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ABSTRACT

Islets transplantation is a promising treatment for type 1 diabetes mellitus. However, severe host immune
rejection and poor oxygen/nutrients supply due to the lack of surrounding capillary network often lead to
transplantation failure. Herein, a novel bioartificial pancreas is constructed via islets microencapsulation in core-
shell microgels and macroencapsulation in a hydrogel scaffold prevascularized in vivo. Specifically, a hydrogel
scaffold containing methacrylated gelatin (GelMA), methacrylated heparin (HepMA) and vascular endothelial
growth factor (VEGF) is fabricated, which can delivery VEGF in a sustained style and thus induce subcutaneous
angiogenesis. In addition, islets-laden core-shell microgels using methacrylated hyaluronic acid (HAMA) as
microgel core and poly(ethylene glycol) diacrylate (PEGDA)/carboxybetaine methacrylate (CBMA) as shell layer
are prepared, which provide a favorable microenvironment for islets and simultaneously the inhibition of host
immune rejection via anti-adhesion of proteins and immunocytes. As a result of the synergistic effect between
anti-adhesive core-shell microgels and prevascularized hydrogel scaffold, the bioartificial pancreas can reverse
the blood glucose levels of diabetic mice from hyperglycemia to normoglycemia for at least 90 days. We believe
this bioartificial pancreas and relevant fabrication method provide a new strategy to treat type 1 diabetes, and
also has broad potential applications in other cell therapies.

1. Introduction

insulin injection also put a considerable mental and financial burden on
patients with T1DM, as well as inconvenience to their daily life [7].

Type 1 diabetes mellitus (T1DM) is an autoimmune disease caused
by the destruction of insulin-producing f cells in pancreas, resulting in
absolute insulin deficiency [1-3]. In addition to persistent hyperglyce-
mia and disorder of the endocrine system, diabetic patients often suffer
from a variety of complications, such as cardiomyopathy, retinopathy,
nephropathy, neuropathy, etc [4,5]. Although exogenous insulin injec-
tion can relieve these symptoms to some extent, it is still unable to
regulate blood glucose levels (BGLs) in a real-time dynamic manner like
natural pancreas [6]. Besides, frequent blood glucose monitoring and
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The most promising solution to this dilemma is islets transplantation
that can reconstruct the endogenous insulin secretion to achieve insulin
independence [8]. Despite of the well-known merits, clinical trials of
islets transplantation are not prevalent, due to the vigorous host immune
rejection and resultant massive islets apoptosis after transplantation [9,
10]. To alleviate the host immune rejection after islets transplantation,
long-term administration of immune-suppressants is required, which
undermines body resistivity to other diseases [11,12]. Another alter-
native to immunosuppressant is islets encapsulation in biocompatible
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polymer-based materials that separate islets from immunocytes but
simultaneously allow the entry and exit of nutrients, metabolites and
insulin [13-16]. Depending on the dimension of encapsulation mate-
rials, islets encapsulation strategies can be classified into macro-
encapsulation, microencapsulation and nanoencapsulation [17-25].
Generally speaking, these three encapsulation strategies have their own
pros and cons. For example, macroencapsulation is beneficial for the
retrieve of transplanted islets, but the large device size increases the
delivery distance of oxygen and nutrients [26]. Islets encapsulation in
microgels or microcapsules offers favorable microenvironment and also
enables minimally invasive treatment. However, it is hard to locate the
grafts especially when transplanting them into the sites such as hepatic
portal veins [27,28]. Nanoencapsulation induces the minimum
thrombus effect, but the instability of nanolayer coated on the islets
surface often leads to the reactivation of host immune rejection. As a
consequence, there is still an urgent need to develop a new strategy that
can make full use of the advantages and avoid the disadvantages of these
encapsulation methods.

Except for host immune rejection, the complicated surgical proced-
ures of traditional islets transplantation into either hepatic portal vein,
or peritoneum, or epididymal fat pad and the difficulty in retrieving
these grafts, also increase the operation cost and risk of patient’s post-
operative recovery [29-31]. Comparatively, subcutaneous islets trans-
plantation is very appealing because of the abundant sites available for
transplantation, the least invasion to the body and the ease to monitor,
retrieve and update the grafts [32-34]. Unfortunately, insufficient blood
vessel network inside skin tissue cannot meet the high O, and nutrient
requirement for islets survival and insulin secretion [35-37]. Pre-
vascularization of the potential subcutaneous transplantation site, prior
to islets transplantation, may possibly address this problem [38-40].
Even with the mature angiogenesis approaches by delivering angiogenic
factors or endothelial cells, it is still a challenge to accelerate the
angiogenesis process in transplantation site while still reserve enough
space for islets.
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In this paper, we report a novel bioartificial pancreas for subcu-
taneous transplantation to treat type 1 diabetes. In particular, herein we
propose a new strategy to construct bioartificial pancreas via islets
microencapsulation in anti-adhesive core-shell microgels and subse-
quently macroencapsulation in prevascularized scaffold (Scheme 1).
Specifically, a hydrogel tube scaffold with sustained-release of angio-
genic factor is subcutaneously implanted, which can recruit surrounding
endothelial cells to form blood capillaries. In the meantime, islets-laden
core-shell microgels are prepared via droplet-based microfluidics and
interfacial photopolymerization. Thereafter, these microgels are injec-
ted into the lumen of prevascularized hydrogel tube scaffold. The
abundant vascular network in prevascularized scaffold provides quick
O, and nutrients supply, whilst the core of core-shell microgels offers
islets a favorable microenvironment and the zwitterionic shell of core-
shell microgels inhibits the host immune rejection via anti-adhesion of
protein and immunocyte. The bioartificial pancreas based on core-shell
microgels and macroscale prevascularized scaffold exploits the merits of
both microencapsulation and macroencapsulation, and their synergism
improves remarkably the islets survival and their insulin-secretion
function in vivo. The bioartificial pancreas and relevant fabrication
strategy described in this work give a new insight for other cell
therapies.

2. Materials and methods
2.1. Materials and reagents
Gelatin, hyaluronic acid, poly(ethylene glycol) diacrylate (PEGDA,

1000 Da), agarose, methacrylic anhydride, 5-aminofluorescein,
dimethyl sulfoxide (DMSO), 1-ethyl-3-(3- dimethylaminopropyl-

carbodiimide) hydrochloride (EDC), N-hydroxysuccinimide (NHS),
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), 3, 3'-dia-
minobenzidine (DAB) and histopaque-1077 were purchased from Sigma
heparin

(USA). Streptozotocin (STZ), sodium, crystal violet,
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Scheme 1. Schematic illustration on bioartificial pancreas transplanted subcutaneously for type 1 diabetes treatment, where islets are microencapsulated in anti-
adhesive core-shell microgels and macroencapsulated in a prevascularized hydrogel scaffold. Vascular network in prevascularized hydrogel scaffold supplies nu-
trients and oxygen to islets, whilst core-shell microgels provide immune-protection and favorable microenvironment for islets.
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pentobarbital sodium, dimethylaminoethyl methacrylate (DMAEMA), 4-
methoxyphenol, acrylic acid, triethylamine and paraformaldehyde were
obtained from Aladdin (Shanghai, China). Collagenase P was provided
by Roche Biochemicals (Basel, Switzerland). Isoflurane was bought from
RWD Life Science Co., Ltd. (Shenzhen, China). Fluorescent polystyrene
(PS) microbeads were purchased from BaseLine Company (Tianjin,
China). Fluorescein isothiocyanate-labelled bovine serum albumin
(FITC-BSA) and lipopolysaccharide (LPS) were obtained from Solarbio
Science & Technology Co., Ltd. (Beijing, China). PDMS (Sylgard 184)
and negative resist (NR21-20000P) were bought from Dow Corning
Company and Futurrex Inc. (USA) respectively. Fluorinated oil (HFE-
7500) was purchased from 3 M (USA) and surfactant (Pico-SurfTM) was
purchased from Dolomite Microfluidics (USA). All cell culture reagents
and biological assays, including fetal bovine serum (FBS), penicillin/
streptomycin (P/S) and Hanks’ balanced salt solution (HBSS) were ob-
tained from Beyotime Biotechnology (Shanghai, China) unless otherwise
noted. All reagents were of analytical grade and used as received
without further purification.

2.2. Preparation and characterization of prevascularized scaffold

2.2.1. Synthesis of methacrylated gelatin (GelMA)

10 g of gelatin was dissolved in 100 mL of PBS under stirring, then
10 mL of methacrylic anhydride was dropwise added into the solution
and the reaction was allowed to perform at 50 °C for 3 h. Thereafter, the
solution was diluted to 500 mL with PBS to terminate the reaction.
Finally, the solution was dialyzed for 7 d and freeze-dried to obtain
GelMA.

2.2.2. Synthesis of methacrylated heparin (HepMA)

0.5 g of heparin sodium was dissolved in PBS to form 1 wt% of
heparin solution, and then 17.45 mmol of methacrylic anhydride was
added dropwise. The reaction was carried out at room temperature for
24 h. During this period, the pH value of the solution was monitored by a
pH meter, and sodium hydroxide solution (1 M) was dropwise added to
keep the pH of the solution at 8 consistently. Finally, the aqueous so-
lution was dialyzed in deionized water and lyophilized to obtain the
resultant HepMA.

2.2.3. Preparation of scaffold for prevascularization

GelMA/HepMA hydrogel precursor solution were first prepared by
dissolving 10 wt% of GelMA, 2.5 wt% of HepMA and 0.2 wt% of LAP in
PBS, then a biomedical silicon tube (inner diameter: 1.5 mm; outer
diameter: 3.0 mm; length: 20.0 mm) was soaked into the solution and ice
water was injected into the tube through a syringe. After GeIMA/HepMA
hydrogel was formed on the silicone tube surface, the tube was irradi-
ated under a hand-held blue light lamp (450 nm) for 2 min. Finally, the
tube was soaked in 500 ng mL~! of vascular endothlial growth factor
(VEGF) solution at 4 °C overnight to obtain the scaffold for pre-
vascularization. The amounts of immobilized VEGF in the hydrogel
scaffolds were quantified by measuring the decrease of VEGF content in
immobilization solution by ELISA kit (Jiangsu Jingmei Biological
Technology Co., Ltd, China), which were 115.4 + 5.1, 139.7 + 8.9,
128.8 + 5.1 and 156.3 + 7.6 ng for GelMA/VEGF, GelMA/Heparin2.5/
VEGF, GelMA/HepMA2.5/VEGF and GelMA/HepMA5.0/VEGF scaf-
folds, respectively.

2.2.4. VEGEF release behavior

The hydrogel scaffolds were immersed in 2 mL of DPBS supple-
mented with 0.1% of BSA and maintained at 37 °C with gentle shaking
for up to 15 d. The DPBS was collected and replaced with fresh one at
predetermined time. The amount of released VEGF was analyzed using
ELISA assay.

2.2.5. HUVEC viability and proliferation
The GelMA/HepMA/VEGF hydrogels were transferred into a 24-well
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culture plate. Then human umbilical vein endothelial cells (HUVECs)
were seeded onto the hydrogel surfaces at 100,000 cells per well, and
cultured in endothelial medium supplemented with 10% of FBS and 1%
of P/S in a COg incubator at 37 °C. Cell viability was assessed by live/
dead staining, and the cell proliferation was measured via CCK-8 assay
after 1, 3 and 5 d of culture.

2.2.6. HUVEC migration assay

HUVEC migration was evaluated through Boyden chamber assay.
HUVEGs (1 x 10° mL™!) were seeded upon the filter membrane of 24-
well Transwell insert (8 ym pore, Corning) and immersed in endothe-
lial medium. Then GelMA/HepMA/VEGF hydrogel was added into the
bottom of the lower chamber in a 24-well plate. After 12 h, HUVECs
migrated down to the hydrogels were fixated with 4% of para-
formaldehyde, stained with 0.1% (w/v) of crystal violet and imaged
with a microscope. The number of migrated HUVECs was quantified
with Image J software.

2.2.7. Scaffold implantation

Male C57BL/6J mice (Hunan SJA Laboratory Animal Co., Ltd.,
China) were anesthetized by intraperitoneal injection of pentobarbital
sodium (30 mg kg~! body weight), then their dorsums were shaved and
wiped with betadine. An incision was made on the central dorsal surface
with scalpel and scaffold was implanted. After skin closure, post-
operation care was taken to ensure the recovery of the mice. The sur-
gical procedures were conducted under sterile conditions. All animal
procedures were performed in accordance with the Guidelines for Care
and Use of Laboratory Animals of South China University of Technology
and approved by the Animal Ethics Committee of South China Univer-
sity of Technology. (Approval NO. 2019002).

2.2.8. Histological analysis

The mice were euthanized via CO5 asphyxiation. The implants with
surrounding tissues were collected, fixed in 4% of paraformaldehyde
solution, dehydrated, embedded in paraffin, sectioned and stained with
hematoxylin and eosin (H&E) which labelled the nuclei in blue and the
cell cytoplasm in pink, respectively. For immunohistochemical staining
of CD31, the sections were deparaffinized in xylene, rehydrated in a
graded series of ethanol solutions, treated with 3% (v/v) of hydrogen
peroxide for 20 min to eliminate the activity of endogenous peroxidase
at room temperature, steamed in 0.01 M of sodium citrate buffer (pH
6.0) at 90-100 °C for antigen retrieval, blocked with 1 wt% of BSA for
30 min. The sections were then incubated successively with primary
antibody of CD31 (1:1000 dilution, Abcam, England) at 4 °C overnight,
secondary antibody (biotin conjugated goat anti-mouse IgG) at 37 °C for
30 min, and streptavidin biotin complex (SABC) for 30 min. The sample
was visualized using DAB, re-stained with hematoxylin and observed
microscopically.

2.3. Preparation and characterization of core-shell microgels

2.3.1. Synthesis of methacrylated hyaluronic acid (HAMA)

2 g of hyaluronic acid was dissolved in 200 mL of deionized water,
followed by dropping methacrylic anhydride into the solution at the
ratio of 1% (v/v) under ice water bath. The mixture was then stirred at
room temperature for 24 h, while keeping the pH of the solution at 8.0.
The reaction solution was dialyzed in deionized water for 7 d to remove
the excessive methacrylic anhydride. Finally, the reaction product
HAMA was obtained by freeze-drying and stored in a constant temper-
ature drying cabinet.

2.3.2. Synthesis of aminofluorescein functionalized HAMA (HAMA-AF)
0.5 g of HAMA was dissolved in 100 mL of deionized water, then 0.3
mmol of EDC and NHS were added into the solution and incubated for
30 min. Subsequently, 8 mg of 5-aminofluorescein dissolved in 10 mL of
DMSO was dripped, and the mixture was stirred at room temperature for
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24 h in dark. The resultant solution was dialyzed in deionized water and
the HAMA-AF was obtained by freeze-drying.

2.3.3. Synthesis of carboxybetaine methacrylate (CBMA)

CBMA monomer was synthesized according to the previously re-
ported procedure [41]. Briefly, 28 mL of DMAEMA and 0.4 g of
4-methoxyphenol were mixed completely under stirring in ice bath. 34
mL of acrylic acid was then added into the mixture at the speed of 1 mL
min~}, and stirred for 24 h at room temperature. If the stirring was
difficult during this period, 10-20 mL of acetone was added to dilute the
reaction solution. Thereafter, the resulting mixture was diluted again
with 50 mL of acetone, then excessive acrylic acid was neutralized by 50
mL of triethylamine and the reaction was terminated. Finally, CBMA was
precipitated from the solution after adding 100 mL of acetone and
washed with 100 mL of acetone for 3-5 times. The precipitation was
collected and dried under reduced pressure to obtain the final CBMA
monomer product.

2.3.4. Fabrication of microfluidic devices

Droplet-based microfluidic devices were fabricated according to our
previous work [42]. Specifically, negative resist was first spin-coated on
a clean silicon wafer, and baked at 80 °C for 10 min and 150 °C for 5 min.
The resist was then exposed to UV light through a photo-mask and
developed in developer solution. The mixture of PDMS base and curing
agent (10:1 w/w) was poured onto the silicon wafer, degassed by a
vacuum oven and cured on a hotplate at 80 °C for 3 h. The PDMS replica
was subsequently peeled off and sealed to glass slide via plasma
treatment.

2.3.5. Microfluidic generation of microgels

An appropriate amount of the GelMA or HAMA was first dissolved in
PBS, then 0.2 wt% of photoinitiator (LAP) was added into the solution
and homogenized by magnetic stirring. The obtained hydrogel precursor
solution was injected into microfluidic devices as aqueous phase, which
was cut into uniform droplets under the shear force of fluorinated oil
containing 0.2 wt% of surfactant. The flow rates of the aqueous phase
and oil phase were set as 0.6 and 6 mL h™}, respectively. The collected
droplets were converted into microgels after exposing to blue light for 2
min. The solidified microgels were demulsified by replacing fluorinated
oil with 20% (v/v) of perfluorooctanol solution, and redistributed into
aqueous media for future use.

2.3.6. Preparation of core-shell microgels

Microgels were immersed in 0.2 wt% of LAP for 3 min, rinsed by PBS
for 2-3 times quickly and then transferred to the hydrogel precursor
solution. After predeterminate time, blue light irradiation was per-
formed to prepare core-shell microgels. The resultant core-shell micro-
gels were observed with a microscope and their size was measured using
the Image J software.

2.3.7. Protein adsorption tests

The microgels were incubated in 0.1 mg mL ! of FITC-BSA solutions
for 60 min, and washed with PBS for three times to remove the loosely
adsorbed proteins on the microgel surface. The adsorbed proteins were
visualized by an inverted fluorescence microscope (Axio Observer 7,
Zeiss, Germany) and normalized by the relative fluorescent intensity.
The test was conducted in triplicate and average values were recorded.

2.3.8. Cell adhesion assay

3% of agarose solution was added into 24-well tissue culture poly-
styrene (TCPS) plate and the bottom surface of the wells was covered
after agarose solidification. Then RAW276.4 macrophages and micro-
gels were added into wells and co-incubated in DMEM medium with
10% of FBS and 1% P/S at 37 °C under 5% of CO for 24 h, and the
concentrations of cells and microgels were 400,000/well and 5% (v/v),
respectively. Macrophages adhered to the surface of the microgels were

365

Bioactive Materials 27 (2023) 362-376

stained using calcein AM/ethidium homodimer live/dead assay (Life
Technologies, NY, USA), while the free cells were separated through cell
strainer. Digitized images were picked with an inverted fluorescence
microscope, and the adhesive cells were counted by Image J software.

2.3.9. Zeta potential measurement
The {-potential of microgels was measured using Zetasizer Nano ZS
(Malvern, U.K.). The value was recorded as the mean of five trials.

2.4. Physical characterization of hydrogels

2.4.1. Preparation of PEGDA/CMBA hydrogel

PEGDA/CMBA hydrogel was prepared by photo-initiated radical
copolymerization. Briefly, PEGDA and CMBA was first dissolved in PBS,
then 0.2 wt% of LAP was added in the solution and stirred for 10 min.
Subsequently, the as-formed homogeneous solution was injected into
mold and exposed to blue light for 2 min. The concentration of PEGDA
was fixed at 15 wt%, and the CMBA concentration changed accordingly.
The obtained PEGDA/CMBA hydrogels were labelled as P/C(x), where x
represented the CMBA concentration (wt%).

2.4.2. Swelling behavior of hydrogels

The swelling capacity of the hydrogels was studied by a general
gravimetric method. Freshly prepared hydrogel disks (diameter: 13.0
mm, height: 3.0 mm) were weighed to record their initial weights, and
then immersed in PBS at 37 °C until swelling equilibrium. Afterward, the
fully swollen hydrogel samples were taken out, and weighed after
removing excessive liquid on the surface. The swelling ratio (SR) of the
hydrogels was defined as: SR = (Ws-Wy)/Wx100%, where W and Wy
were the swollen and initial weights of each sample, respectively. The
assay was repeated three times.

2.4.3. Porosity evaluation

The porosity of the hydrogel was determined by the liquid
displacement method [43]. Briefly, freeze-dried hydrogel disks (diam-
eter: 13.0 mm, height: 3.0 mm) were immersed in acetone and placed in
vacuum to remove the bubble inside the samples. Then the samples were
drawn out from acetone and the weight was recorded quickly after the
excess solvent on the surface was gently blotted. The porosity (P) was
calculated as follows: P = (W2-W1)/pVx100%, where Wi, W5 and V
were dry weight, wet weight and volume of the samples, p was the
density of acetone.

2.4.4. Mechanical characterization of hydrogels

Compression tests were performed on a universal testing machine
(5967, Instron, USA) to measure the mechanical properties of the
hydrogels. Hydrogel cylinders (diameter: 4.7 mm, height: 5.0 mm) were
compressed at a constant rate of 3 mm min ! and the values of stress and
strain were recorded. The compression modules were calculated from
the slope of the linear region of the stress-strain curves. At least three
samples were tested for each hydrogel.

2.5. Preparation and in vitro characterization of islets-laden core-shell
microgels

2.5.1. Islets isolation and purification

Islets were isolated from male Sprague-Dawley (SD) rats (Hunan SJA
Laboratory Animal Co., Ltd., China). In brief, the rat was first anes-
thetized with isoflurane. Then, the bile duct was cannulated with a 30 G
needle and the pancreas was perfused with 6-8 mL of Hank’s balanced
salt solution containing 0.5 mg mL~" of cold collagenase P, allowing the
digestion of the pancreas at 37 °C for 20-25 min. Then 20 mL of HBSS
buffer solution with 10% of FBS was added to terminate digestion. The
digested pancreases were then purified with Histopaque-1077/HBSS
media gradient and then islets were handpicked under the micro-
scope. The islets were cultured in RPMI-1640 medium supplemented
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with 10% of FBS prior to use.

2.5.2. Islets encapsulation

The cultured islets were resuspended in 3 wt% of HAMA solution
containing 0.2 wt% of LAP, and islets-laden HAMA microgels or islets-
laden HAMA@P/C(10) core-shell microgels were prepared according
to the aforementioned procedure.

2.5.3. Viability of islets in vitro

To determine islet viability, naked islets and islets-laden HAMA
microgels or HAMA@P/C(10) core-shell microgels were added into a 48
well TCPS plate, and incubated for 1, 7 and 14 d. Then calcein AM/
ethidium homodimer mixture solution was added to the plates and
incubated at 37 °C for 30 min. The samples were imaged under an
inverted fluorescence microscope after washing off excess dye. Calcein
AM fluoresced green and presented live cells, whereas the ethidium
homodimer fluoresced red and indicated dead cells. The viability of is-
lets was defined as the percentage of live cells in total islet cells.

2.5.4. Glucose-stimulated insulin secretion (GSIS)

Naked islets and islets-laden microgels were first cultured in RPMI-
1640 media with low glucose concentration (2.8 mM) for 30 min,
then transferred into RPMI-1640 media with high glucose concentration
(16.7 mM) for 30 min. The supernatants were collected at the end of
each incubation and the process was repeated for 4 times incessantly.
Quantification of insulin were determined via rat insulin enzyme-linked
immunosorbent assay (Rat Insulin ELISA, ALPCO, NH, USA) according
to the manufacturer’s instructions. In addition, the stimulation index
(insulin release at high/low glucose concentration) was calculated for
both naked islets and islets-laden microgels.

2.5.5. Inflammatory response

ROS and TNF-a were used as markers to characterize inflammatory
response. RAW276.4 macrophages were seeded on the tissue culture
plates at a cell density of 100,000 cells/cm? and cultured overnight,
which were then stimulated with 500 ng mL ™! of LPS for 1 h, followed
by incubating with naked islets (50 IEQ) or 10% (v/v) of islets-laden
microgels for 24 h. Intracellular ROS level was monitored by commer-
cially available assay kit (Beijing Solarbio Science & Technology Co.,
Ltd), and macrophages treated with 0.05 mg mL ™! of Rosup were used as
positive control. As for TNF-a, stimulated macrophages were incubated
with naked islets or islets-laden microgels for 12 h. The supernatant was
collected and the concentration of TNF-o was determined by ELISA kit
(Jiangsu Jingmei Biological Technology Co., Ltd, China) following the
manufacturer’s instructions.

2.6. Invivo characterization of bioartificial pancreas for T1DM treatment

2.6.1. Establishment of the T1DM models

8-week-old C57BL/6J male mice were used to establish TIDM
model. To be specific, the mice were intraperitoneally injected with STZ
at a dose of 150 mg kg~ ! after starving overnight. Then non-fasting
blood glucose of the mice was measured by collecting blood from the
tail vein. Once the blood glucose level was higher than 300 mg dL~" for 3
consecutive days after STZ injection, the mice were then used as TIDM
models.

2.6.2. Subcutaneous islets transplantation

A small incision was made at one end of implanted prevascularized
scaffold after the diabetic mice were anesthetized, and the silicone tube
was stripped from the scaffold. Afterward, islets-laden HAMA@P/C(10)
core-shell microgels (500 IEQ) were perfused into the lumen of pre-
vascularized scaffold through a syringe. The incision was closed by su-
turing and the diabetic mice (n = 4) were allowed to recover. Naked
islets or islets-laden HAMA microgels injected into prevascularized
scaffold, or naked islets and islets-laden HAMA@P/C(10) microgels
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injected into subcutaneous space without prevascularized scaffold (n =
3) were used as control groups. Non-fasting glucose of the mice were
measured at different time after transplantation.

2.6.3. Intraperitoneal glucose tolerance test (IPGTT) in vivo

To further assess metabolic capacity, IPGTT were conducted at 60
d after transplantation. Mice were fasted overnight before receiving an
intraperitoneal glucose bolus (2 g kg™1). The blood glucose levels were
monitored at 0, 15, 30, 60, 90 and 120 min after injection (n = 3).

2.6.4. Immunofluorescence staining of insulin

To perform immunofluorescence staining of retrieved bioartificial
pancreas, the histological sections were incubated with primary anti-
bodies (mouse anti-insulin, Boster, China) and fluorescent secondary
antibodies (Alexa Fluor 488 donkey anti-mouse IgG, Abcam, England)
successively. The sections were further stained with DAPI staining
(Beyotime, China) before observation under an inverted fluorescence
microscope.

2.7. Statistical analysis

Data were presented as means =+ standard deviations (SD). One-way
analysis of variance (ANOVA) was applied to calculate the differences
between values. Values of p < 0.05 were considered as statistically
different. Levels of significant difference were presented as * (p < 0.05),
** (p < 0.01) and *** (p < 0.001).

3. Results and discussion
3.1. Fabrication and characterization of macroscale hydrogel scaffold

Subcutaneous islets transplantation is very attractive clinically,
considering its convenience for implantation and retrieval, ease for graft
monitoring, and low-risk for surgical complications. However, inade-
quate vascularization of the subcutaneous space results in poor oxygen
and nutrient supplement to the transplanted islets, limiting its applica-
tion as a suitable transplantation site. As such, establishment of subcu-
taneous vasculature is necessary for islet transplantation. Given the role
of vascular endothelial growth factor (VEGF) in angiogenesis [44], a
new hydrogel scaffold containing methacrylated gelatin (GelMA),
methacrylated heparin (HepMA) and VEGF was developed. HepMA in
hydrogel scaffold provides abundant binding sites for VEGF [45],
enabling the sustained release of VEGF to recruit endothelial cells.
GelMA is a modified natural polymer with good biocompatibility and
biodegradability [46-48], which can offer a certain mechanical support
for the new-born blood vessels in the early period of islets trans-
plantation and degrade later to reduce the distance between new-born
blood vessels and islets-laden microgels.

Fig. 1a depicts schematically the preparation process of this scaffold.
In brief, a biomedical silicone tube was soaked in GelMA/HepMA
hydrogel precursor solution, and ice water was injected into the tube
through a syringe. Conformal hydrogel layer was condensed on the tube
surface due to gelation of GelMA at low temperature [49,50], which was
then irradiated with blue light for photopolymerization of GelMA and
HepMA. The scaffold was finally acquired by immersing in VEGF solu-
tions, where VEGF was loaded into the hydrogel tube and bound to
HepMA owing to their strong biological affinity. Fig. 1b gives the photos
corresponding to the process shown in Fig. 1a. Notably, the silicone tube
could be withdrawn from the as-formed hydrogel tube, leaving a
chamber for islets transplantation (Fig. S1). Fig. 1c compares the hep-
arin and HepMA stability in hydrogel scaffold. The numbers in Gel-
MA/HepMA2.5, GelMA/Heparin2.5, and GelMA/Heparin5.0 represent
the mass percentage of heparin and HepMA in hydrogels. After staining
with toluidine blue, GeIMA/HepMAZ2.5 and GelMA/Heparin2.5 hydro-
gels exhibit characteristic blue-purple color, indicating the presence of
heparin and HepMA [51]. Meanwhile, the blue color of stained GelMA
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Fig. 1. Preparation and characterization of GelMA/HepMA/VEGF hydrogel scaffold. a) schematics on the fabrication process and hydrogel network of GelMA/
HepMA/VEGF hydrogel scaffold; b) photos illustrating the step-by-step fabrication process; c) toluidine blue staining of heparin; d) VEGF release behaviors from

hydrogel scaffolds; e) HUVEC proliferation on hydrogel surfaces.

hydrogel is only caused by toluidine blue itself. Furthermore, no
noticeable color change can be observed in the GelMA/HepMAZ2.5
hydrogel after immersing in PBS for 24 h, proving that HepMA is very
stable in scaffold owing to the covalent crosslinking between GelMA and
HepMA. In contrast, GelMA/Heparin2.5 hydrogel changes from the
blue-purple color at 0 h to the blue color at 24 h, suggesting the release
of heparin from the hydrogel scaffold. Even doubling of the heparin
amount in the scaffold cannot avoid the color fading, or namely, the
quick release of heparin. Fig. 1d lists the VEGF-releasing curves of
various hydrogel scaffolds including GelMA/VEGF (prepared by
immersing GelMA hydrogel in VEGF solution), GelMA/Heparin/VEGF
(prepared by immersing GelMA/Heparin hydrogel in VEGF solution)
and GelMA/HepMA/VEGF (prepared by immersing GelMA/HepMA
hydrogel in VEGF solution). As expected, over 60% of the loaded VEGF
is released from GelMA/VEGF and GelMA/Heparin2.5/VEGF hydrogel
scaffolds within 2 days, whilst a sustained release of VEGF up to 15 days
is observed for GelMA/HepMA2.5/VEGF hydrogel scaffold. When the
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HepMA content increases in GelMA/HepMA/VEGF hydrogel, the sus-
tained release of VEGF can be observed more obviously. It can be
conceived that there are three types of VEGF in the above three
hydrogels, including free VEGF, VEGF/Heparin complex and VEGF/-
HepMA complex. Since the free VEGF and VEGF/Heparin complex dis-
solved in water can be quickly released from hydrogel, the sustained
release of VEGF is only achieved by VEGF/HepMA complex, owing to
the stability of HepMA in GelMA/HepMA/VEGF scaffold. Therefore,
although the VEGF loading capacities are similar for GelMA/HepMA/-
VEGF, GelMA/Heparin/VEGF and GelMA/VEGF hydrogels, their sus-
tained release of VEGF are quite different. Considering the subcutaneous
angiogenesis can be achieved in 15 days [52,53] and GelMA/-
HepMA2.5/VEGF can realize VEGF sustained release in this period,
GelMA/HepMA2.5/VEGF hydrogel scaffold is used for the following
experiments.

The cytocompatibility of GelMA/HepMA and GelMA/HepMA/VEGF
scaffolds were further evaluated by seeding human umbilical vein
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endothelial cells (HUVECs) on the two hydrogel surfaces. Live/dead
staining in Fig. S2 and CCK-8 assay in Fig. 1e suggest that no significant
difference of HUVEC viability and proliferation occurs between control
group and hydrogel scaffolds after 1, 3 and 5 days of culture, demon-
strating good cytocompatibility of these two hydrogel scaffolds.

3.2. Invitro and in vivo angiogenesis of GelMA/HepMA/VEGF hydrogel
scaffold

The recruitment ability of GelMA/HepMA/VEGF scaffold to endo-
thelial cells was firstly assessed by in vitro transwell migration assay,
where HUVECs were seeded in the transwell chamber and GelMA/
HepMA/VEGF scaffold was placed in 24-well plate chamber. It can be
found from Fig. 2a that the HUVECs migrated onto the GelMA/HepMA/
VEGF scaffold after 12 h is remarkably more than those on blank and
GelMA/HepMA scaffold, indicative of the critical role of released VEGF
in the HUVEC migration (see quantitative data in Fig. S3). Subsequently,
the GelMA/HepMA/VEGF scaffold (outer diameter: 5.0 mm, length:
20.0 mm, wall thickness: 1.0 mm) was implanted subcutaneously to
verify the angiogenesis performance in vivo. As shown in Fig. 2b, no
obvious blood capillaries can be observed on silicone tube after im-
plantation for 15 days, while lots of blood capillaries are seen clearly on
the surface of GelMA/HepMA/VEGF scaffold. This observation was
further confirmed by hematoxylin & eosin (H&E) staining and CD31
immunohistochemical analysis. The H&E staining in Fig. 2c reveals that
only a few hollow lumens (marked by blue arrows) are found around the
retrieved silicone tube. In comparison, much more hollow lumens are
visible nearby for the retrieved GelMA/HepMA/VEGF scaffold, sug-
gesting its excellent angiogenesis performance. The presence of eryth-
rocytes in these hollow lumens proves the anastomosis between the new-
born capillaries and the host blood vessels [54]. Besides, the number of
inflammatory cells close to GelMA/HepMA/VEGF scaffold are not high
on day 15 (orange arrows in Fig. 2c) compared with that on day 7 (or-
ange arrows in Fig. S4), which means that the acute inflammatory
response subsides and the hydrogel scaffold is of sound histocompati-
bility. Furthermore, subcutaneous angiogenesis of GelMA/HepMA and
GelMA/Heparin/VEGF scaffolds were also investigated in vivo. The
new-born blood vessels found around GelMA/HepMA and GelMA/He-
parin/VEGF scaffold is much less than that of GelMA/HepMA/VEGF
scaffold (Fig. S5). The result suggests that neither the hydrogel scaffold
itself nor the burst release of VEGF from the scaffold can induce the
formation of substantial blood vessels, further proving the important
role of sustained-release VEGF on angiogenesis. CD31, a characteristic
protein expressed on the surface of vascular endothelial cells, is often
used to indicate the new-born blood vessels [55,56]. The CD31 staining
results in Fig. 2d show the similar outcome like H&E staining, i.e., sparse
blood capillaries for silicone tube and dense blood capillaries for Gel-
MA/HepMA/VEGF scaffold (marked by red arrows). The vascular den-
sity, defined as the percentage of vascular area in total field, exhibits in a
quantitatively way the outstanding angiogenesis induced by GelMA/-
HepMA/VEGF scaffold (Fig. 2e). More importantly, all retrieved scaf-
folds can maintain their initial shape without deformation in vivo due to
the presence of silicone tube, and hence reserve the inner lumen as
transplantation site for islets-laden microgels.

3.3. Preparation and characterization of core-shell microgels

In our study, core-shell microgels for islets microencapsulation were
prepared via two steps. First, mono-core microgels were generated
through a droplet-based microfluidic device (Fig. S6), in which aqueous
droplets were produced continuously under the shear stress of the oil
phase and converted into mono-core microgels after photo-
polymerization [57-61]. Next, the as-prepared mono-core microgels
were loaded with photoinitiator by immersing them into LAP solution
for a short time. After transferring these mono-core microgels into
another hydrogel precursor solution, the absorbed LAP diffused outward
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from the mono-core microgels, triggering the photopolymerization re-
action on the mono-core microgel surface by blue light irradiation and
thus leading to the formation of core-shell microgels (Fig. 3a). Obvi-
ously, the hydrogel precursor far away from the microgels cannot be
polymerized due to the lack of LAP. Compared with the fabrication
methods reported in the literature for core-shell microgels, our method
is easy to control especially for microfluidic operation and the thickness
of core and shell layers can be adjusted separately [62,63].

To prove the universality of our method and successful preparation
of core-shell microgel, several popular hydrogel materials, including
methacrylated hyaluronic acid (HAMA), GelMA, poly(ethylene glycol)
diacrylate (PEGDA), were used as either core or shell materials. It is
found that the thickness of shell layer in the core-shell microgel is var-
iable, mainly depending on the diffusion time of initiator and the pre-
cursor concentration of shell materials. Fig. 3b shows the optical image
of GelMA@PEGDA microgels with thick shell layer (diffusion time of
initiator: 2 min, thickness of shell layer: ~50 pm). Notably, to reduce the
delay of thick shell layer on nutrient/insulin exchange, thin shell was
actually used for islet microencapsulation (diffusion time of initiator: 30
s, thickness of shell layer: ~5 pm). For the sake of observing thin shell
layer in core-shell microgels, fluorescent aminofluorescein grafted
HAMA (HAMA-AF, green light) or fluorescent PS microspheres-loaded
PEGDA (blue light) were alternatively adopted. Specifically, the core
and shell of HAMA@PEGDA, shell of both GeMA@HAMA and Gel-
MA@PEGDA are of fluorescence. As can be seen in Fig. 3b, the unifor-
mity of the shell layer is proven by the fluorescent illumination of the
shell layer in HAMA@PEGDA, GelMA@HAMA and GelMA@PEGDA
microgels, suggesting that the thin shell layer is fully wrapped on the
core-shell microgels. Interestingly, our strategy can be further extended
to fabricate multilayer core-shell microgels (labelled as core-shell*n, n is
the layer number of shells). As observed in Fig. 3¢, the HAMA mono-core
microgels prepared via droplet-microfluidics are monodisperse with
round shape and their average size is 310.48 + 6.85 pm. After
immersing HAMA mono-core microgels in LAP solution and then
exposing them to blue light in PEGDA precursor solution, the average
size of HAMA@PEGDA core-shell microgels increases to 321.67 + 7.51
pm. Repetition of the same procedure for shell formation makes the
HAMA@PEGDA core-shell*2 microgels bigger (333.64 + 6.96 pm).
Although core-shell*2 microgels with different shell components are not
available now, it is obvious that our method is suitable for fabricating
them so that more complicated functions can be achieved.

3.4. Anti-adhesion performance of core-shell microgels

When exogenous cells/materials are implanted into the human body,
the complement system (including various types of proteins) is activated
through the surface adsorption of complement proteins. When the im-
plants are too large to be swallowed, macrophages can fuse to form
foreign body giant cells, secrete cytokines to collect and integrate fi-
broblasts to deposit matrix, and finally wrap the implants with avascular
collagen capsules. This dense fibrotic capsule isolates the implants from
the internal circulation system of the body, cuts off the exchange of
substances, and causes necrosis of the implant [64,65]. Therefore, the
inhibition of protein and macrophages adhesion on implants can effec-
tively reduce the risk of implantation failure. Herein, FITC-BSA was
chosen as a model protein to evaluate the protein adhesion on different
bulk hydrogel materials (Fig. 4a and S7). Among all the hydrogel ma-
terials studied herein, GelMA shows the highest protein adhesion
amount, indicative of the most severe immunogenicity after implanta-
tion. In comparison, HAMA and PEGDA mitigate to some extent the
protein adhesion, possibly due to their higher hydrophilicity. To mini-
mize the protein adhesion, zwitterionic carboxybetaine methacrylate
(CBMA), as a strong antifouling material [66,67], was synthesized and
verified by the 'H NMR spectrum in Fig. S8. Since it is time-consuming
for the gelation of pure CBMA, copolymerization of PEGDA and CBMA
was used instead. The formation of PEGDA/CBMA hydrogel
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(abbreviated as P/C hydrogel) is confirmed via FTIR (Fig. S9), where the
characteristic peaks at 2880 cm ™! and 1100 cm ™ can be assigned to the
stretching vibration of -CH and C-O-C in PEGDA, and the adsorption
bands at 1590 cm™! and 1171 cm™! can be attributed to the stretching
vibration of carbonyl and methacryloyl groups in CBMA, respectively. It
is evident that the protein adsorption capacities of P/C hydrogels are
much lower than those of GelMA, PEGDA and HAMA hydrogels. When
the CBMA content is greater than 10 wt%, the prepared P/C hydrogel
has the maximum anti-adhesion effect. What’s more, CBMA content also
affects the swelling properties and porosity of P/C hydrogels, i.e., the
more the CBMA content is, the higher the swelling ratio and porosity of
P/C hydrogel possesses (Fig. 4b and c). Except for bulk hydrogels, the
anti-adhesion performance was also tested using microgels. It is
apparent that HAMA@P/C(10) microgels display lower protein
adsorption compared with HAMA and HAMA@PEGDA microgels
(Fig. 4d), in good agreement with the results of bulk hydrogels. Note-
worthily, the anti-adhesion ability of the HAMA@P/C (10) microgels is
not only reflected on proteins, but also on macrophages. As shown in
Fig. 4e, the adsorption amounts of macrophages decrease in turn from
HAMA, HAMA@PEGDA and HAMA@P/C(10) microgels, and almost no
macrophages are observed on HAMA@P/C(10) microgel surface. Such
results were further validated via in vivo subcutaneous transplantation
of HAMA@P/C(10) microgels, where few immunocytes are found
around HAMA@P/C (10) microgels after transplantation for 3 days
(Fig. S10). Taking into account the anti-adhesion performance of shell
hydrogel and the cytocompatibility of core hydrogel required in our
case, P/C(10) and HAMA hydrogels are selected as the shell and core
materials for the following experiments and their porous structure are
confirmed by scanning electron microscopy (SEM, Fig. S11).
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3.5. In vitro biological characterization of islets-laden HAMA@P/C(10)
microgels

To fabricate islets-laden HAMA@P/C(10) microgels, naked islets
were firstly isolated from male SD rats according to the protocol used in
our previous work [68]. Fig. S12a gives the photo of isolated islets,
whose average size is 111.24 + 20.09 pm. The islets-laden HAMA@P/C
(10) microgels were then prepared using the same method described in
Section 3.3. Precise control of the islets concentration in water phase as
well as the flow rates of water and oil phases can make islets distribute
uniformly in microgels, as shown in Fig. S12c. The full coverage of P/C
shell on HAMA microgel surface is confirmed using zeta potential
measurement, i.e., islets-laden HAMA microgels show a zeta potential of
—49.50 + 4.71 mV, whereas islets-laden HAMA@P/C(10) microgels
exhibit a zeta potential of —1.41 4+ 0.53 mV (Fig. S13). In addition to the
enhanced anti-adhesion and hence suppressed host immune rejection,
the P/C(10) hydrogel shell also endows the encapsulated islets with
better mechanical protection since the mechanical strength of P/C(10)
hydrogel is significantly higher than that of HAMA (Fig. S14). This
feature of HAMA@P/C(10) microgel is very favorable for islets trans-
plantation, as the HAMA core can provide a biomimetic soft microen-
vironment for islets and simultaneously the P/C shell can bear the shear
force generated during microgel injection and human motion post
implantation.

Islets viability and insulin-secretion function in HAMA@P/C(10)
microgels were explored via live/dead staining and glucose-stimulated
insulin secretion (GSIS) test. As can be seen in Fig. 5a, naked islets
show high cell viability on the 1st and 7th days after isolation from SD
rats, but a small part of islets are necrotic in the center of islet cluster on
the 14th day (see separate fluorescence images of live islets and dead
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islets in Fig. S15). This is possibly due to the physiological difference
between in vivo and in vitro, such as the absence of dynamic culture in
vitro [69,70]. The poor proliferation rate of islets lead to an increased
proportion of necrotic cells with culture time [71,72]. Fortunately, there
is no significant difference in cell viability between naked islets and the
islets encapsulated in HAMA and HAMA@P/C(10) microgels, implying
that islets microencapsulation in HAMA microgels via microfluidic
technology and construction of P/C(10) hydrogel shell outside the
HAMA microgels have negligible effects on islets viability (see quanti-
tative data in Fig. S16). In addition, when naked islets are switched
between high glucose (16.7 mM) and low glucose (2.8 mM) solutions,
their insulin secretion increases and decreases correspondingly (Fig. 5b).
The stimulation index (SI), a ratio of insulin secreted at high glucose
concentration to that of low glucose concentration, is 2.31 + 0.21.
Encapsulation of islets in HAMA and HAMA@P/C(10) microgels doesn’t
change their sensitivity to glucose. After continuous 4 cycles, their
stimulation indexes still maintain at 2.23 + 0.07 and 2.17 + 0.11
respectively, indicating that our islets microencapsulation strategy has
no significant negative effect on islets activity and insulin-secretion
function.

Inflammatory response of islets-laden HAMA@P/C(10) microgels
was assessed via co-culturing them with macrophages (RAW264.7 cells)
and monitoring reactive oxygen species (ROS) and tumor necrosis fac-
tor-a (TNF-a) levels [73]. Fig. 5¢ shows the fluorescence images of ROS
detection and related statistical data. The naked islets group produces a
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high level of ROS, as Rosup group (positive control) does, implying the
extraordinarily active inflammatory response of macrophages to xeno-
geneic islets. Compared to naked islets, two microgel groups especially
HAMA@P/C(10) microgel group induce much lower inflammatory
response, as a result of the good anti-adhesion of P/C(10) shell. Even
after encapsulation of islets in HAMA@P/C(10) microgels, the inflam-
matory response of macrophages doesn’t change significantly, mainly
owing to the shielding of core-shell microgels to islets. Apart from ROS,
TNF-a was also tested and the results are in good accordance with those
of ROS measurement, i.e., islets-laden HAMA@P/C(10) microgels don’t
trigger severe inflammatory response (Fig. 5d).

3.6. Xenotransplantation of bioartificial pancreas in vivo

The new bioartificial pancreas developed in this work consists of a
prevascularized hydrogel scaffold and islets-laden core-shell microgels.
Considering that in vivo prevascularization of the hydrogel scaffold
needs a period of time, xenotransplantation of this bioartificial pancreas
was performed by two steps: the GelMA/HepMA/VEGF hydrogel scaf-
fold containing silicone tube was first subcutaneously implanted in
diabetic mice, sutured and prevascularized for 15 days. Thereafter, the
silicone tube was removed out from the prevascularized hydrogel scaf-
fold and islets-laden HAMA@P/C(10) microgels were injected into the
lumen of hydrogel scaffold (Fig. 6a). As a result, the new-born blood
vessels can supply oxygen and nutrients for islets promptly. Six groups
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Fig. 5. In vitro biological characterization of islets-laden HAMA@P/C(10) microgels: a) islets viability via live/dead staining; b) insulin-secretion via glucose-
stimulated insulin secretion (GSIS) test; ¢) ROS level and d) TNF-« level generated by macrophages after co-culturing with islets-laden HAMA@P/C(10) micro-
gels. 50 islet equivalents (IEQ) of SD rats were used for naked islets and islets-laden HAMA@P/C(10) groups.

(four duplicates for experimental group and three duplicates for other
groups), including prevascularized scaffold and islets-laden HAMA@P/
C(10) microgels, prevascularized scaffold and islets-laden HAMA
microgels, prevascularized scaffold and naked islets, islets-laden
HAMA@P/C(10) microgels, naked islets, diabetic mice, were tested
simultaneously. 500 islet equivalents (IEQ) of SD rats were used for each
group if applicable, following the protocol in the literarure (Table S1).
Fig. 6b shows the random non-fasting blood glucose levels (BGLs)
monitored every 2 days. After injecting streptozotocin in normal mice
for 3 days, their BGLs rise and maintain continuously above 300 mg
dL™!, indicating the successful construction of diabetic mice models. At
day 4 following transplantation into diabetic mice, the prevascularized
scaffold and islets-laden HAMA@P/C(10) microgels group (or namely,
bioartificial pancreas) demonstrates a rapid reversal of BGLs from hy-
perglycemia (>300 mg dL™!) to normoglycemia (<200 mg dL 1), and
holds the normal BGL for up to 90 days. However, direct hypodermic
injection of islets-laden HAMA@P/C(10) microgels can only lead to a
small drop of BGLs, which rebound quickly back to its original level.
This validates the important role of the prevascularized scaffold in
bioartificial pancreas. According to the results in Section 3.2, a rich
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vascular network is formed around the GelMA/HepMA/VEGF scaffold
after transplanting it for 15 days. It is believed that the new-born
vascular network increases dramatically the subcutaneous oxygen con-
tent, leading to the high islets viability especially in the early period of
islets transplantation. Islets in islets-laden HAMA@P/C(10) microgels
group become apoptotic rapidly due to the lack of oxygen and nutrient
supply from surrounding environment, resulting in the failure of trans-
plantation. Besides, compared with bioartificial pancreas group, trans-
plantation of naked islets into the prevascularized scaffolds can achieve
a short period of normoglycemia for 1-3 days and then return to hy-
perglycemia. The possible reason lies in the immune system attack
caused by xenogeneic islets transplantation. To prove this assumption,
islets-laden HAMA microgels were also transplanted into the prevascu-
larized scaffold, which physically shields islets from host immune sys-
tem. It can be noticed that much longer period of normoglycemia (ca.
36-42 days) can be achieved. Obviously, the physical protection is
further enhanced by introducing anti-adhesion core-shell microgels.
Since neither physical protection nor new-born blood capillaries are
available, naked islets group exhibits the worst transplantation effect.
Prior to graft retrieval, in vivo intraperitoneal glucose tolerance tests
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(IPGTTs) were conducted to check the real-time response of bioartificial
pancreas to glucose. Fig. 6¢ shows that diabetic mice after trans-
plantation of bioartificial pancreas have the same dynamic response as
normal mice, whilst diabetic mice without bioartificial pancreas are
difficult to decrease BGL, which is also quantified by their metabolic
capacity (area under curve, Fig. 6¢). Thereafter, the bioartificial
pancreas was retrieved at day 90 post-transplantation by surgery,
accompanying with an immediate increase in BGLs of diabetic mice.
This phenomenon proves the long-term viability and blood glucose
regulation function of islets in bioartificial pancreas. H&E staining of the
retrieved bioartificial pancreas in Fig. 6d reveals that the micro-
encapsulated islets (marked by green arrows) are intact in shape and no
leakage of islets-laden microgels from the prevascularized scaffold is
observed. More importantly, the microgel surface is still clean at 90 days
after transplantation, and no obvious macrophage deposition and
fibrous capsule formation are observed, illustrating their antifibrotic
ability. CD31 immunohistochemical staining in Fig. 6e corroborates
again the high blood vessel density in the prevascularized scaffold. The
negligible distance between the new-born blood vessels (marked by red
arrows) and lumen of hydrogel scaffold implies the biodegradation of
hydrogel scaffold, which facilitates the supply of oxygen and nutrients to
islets-laden HAMA@P/C(10) microgels. Meanwhile, immunofluores-
cence staining of insulin (Fig. 6f) confirms that the retrieved islets still
remain insulin-secretion function at day 90 after transplantation [74,
75].

In addition, to verify the role of prevascularization in vivo on islet
transplantation, simultaneous transplantation of hydrogel scaffold (with
or without VEGF) and islets-laden microgels was also performed. In
other words, another two control groups (unprevascularized GelMA/
HepMA/VEGF scaffold and islets-laden HAMA@P/C(10) microgels,
unprevascularized GelMA/HepMA scaffold and islets-laden HAMA@P/
C(10) microgels) were tested. As shown in Fig. S17a, BGLs in these two
groups show a very short decrease at the early stage after islet trans-
plantation, and rebound to original hyperglycemia state on day 8.
Although GelMA/HepMA/VEGEF scaffold can induce abundant new-born
blood vessels on day 16 after subcutaneous transplantation compared
with GelMA/HepMA scaffold (Fig. S17b), the transplanted islets show
very weak insulin-secretion function (Fig. S17c¢). This is possibly because
the unprevascularized GelMA/HepMA/VEGF scaffold fails to provide
enough nutrient/oxygen to transplanted islets especially in the early
stage of transplantation and the resulting hypoxia causes the death of
many islets, which confirms the important role of prevascularization in
vivo.

In brief, the data described above, including the monitoring of BGLs,
H&E staining, CD31 immunohistochemical staining and insulin immu-
nofluorescence staining of retrieved graft, suggest sufficiently that our
bioartificial pancreas, i.e., islets microencapsulation in anti-adhesive
core-shell microgels and macroencapsulation in a prevascularized scaf-
fold, can maintain islets viability in vivo and ensure the insulin secretion
of islets to regulate the BGLs. Notably, herein 500 islet equivalents were
transplanted into the prevascularized hydrogel scaffold with the total
volume of 0.4 mL (outer diameter: 5.0 mm; length: 20.0 mm). This
means that a device with the total volume of 200 mL should be
implanted in order to accommodate sufficient islets (~5000 IEQ/kg, 50
kg). Although the calculated hydrogel device is larger than natural
pancreatic tissue (~100 mL) [76], it can be further improved by
decreasing the blank microgels and thus reducing the volume of graft.

4. Conclusion

In summary, a novel bioartificial pancreas containing a prevascu-
larized hydrogel scaffold and islets-laden core-shell microgels is fabri-
cated for type 1 diabetes treatment. Specifically, GelMA/HepMA/VEGF
hydrogel scaffold is formed on the surface of a silicone tube by cooling
and blue light irradiation, and then implanted subcutaneously for pre-
vascularization. In vitro transwell migration assay demonstrates that
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GelMA/HepMA/VEGF hydrogel can release VEGF in a sustained manner
and thus recruit endothelial cells effectively. H&E staining and CD31
immunohistochemical staining of retrieved hydrogel scaffold show that
GelMA/HepMA/VEGF hydrogel scaffold promotes dramatically in vivo
angiogenesis. Meanwhile, islets-laden HAMA@P/C(10) core-shell
microgels are prepared via droplet-based microfluidics, followed by
surface photopolymerization that is controlled by photoinitiator diffu-
sion from HAMA mono-core microgels. Protein and macrophage
adsorption results suggest that P/C(10) zwitterionic hydrogel shell en-
dows microgels with excellent anti-adhesion and mechanical strength.
The live/dead staining and GSIS test confirm that the encapsulation of
islets in HAMA@P/C(10) microgels doesn’t affect the islets viability and
insulin-secretion function. ROS and TNF-a secretion certify their low
inflammation response. Finally, the as-prepared islets-laden HAMA@P/
C(10) microgels are injected into the prevascularized hydrogel scaffold
to form an bioartificial pancreas. This bioartificial pancreas can reverse
the BGLs of diabetic mice from hyperglycemia to normoglycemia for at
least 90 days, as validated by BGLs monitoring. H&E staining, CD31
immunohistochemical staining and insulin immunofluorescence stain-
ing prove the good function of bioartificial pancreas in vivo, which in
our opinion is mainly ascribed to the synergistic effect among favorable
microenvironment provided by HAMA core of core-shell microgel, low
foreign-body reaction originated from zwitterionic hydrogel shell of
core-shell microgel, and rich capillary network introduced by pre-
vascularized GelMA/HepMA/VEGF hydrogel scaffold. We believe this
bioartificial pancreas provides a new solution to type 1 diabetes treat-
ment, and its fabrication strategy has broad potential applications in
other cell therapies.
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