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Abstract

Translation of transplanted alginate-encapsulated pancreatic islets to treat type 1 diabetes has been
hindered by inconsistent long-term efficacy. This loss of graft function can be partially attributed
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to islet dysfunction associated with the destruction of extracellular matrix (ECM) interactions
during the islet isolation process as well as immunosuppression-associated side effects. This study
aims at recapitulating islet-ECM interactions by the direct functionalization of alginate with the
ECM-derived peptides RGD, LRE, YIGSR, PDGEA, and PDSGR. Peptide functionalization was
controlled in a concentration-dependent manner and its presentation was found to be homogeneous
across the microcapsule environment. Pre-weaned porcine islets were encapsulated in peptide-
functionalized alginate microcapsules, and those encapsulated in RGD-functionalized alginate
displayed enhanced viability and glucose-stimulated insulin release. Effects were RGD-specific
and not observed with its scrambled control RDG nor with LRE, YIGSR, PDGEA, and PDSGR.
This study supports the sustained presentation of ECM-derived peptides in helping to maintain
health of encapsulated pancreatic islets and may aid in prolonging longevity of encapsulated islet
grafts.
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Cell encapsulation within hydrogels has been explored as a protective measure for
preventing antigen recognition by direct cell-to-cell contact, and it has shown promise in
enhancing the survival and therapeutic effects of transplanted cells for the treatment of
chronic conditions such as inflammatory diseases, liver and kidney disease, degenerative
bone diseases, and degenerative motor neuron disorders.[!~7] A prominent application of
cellular encapsulation is the transplantation of alginate-encapsulated allogeneic pancreatic
islets to reverse type 1 diabetes (T1D), a debilitating disease that arises from the
autoimmune destruction of insulin-producing p cells of the pancreas.[8-12] Progress in
clinical allogeneic islet transplantation has led to insulin independence in almost 50% of
recipients at five years after transplantation.[*3] Despite this greater success in islet
transplantation, human donor shortages and life-long immunosuppression to prevent graft
rejection have limited its widespread adoption as current immunosuppressive protocols make
patients prone to infections, increase the risk of cardiovascular and metabolic diseases, and
impair revascularization of transplanted islets.[14-16] To enhance islet survival, efforts have
sought to reduce islet stress associated with isolation and hostile graft conditions.[13]
Important islet-ECM interactions that have regulative effects on pancreatic islet survival,
insulin secretion, proliferation, morphology preservation, including focal adhesion-mediated
biochemical signaling, are lost throughout the isolation process.[18-22] To recapitulate ECM-
cell interactions on encapsulated mammalian cells, researchers have covalently tethered
adhesion receptor recognition sequences, such as integrin-binding peptides, to alginate.
[23-25] As ECM interactions are essential for islet-cell function, we hypothesized that
incorporation of cell adhesion binding motifs RGD, LRE, YIGSR, PDGEA, or PDSGR into
the alginate microcapsule environment restores important ECM interactions and improves
survival of islets.[26. 27]

In this study, we covalently tethered ECM peptide motifs onto alginate to prepare adhesive
peptide-presenting alginate microcapsules for islet encapsulation. Covalent tethering was
performed using an efficient two-step reaction in which alginate is oxidized by sodium m-
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periodate and subsequently functionalized with peptides via reductive amination using the
non-toxic reducing agent 2-picoline-borane complex. This reaction leads to the formation of
a stable secondary amine that tethers alginate to the N-terminus of a peptide and allows for
controlled presentation of the peptide in a manner that is dependent on the degree of alginate
oxidation and input peptide concentration. Compared to the popularly used carbodiimide
chemistry, this reaction allows for a greater degree of peptide tethering and does not result in
N-acylurea binding to the alginate backbone nor formation of urea derivatives.[28]

Alginate was oxidized using sodium m-periodate to yield reduceable dialdehyde groups by
the cleavage of vicinal hydroxyl groups on the alginate backbone as previously described.
[18] To determine the degree of oxidation, an indicator solution was mixed with aliquots of
oxidized alginate to measure the amount of unreacted sodium /m-periodate using UV-vis
absorption spectroscopy.[2%] The oxidation reaction was efficient as residual sodium /-
periodate was not detected in alginate oxidized to levels below 32% (Table 1). Residual
sodium m-periodate detected in alginate oxidized to levels greater than 32% may be
attributed to the formation of hemiacetals that can react with nearby alcohol groups, making
them inaccessible for further oxidation.[28] Since oxidized alginate exhibits greater rotational
freedom due to rupture of carbon-carbon bonds during the process of aldehyde formation,
CaCly-mediated ionic crosslinking of alginate is compromised with increasing degree of
oxidation.[?] Indeed, we confirmed this by the inability to synthesize spherical
microcapsules at alginate degrees of oxidation greater than 12%.

Oxidized alginate was subsequently functionalized with ECM peptide motifs (Table 2) using
a reductive amination reaction that led to the formation of a stable secondary amine
crosslink between oxidized residues and the primary amine at the N-terminus of the ECM
peptide motif.[30-341 To determine the efficiency of functionalizing oxidized alginate with
peptides, fluorescent dye-labeled RGD peptide was conjugated to alginate. However, the
reducing conditions quenched FITC- and Cy-5-labeled RGD peptides and interfered with
quantification. We subsequently used an RGD peptide covalently tethered to the polycyclic
aromatic anthracenecarboxylic acid fluorophore, which we found could withstand reducing
conditions without affecting its fluorescence properties.

Functionalization of alginate with RGD-(anthracenecarboxylic acid) required at least some
degree of alginate oxidation and was found to increase with the degree of oxidation (Figure
1A). Furthermore, functionalization levels of alginate with RGD was strongly dependent on
the input peptide concentration up to a saturating concentration, likely due to limited
availability of reactive aldehydes at high peptide concentrations (Figure 1B). These results
demonstrate that both the degree of oxidation and input peptide concentration are important
parameters for controlling peptide tethering to alginate using this scheme. All subsequent
experiments involved alginate oxidized to a degree of 8% as it allowed for peptide
conjugation at a high density without impairing the fabrication of spherical microcapsules.

To confirm that the fluorescent tag on (anthracenecarboxylic acid)-RGD does not affect
peptide conjugation, unmodified RGD and (anthracenecarboxylic acid)-RGD were
simultaneously reacted with oxidized alginate in a one-to-one ratio. A decrease in
fluorescence emission matching the ratio of labeled to unlabeled peptide confirmed that the
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anthracenecarboxylic acid moiety did not affect conjugation of the peptide onto oxidized
alginate (Figure 1C).

Microcapsules were fabricated and pancreatic islets were encapsulated within alginate-beads
using electrostatic bead generating techniques.[33] Importantly, we were able to fabricate
capsules that present RGD peptide homogeneously across the intracapsular environment
(Figure 2). This ensures that covalently tethered peptides are readily available for binding to
encapsulated islets, allowing for the reintroduction of ECM-cell adhesion interactions lost
during the isolation process. To evaluate the effects of different ECM binding motifs, we
encapsulated pre-weaned porcine islets in alginate capsules covalently presenting five
different ECM binding motifs found in laminins, collagen, and fibronectin, among others.
[29] We also tethered an RDG-scramble peptide with no adhesive activity to alginate to serve
as a negative control along with islets encapsulated in unmodified alginate and
unencapsulated islets. We chose pre-weaned Yorkshire piglets as our islet source because of
their scalable potential, cost-effective isolation process, and superior in vitro viability when
compared to that of adult porcine islets.[25 361 We observed high encapsulation efficiency
across all peptide-functionalized alginates with >99% of recovered islets being encapsulated
and a low frequency (<15%) of empty capsules. Importantly, the encapsulation efficiency for
peptide-functionalized alginates was equivalent to unmodified alginate and average capsule
diameter did not differ significantly across peptide groups (513 £+ 50 um) and that of
unmodified alginate (515 + 30 um). Porcine islets encapsulated in RGD-functionalized
alginate exhibited higher viability when compared to those encapsulated in unmodified
alginate and alginate modified with RDG and the adhesive peptides LRE, YIGSR, PDGEA,
and PDSGR (Figure 3A and 3B). To screen for functional effects that presented ECM motifs
had on encapsulated islets, we subjected them to a series of glucose challenges and evaluated
their insulin secretion profile. All groups were tested together and each replicate’s source of
islets was biologically independent. We also included a challenge with a high concentration
of glucose with the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX) to
induce cAMP-dependent insulin secretion.[37] Islets encapsulated in RGD-modified alginate
exhibited significant differences in insulin released in the first low glucose challenge versus
that released in a high glucose challenge (Figure 4). In contrast, islets encapsulated in
unmodified alginate, RDG-functionalized alginate, and alginate functionalized with LRE,
YIGSR, PDGEA, and PDSGR exhibited lower insulin secretion and there was limited
glucose-stimulated insulin secretion. Interestingly, unencapsulated islets exhibited
dysfunctional secretion profiles dissimilar to most of the encapsulated islets. We speculate
that this may be due to mechanical support the capsule provides and helps maintain islet
integrity following isolation, shipping, and culture stressors.[38] These observations show a
trend towards enhanced viability of encapsulated pancreatic islets in the presence of
covalently bound RGD. Thus, reintroduction of specific ECM interactions is of benefit for
encapsulated islets; furthermore, because of the innate complexities of cell-ECM
interactions, it may be possible that these effects are more pronounced with the collective
incorporation of ECM-mimicking peptides.

Major limitations that have prevented islet transplantations from becoming more widespread
include lifelong immunosuppression and massive islet cell death following transplantation.
The aim of this study was to enhance islet viability and function via functionalization of
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alginate capsules with ECM binding motifs to re-establish lost islet-ECM interactions that
are critical for maintaining islet function and viability. It is likely that the most pronounced
effects were observed using RGD-functionalized alginate because of the broad array of
integrin-binding interactions that the RGD motif participates in and its presence in islet
matrix components such as collagen, laminin, vitronectin, and nidogen/entactin.[38-41]
Furthermore, the strategy used to functionalize alginate with RGD is easily controlled and
allowed for the incorporation of other ECM binding motifs that may be more relevant to
other cell therapy applications. This approach could ultimately address barriers currently
limiting the broad application of allogeneic islet transplantation to treat T1D.

Experimental Section

Oxidation of alginate:

Intermediate-G alginate (ISP Alginate Ltd UK) was purified as previously described.[42]
Alginate was dissolved to a concentration of 8.8 mg/mL in double deionized water (ddH,0)
and propanol (10% v/v) was added. The solution was degassed with argon gas and cooled to
4°C. Sodium m-periodate in ddH,0 (0.25 m) was degassed with argon and cooled to 4°C.
Sodium m-periodate was added to the alginate solution, and the reaction was undertaken in
subdued light at 4°C for 48h. An aliquot (100 z1) was taken to determine the degree of
oxidation and the remaining solution was ultracentrifuge filtered with ddH,O at 1500xg in
4°C. Oxidized alginate was then shell frozen and lyophilized with a Labconco Freeze Dry
System.

To determine the degree of oxidation, an indicator solution was made by mixing equal
volumes of Kl (Sigma-Aldrich) (20% w/v) and soluble starch (Sigma-Aldrich) in DPBS (1%
wi/v). The previously mentioned 100 /4 aliquot was diluted with ddH,O (40 mL) and
indicator solution (1.5 mL) was mixed with diluted solution (1.5 mL) and ddH,0 (0.5 mL).
Absorbance at 486 nm was recorded using a GE Ultrospec 2100 pro UV/Visible
spectrophotometer and unreacted periodate concentration was calculated using a standard
curve.

Reductive amination of oxidized alginates:

Lyophilized oxidized alginate was dissolved in ddH,O to a concentration of 6.0 mg/mL;
methanol was then added to a final concentration of 12% (v/v). A custom-synthesized
peptide (GenScript) dissolved in ddH,O (0.05 m) is added to the desired final concentration.
2-picoline-borane complex in methanol (0.25 m) was then added to a final concentration of
25.0 mm and the pH was adjusted to 5.8. ddH,O was added to bring the oxidized alginate
concentration to 3.0 mg/mL. The reaction vial was put to shake for 48h at room temperature
and samples are subsequently dialyzed against NaCl (0.05 m) followed by centrifugal
filtration with ddH»0O. Dialyzed samples were then shell frozen and lyophilized.

Peptide binding characterization:

A fluorescent (anthracenecarboxylic acid)-modified RGD was custom synthesized by
Thermo Fisher Scientific and was conjugated to oxidized alginates as described above.
Fluorescence emission of (anthracenecarboxylic acid) RGD-functionalized alginate was
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recorded using a BioTek Synergy H4 Hybrid multimode plate reader (excitation at 350 nm
and emission at 540 nm) to determine the density of incorporated peptide.
(Anthracenecarboxylic acid)-RGD microcapsules were imaged using an inverted confocal
microscope and spatial distribution of (anthracenecarboxylic acid)-RGD was quantified on
z-stack images using Fiji imaging software.

Porcine islet isolation:

One- to two-week old pre-weaned Yorkshire pig islets were isolated under procedures
approved by the University of California Irvine, Institutional Animal Care and Use
Committee. Pancreata were procured and stored in cold HBSS (<1 hour). Pancreata were
minced and digested with Collagenase Type V (Sigma-Aldrich) in a 37°C shaking water
bath for 15 minutes. The enzymatic digestion was quenched with HBSS supplemented with
1% porcine serum (Gibco-Thermo Fisher Scientific) and digested tissues were filtered
through a 500 um metal mesh. Islets were then cultured in maturation media made up of
Ham’s F-12 medium (Corning), HEPES (Sigma-Aldrich), L-glutathione (Sigma-Aldrich),
nicotinamide (Sigma-Aldrich), ITS+3 (Sigma-Aldrich), gentamycin sulfate (Corning),
Trolox (Sigma-Aldrich), heparin (Sagent Pharmaceuticals), Pefabloc (Santa Cruz
Biotechnology), L-glutamine(Alfa Aesar), medium 199 (Corning) and 10% porcine serum.

Porcine islet shipment:

Islets isolated at UCI were cultured in maturation media for three days and were then
shipped to GT in a 1:1 ratio of maturation media and CMRL 1066 (Corning) with 100 um
Necrostatin-1 (Abcam). Upon arrival to GT, quality control in the form of live/dead viability
(described below) was performed on an aliquot of the porcine islets. All other islets were
allowed to recover for 24 hours in T-150 untreated suspension flasks in a 37°C, 5% CO,
humidified incubator before encapsulation.

Islet encapsulation:

Modified alginate was dissolved in Ca2*-free Krebs ringer HEPES (30 mg/mL) and allowed
to hydrolyze overnight. Hydrolyzed alginate was sterilized with a 0.2 mm filter and
subsequently mixed with porcine islets (1,000 IEQ/mL). The alginate-islet mixture was
infused into a Nisco electrostatically driven encapsulator with a Harvard Apparatus
programmable syringe pump. Alginate microdroplets cross-linked in a 100 mm CaCl,, 10
mm HEPES, 2 mm KCI solution. The alginate capsules were cross-linked for 30 minutes and
then suspended in porcine islet media to be incubated in a 37°C, 5% CO> incubator for 5
days.

Glucose-stimulated insulin release:

Encapsulated/unencapsulated islets were pre-incubated in Krebs-Ringer bicarbonate buffer
(3 mm glucose) overnight. The islets were then subject to three subsequent incubations in
low glucose concentration (3 mm), high glucose concentration (28 mm), a low glucose
concentration (3 mm), and a final high glucose (28 mm) + IBMX. Incubation buffer was
frozen after each incubation and islet DNA content was extracted after the final high glucose
+ IBMX incubation. Insulin was measured with a porcine insulin ELISA (Mercodia) and
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DNA content was quantified using a Quant-iT PicoGreen double-strand assay kit
(Invitrogen).

Live-dead staining:

Encapsulated and bare islets were incubated with Calcein AM (2 mm) and ethidium-
homodimer (4 mm) and visualized using an inverted confocal microscope. Viability was
quantified by calculating the percentage of total projected area of an islet that stained
positive for Calcein AM using Fiji imaging software
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Figurel.
Fluorescence emission of (anthracenecarboxylic acid)-RGD-reacted alginates A) with

varying oxidation degrees using a starting RGD concentration of 2.5 mm and B) varying
initial peptide concentrations using alginate oxidized to a molar degree of 8%. C)
Diminished fluorescence emission of (anthracenecarboxylic acid)-RGD in the presence of
unmodified RGD (data presented as the average + standard deviation (n=3)). ***P<0.001;
one-way ANOVA with Tukey multiple comparisons correction.
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Figure2.
Fluorescence signal across a representative (anthracenecarboxylic-acid)-RGD-tagged

alginate microcapsule (line across capsule indicates the spatial coordinates pertaining to the
graph’s y-axis; scale bar = 200 um).
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Figure 3.
A) Quality assessments of pre-weaned porcine islets encapsulated in different peptide-

modified alginates by live-dead confocal imaging (scale bar = 200 um) B) Quantified cell
viability (data presented as the mean + SD, n=3 biologically independent samples).
***P<(.001, nested one-way ANOVA with Dunnett’s multiple comparisons test.
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Figure 4.
Functional assessment of islets by glucose-stimulated insulin response; ***P<0.001; nested t

test for differences between insulin secretion at Low 1 vs High glucose challenge (data
presented as the mean = SEM (n=4 biologically independent samples).
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Table 1.

Page 13

Efficiency of oxidation of sodium alginate with sodium m-periodate at 4°C (data presented as the average +
standard deviation (n=3)).

Nal O4 Added [mol %]

Nal O4 Reacted [mol %]

0 0

40 4.00+3.60x 1073
8.0 8.00+131x1073
12.0 12.00 +4.27 x 107*
320 31.99 +2.26 x 107
64.0 63.98 +£6.17 x 107°
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Table 2.

Adhesive peptides used and their respective ECM proteins.

Peptide Abbreviation | Peptide Sequence | ECM Protein(s)

RGD GRGDSP Fibronectin, Vitronectin, Nidogen/Entactin, Laminin, Collagen
LRE GLRE Laminin

PDSGR GPDSGR Laminin

PDGEA GPDGEA Collagen |

YIGSR GYIGSR Laminin
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