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ABSTRACT: Human mesenchymal stem/signaling cells
(hMSCs) are promising therapeutics for cancer, autoimmune
disorders, and musculoskeletal conditions. Given that the hMSC
proliferation capacity and therapeutic potency diminish rapidly
over extended passaging, expanding hMSCs into populations
sufficient for clinical use remains an outstanding challenge. In this
work, we synthesized cell culture substrates that mimicked key
structural features of glycosaminoglycans or GAGs (e.g., brush
architecture and sulfonation). hMSCs proliferated up to 40% more
rapidly on GAG-inspired sulfonated polymer brushes than on
currently used tissue culture polystyrene substrates (TCPs). In
addition to rapid proliferation, hMSCs expanded on these
sulfonated polymer brushes still retained their capacity to
differentiate into adipogenic, chondrogenic, and osteogenic lineages. We synthesized 8 polymer brushes with varying sulfonation,
hydroxylation, and hydrophobicity. Five of these synthesized polymer brushes outperformed TCPs in hMSC proliferation assays
conducted in chemically defined serum-free cell culture media. In comparing the fold change of hMSC numbers over 7 days in
culture, brushes with higher sulfonation degrees (88%) and moderate hydrophilicity (37°−48° water contact angles) performed 30−
40% better than TCPs. We then selected hMSCs expanded on the polymer brushes with the most consistent proliferation trends
(S75H25) for further biological characterization. Genes associated with proliferation (CDK2 and KI67), and cell adhesion and
stemness (ITGA6) were upregulated in hMSCs cultured on S75H25 compared to TCPs. Interestingly, S75H25 also promoted the
expression of basic fibroblast growth factor (bFGF) receptors FGR1. Unlike TCPs, which exhibited zero bFGF adsorption, S75H25
captured significant amounts of bFGF (588 pg/cm2), adsorption levels that are comparable to heparan sulfate. We posit that bFGF
molecules sequestered by polymer brushes cluster and activate bFGF receptors to promote hMSC proliferation, and we will explore
this in future work. Finally, hMSCs expanded on S75H25 were successfully differentiated into adipogenic, chondrogenic, and
osteogenic cell types. We engineered chemically defined and highly economical GAG-mimetic cell culture substrates based on
sulfonated polymer brushes that can be readily applied to biomanufacturing platforms such as spinner flasks, bioreactor beads, and
microfluidic platforms to boost hMSC throughput under fully defined conditions.
KEYWORDS: polymer brushes, glycosaminoglycans, fibroblast growth factor, ATRP, mesenchymal stem cells, cell culture substrates

■ INTRODUCTION
Human mesenchymal stem/signaling cells (hMSCs), also
known as medicinal signaling cells,1 are being investigated to
treat autoimmune diseases, musculoskeletal disorders, cancer,
and cardiovascular disease.2 Owing to hMSC’s secretory
activity, immunomodulatory properties, and capacity to
differentiate into multiple lineages, these cells have emerged
as versatile and potent therapeutics.3,4 Some applications in
regenerative medicine (e.g., bone or cartilage engineering) rely
on the multilineage differentiation capacity of hMSCs, which
can readily differentiate into adipogenic, chondrogenic, and
osteogenic lineages. Whereas, in other therapeutic applications

(e.g., cancer and autoimmune disease), molecules secreted by
hMSCs, rather than the hMSCs themselves, may mediate
cellular reprogramming.4 Therapeutic applications may
demand enormous hMSC doses�hundreds of millions of
hMSCs per patient�which is exorbitantly expensive to realize
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via current platforms.5 For example, a recent clinical trial
assessed whether hMSCs attenuated lung inflammation in
cystic fibrosis patients by testing doses between 1 and 5 million
cells per kilogram patient weight.6 To meet clinical-scale
dosing needs, we must engineer cell culture platforms where
hMSCs can be expanded rapidly while still retaining their
differentiation capacity.7,8

Researchers typically isolate hMSCs from diverse sources:
bone marrow aspirates,9 adipose tissues,10 dental tissues,11 or
differentiation from pluripotent stem cells.12 Then, hMSCs are
expanded in bioreactors, spinner flasks, or other biomanu-
facturing platforms to generate sufficient cell numbers for
therapeutic applications.13 The proliferation rate and differ-
entiation capacity of hMSCs, however, diminish rapidly over
the course of long-term cell culture.14 Although donor age,
donor health, hMSC source, and cell culture protocols may
introduce some variability,15 5−10 passages are considered a
typical upper limit for the onset of hMSC senescence.16−19

Extended passaging triggers functional and phenotypic changes
that impair therapeutic potential.20,21 Cell culture and
biomanufacturing platforms must therefore overcome trade-
offs between maximizing hMSC proliferation and maintaining
an undifferentiated state. Here, we report a glycosaminoglycan
(GAG)-inspired cell culture platform based on sulfonated
polymer brushes that exhibits a 40% higher proliferation than
the default cell culture substrates (tissue culture polystyrene)
while still conserving hMSCs’ multipotency.
Diverse cell culture substrates have been developed to

conserve hMSC multipotency during the in vitro expansion.
For instance, nanopatterned substrates, particularly substrates
engineered with nanopits,22 provide topographic guidance to
align hMSC cytoskeletal elements, thereby promoting cell
spreading, focal adhesion, and ultimately proliferation.23

Although nanotopographical approaches are highly versatile,
they require specialized preparation methods (such as clean
room lithographic techniques or Langmuir−Blodgett films),
which may be difficult to scale up. Three-dimensional cell
culture substrates such as electrospun polymeric scaffolds24

and hydrogels25 provide environments mimicking the extrac-
ellular matrix but lack chemical versatility. Polymer brushes,
ultrathin coatings that are tens to hundreds of nanometers
thick, are formed by tethering polymer chains at sufficiently
high densities to substrates, which may be planar (such as
tissue culture polystyrene or TCPs and glass) or three-
dimensional (such as electrospun fibers or 3D-printed
scaffolds).
Polymer brushes are highly modular platforms, offering

exquisite control over chemical composition (e.g., zwitter-
ionic,26 carbohydrate,27 polyelectrolyte28), brush density,29

brush microstructure (block, statistical, gradient),28 and
thickness.30 Although polymer brushes have an impressive
capacity to guide cell behavior by presenting ligands and
amplifying biological signals, chemists have focused narrowly
on engineering bioinert protein-resistant brushes while
marginalizing brushes’ cell-instructive characteristics.31,32 Fur-
ther, polymer brush synthesis and characterization require
considerable expertise, which may hinder their adoption by
biologists as cell culture tools. Employing surface-initiated
atom transfer radical polymerization (SI-ATRP), we can
readily synthesize biofunctional polymer brushes under
aqueous conditions, allowing us to incorporate water-soluble
GAG-mimetic repeat units. Further, polymer brushes can be
grafted from diverse cell culture substrates: e.g., bioreactor

microcarrier beads, additively manufactured scaffolds, spinner
flasks, or microfluidic devices, making technology translation
and biomanufacturing scale-up relatively simple.
In designing polymer brushes for hMSC expansion, we drew

inspiration from sulfated GAGs such as heparan sulfate (HS)
that bind and stabilize growth factors orchestrating hMSC self-
renewal.33 Hence, we synthesized GAG-inspired polymer
brushes with a tunable hydrophilicity and sulfonation degree.
Recently, Gautrot and co-workers showed that sulfonated
polymer brushes enhance fibroblast proliferation.34 However,
sulfonated polymer brushes have yet to be developed into
substrates that promote hMSC self-renewal. For the first time,
we show that sulfonated polymer brushes with optimized
sulfonation degree and hydrophilicity accelerate hMSC
proliferation while still retaining trilineage differentiation
potential.
hMSCs secrete a multitude of growth factors, including basic

fibroblast growth factor (bFGF),35 which mediates hMSC self-
renewal by binding its receptor FGR-1, and activating
downstream signaling cascades promoting cell prolifera-
tion.36−38 Because growth factors like bFGF are rapidly
depleted via thermal or enzymatic degradation, cell culture
media must be regularly replenished with these expensive
biomolecules, further inflating the costs of hMSC therapeu-
tics.39 Hence, we designed polymer brushes that capture and
stabilize bFGF and present multivalently bound bFGF to
hMSCs at high densities. Substrate-bound bFGF thus
presented to hMSCs circumvents the diffusional limitations
of soluble bFGF. Unlike soluble bFGF, which suffers from
short half-lives, substrate-bound bFGF stabilized and presented
by polymer brushes will activate FGF-binding receptors on
hMSCs over longer durations.40

To exploit the surface presentation of bFGF for hMSC self-
renewal, we designed polymer coatings mimicking the brush-
like architecture of GAGs and recapitulating key chemical
features such as sulfation and hydroxylation. Such growth
factor-sequestering polymer brushes will stabilize bFGF in cell
culture, promote binding interactions between bFGF and
bFGF receptors, and ultimately activate signaling cascades that
boost hMSC self-renewal.41 To this end, we tuned the
sulfonation degree of polymer brushes to identify the optimal
ranges promoting hMSC adhesion and proliferation. However,
superhydrophilic polymer brushes, which exhibit water contact
angles approaching 0°, deter cell adhesion.42−45 In our earlier
work with human embryonic stem cells, we noticed that
polymer brushes of moderate hydrophilicity resulted in the
highest cell adhesion.30 Hence, we modulated both the
sulfonation degree and the hydrophilicity of polymer brushes
to identify molecular design principles governing bFGF
sequestration, hMSC adhesion, and hMSC self-renewal.
We employ fully defined hMSC culture media in

conjunction with chemically defined synthetic GAG-mimetic
polymer brushes. Our approach offers numerous advantages
over using serum-containing media and biologically derived
GAGs, both of which are highly inconsistent. Serum
components remain unknown to the experimenter and may
vary from batch to batch, eliciting highly unpredictable results
in culture.46 Similarly, the composition and cell culture
performance of biologically derived GAGs fluctuate from
batch to batch.47−49 Further, some researchers tried to
overcome the short biological half-life of bFGF in media by
directly adding HS to cell culture media but some HS fractions
in the mixture compromised hMSC viability and multi-
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potency.50 To overcome the heterogeneity inherent to GAGs,
some researchers employed affinity-purified HS sequences,51

but these purified HS products are expensive. Instead of relying
on poorly defined, inconsistent, and expensive cell culture
coatings of biological origin, we investigated a novel class of
well-defined GAG-inspired polymer brushes that are chemi-
cally defined, economical, and shelf stable. Further, the
polymer brushes developed here can be readily translated to
biomanufacturing platforms such as spinner flasks, micro-
carriers in suspension bioreactors, 3D-printed scaffolds, and
other substrates, underscoring their technological relevance.

■ RESULTS AND DISCUSSION
Cell culture substrates that are routinely used for hMSC
expansion�tissue culture flasks, multiwell plates, spinner
flasks, or bioreactor carrier beads�are typically constructed
from tissue culture polystyrene (TCPs). TCPs, a cheap and
readily available material, can maintain hMSCs’ proliferation
and differentiation capacity for at least 5 passages.52 However,
once hMSCs secrete growth factors like bFGF into the media,
these molecules will unfold and ultimately lose their biological
activity upon adsorbing to hydrophobic TCPs.53,54 To prolong
bFGF activity and boost hMSC self-renewal, we functionalized
TCPS substrates with GAG-mimetic polymer brushes that are

Figure 1. Polymer brushes encoding key structural features of glycosaminoglycans: multivalent brush architecture, sulfonation, and hydroxylation.
(A) To vary sulfonation degree and hydrophilicity, we synthesized binary and ternary copolymer brushes comprising different ratios of sulfonated
(3-sulfopropyl methacrylate or S), hydroxylated (2-hydroxy ethyl methacrylate or H), and hydrophobic (2-methoxy methyl methacrylate or M)
repeat units. (B) Table summarizing polymer brush characterization data. Sulfonation degree was measured via X-ray photoelectron spectroscopy
(XPS), hydrophilicity via water contact angle goniometry, and brush thickness via spectroscopic ellipsometry. Created with Biorender.com.
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anticipated to stabilize bFGF. Specifically, we synthesized
ternary or binary statistical copolymer brushes incorporating
sulfonated, hydroxylated, and hydrophobic repeat units (Figure
1A). As summarized in Figure 1B, we varied the incorporation
of sulfonated building blocks (3-sulfopropyl methacrylate,
abbreviated as S) to achieve a broad range of sulfonation
degrees (0%, 54%, 61%, 77%, 88%, and 100%). Additionally,
we modulated brush hydrophobicity and hydroxylation by

tuning the stoichiometric ratios of hydrophobic (2-methoxy
ethyl methacrylate abbreviated as M) and hydroxylated (2-
hydroxy ethyl methacrylate abbreviated as H) monomers in
the feed, respectively.
Synthesis of Polymer Brushes with Varying Degrees of
Sulfonation

We synthesized sulfonated brushes via activators regenerated
by electron-transfer surface-initiated atom transfer polymer-

Figure 2. Quantification of brush sulfonation degree and reactivity ratio analysis. (A) XPS quantified the incorporation of sulfonated monomers in
copolymer brushes. We estimated sulfonation degree by comparing the sulfur to oxygen (S/O) ratio of copolymer brushes to that of S
homopolymer brushes that are 100% sulfonated. (B) XPS aided reactivity ratio analysis. S has higher reactivity ratios than both its comonomers, H
and M.
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ization (ARGET SI-ATRP). Specifically, we synthesized 3
homopolymer brushes as controls (H,M, and S) in addition to
binary copolymer brushes (S25H75, S50H50, S75H25, and
S75M25) and ternary copolymer brushes (S33H33M34). The
numbers in our naming scheme in Figure 1 denote the
monomer feed ratios of S, H, and M. Copolymer brushes
enriched in M had optical defects, and unlike other substrates,
they were not optically transparent (Figures S8 and S9 in the
Supporting Information). Thus, we did not pursue M-
incorporating brushes with low monomer feed ratios of S
(S25M75 and S50M50) as optically clear coatings are essential
to observe the hMSC morphology. Large variations in brush
thickness across copolymers might confound our results.
Hence, we adjusted the reaction time (Figure S4 in the
Supporting Information) to obtain copolymer brushes with
comparable thickness (21−33 nm) irrespective of the
sulfonation degree.
Earlier, Hsieh-Wilson and co-workers varied the abundance

and spatial distribution of SO4− functional groups while
synthesizing sequence-defined GAGs.55,56 This research
group showed that bFGF binds to GAGs in a sequence-
specific manner that is shaped by the spatial arrangement,
rather than the overall number of SO4− groups.

33,57 Both the
sulfation degree and sulfation pattern impact the conformation
and flexibility of GAG mimics, which in turn can influence the
accessibility of binding sites for growth factors.57−59 Recogniz-
ing the importance of the sequence distribution of SO3− groups
in the synthesized copolymer brushes, we measured reactivity
ratios (Figure 2).
Further, reactivity ratio analysis helped us understand why

brush sulfonation degrees were consistently higher than
targeted values (Figure 1B). Two of the three monomer
pairings (S−H and S−M) were well-suited for reactivity ratio
analysis via XPS due to the S2p signal unique to S (Figure 2A).
In contrast, the reactivity ratios of H−M pairings were nearly
impossible to analyze via XPS because of their structural
similarity. The XPS data were fitted to Mayo−Lewis models
(Figure 2B). This kinetic model is appropriate given that
monomer conversion is negligible in surface-initiated polymer-
ization and we completely avoided the compositional drift
associated with monomer depletion.60

For characterizing the sulfonation degree of brushes, we
collected both survey spectra (Figure 2A) and high-resolution
scans of S2p (Figure S1 in Supporting Information). For
reactivity ratio calculations, we only analyzed survey spectra
(Figures S2 and S3 in the Supporting Information). For S−H
copolymerization, S (rS = 1.6) preferred self-propagation over
cross-propagation with H, whereas H (rH = 0.6) exhibited the
opposite behavior (Figure 2B). We simulated copolymer
sequence distributions based on these reactivity ratios (Figure
S4 in Supporting Information) and found that shorter
segments of H were interspersed between longer blocks of S.
S was far more reactive than H; this was consistent with our
experimental observations wherein S tended to dominate the
polymerization process even at low feed ratios of S. For
instance, S25H75 contained nearly twice as much as S (54%)
than what was targeted (25%), while S50H50 had 1.5 × more
S (77%) than the targeted value of 50% (Figure 1B).
For S−M, both S (rS = 3.2) and M (rM = 2.4) displayed

strong self-propagation tendencies (Figure 2B). However, we
realized S-dominated copolymer brushes (Figure S4 in the
Supporting Information) due to the higher reactivity of S.
Among the two M-containing copolymers that we synthesized

(S33M33M34 and S75M25), we overshot targeted sulfonation
levels (61% instead of the 33% target for S33M33M34 and
87% instead of the 75% target for S75H25). This observation
mirrors S−H copolymer brushes (Figure 1B).
We performed Fourier-transformed infrared spectroscopy to

qualitatively assess brush sulfonation (Figure 3). The

intensities of bands associated with SO3− in S (1246 cm−1),
O− H in H (3500 cm−1), and O− CH3 in M (2800−2900
cm−1) helped us gauge the relative abundance of these repeat
units in copolymer brushes. The bands associated with SO3−
(1246, 1185, and 1060 cm−1) grew more intense with
increasing S incorporation in the monomer feed. Although
FTIR is qualitative, trends broadly agreed with the XPS
quantification of brush composition. Having obtained brushes
with a broad range of degrees of sulfonation, we proceeded to
investigate hydrophilicity and brush swelling.
Sulfonation Governs Polymer Brush Swelling Response
Substrate hydrophilicity is a key interfacial property that
determines hMSC adhesion, differentiation, and viability.42

Depending on substrate wettability, growth factors may
present their receptor-binding domains to cells in different
spatial orientations, which in turn may dictate receptor
clustering and activation.61 Hence, we investigated interactions

Figure 3. Fourier-transformed infrared spectra verify systematic
variation in degree of sulfonation (1246 cm−1 bands). We also
observed compositional contrasts in the hydroxylated (3500 cm−1

bands for H) and hydrophobic (2800−2900 cm−1 bands for M)
monomers.
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between interfacial water and the synthesized polymer brushes
in two ways (Figure 4). First, we performed contact angle
measurements, which are highly surface-sensitive but only
superficially interrogate polymer−water interactions. Then, we
measured brush swelling in water and in phosphate-buffered
saline (PBS), which approximates the pH and ionic strength of
the hMSC culture media. For all brushes, we ascertained that
variations in the water contact angle were entirely due to brush
composition and not roughness differences. From atomic force
microscopy (Figure S7 in the Supporting Information), we
learned that roughness did not vary much across the polymer
brushes, with Rq values less than 1 nm throughout (Figure 1B).
As seen in Figure 4A, sulfonated homopolymers S completely
wet water (0°), whereas M homopolymer brushes are far less
hydrophilic (65°). Hydroxylated homopolymer brushes free of
sulfonated groups (H) were moderately hydrophilic (47°).
In copolymers of S and H (S25H75, S50H50, and

S75H25), we observed progressively lower water contact
angles with increasing sulfonation. However, copolymers
incorporating M (S75M25 and S33H33M34) retained the
hydrophobicity of M homopolymer brushes despite high levels
(87% and 61%) of sulfonation. This disparity between high
sulfonation degree and lower-than-expected wettability
strongly suggests that surface rearrangement phenomena may
be responsible.28 Polymer brushes may preferentially expose
hydrophobic M-rich segments at brush−air interfaces while
burying hydrophilic sulfonated S segments to minimize
unfavorable interactions with air, which is hydrophobic.
Next, we evaluated differences in brush swelling in water and

in PBS as a function of the sulfonation degree. During hMSC
culture, substrates coated with polymer brushes remain
immersed for days in cell culture media, but contact angle
measurements cannot illuminate brush conformational changes

when exposed to physiological pH and ionic strength. Unlike
contact angle measurements, which probe a very limited brush
depth, in situ ellipsometry probes the entire depth of polymer
brushes placed in solvents.28 Hence, we applied in situ
ellipsometry to track whether brushes adopt extended
conformations, which will present more GF-binding sites, or
instead adopt collapsed conformations, which will bury GF-
binding sites.
We employed H as nonsulfonated controls as optical defects

on M rendered in situ ellipsometry challenging (Figure S8 in
the Supporting Information). The thickness of swollen brushes
equilibrated in water or PBS was measured, and then the dry
brush thickness was subtracted from this value. The brush
swelling ratio was obtained by normalizing this subtracted
value to the dry brush thickness.
In water, the swelling ratio increased with sulfonation degree

(Figure 4B). Our results are consistent with other works that
show increased brush swelling with higher mole fractions of
monomers bearing a hard charge.62 Substantial brush swelling
was also observed for the nonsulfonated control H. Hydro-
philic H brush polymer chains maximize the interfacial area
with water by adopting extended conformations. The swelling
of strong polyelectrolyte brushes such as S in water is shaped
by the competing effects of chain elasticity (which hinders
swelling due to entropic loss), electrostatic repulsion between
sulfonates (which promotes swelling), and chain crowding at
high grafting densities (which also hinders swelling).
Salt in buffers, such as PBS, can alter this balance between

osmotic pressure, entropic loss from chain stretching, and
electrostatic repulsions in strong polyelectrolyte brushes. The
ionic strength of PBS is around 156 mM, which implies that
brushes exist in a salted brush regime.63 The decrease in brush
swelling in PBS compared to that in water is in line with

Figure 4. Sulfonation governs polymer brush wettability and swelling response. (A) We compared brush wettability by measuring the advancing
contact angle. Sulfonated homopolymer brushes S were extremely hydrophilic, completely wetting water (0°). Copolymer brushes were more
hydrophilic at higher sulfonation degrees, whereas brushes incorporating hydrophobic monomer M were less hydrophilic. (B) Brush swelling
responses in ultrapure water and phosphate-buffered saline (PBS) were investigated via in situ ellipsometry. We defined the brush swelling ratio as
the increase in brush thickness normalized to dry brush thickness. In water, sulfonation promoted favorable brush−solvent interactions. In PBS,
which approximates cell culture media, the swelling ratio was a much weaker function of brush sulfonation due to Debye screening. Created with
Biorender.com.
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scaling relationships describing the swelling response of strong
polyelectrolyte brushes in the salted brush regime.64

Interestingly, nonsulfonated H brushes swell less in PBS than
in water. This is because NaCl reduces the solubility of H in
water.65 We established that sulfonation promotes brush
swelling in water and that brushes adopted more extended
conformations in water than in PBS. Aside from S
homopolymer brushes, all other polymer brushes exhibited
comparable swelling ratios in PBS, indicating that swelling is a
weaker function of sulfonation in PBS than in water. Based on
brush swelling trends in PBS, brushes were neither fully
extended nor collapsed in hMSC cell culture media, indicating
that GF-binding sites will remain accessible to bFGF.
GAG-Inspired Polymer Brushes Capture bFGF at Levels
Comparable to HS Coatings
Next, we examined sulfonation- and wettability-dependent
differences in polymer brushes’ capacity to sequester bFGF
(Figure 5). We wished to test whether the sulfonation degree

governed differences in bFGF adsorption and subsequently
augment hMSC self-renewal (Figure 5A). We performed
enzyme-linked immunosorbent assays (ELISAs) to measure
bFGF adsorption on the synthesized polymer brushes (Figure
5B). M, which was not optically transparent (Figures S8 and
S9 in Supporting Information), was excluded from ELISA.
TCPs and the biological GAG HS served as controls.
First, 96-well ELISA plates were coated with the above

polymer brushes or controls followed by blocking to prevent
nonspecific protein adsorption. We then added bFGF to
blocked wells and completed a 2 h incubation step. After
repeated washing of unbound soluble bFGF, we detected and

quantified substrate-bound bFGF via horseradish peroxidase-
conjugated anti-bFGF antibodies.
TCPs exhibited zero bFGF adsorption, whereas HS-coated

substrates adsorbed around 271 pg/cm2 bFGF. Since ELISA
antibodies are unable to recognize unfolded bFGF, bFGF
molecules are no longer conformationally intact once adsorbed
to TCPs. All polymer brushes, irrespective of sulfonation
degree, showed measurable bFGF adsorption, with several
brushes (S75M25, S75H25, S33H33M34, H, and S) showing
mean bFGF adsorption values greater than those of HS.
S25H75 and S50H50 also had measurable bFGF adsorption,
but their mean values were lower than HS. However, neither
the differences between polymer brushes nor differences
between HS and polymer brushes approach statistical
significance (Tukey’s HSD post hoc analysis; see methods
section). Only S75M25 and S75H25 show statistically
significant differences from the negative control TCPs.
Neither sulfonation degree nor wettability was predictive of

polymer brushes’ bFGF adsorption capacity. For example,
S75M25 and S75H25, which are among the most sulfonated
polymer brushes (87% and 88%, respectively), exhibited the
highest mean bFGF adsorption values of 631 ± 76 pg/cm2 and
588 ± 206 pg/cm2, respectively. However, the mean bFGF
adsorption capacity of S, which is 100% sulfonated, was not
significantly different (344 ± 56 pg/cm2). Interestingly, our
nonsulfonated control brushes, H (0% sulfonation) bound
similar levels of bFGF as S, possibly because hydrogen-bonding
interactions are as important as electrostatic interactions.
Additionally, we did not observe any correlation between
brush wettability and bFGF adsorption capacity. For instance,
S75M25 and S75H25 adsorbed similar amounts of bFGF
despite stark differences in wettability (water contact angles of
75° and 38°). Similarly, superhydrophilic S brushes (0°) and
moderately hydrophilic S50H50 (47°) adsorbed similar
amounts of bFGF. Therefore, to encourage bFGF adsorption,
we must tune polymer brushes’ sulfonation and hydroxylation.
Interestingly, hydrophilicity was not as influential as we had
expected it to be.
hMSCs Cultured on S75H25 Proliferate up to 40% Faster
Than on TCPs

Next, we compared the adhesion, proliferation (Figure 6), and
differentiation capacity of hMSCs to test the hypothesis that
sulfonated polymer brushes will result in higher hMSC self-
renewal than that of TCPs. MSCs were first derived from
hESCs, and cells at passages 3 and 4 were subcultured in five of
the eight polymer brush substrates described above and on
TCPs controls. As noted earlier, M brushes presented
difficulties with optical clarity (Figures S8 and S9 in
Supporting Information) and were excluded from the hMSC
studies. hMSCs cultured on S and S33H33M34 consistently
displayed lower cell growth and distressed morphology
compared with cells in the rest of the substrates (Figure S10
in the Supporting Information) and hence removed from
further study. Interestingly, S and S33H33M34 had water
contact angles of 0° and 70°, respectively. Neither extremely
hydrophilic nor moderately hydrophobic polymer brushes
supported hMSC adhesion, which is in line with previous
reports.43−45,66 We also note that S75M25 (75°), which was
the least hydrophilic, defied this trend. However, we observed
highly inconsistent proliferation results on this hydrophobic
polymer brush (Figure 6A), suggesting that hMSCs prefer
moderately hydrophilic brushes.

Figure 5. Comparing the sequestration of bFGF by polymer brushes.
(A) Proposed mechanism of receptor activation by polymer-bound
bFGF molecules. Created with Biorender.com. (B) Quantification of
bFGF adsorption via enzyme-linked immunosorbent assays (ELISAs).
Unfunctionalized tissue culture polystyrene (TCPs) did not capture
detectable levels of bFGF, whereas all polymer brushes captured
bFGF, regardless of sulfonation degree. S75H25 and S75M25
displayed significantly higher bFGF adsorption capacity than TCPs
(** indicates p < 0.01, Tukey’s honestly significant differences (HSD)
post hoc test).
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We cultured hMSCs in a serum-free medium formulation to
ensure that undefined serum components did not interfere
with our analysis. hMSCs adhered to all 5 polymer brushes (H,
S25H75, S50H50, S75H25, and S75M25) and to TCPs,
displaying their characteristic fibroblastic morphology (Figure
6C). We did not detect any differences in the hMSC adhesion
across polymer brushes and TCPs substrates. After 7 days in
culture, we enumerated cells expanded on all polymer brush
substrates and compared the cell count to TCPs controls
(Figure 6A). Across 12 trials, hMSCs proliferated more rapidly
on the 5 polymer brushes (H, S25H75, S50H50, S75H75, and
S75M25) compared to TCPs controls (Figure 6A). All 5
brushes exhibited substantial bFGF adsorption, with S75M75
and S75H75 exhibiting the highest bFGF adsorption among

the synthesized brushes (Figure 5B). Given that the polymer
brushes with the highest bFGF adsorption also supported the
most rapid hMSC proliferation (S75H25 and S75M25), it
appears that bFGF sequestration is a critical requirement for
hMSC culture substrates.
Among these 5 polymer brushes, we identified S75H75 as

the substrates with the highest hMSC proliferation across
multiple trials (n = 12). We obtained 40% more hMSCs on
S75H25 (88% sulfonation degree) than on TCPs. Further, we
obtained more consistent hMSC proliferation with S75H25
than with S75M25 (Figure 6A). Hence, we selected S75H25
for further biological characterization. First, to verify that
S75H25 has a higher hMSC proliferative capacity compared to
TCPs, we measured the relative mRNA expression of CDK2

Figure 6. GAG-inspired polymer brushes promote hMSC proliferation. (A) Box-and-whisker plot comparing the hMSC proliferative capacity of
different polymer brushes and TCPs controls. The values plotted are fold change cell proliferation normalized to TCPs controls (** indicates that
the p-value is less than 0.01). We selected S75H25, which performed most consistently across 12 trials and achieved a 40% higher hMSC
proliferation than TCPs, for further study. (B) Relative mRNA expression of cell proliferation markers CDK2 and KI67 between hMSCs cultured
on TCPs and S75H25. CDK2 and KI67 are slightly higher expressed in cells expanded on S75H25 than TCPs but differences were not significant.
(C) Representative micrographs of hMSCs cultured in sulfonated polymer brushes, showing a typical spindle-like morphology characteristic of
hMSCs. Scale bars are 100 �m.
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and KI67, which are genes involved in cell division and are
commonly employed as markers of proliferating cells (Figure
6B). Both genes increase their expression in hMSCs cultured
on S75H25 compared with hMSCs expanded on TCPs.
However, gene expression did not increase to a significant
level, suggesting the involvement of post-translational mod-
ifications in promoting hMSC proliferation. Overall, we
established that all five polymer brush substrates tested
outperformed TCPs in hMSC proliferation. Next, we identified
the biological mechanisms underlying the differences in hMSC
proliferation rates between S75H25 and TCPs.
hMSCs Expanded on Sulfonated Polymer Brushes Express
More bFGF Receptors and Integrin �6
Previously, researchers showed that activating bFGF-binding
receptors (FGFR-1) increases hMSC proliferation rates while
maintaining capacity to differentiate into multiple line-
ages.36−38 Recognizing that FGFR-1 activation governs
hMSC cell cycle progression, we compared the FGFR1 gene
expression of hMSCs expanded on S75H25 and TCPs. We
found significant increment (∼7-fold change) in relative
mRNA levels of FGFR1 in hMSCs cultured on S75H25 than
those in TCPs-cultured cells (Figure 7A). This finding is

especially interesting given that S75H25 exhibited a much
higher bFGF sequestration capacity than TCPs in our ELISA
study (Figure 5B). We posit that S75H25’s capacity to
augment hMSC proliferation is mediated by the signaling and
activation of bFGF-binding receptors. In our follow-up work,
we will perform receptor inhibition studies and elucidate in
detail the role of FGFR1 signaling during hMSC expansion on
sulfonated polymer brushes.
We also checked for differences in the expression of integrin

�6, an adhesion mediator associated with the stemness of
MSCs and other stem cells.67 We observed a significant
upregulation in the relative mRNA levels of ITGA6 in hMSCs
expanded on S75H25 compared to TCPs controls (Figure
7B). Our results reveal that FGR1 activation and integrin �6
signaling govern hMSC survival and growth on synthetic cell
culture substrates. In addition, the significant increment in the

expression of FGFR1 and ITGA6 in hMSCs cultured in
S75H25 indicates that this polymer maintains a larger
subpopulation of undifferentiated MSCs, compared to that of
TCPs controls. In future work, we will investigate whether
FGFR1 and ITGA6 (also known as CD331 and CD49f,
respectively) should be included as key biomarkers to identify
undifferentiated MSCs.
hMSCs Expanded on S75H25 Retain Trilineage
Differentiation Capacity

Next, we assessed whether hMSCs retained their capacity for
trilineage differentiation after expansion of S75H25 and TCPs
(Figure 8). We induced differentiation into adipogenic,
osteogenic, and chondrogenic lineages using specialized
differentiation media specific to each lineage. To verify
differentiation into adipocytes, we compared the mRNA
expression of ADIPO-R1, COL2A1, FOXO1, and PPARG
between hMSCs expanded on S75H25 and TCPs. As seen in
Figure 8A−S75H25-expanded hMSCs express significantly
higher mRNA levels of FOXO1 and PPARG and comparable
levels of ADIPOR1 and COL2A1 in relation to TCPs controls.
Next, we induced chondrogenesis and obtained well-defined
three-dimensional chondrocyte pellets (Figure 8B) formed by
hMSCs expanded on S75H25 and TCPs. Further, S75H25-
expanded cells expressed significantly higher mRNA levels of
ACAN and SOX9, which encode aggrecan and SOX9 protein,
both critical in cartilage development (Figure 8B). Together,
these results indicate that adipogenic and chondrogenic
differentiation capacities are slightly higher for S75H25-
expanded hMSCs than for TCPs-expanded hMSCs. Finally,
we compared osteogenic potential. Both sets of hMSCs
(S75H25 and TCPs) formed mineralized osteocytes after
being treated with osteogenesis induction media (Figure 8C).
Further, mRNA expression of osteogenesis markers ALP and
COL1A1 was comparable between S75H25 and TCPs (Figure
8C). Despite being statistically comparable, it is possible that
TCPs-expanded cells have higher osteogenic potential since
TCPs provide a more rigid mechanical environment than the
slightly softer polymer brush-coated cell culture substrates.
Overall, we confirmed that hMSCs expanded on S75H25
retained their multipotent potential and exhibited comparable
(for osteogenesis) or superior (for adipogenesis and chondro-
genesis) differentiation outcomes to hMSCs cultured on TCPs.

■ CONCLUSION
Polymer brushes, chemically defined and economical cell
culture substrates, promise to rapidly expand hMSCs while still
maintaining their therapeutic properties. Recognizing that
bFGF receptor activation boosts hMSC self-renewal, we
designed GAG-inspired sulfonated polymer brushes that
sequester and stabilize bFGF, which may otherwise degrade
in media or unfold in contact with TCPs. We compared hMSC
self-renewal on polymer brushes with varying sulfonation
degree and hydrophilicity, ultimately identifying design rules
that promote rapid hMSC proliferation while still retaining
trilineage differentiation capacity. Specifically, we synthesized 8
polymer brushes incorporating different ratios of sulfonated,
hydroxylated, and hydrophobic repeat units that recapitulated
key structural features of GAGs. We varied the sulfonation (0,
55, 61, 77, 100 mol % sulfonation) and hydrophilicity (0°−76°
water contact angle) over a broad range. Moderately
hydrophilic (37°−48°) substrates with high degrees of

Figure 7. S75H25 promotes FGFR-1 and integrin signaling in
hMSCs. We observed a significant increment in the relative mRNA
levels of (A) FGFR1 and (B) ITGA6 in hMSCs cultured on S75H25
substrates compared to TCPs. ** indicates p-values less than 0.01.
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sulfonation (88%) resulted in the highest increase in hMSC
proliferation over TCPs controls.
Unlike TCPs, all polymer brushes adsorbed measurable

levels of bFGF. S75H25 and S75M25 showed the highest
mean bFGF adsorption values and were significantly higher
than TCPs (p < 0.01). We compared hMSC proliferation rates
on the synthesized polymer brushes and identified substrate
S75H25 as the most consistent performer. After 10 days,
S75H25 resulted in 40% more hMSCs than TCPs. S75H25
also increased the gene expression of ITGA6 and FGFR-1,
relative to TCPs. These phenotypic changes suggest that the
bFGF molecules adsorbed by polymer brushes cluster bFGF
receptors and ultimately activate signaling cascades mediating
hMSC proliferation and maintenance of stemness. In the
future, we will elucidate how S75H25 exploits bFGF receptor
activation to promote hMSC self-renewal via FGFR1
inhibition studies. Finally, S75H25 maintained the adipogenic,
chondrogenic, and osteogenic differentiation capacity of
MSCs, indicating that sulfonated polymer brushes accelerate
hMSC proliferation without a loss of multipotency. Overall,
sulfonated polymer brushes mimic the bFGF sequestration
capacity of biological GAGs and promote proliferation while
retaining hMSCs’ capacity to differentiate into adipocytes,
chondrocytes, and osteocytes. Our polymer brushes are
economical, chemically defined, and scalable alternatives to
biologically derived GAG coatings and can be translated to
hMSC biomanufacturing platforms (e.g., microcarrier beads in
bioreactors) to access hMSC populations sufficient for clinical
use.

■ EXPERIMENTAL METHODS

Materials
3-Sulfopropyl methacrylate (SPMA), 2-hydroxyethyl methacrylate
(HEMA), ethylene glycol methyl ether methacrylate (MEMA),
copper(II) bromide (CuBr2), dopamine hydrochloride, triethyl
amine (Et3N), �-bromoisobutyryl bromide (BiBB), ethylenediamine-
tetraacetic acid sodium salt (EDTA), tris(hydroxymethyl)-
aminomethane base (TRIS base), anhydrous N,N-dimethylformamide
(DMF), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA),
heparin sodium salt, and toluene were purchased from Sigma-Aldrich
(St. Louis, MO). Ascorbic acid was purchased from Ambeed
(Arlington Heights, IL). Sodium periodate was purchased from
Oakwood Chemicals (Estill, SC). Silicon wafers were purchased from
University Wafers (test-grade, p-doped, <100>, SSP). 11-(2-Bromo-2-
methyl)propionyloxy undecyltrichlorosilane (eBMPUS) was pur-
chased from Gelest (Morrisville, PA). 11-Mercaptoundecyl-2-
bromo-2-methylpropanoate (eBMPMD) was purchased from Prochi-
mia Surfaces (Poland). HEMA and MEMA were run through a basic
alumina column and stored at −18 °C before ATRP. Other chemicals
did not undergo further purification. Tetramethylbenzidine solution
(TMB) was purchased from R&D Systems (Minneapolis, MN).
Superblock Blocking Buffer was purchased from Thermo Fisher
(Waltham, MA). Human bFGF ELISA kit was purchased from
RayBiotech (Peachtree Corners, GA).

Synthesis
Surface Functionalization of Silicon and Gold Substrates

with ATRP Initiators. Silicon wafers were rinsed, sonicated with
ethanol, and cleaned with UV/ozone. A 5 wt % stock solution of
eBMPUS was prepared in toluene. ATRP initiator-functionalized
silicon wafers were prepared by soaking cleaned wafers in a 0.005 wt

Figure 8. S75H25 substrates maintain the adipogenic, chondrogenic, and osteogenic differentiation capacity of hMSCs. (A) Relative mRNA
expression of ADIPOR-1, COL2A1, FOXO1, and PPARG in hMSCs cultured on TCPs and S75H25 substrates and then induced to undergo
adipogenic differentiation. (B) Representative micrographs of chondrogenic pellets after differentiation of hMSCs cultured on TCPs and S75H25
substrates. Relative mRNA expression of ACAN and SOX9 in chondrocyte pellets. (C) Representative micrographs of mineralized osteocytes
stained with alkaline phosphatase after osteogenic differentiation of hMSCs cultured on TCPs and S75H25 substrates. Relative mRNA expression
of ALP and COL1A1 in osteocytes. ** indicates p-values less than 0.01.
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% eBMPUS solution and stored at −18 °C for 24 h. Afterward, wafers
were removed from the solution and cleaned by sonication in ethanol.
Functionalized wafers were stored at room temperature. Gold wafers
were prepared by electron beam, evaporating a 5 nm titanium layer
and then a 50 nm layer of gold on silicon wafers. We first prepared a
20 mM stock solution of eBMPMD in ethanol and degassed this
solution. Then, we prepared thiol-functionalized gold wafers by
soaking the wafers in a 2 mM solution of eBMPMD for 24 h at room
temperature. The gold wafers were rinsed with ethanol and
subsequently stored under ethanol at −18 °C.
Surface Functionalization of TCPs with ATRP Initiators. To

graft polymer brushes from tissue culture polystyrene substrates, we
employed polydopamine coatings functionalized with ATRP initiator
groups (pDOPA-Br).68 A clean and dry 20 mL double-necked round-
bottom flask (RBF) was degassed with 3 cycles of nitrogen and
vacuum. After the third cycle, dopamine hydrochloride (398 mg, 1
equiv) was added under a nitrogen blanket, and 3 additional cycles of
nitrogen and vacuum flushing was performed, and then the flask was
kept under nitrogen throughout. Anhydrous DMF (20 mL) was
added under nitrogen, and the mixture was stirred until all dopamine
hydrochloride was dissolved. Et3N (0.336 mL, 0.7 equiv) and BiBB
(0.298 mL, 1 equiv) were added under nitrogen sequentially, with
BiBB added dropwise. Once all BiBB was added, the reaction was
stirred for 3 h under nitrogen.
A 100 mL solution of 0.04 M TRIS base was prepared, and the pH

was adjusted to 9 using hydrochloric acid. A separate solution of
sodium periodate (898 mg, 2 equiv) was prepared in 10 mL of
deionized water. Polystyrene substrates were rinsed with methanol,
and gold substrates were cleaned using UV/ozone. After 3 h, the
above reaction mass was transferred to the TRIS solution. We rapidly
added the dopamine/TRIS solution (5 volumes) and the sodium
periodate solution (1 volume) to the polystyrene substrates and shook
the substrates gently on an orbital shaker. After 30 min, substrates
were cleaned repeatedly using deionized water and stored at room
temperature. Gold substrates coated with pDOPA-Br were analyzed
via FTIR to confirm the presence of ATRP initiator groups prior to
polymer grafting (Figure S11 in the Supporting Information).
ARGET Atom Transfer Radical Polymerization. Reaction

stoichiometries are summarized in Tables S1 and S2 in Supporting
Information. We prepared stock solutions of CuBr2 (2.23 mg/mL or 1
mM) and PMDETA (6.46 � L/mL or 3000 � M) in 1:1 (v/v)
MeOH/DI water. The ascorbic acid stock solution was similarly
prepared (17.6 mg/mL or 10 mM) in 1:1 v/v MeOH/DI water. The
SPMA stock solution was prepared by dissolving 2.5 g of SPMA in 5
mL of DI water (2030 mM).
Here, we present a general procedure for S brushes. This procedure

is applicable to all of the reactions performed, although the monomer
concentrations were varied (Tables S1 and S2 in the Supporting
Information). To an RBF were added 2.23 mg of CuBr2 (1 equiv),
6.46 �L of PMDETA (3 equiv), and 1 mL of solvent (1:1 v/v
MeOH/Water). In a separate flask, 2.50 g of SPMA was dissolved in
water such that the final volume was 5 mL. The CuBr2 and PMDETA
were allowed to complex with each other, forming a blue solution,
before adding 2.46 mL of the SPMA solution, equaling 1.23 g (500
equiv) of SPMA. It is at this point that HEMA and/or MEMA can be
added to make copolymers. Finally, we then added 1.98 mL of water,
3.56 mL of MeOH, sealed the flask with a septum, and sparged the
mixture with nitrogen for 30 min. Separately, 176.12 mg of ascorbic
acid was dissolved in 10 mL of 1:1 v/v MeOH/water and set up to
degas via nitrogen bubbling for 30 min. Once both solutions were
degassed, 1 mL of ascorbic acid solution (10 equiv) was added to the
reaction mixture by syringe transfer.
The reaction mass was then stirred for 1 min and transferred to

ATRP initiator-functionalized silicon wafers, gold wafers, and pDopa-
Br-functionalized polystyrene well plates (24-well and 6-well). The
reaction mixture was added to each substrate until it was fully
submerged. ARGET ATRP reactions were performed in a degassed
glove bag under a nitrogen atmosphere at 23 °C. At the end of an
hour, substrates were removed from the glove bag and the reaction
was mass-diluted with water and then rinsed thoroughly with water.

The polystyrene substrates were immersed in 5 mM EDTA for 10 min
and then in 1 M CaCl2 for 10 min to remove any excess copper.
Afterward, substrates were washed repeatedly with water to remove
salt deposits. All substrates were dried with nitrogen and stored at
room temperature.
Characterization
Spectroscopic Ellipsometry. Thickness data were collected

using a J.A. Woollam Alpha-SE ellipsometer using a spectral range
between 400 and 1100 nm at an incident angle of 70°. The � and Ψ
values were determined, and the thickness was calculated using a
Cauchy model. The thickness of each substrate was determined by
taking the average of three locations on the wafer.
X-Ray Photoelectron Spectroscopy. Polymer brush composi-

tion was analyzed via a Kratos Axis Supra+ X-ray photoelectron
spectrometer equipped with a monochromatic Al K� source and an
Arn+ gas cluster sputtering gun. Survey spectra were acquired at a pass
energy of 160 eV and a step size of 1 eV. High-resolution scans of the
C1s, S2p, and O1s peaks were collected with a pass energy of 20 eV and
a step size of 0.1 eV. Spectra were calibrated with the binding energy
of C−C and C−H peaks at 285 eV. Analysis and peak fitting were
performed in CasaXPS.
Fourier-Transformed Infrared Spectroscopy. Polymer coat-

ings were characterized via a Nicolet 6700 FTIR spectrometer fitted
with an SAGA grazing angle accessory and an MCT-A detector.
Polymers grafted from ATRP initiator-functionalized gold wafers were
analyzed against a blank gold background. We employed a KBr beam
splitter and a spectral range of 4000−650 nm−1. FTIR spectra were
acquired at a resolution of 4 nm−1, and 64 scans were collected per
sample.
Contact Angle Goniometry. Contact angle measurements were

performed on a Biolin Scientific Theta Flex Optical Tensiometer.
Three microliters of HPLC-grade water was placed on polymer
brushes grafted from ATRP initiator-coated silicon wafers. Measure-
ments were recorded for 10 s. Three trials for each sample were
conducted, and the average of three advancing contact angle
measurements was reported.
Swelling Ratio Measurements. In situ ellipsometry was

performed using an M-2000 ellipsometer (J.A. Woollam) equipped
with a 5 mL liquid cell. Measurements were collected at an incidence
angle of 75°at a temperature of 23 °C. Brush swelling in LC−MS-
grade water and molecular biology-grade PBS were investigated.
Substrates were equilibrated prior to measurement for 12 h and again
allowed to equilibrate for 5 min after being loaded into the liquid cell.
We applied an effective medium approximation between polymer
brushes and solvents to estimate brush swelling ratios.69

Enzyme-Linked Immunosorbent Assay
To evaluate bFGF adsorption on sulfonated polymer brushes, clear
96-well plates were coated with polymer brushes (3 wells each), as
described above. Triplicate measurements were performed.M brushes
were omitted due to optical clarity issues. HS-coated wells (positive
controls) were prepared by adding 25 � g/mL of HS sodium salt
(Sigma-Aldrich, catalog no. 9041-08-1) and shaking overnight at 23
°C. Uncoated TCPs wells were negative controls.
We obtained bFGF calibration plots by following the manufac-

turer’s protocol (RayBiotech, catalog # ELH-bFGF). First, blocking
buffer (Thermo Fisher, catalog no. 37515) was added to all wells to
inhibit nonspecific bFGF adsorption. We tested several blocking
strategies, and the blocking buffer performed best. We performed 3
blocking steps with a 5 min incubation each. bFGF protein
(RayBiotech) was dissolved (50 ng/mL) in the assay diluent. After
blocking, 200 � L of bFGF solution was added to each well and
incubated at 23 °C for 2.5 h under gentle orbital shaking. To remove
nonspecifically bound bFGF, wells were washed 5× with 300 � L of
washing buffer (provided in kit) for 5 min per washing step.
We prepared antibody dilutions according to the manufacturer’s

protocols (diluting 65 × in the assay diluent). Afterward, we added
100 � L of biotinylated FGF antibody, incubated for 1 h, and washed
5 × 5 min with a washing buffer. Then, we added 100 � L of
horseradish peroxidase conjugated with streptavidin (diluted 120 × in
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the assay diluent as per the manufacturer’s protocol), incubated for 30
min, and washed 5 × 5 min. Then, we incubated wells with 100 � L of
tetramethylbenzidine solution (TMB, catalog # DY999B, R&D
Systems) for 10 min in the dark and then added 50 � L of stop
solution. Plate reader measurements of the TMB signal were acquired
at 450 nm (with background subtraction performed at 720 nm) in
Biotek Synergy H1. TMB solution was sealed and tightly stored in the
dark to prevent oxidation from light exposure. Freshly opened TMB
vials were used.
Statistical significance testing was performed using one-way analysis

of variance followed by Tukey’s HSD post hoc test (� = 0.05).
Tukey’s test identified significant differences between S75M25 and
S75H25 brushes compared to the negative control (TCPs) (q-values
of 6.93 and 6.45, respectively), but no significant differences were
observed between polymer brushes and HS positive controls, or
among the polymer brushes themselves. Notably, high variability was
observed, particularly in S75H25 (standard deviation of 357 pg/cm2)
and S50H50 (standard deviation of 193.44 pg/cm2), which
substantially reduced the statistical power. The large standard
deviations suggest spatial heterogeneities in bFGF adsorption. Several
comparisons approached but did not achieve statistical significance,
including H vs TCPs (q-value of 4.42) and S33H33M34 vs TCPs (q-
value of 4.51), where q-values fell just below the critical value of 4.64.
While several polymer brushes bind bFGF, increased sample sizes will
be necessary to improve statistical power. However, we were limited
by reagent availability in an expensive ELISA kit.

Cell Culture
HMSC Culture and Proliferation Calculations. hMSCs were

derived from the human embryonic stem cell line H1 (W01, WiCell
Institute) and characterized as described previously.12 Briefly,
embryoid bodies (EBs) from H1 cells were cultured in suspensions
for 7 days in low-attachment culture dishes. Then, EBs were plated
onto 0.1% gelatin-coated dishes in growth medium (alpha minimum
essential medium: a-MEM, 10% fetal bovine serum, 200 mM L-
glutamine, and 10 mM nonessential amino acids). Cells growing from
EBs were cultured for up to 2 weeks to confluency and subcultured
until a homogeneous fibroblastic morphology appeared. In subse-
quent culture, hMSCs were seeded at a density of 7 × 103/cm2 with
the chemically defined medium MesenCultTM (Stemcell Technolo-
gies). Before performing experiments on synthetic substrates, we
verified hMSCs’ purity by analysis of biomarkers and differentiation
capacity into adipocytes, chondrocytes, and osteocytes. Flow
cytometry analysis was used to determine the positive expression of
CD73, CD90, CD105, and CD166 and the negative expression of
CD31, CD34, and CD45. hMSCs at passages 3 and 4 were used for
the experiments described here. An equal number of hMSCs from the
same passage were subcultured on different polymer brushes and
TCPs and cultured for 10 days in dedicated incubators set up at 5%
CO2, 37 °C, and high humidity. At the end of the cell culture period,
cells were collected using 0.25% v/v Trypsin−EDTA (GIBCO). Cells
were counted using a Countess Automated Cell Counter
(Invitrogen). We performed 12 replicates comparing hMSC
proliferation between synthetic substrates and TCPs. Cell counts
were normalized to those of the control group (TCPs).
Adipogenic, Chondrogenic, and Osteogenic Differentia-

tion. For adipogenic differentiation, 5 × 103 hMSCs/well were
seeded in six-well plates and cultured in StemMACS AdipoDiff Media
(Miltenyi Biotec) for 21 days. Cell culture media was replaced every 3
days. To verify adipocyte differentiation, cells were stained with Oil
red O. Chondrogenic differentiation was induced by culturing 2 × 106
hMSCs in pellets suspended in StemMACS ChondroDiff Media
(Miltenyi Biotec). Cells were suspended in 2 mL of chondrogenic
media in 15 mL of conical tubes, centrifuged at 600 g for 5 min, and
cultured for 21 days. Cell culture media was replaced every 3 days. To
induce osteogenic differentiation, 3 × 103 hMSCs/well were seeded in
six-well plates and incubated in StemMACS OsteoDiff media
(Miltenyi Biotec) for 10 days. Cell culture media was replaced
every 3 days. Cells were fixed with 10% formalin for 20 min at RT and

stained for alkaline phosphatase (SIGMAFAST BCIP/NBT, Sigma-
Aldrich) to verify osteoblast differentiation.
RNA Isolation, Preparation, Quantitative Real-Time PCR,

and Reverse Transcription PCR. Total RNA extraction,
purification, reverse transcription into cDNA, and qRT-PCR using
TaqMan probes (Thermo Fisher) were done as previously
described.12 For reverse-transcription PCR, the total RNA was
reverse-transcribed using SuperScript VILO MasterMix (Invitrogen).
Gene expression was determined by quantitative real-time PCR on an
ABI Prism 7700 Sequence Detection System (Applied Biosystems).
The relative RNA expression levels of target genes were analyzed by
the comparative ΔΔ-CT method using the housekeeping genes
GAPDH and 18S as internal controls. Expression levels of genes were
normalized to the expression levels of control samples and reported as
fold changes. Changes larger than 2-fold in the relative mRNA
expression were considered significant.
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