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Abstract

The study aims to transdifferentiate rat bone marrow—derived mesenchymal stem cells (BM-MSCs) more efficiently into
islet-like cells and encapsulate and transplant them with vital properties like stability, proliferation, and metabolic activity
enhanced for the treatment of TIDM. Trans-differentiation of BM-MC:s into islet-like cells induced by high glucose concen-
tration combined with Nicotinamide, B-Mercaptoethanol, B-Cellulin, and IGF-1. Glucose challenge assays and gene expres-
sion profiles were used to determine functionality. Microencapsulation was performed using the vibrating nozzle encapsulator
droplet method with a 1% alginate concentration. Encapsulated B-cells were cultured in a fluidized-bed bioreactor with 1850
pL/min fluid flow rates and a superficial velocity of 1.15 cm/min. The procedure was followed by transplanting transdif-
ferentiated cells into the omentum of streptozotocin (STZ)-induced diabetic Wistar rats. Changes in weight, glucose, insulin,
and C-peptide levels were monitored for 2 months after transplantation. PDX1, INS, GCG, NKx2.2, NKx6.1, and GLUT2
expression levels revealed the specificity of generated p-cells with higher viability (about 20%) and glucose sensitivity about
twofold more. The encapsulated p-cells decreased the glucose levels in STZ-induced rats significantly (P <0.05) 1 week after
transplantation. Also, the weight and levels of insulin and C-peptide reached the control group. In contrast to the treated, the
sham group displayed a consistent decline in weight and died when loss reached >20% at day ~55. The coated cells secrete
significantly higher amounts of insulin in response to glucose concentration changes. Enhanced viability and functionality
of p-cells can be achieved through differentiation and culturing, a promising approach toward insulin therapy alternatives.
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Introduction

In Type 1 Diabetes Mellitus (T1DM), insulin-producing
pancreatic cells are destroyed by an autoimmune process.
T1DM could be cured by replacing lost insulin-secreting cells
with functional ones like those lost during the process (Yoon
and Jun 2005). Attaining insulin levels comparable to those
of mature p-cells has been attempted using various tissue
sources and differentiation techniques. Recent studies have
suggested PDX1, PAX4, Nkx2.2, and NKX6.1 as essential
transcription factors for p-cell development, facilitating the
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direct differentiation of precursor cells into insulin-producing
[-cells. Many protocols have been modified to enhance p-cell
differentiation (Wang and Zhang 2021). Repetition of in vivo
signals that regulate the tissue microenvironment of the endo-
crine pancreas is a potential approach for B-cell generation
(Huang et al. 2020). However, the critical issue is stem cells’
effective and repeatable differentiation into functional insu-
lin-secreting fB-cells (Silva et al. 2022).

As proof of principle, replacement therapy using deceased
donor islets has been demonstrated to restore normogly-
cemia and insulin independence in patients. The lack of
donors, variability in their islets quality, and the requirement
of lifelong systemic immunosuppression have limited the
development of this treatment (Rickels and Robertson 2019).
Several studies have evaluated the safety of microencapsulat-
ing pancreatic islets in alginate to avoid the need for immu-
nosuppression (de Vos et al. 2006; Alagpulinsa et al. 2019).
Maintaining normoglycemia is challenging, even with regu-
lar monitoring of blood glucose levels, and this is true even
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though the introduction of exogenous insulin has increased
the lifespan of people with diabetes (Lysy et al. 2012). Long-
term consequences in these people include blindness and
kidney disease due to hypoglycemia (low blood glucose) and
hyperglycemia (high blood glucose) (Amorim et al. 2019).
Therefore, encapsulating pancreatic insulin-secreting p-cells
in a semipermeable polymeric membrane is a promising
alternative for blood glucose regulation. This would allow
for the bidirectional diffusion of oxygen, nutrients, insulin,
and other cell products while providing an immune-isolated
environment to protect pancreatic -cells from cytokines and
T-cells (Barkai et al. 2016).

Although numerous research efforts into cell transplanta-
tion are utilizing microencapsulating technology, their clini-
cal application has been hampered by several difficulties,
such as inadequate nutrition transfer and a lack of a storage
technique for maintaining encapsulated cells before trans-
plantation (Zhang et al. 2022). Bioreactors are a potentially
helpful approach to the problem of transferring physiologi-
cal quantities of encapsulated cells from a lab to a clinical
setting for testing and treatment. Compared to flask-based
culture methods, bioreactors’ contamination risk is much
lower, allowing easier clinical accessibility. Due to fewer
medium changes, these devices are more cost-effective for
cell-based therapeutic investigations than standard flasks
(Anane et al. 2021).

In this study, we differentiated bone marrow mesenchy-
mal stem cells (BM-MSCs) to B-cells using growth and
tropic factors affection on the tissue microenvironment in
culture conditions to achieve alginate microcapsules with
uniform size and shape; a vibrating nozzle system was used
to obtain the microcapsules. The cultivation of alginate-
encapsulated mature B-cells was applied using a fluidized-
bed bioreactor, and viability and insulin secretion ability
was evaluated. After transplanting -cell microcapsules, the
transplant results were assessed within 2 months.

Materials and methods

Twenty-two male Wistar rats weighing 200+20 g and
2-3 months of age were used in this study. Cell culture
medium L-DMEM, HDMEM, and FBS were purchased
from GIBCO™, USA. The FGF, Trypsin—-EDTA, Nicoti-
namide, p-Mercaptoethanol, p-Cellulin, and IGF-1 were
obtained from Sigma-Aldrich, USA.

BM-MSCs extraction
Bone marrow—derived mononuclear cells (MNCs) were

isolated from sacrificed by cervical dislocation in a
6-month-old male Wistar rat. Under sterile conditions, the
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tibias and femurs were dissected. After cutting the meta-
physeal ends of the bones, L-DMEM was passed through
a needle inserted into one end of the bone to flush the
marrow plugs. Rat bone marrow was diluted with nor-
mal saline at a ratio of 1:1. Gradient centrifugation using
1.073 g/mL Ficoll at 1500 rpm for 30 min was used to
obtain the fraction of the MNCs. Hemocytometers were
used to count the cells after they had been rinsed twice
with normal saline.

Trans-differentiation process

In brief, the mesenchymal stem cells (MSCs) were seeded
in polystyrene T25 culture flasks that were not coated with
proteins and incubated at 37 °C in a humid 5% CO, incuba-
tor for 48 h in a complete medium containing L-DMEM,
FBS (10%), penicillin (100 IU/mL), streptomycin (100 TU/
mL), gentamycin (50 IU/mL), amphotericin B (2.5 pg/
mL) and FGF (10 ng/mL). After discarding non-adherent
cells, adherent cells were cultured in a complete medium
for 10 days, with the medium being replaced every 3 days.
In T75 flasks, cells were trypsinized with Trypsin—-EDTA
and passaged until 70-90% confluency was achieved in the
second generation of cells. MSCs were characterized into
functional B-cells from bone marrow following differentia-
tion (Koppula et al. 2009; Yamazaki et al. 2020).

The first step in the differentiation process was to pre-
stimulate MSCs with L-DMEM supplemented with Nico-
tinamide (10 mmol/L), p-Mercaptoethanol (2.5 mmol/L),
and FBS (5%) for 24 h to eliminate nestin-negative cells.
A second step involved re-stimulating cells with Nicotina-
mide (10 mmol/L) and B-Mercaptoethanol (2 mmol/L) for
ten additional hours to induce their differentiation into pre-
mature islets. To maintain the islet-like clusters of prema-
ture B-cells in long-term culture, IGF-1, and B-Cellulin at
concentrations of 10 ng/mL in a serum-free culture medium
were added for 3 weeks to obtain mature, insulin-secreting
B-cells. We have employed control cells induced without
incorporating Nicotinamide, f-Mercaptoethanol, IGF-1, or
B-Cellulin (Wang et al. 2012; Alessandra et al. 2020).

qPCR performance

Total cellular RNA was extracted from mature pancreatic
B-cell using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. Reverse transcription reac-
tions were performed with total RNA > 20 ng/pl using the
RevertAID™ First Strand cDNA synthesis kit (Thermo
Fisher Scientific), following the manufacturer’s instruc-
tions. Real-time PCR was conducted using a 2 pl sample
of single-stranded cDNA and the SYBR Green PCR master
mix (QIAGEN). Table 1 provides the applied sequences of
the primers and annealing temperature (Kutlu et al. 2009).
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Table 1 Sequences for real-time PCR primers

Gene Primer sequence 5'— 3’ Annealing
Tm (C)
GAPDH F-CCCATCACCATCTTCCAAGGAG 60
R- CTTCTCCATGGTGGTGAAGACG
GCG F-TGACTACAGCAAGTATCTGGACTC 60
R- CTTCAACAATGGCGACCTCTTC
INS F- GCAGAAGCGTGGCATTGTG 60
R- GCTGGTTCAACAGGGGACA
GLUT2 F- GTTTGAGGATTCCTGAGTGTG 60
R- GGAAATGTCAAAGGAGACGAT
PDX1 F- CCTCCTCTTCCTCTTCTCTAGC 60
R- TCTTCAGCACAGCCTCTACC
NKx2.2 F- CGATATTGTCAGCCGTCTTCTAA 60
R- TGCCACCAGTTGTCAGAA
NKx6.1 F-CCCATCACCATCTTCCAAGGAG 60

R- CTTCTCCATGGTGGTGAAGACG

The relative gene expression levels were calculated, and
GAPDH was used as an endogenous control to normalize
gene expression in the samples.

Encapsulation process

Alginate with medium viscosity was dissolved in sterile
deionized water at a ratio of 1%w/v, and 100-mM granu-
lar calcium chloride was dissolved in deionized water to
prepare the cross-linking solution. With the assistance of
the Trypsin—EDTA solution, the cells were detached from
the culture flask. After being washed in PBS, 1 x 10° cells
were suspended per 1 mL of the sterile alginate solution.
Microcapsules were formed using the vibrational B-395
pro encapsulator (Buchi, UK) by optimized processing
parameters. A bath of 100 mM CaCl, was then used to
incubate the newly formed microparticles for 10 min. Fol-
lowing gelation, a two-step wash of PBS and DMEM was
performed to ensure that calcium ions were removed from
the encapsulated particles.

The differentiated cells were cultured using fluidized
culture involving DMEM supplemented with 15% FBS,
2 mM L-glutamine, and 0.05 mM p-Mercaptoethanol.
-Mercaptoethanol has been added to maintain and reduce
environmental oxidative stress in the cell culture medium,
thereby limiting the formation of toxic oxygen radicals. The
bioreactor with 1850 pL/min fluid flow rates (superficial
velocity of 1.15 cm/min) was incubated at 37 °C with 5%
CO, until encapsulated p-cells reached 70-80% confluency.
Cell growth and viability were enhanced by changing the
culture medium every other day (Nikravesh et al. 2017). The
viability of micro-encapsulated p-cells was assayed using a
live/dead cytotoxicity kit (Invitrogen), and the procedures
were done based on the kit protocol.

GSIS assay

The functionality of B-cells was evaluated by measuring the
secreted amount of insulin from encapsulated cells in response
to changes in glucose. Briefly, we washed and pre-incubated
samples with 1x 10° cells/mL in Krebs—Ringer bicarbonate
buffer (KRBH) before plating with 0.1% BSA for 2 h. Subse-
quently, samples were incubated for 1 h with 2 mM and 20 mM
glucose concentrations. An enzyme-linked immunosorbent
assay (ELISA) kit (BioVendor, Brno, Czech Republic) was
used to determine the amount of insulin secreted in low and
high-glucose solutions. Control cells were tested during the
same period. A CCK-8 cell counting kit (Dojindo, Japan) was
used to normalize the results to compensate for size variation.

Transplant process

Adapted versions of the standard procedure were used to create
diabetic animal models. We injected 50 mg/L streptozotocin
(STZ) intravenously into 14 Wistar rats through their caudal
veins and assessed glucose levels a week later using Roche
ACCU-CHEK glucose tests (Mannheim, Germany). Two ani-
mals did not develop diabetes, one died, and three reverted to
normal. Consequently, the glucose-controlling functionality
of B-cells was evaluated using five rats in the treatment group
and three in the sham (untreated) group.

Based on the previously reported data, a consensus dose
and route were adopted for experiment. Encapsulated -cells
(93.42+ 7% viability and 1x 10° cell density) were administered
in the peritoneum at about 0.5 mL with saline as the medium
in each rat. In the sham group, saline was the only treatment
administered. Approximately 2 months after treatment, insulin,
C-peptide, glucose, and weight levels were measured.

Statistical analyses

Results are presented as mean + standard error of the mean
unless otherwise stated. A one-way and two-way ANOVAs
were performed to identify significant differences between
pairs of groups, assuming equal variance (GraphPad Prism
v9.3.1). In addition, Turkey’s multiple comparison tests and
non-parametric Mann—Whitney test for comparison with the
control group were performed if the analysis of variance deliv-
ered a p-value <0.05.

Results
Gene expression
The expression level of the PDX1 gene, which is involved in

the endodermal germ line and an inductor gene of embry-
onic pancreas development, Insulin and Glucagon as the
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pancreas genes, GLUT?2 in glucose transporter, NKX6.1 in
functional and proliferation, and NKx2.2 in regulatory and
function of mature B-cell were studied in BM-MSCs transi-
tion to B-cells. Changes in relative expression by qPCR of
the genes above at specific maturation stages (0, 7, 14, and
21 days of differentiation) are summarized in Fig. 1.

On day 0, the expression levels of GCG, PDXI, and
GLUT?2 genes are low in undifferentiated cells (Fig. S1). The
expression levels of the specific markers on day O (Fig. S2)
and their morphology (Fig. S3) were also examined to the
characteristics of the isolated cells. Figure 1 demonstrates
that on the first day of differentiation, cells expressed a neg-
ligible amount of INS and PDX1 (0.03-fold) in comparison
to glucagon (1.17-fold), GLUT2, NKx6.1, and NKx2.2 (0.52-
fold). INS gene was expressed on day 1 like PDXI; then
significantly increased on days 7 and 14 and peaked at day
21 (96.1-fold) like glucagon (42.3-fold). Other genes (PDX1,
GLUT?2, and NKx6.1) exhibited a slight increase from day
7 to day 14 and decreased from day 14 to the end of the dif-
ferentiation protocol. Approximately one-fold expression of
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NKx2.2 was observed on day 1, followed by downregulation
(0.08-fold) on day 7, an increase (0.35-fold) on day 14, and
a subsequent decrease (0.17-fold) on day 21. Also, Fig. 1
reveals the 0.05-fold expression level of INS and PDX1,
1.23-fold glucagon, and 1.14-fold for GLUT2, NKx6.1, and
NKx2.2 on the first day. INS significantly increased on days
7 and 14 and reached its peak on day 21 (182.3-fold), as to
glucagon (72.4-fold). Other genes, such as those found in
control cells, underwent comparable variations until the end
of the experiment.

Characterization of microcapsules

The B-cells alginate microcapsules manufactured using
the optimized vibrating nozzle method exhibited an aver-
age diameter of 204 pm and about 7.6% relative standard
deviation (Fig. 2a). Light micrograph imaging also helps
visualize encapsulated B-cell location within the alginate
matrix (Fig. 2b—e). B-cells were distributed homogeneously
between the core and the inner surface of alginate hydrogels.

.
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Fig. 1 Median relative gene expression levels of pancreatic transcrip-
tion factors such as PDXI, endocrine markers, insulin, glucagon, and
B-cells specific genes like NKx2.2, NKx6.1, and GLUT2 were analyzed
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for control cells gene name-C and differentiated cell with microenvi-

ronmental factors gene name-T at each stage of differentiation. The
transcript value is shown in each graph as mean +SEM
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Fig.2 Produced spherical
alginate microcapsules a Aver-
age alginate microcapsules
diameters and relative standard
deviations; (n=230), *, **

P <0.05 by Turkey's multiple
comparison tests after one-way
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Statistically significant differences in microparticle diameter
were observed from day 7 to 14 versus day O (* P=0.035,
**P=0.027).

Live/dead assay

Figure 3 reveals a two-dimensional micrograph of alginate
microcapsules containing fluorescently stained live/dead
B-cells on various days with a cell density of 1x 10° that
were positive for calcein-AM in differentiated and control
cells (93.42% and 67.78% on day 7 and 87.48% and 69.49%
on day 14 respectively). Transdifferentiated cells exhibited
higher viability (* p=0.03, **, *** p=0.02) when com-
pared with the control cells in separated days.

GSIS assay

Insulin secretion in response to changes in glucose concen-
tration was assessed using the GSIS assay in in vitro condi-
tions. Figure 4a indicates that differentiated cells secreted
significantly more insulin at 2 and 20 mM glucose concen-
trations (P <0.001) than control cells on the first and day
7 [(32.2 ng/mL +3.5 and 103.04 ng/mL +9.7) (SI=1.4)
and (48.4 ng/mL +8.7 and 174.4 ng/mL +12.4) (SI=3.3)],
exhibiting higher insulin sensitivity. Figure 4b depicts a
minimal change in the stimulated index through day 32,
suggesting the functional stabilization of cells.

Transplant evaluation

In hosts receiving transplant recipients, levels of glucose
decreased significantly (P <0.05) compared to the sham

" Day 14

Day 21

group from day 7 and remained until 60 days of post-
implantation (Fig. 5a) (Table 2). Initially, the treated group
lost weight for up to 15 days but then gained weight ranging
up to 20% (Fig. 5b); conversely, the sham group carried on
losing weight. The mean weights of the treated group were
significantly higher than the sham (P <0.01) (Table 3). The
treated group remained healthy and were diarrhea-free. In the
treated group, insulin (Fig. 5¢) and C-peptide (Fig. 5d) levels
became measurable 1 week after transplantation and reached
the level of the control group at the end of this experiment.

Discussion

It has long been demonstrated that the encapsulation of
living cells in polymeric carriers can facilitate cell-based
therapies by providing significant benefits for autoimmune
diseases such as T1DM since these approaches may mask
the encapsulated cells from the immune system of the host
(Ben-Akiva et al. 2018).

Nicotinamide and B-Mercaptoethanol were used to induce
the pre-induction stage of differentiation in endocrine glands
from bone marrow progenitor cells. As a morphogen, Nico-
tinamide may induce chromatin rearrangements and changes
in gene transcription by inhibiting poly(ADP-ribose) syn-
thase (Otonkoski et al. 1993; Vaca et al. 2008). Nicotinamide
and B-Mercaptoethanol can regulate mature progenitor cells
with the islet microenvironment at high glucose concentra-
tions as suppressors of the Notch pathway (Kim and Choe
2011). GLUT? is essential to maintaining -cell homeostasis
and Pdx-1 is crucial in activating the insulin gene in the
nucleus. Pdx-1 is expressed by approximately 90% of B-cells
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Fig.3 Quantitative evaluation of encapsulated B-cell viability. Merged

a'- f"" and unmerged two-dimensional confocal micrograph showing
live a-f /dead a’-f’ cells within an alginate microcapsule group over-
laid (calcein-AM markers: green channel/PI marker: red channel). g
The cells viability and relative standard deviations; (n=10 capsules),

and 15% of B-cells in mature islets (Moulis et al. 2022).
These markers are thus helpful for assessing the function of
B-cells based on their expression. The dual role of Pdx-1 in
maintaining pancreatic cell function (Pavathuparambil et al.
2019; Zhang et al. 2021), as demonstrated by qPCR results,
suggests that Pdx-1 serves both as an endocrine factor during
embryogenesis and as a physiological regulator of pancreatic
cells. NKx6.1 and NKx2.2 were the genes whose expres-
sion increased on day 14 compared to day O and correlated
with a decrease in late differentiation, which agrees with
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studies that revealed its critical role in the development of
pancreatic cells (Aigha and Abdelalim 2020). The obtained
result in Fig. 1 showed almost the same expression pattern
in control and differentiated cells. However, the level of gene
expression in differentiated cells was significantly higher,
indicating the increased ability of differentiated cells.

A vibrating nozzle technology was utilized to encap-
sulate differentiated B-cells in 1% alginate microparticles
using a laminar fluid jet which naturally breaks into drop-
lets at a specific frequency, causing the nozzle to break up
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Fig.5 Levels of a glucose (mg/dl), b weight (g), ¢ Insulin (pUl/ml), and d C-peptide (ng/ml) were measured over time in control rats (Control),
sham group, and treated group. Data are presented as means + SE
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Table 2 Relative gene expression

Days GCG INS PDXI GLUT2 NKx2.2 NKx6.1
Control cell 1 1.22+0.11 0.055 +0.05 0.053 +0.005 0.71+0.065 0.52+0.03 0.79+0.01
7 1.52+0.18 2.23+0.46 0.94+0.20 1.42+0.48 0.08+0.04 0.55+0.10
14 2.21+0.27 19.12+3.86 2.45+0.73 2.86+0.54 0.35+0.13 0.36+0.44
21 41.91+12.14 96+14.24 1.62+0.53 1.34+0.26 0.18+0.05 1.12+0.24
Trans-differenti- 1 1.19+0.16 0.05+0.03 0.05+0.005 0.89+0.05 1.05+0.01 0.93+0.01
ated cells 7 1.52+0.31 4.96+0.41% 1.19+0.41 1.83+0.31 0.12+0.04 0.73+0.10
14 3.83+0.56* 24.97+8.96 3.12+0.53 3.68+0.48* 0.49+0.10 2.51+0.39*
21 73.62+ 16.08* 181.25+12.17* 2.31+0.39 1.394+0.27* 0.22+0.05 1.31+£0.20

Data are presented as mean + SD

*P <0.05 versus Control cells by Turkey’s multiple comparison tests after one-way ANOVA with P <0.05

nearly twice as large (Mooranian et al. 2021). The vibrating
nozzle encapsulation process was simple, fast (~5 min to
encapsulate 10 mL of cell suspension in the polymer), and
generated well-defined microdroplets of reasonably uniform
diameter throughout the process (Costa and Mano 2017).
The pH and room temperature were maintained constantly
throughout the encapsulation process (Pentela et al. 2019).
The experimental parameters were optimized based on pre-
liminary studies, including polymer flow rate, vibration
frequency, polymer concentration, cross-linking solution,
and hardening time. Optimizing these parameters resulted
in the generation of spherical microparticles with an average
diameter of 204 pm + 27 when using a 1%w/v alginate solu-
tion (Fig. 2a, b—e). Due to oxygen limitations and hypoxia,
the formation of microcapsules with appropriate diameters
(>300 pm) is critical (Schweicher et al. 2014; Mooranian
et al. 2021; Wang et al. 2021). This study’s manufacturing

Table 3 Body weight, glucose, insulin and C-peptide levels of animals

Control Sham Treated

Body weight

Day 0 223 +8.42 206+ 13.96%* 209 +14.53%*

Final 281+12.21 138 £9.72%* 257+ 19.63%%%*
Glucose levels

Day 0 113+4.35 521 +11.36%* 402 £20.12% sk

Final 117+5.36 588 +7.86%* 128 +14.23
Insulin levels

Day0 12.53+0.63 1.79+0.36%* 1.86 4 0.34 %% sk

Final 10.85+0.75 2.39+0.46%* 10.25 +0.68%**
C-peptide levels

Day 0 0.47+0.032 0.082+0.053**  0.086 4 0.033%* **%*

Final 0.54+0.041 0.074+£0.030%** 0.47 +0.038***

Data are presented as mean +SD

*P <0.05 versus Sham; **P <0.01 versus Control; ***P <0.01 versus
Sham by Turkey’s multiple comparison tests after one-way ANOVA
with P <0.05
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of cellular microcapsules provided a potential opportunity
to apply a fluidized-bed bioreactor.

There is evidence that fluid bed bioreactors contribute
significantly to the high viability of capsulated p-cells in
fluid culture. Comparing our results with other studies, the
bioreactor did not adversely affect B-cell viability (Coward
et al. 2009; Mendonca da Silva et al. 2020). Alamar-blue
spectrophotometry tests were performed at different time
intervals to determine the viability and metabolic activ-
ity of p-cells encapsulated in alginate 1% w/v hydrogel
(Eilenberger et al. 2018). Notably, obtained results from
the GSIS assay on day 1 versus 7 showed that the value of
the insulin-stimulated index exhibited an increasing trend
to 3.4. Moreover, encapsulated islets continued to secrete
encouraging insulin, not only functional but proliferated to
form a three-dimensional tissue around the islets, suggesting
that seeding islets with such cells transduced to secrete hor-
mones improve the lifespan and function of the encapsulated
islet (Aamodt and Powers 2017; Wassmer et al. 2020). By
demonstrating a secretion index more significant than one,
we showed that encapsulated p-cells could accommodate
changes in glucose concentration during the GSIS assay.
However, in contrast to the in vivo study, our long-term
in vitro study revealed a significant decrease in the secretory
capacity of the encapsulated p-cells after 2 weeks, followed
by a slight increase by day 28 and a further reduction in
insulin secretion after that; different physiological condi-
tions in vivo may contribute to this difference.

The mature form of insulin is released from the endo-
plasmic reticulum after exposure to several specific endo-
peptidases, and its C-peptide is removed (Omar-Hmeadi
and Idevall-Hagren 2021). A secretory granule containing
insulin and free C-peptide accumulates in the cytoplasm of
cells within the Golgi. Glucose responsiveness is the gold
standard for determining B-cell function. Differentiated
islets release an appropriate amount of insulin in response
to different levels of glucose in the environment (Burns
et al. 2004; Silva et al. 2022). Our glucose challenges and
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animal experiments confirmed insulin release from pancre-
atic B-cells, where C-peptide and mature insulin are found in
equal molar proportions and with the same secretory gran-
ules (Rohli et al. 2022).

Even though the STZ-induced diabetic model could not
consistently attain normoglycemia, transplanted islets pro-
vided a significant therapeutic effect. The glucose levels of
diabetic rats treated significantly decreased (Fig. 5a), but
normoglycemia lasted less than 3 months; this suggests that
implanted islets provide therapeutic benefits despite sus-
tained elevated glucose. However, diabetes induced by STZ
treatment is a markedly less severe disease than that associ-
ated with diabetic rats (Wei et al. 2003; Furman 2015). The
untreated group rapidly lost weight and died 55 days after,
when > 20% weight loss occurred (Fig. 5b). To simulate the
prospective therapy more accurately for TIDM children,
who are often diagnosed after the beginning of the illness,
we opted to administer islets to rats after the development
of diabetes to achieve normoglycaemia.

Conclusion

We successfully differentiated BM-MSCs into more func-
tional f-cells and formed uniform-sized and shaped spheroids
in vitro using a construct based on alginate. This construct
enables the formation of 3D spheres that may be easily har-
vested. Increased insulin sensitivity to changes in glucose
concentration, improved microparticle shape, and high viabil-
ity were all achieved. An analysis of post-transplantation out-
comes showed that the reported differentiation and encapsu-
lation approach enhanced the glucose response, survival, and
function of pancreatic B-cells. -cells retain their metabolism
and viability during this step of differentiation and matura-
tion. In addition to having a longer lifespan than non-coated
cells, coated pancreatic B-cells responded more rapidly to
external glucose fluctuations. A more effective differentia-
tion method, combined with B-cell coating, proved promising
immunotherapy. As well as treating T1DM, these approaches
could also be used to treat other endocrine disorders.
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