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A B S T R A C T

Mesenchymal stromal cells (MSCs) derived from human embryonic stem cells (hESCs) are a desirable cell source
for cell therapy owing to their capacity to be produced stably and homogeneously in large quantities. However, a
scalable culture system for hPSC-derived MSCs is urgently needed to meet the cell quantity and quality re-
quirements of practical clinical applications. In this study, we developed a new microcarrier with hyaluronic acid
(HA) as the core material, which allowed scalable serum-free suspension culture of hESC-derived MSCs (IMRCs).
We used optimal microcarriers with a coating collagen concentration of 100 μg/mL or concave-structured surface
(cHAMCs) for IMRC amplification in a stirred bioreactor, expanding IMRCs within six days with the highest yield
of over one million cells per milliliter. In addition, the harvested cells exhibited high viability, immunomodu-
latory and regenerative therapeutic promise comparable to monolayer cultured MSCs while showing more
increased secretion of extracellular matrix (ECM), particularly collagen-related proteins. In summary, we have
established a scalable culture system for hESC-MSCs, providing novel approaches for future cell therapies.
1. Introduction

Mesenchymal stromal cells (MSCs) and extracellular vesicles derived
from MSCs have become important components in many clinical trials.
The amount of MSCs needed per patient ranges from tens of millions to
billions per kilogram of body weight, depending on the disease being
treated [1–3]. Human pluripotent stem cells (hPSCs) such as human
embryonic stem cells (hESCs) and human induced pluripotent stem cells
Stem Cell and Reproductive Bio

Stem Cell and Reproductive Bio

f Bioreactor Engineering, East Ch
of Stem Cell and Reproductive Bi

j@ecust.edu.cn (M. Guo), qzhou

20 April 2023; Accepted 5 May 2

is an open access article under t
(hiPSCs), have unlimited proliferation and differentiation potential,
making them reliable sources of functional cells for large-scale expansion
[4–6]. MSCs differentiated from hPSCs have been proven feasible,
exhibiting typical MSC properties both in vitro and in vivo, such as
multi-lineage differentiation ability and immunomodulatory effects. This
makes them a promising strategy for future cell-based therapies [7,8]. In
previous studies, clinical-grade hESCs were differentiated to MSC-like
populations with the unique abilities to modulate immunity and regulate
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extracellular matrix production, also known as immunity- and matrix-
regulatory cells (IMRCs) [9]. hESC-derived IMRCs have been tested in
preclinical studies for therapeutic effects in various diseases [9–11] and
have also shown encouraging results in clinical trials for diseases such as
COVID-19-associated acute lung injury (ALI) and pulmonary fibrosis,
with good results [12,13]. With the increasing application of
hPSC-derived MSCs, the large-scale preparation of cells that meet the
quality requirements needs to be addressed. Although two-dimensional
(2D) culture has the advantage of being simple, several issues, such as
complex processes and high cost hinder its usefulness in the systematic
development of mass production [14–16].

Bioreactor-based three-dimensional (3D) culture technology creates a
specialised microenvironment for producing stem cells. It enables the
real-time control of culture parameters to meet the growing demand for
cell production [17–19]. Stirred bioreactors using microcarriers offer a
high-density suspension culture for large-scale MSC production with
sufficient surface area for cell attachment and expansion [20,21]. Since
the earliest reported particle, positively charged DEAE-Sephadex beads
[22], microcarrier technology has rapidly developed for large-scale cul-
ture of various cell types [2]. Commercial microcarriers exhibit different
properties that affect cell growth, mainly including surface characteris-
tics, core materials, size and curvature [2,23]. The selection of core
materials for microcarriers is crucial to their performance, and commonly
used materials include polystyrene, gelatin, polyvinyl alcohol, dextran,
glass or other components [24,25]. Notably, microcarriers with the same
biological coating but different core materials can yield in distinct out-
comes in MSC production. For instance, Cytodex-3 and SoloHill Collagen
microcarriers exhibit different performance despite having an identical
biological coating [24]. Therefore, the screening of more suitable matrix
materials is an essential strategy to optimise microcarrier properties.

Hyaluronic acid (HA) is a natural glycosaminoglycan (GAG) poly-
saccharide widely distributed in vertebrates that is challenging to apply
in the microcarrier field due to its long linear polymer chain and easy
solubility in water [26,27]. HA-related hydrogels offer many advantages,
such as chemical modification into various physical forms, which can
provide a niche for MSCs while preserving their cellular properties
[28–31]. Previous studies have produced HA-based hydrogel micro-
spheres and acrylate HA microcarriers [32,33], but the potential of HA
microcarriers for stem cell expansion in scalable bioreactors has yet to be
explored.

This study evaluated whether microcarriers made with HA as the core
material were suitable for IMRC suspension culture using scalable
bioreactor technology in serum-free culture and while maintaining their
characteristics and immunomodulatory capacity. IMRCs were expanded
on HA microcarriers (HAMCs) and concave-structured microcarriers
(cHAMCs) in stirred bioreactors, resulting in excellent cell properties and
immunomodulatory potential.

2. Materials and methods

2.1. Materials

Hyaluronic acid (average molecular weight of 90–100 kDa) was ob-
tained from DuoXi (Shanghai, China); N-hydroxy succinimide (NHS) was
purchased from Sigma, while a 1-(3-dimethylaminopropyl)-3-ethyl car-
bodiimide hydrochloride (EDC), NH4HCO3, liquid paraffin, span 80, and
other chemically pure reagents were purchased from Aladdin (Shanghai,
China). Collagen type I was purchased from Advanced Biomatrix. Com-
mercial microcarriers m-Dev45 (Coring), Cytodex-3 (GE Healthcare),
SoloHill (Sigma) and Cultispher (Thermo Scientific) were purchased
from their respective distributors.

2.2. HA microcarriers preparation

To prepare HA microcarriers (HAMCs), HA powder (500 mg) was
dissolved in 10 mL of deionised water at room temperature. EDC (0.766
2

mg) and NHS (0.288 mg) powders were added to the HA solution, and
the mixture was stirred for 5 min to obtain a crosslinked solution at room
temperature. The solution was added dropwise to 80 mL of liquid
paraffin containing 0.25 mL of span 80 under stirring at 700 rpm and 40
�C to form aW/O emulsion. After stirring for 16 h at 25 �C, HA-NHS ester
spheres were obtained. To get concave-structured HA microcarriers
(cHAMCs), 0.3 wt% ammonium bicarbonate was added to the oil phase
during preparation. The resulting microspheres were collected by
centrifugation (4 �C, 7000 rpm, 5 min) and washed five times with 75%
ethanol and then washed 5 times with double-distilled water (DDW) by
centrifugation. The microspheres were then coated with collagen by
placing them in 200 mL of the aqueous solution containing 20 mg of
collagen at 4 �C for 12 h. The crosslinked microspheres were washed 5
times with DDW by centrifugation (4 �C), freeze-dried, and sterilised
with ethylene oxide gas.
2.3. Fourier transform infrared (FTIR) spectroscopy analysis of HAMC

The chemical composition of the microcarrier blends and various
substances, including HA powder, HAMC, HA-NHS ester, and NHS, were
analysed using Fourier transform infrared (FTIR) spectroscopy. The
microcarriers freeze-dried after being frozen at �80 �C and analysed
using attenuated total reflectance spectra (ATR-FTIR) were obtained
from an infrared spectrometer (Nicolet iS50, Thermo Scientific, USA). A
total of 64 scans were accumulated in the 4000 to 400 cm�1 range at a
resolution of 4 cm�1. The background FTIR spectra for different samples
were recorded and subtracted from the sample spectrum to obtain the
final spectra.
2.4. Atomic force microscopy (AFM)-based local stiffness measurement

To allow the measurement of the local modulus for microcarriers in
AFM, the microcarriers were glued to the glass sheet for AFM micro-
scopy. A small bead (radius, 15 μm) was immobilised at the terminus of
the AFM tip prior to testing. During the test, the tip was controlled to
approach the debris with a speed of 25 μm/s until the bead reached the
debris and a force over 5 nN was generated between the bead and the
debris. The tip was controlled to detach from the microcarriers to finish a
single test for local stiffness. The force-displacement curve was recorded
during the whole process, fromwhich the local Young's modulus could be
calculated. This experimental design gave us over 60 stiffness values for
each group in every experiment, resulting in over 180 data points for
each group in total [34].
2.5. hESC-derived MSCs differentiation and monolayer culture

hESC-derived MSCs (immunity- and matrix-regulatory cells, IMRCs)
have been previously generated from clinical hESCs and induced to
migrate out from human embryoid bodies (hEBs) in serum-free reagents
following the previous protocol [9]. IMRCs (passage 3, P3) were obtained
and seeded into plates or flasks at 1� 104 cells/cm2. Cells were expanded
in “IMRC Medium” containing α-MEM (Gibco), 5% KOSR, 1% Ultroser G
(Pall corporation), 1 � L-glutamine, 1 � NEAA, 5 ng/mL bFGF and 5
ng/mL TGF-β (Peprotech) and refreshed every 2 days. Cells were disso-
ciated or passaged by using Tryple (Gibco) upon reaching 70%–80%
confluence in conditioned medium.
2.6. Cell expansion on microcarriers under static conditions

Different microcarriers and cells were placed into plates with ultralow
attachment surfaces (Corning) in a working volume of 10 mL. The
microcarriers were washed with PBS and cells were digested using 5 mL
of Tryple after 7 days. Cell number and viability were tested using Trypan
Blue by Countstar software (Ruiyu BioTech, China).
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2.7. IMRC suspension culture in stirred bioreactors

According to the instructions, the bioreactor was used in the sus-
pension culture of IMRCs (DASbox Mini bioreactor system, Eppendorf).
The bioreactor consists of 250 mL glass vessels, each equipped with a 3-
blade impeller (30� pitch), dissolved oxygen (DO) and potential of
hydrogen (pH) probes, and temperature and gassing control modules,
enabling the online monitoring of cell culture conditions. DO and pH
were calibrated before each culture.

For IMRC suspension culture, IMRCs were seeded onto 0.1 g of
Cytodex-3 or HAMC at a density of 1.0 � 105 cells/mL in bioreactors
containing 100 mL of IMRC medium. Cells were cultivated at 37 �C with
constant headspace gassing and stirring. The DO (40%) and pH (7.2)
were controlled by gassing. Starting from day 2, a bioreactor refreshed
half of the IMRCmedium daily. To assess cell expansion in the bioreactor,
1 mL of suspension was sampled from the Port (sampling) every day (n¼
3). The supernatant was removed after precipitation, and microcarriers
were exposed to Tryple (Gibco) at 37 �C until digested into single cells.
Cell density were then tested. After 7 days, IMRCs were digested and
separated from microcarriers using a 40 μm cell strainer. The attachment
efficiency of IMRCs on different microcarriers was calculated as the
number of IMRCs attached to microcarriers at 3 or 24 h divided by the
total number of cells inoculated at 0 h.

2.8. Size analysis of cells and microcarriers

The size of IMRCs harvested from monolayers or microcarriers was
determined by microscopy and ImageJ software (National Institutes of
Health). The cells were transferred into the chambers of a cell counter
and photographed by microscopy. Subsequently, the cell diameter of
more than 900 cells per group was measured using ImageJ. Normal
distribution curves were fitted to the cell diameter data to analyse the cell
size distribution characteristics by Gaussian distribution. Finally, ImageJ
was used to determine the diameter of the randomly selected micro-
carriers (n ¼ 340).

2.9. Growth curves

IMRCs derived from monolayers or microcarriers were seeded at 1.2
� 103 cells per well in 96-well plates (Corning) in triplicate and cultured
for 7 days. Cell Counting Kit-8 (CCK-8; Thermo Fisher Scientific) was
used to investigate cell proliferation. After 1, 3, and 7 days, the medium
was replaced by CCK-8 solution, incubated for 2 h and tested at 450 nm.

2.10. Karyotype analysis

IMRCs were harvested from monolayers or HAMCs after 6 days. A
total of 1 � 106 cells were analysed by G-binding. Karyotyping was
executed at CapitalBio Technology (Beijing, China).

2.11. Senescence detection

IMRCs harvested from monolayers or microcarriers were seeded into
6-well plates at 1� 104 cells/cm2. IMRCs were fixed, and cell senescence
was detected using a β-galactosidase (β-gal) staining kit (Solarbio) on day
3. Then, cells positive for β-gal activity were observed under a
microscope.

2.12. Flow cytometry analysis

IMRCs were digested into single cells and blocked with 2% bovine
serum albumin (BSA; Sigma-Aldrich) for 30 min. Then, cells were stained
by incubation with PE-labeled anti-human CD11b (Biolegend), CD19 (BD
Biosciences), CD29 (Biolegend), CD34 (BD Biosciences), CD73 (BD Bio-
sciences), CD105 (Biolegend), CD90 (eBioscience), FITC-labeled anti-
human HLA-ABC (BD Biosciences), and PE- or FITC-labeled isotype-
3

controlled antibodies (BD Biosciences). After 30 min of incubation, the
cells were washed and resuspended in PBS, and the expression of cell-
specific markers was analysed by MoFlo (Beckman, Brea, CA, USA).

2.13. Interferon-gamma (IFN-γ) stimulation assay

IMRCs derived from monolayer culture or HAMC expansion were
harvested and seeded at 3 � 105 cells/well in 6-well plates. After
culturing for 24 h, the medium was replaced with a medium containing
different concentrations of IFN-γ (0, 50 and 100 ng/mL) (R&D Systems)
and cultivated for 24 h. After IFN-γ stimulation, cells were harvested for
qPCR.

2.14. qPCR

The total mRNA from IMRCs was extracted by an RNAprep Pure Cell/
Bacteria Kit (TIANGEN, China). Complementary DNA (cDNA) was syn-
thesised by RNA reverse transcription using a PrimeScript™ First-Strand
cDNA Synthesis Kit (TaKaRa, Japan). qPCR was performed and analysed
by SYBR Green Real-Time PCR Master Mix Plus (Toyobo) using a
LightCyoler®480 system (Roche, USA). GAPDH was used for internal
normalisation. The following primers were used for real-time PCR:

IDO1-forward GCCAGCTTCGAGAAAGAGTTG.
IDO1-reverse ATCCCAGAACTAGACGTGCAA.
GAPDH-forward CTCTGCTCCTCCTGTTCGAC.
GAPDH-reverse CGACCAAATCCGTTGACTCC.

2.15. IMRC inhibition of PBMC proliferation

Human peripheral blood mononuclear cells (PBMCs) were thawed
and resuspended in RPMI 1640medium supplemented with 10% FBS and
1% penicillin-streptomycin, then seeded at 1 � 105 cells/well into 96-
well plates. CD3/CD28 beads and IL-2 stimulated the activated PBMCs.
IMRCs were harvested from either monolayers or HAMCs were imme-
diately added into the above-activated PBMCs at various densities (5 �
104, 5 � 103, 1 � 103, or 0 cells per well). PBMCs without IMRCs at the
same density served as a reference control (n ¼ 5). On the fourth day of
culture, PBMC proliferation was detected by CCK-8 assay.

2.16. Multiplex cytokine analysis

Supernatants of PBMCs, activated PBMCs and IMRCs/activated
PBMCs were collected after 4 days of culture and stored after light
centrifugation. The thawed supernatants were analysed by 48-plex Bio-
Plex Pro Human Cytokine Assay (Bio-Rad, Hercules, CA, USA) accord-
ing to the manufacturer's instructions. The cytokines are CTACK, Eotaxin
(CCL11), FGF basic, granulocyte-colony stimulating factor (G-CSF),
granulocyte-macrophage colony-stimulating factor (GM-CSF), GRO-α,
HGF, IFN-α2, IFN-γ, interleukin-1α (IL-1α), IL-1β, IL-1RA, β-NGF, MIP-1α
(CCL3), MIP-1β (CCL4), MIG, MIF, M-CSF, LIF, MCP-3, MCP1 (CCL2),
IP10 (CXCL10), IL-8 (CXCL8), RANTES (CCL5), IL-18, IL-17α, IL-16, IL-2,
IL-2Rα, PDGFB, SCF, SCGF-β, SDF-1α, tumor necrosis factor alpha (TNF-
α), TNF-β, TRAIL, VEGF, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12
(p70), IL-12 (p40), IL-13, and IL-15.

2.17. Live/dead test

The IMRC-laden microcarriers were transferred to a 96-well plate,
and the supernatant was aspirated after precipitation and washed with
PBS. Then, 200 μL of Live/dead dye solution was added and incubated
away from light at room temperature. The Live/dead staining solution
was obtained by diluting calcein AM and ethidium homodimer-1 (EthD-
1) with PBS according to the manufacturer's instructions (Thermo Fisher
Scientific). After 30 min, the supernatant was aspirated, washed with
PBS, and imaged with an inverted fluorescence microscope (Zeiss,
Germany).
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2.18. Glucose and lactate analysis

During the suspension culture of IMRCs, 1 mL of cell culture super-
natant was collected before and after changing the IMRC medium every
day and analysed using SBA-Biosensing Analyser (Yanhe Biological,
China) for glucose and lactate concentration in medium (n¼ 3 per group,
per time point).

2.19. Characterisation of IMRC-laden microcarriers and HAMC

Scanning electron microscopy (SEM) imaging IMRC-laden micro-
carriers were fixed with 2.5% glutaraldehyde overnight at 4 �C, precip-
itated and washed with PBS 3 times and serially dehydrated with 30%,
50%, 75%, 85%, and 100% ethanol. Samples were then CO2 critical point
dried and gold-coated before SEM (Hi-tachi, Japan) imaging. An energy
dispersive spectrometer (EDS) was used to analyse the HAMC elemen-
tally. Corresponding electrokinetic measurements (zeta potential) of the
HA-NHS ester and HAMC surfaces was tracked using a zeta potential
analyser (NanoBrook 90Plus PALS, USA). In order to facilitate the process
of contact angle measurement, the materials for preparing microcarriers
were cut into rectangular shapes, and HA-NHS ester and HA-COL were
evaluated using a Kruss Drop Shape Analyser (Germany).

2.20. Trilineage differentiation

Osteogenic, adipogenic, and chondrogenic differentiation were
evaluated according to the manufacturer's instructions for the human
mesenchymal stem cell functional identification kit (R&D systems), as
previously described [9]. Briefly, for osteogenic differentiation and adi-
pogenic differentiation, cells were seeded in 12-well plates, and when
cells reached 50%–70% and 100% confluency, the medium was replaced
with osteogenic differentiation medium or adipogenic differentiation
medium and then cultured for 21 days. After 21 days of differentiation,
cells were fixed and subjected to detection of osteogenic differentiation
by either osteocalcin immunofluorescence or Alizarin Red S staining
(Sigma-Aldrich). Adipogenic differentiation was assessed by either
FABP-4 immunofluorescence or Oil red O staining (Sigma-Aldrich). For
chondrogenic differentiation, 2.5 � 105 cells were placed in a chondro-
genic differentiation medium, centrifuged for 5 min at 200� g in a 15 mL
centrifuge tube (Corning), and then cultured for 21 days. Chondrogenic
pellets were fixed, paraffin-embedded, sectioned, and then subjected to
detection of chondrogenic differentiation was detected by immunofluo-
rescence (Aggrecan) or Alcian Blue (Sigma-Aldrich) staining. To detect
trilineage differentiation in situ of cell-laden microcarriers, the
IMRC-laden microcarriers from the bioreactor were transferred to 15 mL
centrifuge tubes, and the trilineage differentiation medium was added
and then cultured for 21 days after replacement of the supernatants.

2.21. Immunofluorescence of IMRC-laden microcarriers

We collected IMRC-laden microcarriers from the bioreactor and fixed
themwith 4% paraformaldehyde (PFA) at 4 �C overnight in 8-well plates.
After washing the samples in PBS, we blocked them with 2% BSA for 1 h
at room temperature. Then, the samples were incubated overnight with
phalloidin (Invitrogen) at a dilution of 1:200 and vinculin (Invitrogen) at
a dilution of 1:200 in 2% BSA at 4 �C. Following this, the samples were
washed three times with PBS and then stained with fluorescein (Cy3)
donkey anti-rabbit IgG (H þ L) (Jackson ImmunoResearch) secondary
antibodies at a dilution of 1:200 in 2% BSA for 1 h in the dark at room
temperature. DAPI (Beyotime) at a dilution of 1:1000 was used to stain
the samples for 5 min after washing. Finally, we captured images using a
confocal laser scanning microscope (Zeiss, Germany).

2.22. RNA-seq library preparation and bioinformatic analysis

Total RNA from IMRCs harvested from monolayers or microcarriers
4

was extracted using TRIzol reagent (Invitrogen). RNA-seq libraries were
built for Illumina® using the NEBNext®Ultra™ RNA Library Prep Kit.
Sequencing was performed on an Illumina HiSeq X-Ten sequencer with a
150 bp paired-end sequencing reaction. After the sequencing data were
filtered, they were mapped to the reference genome hg38 using STAR.
Gene expression levels were estimated by counting sequencing sequences
(reads) mapped to genomic regions or exon regions and FPKM (Frag-
ments per Kilobase per Million Mapped Fragments) [35]. DESeq2 was
used for differentially expressed gene (DEG) analysis, and the screening
criteria for DEGs in this project were |log2-fold change|�1 and P value<
0.05. Principal component analysis (PCA) of RNA-seq data of cell samples
was performed using the prcomp function in R. Heatmap, and Volcano
map analyses were performed with the pheatmap and ggscatter functions
in R. The Pearson correlation coefficient was calculated by cor.test in R.
Gene Ontology and KEGG pathway analyses for DEGs were performed by
the clusterProfiler package.

2.23. Statistics

We performed statistical analysis using GraphPad Prism 9.0 software
(GraphPad Software, San Diego, CA, USA). The results were presented as
mean � standard deviation (Mean � S.D). Statistical differences among
groups were assessed using ordinary one-way ANOVA or unpaired t-test.
A p-value of less than 0.05 was considered statistically significant. The
legend is as follows: ns ¼ not significant, *p < 0.05; **p < 0.01; ***p <

0.001; ****p < 0.0001.

3. Results

3.1. Design and production of HA microcarriers

Fabricating HA-based microcarriers with pure HA remains a chal-
lenge due to slow hardening rate and the instability of unmodified HA
hydrogels, making them ineffective microcarrier fabrication [36]. To
address this issue, we activated the carboxylic acid groups on the hyal-
uronic acid molecule chain using EDC and NHS to produce HA-NHS ester
[37]. The HA-NHS ester was then crosslinked with free amino groups of
type I collagen, forming stable amide bonds and producing HAMCs.
Different sized HAMCs were obtained using stainless steel wire mesh
sieves with varying pore sizes (Fig. 1A). HAMCs had a smooth surface
and an average particle size of 150 μm in wet condition (Fig. 1B).
Elemental analysis via STEM-based line scanning revealed uniform dis-
tribution of C, N, O, and Na in the microcarrier elements, confirming the
formation of coordination structures (Fig. 1D). FTIR was used to assess
the structural changes of HA, HA-NHS ester, HAMC and NHS. A peak at
3300 cm�1 confirmed –OH stretching vibration in Fig. 1C. The formation
of HA-NHS ester was evident from a new band at 1740 cm�1 and
disappearance of the NHS absorption band at 3110 cm�1. HAMC showed
characteristic peaks at 1645 cm�1 and 1550 cm�1, corresponding to
collagen amide I and II, respectively. COO� stretching and the amide II
band were assigned to the peaks at ~1607 cm�1 and ~1560 cm�1,
respectively, in HA. In addition, the determination of surface charge on
the microcarrier was shown in Fig. S1, where the zeta potential of
HA-NHS ester without collagen modification was approximately �0.69
mV, and that of HAMC was approximately �0.17 mV. This indicates that
the core material HA-NHS ester has weak electronegativity, and the
surface electronegativity of the microcarrier is reduced after collagen
modification.We also performed contact angle tests on HA-NHS ester and
HA-COL, and the results were shown in Fig. S2. The water contact angles
of HA-NHS ester and HA-COL were 33� (Fig. S2A) and 70� (Fig. S2B),
respectively. The water contact angle of the substrate was significantly
altered by the encapsulation of collagen (Fig. S2C), indicating a change in
surface chemical properties.

We assessed the potential of IMRC expansion on HA-NHS ester, HA-
COL, HAMC, and commercial microcarriers under static culture condi-
tions (Table 1, Fig. S3). HAMC100 (HA microspheres coating 100 μg/mL



Fig. 1. Synthesis and characterisation of HA microcarriers (HAMCs). A. Schematic diagram of the preparation of HAMCs and IMRC culture at large-scale (Created
with BioRender.com). a-c) The preparation of hyaluronic acid microspheres using the oil-in-water emulsification method, with the preconfigured pre-crosslinked
aqueous phase, to produce HA-NHS ester. The HA-NHS ester was encapsulated by type I collagen to prepare HAMC. d) IMRCs expansion on HAMC in the biore-
actor. e) Schematic diagram of HAMC cross-linking. The formation of HA-NHS ester was achieved by EDC/NHS, followed by the condensation of carboxyl and amino
groups of collagen type I to create amide bonds. B. Diagram of HAMC particle size. C. FTIR Spectroscopy analysis of HA, HA-NHS ester, HAMC, and NHS. D. Elemental
mapping of HAMC.

Table 1
Properties of commercially available microcarriers.

Microcarrier Manufacturer Material Surface feature Density (g/cm3) Bead size (μm) Surface area (cm2/g) Carrier porosity

SoloHill Sigma Polystyrene Collagen 1.02–1.03 125-212 and 150–210 325 Non-porous
m-Dev45 Corning Polystyrene Collagen 1.022–1.030 125–212 360 Non-porous
Cytodex-3 GE Healthcare Dextran Collagen 1.04 120–180 2000 Non-porous
Cultispher Thermo Scientific Gelatin Uncoated 1.02–1.04 130–380 – Macroporous
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collagen concentration), along with m-Dev45, Cytodex-3, SoloHill and
Cultispher, supported the expansion of IMRCs (Fig. S4A). Cultispher,
identified as porous microcarrier, while HAMC100 and others supported
cell growth on their surface. Live/dead assays demonstrated that several
microcarriers facilitated attachment and survival; however, larger m-
Dev4 microcarrier-cell agglomerates on day 4 may have resulted in cell
apoptosis and decreased cell viability (Fig. S4A, Table S1). Harvesting
cells with Tryple digestion showed that different microcarriers led to
varying cumulative population doublings in IMRCs, with HAMC100
displaying superior cell expansion multiples and viability (Fig. S4B,
Table S1). Microcarrier-expanded IMRCs retained their surface markers
(Fig. S4C) and met the criteria established by the International Society of
Cell Therapy (ISCT) [38]. Therefore, HAMC100 with HA as the core
5

material, available in different particle sizes, shows good biocompati-
bility and supports the attachment and survival of IMRCs under static
culture conditions.
3.2. Microcarrier optimisation for dynamic culture in scalable bioreactors

In this study, we utilised the industry-compatible DASbox Mini
Bioreactor System, previously demonstrated for the efficient differenti-
ation and cultivation of macrophages [39], to transfer monolayer cell
culture IMRCs (P4) for suspension culture (Fig. 2A). The system allowed
for computer-controlled maintenance of optimal physical conditions for
the cell culture process, including DO (40%) and pH (7.2). Over a 7-day
suspension culture period, daily samples were taken to assess cell

http://BioRender.com


Fig. 2. IMRCs expanded on HAMC coated with different collagen concentrations or particle sizes in bioreactors. A. Photographs of the DASbox system and
individual bioreactor filled with culture suspension (left). Pictures of the 3-blade impeller (right). B. Young's modulus of HAMC modified with different collagen
concentrations (HAMC20, HAMC100 and HAMC200) analysed by AFM. C. Live/dead staining of IMRCs on HAMC20, HAMC100 and HAMC200 after 1 day, 3 days, 5
days and 7 days. Green indicates live cells, and red indicates dead cells. Scale bar, 200 μm. D. Cytoskeleton, focal adhesion and nucleus were imaged by rhodamine
phalloidin (green), vinculin (red) and DAPI (blue). Scale bar, 50 μm. E. Attachment efficiency of IMRCs cultured for 24 h on HAMC20, HAMC100 and HAMC200. F.
Growth curves of IMRCs cultured on HAMC20, HAMC100 and HAMC200 in bioreactors. G. Cell density of IMRCs cultured on HAMC20, HAMC100 and HAMC200
after 6 days in bioreactors. H. Cumulative population doublings of IMRCs cultured on HAMC20, HAMC100 and HAMC200 after 6 days. I. Live/dead staining of IMRCs
on HAMC with different diameter ranges after 1 day. Green indicates live cells, and red indicates dead cells. Scale bar, 200 μm. J. Attachment efficiency of IMRCs
cultured for 24 h on HAMC with different diameter ranges in bioreactors. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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adhesion and expansion. In addition, to optimise HAMCs and their
suitability for IMRC expansion in stirred bioreactors, we screened the
microcarriers' cross-linking collagen concentration and particle size.

The surface modification of microcarriers is critical for cell adhesion,
spreading and proliferation. Collagen has been shown to coat micro-
carriers to promote cell adhesion [40,41] effectively. To optimise HAMCs
for the expansion of IMRCs in stirred bioreactors, we tested different
collagen concentrations (20, 100, and 200 μg/mL) to coat the HA mi-
crospheres and evaluated the attachment efficiency of IMRCs after 24 h
of inoculation in a stirred bioreactor. Using atomic force microscopy
(AFM), we measured the local Young's moduli of HAMC20, HAMC100,
and HAMC200 to be 11.78, 20.74, and 24.99 kPa, respectively (Fig. 2B).
The cell attachment efficiency of IMRCs on HAMC100 and HAMC200
were significantly higher than that of HAMC20 (Fig. 2E and F). Cells
continued to increase until the 6th day in the suspension culture process,
with the highest cell densities of IMRCs on HAMC20, HAMC100,
HAMC200 being 7.45 � 105 cells/mL, 1.24 � 106 cells/mL, and 9.59 �
105 cells/mL, respectively. HAMC100 achieved the highest cell density
and population doubling of IMRCs, significantly higher than those on
HAMC20 and HAMC200 (Fig. 2G, H, I).

Microcarrier size and curvature can affect cell adhesion and prolif-
eration [23,42]. To determine the optimal particle size range of
HAMC100 for IMRC attachment and expansion, we obtained micro-
carriers ranging from 100 to 200 μm, 250–300 μm, and 350–400 μm
using screens with different pore sizes (Fig. 2I). After 24 h of inoculation
in a stirred bioreactor, the cell attachment efficiencies of IMRCs were
81.02%, 55.87%, and 55.53% for the respective size ranges. Further-
more, higher cell attachment efficiency was observed on 100–200 μm
HAMC100 compared to 250–300 μm and 350–400 μm (Fig. 2J). There-
fore, 100–200 μm HAMC100 is a promising microcarrier for the
large-scale culture of IMRCs in stirred bioreactors due to its superior
adhesion and proliferation properties.

3.3. Cell characteristics and immunomodulatory potential of IMRCs on
HAMCs in bioreactors

IMRCs derived from hESCs exhibit MSC-like characteristics and
functions [9]. We evaluated cell properties and immunomodulatory po-
tential of HAMC (100–200 μm HAMC100)-expanded IMRCs. On day 6 of
culture, IMRCs were harvested from the bioreactors for the analyses of
surface markers, karyotype stability, cell size, and cell viability.
HAMC-expanded IMRCs showed >95% expression of positive
MSC-specific surface markers (CD73, CD29, CD90, CD105 and HLA-ABC)
and <1% expression of negative markers (CD45, CD34 and HLA-DR)
(Fig. 3A). Karyotype analysis confirmed normal chromosome
morphology and number, indicating genomic stability of
microcarrier-expanded cells (Fig. 3B). IMRCs expanded on microcarriers
and in monolayer culture, exhibited similar cell sizes and cryopreserva-
tion resistance (Fig. 3C and D). After freezing in liquid nitrogen, the
thawed cells showed cell viability above 94% within 24 h at 4 �C
(Fig. 3D). We utilised IMRC-laden microcarriers to verify their potential
for trilineage differentiation in differentiating media. Our results showed
that the IMRC-laden microcarriers were able to differentiate into adi-
pogenic, osteogenic, and chondrogenic lineages after 21 days of differ-
entiation, as depicted in Fig. 3E. Moreover, we observed that the
microcarriers could support long-term adhesion and differentiation
without shedding, but tissue block formation was observed over a longer
period.

The immunomodulatory properties of HAMC-expanded IMRCs were
also confirmed. The activation of 2,3-dioxygenase (IDO) is a key mech-
anism by which MSCs inhibit lymphocytes. Therefore, the response of
IDO to the proinflammatory cytokine IFN-γ is central to immunosup-
pression in vitro [43]. We performed IFN-γ stimulation experiments and
inhibition of PBMC proliferation verification. HAMC-expanded IMRCs
displayed similar characteristic morphological changes to
monolayer-expanded cells after IFN-γ stimulation (Fig. 3F). The
7

expression of IDO1 was upregulated in both microcarrier- and
monolayer-expanded IMRCs after 24 h of IFN-γ stimulation (Fig. 3G).

Furthermore, the inhibitory effects of HAMC-expanded IMRCs on
activated PBMC proliferation were investigated, revealing significant
inhibition of activated PBMC proliferation at a ratio of 1:2, regardless of
their sources (Fig. 3H). Increasing IMRC concentration enhanced the
inhibitory effect on PBMC proliferation (Fig. 3H). When IMRCs were co-
cultured with activated PBMCs at a ratio of 1:2 or 1:100, ten proin-
flammatory cytokines IL-5, IL-2Rα, TNF-α, TNF-β, IFN-γ, IL-13, IL-2, IL-9,
IL-3, and Eotaxin were significantly downregulated, while anti-
inflammatory cytokines IL-1RA and TRAIL and the immunomodulatory
cytokines LIF, cytotrophic factor FGF basic, VEGF, SCGF-β, SCF, and HGF
were downregulated with decreasing IMRCs concentration (Fig. S5,
Table S2). In general, HAMC-expanded IMRCs maintained the basic
characteristics of cells and exhibited immunomodulatory functions
similar to those of monolayer cells.

3.4. Comparative analysis of IMRCs cultured under different conditions

To assess the impact of culture conditions on IMRCs, we compared the
attachment, expansion and maintenance of cell characteristics on
different microcarriers, including HAMCs, commercial microcarriers,
and monolayer cultures. Live/dead staining showed that Cytodex-3 had
more dead cells than HAMCs (Fig. 4A and B), and HAMCs had a higher
attachment rate at 3 h post-inoculation in stirred bioreactors (Fig. 4C). In
addition, a significantly lower attachment rate was observed on Cytodex-
3 than on HAMCs at 3 h post-inoculation in stirred bioreactors (Fig. 4C).
Dynamic culture of IMRCs with microcarriers showed that the highest
cell density of HAMCs was significantly higher than that of Cytodex-3
(Fig. 4D and E). Harvested cells from microcarriers and monolayers
were characterised by flow cytometry and trilineage differentiation
ability. We found that IMRCs maintained a positive immunophenotype
for the expression of CD29, CD73, CD105, HLA-ABC, and CD90 and
negative for CD11b, CD19, and CD34 (Table 2) and the ability to
differentiate into adipogenic, osteogenic, and chondrogenic lineages.
However, cells expanded on Cytodex-3 exhibited lower Alizarin Red S
staining than the other two groups, indicating lower osteogenic differ-
entiation potential (Fig. 4F). Regarding cell proliferation and adhesion
efficiency, HAMCs were more suitable for IMRCs than Cytodex-3
(Fig. 4G). The cells showed good morphology and no significant differ-
ence in cell adhesion efficiency and β-gal activity compared to monolayer
cells (Fig. 4H and I). Moreover, HAMCs exhibited significantly higher
proliferative ability than Cytodex-3 (Fig. 4G). These findings suggest that
HAMCs provide a more favourable microenvironment for IMRC adhe-
sion, proliferation, and osteogenic differentiation than Cytodex-3.

To further investigate the gene expression differences between IMRCs
cultured on different microcarriers and in monolayer culture, we per-
formed RNA-seq analysis. PCA results showed clustering of monolayer
and microcarrier groups, indicating that the gene expression pattern may
differ at the mRNA level (Fig. 5A). Differentially expressed gene (DEG)
analysis revealed the upregulation of 634 genes and the downregulation
of 222 genes in microcarrier groups compared to the monolayer group
(Fig. 5B). A heatmap of DEGs between monolayer and microcarrier-
amplified IMRCs showed that some genes were upregulated in the
microcarrier groups compared to the monolayer group (Fig. 5C). Spe-
cifically, MSC markers such as SPARC, NT5E (CD73), and ENG (CD90)
were upregulated in the microcarrier group, while BMP2, associated with
osteoblastic and chondrogenic differentiation, was highly expressed in
HAMC-amplified cells. The expression patterns of the cell extracellular
matrix (ECM) were different between the microcarrier and monolayer
groups. IMRCs in suspension culture on microcarriers generally secreted
more ECM, especially collagen-related protein expression. HAMC-
expanded cells highly expressed osteoglycin (OGN), COL2A1 and PRG4,
which are more conducive to bone formation and cartilage development.

Furthermore, we conducted a Gene Ontology (GO) enrichment
analysis to identify the correlation between the DEGs and important



Fig. 3. IMRCs expanded on HAMCs maintain cell stemness and immunomodulatory capabilities in stirred bioreactors. A. MSC-specific markers of IMRCs
harvested from HAMCs (100–200 μm HAMC100). Isotype antibodies were used as controls for gating. B. Karyotyping of IMRCs harvested from HAMC. C. Distribution
of cell diameters of IMRCs harvested from monolayer culture or HAMCs expansion. D. Viability of IMRCs harvested from monolayers or HAMC in clinical injection
buffer over time at 4 �C. E. Representative immunofluorescence staining of IMRC-laden microcarriers in situ after they were induced to undergo osteogenic differ-
entiation (osteocalcin), adipogenic differentiation (FABP-4), and chondrogenic differentiation (aggrecan). Scale bar, 100 μm. F. Morphology of IMRCs harvested from
monolayers and HAMCs before and after IFN-γ stimulation. Scale bar, 100 μm. G. Real-time qPCR for IDO1 mRNA in IMRCs harvested from monolayers and HAMCs
before and after IFN-γ (0, 50 and 100 ng/mL) treatment. H. The inhibitory effects of IMRCs on activated PBMC (CD3/28 and IL-2 costimulated) proliferation at ratios
of 1:2, 1:20 and 1:100 in vitro.
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Fig. 4. Differences in cell characteristics of IMRCs cultured on monolayers and different microcarriers in stirred bioreactors. A. Live/dead and phalloidin/
DAPI staining of IMRCs on different microcarriers at 3 h (Green: live cells, cytoskeleton; red: dead cells; blue: cell nucleus). Scale bar, 50 μm. B. Live/dead staining of
IMRCs on different microcarriers after 2 days, 4 days, and 6 days. (Green: live cells, red: dead cells). Scale bar, 50 μm. C. Attachment efficiency of IMRCs cultured for 3
h in bioreactors. D. Growth curves of IMRCs cultured on different microcarriers in bioreactors. E. Cell density of IMRCs cultured on different microcarriers after 6 days
in bioreactors. F. Multipotency of IMRCs harvested from monolayers or microcarriers was examined by differentiation into osteogenic, adipogenic and chondrogenic
lineages. Scale bar, 100 μm. G. Cell proliferation of IMRCs harvested from monolayers or microcarriers and cultured in cell culture plates. H. Cell adhesion and
morphology of IMRCs harvested from monolayers or microcarriers and inoculated into cell culture plates. Scale bar, 100 μm. I. Cell senescence detection by
β-galactosidase (β-gal) staining of monolayers or different microcarriers. Scale bar, 100 μm. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Table 2
Flow cytometry analysis of surface markers of IMRCs expanded on monolayers and microcarriers.

Markers (%) CD11b - CD19 - CD29 þ CD34 - CD73
þ

CD105
þ

HLA-ABC þ CD90
þ

Monolayer-IMRCs 0.11 0.42 100.00 0.01 99.85 99.99 100.00 99.85
Cytodex-3-IMRCs 0.08 0.01 99.97 0.16 99.08 99.78 99.98 98.05
HAMCs-IMRCs 0.11 0.03 100.00 0.04 99.30 99.90 99.97 97.65

Fig. 5. Transcriptome profiles of IMRCs harvested from monolayers or microcarriers in stirred bioreactors. A. Principal component analysis (PCA) of RNA-Seq
of the monolayer group and microcarrier groups. B. Volcano map of differentially expressed genes (DEGs) of IMRCs harvested from microcarriers vs. monolayer. Blue
dots indicate significantly downregulated DEGs; red dots indicate significantly upregulated DEGs; grey dots indicate no significant difference. C. Heatmap of DEGs in
IMRCs among the monolayer group and different microcarrier groups. D. GO terms of microcarrier groups. BP, biological processes; CC, cellular component; MF,
molecular function. E. KEGG pathway enrichment of microcarrier groups. The black number is the number of enriched genes. F. GO terms of the Cytodex-3 group vs.
HAMC group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

T. Gao et al. Materials Today Bio 20 (2023) 100662
biological processes and pathways (Fig. 5D). The GO analysis revealed
that DEGs in the microcarrier groups were mainly associated with bio-
logical processes such as response to type I interferon, response to virus,
response to lipopolysaccharide, and extracellular matrix organization. In
addition, KEGG analysis showed that the upregulated DEGs between the
microcarrier and monolayer groups were enriched in 10 pathways,
including the TNF signalling pathway, ECM-receptor interaction, and
PI3K-Akt signalling pathway (Fig. 5E). Moreover, the GO analysis
10
revealed that DEGs in the Cytodex-3 group were mainly related to the
regulation of response to wounding, response to mechanical stimulus,
monocarboxylic acid biosynthetic process, and negative regulation of
coagulation. In contrast, DEGs in the HAMC group were mainly related to
the regulation of JUN kinase activity, prostaglandin secretion, mono-
carboxylic acid transport, regulation of heat generation, positive regu-
lation of peptide secretion, and positive regulation of secretion by cell
(Fig. 5F). Furthermore, it was observed that the HAMC-amplified cells
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exhibited a stronger secretion ability compared to the Cytodex-3 group.

3.5. HAMC surface structure optimisation for IMRCs dynamic culture in
bioreactors

To improve the cell loading capacity of individual microcarriers and
scale up cell production, we optimised HAMCs to obtain microcarriers
with concave structures (cHAMCs). This was achieved by adding
ammonium bicarbonate, which produced many bubbles that adhered to
the surface of the uncrosslinked microcarriers to form a unique concave
structure. The cHAMCs had a concave-shaped surface in both dry and wet
conditions, with an average depression width of approximately 30 μm
which allowed for cell growth (Fig. 6A). The concave structure on the
surface of the microcarriers remained stable, and the length of de-
pressions of cHAMCs was between 20 and 30 μm (Fig. 6B).

In suspension culture, cells maintained good survival on both HAMCs
and cHAMCs (Fig. 6C). However, the cell attachment efficiency of IMRCs
on cHAMCs was significantly higher than those on HAMCs (Fig. 6D). The
kinetic growth curves showed that cHAMCs consistently had a higher cell
volume than HAMCs, with a culture density of 1.48� 106 cells/mL on the
Fig. 6. IMRCs expanded on HAMCs and concave-structured HAMCs (cHAMCs) in
HAMCs and cHAMCs. HAMCs have a smooth surface, while cHAMCs have a concave
cHAMCs in wet conditions. B. Distribution of depression length in cHAMCs. C. Live/d
days. Green indicates live cells, and red indicates dead cells. Scale bar, 200 μm. D.
bioreactors. E. Growth curves of IMRCs cultured on HAMCs and cHAMCs in bioreac
bioreactors. G. Viability of IMRCs cultured on HAMCs and cHAMCs in bioreactors. H.
cells in the culture supernatant. (For interpretation of the references to color in this
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6th day (Fig. 6E and F). Nevertheless, the cells could maintain good cell
viability on both kinds of microcarriers with different morphologies
(Fig. 6G). We also evaluated the concentrations of nutrient glucose and
lactic acid production as metabolic waste in the culture process. The
results showed that the cHAMCs had higher glucose consumption and
lactic acid production, consistent with the cell density (Fig. 6H and I).
These findings suggest that cHAMCs could improve cell adhesion ability
and yield compared to HAMCs.

4. Discussion

In this study, we investigated hyaluronic acid-based microcarriers
(HAMCs) for the scalable suspension culture of IMRCs in a stirred
bioreactor. Our results demonstrated that HAMCs could support IMRC
expansion in serum-free conditions without compromising cell prolifer-
ation, differentiation potential or immune regulation. In addition,
microcarrier optimisation was performed, and HAMC100 with a size
range of 100–200 μm exhibited the best cell attachment and expansion
capabilities.

The seeding efficiency of MSCs ranged from 10% to 60% after 18 h of
bioreactors. A. The characteristics of HAMCs and cHAMCs. a, c) SEM images of
structure. Scale bar, 200 μm. b, d) Morphological characteristics of HAMCs and
ead staining of IMRCs on HAMCs and cHAMCs after 1 day, 3 days, 5 days, and 7
Attachment efficiency of IMRCs cultured for 24 h on HAMCs and cHAMCs in
tors. F. Cell density of IMRCs cultured on HAMCs and cHAMCs after 6 days in
Glucose concentration of cells in the culture supernatant. I. Lactate production of
figure legend, the reader is referred to the Web version of this article.)
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seeding with different microcarriers in a previous study [44]. In our
study, the cell attachment efficiencies of IMRCs on the prepared HAMCs
were 56.02% and 81.02% at 3 and 24 h post-inoculation under dynamic
culture conditions, respectively. These results were superior to those
obtained on collagen-coated Cytodex-3, a commercial microcarrier.

Different types of microcarriers have been categorised into nonpo-
rous, microporous and macroporous types [25]. While macroporous
microcarriers can provide a larger surface area for cell attachment and
growth, they may also result in hypoxia or apoptosis due to limited ox-
ygen and nutrient supply in the core, negatively affecting cell viability
[2]. In our study, we developed a new type of microcarrier, cHAMC, with
a concave surface that could provide a larger surface area to support cell
growth on the microcarrier surface. The concave structure of cHAMCs
may provide more adhesion sites to improve the cell adhesion rate of the
microcarrier and even cause the cells to enter cell expansion earlier,
which is a potential microcarrier model. In addition to being used for
large-scale culture, cell-laden cHAMCs could also be directly trans-
planted in situ for treatment, and microcarriers could play the role of cell
fixation.

RNA-seq analysis of IMRCs amplified by different microcarriers or in
a monolayer revealed different gene expression patterns. This may be
because different core materials, different substrate surfaces, and
different sizes may affect the stiffness, curvature, etc., of the micro-
carriers, resulting in different cellular responses [2,45]. IMRCs expanded
on HAMCs and Cytodex-3 showed higher expression of ECM-related
genes than cells grown in monolayer culture. In addition, compared
with Cytodex-3 IMRCs, IMRCs expanded on HAMCs had higher cell
secretion ability and high expression of BMP2,OGN, COL2A1, and PRG-4,
which may be more conducive to osteogenic differentiation, chondro-
genic differentiation, and endochondral ossification in stem cells
[46–49]. Therefore, different microcarriers should be customised ac-
cording to various research purposes or requirements to obtain cell
populations with tendencies that achieve better results in future studies.

Since the target of cell therapy products is the cells themselves, effi-
cient cell harvesting after cell expansion is critical [50]. Detachment of
cells from the surface of non-degradable microcarriers is usually per-
formed by enzymatic digestion, and the cells are separated from the
microcarriers through sterile sieves or filtration device [51]. During this
process, may suffer not only protease contamination and poor yield of
cell detachment, but also microcarrier debris smaller than the filter
aperture may be generated, potentially contaminating cell therapy
products [51,52]. HAMC and cHAMC, as non-degradable microcarriers,
traditional enzymatic digestion is still required in the cell harvesting
process, which may face these problems in larger volumes of large-scale
expansion. In previous studies, dissolvable microcarriers have been
applied to manufacture MSCs, releasing cells by completely degrading
microcarriers, simplifying the downstream purification process, and
reducing cell loss in the cell harvesting step [53,54]. Therefore, the cell
detachment method and degradability of HAMCs still need to be further
studied to solve the limitations of HAMCs and cHAMCs in follow-up
studies. Furthermore, further optimisation is needed in the preparation
of HAMCs and cHAMCs using the emulsification method to enhance the
production of microcarriers for large-scale applications.

Conclusively, our research demonstrates that HAMCs and cHAMCs
have the potential to be a valuable tool for the large-scale production of
stem cells in bioreactor-based systems. This could greatly enhance the
efficiency and scalability of stem cells, making them a promising option
for various biomedical applications.
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