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Self-Assembling Peptides as Cell-Interactive Scaffolds
Cell and tissue engineering therapies for regenerative medicine as well as 
cell-based assays require an understanding of the interactions between cells 
with the surrounding microenvironment at the nanoscale. Engineering a 
cell-interactive scaffold therefore entails control over the nanostructure of the 
biomaterial. Peptides that are able to self-assemble into 3D scaffolds have 
emerged as interesting biomaterials for directing cell behavior, with desir-
able properties such as the capability of tuning the nanostructure by modu-
lating the amino acid composition. Here, an overview of the development of 
self-assembling peptide hydrogels as functional cell scaffolds is presented, 
highlighting recent work on incorporating features such as bioactive ligands, 
growth factor delivery, controlled degradation, and formulation into microgels 
for defined cell microenvironments.
1. Introduction

The ability to culture cells with precise control over cellular 
behavior and fate can greatly advance the field of tissue engi-
neering and regenerative medicine.[1] This requires generating 
a 3D microenvironment with the appropriate biochemical 
and mechanical niche for cell regulation.[2] In vivo, the micro-
environment is comprised of the extracellular matrix (ECM), 
soluble factors, and neighboring cells.[3] While soluble factors 
can have profound influence on cellular processes, it has also 
been shown that the insoluble component, or the ECM, plays 
an integral role in cell patterning, migration, proliferation, and 
differentiation.[3,4] The ECM is comprised of various compo-
nents such as collagen, fibrin, proteoglycans, and other adhe-
sive proteins, such as laminin and fibronectin.[1] It not only 
provides structural support as a passive scaffold substrate, but 
also dynamically interacts with the surrounding cells through 
receptor-mediated signalling, sequestration of growth factors, 
spatial cues, and transduction of mechanical forces.[5] Thus, 
conventional cell culture in an unnatural 2D environment 
using a tissue culture plate fails to provide control over cellular 
processes.[6]

Currently, Matrigel, a reconstituted basement membrane 
derived from mouse sarcoma, is the most widely accepted bio-
material as an ex vivo  ECM mimic.[6,7] However, its animal 
origin poses potential problems such as immunogenicity, 
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high batch to batch variability, and high 
manufacturing cost.[8] Synthetic cell micro
environments are therefore more desirable 
due to greater control over the physical, 
chemical, and mechanical properties of 
the material as well as greater scalability. 
In this regard, a major challenge is to pro-
duce a synthetic biomaterial that either 
mimics the structure and properties of the 
ECM, or creates an artificial niche capable 
of controlling cell behavior in unnatural 
ways.[9] The successful cell scaffold for 
tissue engineering should therefore pos-
sess certain properties for controlling 
cell behavior, including biocompatibility, 
appropriate biodegradability, water reten-
tion capacity, porosity to allow for cells to 
grow, and the ability to promote cell prolif-
eration and normal cellular ECM production.[1] In addition, syn-
thesis of the scaffold biomaterial must be facile, scalable, repro-
ducible, and cost-effective for successful commercialization.

Hydrogels, 3D polymeric networks capable of holding large 
amounts of water, have been widely studied as cell scaffolds.[10] 
They have been the material of choice for tissue engineering 
applications due to their biocompatibility, innate structural 
similarity to the ECM, and the ability to provide suitable chem-
ical environments.[9,11] More specifically, the use of injectable 
hydrogel formulations in designing cell and tissue engineering 
therapies have garnered interest as they can improve patient 
comfort and reduce cost.[10] In situ gelling systems for inject-
able therapies can be made via various methods, including 
UV-polymerization and self-assembly. Self-assembling systems, 
characterized by the spontaneous organization of molecules 
into larger structured arrangements, are particularly attractive 
because of the ability to engineer materials at the molecular 
level.[12,13] This allows the final structural features of mate-
rials at the nanoscale to be tuned by molecular chemistry and 
assembling environment (such as pH, ionic environment, and 
temperature).[14] Recently, a class of self-assembling hydrogels 
built from peptides have emerged as promising candidates in 
biological applications.[13–19] Here, we will focus on this class of 
materials as cell scaffolds.

Peptides are attractive as molecular building blocks as they 
are inherently biocompatible and biodegradable, can be readily 
synthesized by standard peptide synthesis protocols, and their 
structural folding and stability have already been extensively 
investigated.[12–14,16,18–20] Their assembly is highly specific and 
is regulated by intermolecular interactions governed by non-
covalent bonds, including electrostatic, hydrophobic, van der 
Waals, and hydrogen bonds, as well as aromatic π-stacking.[18] 
Furthermore, the information for self-assembly is encoded in 
the amino acid sequence, providing the ability to tune and form 
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a diverse range of structural features at the nanoscale level.[12] 
For example, peptides have been used to design diverse archi-
tectures such as vesicles, micelles, monolayers, bilayers, fibers, 
ribbons, and tapes.[21] By varying the amino acid sequence, the 
structural and functional characteristics of the peptide can be 
modulated, giving rise to “smart biomaterials” that respond to 
physicochemical triggers such as concentration, pH, light, ionic 
strength, solvent, and temperature.[18,21,22] These characteristics 
render self-assembling peptides as suitable building blocks for 
formulating bioactive hydrogels that can mimic the structure 
and function of the native ECM. In this article, we will describe 
some of the most recently reported technologies and methods 
for tailoring biologically active self-assembling scaffolds for 
improved control of desired cell behavior.

2. Types of Self-Assembling Peptide Cell Scaffolds

2.1. β-Sheet Forming Peptide Hydrogels

The self-assembling peptide EAK16-II, which has a repetitive 
sequence motif of 16 amino acids (AEAEAKAKAEAEAKAK), 
was first discovered in baker’s yeast by Zhang and co-workers 
while studying the left-handed Z-DNA binding protein 
Zuotin.[17] They found that the protein adopted a β-sheet con-
figuration by nature of self-complementary ionic interactions 
and resulted in ordered nanofibers.[23] Since then, similar pep-
tides were subsequently designed to form 3D nanofibrous scaf-
folds capable of supporting cell growth. One classic example 
is RAD16-II (Ac-RARADADARARADADA-CONH2), which 
consists of alternating hydrophilic and hydrophobic amino 
Figure 1.  Self-assembling peptide RAD16-I nanofiber scaffold hydrogel. Left) Amino acid 
sequence of RAD16-I and molecular model of a single RAD16-I nanofiber (dimensions are 
≈6 nm long, 1.3 nm wide, and 0.8 nm thick); tens and hundred thousands of individual peptides 
self-assemble into a nanofiber. Right) SEM image of RAD16-I nanofiber scaffold. Scale bar is 
0.5 μm or 500 nm. . Reproduced with permission.[19] Copyright 2009, Elsevier.
acids.[24] Similar to EAK16-II, RAD16-II is 
highly soluble in water and forms a stable 
β-sheet structure. In addition, through self-
complementary ionic interactions, backbone 
hydrogen bonding, and hydrophobic inter-
actions between the alanine methyl groups, 
the resulting β-sheets can self-assemble into 
higher macromolecular structures to form 
hydrogels with greater than 99% water con-
tent. RAD16-II and EAK16-II were both 
found to be capable of supporting the attach-
ment and growth of a variety of mammalian 
cells, including fibroblasts and keratinocytes. 
Interestingly, RGD-binding integrins were 
not required for cell attachment, and the cells 
cultured on these peptide hydrogels remained 
rounded in contrast to cells cultured on con-
ventional tissue culture plates, which spread 
when attached.[24]

Peptides RAD16-I (Ac-RADARADARA-
DARADA-CONH2) and RAD16-II were 
also evaluated as substrates for neurite out-
growth and synapse formation.[25] RAD16-I 
(now commercially available as PuraMatrix), 
such as RAD16-II, consists of individual 
interwoven fibers that are approximately 
10–20 nm in diameter (Figure 1). Neurons 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 456–468
grown on the scaffold projected extensive neurite outgrowth 
that followed the contours of the scaffold and were capable 
of forming active synaptic connections with other neurons at 
levels similar to those of cells cultured on Matrigel. It was also 
demonstrated that the peptide scaffolds did not elicit toxicity 
in rats 5 weeks after implantation. Since these promising ini-
tial studies, RAD-16 based scaffolds have been utilized for the 
457wileyonlinelibrary.combH & Co. KGaA, Weinheim



FE
A
TU

R
E 

A
R
TI

C
LE

www.afm-journal.de
www.MaterialsViews.com

458
support of a wide range of biological applications, including 
osteoblast proliferation and differentiation,[26,27] axon regenera-
tion,[28] and keratinocyte differentiation.[29] In addition to appli-
cations in tissue regeneration, RAD16-I was recently investi-
gated as a 3D model for ovarian cancer cells, and was found to 
promote 3D cell adhesion and migration.[30] It was found that 
ovarian cancer cells on the matrix exhibited a higher resistance 
to anticancer drugs compared to cells grown on a 2D culture 
plate, allowing for improved anticancer drug screening and in 
vitro investigation of tumor biology.

KLD12 (Ac-KLDLKLDLKLDL-CONH2) is another self-assem-
bling peptide that was designed for the 3D culture of cells.[31] 
Chondrocytes encapsulated in the KLD12 hydrogel maintained 
their morphology and developed an ECM rich in proteoglycans 
and type II collagen over a period of 4 weeks, indicative of a 
stable chondrocyte phenotype. Furthermore, the biocompat-
ibility of KLD12 with rabbit mesenchymal stem cells[32] and 
nucleus pulposus cells[33] were also later established, thus 
demonstrating its potential application in tissue engineering 
Figure 2.  A) Schematic representation of the formation of single fibers by stacking of peptide 
monomers using Ac-LIVAGD (Ac-LD6) as a model system. B) Schematic formation of 3D scaf-
folds or meshes in the form of hydrogels by entangling of individual fibers. C,D) Morphological 
characterization of the peptide hydrogel scaffolds by field-emission scanning electron micro-
scopy (FESEM). C) Condensed fibers of Ac-LD6 (L) at a concentration of 15 mg mL−1 and D) 
single fibers of Ac-LD6 (L) at a concentration of 20 mg mL−1. Reproduced with permission.[48] 
Copyright 2011, Elsevier.
intervertebral discs.
Aggeli and colleagues have also designed 

another class of β-sheet peptide hydrogels 
capable of supporting 3D cell culture. They 
initially showed that Lysβ-21, whose struc-
ture corresponds to residues 41–61 of hen 
egg white lysozyme, formed hydrogels via 
triple stranded β-sheets in the β-domain of 
the protein.[34] They furthered designed a 
class of peptides including the peptide P11-4 
(QQRFEWEFEQQ), in which self-assembly 
is controlled by pH.[35] These peptides can be 
injected in their monomeric form and trig-
gered to self-assemble in situ by physiolog-
ical conditions, allowing them to assemble 
in irregular cavities for the treatment of 
bone defects, dental hypersensitivity, and 
dental decay.[36] When evaluated for its poten-
tial in the treatment of dental caries, it was 
observed that the peptide was able to induce 
nucleation of hydroxyapaptite de novo and, 
therefore, is a promising candidate for dental 
tissue engineering.[37]

2.2. β-Hairpin Forming Peptide Hydrogels

Injectable β-hairpin hydrogel scaffolds 
based on peptides MAX1 (VKVKVKVK–
VDPPT-KVKVKVKV-CONH2) and MAX8 
(VKVKVKVK–VDPPT-KVEVKVKV-CONH2) 
have been designed by Pochan, Schneider, 
and co-workers.[38,39] MAX1 was shown in 
early studies to be non-hemolytic toward 
human red blood cells and capable of sup-
porting the cellular attachment of NIH3T3 
cells.[39] While MAX1 is not optimal for cell 
encapsulation due to slow gelation kinetics, 
MAX8 can encapsulate cells with homoge-
nous distribution.[40] In addition, both MAX1 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
and MAX8 did not elicit macrophage response in vitro.[39] An 
attractive feature of these peptide hydrogels is the ability of the 
solid gel to shear-thin and consequently flow upon application 
of shear stress.[40] The solid form and rigidity of the gel can 
then be recovered upon removal of the external stress. Thus, 
unlike P11-4, these peptides allow for injection as preformed 
solids. Recently, Yan and co-workers showed that encapsulated 
MG63 cells remained evenly distributed and viable within the 
hydrogel during the shear-thin delivery by syringe injection, 
demonstrating the possibility of using this type of hydrogel as 
an injectable cell scaffold.[38]

2.3. α-Helical Peptide Hydrogels

Woolfson and co-workers rationally designed peptides that 
formed self-assembling fibers (SAFs) based on α-helical 
coiled-coils.[41–43] The SAFs are composed of two complemen-
tary 28-residue peptides containing a heptad sequence repeat, 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 456–468
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Figure 3.  Biocompatibility of peptide-derived hydrogels. Viability of human mesenchymal stem 
cells (hMSCs), porcine nucleus pulposus (pNP) cells, and rabbit retinal pigment epithelial 
(rRPE) cells after 30 h of exposure to hydrogels derived with different Ac-LD6 (L) concentra-
tions. Live cells were stained green and dead cells were stained red. Scale bar = 25 μm. Repro-
duced with permission.[48] Copyright 2011, Elsevier.
abcdefg, in which the a and d positions are 
occupied by isoleucine and leucine, respec-
tively. An advantage of the two component 
system is the ability to control gelation 
through the triggering of fiber formation by 
mixing both components. However, these 
fibers are highly ordered and precipitated 
out of solution. To form hydrogelating SAF 
(hSAF) peptides with over 99% water con-
tent, the b, c, and f sites, which are exposed 
on the surfaces of the coiled-coil assemblies, 
were replaced with alanine to promote weak 
hydrophobic interactions between fibrils and 
glutamine to promote hydrogen bonding.[44] 
To enable the culture of cells, the f position 
was replaced with tryptophan to stabilize 
the gel in cell culture media at 37 °C. The 
resulting hydrogel was found to support bone 
growth and differentiation of rat adrenal phe-
ochromocytoma cells for sustained culture 
periods. However, the economic and large-
scale production of long peptides for wide-
spread use still remains a challenge.

2.4. Ultrashort Aromatic Peptide Hydrogels
Short peptide derivatives have also been shown to self-assemble 
into β-sheets to form hydrogels that are capable of encapsulating 
and supporting cell growth.[45,46] Zhou and co-workers used 
Fmoc-diphenylalanine (Fmoc-FF) and Fmoc-RGD as building 
blocks to form a highly hydrated, stiff (elastic modulus between 
4-10 kPa), and nanofibrous hydrogel interlocked by π–π stacking 
interactions of the Fmoc groups.[45] The Fmoc-FF/RGD hydro-
gels were able to promote adhesion of encapsulated dermal 
fibroblasts through RGD-integrin binding, as replacement of 
RGD with RGE resulted in rounded cells and poor cell attach-
ment. Recently, Williams and co-workers used Fmoc-trileucine 
(Fmoc-L3) as building blocks to form clear hydrogels comprised  
of πβ nanofibrils around 12 nm in diameter and several micro
meters long.[46] These hydrogels were able to undergo a shear 
induced gel–sol–gel transition to allow for microinjection. When 
injected in vivo into zebrafish, it was observed that the hydrogel 
was confined spatially at the site of injection, demonstrating its 
stability and potential to treat a targeted diseased area.

2.5. Ultrashort Aliphatic Peptide Hydrogels

Recently, Hauser and co-workers have reported a new class 
of ultrashort peptides that self-assemble into helical fibers 
in supramolecular structures.[47] The characteristic sequence 
motif of the novel peptide class consists of aliphatic amino 
acids of decreasing hydrophobicity capped with a hydrophilic 
head group, such as Ac-LIVAGD (Figure 2a). Surprisingly, 
these ultrasmall peptides undergo secondary conformational 
transitions from random coil to α-helical to cross-β structures. 
The peptide pairs subsequently assemble into fibers and con-
dense into fibrils to form a hydrogel (Figure 2b). The resulting 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 456–468
3D hydrogel scaffold is able to entrap up to 99.9% water and 
resemble collagen fibers in the ECM (Figure 2c).[47,48] They were 
also found to be heat-resistant up to 90 °C and have high and 
tunable mechanical strength, with the storage modulus ranging 
between 103 to 105 Pa. To date, a variety of mammalian primary 
cells have been successfully cultured on these peptide hydro-
gels (Figure 3).[48] Due to the tunability as well as the facile and 
decreased cost of synthesis resulting from using ultrashort pep-
tides, this class of peptide hydrogels can serve as attractive bio-
materials for applications ranging from injectable biomedical 
therapies to tissue-engineered scaffolds.

2.6. Hybrid Peptide Amphiphiles with Hydrophobic Alkyl Chains

Stupp and co-workers have also created a class of self-assembling 
peptide amphiphiles in which long alkyl tails attached at the NH2 
or COOH termini of peptides are utilized to impart a hydro-
phobic region to the molecules.[49] These peptide amphiphiles 
assemble in water into cylindrical micelles and result in 
nanofibers in which the alkyl tails pack in the center and the 
active peptide region is displayed on the surface. They fur-
ther demonstrated the potential in bone tissue engineering by 
showing the ability of these peptide amphiphiles to direct min-
eralization of hydroxyapaptite along the long axis of the fibers. 
Peptide amphiphiles containing long alkyl tails have also been 
evaluated for the ability to support the culture of mesenchymal 
stem cells (MSC). It was found that the resulting nanofibrous 
structure was able to enhance the attachment and proliferation 
of MSCs both on the surface and inside the peptide hydrogel. 
In addition, differentiation into osteoblasts was demonstrated, 
indicating that it provides a suitable support for MSC culture.[50]
459wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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Figure 4.  A,B) SEM evidence of alignment of nanofiber bundles. Aligned nanofiber bundles in 
macroscopic strings formed by dragging thermally treated amphiphile solutions onto a CaCl2 
solution. C) SEM images at different magnifications of a single cell in a string. The inset is the 
zoom-out view; the arrow indicates the alignment direction. D) Preferential alignment of encap-
sulated hMSCs along the axis of aligned filaments. Reproduced with permission.[51] Copyright 
2010, Nature Publishing Group.
More recently, aligned monodomain gels for 3D cell culture 
have been described using this type of hybrid peptide amphiphile 
(Figure 4).[51] The hydrophilic peptide VVVAAAEEE(COOH) was 
0 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei

Figure 5.  A) Schematic illustration of the cell-encapsulating self-assembling peptide microgel f
The discontinuous (aqueous) phase of the mixed solution of peptides and cells is focused and
collected in the microtube. Powdered salts as a cross-linking agent dispersed into the continuo
droplets. B) Mechanism of external gelation of the peptide droplets using the powdered salts. C) 
microgels under bright field. D) Cell viability in the cell-encapsulating peptide microgels with liv
bars = 50 μm. Reproduced with permission.[56] Copyright 2009, ACS Publications.
linked to a C16 alkyl tail at the N-terminus, 
and its self-assembly into gels containing 
nanofibers is triggered by ions that screen 
the charged amino acid residues. Heating 
solutions of randomly entangled, isotropic, 
unscreened molecules aligns the system into 
long filaments of bundled nanofibers. This 
unique property was exploited to direct the 
orientation of MSCs in 3D environments by 
dispersing the cells in heated and cooled pep-
tide amphiphile solutions followed by manu-
ally dragging the solutions onto salty media 
to form strings with encapsulated cells. 
Stupp and co-workers are now applying this 
technology to develop aligned scaffolds to 
direct cell migration, growth, and spatial cell 
interconnections for brain, heart, and spinal 
cord tissue engineering.[51]

3. Fabrication of Peptide Microgels

For tissue engineering therapies to be 
effective clinically and treat the targeted 
disease, large numbers of cells are often 
required.[52] Using conventional tissue 
culture method, scale-up is costly and dif-
ficult due to the limitation of available 
surface area per volume.[53] Microcarriers 
such as microgels to culture adherent cells in suspension 
using a bioreactor offer a better alternative for scale-up.[54] 
In addition, microgels that are able to encapsulate cells offer 
nheim Adv. Funct. Mater. 2012, 22, 456–468
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Figure 6.  A) Schematic for microgel fabrication: A solution of Q11 peptides was added to USP 
mineral oil and emulsified (1). After formation of a water-in-oil emulsion, a small volume of 
PBS was added, gelling the peptide in the aqueous phase (2). Microgels were then extracted 
in excess PBS and collected by centrifugation (3). B,C) The viability of NIH 3T3 cells encapsu-
lated in 30 mm Q11 microgels after B) 1 day and C) 3 days of encapsulation as quantified with 
calcein/ethidium homodimer staining. Scale bar = 100 μm. Reproduced with permission.[57] 
Copyright 2011, The Royal Society of Chemistry.
added advantages such as the ability to engineer tissues with 
multiple chemical environments.[55] Microgels fabricated 
from self-assembling peptides have been constructed using 
various methods, including microfluidics,[55,56] microemul-
sion,[57] and electrospray.[58]

Tsuda and colleagues fabricated monodisperse cell-encapsu-
lating microgel beads composed of RAD16-I using a microflu-
idic device.[56] An axisymmetric flow-focusing device (AFFD) was 
designed such that a channel containing the mixture of cell sus-
pension with the peptide can be introduced into another channel 
containing an oil mixture (Figure 5a). Gelation was induced by 
the introduction of finely powdered salts and the diameter of the 
microgels was controlled by flow rate. After 3 days in culture, it 
was observed that the encapsulated fibroblast cells migrated and 
formed cell–cell contacts within the gel, indicating the gels are 
able to facilitate diffusion of nutrients and support cell prolif-
eration (Figure 5b,c). Furthermore, this system is compatible for 
culture of cells on the outer surface of the gel.

The β-sheet fibrillizing peptide Q11 (Ac-QQKFQFQFEQQ-
Am) has also been used for forming cell encapsulating 
microgels by ionic strength changes in combination with 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 456–468
emulsion processing (Figure 6a) by Tian 
and co-workers.[57] Solutions of the peptide 
were added to oil, and by adding phosphate 
buffered saline (PBS), the aqueous pep-
tide could be gelled. The resulting peptide 
hydrogels could subsequently be collected 
by rinsing with excess PBS. Although the 
size of the microgels could be tuned by 
varying the blade speed of the homog-
enizer, it cannot be as precisely tuned as 
by microfluidic methods. However, the 
simplicity of fabrication using this method 
facilitates ease of scale up. This process was 
also found to be suitable for cell encapsula-
tion, with about 80% cell viability immedi-
ately after processing and the maintenance 
of this viability for at least 3 days in culture 
(Figure 6b). In addition, significant growth 
was observed for encapsulated 3T3 cells, 
suggesting the microgels provided a suit-
able microenvironment for their culture.

The class of peptide amphiphiles devel-
oped by the Stupp laboratory has also been 
demonstrated to from microcapsules.[58] 
They built a spray-based device that ena-
bles production of microliter droplets of 
biopolymer solution such as alginate. The 
microdroplets were then directly ejected to 
the peptide amphiphile aqueous solution and 
self-assembly occurred on the millisecond 
timescale. Gelation occurred by introduction 
of Ca2+ ions during or after microcapsule 
formation. This platform was modified to 
encapsulate and release proteins and macro-
molcules by incorporating molecules such as 
bovine serum albumin (BSA) into the spray 
solution. Successful encapsulation of dex-
trans and BSA was observed and release of 
the molecules occurred over a period of 24 h. As these micro-
capsules have a high surface area due to its fibrous surface and 
allow for the delivery of various proteins and macromolecules, 
they have potential for cell-mimetic functions.

4. Biofunctionalization of Peptide Hydrogels

4.1. Incorporation of Bioactive Ligands

The nanoscale presentation of biologically relevant molecular 
signals, such as bioactive peptide ligands, can be used to direct 
cell behavior.[59] In particular, recent findings have demonstrated 
that the microenvironment directly influences cell lineage speci-
fication. Therefore, bioactive molecules that are able to promote 
cell adhesion, migration, proliferation, or differentiation have 
been incorporated into self-assembling peptide hydrogels to 
create niche environments tailored for specific cell types.

For example, biologically active motifs have been incor-
porated into peptide amphiphiles by Silva and co-workers for 
461wileyonlinelibrary.comheim



FE
A
TU

R
E 

A
R
TI

C
LE

www.afm-journal.de
www.MaterialsViews.com

462

Figure 7.  A) Molecular models of RAD16-I, RAD16-bone marrow homing peptide 1 (BMHP1), 
RAD16-bone marrow homing peptide 2 (BMHP2). The BMHP1 and BMHP2 motifs were directly 
extended from RAD16-I with two glycine spacers and are composed of a lysine (blue), serine 
and threonine (green), and different hydrophobic (white) residues. B,C) Cluster of mouse adult 
neural stem cells fully embedded in the self-assembling peptide nanofiber scaffold. The scales 
of the peptide nanofibers are on a similar scale as the native ECM that is made and secreted by 
cells. These images show that fiber dimensions between the peptide scaffold matrix and ECM 
are indistinguishable. This illustrates the importance of nanoscale, rather than microscale, of 
most other biopolymeric materials. Such 3D cell clusters are nearly impossible to form in the 
2D culture systems or microfiber biomaterials. These biologically functionalized scaffolds fully 
promote cell-matrix interactions. Reproduced from ref. [63].
designing improved cell-interactive scaffolds.[60] In early studies, 
IKVAV (an active sequence of laminin) was incorporated to the 
previously described peptide amphiphiles to promote neurite 
sprouting and direct neurite growth of neural progenitor cells 
(NPCs). The resulting nanofibers formed from the peptide 
amphiphiles presented the incorporated epitopes in 3D to the 
entrapped cells. Using the IKVAV-peptide amphiphile scaffold, 
rapid differentiation of NPCs was induced while the develop-
ment of astrocytes was inhibited, allowing selective differentia-
tion. Since then, various other bioactive motifs have also been 
incorporated to enhance potential in regenerative medicine, 
including a transforming growth factor (TGF)  binding domain 
for articular cartilage regeneration.[61] In vitro, it was shown that 
the matrix was able to support human MSC viability and chon-
drogenic differentiation and can retain TGFβ-1 within the gels. 
Furthermore, it was shown that the healing of chondral defects 
can be accelerated with this system in vivo. More recently, pep-
tide amphiphiles with biomimetic elements to induce hydroxya-
patite nucleation was used to promote bone regeneration in a 
rat femoral critical-size defect.[62]

Bioactive sequences from various types of ECM proteins such 
as collagen, laminin, and fibronectin as well as osteopontin, 
osteogenic, and bone marrow homing peptides have also been 
appended to RAD16-I and evaluated for their effect on mouse 
adult neural stem cells.[63] It was found that two of the scaffolds 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
functionalized with a bone marrow homing 
peptide enhanced cell survival and promoted 
differentiation towards neuronal and glial cells 
without the addition of soluble growth factors 
and neurotrophic factors (Figure 7). Variations 
of bone marrow homing peptide 1 (BMHP1) 
appended to RAD16-I were later systemati-
cally studied for their effect on self-assembly 
and biomechanical properties.[64] It was dis-
covered that a majority of the peptides demon-
strated self-healing capability, allowing them to 
recover their stiffness after rupture. In addition 
to promoting neural stem cell proliferation 
and differentiation in vitro, the peptide hydro-
gels showed good short-term in vivo biocom-
patibility when injected into the spinal cord of 
rats[64] and were later shown to amerliorate the 
locomotor recovery of rats.[40] Following these 
studies, IKVAV was also appended to RAD16-
I to improve rat neural stem cell proliferation 
and migration into the nanofiber matrix.[65] 
Furthermore, RAD16-I hydrogels have also 
been functionalized with bioactive ligands to 
enhance the proliferation, differentiation, and 
3D migration of osteoblasts and human peri-
odontal ligament fibroblasts.[26,66]

4.2. Delivery of Proteins and Hormones

4.2.1. Cardiac Tissue Engineering

As mentioned previously, soluble molecules 
such as growth factors are an important 
component in the cellular microenvironment, and thus the 
ability to achieve controlled release of soluble factors can aid in 
obtaining the desired cell behavior.[2,67] This strategy has been 
applied in improving the function of self-assembling hydrogels 
as cell scaffolds, including for applications in cardiac tissue 
engineering.[68–70] Cardiac repair through injection of cells has 
been hampered by poor cell engraftment, survival, and differ-
entiation.[71] To address this issue, insulin-like growth factor  
1 (IGF-1) was biotinylated and bound to biotinylated RAD16-II 
through streptavidin, as IGF-1 has been shown to be a potent 
cardiomyocyte growth and survival factor.[68] It was found that 
biotinylation of IGF-1 did not affect its bioactivity and that teth-
ered IGF-1 peptides promoted cardiomyocyte proliferation in 
vitro. When studied in vivo, more prolonged delivery of IGF-1 
was achieved from tethered IGF-1 peptides than from free 
IGF-1 or non-biotinylated peptides embedded with IGF-1. It was 
conjectured that cells were able to secrete proteases to degrade 
the gel and release tethered IGF-1 in a sustained manner. In 
addition, implanted cells delivered with tethered IGF-1 peptides 
improved the therapeutic outcome compared to implanted cells 
alone

In more recent work, dual delivery of of growth factors 
including basic fibroblast growth factor (FGF2), vascular 
endothelial growth factor (VEGF), and platelet derived growth 
factor (PDGF) was demonstrated to improve the function of 
heim Adv. Funct. Mater. 2012, 22, 456–468
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Figure 8.  A) Molecular structure of HBPA. B) Schematic representation of heparin–nucleated 
HBPA nanofibers interacting with GF and receptors. The HBPA nanofibers (blue) are shown 
with adsorbed heparin chains on them (red). Heparin is known to bind and activate VEGF 
(purple), FGF-2 (yellow), and FGF receptor (green). Reproduced with permission.[73] Copyright 
2008, Elsevier. Cumulative release of C) FGF-2 and D) VEGF from membranes self-assembled 
from 2 wt% HBPA and 1 wt% HA with varying concentrations of heparin. Statistical significance 
is only shown for 0.5 wt% heparin against all other groups (*P < 0.05, **P < 0.01, ***P < 0.001). 
Reproduced with permission.[70] Copyright 2011, Elsevier.
the peptide matrix. In one report by the Stupp laboratory, FGF2 
and VEGF were bound to heparin binding peptide amphiphile 
(HBPA) nanofibers to promote angiogenesis (Figure 8)[70,72,73] 
The HBPA nanofiber gels were demonstrated to persist in vivo 
for up to 30 days and exhibited excellent biocompatibility.[74] 
After incorporation of FGF2 and VEGF, the HBPA nanofiber 
provided sustained release of the growth factors for 14 days in 
media. When evaluated for their angiogenic efficiency in vivo, 
HBPA nanofibers loaded with the growth factors stimulated a 
more rapid angiogenesis than HBPA nanofibers without the 
growth factors. Similarly, the delivery of PDGF and FGF-2 
using RAD16-II peptides improved cardiac function, led to 
stable vessel formation, and reduced infarct size compared to 
peptide scaffold controls without the growth factors.[69]

4.2.2. Cartilage and Other Tissue Engineering

For cartilage tissue engineering applications, self-assembling 
peptide (KLDL)3 was modified by Kopesky and co-workers 
to deliver transforming growth factor β-1 (TGF-β1), which 
has been used to promote chondrogenesis of bone marrow 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheAdv. Funct. Mater. 2012, 22, 456–468
derived stromal cells(BMSCs) in vitro.[75] 
BMSC-seeded peptide hydrogels contained 
either tethered TFG-β1 (Teth-TGF) or physi-
cally adsorbed TFG-β1 (Ads-TGF). Interest-
ingly, Ads-TGF stimulated chondrogensis 
of BMSCs and production of full-length 
aggrecan whereas Teth-TGF did not. Potential 
explanations include Teth-TGF ligand entrap-
ment preventing interaction between the 
ligand and cell surface receptors. The delivery  
duration of growth factorsfor chondrogenesis 
promotion will need to be further evaluated.

In another example, delivery of Sonic 
hedgehog (SHH) using aligned peptide 
amphiphile nanofibers was used to improve 
the regeneration of the cavernous nerve, 
which provides innervation to the penis.[76] 
Aligned monodomain peptide gels were used 
to provide directional guidance to regen-
erating axons as well as to deliver proteins 
directionally for sustained periods. Using 
this strategy, the peptide gels were able to 
deliver SHH in a manner that did not elicit 
an immune response. Furthermore, delivery 
of SHH via peptide gels promoted cavernous 
nerve regeneration and suppressed penile 
apoptosis. This methodology may be applied 
to the regeneration of other peripheral 
nerves in which SHH is required for func-
tion. Therefore, incorporating the ability to 
controllably deliver biologically relevant mol-
ecules may improve and broaden the applica-
tions of self-assembling peptide hydrogels.

4.3. Incorporation of Cleavable Sequences  
for Controlled Degradation
The ability to allow for matrix remodeling is an important 
feature in the control and guidance of cell behavior for tissue 
regeneration. Matrices encapsulating cells should allow for 
cell-mediated degradation such that cells are able to create 
pathways to spread, proliferate, migrate, and remodel into 
interconnected tissues for optimal material properties.[77] As 
such, there has been interest on controlling the degradation of 
self-assembling peptide hydrogels and rendering them suscep-
tible to degradation by ECM proteases for continuous matrix 
remodeling. For example, a matrix metalloproteinase (MMP)-
labile sequence (PVGLIG) was inserted in between RADA 
units with varying lengths.[78] It was found that inserting 
PVGLIG directly inhibited assembly and resulted in a non-
gellable peptide due to disruption of β-sheet assembly. Thus, 
there must be sufficient RADA units to overcome the effect of 
inserting PVGLIG, which was hypothesized to form a random 
coil region (Figure 9). Optimal self-assembling and mechan-
ical properties was observed when three repeats of RADA 
flanked the MMP-labile sequence. After exposure to MMP-2 
for 24 h, enzymatic cleavage occurred for gels containing 
PVGLIG while control peptide gels without PVGLIG showed 
463wileyonlinelibrary.comim
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Figure 9.  Atomic force microscopy (AFM) images of the peptides A) (RADA)3PVGLIG(RADA)3, B) (RADA)4, and C) (RADA)2PVGLIG(RADA)2. The first 
two peptides self-assemble into nanofibers in water while the last one is incapable of fiber formation. A 1 μm × 1 μm field is shown for each peptide. The 
gradient scale bars next to each frame spans a Z (height) range from 0 to 5.0 nm (A and B) and 0 to 8 nm (C). D) Proposed β-sheet assembling model for 
[3,3] peptide, where peptide chains align in antiparallel directions with a random coil region of PVGLIF (blue) between RADA assemblies via energetically 
favorable interactions (arrows). A single sheet with four β-strands is shown for clarity. Reproduced with permission.[78] Copyright 2011, Elsevier.
an insignificant amount of cleavage. Additionally, digestion 
was localized to the surface of the gel, mimicking proteolysis, 
and ECM remodeling in vivo. More recently, PVGLIG was also 
incorporated into shorter self-assembling peptides to accel-
erate fibroblast migration.[79]

Another class of self-assembling multidomain peptides, 
designed by Galler and co-workers, has recently been modi-
fied to incorporate the MMP-2 specific cleavage site LRG.[80] 
This class of peptides contains a modular ABA block motif 
such as K2 (SL)6K2, in which the amphiphilic B block drives 
self-assembly and the electrostatically charged A blocks con-
trol the self-assembly conditions. The incorporation of a 
MMP-2 cleavage site in the central block motif allowed for 
proteolytic degradation of the hydrogel in the presence of 
collagenase IV and promoted increased cell spreading and 
migration into the hydrogel matrix compared to control. In 
addition, these peptides are able to undergo shear thinning 
and recovery of nearly 100% of their elastic modulus upon 
removal of the shear force and thus can be used as an inject-
able system.[81]

A MMP-2 cleavable site composed of GTAGLIGQ has 
also been incorporated into peptide amphiphiles to closer 
mimic the ECM.[77,82] This peptide self-assembles upon addi-
tion of divalent cations, which shield the repulsive negative 
charges present. When incubated in type IV collagenase, the 
gels lost 50% of their weight within 1 week and were com-
pletely degraded after 1 month. TEM imaging revealed that 
the nanofibers (7–8 nm diameter and several micrometers in 
length) initially present turned into fibrillar aggregates or mul-
tistranded ribbons, indicating the enzyme cleavable sites result 
in defects in fiber packing. Pulp cells encapsulated in peptide 
464 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
hydrogels with the MMP-2 cleavable site were able to spread 
and elongate on the fiber network, whereas cellsremained 
rounded in control gels. This suggests that cells were able to 
secrete enzymes to create a pathway and remodel the network 
within the hydrogel.

Additionally, controlled degradation of self-assembling 
β-hairpin peptide hydrogels specific to MMP-13 was recently 
reported.[83] Giano and co-workers designed a new group of 
degrading peptides, which are composed of 20 amino acid 
residues that incorporate MMP-13 specific cleavage sites with 
varying MMP-13 susceptibility. This class of peptides can be 
triggered to self-assemble by increasing ionic strength to screen 
positive charges present on the lysine side chains. PTG-XKV, 
where X is variable, was appended to the C-terminus of the pep-
tide to impart MMP-13 susceptibility. Over a period of 14 days, 
degradation of the gels was found to be specific to MMP-13, 
with minimal cleavage by MMP-3. In addition, migration 
assays with SW1353 cells induced to express MMP-13 revealed 
that the cell migration rate corresponded with the rate of gel 
degradation. Thus these gels show potential as an ECM mimic 
to allow for matrix remodeling during the repair of damaged 
tissues with elevated levels of MMP-13.

5. Hybrid Systems

Self-assembling peptides have also been utilized to improve 
the biological properties of otherwise weakly bioactive scaf-
folds.[84–87] Ti-6Al-4V for example, is a promising metallic scaf-
fold candidate for orthopedic implants, as it can be foamed 
to achieve a porosity of approximately 50%.[84,88] The foaming 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 456–468
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Figure 10.  A) Proposed model of hybrid hydrogel formation from self-assembled poly(HPMA)-g-
β-sheet complementary copolymers. SEM images of B) Beta11A:Beta11B, and C) poly(HPMA)-
g-Beta11A,RGD:poly(HPMA)-g-Beta11B,RGD lyophilized hydrogels before mineralization. SEM 
images of HA crystals deposited on the surface of poly(HPMA)-g-Beta11A,RGD:poly(HPMA)-
g-Beta11B,RGD (D,E). EDS spectra corresponding to minerals F) inside and G) on the edge 
of the pores. Ca/P = 1.67 in HA or carbonated HA. Reproduced with permission.[86] Copyright 
2011, Elsevier.
results in a reduction of the Young’s modulus to obtain a greater 
similarity to bone in stiffness as well as to allow for possible 
cell ingrowth. However, Ti-6Al-4V foams do not have the ability 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 456–468
to directly guide cell behavior and promote 
bone formation. To overcome this limitation, 
Sargeant and colleagues filled the Ti-Al-4V 
foam with a peptide amphiphile nanofiber 
matrix that self-assembles in situ within 
the foam.[84] This strategy allowed for the 
encapsulation of pre-osteoblastic cells within 
the matrix. In addition, the incorporation 
of a phosphoserine residue in the peptide 
amphiphile induced nucleation of calcium 
phosphate, which enhances osteoconductive 
properties. When tested in vivo using a rat 
femoral model, new and highly mineralized 
bone with the same structure as cortical bone 
was observed adjacent to as well as inside the 
implant, indicating osteoconduction.

Tissue engineering of bone using a hybrid 
scaffold composed of self-assembling pep-
tides and poly(2-hydroxyethyl methacrylate) 
(poly(HEMA)) has also been investigated.[86] 
Poly(HEMA) has been shown to be able to 
support the growth of HA crystals while pep-
tides in β-sheet conformation can nucleate 
the growth of HA. Therefore, complemen-
tary β-sheet peptides Beta11A and Beta11B, 
designed after Aggeli’s model of P11-3 and 
P11-4, were grafted with poly(HPMA).Fibrils 
with hierarchic β-sheet structures were formed 
upon self-assembly and the β-sheet template of 
the hybrid hydrogel was able to promote min-
eralization of HA-like crystals (Figure 10). In 
addition, preosteoblast cells were encapsulated 
inside the hydrogels and remained viable after 
1 week in culture. However, the hydrid scaf-
fold is not strong enough to serve as a bone 
grafting material, but may serve to initially 
control mineralization and cell distribution.

Soft tissue engineering may also benefit 
from hybrid hydrogel scaffolds, as demon-
strated by the self-assembling peptide EFK8 
(Ac–KFEFKFEF–CONH2) used in combina-
tion with poloxamer 507 (PO) as a biomate-
rial.[85] PO is a thermoreversible scaffold that 
can facilitate tissue formation and has prom-
ising drug release characteristics. However, 
a drawback of this material is its non-ionic 
nature, which results in uneven distribution 
and aggregation of cells. On the other hand, 
self-assembling peptide based hydrogels have 
suffered from lower mechanical strength 
compared to other hydrogel systems. By com-
bining EFK8 with PO, the hybrid hydrogel 
resulted in improved mechanical strength 
and bioactivity compared to each individual 
component taken alone. Human adipose 
derived MSCs were able to disburse evenly 
throughout the hybrid gel and maintained cell viability. In addi-
tion, adipogenic differentiation was achieved in vivo when the 
hybrid hydrogel was implanted in nude mice.
465wileyonlinelibrary.comheim
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Electrospinning has recentlybeen applied for developing 
hydrid peptide-polymer systems.[87,89] In one example, a hybrid 
system composed of electrospun polycaprolactone and pep-
tide amphiphiles for vascular tissue engineering was synthe-
sized.[87] Electrospinning was used to deposit nanofibers in a 
rotating mandrel to create a tubular structure and the peptide 
amphiphiles were used to confer bioactivity. Nitric oxide (NO) 
donating residueswere incorporated into the peptide amphiphile 
as NO is an important regulator in the vascular environment. 
This hybrid matrix was found to inhibit smooth muscle cell 
adhesion as well as to promote endothelial cell adhesion, which 
is critical in re-endothelialization and prevention of restenosis. 
In addition, platelet adhesion was also reduced compared to 
collagen scaffolds, which can potentially be exploited to prevent 
thrombosis. These findings indicate that hybrid matrices have 
great potential as biomimetic implants by achieving improved 
properties compared to individual components.

6. Conclusions and Future Outlook

We have highlighted the development of self-assembling pep-
tide hydrogels as cell scaffolds to control cell adhesion, pro-
liferation, migration, and differentiation. With regards to the 
properties of an ideal scaffold, it has already been demonstrated 
that the versatility of self-assembling peptides is spurring their 
advancement to meet these requirements. As discussed, using 
amino acids as building blocks, self-assembling peptides have 
innate biocompatibility and biodegradability.[14] Their in situ 
assembly also allows for easy incorporation of cells during 
formation and their possibility as minimally invasive inject-
able therapies.[90] Since each tissue differs morphologically and 
physiologically, their respective ECM also differs significantly.[1] 
Therefore, the ability to tailor each biomaterial to create the 
appropriate biochemical and mechanical microenvironment for 
aparticular application will offer greater control over the desired 
cellular behavior. In working toward that goal, self-assembling 
peptides have been decorated with various biologically active 
ligands and cleavable sequences, modified to release biologi-
cally active molecules such as growth factors, and formulated 
into microgels for the possibility of creating distinct microenvi-
ronments within the same tissue construct.

Despite these advances, agreater understanding of the 
structural design and self-assembly process is needed to fur-
ther advance their application in regenerative medicine. For 
example, an advantage of β-structure self-assembling peptides 
is the ease in which bioactive motifs and cleavable sequences 
for degradation can be incorporated without disruption, due to 
the strong forces that govern self-assembly. However, modifying 
α-helical based self-assembling peptides without disrupting 
the self-assembly process poses greater difficulties, but non-
covalent functionalization with peptide tags offers a possible 
route to rendering this class of peptide hydrogels bioactive.[91,92] 
It is also still a challenge to be able to design various molecules 
that assemble in a predictive manner to a wide range of desired 
structures, although rational design of supramolecular struc-
tures are steps toward that direction[93,94] In addition, while 
the use of self-assembling peptides have largely been limited 
to soft tissue engineering, the development of hydrid systems 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
may offer an interesting avenue in expanding their applica-
tion. Finally, solid-state synthesis of peptides may be efficient 
for small scale production, but its scale up can be expensive.[95] 
Therefore, to generate a commercially viable product, the cost 
of production needs to be reduced. Using ultrashort peptide 
sequences for self-assembly and synthesizing the peptides 
using recombinant technology may offer possible solutions.

In summary, the full potential of self-assembling peptides 
for cell and tissue engineering has yet to be fully realized, and 
their versatility in creating tailored biologically active structures 
warrants further investigation.
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