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Abstract: The success of human mesenchymal stem cell
(hMSC) therapies is largely dependent on the ability to
maintain the multipotency of cells and control their differ-
entiation. External biochemical and biophysical cues can
readily trigger hMSCs to spontaneously differentiate, thus
resulting in a rapid decrease in the multipotent cell population
and compromising their regenerative capacity. Herein, we
demonstrate that nonfouling hydrogels composed of pure
poly(carboxybetaine) (PCB) enable hMSCs to retain their
stem-cell phenotype and multipotency, independent of differ-
entiation-promoting media, cytoskeletal-manipulation agents,
and the stiffness of the hydrogel matrix. Moreover, encapsu-
lated hMSCs can be specifically induced to differentiate down
osteogenic or adipogenic pathways by controlling the content
of fouling moieties in the PCB hydrogel. This study examines
the critical role of nonspecific interactions in stem-cell differ-
entiation and highlights the importance of materials chemistry
in maintaining stem-cell multipotency and controlling differ-
entiation.

The extensive potential applications of human stem cells
underscore the significance of elucidating the fundamental
mechanism that controls their differentiation.[1] According to
previous reports, stem-cell fate can be affected by both
biochemical and biophysical signals.[2] Researchers have also
begun to realize that the material surrounding a stem cell is
highly important in determining its fate.[3] Among current
platforms, natural polymers, such as alginate, are commonly
chosen owing to their high biocompatibility. Though these
natural materials can provide a biocompatible niche, their
complex composition makes it difficult to elucidate the
biochemical and biophysical aspects of the stem-cell-differ-
entiation mechanism.[3j,4] Artificial materials are usually
easier to control,[5] but generally not biocompatible with

stem cells, especially for 3D cell encapsulation. High-molec-
ular-weight poly(ethylene glycol) (PEG) is currently the most
popular choice among the very limited range of synthetic
materials suitable for stem-cell culture.[6] It has also been
reported that the fate of stem cells in PEG hydrogels is highly
influenced by chemical and physical cues.[3j, 6c] However,
strictly controlled physical and chemical cues will be very
difficult to implement in downstream clinical applications of
such systems. The development of a platform that enables
hMSCs to maintain their multipotency regardless of bio-
chemical or biophysical influence has been a great challenge.

In contrast to natural polymers and the artificial amphi-
philic material PEG, superhydrophilic zwitterionic materials,
such as polycarboxybetaine (PCB),[7] are able to strongly
resist nonspecific interactions and are highly compatible.[8] It
was reported previously that a loosely packed polysulfobe-
taine coating could support the long-term growth of embry-
onic stem cells in expansion media, in which cells were able to
attach to the surface through nonspecific interactions.[9]

However, the influence of nonspecific interactions, and
particularly the absence of nonspecific interactions, on the
differentiation behavior of stem cells remains unclear. The
goal of this study was to demonstrate the differentiation
behavior of hMSCs when the degree of nonspecific inter-
actions was altered. This study shows that simple nonspecific
interactions between stem cells and biomaterials may be used
to control complicated cellular functions, such as stem-cell
differentiation. These results not only advance our under-
standing of the stem-cell-differentiation mechanism, but also
lead to simple and controllable biomaterial formulations for
the application of stem-cell-based regenerative medicine.

In the present study, the zwitterionic monomer carbox-
ybetaine acrylamide (CBAA) and the cross-linker carboxy-
betaine dimethacrylate (CBDMA) were used to construct
hydrogels designated CBX (Figure 1a). We also replaced the
nonfouling zwitterionic cross-linker CBDMA with a hydro-
phobic cross-linker, ethylene glycol dimethacrylate
(EGDMA), to create nonspecific binding sites.[10] These
modified hydrogels are denoted CBE (Figure 1a; see Fig-
ure S1 in the Supporting Information for the hydrophobicity
difference between the selected cross-linkers). The stiffness of
hydrogels was varied by altering the cross-linker content.
Three different degrees of stiffness were chosen for CBE
(low: 2.6 KPa, medium: 27.8 KPa, high: 62.1 KPa) and CBX
hydrogels (low: 3.1 KPa, medium: 24.5 KPa, high: 71.2 KPa;
see Figure S2; see also Figures S2 and S3 for the swelling
ratios and pore-size distributions). We functionalized the
integrin-binding molecule cyclic RGD (cRGD) with the
matrix components to enable the mediation of cell attach-
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ment and cellular traction. A scrambled peptide, cyclic RGE
(cRGE), was used as a negative-control peptide.

We investigated the nonfouling and integrin-binding
properties of peptide-functionalized PCBAA (see Figure S4)
and demonstrated the effect of increasing the cross-linker
content on the nonfouling properties of CBX and CBE
hydrogels by using fluorescently labeled fetal bovine serum
(FBS) and cell lysates (CLs). No protein in FBS or CLs was
able to adsorb when PCBAA hydrogels were cross-linked
with a zwitterionic cross-linker (i.e. CBX hydrogels), regard-
less of the cross-linker concentration (see Figure S5). In
contrast, when PCBAA hydrogels were cross-linked with
a hydrophobic cross-linker (i.e. CBE hydrogels), significant
protein adsorption from both FBS and CLs was observed, and
the protein adsorption increased with elevated hydrophobic-
cross-linker content.

Next, hMSCs were encapsulated in CBX and CBE
hydrogels and cultured in basal media for 3 days, after

which they were transferred to a bipotential differentiation
medium (osteogenic and adipogenic) and cultured for
21 days. The interactions between the encapsulated hMSCs
and the hydrogel matrix were visualized by focal adhesion
staining (see Figure S6). The encapsulated hMSCs showed
high viability (see Figures S7 and S8; see also Figure S9 for
a summary of their expansion rates). After confirming the
biocompatibility of PCB hydrogels, we further explored the
differentiation of hMSCs in this environment by using
immunohistochemistry (IHC), histological staining, and
RNA analysis.

According to current differentiation theories, the fate of
hMSCs can be tuned by adjusting the mechanical properties
of their support.[3d] As mentioned above, three different
moduli were chosen for both CBE and CBX hydrogels. After
culture for 21 days in the bipotential medium, we assessed
osteogenesis by staining and visualizing RUNX2 and osteo-
pontin (OPN). Similarly, we assessed adipogenesis with the

Figure 1. a) Schematic illustration of cRGD conjugation to carboxybetaine monomer or a related cross-linker and cell encapsulation in CBX and
CBE hydrogels. b) After culture for 21 days in bipotential differentiation media, cell–hydrogel constructs of CBX and CBE samples were
immunostained for adipogenic (PPARG, FABP4) and osteogenic (RUNX2, OPN) biomarkers. Scale bar: 50 mm. c) Representative bright-field
images of hMSCs stained with Oil Red O and Fast Blue salt after incubation for 21 days with bipotential differentiation media within i) low-
modulus CBE, ii) medium-modulus CBE, iii) high-modulus CBE, iv) low-modulus CBX, v) medium-modulus CBX, and vi) high-modulus CBX. Scale
bar: 100 mm.
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receptor PPARG and fatty acid binding protein 4 (FABP4).
Interestingly, both osteogenic and adipogenic biomarkers
remained absent from cells grown in all CBX hydrogels
(Figure 1b). These results suggested that neither mechanical-
property-associated cell traction nor soluble differentiation
factors conclusively drove stem-cell-differentiation choices.
In sharp contrast to the lack of differentiation, we observed
that in CBX hydrogels, adipogenic biomarkers were highly
expressed in cells cultured in soft CBE hydrogels (2.6 KPa)
and disappeared quickly when the modulus increased. As
compared to the soft CBX constructs, it was apparent that
a minimal concentration of hydrophobic components encour-
aged hMSCs to differentiate to an adipogenic lineage. On the
other hand, osteogenic biomarkers were clearly expressed in
the stiffer (medium- and high-modulus) CBE hydrogel
samples, with increased nonspecific-binding sites resulting in
increased expression. This result indicates that an increase in
the mechanical strength of the matrix in the presence of
nonspecific interactions can help hMSCs shift their differ-
entiation from adipogenesis to osteogenesis.

After visualizing the characteristic surface antigens, we
further explored specific chemicals and enzymes secreted
within differentiated hMSCs. Adipogenesis in hMSCs can be
indicated by the presence of neutral lipids,[11] which can be
visualized by staining with Oil Red O. Likewise, osteogenesis
can be reflected by alkaline phosphatase (ALP),[11] which can
be stained with Fast Blue salt. Stem cells were differentiated
actively in CBE hydrogels (Figure 1c i–iii). Nearly all the
differentiated cells committed to adipogenesis in a soft CBE
matrix (2.6 KPa) and began to choose the osteogenic pathway
as the stiffness was increased. In contrast, nearly all hMSCs in
CBX hydrogels remained in an undifferentiated state, with
the very few differentiated cells randomly committed (Fig-

ure 1c iv–vi). We also functionalized the CBX hydrogels with
different densities of cRGD. However, the varied cRGD
density was not able to compromise the viability of encapsu-
lated hMSCs or cause active differentiation of hMSCs (see
Figures S10 and S11).

We hypothesize that the nonspecific cell–matrix interac-
tion is indispensable for hMSCs to initiate differentiation.
When cultured in nonfouling CBX hydrogels, hMSCs are
located in an environment in which most nonspecific signals
are eliminated (Figure 2). As a consequence, neither physical
nor chemical factors can promote these hMSCs to differ-
entiate. In contrast to the CBX hydrogels, the CBE hydrogels
can provide nonspecific cues to the anchored hMSCs, thus
enabling them to initiate the process of differentiation.
Therefore, hMSCs are prone to commit to the osteogenic
pathway when cultured in CBE hydrogels with a high
modulus and the adipogenic pathway when cultured in CBE
hydrogels with a low modulus (Figure 2). This behavior
further indicates that the intensity of nonspecific cues
provided may alter the differentiation preference of hMSCs.
We demonstrated that the degree of nonspecific interactions
can conclusively determine the fate of hMSCs (see Fig-
ure S12).

We further assessed the expression of multipotent bio-
markers, CD166 antigen (encoded by the ALCAM gene) and
STRO-1, in hMSCs encapsulated in CBX and CBE hydrogels.
Whereas hMSCs cultured in the completely nonfouling CBX
hydrogels were positive for stem-cell markers STRO-1 and
ALCAM, independent of the matrix modulus, most of the
hMSCs in CBE hydrogels were not able to express these
stem-cell biomarkers (Figure 3). This result suggests that
nonspecific binding triggered differentiation, and hMSCs in
CBE hydrogels lost their multipotency when cultured with

Figure 2. Schematic illustration of the behavior and fate choice of hMSCs in CBX or CBE hydrogels. cRGD moieties are denoted as cyan
hemispheres, and differentiation factors are denoted as colored particles.
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differentiation media. We also examined RNA expression by
quantitative real-time PCR (qRT-PCR) and observed the
same phenomenon (see Figure S13).

It is believed that the differentiation behavior of hMSCs is
directly dependent on the cytoskeletal contractility.[7] There-
fore, we further evaluated the effect of several pharmaco-
logical agents known to modulate the cytoskeleton on the
differentiation behavior of encapsulated hMSCs in CBX and
CBE hydrogels. The percentage of hMSCs that were differ-
entiated into adipocytes or osteoblasts in control culture
media without the addition of pharmacological agents is
shown in Figure 4a, i and Figure 4b, i. It is known that
nocodazole can interfere with the polymerization of micro-
tubules, thus increasing cell contractility.[7b] This agent indeed
reversed the fate choice of hMSCs in a CBE hydrogel with
a low modulus and gave a high rate of osteogenesis in all cases
(Figure 4a ii). Three other agents able to directly inhibit the
contractility of the cytoskeleton—blebbistatin, which inhibits
myosin II, cytochalasin D, which inhibits F-actin polymeri-
zation, and Y-27632, which inhibits ROCK—resulted in

a significant decrease in osteogenesis with a corresponding
increase in adipogenesis in all of the CBE hydrogels (Fig-
ure 4a iii,v). It is also known that a5b1-integrin can mediate
coupling of the cytoskeleton to the extracellular matrix and
enable mechanical signal transduction.[7b] We therefore exam-
ined cells encapsulated in cRGD-modified CBE hydrogels in
the presence of function-blocking antibodies against a5b1-
integrin. We found that most hMSCs committed to adipo-
genesis in all CBE hydrogels in the presence of these
antibodies, and the influence of stiffness on differentiation
was removed (Figure 4a vi).

We also tested the influence of these pharmacological
agents on the differentiation of hMSCs in CBX hydrogels. As
presented in Figure 4b, unlike in CBE hydrogels, the hMSCs
in CBX hydrogels of varying rigidity exhibited a very low rate
(< 5%) of differentiation, and no significant difference was
observed among CBX hydrogels treated with different
pharmacological agents. These results further demonstrate
that actomyosin contractility is not able to influence the fate
choice of hMSCs in the absence of nonspecific interactions,

Figure 3. a) Detection of undifferentiated hMSCs by immunofluorescence staining by visualization of the undifferentiated-cell markers ALCAM
(green) and STRO-1 (red; nuclei: blue) in CBX hydrogels and CBE hydrogels. Scale bar: 50 mm. b) Percentage of cells expressing either ALCAM or
STRO-1 when encapsulated in CBX and CBE hydrogels with different moduli (high: i; medium: ii; low: iii), after incubation for 21 days in
bipotential differentiation media. Three sections at different positions of each hydrogel disk were used, and at least five different fields were
randomly examined in each section. Asterisks denote statistical significance as compared with CBE hydrogels (**p<0.001, t-test). Error bars
represent the standard error of the mean from 5 individual experiments.
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and that the nonspecific interactions between the extracellu-
lar matrix and cells are indispensable for hMSCs to initiate
the differentiation process.

In summary, as evidenced by IHC, histological staining,
and RNA analysis, we have shown that the absence of
nonspecific interactions prevents hMSC differentiation in 3D
cultures. Stem cells did not undergo differentiation in non-
fouling hydrogels, regardless of material stiffness, even after
long-term culture in differentiation media or in the presence
of cytoskeletal manipulation agents. Furthermore, we found
that a fouling background could mediate hMSC differentia-
tion in 3D platforms. The degree of nonspecific interactions

could define the differentiated lineage of hMSCs, independ-
ent of the stiffness of the substrate or matrix. Although stem
cells were investigated in this study, the zwitterionic hydrogels
reported can also be applied in the form of bulk hydrogels or
nanogels to the encapsulation of other types of cells, proteins,
polysaccharides, nucleic acids, nanomaterials, and small
molecules.
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Figure 4. a i, b i) Percentage of cells in CBE or CBX hydrogels differentiating into adipocytes (stained by Oil red O) or osteoblasts (stained by Fast
Blue salt) in normal bipotential differentiation media. a ii–vi, b ii–vi) Percentage of cells in CBE or CBX hydrogels differentiating into adipocytes or
osteoblasts in the presence of cytoskeleton disruptors and integrin-blocking antibodies.
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