
Yehya et al. Stem Cell Research & Therapy          (2024) 15:408  
https://doi.org/10.1186/s13287-024-03973-0

RESEARCH Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by- nc- nd/4. 0/.

Stem Cell Research & Therapy

Identifying and optimizing critical process 
parameters for large-scale manufacturing 
of iPSC derived insulin-producing β-cells
Haneen Yehya1,2, Alexandra Wells1, Michael Majcher1, Dhruv Nakhwa1, Ryan King1, Faruk Senturk1, 
Roshan Padmanabhan1, Jan Jensen1 and Michael A. Bukys1*   

Abstract 

Background Type 1 diabetes, an autoimmune disorder leading to the destruction of pancreatic β-cells, requires 
lifelong insulin therapy. Islet transplantation offers a promising solution but faces challenges such as limited availabil-
ity and the need for immunosuppression. Induced pluripotent stem cells (iPSCs) provide a potential alternative source 
of functional β-cells and have the capability for large-scale production. However, current differentiation protocols, 
predominantly conducted in hybrid or 2D settings, lack scalability and optimal conditions for suspension culture.

Methods We examined a range of bioreactor scaleup process parameters and quality target product profiles 
that might affect the differentiation process. This investigation was conducted using an optimized High Dimensional 
Design of Experiments (HD-DoE) protocol designed for scalability and implemented in 0.5L (PBS-0.5 Mini) vertical 
wheel bioreactors.

Results A three stage suspension manufacturing process is developed, transitioning from adherent to suspension 
culture, with TB2 media supporting iPSC growth during scaling. Stage-wise optimization approaches and extended 
differentiation times are used to enhance marker expression and maturation of iPSC-derived islet-like clusters. 
Continuous bioreactor runs were used to study nutrient and growth limitations and impact on differentiation. The 
continuous bioreactors were compared to a Control media change bioreactor showing metabolic shifts and a more 
β-cell-like differentiation profile. Cryopreserved aggregates harvested from the runs were recovered and showed 
maintenance of viability and insulin secretion capacity post-recovery, indicating their potential for storage and future 
transplantation therapies.

Conclusion This study demonstrated that stage time increase and limited media replenishing with lactate accu-
mulation can increase the differentiation capacity of insulin producing cells cultured in a large-scale suspension 
environment.

Keywords Diabetes, Human induced pluripotent stem cell, Insulin producing cells, Bioreactor, DoE, β-cells, Pancreatic 
cells, Bioprocess development, Optimization, Islets, iPSCs

Background
Type I Diabetes Mellitus (T1DM) is a chronic autoim-
mune destruction disorder of the pancreatic β-cells. Lat-
est data collected shows it affected ~ 8.7 million patients 
worldwide and is expected to rise to 17.4 million in the 
next two decades with a projected health expenditures 
of 1,054 billion USD annually [1–3]. Life-long insulin 
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therapy is needed for patients suffering from this disease. 
Islet transplantation that replaces lost insulin secreting 
cells is a promising therapy solution [4, 5]. However, it 
has been tempered by the lack of islets available and the 
requirement of life-long immunosuppression. This has 
led to the investigation of iPSCs as an available source of 
functional β-cells [6]. Cell therapies derived from iPSCs 
hold promise in treating a variety of clinical indications 
[7]. They have the ability of replacing damaged or lost 
cells and are capable of high in vitro proliferation and dif-
ferentiation into all three germ layers [8, 9]. This makes 
them ideal for applications that require a large sustain-
able source of clinical grade cells. To meet the required 
clinical cell dosage, a large-batch manufacturing system 
must be established. Thus, a scaleup from a planar adher-
ent culture to a 3D culture that generates aggregates is 
required. However, most research and established dif-
ferentiation protocols are done in a 2D environment that 
lack suspension environment factors and considerations 
[10, 11].

Adherent culture methods are impractical for scaling 
due to the limitation of surface area. To increase pro-
duction beyond these constraints, suspension culture 
becomes necessary. Recent research indicates that a bio-
reactor scale-up approach can effectively expand and 
differentiate iPSCs while reducing the need for manual 
interventions in static cultures [11–17]. Already estab-
lished differentiation protocols were conducted side 
by side in adherent and suspension environments. The 
results indicated that the cells produced from both meth-
ods are different. In our novel HD-DoE protocol for pan-
creatic β-cell differentiation optimized on adherent plates 
[18], optimal conditions required BMP antagonism and 
retinoid input, resulting in the induction of dorsal fore-
gut endoderm (DFE). The study demonstrated that pan-
creatic identity can be rapidly and robustly induced from 
DFE, and these cells exhibit a dorsal pancreatic identity 
[18].

Other published methods for differentiating human 
iPSCs into β-cells involve a series of developmental 
stages, including definitive endoderm, primitive gut 
tube, pancreatic progenitor, endocrine progenitor, and 
insulin-producing β-cells [19]. These methods typically 
entail the sequential addition of growth factors and small 
molecules to mimic pancreatic development [18, 20–29]. 
The initial step in differentiating iPSCs into pancreatic 
cells often begins with definitive endoderm commitment. 
D’Amour et  al. established an efficient method using 
activin A and low serum to direct up to 80% of iPSCs 
towards the definitive endoderm lineage [30]. Subse-
quent protocols have further specified and differentiated 
iPSCs into PDX1 and NKX6.1 positive pancreatic pro-
genitors, leading to the generation of β-cells [21, 31, 32]. 

For instance, Rezania et al. and Pagliuca et al. successfully 
generated iPSC-derived β-cells with varying functionality 
[20, 23]. These cells, while exhibiting reduced glucose-
stimulated insulin secretion (GSIS) functionality com-
pared to human islets, have shown promise in reversing 
diabetes in diabetic mice post-transplant.

Recent advancements have led to the development of 
methods capable of producing cells with more robust and 
dynamic GSIS [22, 33, 34]. Nair et al. demonstrated that 
isolating INS positive cells at an early immature stage 
followed by reaggregation into clusters enhances β-cell 
maturation, although sustained second-phase response 
remains a challenge [19]. Velazco-Cruz et  al. reported 
that selective modulation of transforming growth 
factor-β signaling, combined with resizing of cell clusters, 
improves dynamic GSIS with a more sustained second-
phase response [34].

While GSIS functionality is of great importance, in vivo 
transplantation has been the most favorable method 
for gaining full β-cell maturation and function. A clini-
cal trial presented at the 83rd Scientific Sessions of the 
American Diabetes Association showcased VX-880, a 
stem cell-derived islet cell therapy, as a potential treat-
ment for T1DM. Results demonstrated restored insulin 
secretion, improved glycemic control, and elimination 
of severe hypoglycemic events in all six treated patients 
[35].

Despite these advancements, a significant limitation of 
current differentiation methods is the scalability recovery 
yield and the use of serum-containing or xeno-containing 
components, which may pose translational challenges in 
the future. Efforts to address these limitations are crucial 
for the clinical development of iPSC-derived β-cells.

Methods
Differentiation of human induced pluripotent stem cell 
culture
Throughout this study two iPSC lines were used the 
RCP5005N (Reprocell # 771-3G) and the NCRM-1 
(iXCell #CR0000001). Cells were maintained at 37  °C 
and 5%  CO2. Prior to the experiment, cells were grown 
to 70–80% confluency on vitronectin (ThermoFisher, 
USA #A14700) coated flasks. Cells were dissociated with 
TrypLE (ThermoFisher, USA 12605010) for 3  min at 
37  °C, resuspended in E8 medium (ThermoFisher, USA 
#A1517001), transferred to 50 ml conical tubes, and cen-
trifuged at 400 × g for 6 min. The pellet was resuspended 
in E8 and 10 µM Y-27632 Rho-Kinase (ROCK) inhibitor 
(Peprotech, USA #1293823). 90 million cells were seeded 
in a 500 ml PBS vertical wheel bioreactor (PBS Biotech, 
USA #FA-0.5-D-001) with the TB10 media (Table  1). 
After 1 day of culture, 50% of the media was replenished. 
After an additional day, differentiation was started using 
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the differentiation medium as indicated in (Table 1). All 
reagents used are listed in (Table 2).

Cell counting, aggregate size and islet equivalency (IEQ) 
estimates
Bioreactor samples were taken after mixing using a 
pipette to avoid sampling bias and gradient formation 
after settling. 3  ml total was sampled daily for 3 sam-
ples of 1  ml for cell count. The cells were dissociated 
using Accutase (Sigma, USA #A6964) and incubated for 
10  min. Cells were then quenched with E8 then centri-
fuged at 400 × g for 6  min. Pellets were resuspended in 
an equivalent volume of PBS and analyzed for total cell 
count using an Attune™ Flow Cytometry (ThermoFisher, 
USA). Triplicate counts were collected for each biore-
actor at each stage of culture. Duplicate 500  μl samples 
were collected for aggregate imaging on a 24 well plate. 
An inverted automated microscope, EVOS M7000 imag-
ing system (ThermoFisher, USA #AMF7000), was used 
for bright field images of the aggregates. ImageJ was used 
to analyze aggregate size and distribution. IEQ estimates 
of aggregates were performed using Prodo Laboratories, 
Inc protocol. Briefly, aggregates were divided into groups 
based on size and were normalized to a theoretical islet 

size of 150  μm using the provided conversion factors. 
Total IEQ was then estimated for the entire bioreactor 
volume and presented for the individual runs.

Quantitative polymerase chain reaction (qPCR)
Triplicate samples were taken from each bioreactor 
for qPCR testing at different stages throughout the cul-
ture time. RNA samples were dissolved in Lysis Buffer 
and extracted using MagMAX™-96 Total RNA Isola-
tion Kit (ThermoFisher, USA cat #AM1830) according 
to manufacturer’s protocol. Quantification of RNA was 
performed on epoch reader (ThermoFisher Scientific, 
USA #A51119500C). A high-Capacity cDNA RT Kit (cat 
#4368813) was used for reverse transcription of RNA 
triplicate samples.

Flow cytometry
A 10  ml sample was taken from each bioreactor at 
the end of each stage of differentiation for flow test-
ing. The aggregates were dissociated with Accutase for 
10  min into single cells. Cells were resuspended in PBS 
and divided into samples for intracellular staining and 
cells for extracellular staining. Samples for intracellular 
staining were fixed with a live/dead stain FVS 780 (BD 

Table 1 Composition and concentration of basal medium and differentiation factors used

TB10 TB2 Stage 1 Stage 2 Stage 3 Concentration

Basal Media E8™ Medium IMDM/F12 (1:1) IMDM/F12 (1:1) IMDM/F12 (1:1) IMDM/F12 (1:1)

Additives E8 Supplement 1X

Pen/Strep Pen/Strep Pen/Strep Pen/Strep Pen/Strep 1X

PEG PEG PEG PEG PEG 1% w/v

Heparin sodium Heparin Sodium Heparin Sodium Heparin Sodium Heparin Sodium

salt Salt Salt Salt Salt 1 mg/ml

Albumax Albumax Albumax Albumax 1X

Ethanolamine Ethanolamine Ethanolamine Ethanolamine 10 μM

Monothioglycerol Monothioglycerol Monothioglycerol Monothioglycerol 

Cholesterol Cholesterol Cholesterol Cholesterol 150 μM

Sulfate Sulfate Sulfate Sulfate 409 nM

Trolox Trolox Trolox Trolox 10 μM

Linoleic Acid Linoleic Acid Linoleic Acid Linoleic Acid 14.26uM

Oleic Acid Oleic Acid Oleic Acid Oleic Acid 10 μM

Insulin Insulin Insulin Insulin 10 μg/ml

Holo-Transferrin Holo-Transferrin Holo-Transferrin Holo-Transferrin 5 μg/ml

Differentiation Retinoic Acid Retinoic Acid 2 μM

Reagents LDN193189 LDN193190 250 nM

PD0325 250 nM

A8301 A8301 A8301 500 nM

(5Z)-7-Oxozeaenol 500 nM

SUN11602 300 nM

AT7867 250 nM

g-XX 100 nM
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Biosciences, USA #565388), then permeabilized accord-
ing to manufacturer’s protocol of overnight incubation 
in permeabilization buffer at − 20  °C using Perm Buffer 
III (BD Biosciences, USA #558050). Samples were then 
stained for antibodies corresponding to each stage of 
the protocol and flow cytometry was performed using 
Attune™ Flow Cytometry (ThermoFisher Scientific, USA) 
(Table 3).

QuantStudio data analysis
Data collection was performed using an Open Array 
(QuantStudio, Life Technologies) with custom 
design gene cards (Table  4). The design focused on 

endodermal lineages and pancreatic fates. cDNA sam-
ples were loaded onto a custom design Quant Studio 
Card (ThermoFisher, #4471125) using an Open Array 
AccuFill System (ThermoFisher, USA #4471021) and 
ran on a QuantStudio 12  k Flex Real-Time qPCR Sys-
tem (ThermoFisher, USA #4471086). QuantStudio runs 
were performed according to manufacturer’s protocol. 
The resulting QuantStudio gene expression data was 
analyzed using Expression Suite™ software (Life Tech). 
The data set was then exported to Excel and normalized 
against three internal standard housekeeping genes 
present on the QS card GAPDH, EEF1A1 and 18S. Final 
expression levels were expressed as 1/(2ΔCrt) × 10,000 
where Crt is the relative threshold cycle.

Table 2 List of reagents along with cell lines used in the protocol

*  Established from endothelial progenitor cells from peripheral blood. Reprogrammed with the Stemgent StemRNA 3rd Gen Reprogramming technology
**  Established from CD34 + cord blood cells. Reprogrammed with Episomal plasmid method

Compound Supplier Catalogue Number

Trolox cayman chemical co 10,011,659

Accutase Millipore Sigma A6964

Gamma-Secretase Millipore Sigma 565789

Insulin Millipore Sigma 11376497001

Holo transferrin Millipore Sigma T0665-500MG

Ethanolamine Millipore Sigma E0135-100ML

Linoleic acid Millipore Sigma L1012-1G

Oleic acid Millipore Sigma O1383-5G

Cholesterol Sulfate Millipore Sigma C9523-25MG

All-trans retinoic acid Millipore Sigma R2625-50MG

PD0325901 Millipore Sigma PZ0162-5MG

Fluorescein diacetate Millipore Sigma F7378-5G

Propidium iodide Millipore Sigma P4170

Polyethylene Glycol (PEG) Millipore Sigma 89510

Y-27632 (ROCK inhibitor) Peprotech 1293823-1 mg

LDN193189 Peprotech 1066208-5MG

A8301 Peprotech 9094360-10MG

AT7867 Selleck Chem S1558

SUN11602 Selleck Chem S8192

Glucose solution Thermofisher Scientific A2494001

Albumax Thermofisher Scientific 11020021

CryoStor® CS10 STEMCELL Technologies 100-1061

REAGENTS

Essential 8™ Flex ThermoFisher Scientific A2858501

Vitronectin ThermoFisher Scientific A31804

DPBS (without calcium and magnesium) ThermoFisher Scientific 14190144

TrypLE ThermoFisher Scientific 12563-029

CELL LINES

RCRP5005N* REPROCELL StemRNA™ Human iPSC 771-3G

NCRM-1** iXCells CR0000001
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Immunofluorescent staining
iPSC and differentiated bioreactor aggregates were dis-
sociated with Accutase and plated onto a vitronec-
tin treated 24 well plate and grown for 1  day in TB2 
media. Cells were fixed with 5% formalin (Sigma, USA 
#HT501128) in DPBS for 15  min at room temperature, 
permeabilized and blocked with a blocking buffer solu-
tion composed of 1% BSA (Sigma, USA #A8806) and 
0.1% Tween-20 (Sigma, USA #P1379) for 60 min at room 
temperature and stained with primary antibodies at 1:250 
(Table 3) overnight. Cells were then washed with DPBS 
and stained with secondary antibodies for 60 min. Cells 

were washed three times with DPBS (5  min each) and 
stained with DAPI. Plates were imagined using EVOS 
M7000 Imaging System microscope (ThermoFisher Sci-
entific, USA #AMF7000).

RNA isolation, library preparation and RNA‑seq
The RNA was qualified and quantified using Qubit™ 
RNA BR Assay Kit (ThermoFisher Scientific, USA 
#Q10211). Total RNA was isolated using Mag-
MAX™-96 Total RNA Isolation Kit (ThermoFisher 
Scientific #AM1830) according to the manufactur-
er’s instructions. RNA quality was validated using 

Table 3 List of antibodies used for immunostaining and flow cytometry

Antigen Host Supplier Catalogue number Dilution

Primary antibodies

C-peptide Rat DSHB GN-ID4 1:500

FOXA2 Goat Santa Cruz Biotechnologies sc-6554 1:200

Glucagon Mouse Sigma G2654 1:500

HNF1B Rabbit Santa Cruz Biotechnologies sc-22840 1:200

Insulin Guinea pig Dako A0564 1:200

PDX1 Goat R&D AF2419 1:200

SST Rabbit Dako A0566 1:500

Chromogranin A Mouse Agilent M086901-2 1:500

Secondary antibodies

Antibody Supplier Catalogue number Dilution

488-Donkey-a-Goat Jackson Immuno Research 705-546-147 1:200

488-Donkey-a-Mouse Jackson Immuno Research 715-546-151 1:200

488-Donkey-a-Rabbit Jackson Immuno Research 711-546-152 1:200

488-Donkey-a-Rat Jackson Immuno Research 712-545-150 1:200

594-Donkey-a-Goat Jackson Immuno Research 705-515-003 1:200

594-Donkey-a-Mouse Jackson Immuno Research 715-585-150 1:200

594-Donkey-a-Rabbit Jackson Immuno Research 711-586-152 1:200

594-Donkey-a-Rat Jackson Immuno Research 712-586-153 1:200

Flow Antibodies

Antibody Supplier Catalogue number Dilution

PE Mouse anti-PDX-1 BD Biosciences 562161 1:33

Fixable Viability Stain 780 BD Biosciences 565388 1:10,000

PE Mouse anti-Human FoxA2 BD Biosciences 561589 1:100

BD Pharmingen™Alexa Fluor® 647 Mouse Anti-Nkx2.2 BD Biosciences 564729 1:33

Alexa Fluor® 647 Mouse Anti-C-Peptide BD Biosciences 565831 1:2000

Alexa Fluor® 488 Mouse Anti-Human
Somatostatin

BD Biosciences 566032 1:2000

Alexa Fluor® 647 Mouse anti-Human TRA-1-
60 Antigen

BD Biosciences 560850 1:50

BV605 Mouse Anti-SSEA-4 BD Biosciences 563119 1:50

Alexa Fluor® 488 Mouse anti-Oct3/4 BD Biosciences 560253 1:50

SYTOX Green Dead Cell Stain for flow cytometry Thermo Fisher Scientific S34860 1:2000

Anti-GP2 (Glycoprotein 2) (Human) mAb-
Alexa Fluor® 488

MBL D277-A48 1:1000

Alexa Fluor® 647 Mouse Anti-Sox9 BD Biosciences 562161 1:33
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4200 TapeStation System (Agilent Technologies, USA 
#G2991BA). Enrichment of polyadenylated RNA and 
library preparation were performed using Illumina 
Stranded mRNA Prep (illumina) using the reagents 
provided in an Illumina® TruSeq® Stranded mRNA 
library prep workflow. The library underwent a final 
cleanup using the Agencourt AMPure XP system 
(Beckman Coulter, #A63880) after which the library’s 
quality was assessed using a 4200 TapeStation System.

For all samples, the sequencing was done at Genewiz 
from Azenta Life Sciences. The quality trimming and 
alignment of the samples were conducted using the 
nextflow nf-core/rnaseq pipeline (version 3.6). The 
pipeline incorporated Trim Galore (v.0.6.7) for adaptor 
trimming and quality control. The trimmed RNAseq 
reads were then mapped to the Homo sapiens GRCh38 
genome annotation utilizing STAR (v 2.6.1). Data-
sets underwent filtration to eliminate low counts (< 10 
reads). The heatmap was created using the package 
“pheatmap” (v1.0.12).

Dithizone staining
Dithizone (DTZ) (Sigma, USA Cat# 194832) pow-
der was reconstituted in DMSO (ThermoFisher, USA 
#J66650.AP), diluted in PBS and filtered to eliminate 
sediments. Clusters were stained in 5 mg/mL DTZ for 
2–3  min and washed with PBS. Images were acquired 
using an EVOS XL Core (Thermo Fisher Scientific, 
USA #AMEX1000).

Human C‑peptide content
Stage 3 endocrine clusters were lysed in Tissue Pro-
tein Extraction Reagent (ThermoFisher, USA #78510). 
The cell suspension was centrifuged (1  min, 1000 rcf, 
4  °C) to remove cell debris. Cell lysates were stored at 
−  20  °C until assayed using the human Ultrasensitive 
C-peptide ELISA kit (Mercodia, SWE #10-1141-01). 
Content was normalized to aggregate number or pro-
tein content using a Bradford kit (ThermoFisher, USA 
#23200) per the manufacture’s instruction.

Oxygen consumption rate (OCR)
OCR and Extracellular Acidification Rate (ECAR) 
were measured using a Seahorse XFe96 analyzer (Agi-
lent, USA #S7800BR). For stage 3, the cells were tested 
as clusters in the test plate. The cells were lysed and 
tested using a Bradford kit for protein normalization. 
The seeded plates were left for 24  h in the incuba-
tor. For the Mito Stress Test, cells were incubated in a 
non-CO2 incubator for 1 h in serum free Seahorse XF 
Base minimal DMEM media (Agilent, USA#103335-
100) supplemented with 3  mM glucose (Agilent, USA 
#103577-100), 1  mM sodium pyruvate (Agilent, USA 
#103578-100) and 2  mM L-glutamine (Agilent, USA 
#103579-100). Following measurement of basal res-
piration, the cells were treated with sequential injec-
tions of 14.5  µM glucose, 1.5  µM oligomycin, 0.5  µM 
carbonyl cyanide-4-(trifuoromethoxy) phenyl hydra-
zone (FCCP) and 0.5 µM rotenone/antimycin A (RotA) 
(Agilent, USA Seahorse XF Cell Mito Stress Test Kit 
#103015-100).

Metabolite assessment of spent media
Spent media collected from several time points were 
centrifuged to remove cell debris and frozen at − 80 °C 
until being assayed. Glucose, lactate, Gln, Glu, NH4 +, 
Na +, K + , Ca +  +, pH, PCO2, and PO2 were measured 
using a Flex2 analyzer (Nova Biomedical, USA #57900). 
Amino acid concentrations were measured using 
REBEL cell culture media analyzer (908devices, USA) 
from spent media samples loaded onto a round bottom 
plate and diluted 1:10 with the provided REBEL diluent.

Table 4 List of oligonucleotides used on the QuantStudio chip 
for gene expression testing

Oligonucleotides Source Identifier

NKX6-1 Hs00232355 ml Life Technologies Cat# 4331182

CLOCK Hs00231857 m1 Life Technologies Cat# 4331182

PER3_Hs00213466_m1 Life Technologies Cat# 4331182

SLC16A1_Hs01560299_m1 Life Technologies Cat# 4331182

LDHA_Hs01378790_g1 Life Technologies Cat# 4331182

GCG_Hs01031536_m1 Life Technologies Cat# 4331182

MFN2 Hs00208382 m1 Life Technologies Cat# 4331182

MAFA_Hs01651425_s1 Life Technologies Cat# 4331182

PDX1 Hs00236830 m1 Life Technologies Cat# 4331182

NEUROD1 Hs01922995 s1 Life Technologies Cat# 4331182

NEUROG3 Hs01875204 s1 Life Technologies Cat# 4331182

HNF1B Hs01001602 m1 Life Technologies Cat# 4331182

MFN1 Hs00250475 m1 Life Technologies Cat# 4331182

PER1 Hs00242988 m1 Life Technologies Cat# 4331182

HK1 Hs00175976 m1 Life Technologies Cat# 4331182

INS Hs02741908 m1 Life Technologies Cat# 4331182

18S Hs03003631 g1 Life Technologies Cat# 4331182

NKX2-2_Hs00159616_m1 Life Technologies Cat# 4331182

CRY1 Hs00172734 m1 Life Technologies Cat# 4331182

GAPDH Hs99999905 m1 Life Technologies Cat# 4331182

FOXA2 Hs05036278 s1 Life Technologies Cat# 4331182

EEF1A1 Hs00742749 s1 Life Technologies Cat# 4331182

PER2 Hs00256143 m1 Life Technologies Cat# 4331182

HK2 Hs00606086 m1 Life Technologies Cat# 4331182

CRY2 Hs00323654 m1 Life Technologies Cat# 4331182

SST Hs00356144 m1 Life Technologies Cat# 4331182

CIART Hs00328968 m1 Life Technologies Cat# 4331182
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Glucose response
For the glucose stimulated insulin secretion assay, 
approximately 15–20 stem cell-derived clusters were 
collected in a 24 well plate. The clusters were equili-
brated in 2.8  mM glucose in RPMI medium (Ther-
moFisher, USA#11879020) for 30 min at 37 °C, and then 
they were washed and incubated again for 1 h. Aggre-
gates were washed again and were exposed to 2.8 mM 
glucose for 1  h and then challenged for another hour 
with 17.5 mM glucose, and then tested for depolariza-
tion with KCL. Media samples were collected after each 
incubation of 1  h and tested using the human Ultra-
sensitive C-peptide ELISA kit (Mercodia, SWE#10-
1141-01). The aggregates were counted and used for 
normalization.

Cryopreservation and recovery
Harvest aggregates were pelleted and resuspended in 
1 ml of CS10 (Stem Cell Technologies, CAN #07930) in 
cryotubes to achieve a density from 1 to 5  million/ml. 
Tubes are then placed in a 9X9 freezer box and placed 
into the 4  °C (pre-chilled) CryoMed Controlled-Rate 
Freezer (ThermoFisher Scientific, USA #TSCM17PA). 
After the controlled rate freezing was completed, cells 
are moved directly into liquid nitrogen. Aggregates are 
recovered in a TB2 solution with 10 µM Y-27632 ROCK 
inhibitor and washed to be resuspended again in the 
same solution.

Generating DoE designs
All experimental designs based on HD-DoE were com-
puter-generated using D-optimal interaction designs 
in MODDE software (Sartorius Stedim Data Analytical 
Solutions, SSDAS, FRA). In the Design Wizard within 
MODDE software, all factors tested and genes meas-
ured were manually input, and the screening option was 
selected within the Objective window. Factors known 
to initiate insulin secretion were incorporated into our 
design. The design runs were set to include up to 93 reac-
tion conditions, along with the addition of 3 center point 
conditions. Following the generation of HD-DoE designs, 
the design with the highest G-efficiency was selected. 
This chosen HD-DoE design served as a template for the 
creation of perturbation media matrices. The perturba-
tion matrices, consisting of 96 independent experimental 
runs, were generated using a Freedom Evo150 liquid han-
dling robot (TECAN, CHE).

Generating computer gene models
The differentiation space was modeled using MODDE 
software. After importing the data into MODDE, pri-
mary ’Summary of Fit Plots’ were automatically gener-
ated, providing R2 and Q2 measurements for each gene 

model. R2 assesses how well the data fits the gene model, 
while Q2 estimates the precision of the model’s predic-
tion. Both metrics range from 0 to 1, with values above 
0.5 indicating a significant gene model.

Statistical analysis
Data were analyzed and graphed in Excel and GraphPad 
Prism9. Comparisons were conducted via ANOVA and 
T-Test with a significant difference defined as P < 0.05.

Results
Impact of culture system (2D vs. 3D) on differentiation 
and metabolism
The protocol was originally developed using adher-
ent cultures and derived from design of experiments 
[18]. Suspension protocol was initiated in TB10 media 
(Table 1) to support aggregate formation [36]. This media 
was designed to stabilize aggregate formation while lim-
iting aggregate growth. CDM2 medium [37, 38] poorly 
sustained aggregate growth during iPSC differentiation 
in bioreactors (Data not shown), so a descendent media 
was developed (TB2) specifically for sustaining iPSC 
differentiation in bioreactor suspension conditions 
(Table  1). Initial evaluation of the protocol transfer was 
performed in two culture conditions: adherent and in 
suspension bioreactors using the NCRM1 iPSC-line. 
Stage 3 cells from a suspension environment and adher-
ent culture were compared and evaluated through RNA 
sequencing (Figure S1). RNA sequencing data in heatmap 
(Figure S1-A) and volcano plot (Figure S1-B-C) evalu-
ation of core endocrine genes showed that expression 
levels in adherent cells were lower than those expressed 
in 3D environment (Figure S1-A). Several genes that are 
essential for insulin transcription such as NEUROD1, 
MAFA, PPARGC1A and NKX2.2 [19] along with INS 
were expressed with higher transcript levels in bioreac-
tor samples. It was observed that genes usually expressed 
in earlier stages such as FOXA2 and HNF1β had higher 
expression levels in adherent culture indicating that 2D 
environment differentiation might be lagging. Since the 
cell architecture of human islets is in 3D and not 2D, dis-
sociating and reaggregating the cells can more closely 
mimic conditions during embryonic islet development 
[22]. Thus, endocrine stage adherent cells were dissoci-
ated and aggregated in flasks (Figure S1-D) as a means of 
additional comparison of the final material as aggregates. 
ELISA assay was used for quantifying C-peptide content 
per aggregate in this comparison. The results indicated 
that the C-peptide per aggregate content observed in sus-
pension environment was significantly higher compared 
to pseudoiselets generated from the adherent cultures 
(Figure S1-E). These results were consistent with the data 
from RNA sequencing despite reaggregation. Thus, there 
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are discrepancies between culture characteristics requir-
ing custom differentiation optimization. Aggregate size 
and density might be potential factors impacting the dif-
ferentiation process and cell fate [36].

Expansion and differentiation of iPSCs 
into insulin‑producing cells
To develop and solidify the protocol transferred from 
adherent to suspension environment, an iterative strategy 
of stage-wise optimization was used to determine and 
control critical process parameters using two cell lines. 
Prior to initiating the differentiation protocol, 90 mil-
lion adherent cells were collected from flasks of two dif-
ferent cell lines, RCRP5005N and NCRM-1. Each batch 
was then reseeded into a 500 ml vertical wheel bioreac-
tor at a density of approximately 1.8 × 10^5 cells/ml in 
TB10 media which consists of Essential 8 (E8) medium 
supplemented with polyethylene glycol (PEG) and Hepa-
rin Sodium Salt (HS). On the 3rd day, differentiation was 
initiated as previously described [18]. The protocol, origi-
nally optimized for adherent culture using a HD-DoE 
approach, aimed to induce dorsal foregut endoderm from 
pluripotent stem cells. This protocol (TB-beta) was mod-
ified as depicted in (Fig.  1A) with the basal media TB2 
(Table 1). Modifications in the basal media supplements 
were made to enhance aggregate stability and limit aggre-
gate fusion events, thus minimizing cluster diameter.

During the initial 3  days of differentiation toward 
definitive endoderm, cells were optimized for FOXA2 
expression. The morphology and growth of the clus-
ters were characterized at all stages of differentiation, 
and the aggregate diameter measured in the range of 
(300 ± 100) µm for both cell lines (Fig.  1B–C). Retinoic 
acid, LDN3189, A8301, and PD0325901 were identified 
as differentiation factors for stage 1 (DFE) based on pre-
vious optimization efforts for HNF1β and FOXA2 [18]. 
By the end of this stage, bioreactors contained approxi-
mately 325 million cells of NCRM-1 and 420 million 
cells of RCRP5005N, representing ~ 4 × fold expansion 
throughout the process. Following the DFE stage, aggre-
gates from each bioreactor were split into two additional 
500  ml bioreactors to control cellular density. One half 
of the NCRM-1 cells remained in their original spent 
medium in a continuous bioreactor run with additional 
Pancreatic Progenitor (PP) stage factors being spiked 
in (Fig.  1A). It was also noted that aggregate diameter 
remained consistent for both cell lines throughout PP 
induction (Fig. 1B–C).

Subsequently, cells were cultured in endocrine induc-
ing media for 10–30 days, consisting of TB2 media sup-
plemented with gamma secretase and A8301. Media 
changes occurred for all bioreactors except the NCRM-1 
cells that had never received a media exchange. NCRM-1 

kept the same medium with spiking in additional fac-
tors needed for endocrine induction. In this study, sev-
eral parameters and changes were identified and deemed 
essential for optimizing efficient large-scale manufac-
turing of islet-like clusters. Some of these parameters 
include controlling aggregate size without dissociation, 
altering basal media to support aggregation, conducting 
a 100% suspension protocol, extending the PP induction 
and endocrine induction stages differentiation periods, 
and limiting basal media changes throughout the process.

Optimization of time through a stage‑wise approach
Cell evaluation occurred at the end of each differentia-
tion stage. Prior to bioreactor seeding, cells were assessed 
for pluripotency markers SSEA4 and TRA-1–60 (Fig-
ure S2A). Populations exceeded 90% for both markers 
and over 85% co-expression. At the conclusion of DFE 
stage, FOXA2 expression ranged from 50 to 85%, with 
no detectable OCT4 expression, signifying the absence 
of undifferentiated cells (Figure S2B). Immunostaining 
on bioreactor clusters, which were plated on a vitronec-
tin coated 24 well plate, revealed co-expression of HNF1β 
and FOXA2 (Figure S2C). HNF1β was originally opti-
mized as a marker in the adherent protocol for directing 
dorsal foregut endoderm differentiation and subsequent 
endocrine cell fates [18].

To optimize PDX1 expression, cells remained as clus-
ters in PP stage media for 4–8 days. This time study on 
PP stage cells determined the optimal duration for dif-
ferentiation in a suspension environment. Bioreactor PP 
stage cells were sampled at various time points. While 
the control sample remained in stage 2 (PP) for only 
4 days, two additional samples were kept in PP induction 
stage media for 6 and 8 days, respectively. Subsequently, 
the cells were subjected to endocrine induction medium 
for 10 days and then analyzed for the expression of sev-
eral endocrine specific markers including GCG, INS, 
SST, NKX6.1, NKX2.2, and FOXA2 (Fig. 2A). Prolonging 
the exposure of the PP inducing media led to increased 
expression of all the afore-mentioned markers except 
for SST. Notably, the extra two days in the PP inducing 
media resulted in increased expression of GCG, SST, 
NKX6.1, and NKX2.2 as compared to both the 4- and 
8-day induction periods. It was noted that the expression 
of INS and FOXA2 continued to increase over time. Dur-
ing the endocrine induction period, marker expression 
analysis was performed weekly. Prolonging the exposure 
to the endocrine inducing medium resulted in increased 
expression of INS, MAFA, MFN1, NKX6.1, and PDX1.
Only SST and NEUROD1 expression decreased over 
time (Fig. 2B). Additionally, daily sampling after 10 days 
in endocrine induction media revealed that extending 
this time by at least an additional five days resulted in a 



Page 9 of 24Yehya et al. Stem Cell Research & Therapy          (2024) 15:408  

Fig. 1 Bioreactor-based differentiation protocol timeline. A Schematic of the 3-stage differentiation pancreatic protocol used in bioreactors. Figure 
is created with BioRender.com B Images of bioreactor aggregates sampled throughout the different protocol stages. C Average aggregate size 
measurements on two different cell lines used throughout the protocol
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20-fold increase in C-PEP expression. Glucose stimulated 
insulin release assays conducted over this 5-day time-
period showed a minimal increase in C-PEP on day 10, 
and the largest increase was observed on day 13. Further 
increases following depolarization with KCL on day 15 
showed a significantly higher C-PEP content (~ tenfold) 
as compared to the control samples performed on day 10 
of endocrine inducing stage 3 media (Fig. 2D).

Characterization of stage‑specific markers 
throughout the protocol
The transition of β-cells during maturation involves 
notable alterations in the expression levels of HK2 
(Hexokinase 2), LDHA (Lactate Dehydrogenase A), and 
SLC16A1 (Monocarboxylate Transporter 1) [19, 39, 40]. 
These genes play crucial roles in glucose metabolism and 
lactate production within cells. As β-cells mature, LDHA 
expression declines, leading to decreased lactate produc-
tion. Additionally, SLC16A1 expression decreases, limit-
ing the capacity for lactate transport further contributing 
to the metabolic shift from lactate generation to pyruvate 
utilization. This causes a β-cell maturation event by facili-
tating functional adaptation to full glucose utilization 
[19].

Comparing the original adherent protocol to the biore-
actor production of β-cells over time focusing on these 
three genes (Fig.  3A) showed that these ‘functional dis-
allowed genes’ are repressed throughout differentia-
tion process within bioreactors. The difference between 
adherent and bioreactor culture becomes especially sig-
nificant during the PP-induction stage and throughout 
the endocrine induction stage, where suspension cultures 
show significant repression of these glycolytic genes. 
These results match the findings shown in our RNA 
sequencing analysis presented in (Figure S1) which sug-
gested that adherent culture lags in differentiation. To 
determine the shift in gene expression occurring through-
out the differentiation protocol, key insulin transcrip-
tion factors such as NEUROD1, NEUROG3, NKX6.1, 
NKX2.2, and MAFA, which play crucial roles in β-cell 
maturation [19, 39, 41–43], were monitored throughout 
the entire process (Fig. 3B). NKX6.1 expression increased 
after the media changed into the endocrine induction 
media. Conversely, NEUROD1, NEUROG3, NKX2.2, and 
MAFA expression began to significantly increase as the 

duration of the endocrine induction media was length-
ened, suggesting a maturation benefit for extended dif-
ferentiation time. Throughout the culture, FOXA2 and 
HNF1β were also tracked. FOXA2 regulates gene expres-
sion crucial for β-cell development during embryonic 
pancreatic development [18], and HNF1β dives exocrine 
development [18]. HNF1β exhibited a significant increase 
in expression levels between the differentiation from DFE 
to a PP but had a diminishing expression after endocrine 
induction. This was expected since its continued expres-
sion leads to exocrine development. In contrast, FOXA2 
continued to rise post endocrine induction since it gov-
erns the expression of key genes like PDX1 and main-
tains the differentiated state and functionality of mature 
β-cells. Additionally, the expression levels of INS and 
GCG were mapped throughout the process, both show-
ing significant increases during endocrine induction, in 
agreement with the discussed results.

The iPSC-derived islet-like clusters generated from the 
bioreactors were assessed for endocrine marker expres-
sion through immunostaining of the clusters. It was 
revealed that the aggregates expressed several known 
pancreatic markers, including PDX1, C-PEP, CGA, GCG, 
and SST, indicating the induction of a genuine pancre-
atic endocrine state (Figure S3A). Some co-expression 
of endocrine products was noted with the presence of 
CPEP + /SST + and CPEP + /GCG + cells being observed.

Continuous culture dramatically impacts 
the differentiation towards pancreatic progenitors
Maintaining stable cellular homeostasis, characterized 
by minimal fluctuations, is a prerequisite for optimal cel-
lular function and environment understanding which 
leads to better system control [44]. This stability ensures 
that processes such as metabolism, signaling, and gene 
expression remain finely regulated within narrow ranges 
conducive to cellular function. Multiple factors con-
tribute to the fluctuation and homeostasis and not just 
a small number of regulatory enzymes [45–47]. Factors 
include growth conditions, glucose concentration, cel-
lular signaling pathways like AKT1, enzymatic regula-
tion by LDH, PFK, and PEP, oxygen availability, cellular 
metabolism, tissue-specific functions, metabolic shifts, 
all collectively shaping the balance between lactate pro-
duction and consumption [44]. To better understand the 

Fig. 2 Time study evaluating differentiation and function. A Gene expression profile from the end of stage 3 of harvested cells that had different 
prolonged PP induction timing of 4 days, 6 days, and 8 days B Gene expression profile of harvested endocrine cells with increasing 1-week intervals. 
C C-Peptide concentration per aggregate count as a function of time in endocrine induction media. D Glucose-Stimulated Insulin Secretion 
of endocrine aggregates as a function of time. The stimulation index for day 11, 12, 13, 14, 15 after the end of endocrine induction (10 days), was 1.4, 
1.2, 1.8, 1.2 and 1.4 respectively. All bar charts show individual points with mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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Fig. 3 Characterization of glycolytic and stage specific markers throughout the differentiation protocol. A Glycolytic genes expression comparison 
between adherent and suspension culture over time. Comparisons are made at the end of each differentiation stage. B Gene expression 
profile of cells at different stages of the protocol. The stage being assayed is indicated below the graph. All bar charts show individual points 
with mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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full bioprocess and nutrient limitations in maintaining a 
cellular homeostatic environment within the culture, a 
continuous media study was conducted throughout the 
differentiation protocol (Figure S3B). The stage-specific 
utilization of glucose and lactate generation throughout 
the culture time was assessed. A comparison was made 
between the Control media change bioreactor and the 
continuous bioreactor at the end of each stage and every 
week after endocrine induction. Spent media samples 
collected throughout the differentiation protocol were 
evaluated (Fig.  4A). Initially, the glucose concentra-
tion in the Control media change bioreactor decreased 
by approximately 30%. By around day 17 of the proto-
col, this decrease became less than approximately 16%, 
eventually reaching around 11% at harvest. With each 
media change, a steady increase in lactate concentration 
in the basal medium was observed. Toward the end of 
the control protocol which received full media changes 
throughout the process, an accumulation of (6  mM) 
lactate was measured. Comparing the profile of glucose 
and lactate change over time between the Control media 
change bioreactor and the continuous condition revealed 
significant differences. The glucose consumption rate 
decreased from approximately 30% before the initiation 
of differentiation to negligible levels toward the end of 
the protocol, stabilizing at around 7  mM after approxi-
mately 5 days from the start of differentiation (Fig. 4A). 
Similarly, lactate accumulation increased only during the 
first 3–5 days of the protocol, reaching a steady state after 
5 days in culture at around 17 mM.

The impact of not changing the basal medium and spik-
ing differentiation factors in a continuous culture of cells 
was assessed alongside the Control media change biore-
actors that underwent the process previously described 
(Fig. 1A). A comparison of expression levels at late endo-
crine induction stage revealed significant differences in 
the levels of PDX1, NEUROD1, and SST between the 
control cells and the cells that remained in the same 
medium with only spiking in stage-specific differentia-
tion factors (Fig.  4B). The cells that were not subjected 
to basal media change exhibited higher expressions of 
PDX1, NEUROD1, INS, and NKX2.2 but lower expres-
sion of SST and GCG. This suggests an increased prefer-
ence for β-cells throughout the differentiation process.

To explore the metabolic phenotype of the islet aggre-
gates generated by our suspension protocol, we exam-
ined the growth rate of cells in both cultures (Fig.  4C) 
along with the consumption rate of glucose relative to 
lactate production over the culture period (Fig. 4D). The 
results further suggest that the cells are potentially pri-
marily relying on glycolysis during the early stages of 
differentiation (S1-2) and transition to oxidative phos-
phorylation towards endocrine induction during the 

protocol (Fig.  4D). This transition occurs earlier in the 
continuous bioreactor because the glucose consumption 
rate reached a steady state faster. Endocrine cells pro-
duced from a continuous bioreactor run were assessed 
for INS expression using a HD-DoE assay that included 
multiple secretagogues (Figure S4A). This demonstrated 
that a fivefold increase in insulin levels can be attained 
within a 3-h incubation using the combinatorial influ-
ences of high glucose Rapamycin, DCA, oxytocin, and 
arginine (Figure S4B). The baseline medium on the cells 
was at low glucose whereas high glucose (17.5 mM) was 
incorporated as an additive in the design.

Nutrient consumption and metabolite measurements
Examining potential alternative fuel and nutrients 
sources for the cell, the amino acid profile throughout 
the culture of both the control and the continuous bio-
reactors was analyzed (Figure S5A-B). Amino acid con-
centrations were measured using the REBEL Cell Culture 
Analyzer (908 Devices). Essential amino acids such as 
histidine, isoleucine, leucine, lysine, methionine, pheny-
lalanine, threonine, tryptophan, and valine were main-
tained throughout the culture period in both bioreactors. 
However, some amino acids were completely depleted 
in both culture mediums, including L-aspartic acid after 
5  days and L-glutamic acid after 16  days. Amino acid 
metabolism is crucial for normal pancreatic β-cell func-
tion, and alanine and glutamine are known for their role 
in regulating β-cell function and insulin secretion [48]. At 
the end of culture, glutamine and alanine concentrations 
were at a higher concentration than they occur in fresh 
media, suggesting they were not growth-limiting (Figure 
S5A-B). However, the source of their increase remains 
unknown, unlike previous observations attributing their 
increase to the GlutaMAX™ additive [49]. This increased 
level of alanine and glutamine compared to the start-
ing medium was not observed in the Control bioreac-
tor that had frequent media changes between stages and 
throughout the extended endocrine induction stage. No 
other significant differences were observed between the 
two bioreactors. As previously noted, the bioreactor with 
limited media replenishment showed better differentia-
tion than the Control media change bioreactor. Dietary 
manipulations of amino acids and serum deprivation 
have been linked to promoting adult-like traits in pan-
creas β-cells derived from human stem cells [34, 50–52].

In addition, both culture bio-profiles were assessed 
using FLEX2 (Nova Biomedical), analyzing Gln, Glu, 
NH4 +, Na +, K +, Ca +  +, pH, PCO2, and PO2 through-
out the culture period for both reactors (Figure S6A-B). 
The osmolarity of the culture medium steadily increased 
in the continuous bioreactor but remained within 
the range of 280–320  mOsm/kg. This increase can be 
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Fig. 4 Impact of glucose consumption and lactate accumulation and profile on the differentiation and growth of cells A. Glucose and lactate 
concentration profile throughout the differentiation protocol on two bioreactors: the control which has frequent media changes at the different 
stages and the continuous which has no media changes but only spike in of differentiation factors at each stage. B Gene expression 
profile of cells for stage specific markers on both bioreactors after 20 days in stage 3 endocrine induction media. C Cell growth profile 
throughout the differentiation period on both control and continuous bioreactors. D The change of glucose over lactate concentration over time 
for the continuous bioreactor. All bar charts show individual points with mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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attributed to the accumulation of solutes from nutrient 
metabolism and other waste products. In contrast, the 
osmolarity of the Control media change bioreactor fluc-
tuated as the media was replenished at different stages of 
the differentiation process. Glutamine and glutamate lev-
els were also assessed, and both showed depletion over 
time. This was consistent with measurements taken using 
the REBEL analyzer. Both bioreactors were comparable in 
their bio-profile, except for major differences observed in 
the continuous decrease of pH in the continuous bioreac-
tor, as expected, and the rate of oxygen consumption. The 
gases measured in the media may have been impacted by 
the time between collection and measurement, however, 
the overall impact is the same for all samples. The over-
all data profile showed that the PO2 level began steadily 
decreasing after 10 days of culture or PP induction stage 
of differentiation. Although the interface of the media 
with the gas in the headspace of both bioreactors is the 
same since they are both the same size (500 ml), the near-
equivalent flux of oxygen into the media may not be suf-
ficient to replenish increased oxygen consumption in the 
0.5L continuous vessel as compared to the Control media 
change bioreactor that simply has all the media replaced 
at regular intervals.

Validation and scaling
After resuming iterative process optimization and 
improvement efforts and implementing them as needed 
to achieve the desired culture outcomes, the process was 
validated using multiple bioreactors at different densi-
ties. Three different seeding densities were used to seed 
0.5L bioreactors (75 M, 90 M and 120 M). The aggregates 
generated were monitored throughout the experiment 
and harvested at the end of the process (Fig. 5A). The cell 
clusters were evaluated for staining with dithizone (DTZ, 
which binds zinc within insulin granules), flow cytom-
etry and protein levels of selected markers, viability, and 
oxygen consumption rate. There was a variable retention 
of DTZ throughout the different runs with the strong-
est intensity observed in Endo75A’ while little if any was 
observed in Endo75B’ (Fig. 5B). The aggregates were then 
analyzed for viability (Fig.  5C) and size (Fig.  5D). The 
cells were viable after the induction of endocrine cells, 
and the culture aggregate diameter average was below 
500  µm. The growth rate of the bioreactors followed a 

profile of rapid proliferation during the early stages of 
differentiation (Generation of PP) and plateauing after 
endocrine induction (Fig.  5E). A sample of the clusters 
was digested to be further tested for counts (Fig. 5F) and 
flow cytometry (Figure S7–10). As expected, the largest 
yield was observed in bioreactors with the largest seeding 
density. These bioreactors also had the largest aggregate 
diameter; however, this didn’t impact viability (Fig. 5E).

The continuous and Control media change bioreac-
tors were tested for OCR and ECAR (Fig. 6A). Consistent 
with our findings, iPSCs-derived pancreatic progenitors 
produced with constant medium changes have lower 
OCR compared to those produced in a continuous bio-
reactor. iPSC-islets generated with our continuous biore-
actor protocol have a higher aerobic respiration capacity. 
Mature function is dependent on obligatory aerobic 
metabolism and an increase in aerobic capacity of iPSC-
derived islets is suggestive of an increased functionality, 
though full function has not been obtained. To assess 
the robustness of the continuous bioreactor process we 
next performed a continuous run using three different 
cell iPSC lines (Figure S11). It was shown that the process 
itself worked for all cell lines, however the efficacy of the 
pancreatic induction protocol varied widely. The early 
endodermal genes FOXA2 and HNF1β were all induced 
to similar levels, however genes representative of a pan-
creatic progenitor state showed variance between the 
cell-lines (Figure S11A). PDX1 induction was detected 
in all three cell lines, but was significantly reduced in the 
RCRP5005N lines, whereas NKX6.1 was significantly 
reduced in the NCRM-4 line. Consequently, endocrine 
induction was severely reduced with only SST reaching 
similar induction levels in the NCRM-4 cell line. Immu-
nofluorescent staining was performed on the three con-
tinuous bioreactor runs to confirm the reduced induction 
levels of PDX1 and CPEP in the different iPSC lines (Fig-
ure S11B).

Cryopreservation and recovery
The harvested aggregates were cryopreserved in CS10 
solution with 10% DMSO in liquid nitrogen. Some vials 
were then recovered in TB2 medium + 10  µM Y-27632 
ROCK inhibitor as aggregates. The clusters were checked 
for viability using FDA/PI stain immediately, and after 
5 days of recovery, (Fig. 6B) no change was observed. The 

(See figure on next page.)
Fig. 5 Scale-up validation on multiple 0.5L bioreactors with different seeding densities. A An image of all bioreactors runs for this validation. B 
Dithizone staining of endocrine aggregates products. C Live dead staining on endocrine stage aggregates generated from all bioreactors using 
fluorescein diacetate for live staining and propidium iodide for dead staining. D Violin plot of the aggregate diameter variance on endocrine 
stage aggregate from all bioreactors runs including previous control. E The growth rate of cells over time for the Control media change bioreactor 
Endo75A. F Table summary of the viability of digested endocrine aggregates and their respective total cell count from each 500 ml bioreactor
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cells were > 85% viable after recovery. In addition, the 
cells were evaluated for C-PEP content in high glucose 
medium (17.5  mM) over time using a C-PEP Elisa kit. 
The concentration was then normalized per aggregate 
number (Fig. 6C). The C-PEP content was ~ 22 pmol per 
aggregate before cryopreservation. It decreased immedi-
ately after recovery but then reached a steady state after 
5  days and stayed at 5  pmol per aggregate for the next 
10 days.

Discussion
The translation of a developed large-scale process for 
β-cell production into the clinic applications is much 
needed [53, 54]. In this study, the process development 
and improvement for transitioning adherent cell cul-
ture protocols to a bioreactor suspension culture sys-
tem involved several sequential steps (Table  5). Firstly, 
an assessment of the current cell culture parameters, 
including medium composition, cell seeding density, dif-
ferentiation factors, and culture vessel, is needed. Next 
is the identification of key performance indicators and 
desired process outcomes to establish the goals of the 
optimization process. Before this study, feasibility stud-
ies were performed to evaluate the suitability of bioreac-
tor culture vessels and impeller speed for the specific cell 
line or type. This was followed by small-scale bioreactor 
trials (100  ml) to assess cell expression, growth kinet-
ics, and overall culture performance [36]. In this study, 
adjustments were made to bioreactor operating param-
eters such as stage time, culture medium change, and 
nutrient feeding strategies based on the results of these 
trials. Throughout the process, cell viability, proliferation, 
metabolite assessment and product quality were moni-
tored and evaluated. A gradual transition from adherent 
cell culture to bioreactor cell culture was then achieved 
with careful optimization and monitoring at each step 
(Table 5).

Developing a manufacturing process for robust and 
scaled production of iPSC-derived pancreatic islet-like 
cells produces a renewable source of islets needed both 
for diabetes investigations as well as diabetes thera-
pies. Making islets available to address these needs will 
promote discovery of new treatments and increase the 
accessibility of existing treatments. In this study we 
hypothesized that lactate accumulation and glucose 

stability resulting from a limitation of media replenish-
ment may be beneficial, if not necessary, for efficient dif-
ferentiation. However, further experiments are required 
to validate this hypothesis. Various compounds consti-
tute the common basal media used in iPSC culture main-
tenance and differentiation. IMDM and F12 are examples 
of basal media used in the field, however, there has been 
limited research on whether all the components that con-
stitute these mediums are needed. Future work assessing 
the need of medium components and amino acids may 
play a pivotal role in improving targeted differentiation 
and reducing production costs. Another method that 
can contribute to an increased efficiency in manufactur-
ing is assessing the underlying cause of improved differ-
entiation seen in constant medium bioreactor cultures. 
Identifying the exact parameters allows researchers to 
build on these process improvements. In addition, defin-
ing limiting nutrient parameters and designing a strat-
egy for spiking additives such as essential amino acids, 
other nutrients or increasing oxygen levels will play an 
instrumental role in enhancing function of the process 
and on the differentiated cells. Finally, optimization of 
bioprocess design and defining new key parameters for 
monitoring and control represent a promising avenue for 
enhancing the scalability and efficiency of iPSC expan-
sion and differentiation.

As the realization of implementing cellular replace-
ment therapies for Type 1 diabetes in clinical settings 
advances, it is crucial to refine the current adapted man-
ufacturing methods, their feasibility, and efficiency. This 
research focuses on identifying and assessing various 
bioprocess variables in the production of insulin-produc-
ing cells derived from human iPSCs. We examined gene 
expression profile throughout the process, metabolic 
behaviors after nutrient limitation, and growth patterns, 
cell functionalities, and the activation of specific markers 
associated with maturation and metabolic shifts during 
differentiation.

Our study has shown that 3D culture systems bet-
ter mimic the in vivo microenvironment, leading to 
improved differentiation efficiency and functionality of 
β-cells. We determined that culture platform can affect 
cell fate and differentiation efficiency. Understanding 
the effects of culture morphology on β-cell production 
is crucial for optimizing differentiation protocols. The 

Fig. 6 Energy map profile and cryopreservation recovery on endocrine cells. A Seahorse data on OCR and their respective ECAR profiles 
on a control run with regular media changes versus a continuous bioreactor run. B Live dead staining using fluorescein diacetate for live staining 
and propidium iodide for dead staining. On endocrine aggregates that were recovered from cryopreservation. C-peptide concentration profile 
normalized to the number of aggregates on cryopreserved and recovered cells from bioreactors. OCR and ECAR charts show individual points 
with mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

(See figure on next page.)
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differentiation towards endocrine fates was improved 
when transferring the protocol from adherent platform to 
suspension platform. Crucial for this improvement was 
developing a media formulation optimized for suspen-
sion cultures and is reflected in the changing of the basal 
culture medium from CDM2 to TB2 to better sustain 
aggregate stability. While we believe the general advan-
tage of 3D culture on differentiation over 2D cultures, 
the differentiation protocol and process have factors that 
could cause variability in results. Some inherent causes 
of variability throughout the process that were evalu-
ated here are the cell source used, differentiation media, 
aggregation method and reagents used. In addition, the 
impact of time on the differentiation process cannot be 
understated. We show here that prolonged culture dura-
tions lead to increased cell differentiation though they 
have the potential to increase process cost. Here we pro-
pose that a compromise between an increased matura-
tion level of a biologic and the overall process cost needs 

to be fully addressed during process optimization. In this 
study, extending stage durations was shown to benefit 
the differentiation capacity of desired markers associated 
with our target product profile. To counter the associated 
cost with this increased production time, we evaluated 
the need for replenishing media throughout the process 
and how the overall differentiation process was affected.

Achieving significant cell quantities is essential for 
producing insulin-producing cells efficiently. Estimates 
suggest around 1 billion β-cells would be necessary for 
the treatment of a type 1 diabetic patient [5, 55–58]. 
By defining critical quality attributes, we can pinpoint 
stages for enhancing cell differentiation without compro-
mising process quality and yield. Our study showed an 
approximate production capability of 1 billion cells per 
liter of production run. The cell yield was enhanced by 
eliminating cell disruption and digestion throughout the 
entire process, increasing seeding density and culturing 
the cells in an aggregate stability enhanced media [36].

Table 5 Process optimization and improvement flowchart

Process optimization and improvement flowchart

Step Description List

1. Initial Adherent Cell Culture Process Assess current cell culture parameters Culture medium Surface coating
Stage medium development (HD-DoE) Seeding 
density optmization

2. Identify Key Performance Indicators Identify key performance indicators and desired 
process outcomes

Gene Expression Glucose response Growth 
and viability Aggregate diameter oxygen con-
sumption
Glucose/Lactate Amino acid consumption

3. Feasibility Studies Conduct feasibility studies to evaluate the suit-
ability of bioreactor culture for the specific cell 
line or type

Direct protocol transfer
RPM and shear stress minimization
Seeding density optmization

4. Small-Scale Bioreactor Trials Perform small-scale bioreactor trials 100 ml Bioreactor validation Differentiation 
medium optmization Aggregate stability additives

5. Adjust Bioreactor Operating Parameters Evaluate and adjust bioreactor operating param-
eters

RPM
Media change frequency Disaggregation 
between stages Media change method

6. Monitoring and Evaluation Monitor cell viability, proliferation, and product 
quality throughout the process

Sampling frequency
Stage timing
QC methods and freasibilty

7. Transition to Bioreactor
Culture

Implement gradual transition from adherent cell 
culture to bioreactor cell
culture, with careful optimization and
monitoring at each step of the process

Large scale transition
Validation
Repeatabilty and reproducability check
Stage wise validation

8. Continuous Monitoring and Data Collection Continuously monitor and collect data on biore-
actor performance and cell culture characteristics 
for further process optimization and refinement

Continuous culture study Nutrient limiation study 
Environment control limitation Data monitoring 
methods

9. Analysis and Iteration Document and analyze results to identify
areas for further improvement and
innovation

Determining needs
Process iteration changes QC check repeat 
with control

10. Iterative Process
Optimization and Improvement

Iterate process optimization and improvement 
steps as needed to achieve desired culture 
outcomes

Contrinuous process improvement
Eliminate variables
Fix acceptance critera

11. Successful Transition to Bioreactor Successful Transition to Bioreactor Validation
Process control



Page 20 of 24Yehya et al. Stem Cell Research & Therapy          (2024) 15:408 

Though increasing the seeding density was shown to have 
the direct effect of increasing aggregate size, a balance 
between initial seeding density and product yield must 
center on defining the desired aggregate size of the final 
product.

Despite observing a large increase in cell number and 
glucose consumption in the first 5  days indicating pro-
liferation, the actual proliferative capacity was limited as 
the differentiation continued presumably due to at least 
a partial metabolic shift away from glycolysis. This shift 
from proliferation to differentiation occurred faster in 
continuous bioreactors when compared to the control 
medium change environment. This change in addition 
to reduced glucose consumption rate can be partially 
attributed to insulin degradation in medium and inabil-
ity to facilitate glucose uptake by thus regulating glucose 
consumption in cell medium. We propose that glucose 
utilization and lactate accumulation are critical quality 
attributes that can influence cell fate. We report in our 
study that while the intention behind running continu-
ous bioreactors was for media nutrition limitation stud-
ies, the cells produced in that environment achieved a 
more desirable differentiation state. This may result from 
achieving a level of cellular homeostasis and stability not 
capable when cultures are continuously shocked by dras-
tic environmental changes. Replenishment of media was 
shown to drastically change both the glucose and lactate 
levels while process related changes, such as centrifuga-
tion and the complete removal from culture media, are 
suggested to also have negative effects. The continuous 
culturing process described here was found to be practi-
cally amenable to this protocol since none of the differ-
entiation factors used work directly against each other. A 
situation unlikely to occur in all directed differentiation 
protocols. Most small molecules are relatively stable as 
proteins or metabolites that can be used as differentiation 
reagents. The latter two naturally degrading over time in 
culture. Recent studies have reported and support the 
notion that lactate accumulation contribute to a slightly 
acidic environment and may be beneficial for differentia-
tion efficiency [49]. Lactate production rates in our con-
tinuous process media were similar to what is observed 
in physiological fasting levels [59].Lactate is approxi-
mately double glucose concentrations when measured 
on a molar basis. This equivalence extends to a carbon-
atom basis because two lactate molecules equate to one 
glucose molecule [59]. The clear implication from these 
findings is that pyruvate, a product of glycolysis, might 
not enter the tricarboxylic acid (TCA) cycle directly 
within cells, but may instead be converted into lactate 
and released into the bloodstream. This conversion pro-
cess necessitates the activity of lactate dehydrogenase 
(LDH) [59]. The lactate steady state achieved in the 

continuous bioreactor could be attributed to a lower glu-
cose consumption rate after a metabolic shift away from 
glycolysis and towards oxidative phosphorylation during 
our endocrine induction stage.

Undifferentiated human iPSCs primarily utilize gly-
colysis for glucose metabolism, whereas during differen-
tiation, they transition to oxidative phosphorylation [60]. 
Even when maintained in an undifferentiated state, cul-
turing iPSCs in stirred suspension bioreactors prompts 
a shift from glycolysis accompanied by increased lactate 
production compared to differentiated cells [61]. Adapt-
ing to the dynamic metabolic changes and consequential 
fate decisions of iPSCs in bioreactors will necessitate a 
departure from conventional cell culture techniques [62].

Metabolic profiling of the cell culture medium is shown 
to be an essential parameter. The composition of the 
medium, including glucose concentration, amino acids, 
and lactate, influences cellular metabolism and ultimately 
effects β-cell production. For instance, higher glucose 
concentrations will stimulate glycolysis, whereas lower 
concentrations may favor oxidative phosphorylation as 
supported by data from our continuous bioreactor runs. 
Understanding these metabolic shifts and their impact 
on β-cell differentiation is critical for optimizing culture 
conditions to both enhance cell yield and functionality. 
These results offer valuable insights for manufacturing 
processes, though there are limitations to consider such 
as variations between cell lines and protocols, the need to 
evaluate robustness and reproducibility of both manufac-
turing and QC processes.

Data suggests that stem cell derived endocrine cells still 
lack glucose response function in comparison to human 
islet cells. While our cells were mildly glucose responsive, 
the high glucose set point is still lacking insulin increase 
[17, 37, 39]. Previous studies have shown that less mature 
β-cells exhibit heightened responsiveness to calcium lev-
els when glucose concentrations are low [19]. This can 
explain the elevated basal insulin secretion and poor 
GSIS [19]. Our cells were assessed for function using 
a basic static GSIS (Fig. 2D) while a more dynamic INS 
expression assay using our continuous bioreactor endo-
crine cells incorporated a HD-DoE assay. Mathematical 
models from MODDE software (Figure S4) have dem-
onstrated an ability to increase insulin secretion levels 
fivefold. It is reasonable to assume that our endocrine 
aggregates have the potential for an insulin secretion pro-
file of human islets, but still lack necessary mechanism 
for achieving this level of insulin response.

Strategic scale-up and design transfer processes are 
vital for translating laboratory-scale protocols into 
the large-scale manufacturing needed for commercial 
and  clinical uses. Ensuring scalability, reproducibility, 
and validation of the manufacturing process is essential 
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for generating consistent high-quality cellular products. 
This includes properly identifying critical process param-
eters and defining adequate quality control measures that 
can establish robust protocols ensuring reproducibility 
for a manufacturing site.

There are several limitations to this study. Although, 
two iPSC lines are tested in this study and two embry-
onic cell lines were used originally for the protocol [18], 

most differentiation protocols whether adherent or in 
suspension have different efficiencies and preferences 
when used on different cell lines. Certain cell lines might 
need slight process parameter changes to better fit the 
protocol, as an example the repro cell-line was previ-
ous shown to require lower RPM when grown in vertical 
wheel bioreactors [36]. While we expect that the insights 
gained could be relevant to other cell lines, factors such 

Table 6 Experimental data generated during study

P‑values and fold changes for all significant changes

Figure Comparison Mesurement Fold change P‑value

Fig. S1 Bioreactor vs Adhernet Cpep Content 24.9  < 0.0001

Figure 2A 6 days vs 4 days GCG Expression 37.6 0.0026

Figure 2A 6 days vs 4 days FOXA2 Expression 5.6  < 0.0001

Figure 2A 4 days vs 8 days SST Expression 2.4 0.0023

Figure 2A 6 days vs 4 days NKX2.2 Expression 12.1 0.0016

Figure 2B 2 weeks vs harvest SST Expression 6.2 0.0034

Figure 2B 2 weeks vs harvest NKX6.1 Expression 5.1 0.0381

Figure 2B 2 weeks vs harvest MAFA Expression 3.2 0.0026

Figure 2B 2 weeks vs harvest INS Expression 6.3 0.0033

Figure 2B Harvest vs 2 weeks NEUROD Expression 26.0  < 0.0001

Figure 2D 30 mM KCl vs 4.8 mM C-peptide release 9.8 0.0168

Figure 3A Adherent PP vs Bioreactor PP HK2 Expression 1.8 0.002

Figure 3A Bioreactor PP vs Bioreactor Endo HK2 Expression 22.5  < 0.0001

Figure 3A Adherent Endo vs Bioreactor Endo HK2 Expression 3.3 0.0055

Figure 3A Adherent PP vs Bioreactor PP LDHA Expression 2.7 0.0016

Figure 3A Bioreactor PP vs Bioreactor Endo LDHA Expression 3.5 0.0166

Figure 3A Adherent PP vs Bioreactor PP SLC16A1 Expression 1.5 0.012

Figure 3A Bioreactor PP vs Bioreactor Endo SLC16A1 Expression 8.5 0.0005

Figure 3A Adherent Endo vs Bioreactor Endo SLC16A1 Expression 2.8 0.0005

Figure 4B No media change vs media change PDX1 Expression 1.7 0.0031

Figure 4B No media change vs media change NEUROD1 Expression 3.8 0.0103

Figure 4B Media change vs no media change SST Expression 4.9 0.036

Fig. S11 NCRM1 vs NCRM4 NKX6.1 Expression 5.4 0.0080

Fig. S11 NCRM1 vs RCRP5005N PDX1 Expression 32.1 0.0024

Fig. S11 NCRM1 vs RCRP5005N SST Expression 2.9 0.0095

Fig. S11 NCRM1 vs RCRP5005N INS Expression 146.8 0.0005

Fig. S11 NCRM1 vs NCRM4 INS Expression 33.2 0.0005

Bioreactor conditions from Fig. 5

Abbreviation Seeding (per 500 ml Bioreactor)

Endo75A 7.50E + 07

Endo75B Split from Endo75A at stage 2

Endo75A’ 7.50E + 07

Endo75B’ Split from Endo75A at stage 2

Endo90A 9.00E + 07

Endo90B Split from Endo75A at stage 2

Endo120A 1.20E + 08

Endo120B Split from Endo75A at stage 2
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as seeding density, dissociation enzyme and time, cell 
passage number, media change method, basal media 
and human variables can also impact the differentiation 
efficiency. The fact that the additional cell lines did not 
perform as well in the continuous process may be attrib-
uted to some of these reasons and because the process 
was developed using the NCRM-1 line. It is likely that 
additional process parameter optimization is required 
for different cell lines as it is readily accepted that iPSC-
lines often behave differently. Some notable differ-
ence we observed in this series of experiments with the 
RCRP5005P cell line is a greater growth rate, the require-
ment for a lower rotational rate in the bioreactors and a 
greater capacity to attach to TC-plates. Differences like 
these would need to be addressed before a continuous 
run could be optimized. Altogether this suggests that dif-
ferent CPPs will be identified for different cell lines and 
manufacturing processes should be built around a single 
dedicated cell line.

Ultimately, the successful translation of iPSC-derived 
β-cells into manufacturing and production relies on a 
comprehensive understanding of various factors, includ-
ing culture morphology, differentiation time, culture 
medium metabolic profile, cryopreservation, and scal-
ability of the manufacturing process. By addressing these 
considerations, researchers can optimize protocols for 
efficient β-cell production and pave the way for success-
ful clinical trials and ultimately, the treatment of Type 1 
Diabetes (Table 6).

Conclusion
Our study outlines a large-scale differentiation proto-
col for generating insulin-producing cells from human 
iPSCs, emphasizing the need for extended differentia-
tion periods and minimal culture interventions. We high-
light the impact of reducing media changes on process 
efficiency and differentiation, underscoring the impor-
tance of refining manufacturing protocols. These insights 
advance cell replacement therapy initiatives by iPSC-
derived islet-like cluster production, offering valuable 
insights to the field’s understanding and practices.
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