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Pancreatic islet encapsulation has long been considered as a groundbreaking solution capable of reducing
dependence on lengthy immune suppression protocols while boosting the receptivity of transplanted cells.
However, its efficiency is still limited by insufficient oxygenation due to the distance to access the nearest
blood supply and oxygen. During the treatment period with macrocapsules, before the effectiveness results
are achieved, its negative effects will be limiting; therefore, it will affect its potential applications in the
future. In our efforts to overcome existing obstacles, we encapsulated pancreatic islets into alginate
hydrogel enriched by perfluorooctyloromide (PFOB) as oxygen carriers within the core of a disc-shaped
macrocapsule. Physicochemical properties and biocompatibility tests were done on the designed device and
then macrocapsules carrying pancreatic islets were transplanted into the peritoneal cavity of streptozotocin-
induced diabetic mice and monitored for five weeks. Surprisingly, the results verified normal fast blood
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glucose (FBG) levels, and intraperitoneal glucose tolerance testing (IP-GTT) confirmed proper transplanted
islet functionality during this time after transplantation. Our findings showcased benefits realized through
DOI: 10.1039/d4ma00211c implementing PFOB in alginate hydrogel by significantly increasing the oxygen supply throughout

encapsulated pancreatic islets and also creating a conducive immunoprotective environment along with

rsc.li/materials-advances

1. Introduction

Individuals diagnosed with type 1 diabetes suffer from an auto-
immune disorder that impairs the production of insulin in their
bodies."™® The underlying cause of this disorder lies in the self-
attack on insulin-producing cells by one’s own immune system. In
recent years, there has been much interest in using pancreatic
islet transplantation to effectively treat patients with diabetes;
however, transplantation of allogeneic insulin-secreting cells do
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successful vascularization for sustained survival post-implantation.

encounter host rejections due to an immediate response from
their corresponding immune systems. Immunosuppressive tech-
niques can help enhance graft survival but may come with
undesired side effects. Thus, encapsulation proves to be a viable
solution where a physical barrier can stop immune cell access
toward transplanted cells based on MHC-mismatched trans-
planted cells, causing apoptosis or rejection against the donor
tissue for maintaining healthy grafts long-term despite compat-
ibility issues. Numerous approaches, including micro and macro
capsules and conformal coating,”” have been evaluated using
various biomaterials. Currently, macrodevices are being consid-
ered due to their ability to encapsulate large volumes of pancreatic
islets simultaneously,® easy transplantation, and retrievability for
recharging or failed grafts. Macrodevices like TRAFFIC,’
BioHub,'*** TheraCyte™,** ViaCyte®,**** -air,""** and the NEED
device'® can be mentioned that have worked successfully in the
clinic. A wide variety of materials were utilized in the designing
and synthesizing of these devices, including alginate,'”°
collagen,®'* polytetrafluoroethylene (PTFE),>* poly(acrylonitrile-
co-vinyl chloride) or Teflon,"® chitosan,”® PEG-DA,*® polyethersul-
fone (PES),>”*® and so on. PES is one of the most widely utilized in
the field of medicine,*® especially in cell transplantation in some

Mater. Adv., 2024, 5, 6295-6308 | 6295


https://orcid.org/0000-0002-4546-5202
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ma00211c&domain=pdf&date_stamp=2024-07-09
https://doi.org/10.1039/d4ma00211c
https://doi.org/10.1039/d4ma00211c
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00211c
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005015

Open Access Article. Published on 28 June 2024. Downloaded on 1/13/2026 8:56:59 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

treatments such as cell therapy.>® One reason why this polymer
has garnered so much attention from researchers within the field
of medicine is due to its impressive versatility as well as high
levels of biocompatibility. Additionally, PES exhibits strong
mechanical properties combined with thermal & chemical resi-
lience, making it an invaluable tool within certain therapies.*"*> A
potential issue pertaining to this polymer is the possibility of
increased protein absorption due to its hydrophobic properties
potentially leading to graft failure through subsequent fibrous
tissue formation. However, surface modification strategies that
incorporate hydrophilic polymers like polyethylene glycol (PEG)
can address this challenge effectively.

Other studies have confirmed the use of synthetic oxygen
carriers such as perfluorocarbons (PFC)**° and crosslinked
hemoglobin.** Macrocapsules provide a lot of advantages for
cell enclosure and protection, but face limitations regarding
insufficient oxygenation of enclosed cells due to their distance
from nearby veins and oxygen sources.®*® Up until the present,
numerous attempts have been made to focus on this problem
during the early post-transplant period to supply oxygen, includ-
ing pre-vascularized deviceless sites,>” proangiogenic factors
concomitant with transplanted islets,”®*° and in situ generation
of oxygen with the hydration of solid peroxide accompanied by
islets.">"! PFCs have the ability to dissolve diverse gases like
CO,, NO and O, in substantial quantities that are useful in
certain situations. Unlike hemoglobin’s relationship between
the amount of the gas present and its partial pressure that has
a sigmoidal curve, PFC emulsions give a linear association
enabling easy tracking or monitoring of supplementary oxygen
levels delivered during transplantation of allogeneic insulin-
secreting cells being both biologically compatible yet chemically
inert. This has enormous practical implications in improving
outcomes following cellular transplants. One key derivative
worth considering within this group is perfluorooctylbromide
(PFOB) based on the wealth of documented research,”” and
perfluorotributylamine (PFTBA)** and perfluorodecalin (PFD)**
have been evaluated for supplying oxygen to bioartificial
tissues.*>™*® Here, we report the integration of an oxygenation
and immunoprotection strategy to improve survival and function
of transplanted pancreatic islets using the design of surface-
modified thin disc-shaped microcapsules with PEG, which is
fabricated for encapsulation of pancreatic islets embedded into
PFOB nanoemulsion-enriched hydrogel. Once the macrodevice
was implanted in the peritoneal cavity of streptozotocin-induced
diabetic mice without immunosuppressant therapy, it led to
normoglycemia over an extended period and noteworthy survival
rates in diabetic mice. In particular, we were able to recover the
pancreatic islet-carrying device five weeks after transplantation
without any adhesion to the surrounding fibrosis tissues.

2. Materials and methods
2.1. Materials

Sodium bicarbonate, calcium chloride, bovine serum albumin
(BSA), polyethylene glycol (PEG; MW = 600 Da), fluorescein

6296 | Mater. Adv., 2024, 5, 6295-6308

View Article Online

Materials Advances

diacetate (FDA), propidium iodide (PI), poloxamer 188, perflur-
ooctylbromide (PFOB), streptozotocin, polyvinylpyrrolidone
(PVP, MW = 40000 g mol '), n-methyl-2-pyrrolidone and col-
lagenase were purchased from Sigma Aldrich. Hank’s buffered
saline solution (HBSS), Ficoll, and phosphate-buffered saline
(PBS) were purchased from Gibco. (RPMI)-1640 medium and
penicillin/streptomycin were purchased from Invitrogen.
Sodium alginate was purchased from NovaMatrix. PES, (MW =
58000 g mol ') was purchased from BASF (Co., Germany).

2.2. Rat pancreatic islet isolation: purity, viability and
functionality tests

Islets were separated using the Royan Institute procedure.*’
Male Wistar rats weighing 250-300 g and aged 8-10 weeks were
sedated with ketamine and xylazine. We dissolved 1 mg mL "
collagenase enzyme in HBSS (1x) and perfused it via the
common bile duct. After separating the pancreas from the
other tissues, the pancreas were enzymatically digested in a
37 °C water bath. Centrifugation with a focal density gradient
was used to separate islets from exocrine tissue. The islets were
then cultivated for 24 h in full RPMI-1640 media (FBS 10%, pen/
strep 1%, and r-glutamate 1%). The islet yield was investigated
using dithizone staining. The collected data were transformed
into a standard number of islet equivalents (IEQ), and the
standardized islet diameter was 150 um.”® In order to evaluate
the quality of isolated islets before encapsulation and trans-
plantation, we assessed viability and functionality of these islets
on fresh islets and 24 h post-isolation with live/dead imaging for
viability and the glucose-stimulated insulin secretion (GSIS)
assay for functionality based on our previous works.>*>° Briefly,
the FDA/PI staining kit was used to assess the vitality of isolated
pancreatic islets. The isolated islets in 480 uL DPBS were stained
in the dark with 10 uL DPBS that contained 0.46 uM FDA and
14.43 pM PI and immediately assessed by fluorescence micro-
scopy (Nikon TIE, Japan). The GSIS assay was performed to
evaluate the function of the islets. The islets were incubated
within the cell inserts (Millipore) in triplicate in a 24-well plate
(20 islets/well) and challenged with either 2.8 mM or 28 mM
glucose for 1 h in Krebs-bicarbonate buffer (KRBB) comprised
of 99 mM NaCl, 5 mM KCl, 1.2 mM KH,PO,, 1.2 mM MgSOy,,
2.6 mM CaCl,, 26 mM NaHCOj3, and 0.2 wt% BSA, followed by
washing with glucose solution. The amount of insulin secreted
into the low-glucose and high-glucose solutions was measured
with a rat insulin enzyme-linked immunosorbent assay (ELISA)
kit (Thermo Fisher). The stimulation index (SI), or the ratio of
normalized insulin secreted in the high glucose group to that of
the low glucose group, was calculated for both islet samples.

2.3. Fabrication and surface modification of thin disc-shaped
macrocapsules

Briefly, polyethersulfone (PES 18%) (optimum) (3.6 g. ultra-
sound, E6020P, molecular weight of 58000 g mol ',) and
polyvinylpyrrolidone (0.02 g. MW = 40000 g mol ', Sigma
Aldrich) were dissolved in N-methylpyrrolidone (NMP) (across
organic) solvent. This polymer solution was stirred overnight at
25 °C on a shaker incubator to obtain a clear and homogenous
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solution. Then, a thin membrane was fabricated by the phase
inversion method.>'

The surface of the thin-disc membranes was modified using
PEG (MW = 600 Da). After immersing the thin membranes
in the PEG solution for 5 minutes, they were subjected to an
18-watt UV lamp®? for 10 minutes before being activated by UV
light. Then, the membrane was submerged in the solution for
another 40 minutes to allow the PEG to react and finally, the
thin membranes were rinsed three times with distilled water
before being dried and kept for the following procedure.

2.4. Fabrication of PFOB-laden alginate hydrogels

For the primary protection of pancreatic islets, they were encapsu-
lated in PFOB-laden alginate hydrogel. Briefly, an alginate solution
with a final concentration of 1% sodium alginate dissolved in
deionized water under stirring for 24 h was prepared. Then, to
prepare the PFOB nanoemulsion, PFOB oxygen carrier and polox-
amer 188 with final concentrations of 10% and 1%, respectively,
were prepared using a probe sonicator (Thermo Fisher Aquasonic
75HT sonicator) and related characterization tests were done to
evaluate their size, zeta potential and polydispersity properties.
Following this, the PFOB nanoemulsion was added to the alginate
solution in a ratio of 1 to 4. Subsequently, by adding calcium
chloride (100 mM) solution under stirrer conditions, PFOB-laden
alginate hydrogel was formed. Swelling and biocompatibility prop-
erties were evaluated on the alginate hydrogel.

2.5. Characterization of the macrocapsule

2.5.1. Scanning electron microscopy (SEM). Scanning elec-
tron microscopy was used to examine the morphological
changes of the produced unmodified thin membranes and
changed thin membrane. Thin-membranes were submerged
in liquid nitrogen for 1 minute at room temperature and then
fractured to increase the resolution of the cross-sectional
picture. Members’ cross-sections and surfaces are coated with
a thin coating of gold/palladium to reduce electrical charge.

2.5.2. Attenuated total reflectance (ATR)-Fourier transform
infrared (FT-IR) spectroscopy. In order to assess the surface
modification of the thin membranes, FT-IR and FTIR-ATR
analyses were performed. The evaluation with the FTIR-ATR
spectroscopy model (Galaxy Series 5000) and the FT-IR spectro-
scopy model (Irprestige-21, Shimadzu) was performed in the
range of wavenumber 600-4000 cm ™.

2.5.3. Contact angle measurement. The hydrophilicity qua-
lities of the modified and unmodified thin membranes are
measured using the sessile drop technique by measuring the
contact angle between the thin-membrane surface and the
water drop (5-25 pL). Deionized water was injected from a
needle tip into the surface of a thin membrane with dimen-
sions of 1 x 5 cm? at three distinct places at room temperature.
After 10 seconds, a digital camera captured a magnified picture
of the descent. Image J software was used to automatically
measure the contact angles.

2.5.4. Mechanical stability. The mechanical properties,
including tensile strength and elongation, of modified and
unmodified thin membranes were determined by a tensile test.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Thin membranes with dimensions of 1 x 5 cm”® were located
vertically between two clamps. The measurements for the
tensile strength and elongation of the thin membranes were
set at a constant elongation rate of 1 mm per minute at room
temperature. Each sample was repeated three times, and the
average was reported.

2.5.5. Protein absorption study. The Ponceau S staining
technique was used to assess the protein absorption capabil-
ities of the modified and unmodified thin membranes. Thin
membranes were submerged in a protein solution containing
serum albumin (BSA) at 10 mg mL ™" concentration for 1 h
before being immersed in 2% SDS solution in a shaker incu-
bator for 30 minutes. Following that, drops of Ponceau S 5%
dyed solution were put over the thin membrane and rinsed
three times with distilled water after 1 minute. Color differ-
ences were found in the changed and unmodified thin mem-
branes, with each sample repeated thrice.

2.6. Swelling study

To study the swelling behavior of alginate hydrogel, the hydro-
gel was first dried in a vacuum oven at 50 °C until a constant
weight of the gel was obtained. This dry sample was immersed
in deionized water at room temperature and evaluated for the
change in weight of the hydrogel at different time intervals.
This examination of weight changes continues until a constant
weight of the gel is obtained. The degree of swelling can be
calculated with the following equation:

% DS = (W, — W3)/W; x 100 (1)

In this equation, DS is the degree of swelling in percent, and
W; and W, are the weights of the sample before and after
swelling.

2.7. Dynamic light scattering (DLS)

The hydrodynamic diameters, zeta potentials, and polydisper-
sity of the PFOB emulsion were determined by dynamic light
scattering (DLS) with a Malvern Nano ZS Zetasizer (Malvern
Instruments Ltd, Malvern, UK) at room temperature. For pre-
paration, the PFOB emulsion was sonicated for 30 minutes with
a probe sonicator (Hielscher, UP 100 H).

2.8. Assessment of oxygen release from PFOB-laden alginate
hydrogel
Assessment of oxygen release from PFOB-laden alginate hydro-
gel was performed by two methods. Method 1: firstly, 100 uL of
Alg/PFOB was added to 1 mL of degassed water, and then at
intervals of 0, 15, 30, 60, 90, and 120 minutes, the oxygen gas
pressure was measured by an arterial blood gas (ABG) device
(Techno medica). At the same time, one sample (dd H,0) was
measured as a control. The experiment was performed at
ambient temperature and repeated three times, and the average
was reported.

Method 2: by using a fluorescence-based oxygen probe,
[Ru(dpp);]Cl,, oxygen release was detected. Firstly, tubes con-
taining 1 mL of [Ru(dpp)s]Cl, (0.1 uM in PBS) solution were
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prepared; one vial contained 0.3 mg Alg, and another contained
0.3 mg Alg and 0.3 mg PFOB. To prevent the free air exchange,
the vials were capped. After reaction, the emission spectrum of
[Ru(dpp);]Cl, was read with an excitation of 455 nm.

2.9. In vitro biocompatibility assessments

2.9.1. Blood compatibility. For this purpose, 2 mL of
human blood, which was collected in a tube containing EDTA,
was centrifuged for 2 minutes at a speed of 13 000 rpm to separate
the red blood cells from the plasma. Then the red blood cells were
washed three times with PBS buffer. After the last wash, red blood
cells were divided into separate microtubes, so that 100 million
red blood cells were poured into each microtube. Then, the final
volume in each of the samples was adjusted to 1 mL using PBS
(pH = 7.4) and incubated with 0.5 x 0.5 cm of thin membrane for
1 h at 37 °C at a speed of 50 cycles per min. Then, the tubes were
centrifuged for 5 minutes at a speed of 13 000 rpm, and finally, the
absorbance of the supernatant solution was measured at a
wavelength of 540 nm. In this experiment, red blood cells treated
with 1% Triton solution and PBS buffer are considered positive
and negative control groups, respectively.

2.9.2. Cell compatibility. The thin disc-shaped macrocap-
sule was sterilized by UV, immersed in DMEM medium, and
incubated at 37 °C for 2 h. In the next step, the medium was
removed, mouse insulinoma (MING6) cells as pseudo-islets with
a density of 1 x 10" cells per cm? in culture medium (DMEM,
FBS 10%, pen/strep 1%) were cultured on the surface of the
thin membranes, and then cell viability was evaluated after 1, 3,
and 7 days by the MTT method. The wells containing cells
without any treatment were considered as a control group. MTT
reagent was added and incubated at 37 °C for 4 h in the dark.
Accumulated formazan was dissolved by adding DMSO for 30
minutes. Finally, the absorbance of the solutions was read at
570 nm. The cell compatibility of the alginate hydrogel with or
without PFOB was evaluated by MING6 cells as mimic cells for
pancreatic islets by the MTT method under the same condi-
tions at 2 and 5 days.

MING cells were used to evaluate in vitro cell compatibility of
PFOB-laden alginate hydrogel. Therefore, MIN6 cells were
cultured in the DMEM containing 15% FBS, 100 IU mL "
penicillin, 100 pg mL ™" streptomycin at 37 °C under 5% CO.,.
Prior to immersing cells into PFOB-laden alginate hydrogel, the
cells were detached from the cell culture plates with a 0.25%
trypsin-EDTA solution and resuspended in DMEM at a cell
density of 5 x 10°. Then, 5 x 10° cells add to a microtube
containing 100 pL of the solution of PFOB-laden alginate
hydrogel and a crosslinking process was done by CaCl,
solution. The mixture was incubated at 37 °C for 30 minutes
and then fresh DMEM/15% FBS was added to the well contain-
ing MING6 cell-embedded PFOB-laden hydrogel followed by the
cell viability assay.

2.10. Diabetes induction in mice

Male C57BL/6 mice were purchased from Razi (Tehran, Iran).
Two weeks after adapting to the nutritional conditions, they
were randomly divided into control and diabetic groups. Type 1
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diabetes was induced by multiple doses injecting streptozoto-
cin (STZ, 50 mg kg™ " in 0.1 mmol L™ " citric acid buffer, pH =
4.5) in the peritoneal cavity of C57 mice with a weight range
between 17-22 g and an age of 6-8 weeks for 5 consecutive days.
An equal amount of sodium citrate buffer solution was injected
into the mice of the control group. The mice fasted for 6 h
before injection, and their FBG level was determined before
injection. After the last dose of STZ, FBG levels were measured
every other day, up to two weeks until their FBG was more than
250 mg dL ", and they were considered diabetic.

2.11. Implantation

In the implantation phase, the assembling of macrocapsules was
done by the insertion of pancreatic islet-PFOB-laden alginate
hydrogel into two thin disc-shaped layers and then, the edges of
the two disk-shaped layers were bonded with biological glue.

Diabetic mice were randomly divided into four groups:
(i) untreated diabetic mice; (ii) free-islet; (iii) macrocapsule
(islet-PFOB-hydrogel); and (iv) macrocapsule (islet-hydrogel),
and the devices were implanted into the peritoneal cavity of
all diabetic mice after 24 h fasting (the peritoneal cavity is a
suitable graft site due to the macrocapsule’s large size and easier
vascularization). The last 3 groups were transplanted with a
minimal mass of islets (500 IEQ). Xenograft function was
assessed by monitoring the fasting blood glucose (FBG) levels
from each recipient during five weeks post-transplantation, and
immunohistochemical staining was performed on the retrieved
macrocapsules on the last day of following up. All animal
experiments were carried out according to the NIH Guidelines
for the Care and Use of Laboratory Animals (NIH Publication No.
85e23, revised 2010) after approval from the Royan Institute.

2.11.1. Blood glucose monitoring and intraperitoneal glu-
cose tolerance test. FBG levels in mice were evaluated every 5
days for 35 days after transplanting using a Care Sens gluc-
ometer and snipping blood from the tail vein. Intraperitoneal
glucose tolerance tests were done in all groups 20-35 days
following implantation. The mice were fasted for 6 h before the
injection, and blood glucose was monitored using a glucometer
at time intervals of 0, 15, 30, 60, and 120 minutes following the
intraperitoneal injection of 2 g kg™".

2.11.2. Histological analysis and immunostaining. The
retrieved macrodevices were immediately preserved in 4%
paraformaldehyde for 48 h. The specimen was then fixed in
paraffin and sectioned at a thickness of 4 pm. The sections were
deparaffinized with xylene before being rehydrated in serially
graded ethanol. After that, the slices were stained with hematox-
ylin and eosin (H&E) and Masson’s trichrome (MT) stains.*® The
development of endothelial cells and collagen fibers was observed
using an Olympus inverted microscope on histology slides.

2.12. Statistical analysis

Data points were expressed as the mean + SD. GraphPad
Prism (9) and SPSS (22) software were used for data analysis.
Statistical analysis was performed by independent ¢-tests, one-
way ANOVA, and repeated measures. P < 0.05 was used as the
significance level.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Results

3.1. Fabricated membrane

A schematic figure of the thin membrane of PES and its modifica-
tion process by PEG is illustrated in Fig. 1A. The FT-IR and ATR-
FTIR spectra of the modified and unmodified thin membranes are
shown in Fig. 1B. For the fabrication and optimization of the
membranes, different percentages of PES, PVA, and PEG were
evaluated, as shown in S1A and B (ESIf). Based on the results
(Fig. 1B), most of the peaks and functional groups are the same in
both spectra. Peaks related to the benzene structure, the ether
group, and the sulfone structure are observed in both spectra.
The three peaks between 1400 and 1600 cm ' indicate C—C
aromatic stretching vibrations, and the peak at 3085 cm ™" corre-
sponds to C-H stretching of the benzene ring. The peaks related to
the C-O-C ether stretching band were observed at 1240-1316 cm ™
wavenumbers; also, the peak in the range of 1104-1153 cm
confirms the functional group of O=S=O0. But after modification
of the thin membrane, in addition to the mentioned peaks, other
peaks have appeared in the wavenumbers 2200-2800 cm™ " and
3200-3600 cm ', which are related to the hydroxyl (-OH) and alkyl
(CH,) groups, respectively.

SEM images of the thin membrane’s surface and cross section
were obtained to evaluate the influence of surface modification on
the morphology of the thin membranes. The surface images of
the thin membranes before and after modification are smooth
and homogeneous, as shown in Fig. 1C, and their morphology

1
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is identical. The porous nature of the thin membranes is seen
in cross-sectional photographs. As a result, the modification
technique had no negative impact on the morphology or porosity
of the thin membranes. The pore size has not altered much after
the adjustment. More results related to other percentages of
microcapsule components are provided in S2 (ESIT).

The contact angle measurement results showed that by
modifying the surface of the synthesized thin membranes, the
contact angle decreased from 51° to 30.5°, proving the efficacy of
PEG(OH), grafting with UV on the PES thin membrane and
confirming the change from hydrophobicity to hydrophilicity
(Fig. 1D and Fig. S3, ESI¥).

The mechanical strength, the thermal stability and the
chemical resistance are the advantages of the PES thin membrane.
Table 1 in ESIT (S4) shows the influence of surface modification on
the mechanical characteristics of the thin membranes. These
findings demonstrated that following alteration, the tensile stress
at break and strain at break were reduced. Despite this, it has
strong mechanical and chemical resistance. The protein absorp-
tion properties of the membranes depict the influence of surface
modification on the thin membranes using Ponceau S staining.
The chemistry of the surface has transitioned to hydrophilicity
based on contact angle data, and the color intensity, which is an
indicator of protein absorption on the surface of the thin mem-
branes, has reduced dramatically (S5, ESIT).

Fig. 2A presents the results of the cellular biocompatibility
test for the membrane. The data indicated that the membrane

PESI8% , PVP1% (Unmodified)

S —— ’ —
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o l H e —
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n
Thin-membrane of PES Modified with PEG
C 102 D eeswwrven
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Fig. 1 Chemical identification of the PES thin membrane before and after modification. (A) A schematic figure of the thin-membrane of PES and its
modification process. (B) Comparison of FT-IR and FTIR-ATR spectra of modified and unmodified PES thin membranes, which show common functional
groups in both spectra. (C) Cross-sectional and surface SEM images of unmodified and modified thin membranes. (D) Comparison of the contact angles
before and after surface modification. The contact angle is reduced in the modified thin membrane.
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exhibits high cell compatibility, as evidenced by the high cell
viability observed. The design of the membrane requires it to be
implanted for an extended period of time and in contact with
bodily fluids. As such, assessing blood compatibility is crucial.
The amount of hemolysis observed in all modified and unmo-
dified thin membranes was less than 1%, in comparison to the
positive control groups, which showed 100% hemolysis (Fig. 2B).

3.2. PFOB-laden alginate hydrogel stability and
biocompatibility in vitro

The alginate hydrogel is supplemented with perfluorooctylbro-
mide (PFOB), which is demonstrated in Fig. 3A. Alginate poly-
mers have the ability to absorb water or physiological body fluids
and expand. As shown in Fig. 3B, the manufactured hydrogel
exhibits this swelling behavior. Based on the degradation analy-
sis, the hydrogel exhibits an optimal rate of degradation, with its
swelling percentage exceeding 900% after immersion in water
for 40 h. Changes in the hydrogel’s elongation over time suggest
chemical alterations. The maximum mass expansion of the
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Fig. 2 Biocompatibility study of membranes before and after modifica-
tion. (A) The results of the MTT assay after culture of MIN6 cells on the
surface of thin membranes in three different time periods, not only did it
show no toxicity, but cell proliferation was also observed. Data points are
presented as mean =+ SD for a minimum of 3 independent measurements
at each time point, n = 6. (p < 0.05, **: p < 0.01, ***: p < 0.001). (B)
Comparison of the percentage hemolysis in both modified and unmodified
thin membranes with the control group, which is less than 1% in the
membranes.
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alginate hydrogel was observed at 170 h. The results indicated
that the amount of swelling increases up to 170 h before
decreasing. The results of the particle size and zeta potential
distribution spectrum for the optimal PFOB emulsion are illu-
strated in S6 (ESIT). The average diameter of the PFOB nano-
particles at ambient temperature was measured to be 136 nm
using dynamic light scattering (DLS) techniques. The zeta
potential and polydispersity index (PDI) values are —108 mV
and 0.29, indicating a restricted size distribution.

Using two distinct methodologies, the oxygen release profile
of the PFOB-containing alginate hydrogel was measured.
According to the data presented in Fig. 3C, the amount of
oxygen released in the PFOB-laden alginate hydrogel group
increased from 80 mmHg to 170 mmHg over a period of 120
minutes. This represents a significant difference compared to
the control group, which showed no increase in pO, levels
during the same time period. As illustrated in Fig. 3D, a
fluorescent probe was employed to measure the fluorescence
emission spectrum of the alginate hydrogel and PFOB-loaded
alginate hydrogel. Due to the release of oxygen from the PFOB,
the fluorescence emission spectrum of the Alg-PFOB groups is
41 nm shorter than that of the Alg groups around 610 nm. The
viability of MIN6 cells in an alginate hydrogel that contained
PFOB was evaluated using the MTT assay. To avoid the need for
animal sacrifice for islet isolation, MING6 cells, which exhibit islet-
like functionality, were utilized in the MTT assay. The data
indicate that PFOB-containing alginate exhibits high cell compat-
ibility, as evidenced by the high cell viability observed (Fig. 3E).

3.3. Quality control test on the isolated pancreatic islets
before transplantation

In order to ensure the quality of isolated pancreatic islets
(Fig. 4A), the viability and functionality of the islets were
evaluated before encapsulation and transplantation. Light
microscopy images show the appearance and quality of isolated
pancreatic islets (Fig. 4B and C). Glucose-stimulated insulin
secretion, a stringent test of islet functionality, was assessed
after a 24 h incubation of islets in a high glucose medium. The
islets 24 h post-isolation showed a stimulation index greater
than 1.5 that was significantly higher than the value for fresh
islets on day 0 (1.54 vs. 0.63, p < 0.01, Fig. 4D). In addition, the
live/dead assay showed that incubation of islets for 24 h post-
isolation can be the right time to repair the effects of the
isolation process on the islet cells, and it is the ideal time to
prepare for their transplantation (Fig. 4E and F).

3.4. Effectiveness of implantation of encapsulated pancreatic
islets

A flow chart of the experimental design is shown in Fig. 5A. The
results of the animal phase showed that implanted membranes
containing islets were capsulated into PFOB-enriched alginate,
and the FBG level remained in the normoglycemia range until 35
days post-transplantation. However, this group showed a signifi-
cant difference from the other groups. Healthy mice and diabetic
mice served as positive and negative controls, respectively
(Fig. 5B). To assess the glucose responsiveness of the islets

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Study of the swelling property of alginate hydrogel, oxygen release profile of PFOB emulsion with two different methods, and the biocompatibility
study. (A) A schematic illustration of PFOB-enriched alginate hydrogel. (B) The swelling percentages of the alginate hydrogel over time. The highest
swelling percentage was at 170 h after the incubation. (C) Results of oxygen release of the PFOB nanoemulsion at different times by the ABG device. The
results show significant differences in the PFOB group compared to the control group. (D) The evaluation of oxygen release from the PFOB
nanoemulsion by the fluorescence method: by [Ru(dpp)sICl, assay, there was a significant decrease in [Ru(dpp)sICl, fluorescence at 610 nm in the
diagram of PFOB-laden alginate hydrogel. (E) The results of biocompatibility in vitro after culturing MIN6 cells into PFOB-laden alginate hydrogel, and
incubating cells with PFOB, and alginate in both incubation times showed high cell compatibility. Data points are presented as mean £ SD for a minimum

of 3 independent measurements at each time point. (p < 0.05, **: p < 0.01, ***: p < 0.001).

transplanted into each group, we conducted an intraperitoneal
glucose tolerance test (IP-GTT) when the FBG level was at its
minimum. Fig. 4C shows the FBG levels for all groups. The FBG
level of all groups increased 20 minutes after the injection, but the
groups that received the membrane (islet/PFOB/Alg) followed a
similar decreasing trend as the healthy group.

In order to evaluate the effect of modification on angiogen-
esis and the possibility of fibrotic tissue of the implanted
membranes, immunohistochemistry staining was performed.
So, the modified and unmodified membranes were retrieved
five weeks post-transplantation. The modified membrane was
easily retrieved, but the unmodified membrane was forming
severe fibrosis. The images of H&E and MT staining are
depicted in Fig. 6. According to the results of the H&E-stained
images, the modified membrane after retrieval (Fig. 6A and B)
showed a high density of vascular tissue in comparison to the
unmodified one, which showed very limited and invisible
vascularization. In confirmation of these results, the formation
of collagen fibers marked by a blue color was clearly observed
in MT staining images of unmodified membranes (Fig. 6D),
while no such collagen fibers were visible in the modified

© 2024 The Author(s). Published by the Royal Society of Chemistry

membrane (Fig. 6C). Also, the density of blood vessels is
quantitatively presented in the modified membranes in Fig. 6E.

4. Discussion

Transplanting cells and tissues presents an immense challenge
when it comes to maintaining adequate oxygen supply in
scaffolds during the post-transplant stage. The long-term via-
bility of transplanted cells can only be ensured when this
obstacle has been overcome.****"*® The dense vascular network
found in pancreatic tissue allows blood circulation to provide
sufficient levels of oxygen required by pancreatic islets, which
easily suffer from hypoxic conditions, as various studies have
shown.’® However, achieving vascularization within the
implanted scaffold takes time, so making readily available
oxygen is crucial for maintaining the metabolic demands and
physiological functions of native islet cells.>**”*®* A minimum
pressure level of 40 mmHg should always be maintained within
the pancreas regarding oxygen, as insufficient access poses one
of the main reasons behind graft failure.”® A macrocapsule that
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Fig. 4 The results of quality control tests on isolated pancreatic islets before transplantation. (A) A schematic illustration of isolated pancreatic islets. (B)
and (C) Light microscopy images show the appearance quality of isolated pancreatic islets. (D) Glucose-stimulated insulin secretion, a stringent test of
islet functionality, was assessed after a 24 h incubation of islets in a high glucose medium. The islets in 24 h post-isolation showed a stimulation index
greater than 1.5 that was significantly higher than the value for fresh islets on day 0 (1.54 vs. 0.63, p < 0.01) (E) and (F). Fluorescent microscope images of
the pancreatic islets with FDA/PI. Pancreatic islets after isolation (fresh islets) and 24 h post-isolation. Scale bar: 200 um.

contains alginate hydrogel with PFOB was designed by our
study for pancreatic islet transplantation, with the main pur-
pose of providing oxygen post-transplantation. By using a PVP
pore maker, the phase separation method can produce a
porous thin membrane adjustable pore size. Using PEG 600
modifications, we solved the problem of the capsule surface
being very hydrophobic. This problem and the increased risk of
fibrotic formation resulted from using 1% PVP as a pore-maker.

Skrzypek K. et al. used micropatterns and 5% PVP with the
one-step PSuM method. Their device did not need modifica-
tions and was hydrophilic, but they only tested it in vitro. We
had to use a modified method because our PVP percentages
were different.?”

It is worth noting that despite the use of a low percentage of
PVP causing hydrophobicity in the thin membrane, it offers an
excellent advantage by facilitating pore creation smaller than
1 pm-a key objective while designing macrocapsules. Smaller
pores aid in the transport of minute molecules and prevent
immune cells from entering, a pivotal factor contributing to
graft success. J. A. Prince et al. did research on PES hollow
fibers and used thermal grafting with silver nanoparticles and
PEG, which lowered the contact angle from 62° to 15.5°.°

Our research has demonstrated that modifying PES membrane
surfaces has led to reduced contact angles. Nevertheless, alterna-
tive methods and materials have surpassed our work in producing
even greater reductions. A noteworthy example comes from recent
investigations that leveraged poly(ether glycol) methyl ether

6302 | Mater. Adv, 2024, 5, 6295-6308

methacrylate (PEGMA) under mild conditions for modifying
membrane surfaces. With increasing PEGMA proportions, these
surfaces saw drops in their contact angles, going from 63° down to
460.61

Reducing contact angles and altering surfaces from being
hydrophobic to hydrophilic occurs when using PEG modifica-
tions on surfaces. The extent of reduction depends on factors
such as the amount of PEG polymer used and the technique
employed during modification processes. Blood cell destruc-
tion and thrombosis causing kidney failure happen if macro-
capsules interact too closely with these cells; hence,
biomaterials must not have features contributing to protein
uptake by blood cells; hemolysis less than 2% ensures optimal
hemocompatibility, as our results show.'"°*°

Another important criterion for the success of transplanted
macrocapsules was the inhibition of blood protein absorption
on the macrocapsule’s surface. So, adequate nutrition transmis-
sion to encapsulated cells and excretion is connected to protein
absorption; under these circumstances, glucose diffusion into
the macrocapsule and insulin release are readily achieved.

Another feature of the developed macrocapsule that was
tested was its biocompatibility. In comparison to the control
group, the findings demonstrated no toxicity. Also, surface
modification of the macrocapsule improved the vitality of the
seeded cells, which is consistent with earlier PES research.®*®°

Swelling was employed to test the stability of the alginate
hydrogel used in the macrocapsule reservoir. The rate of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In vivo evaluation of islet encapsulation in the treatment of type 1 diabetes and retrieval of the macrocapsule. (A) Experimental flow diagram.

Procedure for fabrication of the macrocapsule, culture of isolated islets, PFOB-containing alginate hydrogel and encapsulation of islets in the hydrogel
and macrocapsule, diabetic induction, and its implantation. (B) Fasting blood glucose (FBG) levels of diabetic C57BL/6 mice transplanted with 500 islets
equivalent (IEQ) to groups in: macrocapsule-islet (n = 6), macrocapsule-islet-PFOB (n = 6), and free islet (n = 6). A group of mice that received the
macrocapsule-islet-PFOB showed a lower FBG level compared to the free islet and microcapsule-islet group (P < 0.005). Data are represented as
mean =+ SD. (C) Intraperitoneal glucose tolerance test (IP-GTT) for all groups, post transplantation. The macrocapsule-islet-PFOB group, the same as the
healthy group, displayed the ideal response in the GTT test. Data points are presented as mean + SD for a minimum of 3 independent measurements at

each time point. (p < 0.05, **: p < 0.01, ***: p < 0.001).
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(A) and (B) Images of hematoxylin and eosin (H&E) and (C) and (D) Masson'’s trichrome (MT) staining of histological staining of the unmodified and

modified microcapsules that were retrieved five weeks post-transplant in the peritoneal cavity. Scale bar: 500 pum. (E) Comparison of vascular density

between unmodified and modified microcapsules.

swelling growth is fastest in the first few hours; as time passes,
the process slows down and eventually achieves a constant
value on the eighth day. The hydration and dehydration char-
acteristics revealed the rate of water penetration, diffusion, and
inhibition in the polymer network. K. Baysal et al. investigated
the swelling behavior of alginate hydrogel with chitosan in their
research. According to the findings of this research, which are
consistent with our findings, the rate of swelling in 1% alginate
is greater than in 3% alginate, and the rate of swelling rises in
the first 190 minutes before decreasing until collapse.®®

© 2024 The Author(s). Published by the Royal Society of Chemistry

In vitro oxygen release of PFOB in the PFOB-laden alginate
hydrogel was studied using two methods: an ABG device and a
[Ru(dpp)s]Cl, fluorescent probe. According to the findings, oxygen
emission occurs immediately and continues until the solution
saturates or the reaction is completed. Chin K. et al. evaluated the
metabolic activity of HepG, cells immobilized in PFOB-laden
alginate hydrogel and alginate hydrogel. The findings showed
that PFOB-laden alginate hydrogel had increased metabolic activ-
ity, demonstrating the relevance of PFOB in metabolic activity.®”
In line with this finding, Liu and colleagues investigated the
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oxygen release of H,0,/MnO, using the [Ru(dpp)s]Cl, fluorescent
probe. They, too, detected a reduction in the fluorescence emis-
sion spectra at 610 nm, suggesting oxygen generation.®® In the
following, the biocompatibility of the macrocapsule reservoir
(PFOB-containing alginate hydrogel) was assessed. The findings
showed no toxicity, which is also consistent with the earlier PFC
research. Maillard et al. measured the number of beta cells in the
presence of PFOB emulsion and found that it was higher than in
the control group.®

Hydrogen peroxide, calcium bicarbonate and sodium bicar-
bonate are the most widely studied oxygen-producing bioma-
terials. The immediate release of oxygen and the formation of
free radicals is one of the drawbacks of these biomaterials.
Therefore, these biomaterials require more engineering to
prevent possible damage.”*’® In order to minimize the cyto-
toxic effects of the hydrogen peroxide, catalase is added to the
hydrogel that encapsulates the cells.”®

Intraperitoneal transplantation of macrocapsules carrying
pancreatic islets in C57BL/6 mice showed a significant improve-
ment in the restoration of normoglycemia in diabetic mice
without any immunosuppressive treatment for at least 35 days.
By analyzing the presented data in Fig. 5B, notable insights can
be drawn regarding FBG levels across different groups. The
group treated with the macrodevice (islet/Alg/PFOB) shows
a falling FBG level starting on day 15 post-transplantation. This
decline is of great significance as it effectively brings their levels
within the normal range, mirroring those observed in the
healthy group. This substantial decrease persists until the study
concludes at day 35. Conversely, other groups do not show
significant declines in FBG levels. Apart from the group
equipped with the macrodevice (Alg > free islet), which dis-
plays a minor drop to 250 mg dL™'. This result can be solid
evidence that the presence of PFOB in the macrodevice played a
pivotal role in enhancing oxygen supply to the transplanted
islets. This continuous and ample oxygen supply critically
promotes the survival and functionality of these cells. The
correlation between employing complete macrodevices (islet/
Alg/PFOB) and observing declining FBG levels within the nor-
mal range suggests that combining PFOB with islet cells and
alginate contributes substantially to the successful transplanta-
tion and functioning of these cells. These findings underscore
that only mice receiving complete macrodevices effectively
regulate their FBG levels compared to other groups, particularly
those with solely transplanted islets. Furthermore, PFOB
enhances the overall performance and longevity of the trans-
planted islets significantly. Fig. 5C, portraying blood glucose
tolerance monitoring data, also reveals similar trends when
mice are treated with different approaches. Specifically, mice
treated with the macrodevice (islet/Alg/PFOB) display a pattern
akin to healthy ones. Initially, there is a slight increase in blood
glucose levels, followed by subsequent decreases that stabilize
over time. These findings suggest that utilizing a complete
macrodevice proves more efficacious in achieving regulation of
blood glucose levels compared to solely relying on islet trans-
plantation alone, which shows limited improvement results.
It’s significant to note that although PFOB contributes towards
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delivering oxygen efficiently, other elements intrinsic to the
microdevice, such as its physical structure, composition, and
overall functionality, could potentially exert an influential
effect. These aspects may also play a pivotal role in successful
islet cell transplantation and the regulation of blood glucose
levels. Our research findings align with other investigations
that highlight the significance of oxygen supply. For instance,
in studies involving rat pancreas during digestion, scientists
introduced PFC, leading to a gas oxygen pressure of 300 mmHg
in the tissues that received it.”*””® In contrast, tissues without
PFC showed no increase in oxygen pressure. Another research
investigation revealed that administering exogenous oxygen via
a gas chamber proved beneficial in preserving normal fasting
blood glucose levels for transplanted rats over a span of
7 months.>® However, it is important to note that maximal
oxygen pressure does not necessarily guarantee survival or
optimal function of pancreatic islets. Creating optimal condi-
tions remains crucial for both survival and optimal function. In
addition to animal studies, researchers have also examined the
impact of PFCs on yeasts and fungi. Notably, the introduction
of PFC resulted in growth enhancements in Rhizopus nigricans
and Saccharomyces cerevisiae yeast.>®

The partition coefficient of PFOB is 6.37; therefore, to
stabilize it in an aqueous environment such as a hydrogel,
the use of a surfactant is inevitable, and due to its biocompat-
ibility, F68 was used as a surfactant in this study.”* The results
of the zeta potential, which is a negative number (—108 mvV),
confirm its good stability, as a zeta potential greater than
+30 mV is considered as a general rule of emulsion stability, and
the 35 days of oxygenation is probably due to its high stability.”

The histopathological test is represented in Fig. 6. Hematox-
ylin and eosin (H&E) staining was utilized to visualize the
vascularization amount in the macrodevice. In Fig. 6A, the
modified macrodevice surface with PEG is shown. The presence
of vascular sprouts (indicated by arrows) on the modified
macrodevice suggests successful vascularization and the estab-
lishment of functional blood vessels. This desirable outcome
indicates that the use of PEG coating on the modified macro-
device promotes both the growth and integration of blood
vessels, ultimately facilitating sufficient blood supply to the
surrounding tissues. In contrast, when observing Fig. 6B, which
represents the unmodified macrodevice, significant vascular
sprouts are not observed. This lack of vascularization indicates a
limited degree of blood vessel formation within the unmodified
macrodevice. It is worth noting that Fig. 6C and D provides a
comparison between MT compression on both the modified
macrodevice with a PEG coating and the unmodified macrode-
vice. Highlighting this comparison are arrows pointing toward
fibroid formations seen on the unmodified macrodevice surface.
Such formations are considered undesirable, as fibroids are
abnormal growths of fibrous tissue that impede proper tissue
integration and functionality. The presence of these fibroids
suggests that utilizing an unmodified macrodevice may trigger
an undesired foreign body response or promote fibrous tissue
overgrowth, ultimately hindering overall device performance. On
a positive note, when examining Fig. 6C and D for the modified

© 2024 The Author(s). Published by the Royal Society of Chemistry
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macrodevice with PEG coating, noteworthy fibroid formations
are not observed as depicted in these images. The histopatholo-
gical findings obtained from this investigation strongly support
the idea that PEG surface modification significantly improves
both the functionality and biocompatibility characteristics of the
macrodevice. Additionally, it encourages positive tissue integra-
tion and vascularization while simultaneously mitigating unde-
sired fibroid formations. In line with our study, the investigation
also revealed the absence of a fibrous layer surrounding the
implanted device. This outcome holds significant importance for
the success of transplantation, reflecting the efficacy of altering
our surface characteristics.”” Nevertheless, it is essential to
acknowledge certain limitations when employing a macrocap-
sule for sustained drug delivery purposes. One such setback
involves difficulties in loading sufficient levels of an oxygen
vector onto its surface, which may hinder proper angiogenesis
rates across the membrane’s cross sections.

5. Conclusion

The challenge of delivering sufficient amounts of oxygen under
hypoxic conditions within a designed macrocapsule is a sig-
nificant roadblock that researchers have attempted to address
in this recent study. The use of a PFOB carrier proved to be an
ideal solution for transporting oxygen adequately, while being
biocompatible.

Our results showed that the incorporation of PFOB-loaded
alginate hydrogel helped to preserve islets during hypoxia
exposure and resulted in lower blood glucose levels compared
to other study groups that received either macrocapsules
(islet/Alg) or free islets for more than 30 days. Moreover, surface
modification with PEG polymer helped minimize fibrous
capsule formation and prevented any protein absorption on the
surface of the modified macrocapsules. Also, we observed sprout-
ing blood vessel formation over the modified-macrocapsule when
evaluated immunohistochemically through H&E images. Notably,
if retrieved after an extended period, we anticipate that vascular
density will increase, leading to even better support for optimal
oxygenation needs.

In conclusion, this study highlights the importance of
vascularization, preventing protein absorption and fibrosis
formation on the surface of macrocapsules, and effective
means for oxygen delivery, which are imperative for successful
implant device performance.

The findings of this study offer strong evidence that design-
ing macrocapsules with these features can have the potential to
be a groundbreaking method for treating diabetes. Additional
research and improvements in the design and implementation
of the device may lead to its successful use in clinical settings,
offering benefits to patients with diabetes.
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