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Reviews J. Kopeček and J. Yang

7396 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 7396 – 7417

http://www.angewandte.org


1. Introduction

Self-assembly is omnipresent in nature at both macro- and
microscales; it describes the spontaneous association and
organization of numerous individual units into rational and
well-defined structures without external participation.[1, 2]

Molecular biorecognition is at the center of all biological
processes. It forms the basis for the design of precisely defined
smart systems, including targeted therapeutics, imaging
agents, stimuli-sensitive and self-assembled biomaterials,
and biosensors.

Biorecognition-based self-assembly is an efficient method
for building new supramolecular architectures. It permits the
design of materials programmed at nanometer to micrometer
scales.[3,4] Combination of self-assembly at different length
scales leads to structural hierarchies.[5–7] For example, a colla-
gen fiber results from the hierarchical organization spanning
from the nanoscale to macroscale: three collagen macro-
molecules form one triple helix; multiple triple helices
assemble into filbrils that in turn align to form a mature
collagen fiber.[8]

Hydrogels are the first biomaterials designed for biomed-
ical use.[9] They are materials with a distinct three-dimen-
sional structure that swell but do not dissolve in water. Their
classification may be based on the source (natural and
synthetic hydrogels), on the nature of cross-linking (covalent
or physical hydrogels), on the nature of the network
(homopolymer networks, copolymer networks, interpenetrat-
ing networks, and double networks), and on their fate in the
organism (degradable and non-degradable hydrogels).[10, 11]

Numerous Reviews on various aspects of hydrogel science
are available;[10–25] consequently, this Review focuses on self-
assembled biomaterials/hydrogels from genetically engi-
neered polymers and on hybrid hydrogels composed from at
least two distinct classes of macromolecules, for example,
synthetic and biological macromolecules interconnected
either covalently or noncovalently. To restrict the scope
further, we shall discuss only peptides and proteins as natural
components of hybrid systems.

2. Basic Scientific Principles Governing the Self-
Assembly of Peptides

2.1. Coiled-Coils

The coiled-coil is one of the basic folding patterns of
native proteins. It consists of two or more right-handed a-
helices winding together to form a slightly left-handed super-
helix.[26–29] The primary structure of the coiled-coil motif is
characterized by a sequence of repeating heptads designated
as [a,b,c,d,e,f,g]x, in which a and d are usually hydrophobic
amino acid residues, while the others are polar. Two helices
associate through a hydrophobic interface between a and d,
making b, c, and f face outward. Interhelical electrostatic
interactions between residues e and g contribute to the
stability of the coiled-coil. Depending on their detailed
structure, a-helices may associate as homodimers, hetero-
dimers in parallel or antiparallel alignments, or form higher
order (for example tetramer) aggregates (Figure 1).[30–32]

Hundreds of native proteins, such as muscle proteins,
transcription factors, cytoskeletal proteins, cell and viral
surface proteins, tumor suppressors, molecular motors, and
many disease- and organ-specific auto-antigens have coiled-
coil domains.[33] The coiled-coil domains play important roles
in the specific function of these proteins. A distinctive feature
of coiled-coils is the specific spatial recognition, association,
and dissociation of helices, making it an ideal model for
protein biomaterials in which the higher order structures may
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be predicted based on the primary sequence. Various func-
tional groups may be exactly positioned into the coiled-coil
structure, allowing specific intermolecular interactions to
occur.

The typical a-helix is right-handed, and 3.6 amino acid
residues are needed to form a full turn. In a left-handed
coiled-coil (composed of right-handed helices), one heptad
forms exactly two turns (a so-called 7/2 repeat—7 amino acids
per 2 turns). In nature, coiled-coils with different periodicities,
for example, 11-residues periodicities, or with insertions of
one or more residues into the heptad pattern can be found
(insertions of one residue are called skips, three-residues
insertions stammers, and four residue insertions are stut-
ters).[26, 34] The most frequent forms in nature are dimers,
trimers, and tetramers; however, the formation of multimers
and more complex assemblies is well-known.[35] A new coiled-
coil design, a de novo peptide that forms a six-helix bundle
with a central channel that permits passage of water
molecules, was recently described.[36] The versatility of the
coiled-coil motif, especially the possibility to manipulate its
stability and specificity by modifying the primary structure

(up to 10�15
m stabilities may be achieved[37]), bodes well

for their use in the successful design of new biomate-
rials.

From the point of view of the design of new, coiled-
coil-containing materials, the known relationship
between the structure of coiled-coil-forming sequences
and their recognition, association, and folding is a great
advantage. Apparently, owing to the repetitiveness of
the sequence, the a-helix is the only type of secondary
structure in coiled-coils.[38] Mutations result either in
total disruption of the secondary structure or the
structure is preserved. On the contrary, there are
many variations in the tertiary/quaternary structure of
coiled-coils. The number of strands can alter between 2,
3, 4, and 5, and the orientation between the helices can
be parallel or antiparallel.[39] These structural variations
correspond with different biological functions.

Interaction of left-handed and right-handed a-
helices (30 amino acid residues each) with peptides
containing d- and l-amino acids was evaluated.[40] The
helical net diagram predicted that two helices of a d/
l structure will pack at a packing angle of 08, in contrast

to natural l/l coiled-coils where the helices cross at 208. The
two peptides, d-Acid and l-Base, formed stable heterote-
tramers exhibiting features of both specific and nonspecific
packing.[40]

There are several examples of chirality-independent
peptide/protein recognition. Glycophorin A (GPA) trans-
membrane domain peptides have demonstrated lack of
stereospecificity in GPA helix–helix interactions.[41] Kolluri
et al. have shown that a Nur77-based peptide and its
enantiomer bind to the Bcl-2 loop, converting Bcl-2 from
a protector into a killer of cancer cells. Both stereoisomers of
this nonapeptide (FSRSLRSLL) act as molecular switches to
displace the Bcl-2 BH4 domain, exposing its BH3 domain that
blocks the antiapoptotic activity of Bcl-XL.[42]

Such studies provide a scientific basis for the design of d-
peptide inhibitors of helical l-protein targets.[40, 43,44] One of
the suitable screening methods to identify d-peptides that
bind to specific targets is mirror-image phage display.[45]
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Figure 1. Structure of coiled-coils (a) and b-sheets (b).
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2.2. b-Sheets

b-Sheets are important structural elements in proteins. b-
Strands are aligned adjacent to each other and are stabilized
by hydrogen bonds between the carbonyl oxygen of an amino
acid in one strand and the backbone amide of a second amino
acid in another strand. The strands (at least two, but
frequently more[46,47]) can arrange in parallel or antiparallel
fashion to form the b-sheets. The stability of b-sheets depends
on the interaction of side chains of neighboring amino
acids.[1,48] These interactions must compensate for the loss of
translational and solvation energies of the peptide
(Figure 1).[49]

Studies of homochiral and heterochiral interactions
between enantiomeric b-sheets indicated that homochiral
pairing is strongly preferred.[50] Similarly, triblock-type
amphiphilic oligopeptides composed of d- or l-tetraleucine
domains flanking pH-responsive l- or d-octalysine segments
self-assembled into b-sheet structures with opposite chirality.
AFM studies revealed that homochiral solutions self-assem-
bled into amyloid-type nanofibers, whereas the racemic
mixture formed only globular aggregates.[51]

Interactions of d- and l-amino acid b-sheet-forming
peptides have demonstrated biological relevance. The poly-
merization of the amyloid b-peptide (Ab) has been identified
as the major factor during Alzheimer�s disease pathogenesis.
A 12-residue d-peptide (QSHYRHISPAQV) was identified
that binds to amyloid plaques in brain tissue sections of
Alzheimer�s patients.[52] In addition, it decreased the average
size of Ab aggregates and decreased the Ab cytotoxicity
toward PC12 cells.[53]

Zhang et al. have recently evaluated the structural
dynamics of a b-sheet-forming 16-residue self-assembling
peptide.[54] At room temperature, the d-EAK16 peptide
(AEAEAKAKAEAEAKAK) displayed a typical b-sheet
CD spectrum. When the temperature was increased to 80 8C,
a phase transition to an a-helix occurred without going
through a detectable random-coil intermediate. The studies of
the effect of temperature, pH, ionic strength, and concen-
tration of denaturation agents revealed that only the thermal
behavior of the d-peptide was different when compared to the
l-counterpart.[54] Chiral self-assembling peptide nanofiber
scaffolds were formed from both l- and d-peptides.[55] As
expected, peptides composed of alternating d- and l-amino
acids self-assembled poorly.[56] These data seem to indicate
that the chirality of peptides does not hinder the formation of
well-defined nanostructures.

The b-hairpin is a frequently occurring motif composed of
two adjacent antiparallel b-strands joined by a loop. b-
Hairpin peptides can form hydrogels after intramolecular
folding and intermolecular assembly triggered by external
stimuli, such as changes in pH, ionic strength, or temper-
ature.[57,58] For example, the MAX1 peptide, ((VK)4-V

DPPT-
(KV)4-CONH2), is composed of two strands of alternating K
and V residues connected by a tetrapeptide turn sequence.
MAX1 folding into a hairpin conformation can be triggered
by increase in pH[58] or in ionic strength.[59] Complete b-sheet
transformation and 3D hydrogel formation at physiological
conditions occurs within about 30 min.[60]

2.3. Stimuli Sensitivity of Coiled-Coils and b-Sheets

The stability of coiled-coils depends on the number of
heptads (length of the peptide),[30] packing at the hydrophobic
core (a, d positions),[61] and interhelical ionic interactions (e, g
positions).[32, 62] These interactions depend on environmental
factors; consequently, the stability of coiled-coils will be
dependent on temperature,[63] pH,[64] and ionic strength.[65]

One interesting approach to stimuli sensitivity of coiled-coils
is the employment of metal–ligand coordination as the driving
force for conformation/association manipulation. Two car-
boxyl groups in a peptide sequence may form a dirhodium
complex and disassemble a coiled-coil dimer in a reversible
manner.[66]

Similarly, the process of b-sheet assembly is driven by
intermolecular and intramolecular interactions, including
electrostatic, hydrophobic, p-stacking, and hydrogen bonding.
As a result, the process is responsive to changes in pH,
temperature, and solvents.[49,67] An important factor is con-
centration: upon reaching a critical concentration, peptides
can self-assemble into tapes, ribbons, fibrils, and fibers.[68]

2.4. Switch Peptides

Interesting structures have been designed that switch from
one secondary structure to another as a response to various
stimuli, such as temperature, pH, or concentration. Mutter
et al. have shown a pH-dependent switch of an amphiphilic
peptide from a-helix to b-sheet.[69] More recently, they
designed a switch peptide that disrupts amyloid-like b-sheet
assemblies by converting the peptides into a-helices.[70]

Koksch et al. synthesized peptide VW19 (LKVELKELK-
KELVVLKSELKELKKEL) that contains structural ele-
ments matching both a-helical folding and b-sheet formation.
Depending on the environmental conditions (pH and/or
concentration of the peptide), it can assume a random-coil, b-
sheet, or coiled-coil conformation.[71] Similarly, Woolfson
et al. designed peptides with structural duality that folded into
a parallel leucine-zipper dimer under reducing conditions and
a monomeric helical hairpin in an intramolecularly disulfide
bridged state.[72] Secondary structural changes can be com-
bined with assembly into three-dimensional structures:
Schneider et al. designed pH-sensitive hydrogels based on
a peptide that switches secondary structure from unfolded to
amyloid-like assembly.[58] The impact of metal ions on the
transformation between a-helical and b-sheet protein struc-
tures was studied using an antiparallel coiled-coil motif
containing histidine residues. Addition of Cu2+ or Zn2+ ions
resulted in a decrease of helical content with a concomitant
increase of b-sheet content.[73]

2.5. Impact of Attaching a Linear Synthetic Macromolecule to
a Peptide on its Secondary Structure

The impact of attaching a synthetic polymer chain to
a coiled-coil-forming peptide on the stability of the construct
is an important design factor for hybrid biomaterials. Con-
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jugation of a-methoxypoly(ethylene glycol) (mPEG, molec-
ular weight 2000) to a series of peptides with the general
structure (VSSLESK)n (n = 3–6) did not have a disturbing
effect on coiled-coil formation, but rather improved the
thermal stability of the coiled-coil superstructure.[74] In
a similar study, a coiled-coil forming peptide G-
(EAKLAEI)3Y was modified with PEG (molecular weight
750 and 2000). Although the PEG attachment did not prevent
the coiled-coil formation, analytical ultracentrifugation
experiments showed a decrease in the relative concentration
of coiled-coil aggregates with increasing PEG chain length.[75]

The impact of attaching a synthetic polymer to a b-sheet
forming peptide has also been extensively evaluated.[67, 76,77]

Semitelechelic poly(N-(2-hydroxypropyl)methacrylamide)
(poly(HPMA)) terminated by SH groups was attached to
a maleimide-modified b-sheet peptide, QQRFQWQFEQQ.
Circular dichroism (CD) spectroscopy and Congo Red bind-
ing studies showed that the peptide block imposed its b-sheet
arrangement on the structure of the diblock copolymers.
Transmission electron microscopy and atomic force micros-
copy confirmed that both the peptide and the copolymers had
the ability to self-assemble into fibrils.[67] To evaluate the
impact of PEG molecular weight on the properties of PEG–
peptide conjugates, an amyloid peptide fragment (FFKLVFF)
was attached to PEG with molecular weights of 1, 2, and
10 kDa. At elevated concentrations, conjugates with 1 and
2 kDa PEG formed a nematic phase, whereas the conjugate
with 10 kDa PEG exhibited a hexagonal columnar phase.[76]

Pluronic F127 micelles were able to stabilize the secondary
structure of an entrapped peptide (AKA3KA)2, resulting in
increase of helicity and decrease of thermal denaturation.
Covalent binding of the peptide to Pluronic F127 resulted in
self-assembly into hydrogels.[77] Attachment of PEG (5 or
10 kDa) to alanine-rich polypeptide (ca. 12 kDa) resulted in
retardation of b-sheet formation and fibrilization owing to
steric interference of PEG and net reduction of attractive
interactions between unfolded peptide structures.[78]

3. Self-Assembled Hybrid Biomaterials

The self-assembly of hydrogels from traditional block and
graft copolymers may be driven by hydrophobic interactions,
as in ABA block copolymers, where a hydrophilic block B is
capped with hydrophobic blocks A.[79, 80] However, designing
hydrogel-forming polymers using recognition motifs found in
the nature provides methods for the design and synthesis of
precisely defined three-dimensional structures.[81, 82] The pos-
sibility to initiate self-assembly by an external signal (stimuli
sensitivity) is very important to control the final structure.[83]

The high degree of recognition of peptide motifs results in
precise spatial arrangement of macromolecules in a 3D
structure. Two approaches have been evaluated to design
structures that self-assemble into biomaterials and/or hydro-
gels: peptide/protein-based materials[84, 85] and hybrid systems
composed from at least two motifs, namely a synthetic
macromolecule and a peptide/protein motif.[63, 86–91] Achieve-
ments reached in these areas will be covered below.

3.1. Genetically Engineered Copolymers

The first attempt to synthesize a genetically engineered
polymer was reported by Doel et al.[92] Clones containing
genes coding for up to 150 repeats of aspartyl phenylalanine
were produced. The polymeric inserts were processed in E.
coli to create an enzymatically degradable polymer to
produce the artificial sweetener Asp-Phe. Cappello et al.
then designed numerous materials by combination of motifs
from natural biomolecules.[93, 94] The first protein polymer was
designed from two oligopeptide blocks: a six amino acid block
from silk fibroin (GAGAGS) and a 10 amino acid block from
human fibronectin (VTGRGDSPAS). The hexamer block
was chosen owing to its propensity to produce stable b-sheet
structure; the decapeptide was selected for its cell attachment
properties. Ghandehari, Capello, and co-workers evaluated
protein polymers composed of tandemly arranged silk-like
blocks (GAGAGS) and elastin-like blocks (GVGVP) and
their self-assembly into hydrogels.[95–103] The silk-like blocks
form hydrogen-bonded b-sheets that crystallize spontane-
ously, which imparts thermal and chemical stability. The
inclusion of elastin-like blocks decreases the crystallinity and
increases the flexibility and water solubility of the copoly-
mers. The introduction of an ionizable residue (glutamic acid)
into the silk-elastin-like protein polymers increased the pH-
and temperature sensitivity.[99] Apart from environmental
conditions (pH, temperature, ionic strength), the surface
characteristics influences intermolecular interactions and thus
plays an important role in self-assembly.[104] Evaluation of the
swelling and transport properties of the silk-elastin-like
hydrogels suggested that they have the potential to become
matrices for controlled release of bioactive materi-
als.[95, 98, 100–103]

Temperature-sensitive elastin-based hydrogels composed
of repeating pentapeptide motifs, (VPGVG)x-(VPGXG)y

were designed and synthesized.[105, 106] Their inverse temper-
ature transition can be manipulated by changing protein
composition, degree of ionization, pH, salt, or phosphoryla-
tion.[105] At low temperatures, the protein chains remain
extended, because of the surrounding pentagonal water cages.
As the temperature increases (usually above 25 8C), the water
pentagons lose their structure and become bulk water,
allowing the protein chains to fold into compact structures.

Manipulation of mechanical properties and phase tran-
sition can also be achieved by combination of several elastin-
like structural motifs. Wright et al. combined elastin-mimetic
sequences, possessing different mechanical properties, into
triblock copolymers. Following phase separation from aque-
ous solution, the copolymers form an elastic hydrogel.[107]

Redesign of these block copolymers to include larger end-
block segments resulted in materials that are able to with-
stand significantly greater loads.[108]

Tirrell�s group succeeded in synthesizing architecturally
well-defined polypeptides of predictable solid-state structure.
A monodisperse polymer containing 14 repeats of the
undecapeptide sequence (AlaGly)4ProGluGly was pre-
pared.[109] This was followed by the synthesis of polymers
containing up to 54 repeats of the nonapeptide sequence
(AlaGly)3ProGluGly.[110] These polymers were designed to
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produce a synthetic lamellar protein that would fold over and
back at regular intervals and expose functional groups
positioned at the folds. The first design required modification
of the structure: the deletion of proline residue resulted in
a well-defined structure with controlled spacing of functional
groups at the surface (repeating sequence (AlaGly)xGluGly;
Figure 2).[111]

The self-assembly of genetically engineered ABA triblock
copolymers composed from a random coil block (B), flanked
by two coiled-coil forming blocks (A), has been pioneered by
Tirrell�s group.[84] The self-assembly occurs as a bal-
ance between the oligomerization of the helical ends
and swelling of the central water-soluble random coil
segment. Consequently, temperature and/or pH-
responsiveness may be achieved by manipulating
the amino acid sequence of the coiled-coil
domains.[85, 112] Minor modifications in coiled-coil
block structure have a strong impact on the stimuli
sensitivity of self-assembled hydrogels. For example,
the thermal stability of the coiled-coil-containing
proteins can be manipulated in a predictable way by
substituting amino acids in the coiled-coil domain
(Figure 3).[85] Intermolecular association of A blocks
produces physical cross-links in the hydrogel net-
work. It was shown, however, that the ABA chains
have a strong tendency to form intramolecular loops,
producing elastically ineffective chains.[113, 114] The
continuous rearrangement of the A block associates
results in surface erosion of the network. The loop
formation can be easily avoided (and the erosion rate
controlled) by designing ABC block copolymers,
where A and C are coiled-coil-forming blocks that do
not associate with each other.[115]

Heilshorn et al. designed a two-component
hydrogel composed of two recombinant protein
polymers, each containing multiple repeats of the

CC43 WW domain[116] or its proline-rich PPxY ligand. The 1:1
interaction of ligands is the basis of spontaneous hydrogel
formation by mixing the two polymers; the biorecognition is
not disturbed by other biomolecules, permitting cell encap-
sulation.[117,118]

Poly(amino acid) diblock and triblock copolymers pre-
pared by controlled ring-opening polymerization of Leuchs�
anhydrides were extensively studied by Deming and co-
workers.[119–122] Diblock copolypeptide amphiphiles, which are
polymers composed of charged (hydrophilic) and hydro-
phobic blocks of amino acid residues, showed unusual
behavior.[123] Block copolypeptides with poly(l-lysine) or
poly(l-glutamic acid) as the hydrophilic block and poly(l-
leucine), poly(l-valine), or poly(d/l-leucine) as the hydro-
phobic block did not form micelles in aqueous solution, but
self-assembled into 3D hydrogel structures at very low
polymer concentrations. Furthermore, the hydrogels main-
tained their mechanical strength also at high temperatures
and recovered (rearranged) rapidly after stress.[119] The
comparison of gel-forming properties of diblock with triblock
copolymers supported the hypothesis that both systems
assemble in a similar manner.[121] The triblock-based hydro-
gels, however, possessed greater strength and better salt
tolerance than hydrogels self-assembled from diblock copoly-
mers.[120, 121] The shape of the polymer chains is an important
factor in the hydrogel self-assembly (gelation) process. It was
found that a-helical segments were better gelators than b-
strands, which in turn were better than random coils. The
formation of hydrogels from diblock copolymers at low
concentrations is an interesting phenomenon, and could one
day supplement tools used for the design, synthesis, and self-
assembly of novel biomaterials and drug-delivery sys-
tems.[119,123] An interesting design of a diblock copolymer

Figure 2. The design and synthesis of architecturally well-defined
polypeptides. The surface of the solid structure is decorated in
a predetermined pattern with functional groups. Adapted from
Ref. [111].

Figure 3. Temperature dependence of the secondary structure of genetically
engineered protein ABA and CBC triblock copolymers. a) Structure of blocks A, B,
and C. b) CD signal (ellipticity) as a function of wavelength. c) CD signal at
222 nm as a function of temperature. Minor changes in the coiled-coil block
structure results in dramatic changes in stability (structure A changed to
structure C, where K replaced V in the a position of the fourth heptad, and three
additional K residues replaced S in the c positions of the third, fourth, and the
fifth heptad; the random coil block B was without change). Adapted from
Ref. [85].
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was created by combination of a polypeptide, poly(g-benzyl-
l-glutamate), with a coiled-coil-forming peptide {G-
(EIAALEK)3}. Depending on the length of PBLG block
(from 36 to 250 residues), the diblock copolymer self-
assembled into polymersomes or disk-like micelles.[124]

Genetically engineered pro-resilin, photo-cross-linked by
Tyr-Tyr bonds, produced a hydrogel with high resilience and
very high fatigue lifetime.[125] Artificial elastomeric proteins
that mimic the molecular architecture of titin were produced
by combination of GB1 and resilin protein domains followed
by photochemical cross-linking. This created a biomaterial
that is highly resilient at low strains, but extensible and tough
at high strain, mimicking the properties of muscle.[126] Taking
inspiration from the structure of numerous extracellular
matrix proteins that possess a tandem modular elastomeric
structure composed from individually folded domains, Li and
co-workers designed protein-based reversible hydrogels.
First, they constructed an ABA triblock protein based
hydrogel using eight GB1 domains (G8) arranged in
a tandem as the center block and flanked it on both sides
with a coiled-coil-forming peptide block.[127] To overcome two
limitations of the first design, namely a fast erosion rate owing
to formation of intramolecular loops and high viscosity of the
protein solution, they used two complementary peptides
(CCE and CCK) that do not self-associate but form antipar-
allel coiled-coil heterodimers.[128] To engineer tandem mod-
ular protein-based hydrogels, they genetically produced two
bi- and trifunctional tandem modular proteins carrying the
CCE and CCK sequences, namely CCK-G4-CCK and CCE-
G5-CCE-G5-CCE. Upon mixing, the solution of the two
proteins can undergo reversible sol–gel transitions as a func-
tion of temperature.[129]

The incorporation of biorecognition moieties into the
structure of genetically engineered polymers has also been
carried out. Integrin-binding ligands were inserted into
genetically engineered biomaterials, namely, silk-based,[130]

elastin-based,[131–133] and ABA triblock copolymers, where
a random sequence (containing three copies of the RGD
sequence) was flanked by coiled-coil-forming domains.[134]

Silk-elastin-like protein polymers were modified to include
antimicrobial, textile targeting, or UV-protective peptide
blocks, thus demonstrating possible applications in industrial
biotechnology, personal health care, and biodefense.[135]

Another example of incorporation of biological function
into genetically produced biomaterials is the incorporation
into dragline spider silk of three different antimicrobial
peptides. The spider silk domains maintained the self-
assembly features, and the formation of b-sheet mediated
the formation of 3D biomaterials.[136]

3.2. Hybrid Systems

Hybrid biomaterials are usually referred to as systems that
possess components from at least two distinct classes of
molecules, for example, synthetic polymers and biological
macromolecules, that are interconnected either covalently or
non-covalently.[10–15] Conjugation of peptide domains to
synthetic polymers may lead to novel materials with proper-

ties superior to those of individual components. Compared to
synthetic polymers, proteins and protein modules have well-
defined and homogeneous structures, consistent mechanical
properties, and cooperative folding–unfolding transitions. The
peptide domain may impose a level of control over the
structure formation at the nanometer level; the synthetic part
may contribute to the biocompatibility of the hybrid material.
The synergistic combination of two types of structures may
produce new materials that possess unprecedented levels of
structural organization and novel properties.[13, 137]

Peptide and/or protein segments have been used to
introduce degradability,[138–140] a temperature-induced phase
transition,[60,83] and sensitivity to the presence of biologically
active molecules[141–143] into hybrid hydrogel structures. The
combination of synthetic segments and of protein/peptide
segments into self-assembled hybrid materials provides an
opportunity to combine and superimpose the properties of
the component molecules. The inspiration for such structures
is commonly derived from self-assembling systems in nature.

3.2.1. Hybrids of Synthetic Polymers with a-Helical Peptides

The first design of a self-assembling hybrid hydrogel
combined biorecognition of a homodimer-forming a-helical
motif with an HPMA copolymer.[63] The important conclusion
of this study was the validation of the hypothesis that the
properties of a coiled-coil protein motif can be imposed onto
the behavior of the whole hybrid hydrogel. The temperatures
of the melting point of the peptide motif (segment of the stalk
region of the Drosophila motor protein, kinesin) and of the
phase transition (collapse) of the hybrid hydrogel structure
were very similar. A temperature-induced hydrogel collapse
was observed that corresponded to the structural transition of
the coiled-coil domains from an elongated helix to an
unfolded state. This is a new temperature-response mecha-
nism for hydrogels that can be tuned over a wide temperature
range by assembling gels with coiled-coils that have different
melting temperatures. In this study, the genetically engi-
neered protein motifs were attached to the hydrophilic
HPMA copolymer backbone by metal complexation (His-
tag on the peptide with Ni2+ at the side chains of polymer).
The structure of the coiled-coil cross-links was complex; the
peptide sequences formed homodimers, thus an elastically
non-effective “cross-link” could form by dimerization of
motifs on the same macromolecule. Consequently, tetramers
and higher associates were needed for hydrogel formation. As
a result, the collapse of the three-dimensional structure was
not reversible. Clearly, new designs were needed.

Triblock ABA copolymers, where the central block was
PEG and the A blocks a peptide from the coiled-coil region of
fibrin, self-assembled in viscoelastic hydrogel biomaterials.
Like other materials of similar design, the hydrogels dissolved
in buffer after about 8 days, which is probably due to
formation of intramolecular loops.[144] Sahin and Kiick
synthesized multiblock high-molecular-weight polymers com-
posed of alternating PEG and coiled-coil-forming peptide
segments by conjugation of 3.4 kDa a,w-disucinimidyl succi-
nate homobifunctional PEG and arginine-rich and glutamic
acid-rich coiled-coil-forming peptides. The products retained
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their capacity to produce heterooligomeric assemblies; they
also formed homooligomeric micellar structures.[145] Collagen
peptide-based hydrogels for 3D cell growth were synthesized
by cross-linking maleimide-decorated 8-arm PEG star poly-
mer with cysteine-terminated collagen triple-helix-forming
peptides.[146]

A new design of hybrid hydrogels was based on graft
copolymers containing a pair of sequences that formed coiled-
coil antiparallel heterodimers.[128,147] It was hypothesized that
the antiparallel orientation of heterodimers will contribute to
the homogeneity of the self-assembled hybrid hydrogels
owing to unique interchain dimer formation and decreased
steric hindrance of the (synthetic) polymer backbone on the
“in-register” (fully overlapping) alignment of heterodimers.
In other words, the distribution of cross-links in these self-
assembled hydrogels will be more uniform than in hydrogels
self-assembled from graft copolymers containing homodimer-
forming coiled-coil grafts or hydrogels synthesized by tradi-
tional methods. Furthermore, the proposed design of the self-
assembled hybrid hydrogels possessed a potential to be
developed into a two-component in situ gel-forming drug
delivery system.

For a peptide pair forming antiparallel heterodimers, two
pentaheptad sequences with opposite charge (CCE and CCK,
Figure 4) were designed.[128] Three major stabilizing interac-
tions were taken into account: the hydrophobic interactions
in the core, electrostatic attractions across the interface, and
helical propensity effects. Vand L were chosen for the a and d
positions, respectively, because of their high hydrophobicity,
ability to pack into the core, and the propensity to promote
formation of dimeric coiled-coils in numerous leucine zipper
mutants. Charged residues (E and K) were placed at positions
e and g. Potentially attractive or repulsive electrostatic
interactions between these residues have been shown to
influence complementary strand specificity and orientation
preference. E occupied e and g positions in one strand (CCE),
while in the other strand, CCK, K was placed at e and g
positions. This design minimizes the probability of forming
homodimers owing to their destabilization by electrostatic
repulsions. Moreover, a single residue at g position of the
fourth heptad in each strand was substituted with the
oppositely charged residue. Orientation preference was thus
improved, because all potentially attractive interactions are
expected in the antiparallel alignment.[64,148, 149] Positions b and
c were filled with S and A residues, respectively. Uncharged
residues were used in these positions to avoid electrostatic
interactions with adjacent residues at positions e and g. S was
chosen to enhance solubility; A possesses high helical
propensity and was expected to promote helix formation. K
was chosen for position f in the CCE coil and E in the CCK
coil to balance the net charge of each peptide and increase
solubility. It was reported that buried polar interactions
played a key role in structural specificity of coiled-coils; in
particular, a single buried polar interaction at the hydro-
phobic interface of the helices of a coiled-coil was sufficient to
impose an antiparallel alignment.[150] Therefore, N residues
were placed at the a and d’ positions of the third heptad of the
CCE coil and CCK coil, respectively. Finally, the coiled-coil
sequences were flanked at the N-terminus with the CYGG

tetrapeptide spacer to decrease the steric hindrance of the
polymer backbone on the formation of antiparallel hetero-
dimers and provide an attachment point.

Regarding the self-assembly of HPMA copolymers con-
taining CCE and CCK grafts into hydrogels, there was no
homodimeric association of graft copolymers CCK-P or CCE-
P (P is the HPMA copolymer backbone). Individual graft
copolymers possessed predominantly a random-coil confor-
mation. However, equimolar mixtures of CCK-P and CCE-P
formed coiled-coils spontaneously and self-assembled into
hydrogels even at very low (0.1 wt %) concentrations
(Figure 5).[128] Dynamic light scattering (DLS) evaluation[147]

of the time course of self-assembly revealed the effects of
concentration and time on the self-assembly process of
HPMA graft copolymers. The immediate shift of decay time
distribution of the equimolar mixture of CCE-P and CCK-P
to longer decay time indicated instantaneous association of
complementary peptides. The normalized intensity autocor-
relation functions broadened with time and shifted to longer
delay times, indicating slowing of the solution dynamics on
approaching the gel point.[147] CCE and CCK also mediated
the self-assembly of genetically produced tandem proteins[129]

(see 3.1).

3.2.2. Hybrids of Synthetic Polymers with b-Sheet Peptides

The self-assembly of hybrid block and graft copolymers
composed of synthetic polymer backbones and b-sheet motifs
was also investigated.[67, 87, 151, 152] The I28 immunoglobulin (Ig)-

Figure 4. Helical wheel representation of two-stranded, antiparallel a-
helical coiled-coils formed by the dimerization of CCE and CCK. The
view is shown looking down the superhelical axis from the N-terminus
of CCE and from the C-terminus of CCK. CC denotes the coiled-coil
peptides. E and K denote peptides in which most of the e and g
positions are occupied by either glutamic acid or lysine, respectively.
The sequences are written in the one-letter amino acid code. Positions
a and d of the heptad repeat are underlined and form the hydrophobic
core of the coiled-coil. Adapted from Ref. [128].
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like domain of human cardiac titin was used to cross-link
acrylamide copolymers into temperature-sensitive hydrogels.
The Ig-like domain is a sandwich of two antiparallel b-sheets;
it unfolded with a midpoint of 58 8C. Acrylamide-based
hydrogels cross-linked with the Ig domain demonstrated
positive temperature responsiveness (increase in swelling)
above the melting temperature of the cross-links (Figure 6).[87]

A theoretical model describing swelling changes in hydrogels
caused by unfolding of cross-links has been described.[153]

Numerous designs of hybrid block copolymers focused on
shorter b-sheet-forming peptides.[67, 154–159] The first example of
block copolymers of PEG and a b-sheet-forming peptide was
published by Lynn and co-workers.[156–158] The attachment of
PEG (molecular weight 3000) to the C-terminus of residues
10–35 of Ab (Ab(10-35)) of the amyloid peptide rendered the
formation of fibrils, in contrast to native peptide, completely
reversible. The hybrid material took on a structure composed
of up to six (extended) laminated parallel b-sheets sur-
rounded by the PEG block. Apparently, PEG prevented
lateral association of the fibrils, and, therefore, inhibited the
irreversible step of fibrillogenesis.[156–158]

Bçrner et al. demonstrated the peptide-guided assembly
of PEG–peptide conjugates into tape structures.[159] Klok
et al. synthesized block copolymers of amphiphilic b-strand
peptide sequences flanked by one or two PEG chains. The
PEG conjugation stabilized the b-strand secondary structure

as compared to unmodified peptide and reduced the sensi-
tivity of the peptide secondary structure to pH varia-
tions.[154, 155] Pechar et al. coupled 9-fluorenylmethoycarbonyl
(Fmoc)-protected PEG (MW� 500) to (VPGVG)4 and
(VPAVG)4, and determined their properties. Whereas the
diblock copolymers, PEG-(VPGVG)4 and PEG-(VPAVG)4,
did not undergo any macroscopic temperature-induced phase
transition, the presence of the hydrophobic Fmoc group at the
end of peptide or PEG chain-induced reversible thermores-
ponsive self-association of the molecules.[160]

A block copolymer of poly(HPMA) (2 and 5 kDa) and
a b-sheet peptide (QQRFQWQFEQQ-NH2) was prepared by
thiol–maleimide coupling reaction. Semitelechelic poly-
(HPMA)-SH was synthesized by RAFT polymerization of
HPMA followed by post-modification aminolysis. The
diblock copolymer was obtained by polymer-analogous
reaction with N-terminal maleimide-modified b-sheet pep-
tide. Transmission electron microscopy and atomic force
microscopy confirmed that the peptide and block copolymers
had the ability to self-assemble into fibrils. Interestingly, the
pH of b-sheet formation was different for free peptide than
the polymer conjugate.[67]

HPMA hybrid graft copolymers were prepared by attach-
ment of N-terminal CGG-modified b-sheet peptide
(CGGTTRFTWTFTTT) to poly(HPMA) precursor, which
contained pendant maleimide groups. CD spectra showed

Figure 5. a) Self-assembly of HPMA graft copolymers, CCE-P and CCK-P, containing oppositely charged peptide grafts (P is the HPMA copolymer
backbone). Aqueous solutions of CCE-P or CCK-P did not form hydrogels. In contrast, gel-like materials were formed from equimolar mixtures of
CCE-P/CCK-P at low concentrations. b) Normalized intensity autocorrelation functions, g(2)(t)�1, for solutions (equimolar mixtures) of CCE-P and
CCK-P (total concentration 10 mgmL�1) at different incubation times: immediately after mixing, 15 min, 40 min, and 8 h after mixing. c) CD
spectra of CCE, CCK, and equimolar mixture CCE/CCK. PBS = phosphate-buffered saline. d) Microrheology of 1% w/v solutions of CCE-P, CCK-P,
and an equimolar mixture of CCE-P/CCK-P. Mean square displacement of tracking particles is a function of time. Adapted from Refs. [128,147].
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that the strong tendency of the peptide to self-assemble into
b-sheets was retained in the copolymers. Furthermore, b-
sheet sensitivity to temperature and pH variations decreased
owing to poly(HPMA) shielding effect. Atomic force micros-
copy and small-angle X-ray scattering showed that copolymer
had the ability to self-assemble into fibrils.[151] Transmission
electron microscopy showed that poly(HPMA)-g-
CGGTTRFTWTFTTT fibrils formed matrices with minimal
lateral aggregation, which is dramatically different from the
highly laterally aggregated peptide fibrils.[151] This observation
coincided with the FTIR results, which suggested that poly-
(HPMA) hindered the twisting of the fibrils formed in
copolymer through the antiparallel arrangement of the b-
strand peptides. Finally, the ability of a hybrid hydrogel self-
assembled from HPMA copolymers and complementary b-
sheet grafts (TTRFTWTFTTT-NH2 and TTEFTWTFETT-
NH2) to act as scaffolds for bone tissue engineering was
explored.[152] The hydrogel displayed anisotropic porosity;
thus, besides support for preosteoblast cells, it provided
surfaces characterized by epitaxy that favored template-
driven mineralization of hydroxyapatite (Figure 7). Long-
term viability and proliferation of the cells indicated that this

b-sheet-based hybrid hydrogel is not cytotoxic,
therefore it could be used as bone scaffold. Such
novel nanostructures and hydrogels potentially
could be applied successfully in a broad range of
biomedical applications, from depots for drug
delivery, to scaffolds for cell delivery and tissue
engineering.

3.2.3. Hybrids of Synthetic Polymers with Protein
Mutants

Hydrogels containing proteins that undergo
a substantial conformational change in response
to a given stimulus have potential applications
in sensing, microfluidics, and miniaturized drug-
delivery systems. Daunert and co-workers[161]

synthesized hydrogels with covalently attached
calmodulin, a calcium binding protein, by
copolymerization of acrylamide, N,N’-methyle-
nebisacrylamide, calmodulin macromonomer
(containing an allyl group), and a polymerizable
derivative of phenothiazine. Calmodulin under-
goes two conformational changes from the
native state: into a dumbbell-like conformation
when bound to Ca2+, and into a more constric-
tive conformation when bound to phenothia-
zine. The hydrogel was responsive to both Ca2+

and phenothiazine; its incorporation into
a simple microfluidic system demonstrated the
potential of the hydrogel to control flow
(Figure 8).[161] Mrksich and co-workers geneti-
cally engineered calmodulin to contain two
cysteine residues.[162] This mutant was used as
a cross-linker (along with dithiothreitol) of 4-
arm PEG that contained acrylate groups. The
resulting hydrogels underwent changes in the
equilibrium degree of swelling upon binding of

calmodulin ligand, trifluoperazine.[162] Murphy et al. modified
calmodulin mutant (T34C, T110C) with poly(ethylene glycol)
diacrylate to produce a protein with two polymerizable
groups.[163] The latter was photo-cross-linked into a stimuli-
sensitive hydrogel, changing swelling upon exposure to
trifluoperazine. Glucose-sensitive hydrogels were synthesized
by incorporating glucose/galactose binding protein (GBP)
mutant into an acrylamide-based hydrogel. GBP consists of
two domains connected by a hinge; upon glucose binding, the
two domains rotated toward each other to form a closed state.
The GBP containing hydrogel showed a dynamic response in
the presence of glucose.[164]

Hydrogels capable of translating enzyme-substrate rec-
ognition induced conformational changes into macroscopic
motion were prepared.[165] The design employs the substrate–
enzyme interactions of adenylate kinase with ATP to induce
a conformational change with concomitant decrease of the
hydrogel volume. Escherichia coli adenylate kinase (AKe; EC
2.7.4.3) is a 214-residue, three-domain bacterial enzyme
(transferase), which catalyzes the phosphoryl transfer reac-
tion Mg2+·ATP + AMP$Mg2+·ADP + ADP. Upon binding of
a substrate (or inhibitor), AKe undergoes a large conforma-

Figure 6. Poly(acrylamide)-based hybrid hydrogels self-assembled from acrylamide
(AAm) copolymer and the (b-sheet) I28 immunoglobulin (Ig)-like module of human
cardiac titin (an elastic muscle protein). The hydrogel was formed through metal
complex formation by the pendant metal-chelating ligand, NTA-Ni2+, on the polymer
and the terminal His tags of the protein. a) Chemical structure of metal-chelating
copolymer poly(AAm-co-2-methacroylamidobutyl nitrilotriacetic acid (MABNTA)). The
polymer was prepared by copolymerization of AAm with the metal-chelating comono-
mer MABNTA in Tris buffer (pH 8.9) under nitrogen, using ammonium persulfate and
N,N,N’,N’-tetramethylenediamine as the redox initiator. b) Protein sequence of the
recombinant titin I28 cross-linker (His)6-I28-(His)6. The protein contains His tags at
both ends. The underlined amino acid residues mark the start and end of the human
cardiac titin I28 segment. The recombinant protein module contains 111 amino acids
with a predicted molecular mass of 12.2 kDa. c) Temperature responses of hydrogels in
phosphate-buffered saline (pH 7.2). The volume swelling ratio is the ration of hydrogel
volume at an elevated temperature to the volume at 29 8C. Full circles: Titin (His)6-I28-
(His)6 cross-linked hydrogel; empty circles: methylene bis(acrylamide) cross-linked
hydrogel. Adapted from Ref. [87].
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tional change. The bulky lid domain closes over the active site
to shield it from water, avoid substrate hydrolysis, and
facilitate the transfer of the phosphate group (Figure 9).

AKe was incorporated into defined hydro-
gel structures through a thiol–maleimide
reaction. Synthetic HPMA copolymers with
pendant maleimide groups were chosen as
the backbone. The wild-type enzyme has
one cysteine at position 77, which can be
mutated without loss in activity. To create
two attachment points, a triple mutant of
adenylate kinase, AKtm (C77S, A55C,
V169C) was designed, engineered, and puri-
fied. The distance between the Ca atoms of
residues 55 and 169 decreases from 29.5 � in
the apo-enzyme to 12.4 � when forming the
enzyme–substrate complex. Furthermore,
the SH groups at positions 55 and 169 are
easily accessible.[166] The enzymatic activity
of AKtm was examined and shown to be
similar to AKe.[165] Hybrid HPMA-based
hydrogels were synthesized in a mold by
cross-linking the HPMA copolymer with
AKtm alone, or AKtm and additional cross-
linking agent dithiothreitol (DTT). A con-
trol gel was prepared by cross-linking with
DTT only. As hypothesized, when the

hydrogels were exposed to ATP (substrate), a conformational
transition from an “open” to “closed” conformation occurred,
resulting in hydrogel volume change. The collapse of about 5–

Figure 7. a) The self-assembly of HPMA graft copolymers containing complementary b-
sheet forming grafts. b) SEM micrograph of (poly(HPMA)-g-b11A,RGD: poly(HPMA)-g-
b11B,RGD lyophilized hydrogel before mineralization; inset: SEM images of hydroxyapatite
(HA) crystals deposited on the surface of poly(HPMA)-g-b11A,RGD: poly(HPMA)-g-
b11B,RGD following exposure to simulated body fluid. c) EDS (energy dispersive spectros-
copy) spectra corresponding to minerals (shown in inset of (b)) on the edge of the pores.
Adapted from Ref. [152].

Figure 8. Stimuli-sensitive hybrid hydrogel composed of acrylamide, methylene bis(acrylamide), and polymerizable derivatives of phenothiazine and
calmodulin (CaM). a) CaM can adopt three different conformations: 1) dumbbell (Ca2+ bound); 2) native conformation (absence of calcium); and
3) phenothiazine and calcium-bound. b) Hydrogel structure at different conditions: EGTA (ethylene glycol bis(b-aminoethyl ether)-N,N,N’,N’-tetraacetic
acid)) removes calcium from its binding sites. c) The efficiency of the hydrogel as a valve in a microfluidic system. * valve closed, no release; & valve open,
Ca2+ present. Adapted from Ref. [161].
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17% in the hydrogel volume was proportional to the AKtm
content. Control gel, cross-linked with DTT only, did not
collapse. The degree of hydrogel de-swelling increased with
the concentration of the substrate. Repeated exposure of
hydrogel to ATP buffer followed by a washing step in ATP-
free buffer demonstrated the reproducibility of hydrogel
swelling alterations and of the AKtm conformational changes
(Figure 9).[165] The novelty of this design is the combination of
biorecognition with a catalyzed chemical reaction, namely the
transfer of a phosphate from ATP to AMP. There are
numerous enzymes that undergo conformational changes
following the binding of a substrate to the active site of an
enzyme. Thus, this is a new strategy for hybrid hydrogel
design, where a variety of chemical reactions can be combined
with biorecognition to transform nanoscale conformational
changes into macroscopic motion.

4. Methods for the Structural Analysis of Self-
Assembled Hydrogels

In addition to traditional approaches for hydrogel char-
acterization, such as rheology, swelling, determination of
stimuli-sensitivity, CD spectroscopy, and analytical ultracen-
trifugation (AUC), stringent analytical techniques are needed
to validate the hypothesis that biorecognition-driven self-
assembly of soluble polymers into hydrogels results in precise
3D structures with superior properties when compared to
traditional hydrogels. Enhanced effort is needed to develop
suitable techniques and to create an experimental data bank,
which could be used as a reference.

The questions to answer are challenging. They originate
from one of the challenges in self-assembly, that is, to control
the self-assembly process and prevent defects in the assem-

bled structures.[83] For example, for a hydrogel self-assembled
by coiled-coil formation, the questions include: what is the
fraction of coiled-coils that assembled in an “in-register”
manner (total overlap of heptads); what fraction of coiled-
coils acts as elastically effective cross-links; what is the extent
of cyclization; and are there any pendent peptide grafts not
associated in coiled-coils. Some of the techniques used and
conclusions reached are described below.

Using 13C and 15N solid-state NMR spectroscopy, Hong,
Tirrell, et al. evaluated the dynamic structure of a hydrogel
self-assembled from an ABA triblock copolymer, where the
A blocks were coiled-coil-forming domains (six heptads) and
B is a random block (rich in A, G, and E). The results
indicated differential dynamics between the B block and the
A blocks. On a microsecond timescale, the B block was
isotropically mobile, while the leucine-zipper A blocks were
rigid.[167] This fits the hydrogel structure, where the B domains
act as a swelling agent of the network and the A domain
participate in physical cross-links. Hong and Conticello
evaluated the conformation of an elastin-mimetic recombi-
nant protein, [(VPGVG)4(VPGKG)]39, by magic angle spin-
ning (MAS) NMR spectroscopy. The average chemical shifts
of the solid protein were similar to the values in solution,
suggesting similar conformations.[168] Kř�ž and co-workers
evaluated the structure of elastin-like polypeptides [poly-
(GVGVP) and poly(AVGVP); Mn� 105) in aqueous environ-
ment using 1H, 2H, 13C, and 15N NMR spectra. They were able
to detect four different physical states when increasing the
temperature: state I (statistically shaped fully hydrated
polymer), state II (relatively coiled and globular), state III
(tightly coiled, more compact), and state IV (aggregated
polymer).[169] The heterodimeric coiled-coil solution structure
of a stable coiled-coil motif IAAL (E3/K3) has been solved
using 1H-NOE NMR and structural restraints.[170] Koksch

Figure 9. Hydrogels containing a triple mutant of adenylate kinase, AKtm (C77S, A55C, V169C), as a cross-linker are able to translate the enzyme
conformational change upon binding a substrate into mechanical motion. a) Hydrogel forms by cross-linking of HPMA copolymer containing side
chains terminated in maleimide groups with AKtm via thioether bonds formed by the reaction of Cys169 and Cys55 with maleimides. b) Ribbon
diagram of the structure of adenylate kinase (AKe) in two conformational states: open state and closed state. c) Three cycles of deswelling of
hydrogel cross-linked with 100% of AKtm. Adapted from Ref. [165].
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et al. used a combination of fluorescence energy resonance
transfer and NMR spectroscopy to solve the structure of
coiled-coil heterodimers.[171] Sahin and Kiick used a combina-
tion of NMR, size-exclusion chromatography (SEC), and
electrophoretic analysis to decode the structure of block
copolymers from PEG and coiled-coil peptides.[145] These
results are encouraging, but a more detailed analysis of self-
assembled hydrogels is needed. For example, in hydrogels
self-assembled from graft copolymers containing peptide
grafts forming antiparallel heterodimers, the following ques-
tions need to be answered (as described above) relating to the
detailed structure of the 3D network: the fraction of grafts
forming cross-links, the fraction of cross-links heterodimers,
“in-register” alignment, and the extent of cyclization.[172]

Dynamic light scattering (DLS) is a very suitable method
to investigate the time course of self-assembly. By this
technique, continuous molecular weight (hydrodynamic
volume) increases in the pre-gelation region may be moni-
tored, and the identification of the sol–gel transition is
feasible.[173] The profile of the homodyne autocorrelation
function changes with increasing concentration of associating
macromolecules from a stretched exponential function to
a power law at the gel point, and the pre-gelation solution
dynamics slows down as the gel point is approached.[173] Both
effects are related to the polydispersity of clusters formed by
random associations. Coupling effects similar to those that
appear in glassy systems may become important at concen-
trations where smaller clusters partially penetrate the larger
ones. For example, DLS has been used to study the random
association of hydrophobically modified water-soluble poly-
mers,[174] block copolymers composed of elastin-like and
poly(ethylene glycol) (PEG) blocks,[156] and multiblock
copolymers.[175]

Diffusing-wave spectroscopy (DWS) uses dynamic light
scattering in the determination of the viscoelastic behavior of
a complex fluid. The time evolution of the mean-square
displacement of a suspension of particles, acting as hard
spheres in a viscoelastic medium, can be related to the
frequency-dependent storage and loss moduli of the
medium.[176]

Microrheology is a method for measuring the mechanical
properties of a material by monitoring the motion of micro-
meter-sized tracer particles. Compared to conventional
mechanical rheometers, which typically require a milliliter
of sample, microrheology requires a small sample volume,
which is usually less than 10 mL. In passive microrheology,
there is no external driving force applied to the tracer
particles; the intrinsic Brownian motion of the particles is
used, driven by the thermal energy kB T. The theoretical basis
for passive microrheology is a generalized Stokes–Einstein
relation (GSER) for materials with viscoelastic proper-
ties,[177–179] which can be presented in the following form:

D~r2ðsÞ
� �

¼ dkBT

3pas ~GðsÞ
ð1Þ

where D~r2ðsÞ
� �

is the Laplace transform of the mean-square
displacement (MSD) of the tracer particles h(r(t+t)�r(t)2)i, d
is the dimensionality of the displacement vector (usually 2 in

videomicroscopy), s is the Laplace frequency, a is the radius of
the particles, and ~GðsÞ is the Laplace representation of the
complex modulus, which encompasses the storage G’ and loss
G’’ moduli.

Microrheology has been used for the study of the liquid–
solid transition during gelation[138] of block copolymers[85,112]

and hybrid graft copolymers.[128, 151,180, 181]

Small-angle neutron scattering is suitable for the deter-
mination of volume phase transition and microphase separa-
tion, detection of inhomogeneities in hydrogel structure, and
structural characterization of super-tough gels.[182]

Fluorescence resonance energy transfer (FRET) can be
used to evaluate the alignment of coiled-coils.[183,184] For
example, the donor (Tyr) can be placed in one helix and the
acceptor (Trp) placed in the complementary coiled-coil. Only
in-register alignment will result in a strong FRET signal.[185]

5. Specific Designs

The discussion above provides guidelines on the design of
self-assembled hybrid biomaterials. However, for particular
applications, different aspects need to be taken into account
so that multifunctional materials possess the optimal combi-
nation of structural, mechanical, and biological properties.[186]

5.1. Mimics of the Extracellular Matrix

Biorecognition-based self-assembly of materials has a role
to play in the development of functional extracellular
matrices (ECMs) owing to the capability to produce 3D
arrangements with high fidelity. Hybrid hydrogels have
a great potential to serve as matrices for the investigation of
cell physiology and for the design of tissue-replacement
materials.[17] They can be prepared in cell compatible
conditions and their physicochemical properties can be
easily controlled; moreover, cell adhesion ligands can be
easily incorporated.[187–189] The possibility to regulate the
porosity and interconnectivity of the 3D hydrogel structure
permits concomitant control of gas and nutrient supply in
a 3D environment.[187, 190] The control of the mechanical
properties of the support has an impact on the differentiation
of cells.[191] To evade physical constraints that obstruct cell
proliferation and migration, either materials with sufficient
porosity or hydrogels that contain oligopeptide cross-links
cleavable by proteases naturally secreted by cells[192, 193] need
to be employed.

Bissell�s group first clearly demonstrated the difference in
2D and 3D cell culture systems. Human breast epithelial cells
developed as tumor cells in 2D culture, but slipped back to
normal behavior when cultured in 3D analogues of their
native microenvironment.[194] To demonstrate the impact of
nanoscale ligand organization on the regulation of cell
function, Mooney and co-workers evaluated alginate hydro-
gels with varying spacing of the RGD ligand and demon-
strated that the bulk island density (number of ligands
clustered together at one location) controlled the osteoblast
phenotype. Controlling the ligand spacing strongly regulated
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the adhesion, proliferation, and differentiation of osteo-
blasts.[195] Anseth�s group modulated the elasticity of polymer
substrates in situ and evaluated the effect of elastic modulus
on valvular interstitial cell (VIC) activation into myofibro-
blasts. They demonstrated that myofibroblasts can be deac-
tivated solely by changing the modulus of elasticity of the
underlying substrate.[196] Genetically engineered silk-elastin-
like protein (SELP) hydrogels have been shown to support
chondrocytic differentiation and cartilage matrix accumula-
tion of human mesenchymal stem cells (hMSCs). The
possibility of varying the SELP structure indicates that
materials with precisely defined 3D structure can be designed
as scaffolds for encapsulation and chondrogenesis of
hMSCs.[197]

5.2. Peptide-Mediated Drug Delivery

Genetically engineered silk-elastinlike protein polymers
(SELPs) that self-assemble into hydrogels (see Section 3.1)
have been used as matrices for drug delivery. Plasmid DNA
delivered from a SELP hydrogel showed 1–3 orders of
magnitude higher transfection in a murine model of human
breast cancer when compared to naked DNA.[152] SELP-based
hydrogels were also successfully applied in the intratumoral
delivery of adenoviruses to solid tumors of the head and
neck.[103, 198–202] The results clearly indicated that the recombi-
nant polymers improved the safety of the adenovirus-based
therapy.[201]

Self-assembled hybrid hydrogels may serve as depots for
sustained release of therapeutic proteins. With proper kinetics
of self-assembly,[147] the depot can be formed in situ, for
example following subcutaneous injection. The challenge is to
control the release of the biologically active compound
(protein). Schneider and co-workers studied the controlled
release of proteins of different molecular weight and charge
from self-assembled hairpin-based MAX8 hydrogel. Release
of positively charged and neutral proteins was mainly
regulated by the sterics of the network. However, negatively
charged proteins interacted strongly with the positively
charged hydrogel, thus restricting release.[203]

Examples of triggers for release include ligand-induced
conformational change, ligand-induced decrease of cross-
linking density, and erosion in the presence of the corre-
sponding receptor. A ligand-induced protein conformational
change within a hydrogel microsphere was utilized to control
volume (swelling) change and the release of encapsulated
drug. An engineered version of calmodulin (CaM) containing
two SH groups was reacted with PEG575-diacrylate by
a Michael-type addition reaction.[204] Microspheres were
prepared by emulsion polymerization and loaded with
VEGF. Ligand (trifluoperazine)-induced CaM conformation
changes permitted VEGF release to be manipulated.[205] An
antibiotic sensing hydrogel for the trigger-inducible manipu-
lation of cross-linking density with concomitant release of
vascular endothelial growth factor (VEGF) was prepared by
attachment of genetically engineered bacterial gyrase subunit
B (GyrB) to polyacrylamide followed by cross-linking with
the anticoumarin antibiotic, coumermycin. Exposure to

novobiocin dissociated the GyrB subunits resulting in
a decrease of cross-linking density with concomitant dose-
and time-dependent release of entrapped VEGF
(Figure 10).[206] Kiick and co-workers demonstrated recep-
tor-mediated protein release. VEGF (vascular endothelial
growth factor) molecules served as elastic cross-links in
noncovalently assembled hydrogel networks; these networks,
produced by the interaction of star PEG capped with low-
molecular-weight heparin and a dimeric heparin-binding
VEGF, eroded in the presence of the relevant receptor,
releasing VEGF.[207]

Coiled-coil formation between a peptide graft attached to
a synthetic copolymer and a complementary graft containing
a biologically active compound has been used for the design
of novel drug-delivery systems. Pechar and co-workers used
coiled-coil peptides for the attachment of recombinant
proteins to HPMA copolymer-based macromolecular thera-
peutics.[208] Apostolovic et al. evaluated the uptake and
subcellular trafficking in B16F10 cells of HPMA copolymers
containing K3 grafts dimerized with E3 peptides terminated
in methotrexate.[209, 210] In preparatory work for potential
applications in drug delivery, Deacon et al. PEGylated
a synthetic peptide FosW and demonstrated that it can form
a coiled-coil heterodimer with the c-Jun sequence of the AP-
1 transcription factor. As expected, PEG did not sterically
hinder hybridization.[211]

5.3. Biomineralization Matrices

In the attempt to create biomaterials that are able to
simulate the structure and properties of the bone and to be
actively integrated and remodeled by the body, tissue
engineering strategies for bone and cartilage regeneration
are continuously improving. Biomimetic scaffolds that imitate
the characteristics of the natural extracellular matrix are
needed. Hydrogels appear to be suitable as matrices for
musculoskeletal engineering owing to their biocompatibility,
high water content, viscoelasticity, and their permeability.[212]

In addition to traditional hydrogels,[213] peptides,[214] and
peptide amphiphiles,[215] self-assembled genetically engi-
neered polymers,[216] and hybrid polymers have potential for
success in cartilage regeneration and similar applications.

A new generation of bone scaffolds based on a hybrid
hydrogel self-assembled from HPMA graft copolymers con-
taining complementary b-sheet peptides has been designed. It
was hypothesized that the gel will be biomineralized, through
the formation of bone-like hydroxyapatite, within the b-sheet
fibrillar template. This approach would provide the founda-
tion for development of a three-dimensional composite
material able to effectively function as a matrix for osteoblast
growth and differentiation in vitro and in vivo.[152] The
advantages of the proposed system, namely fiber-like struc-
ture, tunable/programmable design based on the association
of the b-sheet domains, and ability of the b-sheets to facilitate
the deposition of the hydroxyapatite (Figure 7),[217,218] will
ensure the successful construction of a new platform for bone
tissue engineering.
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Gungormus et al. used a construct from a b-hairpin
forming peptide and a heptapeptide (MLPHHGA) to form
hydrogels that would display the peptide from the fibril
surface and direct biomineralization.[219] The peptide was
identified by phage display and has been shown to control
mineral formation in solution.[220]

5.4. Sensors and Actuators

Ghosh and co-workers designed a family of turn-on
protease biosensors based on an autoinhibited coiled-coil
switch. The biosensor is composed of three modular domains:
a split reporter protein, an antiparallel heterodimeric coiled-
coil, and a protease-sensitive linker. Initially, the association
of the two reporter fragments is autoinhibited owing to the
thermodynamically favorable interaction of coiled-coils A
and B’. Following cleavage of the linker, coiled-coil-mediated
complementation of split-protein reporter occurs with con-

comitant restoration of the reporter activity. The principle of
design is shown in Figure 11.[221] The biorecognition of E/K
coiled-coils (E: [EVSALEK]5; K: [KVSALKE]5) was used in
the protein detection by western blot[222] and for the design of
a coiled-coil-based ELISA analytical system.[223] Coiled-coil
recognition can be used in specific labeling of proteins in
living cells.[224, 225] A peptide probe K3 (KIAALKE)3 labeled
with a fluorophore can specifically stain the surface-exposed
tag sequence E3 (EIAALEK)3 attached to the prostaglandin
receptor in living cells.[224] Similarly, self-assembled protein
fibers can be functionalized non-covalently by interaction of
two complementary leucine-zipper peptides.[226]

Yoshida et al. developed self-oscillating hydrogels that
can expand and contract without external stimuli. The
mechanical oscillation of the gel is caused by dissipating the
chemical energy of the oscillating Belousov–Zhabotinsky
(BZ) reaction. The catalyst of the BZ reaction, tris(2,2’-
bipyridine)ruthenium(II), [Ru(bpy)3]

2+, was covalently
bound to poly(N-isopropylacrylamide) chains within the

Figure 10. Design and synthesis of pharmacologically controlled hydrogels: an antibiotic-sensing hydrogel for the trigger-inducible release of
human vascular endothelial growth factor (VEGF). Genetically engineered bacterial gyrase subunit B (GyrB) coupled to polyacrylamide was
dimerized by the addition of the aminocoumarin antibiotic coumermycin, resulting in hydrogel formation. Addition of increasing concentrations
of novobiocin dissociated the GyrB subunits, resulting in dissolution if the hydrogel and VEGF release. a) Gel–sol transition by exposure of
coumermycin crosslinked hydrogel to novobiocin; b) structure of polymer-GyrB conjugates; c) binding of GyrB with coumermycin and novobiocin.
Adapted from Ref. [206].
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hydrogel. In a solution containing BZ
substrates, the autonomous oxidation
(RuIII) and reduction (RuII) results in
changes in hydrogel swelling.[227–229] Appa-
rently, the chemical energy from the BZ
reaction is transduced into the mechanical
oscillations of the gels.[230] To demonstrate
the applicability of the design for physio-
logical conditions, Yashida and Uesusuki
synthesized a biomimetic anionic hydro-
gel (cross-linked copolymer of NIPAAm
with 2-methacryloyloxyethyl phosphate)
in which creatine kinase was immobilized,
which exhibited self-beating motion in
ATP solution, similar to heart muscle. The
enzymatic reaction results in changes of
calcium ion concentration; as Ca2+ che-
lates (cross-links) phosphoric groups,
cross-links are formed and dissociated
periodically with concomitant changes in
the degree of swelling.[231] A hydrogel that
swells and deswells periodically under
constant conditions can be developed in
an autonomous mass-transport system.[232]

A model for biorecognition studies
with potential biosensor applications was
based on an epitope presentation scaffold,
namely an antiparallel coiled-coil hetero-
dimer stem loop (CCSL) peptide self-
assembled on a solid substrate. His-tagged CCSL peptides
containing peptide epitope sequences, biorecognizable by the
CD21 receptor, in the stem loop were designed and synthe-
sized by genetic engineering methods.[233–235] These peptides
self-assembled in the presence of nickel on a polystyrene
substrate covalently grafted with an HPMA copolymer
containing nitrilotriacetic acid groups. The receptor-binding

epitopes were identified by selective binding of Raji B cells
and/or soluble CD21 receptor to the self-assembled mono-
layer (Figure 12). The efficacy of selected epitopes as target-
ing moieties in HPMA copolymer–doxorubicin conjugates
was evaluated on CD21 positive Raji B cells.[236]

The surface of poly(acrylamide) hydrogel was functional-
ized with RGD-containing cell adhesion ligands through self-
assembly of a coiled-coil heterodimer.[237] In a more sophis-
ticated design, coiled-coil-based bioactive surfaces capable of
dynamically and reversibly regulating immobilized ligands
were produced using a pair of peptides that form hetero-
dimers. Peptide 1 was immobilized to surface by one end,
whereas the other end was modified with a cell-adhesive
RGD ligand. The complementary peptide 2 was attached to
PEG; upon formation of a heterodimer (between peptides 1
and 2), the RGD sequence was shielded by PEG, preventing
cell attachment. Addition of an excess of peptide 2 (not
conjugated to PEG) resulted in the replacement of peptide 2–
PEG conjugate from the surface with concomitant exposure
of the RGD ligand.[238]

Specific biomolecular recognition between coiled-coil-
forming sequences was used to assemble gold nanoparti-
cles[239] or carbon nanotubes.[240] The use of hydrogel actuators
for flow control in drug delivery devices was reviewed by
Eddington and Beebe.[241] Hydrogels may be used as resist-
ance-based valves, jacket valves, electrically triggered valves,
and biomimetic valves. The ultimate goal is to enable

Figure 11. Turn-on protease biosensors based on an autoinhibited
coiled-coil switch. Intramolecular coiled-coil cleavage results in split-
protein complementation: the two firefly luciferase halves can reas-
semble into active protein that catalyzes the mono-oxygenation of
luciferin to produce light. CFluc: C-terminal fragment of firefly lucifer-
ase (Fluc), residues 398–550; NFluc: N-terminal fragment of Fluc,
residues 2–416. Helices A and B’ comprise an intramolecular dimeric
coiled-coil connected by a tobacco etch virus (TEV)-protease cleavage
site. Adapted from Ref. [221].

Figure 12. Surface modification with self-assembled genetically engineered peptides exposing
epitopes recognizable by human lymphoma cells. An antiparallel coiled-coil stem loop (CCSL)
peptide self-assembled on a polystyrene cell culture dish, the surface of which was modified
with HPMA copolymer containing nitrilotriacetic acid groups (NTA; to complex Ni2+) and
benzophenone (BP) groups for covalent attachment to the surface. The biorecognition of the
exposed peptide can be evaluated using CD21-positive B cells or the soluble CD21 receptor.
Adapted from Refs. [234,235].
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a physiological feedback to control the infusion rate in a drug-
delivery device.

5.5. Formation of Supramolecular Structures Mediated by
Biorecognition of Peptide Domains

Biorecognition of coiled-coils can be utilized in pro-
grammed assembly of higher-order self-organized systems.[242]

Noncovalent supramolecular assembly of multiple proteins
on a dendrimer scaffold resulted in dendrimer-supported
fibers with helical secondary structure.[242] Similarly, forma-
tion of an antiparallel leucine zipper directed reassembly of
green fluorescent protein (GFP). Two peptide fragments of
GFP were modified with coiled-coil-forming peptides; fol-
lowing reassembly, the GFP displayed its characteristic
fluorescence.[243] Chelur and Chalfie demonstrated that co-
expression of caspase 3 subunits generates constitutively
active caspase activity (it is active after reconstitution of
fragments) that leads to cell death. The caspase activity
occurred only when the subunits associated through binding
of linked antiparallel coiled-coil domains.[244] Formation of
high-avidity (combined strength of multiple bond interac-
tions) binding molecules has been achieved by coiled-coil
recognition. Tetravalent minianti-
bodies were prepared by self-
assembly of four single-chain var-
iable fragment (Fv) fragments con-
nected via a flexible hinge to
a tetramerizing helical peptide.[245]

A pentameric multivalent binding
molecule (“peptabody”) was
formed by self-assembly of
a short peptide ligand fused via
a semi-rigid hinge region with the
coiled-coil assembly domain of the
cartilage oligomeric matrix pro-
tein.[246] Diehl et al. used phenyl-
alanine-modified elastin-like pep-
tides to prepare multiunit biomo-
tor assemblies. Cooperative inter-
actions between monomeric kine-
sin 1 motors attached to protein
scaffolds enhanced hydrolytic
activity and microtubule gliding
velocity.[247] Recognition of coiled-
coil heterodimers was used to
assemble noncovalent triblock
copolymers, namely PEG–coiled-
coil-poly(styrene).[248] Ryadnov
and co-workers designed a cyclo-
peptide block consisting of two
domains that oligomerize by form-
ing a parallel coiled-coil heterodi-
mer. Self-assembly leads to forma-
tion of nano- to micrometer-sized
hyperbranched fibrillar net-
works.[249]

6. From Nanobiomaterials to Nanomedicine

The self-assembly of hybrid materials, composed of
synthetic and biological macromolecules, is mediated by the
biorecognition of biological motifs. As discussed above, a pair
of oppositely charged pentaheptad peptides (CCE and CCK)
that forms antiparallel coiled-coil heterodimers served as
physical cross-linkers in self-assembly of HPMA graft copoly-
mers, CCE-P and CCK-P, into hydrogels. It was hypothesized
that this unique biorecognition of CCK and CCE peptide
motifs could be expanded past biomaterials design and be
applied to a living system and mediate a biological process.
This would provide a bridge between the designs of bioma-
terials and macromolecular therapeutics.[236]

To validate the hypothesis, CCE and CCK were employed
in the design of a new apoptosis induction system in CD20
positive cells, called drug free macromolecular therapeu-
tics.[250,251] CD20 is one of the most reliable biomarkers for B
cell non-Hodgkin�s lymphoma (NHL); it is a non-internaliz-
ing antigen that remains on the cell surface when bound to
a complementary antibody. However, cross-linking of CD20-
bound antibodies with a secondary antibody results in
apoptosis. To exploit this phenomenon, a system composed
of CCE and CCK peptides, the Fab’ fragment of the 1F5 anti-

Figure 13. Design of drug-free macromolecular therapeutics. Cartoon of overall design and possible
mechanism of treatment of Non-Hodgkin’s lymphoma (NHL) with conjugates of antiparallel coiled-
coil-forming peptides, CCE and CCK. The induction of apoptosis in human Burkitt’s NHL Raji B cells
was triggered by cross-linking of the surface CD20 antigen owing to biorecognition processes of
antigen–antibody fragment and complementary peptides. Exposure of Raji B cells to an anti-CD20
Fab’-CCE conjugate decorated the cell surface with CCE (CD20 is a non-internalizing receptor) through
antigen–antibody fragment recognition. Further exposure of the decorated cells to CCK-P (grafted with
multiple copies of CCK) resulted in the formation of CCE/CCK coiled-coil heterodimers at the cell
surface. This second biorecognition induced the cross-linking of CD20 receptors and triggered the
apoptosis of Raji B cells. Fab’-CCE is a conjugate of the Fab’ fragment of the 1F5 antibody and the CCE
peptide (YGGEVSALEKEVSALEKKNSALEKEVSALEKEVSALEK); CCK-P is a HPMA copolymer containing
nine grafts of the CCK peptide (CYGGKVSALKEKVSALKEEVSANKEKVSALKEKVSALKE). Adapted from
Ref. [250].
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CD20 antibody, and HPMA copolymer was designed
(Figure 13). The exposure of CD20-positive Raji B
cells to Fab’-CCE resulted in the decoration of the
cell surface with multiple copies of the CCE peptide
by antigen–antibody fragment biorecognition. Fur-
ther exposure of the decorated cells to HPMA
copolymer grafted with multiple copies of CCK
resulted in the formation of CCE–CCK coiled-coil
heterodimers on the cell surface. This second biore-
cognition event induced cross-linking of CD20
receptors and triggered apoptosis of Raji B cells.[179]

The system was also active in vivo. Intravenous
administration of Fab’-CCE conjugate, followed by
the administration of CCK-P, produced long-term
survivors in SCID (C.B.-17) mice bearing human B-
lymphoma xenografts.[251]

The rationale of the design of drug-free macro-
molecular therapeutics is the absence of low-molec-
ular-weight drugs and the fact that cross-linking of
CD20 at B-cell surface results in apoptosis. This
approach creates a new approach for manipulating
molecular recognition principles in the design of
improved cancer treatment.

7. Conclusions and Future Prospects

Peptides and proteins provide abundant oppor-
tunities to design self-assembling biorecognizable
nanomaterials. Most of the current designs are based on ideas
drawn from nature. Understanding the principles of protein
engineering permits the design of functional proteins and
their (future) incorporation into hybrid systems that are novel
both in structure and function. Several examples of modern
approaches of the management of complexity and utility of
protein engineering were recently published. Cornelissen
et al. used heterodimeric coiled-coil biorecognition to encap-
sulate protein (enhanced green fluorescent protein) into
a virus (cowpea chlorotic mottle virus) capsid.[252] Koder et al.
designed and synthesized an oxygen transport protein based
on the assembly through four stages: assembly of a four-helix
bundle, insertion of a cofactor binding amino acid, adjusting
the sequence to improve structural resolution, and refining
the function.[253] Tetherin is a coiled-coil-containing protein,
the expression of which blocks the release of HIV-1 and other
enveloped viral particles from host cells.[254] Perez-Caballero
et al. have shown that tetherin configuration (or structure)
rather than primary sequence is critical for its antiviral
activity.[255] They replaced the major domains of tetherin,
namely transmembrane, coiled-coil, and glycophosphatidyli-
nositol anchor, with analogous motifs from three unrelated
proteins,[255, 256] and the fully artificial form of tetherin
inhibited particle release, similar to the native molecule
(Figure 14).

Peptides, proteins, poly(amino acid)s, and hybrid macro-
molecules spontaneously undergo biorecognition-driven self-
assembly into precisely defined 3D hydrogel structures. To
utilize the wide application potential of these systems, factors
that may have an impact on folding and self-assembly need to

be identified.[257–259] Designs that are grounded on solid basic
science principles and at the same time find a correlation with
biological and technical needs will be translated into practical
applications. Developments that may be expected in the near
future include: design of hydrogels with multiple functions,
hydrogels sensitive to several stimuli, hydrogels with pro-
grammable responses, and hydrogels translating substrate
recognition into mechanical motion. Further miniaturization
of precisely designed hydrogel components of biomedical
devices, nanomedicines, sensors, microfluidics systems, nano-
reactors, and interactive surfaces with high accuracy of
biorecognition are within reach.
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[82] J. Kopeček, Biomaterials 2007, 28, 5185 – 5192.
[83] R. V. Ulijn, A. M. Smith, Chem. Soc. Rev. 2008, 37, 664 – 675.
[84] W. A. Petka, J. L. Harden, K. P. McGrath, D. Wirtz, D. A.

Tirrell, Science 1998, 281, 389 – 392.
[85] C. Xu, V. Breedveld, J. Kopeček, Biomacromolecules 2005, 6,
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