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ABSTRACT: Human mesenchymal stromal cells (hMSC), also called mesen-
chymal stem cells, are adult cells that have demonstrated their potential in
therapeutic applications, highlighted by their ability to differentiate down different
lineages, modulate the immune system, and produce biologics. There is a pressing
need for scalable culture systems for hMSC due to the large number of cells
needed for clinical applications. Most current methods for expanding hMSC fail to
provide a reproducible cell product in clinically required cell numbers without the
use of serum-containing media or harsh enzymes. In this work, we apply a
tailorable, thin, synthetic polymer coatingpoly(poly(ethylene glycol) methyl
ether methacrylate-ran-vinyl dimethyl azlactone-ran-glycidyl methacrylate) (P-
(PEGMEMA-r-VDM-r-GMA), PVG)to the surface of commercially available
polystyrene (PS) microcarriers to create chemically defined three-dimensional (3D) surfaces for large-scale cell expansion. These
chemically defined microcarriers provide a reproducible surface that does not rely on the adsorption of xenogeneic serum proteins to
mediate cell adhesion, enabling their use in xeno-free culture systems. Specifically, this work demonstrates the improved adhesion of
hMSC to coated microcarriers over PS microcarriers in xeno-free media and describes their use in a readily scalable, bioreactor-based
culture system. Additionally, these surfaces resist the adsorption of media-borne and cell-produced proteins, which result in integrin-
mediated cell adhesion throughout the culture period. This feature allows the cells to be efficiently passaged from the microcarrier
using a chemical chelating agent (ethylenediaminetetraacetic acid (EDTA)) in the absence of cleavage enzymes, an improvement
over other microcarrier products in the field. Bioreactor culture of hMSC on these microcarriers enabled the production of hMSC
over 4 days from a scalable, xeno-free environment.
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■ INTRODUCTION

Human mesenchymal stromal cells (hMSCs), also called
mesenchymal stem cells, are a relevant cell type for many
therapeutic and research applications due to their immunosup-
pressive potential,1−3 ability to differentiate down multiple
lineages,4−9 and production of biologics.10−12 In the last 15
years, these cells have been the subject of over 900 clinical trials,
with over 100 trials conducted per year since 2015
(clinicaltrials.gov). As the demand for hMSC and other cell
types continues to rise, there is a pressing need for reproducible,
cost-effective manufacturing methods to produce these cells.
Some innovations have beenmade to facilitate the production of
cells at scale, including large tissue culture flasks, cell stack plates,
bioreactors, and microcarriers.13 Microcarriers are typically
solid, 100−300 μm diameter beads that enable cell adhesion
before being cultured in suspension in a stirred bioreactor. The
constant mixing in a microcarrier-containing bioreactor
introduces enhanced gas and nutrient exchange14 and therefore
can be scaled up to large vessels and to manufacture large
numbers of cells. They provide a higher surface area for cell
growth and require less media, culture material, and labor and as
such are one of the leading target systems for cell

manufacturing.15−17 Microcarriers are commonly made of
polymers, including poly(hydroxyethyl methacrylate)
(PHEMA),18 polystyrene (PS),19−21 polyacrylamide (PA),22,23

poly(L-lactic acid) (PLLA),24 and poly(lactic-co-glycolic acid)
(PLGA),25 and stimuli-responsive materials26 including poly(N-
isopropylacrylamide) (pNIPAAm),27 and they are often coated
with charged molecules, peptides (e.g., Corning Synthemax,
CellBIND), or proteins (e.g., collagen, gelatin, Cultispher-S)
that facilitate cell adhesion. Examples of commercially available
microcarriers include Corning (PS uncoated or Synthemax
coated), dextran-based Cytodex I, II, and III (GE Healthcare),
Sigma-Solohill (collagen- or recombinant protein-coated), and
Cultispher (Percell Biolytica AB).
Typical cell production methods are dependent on

xenogeneic solid and soluble components such as fetal bovine
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serum (FBS), collagen, Matrigel, and others.28,29 As research
into cell-based therapeutics advances, there is a growing body of
evidence suggesting that there are drawbacks to the inclusion of
xenogeneic components. Animal-derived products suffer from
high cost, issues with production, and batch-to-batch
variations,28,30 which can introduce variability into cell culture
and have negative effects on the cell as the end product.31,32

Additionally, xenogeneic components may be incorporated into
the cell itself, which can induce antigenicity and an associated
immune response from the recipient of a cell-based therapeutic
and in some extreme cases has resulted in anaphylaxis.33,34

Synthetic cell culture materials have been developed in two-
dimensional (2D)35−40 and three-dimensional (3D)41−45 to
culture stem cells and direct stem cell fate, but in most cases,
these materials are not amenable to scale up for cell production
at scale. Recent publications have described the use of human
serum as an additive to enable hMSC culture on microcarriers in
xeno-free media.46,47 While this recent work was able to achieve
hMSC adhesion to uncoated (human serum-incubated) micro-
carriers in xeno-free media, we focus on the use of existing xeno-
free media formulations with the polymer-coated microcarriers.
In this work, we develop on our previously reported48−50

poly(poly(ethylene glycol) methyl ether methacrylate-ran-vinyl
dimethyl azlactone-ran-glycidyl methacrylate) (P(PEGMEMA-
r-VDM-r-GMA), (PVG))-coated microcarrier culture system51

to enable microcarrier culture in scalable bioreactors in media
free of xenogeneic components (xeno-free media). We first
demonstrate the potential of the PVG to coat a wide range of cell
culture materials, through its successful application to 96-well
and 384-well plates with circular and rectangular wells,
respectively. We also demonstrate that by optimizing the
concentration of the poly-L-lysine (PLL) anchoring layer in the
sequential anchoring method the coating can resist the
nonspecific adhesion (adhesion that is not mediated via a
defined ligand) of hMSC. These PVG-coated microcarriers are
then applied to hMSC culture in xeno-free media and in
bioreactors that can be readily scaled to create therapeutically
relevant numbers of hMSC without exposing them to
xenogeneic components. Additionally, the chemically defined
surface prevents the nonspecific adsorption of serum and cell-
produced extracellular matrix (ECM) proteins. This reduction
in ECM protein adsorption controls the adhesion of hMSC
through the integrin-binding RGD peptide. We show that this
integrin-specific adhesion enables efficient, enzyme-free, ethyl-
enediaminetetraacetic acid (EDTA)-based passaging of hMSC,
further reducing the cost of materials needed for cell culture over
the state-of-the-art commercially available coated microcarriers.
Importantly, hMSC cultured on PVG-coated microcarriers in
xeno-free, bioreactor conditions retained their immunopotency
and multipotent differentiation capacity, showing that this
culture system has the potential to be used for therapeutic cell
production while maintaining the required critical quality
attributes.

■ EXPERIMENTAL SECTION
PVG Copolymer Synthesis. PVG copolymer was synthesized

using reversible addition−fragmentation chain transfer anionic
polymerization (RAFT), by copolymerization of poly(ethylene glycol)
methyl ether methacrylate (PEGMEMA), glycidyl methacrylate
(GMA), and vinyl dimethyl azlactone (VDM) according to previously
reported procedures.51 The resultant polymer P(PEGMEMA-r-VDM-
r-GMA) was dissolved and stored in tetrahydrofuran (THF). Gel
permeation chromatography (GPC) yielded a Mn = 47 000 and a
dispersity of 2.1. Proton nuclear magnetic resonance spectroscopy

showed that the final concentration of the copolymer was 61%
PEGMEMA, 29% VDM, and 10% GMA.

Optimization of PVG Coating onMultiwell Plates. 96-well and
384-well tissue culture polystyrene (TCPS) plates were coated with
PVG copolymer via the sequential anchoring process described in
Krutty et al.51 Briefly, TCPS plates were incubated in 70 000−150 000
kDa poly-L-lysine (Sigma-Aldrich, Milwaukee,WI) solutions in water at
concentrations of either 0.01 or 0.05 wt %, depending on the condition
being tested, for 1 h. PLL adsorbs to polystyrene largely though
hydrophobic interactions, and its use is common in cell culture
applications.52−54 Eachwell was rinsed 2×with 300 μL of dH2O and 1×
with 300 μL of 200 proof EtOH. Finally, wells were filled with 10−50
μL of 10 mg mL−1 PVG solution in EtOH and allowed to react
overnight.

PVG Coating of Microcarriers. Untreated polystyrene micro-
carriers with a diameter of 125−212 μm (Corning, Corning, NY) were
weighed and incubated in 0.05 wt % 70 000−150 000 Da poly-L-lysine
for 1 h.Microcarriers were then washed twice with dH2O and once with
EtOH. Microcarriers were placed in a 10 mg mL−1 solution of PVG
polymer in EtOH and allowed to react overnight. Microcarriers at this
state were stored in EtOH at −20 °C for up to 1 month.

Peptide Immobilization. PVG-coated surfaces were washed twice
with phosphate-buffered saline (PBS) and reacted with Cys-Gly-Gly-
Gly-Arg-Gly-Asp-Ser-Pro (CGGGRGDSP, “RGD”), Cys-Gly-Gly-Gly-
Arg-Asp-Gly-Ser-Pro (CGGGRDGSP, “scramble”) peptides (Gen-
script). TCPS plates andmicrocarriers were incubated in 1mM peptide
solutions in 1× phosphate-buffered saline (PBS) (Fisher Scientific) for
1 h at room temperature according to the previously established
procedure.49,50 The coated surfaces were then rinsed twice with PBS
and sanitized in 70% ethanol for 30 min before use in cell culture.

hMSC Culture. Serum-Containing Medium. hMSC (Lonza PT-
2501 Lot # 0000684888) were cultured in minimum essential medium-
α (αMEM) modification (Corning, Corning, MA) plus 10% fetal
bovine serum (FBS) (Gibco, Cat. #16000-044, Dublin, Ireland). Cells
were thawed from LN2 storage and seeded onto T175 TCPS plates at
2800 cells cm−2. Cells were incubated at 37 °C and 5% CO2 and
manipulated under sterile conditions. Media was changed after 24 h,
then every 2−3 days. Cells were passaged at 70−80% confluence using
5 mL of trypsin (Fisher/Hyclone, SH30236.02) at 37 °C and 5% CO2
for 5 min. After 5 min, adherent cells were loosened using gentle
agitation of the plate

Xeno-Free Medium. hMSC (RoosterBio, XF RoosterKit-hBM Lot
164) were cultured in RoosterNourish MSC-XF xeno-free media
(Roosterbio, Frederick, MD). Cells were thawed from LN2 storage and
seeded onto T175 TCPS plates at 2800 cells cm−2. Cells were incubated
at 37 °C and 5% CO2 and manipulated under sterile conditions. Media
was changed after 24 h, then every 2−3 days. Cells were passaged at
70−80% confluence using 5 mL of TrypLE Select Enzyme (Invitrogen,
Carlsbad CA) at 37 °C and 5% CO2 for 5 min. After 5 min, adherent
cells were loosened using gentle agitation of the plate.

hMSC Adhesion on Multiwell Plates. To evaluate hMSC
attachment to PVG + RGD surfaces, passage 4−6 hMSC were seeded
(10 000 cells cm−2) in αMEM + 10% FBS on PS, PLL-coated, PVG-
coated, RGD functionalized, and scramble functionalized TCPS plates,
prepared as previously described. After 24 h, the cells were fixed, stained
for nuclei and actin cytoskeleton, and imaged.

Microcarrier Suspension Culture in 24-Well Plates. To study
hMSC attachment and expansion on PVG + RGD microcarrier
surfaces, hMSC were grown for up to a week in either αMEM + 10%
FBS or RoosterNourishMSC-XFmedia. Passage 4−6 cells were seeded
in 500 μL of media onto 10 cm2 of microcarriers in an ultra-low-
adhesion 24-well plates (Corning). A cell seeding density of 10 000
hMSC cm−2 was used with each of the following surface
functionalization: PS, PVG-coated, PVG + RGD peptide (PVG +
RDG), or PVG+ scramble peptide. At desired time points (1, 2, 4, and 7
days), cells were either fixed and stained or lysed, and total DNA was
quantified using a CyQUANT Cell Proliferation Assay Kit, per kit
instructions.

Microcarrier Suspension Culture in Stirred Flask Bioreactors.
Seven hundred fifteen milligrams of PVG + RGD microcarriers were
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added to 30 mL of αMEM + 10% FBS or RoosterNourish media in a
125 mL, nontreated, PS disposable spinner flask (Corning). Typically,
1.5 × 106 cells were seeded onto the microcarriers, and the working
volume was brought to 67 mL (approximately one half of the
bioreactor’s capacity). A static incubation period of 4−12 h was used to
encourage cell adhesion before starting the stirring process. For all cell
expansion and cell phenotype quantification data, a 12 h static
incubation period was used. The bioreactor was then placed on a
magnetic stir plate in the incubator (37 °C, 5% CO2) and agitated at a
rate of 60 rpm. One half volume media changes (approx. 33 mL) were
performed after 96 h.
Fluorescent Imaging. Live hMSC were stained with 1 μMCalcein

AM (Thermo Fisher). For fluorescent imaging of fixed cells, hMSC
were washed with 1× PBS and fixed in 10% buffered formalin solution
for 20−30 min. Cells were then permeabilized with 0.1% Triton X-100
(MP Biomedicals, Aurora, OH) in 1× PBS for 20 min. Cells were
washed twice with PBS and blocked using 1% bovine serum albumin
(BSA) (Fisher Scientific). Cells were stained for actin cytoskeleton
using Alexa-Fluor 647 Phalloidin (Thermo Fisher) and for nuclei using
4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI) (Sigma-Al-
drich) orHoechst 33342 for 30min each, washing in betweenwith PBS.
Cells were imaged on an inverted microscope with DAPI, fluorescein
isothiocyanate (FITC), and far red filter cube sets.
Cell Passaging and Quantification. hMSC nuclei were counted

to determine cell number, seeding efficiency, and passaging efficiency.
hMSC Passaging. hMSC were passaged using Versene, a 1×

ethylenediaminetetraacetic acid (EDTA) solution (Invitrogen). EDTA
lifts cells from surfaces through the chelation of Ca2+ and Mg2+ ions,
which are an important component of integrin receptor binding.
hMSC Seeding Efficiency and Quantification. Representative

samples were removed from the bioreactor in 3 × 1 mL samples on
day 1. hMSC nuclei were stained using 2 μMHoechst 33342 (Thermo
Fisher), a cell membrane permeable fluorescent stain. Samples were
allowed to settle for 30 min before being imaged in phase and
fluorescence, and adherent cells were quantified using eq 1

seeding efficiency
microcarrier adjacent nuclei

total nuclei
100%= ×

(1)

where microcarrier adjacent nuclei are defined as nuclei belonging to
cells that are attached to microcarriers as visualized in the fluorescent
microscope images, and total nuclei are defined as nuclei belonging to
cells attached to the microcarriers and the nuclei from cells not attached
to microcarrier. The nuclei were counted from images using NIS
Elements software to identify and catalogue individual nuclei.
hMSC Passaging and Passaging Efficiency. hMSC were lifted from

the microcarrier surface using either TrypLE or EDTA. Microcarriers
were removed from the bioreactor in 1 mL of samples, rinsed with PBS,
and incubated in the passaging solution for 4 min at 37 °C and 5%CO2,
agitated through gentle pipetting, and returned to the incubator for
another 4 min. Samples were stained using Hoechst 33342, then placed
in a multiwell plate and allowed to settle for 30 min before imaging.
Samples were imaged in phase and fluorescence, and passaging
efficiency was quantified using eq 2

passaging efficiency
unassociated nuclei

(unassociated nuclei microcarrier adjacent nuclei)
100%=

+
×

(2)

where unassociated nuclei are defined as those nuclei belonging to cells
that are not adhered to the surface of a microcarrier as visualized in the
phase microscope images.
hMSC Expansion on Microcarriers. Cells were grown on micro-

carriers in a 125 mL stirred flask bioreactor (Corning) as described
previously and passaged as described earlier in this section. Micro-
carriers were then separated from the nonadherent cells using a cell
strainer (Corning Falcon) with a pore size of 100 μm. Samples were
stained using Hoechst 33342, then placed in a multiwell plate and
allowed to settle for 30 min before imaging. Samples were imaged in

phase and fluorescence, where the number of nuclei was used as a proxy
for total cell number.

hMSC Differentiation and Cell Function. To evaluate differ-
entiation capacity after expansion on coated microcarriers, hMSC were
differentiated to osteoblasts and adipocytes based on established
protocols. For differentiation, hMSC were seeded at 5000 cells cm−2 on
collagen-coated plates (Corning, Corning, NY) in 10% FBS in αMEM
and permitted to grow to confluence for 3 days. Osteogenic (OS)
medium and adipogenic induction medium (AIM) were prepared. OS
medium consisted of 10% FBS in αMEM with 0.1 μM dexamethasone,
10 mM β glycerol phosphate, and 50 μM ascorbic acid 2-phosphate.
AIM consisted of 10% FBS in Dulbecco’s modification of Eagle’s
medium (DMEM) high glucose with penicillin (100 U mL−1)/
streptomycin (100 μg mL−1), 1 μM dexamethasone, 10 μg mL−1

insulin, and 500 μM isomethyl isobutyl xanthine (IBMX). Media was
changed every 3−4 days, and analysis was performed after 21 days of
differentiation. As negative controls, cells were grown for 21 days in
10% FBS in αMEM.

Alizarin Red S stainedmineral deposits from osteoblasts, andOil Red
O stained lipid droplets in adipocytes. To perform staining, cells were
fixed in 10% buffered formalin solution and incubated Alizarin Red S
(40 mM, pH 4.1−4.3) and washed three times with water or Oil Red O
working solution for 20 min and washed with water until washings were
clear. Working Oil Red O solution was prepared by mixing three parts
stock Oil Red O solution (3 mg mL−1 in 99% isopropanol) with two
parts distilled water and filtering with a 0.2 μm syringe filter.

hMSC were stained for β-galactosidase activity using the Senescence
Cell Histochemical Staining Kit (Sigma). Cells were washed with 1×
PBS and fixed using 10% buffered formalin. Cells were then stained
according to manufacturer’s specifications, immersed in the staining
solution at 37 °C for 12 h.

hMSC immunopotency was measured using an L-kynurenine assay.
hMSC were harvested after 4 days of culture on PVG + RGD
microcarriers and seeded at a cell density of 40 000 cells cm−2 in xeno-
free media. At 24 h, the growth media was changed and supplemented
with 10 ng mL−1 interferon-γ (IFN-γ) (R&D Systems, Minneapolis,
MN). Cells were incubated with IFN-γ-containing media for 24 h, at
which point 150 μL of spent media was collected and stored at −80 °C
for up to 1 month before testing. Cells were fixed with 10% buffered
formalin, stained using Hoechst 33342, and imaged. Nuclei were
counted using NIS Elements binary thresholding software to get an
accurate cell count of the number of cells per well. Spent media was
thawed, and proteins were precipitated from each sample using 50 μL of
trichloroacetic acid (Sigma-Aldrich) per 100 μL of sample. Precipitates
were removed by 5 min centrifugation at 950g. Seventy-five microliters
of supernatant was then added to a clear-bottom 96-well plate and
mixed with 75 μL of Ehrlich’s reagent (Sigma-Aldrich). The absorbance
of light at a wavelength of 490 nm was taken using an automatic plate
reader. L-Kynurenine concentration was determined by a linear
regression of concentration compared to a standard curve, which was
produced in triplicate.

Statistical Analysis. Experiments were carried out and repeated a
total of two to three trials, with n = 3−4 replicates per trial. Statistics
were analyzed for this work using theMicrosoft Excel Analysis ToolPak
Add-in. Except where noted, a one-way analysis of variance (ANOVA)
was conducted to determine significance, as there are multiple groups
with one independent variable. A post hoc Tukey’s test was then used to
determine the significance between groups.

■ RESULTS

Previously, we reported51 a sequential anchoring method for the
stable application of PVG onto planar and three-dimensional
surfaces. In this method, a commercially available cell culture
material (0.01% poly-L-lysine in water) was used to improve cell
adhesion. PLL acts as an anchoring layer for PVG; hence, the
uniformity of this layer also influences the uniformity of the PVG
coating and subsequent cell adhesion. We tested different
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concentrations of the PLL anchoring layer in 96-well and 384-
well tissue culture polystyrene plates (Figures 1 and S1).
At a PLL concentration of 0.05 wt %, the PVG coating was

most effective at resisting the nonspecific adhesion of hMSC
(Figure 1a,c) and enabled integrin-mediated cell adhesion after
functionalization with the RGD peptide (Figure 1b,d). The
effectiveness of each coating was quantified using cell number/
well as a measure of the well’s adhesivity (Figure 1e,f). This
improved sequential anchoring method was used for all
subsequent experiments on microcarriers in xeno-free media.
hMSC Adhesion to PVG-CoatedMicrocarriers in Xeno-

Free Media. Uncoated PS microcarriers were used as a control
in xeno-free media. The DNA content on PS microcarriers
decreased after changing the media at 24 h, similar to the
decrease seen on PVG-coated microcarriers (Figure 2).
Unadhered cells were removed during a media change

between days 1 and 2; therefore, the decrease in DNA content
is indicative of poor adhesion to the bare PS and
unfunctionalized PVG surfaces. Few cells seeded onto PS
microcarriers adhered, and those that did adopted a rounded
morphology indicating a poorly adhesive surface (Figures 2a and
S2). The extent of hMSC spreading on PVG + RGD
microcarriers is further evident in the confocal micrographs
shown in Movie S1. We quantified the cell seeding efficiency of
77% for hMSC seeded on PVG + RGDmicrocarriers using eq 1.
These cell seeding results show that PVG + RGD microcarriers
may enable scalable hMSC culture in xeno-free media.

hMSC Expansion and Enzyme-Free Passaging in
Xeno-Free Media. hMSC were cultured in xeno-free media
on PVG + RGD microcarriers in a 125 mL stirred flask
bioreactor (Figure 3) to evaluate their potential for scale up to
industrial processes. hMSC were seeded onto microcarriers
according to the manufacturers’ recommendations in xeno-free
media and allowed to attach for 12 h in static conditions, before
being cultured in suspension for 7 days. Onemilliliter of samples
were taken at days 1, 2, 4, and 7, cells passaged from the surface
using EDTA, and nuclei stained using Hoechst 33342. To track
the expansion of hMSC over time, the cells were imaged and
nuclei counted (Figures 4 and S3).
Cell number increased up to day 4, at which point large

aggregates of microcarriers and cells reduced expansion rate
(Figures 4e and S3). This is similar to the expansion pattern
observed in serum-containing media.51 hMSC cultured on PVG
+ RGD microcarriers maintained a well-spread morphology,
adhering to and following the curvature of the microcarriers
(Figure 4f and Movie S1). One of the advantages of PVG +
RGD-coated surfaces over traditional cell culture surfaces is the
ability to passage using nonenzymatic, chemical chelating agents
such as EDTA. This process is gentle on the cells, contains no
animal products, and has been shown on planar substrates to
preserve the cell culture surface and patterned peptides.49 To
quantify the efficacy of EDTA passaging from PVG + RGD
microcarriers, 1 mL of samples of the microcarriers in
suspension in a bioreactor were harvested on days 2, 4, and 7.

Figure 1. Increasing the PLL content during the sequential anchoring process improves the application of PVG copolymer to multiwell plates. (a, b)
0.01% and (c, d) 0.05% PLL solutions were used to create PVG-coated 96-well plates. (a, c) Unfunctionalized PVG-coated plates reduce nonspecific
cell adhesion. (b, d) RGD functionalization (PVG + RGD) restores cell adhesion to PVG-coated plates. Quantification of cell number in both (e) 96-
well and (f) 384-well plates shows that using 0.05% PLL solutions improved resistance to nonspecific adhesion in PVG-coated wells and improved
adhesion in PVG + RGD wells. Scale bar = 1000 μm.

Figure 2. hMSC adhesion in xeno-free media is enhanced on PVG + RGD-coated microcarriers over uncoated PS microcarriers. (a) Poor adhesion to
PS microcarriers is shown by few adhered cells and rounded cell morphology (circled). (b) Large aggregate of hMSC and PVG + RGD microcarriers
indicates strong adhesion. Blue =DAPI; red = rhodamine phalloidin. Scale bar = 100 μm. (c) DNA quantification of hMSC onmicrocarriers over time.
The reduction in DNA content between days 1 and 2 on PSmicrocarriers indicates the removal of nonadherent cells during media changes. *Denotes
p < 0.05 by one-way ANOVA with respect to PS microcarriers day 2; # denotes p < 0.05 with respect to PVG.
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hMSC were separated from the microcarriers using EDTA and
stained for nuclei using Hoechst 33342 (Figure 5).

Passaging efficiency, determined using eq 2, shows that 77−
85% of cells were singularized and separated from the surface
using EDTA, and this efficiency did not decrease as aggregates
became larger over time (Figure 5b). As a comparison, for the
cells cultured on the commercially available Corning Synthemax
microcarriers, EDTA alone was not sufficient to separate the
cells from the microcarriers, leaving large aggregates intact
(Figure S4).

Figure 3. Xeno-free, scalable hMSC culture on microcarriers. (a) PS
microcarriers are functionalized using a sequential anchoring process of
PLL adsorption, followed by PVG copolymer anchoring, and RGD
functionalization. (b) hMSC are then cultured in xeno-free media in a
stirred flask bioreactor for up to 7 days. (c) After 7 days, hMSC are
passaged using EDTA and separated from the microcarriers using a cell
strainer with a pore size of 100 μm.

Figure 4. hMSC expansion on PVG + RGD microcarriers suspended in 125 mL bioreactors in Roosterbio-XF xeno-free media: hMSC were cultured
for 1, 2, 4, or 7 days ((a)−(d), respectively), at which point a 1 mL of sample was removed from the bioreactor. Live cells were stained using Calcein
AM and imaged (scale bar = 500 μm). In separate samples, cells were passaged using EDTA, separated from the microcarriers, and stained using
Hoechst 33342. Nuclei were counted and used to obtain a measure of the cell concentration in the bioreactor (e). Confocal images of cells after 4 days
of microcarrier culture show well-spread morphology and the formation of cell and microcarrier aggregates (f). Scale grid = 150 μm.

Figure 5. EDTA passaging remains effective throughout a 7-day culture
period. (a, b) Fluorescentmicrographs of hMSC grown on PVG+RGD
microcarriers cultured in Roosterbio MSC-XF xeno-free media and
passaged using EDTA. (c) Quantification of passaging efficiency
(percentage of cells removed frommicrocarriers by EDTA)was defined
as the percentage of total nuclei that were detached from microcarriers
after EDTA exposure (eq 2). Blue = DAPI, scale bars (a) 1000 and (b)
200 μm.
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hMSC Differentiation and Immunosuppression Post-
microcarrier Culture. hMSC are an ideal cell type for scale up
and manufacturing due to their multipotency and immunosup-
pressive potential. To evaluate the potency of hMSC grown in
xeno-free media on PVG + RGD microcarriers, cells cultured in
the bioreactor were differentiated down the adipogenic and
osteogenic lineages. Cells were harvested from the microcarriers
and seeded on collagen-I coated plates and differentiated for 21
days and stained with the Oil Red O or Alizarin Red S, for
adipogenic differentiation and osteogenic differentiation,
respectively (Figure 6).
Cells grown on PVG + RGD microcarriers retained their

immunomodulatory potential when stimulated with IFN-γ as
demonstrated by an L-kynurenine assay. The production of L-
kynurenine by hMSC is an important regulator in immune cell
function and is mediated through the enzyme indolamine
dioxygenase (IDO).55,56 hMSC also demonstrated the capacity
to differentiate down both the adipogenic and osteogenic
lineages, as measured by lipid and mineral deposition,
respectively. Additionally, hMSC cultured on microcarriers in
a bioreactor did not show signs of senescence as measured by β-
galactosidase staining (Figure 6).

■ DISCUSSION

hMSC continue to be an important cell type for their therapeutic
potential, even as the desired trait has expanded to include
immunosuppressive behavior in addition to differentiation
potential.57−59 Most recently, hMSC attracted interest after
demonstrating promise to dampen the cytokine storm and acute
respiratory distress syndrome that can result from SARS-CoV2
infection.60 To address the issues inherent to large-scale cell
culture, we have demonstrated the capability for the bioreactor
culture of hMSC on a tailorable, chemically defined surface in
xeno-free culture media.
To maximize cell seeding efficiency on 3D-coated micro-

carriers, the uniformity of the PVG coating was improved by
increasing the concentration of the adsorbed PLL (Figures 1 and
S1). The unfunctionalized, PVG-coated wells prepared with a
higher concentration of PLL reduced nonspecific cell adhesion.
This is a significant advance over previous iterations of the

sequential anchoring process, as it ensures that the adhesion to
the surface is mediated solely through the RGD peptide, which
enables enzyme-free, EDTA-based passaging from these
surfaces.
The improved sequential coating method also increases the

potential of these surfaces to be tailored to specific applications
outside of cell adhesion. In Figure S5, we demonstrated tailoring
these microcarriers with a vascular endothelial growth factor
(VEGF) binding peptide (VBP). These PVG + VBP micro-
carriers are capable of reducing the amount of soluble VEGF
detectable in the supernatant media by enzyme-linked
immunosorbent assay (ELISA). Other growth factor-binding
materials have been shown to modify cellular response to that
growth factor.61,62 PVG-coated microcarriers have the potential
to similarly reduce the need for soluble growth factors in the
culture media, a large component of the media cost.
PVG + RGD-coated microcarriers have the potential to

improve the efficiency and cost-effectiveness of large-scale cell
culture. As demonstrated in Figure 3, uncoated PS microcarriers
are incapable of enabling cell adhesion and growth in xeno-free
media. The few cells that do attach to PS surfaces adopt a
rounded morphology, indicative of poor adhesion. This lack of
adhesion is likely due to the absence of fetal bovine serum (FBS)
or other xenogeneically derived serum components that enables
cell adhesion through their adsorption to PS surface, similar to
the process that enables adhesion to TCPS plates.54,63

Therefore, microcarrier culture of hMSC in xeno-free media
relies on the use of coated microcarriers. The only synthetic,
RGD-based coating for microcarriers in the market now is
Corning Synthemax II, which enables cell adhesion and growth
in xeno-free media. However, currently there are no chemically
defined or tailorable coatings for microcarriers that can be
purchased through commercial sources. Importantly, the PVG +
RGD microcarriers allow efficient passaging with EDTA, due to
the integrin-specific adhesion to the chemically defined surface,
which is not possible on Synthemax II-coated microcarriers. On
Synthemax II-coated microcarriers, exposure to EDTA fails to
break up the aggregates of cells and microcarriers, making it
impossible to isolate and purify the cells for use (Figure S2). The
ability to passage cells using EDTA removes the need for harsh,

Figure 6. hMSC function after culture on PVG + RGD microcarriers in xeno-free media in a bioreactor. (a) hMSC cultured on PVG + RGD
microcarriers retain their immunosuppressive potential as measured by L-kynurenine production. **p < 0.01. hMSC stained positively for mineral
deposition when differentiated down the osteogenic lineage following bioreactor (b) or planar (c) culture. Cells differentiated down the adipogenic
lineage stained positively for lipid deposits by Oil Red O after bioreactor (d) or planar (e) culture. hMSC did not show an apparent increase in
senescence-associated β-galactosidase (blue) after bioreactor culture (f) when compared to cells cultured on planar surfaces (g). Scale bar = 100 μm.
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enzymatic passaging methods. Additionally, the 77% passaging
efficiency from PVG + RGD microcarriers using EDTA meets
the critical detachment yield for single-use bioreactor systems to
surpass planar surfaces in cost-effectiveness for the smallest
batch sizes.16

hMSC cultured on PVG + RGD microcarriers in a 125 mL
bioreactor in xeno-free media showed adhesion and growth over
4 days and maintained a population doubling time between 24
and 26 h. This paper demonstrates proof of concept for using a
chemically defined microcarrier functionalized for integrin-
mediated cell adhesion in xeno-free media. However, the
number of cells produced and cost-effectiveness of the batch
production can be improved through the scale up to larger
bioreactors and optimization of seeding density and culture
conditions, as the reported size scale for which single-use
bioreactors are the most cost efficient is for batch sizes of at least
500 M−1 B cells.16,64 Additional factors such as microcarrier
density, cell seeding density, agitation rate, and media changes
will all need to be optimized to create a cost-effective culture
system.
Importantly, hMSC cultured on PVG + RGDmicrocarriers in

xeno-free media cells retained their potential for differentiation
down the adipogenic and osteogenic lineages as shown by lipid
and mineral deposition, respectively. Furthermore, the immu-
nosuppressive potential of these cells was not significantly
altered when compared to traditional planar culture at the same
cell density. In addition, as a result of microcarrier culture or the
coating, no measurable increase in cellular senescence was
observed, suggesting that as a result of increased shear forces, the
rate of aging of these cells does not increase. Finally, the ability to
scale production of hMSC in xeno-free media coupled with the
potential reduced material cost of functionalized, PVG-coated
microcarriers represents an important improvement over the
state of the art in the field.
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