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There is a long history of man’s use of materials derived from peptides and proteins. These natural
materials possess sophisticated mechanisms of nanoscale self assembly, which have inspired the
design of many synthetic and biosynthetic amino-acid based materials. These materials are
attractive since they can have exceptional properties, environmental responsive behavior,
biological activity, and can be metabolized. With all of their complexity, peptides and proteins
rely primarily on two fundamental modes of self assembly: association of B-strands and the coiling
of helices. In this context, a class of recently synthesized and characterized polypeptide materials
are reviewed here, which were found to self-assemble by a fundamentally different process. This
new mode of assembly was found to give rise to polypeptide hydrogels with a unique combination
of properties (e.g. heat stability and injectability) making them attractive for applications in foods,

personal care products, and medicine.

Introduction

Natural proteins possess many mechanisms for the physical
association of peptide segments. The two motifs most wide-
spread are B-strand H-bonding for sheet and fibril assembly,
and the coiling of helices to form suprahelical bundles.! Both
assemblies are capable of linking peptide or protein chains
together to form gel networks in aqueous solution, classic
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examples being the gels from gelatin and acid-denatured
insulin.? The general features of B-sheet rich peptide gels
include association primarily via H-bonding, high thermal
stability (i.e. up to 100 °C), and chain directions perpendicular
to fibril axes.® In gels from helical bundles, association is
mainly through hydrophobic interactions; they are typically
disrupted at elevated temperature,* and, in cases of
fibrillar assembly, the chains usually lie along fibril axes.’
Hydrogels have also been prepared from synthetic hybrid
materials utilizing peptide components that associate via
similar mechanisms.*

Here, we describe a new motif for peptide gel assembly
not found in nature: the association of amphiphilic block
copolypeptides via entirely hydrophobic a-helical domains.
The association of completely hydrophobic helical poly-
peptides is certainly well known, as in the case of liquid
crystal phases of poly(alkylglutamates),® however they have
rarely been employed for self-assembly in aqueous systems due
to their poor water solubility. In fact, long uninterrupted
sequences of o-helix favoring hydrophobic residues, e.g.
leucine, are quite rare in nature, and examples of known
function are utilized as transmembrane domains that span
lipid bilayers, typically not for protein—protein interactions.”

We have found that conjugation of polyelectrolyte segments
to hydrophobic helical domains can stabilize formation of
hydrated membranes and fibrils that form a robust hydrogel
network.® The assembly mechanism, elucidated via analysis
of structure—property relationships and the use of a range
of characterization tools,*® was found to occur via an
unprecedented association of a-helices perpendicular to fibril/
membrane long dimensions. This motif contrasts greatly to
helix orientation in coiled-coil fibrils as well as the structures of
organogels formed from hydrophobic a-helical polypeptides.'’
The assemblies described here more closely resemble B-sheet
fibrils in structure and stability, but without the interstrand
H-bonding. In these materials, we have identified a new,
general means of peptide assembly, which should allow the
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development of a wide-range of nanoscale materials with
unprecedented capabilities.

Hydrogel molecular parameters

Hydrogel formation was first discovered in a series of diblock
copolypeptides containing a charged, water solubilizing domain
(poly(L-lysine-HBr), K; or poly(L-glutamate Na salt), E) and
an o-helical hydrophobic domain (poly(L-leucine), L), i.e.
K,.L, or E, L,, where m and n represent the number of amino
acid residues in each segment (Table 1).% Through a com-
prehensive study of a diverse range of samples where both
overall chain length and block composition were varied, it was
found that chain length modification of both polyelectrolyte
and hydrophobic segments had significant effects on solution
properties.’

To study the role of the hydrophobic domain in gel
formation, a series of four block copolypeptides was prepared
with overall average degrees of polymerization (DP) of 200,
but with hydrophobic segments ranging from 10 to 40 leucine
residues in length. It was observed that the K;99L;o sample did
not form a hydrogel, even at high concentrations (5 wt%). The
KigoLao, Ki70La0, and KjgoLgo samples all formed hydrogels,
with minimum gelation concentration decreasing, and gel
modulus increasing, as the oligoleucine domain increased
(Table 1).%'"" The most telling distinction between these
samples was that all oligoleucine domains of 20 residues and
greater were found to be completely a-helical, while the 10
residue segment was found to be highly disordered. This
finding showed that hydrogel formation was tied strongly to
the helical conformation of the hydrophobic domain, and that
the strength of the gel scaled proportionately to the length
of the helical segment. As further verification of this point, a

Table 1 Gelation concentration and gel strength in both DI water
and 100 mM NaCl for a variety of K,,L, and E,L, diblock
copolypeptide samples. All gel strengths were measured for 3.0 wt%
solutions at 1 rad s™'. NA = experiments not applicable or not
performed (Reprinted with permission from ref. 9. Copyright 2004
American Chemical Society)
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KXLy _ I\N N H Q/H
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for K: R'=-(CH,),NH,;" Br

"=-CH,CH(CH
for E: R'=-(CH,),COO" Na* ,CH(CH,),

Gelation Gel strength Gel strength
concentration [G’ at 3 wt%, 100 mM NaCl
Sample [wt%] 1 rad/s] [G" at 3 wt%,] rad/s]
Kgngg No gel at 6% NA NA
KoL No gel at 5% NA NA
K]goLzo 2% 12 Pa 26 Pa
Ki70L30 0.75% 590 Pa 519 Pa
K16()L40 0.25% 4273 Pa 299 Pa
K]Go(l‘aC-L)M) 2.5% 36 Pa NA
K380L20 0.25% 146 Pa 158 Pa
K370L30 0.031% 940 Pa 380 Pa
Ks60L40 0.125% 480 Pa 242 Pa
E180L20 0.5% 124 Pa 469 Pa
Ei60L40 0.25% 265 Pa 47 Pa

copolymer was prepared of identical composition to a strong
gel former, but with disorder in the oligoleucine segment
obtained by polymerization of racemic leucine monomers. This
copolymer, Kjgo(rac-L)49, although compositionally identical
to Kieolao, was found to only form very weak hydrogels at
low concentration, confirming the importance of the regular
o-helical conformation.®

The role played by the polyelectrolyte segments in hydrogel
formation was examined by analysis of a series of polypeptides
where the oligoleucine domain was held constant at 20 residues,
the minimum amount to give a stable helical domain, and the
polylysine domain was varied from 80 to 380 residues.'! From
above, it was known that the K;goL,o sample was a weak
hydrogel former with a minimum gelation concentration of
2 wt% (Table 1). The sample KgoL,y was found to not form a
hydrogel, even at much higher concentrations (6 wt%). Thus,
even though this sample possessed a helical hydrophobic
domain, that alone was not sufficient to drive formation of a
gel network. This result was similar to that found in our lab
for uncharged amphiphilic diblock copolypeptides containing
helical oligoleucine segments.'?> These copolymers were
found to assemble into flat membranes, which form vesicular
structures, but not hydrogels. It appears that the short
polylelectrolyte segments in KgolL,y do not provide enough
repulsive forces to distort a flat membrane structure into the
gel network.’

Examination of the larger copolymer, Ksgolo, seemed to
confirm this hypothesis. This sample was able to form stronger
hydrogels at concentrations much lower than K;goLls
(0.25 wt% vs. 2 wt%). The increase in gel strength for
Kisgoloo vs. Kigolao was insignificant by comparison to
changes made in the hydrophobic domains. In the example
above, addition of 200 lysine residues increased G’ from 12 to
146 Pa, while an increase of only 10 leucine residues (K;goL
to K;70L30) increased G’ from 12 to 590 Pa. However, the
increase in gel forming ability with increased polylysine length
was substantial. It is thought that longer polyelectrolyte
segments increase interchain repulsions such that the packing
of the hydrophobic helices, which appear to prefer formation
of a flat 2D sheets,'? must distort to minimize the overall
energy of the system. The best way to do this, while
maintaining favorable helix packing, is to twist the sheets into
fibrillar tapes, where tape width is determined by the degree
of twist.!> In this model, the helices are still able to pack
perpendicular to the fibril axis, but with a slight twist between
planes of parallel packed helices (Fig. 1).

Hydrogel structure

To test the hypotheses discussed above, which were based on
molecular features, many characterization tools were applied
to the polypeptide hydrogels. Surprisingly, the hydrogels were
found to display structure over a wide range of length scales.
Self-assembly of the polypeptide chains was expected to occur
at the tens of nanometers scale, based on the size of individual
polymer chains. Cryogenic transmission electron microscopy
(CTEM) was used to visualize the assemblies in this size
regime.'* By imaging vitrified, nonstained samples, we hoped
to obtain a fairly accurate representation of the nanoscale gel
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Fig. 1 Drawings showing (A) representation of a block copolypeptide
chain and (B) proposed packing of block copolypeptide amphiphiles
into twisted fibrillar tapes, with helices packed perpendicular to the
fibril axes. Polylysine chains were omitted from the fibril drawing
for clarity (Reprinted with permission from ref. 9. Copyright 2004
American Chemical Society).

structure. Using this technique, 3D gel networks were observed
(Fig. 2a), with a network density that increased with sample
concentration. Even at very low concentrations, the exact
nature of the assembled structures could not be discerned,
although the apparent highly anisotropic struts and curved
surfaces were not inconsistent with fibrillar and twisted mem-
brane morphologies. The irregularity of the structures, com-
bined with high beam sensitivity, has, to date, limited further
high resolution CTEM studies.

X-Ray scattering experiments on the hydrogels have yielded
very little data. The poor contrast of the samples against
water, and the very low sample concentrations gives rise to
poor signal to noise. To circumvent these problems, small
angle neutron scattering (SANS) experiments on samples
prepared in D,O were undertaken, which revealed regularity in
the hydrogel mesh porosity.14 In a K;g9(LV), sample, where

0.5 um 20 um

Fig. 2 (A) Cryogenic transmission electron microscopy image of
K70L30 at 3.0 wt% in H,O showing an interconnected nanostructure
of polypeptide matrix (dark) surrounded/filled by vitreous water
(light). (B) Laser scanning confocal micrograph of K;sL4o at 1.0 wt%
in H>O with a heterogeneous microstructure visualized using DiOCg
hydrophobic dye (Reprinted with permission from ref. 8. Copyright
2002 Nature Publishing Group).

LV represents an equimolar statistical sequence of L-leucine
and L-valine, there appeared to be a nanoscale porosity of ca.
140 to 210 nm that increased in size with decreasing sample
concentration. In addition to this nanostructural organization,
the hydrogels were also found to possess structure on the
micron length scale. Examination of hydrogels that had been
stained with hydrophobic, fluorescent dye using laser scanning
confocal microscopy showed the presence of irregular micro-
scopic voids in the network (Fig. 2b).%'* Micro-rheology
experiments, where the diffusion of colloidial particles in the
hydrogel were monitored over time, revealed that the voids
were essentially domains of polymer-free water.® SANS studies
also showed the presence of a sharp interface between polymer
and water, indicating a strong segregation of the polypeptides
from solvent.'* These data verified that the hydrogels phase
separate into polymer-rich, and polymer-free domains of ca.
1 to 50 pm in diameter. This bicontinuous state was found to
be very stable against centrifugation, shear, aging, and heat.
Overall, the polypeptide hydrogels were found to exhibit
complex self-assembly, with structural features ranging from
nanometers to microns.

Rheological properties

Initially, rheology was used to confirm the elastic gel nature of
the polypeptide solutions, as well as determine minimum gel
concentrations and storage moduli of different samples.® The
most notable result from these studies was the low sample
concentrations at which gelation was observed, in many cases
below 1.0 wt%. This feature contrasts greatly to other charged,
amphiphilic block copolymers, which typically only form
hydrogels at orders of magnitude higher concentrations.'> The
key difference in the polypeptide samples is the helix packing
motif that prevents these materials from forming spherical
micelles and vesicles and drives assembly into a fibrillar
network. More detailed rheological analysis of an array of
samples gave further insights into hydrogel properties.” The
gels were found to break down (as measured by G') at
high strain amplitudes (i.e. shear thinning) in a concentration
dependent manner. That is, the hydrogels tended to become
more brittle (gel thins at smaller strain amplitudes) as
polypeptide concentration increased.

Since the gels break down under high strain, the kinetics of
their recovery could be measured. Hydrogel samples were
subjected to large oscillatory strains causing G’ to drop two
orders of magnitude. Gel recovery was then monitored by
measuring G’ at small, non-destructive strains. Very fast
recovery (<10 s) of elastic properties (i.e. >80% of original G")
was observed when compared to hours typically required for
similar recovery in conventional biopolymer hydrogels (e.g.
gelatin) (Fig. 3).% The reason behind the fast recovery found in
these polypeptide hydrogels is not obvious. Initially, it was
believed that rapid amphiphile reorganization was due to the
short chain lengths of the block copolymers as compared to
larger biopolymers, which allows greater chain mobility. Also,
as these are physically associating gels, the associations would
be expected to be somewhat reversible. However, the observed
microscale phase separation in the polypeptide gels argues
against any appreciable diffusion of free polypeptide chains.
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Fig. 3 Recovery of gel strength G’ for (A) 1.0 wt% KigoLso, (O)
0.75 wt% Ki60V40 and (V) 2.0 wt% gelatin. Large amplitude oscillatory
breakdown (1000% at 6 rad s ' for 600 s) was followed by linear
recovery measurements (0.3-1.0% at 6 rad s~!). G’ was normalized to
the equilibrium value G’ to facilitate sample comparisons (Reprinted
with permission from ref. 8. Copyright 2002 Nature Publishing
Group).

Furthermore, critical micelle concentrations of these amphi-
philic block copolymers have been found to lie in the region of
10~'"" M, consistent with little network disassci:mbly.16

Optical microscopy studies gave some insight into recovery
of these hydrogels. Simple pressure on a coverslip over a thin
gel sample allowed observation of micron-sized gel domains
sliding past each other as whole units, with the aqueous phase
acting as a lubricating and compliant layer.'® These observa-
tions suggest that the local gel network was not disrupted
under large strain, but that perhaps only the interconnects
between gel domains were broken. Since the bulk of the
polymer gel does not need to reorganize after strain, as only
the interconnects need to reform, recovery is rapid. This
hypothesis requires interconnecting regions that can reversibly
and rapidly dissociate then reform, without much loss in
integrity. Such cross-links are not widely known in conven-
tional hydrogels. A note of distinction in the block copoly-
peptide gels is that their recovery is much faster than even
those composed of physically associated small molecules, such
as P-sheet forming peptides.* The main difference between
these two systems is the association mechanism: [-sheet
H-bonding versus hydrophobic a-helix packing. It is reason-
able to assume that alignment and registry are much more
critical in B-sheet formation than in helix packing, as H-bonds
must be precisely located, as in crystal formation. The peptide
chains can also unfold upon f-sheet rupture, or form
disordered H-bonds, which may also slow reassembly com-
pared to hydrophobic helices, which can pack together effec-
tively with less precision.

Related to hydrogel recovery after strain is stability to
thermal treatment. The thermal breakdown of many physically
associating hydrogels (e.g. gelatin) is well known.” In these
systems, helical bundles typically dissociate at elevated
temperature resulting in loss of crosslinks and conversion
from a gel to a fluid. Hydrogels based on B-sheet fibrils are
more robust at elevated temperature, with only a few examples

being known to break down.® Rheological measurements on
block copolypeptide hydrogels have been performed at
temperatures up to 90 °C in H,O, where no changes in
mechanical properties compared to ambient conditions
were observed.” Thus, with regard to thermal stability, the
helix-based polypeptide hydrogels are more like B-sheet gels
than those formed from coiled helices. This similarity likely
arises since the polypeptide gels are composed of fully
hydrophobic helices, which have no tendency to become
solvated by polar water molecules at any temperature. It is
worth noting that B-sheet fibril-like properties apparently have
been realized in these block copolypeptide hydrogels using an
entirely different structural motif. We expect this new assembly
mechanism will provide an additional means of functionality
to self-assembling peptides, since the a-helical structure is more
tolerant of amino acid substitution, and is more readily
prepared at different lengths compared to f-sheets.

Block architecture

To probe the molecular interactions in block copolypeptide
hydrogels further, the role of block architecture on assembly
has been investigated.” A key issue concerning hydrogel nano-
structure is the orientation of helical oligoleucine segments in
the self-assembled networks. Based on studies of flat mem-
branes formed using similar helical copolypeptides,'? it was
hypothesized that the hydrophobic helical segments would
align perpendicular to either 2D membranes or 1D fibrils, not
unlike the orientation of the chain axes in B-sheet fibrils.'?
However, helical polypeptides are typically found to align
parallel to long fibril axes, as was found in organogels made
from hydrophobic o-helical polypeptides.’® In the hydrogel
system described here, the amphiphilic nature of the block
copolymers provides a soluble charged domain that limits the
packing possibilities of the hydrophobic helices, and should
favor chain alignment perpendicular to an interface (Fig. 4).°

Diblocks Triblocks

perpendicular
packing

VS.

- parallel
packing -

Fig. 4 Drawings showing different possible packing motifs of helical
segments in block copolypeptide hydrogels. Diblock (K,L,,) and
triblock (K, L,,K,) architectures are shown for comparision in both
perpendicular and parallel packing arrangements. Note that the
parallel arrangement should greatly disrupt helix packing for the
triblock copolymers.
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Although such assembly would allow greatest access of the
charged segments to the polar solvent, an arrangement of
helices parallel to the interface, with charged segments bending
out away from the aligned rods, must also be considered.

To help resolve this issue, symmetric triblock copolymers
were prepared, where a hydrophobic helical segment was
capped by polyelectrolyte on both ends. It was envisioned that,
based on packing arguments, this architecture would favor
perpendicular orientation of the helices and disfavor packing
of helices parallel to a fibril axis (Fig. 4). While it is difficult to
make direct, quantitative comparisons between diblock and
triblock copolypeptides, it was found that, for equivalent
hydrophobic domains, the triblock copolymers formed
stronger hydrogels than corresponding diblock copolymers.’
This result confirmed, at least, that the triblock architecture
did not destabilize hydrogel formation, and so the model of
helix alignment perpendicular to self-assembled fibril axes
seems plausible. The increased gel strengths of the triblock
samples was most likely due to higher polyelectrolyte content,
due both to larger molecular weights of the triblock samples,
as well as increased polyelectrolyte density per helix segment.
Note that the polylysine “brush’ is twice as dense in an
assembled triblock copolymer fibril compared to one formed
from diblock copolymers, since there are twice as many
polyelectrolyte chains per helix in the triblocks (Fig. 4). The
resulting increased polyelectrolyte interchain repulsions likely
enhance network formation for the reasons discussed above.

Chain length polydispersity

Another means to probe helix packing in this system is to
examine the effects of helix length polydispersity. As the
hydrophobic helical domains contain all the same amino acids,
it would be expected that there is no inherent sequence
information guiding helix—helix alignment and registry, as long
as the leucine side-chains can interdigitate. The main driving
force for registry of helices arises from maximization of helix—
helix overlap, which avoids exposure of the hydrophobic
domains to the charged polylysine segments and the polar
aqueous environment. Since these samples are synthetic, and
thus possess finite chain length distributions, it would be
expected that some of the longer helical segments would
extend into the polar environment, leading to less stable
assemblies. It is also possible that, since defect structures
may form to stabilize such exposed helices, polydispersity gives
rise to disorder in the assemblies, driving formation of the
observed gel networks rather than well-ordered membrane or
fibril structures.

The block copolypeptides used to prepare hydrogels
possessed chain length distributions (M,/M,) of 1.1 to 1.3,%
which are generally considered narrow for synthetic poly-
mers.!” To test if chain length heterogeneity was influencing
structure, polydispersity was artificially increased by mixing
samples of different hydrophobic segment length. In one
experiment, Lyo and L,y hydrophobic segments were combined
by mixing copolymers of the same overall length: K;gL4o
and K;goLyo. A solution of KigoLyo at 0.25 wt% in water is
just able to form a hydrogel. However, a mixture containing
Kigolao at 0.25 wt% and Kigoloo at 0.50 wt% in water was

found to be liquidlike.® Thus, even with more overall polymer
present, the mixture, which contained a bimodal distribution
of helix lengths, was unable to form the hydrogel structure. In
another experiment, a mixture containing KgoL4g at 0.25 wt%
and Kg(rac-L)4 at 0.25 wt% in water, where the racemic
leucine domain is known to be disordered,® was also found to
prevent hydrogel formation, confirming the absolute require-
ment for helicity in all of the hydrophobic segments.® These
results show that both large chain length distributions and loss
of helicity in the hydrophobic segments prevent formation of
the hydrogel structure. Furthermore, they also show that
although the samples described here are not monodisperse,
their narrow chain length distributions are critical for hydrogel
formation. Since truly monodisperse samples are presently not
available, it cannot be said whether such samples would also
form hydrogel networks, of different structures altogether.
The experiments above were focused on modifications to the
hydrophobic domain, since this is the one that drives chain
assembly. However, the polyelectrolyte segments have also
been shown to have a strong influence on hydrogel formation,
and so polydispersity in this domain was investigated as well.”
For these studies, a hydrogel of K;goL,g at 2.5 wt% in water
was compared to 4 : 1 (molar composition) mixtures of
K g0Loo with either KigoLog or Kgglog, which were prepared at
the same overall molar concentrations as the pure K;gol,
sample. Ksgolog was known to form a stronger gel than
Kisoloo, while Kggl,y, was found to be unable to form
hydrogels at concentrations below 6 wt%.” Both sample
mixtures formed hydrogels (Fig. 5), with the K3goL,o mixture
being stronger than pure K;golL,g, and the Kgol,, mixture
being weaker, as might be expected.® The unexpected result was
that polydispersity in the polyelectrolyte segments was found
to have no adverse effects on hydrogel formation. In fact, it
appeared that mixtures of different polyelectrolyte chain
lengths gave additive effects, which provides a useful means
to finely adjust gel properties via mixing of different polymer
compositions. The results of all the mixing experiments point
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Fig. 5 Storage modulus G’ (solid symbols) and loss modulus G"
(open symbols) for pure samples and mixtures with different lysine
segment lengths. Frequency sweeps of (@) 2.5 wt% KigoLog, (V)
mixture with 2 wt% K;goLyo and 1 wt% Ksgol,o (A) mixture with
2 wt% KigoLloo and 0.25 wt% KgoL,o (Reprinted with permission from
ref. 9. Copyright 2004 American Chemical Society).
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to highly specific, conformation and length dependent associa-
tion in the hydrophobic domains, but very little interaction in
the polyelectrolyte domains. The major parameter relating to
the polyelectrolyte segments is the presence of a critical
amount of polyelectrolyte at the block interface, which can be
realized by a combination of chain length and brush density.
Gel formation in these materials is critically dependent on the
presence of hydrophobic helical segments of low poly-
dispersity. Hence, even though these materials are synthetic
polymers that may appear heterogeneous when compared to
natural biopolymers, they do possess the ability to interact in
both a conformation and size-specific manner.

Applications in ionic media

A potential important issue in the use of block copolypeptide
hydrogels for applications, including cosmetics, food additives
and as biomedical materials, is their compatability with
buffers, salts and serum. All of the studies of the hydrogels
described above were performed in deionized (DI) water.®
Based on the properties of other polyelectrolyte hydrogels,'® it
was possible that the gels would collapse in the presence of
added ions (e.g. 100 mM NaCl). Added salt generally acts to
screen the many like charges along the chains, weakening the
forces responsible for chain stretching and interchain repulsion
that typically support these gel networks. Such behavior is
seen in chemically cross-linked poly(acrylic acid) gels, for
example.'® Since our hydrogels are supported by an entirely
different mechanism based on helix assembly, we hoped that
they might be able to tolerate high ionic strength solutions.
In order to evaluate the stability of polypeptide hydrogels to
added salts, we first examined the rheological properties of the
200 residue copolymers (Kg0L40, Ki70L30, and Kigglyg) in the
presence of NaCl (Fig. 6).!' The strongest gel former in DI
water, K;goL40, was surprisingly the least stable to added salt.
At a concentration of 1.0 wt%, this copolymer was seen to
precipitate upon the addition of even small amounts of NaCl

10*

10°

G'(Pa)
(1 rad/s) 10

10

10°
0 100 200 300 400 500

[NaCl] (mM)

Fig. 6 Hydrogel strength (G') as a function of salt concentration for
different K,,L,, diblock copolypeptides. Gel strengths were measured
at 1 rad s ' (@) KygoLao 3.0 Wt%, (V) Ki70L3o 3.0 wt%, (<) KigoLao
3.0 wt%, and (V) KjgoLyo 1.0 wt% (Reprinted with permission from
ref. 11. Copyright 2003 American Chemical Society).

(ca. 50 mM). In many ways the behavior of this sample was
similar to the properties of the more hydrophobic material,
Ki40Leo, in salt-free water. K49Lgo is partially insoluble in
DI water and only forms viscous solutions, despite the large
hydrophobic domain.!" The polyelectrolyte segments in this
sample are not large enough to effectively solubilize and
stabilize the hydrophobic gel network. Qualitatively, it
appeared that added salt had a similar effect on the K;gL4o
sample by ‘‘salting out” or reducing the solubility of the
polylysine chains, resulting in collapse of the network.

The inherently much weaker gel formed from KigolLsg
showed the most surprising behavior with added salt. At
3.0 wt%, this weak gel actually became stronger when salt was
added, and was able to remain homogeneous at NaCl
concentrations above 0.50 M. Thus it appeared that salt
stability and inherent gel strength were somewhat mutally
exclusive. Advantageously, the K;;0L;y copolymer showed
intermediate behavior at 3.0 wt%, forming a relatively strong
gel that was able to maintain most of its strength and show
very little turbidity upon addition of salt. In the K;goL
sample, interchain repulsions of the large polyelectrolyte
segments in DI water were believed to hinder efficient packing
of the small hydrophobic domains, resulting in very weak
gels.11 Observance of strain hardening in K;goL,o, but not in
K70L30 and K;goLyo, also hinted that the hydrophobic helices
were not inherently well packed, but could be packed into a
stronger network under strain.’ Accordingly, K;goL,g hydro-
gels displayed increasing brittleness as salt concentration was
increased, indicating that the hydrophobes became better
packed into stronger networks in ionic solutions.” It seems
plausible that the addition of salt relaxes the polyelectrolyte
repulsions in this sample to allow better assembly of the
hydrophobic network, and thus form a stronger gel.

The K;70L30 sample, with intermediate composition, was
mainly unaffected by ionic strength, as salt only seemed to
affect samples with lysine : leucine ratios at the extremes of
the gel forming region.'" A hypothesis for this lack of salt
sensitivity can be based on the trade off between electrostatic
and steric repulsions as salt is added. At low ionic strengths,
the polyelectrolyte chains should be highly stretched due to
intrachain electrostatic repulsions, and should repel each other
for interchain electrostatic reasons. This interchain repulsion is
the basis for our model on gel formation, as described above.
As salt is added, the electrostatic interactions are screened. The
loss of interchain repulsions would be expected to disrupt the
hydrogel structure, however, loss of intrachain repulsions
should result in chain coiling, which effectively increases chain
size at the block interface (Fig. 7). The resulting increased
interchain steric repulsions may act to replace the interchain
electrostatic repulsions, resulting in only a small change in
hydrogel structure and properties.

Since K7Lz was found to be the most salt tolerant, 3.0 wt%
hydrogels of this copolymer were subjected to a variety of
buffers and ionic media.'! The most destabilizing media were
those containing multivalent anions such as phosphate or
sulfate. These ions are more efficient at condensing and
possibly crosslinking the polyelectrolyte segments, effectively
decreasing their solubility in water.!” Once the solubility limit
of the polyelectrolyte is reached, the gels will collapse, as seen
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Fig. 7 Drawing depicting changes in polyelectrolyte conformation as
salt is added to block copolypeptide hydrogels. Electrostatic repulsions
(left) are counterbalanced by steric repulsions (right) as polyelectrolyte
chains coil in ionic media.

with KjglL4o. Even so, there is enough compositional
flexibility in polypeptide synthesis to allow preparation of
hydrogels stable to almost any ionic media. For example,
Kigoloo hydrogels were found to strengthen dramatically in
the presence of divalent sulfate, and E;g9L,o was found to
strengthen in divalent calcium.!! The K;-oLs, hydrogels were
also stable over a broad pH range (4 to 9), essentially
remaining intact as long as the polyelectrolyte segments were
not neutralized. Gel strengths in these media were found to
vary moderately, but seemed to depend more on the
composition of the buffer than the pH of the solution.'! This
result is not too surprising since each buffer contains ions
of different valency, and since the charge density of the
polyelectrolyte segments was unaffected in this pH range
(pK.(avg.) of polylysine ~ 10.5).

Hydrogel samples were also prepared in DMEM (Dulbecco’s
Modified Eagles Medium) and DMEM with 5% fetal calf
serum and penicillin as representative cell culturing media.'!
The K;79L30 hydrogels were stable and remained transparent,
which was somewhat surprising, since these media contain
numerous multivalent ions and anionically charged proteins. It
is likely that the proteins coat the polylysine segments in the
gel since it is known that polylysine homopolymer will
coagulate many serum proteins in solution.”® Apparently, the
resulting polyelectrolyte complexes retain enough charge or
hydrophilicity to solubilize the hydrophobic gel scaffold and
prevent precipitation and collapse of the network. Overall,
these copolypeptide hydrogels display remarkable stability in
both the presence and absence of ionic species. Hydrogels
formed from helical or B-sheet-forming proteins and peptides
typically show some sensitivity to ions, either requiring them to
form gels, or disrupting in their presence.* Likewise, hydrogels
prepared from synthetic polyelectrolytes (e.g. crosslinked
polyacrylic acid) are very sensitive to salts, shrinking drama-
tically as ionic strength is increased.'® The gelation mechanism
for our polypeptides, the association of hydrophobic helices,

provides a robust structure that is unperturbed under a variety
of conditions, including variation of pH, ionic strength, and
temperature. These properties illustrate the novelty of the
gelation mechanism in these amphiphiles, and how it can give
rise to properties that have not been realized in other materials.

Conclusions

This review described a new class of amino acid derived
hydrogel materials that assemble via a mechanism sub-
stantially different from those of other protein and peptide
based hydrogels. This hydrophobic helix relies on the same
amino acid components as the well-known “leucine zipper”
motif found in a-helical coiled-coils.'> However, in addition to
assembling via a different packing geometry in fibrils, the
amphipathic nature of coiled-coils gives rise to instability in
water at elevated temperatures, while the packing of entirely
hydrophobic helices is unaffected even under the forcing
conditions of an autoclave.

The stability observed in copolypeptide hydrogels is similar
to that found in H-bonded B-sheet fibrils. In many ways, the
twisted fibrillar model proposed for the assembly of the helical
polypeptide domains is based on the core structure of B-sheet
fibrils. A key distinction is that the dimensions of a [B-sheet
fibril are dictated primarily by the twist associated with the
interstrand H-bonding pattern as well as the nature of peptide
side-chains, which may present hydrophobic residues that
promote fibril bundling, yielding thicker fibers.!* Due to the
regularity of the B-sheet twist, these fibrils are usually quite
thin, typically 5 to 10 nm in diameter.®> Use of short p-strands
(~10 residues), necessitated since longer sequences will usually
intramolecularly chain-fold or form disordered aggregates,
also contributes to small fibril dimensions. Consequently, gel
strength in these systems can typically only be adjusted by
variation of peptide concentration.’

With the block copolypeptides, the associating domain is
intramolecularly folded into a stable a-helical conformation,
and thus can be readily varied in length to tune the strength
of the interhelix associations, and, in turn, gel strength.8 As
shown above, hydrogel strength can be adjusted not only
by variation of the oligoleucine domain size, but also via
modification of block architecture (i.e. triblocks) as well as
through mixing of samples with different polyelectrolyte
segment lengths. Thus, the change in assembly motif from
highly specific H-bonding of -sheets to less precise packing of
helices allows tuning of macroscopic hydrogel properties
simply and intuitively via a number of molecular parameters.

The helix assembly motif gives rise to an additional practical
feature in that the samples can rapidly recover from shear
thinning. Most H-bonded B-sheet networks recover only
slowly after shear thinning, if they recover at all.*> This may
be a consequence of chain unfolding, chain misfolding, or the
time required for strands to align properly to form the required
H-bonds. The reassembly of hydrophobic helices is a much
faster process, possibly since the individual chains do not
unfold, and exact chain alignment is likely not required. As
such, the the copolypeptide assemblies may be intrinsically
less ordered than some of the structures found in biopolymer
hydrogels, yet consequently may possess many practical
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advantages over these materials. Overall, we believe the new
assembly motif found in these hydrogels has tremendous
potential as an alternative method for nanoscale assembly of
biomolecular materials.
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