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(slope) and comparable absolute values for 30 K # T # 290 K and
0.5 T # H # 55 T (Fig. 3, inset). The quantum oscillations at low T
are more pronounced at higher carrier density, and suggest that
reducing n could extend the temperature range over which the
monotonic power law scaling holds.
The 5/3 scaling power (Dr xx / r1.65^0.1
) reflects more than the
xy
nonlinear H-dependence of the Hall resistivity (Fig. 2). Scaling
works in the low-field regime where r xy / H and in the high-field
regime where rxy(H) departs from linearity; hand-in-hand variations of rxx(H,T) and rxy(H,T) naturally conspire to produce
power-law scaling over the full range of field and temperature.
Collapse onto one curve (Fig. 3), however, requires the samplespecific factor b(T), whose general form is illustrated in Fig. 4. We
index b(T) to rxx(H ¼ 0,T), noting the distinction between the
constant carrier density regime below the resistance peak and the
activated regime for T . 80 K (ref. 1). The fact that b(T) becomes
markedly less T-dependent below T < 80 K argues for a decomposition of b(T) above and below Tp. At low T, rxx increases with
increasing T owing to phonon scattering, b(T) is a nearly temperature-independent constant, and Kohler’s rule serves as a reasonable
construct for seeking universality. Complications ensue in the
intrinsic semiconducting regime above Tp. We have nominally
accounted for the variation of n with T and H by plotting Drxx/r0
versus rxy /r0 rather than H/nr0. Nonetheless, b(T) rises steadily as
rxx(T) falls, pointing to elements beyond semiclassical transport.
A quantum transport mechanism is certainly suggested by the
pronounced oscillations in rxx(H) and rxy(H) that emerge at low T.
They begin for rxx < 0.8 mQ cm, which corresponds to a sheet
resistance (per unit cell layer) of 14 kQ, close to the fundamental
unit of resistance given by h/e 2 (where h is Planck’s constant and e is
the electronic charge). The oscillatory minima do not scale precisely
as 1/H, indicating a field-induced change in the electronic density of
states beyond simple Landau level formation. Quantum fluctuations combined with disorder, caused for example by excess silver
embedded in less-conducting material, can introduce length scales
that are not set by the cyclotron radius, and can lead to a linear field
dependence of the resistivity over decades in H (refs 5 and 6).
(Classical approaches to inhomogeneous media15 also can account
for the unusual linear magnetoresistance in non-stoichiometric
Ag2Se and Ag2Te, but are, at present, incompatible with experiments
at small q ct; refs 1, 4.)
The technological promise of the silver chacogenides lies precisely
in the smooth and continued development of the magnetotransport
characteristics over huge changes in applied field. Perhaps most
telling, however, is the robust scaling relation that unfolds while
relative energy scales change by orders of magnitude. The universal
behaviour of Fig. 3 holds when the magnetic energy gm BH is small
compared to all others, and when it rivals the gap energy16, the
thermal energy, and the energy scale set by the temperature
dependence of the chemical potential. The 5/3 scaling exponent
cannot be derived from classical transport equations, and may
reflect a nonlinear coupling between different energy scales, common to hydrodynamic systems17. Whatever the underlying physical
mechanism, the observed universal behaviour over decades in field
and temperature permits predictive power for Ag2þdSe sensor
response, with every expectation of magnetic field sensitivity well
beyond 106 G.
A

Methods
High-purity Ag2Se was ground and loaded into outgassed fused silica ampoules inside a
helium glove-box, and appropriate amounts of silver were added to reach the desired
compositions. The samples were sealed under vacuum, heated in a rocking furnace above
its melting point for 24 h, and left to cool in a horizontal position. Regularly shaped
sensors of millimetre dimensions were cut on a diamond saw. Electrical leads could be
attached easily with either silver epoxy or ultrasonically soldered InBi contacts. Rapid
thermal cycling between liquid helium and room temperature can lead to initial changes of
the resistance up to 5%, but sample characteristics stabilize after 5 to 7 quenches with no
further changes. The variations appear to be dominated by shifts in the relative positions

424

and quality of the electrical contacts. Lithographically defining micrometre-sized contact
pads should improve reproducibility, and would permit the fabrication of submillimetresized sensors. Encapsulation in any thermally matched material (such as epoxy) for
protection should not hinder performance.
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Protein-based hydrogels are used for many applications, ranging
from food and cosmetic thickeners to support matrices for drug
delivery and tissue replacement1–3. These materials are usually
prepared using proteins extracted from natural sources, which
can give rise to inconsistent properties unsuitable for medical
applications4. Recent developments have utilized recombinant
DNA methods to prepare artificial protein hydrogels with specific
association mechanisms and responsiveness to various stimuli5,6.
Here we synthesize diblock copolypeptide amphiphiles containing charged and hydrophobic segments. Dilute solutions of these
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copolypeptides would be expected to form micelles; instead, they
form hydrogels that retain their mechanical strength up to
temperatures of about 90 8C and recover rapidly after stress.
The use of synthetic materials permits adjustment of copolymer
chain length and composition, which we varied to study their
effect on hydrogel formation and properties. We find that gelation depends not only on the amphiphilic nature of the polypeptides, but also on chain conformations—a-helix, b-strand or
random coil. Indeed, shape-specific supramolecular assembly is
integral to the gelation process, and provides a new class of
peptide-based hydrogels with potential for applications in
biotechnology.
Diblock copolypeptide amphiphiles were synthesized (Table 1)
using transition metal-mediated a-amino-acid N-carboxyanhydride
polymerizations, which allow control over polypeptide chain length
and composition (see Methods)7,8. The poly(L -lysinen·HBr) and
poly(L-glutamate sodium salt) domains are highly charged polyelectrolytes at neutral pH and dissolve readily in water9. The
hydrophobic domains, when sufficiently large, can adopt regular
conformations that aggregate and are insoluble in water, namely,
rod-like a-helices for poly(L -leucine) and crystalline b-sheets for
poly(L-valine)9. Many of these diblock amphiphiles were found to
form rigid hydrogels when attempts were made to dissolve small
quantities (such as 0.25–2.0 wt%) in water. Copolypeptides of
identical compositions, but of statistically random sequences,
were found never to form hydrogels at all. Most diblock copolymer
amphiphiles with narrow chain length distributions (CLD) form
micelles and vesicles in water, resulting in free-flowing suspensions10–14.
Micelles and vesicles do not form interconnected networks, and
elastic gel properties only arise when the concentration of particles
is sufficiently high to pack them into ordered arrays, typically at
least 5–10 wt%, which is an order of magnitude larger than in our
polypeptide samples. Block copolymer hydrogel formation at low
concentrations has only been observed with triblock architectures,
where associating domains on the ends of the copolymers act as
interchain crosslinks that result in network formation15. Similarly,
biopolymer gels such as gelatin and carrageenan have several
association sites along their long polymer backbones16. Our copolypeptides displayed quite unusual behaviour in that they were
assembling to form network structures from short, narrow CLD
diblock amphiphilic chains at low concentrations.
To quantitatively investigate the nature of gel formation in these
samples, amphiphiles with different amino acids, hydrophilic to
hydrophobic ratios and a range of overall lengths were analysed
using rheology17. The results are summarized in Fig. 1a, where the
ratio of storage modulus to loss modulus (G 0 /G 00 ) was measured for

Figure 1 Gelation behaviour of aqueous diblock copolypeptide solutions. a, G 0 /G 00 versus
concentration f for all samples, at q ¼ 1 rad s21 (f ¼ [(grams of polymer/grams of
sample) £ 100%]. Filled circles, K160L40; open circles, K180L20; filled down triangles,
K160V40; open down triangles, K180V20; filled diamonds, K160(rac-L)40; and open up
triangles, E160L40; data points are linked to guide the eye. b, Gel strength, represented by
G 0 at q ¼ 1 rad s21, versus concentration for all samples; legend same as in a but with
crosses indicating K160L40 þ 25 mM NaCl.

different polypeptides as a function of concentration. The crossover
point where G 0 ¼ G 00 provides an accurate measure for the gelation
threshold, marking the transition from predominantly viscous to
elastic properties. In addition to the ratio G 0 /G 00 , the absolute
strengths (G 0 ) of the gelled samples are presented in Fig. 1b. For
comparison, a 2.0-wt% aqueous gelatin gel was found to possess a
strength of G 0 ¼ 20 Pa. Because G 0 for all gels was observed to
plateau with increased frequency (see data for K160L40 in Fig. 2a),
the value at this particular frequency was a good measure of gel
strength.
Contrary to most protein gels, which generally dissolve at
temperatures greater than 60 8C (ref. 16), these polypeptide gels
showed high thermal stability by not visibly thinning up to
temperatures as high as 90 8C. Replacement of cationic poly(lysine)
segments in K160L40 with anionic poly(glutamate) segments
(E160L40) did not affect hydrogel formation (Fig. 1a). Addition of
salt (for example 25 mM NaCl) was found to weaken the gels (Fig.
1b), presumably through screening of polyelectrolyte charges; thus
showing that the highly charged segments contribute to gel formation. Accordingly, a similar copolypeptide (KP160L40; where KP is
1-CH3O(CH2CH2O)2CH2C(O)-L -lysine) containing non-charged
hydrophilic residues in place of lysine18, was found not to form
aqueous gels at concentrations up to 10 wt%.
The rheology data also revealed trends relating gelation to
molecular parameters. The amphiphile K180L20 formed gels at
concentrations above 2.0 wt%, yet K180V20 only formed gels at
concentrations above 8.0 wt%. Because L -leucine and L-valine are
similarly hydrophobic, the differences in gelation ability might be

Table 1 Abbreviations for diblock copolypeptide amphiphiles
R1

Sample

R2

Proposed conformation

...................................................................................................................................................................................................................................................................................................................................................................

KxLy

-(CH2)4NHþ
3

2

Br

-CH2CH(CH3)2

...................................................................................................................................................................................................................................................................................................................................................................

KxVy

2
-(CH2)4NHþ
3 Br

-CH(CH3)2

...................................................................................................................................................................................................................................................................................................................................................................

Kx(rac-L)y

2
-(CH2)4NHþ
3 Br

-CH2CH(CH3)2

...................................................................................................................................................................................................................................................................................................................................................................

ExLy

-CH2CH2COO2 Naþ

-CH2CH(CH3)2

...................................................................................................................................................................................................................................................................................................................................................................
R1 and R2 refer to amino-acid side-chains (Fig. 3a). K, lysine; L, leucine; V, valine; E, glutamic acid. x, y are number of residues in polymer segments.

NATURE | VOL 417 | 23 MAY 2002 | www.nature.com

© 2002 Nature Publishing Group

425

letters to nature

Figure 2 Rheology of diblock copolypeptide solutions. a, G 0 (q) (filled symbols) and G 00 (q)
(open symbols) of K160L40 at different concentrations: Diamonds, 0.125 wt%; down
triangles, 0.25 wt%; and circles, 1 wt%. The crossover of G 0 and G 00 in the 0.125-wt%
sample is an artefact attributable to limitations of the measuring geometry (gap loading
limit) and is thus not a relaxation time. b, Recovery of gel strength G 0 for: open up triangle,

1.0-wt% K160L40; open circle, 0.75-wt% K160V40; open down triangle, 2.0-wt% gelatin.
Large-amplitude oscillatory breakdown (1,000% at 6 rad s21 for 600 s) was followed by
linear recovery measurements (0.3-1.0% at 6 rad s21). G 0 is normalized to the equilibrium
0
gel strength G eq
at 6 rad s21 (see, for example, a) to facilitate sample comparison.

due to the conformational differences of the hydrophobic segments.
Upon increasing the hydrophobe content to 20 mol%, both K160L40
and K160V40 were able to form hydrogels at concentrations above
0.4 wt%, with K160L40 gelling at a slightly lower concentration than
K160V40. In these samples, both hydrophobic domains were found

to adopt their expected ordered conformations (Fig. 3c, d),
suggesting that both the a-helical and b-strand structures promote
gelation. The marked loss of b-structure in going from K160V40 to
K180V20, compared to the negligible change in a-helix content in
going from K160L40 to K180L20 (Fig. 3c, d), correlated well with their

Figure 3 Molecular conformation of diblock copolypeptides. a, Generalized molecular
structure for all samples (see Table 1 for side groups). b, Confocal image of 1-wt%
K160L40 gel; scale bar, 20 mm. c, Circular dichroism spectra (molar ellipticity, V, in
degrees cm2 dmol21) of leucine-containing samples: Filled down triangle, (rac-K)160L40;

open circle, (rac-K)180L20; diamond, (rac-K)90L10; and open up triangle, (rac-K)160(racL)40. d, Circular dichroism spectra of valine-containing samples: Filled circle, (racK)180V20; and open up triangle, (rac-K)160V40. Inset shows expanded detail of spectra.
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respective decreases in gel-forming ability. Similarly, a copolypeptide of lower molecular weight, K90L10, where the helical conformation of the leucine domain was now greatly disordered because of
its short length (Fig. 3c), also showed no tendency to form a gel up
to concentrations as high as 8.0 wt%. These results suggest that
stable chain conformations are essential in the formation and
strength of these hydrogels.
To examine chain conformation explicitly we used rheological
analysis of a K160(rac-L)40 copolypeptide where the poly(leucine)
segment contained a statistical sequence of equal proportions of Land D -leucine residues. This hydrophobic segment, although compositionally identical to poly(L-leucine), cannot adopt the a-helical
conformation because of unfavourable side-chain interactions
(Fig. 3c)9. The substitution of this comformationally random
segment resulted in a significant increase of gelation threshold
(0.25 to 2.0 wt%; Fig. 1a). Therefore, it appeared that gelation is
tied to the conformations of the hydrophobic domains, where
a-helical segments are slightly better gelators than b-strands,
which are better than random coils.
This correlation suggests that the self-assembly process is conformation-specific at the molecular level, similar to protein assembly. The specificity of these interactions was further illustrated by
mixing equal amounts of K160L40 and K160(rac-L)40 such that the
final concentrations of each amphiphile were 0.25 wt%. If these
amphiphiles could cooperate, the total amount of copolymer
(0.50 wt%) should have resulted in a rigid hydrogel. However, the
G 0 measured for this sample was lower than that of a 0.25-wt%
solution of K160L40 alone. This result indicated that K160(rac-L)40
was not only unable to cooperate in hydrogel formation, but also
disrupted packing of the helical chains in K160L40. Similarly, chain
length was found to be important in the specificity of assembly
because an analogous mixture of K160L40 and K180L20—in effect, a
simulated increase in hydrophobic CLD—was found to lower G 0
relative to the individual components.
Although the rheological studies were sensitive to changes in
macroscopic structure, they did not reveal details about the underlying gel microstructure. To study their morphology, the gels were
visualized using cryogenic transmission electron microscopy
(CTEM) and laser scanning confocal microscopy (LSCM), where
a small amount of fluorescent hydrophobic dye was used to label the
self-assembled hydrophobic matrix. In Fig. 3b and in the Supplementary Information, images are shown of a typical gel (K160L40)
at concentrations matching those of rheology measurements in Fig.
2a. As concentration was increased from the free-flowing 0.125wt% solution to the 1.00-wt% hydrogel, the images showed a
progression from loosely connected fragments of dyed polypeptide-containing domains to a dense microscopic network interspersed with polymer-free liquid regions. Thus, as concentration
was increased, hydrogel formation appeared to coincide with intergrowth of microscopically phase-separated domains of 1–25 mm in
size. This heterogeneity suggests that the block copolypeptides
preferentially segregate into gel matrix domains that exclude some
fraction of the available water. CTEM visualization of the vitrified
gel domains (Supplementary Information) revealed a complex
membrane assembly responsible for network formation at the
nanoscale. Similar morphologies were observed for all other hydrogel-forming polypeptide amphiphiles.
The porous nature of the copolypeptide gels was verified using
microrheological experiments. This technique relies on the
measurement of thermally induced brownian motion of micrometre-size tracer particles dispersed in the sample19,20. In a 0.25wt% K160L40 gel it was observed that tracer particles of 0.5 mm
diameter diffused freely as if suspended in a liquid environment
(that is, their mean-square displacement, MSD, increased linearly
with time), whereas 1.0-mm particles showed restricted motion
(MSD reached a plateau over time) as they began to experience
some confinement. This shift in behaviour was consistent with both
NATURE | VOL 417 | 23 MAY 2002 | www.nature.com

the LSCM and earlier rheological data (Fig. 2a) in that the larger 1.0mm tracers should experience some restraint as they are near the
lower size limit of the voids. Microrheology confirmed the existence
of microscopic heterogeneity in these hydrogels, which was found to
persist after prolonged standing, heating, centrifugation, and bulk
shear of the samples.
This morphology is unusual in that most hydrogels are heterogeneous at short length scales (,100 nm), but homogenous at the
microscopic level1–4. In the copolypeptides, the hydrophobic associations must be sufficiently strong to stop the swelling driven by
electrostatic repulsion of the polyelectrolyte segments. The strength
of these associations probably originates from the ordered packing
of the a-helical and b-strand segments. The resulting porous
structure represents a balance of these competing attractive and
repulsive forces, and may prove advantageous in developing these
materials via suitable engineering for biotechnology applications
where diffusion of large molecules (for example, proteins, DNA)
through the voids21, entrapment and proliferation of cells for tissue
regeneration22, or the biomimetic confined nucleation of inorganic
phases23,24 are desired.
The dynamics of the gelation process were also investigated. In
the rheometer, the polymer gels were subjected to large amplitude
oscillations to break down the gel structure. The recovery of the gels
was then probed by measuring G 0 and G 00 in the linear, small
deformation regime as a function of time. Within the short time
that had elapsed in between switching amplitudes (about 10 s), the
hydrogels had recovered 80–90 % of their strength, followed by a
slower reorganization process where the full initial value of G 0 was
restored (Fig. 2b). This rapid recovery can be attributed to the
physical nature of gelation and the relatively low relative molecular
mass of the copolypeptides, which enables the molecules to reorganize quickly. Gelatin gels, because of the low mobility of large
macromolecules, recover only slowly after being broken down by
shear. The low gelation concentrations (,1.0 wt%) for these polypeptides can also be contrasted with surfactant-based hydrogels that
require considerable amounts of low relative molecular mass lipid
(20–50 wt%) to achieve gelation25. The exceedingly low mass fraction of material in the polypeptide hydrogels, combined with their
recovery properties and microporous structure, allows them to fill
an advantageous and unique niche in between conventional polymer and surfactant hydrogels. Their peptide backbone also imparts
to these materials advantageous features of proteins (such as
degradability and functionality), which makes them attractive for
biomedical applications.
A

Methods
Synthesis
All block copolypeptides were synthesized using Co(PMe3)4 initiator26, and were purified
and then characterized using size exclusion chromatography, 1H and 13C nuclear magnetic
resonance (NMR), and infrared spectroscopy according to literature procedures8. Isolated
yields of the final copolymers ranged between 75% and 90%. Amino-acid compositions of
the copolymers were found to be within 3% of predicted values. Chain lengths of the
copolymers were found to be within 8% of predicted lengths with CLD (weight average
length/number average length) ranging between 1.1 and 1.3 (Supplementary
Information).

Circular dichroism
Copolypeptides, 0.5 mg ml21 in deionized water, were analysed in a 0.5-mm path length
quartz cell on an Olis RSM 1000 Spectrometer. Samples analogous to K160L40, K160V40,
K180L20, K90L10, K160(rac-L)40, and K180V20 were prepared using racemic D /L-lysine to
eliminate contributions of the polylysine domain from the CD spectra27. The approximate
conformations of the hydrophobic domains were determined using the method of
Fasman28. K160L40 and K180L20: 90% a-helix, 10% random coil. K90L10: 50% a-helix, 50%
random coil. K160(rac-L)40: no optical activity. K160V40: 80% b-sheet, 20% random coil.
K180V20: 40% b-sheet, 40% a-helix, 20% random coil (note the double minimum for
K180V20 in Fig. 3d indicating the presence of partial a-helical structure).

Rheology
Rheological measurements were performed on a Rheometrics ARES controlled strain
rheometer in cone-plate geometry with 50 mm diameter and 28 cone angle. For each
sample, small-deformation linearity was checked before performing oscillatory
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measurements. All hydrogels were prepared by dissolving freeze-dried polypeptide
powder in deionized water. To speed up dissolution, vortex mixing was also applied for a
few minutes to the samples, although identical samples could be prepared without
agitation by letting them stand overnight. Gelatin samples were prepared by dissolving the
protein in warm water (60 8C).
Microrheological measurements were performed by dispersing a small amount of
monodisperse polystyrene spheres (with amidine surface groups) into copolymer
solutions of K160L40. The brownian motion of the tracer particles was captured by digital
video microscopy in a conventional microscope (Nikon) with 100 £ oil-immersion
objective. Image analysis was performed with IDL software. Particle trajectories were
extracted and analysed using algorithms developed and kindly provided by the Weitz
group (Harvard University)19.
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Microscopy
For LSCM, lipophilic fluorescent dye (DiOC18, Molecular Probes) was dissolved (about
0.001 wt%) in THF. Several drops of this dye solution were added to deionized water that
was used to prepare the hydrogels, which were allowed to stand for over 12 h before
imaging. Imaging was performed with a Zeiss 510 microscope equipped with an ArKr laser
(30 mW) using 488 nm as the excitation line for the dye. For CTEM, a 1.0-wt% sample of
K160L40 was spread into a thin film on glass, into which a carbon-coated TEM grid was
pressed, thus transferring a thin film of sample. The hydrated gel was then vitrified on the
grid in liquid ethane with a Leica cryoplunging system. The in situ, vitrified gel membrane
scaffolding was subsequently directly imaged without staining at 200 kV in bright-field
mode using a Gatan 626 cryotransfer stage in a JEOL 2000FX microscope.
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Particle Physics, ETH Hönggerberg, CH-8093 Zurich, Switzerland
.............................................................................................................................................................................

In order to understand the dynamics of the India–Asia collision
zone, it is important to know the strain distribution in Central
Asia, whose determination relies on the slip rates for active
faults1–5. Many previous slip-rate estimates of faults in Central
Asia were based on the assumption that offset landforms are
younger than the Last Glacial Maximum (,20 kyr ago)6–11. In
contrast, here we present surface exposure ages of 40 to 170 kyr,
obtained using cosmogenic nuclide dating, for a series of terraces
near a thrust at the northern margin of the Tibetan Plateau.
Combined with the tectonic offset, the ages imply a long-term
slip rate of only about 0.35 mm yr21 for the active thrust, an
order of magnitude lower than rates obtained from the assumption that the terraces formed after the Last Glacial Maximum.
Our data demonstrate that the preservation potential of geomorphic features in Central Asia is higher than commonly
assumed.
The ongoing collision between India and Eurasia has caused
widespread Cenozoic deformation resulting in uplift of the Himalayas, the Tibetan Plateau and other mountain ranges in Central
Asia12 (Fig. 1a). The present rate of convergence between India and
Eurasia is of the order of 40–50 mm yr21 (see ref. 13), with only
18 ^ 2 mm yr21 being accommodated by Himalayan thrusts14. The
remaining 20–30 mm yr21 of convergence are distributed on faults
in actively growing mountain ranges farther north. Ideally, slip rates
of active faults are determined by dividing measured tectonic offsets
by well constrained ages for the faulted geomorphic markers, as, for
example, has been achieved along the Kunlun fault15. However,
many slip rates in Central Asia have been based on offset geomorphic features which were assumed to have formed after the Last
Glacial Maximum (,20 kyr ago)6–11. In Central Asia the maximum
advance of glaciers apparently occurred well before 20 kyr ago, so
tectonically offset landforms may in fact be much older16. This
seems to be the case for the central Altyn Tagh fault at the northern
boundary of the Tibetan Plateau, where inferred ages of faulted
landforms result in a high slip rate of 20–30 mm yr21 (ref. 6), while
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