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ABSTRACT: The nature of supramolecular structures
could be strongly affected by the pathways followed during
their formation just as mechanisms and final outcomes in
chemical reactions vary with the conditions selected. So far
this is a largely unexplored area of supramolecular
chemistry. We demonstrate here how different preparation
protocols to self-assemble peptide amphiphiles in water
can result in the formation of different supramolecular
morphologies, either long filaments containing β-sheets or
smaller aggregrates containing peptide segments in
random coil conformation. We found that the assembly
rate into β-sheets decreases in the presence of a
destabilizing “good” solvent like hexafluoroisopropanol
(HFIP) and is affected by transient conditions in solution.
Also the peptide amphiphile investigated spontaneously
nucleates the β-sheet-containing filaments at a critical
fraction of HFIP in water below 21%. Furthermore, β-
sheet assemblies have a high kinetic stability and, once
formed, do not disassemble rapidly. We foresee that
insights into the characteristic dynamics of a supra-
molecular system provide an efficient approach to select
the optimum assembly pathway necessary for function.

Peptide amphiphiles (PAs) are a promising class of self-
assembling supramolecular materials for biomedical appli-

cations.1 Assembling PA molecules into long, rigid nanofibers
yields scaffold materials that can support cells and, when
functionalized with bioactive epitopes, can signal cells for
differentiation2 or proliferation.3 In vivo studies have demon-
strated the efficacy of bioactive PAs in spinal cord injury,4

formation of blood vessels,5 and regeneration of bone6 and
cartilage.7 In order to program PAs for self-assembly into
nanofibers in water, their molecular design typically comprises an
aliphatic tail, a peptide segment suitable for β-sheet formation,
and a peptide segment containing amino acids with charged side
groups. The charged amino acids make the PA nanostructures
water-soluble, whereas their assembly is induced by desolvation
of the apolar tails, supported by dispersive interactions among
these tails and β-sheet formation via hydrogen bonding among
the hydrophobic oligopeptide blocks.8 Modeling studies have
shown that the subtle interplay between the latter two types of
interactions is critical to the morphology of the assemblies,

varying from single β-sheets to spherical or long cylindrical
supramolecular aggregates.9 A decade of experience with PA
assemblies has resulted in several methodologies to obtain the
PA fibers in aqueous solution.7,10 The development of all these
different preparation protocols emphasizes that the pathway
selected to create these materials is critical to their morphology.
The formation of molecular aggregates in water normally

begins by dissolving material molecularly in a “good” solvent.
Subsequently, the assembly is induced by switching to “poor”
solvent conditions that can be obtained by changing parameters
like pH, temperature, and salt concentration or by the addition of
water to the monomers that are dissolved in a cosolvent.11 This
implies that the assemblies are formed while going from good to
poor solvent conditions and that conditions temporarily
encountered by the system during this process can significantly
affect the morphology of the structures as well. Therefore,
noncovalent synthesis of assemblies in water can be very
dependent on the exact preparation methodology that is applied,
similar to organic synthesis.12

We demonstrate here how different preparation protocols
result in different outcomes of the PA assembly process. We
investigated the assembly of palmitoyl-V3A3E3-NH2, PA1
(Figure 1a), which is assumed to be molecularly dissolved in
hexafluoroisopropanol (HFIP) and forms long cylindrical
nanostructures in pure water13 (Figure 1b). Here, HFIP is
considered as a good solvent that preferentially solvates the
aliphatic tail and the hydrophobic side chains of the oligopeptide.
Although water is a better hydrogen-bond donor and acceptor, it
facilitates desolvation of the apolar tail and thereby acts as a poor
solvent.14 To characterize a typical preparation of PA assemblies
induced by a change from good to poor solvent conditions, we
studied the assembly of PA1 (50 μg/mL) in mixtures of HFIP
and water, using circular dichroism (CD) and UV spectroscopy.
In the CD and UV spectra, three solvent-composition regimes

can be recognized (Figure 1c). In pure HFIP, a CD spectrum
with a negative maximum at 200 nm is obtained, indicating a
random coil conformation of the oligopeptides. In more aqueous
solutions of, e.g. 10% (i.e., vol %) HFIP, β-sheet-like CD spectra
are obtained, and concomitantly a clear red-shift appears in the
UV spectrum (Figure S1). Intermediate water/HFIP fractions
(e.g., 50% HFIP) result in red-shifted random coil type CD
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spectra. Detailed analysis with dynamic light scattering (DLS)
and small-angle X-ray scattering (SAXS) reveals that larger
filament-like PA assemblies are present in solution (Figures S2
and S3) only under solvent conditions where β-sheets are
obtained (<20% HFIP). Such nanofiber assemblies have
anisotropic characteristics as suggested by their alignment in
Couette flow (Figure S4). Furthermore, only under these
conditions a hydrophobic core is formed, as evidenced by the
inclusion of the solvatochromic dye nile red (Figure S5). We
propose that the shifted random coil spectrum in intermediate
HFIP compositions is related to either different conformational
states of the PA or to the formation of small, oligomeric
assemblies, since DLS does not reveal the formation of any
structures (Figure S2).15

To further investigate the formation of β-sheets that is
dependent on solvent composition, PA1 dissolved in HFIP was
manually injected into water. Simultaneously, different amounts
of pure HFIP were added to adjust composition. Subsequently,
the formation of β-sheets in time was probed using CD andUV at
200 nm (Figures 1d and S6). All kinetic experiments with
different water/HFIP ratios were performed at a total PA1
concentration of 50 μg/mL. The CD data acquired under steady-
state conditions (Figure 1e) show that β-sheets (i.e., positive CD
at 200 nm) only appear below 21% HFIP. At higher HFIP
contents the random coils (i.e., negative CD at 200 nm) appear
immediately after the injection, and both in CD and UV further
changes are not observed in time. Remarkably, the kinetic curves
show a minimum rate in the formation of β-sheets at the critical
HFIP content of 21%.

The slowest assembly rate at the critical HFIP percentage
holds an intriguing similarity to the folding and unfolding of
proteins in the presence of a denaturant like urea, where
minimum rates are obtained at the denaturant concentration
corresponding to the thermodynamic midpoint of the
denaturation curve.16 Furthermore, kinetic studies are reported
on the assembly of natural polypeptides that display a slower
appearance of β-sheets in the presence of higher amounts of
HFIP as well, whereas beyond a certain HFIP content only α-
helices are formed.17 Recently, we reported that also the
disassembly of π-conjugated oligo(p-phenylenevinylene) assem-
blies has a minimum equilibrium rate at the critical good/poor
solvent ratio.18 By developing kinetic models, we unraveled that
the minimum assembly or disassembly rate close to the critical
solvent composition is related to the nucleation steprequired
to form assembliesthat becomes more hampered in the
presence of a larger content of destabilizing, “good” solvent.
To illustrate the importance of the preparation protocol, we

prepared a sample of the same composition in two different ways.
The kinetic effects discussed above have a significant influence on
the preparation of an aqueous solution of PA1 (50 μg/mL) in
20% HFIP. Even though both solutions, prepared via different
methods as shown in Figure 2a, have the same HFIP and PA
content, clear differences can be observed between the CD
spectra of solution 1 and 2 (Figure 2b). Solution 1 yields a
random coil CD spectrum, whereas the spectrum acquired on
solution 2 has β-sheet character. The presence of β-sheets in
solution 2 can be rationalized by the fact that for this solution first
the stock solution of PA1 in HFIP is added to water. After this
addition step, i.e., in the presence of 10% HFIP, PA1 forms β-
sheets as evidenced by the CD spectrum of solution 2■. After the
addition of the remaining amount of pure HFIP, i.e., in 20%
HFIP, these β-sheets do not disassemble completely. To
characterize the stability of these β-sheets in the presence of
20%HFIP in solution 2, the CD spectrumwas followed in time at
200 nm. However, a transition back to random coil conformation
was not observed. Conversely, we did not observe conversion

Figure 1. Dynamics and stability of PA assemblies depends on the
solvent composition. (a) Molecular structure of PA1. (b) Schematic
showing that PA1 is molecularly dissolved in pure HFIP and assembles
under aqueous conditions via β-sheet formation into filamentous
aggregates. (c) CD spectra of PA1 in 10%HFIP/90%water, 50%HFIP/
50% water, and 100% HFIP. (d, e) Assembly kinetics of the β-sheets
were followed in CD, revealing a decreasing rate upon increasing the
HFIP content. Beyond the critical HFIP content (21 vol %), no β-sheets
are formed (50 μg/mL, 20 °C, the colors of the kinetic curves in panel d
correspond to the colored dots indicating the CD value in panel e).

Figure 2. Assembly of PA1 is dependent on the preparation protocol.
(a) Two PA1 solutions (50 μg/mL) in 20%HFIP were prepared via two
methods that differ by the order in which pure HFIP and the PA/HFIP
stock solution were added to water. Even though both solutions 1 and 2
contain the same PA concentration and HFIP content, clear differences
can be observed in CD (b) andDLS (c). Time-dependent CD (200 nm)
acquired on solutions 1 and 2, shown in the inset of panel b,
demonstrates the large hysteresis involved.
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from random coils to β-sheets for solution 1, where first pure
HFIP was added to water, followed by the PA1 solution (Figure
2b). These results demonstrate that the β-sheets formed by PA1
are sensitive to hysteresis. Once formed in a solution with 10%
HFIP, as evidenced by the spectrum of solution 2■, these
structures do not disassemble on an observable time scale when
the HFIP content is increased to 20%. The hysteresis of β-sheets
in solution 2 is corroborated by DLS experiments (Figure 2c),
which reveal for solution 2 correlation at much larger time scales
as compared to solution 1, indicating that larger structures are
present in solution 2.
To illustrate the nonlinear relation between assembly rate and

solvent composition, as shown in Figure 1d, together with the
hysteresis effect as shown in Figure 2, we prepared four solutions
of equal PA1 concentration (93 μg/mL) and HFIP content
(20%). Again, both pure HFIP as well as a stock solution of PA1
in HFIP were added to water, in four different ways as
schematically depicted in Figure 3a. However, in this case the
addition steps were performed right after each other, within 10−
20 s, meaning that after homogenizing of the solution the next
addition was performed. As shown in Figure 3b, the resulting
kinetic curves for solutions 1 and 2 are similar, but solutions 3
and 4 yield different kinetic curves and even different final CD
spectra (Figure 3c). These differences can be rationalized by two
effects that play a key role: (1) the rate of the assembly process
decreases in the presence of a destabilizing solvent like HFIP, and
(2) the formed β-sheets have a high kinetic stability and, once
formed, do not rapidly fall apart when more HFIP is added (i.e.,
hysteresis). Combining these two effects implies that if the PAs
during injection from HFIP into the water phase (temporarily)
experience a pure water environment, as is likely the case for
solution 1, they will quickly form β-sheets. Due to the large
hysteresis, these β-sheets do not directly fall apart if another 15%
HFIP is added to the solution. However, if the PAs are injected in
a solution that contains 15% HFIP, the driving force for making
β-sheets is much smaller, and hence random coil spectra are
obtained, as is the case for solution 4. Especially when the final
HFIP content approximates the critical solvent composition, this

hysteresis effect will have major consequences for the assembly
process. Vice versa, this implies that an accurate determination of
the critical solvent composition, Figure 1e, is also subject to
subtle effects in the injection and mixing methodology applied.
Often it is assumed that hysteresis effects can be erased by

heating the assemblies, as the fast dynamics at elevated
temperatures allow entrapped monomers to re-equilibrate or
disassemble. To analyze if this is the case for PA1 assemblies, we
prepared PA1 solutions (50 μg/mL) at 50 °C with varying HFIP
compositions of 10%, 15%, and 20%. Then, the solutions were
cooled to 0 °C and subsequently heated again to 50 °C with a
temperature ramp of 1 °C/min, while the assembly was analyzed
with CD (Figure 4a,b). As shown in Figure 4, cooling and heating
does not significantly affect the morphology of the assemblies in
the solution that contains 10% HFIP: β-sheets are formed
immediately at 50 °C, and these assemblies do not disappear
upon cooling to 0 °C and heating back to 50 °C as evidenced by
the CD spectra acquired at these temperatures. In the presence of
20% HFIP, random coil structures are obtained at 50 °C, and
again the cooling and heating run does not significantly change
the morphology (Figure 4c). For the PAs in 15% HFIP however,
cooling the random coils that are initially obtained after the
preparation of the sample at 50 °C yields around 40 °C a clear
transition from random coils to β-sheets (Figure 4b). After the
cooling−heating run, again with a temperature ramp of 1 °C/
min, these β-sheets are still present as demonstrated by the CD
spectrum acquired at 50 °C; a clear sign of hysteresis (Figure 4c).
The stability of both states at 50 °C was assessed in time. For a
freshly prepared solution of PA1 (50 μg/mL) at 50 °C in 15%
HFIP, no changes in CD are observed (Figure 4d). However,
also for a similar solution that has been subjected to a cooling−
heating run, the β-sheets do not disappear at 50 °C. Formally,

Figure 3. Four PA1 solutions (93 μg/mL) in 20% HFIP were prepared
by adding 5% PA1/HFIP and aliquots of pure HFIP to water, in different
order (a). Purple arrows indicate the addition of the PA1/HFIP stock
solution; red arrows indicate the additions of pure HFIP to the aqueous
solution. Black circles at 5%, 10%, and 15%HFIP represent intermediate
stages, at which the solution is homogenized for only 10−20 s. (b) CD
(200 nm) vs time after the preparation of solutions 1−4. (c) CD spectra
acquired after the respective time course measurements.

Figure 4. Temperature-dependent assembly of PA1 in different water/
HFIP ratios. (a) Solutions were prepared at 50 °C (red), subsequently
cooled to 0 °C (blue) and, to analyze the effect of hysteresis,
subsequently heated back to 50 °C (black). (b) CD vs temperature,
during cooling (blue) and heating (red) of different PA solutions (50
μg/mL) with a temperature ramp of 1 °C/min. (c) CD spectra that are
subsequently acquired at 50 °C before cooling (red), at 0 °C (blue) and
at 50 °C after the cooling−heating run (black) display a large hysteresis
for the PA solution that contains 15% HFIP, as evidenced by time-
dependent CD (d).
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this experiment does not elucidate the equilibrium morphology
under these conditions (15% HFIP, 50 °C). However, these
results do emphasize that even at elevated temperatures a large
hysteresis can be involved in the formation of these β-sheets: at
50 °C they cannot be formed in 15% HFIP, but once they have
been formed upon cooling, they do not disassemble again at this
elevated temperature.19

In summary, these experiments show that kinetic effects like
hysteresis or the influence of solvent composition on the
dynamics of the assemblies can have a strong impact on the
supramolecular structures obtained. Due to these effects,
conditions temporarily encountered during the preparation of
the assemblies exert their influence on the morphology
obtaineda phenomenon that we also encountered when
analyzing these structures with electron microscopy (Figures S7
and S8). We hypothesize that the dynamic effects demonstrated
here can affect the preparation of other PA systems as well, even if
their assembly is controlled by other parameters like pH, salt
concentration or the addition of coassembling molecular
components. Hence, selecting the right pathway required for
function requires an optimized preparation protocol that can be
very dependent on the molecular design. For example,
performing the experiments with another PA in which the final
amide group at the hydrophilic end, as present in PA1, has been
replaced by a carboxylic acid results in structures that are less
sensitive to hysteresis (Figures S9−S11). Analyzing the dynamics
of the system of interest requires a lot of experiments.
Nevertheless, we foresee that understanding the effect of kinetics
and hysteresisespecially on the short time scale of obvious
preparation steps like injection and mixingwill enhance our
ability to precisely control the self-assembly in water of
amphiphiles that exhibit strong intermolecular interactions.
The experiments described here demonstrate that noncovalent
or supramolecular synthesis requires the same type of careful
selection of preparation protocols normally associated with
covalent organic and polymer synthesis. This is particularly
important when the targeted function is highly dependent on
supramolecular structure.
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