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Abstract

Microcarriers, including crosslinked porous gelatin beads (Cultispher G) are widely

used as cell carriers for cell therapy applications. Microcarriers can support a range of

adherent cell types in stirred tank bioreactor culture, which is scalable up to several

thousands of liters. Cultispher G in particular is advantageous for cell therapy applica-

tions because it can be dissolved enzymatically, and thus cells can be harvested with-

out the need to perform a large-scale cell-bead filtration step. This enzymatic

dissolution, however, is challenged by the slow degradation of the carriers in the

presence of enzymes as new extracellular matrix is being deposited by the proliferat-

ing cells. This extended dissolution timelimits the yield of cell recovery while

compromising cellular viability. We report herein the development of crosslinked

porous gelatin beads that afford rapid, stimuli-triggered dissolution for facile cell

removal using human mesenchymal stem cells (hMSC) as a model system. We suc-

cessfully fabricated redox-sensitive beads (RS beads) and studied their cell growth,

dissolution time and cell yield, compared to regular gelatin-based beads (Reg beads).

We have shown that RS beads allow for much faster dissolution compared to Reg

beads, supporting better hMSC detachment and recovery following 8 days of culture

in spinner flasks, or in 3L bioreactors. These newly synthesized RS beads show prom-

ise as cellular microcarriers and can be used for scale-up manufacturing of different

cell types while providing on-demand degradation for facile cell retrieval.
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1 | INTRODUCTION

Cell therapy is a subtype of regenerative medicine, where stem cells

are introduced into a patient to treat a disease, repair or regenerate

tissue, with or without gene therapy. Human mesenchymal stem cells

(hMSCs) are considered a promising candidate in cell therapy owing

to their ability to self-renew and differentiate into various specialized

cell types under certain physiological conditions and cues (Wei

et al., 2013). hMSC can be easily isolated from different tissues

(Romanov, 2003; Zuk et al., 2002) (such as bone marrow, adipose

tissue, the umbilical cord, fetal liver, muscle, and lung) and can be suc-

cessfully expanded in vitro to be used for regenerative medicine

(Bianco, Robey, & Simmons, 2008; Pittenger, 1999), as can be seen by

the increase in the number of clinical trials using hMSC since 2004

(Squillaro, Peluso, & Galderisi, 2016; Wei et al., 2013) (http://

clinicaltrial.org). For instance, hMSCs have been shown to be effective

in the treatment of tissue injury, myocardial ischemia, and degenera-

tive diseases (Abdallah & Kassem, 2009; Lee et al., 2009). Due to their

low immunogenicity, hMSCs have been developed into allogeneic,

off-the-shelf therapies. Indeed, one example is Mesoblast's TEMCELL
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MSC product, which has received full regulatory approval in Japan to

treat graft versus host disease (Sheridan, 2018). In addition, hMSC

secrete a wide range of biological molecules, able to exert therapeutic

effects. The most well studied are secretory trophic factors,

exosomes, hormones, and cytokines (Abbasi-Malati, Roushandeh,

Kuwahara, & Roudkenar, 2018; Bai et al., 2017; Prockop, 2007). For

example, it has been demonstrated that exosome secreted by hMSC

reduces myocardial infarction (Lai et al., 2010). Therefore, hMSC can

be considered as living, dynamic, and responsive drugs that can pro-

duce a variety of therapeutic agents in response to disease-spe-

cific cues.

Large-scale and cost-effective hMSC cell expansion are needed

for clincial implementation. One major challenge is their manufactur-

ing, where product quality and reproducibility is one of the main bot-

tlenecks (Salmikangas et al., 2015; Stephenson & Grayson, 2018).

Bioreactors have been employed to provide cost-efficient

processing, high yield, and large-scale capacity. In addition, bioreac-

tors present controlled bioprocesses that are able to guarantee the

production of cell-based therapies with robust in vivo performance

(Hourd, Ginty, Chandra, & Williams, 2014; Kaiser et al., 2015; Sal-

mikangas et al., 2015). However, since hMSC are adhesion depen-

dent and cannot be grown in suspension, their scale-up is more

challenging. During the last decade, a large range of bioreactor cul-

ture systems, such as microcarrier-based stirred tank reactors (dos

Santos et al., 2014), hollow fiber (Nold, Brendel, Neubauer, Bein, &

Hackstein, 2013), rotating wall vessels (Varley, Markaki, &

Brooks, 2017), and perfusion bioreactor (Nguyen, Ko, & Fisher, 2016)

have been designed to support hMSC expansion. These bioreactors

were combined with different scaffold structures to support cell

growth, where microcarriers seem to be one of the most promising

vehicles as they can support cell growth in large bioreactor volumes

(Lambrechts et al., 2016). Due to their high surfacetovolume ratio,

microcarriers offer large surface area for cell expansion in a small

and efficient footprint (Hervy et al., 2014; Wu, Liu, & Lian, 2004).

For hMSC production, collagen-coated Cytodex-3 (Chen, Chew, Tan,

Reuveny, & Steve Kah Weng, 2015) and gelatin-coated Cultispher

(Sun et al., 2010) microcarriers are most typically used. Cytodex-3 is

a cross-linked dextran matrix with a gelatin coating, while Cultispher

is a porcine gelatin-based porous microsphere. The porous nature of

Cultispher microcarriers affords high cell:bead loading compared

with Cytodex microcarriers (Ng, Berry, & Butler, 1996). Cultispher

microcarriers present three distinct advantages: (a) porous structure

that significantly increases the area available for cell attachment and

proliferation; (b) gelatin-based (derived from collagen)—one of the

main components of the extracellular matrix (ECM)—providing with

binding motifs (RGD sequence) for cells to attach to. Therefore, mul-

tiple integrins can bind to the RGD motif, facilitating cell adhesion

(Barczyk, Carracedo, & Gullberg, 2010; Davidenko et al., 2016;

Mũnoz, Shih, & Lin, 2014). (c) Enable facile cell removal—the

crosslinked gelatin can be dissolved by the addition of proteolytic

enzymes while maintaining cell viability. However, due to the pro-

duction of ECM by the highly dense cells that further proliferate

over time, complete dissolution of the microcarriers and liberation of

the cells requires a long time, negatively affecting cell viability and

yield. Alternatively, it was reported that nonenzymatic cell

harvesting procedure can be used (Nienow, Rafiq, Coopman, &

Hewitt, 2014). For instance, microcarriers coated with a thermo-

responsive polymer can release the cells in response to temperature

change; however, this approach requires polymeric coating of the

microcarrier, which may affect its cell-adhesive properties, limiting

its applicability (Yang, Jeon, Bhang, Lee, & Kim, 2010). Addressing

these concerns for the Cultispher beads, we propose the design of

stimuli-triggered fast dissolving beads. We successfully fabricated

redox-sensitive beads (RS beads) without altering the physical prop-

erties of the regular Cultispher beads (Reg beads). RS beads were

able to considerably reduce the dissolution time (from 56 to 8 min

with cell concentration of 1 million/ml) using a noncytotoxic dissolu-

tion solution. Therefore, these on-demand degrading microcarriers

can be used to scale-up hMSC manufacturing in large bioreactors,

increasing their potential use in clinical applications.

2 | METHODS

2.1 | Materials

Reagents and solvents used for polymer synthesis were purchased

from Sigma-Aldrich. Reg beads (Cultispher G), and noncrosslinked gel-

atin beads were obtained from Lonza. Spinner flasks were obtained

from Corning (Corning 125 ml Disposable Spinner Flask with 70 mm

Top Cap and 2 Angled Sidearms). For in vitro studies, hMSC cell line

was obtained from ATCC (Manassas, VA) and maintained at 37�C in

5% CO2 atmosphere in complete DMEM, containing 10% fetal bovine

serum, 100 units ml−1 penicillin, 100 μg ml−1 streptomycin, 0.1 mM

MEM nonessential amino acids, and 2 mM L-glutamine obtained from

Gibco.

2.2 | Synthesis of redox-sensitive crosslinker

Redox-sensitive crosslinker was fabricated by diphosgene chemistry.

Briefly, 2.25 g (10 mmol) of cystamine 2�HCl was deprotonated with

40 ml of 1 M NaOH and 20 ml of DCM in 100 ml glass beaker and

the organic phase containing the product of interest was collected

and dried using Na2SO4. For cystamine isocyanation, 8.75 g (40 mmol)

of 1,8-bis(dimethylamino)-naphthalene (BDN) was mixed with

cystamine and added dropwise for 2 min under agitation at 800 rpm

to 985 μl (8.16 mmol) of diphosgene mixed with 30 ml of DCM

(diphosgene was previously immersed into ice for 30 min). The solu-

tion was allowed to react for two more minutes after full addition of

cystamine in ice and two extra minutes at room temperature. After

that, the reaction was quenched by the addition of 50 ml of 1 M HCl

and 20 ml of DCM, and the organic phase containing the product of

interest was collected. Finally, 1,2-bis(2-isocyanatoethyl) disulfide

product (organic phase) was purified with three washes of 50 ml HCl

1 M following of one wash of 50 ml NaOH 1 M. 1,2-Bis(2-
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isocyanatoethyl) disulfide product was dried using Na2SO4, and

organic solvent was removed. The 1,2-bis(2-isocyanatoethyl) disulfide

product was characterized by nuclear magnetic resonance (1H-NMR)

spectroscopy using chloroform-d as a solvent and Fourier transform

infrared spectroscopy (FTIR) spectrophotometer.

2.3 | Redox-sensitive microcarrier synthesis

RS beads were synthetized by crosslinking gelatin beads with 1,2-

bis(2-isocyanatoethyl) disulfide. A total of 10 g of noncrosslinked

beads were mixed during 60 min at 370 rpm with 120 ml of ace-

tone and 30 ml of 0.12 M sodium acetate trihydrate at pH 8.5.

Once gelatin beads were hydrated, 0.41 g (2 mmol) of 1,2-bis(2-Iso-

cyanatoethyl) disulfide and 50 μl (0.4 mmol) of triethylamine were

added, allowing to react for 105 min at 450 rpm. After that, beads

were allowed to sediment for 15 min and supernatant was removed

to eliminate the nonreacted crosslinker. The microcarriers were

washed three times with 600 ml of acetone for 15 min at 450 rpm.

Finally, nonwashed crosslinker was deactivated using 100 ml of

deionized (DI) water at pH 8.5 containing 1.52 g (20 mmol) of glycine

for 60 min under agitation. RS beads were allowed to sediment over-

night at 4�C for further purification.

2.4 | Purification of the redox-sensitive
microcarriers

RS beads were purified following three different procedures. First, the

microcarriers were washed three times with 400 ml of water during

60 min at 500 rpm. The first wash was performed using water at

25�C, the second wash at 55�C, and third wash at 25�C. After water

purification, microcarriers were purified three times with 200 ml of

methanol. In the first and second washes, methanol was added and

the mixture was stirred at 500 rpm for 60 min. The third wash was

performed at 70�C and the mixture was stirred at 500 rpm for 60 min.

Then, the microcarriers were allowed to sediment, cool down to room

temperature, and the supernatant was removed. Finally, the micro-

carriers were washed twice with 200 ml of acetone for 60 min at

500 rpm and twice with 100 ml for 15 min. After the last wash, the

resultant microcarriers were placed into a vacuum oven overnight to

dry the remaining solvent.

2.5 | Redox-sensitive microcarriers labeling

Noncrosslinked beads, Reg beads, and RS beads were fluorescently

labeled with Fluorescein isothiocyanate dye (FITC). Microcarriers

were dissolved at 20 mg/ml in phosphate buffer saline (PBS) at

pH 7.4 and 5 mg of FITC dissolved in PBS at pH 7.4 was added

dropwise to the microcarriers, allowing to react overnight at 4�C.

To remove the free dye the microcarriers were washed twice with

PBS at pH 7.4.

2.6 | Microscope and scanning electron
microscopy microcarriers characterization

FITC labeled-microcarriers were mixed with Tissue Tek in a plastic

mold and were kept at −80�C overnight for microscopy studies.

Cryosections of 10 μm in thickness were performed. Each microcarrier

sample was analyzed by microscopy at ×4 and ×10 magnification.

For scanning electron microscopy (SEM), samples were diluted in

DI water (100 mg/ml) and 100 μl suspension was smeared onto an

SEM stub and allowed to air dry overnight. SEM image of the beads

was taken under high vacuum mode.

2.7 | Extraction and swelling studies of the
microcarriers

100 mg/ml of Reg beads and RS beads were hydrated overnight with

PBS at 4�C. A total volume of 1 ml of beads (100 mg) were added into

pre-weighted Eppendorf tube (Wo) and was placed into 55�C water

bath. After, 6, 12, and 24 hr, beads were allowed to settle, and super-

natant was carefully removed. Each Eppendorf tube containing wet

beads was weighted (Ww). Then, the beads were washed with DI

water twice, the supernatant was carefully removed, and the final

sample was lyophilized. Finally, the weight of each tube with dry

beads was measured (Wd). To determine the extraction percentage,

the following calculation was carried out: (Wd—Wo)/100 mg × 100%.

To determine the swelling ratio, the following calculation was carried

out: (Ww–Wo)/100 mg × 100%.

2.8 | Viability assay of reducing agents and
dissolution enzymes in hMSC

Cell viability assays of treated cells was performed using the MTS

assay (CellTiter 96 AQueous One Solution Cell Proliferation Assay,

Promega Corporation) as instructed by the manufacturer. Briefly, cells

were seeded in 96-well plates at 10,000 cells/well and incubated

overnight to roughly 80% confluence prior to performing the experi-

ments. Reducing agents and dissolution enzymes were added to the

cells at different concentrations and for different periods of time.

Then, the medium was removed, cells were washed with PBS, and

complete medium supplemented with 20% MTS reagent (vol/vol) was

added. Cells were incubated at 37�C, and absorbance was measured

at 490 nm using a microplate reader.

2.9 | Microcarriers dissolution using enzymes and/
or reducing argents

To assess the beads dissolution mechanism, microcarriers were

hydrated with DPBS (with Ca2+ and Mg2+) at a concentration of

20 mg/ml for 12 hr at 4�C. A total volume of 0.5 ml of beads (10 mg)

were treated with different enzymes or/and reducing agent, such as
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tris(2-carboxyethyl)phosphine hydrochloride (TCEP) at 37�C. Micro-

carriers dissolution time was determined by visual inspection and

under the microscope.

2.10 | Culturing hMSC on porous gelatin beads in
125 ml spinner flasks

Previous to hMSC culture in spinner flasks, microcarriers were

pretreated. A total volume 2 g/L microcarriers were hydrated at 4�C

with PBS 1X for 12 hr. After that, microcarriers were washed twice

with 30 ml of complete hMSC media and resuspended at final concen-

tration of 25 mg/ml. Then, 8 ml of microcarriers were added to the

spinner flask containing 92 ml of complete hMSC medium, to ensure a

final concentration of 2 mg/ml. Once the spinner flask was placed on

the magnetic stirrer platform in a humidified incubator at 37�C,

20,000 hMSC cells/ml were inoculated. To culture hMSC in spinner

flasks, agitation was turned on for 10 min at 35 rpm and off for

90 min within the first 5 hr, allowing adequate cell–microcarrier inter-

actions. After that, the spinning speed was increased by 15 rpm every

24 hr after Day 3, as summarized in the Supplementary Table S1.

Media exchange is performed as a percentage of the working volume.

No media exchange was performed during the first 3 days; then, 85%

of the media was exchanged (once per day) from Day 4 to Day 7 and

75% of the media was exchanged (twice per day) from Day 8 to Day

9, as shown in the Supplementary Table S2.

2.11 | hMSCs counting protocol from spinner
flasks

To assess the hMSC counts, 1 ml of sample was analyzed for each

spinner flask. Samples were dissolved with reducing agents and/or

dissolution enzymes following the procedure that previously has been

described. Once all beads were dissolved (by visual inspection), cell

count was performed.

2.12 | Culture of hMSCs in 3 L bioreactors

Bioreactor tests were performed in 3 L Eppendorf BioBLU vessels. For

each run, two vessels were set up—a control vessel with Reg beads and

a test vessel with RS beads. Prior to culture, microcarriers were

hydrated at 4�C using DPBS (+/+) (Gibco) for 12–24 hr, then trans-

ferred into a 1 L volume of 2 g/L glucose serum-containing media

(Lonza MSCBM-CD, 1% Lonza MSCGM-CD, 2% Hyclone FBS, 25 μg/L

Lonza Gentamicin Sulfate). Aside from the microcarriers used, the ves-

sels were set up and operated under the same conditions. Bioreactor

control was achieved using HyPerforma G3 Lab Controllers and TruBio

Software (ThermoFisher). Set points for control were set for tempera-

ture (37�C), pH (7.2), and %DO (50%). Air was pumped continuously

into the system at a rate of 0.1 L/min. Nitrogen and oxygen gasses

were pumped in to control %DO of the system. CO2 was pumped in as

necessary to maintain media pH. Intermittent agitation was used for

the first 6.8 hr of culture (0 RPM for 60 min, then 50 RPM for 10 min,

alternating). Afterward, agitation was ramped from 55 to 100 rpm over

time. Cells were cultured in 3D for up to 8 days in serum-containing

media with 4 g/L microcarriers. Starting on Day 4, continuous media

exchange with a 4 g/L glucose equivalent media was initiated at a rate

of one vessel volume per day.

2.13 | Sampling from 3 L bioreactor

A total volume of 5 ml samples were taken daily from each vessel for pH

and nutrients/metabolites measurements using a NOVA BioProfile FLEX

(NOVA biomedical). In addition, samples were drawn on Days 1, 4, and 6

to monitor cell growth over time. Samples were washed in DPBS (−/−)

and incubated with dissolution reagent in a 1:1 volume at 37�C until

microcarriers were dissolved. To facilitate dissolution, the samples were

pipetted repeatedly using a 10 ml serological pipette in 10-minute incre-

ments. Once dissolved, the samples were vortexed then drawn into a

Via1-Cassette (Chemometec) containing Acridine Orange and DAPI

stains. Each cassette was read using a Nucleocounter NC-200

(Chemometec) to determine cell density and viability.

2.14 | Harvesting the 3 L bioreactor

On Day 7 of culture, a 1 L sample was taken from the vessel for

harvesting. The harvest material was drained of media and washed

once with 600 ml of DPBS (−/−). The volume was reduced to 300 ml,

the dissolution reagent was added, and the system was incubated for

5 min. The RS bead dissolution reagent used was 10 mM TCEP with

Trypsin (0.025%). To expedite dissolution of the microcarriers when

harvesting the bioreactors, mechanical force was utilized in addition

to chemical means. While incubating with the dissolution reagents,

the dissolving microcarriers were continuously pumped through a

closed-loop assembly of specialized tubing designed to break up

microcarrier aggregates through shear. In order to estimate the num-

ber of passes through this assembly, we defined a simple measure-

ment of “volumes processed”: the unit of time needed to pass the

entire bioreactor through the assembly once (e.g., 1 L circulating at

100 ml/min for 30 min = 3 “volumes processed”). Assuming that pass-

ing through this assembly is the rate-limiting step of microcarrier dis-

solution, the process would be scaled up by keeping volumes

processed, rather than time, constant.

The system was incubated for 5 min before initiating the pump

for the tubing assembly loop. Samples were taken from bioreactor

over the course of dissolution to monitor progress and determine

when it was complete. Degree of dissolution of the sample was deter-

mined by measuring cell density and viability using the NC-200 and

visual inspection using a light microscope. A vessel was considered

fully dissolved once the cells released into suspension plateaued and

there were no aggregates observed under microscope. Once fully dis-

solved, the vessel was drained, and a final sample was drawn.
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3 | RESULTS

We developed redox-sensitive crosslinked porous gelatin beads for the

scale-up manufacturing of cells that afford stimuli-triggered microcarrier

dissolution for facile cell retrieval. As a proof of concept, our newly devel-

oped RS beads have been synthesized (Figure 1a,b) and tested for hMSC

expansion in bioreactors (Figure 1c). We hypothesized that the surface

modification of the microcarriers (RS beads) would not alter cell attach-

ment as compared with Cultispher-G beads (Reg beads), thus promoting

cell proliferation. We found that cells could attach to the RS beads, prolif-

erate and then be rapidly retrieved using a well-defined dissolution

medium to degrade the beads, achieving high yield of cell recovery.

3.1 | Development of fast-dissolving, RS beads

Synthesis of RS beads was performed via a two-step procedure. First,

cystamine isocyanate crosslinker was obtained reacting cystamine with

diphosgene in presence of 1,8-bis (dimethylamino)-naphthalene

(Figure 2a), allowing their reaction with the noncrosslinked gelatin

(Sigurdsson, Seeger, Kutzke, & Eckstein, 1996). The resulting

crosslinker was characterized in terms of its molecular structure by
1H-NMR and FTIR. The 1H-NMR spectra showed that peaks for

-CH2CH2- have shifted to low magnetic field, indicating the conversion

from -NH2 to -NCO. The FTIR spectra confirmed the successful syn-

thesis by showing specific peak of isocyanate at 2,270 cm−1, and the

absence of specific peaks for amine at 1,610 and 3,340 cm−1

(Supplementary Figure S1). After successful synthesis of a redox-sensi-

tive crosslinker, RS beads have been fabricated following the procedure

previously described in materials and methods (Figure 2b).

3.2 | Biophysical characterization of RS beads

The size of the new redox-sensitive microcarriers was comparable to that

of the Reg beads, as seen by SEM (Figure 3a), and by fluorescence imaging

(Figure 3b). The latter was performed after the samples were suspended

in FITC solution (0.1 mg/ml) and incubated under 4�C overnight. To fur-

ther study the physical properties of Reg beads and RS beads, extraction

and swelling studies in DPBS have been performed. Both microcarriers

similarly showed a decrease of 10% in total mass following extraction and

a 10% increase in weight owing to swelling (Figure 3c).

3.3 | RS beads afford faster dissolution than Reg
beads

Reg beads and RS beads dissolution times were tested using a combi-

nation of enzyme and reducing agent, or enzyme alone (Figure 4a).

Full dissolution was reached for Reg beads after 30 min in enzyme solu-

tion (0.5 U/ml Clzyme BP Protease and 0.5 U/ml Clzyme collagenase),

and they could not be dissolved in the presence of reducing agents only,

as expected. In contrast, the dissolution time of RS beads was 20 min in

the presence of enzyme alone and abound 70 min in the presence of

F IGURE 1 (a) Schematic illustration of RS beads, (b) their dissolution mechanism, and (c) their scale up in bioreactors
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reducing agent alone. The mixture of reducing agents and enzyme, how-

ever, enabled bead dissolution within 6 min, confirming that RS beads

dissolution is carried out by two different mechanisms—redox and enzy-

matic degradation. In contrast, the Reg beads did not reach full dissolu-

tion in the same time frame when a mixture of reducing agent and

enzyme was used (Figure 4b).

Once microcarrier dissolution conditions were optimized, the cyto-

toxicity of the dissolution solution and the RS beads dissolution products

has been studied by MTS assay using hMSC. Figure 4c shows that with

treatment time lower than 60 min, hMSC tolerated all the dissolution

solutions. No toxicity was observed when enzyme alone, reducing agent

alone, or the combination of enzyme with reducing agent were used. In

addition, different concentrations of reducing agent were tested (Supple-

mentary Figure S2), showing that there was no toxicity, even with high

concentration of reducing agent (50 mM), when treatment duration was

less than 30 min. For longer treatment time, hMSC had low viability

(between 80 and 85%), at a high concentration of reducing agent

(50 mM). These results suggest that higher concentration of reducing

agent solution could be employed as a dissolution solution postulating

that dissolution time can be significantly reduced.

3.4 | Spinning culture of hMSC and dissolution
studies

hMSC were cultured and expanded using our newly developed RS

beads in spinning flasks. Cell culture conditions, such as cell density

and spinning speed, have been optimized to achieve high rate of

hMSC expansion. A step function was found to be optimal with regard

to the spinning speed; hence, the spinner was turned on for 10 min at

35 rpm and then off for 90 min within the first 5 hr, allowing for ade-

quate cell–microcarrier interactions and avoiding microcarrier aggre-

gation. Then, the spinner speed was fixed at 50 rpm until Day 3.

Lastly, the spinning speed was increased by 15 rpm every 24 hr after

Day 3 for the remaining culture period (Figure 5a). The increased

shear force helps limit beads aggregation. Once the cell culture condi-

tions were optimized, cell density was determined every day, validat-

ing that hMSC had comparable growth rate when attached to Reg

beads and RS beads. After the beginning of media exchange on Day 4,

cell number increased exponentially for both microcarriers (Figure 5b).

In addition, microcarrier dissolution time was determined at different

time points during the hMSC culture. A mixture of reducing agent

with enzyme was used to dissolve RS beads and only enzyme was

used to dissolve the Reg beads. Results show that dissolution time

increased in proportion to cell concentration for Reg beads (from 26

to 55 min). In contrast, when RS beads were used, lower dissolution

times were observed for all time points (from 12 to 22 min) (Figure 5c).

To further confirm the microcarriers cell adhesion, the microcarriers

were stained with DAPI at different time points (3, 5, 7, and 9 day).

Results showed that cell number is increased over time, showing high

density of cells at Days 7 and 9 (Figure 5d).

Although RS beads exhibit much faster dissolution time in solu-

tion compared to the enzymatic dissolution of the Reg beads, there

are still several factors that can be used to further reduce the dissolu-

tion time of the RS beads. For example, the concentration of the

reducing agent can be increased, and its high stability enables its syn-

ergistic use along with other cell dissolution/detachment agents, such

as trypsin and sodium citrate buffer. In the following studies, various

dissolution solutions have been applied to RS beads. These studies

indicate that both trypsin (0.025%) and sodium citrate (0.015 M) with

F IGURE 2 (a) Synthesis of a redox-
sensitive crosslinker1,2-bis(2-
isocyanatoethyl) disulfide (DIDS). (b)
Synthesis of redox-sensitive beads (RS
beads)
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10 mM of reducing agent were able to improve the dissolution of RS

beads. The dissolution time decreased from 22 to 16 min using

sodium citrate, and 12 min with trypsin. In addition, when 20 mM of

reducing agent was used the dissolution time was further reduced to

15 min with sodium citrate, and 8 min with trypsin. Cell viability was

quantified after full dissolution to study whether cytotoxicity is

imparted by the cell detachment agents. Figure 6a,b shows that

0.015 M sodium citrate solutions present some level of cytotoxicity

to hMSC, making them not a good candidate for microcarriers dissolu-

tion. In contrast, no cell toxicity was observed using trypsin. It is note-

worthy that with 12 min exposure to 0.025% trypsin and 10 mM

reducing agent, hMSC still has high viability, over 90%, confirming

that this dissolution solution can be further used to achieve a fast and

safe dissolution of RS beads.

3.5 | hMSC production in large bioreactors

Once the in vitro experiments in spinner flasks have been optimized,

the RS beads were used for hMSC production in large bioreactors.

Cell growth, cell attachment, cell viability, and dissolution time were

studied and compared between Reg beads and RS beads.

Cell growth curves showed no significant hMSC proliferation differ-

ences between Reg beads and RS beads during the entire study. Similar to

spinner flask experiments, exponential cell growthwas observed afterDays

4–5 of culture. ByDay 7 of culture, hMSC concentration reach 0.65E + 06

± 0.16E + 06 cell/ml and 0.55E + 06 ± 0.14E + 06 cell/ml using Reg beads

and RS beads, respectively (Figure 7a). In addition, hMSC attachment to

themicrocarrierswas confirmedbymicroscopyonDays1and4 (Figure7b),

showing non-significant differences. Microcarriers were harvested at Day

F IGURE 3 Biophysical
characterization of RS beads. (a) scanning
electron microscopy (SEM) images of
both Reg beads and RS beads. Scale bar
200 μm. (b) Fluorescent images of Reg
beads (1); RS beads (2). Scale bar 500 μm.
The corresponding beads under high
magnification (3,4). Scale bar 100 μm. (c)
Extraction (left) and swelling (right)

studies for Reg beads and RS beads in
DPBS. Results are shown as mean and
standard deviation (SD) of quadruplicates
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7. Results show that RS beads dissolved more quickly than the Reg beads

(at least 15 times faster). The viable cell density (VCD) for the Reg beads

plateaued around 15 volumes processed (Figure 7c), but aggregates contin-

ued to be observed through 23 volumes processed (Figure 7e). In contrast,

less aggregates were observed for RS beads after one volume processed

(Figure 7e). For the RS beads group, the microcarriers were dissolved rap-

idly enough that they were not visible by eye after the incubation period

(Figure 7f). The VCD curve for the RS beads also indicated that the cells

had been released from their carriers almost immediately, as no increase in

VCDwas observed over the course of dissolution (Figure 7d). In addition to

cell dissolution time, postdissolution viability was tested (NucleoCounter

NC200) to evaluate cytotoxicity of the dissolution procedure. Figure 7g,h

shows that no cell toxicity was observed in either of these harvests. In both

cases, cell viabilitywas higher than 90%.

F IGURE 4 Redox-sensitive microcarriers degradation. (a) The degradation followed two distinct mechanisms facilitating rapid
microcarriers dissolution. The disulfide bonds were cleaved by the reducing agent and the peptide bonds using a dissolution enzyme.
Clzyme BP protease and Clzyme collagenase were used as enzyme at 0.5 U/ml and tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was

used as a reducing agent. (b) Dissolution time is shown for RS beads and Reg beads using different dissolution media. Results are shown as
mean and SD of triplicates. Statistical significance was determined using Reg beads treated with 0.5 U/ml of enzyme as a control group
(*p < 0.05). (c) Study of hMSC viability as a function of exposure time to the dissolution solution. Results are shown as mean and SD of
triplicates. Statistical significance was determined using untreated cells a control group (*p < 0.05)
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4 | DISCUSSION

To efficiently scale-up hMSC production, a well-designed microcarrier

which presents with high cell affinity and rapid cell recovery is needed.

Recently, Cultispher-G beads, based on gelatin (Sun et al., 2010), have

been reported to facilitate high cell affinity due to their chemical

structure which presents with RGD domains. In addition, Cultispher-G

beads can be subjected to enzyme degradation, using proteases such as

collagenase, in order to isolate the final cell population. However, as

the cells grow and proliferate, they deposit ECM which makes it hard for

the enzymes to penetrate—a process that increases significantly their dis-

solution time. Therefore, the design criteria are (a) forming microcarriers

F IGURE 5 Spinning cell culture of
hMSC on Reg beads and RS beads. (a)
The optimized protocol that was used
for hMSC culture on the microcarriers.
(b) Cell number during the spinning cell
culture. Results are shown as mean and
SD of triplicates. Statistical significance
was determined using Reg beads as a
control group(*p. (c) Microcarrier

dissolution time at different time
points. Results are shown as mean and
SD of triplicates. Statistical significance
was determined using Reg beads as a
control group(*p. (d) Fluorescent
imaging (DAPI staining) of hMSC on
Reg beads and RS beads (Scale bar:
500 μm for 4X, and 100 μm for 10X)
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that dissolve considerably faster than standard Cultispher-G, while (b)

maintaining similar growth kinetics and biocompatibility. To achieve that,

RS beads were synthetized by their crosslinking with a redox-sensitive

crosslinker, cystamine dihydrochloride. Its end-amine groups were

converted to isocyanate (Figure 2a), allowing their reaction with the gela-

tin beads. Characterization of RS beads revealed that the chemical nature

of the crosslinking moiety does not influence the final physicochemical

properties of the resulting microcarriers. Our results prove that the RS

beads and the Reg beads have similar crosslinking degree and hydrophi-

licity (Figure 3). In addition, RS beads presented lower dissolution time

than Reg beads (6 min vs. 30 min) when a mixture of reducing agent and

an enzyme was used. RS bead dissolution follows two distinct degrada-

tion mechanisms. First, the disulfide bonds in the redox-sensitive

crosslinker are cleaved by reducing agents, such as TCEP. Then, the pep-

tide bonds between amino acids are cleaved using enzymes, such as col-

lagenase and proteases (Figure 4). Interestingly, Reg beads could no

longer be fully dissolved in the same time frame they did in the presence

of enzymes when we switched to the combination of reducing agent

with enzymes as the dissolution solution. This is because the reducing

agents are capable of denaturing both collagenase and proteases.

Within a short period of time, only part of the enzyme remains active

and hence can still affect the gelatin-based beads dissolution before

being denatured by the reducing agents, thus facilitating the dissolu-

tion of the RS beads. However, in the case of Reg beads the enzyme

was denatured before complete dissolution was achieved. In addi-

tion, RS beads showed a significantly faster dissolution using only an

enzyme as a dissolution solution compared to the Reg beads (Fig-

ure 4b). The plausible reason is that the protease used in the enzyme

dissolution solution is cysteine-based, and hence the enzyme can

cleave the disulfide bonds.

Once the dissolution mechanism was characterized, we seeded

hMSC on the microcarriers and allowed them to attach and proliferate

in spinning flasks in vitro. RS beads enabled similar cell growth kinetics

as that of the Reg beads, depicting an exponential cell growth within

the first 4 days of incubation. Following hMSC attachment to the

microcarriers (Day 4), the cells start depositing their own ECM to sup-

port their proliferation, as observed in Supplementary Figure S3. The

high ECM deposition will result in a longer dissolution time compared

to the Reg beads without the cells (Figure 5c). Yet, when RS beads

were used, lower dissolution times were achieved during the entire

culture period. For instance, at Day 7 Reg beads were dissolved in

55 min and RS beads in 22 min. To further improve the microcarrier

dissolution time in the presence of cells, different enzyme solutions

where tested. When Trypsin (0.025%) was used instead of collage-

nase, RS beads dissolution time was further reduced from 22 to

8 min. Therefore, a mixture of Trypsin (0.025%) with 10 mM reducing

agent was selected as a dissolution solution for the scale-up

experiments.

The bioreactor experiments suggested cell growth may be slightly

slower when culturing on RS beads, however, it is not considered sig-

nificant since replicates of the control microcarrier process using iden-

tical conditions presents high variability (Figure 7a). In accordance

with the spinner flasks data, RS beads were rapidly dissolved in a

short period of time after 7–8 days of culture. This improved rate of

dissolution was easily noticeable after a brief incubation without the

use of mechanical aids (tubing assembly). The dissolution of RS

beads is also more visibly complete, producing a single-cell suspen-

sion with fewer aggregates (Figure 7e). The best dissolution

approach observed in bioreactors was achieved by adding reducing

agent and enzymes simultaneously. A reducer-added-first approach

was not as effective. This may suggest that the cells and/or the

ECM they produce shield the microcarriers from the reducing

agents. By adding the reagents simultaneously, the ECM and cells

are removed from the surface of the beads, exposing them to the

reducing agent. This would make their dissolution faster than stan-

dard Cultispher-G dissolved by enzymes alone, as the cells and

ECM compete with the beads for the enzymes. These results sug-

gest that our newly developed fast dissolving microcarriers enable

overcoming one of the main limitations of cell harvesting; fast cell

retrieval without affecting cell viability.

5 | CONCLUSIONS

We have successfully synthesized redox-sensitive gelatin-based

microcarriers, with on-demand degradation. We demonstrated that

F IGURE 6 (a) Dissolution time and cell viability after complete dissolution of RS beads using various dissolution solutions. (b) Dissolution time
and % cell recovery in selected dissolution solutions (RA represents reducing agent)
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F IGURE 7 hMSC are produced in large-scale bioreactors using RS beads. (a) Viable cell density (VCD) of the bioreactors over culture

duration. (b) hMSC nucleus staining with DAPI in Reg beads and RS beads on Day 1 (left) and Day 4 (right) (scale bar: 200 μm [Day 1] and 1 mm
[Day 4]). (c,d) VCD of hMSC in bioreactors over the course of microcarrier dissolution on Day 7 of culture using Reg and RS beads, respectively.
(e) Microscope imaging of dissolved microcarriers on Day 7. Different volumes were processed for Reg beads and RS beads (scale bar: 200 μm).
(f) Bioreactor images of RS beads before and after dissolution. (g,h) Cell viability of hMSC in bioreactors over the course of microcarrier
dissolution on Day 7 of culture using Reg beads and RS beads, respectively. Results are shown as mean and SD and statistical significance was
determined by Mann–Whitney U test using Reg beads as a control group
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the dissolution solution containing enzymes and a reducing agent, as

well as the redox dissolution products are noncytotoxic. RS beads

proved to be an effective cell carrier, here for hMSC. Most impor-

tantly, redox dissolution time for RS beads was significantly lower

than enzymatic dissolution time for Reg beads after cell attachment

and proliferation in spinner flasks. Finally, RS beads have been shown

to reduce harvest time by at least 15-fold in bioreactors of 3 L. There-

fore, RS beads present high potential as a cell carrier for scale-up cell

manufacturing that can be used for cell therapy, permitting high cell

proliferation and recovery yield.
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