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Abstract

We report here crystallization at long range in networks of like-charge supramolecular filaments
mediated by repulsive forces. The crystallization is spontaneous beyond a given concentration of
the molecules that form the filaments, but can be triggered by X-ray photons at lower
concentrations. The crystalline domains formed by X-ray irradiation, with inter-filament
separations of up to 320 angstroms, are stable for hours after the beam is turned off, and ions that
screen charges on the filaments suppress ordering. We hypothesize that the stability of crystalline
domains emerges from a balance of repulsive tensions linked to native or X-ray induced charges
and the mechanical compressive entrapment of filaments within a network. Similar phenomena
may occur naturally in the cytoskeleton of cells, and if induced externally in biological or artificial
systems lead to possible biomedical and lithographic functions.
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One-dimensional (1D) objects in solution such as carbon nanotubes (1), filamentous viruses
(2), and rigid molecules (3) can spontaneously form orientationally ordered domains or
networks as a result of their shape. This well known excluded volume effect is useful in the
design of devices, liquid crystals, high strength materials, hydrogels, and other functional
structures. In biological systems, the bundling, orientation, and mechanical networking of
1D cytoskeleton components such as filamentous actin and microtubules mediate cellular
events such as mitosis, protein transport and signal transduction (4-9). There is also rapidly
growing interest in the development of artificial extracellular matrices for cell signaling
based on self-assembling fibril networks (10-12). In this area it is important to learn more
about structural features in 3D networks and their role in mechanical properties and
bioactivity (13).

Small angle X-ray scattering (SAXS), which employs selective detection of elastically
scattered X-rays, has advanced to be one of the most powerful methods to characterize the
structure of materials at the nanoscale, providing information on the size, shape, and
symmetry of their internal domains(14, 15). The technique is in fact extremely useful to
study structures with the length scales of 3D networks formed by nanoscale filaments (4). At
the same time, the high brilliance of X-ray beams in third generation synchrotron sources
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can induce irreversible chemical changes in organic molecules and consequently on their
three dimensional structures (16-18). The typical mechanisms involve ejection of energetic
electrons from molecules via the well-known photoelectric, Compton, and Auger effects,
resulting in the formation of free radicals, charged molecules, as well as chemical reactions
(19-23). These phenomena can also be useful in lithographic techniques (24),
photoelectrochemistry (25), polymerization (26), cancer therapies (27), mutations for
biological research (28), and studies on RNA conformation dynamics (29).

We report here the spontaneous and X-ray triggered crystallization of supramolecular
filaments within 3D networks at surprisingly large distances (up to 320A). The filaments
described here are formed by self-assembly in water of a synthetic molecule containing the
short peptide sequence AgE3 covalently grafted to an alkyl chain of 16 carbons (Fig. S1). A
representative cryogenic transmission electron microscopy (cryo-TEM) image is shown in
Fig. 1A, revealing cylindrical nanofibers measuring ~102 A in diameter corresponding to
twice the fully extended length of the molecules. The length of the filaments can not be
directly obtained from cryo-TEM but it is estimated to be on the scale of tens of
micrometers. The combined effect of intermolecular hydrogen bonding among the peptide
segments and hydrophobic collapse of hydrocarbon tails in these molecules leads to
formation of the 1D nanostructures in dilute solution (10, 30). We observed that the SAXS
profiles of 0.5 wt % solutions dramatically changed upon continuous X-ray exposure. Fig.
1B displays 50 sequential SAXS profiles of the same spot with an exposure time of four
seconds each, plotted on a double-logarithmic scale. The first spectrum (red) shows a typical
scattering profile of cylindrical objects in solution, as suggested by the —1 slope in the low g
region and a diffuse form factor peak around 0.1 A~1 (31) (Fig. S3). Successive irradiation
on the same spot yielded a series of Bragg peaks. The relative positions of the peaks follow
the g/g* ratios of 1: V3: V4: V7: V0: V12 (where g* is the principal peak position),
characteristic of a highly ordered two-dimensional hexagonal lattice (p6mm). The
development of scattering profiles is characterized by the emergence and continued increase
in intensity of the principal Bragg peak, as well as the appearance of additional peaks at
higher g values. Fig. 1C shows the 2D scattering patterns of the first and the last exposures,
clearly revealing the disorder-to-order transition. The low volume fraction of filaments (0.5
wt %) indicates that these hexagonally packed 1D objects must exist as bundles. We
measured the final values of full width at half maximum and used the Scherrer equation to
estimate a bundle size. The calculation yields a value of approximately 1 micrometer,
however, given the size regime the absolute value obtained from the Scherrer equation is of
questionable accuracy. The Debye-Sherrer ring-like pattern after X-ray exposure is typical
of scattering from a powder sample, implying that these hexagonal crystalline bundles are
randomly distributed in solution (Fig. 1D).

We found that this X-ray-triggered structural rearrangement only occurs at relatively low
concentrations. Fig. 2A shows a similar disorder-to-order transition observed at 1 wt % upon
continued X-ray irradiation. However, at higher concentrations (2 wt % and higher), the
Bragg peaks are observed without the need for continuous X-ray irradiation (Figs. 2B and
2C). The hexagonally stacked filaments at 2 wt % and 5 wt % are stable to X-ray exposure
and their corresponding Bragg peaks do not change considerably with accumulated exposure
time. These observations suggest that hexagonal stacking of filaments at higher
concentration is a spontaneous process and not associated with X-ray irradiation. The X-ray
profiles corresponding to the last exposure for various concentrations have been replotted in
Fig. 2D. Five to seven Bragg peaks are registered in each scattering profile and have the
expected relative ratios of hexagonal structures. The Bragg peak positions shift smoothly to
higher values of q with an increase in peptide concentration in both spontaneous and X-ray
triggered hexagonal structures. This corresponds to a decrease in inter-filament separation as
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the concentration rises (Fig. 2E), and suggests the spontaneous and X-ray triggered
hexagonal structures emerge through similar mechanisms.

To determine if X-ray beam heating could contribute to this structural disorder-to-order
transition, we studied the 1 wt % AgE3 solution at 25°C and 40°C. We found that Bragg
peaks did not appear after the first four-second exposure at 40°C, and the overall scattering
profiles undergo a very similar transition as those obtained at 25°C (Fig. S2). Fig. 2F shows
the relative change in the g* peak intensity plotted with respect to the exposure time,
suggesting no obvious difference between 25°C and 40°C. In addition, Caffrey and co-
workers reported only a 0.16°C temperature rise as a result of continuous X-ray exposure of
Milli-Q water (20). Since beam heating results typically in only a small temperature change
due to the rapid dissipation of heat into the local environment, one does not expect this
thermal effect alone to contribute to the observed structural transition (Fig. S4).

Another important observation was the reversal of the X-ray triggered crystalline structures
to a disordered state after removal of the beam. Macroscopically, the 1 wt % solution in the
capillary was clear before X-ray irradiation (Fig. 3A). Following X-ray exposure
(accumulated 200 seconds), the spot of interest became opaque (position 1 in Fig. 3A). This
appearance of turbidity is indicative of a transition between two states with different
structural order, possibly due to scattering by crystalline filament domains. After removal of
the X-ray beam, the solution gradually became clear and completely lost its opacity within
approximately 40 minutes. This reversible opacity was further investigated with scattering
experiments. Fig. 3B shows the transition from disordered filaments (the first four-second
exposure) to the hexagonally ordered bundles (the last four-second exposure). Two hours
after removing the X-ray beam, scattering profiles were collected on the same location. We
found that all peaks corresponding to hexagonal filament stacking vanished, thus suggesting
the loss of positional order (Fig. 3C). Restarting X-ray irradiation causes the reappearance of
Bragg scattering peaks. This reversibility is also observed when adjacent regions to the
originally irradiated spot are exposed to X-rays. This experiment suggests that reversibility
is not caused by simple diffusion of chemically unmodified material into the originally
irradiated spot. In fact, analytical HPLC and mass spectrometry of samples after a large X-
ray dose confirmed that chemical damage is not involved in the observed reversible
phenomenon (supporting information S8).

In order to gain more insight into the observed X-ray induced phenomenon, we studied the
effects of beam flux and photon energy. We found that a longer exposure time was required
to induce this disorder-order transition when the X-ray beam was gradually attenuated (Fig.
3E). However, in order to induce filament ordering, a larger irradiation dose was needed
when samples were exposed to X-rays at a lower dose rate (smaller beam flux) (Fig. 3F).
Eventually, at a beam attenuation of 0.012, the Bragg peaks corresponding to the
hexagonally ordered filaments did not appear even with an accumulated 1,120 second
exposure (Fig. 3G), and a total dose approximately twice as large as that needed to induce
the filament ordering with a non-attenuated beam (4.39 x 10* Gy) (Fig. S5). Radiation
damage by X-rays has been reported as more severe when samples are irradiated with a
fixed accumulated dose but at a lower dose rate (the inverse dose-rate effect (22)).
Therefore, in this context, if chemical damage did occur, and the resulting products were
responsible for filament ordering, the same accumulated dose at a lower dose rate should
have enhanced the effect. These dose rate-dependent experiments again support that a
reversible process is involved. We also found that filament ordering can be induced using X-
ray photons with a lower energy (9 keV vs. 15 keV) (Fig. 3D), suggesting much weaker
beams can be used to promote ordering given that lower energy photons have a higher mass-
energy absorption coefficient.

Science. Author manuscript; available in PMC 2011 May 3.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cuietal.

Page 4

A striking feature of the observed hexagonal crystalline structures formed spontaneously or
triggered by X-rays is the large d-spacing among filaments (Fig. 2E). The center-to-center
spacing is as large as 320 A for 0.5 wt % solutions (X-ray triggered) (Fig. 2F). Given the
102 A diameter of the filaments, the wall-to-wall distances measured range between 218 A
and 90 A for concentrations of 0.5 wt % and 5 wt %, respectively. These distances are
surprisingly large compared to others reported in the literature among cytoskeleton filaments
and DNA strands (4, 32, 33). In these systems the distances measured are in the range of 30
to 55 A and always in the presence of multivalent counterions which should introduce
attractive forces among like-charge objects. The multivalency of added counterions, not
added in our systems, is critical to induce positional ordering through attractive forces in
these biomolecular systems. In one example, Safinya and coworkers have observed both
hexagonal and necklace bundles in microtubule filaments after adding multivalent
counterions (4). The structures are viewed as resulting from the balance among electrostatic
repulsion and attraction as well as hydration forces (repulsive) and van der Waals
interactions. Since multivalent counterions are not added in our systems, attractive
electrostatic interactions cannot be considered as offsetting repulsive forces among the
filaments. At the same time, van der Waals forces are not expected to stabilize repulsions at
the inter-filament distances of hundreds of angstroms observed here. We therefore
hypothesize that crystalline stacking of filaments emerges from the minimization of
repulsive electrostatic interactions balanced by other attractive forces associated with
network structures.

To understand the observed disorder-to-order transition, it is useful to consider first the
origin of bundle formation. Our insight is that bundle formation from filaments with very
high aspect ratios must occur during their supramolecular growth. This is suggested because
these extremely long and networked filaments are unlikely to reorganize into bundles on
short time scales once they are formed. TEM reveals the coexistence of very short and very
long filaments at the very early stages of self-assembly (see Fig. 4E). Based on this
observation, we hypothesize that long filaments formed at early stages create a stable
network that templates the formation of bundles as growth of short filaments continues. As
depicted in Fig. 4A, this “templating” effect can be envisioned as further parallel growth of
filaments around the originally formed network. At the moment the precursor network is
formed, topological constraints due to interlocking of filaments would limit their mobility
within a tube-like channel around each of them (Fig. 4Ai). Therefore, the dimension of the
channel would actually limit the size of the bundles formed. Long filaments can only move
freely within their own channels, while shorter filaments can move in and out without any
restrictions. Newly formed long filaments will be preferentially confined within one of these
channels due to their local rigidity and high aspect ratio, as well as the long-range
electrostatic repulsions among the filaments (Fig. 4Aii). We assume that the growth of
spatially correlated filaments in the limited space provides the foundation for the observed
filament stacking. At 1 wt % or lower, subsequent filament growth within the space-
confined channels eventually results in formation of loosely packed filament bundles that
lack positional order (Fig. 4Aiii). The increasing number of filaments within the bundles as
concentration is increased can be in fact readily observed by cryo-TEM (Fig. 4B-D). We
suggest that beyond a critical concentration, electrostatic repulsions within bundles
combined with our hypothesized network forces lead to hexagonal ordering of filaments
(Fig. 4Aiv). The interactions between these like-charge filaments depend not only on the
inter-filament distance and their mutual orientation, but also on the three-dimensional
structure of the electric double layers arising from condensed and mobile ions. The
theoretical analysis of electrostatic interactions within the bundles would require solving
Poisson’s equation with boundary conditions for a system of parallel filaments,
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V- (FE@)+P@)=p(7)

where ¢« is the dielectric permittivity tensor, E(B is the electric field that determines the
strength of electrostatic interactions, P—(r) describes the polarization of dielectric
interfaces, and p(r) is the free charge density. For systems with high surface charge in the
presence of dielectric interfaces, charge correlations and interface polarization lead to
intractable mathematical problems (34), clearly beyond the scope of this work.

The crystallization at long range driven by 200 second exposure to X-rays supports strongly
the presence of bundles even in very dilute networks. The gradual rise in intensity of the
principal Bragg peak suggests that more crystalline bundles are being formed upon
continuous X-ray exposure. Also, based on the Scherrer equation, the observed decrease
with further exposure in full width at half maximum of this peak suggests that crystalline
bundles are increasing in size. During this period of time, we do not expect reorganization of
the extremely long filaments across a large volume and therefore crystallization must be
occurring locally within the bundles. At the same time, the observed reversibility between
the disordered and hexagonally ordered states at low concentrations suggests that inter-
filament forces must be changing as a result of X-ray exposure. X-ray irradiation is likely to
increase the charge density on filament surfaces (22, 23, 35), thus altering the balance of
forces within the bundles of the dilute network. This new balance of forces induced by X-
rays must resemble that prevailing in the spontaneous crystallization of bundles at high
concentration. If electrostatic repulsive forces among the filaments are mediating
crystallization at long range, they must be acting in concert with a balancing attractive force.
We hypothesize that this attractive force could be rooted in the structural integrity of the
entire network. The spatial confinement imposed by neighboring bundles in the network acts
effectively as an “attractive” force balancing repulsion among the like-charge filaments. The
stability of these networks containing crystalline bundles of like-charge filaments may
therefore originate in tension linked to repulsive forces within each bundle balanced by
compression forces associated with the network. In this context, it is interesting that
crystallization within the bundles provides a mechanism to minimize the local tension from
repulsive forces. This balance is reminiscent of that existing in self-stabilizing tensegrity
networks (8, 9).

We carried out experiments to demonstrate the involvement of repulsive electrostatic forces
in crystallization at long range within the filament bundles. These experiments involved
adding NaCl and CaCl, to 1 wt % solutions in order to screen electrostatic forces among
like-charge filaments. We found that the primary Bragg peak developed more slowly during
continuous X-ray irradiation as the amount of NaCl was increased (see Fig. 4F and Fig. S4).
At a concentration of 50 mM NacCl or higher, the X-ray induced crystallization was not
observed at all even after an accumulated exposure time of 120 seconds. Fig. 4G shows 50
sequential scattering profiles of 1 wt % solution in the presence of 50 mM NaCl. When the
divalent salt CaCl, was used even in concentrations as low as 5mM the crystalline structures
were never observed. We also found that addition of 5mM NaOH can promote filament
ordering at 1 wt % without exposure of samples to X-ray irradiation. NaOH can increase
charge density on the acidic nanofiber surfaces by deprotonating COOH groups in glutamic
residues (Fig. S7). These observations support our hypothesis that electrostatic repulsions
mediate crystallization of the filaments at long range. Our experiments also suggest that the
observed reversible X-ray triggered crystallization results from increasing charge density on
filament surfaces.
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To investigate further if this charge density increase is associated with permanent chemical
modifications by the X-ray photons, we carried out chemical analysis on a sample irradiated
with a large dose of X-rays. Even when approximately 60% of the total volume of a sample
was irradiated with a dose 44 times higher than is needed to generate filament ordering,
chemical changes were still not observed using a UV-vis detector. Only mass spectrometry
detection could reveal a very small amount of chemically modified byproducts (Supporting
information S8). It is well known that, in acidic, air-saturated aqueous solutions, the
dominant species of water radiolysis are hydroxyl radicals (*OH ) and hydrated electrons
(eqg); both could potentially react with peptide backbones and side chains in various ways
and yield products such as ammonia, keto acids, aldehydes and other peptide derivatives
(23). Among these products, a-hydroxyl carboxylic acids and a-keto acids could potentially
contribute to an increase in charge density due to their slightly lower pKa values.
Interestingly, detailed chemical analysis using mass spectrometry indicate that
hydroxylation products are only associated with the alkyl tails and the first alanine residue
adjacent to the tail. Our data also show that the very small amount of a-hydroxylation
occurring in the glutamic acid residues results in main-chain cleavage and formation of
amide-terminated products (supporting information S8). We conclude that none of these
species contribute significantly, if at all, to the increase in charge density on the surfaces of
filaments. Considering the fact that oxygen plays a very important role in mediating this
irreversible chemical reaction to generate the a-hydroxylation products, we performed
experiments in an oxygen-free solution and found that X-ray irradiation was still able to
induce the ordering of filaments (Fig. S10). This experiment provides additional evidence
that permanent chemical damage mediated by soluble oxygen in water is not necessary to
facilitate filament ordering. In addition, we have observed filament ordering in other peptide
molecules with different sequences, for example, VVAAEEGGREDKETYV and
VVAAEEGGTKREEVD (Fig. S11), further suggesting that the mechanism of charge
density increase on filament surfaces is not specifically linked to glutamic acid residues but
is instead a more general phenomenon.

Based on evidence described above, we propose that the main mechanism responsible for an
increase in charge density on peptide nanofiber surfaces is linked to the reversible ionization
of the COOH groups by X-ray irradiation. Since we obtained direct experimental evidence
for filament ordering as a result of carboxyl ionization with strong base, we speculate that
the enhanced electrostatic repulsions among filaments leading to crystallization arise from
deprotonation of COOH directly caused by X-ray irradiation (supporting information S9).
Hydroxide ions produced by water radiolysis may also contribute to the enhanced ionization
of carboxyl groups. Because of the high packing density of COOH on the surfaces of these
extremely long filaments, a very small percentage of ionized COOH groups could
potentially lead to a considerable increase in electrostatic repulsion among filaments, and
thus produce the observed ordering. It is also possible that hydrated electrons produced by
water radiolysis can contribute to electrostatic repulsion through their addition to the C=0
bonds (23). The charged species can return to their original structures through a previously
proposed reconstitution mechanism (23) (Supporting information S9).

We have reported crystallization mediated by repulsive forces of high aspect ratio like-
charge filaments within a network environment. We believe arrangement of the filaments
into aligned bundles trapped within a network is necessary for the observed crystallization,
and can be templated during growth of the very long filaments by self-assembly. The
supramolecular nature and role of electrostatics in systems studied here create a connection
to cytoskeleton filaments where similar crystalline bundles embedded in networks could
occur naturally or be artificially created by externally regulated charge density. The
observed X-ray triggered and reversible crystallization of the filaments at very low
concentrations offers opportunities to create the ordered structures without specific design of
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molecules with photon-sensitive chemistry, or to study 1D object dynamics vs. charge given
the temporal stability of the transient crystals. At the same time, the ability of X-ray photons
to easily penetrate tissues could lead to biomedical applications based on network
crystallization within cells or therapeutic hydrogels. Another possibility is to explore
filament crystallization through charge in lithography of soft matter.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

X-ray irradiation triggered crystallization of self-assembling filaments at 0.5 wt % aqueous
solutions of a peptide amphiphile. (A) Representative cryo-TEM image of filaments formed
in 0.5 wt % solutions of peptide amphiphile; (B) a series of 50 consecutive scattering
profiles of 0.5 wt % solutions obtained from the same sample area with four second
exposure each (dose rate: 4806 Gy/second). The measurements were performed at room
temperature with a monochromic X-rays at 15keV, and the typical incident X-ray flux on the
sample was ~1x1012 photons/s with a 0.2x0.3 mm? collimator (samples were placed inside
quartz capillaries of a diameter of 2 mm). The first and the last spectra are colored red and
green, respectively; (C) 2D scattering patterns corresponding to the first and last exposures
in B; (D) schematic representation of X-ray triggered organization of peptide filaments from
a disordered state to a hexagonally ordered state.
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Figure 2.

Concentration dependence and temperature effect of X-ray triggered filament crystallization.
(A) 50 consecutive scattering profiles from 1 wt % aqueous solutions (exposure time: 4
seconds); (B) 30 consecutive scattering profiles from 2 wt % solutions (exposure time: 2
seconds), and 5 wt % solutions (exposure time: 1 second) (C) (the dose rate for the
experiments in (A-C) was 4806 Gy/second). The first and the last profiles in A, B, and C
are colored red and green, respectively; (D) a replot of X-ray scans corresponding to the last
exposure at concentrations of 0.5 wt %, 1 wt %, 2 wt % and 5 wt %; (E) a plot of center-to-
center spacings among filaments as a function of peptide amphiphile concentration (the inset
shows a schematic representation of the largest spacing observed among filaments in 0.5 wt
% solutions); (F) effect of temperature on X-ray triggered ordering of the filaments in a 1 wt
% solution (the relative intensity is given by (I,—14)/14 where n denotes the accumulated
exposure time and I is the intensity value at the location of the principal Bragg peak in the
first scattering profile obtained after X-ray irradiation).
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Figure 3.

Reversible crystallization of filaments triggered by X-ray irradiation and the effects of the
X-ray beam attenuation and photon energy. (A) A series of sequential photographs of the
quartz capillary loaded with sample reveal the optical appearance changes before and after
X-ray irradiation. The parallel black lines in the photographs demarcate the edges of the
capillary and the white arrows point to the three spots (labeled as 1, 2, and 3) irradiated with
X-rays for 200 s (the cylindrical shape visible within the space of the capillary is just an
artifact of the photograph). From left to right, the first photograph corresponds to a sample-
loaded capillary before X-ray irradiation and the second one shows opacity in spot 1 after
200 s irradiation (indicated as time 00:00 in the lower left hand corner of the photograph).
Subsequent photographs from left to right reveal changes in the appearance of spots 1, 2 and
3 after the elapsed times indicated in the left hand corner of the photographs
(minutes:seconds). The opacity in the irradiated spots dimmed eventually in the absence of
the X-ray beam; (B) one-dimensional scattering profile after the first X-ray exposure of 4
seconds at position 1 and after the last of 49 additional exposures on the same position (all
exposures lasted 4 s and the dose rate was 4806 Gy/second); (C) after a waiting period of
two hours with the beam off, the experiment in (B) was repeated on position 1 and similar
scattering profiles were obtained; (D) 50 consecutive scattering profiles from 1 wt %
aqueous solution with a photon energy of 9 keV (exposure time = 2 seconds; photon flux =
2.2 x 101 photons/second; beam size = 0.37 mm x 0.31 mm; dose rate: 1037 Gy/second).
The first and last spectra are colored red and green, respectively; (E) plot of accumulated X-
ray exposure time required for observation of the principal Bragg peak as a function of
relative beam intensity; (F) plot of the reciprocal of accumulated X-ray dose as a function of
relative beam intensity; (G) the first 50 consecutive scattering profiles from 1 wt % aqueous
solution (exposure time = 16 seconds; photon flux = 1.5 x 1010 photons/second; beam size =
0.37 mm x 0.31 mm; dose rate = 39.22 Gy/second).
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Figure 4.

(A) Schematic illustration of the proposed templating model for filament bundle formation
during self-assembly. i, At early stages of self-assembly, interlocking of long filaments leads
to the formation of a channel around each one of them. The long filament has many degrees
of freedom within its channel, but cannot leave it or allow others enter its space. The volume
of this imaginary channel should be determined mostly by the bulk density of long
filaments; ii, newly formed long filaments from smaller ones and from monomer are
confined to grow within these channels; iii, further growth causes the formation of bundles
of aligned long filaments; iv, at high concentrations hexagonally ordered filaments are
spontaneously formed as a result of repulsive electrostatic forces and network confinement;
(B) cryo-TEM image of filament bundles in 0.5 wt % solutions, 1 wt % solutions (C), and 2
wt % solutions (D); (E) negatively stained TEM image of very early stages of self-assembly
revealing clearly the presence of small aggregates (marked with black arrow) coexisting
with loosely packed long filaments at 0.1 wt % (this image offers support for the templating
mechanism for bundle formation explained in (A)); (F) the effect of added salts on X-ray
triggered crystallization of filaments: plot of the intensity of the primary Bragg peak as a
function of exposure time to X-rays in 1 wt % solutions, when the intensity plotted is below
the dotted line the Bragg peak was not observed; (G) 50 X-ray scattering profiles
corresponding to a 1 wt % solution containing 50 mM concentration of NaCl obtained
sequentially after 50 exposures of 4 s each to the X-ray beam (dose rate: 4806 Gy/second).
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