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Abstract
Despite their recognized potential for ischemic tissue repair, the clinical use of human
mesenchymal stromal cells (hMSC) is limited by the poor viability of cells after injection and the
variability of their paracrine function. In this study, we show how the choice of biomaterial
scaffolds and the addition of cell preconditioning treatment can address these limitations and
establish a proof-of-concept for cryopreservable hMSC-loaded microbeads. Injectable microbeads
in chitosan, chitosan–gelatin, and alginate were produced using stirred emulsification to obtain a
similar volume moment mean diameter (D[4,3]∼ 500 µm). Cell viability was determined through
live/dead assays, and vascular endothelial growth factor (VEGF) release was measured by ELISA.
Proangiogenic function was studied by measuring the wound closure velocity of human umbilical
vein endothelial cells (HUVEC) co-cultured with MSC-loaded microbeads. The effect of
freeze–thawing on microbeads morphology, porosity, injectability and encapsulated MSC was also
studied. hMSC-loaded chitosan-based microbeads were found to release 11-fold more VEGF than
alginate microbeads (p< 0.0001) and chitosan–gelatin was chosen for further studies because it
presented the best cell viability. Preconditioning with celastrol significantly enhanced the viability
(1.12-fold) and VEGF release (1.40-fold) of MSC-loaded in chitosan–gelatin microbeads, as well as
their proangiogenic paracrine function (1.2-fold; p< 0.05). In addition, preconditioning
significantly enhanced the viability of hMSC after 1 and 3 d in low-serum medium after
cryopreservation (p< 0.05). Cryopreserved hMSC-loaded microbeads maintained their
mechanical properties, were easily injectable through a 23G needle, and kept their paracrine
function, enhancing the proliferation and migration of scratched HUVEC. This study shows the
advantage of chitosan as a scaffold material and concludes that chitosan–gelatin microbeads with
celastrol-preconditioned cells form a promising off-the-shelf, cryopreservable allogenic MSC
product. In vivo testing is required to confirm their potential in treating ischemic diseases or other
clinical applications.

© 2025 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1748-605X/ad9af1
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-605X/ad9af1&domain=pdf&date_stamp=2025-1-8
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-3976-2438
https://orcid.org/0000-0002-5666-3546
https://orcid.org/0000-0002-4992-5552
mailto:sophie.lerouge@etsmtl.ca
http://doi.org/10.1088/1748-605X/ad9af1


Biomed. Mater. 20 (2025) 015041 F K Touani et al

1. Introduction

Ischemic diseases, characterized by reduced blood
supply to organs and tissues, represent a serious
health condition that includes myocardial infarction,
stroke, and peripheral artery diseases, such as crit-
ical limb ischemia [1, 2]. The therapeutic potential of
human mesenchymal stromal cells (hMSCs) in these
diseases is now well recognized, and several stud-
ies have demonstrated their ability to promote tissue
repair and angiogenesis [3].However, the clinical out-
comes of hMSCs are still limited by challenges such as
poor cell viability and retention as well as large vari-
ability in their paracrine function [4, 5].

Cell delivery through a hydrogel scaffold can pro-
tect cells and enhance their retention and paracrine
functions in the target tissues. Several studies have
explored cell encapsulation techniques for enhancing
the viability, retention, and functional delivery of
therapeutic cells [6, 7]. Microencapsulation offers a
particularly promising approach to protect and sus-
tain the functions of hMSCs [8, 9]. Compared with
larger scaffolds, microbeads allow better diffusion of
oxygen and nutrients to the encapsulated cells, which
is required for survival and functional performance
[10].Microbeads also lead to a faster release of proan-
giogenic cytokines produced by cells [11]. Moreover,
while a bulk hydrogel may form a physical barrier
to vascularization, the microbead format allows a
newly formed vascularized network to pass between
the microbeads. Finally, this format can be used to
create a storable and ready-to-use allogenic product
of microencapsulated cells for easier clinical transfer.

Despite these potential advantages, to the best
of our knowledge, microbead-form cellular products
lack good viability, paracrine function, or easy clin-
ical transferability. Alginate is the most common bio-
material for cell microencapsulation in the literature,
thanks to its rapid gelation in contact with Ca2+ ions
[12, 13]. However, alginate’s poor cell-adhesive prop-
erties, non-biodegradability, andmechanical instabil-
ity in the presence of chelators are strong limita-
tions. Chitosan thermosensitive hydrogels are a good
alternative for cell encapsulation and eventual release
from the material [11, 14] because of their bio-
degradability, biocompatibility, porosity, and gentle
temperature-dependent physical gelation without a
crosslinker [15–17]. Because chitosan cell-adhesive
properties are also limited, blending the polymer with
extracellular matrix components, such as gelatin, can
help increase the viability and paracrine function of
the cells [18–20]. The impact of scaffold composi-
tion on the efficacy of MSC-laden products has not
been extensively studied. Moreover, the feasibility of
freeze/thawing must be confirmed, as this process
may have an impact on cell viability, microbead mor-
phology, and mechanical properties [12, 21, 22].

The main objective of this study was to develop
an injectable, cryopreservable, hMSC-loaded product

with optimized properties to enhance the pro-
angiogenic potential ofMSCs, a critical factor for pro-
moting the revascularisation in ischemic tissues. We
explored the use of chitosan (CH), chitosan–gelatin
(CH–Gel), and alginate (ALG) as primary materi-
als for microbead formation by stirred emulsifica-
tion (SE) and investigated the impact of the mater-
ial choice on the mechanical properties, morphology,
injectability, survival, and functional proangiogenic
efficacy of encapsulated hMSC. We demonstrate the
advantages of chitosan-based scaffolds in terms of
proangiogenic function and establish the proof of
concept of cryopreservable CH–Gel microspheres.
We also show the potential of cell preconditioning by
celastrol, a natural compound extracted from the root
of the medicinal plant Thunder God Vine, triptery-
gium wilfordii [23, 24] to enhance the efficacy of this
cellular product.

2. Material andmethods

2.1. Material
Chitosan from shrimp shells (ChitoClear HQG 110,
43 010, Mw 150–250 kDa, 89% degree of deacetyla-
tion) was procured from Primex, Iceland. Chemical
reagents including sodium phosphate monobasic
(NaH2PO4), sodium phosphate dibasic (Na2HPO4),
sodium alginate from brown algae (MKBZ4415V,
Mw 12–40 kDa, viscosity 5.0–40.0 cps), gelatin por-
cine skin type A (G1880), bovine serum albu-
min (BSA 7.5% v/v, A8412), calcium carbonate
(CaCO3), and HEPES, were acquired from Sigma-
Aldrich, Oakville, ON, Canada. Sodium hydro-
gen carbonate (NaHCO3) was purchased from MP
Biomedicals (Solon, OH, USA). Light mineral oil
(Parafilm oil light, O-121-1), minimum essential
medium alpha (aMEM) glutamax (1X), fetal bovine
serum (FBS), hydrochloric acid (HCl), and Eosin Y
were sourced from Thermo Fisher Scientific (ON,
Canada). Nutristem XF medium and supplements
were obtained from Biological Industries (Israel).
Bone marrow hMSC and human umbilical vein
endothelial cells (HUVECs) were procured from
Lonza (ON, Canada) and Cell Applications (SD, US),
respectively. Toluidine blue, Plasmalyte A (Baxter),
and acetic acid (ACROS, CA) were also used in this
study. Cell culture-treated T175 and T75 flasks were
used for cell culture (Sarstedt, Germany). Cell cul-
ture insert with 0.4 µm PET track-etched membrane
(Falcon, USA) were used for coculture experiments.

2.2. Hydrogel formulations
All solutions used for hydrogel preparationwere auto-
claved (15min at 121 ◦C) and stored at 4 ◦Cprior use,
except when indicated.

2.2.1. Alginate
ALG hydrogels were prepared by mixing the sodium
alginate solution (at 2.22%w/v inHEPES buffer) with
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calcium carbonate suspension (0.05 gml−1 in HEPES
buffer) and aMEM supplemented with 10% BSA
without cells. The ratio (%vol) of alginate, calcium
carbonate, andmediumwas 90:5:5. The final concen-
tration of alginate was 2% w/v. This suspension gels
in contact with the acidified oil (see section 2.5).

2.2.2. Chitosan
CH hydrogel was obtained by mixing a) an acidic CH
solution (at 2.67%w/v in 0.12 M hydrochloric acid)
with b) a mixture of NaHCO3 and phosphate buffer
(PB,made from sodiumdibasic andmonobasic phos-
phate in milliQ water), and immediately after, with
c) aMEM supplemented with 10% BSA (w/wo cells)
[25]. The NaHCO3/PB solution was sterilized using a
0.22 µm filter. The ratio (%vol) of the three solutions
was 60:20:20 with final CH concentration 1.6%w/v,
0.01 M PB, and 0.075 M of NaHCO3. This thermo-
sensitive solution gels at 37 ◦C (see section 2.5).

2.2.3. Chitosan–gelatin
Chitosan–gelatin (CH–Gel) hydrogel was prepared
following the same procedure as for CH hydrogels;
CH and Gel were initially dissolved in a hydrochloric
acid solution (0.12 M). The final concentration of
gelatin was 2% w/v and chitosan 1.6%w/v.

2.3. Rheology
The rheological properties of the CH and CH–
Gel solutions and final hydrogels were assessed
using anMCR301 rheometer (Anton Paar, Germany)
equipped with a 25 mm parallel-plate (1 mm gap
size). The viscosity of the solutions as a function of
temperature (10 ◦C–40 ◦C) was assessed in rotational
mode at a constant shear (1 s−1). Gelation kinetics
of the hydrogels, just after mixing solutions a,b,c as
described in section 2.2, weremonitored by recording
the evolution of the storage (G′) and loss (G′′) mod-
uli within the viscoelastic range, in oscillatory mode
at constant frequency (1 Hz) and deformation amp-
litude (1%) over a 10 h period. Initially, the temper-
ature was set at 22 ◦C for 10 min to assess stability at
room temperature (RT), then quickly raised to 37 ◦C
to mimic an injection into warm oil for gelation. To
prevent evaporation, a thin layer of low-viscosity par-
affin oil was added to the sample prior to each oscil-
latory measurement. The rheological curves presen-
ted in the results section are representative data for
eachmeasurement and are not averaged values, unless
specified. The supplementary information (figure S1)
contains the curves of all the replicates.

2.4. Compression
The mechanical properties of each hydrogel
were studied by unconfined compression tests
using a MACH-1™ Micromechanical System
(Biomomentum, Laval, Canada) equipped with a

100 N load cell. In brief, 300 µl of hydrogel, as
described in section 2.2, was molded into cylinders
(diameter of 8.6 mm and 7 mm in height) and
underwent compression until reaching a nominal
strain of 80% at a rate of 100% per minute. The
nominal stress was calculated based on the applied
force and initial cross-sectional area of the sample
and then plotted as a function of the nominal
strain. The elastic modulus was determined from
the slope of the linear regression within 0%–20%
of strain.

2.5. Microbeads fabrication
The microbeads were fabricated by adapting the pro-
cedures described by Alinejad et al [11] and Hoesli
et al [26]. Briefly, the temperature, stirring rate,
and stirring duration were optimized to generate
microbeads of similar D[4,3] for all formulations. CH
or CH–Gel formulations were added dropwise into
preheatedmineral oil at 37 ◦C in 100ml spinner flasks
(BellCoGlass Inc., USA) using an 18Gneedle syringe,
and stirred at rotation speeds of 700 and 500 rpm,
respectively, for 3min. The speed was then reduced to
200 rpm for 7 min to complete gelation and to avoid
damaging the gelled beads. Afterwards, HEPES buf-
fer was added, prior to centrifugation (1 min at 377x
g), and the collected microbeads were washed with
HEPES buffer.

ALG microbeads were obtained by injecting the
alginate formulation (as prepared in section 2.2.1) in
mineral oil at RT under stirring (400 rpm) for 3 min.
Acidified mineral oil (0.22%v/v acetic acid mixed into
the oil by vortexing shortly before the process) was
then added to the mixture and stirred (200 rpm) for
additional 7 min. Microbeads were collected follow-
ing the same procedure as for the CH and CH–Gel
microbeads.

2.6. Microbeads characterization
2.6.1. Size distribution
The size distribution and D[4,3] [27] of empty
microbeads were determined. In brief, microbeads
were stained by incubating overnight in aHEPES buf-
fer solution containing 0.04% (v:v) of either eosin
(5 g l−1, for CH– and CH–Gel) or Toluidine Blue
(5 g l−1, for ALG) to induce image contrast. Two
images of the microbeads at different locations were
captured using an optical microscope at 6.3x magni-
fication (Olympus, Canada), before analysis using the
Cell ProfilerTM software (version 3.19).

2.6.2. Injectability
Injectability tests were performed by injecting the
prepared microbeads (3-fold dilution in HEPES)
using a 23 G needle (internal diameter of 337 µm).
The shape and morphology of the microbeads before
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and after injection were imaged at four different loca-
tions under a brightfield microscope (40x magnific-
ation, Leica DM LB2). The percentage of damaged
microbeads was quantified.

2.6.3. Mechanical characterization of microbeads
The mechanical properties of empty CH– and ALG-
based microbeads were assessed in MilliQ water at
RT using a MicroSquisher with SquisherJoy software
(CellScale, Canada). Owing to the difference in the
maximum force reached during testing, a 406 µm
microbeam was employed for CH-based microbeads,
while a 202 µm microbeam was used for ALG.
Compression cycles consisted of 80% deformation
over 60 s loading, followed by a 20 s hold phase
and a 60 s recovery phase. The testing ceased upon
bead rupture. The maximum compressive force and
deformation at rupture were measured on individual
microbeads (n⩾ 12).

2.6.4. Microbeads structural network
The microbead structural network was qualitatively
observed on histological slides using the Aperio
ImageScope software (Leica Biosystems). Microbeads
were washed with phosphate buffered saline (PBS)
and fixed in 10% formalin for 5 min at RT prior
to be embedded in Histogel™ (Thermo Scientific).
The samples were then embedded in paraffin,
sliced (4 µm), and stained with Hematoxylin
and Eosin.

2.6.5. Gelatin release assessment
The release profile of gelatin from CH–Gel
microbeads was evaluated by colorimetric test using
the Pierce BCA protein assay kit (Thermo Fisher). In
brief, 500 µl of microbead suspension was immersed
in 2000 µl of PBS 1X in falcon tubes (Sarstedt CA)
at 37 ◦C, or 4 ◦C for the control group. At prede-
termined time points (1 h, 4 h, 24 h, 3 and 7 d), a
100 µl of the mediumwas collected for gelatin release
analysis and replaced with fresh PBS. Absorbance was
measured at a wavelength of 562 nm using a spectro-
photometer (VarioSkan Multimode, Thermofisher),
and the gelatin concentration was determined from a
calibration curve.

2.7. Cell bioactivity
2.7.1. Cell culture and encapsulation
Bone marrow-derived hMSCs were cultured in
Nutristem medium (6600 cells cm−2) supplemen-
ted with 0.6%(v/v) nutrient growth factor supple-
ment in T175 flasks (Sarstedt, Germany) until 90%
confluence. HUVECs were cultured in endothelial
cell growth-2 medium (PromoCell® CA) supple-
mented with 0.4%(v/v) growth factor at a density
of 9000 cells cm−2 in T75 flasks to the same level of
confluence. These cells were detached using a trypsin-
EDTA solution and centrifuged at 377 × g for 5 min

(hMSCs) or 42× g for 5min (HUVECs). hMSCs sus-
pension at 5 million cells ml−1 in aMEM supplemen-
ted with 10%BSA was prepared to obtain hydrogels
loaded with 1 million cells ml−1 after preparation as
described in 2.2. HUVEC were used for the wound
healing tests (section 2.7.4).

2.7.2. Cell preconditioning
Cell preconditioning with celastrol was conducted as
previously described [25]. Briefly, hMSCswere incub-
ated 1 hour with celastrol at concentrations of 0.1
and 1 µM, and DMSO (0.1% v/v) as a vehicle in
aMEM supplemented with 1% FBS. The cells were
subsequently rinsed three times with aMEM contain-
ing 1% FBS and then incubated for an additional 4 h
in complete aMEMmedia (10% FBS) prior to encap-
sulation in the hydrogel.

2.7.3. Cell viability
Cell viability was determined using a live/dead assay
(Thermo Fisher, CA, USA) on days 0, 1, 4, and 7. The
microbeads were incubated with 2 µM calcein and
5.5 µM ethidium homodimer in serum-free MEM
for 45 min. Live and dead cells were visualized using
an inverted fluorescence microscope at 50x magnific-
ation (Leica DM IRB). Cell quantification was per-
formed using the ImageJ software.

2.7.4. Paracrine activity
The paracrine proangiogenic activity of cell-loaded
microbeads was evaluated by measuring vascular
endothelial growth factor (VEGF) release as well as by
co-culturing them with a wounded layer of HUVEC
(scratch test assay).

For VEFG release, microbeads were incubated in
low-serum media and on days 4 and 7, VEGF was
measured in the supernatant using the Quantikine
ELISA Human VEGF Immunoassay (Bio-techne)
according to the manufacturer’s protocol.

For the coculture test, encapsulated hMSCs (pre-
conditioned or not)) were first cultured for 4 d in
completemedia. Two days before coculture, HUVECs
were seeded at 38 800 cells cm−2 in the bottom of 24
well plates (CorningTM) and grown to 100% conflu-
ence in complete endothelial cell growth medium 2.
The cross-shaped wounds (figure 5(D)) were created
in each well using a 200 µl pipette tip. Concurrently,
encapsulated hMSCs were suspended in the basal
endothelial cell growth medium supplemented with
1%FBS at a 1:1 volume ratio. A volume of 200 µl of
the microbead suspension was introduced into each
Boyden Transwell (Falcon®) and 500 µl of the same
medium was introduced into each Boyden Transwell
and at the bottom of each well plate. The negative
control consisted of HUVECs in low serum medium
(1%FBS) with cell-free hydrogel in the Transwell,
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Table 1. Freezing media composition (PLA= Plasmalyte; BSA= Bovine serum albumin).

Freezing media
PLA

(% v/v)
aMEM
(%v/v)

BSA
(%v/v)

DMSO
(%v/v)

aMEM+ BSA — 70 20 10
— 85 5 10

PLA+ BSA 70 — 20 10
85 — 5 10

whereas the positive control was HUVECs in com-
plete medium with cell-free hydrogel. Imaging was
performed at various time points (0, 4, 8, 24, 32, and
48 h) using 40x magnification brightfield microscopy
(Leica DM LB2) to assess the wound closure velocity.

2.7.5. Cryopreservation
The impact of different freezing media on the hMSC-
loaded microbeads was investigated (table 1). We
compared combinations of BSA with aMEM or plas-
malyte (PLA), all supplemented with 10%v/v DMSO
[28, 29]. Cell-loaded microbeads were suspended at
a volume ratio of 1:3 (beads to freezing media) and
stored in cryovials (Corning) for one day at −80 ◦C,
followed by six days in liquid nitrogen. For thawing,
the cryovials were placed in a 37 ◦C water bath for
2 min, then centrifuged twice at 377xg for 1 min.
A 200 µl suspension of cell-loaded microbeads (in
aMEM 10% FBS) was seeded in 24-well plates, before
addition of 800 µl of the corresponding media. The
cells were allowed to recover for 4 d under physiolo-
gical conditions (37 ◦C with 5% CO2), after which
themediumwas replacedwith complete or low serum
medium for three more days. Conditionedmedia was
collected on day 7 (accumulation of day 4–7) to eval-
uate VEGF release, and cell viability was assessed
on days 1 and 7. Non-cryopreserved MSC-loaded
microbeads were used as controls.

2.8. Statistical analysis
All results are represented as the mean ± SEM,
and the number of experimental replicates (N) and
the total sample number within experiments (n)
are indicated in each figure caption. Comparisons
between groups were performed using Student’s t-
test or ANOVA followed by Tukey’s multiple compar-
ison post-hoc analysis using GraphPad Prism 9.5.1
software. Differences were considered significant for
p values below 0.05. Kruskal–Wallis non-parametric
statistical tests were performed on data that did not
follow a Gaussian distribution or had significantly
different variances.

3. Results and discussion

This study aimed to create an injectable, cryo-
preservable, hMSC-loaded product with good
pro-angiogenic function, for the repair of ischemic

tissue.We first optimized the stirring process to create
microbeads of various compositions (CH, CH–Gel,
and ALG) but with similar diameters and compared
their ability to promote cell survival and proan-
giogenic paracrine function.

3.1. Rheological andmechanical characterization
of CH-based hydrogels
As a first step, the influence of temperature on CH
and CH–Gel hydrogels was characterized by rheology
since the viscosity and gelation kinetic are crucial
parameters for the fabrication of microbeads. We
confirmed that both CH and CH–Gel formed ther-
mosensitive hydrogels upon the addition of a weak
base ((i.e. the PB-NaHCO3 mixture), as shown by the
rapid increase in their storage modulus when passing
fromRT to body temperature (figure 1(A)) in accord-
ancewith our previous studies [16]. As the viscosity of
CH–Gel solution itself is highly temperature-sensitive
(significantly more viscous than the CH solution at
10 ◦C but converging to similar values at T > 27 ◦C,
see figure 1(B)), we studied the effect of preheating
the CH–Gel on rheological properties of hydrogels
and microbead morphology. Time-sweep at 37 ◦C,
mimicking the injection in warm oil, showed that
both hydrogels exhibited rapid gelation and compar-
able final storage moduli (8.8 kPa for CH and 6.9 kPa
for CH–Gel at 10 h (figure 1(C)). Compression tests
further confirmed the absence of significant differ-
ences in mechanical properties between the CH and
CH–Gel hydrogels, both presenting a relatively lin-
ear behavior until 20% of deformation, with a young
modulus of approximately 28 kPa (figure 1(D)).
Preheating the CH–Gel to 37 ◦C resulted in a lower
initial viscosity, easier injection into the stirrer, more
rapid gelation, and more uniform beads (see later).
Therefore, this method was used in all experiments.

3.2. Fabrication and characterization of the
microbeads
Microbeads composed of ALG, CH, and CH–
Gel were created using SE (figure 2(A)). Empty
microbeads were first evaluated for size distribution,
injectability, and mechanical properties. SE offers a
balance of control, efficiency, and versatility, making
it suitable for a wide range of applications including
cell therapy. By adjusting the stirring rate, we success-
fully produced ALG, CH, and CH–Gel microbeads
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Figure 1. Rheological and mechanical characterization of CH and CH–Gel hydrogels: (A) thermosensitivity of hydrogels is
demonstrated by rapid increase of the storage modulus G′ when passing from 22 ◦C to 37 ◦C (n= 6) (G′′ loss modulus); (B)
viscosity (at a shear of 1 s−1) of CH and CH–Gel acidic solutions as a function of temperature (n= 3); C) gelation kinetic at
37 ◦C when solutions had been preheated prior to mixing (n= 6).; (D) secant modulus at 20% of deformation after 24 h gelation
(n⩾ 4; N ⩾ 3).

with close D[4,3] (≈500 µm) [30] and size distri-
bution (coefficients of variation of 37%, 35%, and
31%, respectively (figures 2(B)–(D)). As minimally
invasive administration is important, we evaluated
their injectability using 23G needles (figure 2(E)).
ALG microbeads demonstrated a significantly higher
rupture rate (30%) compared to CH and CH–Gel
microbeads (10% and 12% respectively, p< 0.01).

Another advantage of these chitosan physical
hydrogels for cell therapy is their interconnected por-
ous structure owing to phase separation during gela-
tion, as shown previously [31]. Since gelatin is a liquid
at body temperature and could be partly released
from the hydrogel, we evaluated gelatin release and
the porosity of the microbeads after a 1 week incub-
ation in PBS. As expected, gelatin release at 37 ◦C
was significantly higher than at 4 ◦C (13 versus
6% at day 7, p < 0.05; figure 2(F)). This explains
why microbeads incubated at 37 ◦C presented a
higher porosity than microbeads incubated at 4 ◦C
on histology, according to qualitative observations
(figure 2(G) and S2).

The mechanical properties of the ALG, CH,
CH–Gel, and cryopreserved CH–Gel microbeads
(CH–Gel_Cryo) were further studied by compres-
sion tests using a Microsquisher (figure 3). ALG
microbeads were more rigid but broke before reach-
ing 40% deformation (figure 3(A)), consistent with
the increased rupture rate obtained during inject-
ability testing. In contrast, CH, CH–Gel, and CH–
Gel_cryo (cryopreserved) microbeads underwent
plastic deformationwithout breakage until 80% com-
pression and resisted to drastically higher compres-
sion forces, demonstrating their superior mechanical
strength (figures 3(B) and (C)). This was achieved
thanks to the use of a specific mixture of NaHCO3

and PB as gelling agents for CH-based gels, which
was previously shown to drastically enhance their
mechanical properties [17]. The mechanical proper-
ties of ALG microbeads can be enhanced by altering
the molecular weight or crosslinking density using
a higher guluronic/mannuronic (G/M) acid ratio
[32]. However, a more rigid scaffold is not beneficial
for encapsulated cells. The fragile rupture of ALG
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Figure 2.Microbead characterization and injectability: (A) schematic representation of microbeads fabrication with SE (with
warm oil for CH and CH–Gel only); (B) size distribution and (C) volumic mean diameter D[4,3] (n⩾ 3000 beads); (D) optical
microscope images of empty CH, CH–Gel and ALG, microbeads (scale bar 500 µm); optimized stirring rates were 700, 500 and
400 rpm for CH, CH–Gel and ALG respectively; (E) percentage of ruptured empty microbeads after injection through a 23 G
needle (mean± SD; n⩾ 850 beads; ∗∗ P< 0.01) (F) cumulative gelatin released from CH–Gel microbeads in PBS at 4 and 37 ◦C
(n= 4); G) Microbeads structure after incubation at 37 ◦C and 4˚C for 1 week (Histogel, H&E staining, 4 µm—thick histological
sections); N ⩾ 3.

Figure 3.Mechanical properties of empty microbeads: (A) representative compression curves for alginate, chitosan,
chitosan–gelatin and cryopreserved chitosan–gelatin microbeads, showing alginate breakage before 40% deformation while
CH-based beads did not break until 80% deformation; (B) maximum compressive force (mean± SD, n⩾ 10 , N= 2; ∗∗∗

p< 0.001); (C) representative images of chitosan and alginate microbeads before and after applying compression.
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microbeads is a limitation compared to the plastic
deformation of chitosan microbeads.

While 23G needles are considered adequate
for most clinical applications [33], other teams
have reported microbeads passing through smaller
needles, such as 27G needles [34]. The diameter of the
microbeads can be further reduced by increasing the
stirring rate, decreasing the viscosity of the hydrogel
solution, changing the impeller geometry, or adding
an emulsifier [8, 35]. Other fabrication methods can
also be proposed to reduce the size distribution [36]
or avoid the use of oil [37].

3.3. Bioactivity of mesenchymal stromal
cells-loadedmicrobeads
The viability of hMSCs encapsulated in CH, CH–
Gel, and ALG microbeads was assessed in both com-
plete (figure 4(A)) and low serum (figure 4(B))
culture media, revealing the highest viability in
CH–Gel microbeads and the lowest in alginate
under both conditions. After 7 days in complete
media, CH–Gel, CH, and ALG microbeads exhibited
cell viabilities of 80%, 70%, and 35%, respectively
(p< 0.05). As expected, viability decreased under low
serum conditions (66%, 55%, and 43%, respectively).
Representative live/dead cell assay images are shown
in figure 4(C).

These results are aligned with the study carried
out by Cheng et al [18], demonstrating that blend-
ing gelatin 2 and 4% to chitosan scaffolds signific-
antly enhances the viability of encapsulated adipose
derived stromal cells (ASCs). The addition of gelatin
can provide a more natural and supportive microen-
vironment for cells, providing cues that regulate
cell behavior including adhesion,proliferation and
migration. In addition, the increase in porosity of
CH–Gel microbeads allows easier nutrient and oxy-
gen access to the cell and increases their viability.
Gelatin is an interesting material to enhance the effic-
acy of cell products owing to its biocompatibility,
low immunogenicity, biodegradability, and ease of
manipulation [38, 39].

Proangiogenic activity was evaluated by meas-
uring VEGF release in low serum media over
four days using ELISA (figure 4(D)). Drastically
more VEGF (11-fold increase) was released from
MSC-loaded CH and CH–Gel microbeads than from
ALG microbeads (7461, 7431, and 670 pg ml−1 of
hydrogel, respectively). This finding is crucial, as
VEGF plays a vital role in angiogenesis, which is
essential for ischemic tissue repair [40, 41].

The higher VEGF release from the chitosan-based
scaffolds can be partly explained by the signific-
antly lower cell viability observed in alginate, which
can be related to several possible factors: its lower
porosity, absence of cell-adhesive motifs [42, 43],
shear stresses and traces of remaining oil from the
SE process. However, cell viability decreased by less
than two-fold, while VEGF release was approximately

11-fold, calling for additional explanations. To elim-
inate the possible effect of the remaining oil and
shear during SE, which could influence cell viabil-
ity and VEGF release, we confirmed the impact of
the scaffold composition by encapsulating hMSC at
the same concentration in bulk hydrogels of sim-
ilar composition. Despite similar viability in the
various hydrogels (77%, 74%, and 73% for CH–
Gel, CH, and ALG, respectively) (see supplemental
data S2), significantly higher VEGF release (p<0.05
was again observed from bulk CH–Gel and CH (11
737 and 16 816 pg ml−1 of hydrogel, respectively,
p = 0.9.) compared to ALG (5057 pg ml−1 hydrogel,
figure 4(E)).

These results highlight the importance of scaffold
composition and suggest an advantage of CH-based
scaffolds for cell therapy of ischemic diseases. The
enhanced release of proangiogenic cytokines from
chitosan scaffolds aligns with the existing literature,
underscoring chitosan’s effectiveness in neovascular-
ization. Previous studies using bulk hydrogels have
demonstrated that CH-based hydrogels enhance the
proangiogenic potential of hMSCs through vari-
ous mechanisms, including optimizing cell sur-
vival and engraftment, mitigating inflammatory
responses, and promoting vascular endothelial sta-
bility, which collectively improve therapeutic out-
comes in myocardial infarction and critical limb
ischemia [18, 44, 45]. Moreover, a recent study
showed the advantage of methacrylate glycol chitosan
over methacrylate hyaluronic acid on proangiogenic
(including VEGF) and immunomodulatory parac-
rine secretion by encapsulated ASC [46]. However,
before conclusion, more extensive investigations are
required, such as measuring other proangiogenic
cytokines and characterizing the immunogenic
response and reperfusion in vivo [47, 48]. The mode
of cell death should be also assessed as cell necrosis
might release intracellular molecules called alarmins
which in vivo induce inflammation and cytokine
storm [49].

Given the strong advantage of CH-based
microbeads and bulk hydrogels over alginate in terms
of VEGF release, and the significantly better cell
viability in CH–Gel over CH in microbeads, CH–
Gel was identified as the most promising formulation
for subsequent experiments.

3.4. Effect of cell preconditioning by celastrol on
the bioactivity of hMSC-loaded CH–Gel
microbeads
To further improve cell viability and function in the
CH–Gel microbeads, pharmacological cell precon-
ditioning was performed prior to encapsulation by
exposing the cells for 1 h to celastrol at 0.1 µM
or 1 µM and to the vehicle (DMSO 0.1%) as a
control (figure 5). Figure 5(A) shows the viability of
encapsulated MSC on days 1 and 7. While cell viab-
ility was approximately 80% for all groups cultured
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Figure 4. Viability of encapsulated hMSC cultured in (A) complete media (10%FBS) or (B) low serum media (0.2%FBS); (C)
live/dead pictures at day 7; (D), (E) VEGF amount released at day 4 fromMSC-loaded microbeads (D) and bulk hydrogels (E)
(n⩾ 6; N ⩾ 2; ∗ P< 0.05, ∗∗ P< 0.01, ∗∗∗P< 0.001).

in complete media, cell conditioning with celastrol
0.1 and 1 µM significantly increased the viability of
cells cultured in low serum conditions by 10% and
12%, respectively (p < 0.001; figure 5(A)). In addi-
tion, VEGF released in the supernatant of precondi-
tioned encapsulated cells increased by 25 and 40% for
celastrol 0.1 and 1 µM, respectively, compared to the
vehicle (figure 5(B)). The difference was only signi-
ficant for celastrol at 1 µM (p < 0.05). These res-
ults corroborate our previous study, which demon-
strated an increase in the viability and release of VEGF
and SDF-1α proangiogenic cytokines fromMSC pre-
treated with celastrol and loaded in bulk hydrogels,

as well as their enhanced proangiogenic function
in vitro and in vivo [25]. Preconditioning with celast-
rol seems particularly promising owing to its anti-
inflammatory and pro-survival effects, which could
be pivotal for increasing the viability and paracrine
functions of hMSCs [23, 50]. Other teams have used
sustained hypoxic preconditioning (1–3 days) prior
to encapsulation to enhance the paracrine function
of MSC [51, 52]. The advantage of our approach is
the ease and short duration (1 h) of preconditioning
treatment.

To confirm the proangiogenic paracrine func-
tion of the encapsulated hMSC, a scratched layer of
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Figure 5. Effect of cell preconditioning by celastrol on the viability and VEGF release of hMSC loaded in CH–Gel microbeads: (A)
cell viability at day 7 in complete and low serum culture media (n⩾ 6); (B) VEGF released during day 4–7 (n⩾ 8); (C) coculture
model of MSC loaded microbeads and HUVEC; (D) initial wound at T0; (E) wound closure velocity with encapsulated hMSC
preconditioned with celastrol 1 µM or vehicle, compared to positive control (empty microbeads in complete media) and negative
control (empty microbead in low serum media); (F) area under the curve of wound closure (n⩾ 11, N ⩾ 3). Results are expressed
as mean± SEM; ∗p< 0.05; ∗∗∗ P < 0.001; # P < 0.0001 for negative control vs veh, cel and positive control.

HUVEC immersed in low serummedia (1%FBS) was
cocultured with microbeads loaded with hMSC pre-
treated with celastrol 1 µM) or vehicle (figures 5(C)
and (D)). Cell-free microbeads in low serum (1%
FBS) or complete endothelial cell growth medium-
2 served as negative and positive controls, respect-
ively. While there was no wound closure for the neg-
ative control, coculture of HUVEC with MSC-loaded
microbeads (both vehicle- or celastrol-pretreated) led
to rapid wound closure (figure 5(E)).

Wound closure was faster in cells preconditioned
with celastrol (1 µM), which was also confirmed
by a significant difference when analyzing the area
under the curve (figure 5(F)). These results sug-
gest that encapsulated cells have a good proan-
giogenic function, which was slightly increased by
celastrol preconditioning. The combination of cell
preconditioning and cell microencapsulation can be
a promising strategy for improving the clinical out-
comes of cell therapy, especially for ischemic tissue

repair. Cell encapsulation can enhance cell retention
and survival at target sites [53, 54].

3.5. Effect of cryopreservation on CH–Gel
microbeads
For clinical transfer, it is essential to ensure that the
cellular product can be stored until shipping and use
in external clinical facilities. Therefore, we studied
the feasibility of cryopreservation of hMSC-loaded
microbeads.

First, we compared the effect of different freez-
ing media compositions on the viability and VEGF
release of encapsulated hMSC after cryopreservation.
While the viability significantly decreased in all freez-
ing media compared to fresh hMSC one day after
thawing,we observed a good recovery of viability after
one week of culture in complete media (figure 6(A)),
with no significant difference from fresh cells. The
best viability was obtained in PLA + BSA media (75
and 76% for PLA in 5 and 20% BSA, respectively)
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Figure 6. Effect of freezing media composition on the viability and bioactivity of microencapsulated MSC: (A) viability of
encapsulated MSC, cryopreserved using different freezing media composition, 1 d and 1 week after thawing (n⩾ 4, N = 2); (B)
VEGF released within 3 d in low serum media (days 4–7)(n⩾ 3, N = 2); (C) structure of cryopreserved microbeads after 7 d of
culture; (D) injectability of MSC-loaded fresh and cryopreserved microbeads through 23G needle (n⩾ 6). Control is
non-injected microbeads. ∗ P < 0.05; ∗∗ P< 0.01; ∗∗∗ p< 0.001. PLA= Plasmalyte A, BSA= Bovine serum albumin.

with DMSO choose as permeating cryoprotectant
(CPA). This is a bit lower than the 80% viability
reported for non-encapsulated cells in the PLA+BSA
cryopreservationmedia [28, 29]. The difference could
be due to reduced infiltration of the media within the
cells during freezing due to the hydrogel microbeads
[22].

Cryopreservation also decreased VEGF release,
the difference with fresh MSC-loaded beads was sig-
nificant, except with PLA + 5%BSA freezing media
(p = 0.14) (figure 6(B)), which was maintained
for further experiments. CH–Gel microbeads cryop-
reserved in PLA + 5%BSA were stable, maintained
their structure after one week of culture, and showed
increased porosity compared to fresh microbeads
(figure 6(C)). They were still injectable through a
23 G needle with only 8% ruptured beads versus 12%
for fresh beads (figure 6(D)). As shown in previ-
ous figure 3(B), cryopreservation did also not alter
the mechanical properties of the microbeads, which
presented similar compressive strength and no rup-
ture until 80% of compression.

More importantly, a functional assay of wounded
HUVEC (figures 7(B) and (C)) confirmed the proan-
giogenic paracrine activity of microencapsulated
freeze-thawed cells, and significant wound closure
was obtained within 24 h, while HUVEC subjected
only to the low serum media did not proliferate and
close the wound. The rate of closure was very close to
that of freshly encapsulated MSC (figure 7(D)).

While preconditioning with Celastrol 0.1 µM
helped increase the cell viability immediately after
freeze–thawing microbeads (66% vs. 55% for vehicle,

p < 0.01) and after 3 d in low-serum media (72 vs.
65%, p<0.05; figure 7(A)), no further benefit was
detected during wound closure tests.

These results confirmed the feasibility of cryo-
preservation of MSC-loaded CH-based microbeads.
The best results were obtained with freezing media
made from Plasmalyte A, serum albumin (SA), and
DMSO. This type of medium is increasingly used
for clinical purposes, where FBS must be avoided
owing to immunological responses [29, 55]. In
the cryopreservation process, SA helps stabilize the
cell membranes and maintain the osmolarity and
pH of the cryopreservation solution [56] In clin-
ical studies, bovine SA are replaced by human SA.
Cryopreservation can be further improved by optim-
izing the choice of CPA using permeating CPA
(DMSO, glycerol), non-permeating CPA (sugars such
as sucrose and trehalose), or a combination of
permeating/non-permeating CPA [57, 58]. It can also
be optimized by adding antioxidant stabilizers [59]
and ice nucleating agents [60] to freezing media.

3.6. Chitosan-gel microbeads, a promising cell
therapy product
In this study, we showed that chitosan has several
advantages over alginate for cell encapsulation and
injection in vitro.

Alginate-based microbeads are most commonly
used for in vitro culture and storage [12, 58, 61]
because of the ease of microbead fabrication and the
ability to reverse ionic crosslinking when immersing
the gel in a chelating solution [62] but they are
far from ideal for cell therapy. Their limitations
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Figure 7. Effect of cryopreservation and cell preconditioning on paracrine activity of MSC-loaded CH–Gel microbeads. (A)
Viability at day1 and 7 in cryopreserved microbeads, preconditioned with celastrol 0.1, 1 µM or vehicle, cultured in 10%FBS or
0.2%FBS (4 d in 10%FBS and 3 d 0.2%FBS) (n⩾ 6;N ⩾ 2); (B) wound closure velocity of HUVEC cocultured with cryopreserved
CH–Gel beads loaded with hMSC preconditioned with celastrol 0.1, 1 µM or vehicle; (C) area under the curve of wound closure
(mean± SEM;n⩾ 7,n= 2); (D) wound closure velocity with fresh versus freeze/thawed hMSC loaded microbeads (n⩾ 14N ⩾ 2)
insert: area under the curve. ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001; # P < 0.0001 negative control vs all other groups.

include the lack of cell adhesive motifs, lack of stabil-
ity in various physiological solutions used in clinics
[62, 63], and the absence of biodegradation. Other
materials have been proposed for the formation of
cryopreservable MSC-loaded microbeads with good
cell viability, for instance polyD,L-lactic-co-glycolic
acid (PLGA)[64] PLGA is biodegradable. However,
its degradation products (lactic and glycolic acids)
can cause localized acidic environments and generate
inflammation.

Compared with these materials, CH–Gel
microbeads form a particularly promising alternative
for cell therapy. They are easy to prepare and require
no chemical modification or toxic crosslinkers. They
are biodegradable and easily injectable using small
needles. They can support MSC viability and parac-
rine function, are stable in various physiological solu-
tions, and can be cryopreserved.

4. Conclusion

In this study, we established the in vitro proof-of-
concept for cryopreservable hMSC-encapsulated
CH–Gel microbeads as an injectable system to
promote revascularisation of ischemic tissues. The
drastic increase in VEGF release from hMSC-loaded
CH and CH–Gel microbeads compared to ALG high-
lights the importance of scaffold composition on the
efficacy of cell therapy products. Owing to its better

cell viability compared to CH, CH–Gel was selec-
ted as the most promising formulation. The CH–
Gel microbeads formed by SE exhibit good poros-
ity, injectability, stability, and mechanical proper-
ties with ductile behavior under load, which pre-
vents fragile rupture. Such a microbead format is
particularly appealing as it allows vascularization
throughout the implanted bead network, whereas
bulk hydrogels may act as a barrier to reperfusion
when injected into the ischemic region [10]. In addi-
tion, microbeads allow easier access of O2 and nutri-
ents to cells. Its combination with cell precondition-
ing, by simple exposure of the cells for 1 h to celastrol
prior to encapsulation, further enhanced the sur-
vival of encapsulated cells and the proangiogenic
function of this cellular product. Finally, its cryop-
reservability was demonstrated using a mixture of
Plasmalyte, serum albumin, and DMSO as the freez-
ing media. This is a promising off-the-shelf, cryop-
reserved allogenic MSC product with good viability
and paracrine function for the minimally invasive
treatment of ischemic diseases. Its bioactivity could
be further enhanced by optimizing the precondition-
ing treatment or freeze–thawing method. Moreover,
understanding the mechanisms underlying the
enhanced efficacy of CH–Gel scaffolds and celastrol-
preconditioned MSCs and more importantly, testing
in animal models is required to validate their clinical
potential.
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