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Hydrogels for superabsorption, drug delivery matri-
ces, and tissue engineering scaffolds have been tradi-
tionally constructed with high molecular weight, hy-
drophilic polymers that are physically cross-linked
through entanglements or chemically cross-linked into
a network.1,2 Constituent polymers can include synthetic
polyalcohols and ethers like PVA3 and PEG/PEO,4-6

biopolymers such as collagen and polysaccharides7-11

and biopolymer-PEG hybrids,12 polyacids13 and poly-
acid-PEG hybrids,14 or biomimetic polymers and globu-
lar proteins.15,16 Each of these classes of gelator poly-
mers can be chosen for a particular set of network
properties required in the end use of the material
(biodegradability in the case of drug delivery network,
biocompatibility and nontoxicity in tissue engineering
scaffolding). At the same time, all gels formed from the
entanglement/cross-linking of high molecular weight
linear polymers exhibit similar morphological proper-
ties. There is no controllable ordering or discernible
nano- and microstructure of the innate gel matrix
material beyond the local intermolecular associations
on the molecular level, unless added via processing such
as freeze-thaw cycling17 or particulate leeching and
foaming in the case of tissue scaffolds.18,19

Recently, construction of hydrogels via self-assem-
bling, supramolecular mechanisms of relatively small
molecules has been explored to produce gel networks
with tunable, responsive properties.20-24 We have initi-
ated work into the self-assembly behavior of block
copolypeptides25,26 with which one can molecularly
engineer rheological and morphological properties in the
final assembled materials through molecular param-
eters such as architecture (diblock vs triblock) and block
secondary structure (R-helix vs â-sheet forming amino
acid sequences). We have recently observed the aqueous
self-assembly gelation behavior of a set of amphiphilic
diblock polypeptides into hydrogels with rich nano- and
microscale morphology.26 The morphology is hierarchical
in nature, consisting of an interpenetrating membrane
network on the nanoscale and a bicontinuous, hetero-
geneous morphology containing the gel matrix and pure
water channels on the microscale. Presented here is the
first small-angle neutron scattering (SANS) exploration
of the gel matrix nanoscale morphology combined with
cryogenic transmission electron microscopy (cryoTEM)
and laser scanning confocal microscopy (LSCM). We
observed a diffraction-like SANS response in the 50-
100 nm length scale indicative of a regular ordering
within the self-assembled gel matrix scaffolding.

The polymer studied, denoted K180(LV)20, is an am-
phiphilic diblock polypeptide of average total length of
200 amino acid residues with a 90 mol % hydrophilic
block consisting of homopoly-L-lysine and 10 mol %
hydrophobic block consisting of a statistical mixture of
70 mol % L-leucine and 30 mol % L-valine (total mole-
cular weight polydispersity was ∼1.2 as determined by
size exclusion chromatography).27 The gelation behavior
was studied in a dilute concentration regime from 0.5
to 5.0 wt %. Hydrogel samples for SANS measurements
and cryo-TEM nanoscale morphology observation were
prepared by dissolution of copolymer in D2O. SANS ex-
periments were performed on beamline NG328 at the
National Center for Neutron Research, National Insti-
tute of Standards and Technology. Cryo-TEM imaging
was performed on the gels by directly pressing carbon-
coated TEM support grids into the gel and consequently
removing a thin film of gel matrix; the majority of the
captured films has a thickness ∼100 nm, allowing obser-
vation in the microscope. The grids were then plunged
into liquid ethane for gel vitrification directly on-grid
and transferred to the TEM for unstained, in situ obser-
vation at 200 kV. Samples for microscale morphology
characterization via LSCM were prepared by dissolution
in H2O already containing a trace amount of hydropho-
bic fluorescent dye. This allowed the incorporation of
the dye into the gel matrix during self-assembly and
inhibited artifacts that occur due to the limited diffusion
of the dye if added to an already formed gel.

Figure 1 contains SANS profiles of a K180(LV)20
concentration series with the prominent characteristic
of a scattering maximum at low q that shifts to
consistently lower q with lowering concentration. The
presence of the scattering maxima reveals a regular
structure within the gel matrix presumably formed
during the self-assembly process with d ∼ 2πqmax
spanning 46 nm in the 5.0 wt % block copolypeptide
sample up to 76 nm in the 0.5 wt % sample. The
scattering maxima lose intensity as the concentration
of polypeptide drops, with the peak essentially disap-
pearing at 0.5 wt % polypeptide. The gel structure
underlying this diffraction-like scattering was stable up
to at least 75 °C as revealed in both the persistence of
the peak in SANS measurements at high temperatures
for the 5.0 and 2.0 wt % hydrogels (Figure 2) and visual
inspection of benchtop-heated samples. A nonlinear
least-squares fit of the data shows that qmax varies with
φR, where φ is the volume percent of polymer in the gel,
with R ) 0.22 indicative of some type of interparticle
expansion with dilution of the gel scaffolding. Similar
peaks and scaling exponents with concentration have
been observed in homopolymer polyelectrolyte and den-
drimer solution SANS experiments, presumably due to
a regular intercluster packing or intermolecular spacing,
respectively.29,30 Solution ordering has also been ob-
served in synthetic block copolymer gels, although in
these cases discrete micelles order onto a cubic lat-
tice.31,32 However, these literature examples of solution
structure all occurred at much smaller spacings (where
ddendrimer < 25 nm, dpolyelectrolyte < 20 nm, and dblock copolymer
∼ 24 nm) and, in the case of block copolymer solutions,
much higher concentrations (polymer ) 40 wt %) than
observed in these diblock copolypeptide self-assembled
gels. We are unaware of any previous observations of
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apparent regular ordering in such a dilute, self-as-
sembled system that produces a rigid gel material.

Figure 3A,B contains real-space microscopy data on
the 5.0 wt % K180(LV)20 hydrogels revealing both the
microstructure, via LSCM, and nanostructure, via cryo-
TEM, of the self-assembled peptide gel system. On the
microscale the gel was heterogeneous with large 1-30
µm water-rich or pure water pores (black regions with
no hydrophobic fluorescent dye) surrounded by gel
matrix regions (bright regions due to incorporation of
hydrophobic dye during self-assembly). This microscale
porous structure was observed at all concentrations of
K180(LV)20 studied. Cryo-TEM in Figure 3B of the gel
matrix regions provided a direct, in situ observation of
the self-assembled block copolypeptide gel matrix struc-
ture. The gel scaffold apparently consisted of interpen-
etrating membranous structures that remained stable
laterally for at most several hundred nanometers before

forming holes and/or forming struts to out-of-plane
membranes. Cryo-TEM of 2.0 and 1.0 wt % gels, with
similar but more dilute morphology, is shown in Figure
3C,D. This interconnected membrane structure pro-
duced a cellular scaffold and is representative of what
was observed in all of the K180(LV)20 gels studied via
SANS. Within the cellular scaffold, particularly in the
1.0 and 2.0 wt % gels, the lateral distances observed
between neighboring cell membrane walls is >100 nm
(at least locally in the regions represented in the
micrographs) while the largest spacing observed via
SANS is ∼80 nm in the 0.5 wt % gel. We propose the
SANS maxima observed in the current q range are
actually higher order harmonics of the long spacing, q*,
arising from the first-order interparticle scattering
between neighboring block copolypeptide self-assembled
membranes constituting the cellular network. The
swelling of the space between neighboring solution
structures on dilution, as measured by SANS, is con-
sistent with the concentration dependence of interpar-
ticle correlations in solution. Assuming the peak ob-
served at qmax ) 0.14 Å-1 in the 5 wt % gel is actually
the third-order harmonic 3q*, q* would occur at q* )
0.0046, corresponding to an average long spacing of
approximately 140 nm. In the 1 wt % hydrogel 3q* at
the observed 0.009 Å-1 would have a first-order peak
at q* ) 0.003 Å-1 and give a long spacing of ∼210 nm.
To our knowledge, a regular gel structure on the
hundreds of nanometers length scale is unprecedented.

The innate 3-dimensional nano- and microstructure
of the hydrogels formed during molecular self-assembly,
combined with their peptide backbone, makes these
hierarchically structured gels intriguing candidates for
advanced biomaterials applications. Specifically, the
inherent hydrogel microporosity is well suited to support
in vitro cell motility and proliferation, in addition to
allow cell growth medium solution transport, all critical
ingredients for successful tissue engineering.18,19 The
peptidic nature of the gel membrane scaffold allows the

Figure 1. Small-angle neutron scattering from 5.0, 2.0, 1.0,
and 0.5 wt % K180(LV)20 diblock copolypeptide gels in D2O
where q ) (4π/λ) sin θ/2, is the neutron wavelength, and θ is
the scattering angle. Scattering curves are vertically offset
from the 5.0 wt % curve for clarity. The -4 Porod scaling for
scattering from an infinitely sharp interface is schematically
shown at high q. The approximately -4 scaling in the 5 wt %
scattering curve indicates a well-defined, smooth, sharp
interface between the self-assembled diblock copolypeptide
structures and the D2O solvent.34 In the more dilute gels the
high q slope is slightly less than -4, implying less well-defined
interfaces between the scaffold and the D2O matrix.

Figure 2. Small-angle neutron scattering from 5.0 and 2.0
wt % K180(LV)20 gels at room temperature (closed symbols) and
75 °C (open symbols). Stability of underlying gel scaffold
structure at high temperatures is evident through unchanged
qmax and intensity or scattering maxima.

Figure 3. (A) Laser scanning confocal micrograph of 5.0 wt
% K180(LV)20 in H2O containing porous, heterogeneous micro-
structure. (B-D) Cryogenic transmission electron microscopy
results of 5.0, 2.0, and 1.0 wt % K180(LV)20 in D2O showing
interconnected membrane, cellular nanostructure of gel matrix
(dark) surrounded/filled by vitreous water (light).
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engineering of noncytotoxic matrices through the correct
choice of hydrophilic amino acid blocks,33 in addition to
the potential doping in of blocks functionalized with
specific cell binding site sequences and appropriate
growth factors for desired cell growth and differentia-
tion. Future work will explore these tissue engineering
possibilities.
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