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Biocompatible polymer hydrogels are extensively
employed in biomedical and pharmaceutical applica-
tions as prosthetic devices, drug delivery agents, and
matrices for cell encapsulation and tissue engineering.1
The three-dimensional architecture of the polymer
network has an important influence on the performance
of these materials as it mediates polymer-solvent
interactions and defines biomedically important materi-
als properties including the solute permeability, the
equilibrium swelling ratio, and the viscoelasticity of the
gel.2 However, few analytical techniques are currently
available that can directly interrogate the morphology
of polymer hydrogels under conditions that approximate
the functional environment of the materials. Recently,
high-resolution topographic images have been obtained
on biomolecules and intact cells under native, hydrated
conditions using a combination of extremely rapid cryo-
immobilization and in-lens field emission scanning
electron microscopy at low temperature.3 We report
herein the use of these techniques to investigate the
morphological changes that occur in the microstructure
of an environmentally responsive protein polymer and
hydrogel upon passage through the phase transition.

We have previously described the biosynthesis and
characterization of an elastin-mimetic protein polymer
of uniform and defined length, poly(Lys-25), based upon
the repeat sequence [(Val-Pro-Gly-Val-Gly)4(Val-Pro-
Gly-Lys-Gly)], 1.4,5 Poly(Lys-25) undergoes a tempera-
ture-dependent phase transition in aqueous solution in
analogy to soluble elastin derivatives and chemosyn-
thetic elastin-mimetic polymers.6 In this process, phase
separation of the polypeptide from aqueous solution
occurs above a lower critical solution temperature Tt.7
The position of the phase transition for poly(Lys-25)
depends on the pH of the solution due to proton-transfer
equilibria involving the lysine residues within the
repeats. The transition temperature of poly(Lys-25)
shifts from 28 °C in 0.1 N NaOH with the lysine
residues in the free amine state to 75 °C at neutral pH
with the lysine residues in the ammonium ion state. The
ε-amino groups of the lysine residues in poly(Lys-25)
can be selectively cross-linked under controllable condi-
tions to afford a synthetic hydrogel that mimics the
responsive properties of native elastic fiber and chemo-
synthetic elastin-mimetic networks (Figure 1).8,9 This
elastin-mimetic hydrogel undergoes a discontinuous
volume transition as the temperature approaches the

phase boundary with a transition midpoint at ap-
proximately 35 °C in unbuffered water at neutral pH.
The position of this phase transition is shifted ap-
proximately 40 °C lower than that of aqueous solutions
of poly(Lys-25) under identical conditions due to con-
version of the protonated ε-amino groups of the lysine
side chains into less polar, uncharged amide groups
during the cross-linking reaction.

The structural rearrangements that occur in the
hydrogel as a consequence of the phase transition should
provide direct insight into the relationship between
supramolecular organization and macroscopic respon-
sive behavior in elastin-mimetic materials. Previous
investigations into the morphology of these elastin-
mimetic hydrogels employed a critical point drying
technique for preparation of the specimens prior to
image acquisition.9 A beaded, filamentous microstruc-
ture was observed for these specimens that was remi-
niscent of the architecture of native elastic fiber and
synthetic elastin networks. However, the feature sizes
of the filaments were 2 orders of magnitude larger than
those observed for similar elastin polypeptides.10-12

Moreover, the hydration sphere of the polypeptide was
displaced during the fixation, which precluded an
investigation of the morphological changes induced by
the phase transition. Cryoscopic high-resolution scan-
ning electron microscopy was employed to investigate
the structural rearrangements that accompany the
phase transition in the hydrogel under conditions that
approximate its functional environment.13 The expanded
and collapsed states of the water-swollen, elastin-
mimetic hydrogel were kinetically trapped by rapid cryo-
immobilization after equilibration below (4 °C) and
above (40 °C) the phase transition, respectively. Pro-
found differences in morphology were observed between
the expanded, low-temperature hydrogel (Figure 2) and
in the collapsed, high-temperature hydrogel (Figure 3),
although both specimens retained the microscopic phase
separation (microsyneresis) that was previously ob-
served in the dried hydrogels.9

The morphology of the expanded, water-swollen gel
at low magnification consisted of an interconnected
network of dendritic leaflets (Figure 2a) in which the
extension across the surface of a leaflet was significantly
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Figure 1. Photographic images of an elastin-mimetic hydrogel
in the expanded (a) and collapsed (b) forms at temperatures
below (4 °C) and above (40 °C) the phase transition, respec-
tively. Both gels have an opalescent appearance due to
microscopic phase separation (microsyneresis) during the
cross-linking reaction.24 Macroscopic phase separation (mac-
rosyneresis) can be detected in the gel above the transition
temperature by the appearance of a separate aqueous phase
(arrowhead).
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greater than its thickness. On alternate fracture sur-
faces, the leaflets could be observed in profile (Figure
2b), which provided a determination of their thickness
(approximately 20-30 nm). Interestingly, vitreous ice
was not detected in images in which the fracture surface
is roughly parallel to the leaflet surface (Figure 2a), but
it was observed for fracture surfaces that are perpen-
dicular to the leaflet surface (Figure 2b). In the former
case, the protein gel became separated from the vitrified
solvent during the cryofracture operation. At high
primary magnification, a series of rough striations was
occasionally observed on the surface of the leaflets at
an approximate spacing of 10 nm between the features
(Figure 2a inset). The morphology of the expanded gel
bore a striking resemblance to that observed for thin
filaments and broad ribbonlike fibers obtained from
electro-spinning of concentrated solutions of poly(Lys-
25) at temperatures below the coacervation point.14 This
morphological similarity between elastin-mimetic fibers
and swollen hydrogels derived from poly(Lys-25) im-
plied a common underlying structure for these materials
below the phase transition (vide infra).

The morphology of the elastin-mimetic hydrogel in its
collapsed state differed distinctly from the hydrogel
equilibrated below the phase transition. At intermediate
magnification (Figure 3a), the collapsed polymer formed
a honeycomb network around lakes of vitreous ice at
the fracture surface. The interior of the polymer-rich
zones comprised a network of beaded filaments, which
could be more clearly discerned at high primary mag-
nification (Figure 3b). This beaded, filamentous network
closely resembled the morphology typically observed in

specimens of native elastic fiber and tropoelastin
coacervates.10-12 The filaments consisted of regularly
spaced globules, ranging from 7 to 10 nm in diameter
that aggregated lateral to the fracture plane and formed
a densely packed matrix. In addition, a border zone was
observed between the interior of the polymer-rich region
and the vitreous ice. This shoreline region consisted of
a narrow interface, approximately 2 nm in width, and
a fine fibrillar lacework that extended approximately
20 nm into the polymer-rich zone. The extended mor-
phology that was observed in the border region ap-
proximated the leaflet morphology of the expanded
hydrogel, perhaps because interfacial confinement forced
a polymer-solvent interaction similar to the latter
system.

The morphology of the collapsed state of elastin-
mimetic protein hydrogel can be compared with that of
a coacervate of the non-cross-linked polymer precursor
poly(Lys-25) imaged under nearly identical conditions
(Figure 4). At an early stage of the coacervation process,
individual wormlike filaments of the protein polymer
separated from the surrounding vitreous ice and were
observed at the fracture surface (Figure 4a). At high
primary magnification, HRSEM images revealed worm-
like, beaded filaments in which the smallest discernible
features within the filaments were approximately 8 nm
in diameter (Figure 4b). This filamentous morphology
paralleled the topography observed in the interior of the
polymer-rich islets of the collapsed hydrogel. The fila-
ments of the nascent coacervate formed supercoiled
structures in aqueous solution (Figure 4b), which im-
plied a flexible structure as expected based on the
elastomeric character of elastin. At later stages of
assembly, the individual filaments aggregated into
monolithic structures in which the topography was
consistent with a close-packed arrangement of beaded
filaments approximately 20 nm in diameter (Figure 4b
inset). A similar self-organization process was observed
during the coacervation of tropoelastin in vitro, in which
5-7 nm wide filaments occurred in the initial stage of
the assembly process.10,15 These filaments aggregated
into bundles and coalesced into a three-dimensional
beaded network that resembled the structure of native
elastic fiber. The consistent observation of a beaded
filamentous structure among diverse elastin-mimetic
protein polymers, hydrogels, and native elastin deriva-
tives implied a common determinative structural inter-

Figure 2. Cryo-HRSEM images of an elastin-mimetic hydro-
gel in its low-temperature, expanded state at intermediate
magnification. The fracture surfaces of the specimens are
depicted parallel (a) and perpendicular (b) to the leaflet
surface. At high primary magnification (part a, inset), rough
striations were observed on the surface of the leaflets at
intervals of approximately 10 nm.

Figure 3. Cryo-HRSEM images of the fracture surface of an
elastin-mimetic hydrogel in the high temperature, collapsed
state at intermediate (a) and high (b) primary magnification,
respectively. Note the 7 nm wide filaments (arrowheads) in
the interior of the polymer-rich zone and the 2 nm wide
interface (arrows) between the vitreous ice and gel phases in
part b.

Figure 4. Cryo-HRSEM images of a coacervate of poly(Lys-
25) at low (a) and high (b) primary magnification, respectively.
A solution of poly(Lys-25) (1 mg/mL) in 0.1 N NaOH was
heated at 40 °C to produce the coacervate, which was trapped
by plunging the specimen into liquid ethane.13 Notice the
individual beads within a supercoiled filament (arrowheads)
in part b. The individual filaments coalesced into a densely
packed matrix at later stages of the coacervation process (part
b, inset).
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action in these biomaterials above the transition tem-
perature.

The differences in microstructure observed between
the expanded and collapsed states of the elastin-mimetic
hydrogel reinforce the hypothesis that a structural
rearrangement occurs in the polypeptide during the
phase transition. This microstructural reorganization
coincides with the development of elastomeric restoring
force in the coacervate, which underlies the tensile
properties of elastin that define its physiological role.16

Urry et al., have extensively characterized the second-
ary structures of a series of chemosynthetic elastin-
mimetic protein polymers [(Val-Pro-Gly-Xaa-Gly)n].17-20

These investigations concluded that the local conforma-
tion of the polypeptide chain undergoes reversible
conversion from a random coil to a type II â-turn as the
temperature approaches the coacervation point. Recent
temperature-dependent circular dichroism studies of
oligopeptide models of the elastin repeat indicated that
the pentapeptide repeat (Val-Pro-Gly-Val-Gly) is the
minimum viscoelastic unit in the polymer and that
individual pentapeptides adopted the â-turn conforma-
tion independently as the temperature approached the
transition point.21 These results correlate well with
elastic and quasi-elastic light scattering studies of [(Val-
Pro-Gly-Val-Gly)n] in aqueous solution, which suggested
that the polymer behaved as a coil of effective polymer
segmentsscorresponding to the individual â-turn unitss
near the coacervation point.7 This conformational tran-
sition in elastin-mimetic polypeptides is commensurate
with the microstructural reorganization that was ob-
served in the topographic images of the hydrogel under
frozen, hydrated conditions although the correspondence
between local and global polypeptide structural features
has not been unequivocally established.

To our knowledge, these results represent the first
direct observation of distinct morphological reorganiza-
tion of an environmentally responsive hydrogel at
internal fracture surfaces as a consequence of a phase
transition.22 This structural transition may have sig-
nificant medical implications since certain pathological
conditions that occur in native elastic fiber raise the
transition temperature of the network above normal
physiological temperature and would initiate a dramatic
rearrangement of the elastic matrix mimicking our
observations.23
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