffold with a defined 3D geometry with the
immunoprotection properties provided by alginate
embedding.

A variety of different techniques has already been
developed to tackle the problem of 3D cell-laden
hydrogel constructs for several other tissues. Strategies
as 3D plotting and inkjet printing are the most widely
used and have been applied to the regeneration of dif-
ferent tissues [28, 29]. 3D deposition of cell-laden
hydrogels has been previously investigated for hepatic
tissue regeneration [30] and for bone tissue engineer-
ing applications [31], showing that a plotted porous
structure can be beneficial to enhance cell viability and
metabolic activity compared to bulk constructs. 3D
hydrogel deposition has been also applied to the fabri-
cation of aortic valves [32], micro-vessels and vascu-
larized tissue fabrication [33], for cell transfection
strategies [34] and for cell culture of neural stem cells
[35], fibroblasts and keratinocytes [36, 37].

The main advantage of plotting is, therefore, the
possibility of fabricating large hydrogel constructs,
capable of containing a clinically relevant amount of
islets, with a porous structure that might improve oxy-
gen and nutrient supply to the embedded cells. In this
study, plotting of cell-laden hydrogels constructs is
extended to large cell aggregates of 50-300 ym in dia-
meter, such as islets of Langerhans.

We hypothesized that islets embedded in a porous
plotted structure could have a better glucose and insu-
lin exchange, compared to bulk hydrogels. We show
that the material choice and construct shape are of
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crucial importance in defining the viability and func-
tionality of the embedded cells.

2. Materials and methods

2.1.INSIE cell culture and islet culture

INSI1E p-cell line, derived from rat insulinoma, were
kindly provided by Dr Guigas, LUMC, Leiden, The
Netherlands and Dr Maechler, University Medical
Center, Geneva, Switzerland. Cells were cultured in
RPMI 1640 (Gibco) supplemented with 5% (v/v) FBS
(Lonza), 1% pen/strep (Gibco), 1% sodium pyruvate
(Sigma) and 1% HEPES 1 M (Invitrogen). For cell
expansion, f-mercaptoethanol (Invitrogen) was
added fresh to the culture to a final concentration of
l1ulml™" medium. Medium was refreshed every
2-3 days.

Human cadaveric donor pancreata were procured
via a multi-organ donation program. Isolated human
islets were used in this study if they could not be used
for clinical transplantation, according to the national
law, and if research consent was present. Human islets
were kindly provided by the LUMC Leiden and cul-
tured in CMRL medium (Cellgro) supplemented with
10% FBS and 1% pen/strep according to Fraga et al
[38]. Mouse islets were isolated from double hetero-
zygous crossbreed mice between Tg(Insl-eGFP),
Jackson Laboratory strain #006864, and B6(CAG-
DsRed*MST), Jackson Laboratory strain #005441 and
kindly provided by Hubrecht Institute Utrecht. Mouse
islets were cultured in ultra-low attachment plates
with RPMI 1640 (Gibco) supplemented with 10% FBS
and 1% pen/strep.

2.2. Preparation of alginate mixtures and cell-
containing bulk hydrogels

Alginate powder (Sigma) was sterilized by 5min
exposure to UV light (Labino Duo spotlight) with an
intensity of 45 mW cm™~ at 38 cm and dissolved at a
4% w/v concentration in PBS (PAA). Pre-crosslinked
alginate was prepared by mixing a 5.3% w/v alginate
solution with a 102 mM CaCl, solution (Sigma) in
HEPES 10 mM in a 3:1 volume ratio, resulting in a
final alginate concentration of 4% w/v. Two syringes
connected with a T-shaped connector were used to
mix the calcium chloride solution with alginate and
after mixing this precursor solution was used for
plotting. After scaffold preparation the resulting con-
struct was definitively crosslinked by using 102 mM
CaCl, solution. Similarly, an alginate 4%/Matrigel
25% w/v mixture was also prepared, by pipetting.
Additionally, alginate 4%/gelatin 5% w/v and alginate
4%/hyaluronic acid 0.5% w/v mixtures were prepared
by dissolving 0.8 g of alginate in 20 ml of a 5% w/v
bovine gelatin solution (gelatin type B, Sigma), or in
0.5% w/v hyaluronic acid solution (Fluka) at 37°.
Gelatin and hyaluronic acid solution were filter
sterilized using an 0.22 ym filter unit (Millipore)
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attached to a 10 ml syringe (Norm-Ject HSW). All the
different alginate mixtures are summarized in table 1.
Ultrapure alginate was kindly provided by De Vos
(UMCG Groningen) and used at a concentration of
2% wiv in PBS after purification according to De Vos
etal [26].

Viscosity of the different alginate compositions
was quantified using an Anton Paar Physica MCR 301
rheometer with flat plate geometry (20 mm diameter,
1 mm gap). Shear rate ranged from 0.01 to 100 1s™".
Given the non-Newtonian behavior of alginate solu-
tions, viscosity measurement at a low shear rate of 0.03
15" was selected.

When islets or cells were added to the different gel
mixtures, 10 X 10° cells/ml were resuspended in the
less viscous component of the mixture (CaCl,, gela-
tin, hyaluronic acid solution or in Matrigel) to obtain
a homogeneously dispersed cell suspension and
mixed with a 5.3% w/v alginate solution, in a 1:3
ratio, to a final 4% w/v alginate concentration. Both
plotted and bulk constructs (0.3 ml) were crosslinked
with a 102 mM CaCl, in 10 mM HEPES solution for
15 min and then washed for 5 min with tris buffered
saline (TBS) [31]. Other crosslinking solutions used
in this study were 20 mM CaCl, in 10 mM HEPES
and 20 mM BaCl, (Sigma) in 10 mM HEPES to study
the effect of crosslinking strength and ion on islet
activity.

2.3.3D hydrogel plotting

Constructs were plotted using a 3D bioplotter
(SysENG, Germany). Briefly, a cell suspension in
hydrogel is laden into a syringe. The hydrogel is then
extruded from the syringe in a controlled layer by layer
fashion by a XYZ moving arm, which deposits the
material into a predefined 3D structure according to a
computer aided design model (CAD-model).

Plotting settings were set accordingly to the viscos-
ity of the material. Plotting speed ranged from 750 to
1100 mm min "}, needle diameter ranged from 0.41 to
0.2 mm. Alginate 4%/gelatin 5% w/v 2X2cm con-
struct was plotted with a XY speed of 750 mm min ™', a
spindle speed of 1.75 mm min ' and a needle diameter
of 0.41 mm for a total of 17 layers. A 0.41 mm needle
diameter was selected to be compatible with an islet
size, which ranges between 50 and 300 ym. Plotting
settings for the other compositions are reported in
detail in table 1. The spacing between each individual
strand of the porous constructs was set on 3 mm to
assure open pores in the constructs, whereas solid con-
structs were plotted with an offset of 1.16 mm to avoid
strand superposition in following layers and create a
compact structure. Control bulk samples were pre-
pared by pipetting the same volume of hydrogel pre-
cursor on a petri dish, and they were then immediately
crosslinked.

3



Table 1. Parameters used for plotting different alginate mixtures, number of layers that could be plotted and viscosity values for each alginate composition.

Needle @ (mm) F,, speed (mm min ') Spindle speed (mm min ") Layer thickness (mm) Layer number Viscosity (Pas™")
Alginate 0.41 1000 1.75 0.20 10 11.2+0.85
Pre-crosslinked alginate 0.41 500 1.75 0.20 15 2923.33 £958.45
Alginate 4%/Gelatin 5% 0.41 1100 1.75 0.10 17 163.67 +£26.72
Alginate 4%/Hyaluronic acid 0.5% 0.41 1500 1.50 0.10 7 9.13+1.48
Alginate 4%/Matrigel 25% 0.41 1250 2.00 0.10 10 25.8+1.51
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2.4.3D plotted construct characterization

Blue colored polystyrene beads of 100 yum diameter
(Phosphorex) were used as a model for islets and
embedded in a plotted alginate 4%/gelatin 5% w/v
construct (referred from now on as alginate/gelatin) in
a concentration of 45’000 beads/ml. Constructs were
plotted and pictures were taken with a stereomicro-
scope (Nikon SMZ-10 A, equipped with Qcaputre
software). The bead/pore distance of circa 400 beads
(20 images) was measured with Image J.

2.5. Glucose diffusion measurement

An 80 ul bulk alginate/gelatin hydrogel was prepared
as previously described and placed in the rubber insert
of a custom made chamber to measure glucose
diffusion through the gel. The 80 ul hydrogel volume
resulted in a gel thickness of 1 mm. The device is
composed of two chambers. One of the compartments
has been loaded with 50 ml of 12 mM glucose, 1%
pen/strep 102 mM CaCl, in 10 mM HEPES; the other
compartment was loaded with the same solution,
without glucose. Samples were taken from both
compartments at defined time points and the concen-
tration of glucose in time was measured using a
VITROSS DT60 II chemistry system (Ortho-Clinical
diagnostics).

The ‘lag time” method was used for the calculation
of glucose diffusion coefficient (cm®s™') in alginate
4%/gelatin 5% (w/v) gel according to the method
described by Hannoun and Stephanopoulos [39]. This
method is based on Fick’s law of diffusion, with con-
stant diffusion coefficient. Total glucose flux through
the gel was calculated and plotted as a function of time.
A constant flow/time ratio, represented by the linear
part of the graph, is reached only after a certain period
of time, and this period of time is referred to as the lag
time. The lag time is the time a glucose molecule needs
to diffuse through the whole thickness of the gel (I),
before the glucose flux becomes constant in time. The
lag time is calculated as the intercept of the linear func-
tion on the x axis an it is given by ¢t = ’/6D, where D is
the diffusion coefficient, t the time and [ the thickness
of the gel layer The diffusion coefficient can be then
calculated as D = I*/6t. The lag time corresponds to the
time difference in which the diffusing molecule, glu-
cose in this case, starts penetrating the hydrogel and
the time at which the glucose flow rate into the accep-
tor chamber reaches a steady state [40].

2.6. Cell viability and metabolic activity

Cell viability was measured with a live/dead viability
assay (Invitrogen) according to the provided protocol
and images were taken with a fluorescence microscope
(Nikon Eclipse E600). Before imaging, hydrogels were
cut in half using a scalpel. The resulting slice had a
thickness of about 850 ym, the plotted morphology
was maintained and four pictures per scaffold, in a
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random area, were analyzed to score the percentage of
live cells to total cells.

To measure cell metabolism in the three different
constructs shapes, medium samples of 3 x 10° cells/
construct cultured in bulk, plotted porous or plotted
solid hydrogels were taken every second day and glu-
cose and lactate concentrations in the medium were
measured with a VITROSS DT60 II chemistry system
(Ortho-Clinical diagnostics). After every analysis,
medium was refreshed for further culturing.

2.7. Lentiviral transduction of human islets

Islets were overnight transduced by incubating them
in 3ml DMEM medium containing 1% pen/strep,
10% FBS, 8 ngmL ™" polybrene (Sigma-Aldrich), and
PRRL-CMV-GFP virus (1000 ngml ™). After trans-
duction, islets were extensively washed in PBS and
cultured again in RPMI supplemented with 10% FBS
and 1% pen/strep. Circa 500 of the brightest trans-
duced islets were selected and used for plotting and for
bulk hydrogel embedding.

2.8.Islet plotting and imaging

1000 IEQ of transduced human islets were mixed with
alginate 4%/ gelatin 5% w/v and alginate 4% w/v. Islets
were plotted according to the procedure or embedded
in bulk hydrogel and imaged at day 1, 4 and 7 with a
Leica TCS SP5 AOBS two-photon microscope. The
microscope was equipped with a 20x dry objective, NA
0.40. The laser lines used were 488 nm for GFP and the
emission filter used was a 495-540 nm. Mouse islets
were similarly plotted and imaged using a 488 nm
excitation line/495-540 nm emission filter for GFP
and a 561 nm excitation line/570-620 nm filter for
DsRed. Non-transduced islets were imaged in the
bright field mode.

2.9.INSIE cell sample preparation for glucose
induced insulin secretion test (GIIST)

Glucose responsiveness of INSIE cells embedded in
alginate 4%/gelatin 5% w/v bulk hydrogel was com-
pared to INSIE cells cultured on tissue culture plastic.
3% 10° cells/sample were seeded in a T25 flask and an
equal amount of cells was embedded in 0.1 ml of bulk
hydrogel. Cells were mixed with alginate 4%/ gelatin
5% w/v solution at a density of 30 x 10° cells/ml and
crosslinked with 102 mM CaCl, in 10 mM HEPES for
15min. Cell laden hydrogels were also crosslinked
with 20 mM CaCl, in 10 mM HEPES for 20 and
30 min, and with 20 mM BaCl, in 10 mM HEPES for
10 min. The previous conditions were also compared
to INS1E embedded in 1% w/v agarose (Invitrogen).

2.10. Islet sample preparation for GIIST

Twenty five islets per sample were embedded in 0.1 ml
of alginate 4%/ gelatin 5% w/v and crosslinked with
102 mM CacCl, in 10 mM HEPES for 5 or 15 min, with
CaCl, 20 mM in 10 mM HEPES for 20 min or with
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BaCl, 20 mM in 10 mM HEPES for 10 min. The same
number of islets were also embedded in 2% w/v
ultrapure alginate and crosslinked for 15 min with
102 mM CacCl, in HEPES. Free floating islets in ultra-
low attachment plate were used as control. After gel
crosslinking, all the samples were washed with TBS
and cultured in CMRL medium. At day one a GIIST
was performed. After the function test, the alginate
hydrogels (102 mM CaCl, crosslinking for 15 min)
were solubilized by incubating them in 1ml of
dissolving buffer containing 0.15M NaCI (Merck),
30 mM disodium-ethylenediamine tetra acetic acid
(EDTA disodium salt) (Calbiochem) and 55 mM
sodium citrate (Sigma-Aldrich) [41] for 40 min. Islets
were retrieved from the gel and after 2 days the
function test was repeated again comparing free
floating untreated islets, free floating islets treated with
the dissolving buffer and islets previously embedded in
the gel and treated with the dissolving buffer for their
retrieval.

For testing islet functionality in the plotted con-
structs, the plotted scaffold and the bulk samples were
prepared with circa 125 islets/sample and crosslinked
with a 102 mM CacCl, solution in 10 mM HEPES for
15 min, followed by a wash with TBS. Both bulk and
plotted constructs final volume was 0.3 ul. Insulin
secretion test was performed as following and com-
pared with the same amount of free floating islets.

2.11.Isletand INS1E GIIST

Islet functionality was tested as reported elsewhere
[18]. The GIIST protocol was slightly modified for
testing INS1E functionality. Briefly, islets were pre-
incubated in Krebs-Ringer low glucose buffer
(1.67 mM glucose) for 1.5 h while INS1E samples were
incubated for two hours in RPMI medium without
glucose (Invitrogen). Samples were then exposed for
1.5 hiin case of islets, or for 45 min in case of INS1E, to
a low glucose Krebs-Ringer buffer containing
1.67 mM glucose. Subsequently, samples were incu-
bated for an equal period of time respectively in high
glucose medium (16.7 mM glucose) followed by a last
incubation in low glucose medium (1.67 mM). Sam-
ples were collected at the end of each incubation step
for further analysis. Released insulin was quantified by
using an ELISA kit (Mercodia). Results were presented
as low-high—low profiles, both as actual amount of
insulin secreted (mU1™") and as stimulation index,
which is the ratio of insulin secretion between the high
and low glucose condition.

2.12. Statistical analysis

Experiments were performed in triplicate. All the
quantitative data are expressed as mean * standard
deviation. Data were analyzed using a one-way
ANOVA, followed by Bonferroni post-hoc test. The
analysis was performed using IBM SPSS statistic 20
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software. Significant difference between groups is
indicated with * (p < 0.05).

2.13.implantation and in vivo imaging

Circa 500 of the brightest transduced islets were
plotted in the scaffold following the usual procedure.
A 1cm circular section of the plotted scaffold was
punched out and glued on one side of a pre-sterilized
abdominal imaging window by using H-butyl-cyanoa-
crylate glue. Two other equal sections of the same
scaffold were used as a subcutaneously implanted
control and as an in vitro control, respectively. The
window was implanted on the back of NSG mice
(Jackson Laboratory), the second part of the scaffold
was implanted subcutaneously as a control.

The islet graft was monitored at day 1, 4 and 7
(figure 8). Intravital imaging was performed by pla-
cing the mouse in a custom designed imaging box. The
imaging window was fixed in a ring-opening on the
bottom part of the box. The box was also equipped
with a nose cone for anesthesia, air ventilation, and a
MouseOx system (Starr Lifescience Corp) to monitor
vital signs. The imaging was performed keeping the
mouse at a controlled temperature of 32 °C. A Leica
TCS SP5 confocal microscope was used and equipped
with a 20x dry, NA0.40 objective, a 488 nm laser line
for GFP and a 495-540 nm emission filter. After seven
days the mouse was sacrificed with isoflurane anesthe-
sia and the graft was explanted and processed for
histology.

Explants were fixed with 4% w/v paraformalde-
hyde, dehydrated, and embedded in paraffin. Sections
4-8 pym thick were cut and stained with hematoxylin
and eosin. Alternatively, immunostainings for insulin
(Dako; 1:200) and glucagon (Vector Laboratories;
1:100) were performed. Images were acquired on a
Leica TCS SPE with a 20x oil-immersion objective.

3. Results

3.1. Scaffold fabrication by 3D plotting and
characterization
Different alginate-extracellular matrix components
blends have been successfully plotted. As shown in
table 1, only some of these blends had sufficient
mechanical properties to allow plotting and handling
of the final construct. The plotting speed and spindle
speed were adjusted according to the viscosity of the
material, being slower for highly viscous materials
(table 1). Among all the other composition tested,
alginate 4%/gelatin 5% (w/v) composition was found
to be the most suitable for scaffold plotting, because of
the high viscosity of the blend compared to all the
other materials tested. This assured better plotting
performances in terms of handling and stability of
multilayered cell-laden constructs (table 1).

This mixture was selected for future experimenta-
tion. Handling and plotting of the alginate/gelatin
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Figure 1. (A) 3D printing scheme concept cartoon, (B) alginate 4%/ gelatin 5% 2 X 2 cm plotted scaffold: the pore diameter is
1.88 £ 0.18 mm and the strand thickness 1.55 + 0.13 mm (scale bar 1 cm). (C) Image of plotted islets in the construct (scale bar

Time (s)

1 mm). (D) Distance islet-pore (#m), polystyrene beads were used as a model for islets distribution in the scaffold. (E) Percentage of
glucose diffused through the gel from a 50 ml donor compartment to the acceptor compartment of a custom made diffusion chamber.
Equilibrium is reached after circa 24 h (1440 min). (F) Total flow of glucose through the gel layer in time. There is a significant time
lag before the system reaches the steady state. Based on the simplified Fick’s law of diffusion (see materials and methods) the diffusion

coefficient can be estimated.

mixture was further improved by the partial gelation
of gelatin at room temperature, compared to the lower
viscosity of its initial state (37 °C, required for solution
preparation) because of the gelation of the gelatin
component at room temperature, which increased the
viscosity of the mixture during plotting.
Alginate/gelatin blend allowed plotting up to 17
layers, resulting in scaffolds with open pores in the X—
Y direction (table 1). The number of layers defines
how many times the strand deposition process was

repeated on top of each other according to the tem-
plate (CAD model) to achieve the final construct. In a
2x2cm scaffold, the pore diameter was
1.88 £0.18 mm and the strand thickness of the con-
struct 1.55+0.13 mm (figure 1). The diameter of the
needle used was 0.41 mm, resulting in a final scaffold
3.7 times thicker because of the superpositioning of 17
layers on top of each other, which showed a partial col-
lapse of the viscous hydrogel precursor before cross-
linking. Similarly, the spacing between strands
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decreased during plotting to 0.5 mm instead of the
initial 3 mm programmed into the CAD model. In
contrast to conventional thermoplastic polymers
extrusion, the hydrogel construct had no pores along
the cross-section (z direction). This fact is explained
by the low viscosity of the hydrogel precursor com-
pared to molten polymers and also by the fact that the
crosslinking procedure was performed after the plot-
ting of the last layer.

Polystyrene beads of 100 ym in diameter were
used as a model for islets of Langerhans to study their
distribution in the plotted construct. After plotting,
the distance between each bead and the closest pore of
the scaffold was measured (figure 1(E)). Beads were
homogeneously distributed in the scaffold, in close
proximity to the pores. The layer of gel surrounding
them had a reduced thickness compared to conven-
tional bulk structures. The great majority of the beads
were at less than 200 ym from the closest pore
(figure 1(E)), which was considered still close enough
to the external environment to allow oxygen diffusion
to the islets [42].

3.2. Glucose diffusion measurements

In order to determine mass transport in this material,
a two compartment glucose diffusion assay was
performed. Scaffolds were placed in between a com-
partment containing 12 mM glucose and a compart-
ment containing no glucose. Glucose diffusion
through the gel was found to be limited by the
alginate/gelatin mesh. Only after 24 h the glucose
concentration in both 50 ml compartments of the
chamber reached the equilibrium, accounting for a
delay in glucose diffusion through the gel. The
graph in figure 1(F) shows the total flow of glucose in
function of time through the gel layer. The
graph shows a significant lag time before the glucose
flow to time ratio becomes constant (steady state
condition). This lag time allows for the calculation of
the diffusion coefficient according to t = I*/6D, as
explained in the materials and methods. The resulting
glucose diffusion coefficient in alginate 4%/gelatin 5%
(w/v) gels was estimated tobe D =1.13 X 10 cm?s™ L
In literature, the diffusion coefficient of glucose in
water and in a 4% alginate solution has been reported
to be 6.7x10 °cm?s™! [43] and 5x 10 %cm?s ™},
respectively [39]. Both coefficients are significantly
bigger compared to glucose diffusion values in our
system.

3.3.INSIE viability screening in bulk materials

INSIE insulinoma cells were used as a model for islets
of Langerhans and encapsulated into the different
alginate-ECM blends to study the effect of hydrogel
composition on cell viability over 21 days of culture
(figure 2 and supporting table 1). INSIE viability in
alginate 4% w/v was suboptimal, with a mean value of
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80% of viable cells 24 h after embedding. Viability
dropped to 50% after 3 days of culturing.

In order to further improve hydrogel biocompat-
ibility and cell viability, alginate 4% (w/v) was also
mixed with other components such as 5% (w/v) gela-
tin, 0.5% (w/v) hyaluronic acid or Matrigel 25% (w/
v). INSIE cells embedded in alginate 4%/gelatin 5%
(w/v) performed the best in terms of cells viability,
having a 95% viable cells up to 21 days of culture. Cell
viability in alginate 4%/ hyaluronic acid 0.5% (w/v)
and alginate 4%/ Matrigel 25% (w/v) also showed
improved cell viability, compared to alginate 4% only.
However, the handling properties of the alginate/hya-
luronic acid and alginate/Matrigel mixtures were less
favorable than alginate/gelatin. Constructs made with
these mixtures collapsed easily, were less stiff, and the
plotting performances were less consistent to the
CAD-model.

3.4. Construct shape influence on cell viability and
metabolic activity

INSIE viability and metabolic activity were not
influenced by the shape of the alginate/gelatin con-
struct in which the cells were embedded (figure 3).
INSI1E cells were embedded in bulk constructs, plotted
porous structures and plotted solid hydrogel scaffolds.
The volume (0.3ml) and the cell concentration
(10 x 10° cells/ml) were kept constant to avoid differ-
ences in cell density in the three constructs shapes. Cell
viability was assessed by live/dead assay and no
difference was observed among the three different
construct shapes analyzed (figure 3(A)). The same
result was also obtained by analyzing the metabolic
activity of the cells. The quantification of glucose and
lactate concentrations in the medium resulted in no
differences among the three constructs, but in an
overall low metabolic activity, suggesting that
embedded cells were alive but not functional in the gel
(figures 3(B) and (C)), in line with results previously
reported by other authors [44].

3.5. Responsiveness of hydrogel embedded INS1E
cells

In all the conditions tested, INSIE insulin secretion
was drastically reduced or totally absent in response
to high glucose conditions, when cells were
embedded in hydrogel constructs (figure 4). To
detect a functional profile, the insulin secreted in the
three low—high—low glucose conditions needs to be
compared. The only condition in which a functional
(low-high—-low) insulin profile in response to the
correspondent glucose stimulation was detected, are
INSI1E seeded on tissue culture plastic. In all the
hydrogel compositions, no functional response was
seen. Irrespectively of the type of hydrogel or the
crosslinking conditions (Ca*" versus Ba®"), cells
showed limited responsiveness to glucose stimuli. As
reported in literature, calcium ion gradients over the
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Figure 2. (A) Viability of encapsulated INS1E cells in 4% w/v alginate gel, alginate 4% w/v/gelatin 5% w/v, alginate 4% w/v/hyaluronic
acid 0.5% w/v, and alginate 4% w/v /Matrigel 25% w/v. (B) Live/dead pictures of INS1E cells in the different alginate compositions at

cytoplasmic membrane are involved in regulating
insulin secretion mechanism. In our experiment, the
loss of functionality was independent on the type or
on the concentration of the divalent cation used for
crosslinking and was also observed when a non-ionic
gel, as agarose, was used for embedding. For this

reason, we exclude that interfering with Ca** equili-
brium during the crosslinking procedure could be
responsible for the loss of insulin secretion [45, 46].
Once the influence of the crossliner ion was excluded,
nutrient diffusion limitations, as discussed in para-
graph 3.2 are considered the major reason to explain
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Figure 3. (A) INS1E viability in bulk constructs, plotted porous and plotted solid constructs. (B) and (C) metabolic activity of INS1E
cells embedded in constructs with different geometries measured as glucose (B) and lactate (C) concentrations in the culture medium.
Viability, glucose consumption and lactate production are not influenced by the plotting process or construct shape. (D) Live/dead

images of the INS1E cells in the different constructs at day 1, day 7 and day 14 (scale bar 200 ym).

the loss of functionality when INSIE cells are
embedded in bulk hydrogels.

3.6.Islet transduction, embedding and functionality
in the construct

Human islets were plotted in the construct and their
morphology, aggregation, viability and response to
glucose challenges were analyzed and compared with
bulk constructs. Before plotting, viral transduction
was used to induce stable expression of GFP in the
islets and allow direct visualization in the plotted

construct in vitro as well as in vivo with intra-vital
imaging techniques.

GFP transduced human islets plotted in the alginate/
gelatin constructs showed comparable morphology and
GFP expression as the islets embedded in the same algi-
nate/gelatin composition in bulk form, in 4% w/v algi-
nate only, and in ultrapurified alginate [24-26, 47].
Ultrapure alginate was used to compare islet morphol-
ogy in the new alginate/gelatin mixture to an already
used material in the islets encapsulation field (figure 5).

The embedding and the plotting procedure did
not induce any change in cell morphology. Islets were
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Figure 4. INSIE cells functional response in glucose induced
insulin secretion test. Adherent INS1E cells on TCP have been
compared to INS1E embedded in bulk agarose gel 1% w/v,
bulk alginate 4% w/v /gelatin 5% w/v crosslinked with

102 mM CaCl, for 15 min (same crosslinking condition used
for plotting) alginate/gelatin crosslinked with 20 mM BaCl,
for 10 min, or with 20 mM CaCl, for 20 or 30 min. In none of
the hydrogel composition analyzed, INS1E cells showed a
functional response.

still round shaped and the shear stress experienced
during plotting did not cause islets to disaggregate or
decrease in viability. According to the morphological
analysis of the embedded islets, the presence of gelatin
in the hydrogel mixture did not induce islet spreading
or cell adhesion. Hydrogel embedding also prevented
aggregation of individual islets (figure 5 and support-
ing figure 2).

The native morphology of the islets was retained
after plotting of murine islets (supporting figure 1).
These islets were isolated from double heterozygous
crossbreed mice Tg(Insl-eGFP) and B6(CAG-
DsRed*MST). In this mouse strain, all cell types are
characterized by the expression of DsRed protein
under the control of the ubiquitous chicken f-actin
promotor. Insulin production by f-cells within the
plotted islets is visualized by the specific expression of
GFP, under the control of the mouse insulin pro-
motor. The GFP signal in f-cells is much stronger than
DsRed, allowing for the visualization of the insulin
producing f-cells by the green GFP signal.

Islet functionality in plotted constructs was com-
pared to islets in bulk hydrogels and to free floating
islets. Islets are regarded as functional when their sti-
mulation index is higher than 2 [61]. As shown in
figure 6(A), islets in bulk hydrogels lose their function-
ality already after one day, being not responsive to glu-
cose stimuli. In figure 6(B) one can see that the normal
low—high—low insulin response to glucose is still pre-
sent in the plotted construct while it is not visible any-
more in the bulk construct. The diffusion of oxygen
and insulin is slightly improved in the plotted con-
struct compared to the bulk construct. Functionality
in both bulk and plotted constructs is lost after seven
days in culture. Interestingly, the reduction in the
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functional response of plotted islets was not caused by
a reduced insulin secretion in high glucose, since this
was comparable to the response of the control islets,
but was due to an increased insulin secretion in low
glucose condition, as shown in (figure 6(B)).

Insulin secretion is dependent on the extracellular
calcium concentration [44, 45]. In an ionic cross-
linked hydrogel such as alginate, the extracellular
environment is rich in calcium and this fact could
interfere with insulin secretion mechanism and
explain the apparent loss of functionality of islets when
embedded in the gel. To further investigate if islet loss
of functionality is related to the divalent ion used for
crosslinking, islets were embedded in different hydro-
gels, wusing different crosslinking conditions
(figure 7(A)). Irrespectively of the crosslinking ion
used (calcium or barium), or the crosslinking time
used, for gelation, none of the conditions were able to
sustain islet functionality. Islets in ultrapure alginate,
that is often used for islet encapsulation [24-26, 47],
were crosslinked under the same conditions used for
plotting. Also in this case, islets were not responsive to
glucose stimulation (characterized by a stimulation
indexlower than 1).

Since the crosslinking ion appeared not to be the
limiting factor for reestablishing islet functionality, we
showed that the loss of functionality of embedded
islets is caused by a decreased glucose diffusion
through the gel. In fact, the glucose diffusion coeffi-
cient in these gels (1.13 X 10" cm?s™1) has been cal-
culated to be significantly smaller than glucose
diffusion in water, or in a 4% alginate solution
(6.7x10"°cm®s™" [43] and 5x10°cm’s™" [39]
respectively). If this hypothesis would be correct, the
inhibition of islet response to glucose challenge should
be transient and the islets should recover after retrieval
from the gel. To further prove this point, embedded
islets were retrieved from the gel and their function-
ality tested again 2 days after retrieval. As shown in
figure 7(B), islets functionality was fully restored when
retrieved from the hydrogel, statistical test was per-
formed and no significant difference was found
among the stimulation indexes of the three conditions
This finding confirmed that islets remained viable in a
plotted hydrogel despite losing glucose responsive-
ness. The lack of such responsiveness was likely due to
limitations in glucose and nutrient diffusion.

3.7. Intravital imaging results

The alginate/gelatin (4%/5% w/v) plotted hydrogel
scaffolds containing islets were mounted on the
imaging window and transplanted subcutaneously in
nude mice. A schematic drawing can be seen in
figure 8. With this in vivo imaging technique, we were
able to non-invasively image the islets in the hydrogel
construct up to 7 days after transplantation. This
imaging method allowed us to longitudinally monitor
a specific islet in consecutive imaging sessions. We
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Figure 5. Plotted fluorescent islets in alginate 4% w/v/gelatin 5% w/v, islets in bulk material, islets in bulk alginate and islets in bulk
ultrapurified alginate. Images have been taken at days 1,4 and 7 (scale bar 50 ym).

were able to detect GFP expression and image the islets
in the construct at different time points (figure 8(G)),
where single cells within an islet are clearly visible.

At subsequent time points, islets remained visible
in the construct and the same islet could be easily
traced, although appearance of GFP expression chan-
ged and single cells were not as clearly visible as before.
This observation can be seen in figure 8(G) by a more
speckled appearance as the fluorescent signal of the
cells decreased over time. This fact correlates with the
diminished metabolic activity and functionality
already demonstrated in the in vitro experiments. The
decreased GFP signal and metabolic activity at day 4
and 7 after transplantation can be again correlated
with the fact that nutrient and oxygen diffusion in the
construct are limited to the lower layers of the con-
struct, which are in direct contact with the surround-
ing tissue and blood vessels. The diffusion in the upper
layers of the construct is restricted by the presence of
the imaging window. Moreover, the intravital techni-
que is limited to 450 ym imaging depth, which allows
only for the upper layers of the scaffolds to be studied.
These layers are more affected by a lack of nutrients
diffusion from the underlying tissues. This hypothesis
was confirmed by the fact that islets in the in vitro con-
trol were still bright fluorescent up to day 7, with no
sign of cell death or disaggregation. At day 7 both the

mice with a subcutaneous transplant and the mice
with window implants were terminated and the algi-
nate/gelatin scaffolds were explanted and processed
for histology. Hematoxylin and eosin staining con-
firmed the presence of islets in the scaffold, which
showed no sign of apoptotic nuclei, but no insulin or
glucagon was detected by immunostaining
(figure 9(D)) which might indicate a reduced metabo-
lism due to the embedding in hydrogel and lack of suf-
ficient nutrient supply.

4, Discussion

3D bioplotting is a well described technique in the field
of tissue engineering, mostly applied for the extrusion
of thermoplastic polymers, to create custom engi-
neered scaffolds for the regeneration of bone and
cartilage [48, 49]. Printing allows tailoring of shape,
porosity and mechanical properties: these parameters
can be finely tuned in order to steer cells response to
match the properties of the specific tissue to be
regenerated. The only application of printing in
pancreas tissue engineering is reported in a paper of
Daoud et al [15], with islets being seeded in a printed
poly (DL-lactide-co-glycolide) construct, a material
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whose mechanical properties are not comparable with
those of the soft tissues in pancreas.

Combining hydrogels with the 3D bioplotting for
the regeneration of soft tissues and in particular for the
encapsulation of islets of Langerhans should resultin a
clinically relevant size construct for islet delivery. This
construct will provide a protective environment for
the embedded tissue, with mechanical properties bet-
ter mimicking those of soft tissues, if compared to
solid thermoplastic materials. In contrast to conven-
tional embedding in bulk hydrogels, a plotted struc-
ture can increase the available surface area for
nutrients and catabolites exchange, avoiding the for-
mation of a necrotic core which can affect bulk hydro-
gels. This would ultimately result in the possibility of
up-scaling the construct to a size that can contain a
clinically relevant amount of islets.

This study demonstrates that the plotting of large
cell aggregates of 50-300 um like islets of Langerhans
in a hydrogel is feasible, without compromising islet
viability, morphology and aggregation.

Material selection was performed using the model
cell line INSIE and high viability values were observed
for INSI1E and islets in the alginate/gelatin composi-
tion, but the metabolic activity of cells embedded in
the hydrogel is reduced and these findings are in line
with what has been also reported by other authors
[44, 50, 51]. Our data suggest that islet plotting per se
is not causing the impairment in functionality, but it is
caused instead by impaired nutrient diffusionin such a
viscous hydrogel precursor. This loss of metabolic
activity cannot be rescued only by improving nutrient
diffusion by means of a macro-porous structure.

Opposite results in terms of metabolic activity
were reported for human mesenchymal stem cells
(MSCs) encapsulated in similarly plotted constructs
[31]. In this case, embedding the cells in the porous
plotted scaffold had a beneficial effect on their viability
compared with solid or bulk constructs [31].
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Figure 8. Human islets (A) were transduced with CMV-GFP virus, handpicked (B), and plotted into a 2 x 2 alginate construct (C). A
1 cm circular sample was glued to the abdominal imaging window, as shown in (D) and schematically depicted in (F). Figure (E)
shows GFP transduced islets in a plotted construct. The same islets could be imaged at days 1, 4 and 7 (G) (scale bar 100 ym).

Glue Alginate scaffold

The comparison with previously published results
highlights that different cell types react oppositely to
the embedding in the printed construct and might
suggest that INS1E f-cells and islets of Langerhans are
more sensitive than MSCs to hydrogel embedding. In
vivo, islets in the pancreas are extensively vascularized
in order to support their high metabolic activity,
requiring constant and abundant glucose and oxygen
supply for their normal functioning. On the contrary,
MSCs normally reside in hypoxic environments in the
body and are less metabolically active. This fact could
explain why embedding in a porous hydrogel con-
struct is beneficial for MSCs viability and metabolic
activity [31], yet not enough for a more sensitive and
metabolically requiring cell type as f-cells and islets of
Langerhans.

The low INSIE metabolic activity and islet
reduced functionality in the gel are indications that
their activity is somehow limited by the material in
which they are embedded. This is confirmed by the
restored islet functionality when retrieved from the
gel. According to these data, the major limitations that
the plotting of cell-laden constructs still encounters is
the availability of a suitable material capable of proper

mass transport properties to maintain cell function-
ality and having at the same time sufficient mechanical
properties for a layer by layer processing.

The optimal material for plotting has to meet var-
ious requirements: high viscosity, fast crosslink, bio-
compatibility, mechanical properties comparable with
soft tissues and, once crosslinked, permeability to
metabolites and catabolites. For plotting purposes the
material has to be viscous enough to be plotted on sub-
sequent layers on top of each other without collapsing
under its own weight: such a highly viscous material
restricts mass transport in the material itself, resulting
in a limitation for islets functionality. To date, limited
materials are available for cell-laden plotting purposes
[52—-54], and finding a compromise between mechan-
ical properties for plotting, matrix stiffness, nutrient
diffusion and functionality of embedded cells is still
rather challenging [55]. The main limitations in the
hydrogel used for this study are given by nutrient dif-
fusion in such a viscous and highly concentrated gel.
This study shows that the viability and functionality of
embedded islets could be limitedly improved by a por-
ous construct shape, if compared to solid bulk hydro-
gels. Islets showed functional response, although
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In vtiro control

Figure 9. In vitro islet fluorescence was bright (A), and the morphology of the islets was preserved (B). After explant of the in vivo
samples, islets were imaged with hematoxylin/eosin staining (C), however no expression of insulin or glucagon was detected by
immunostaining (D) compared to pancreas sections (E) (red: insulin, green: glucagon, blue: DAPI. Scale bar 100 ym).

reduced, at day one in the porous constructs while no
functional behavior was observed in the bulk con-
structs at this time point (figure 6(B)). This shows that
the plotted porous design can offer an improvement,
although still limited, for nutrient diffusion in the gel.
The reduced mass transport still remains a major lim-
itation to the applicability of this technique to a scaf-
fold of a clinically relevant size.

This is particularly true for islets of Langerhans,
since they have very peculiar and demanding meta-
bolic requirements and thus, they are more sensitive to
the surrounding environment. In their native state,
islets of Langerhans extensive vascularization provides
for proper glucose sensing and insulin secretion and
this characteristic is essential for their proper func-
tionality. If this exchange is limited by the tight sur-
rounding matrix, as it happens when islets are
embedded in the alginate/gelatin mixture, islet func-
tionality is hampered. Islets are viable in the hydrogel
construct, but their ability to detect changes in glucose
concentration and respond with proper insulin secre-
tion is reduced by the tight matrix in which they are
embedded. Islets are fully functional again when
retrieved from the hydrogel construct and this con-
firms that the apparent loss of functionality is caused
by limited mass transport through the gel.

The retrieved islet functionality after dissolution of
the gel also excludes that the islets were damaged by
the shear stress experienced during printing. It is
reported in literature that a mechanical stress could
permanently damage islet functionality, but in that
case the functionality could not be retrieved simply by
dissolving the surrounding gel.

As shown by the bead distribution in the plotted
gel, the great majority of the beads is located at less
than 200 ym from the interface, less than the oxygen
diffusion limit through tissues. Yet, the glucose diffu-
sion  coefficient system
(1.13x 10" °cm?s™") is significantly lower than glu-
cose diffusion in water (6.7 x 10® cm?s™!) [43] and in
4% alginate solution only (5 X 10°ecm?s™) [39].

measured in  our

Such limited glucose diffusion in the construct is
explained by a crosslinking obtained in saturation
condition and by the presence of gelatin. The mesh
size of a 4% w/v alginate solution has been reported to
be around 7 nm [56], but the presence of gelatin as a
interpenetrating network decreases consistently the
number, diameter and length of the pores in an algi-
nate hydrogel. This accounts for a considerable delay
in glucose supply to the islets and a corresponding
delay in insulin secretion from the hydrogel. More-
over, given the higher molecular weight and bigger
hydrodynamic radius of an insulin molecule, the lim-
itations experienced in insulin diffusion through the
gel would be even more severe. Limited diffusion coef-
ficients can explain the low metabolic activity, toge-
ther with the apparent lack of functionality of the
embedded cells. Moreover, the diffusion coefficient D
increases with the second power of the gel thickness
(D =%/6t). This means that for a small decrease in the
gel thickness, a bigger increase in the diffusion coeffi-
cient is expected. This would explain why islets
embedded in the plotted construct show some
reduced functionality at day one, which is already
completely absent in bulk constructs. This emphasizes
the importance of construct design for islets
functionality.

The effect of calcium ions used for crosslinking on
insulin secreting pathways was also investigated as one
of the possible reasons to explain INS1E and islet loss
of functionality in the construct. As showed by many
authors, voltage gated calcium channels, and conse-
quently trans membrane calcium ion gradient are
involved in insulin secretion mechanism [45, 46, 57].
Since the extracellular gel environment is quite rich in
calcium ion concentration (102 mM crosslinking), the
increased calcium concentration of the extracellular
compartment might have caused the increased insulin
secretion in low glucose condition. Although no dif-
ference in functionality was shown when hydrogels
were crosslinked with other divalent cations, different
concentrations or with reduced exposure times.
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To further study whether encapsulated islets
maintained their viability in vivo, we implanted plot-
ted constructs subcutaneously in nude mice and
monitored their viability by intravital imaging. This
is a powerful technique for in vivo follow up of trans-
planted tissue, enabling the imaging of the same
transplanted islet in consecutive imaging sessions
and study the process of revascularization of the scaf-
fold. Intravital imaging has been applied to trans-
planted islets implanted under the kidney capsule
[58] or in the anterior chamber of the eye [59, 60],
which is a highly vascularized location. Here we show
for the first time the applicability of this technique for
the imaging of subcutaneously transplanted tissue in
an implantable scaffold. In this kind of application,
the presence of the window on top of the construct
and the poorly vascularized location can furthermore
limit oxygen diffusion to the transplanted tissue and
islets are not anymore surrounded by tissue and
blood vessels from all directions but only from the
bottom. Consequently, nutrient diffusion to the islets
located in the upper parts of the scaffolds has to rely
solely on nutrient supply from the bottom part of the
construct. This is even more important if we consider
that the imaging depth of this intravital imaging
model is also limited to 450 ym, which allow us to
monitor only the upper layers of the hydrogel, the
ones which suffer the most for lack of oxygen diffu-
sion. Despite these limitations, we were still able to
detect GFP expression and image islets for seven days
in the construct, although islets showed signs of
reduced GFP expression at later time points. This
result correlates with our assumption of a reduced
metabolic activity of the embedded cells, caused by
an increased nutrient diffusion limitation in our
model which was even more pronounced when an
imaging window was used. Thus, both in vitro and
in vivo results show that the plotting of islets is possi-
ble but the material optimization for this application
is crucial to allow proper metabolite exchange with
the embedded tissue.

In contrast to conventional islet encapsulation,
here islets are confined in one location and after trans-
plantation, blood vessels might grow through the
pores of the construct, in closer contact with the
embedded islets compared to the inner part of a bulk
hydrogel scaffold. Potentially, an immunoprotective
scaffold could be developed by using a non-degradable
hydrogel, with a proper mesh size capable to block
antibodies and cells of the immune system and at the
same time large enough to allow insulin diffusion.

5. Conclusions

This study demonstrated that 3D hydrogel plotting
can be a valuable technique to couple islet embedding
in hydrogel strandswith a pre-defined 3D scaffold
architecture. 4% alginate/5% gelatin was found to be a

G Marchioli et al

suitable hydrogel mixture for plotting of islets and -
cells, without compromising their viability and mor-
phology. However, the high viscosity of the material
needed for plotting, resulted in a dense mesh size,
which impairs glucose diffusion and limits islet
functionality. Since a highly viscous biomaterial is
needed for plotting, a compromise has to be estab-
lished between material properties allowing scaffold
plotting and sufficient nutrient diffusion. Plotted
hydrogels could effectively increase nutrient diffusion
compared to the same bulk hydrogel, but the macro
porous structure is not enough to overcome limita-
tions caused by an insufficient diffusion of nutrients in
this specific gel composition.

Despite the limitations in islet functionality when
embedded in the construct, islets restored full func-
tionality when retrieved from the hydrogel. In conclu-
sion, plotting can be a powerful technique to engineer
complex constructs, containing a clinically relevant
number of islets. Although promising, the potential of
the technique is currently hampered by scarce avail-
ability of suitable biomaterials. Further research is
needed to develop hydrogels with sufficient viscosity
and mechanical properties suitable for plotting but
also with the capacity to support sufficient nutrient
and secretory product diffusion for a physiologically
relevant islet functionality.
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