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A
lthough regenerative medicine is a

relatively new field of biomedical

research, its application to organ

reconstruction provides a promising thera-

peutic option. Regenerative therapeutics

may provide cures to patients with various

ailments by replacing or regenerating hu-

man tissues or organs to restore normal

physiological functions.1 A wide range of

biomedical engineering approaches have

been pursued for regenerative therapies,

and some have led to clinical applications.

Regardless of the approach, acquiring an

adequate source of cells is an important

prerequisite. Stem cells, defined by their

inherent ability to self-renew continuously,

or to differentiate into a multitude of differ-

ent cell types, are thus a highly promising

choice for regenerative medicine.1

Although the extensive research on uti-

lizing stem cells for regenerative medicine

has resulted in remarkable discoveries,

there are still major hurdles that need to

be overcome before stem cells can become

a viable source of cells for regenerative

medicine. Aside from the ethical concerns

associated with embryonic stem cells, the

precise control of stem cell fate, self-renewal

or differentiation into specific cell types, has

been a glaring challenge for scientists and

engineers.

To control stem cell differentiation, re-

searchers have traditionally relied on two-

dimensional (2D) surfaces for culture. How-

ever, research over the last few decades has

shown that stem cells reside in a complex

microenvironment, and their fate is deter-

mined by several factors, such as soluble

and physical signals from extracellular ma-

trix (ECM) and neighboring cells (Figure 1).2

Moreover, these factors are spatially and

temporally controlled. To mimic the native

microenvironment of stem cells with the

ultimate goal of directing their self-renewal

and differentiation outcomes, more re-

searchers are now utilizing biomaterials-

based approaches.

Biomaterials for Controlling Stem Cell Fate.

Biomaterials for stem cells have become

an important part of regenerative medicine

because they can serve as a biomimetic plat-

form for relevant biological studies.3 Further-

more, these materials can ultimately be

used as scaffolds for constructing artificial

tissues or organs for clinical applications.

To complement recent clinical successes

using harvested and decellularized scaffolds,4

biomaterials scientists continue to develop

new synthetic materials to recapitulate the

instructive cellular niches of natural tissue.

By engineering biological activity into syn-

theticmaterials, instructive biomaterials can
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ABSTRACT As stem cells are a cornerstone of regenerative medicine, research efforts

have been extensively focused on controlling their self-renewal and differentiation. It is

well-known that stem cells are tightly regulated by a combination of physical and chemical

factors from their complex extracellular surroundings; thus, conventional cell culture

approaches based purely on using soluble factors to direct stem cell fate have resulted in

limited success. To account for the complexities of native stem-cell niches, biomaterials are

actively investigated as artificial extracellular matrices in order to mimic the natural

microenvironment. This Perspective highlights important areas related to the design of

biomaterials to control stem cell behavior, such as cell-responsive ligands, mechanical

signals, and delivery of soluble factors.
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be produced with more control and

reproducibility than their natural

counterparts. Different types of nat-

ural or synthetic polymeric bioma-

terials have been explored to direct

stem cell differentiation. Recently,

Kloxin et al. pioneered the use of

photolabile hydrogels to create

dynamic architectures amenable to

real-time modulation of material

properties, formation of spatio-

selective network porosity, and gen-

eration of temporal concentration

gradients of specific functional

groups.5 Numerous other types of

polymers have been synthesized

and used with controllable bio-

chemical and biophysical proper-

ties, which are described in detail

in elsewhere.6�8 Ideally, these bio-

materials should be carefully de-

signed to act as artificial ECM to

present a combination of chemical

and physical factors that provide

necessary signals to direct stem cell

fate. Critical aspects of designing

biomaterials that can be used to

direct stem cell responses include

(i) presentation of cell-responsive

ligands, (ii) delivery of soluble fac-

tors, and (iii) mechanical stimuli.

Cell-Responsive Ligands. It is impor-

tant that biomaterials are designed

to be cell-responsive, such that cells

recognize and interact with the ma-

terial. One approach to provide bio-

responsive elements to materials is

to present cell-recognition ligands.

For example, Arg-Gly-Asp (RGD) is a

peptide sequence found in fibro-

nectin and collagen that is respon-

sible for cell adhesion to ECM.9 Thus,

RGD peptide has become a de facto

ligand for cell adhesion, and chemi-

cal modification to present the RGD

peptides has become a gold stan-

dard in biomaterials design. Other

peptide sequences, such as Tyr-Ile-

Gly-Ser-Arg (YIGSR) and Ile-Lys-Val-

Ala-Val (IKVAV) found in laminin,

have also been utilized as cell-

responsive ligands.10

Previous research efforts have

demonstrated the profound impact

of ligands and matrix components

on stem cell differentiation. For ex-

ample, Benoit et al. showed that

human mesenchymal stem cells

(MSCs) were preferentially driven

to differentiate into osteogenic, adi-

pogenic, or chondrogenic pathways

by immobilizing simple moieties re-

miniscent of exposed functional

groups in the native extracellular

space in cross-linked poly(ethylene

glycol) (PEG) hydrogels.11 In addi-

tion to ECM components, stem cells

are also in contact with neighboring

cells through cell junction proteins

such as cadherins. This interaction

has also been shown to influence

stem cell fate; thus, biomaterials

that mimic cell�cell contact could

also provide an important strategy

for controlling stem cells. For exam-

ple, Yue et al. demonstrated that

stem cells that were cultured on

hydrogelsmodifiedwithN-cadherin

remained undifferentiated and show-

ed high proliferative capacity.12 In

addition to engineering cell�matrix

and cell�cell interactions within bio-

materials, the spatial presentation

of such molecules is highly impor-

tant. For example, the spatial orga-

nization and density of RGD pep-

tides have been shown to influence

stem cell renewal and differentia-

tion.13,14 Interestingly, recent ad-

vancements in micro- and nano-

scale engineering have made it

possible to fabricate and to pattern

biomaterials with precise dimen-

sions and ligand organization, en-

abling newdirections in using archi-

tecture and spatial patterning to

regulate cellular behavior.15,16

Soluble factors. Soluble factors se-

creted by cells, such as growth fac-

tors and cytokines, are important

regulators of stem cell renewal and

differentiation.17 For example, bone

morphogenic protein-2 (BMP-2) is

an important growth factor in os-

teogenic differentiation,18 whereas

the transforming growth factor beta

(TGF-β) family has been implicated

in various differentiation pathways.19

In addition to the growth factors

Biomaterials for stem

cells have become an

important part of

regenerative medicine

because they can serve

as a biomimetic

platform for relevant

biological studies.

Figure 1. Schematic representation of the stem cell niche. Stem cells form
complex interactionswithin theirmicroenvironment betweenextracellularmatrix,
neighboring cells, and soluble factors.
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that induce differentiation, others

have been shown to maintain plur-

ipotency of stem cells.20

Due to the difficulties associated

with synthesizing and purifying

such proteins, there have been in-

creasing efforts to use small mol-

ecules that can replace the function

of signaling proteins. Synthetic or

naturally occurring chemicals have

proven to be potent regulators of

stem cell differentiation: several of

them, either by themselves or in

combination with other biological

factors, have now become standard

tools for differentiating stem cells.

For instance, a cocktail of dexametha-

sone, ascorbic acid, and β-glycero-

phosphate is commonly used to

induce osteogenic differentiation.21

Also, 5-azacytidine, a chemothera-

peutic agent, has been shown to

induce cardiomyogenic differentia-

tion.22 To identify such small mol-

ecules, chemical libraries are increas-

ingly being screened to identify

molecules that can direct cell fate

decisions in a reproducible and scal-

able manner.

Stimulating stem cells with solu-

ble factors has been the conven-

tional method for regulating stem

cells phenotypes. It is, however, be-

coming increasingly appreciated

that providing these soluble factors

in the context of biomaterials could

further enhance our ability to direct

stem cells. This is due to a number of

factors, such as slower release of

soluble factors encapsulated within

biomaterials, which prolongs their

bioavailability and efficacy.23 In ad-

dition, the release of these factors

from microscale reservoirs may

generate localized gradients, which

may be more biologically relevant.

For example, TGF-β1 encapsulated

inmicroparticles has been shown to

direct chondrogenic differentiation

of MSCs in hydrogel matrices.24

Mechanical Stimuli. Cells are able

to recognize mechanical signals from

their surroundings by forming focal

adhesions, complex sensory machin-

ery involving a group of cell surface

receptors and intracellular proteins

that mediate mechanical signals

from ECM to regulate a variety of

gene expressions.25 This mechano-

transduction has been shown to be

an important regulator of stem cells.

Seminal work by Engler et al. ele-

gantly demonstrated the impor-

tance of mechanotransduction in

stem cell fate, inwhich the substrate

elasticity alone could direct MSC

differentiation into specific lineages

(Figure 2).26 This principle has been

applied to create biomimetic stem-

cell niches with suitable mechani-

cal environments. For example,

Chatterjee et al. varied the stiffness

of PEG hydrogel across awide range

(10�300 kPa), and determined the

optimal stiffness (∼225 kPa) for in-

ducing osteogenic differentiation of

encapsulated cells.27 Furthermore,

Connelly et al. determined the con-

ditions for chondrogenic differentia-

tion in RGD-coupled polysaccharide

hydrogel.28

Controlling the substrate elasti-

city is onemajor advantage of using

biomaterials. Conventional plastic-

based 2D tissue�culture platforms

do not allow the control of surface

elasticity, and its rigidity (∼3 GPa) is

Figure 2. Substrate elasticity can direct stem cell differentiation. (A) Native tissues exhibit a range of stiffness. (B) Stem cells
cultured on hydrogel with varying elasticitymodifiedwith cell-adhesive type I collagen directed differentiation into different
lineages (neurogenic, 0.1�1 kPa;myogenic, 8�17 kPa; osteogenic, 25�40 kPa). (C)Microarray profiles of transcription factors
show neurogenic markers (left) are highest on 0.1�1 kPa gels, myogenic markers (center) are highest on 11 kPa gels, and
osteogenic markers (right) are highest on 34 kPa gels. Reprinted with permission from ref 26. Copyright 2006 Elsevier.
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not physiologically relevant. On the

other hand, the elasticities of soft

biomaterials such as hydrogels and

polymeric scaffolds are within the

range of biological tissues and can

be readily controlled by varying the

cross-linking density via concentra-

tions of polymers or cross-linking

molecules.

A New Paradigm in Biomaterial De-

sign-Targeting Glycosaminoglycans (GAGs)

To Regulate Stem Cell Fate. In line with

previously stated methods of using

engineered biomaterials to direct

stem cell differentiation, it is impor-

tant to utilize novel signaling me-

chanisms and biological tools. An

emerging class of molecules for di-

recting cellular behavior are glyco-

saminoglycans (GAGs), which are

linear polysaccharides that are pre-

sent on the cell surface and in the

ECM.29,30 It is known that cell-

surface proteoglycans (heavily glyco-

sylated proteins), which project

their GAG components outward,

can mediate physical cues from

ECM to influence cell phenotypes.

Thus, it may be possible to use cell-

surface GAGs to regulate various

cellular activities. Recently, Kies-

sling and co-workers developed

an array of self-assembled mono-

layers that present several dif-

ferent types of GAG-binding pep-

tides and their combinations de-

rived from ECM proteins, and

demonstrated that proliferation

and differentiation of stem cells

could be mediated by GAG-bind-

ing peptides.31

In this issue of ACS Nano, Kies-

sling and co-workers present a nov-

el biomaterial design strategy that

incorporates GAG-binding peptides

as cell-responsive ligands into a

biomaterial to mediate physical

cues imparted by the material elas-

ticity (Figure 3).32 In this research,

they utilized a chemical modifica-

tion strategy to conjugate a GAG-

binding peptide derived from vitro-

nectin, GKKQRFRHRNRKG, onto a

hydrogel surface. Stem cells were

able to adhere and to proliferate on

the hydrogel surface while main-

taining their pluripotency without

other integrin-binding ligands such

as RGD peptides, confirming that

GAG-binding peptides act as a po-

tent bioactive ligand for stem cells.

More significantly, the prolifera-

tive capacity of stem cells could be

controlled by the elasticity of hydro-

gel substrate, in which increas-

ing hydrogel stiffness resulted in

Figure 3. Stem cell control with glycosaminoglycan (GAG)-binding ligands. (A) Pluripotency of stem cells, as identified by
pluripotencymarkers Oct4 and SSEA-3, was better maintained cultured on GAG-binding peptides than on Arg-Gly-Asp (RGD)
peptides. (B) Stem cell spreading and proliferation. Reprinted from ref 32. Copyright 2012 American Chemical Society.

P
E
R
S
P
E
C
T
IV
E



CHA ET AL. VOL. 6 ’ NO. 11 ’ 9353–9358 ’ 2012

www.acsnano.org

9357

increased proliferation rate. Further

investigation into intracellular path-

ways revealed the activation of YAP/

TAZ proteins, transcription factors

involved in mechanosensing, and

stem cell pluripotency. The results

of this work validated previous re-

search that cell-surface proteogly-

cans can act as ECM receptors to

regulate stem cell behavior, as well

as provide a new approach to de-

signing biomaterials by utilizing

GAG-binding peptides.

FUTURE OUTLOOK

Many recent contributions have

shed light on the complex systems

of mechanical and chemical spatio-

temporal cues that regulate stem

cell differentiation. However, much

work remains before we can ration-

ally design synthetic materials cap-

able of providing autonomous direc-

tion to pluripotent stem cell popu-

lations. Insightful contributions, like

those from Kiessling and colleagues,

that connect the extracellular envi-

ronment to changes in stem cell

gene expression represent key ad-

vances in our ability to establish

design parameters for biomaterials

in regenerative medicine. To realize

the goals of regenerative medi-

cine;to replace or to regenerate

aged, injured, or diseased organs or

tissues;concerted efforts are re-

quired from biomaterials scientists

and stem-cell biologists. This work is

an exciting and vibrant area of re-

search at the interface of stem-cell

biology and materials chemistry.

Using synthetic materials to recapi-

tulate reliable and instructive stem-

cell niches will require distensible

command of fluid transport, bioac-

tive molecule incorporation, sur-

face chemistries that facilitate cell�

matrix and cell�cell interactions,

and degradation/elimination mech-

anisms. From stem-cell biologists,

future advances in this area will

require further identification of

rapidly accessible biomarkers to

discriminate between stem cells

and their differentiated progeny

as well as a more mechanistic

understanding of the biological

cues that regulate stem cell fate

decisions.
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