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We describe a screening approach to identify customized substrates for serum-free human mesenchymal
stromal cell (hMSC) culture. In particular, we combine a biomaterials screening approach with design of
experiments (DOE) and multivariate analysis (MVA) to understand the effects of substrate stiffness, sub-
strate adhesivity, and media composition on hMSC behavior in vitro. This approach enabled identification
of poly(ethylene glycol)-based and integrin binding hydrogel substrate compositions that supported func-
tional hMSC expansion in multiple serum-containing and serum-free media, as well as the expansion of
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MSCs from multiple, distinct sources. The identified substrates were compatible with standard thaw, seed,
and harvest protocols. Finally, we used MVA on the screening data to reveal the importance of serum and
substrate stiffness on hMSC expansion, highlighting the need for customized cell culture substrates in
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Introduction

Human mesenchymal stromal cells (hMSCs) are commonly
used tools for research, and they have been used as putative
cell therapies in hundreds of clinical trials. However, hMSC be-
havior in cell culture remains incompletely understood, and it
has been challenging to predict the critical quality attributes
that may correlate with in vivo efficacy of hMSCs. One contribu-
tor to this knowledge gap is reliance on ill-defined cell
adhesion substrates and growth media during hMSC culture.
hMSCs are routinely cultured on tissue culture polystyrene
(TCPS) in growth factor-supplemented media, most commonly
in the form of fetal bovine serum (FBS). TCPS is a complex
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optimal hMSC biomanufacturing processes.

substrate for hMSC expansion due to its supraphysiological
stiffness and nonspecific protein adsorption. In particular,
TCPS modulus is six orders of magnitude higher than that of
bone marrow and five orders of magnitude higher than any
human soft tissue. Long-term hMSC cultures on TCPS have
resulted in increased cellular stress, decreased mechano-
sensitivity, and cytoskeletal coarsening and stiffening.'™
Additionally, TCPS allows nonspecific adsorption of hundreds
of proteins, which makes it difficult to understand the mecha-
nisms involved in cell-substrate signaling.® Further, the
reliance on FBS as a component of cell culture medium leads
to potential for xenogenic contamination, batch-to-batch varia-
bility, and volatility in the manufacturing process.”’

To address these issues, there has been significant interest
in chemically defined, xeno-free (XF), serum-free (SF) cell
culture substrates and media formulations.>**™° Despite
notable progress in development and commercialization of SF
media formulations, significant challenges remain to be
addressed. Serum removal can have unanticipated negative
effects on cell adhesion and proliferation,”” and hMSC attach-
ment and expansion in SF systems are often inferior when
compared to serum containing media environments.>®° Prior
studies evaluating performance of SF systems have revealed
the need for concurrent optimization of both the media
formulation and substrate in order to achieve hMSC growth
comparable to levels achieved in serum containing culture
systems.>" ' In addition, several commercially-available SF
media formulations are proprietary, and developed to promote
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optimal growth only when used with proprietary culture sub-
strates, leading to limited utility in research and clinical
studies.> %111

Here, we used a combinatorial screening approach to
identify chemically-defined substrates for hMSC culture in
XF, SF media. Our screening method focused on variables
that have been previously shown to influence hMSC behavior,
including substrate stiffness, cell adhesivity, and growth
medium.">* From this screen, we identified three poly(ethyl-
ene glycol)-based, integrin binding and chemically-defined
hydrogel substrates that supported functional hMSC expan-
sion in multiple serum containing (SC) and SF media formu-
lations. Finally, we used these substrates to study the influ-
ence of cell culture parameters on hMSC adhesion, expan-
sion, and differentiation.

Results and discussion

Identification of hydrogel substrates for functional SF hMSC
expansion

The array-based screening method identified customized
hydrogel substrates for functional hMSC expansion in SC and
SF media. Slide-based hydrogel arrays enabled identification
of integrin-binding peptides that could support hMSC
adhesion to hydrogels in SC and SF media (Fig. S2C, S3, and
S41). hMSCs, manufactured by Lonza and sourced from mul-
tiple healthy bone marrow donors, were seeded at 1000 cell
per cm?, a density lower than recommended for XF SF culture,
to prevent significant cell-cell interactions that could mask the
effects of cell-substrate interaction. We first incorporated
2 mM of several integrin-binding peptides (containing
laminin-derived IKVAV, fibronectin-derived RGD, and vitronec-
tin-derived PHSRN sequences) into 8 kPa stiffness hydrogels
and examined the ability for each substrate to support cell
adhesion, cell spreading, and cell expansion (Fig. S47%).
Substrates presenting 2 mM cyclic RGDf promoted the greatest
combination of initial adhesion, cell spreading, and cell
expansion in «MEM + 10% FBS culture. However, regardless of
peptide concentration, cyclic RGDf alone was unable to
support hMSC adhesion in TheraPEAK XF SF medium at levels
comparable to those achieved on the TCPS control (Fig. S5AT).

Hydrogel spots that included cyclic RGDf combined with
IKVAV supported robust hMSC adhesion to PEG hydrogels in
SF medium. hMSCs were cultured on hydrogels with 8 kPa
modulus, presenting either 2 or 4 mM cyclic RGDf, along with
0.5 mM IKVAV, in TheraPEAK XF SF medium (Fig. S57).
Regardless of cyclic RGDf concentration and media formu-
lation, adding 0.5 mM IKVAV increased hMSC adhesion to
levels equal to or greater than those achieved on TCPS con-
trols. In eMEM + 10% FBS culture, increasing cyclic RGD con-
centration increased hMSC adhesion and the addition of
IKVAV further increased cell adhesion to levels greater than
what was achieved on TCPS. In TheraPEAK XF SF culture,
increasing cyclic RGDf concentration alone also increased cell
adhesion, but only the combination of cyclic RGDf and IKVAV
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promoted adhesion levels comparable to what was achieved on
TCPS pre-treated with CellStart coating.

Multiple combinations of substrate stiffness and cell adhe-
sivity supported hMSC expansion on PEG hydrogels in SF
medium (Fig. 2 and Fig. S6At). In particular, we varied hydro-
gel stiffness (1, 8, or 18 kPa), cyclic RGDf concentration
(0-6 mM), and IKVAV concentration (0-2.5 mM) and examined
cell adhesion, spreading, and expansion in serum containing
(aMEM + 2% or 10% FBS) and SF (TheraPEAK XF SF) media.
The stiffness range was chosen to mimic stiffness values pre-
viously used for hMSC culture on hydrogel substrates in SC
media."*>*° Hydrogel compositions that concurrently sup-
ported adhesion, spreading, and expansion in both SC and SF
media were deemed “hit” compositions. Of the 48 different
substrate compositions examined (46 hydrogel substrates,
TCPS, and TCPS + CellStart coating), there were 23 “hits” that
promoted cell adhesion, spreading (>TCPS substrates), and
expansion (>1 fold change in cell number) in TheraPEAK XF
SF medium (Fig. 2 and Fig. S61). The “hits” included 22 hydro-
gel substrates as well as TCPS + CellStart coating. hMSC expan-
sion in TheraPEAK XF SF medium was significantly lower than
hMSC expansion in aMEM + 2% or 10% FBS culture, regard-
less of cell culture substrate.

Three out of the twenty-two “hit” hydrogel substrates in
TheraPEAK XF SF also supported hMSC adhesion, spreading,
and expansion in other media (aMEM + 2% FBS,
RoosterNourish XF, and StemPro XF SF media), and were thus
termed “master hits” (Fig. 3A). Notably, these 3 “master hit”
hydrogel compositions not only supported bone marrow-
derived hMSC (BM-hMSC) adhesion, spreading, and expan-
sion, but also supported iPS-derived hMSC and mouse MSC
adhesion, spreading, and expansion (Fig. S6BT). Additionally,
the screening method identified customized hydrogel sub-
strates for culture of other cell types in XF conditions, includ-
ing human embryonic stem cells (hESCs) in essential 8 (ES8)
medium and human umbilical vein endothelial cells
(HUVECGs) in endothelial growth medium 2 (EGM2) (Fig. S71).
Importantly, these data indicate that the “master hit” hydrogel
compositions have the proper combination of mechanical
stiffness and cell adhesivity to support expansion of multiple
cell types in multiple, disparate media conditions. These three
“master hit” hydrogel formulations are: (1) 1 kPa/4 mM cyclic
RGDf/0 mM IKVAV; (2) 8 kPa/2 mM cyclic RGDf/0.5 mM IKVAV;
and (3) 8 kPa/4 mM cyclic RGDf/0.5 mM IKVAV.

“Master hit” hydrogel compositions identified in hydrogel
arrays were readily applicable to more standard multiwell plate
culture, and hMSCs could also be readily harvested for func-
tional assays. hMSCs expanded on master hit hydrogels in SC
and SF media retained their proliferative capacity, with expan-
sion levels comparable to those seen on TCPS controls
(Fig. 3B). hMSCs also retained their multipotency and immu-
nosuppressive functions after 8 days of expansion on “hit”
hydrogels. Specifically, expanded hMSCs cultured on collagen
I-coated TCPS in osteogenic induction medium for 21 days
gave rise to mineralized cell cultures (Alizarin Red S+), and
those cultured in adipogenic induction medium gave rise to
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cells with large lipid vacuoles (Oil Red O+) (Fig. 4A and Fig. S8, “Master hit” hydrogels were also compatible with standard

S9A, B, S107). Further, when co-cultured with

hMSCs expanded on hydrogels suppressed T-

activated T-cells, cell seeding and harvesting techniques (Fig. S11}). hMSCs pas-
cell proliferation saged onto the hydrogels following TCPS expansion or directly

at levels comparable to those expanded on TCPS in «MEM + from thaw both maintained cell adhesion and expansion capa-

10% FBS (Fig. S9CT).
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bilities similar to cells cultured on TCPS controls (Fig. S11A
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Fig. 2 Identifying hydrogel compositions for promoting hMSC attachment, expansion, and spread morphology in TheraPEAK chemically-defined,
serum-free, xeno-free medium. Expansion over 2 days (pink; C3/C1 = cell number at day 3 normalized to count at day 1), spreading at day 3 (blue),
and hMSC attachment at day 1 (green). The Z axis is the response level for each parameter.
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and Bt). hMSCs dissociated from the surface using enzyme
and enzyme-free reagents (trypsin, TrypLE, and Versene) with
high efficiency (>80% of cells dissociated from the surface,
Fig. S11C¥) while maintaining high viability (>80%, Fig. S11C
and Df) and multipotency (Fig. S81). Note that harvest from

This journal is © The Royal Society of Chemistry 2020

hydrogel substrates required longer incubation times with dis-
sociation reagents in order to achieve the same dissociation
efficiency (Fig. S11Cft). For example, harvest with trypsin
required 10 minutes of incubation to dissociate >91% of the
cells from 8 kPa hydrogel substrates while harvest from TCPS

Biomater. Sci.



Published on 10 June 2020. Downloaded by University of Wisconsin - Madison on 7/5/2020 10:09:03 PM.

Paper
A) Using hMSCs expanded Using hMSCs expanded
in aMEM + 10% FBS in TheraPEAK XF SF
2000 -
0+591%
1500 -
E s| +364%
o 1000 H
(& o0 P
o O
Max Count for TCPS Control
500 YA A
e
0- T 1T T T 1
© o 9 ©o 9 9 o © o 9 ©o 9 9 o
n & © © & S n & © © & oS
N & © & © o N & © & © o
- ® O K O - ® O K O
2000 um? 2000 um?

Lipid Droplet Size (Oil Red O+ Cluster um?)

View Article Online

Biomaterials Science

Expansion Substrate
—— TCPS Control

TCPS Control

1 kPa Hydrogel

o~ 1 kPa Hydrogel

.

——

8 kPa Hydrogel
s~ 8 kPa Hydrogel

B) Culture Parameters Effect Magnitude

Adhesion (at 24 hrs) |Expansion (at 72/24 hrs)
Stiffness x Cyclic RGDf x IKVAV n -0.036‘E -0.239
Stiffness x Cyclic RGDf x IKVAV x Media Formulation E[ -0.0828 D -0.0549
Cyclic RGDf x IKVAV x Media Formulation D -0.0598 |] -0.0397
Cyclic RGDf x IKVAV I -0.0205 i -0.0136
IKVAV | -0.0057 i -0.0038
IKVAV x Media Formulation | 0.0012 0.0008
Stiffness x Cyclic RGDf x Media Formulation 0.0124 I 0.0082 !
Stiffness x Media Formulation 0.035 ' 0.0232 ,
Stiffness x IKVAV x Media Formulation 0.0531 |l 0.0352 {i
Stiffness x IKVAV 0.0673 |l 0.0447
Stiffness 0.132¢ | 0.081 il
Cyclic RGDf x Media Formulation 0.1476 . 0.098 -
Cyclic RGDf 0.1803 [ 0.1197 il
Serum in Media Formulation 0.4561 _ 0.3027 _
Stiffness x Cyclic RGDf 0.0486 il 032 INEGE
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required 5 minutes of incubation for >95% dissociation
efficiency. Despite the differences in incubation time, dis-
sociation from hydrogel and TCPS surfaces both maintained
~83% cell viability. Finally, hMSCs could be dissociated off the
hydrogels and reseeded onto a fresh hydrogel substrate using a
procedure similar to the standard repassaging procedure on
TCPS (Fig. S11Et).

The influence of cell culture parameters on hMSC adhesion,
expansion, and differentiation

Linear, multivariate analysis (MVA) on the hydrogel screening
data revealed independent and interactive influences of cell
culture parameters on hMSC adhesion, expansion, and differ-
entiation (Fig. 4B). Independently, the media formulation,
cyclic RGDf concentration, and substrate stiffness all were
positively correlated with hMSC adhesion and expansion. For
interactive effects, stiffness and cyclic RGDf had the greatest
impact on hMSC expansion, and their synergistic effect
increased cell expansion more than the effect of increasing
cyclic RGDf concentration alone or increasing stiffness alone.
Interestingly, the interactive effects of stiffness x cyclic RGDf x
IKVAV caused a decrease in both hMSC adhesion and expan-
sion. These results were confirmed via heat map of hMSC
adhesion and expansion (Fig. S127).

The influence of substrate stiffness on adipogenic differen-
tiation of hMSCs following expansion (Fig. 4A and Fig. S107)
served as a testbed to study substrate-dependent hMSC differ-
entiation. hMSCs were expanded on a 1 kPa master hit hydro-
gel, a 8 kPa master hit hydrogel, or TCPS for 8 days, then har-
vested for induced adipogenic differentiation. Regardless of
the XF SF media formulation used for expansion, hMSCs cul-
tured on master hit hydrogel substrates of lower stiffness
showed increased adipogenic differentiation in TheraPEAK XF
SF and StemPro XF SF, as indicated by increasing Oil Red O +
lipid vacuole density (Fig. 4A). There was significant difference
in lipid vacuole density following induced adipogenic differen-
tiation of hMSC expanded on softer (1 kPa) versus stiffer (8
kPa) substrates in TheraPEAK XF SF media: a 364% increase in
lipid vacuole density for hMSCs expanded on 8 kPa hydrogels
and a 591% increase for those expanded on 1 kPa hydrogels,
relative to the TCPS condition. These results were consistent
with differentiation of hMSCs expanded in StemPro XF SF
(+241% on 8 kPa hydrogels relative to TCPS, and +285% on 1
kPa hydrogels relative to TCPS). There was no significant differ-
ence in hMSC adipogenic potential between hMSCs expanded
in TheraPEAK XF SF versus StemPro XF SF on TCPS (Fig. S9BY).
Interestingly, the influence of expansion substrate stiffness on
subsequent adipogenic differentiation was only observed when
expansion occurred in SF media, and was not observed when
using hMSCs expanded in SC media (¢eMEM + 10% FBS).

Discussion

Here we have demonstrated the use of an enhanced screening
approach to identify customized substrates for serum-free

This journal is © The Royal Society of Chemistry 2020
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expansion of functional hMSCs. Of 46 different hydrogel sub-
strate formulations examined, 3 formulations supported
media agnostic, cell-source agnostic, functional MSC expan-
sion. The customized substrates were integrated into routine
cell culture workflows for thaw, seeding, and harvest,
suggesting that they may provide a useful tool for serum-free
expansion of therapeutic MSCs.

Consistent with previous studies, our screening results
demonstrated the need to customize the substrate and media
combination in order to support hMSC adhesion, survival, and
expansion. Miwa et al. and Hartman et al. demonstrated that
the Mesencult-XF medium supported cell adhesion when cul-
tured using the manufacturer’s proprietary attachment sub-
strate, but did not support cell adhesion when Mesencult-XF
was used in combination with fibronectin-coated TCPS."*'*
These two studies suggest that the performance of the
medium could be improved by customizing the -culture
substrate.”

Of the 48 different substrate formulations in our screen, 45
substrates supported hMSC expansion in 10% FBS, 36 sub-
strates supported hMSC expansion in 2% FBS, and only 23 for-
mulations (“hits”) supported hMSC expansion in TheraPEAK
XF SF media (Fig. 3). Interestingly, 3 of the 23 “hits” supported
hMSC expansion in 4 different serum-containing and serum-
free media formulations, and thus represented media-agnostic
“master hits” (Fig. 4). The three “master hit” formulations also
supported adhesion and expansion of multiple distinct cell
types, including hMSCs from multiple sources (iPS-derived
MSCs and primary, mouse-derived MSC), human embryonic
stem cells (hESCs) and human umbilical vein endothelial cells
(HUVECs).

Using multi-variate analysis (MVA), we assessed the effects
of multiple cell culture parameters on hMSC expansion. Of the
two parameters, substrate stiffness had a greater effect on the
proliferation and spreading of hMSC. This aligns with obser-
vations from prior work showing that hMSC adopt a balled
morphology and quiescent, non-proliferative state when cul-
tured on soft surfaces.”"** Notably, combinatorial control of
substrate parameters (e.g. substrate adhesivity and media for-
mulation) yielded an interactive increase in hMSC expansion
to levels higher than what could be achieved with either para-
meter alone (Fig. 4B). This result confirmed the general obser-
vations reported by Miwa et al. and Hartman et al.,">'* which
demonstrated a substrate and media dependence for hMSC
culture.

While we identified substrates that supported hMSC
adhesion, expansion, and multipotency, we also observed
decreased adhesion and expansion and altered cell mor-
phology in SF, XF media. This observation was consistent with
previous studies, which reported reduced adhesion and expan-
sion in SF, XF media, as well as on chemically-defined cell
culture substrates.”*° For example, Jung et al. and Chase et al.
demonstrated lower initial adhesion and expansion on in XF
SF media during culture on TCPS that could be improved with
the use of proprietary cell culture substrates developed specifi-
cally for each media formulation. While hMSC culture on the
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proprietary substrates improved adhesion and expansion, cell
morphology was clearly different from that observed on TCPS
or in SC media.>®*'® For some media formulations (e.g.
StemPro XF SF), hMSCs were smaller and cells tended to grow
in clumps as opposed to the isolated, spread morphology
typical of hMSC culture on TCPS in SC media.>®**° Our results
demonstrated that some media formulations produced
smaller, less-spread cells (StemPro XF SF) while other formu-
lations (TheraPEAK XF SF) yielded polygonal, more well-spread
cells, even on the same substrates (Fig. 3A).

We also demonstrated hMSC expansion, and confirmed
multipotency and immunomodulatory activity (Fig. 4A and
Fig. S8-107). Our results and those from literature suggest that
short-term hMSC expansion can produce cell populations with
different functional behavior dependent on the media or sub-
strate conditions. Here we did not specifically examine the
effects of hMSC morphological differences on long-term cell
behavior. However, based on previous studies that demon-
strated direct correlations between morphology and cell
behavior,"? we can speculate that long-term hMSC culture in
different media and substrate combinations could lead to
functional differences. For example, here hMSCs expanded in
TheraPEAK XF SF and StemPro XF SF underwent more
efficient adipogenic differentiation than cells expanded in
oaMEM + 10% FBS (Fig. 4A and Fig. S10%). Interestingly, we
observed that adipogenic differentiation potential was depen-
dent on the substrate stiffness used during hMSC expansion,
but this “priming effect” during expansion was only seen in XF
SF media, not in aMEM + 10% FBS. Other studies have also
demonstrated different adipogenic and osteogenic differen-
tiation efficiencies for hMSCs expanded with varying sub-
strates and media, but our observation is the first to our
knowledge to demonstrate serum-dependence in the ability to
resolve stiffness-dependent hMSC lineage commitment after
short-term culture.*

Experimental
Hydrogel array formation and characterization

Two hydrogel array formats were utilized in this set of experi-
ments: a slide-based hydrogel array and a multiwell-based
hydrogel array (Fig. 4 and S1Af). Both array formats utilized
norbornene-functionalized PEG (PEG-NB) hydrogels formed
using thiolene chemistry and PEG-NB was synthesized and
characterized as previously described.?>**™*® Briefly, 8-arm
PEG-OH (20 kDa molecular weight, tripentaerythritol core,
8-arm with terminal OH, JenKem Technology) was dissolved in
anhydrous dichloromethane (DCM, Sigma Aldrich) in one
round bottom flask while N,N'-dicyclohexylcarbodiimide (DCC,
Sigma Aldrich) and 5-norbornene-2-carboxylic acid (Sigma
Aldrich) were dissolved in a second round bottom flask. The
PEG and norbornene solutions were combined and stirred
overnight, protected from light, to covalently couple the 5-nor-
bornene-2-carboxylic acid to the PEG-OH. The PEG-NB product
was filtered through a medium fritted Buchner funnel (to
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remove urea salts byproduct) and the PEG filtrate was precipi-
tated in 900 mL cold diethyl ether (Sigma Aldrich) and 100 mL
hexane (Sigma Aldrich). The PEG solids were collected on
qualitative grade filter paper and air dried at room temperature
overnight, protected from light. The PEG-NB product was puri-
fied by dialysis (SNAKESKIN dialysis tubing, MWCO 3.5 K,
Sigma Aldrich) to remove residual norbornene acid. PEG-NB
product was dialyzed against 4 L of deionized H,O at 4 °C for
72 hours, with water change every 8 hours, filtered through a
0.45 pm nylon filter to remove particulates and impurities,
and lyophilized. Norbornene functionalization of >90% was
confirmed with 1H nuclear magnetic resonance spectroscopy
with free induction decay (FID) spectra obtained using spec-
troscopy services provided by the National Magnetic
Resonance Facility at Madison on a Bruker Instruments Avance
111 500i spectrometer at 400 MHz and 27 °C. Samples were pre-
pared at 6 mg mL ™" in deuterated chloroform (CDCl;, Sigma
Aldrich) with tetramethylsilane (TMS) internal standard.

Silanized glass coverslips were prepared via liquid-phase
silanization as previously described.”* Briefly, clean glass cov-
erslips were activated using oxygen plasma treatment at 40
standard cubic centimeters per minute (sccm) and 50 W for
5 minutes to increase the number of activated hydroxyl groups
on the surface, immersed in 2.5 v/v% 3-mercaptopropyl tri-
methoxysilane (3-MPTS, Sigma Aldrich) in toluene for 2 hours,
rinsed with ethanol, dried, cured under nitrogen atmosphere
at 100 °C for 1 hour, and immersed in 10 mM. 1,4-
Dithiothreitol (DTT, Sigma Aldrich) in PBS for 30 minutes at
37 °C to increase free thiols available for thiolene reaction
with PEG-NB.

Hydrogel precursor solutions were prepared by combining
PEG-NB (4-20 wt/wt%), PEG-dithiol crosslinker (0.5-1 mole
ratio of thiol-to-norbornene), peptides (1-6 mM), and 0.5 wt/
wt% Irgacure 2959 photoinitiator (CIBA/BASF) and diluted to
desired concentrations with phosphate buffered saline (PBS,
pH 7.4) immediately prior to hydrogel array formation. Linear
CRGDS, linear CRDGS, CREDV, CRGDSPG, cyclic (RGDfC),
CPHSRN-(SG)5-RGD, CRGD-G13-PHSRN, and CIKVAV were pur-
chased from GenScript USA. Note, per the manufacturer, the
“f” notation denotes a p-amino acid. Linear PEG-dithiol
(PEG-DT, 3.4 kDa) was purchased from Laysan Bio.

Slide-based hydrogel arrays were formed using a previously
described differential wettability patterning method.*?

Multiwell-based hydrogel arrays were formed using a slight
modification to the differential wettability patterned method
and an array formation method. Hydrogels were immobilized
to silanized glass coverslips to provide ease of handling.
Briefly, gold-coated slides were cleaned via sonication in
ethanol for 1 minute, dried with air, cleaned with oxygen
plasma at 40 sccm and 50 W for 1 minute, and immersed in a
0.1 mM solution of HS-C11-(O-CH,-CH,);-OH (PEG-termi-
nated alkanethiols, ProChimia Surfaces) in ethanol solution
for 2 hours to form a hydrophilic alkanethiol SAM layer.
12 mm round coverslips were silanized using the procedure
detailed above. Hydrogel precursor solutions were spotted
onto the hydrophilic gold-coated slides, coverslips were used
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to sandwich the hydrogel precursor solution, hydrogel precur-
sor solutions were crosslinked by UV-initiated photo-
polymerization through the silanized coverslips with 365 nm
wavelength light for <6 seconds at 90 mW cm™?, the resulting
immobilized hydrogels were immersed in 70% ethanol for
>72 hours, treated with UV-C in a biosafety cabinet for 3 hours
to decontaminate, thoroughly washed 3x with PBS, immersed
in cell growth medium at 37 °C for 72 hours with media
changes every 12 hours, and stored in growth medium at 37 °C
until use.

Hydrogel shear storage modulus and compressive modulus
were determined using procedures previously published.>>>*47-30

Cell culture

Bone marrow-derived hMSCs from multiple donors (Lonza,
Cat#PT-2501) were expanded in 10% fetal bovine serum (FBS,
Invitrogen) in minimum essential medium alpha formulation
(aMEM, MediaTech) supplemented with 1% penicillin/strepto-
mycin (Invitrogen) on tissue culture polystyrene plates at 37 °C
in a 5% CO, atmosphere until 70% confluence. hMSC (popu-
lation doubling level 8-16) were harvested using trypsin
(Invitrogen), resuspended in 10% FBS in aMEM, and seeded
on sterilized hydrogel arrays or TCPS (for TCPS control). After
24 hours, unattached cells were removed by gently replacing
the culture media. Cells on hydrogel arrays were maintained at
37 °C in a 5% CO, atmosphere with culture medium changed
every 2 days. hMSCs were also cultured in xeno-free and
serum-free media: TheraPEAK XF SF (Lonza) with TCPS
control, StemPro XF SF (Gibco) with CellStart-coated TCPS
control, and RoosterNourish XF (RoosterBio) with TCPS
control. All hMSCs used were cryopreserved in aMEM + 10%
FBS + 20% DMSO by placing 1 mL cryovials in a —80 °C freezer
for 24 hours, before being transferred to liquid N, for storage.
Cells were thawed into the respective medias of interest, and
allowed to recover from cryopreservation for 72 hours prior to
harvest and use for hydrogel experiments. hMSC were seeded
onto TCPS and hydrogel substrates at 1000 cell per cm? (to
prevent significant cell-cell interactions that could mask the
effects of cell-substrate interaction) or 3000 cell per cm?
(based on the media manufacturers’ recommended seeding
density for optimal growth). For xeno-free harvest, hMSCs were
dissociated from the surface using TrypLE (XF trypsin, Thermo
Fisher Scientific) and Versene (1x EDTA, Thermo Fisher
Scientific).

hMSCs osteogenic and adipogenic differentiation utilized
established protocols previously reported.*’*> Briefly, osteo-
genic medium (0.1 uM dexamethasone, 10 x 10 mM f glycerol
phosphate, 50 nM ascorbic acid 2-phosphate) was prepared in
oaMEM + 10% FBS with penicillin (100 U mL™") and streptomy-
cin (100 ug mL™"). Adipogenic medium (1 puM dexamethasone,
500 uM isomethyl isobutyl xanthine, 10 pg mL™" insulin) was
prepared in 10% FBS in Dulbecco’s modification of Eagle’s
medium high glucose with penicillin (100 U mL™") and strep-
tomycin (100 pg mL™"). hMSCs were expanded on TCPS or
hydrogels for 8 days, dissociated, and seeded at 5000 cells per
cm® on 48well plates (Corning ™ BioCoat™ Collagen I,
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48-well multiwell plates, Thermo Fischer Scientific) in cMEM +
10% FBS, allowed to grow until confluent, before media
change into osteogenic or adipogenic media for differentiation
or cMEM + 2% FBS for no differentiation control. Media was
changed every 3 days for 21 days of differentiation.

Immunomodulatory function was assessed using hMSCs
expanded on hydrogels or TCPS for 8 days and using instruc-
tions based on Miltenyi Biotec’s human MSC Suppression
Inspector with a ratio of 1:100 hMSCs to activated human
peripheral blood CD4+ T cells (Lonza, Cat#2W-200) for 5 days.
A CyQUANT cell proliferation assay kit (Thermo Fisher
Scientific) was used to quantify DNA as an indicator of cell
proliferation.

Induced pluripotent stem cell- (iPS) derived hMSCs were
provided by Dr Igor Slukvin’s lab at the University of
Wisconsin-Madison (Madison, WI) and cultured in complete
Vasculife medium (Lifeline Cell Technology, Frederick, MD)
supplemented with 10% FBS. Mouse bone marrow-derived
MSCs were collected from bone marrow aspirate using pro-
cedures previously published and cultured in aMEM + 10%
FBS.>> Human umbilical vein endothelial cells (HUVECs,
Lonza) were cultured in growth medium consisting of medium
199 (M199, Mediatech Inc) supplemented with EGM-2
Bulletkit (Lonza). H1 human embryonic stem cells (hESCs)
were purchased from WiCell, expanded on Matrigel-coated
TCPS, and cultured in Essential 8 (E8, Stem Cell Technologies)
medium.

Data acquisition and analysis

hMSC viability after harvest was determined by Trypan Blue
exclusion assessment. Hydrogel arrays and samples were
placed in a heated environmental chamber and imaged on the
Nikon Eclipse Ti microscope (Nikon) at each desired time
point. Cell number was manually determined using NIS
Elements software (Nikon) every 24 hours after seeding, cell
area of single cells were determined using NIS Elements’
threshold and automated measurement features at 72 hours
after seeding, and cell expansion was quantified as previously
reported by normalizing cell number at 72 hours relative to
24 hours, where fold change in cell number greater than 1 was
used to indicate expansion and proliferation.'® To avoid bias
in image selection, an entire hydrogel was imaged for each
data point, and the gels’ positions on the slide were random-
ized before cells were counted and analyzed.

To assess osteogenic differentiation, cells were fixed with
10% formalin, stained with Alizarin Red (40 mM, pH 4.1-4.3),
washed three times with water, and assessed for mineral-
stained red cells as positive indicators of osteogenic differen-
tiation. To assess adipogenic differentiation, cells were fixed
with 10% formalin, incubated in Oil Red O working solution
(3 parts of Oil Red O at 3 mg mL™" in 99% isopropanol to 2
parts distilled water and filtered with 0.2 pm syringe filter to
remove undissolved particulates) for 20 minutes, washed with
water until clear, and assessed for lipid vacuoles stained red as
positive indicators of adipogenic differentiation. Additionally,
Oil Red O-stained cells were imaged using TxRed fluorescence
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imaging on the Ti Eclipse microscope, and lipid droplet size
and density was determined using automated thresholding on
NIS Elements analysis software.

Design of experiment (DOE) and multivariate analysis
(MVA) was performed using JMP statistical analysis software
using a linear model. The multivariate value of each culture
parameter was calculated as a ratio relative to the total
summed effect value for all parameters (Y All effects = 1).
Statistical analysis for significance was performed using the
GraphPad Prism software via Student’s t-test (2-tailed, a = 0.05)
or ANOVA with post hoc Tukey (HSD or Kramer depending on
sample size variability) tests as indicated. Error bars denote
standard deviation.

Screening method and platform technologies

An enhanced throughput screening method utilizing hydrogel
array platform technologies identified substrates that sup-
ported functional hMSC expansion in SF media. The approach
used design of experiments (DOE) and hydrogel array plat-
forms, and was amenable to high-content, label-free character-
ization approaches (Fig. 1A and Fig. S1A, Bf). Both the slide-
based and multiwell-based array platforms employed in this
screening method comprised PEG-DT crosslinked PEG-NB
hydrogels with networks formed wvia thiolene photo-
polymerization, a step-growth reaction mechanism with rapid
gelation time that yields homogeneous polymer networks
(Fig. 1B and Fig. S1Ct).>*** The composition of each hydrogel
“spot” in each array was controlled such that substrate
stiffness and cell adhesivity could be modified independently
(Fig. 1B, C and Fig. S2A, Bf). Here, hydrogel stiffness could be
regulated independent of adhesivity, regardless of total
peptide concentration or identity (Fig. 1C). In particular, we
controlled the identity and concentration of cysteine-termi-
nated moieties incorporated into the hydrogel network to regu-
late both stiffness and adhesivity. We controlled the stiffness
of each hydrogel spot in the array by changing the concen-
tration of PEG-NB polymer and the molar ratio of crosslinker-
to-norbornene in the hydrogel precursor (referred to as “prepo-
lymer”) solution (Fig. 1C and Fig. S1Bt). We controlled the cell
adhesivity through altering peptide identity and concentration
in the hydrogel precursor solution. Several fibronectin-, vitro-
nectin-, and laminin-mimetic, integrin-binding peptides were
immobilized into the hydrogel network to support cell
adhesion (Fig. S2A and Bf).

Additionally, array-based screening examined the indepen-
dent and combinatorial effects of substrate stiffness, cell adhe-
sivity, and media formulation on hMSC behavior, and identi-
fied combinations of substrates and media that supported
hMSC expansion (Fig. 1A). Each spot in the array could be cus-
tomized in terms of mechanical stiffness, cell adhesion
peptide identity and concentration, GF sequestering peptide
identity and concentration, cell type and density, and media
formulation.

The screening workflow first used preliminary data from lit-
erature and prior experiments to design primary screen(s) on
slide-based hydrogel arrays (Fig. 1A and Fig. S37). This initial
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screening set examined variables previously shown to influ-
ence hMSC phenotype: substrate stiffness and cell adhesivity.
First, short-term hMSC culture was used to identify cytocompa-
tible “hit” hydrogel compositions that supported hMSC
adhesion and spread morphology. Second, the initial “hits”
were scaled up into multiwell-based arrays for secondary
screens to identify “master hit” hydrogel compositions that
supported functional hMSC expansion.

Conclusions

The approach used in this study could provide a near term
tool for hMSC expansion, and also a more general tool for cell
culture optimization. We used an enhanced throughput
screening approach to identify customized hydrogel substrates
that support functional SC and SF expansion of MSCs from
multiple sources (human bone marrow-, iPS-, and mouse-
derived MSCs). The formulations themselves are promising for
research and clinical studies, and the screening approach can
be more broadly applied to develop customized materials for
several different cell types and applications. Additionally,
while we screened for “hits” using cell expansion as a criterion,
this screening approach can also be used to identify materials
for optimized production of lineage-specific cell populations
from hMSCs, including adipogenic cells, immunomodulatory
cells, and GF secreting cells.

Conflicts of interest

William L. Murphy holds equity in Stem Pharm Inc. and
Dianomi Therapeutics Inc.

Acknowledgements

The authors acknowledge the following funding sources: the
National Institutes of Health (grant no. RO1HL093282), the
National Science Foundation (grant no. 1306482, 1709179, and
EEC-1648035), the National Science Foundation Graduate
Research Fellowships Program (grant no. DGE-0718123), the
University of Wisconsin-Madison Graduate Engineering
Research Scholars, and the Gates Millennium Scholars
Program. The authors also acknowledge support from staff
and the use of equipment at the UW Materials Science Center
(National Science Foundation grant no. 1121288) and services
from the National Magnetic Resonance Facility at the
University of Wisconsin-Madison.

References

1 V. V. Rao, M. K. Vu, H. Ma, A. R. Killaars and K. S. Anseth,
Bioeng. Transl. Med., 2019, 4(1), 51-60.

2 M. Raab, J.-W. Shin and D. E. Discher, Stem Cell Res. Ther.,
2010, 1(5), 38.

This journal is © The Royal Society of Chemistry 2020



Published on 10 June 2020. Downloaded by University of Wisconsin - Madison on 7/5/2020 10:09:03 PM.

Biomaterials Science

3

4

8

10

11

12

13

14

15

16

17

18

19

20

21

22

23
24

25

26

27

28

S. VandeVondele, J. Voros and ]J. A. Hubbell, Biotechnol.
Bioeng., 2003, 82(7), 784-790.

J. M. Maloney, D. Nikova, F. Lautenschlager, E. Clarke,
R. Langer, J. Guck and K. J. Van Vliet, Biophys. J., 2010,
99(8), 2479-2487.

S. Jung, K. M. Panchalingam, L. Rosenberg and L. A. Behie,
Stem Cells Int., 2012, 21.

K. Crapnell, R. Blaesius, A. Hastings, D. P. Lennon,
A. 1. Caplan and S. P. Bruder, Exp. Cell Res., 2013, 319(10),
1409-1418.

G. Chamberlain, J. Fox, B. Ashton and J. Middleton, Stem
Cells, 2007, 25(11), 2739-2749.

L. G. Chase, S. Yang, V. Zachar, Z. Yang, U. Lakshmipathy,
J. Bradford, S. E. Boucher and M. C. Vemuri, Stem Cells
Transl. Med., 2012, 1(10), 750-758.

L. G. Chase, U. Lakshmipathy, L. A. Solchaga, M. S. Rao
and M. C. Vemuri, Stem Cell Res. Ther., 2010, 1(1), 1-8.

C. Tekkatte, G. P. Gunasingh, K. M. Cherian and
K. Sankaranarayanan, Stem Cells Int., 2011, 504723-504723.
K. Y. Tan, K. L. Teo, J. F. Y. Lim, A. K. L. Chen, S. Reuveny
and S. K. W. Oh, Cytotherapy, 2015, 17(8), 1152-1165.

P. J. Dolley-Sonneville, L. E. Romeo and Z. K. Melkoumian,
PLoS One, 2013, 8(8), €70263.

H. Miwa, Y. Hashimoto, K. Tensho, S. Wakitani and
M. Takagi, Cytotechnology, 2012, 64(3), 301-308.

I. Hartmann, T. Hollweck, S. Haffner, M. Krebs, B. Meiser,
B. Reichart and G. Eissner, J. Immunol. Methods, 2010,
363(1), 80-89.

Y. Sun, C. S. Chen and ]. Fu, Annu. Rev. Biophys., 2012, 41,
519-542.

S. Gobaa, S. Hoehnel, M. Roccio, A. Negro, S. Kobel and
M. P. Lutolf, Nat. Methods, 2011, 8(11), 949-955.

D. E. Discher, D. ]J. Mooney and P. W. Zandstra, Science,
2009, 324(5935), 1673-1677.

A. J. Engler, L. Bacakova, C. Newman, A. Hategan,
M. Griffin and D. E. Discher, Biophys. J., 2004, 86(1), 617-628.
J. T. Koepsel, S. G. Loveland, M. P. Schwartz, S. Zorn,
D. G. Belair, N. N. Le and W. L. Murphy, Integr. Biol., 2012,
4(12), 1508-1521.

K. A. Kilian and M. Mrksich, Angew. Chem., Int. Ed., 2012,
51(20), 4891-4895.

J. Lee, A. A. Abdeen, D. Zhang and K. A. Kilian,
Biomaterials, 2013, 34(33), 8140-8148.

N. N. T. Le, S. Zorn, S. K. Schmitt, P. Gopalan and
W. L. Murphy, Acta Biomater., 2016, 34, 93-103.

A. K. Jha and K. E. Healy, PLoS One, 2014, 9(6), 1-11.

A. A. Abdeen, J. B. Weiss, J. Lee and K. A. Kilian, Tissue
Eng., Part A, 2014, 20[19—20), 2737-2745.

D. S. Benoit and K. S. Anseth, Acta Biomater., 2005, 1(4),
461-470.

D. G. Belair, N. N. Le and W. L. Murphy, Chem. Commun.,
2014, 50(99), 15651-15668.

W. L. Murphy, T. C. McDevitt and A. J. Engler, Nat. Mater.,
2014, 13(6), 547-557.

S. K. Schmitt, W. L. Murphy and P. Gopalan, J. Mater.
Chem. B, 2013, 1(9), 1349.

This journal is © The Royal Society of Chemistry 2020

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

View Article Online

Paper

S. Lin, N. Sangaj, T. Razafiarison, C. Zhang and
S. Varghese, Pharm. Res., 2011, 28(6), 1422-1430.

M. M. L. Deckers, M. Karperien, C. van der Bent,
T. Yamashita, S. E. Papapoulos and C. W. G. M. Lowik,
Endocrinology, 2000, 141(5), 1667-1674.

L. A. Potapova, G. R. Gaudette, P. R. Brink, R. B. Robinson,
M. R. Rosen, I. S. Cohen and S. V. Doronin, Stem Cells,
2007, 25(7), 1761-1768.

H. Mayer, H. Bertram, W. Lindenmaier, T. Korff, H. Weber
and H. Weich, J. Cell. Biochem., 2005, 95(4), 827-839.

T. Furumatsu, Z. N. Shen, A. Kawai, K. Nishida, H. Manabe,
T. Oohashi, H. Inoue and Y. Ninomiya, J. Biochem., 2003,
133(5), 633-639.

S. B. Traphagen, I. Titushkin, S. Sun, K. K. Wary and
M. Cho, J. Tissue Eng. Regener. Med., 2013, 7(8), 621-630.

A. Geerligs, G. W. Peters, P. A. Ackermans and
C. W. Oomens, Biorheology, 2008, 45, 677-688.

A. Nordez and F. Hug, J. Appl. Physiol., 2010, 108(5), 1389~
1394.

F. P. Seib, M. Prewitz, C. Werner and M. Bornhiuser,
Biochem. Biophys. Res. Commun., 2009, 389(4), 663-667.

T. H. Qazi, D. J. Mooney, G. N. Duda and S. Geissler,
Biomaterials, 2017, 140, 103-114.

F. P. Seib, M. Prewitz, C. Werner and M. Bornhauser,
Biochem. Biophys. Res. Commun., 2009, 389(4), 663-667.

R. A. Marklein, D. E. Soranno and J. A. Burdick, Soft Matter,
2012, 8(31), 8113-8120.

A. S. Rowlands, P. A. George and ]. J. Cooper-White,
Am. J. Physiol.: Cell Physiol., 2008, 295, C1037-C1044.

J. P. Winer, P. A. Janmey, M. E. McCormick and M. Funaki,
Tissue Eng., Part A, 2009, 15, 147-154.

B. Gharibi and F. J. Hughes, Stem Cells Transl. Med., 2012,
1(11), 771-782.

E. H. Nguyen, M. R. Zanotelli M. P. Schwartz and
W. L. Murphy, Biomaterials, 2014, 35(7), 2149-2161.

B. D. Fairbanks, M. P. Schwartz, A. E. Halevi,
C. R. Nuttelman, C. N. Bowman and K. S. Anseth, Adv.
Mater., 2009, 21(48), 5005-5010.

M. W. Toepke, N. A. Impellitteri, J. M. Theisen and
W. L. Murphy, Macromol. Mater. Eng., 2013, 298(6), 699-703.
N. A. Peppas and E. W. Merrill, J. Polym. Sci., 1976, 14(2),
441-457.

T. Canal and N. A. Peppas, J. Biomed. Mater. Res., 1989,
23(10), 1183-1193.

M. Parlato, S. Reichert, N. Barney and W. L. Murphy,
Macromol. Biosci., 2014, 14(5), 687-698.

E. Nguyen, W. Daly, N. N. Le, M. Farnoodian, D. Belair,
M. Schwartz, C. S. Lebakken, G. E. Ananiev, M. A. Saghiri,
T. Knudsen, N. Sheibani and W. Murphy, Nat. Biomed. Eng.,
2017, 1(7), 1-14.

A. D. Dias, J. M. Elicson and W. L. Murphy, Adv. Healthcare
Mater., 2017, 6(16), 1700072-1700081.

P. T. Brown, M. W. Squire and W.-]J. Li, Cell Tissue Res.,
2014, 358[1), 149-164.

P. Tropel, D. Noél, N. Platet, P. Legrand, A.-L. Benabid and
F. Berger, Exp. Cell Res., 2004, 295(2), 395-406.

Biomater. Sci.





