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Highlights

e Cryopreservation of implantable microcarriers with adherent cells is demonstrated
e Most skeletal muscle derived cells remain viable and attached to microcarriers

e Cells retain phenotypic properties after freezing and thawing

e Microcarrier physical and mechanical properties remained unchanged

e Findings support cold-chain supply for implantable cell-microcarrier products
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Abstract

Regenerative medicine therapies include tissue engineered constructs to restore tissue and organ
function. Among the different approaches, implantable polymeric microcarriers have been proposed for
delivery of anchorage-dependent cells to target tissue locations. Cell-microcarrier combinations
produced as fresh advanced therapy medicinal products (ATMP) face significant challenges in terms of
manufacturing and in time distribution. In the current study, we have explored the feasibility
cryopreservation for human skeletal muscle-derived cell (SMDC) — implantable microcarrier
combinations. Existing and novel cryoprotectant formulations combined with slow cooling were
investigated, along with rapid and slow thawing regimens. Under specific conditions following
cryopreservation and thawing, most SMDC cells were viable and remained attached to the
microcarriers. Furthermore, the capacity of human SMDC to differentiate into myotubes was
unaffected. The cryopreservation process did not alter the physico-mechanical properties of the
microcarriers enabling them to retain their primary function of an implantable cell substrate. Overall,
these findings pave the way to use cold-chain product supply for future clinical studies with the

implantable cell-microcarrier technology.
Keywords:
Cryopreservation, cell microcarriers, TIPS, slow cooling, ATMP

Abbreviations®

! ATMP: Advanced Therapy Medicinal Product; CPA: Cryoprotective Agent or cryoprotectant; CS10:
CryoStor10®; CS10Gr: CS10 containing GranuGel®; DMSO: Dimethyl sulfoxide; MHC: Myosin Heavy
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1. Introduction

Regenerative medicine involving tissue engineered products is being developed to restore tissue
and organ function for a range of conditions throughout life. A critical requirement for these therapies
is to ensure that the constituent cells in the product remain viable and functional following manufacture,
transportation and clinical delivery. This can be particularly challenging when using cells anchorage-
dependent cells that are normally found adhered to other cells and tissues in the body. To overcome this,
biomaterials-based constructs can be loaded with therapeutic cells and injected or implanted at the target
location. Examples include implantable scaffolds [1], injectable hydrogels [2,3] and polymeric

microcarriers [4,5].

Polymeric microcarriers are usually microspheres, with diameters ranging from 50 to 400
microns, made of biocompatible polymeric materials [such as polystyrene, poly(lactic-co-glycolic acid)
(PLGA) and gelatin], that allow cell adhesion over a large surface area. Different characteristics (e.g.
porosity, diameter, surface chemistry, etc.) enable cell-laden or cellularized microcarriers to have a
variety of applications in regenerative medicine [6,7]. They are also used as culture substrates for cell
expansion in bioreactor-based advanced 3D cell culture models [8—10], cellularized building blocks for
bottom-up tissue engineering (TE) scaffolds [11-13], and as cell carriers in cell therapy applications

[14,15].

Cells require detachment from conventional non-implantable microcarriers before in vivo
transplantation [16—18]. We have previously shown the attachment and growth of anchorage-dependent
cells using implantable microcarriers produced using thermally induced phase separation (TIPS). These
microcarriers have been demonstrated to be compatible with in vivo implantation while maintaining
functional properties of conventional microcarriers for the growth and differentiation of a variety of
adherent cell types (skeletal muscle, mesenchymal stromal cells, induced pluripotent stem cells) [13,19—
21]. The microcarriers used alone as a medical device have previously been shown to be biocompatible
in vivo and safe when clinically implanted in humans as part of a Phase I safety study investigating their
use for fistula repair (NCT03707769). More recently, the implantable microcarriers with cells attached
have undergone non-clinical degradation and toxicology safety testing as part of their development
towards clinical investigation as a combined ATMP for treatment of incontinence. For this approach,
autologous human skeletal muscle-derived cells (SMDC) are attached to the surface of the implantable
microcarriers [21]. The cell-microcarrier combination is mixed in syringes with an inert hydrogel
(GranuGel®) that acts as a viscosity modifier before being distributed to clinical sites for use as a fresh
product. Fresh ATMPs containing perishable cells often have a short shelf-life, typically ranging from

12 - 96 hours cells, which significantly impacts the logistics of manufacturing and distribution to clinical

Chain; PLGA: poly(lactic-co-glycolic acid); SMDC: Skeletal Muscle-Derived Cell; TIPS: Thermally Induced
Phase Separation
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sites. To address this challenge, storage and distribution of the combined ATMP as a cryopreserved

product to the clinical site could be an option.

Cryopreservation of biological materials, such as cells or tissue fragments, is a common process
used for long-term storage and transport by cooling them to cryogenic temperatures (-80 to -196 °C)
[22]. The potential to preserve and store biological materials for research or clinical use at a later
timepoint makes cryopreservation an increasingly important tool in haematopoietic stem cell
transplantation, cell therapy, and regenerative medicine [23-25]. Cryopreservation has been used in
clinical trials in cellular immunotherapies, where therapeutically active non-adherent cells, such as T
cells, are cryopreserved in the form of a cell suspension [26]. The cryopreservation process typically
involves several steps including: (i) incubation with the cryoprotectant (CPA), (ii) controlled freezing,
(iii) storage at cryogenic temperatures for days to years, (iv) controlled thawing/warming, and (v)
removal of the CPA from the mixture. Each step has risks associated with cell damage caused by ice
formation [27,28]. Accordingly, various CPA (in terms of nature, mechanism and concentration) and
cooling/warming methods exist, reflecting the different parameters that affect the biophysical
phenomena [22,26]. Cryopreservation of cellularized scaffold-based constructs is generally more
complex than for cell suspensions because there is a need for retaining key attributes of both the attached

cells and integrity of the scaffold material [29].

The current study describes the development of a cryopreservation process for the SMDC-
implantable microcarrier combination. Microcarriers made of PLGA were fabricated using thermally
induced phase separation (TIPS). Human SMDC from five healthy donors were attached to the surface
of TIPS PLGA microcarriers using previously established methods [21] and cryopreserved using slow
cooling. In addition to the standard CPA mixture (CryoStor10®; BioLife Solutions, USA; a clinically-
approved DMSO-based solution), we also investigated addition of a sterile polymeric hydrogel
(GranuGel®) along with different thawing conditions. Data from the study demonstrate that
cryopreservation of the SMDC-implantable microcarrier combination is technically feasible under
defined controlled freezing/thawing conditions. This approach may help resolve issues associated with
distribution of fresh tissue engineered ATMPs removing the need for just in time supply constraints

associated with fresh products.
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2. Materials and Methods

2. 1. Fabrication of TIPS PLGA Microcarriers

Polymeric microcarriers were prepared using thermally induced phase separation (TIPS), as
previously described [19]. Briefly, a 2% weight:volume (w/v) solution of poly(DL-lactide-co-glycolide)
(PLGA; Purasorb® PDLG7507 75:25) in dimethyl carbonate (DMC; Sigma Aldrich) was prepared.
Polymer droplets were produced using a Nisco Encapsulator Unit Var D (Nisco Engineering,
Switzerland), fitted with a stainless steel, sapphire-tipped nozzle (100 um orifice) at a flow rate of 2
ml/min and vibration frequency of 2.70 kHz (amplitude 100%). The polymer droplets were collected
into liquid nitrogen to achieve thermally induced phase separation of the polymer and solvent before
being lyophilized in a freeze drier (Edwards MicroModulyo) for 24 hr to achieve sublimation of the
frozen solvent. After lyophilization, the dry microcarriers were sieved (Endecotts™ Stainless Steel Test

Sieve, Fisher Scientific, United Kingdom) to a size range of 250-500 um.

2.2. Characterization of TIPS PLGA microcarriers

The surface morphology of the microcarriers was assessed using scanning electron microscopy
(SEM). Samples of TIPS PLGA microcarriers were mounted on aluminium stubs using adhesive carbon
tabs and sputter coated with gold (Polaron E5000). Samples were imaged using a Hitachi S3400N

scanning electron microscope at 5 keV.

To quantitatively evaluate the morphological characteristics (size and shape) of the microcarriers,
a particle image analyzer (Morphologi G3; Malvern Panalytical, UK) was used. Approximately 200

microcarriers were evaluated for each parameter assessed.

2.3 Pre-conditioning of TIPS PLGA microcarriers

To promote cell attachment, microcarriers were pre-conditioned as previously described [21].
The pre-conditioning solution consisted of 10% (v/v) ethanol in proliferation medium [Ham's F-10
Nutrient Mix, GlutaMAX™ Supplement (ThermoFisher Scientific), 10% v/v fetal bovine serum (FBS;
Life Sciences, USA), 1% antibiotic and antimycotic (0.25 mg/ml Amphotericin B, 100 units/ml
penicillin and 100 mg/ml streptomycin) (Gibco) and 10 ng/ml human fibroblast growth factor (FGF)-
basic (PeproTech, UK)]. 20 mg TIPS PLGA microcarriers were added to 7 ml polystyrene containers
and incubated in 5 ml of the wetting solution under rotation at 37 °C for 3 days. Successful pre-

conditioning of the microcarriers was confirmed by their sedimentation in the container. The
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microcarriers were washed twice with fresh proliferation medium and stored at 4 °C before use in the

in vitro experiments with cells.

2.4 Human skeletal muscle-derived cells

Human skeletal muscle-derived cells (SMDC) from five different healthy human donors were
supplied by Innovacell GmbH (Austria). SMDC were isolated (following a previously established
methodology, described elsewhere [30]) from muscle tissue biopsy samples from healthy donors, upon
signed informed consent and following the principles of the Declaration of Helsinki and of the
International Conference on Harmonization—Good Clinical Practice. Before experiments, SMDC were
thawed and plated on tissue culture flasks (Sarstedt, Germany) at a cell density of 10,000 cells/cm?.
SMDC were cultured in proliferation medium (described in Section 2.3). The culture medium was
changed every 2-3 days. For subculture and harvesting, cells were rinsed with Dulbecco’s phosphate
buffered saline (PBS; Merck), detached using trypsin-ethylenediaminetetraacetic acid (EDTA) solution
(Sigma Aldrich), washed in proliferation medium and centrifugated at 190 x g for 5 min. The cell pellet
was resuspended in fresh proliferation medium before being transferred into new tissue culture flasks

for subculture or used for the experiments with the microcatriers.

2.5. In vitro attachment of cells on TIPS PLGA microcarriers

PBS-0.1 mini vertical-wheel bioreactors (PBS Biotech, Inc., USA) were used for the attachment
of the cells to the TIPS microcarriers, as previously described [21]. 100 mg of pre-conditioned
microcarriers and 20x10° SMDC (passage 5 — 9) in 60 ml proliferation medium were added into the
bioreactor. The bioreactor was placed in an incubator at 37°C and 5% CO; with a humidified atmosphere
for 18 h. The rotation speed of the bioreactor was set at 40 rpm with an intermittent profile of 20 sec
agitation per hour. At the end of the incubation period cells had attached on the microcarriers (termed

as ‘cellularized microcarriers’).

At the end of the incubation period, the contents of the bioreactor containing the cellularized
microcarriers were transferred into a 50 ml polypropylene container (Falcon®) and the cellularized
microcarriers were allowed to sediment. The number of cells attached to the surface of microcarriers
was indirectly quantified by subtracting the number of the non-attached cells in the supernatant
[measured using an automated cell counter (NucleoCounter® NC-200, Chemometec, Denmark)] from

the seeding cell number.
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2.6. Incubation of the cellularized TIPS PLGA microcarriers with cryoprotectants and

cryopreservation

The following cryoprotectants were investigated: i) CryoStorl0® (CS10; BioLife Solutions,
USA), a clinically approved commercial cryoprotectant containing 10% dimethyl sulfoxide (DMSO)
or ii) CS10 mixed 1:1 with 10% (v/v) GranuGel® (ConvaTec, United Kingdom) in proliferation
medium (CS10Gr; final concentration of DMS0 5% and GranuGel® 5%)).

For cryopreservation, the cellularized microcarriers were washed in PBS before being
resuspended in 36 ml proliferation medium, and aliquoted into three 50 ml polypropylene containers as
follows: 4 ml for the control samples that were not incubated in cryoprotectant and were not
cryopreserved (‘before cryopreservation’), 16 ml for the CS10 samples and 16 ml for the CS10Gr

samples that were further cryopreserved.

For the samples incubated in the CS10, microcarriers were left to sediment, the proliferation
medium was removed, and the microcarriers were resuspended in 8 ml CS10. The cellularized
microcarriers were mixed and quickly aliquoted in eight 2ml cryogenic vials (Nunc; Denmark) (1 ml of

cellularized microcarriers per cryogenic vial).

For the samples incubated in the CS10Gr; microcarriers were left to sediment, the proliferation
medium was removed, and the microcarriers were resuspended in 4 ml CS10. Using two Luer-lock
syringes (Fisher Scientific) with a syringe connector, the cellularized microcarriers were mixed with 4
ml 10% GranuGel® (v/v) solution in proliferation medium. The 8 ml total suspension of cellularized
microcarriers was quickly aliquoted into eight 2ml cryogenic vials (1 ml of cellularized microcarriers

per cryogenic vial).

For the process of slow cooling, a VIA Freeze™ controlled rate freezer (Cytiva, UK) with a
cooling rate of -1 °C/min (after 10 min equilibration at 4 °C) was used. When the temperature reached
-70 °C, the cryogenic vials were transferred to the -70 °C freezer, and next day they were transferred to

the liquid nitrogen inside a box with dry ice.

A schematic diagram of the process is shown at the Figure 1A.
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Figure 1: Schematic diagram of the experimental protocol. (A) Preparation of the cellularized
implantable microcarriers. (B) Characterization of cell recovery, in terms of viability and number (Bi),

surface marker expression and differentiation of the SMDC after their growth on the microcarriers (Bii);

timeline of the differentiation study (Biii).
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2.7. Characterization of the cellularized TIPS PLGA microcarriers after thawing

Cryogenic vials containing cellularized TIPS PLGA microcarriers were taken from storage in
liquid nitrogen and transferred to the lab in dry ice for storage in a -80 °C freezer while vials were
thawed two at a time. Frozen vials were thawed at 37 °C using two different regimes: (i) placing in
water bath (rapid), or (ii) incubator (slow). Thawing in water was performed by swirling the vial in the
water bath for 2 — 3 minutes. For the slow thawing, vials were placed on the shelf of the incubator for
9 — 12 minutes. In both cases, vials were transferred to the biosafety cabinet just before being completely

thawed.

The contents of each vial were transferred using a Pasteur pipette into a 30 ml polystyrene
container. 10 ml proliferation medium was added dropwise to the cellularized microcarriers followed
by gentle mixing by inverting the container five times up and down. The cellularized microcarriers were
allowed to sediment before removing the medium freezing and washing again with 5 ml proliferation
medium. The cellularized microcarriers were either directly characterized (‘0 hr’ samples) or transferred
to a low-attachment 6-well plate (Corning, UK) for 24 hr assessment (‘24 hr’). Supplementary Table 1
shows the details of the samples used in the study for characterization of cell viability and total number
of cells attached on the microcarriers per cryogenic vial, cell number per microcarrier, myogenic
differentiation potential and surface marker expression of the cells after migration off the microcarriers

(Figure 1B). Details of the protocols are discussed in the following sections.

Cells from the cryopreserved cellularized microcarriers derived from all five different donors

were characterized in an 1dentical manner.

2.7.1 Quantitative evaluation of cell number and viability

To assess cell viability and total number of cells attached to the microcarriers in each cryogenic
vial, the cellularized microcarriers were washed twice with PBS, and incubated for 5 min with 1.5 ml
of trypsin-EDTA. To promote detachment of cells from the microcarriers, samples were gently mixed
by pipetting up and down ten times. The microcarriers were allowed to sediment, and a sample of the
supernatant (containing the detached cells) was measured using an automated cell counter

(NucleoCounter® NC-200).

2.7.2 Quantitative evaluation of cell attachment using DAPI staining
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DAPI staining was used to quantify the number of attached cells per microcarrier. A sample of
the cellularized microcarriers was washed with PBS, fixed with 4% formaldehyde permeabilized with
0.1% (v/v) Triton X-100, and incubated with DAPI staining solution (NuncBlue Fixed cell staining;
ThermoFisher). Cellularized microcarriers were washed twice with PBS and imaged with a

fluorescence microscope (Zeiss AXIO, Germany).

2.7.3 Qualitative evaluation of viability using Live/Dead staining

For the Live/Dead staining, a sample of the cellularized microcarriers was incubated with the
staining solution (LIVE/DEAD™ Viability/Cytotoxicity Kit, Invitrogen) for 30 min at room
temperature. The cellularized microcarriers were washed with PBS and imaged with a fluorescence

microscope (Zeiss AXIO, Germany) within the next hour.

2.7.4 SMDC differentiation and surface marker expression

A sample of the cellularized microcarriers was transferred to a standard 6-well tissue culture
treated plate (Sarstedt, Germany) and incubated in proliferation medium to allow migration of the cells
off the microcarriers and attachment to the bottom of the plate (Figures 1Bii and 1Biii). After 2 — 3 days,
proliferation medium was replaced with fresh medium. When cells reached 80 - 90% cell confluence,
the cells and microcarriers were detached with trypsin-EDTA, sieved with 100 um Corning® cell
strainers (Merck, Germany) to remove the microcarriers, and the cells were re-plated in standard in 24-

well and 6-well tissue culture treated plates for immunostaining and flow cytometry, respectively.

2.7.4.1 SMDC difterentiation

Cells were incubated in proliferation medium until reaching 70 — 80% confluence, after which
the medium was switched to differentiation medium consisting of Dulbecco's Modified Eagle Medium
F12 (DMEM F12; ThermoFisher Scientific), 1% insulin-transferrin-selenium solution (ThermoFisher
Scientific), 1% N supplement (ThermoFisher Scientific), 2 mM L-Glutamine (Merck) and 100 units
penicillin and 0.1 mg streptomycin/ ml (Merck). After 7 days incubation in differentiation medium cells
were stained for myosin heavy chain (MHC). Cells were fixed with 4% formaldehyde for 10 min,
permeabilised with 0.1% (v/v) Triton-X 100 in PBS followed by blocking with 5% goat serum in PBS
(Merck) for 1 hr at room temperature. Cells were incubated with MF-20 anti-sarcomeric myosin heavy
chain Ila IgG mouse antibody supernatant (1:20; Developmental Studies Hydroma Bank, lowa, USA)
in 5% goat serum overnight at 4 °C. Cells were then incubated with secondary antibody (1:350 Alexa

Fluor 488 IgG goat anti-mouse in 5% goat serum) for 1 hr at room temperature. Finally, cells were

10



Journal Pre-proof

incubated with DAPI staining solution for 5 min. Cells were imaged using an inverted fluorescence
microscope (Zeiss AXIO, Germany). Image reconstruction was performed using ImageJ software
(ImagelJ, National Institutes of Health, Bethesda, MD, USA). The fusion index was calculated as the
ratio of nuclei number in MF20-positive cells (myotubes) with two or more nuclei divided by the total
number of nuclei in each field of view, as previously described [31]. The mean fusion index for each

donor was calculated from ten fluorescence microscopy images at 10X magnification.

2.7.4.2 Flow cytometry

Cells cultured in proliferation medium were harvested from the wells, as described in Section
2.4, centrifuged at 190 x g and washed with PBS. Cells were stained with Brilliant Violet 711™ anti-
human CD56 (NCAM) Antibody (Clone 5.1H11, Biolegend, California, USA), Alexa Fluor® 647 anti-
human CD34 Antibody (Clone 561, Biolegend) and PE anti-human CD90 (Thyl) Antibody (Clone
5E10, Biolegend) for 30 min in the dark at RT. Cells were washed once before the analysis. Flow
cytometry analysis was performed using BD LSRFortessa™ Cell Analyser (BD Biosciences). Each
acquisition file included 20,000 events. The BD FACSDiva™ Software was used for acquisition.

Results were analysed using FlowJo™ version 10 software (BD Biosciences).

2.8. Characterization of TIPS PLGA microcarriers after thawing

To evaluate the effect of cryopreservation on the properties of TIPS PLGA microcarriers, the
microcarriers (without cells) were incubated and cryopreserved in the same cryoprotectants: i) CS10 or
ii) CS10Gr. For the CS10Gr CPA, a 10% GranuGel® (v/v) solution in proliferation medium was freshly
prepared. Microcarriers were resuspended in 36 ml proliferation medium, and aliquoted into three 50
ml polypropylene containers as follows: 4 ml for the control samples (before cryopreservation), 16 ml
for the CS10 samples, and 16 ml for the CS10Gr samples. For the samples incubated in the CS10, the
proliferation medium was removed, and the microcarriers were resuspended in 8 ml CS10. The
microcarriers were mixed and quickly aliquoted in eight 2 ml cryogenic vials (1 ml of microcarriers per
cryogenic vial). For the samples incubated in the CS10Gr, the proliferation medium was removed, and
the microcarriers were resuspended in 4 ml CS10. Using two Luerlock syringes with a connector, the
microcarriers were mixed with 4 ml 10% (v/v) GranuGel® solution in proliferation medium. The 8 ml
total suspension of microcarriers was quickly aliquoted into eight 2 ml cryogenic vials (1 ml of
microcarriers per cryogenic vial). For the process of slow cooling, the ViaFreeze™ controlled rate
freezer (Cytiva, Buckinghamshire, UK) with a cooling rate of -1 °C/min (after 10 min equilibration at

4 °C) was used. When the temperature reached -70 °C, the cryogenic vials were transferred to the -70

11
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°C freezer, and next day they were transferred to the liquid nitrogen, where they were stored for five

months.

For the characterization, frozen vials were slowly thawed and left at room temperature for 2 h.
The contents of the vials were washed in 10 ml PBS via gentle inversion. Microcarriers were allowed
to sediment and washed with 5 ml deionized water. Samples that had not been cryopreserved were used

as controls.

2.8.1. Size and morphology of TIPS PLGA microcarriers

The morphological characteristics of the microcarriers after cryopreservation were assessed with

a particle analyzer (Morphologi G3).

Scanning electron microscopy (SEM) was used to evaluate the surface morphology of the
microcarriers. A drop of the microcarriers was transferred onto an aluminium stub with an adhesive
carbon tape and air-dried before sputter coating with gold (Polaron E5S000) and imaging using a Hitachi
S3400N SEM at 5 keV.

2.8.2 Thermal properties

Differential Scanning Calorimetry (DSC) was used to evaluate the thermal properties of the TIPS
PLGA microcarriers after cryopreservation. DSC analysis was conducted using a DSC 25 Differential
Scanning Calorimeter (TA Instruments, Delaware, USA). A sample (~1-2 mg) of dried samples was
loaded into an aluminum pan and temperature scanning was performed under nitrogen gas according to
the following temperature programme: 0°C — +200 °C (heating rate: 10 °C/min) — 0°C (cooling rate:
10 °C/min); two cycles). The glass transition (Tg) temperatures were recorded as the midpoint of the

thermal transition.

2.9. Statistical analysis

Data were subjected to Kruskal Wallis followed by Dunn’s tests for multiple comparisons
between pairs of means, using commercially available software (GraphPad Prism). Statistically
significant difference between experimental results was indicated by p < 0.05 (*), p < 0.01 (**), p <
0.001 (***), and p < 0.0001 (****), Results of cellularized microcarriers are expressed as mean =+
standard error of the mean (SEM; n = 5). Results of microcarriers (without cells) are expressed as mean
+ standard deviation (SD). Data were analysed using GraphPad Prism version 7 for Windows

(GraphPad Software Inc).

12
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3. Results

3.1 Fabrication, cryopreservation and characterization of TIPS PLGA microcarriers

Porous PLGA microcarriers were produced using thermally induced phase separation. The
surface of the microcarriers exhibited a heterogeneous hierarchical pore structure characteristic of the
TIPS process (Figure 2Ai and 2Av) [32]. The typical differences in the pore structure were observed
both within individual microcarriers and between different microcarriers within the same batch. Before
culturing with cells, the microcarriers were pre-conditioned to increase their hydrophilic properties.
SEM imaging showed that pre-conditioning of the microcarriers resulted in shrinkage without affecting
their shape (Figure 2Aii). The surface of the microcarriers retained their porous features typical of TIPS

microcarriers (Figure 2Avi).

Incubation of the microcarriers in CS10 cryoprotectant and cryostorage for five months did not
change the size and shape of the microcarriers, nor did they collapse or get clustered together. The same
was observed for samples incubated in CS10Gr and cryopreserved. Furthermore, the surface
morphology and porosity of the samples cryopreserved in CS10 (Figures 2Aiii and 2Avii) or CS10Gr
(Figures 2Aiv and 2Aviii) did not change compared with before cryopreservation. All microcarriers

retained the porosity and open internal pores.

The mean diameter of the microcarriers produced was ~300 pm (Figure 2Bi). Pre-conditioning
of the microcarriers prior to cell attachment resulted in ~36% reduction in size. Microcarriers
cryopreserved in CS10 had a diameter reduction of ~ 10% compared to before cryopreservation, while
samples cryopreserved in CS10Gr had a diameter reduction of ~ 5%. The reduction in microcarrier

diameter was not significantly different between CS10 and CS10Gr samples.

The circularity of microcarriers cryopreserved in CS10 exhibited a higher value compared to the
microcarriers before cryopreservation (Figure 2Bii). Microcarriers cryopreserved in CS10Gr had
circularity values similar to before cryopreservation. The aspect ratio of the microcarriers was not

affected by cryopreservation (Figure 2Biii).

After microcarrier pre-conditioning, DSC revealed a lower Tg (3.0 °C) compared to the Tg of the
microcarriers after fabrication (‘Dry’; Figures 2C and 2D). Post-thawing resulted in a slight increase of
Tg (0.3 °C and 1.3 °C for microcarriers cryopreserved in CS10 and CS10Gr, respectively) compared to

control microcarriers (‘Before cryopreservation’; Tg=45.6 °C).

13
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Figure 2: Physical characterization of microcarriers at different stages of cryopreservation and storage.
(A) SEM images of dry (untreated control) microcarriers directly after fabrication (Ai and Av), after
pre-conditioning (‘Before cryopreservation’; Aii and Avi), after incubation in CS10, slow cooling and
storage in liquid nitrogen (Aiii and Avii), and after incubation in CS10Gr, slow cooling and storage in
liquid nitrogen (Aiv and Aviii) at low (Ai-Aiv) and high (Av-Aviii) magnifications (scale bar in A is 50

um; in B is 25 um). (B) Quantitative evaluation of morphological characteristics of the microcarriers at
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the different conditions: 1) diameter, ii) circularity and iii) aspect ratio (mean £SD). (C) DSC spectra
(2" heating) of the microcarriers at the different conditions. (D) Thermal glass transition (Tg) points of
dry (untreated control) microcarriers, microcarriers before cryopreservation (pre-conditioned), and

thawed cryopreserved microcarriers incubated in CS10 or CS10Gr.

3.2. Evaluation of cell viability of the SMDC on TIPS PLGA microcarriers after

cryopreservation

After 18 hr incubation in the bioreactor ~95% cells were attached to the microcarriers (Supp.
Figure 1). The cellularized microcarriers that had undergone cryopreservation and cryostorage were
thawed using two different regimes, i.e. slow (air) or rapid (water), and subsequently assessed at 0 hr
and 24 hr post-thawing. Figure 3Ai shows the mean viability (%) value from five different donors.
Figure 3Aii shows the results expressed as decrease of viability with respect to the corresponding
viability value before cryopreservation. Directly after thawing (0 hr), rapidly thawed cellularized
microcarriers had cell viability >74% (or <21% decrease in cell viability relative to the viability before
cryopreservation), whereas cellularized microcarriers thawed slowly had cell viability >58% (or <38%
decrease in cell viability relative to the viability before cryopreservation). There was no statistical
significance difference between the samples that had been cryopreserved in CS10 and CS10Gr. At 24
hr post-thawing, cell viability in the rapidly thawed group had cell viability >62% (or <34% decrease
in cell viability relative to the viability before cryopreservation), whereas cellularized microcarriers
thawed slowly had cell viability >34% (or <64% decrease in cell viability relative to the viability before
cryopreservation). Overall, samples thawed slowly (9 — 12 min) showed lower viability than cells being

thawed rapidly (2 — 3 min).

Cell viability was qualitatively assessed using direct Live/Dead staining. Figure 3B presents the
fluorescence  microscopy images of samples before cryopreservation (Figures 3Bi and 3Bii) and
samples that had been cryopreserved in CS10 (Figures 3Biii and 3Biv) and CS10Gr (Figures 3Bv and
3Bvi) followed by rapid thawing. After cryopreservation there were more dead cells (highlighted with
red arrows) compared to before cryopreservation; however, there were still more viable cells than dead

cells in both groups.
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Figure 3: Evaluation of cell viability on the TIPS PLGA microcarriers. (Ai) Viability (%) of attached
cells on TIPS PLGA microcarriers for different experimental conditions. (Aii) Decrease of viability (%)
of attached cells on TIPS PLGA microcarriers at different experimental conditions with respect to the
viability values before cryopreservation. Results are expressed as mean + standard error for five
different donors (SEM; n = 5; **p<0.01). (B) Fluorescence microscopy images of Live/Dead staining
of cellularized TIPS PLGA microcarriers before cryopreservation (Bi and Bii) and after thawing of
samples cryopreserved in CS10 (Biii and Biv) and CS10 Gr (Bv and Bvi) and rapidly thawed (scale bar
is 100 pum).

3.3. Evaluation of cell recovery of SMDC on TIPS PLGA microcarriers after cryopreservation

To assess the total number of cells recovered on the microcarriers after cryopreservation, cells
were detached from the microcarriers (Figure 4A). For samples cryopreserved in CS10 and CS10Gr
and rapidly thawed, the total cell number was comparable to before cryopreservation. However, the
total cell number of cells after cryopreservation in CS10Gr and slow thawing was lower (p<0.05) than

before cryopreservation.

To assess how cryopreservation affected the number of the cells attached on individual
microcarriers, samples from the different experimental conditions were fixed and stained with DAPI
directly at 0 hr (Figure 4B) and 24 hr post thawing and the number of cells per microcarrier was
subsequently counted. The number of cells per microcarrier was lower in the thawed samples compared

to before cryopreservation (Figure 4C).
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Figure 4: Quantitative evaluation of cell recovery on the TIPS PLGA microcarriers. (A) Number of

attached cells on TIPS PLGA microcarriers per cryovial before and after cryopreservation at different
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experimental conditions. (B) Fluorescence microscopy images of SMDC cell attached cells on TIPS
PLGA microcarriers per cryovial before (Bi) and after cryopreservation in CS10 (Bii) and CS10Gr
(Biii) 0 hr post-thawing (grey: DAPI). (C) Number of cells distributed per microcarrier under different
experimental conditions. For (A) and (C) results are expressed as mean =+ standard error of the mean

for five different donors (SEM; n = 5; * p<0.05; **p<0.01; ***p<0.001; ****p<0.0001)

3.4. SMDC differentiation after cryopreservation

After thawing, cells were allowed to migrate off the microcarriers and used for a differentiation
assay. Seven days post-onset of differentiation, cells were stained for MHC (Figure 5Ai). Cells in
proliferation medium had negative signal for MHC (Figure 5Aii). Regarding the fusion index, cells
that had migrated off the microcarriers after cryopreservation for all experimental conditions showed
fusion index similar to cells before cryopreservation (Figure 5SB). The lowest values were for the cells

on the microcarriers that had been cryopreserved in the CS10Gr and slowly thawed.

(A) (B)

0.25+

0.20+

Fusion Index

Figure 5: Cell fusion of the SMDC cells after they have migrated off the TIPS PLGA microcarriers and
been subjected to different experimental conditions. (A) Fluorescence microscopy images of SMDC

cells from one donor after incubation in differentiation medium (i) and proliferation medium (ii). (B)
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Cell fusion index following incubation in differentiation medium for 7 days after initial growth and
cryopreservation on TIPS PLGA microcarriers under different experimental conditions. Results are
expressed as mean + standard error of the mean for five different donors (SEM; n = 5). There is no

statistically significant difference among any groups.

3.5. SMDC surface marker expression after cryopreservation

After thawing, cells were allowed to migrate off the microcarriers and attach to a 6-well plate.
Figure 6 shows the expression of the surface markers of the SMDC at the different experimental
conditions. There was no difference in the proportion of CD56 positive or CD90 positive cells after

cryopreservation compared to before cryopreservation.
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Figure 6: Expression of surface markers on SMDC cells after they have grown on the TIPS PLGA
microcarriers under different experimental conditions and incubated in proliferation medium. Results
are expressed as mean =+ standard error of the mean for five different donors (SEM; n = 5). There was

no statistically significant difference among any groups.
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4. Discussion

Few studies exist on the effect of cryopreservation of cells attached to microcarriers and there are
differing reported outcomes. For example, Lippens and Cornelissen tested the effect of different CPA
and slow cooling on two different cell types grown for 1 week on CultiSpher-S microcarriers [33].
Average cell viability directly after thawing was 34-42% of the viable cells before cryopreservation for
the BMSC and 38-52% for the MC3T3 cells [33]. Chen et al. studied the cryopreservation on bone
marrow mesenchymal stem cells on novel porous gelatin methacrylamide microcarriers (PMS) and
compared them with the commercial Cytodex microcarriers. The study reported a high cell viability
(95%) on the PMS microcarriers compared to Cytodex microcarriers (28%) one day post thawing [34].
Yan et al. showed a viability of more than 90% hMSC cells after cryopreservation and four days in
culture on animal protein-based microcarriers [35]. In all these studies, the method of slow cooling was
used. Previous studies have also compared the use of vitrification and slow cooling methods for hMSC
[36] and hiPSC [37] attached on alginate microcarriers, reporting higher cell viability with vitrification

than slow cooling.

Cryopreservation of adherent cells attached to a substrate surface remains challenging compared
with cell suspensions. Adherent cells have both cell-cell and cell-substrate contacts that are sensitive to
cryopreservation. Studies with cryopreserved TE constructs highlight additional parameters that may
affect post-cryopreservation cell viability and recovery, including construct porosity [38], substrate type
[39], storage time [40], cultivation time [41], and combination of different CPA [42]. Xu et al.
cryopreserved hMSCs attached to different substrates and showed that cells attached to gelatin and
Matrigel, but not to glass, survived [39]. Overall, such studies highlight the challenges when using
existing cell suspension cryopreservation methods to TE constructs used in combined ATMPs. The
current study investigated the effect of two physicochemical parameters that are critical for cell

cryopreservation — (1) CPA formulation and (ii) thawing rate.

Two CPA formulations based on the cell-permeating molecule DMSO were investigated. These
were: (i) CS10 containing 10% v/v DMSO, and (ii) CS10Gr consisting of CS10 mixed 1:1 with a 10%
(v/v) solution of the non-permeating component GranuGel®, an inert hydrogel composed of pectin,
sodium carboxymethylcellulose, propylene glycol, and water. The 1:1 mixing of 10% GranuGel® and
CS10 diluted both the DMSO and GranuGel® to final concentrations of 5% (v/v). GranuGel® is
clinically indicated for the management of partial and full thickness wounds and has been adopted
recently as a viscosity modifying carrier vehicle for implantation of the microcarriers in a clinical study
investigating their use as a tissue repair scaffold for fistulae. For investigating clinical implantation of
cellularized microcarriers as a treatment for incontinence, 5% (v/v) GranuGel® was selected prior to

this study as the optimum viscosity for clinical delivery of the product via a syringe and needle. The
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same final concentration of GranuGel® (5%) in the cryopreserved product was therefore used in the

current study.

The addition of GranuGel® to the cryoprotectant was well tolerated during cryopreservation of
the cell-microcarrier combination and may also provide additional benefits by providing a secondary
CPA alongside the DMSO. While this is the first study to report the use of GranuGel® with DMSO in
a CPA formulation, there is evidence that such secondary non-permeating CPA may stabilise the glassy
matrix at ultralow temperatures, preventing cracking in the frozen mixtures during re-warming, which
in our case could result in destabilisation of the attached cells and partially degrade the microcarriers
[43]. Secondary non-permeating CPA can also allow a reduction in the DMSO concentration whilst

retaining good post-thaw recoveries [44].

The proposed delivery concept for cryopreserved microcarriers being investigated in the current
study involves thawing and immediate clinical implantation. An intermediate washing stage to remove
DMSO from the microcarriers is not included as this could affect the integrity of the product, leading
to unintended cell loss that affects the dosage. Each cryovial investigated in the current study contains
1 ml of 10% DMSO (CS10) or 5% DMSO (CS10Gr): This amount of DMSO is far lower than the
maximum dose of 1 ml DMSO per kg body weight per day that is considered acceptable for intravenous
haematopoietic stem cell transplantation, as advocated by relevant scientific societies, regulatory
authorities, and safety data recently reviewed [45]. Nevertheless, further non-clinical safety testing will

be required for future clinical testing of the proposed cryopreserved ATMP.

Two warming rates were investigated by thawing frozen vials at 37°C in either a water bath
(rapid; 2 — 3 minutes) or in air (slow; 9 — 12 minutes). The thermal conductance of water is higher than
air, meaning water transferred heat more easily to the frozen cryovials resulting in faster thawing.
Directly after rapid thawing, the viability of cells cryopreserved in CS10 or CS10Gr was higher than
the samples that were thawed slowly, indicating the advantage of using a rapid thawing approach for
the cell-microcarrier combination. To investigate this further, cell viability was also assessed at 24 hr
after thawing to assess potential residual toxic effects of DMSO. At 24 hr post-thawing, a further
decrease in cell viability was observed compared with the samples before cryopreservation. For rapid
thawing, higher cell viability was observed with samples incubated in CS10Gr compared with samples
incubated in CS10. The opposite effect was observed with samples that were slowly thawed, with results
indicating that the protective effect of CS10Gr was less effective with slow thawing. These results
indicate rapid thawing and the inclusion of a non-permeating agent (GranuGel®) are key to retaining
cell viability in the cryopreserved cell-microcarrier combination. The negative effects of slow warming
on CS10Gr (final DMSO at 5%) points to a negative effect of the increase in ice fraction as samples
warm (compared to CS10 alone). This is likely to be a combination of physical (ice crystal growth) and

hypertonic solution when the samples return to the liquid state at around -20°C upwards. Figure 4
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clearly shows that number of microcarriers with 0 or only <10 cells at T=0hr after thawing is relatively
high in CS10Gr, indicating that the cells have already been displaced at this time-point. Once detached,
the anchorage dependent cells in suspension will undergo apoptosis. Based on these findings, further
consideration regarding the type of thawing system employed for clinical use of the cryopreserved
product is warranted. If the product requires rapid thawing at the point of delivery in a clean
environment, the use of a water bath may not be permissible due to the risk of contamination. To avoid
this risk, portable dry thawing systems that enable rapid heat transfer and thawing for real-world clinical
use are available, such as BioLife Solutions ThawSTAR® CFT2 Automated Thawing System or Barkey

plasmatherm™ Cell and Gene.

Another aspect of cell recovery evaluated was the cell number post-thawing compared with
before cryopreservation. For the samples that had been warmed rapidly, the number of cells directly
after thawing was non-significantly lower for both the CS10 and the CS10Gr samples. 24 hr post
thawing, cell number for the samples after rapid thawing was equal to (CS10) or non-significantly lower
(CS10Gr) compared with before cryopreservation. The cell number was significantly lower for CS10Gr
samples that had been slowly thawed. The results suggest that CS10 protected the cells better than
CS10Gr when samples were slowly thawed, whilst this was not evident after rapid rewarming. CS10Gr

protected cells when these are thawed quickly but niot with slower warming.

To further investigate cell adhesion on the microcarriers, cell count per microcarrier was assessed.
The results confirmed use of CS10Gr and slow thawing yielded significantly fewer cells per
microcarrier and many microcarriers with no cells attached, suggesting the advantage of rapid
rewarming and the higher concentration of DMSO (in the CS10 formulation). The different CPA
formulations appeared to have no difference when cells were rapidly thawed. These results emphasize
that the time within which thawing is completed is critical. As emphasized by Fischer et al., the impact
of thawing method is often overlooked [46]. Only a few studies report the effect of thawing rate on cell
recovery. By testing different cooling and thawing rates, Baboo et al. reported that in slow cooling there
is no effect of the thawing rate on the viability of human T cells post thawing [47]. The effect of thawing
rate is even less explored in cells attached to a substrate. Bissoyi and Braslavsky used focused infrared
irradiation enabling thawing times of 1 and 2 sec of cryopreserved Caco2 and RPE cells attached to
substrates, showing a superior recovery for | sec exposure to irradiation compared with the samples

thawed in water bath [48]. However, the 2 s irradiation time had adverse effect.

Cryo-damage induced detachment of cells from substrates has been linked to the elasticity of the
substrate [49] or the combined effect of the adhesion time of the cells on the substrate before
cryopreservation and the elasticity of the substrate [45]. Batnyam et al. studied the cryopreservation of
mouse C2C12 myoblasts on an elastic substrate which retains its elasticity at freeze—thawing

temperatures. Elastic nanofibrous sheets made of a polymer (i.e. polyurethane), which has a low glass
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transition temperature (-30 °C), were compared to elastic nanofibrous sheets made of a polystyrene (Tg
at 106 °C). It was suggested that cells extending along a nanofiber featuring a low Tg could shrink and
still maintain their adhesion to the fiber due to the fiber elasticity, minimizing the detachment that would
take place if the deformation was smaller than that of the scaffold [49]. The work of Meiser et al. with
hiPSCs on alginate microcarriers of two stiffness ranges highlighted the impacts of adhesion time of
cells on the microcarriers before cryopreservation and the elasticity of the substrate, which affect the
actin cytoskeletal state of the cells [45]. Supra-optimal number of cell adhesion points with a stiff
substrate can render the cytoskeleton inelastic and more sensitive to form ice crystals during thawing.
If there are not enough adhesion points, cells can lose their connections and detach from the substrate.
Such and similar studies could pave the way for novel strategies to improve cryopreservation for TE

based constructs.

For ATMPs, it is important to demonstrate that the cellular phenotype of the cryopreserved
sample is retained post-thawing. We showed that cryopreserved SMDC migrated off microcarriers in
vitro and retained their myogenic phenotype using established assays previously used for assessing the
phenotype of SMDC used in clinical studies [30,50]. When incubated in myogenic differentiation
medium the cells formed multinucleated myotubes positive for MHC. The fusion index after
cryopreservation was comparable with the samples before cryopreservation demonstrating
cryopreservation did not affect the myogenicity of the cells. Two surface markers used to identify
skeletal muscle progenitor cells are CD56 and CD90 (reviewed in [51]). After cryopreservation there
was no change to the expression levels for either of these markers compared to cells before
cryopreservation, indicating no alteration in the composition of the SMDC cell population. Further
investigation of myogenic properties of cells following thawing, such as myotube contractility via
calcium transient assays or force transduction experiments, could be used to provide insight into

whether cryopreservation affects the force generating functional properties of SMDC.

In addition to the biological phenotype of the attached cells, the integrity of the microcarrier also
needs to be assessed [29]. Integrity of the microcarrier following cryopreservation and thawing is
important, especially when the microcarriers form an integral component of the tissue engineered
product. This includes changes to the shape/size, micro-architecture, and surface porosity. In the present
study, incubation of the microcarriers in CPA (CS10 or CS10Gr) and storage at cryogenic temperatures
for five months did not change the morphological characteristics of the microcarriers. There was a small
decrease in microcarrier diameter, which was more evident in the case of the CS10 compared to
CS10Gr, possibly due to the higher DMSO concentration in CS10 compared to the CS10Gr formulation.
Importantly, microcarriers retained their shape that enables them to function as a cell carrier for
implantation. Also, DMSO present within the two CPA formulations did not cause dissolution of the
PLGA microcarriers. Although DMSO has been reported as a solvent for PLGA [52], PLGA dissolution
by a solvent, in general, is promoted by lower LA:GA, lower molecular weight (MW) of the polymer
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and high temperature of the environment, among other parameters. The PLGA polymer used for the
microcarriers had a high (75:25) LA:GA ratio (which implies a stiffer polymer), and also a high MW
(95 kg/mol). Furthermore, PLGA microcarriers were in contact with the DMSO at cryogenic

temperatures, impacting on its solvent properties.

Changes in the thermal transition point (Tg) of the microcarriers after cryopreservation would
reflect a change in polymer rigidity that could impact on the physico-mechanical properties of the
microcarriers. The PLGA TIPS microcarriers typically undergo an initial pre-conditioning step to make
them hydrophilic and suitable for the cell attachment process. This step was associated with a reduction
in the Tg compared with dry control microcarriers, indicating a lowering in the rigidity of the polymer
macromolecular chains which would result in softening of the microcarriers before cell attachment.
Incubation in CS10 or CS10Gr followed by cryopreservation and thawing caused only a very slight
increase in Tg compared with the pre-conditioned microcarriers. Comparing the two different CPA
formulations, the higher Tg of the CS10Gr might be attributed to the presence of GranuGel® in the
CS10Gr. GranuGel® consists of a blend of polysaccharides that are likely to insert between the
macromolecular chains of the PLGA causing a slight increase in rigidity. Overall, Tg results show that
the CPA formulations and cryopreservation process investigated did not alter the physico-mechanical
properties of the TIPS PLGA microcarriers, which corresponds with the observation that they retained
their primary intended function of providing a cell substrate for attachment. Future studies designed to
determine the long-term stability of the cryopreserved microcarriers may also include assessment of
their mechanical properties such as dynamic mechanical analysis or nanoindentation to evaluate

structural stability under physiological conditions when implanted in vivo.

In conclusion, the current study demonstrates the technical feasibility of cryopreserving
anchorage dependent cells attached to implantable PLGA microcarriers. This approach provides new
opportunities to produce tissue engineered constructs composed of cells attached to implantable
microcarriers for use as novel combined ATMPs intended for regenerative medicine and resolves
significant challenges associated with the distribution of fresh products. In doing so, this approach may

increase availability of novel regenerative medicine therapies for a greater number of patients.
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