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ABSTRACT: In the prevailing phenomenon of peptide fibrillization, β-
strand conformation has long been believed to be an important structural
basis for peptide assembly. According to a widely accepted theory, in most
peptide fibrillization processes, peptide monomers need to intrinsically
take or transform to β-strand conformation before they can undergo
ordered packing to form nanofibers. In this study, we reported our
findings on an alternative peptide fibrillization pathway starting from a
disordered secondary structure, which could then transform to β-strand
after fibrillization. By using circular dichroism, thioflavin-T binding test,
and transmission electron microscopy, we studied the secondary structure
and assembly behavior of Ac-RADARADARADARADA-NH2 (RADA16-
I) in a low concentration range. The effects of peptide concentration,
solvent polarity, pH, and temperature were investigated in detail. Our
results showed that at very low concentrations, even though the peptide was in a disordered secondary structure, it could still form
nanofibers through intermolecular assembly, and under higher peptide concentrations, the transformation from the disordered
structure to β-strand could happen with the growth of nanofibers. Our results indicated that even without ordered β-strand
conformation, driving forces such as hydrophobic interaction and electrostatic interaction could still play a determinative role in the
self-assembly of peptides. At least in some cases, the formation of β-strand might be the consequence rather than the cause of
peptide fibrillization.

■ INTRODUCTION
As an important category of nanobiomaterials, nanofibers
formed by designer self-assembling peptides (SAPs) have been
extensively investigated for many years.1−3 Due to their
similarity to pathogenic amyloid fibrils formed by natural
peptides or proteins, these nanofibers have also been ideal
models for studying the mechanism of amyloid-like fibrilliza-
tion.4,5 In the past two decades, numerous studies have shown
that most SAP nanofibers were composed of β-sheet units,
which were the parallel or antiparallel alignment of peptide
chains in β-strand conformation.6−8 This led to the general
belief that β-strand conformation of individual peptide
monomers was pivotal for supporting peptide fibrillization.
For this reason, peptide fragments taking β-strand conforma-
tion have also been regarded as the essential motif for self-
assembly in many SAP systems.9−11

However, in recent years, more and more studies have
indicated that the importance of a highly ordered β-sheet for
the formation of SAP nanofibers is not so incontrovertible.
Tripeptides that could form nanofibers based on disordered
conformation have been reported recently.12,13 Worm-like
micelles, very short nanofibers, or even long thin nanofibers
were also formed by peptides taking random coil conforma-
tion.14,15 Our group has also designed many amphiphilic
peptides that could self-assemble into nanofibers with the

absence of the β-sheet.16−18 On the other hand, computational
studies have suggested that in the early stage of self-assembly,
some peptide amphiphiles mainly took a random coil
secondary structure.19,20 All these studies suggested the
possibility of peptide fibrillization based on non-β-strand
conformation, challenging the traditional fibrillization theory
based on β-strand.
Considering these controversial findings about secondary

structure supporting peptide fibrillization, a more easily
accepted theory has risen that non-β-strand peptides could
undergo fibrillization, accompanying which the conformation
of peptide monomers also transformed to β-strand.21−25

Following the textbook theory that the secondary structure
determines the tertiary structure, it seems to be reasonable to
presume that disordered peptide monomers should transform
to β-strand conformation before they can self-assemble into
nanofibers. However, for these intrinsically disordered
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peptides, very few research studies have been systematically
carried out to clarify the causal link between peptide
fibrillization and β-strand conformation, i.e., which one
comes first.
In fact, some experimental findings seemed to be on the

opposite of this presumption. As one of the most widely
investigated SAP motifs, Ac-RADARADARADARADA-NH2

(RADA16-I) has been substantially proved to take typical β-
strand conformation at a higher concentration of 0.5−2% (w/
v, approximately equal to 3−12 mM), which was thought to be
its structural basis for fibrillization.26−29 However, a recent
study showed that at a lower concentration of 0.1 mM, some
peptides based on the RADA16-I motif took random coil
conformation instead of β-strand, while they could still form
typical nanofibers at even lower concentrations.30 Similar
concentration-dependent paradox on peptide conformation
has also been found in amphiphilic peptides such as
DAAAAAAD (DA6D), which showed the characteristic feature
of the β-sheet in its concentrated dry film, while nanofibers
could be formed in diluted solution based on disordered
conformation.18 These findings suggested that although β-
strand conformation is strongly linked with peptide fibrilliza-
tion, it may not necessarily be the starting conformation
triggering the fibrillization process.

Taking all these previous findings into consideration, the
causal link between peptide fibrillization and β-strand
conformation is worth a reevaluation. For this purpose, in
this study, we focused on the self-assembling behavior of
RADA16-I in a very low concentration range. The effects of
peptide concentration, solvent polarity, pH value, and heat
shock on the secondary structure and fibrillization behavior of
the peptides were investigated. Our results indicated an
alternative peptide fibrillization pathway starting from
disordered conformation, which gradually transformed to β-
strand as a result of compact packing in the fibrillization
process.

■ RESULTS AND DISCUSSION

Circular Dichroism (CD) for Measuring the Peptide
Secondary Structure at a Low Concentration. As we
know, CD is the major method for monitoring the secondary
structure of peptides at a low concentration of around 100 μM.
On the contrary, other methods such as X-ray diffraction,
Fourier transform infrared spectroscopy, and nuclear magnetic
resonance usually need highly concentrated solutions or even
dried samples.31 Interestingly, many previous studies reporting
the existence of the β-sheet in SAP nanofibers have been based
on the latter three methods. Considering the fact that SAPs
will aggregate above a certain concentration, these previous

Figure 1. Secondary structure and fibrillization state of RADA16-I determined by peptide concentration. (A) CD spectrum of the original 50 μM
sample showed a signal of disordered conformation, while the 50 μM sample diluted from the 1000 μM solution showed a β-strand signal. (B)
Thioflavin-T (ThT)-binding fluorescence showed that the 50 μM sample diluted from the 1000 μM solution had a much higher fibrillization signal.
In both (A) and (B), the signal for the diluted sample was measured immediately after dilution. (C) Change in the CD signal after dilution from
1000 to 50 μM. (D) Change in ThT-binding fluorescence after dilution from 1000 to 50 μM.
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studies were actually inspecting the peptides’ secondary
structure in their already-assembled state, while their
secondary structure at lower concentrations, i.e., around or
below their critical aggregation concentration has been
neglected. Taking this into consideration, in this study, we
used CD to measure the secondary structure of RADA16-I in a
very low concentration range.
Concentration Determined the Secondary Structure

and Assembling Behavior of RADA16-I. First, RADA16-I
was prepared as 50 and 1000 μM samples. The 50 μM sample
was directly used for CD measurement, while the 1000 μM
sample was diluted to 50 μM just before the CD measurement.
Surprisingly, instead of showing a β-strand signal, the original
50 μM sample exhibited a negative peak between 195 and 200
nm, indicating the predominance of disordered conformation.
On the contrary, the sample diluted from the 1000 μM
solution showed a positive peak between 195 and 200 nm and
a negative peak between 215 and 220 nm, which were assigned
to typical β-strand conformation (Figure 1A).
In a previous study, we have shown the amyloid-like

property of RADA16-I nanofibers, which allowed us to
quantitatively analyze the assembling state of the peptide by
Thioflavin-T (ThT) -binding fluorescence.32 As shown in
Figure 1B, both samples exhibited a typical fluorescence peak
around 495 nm, indicating the formation of amyloid-like
nanofibers. However, samples diluted from the 1000 μM

solution showed a much higher fluorescent value, indicating a
much higher level of assembly.
Although tested at the same concentration of 50 μM, the

two samples exhibited quite different secondary structures and
fibrillization states. It is quite clear that the sample diluted from
the 1000 μM solution was actually exhibiting the secondary
structure and the self-assembling state preformed at a higher
concentration, which have not been changed immediately after
dilution. Interestingly, the secondary structure and the self-
assembling state of this sample did change slowly after dilution.
As shown in Figure 1C, after diluted from 1000 to 50 μM, the
secondary structure of RADA16-I gradually transformed from
β-strand to disordered conformation. At the same time, the
ThT-binding fluorescence of the peptide also dropped to a
stable value within 72 h, suggesting gradual disassembly of the
peptide (Figure 1D). However, it should be noted that the
stable fluorescence value after 72 h was still far above the
baseline, which was coincident with the fact that even at a
concentration of 50 μM, the peptide could still self-assemble.
Although it is not surprising that the β-strand conformation

of RADA16-I could be destroyed by many factors such as pH
and temperature, this is the first time to show that RADA16-I
could transform from β-strand to disordered conformation
simply by dilution. This result raised the question of what is
the intrinsic conformation of the peptide monomer. It is clear
that rather than intrinsically taking β-strand conformation as
generally believed, RADA16-I could take disordered con-

Figure 2. Conformational transition and self-assembly of RADA16-I at different concentrations. (A) CD spectra showed that the conformational
transition from the disordered structure to β-strand began at 100 μM. (B) ThT-binding fluorescence showed that self-assembly began at 40 μM.
(C) Transmission electron microscopy (TEM) image of nanofibers formed at 40 μM. (D) TEM image of nanofibers formed at 200 μM. (E)
Proposed model explaining how the peptide formed nanofibers with different widths based on different secondary structures.
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formation at a very low concentration, which also seemed
capable of supporting the self-assembly of the peptide.
RADA16-I Fibrillization Prior to the Formation of the

β-sheet. To study how peptide concentration determined the
secondary structure and the fibrillization state in detail,
RADA16-I samples with concentrations ranging from 1 to
200 μM were prepared. Their secondary structure and
fibrillization state were monitored by CD and ThT-binding
fluorescence, respectively. As shown in Figure 2A, CD spectra
showed that RADA16-I samples at concentrations of 20, 40,
and 60 μM were kept in a disordered conformation with a
similar CD signal, which gradually transformed to β-strand as
the concentration increased. At a concentration of 100 μM, the
peptide began to show the obvious β-strand signal. It should be
noted that RADA16-I solutions with concentrations of 1, 5,
and 10 μM were close to the detectable limitation of the CD
measurement so that they were not shown in the results. But
according to the trend shown in Figure 2A, it is very unlikely
that RADA16-I would take β-strand conformation at these
even lower concentrations.
Corresponding to the change in the secondary structure, the

ThT-binding fluorescence of RADA16-I also gradually
increased with concentration, indicating the growth of
amyloid-like nanofibers (Figure 2B). Interestingly, although
RADA16-I showed the obvious β-strand signal only at
concentrations above 100 μM, its fibrillization began at a
much lower concentration of 40 μM, which confirmed that the
peptide could form nanofibers based on disordered con-
formation. Although the ThT-binding fluorescence of the 40
μM sample seemed to be weak, the spectrum in Figure S1
clearly showed its characteristic fluorescence peak. On the
other hand, it should be noticed that ThT-binding fluorescence

increased more quickly between 80 and 160 μM. This region
was approximately overlapped with the concentration range
within which the peptide transformed from disordered
conformation to β-strand. This result suggested that the
formation of β-strand did facilitate the self-assembling process
of RADA16-I, probably by packing peptide monomers in a
more ordered way.
The formation of supramolecular nanostructures in the 40

and 200 μM samples was further confirmed by dynamic light
scattering (DLS). As shown in Figure S2, the size distribution
for the 40 μM sample was around 100 nm with a mean z-
average size of 90.82 ± 4.95 nm, while the 200 μM sample
exhibited a broader size distribution between 30 and 2000 nm
with a mean z-average size of 114.77 ± 2.57 nm. However, it
should be noted that DLS as a method for studying particles
may not accurately reflect the size of nanofibers with a high
aspect ratio. Anyway, these DLS results further confirmed the
formation of nanostructures in both samples. Combined with
its much stronger ThT-binding fluorescence, the broader size
distribution and bigger average size of the 200 μM sample
indicated that it formed more or longer nanofibers than the 40
μM sample.
TEM images showed that both 40 and 200 μM samples

formed nanofibers, which further confirmed the self-assembling
behavior under these concentrations (Figure 2C,D). To
confirm the prevalence of these two types of nanofibers,
additional TEM images are shown in Figure S3. However, it
should be noticed that the width of nanofibers formed by the
40 μM sample was about 11.72 nm, while that of nanofibers
formed by the 200 μM sample was about 8.06 nm. According
to a side-by-side self-assembling model proposed previously,26

this different width might be determined by different

Figure 3. Hydrophobic interaction determined the self-assembling ability of RADA16-I. Both pyrene-binding fluorescence (A) and ANS-binding
fluorescence (B) proved the existence of hydrophobic interaction. Changes in the CD spectra (C) and ThT-binding fluorescence (D) of RADA16-I
with the presence of organic solvents were exhibited.
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secondary structures the peptide was taking at different
concentrations. As shown in Figure 2E, peptide backbones in
disordered conformation could be freely extended and
assemble into wider nanofibers, while at higher concentrations,
the peptide transformed into β-strand, which could be
compactly packed and form narrower nanofibers.
Similar to RADA16-I, an amphiphilic peptide DA6D also

exhibited obvious fibrillization behavior at low concentrations
when the peptide was still in disordered conformation. As
shown in Figure S4A, DA6D was kept in an unchanged
disordered conformation at concentrations of 50, 100, and 200
μM, and the typical β-strand signal began to occur above 400
μM. However, the peptide began to show the obvious
fibrillization signal from 100 μM and above, as shown in
Figure S4B, suggesting that disordered conformation could
also support the fibrillization process of DA6D. Furthermore,
TEM images in Figure S4C showed that at lower
concentrations, disordered conformation led to the formation
of helical ribbons, while at higher concentrations, β-strand led
to the formation of smooth nanofibers, exhibiting a more
compact manner of assembly (Figure S4D).
Hydrophobic Interaction for RADA16-I Fibrillization.

Such concentration-dependent self-assembling behavior gen-
erally indicated the involvement of hydrophobic interaction as
a major driving force for self-assembly, which has also been
repeatedly mentioned by previous studies. As shown in Figure
3A, in the pyrene-binding fluorescence spectrum of RADA16-I,
the third peak (I3) was obviously higher than that of pyrene in
H2O, indicating the existence of hydrophobic interaction in
RADA16-I nanofibers. As shown in Figure 3B, 8-anilinonaph-

thalene-1-sulfonic acid (ANS)-binding fluorescence of
RADA16-I exhibited an obvious blue shift and enhancement
compared with the ANS spectrum in H2O, which was also a
feature of hydrophobic interaction. It is likely that the self-
assembly of RADA16-I relied more on hydrophobic interaction
determined by peptide concentration, while the secondary
structure of the peptide monomer was not so determinative.
Even in disordered conformation, a peptide chain could still be
freely extended, exposing its hydrophobic residues for coupling
with other peptides through hydrophobic interaction. This
may also explain why we observed the self-assembling
nanofibers with the absence of the β-sheet.
To further prove that a hydrophobic interaction played a

predominant role in the self-assembly of RADA16-I, the self-
assembling behavior of RADA16-I with the presence of organic
solvents was investigated. As shown in Figure 3, although 100
μM RADA16-I formed more typical β-strand as induced by
ethanol or n-propanol (Figure 3C), its self-assembling ability
drastically decreased by the presence of organic solvents in a
concentration-dependent manner (Figure 3D). A possible
reason is that ethanol and n-propanol have lower polarity than
water; therefore, they could weaken water-mediated hydro-
phobic interaction and decrease the peptide’s aggregation
potency based on it. It is also clear that n-propanol with even
lower polarity showed an even greater impact on the self-
assembling ability. These results further indicated that for the
fibrillization of RADA16-I, hydrophobic interaction as a major
driving force was more important than β-strand conformation,
especially considering that the peptide in a more typical β-

Figure 4. pH-induced conformational transition and disassembly of RADA16-I. (A) CD spectra showed the conformational transition from β-
strand to the disordered secondary structure, with the total loss of β-strand at pH 5.69 and 6.53 (marked by stars). (B) ThT-binding fluorescence
showed the disassembling process, with nanofibers retained at pH 5.69 and 6.53 (marked by stars). (C) TEM image of nanofibers formed at pH
4.11. (D) TEM image of nanofibers formed at pH 6.53.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01423
ACS Omega 2021, 6, 12904−12912

12908

http://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01423/suppl_file/ao1c01423_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01423/suppl_file/ao1c01423_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01423/suppl_file/ao1c01423_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01423/suppl_file/ao1c01423_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01423?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01423?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01423?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01423?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01423?rel=cite-as&ref=PDF&jav=VoR


strand conformation showed even lower fibrillization signal in
this experiment.
pH-Responsive Fibrillization of RADA16-I. Except for

relying on hydrophobic interaction, fibrillization of RADA16-I
was also known to be supported by electrostatic interaction
between positively charged arginine and negatively charged
aspartic acid residues. Since the charge distribution of the two
amino acids was determined by the pH of the peptide solution,
fibrillization of RADA16-I was also a pH-responsive process.
Although the disassembly of RADA16-I nanofibers in

response to pH increase was nothing new, it has been
presumed that pH increase led to the conformational transition
from β-strand to disordered conformation, which further led to
the disassembly of nanofibers. This means that the loss of β-
strand was the direct cause of disassembly. However, an
alternative pathway for this pH-responsive change was found in
our study by monitoring the change in the secondary structure
and the fibrillization state of 200 μM RADA16-I at different
pH values. As shown in Figure 4A, with the pH increasing from
4.11 to 7.35, the peptide gradually transformed from β-strand
to disordered conformation, with the total loss of the β-strand
signal at pH 5.69 and above. On the other hand, Figure 4B
shows that the self-assembling ability of RADA16-I also
decreased with the increase of pH, but the peptide still showed
the fibrillization signal at pH 5.69 and 6.53, when it was already
in a stable disordered conformation. When the peptide took
disordered conformation at pH 6.53, it formed helical
nanofibers wider than those formed at pH 4.11 when it was
in β-strand conformation (Figure 4C,D). Additional TEM

images of nanofibers formed at pH 4.11 or 6.53 are shown in
Figure S5. Furthermore, as shown in Figure S6, the sample
with pH 4.11 exhibited a broad size distribution between 30
and 2000 nm, while the size distribution of the sample with pH
6.53 was around 100 nm. Combined with the TEM and ThT-
binding fluorescence data, these results suggested that
RADA16-I formed more and longer nanofibers at pH 4.11,
while its fibrillization was weakened at pH 6.53.
These results indicated that in the pH-induced disassem-

bling process of RADA16-I nanofibers, even when the β-sheet
completely disappeared, the peptide could still form nanofibers
based on disordered conformation. In a reverse logic, it could
also be concluded that with the decrease of pH from 7.35 to
4.11, RADA16-I gradually underwent fibrillization starting
from disordered conformation, and in some middle point of
the fibrillization process, the peptide began to transform from
disordered conformation to β-strand.

Time-Dependent Reassembling Process after the
Heat Shock. Because of the existence of amide groups
along the peptide backbone, the self-assembly of RADA16-I
also involved intermolecular hydrogen bond, which could be
temporarily destroyed at a high temperature and recover upon
incubation at a lower temperature. This provided us a starting
point to monitor the dynamic conformational transition and
fibrillization during the heat recovery process in a time-
dependent manner. As shown in Figure 5A, after incubation at
70 °C for 10 min, ThT-binding fluorescence of RADA16-I
dropped sharply, but the fluorescence value was still far above
the baseline, indicating an incomplete disassembly of nano-

Figure 5. Heat recovery process of RADA16-I. (A) Time-dependent change in the ThT-binding fluorescence of RADA16-I after heating. (B)
Time-dependent change in the CD spectra of RADA16-I after heating. (C) TEM image of nanofibers formed by RADA16-I immediately after
heating. (D) TEM image of nanofibers formed by RADA16-I 72 h after heating.
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fibers upon heating. Then, during incubation at 25 °C, the
peptide gradually reassembled and the ThT-binding fluo-
rescence reached a plateau after 24 h. On the other hand, as
shown in Figure 5B, the secondary structure of the peptide
completely transformed from β-strand to disordered con-
formation after the heat shock, indicating that β-strand was
more vulnerable than the self-assembling structures upon
heating. During the first 6 h of recovery, the peptide only
slightly lost its signal of disordered conformation around 200
nm despite the rapid growth of ThT-binding fluorescence at
the same time. After 24 h, the peptide began to show the β-
strand signal around 220 nm, which gradually transformed to
typical β-strand after 72 h, even though the peptide had already
been in its mature fibrillization state after 24 h. TEM images
showed that after heating, RADA16-I formed shorter and
wider nanofibers (Figure 5C), which could reassemble into
longer and narrower nanofibers after 72 h (Figure 5D).
Additional TEM images of nanofibers formed at 0 or 72 h after
heating are shown in Figure S7. Furthermore, as shown in
Figure S8, the size distribution of RADA16-I immediately after
heating was around 100 nm, which changed to a broader
distribution between 20 and 700 nm at 72 h after heating.
Combined with the TEM and ThT-binding fluorescence data,
these results further indicated the recovery of long nanofibers
after heating.
On one hand, the results of the heat recovery experiments

showed again that RADA16-I could retain its self-assembling
nanofibers based on disordered conformation. On the other
hand, it is interesting that during the reassembling process,
RADA16-I reached its maximum fibrillization state first,
following which its secondary structure slowly transformed
from disordered conformation to β-strand. On the contrary to
the traditional belief that β-sheets induce the fibrillization of
RADA16-I, it seemed that fibrillization could take place first,
which then induced the formation of the β-sheet, probably by
physically pressing the peptides in compact nanofibers and
forced them to take a more ordered β-strand conformation.

■ CONCLUSIONS
Based on the truth that the β-sheet is the predominant
structure in mature RADA16-I nanofibers, it has been generally
believed that β-strand is the structural basis for fibrillization of
the peptide. This theory has also been used to explain how a
peptide changes its fibrillization state in response to environ-
mental parameters such as pH and temperature in a β-strand-
first way. However, in this study, we reported an unexpected
fibrillization pathway of RADA16-I in a low concentration
range. By studying the causal link between the fibrillization
process and the formation of β-strand under different
concentrations and environmental conditions, we found that
early-stage fibrillization of RADA16-I could happen based on
the disordered secondary structure, and then a β-sheet could
be formed later than that. Even though RADA16-I was in
disordered conformation, noncovalent forces such as hydro-
phobic interaction and electrostatic interaction could drive the
fibrillization behavior, and during this fibrillization process, the
peptide could be pressed into an ordered β-sheet. Except for
our experimental findings reported in this work, some earlier
computational studies have also suggested that β-strand
conformation could rise as a result of water-mediated peptide
folding.33,34 These results reevaluated the importance of typical
β-strand for peptide fibrillization, providing a deeper insight
into the general mechanism of peptide self-assembly. More

detailed information in the disordered secondary structure
could be further exploited, for example, by analyzing the
peptide sequence in detail.35,36 This would be important for
further clarifying how such disordered peptide monomers
support fibrillization.
According to our new findings, when designing SAP

nanofiber materials based on RADA16-I or other self-
assembling motifs, the intrinsic β-strand secondary structure
should not be overconcerned. Instead, we should focus on
parameters such as overall hydrophobicity and charge
distribution, which directly provide the driving force for the
fibrillization process. On the other hand, since this study was
focused on the initial stage of peptide fibrillization at a very low
concentration, our findings also provided important clues for
studying amyloid-like aggregation processes of natural peptides
or proteins, which always gradually accumulated from a very
low concentration. According to our findings on RADA16-I,
more attention should be focused on parameters directly
driving the aggregation rather than β-strand conformation.

■ METHODS
Peptides and Reagents. Peptides Ac-RADARADARA-

DARADA-NH2 (RADA16-I) and DAAAAAAD (DA6D) were
purchased from Shanghai Bootech Bioscience & Technology
Co., Ltd. (Shanghai, China) as lyophilized powders with purity
over 95%. Thioflavin-T (ThT), pyrene, and 8-anilinonaph-
thalene-1-sulfonic acid (ANS) were purchased from Sigma-
Aldrich Co. (St. Louis, MO). Ethanol and n-propanol were
purchased from Chengdu Chron Chemicals Co., Ltd.
(Chengdu, China). Peptide solutions with different concen-
trations were prepared by dissolving peptide powders in Milli-
Q water or its mixture with ethanol or n-propanol as specified
in the corresponding sections. The original pH of the
RADA16-I water solution with a concentration of 200 μM
was 4.11, which was adjusted to different pH values using 0.1
M NaOH. All samples were incubated at room temperature
(RT) for at least 7 days before the experiment.

CD Spectra Measurement. A Model 400 CD spectro-
photometer (Aviv Biomedical Inc.,) was used to collect CD
signals of peptide samples filled in a quartz cuvette with a path
length of 0.2 cm. For each sample, CD spectra between 185
and 260 nm were measured three times to get an averaged
spectrum, which was then converted to molar ellipticity (ME)
using the following equation

=
× × ×n c l

ME
CDs

10
where CDs is the CD signal collected for each sample, n is the
number of amino acid residues in RADA16-I (i.e., 16), c is the
molar concentration of each sample, and l is the path length of
the cuvette (i.e., 0.2 cm).

ThT-Binding Test. The ThT powder was dissolved in
Milli-Q water as a 1 mM stock solution. For the ThT-binding
test, 500 μL of the peptide sample was mixed with 5 μL of the
ThT stock solution, and a Fluorolog spectrometer (Horiba
Scientific Inc.) was used to collect the fluorescence spectrum
between 460 and 600 nm with an excitation wavelength of 450
nm. Each sample was measured three times to get an averaged
peak value at 495 nm. Milli-Q water mixed with ThT at the
same ratio was measured to obtain a baseline value at 495 nm.

Size Distribution Analysis by DLS. The size distribution
of nanostructures formed in different peptide solutions was
measured by DLS using a Zetasizer Nano-ZS instrument
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(Malvern, U.K.). Briefly, 1.5 mL of each peptide solution was
added into a disposable sizing cuvette and kept at 25 °C for 30
s prior to measurement. Intensity data were collected and size
versus fraction distribution plots were obtained. Each measure-
ment showed the averaged result of 20 rounds of collection,
and for each sample, five independent measurements were
performed to ensure that similar results were obtained.
TEM Observation. To observe the morphology of

nanofibers formed by RADA16-I and DA6D, 20 μL of each
peptide solution was kept on a copper grid covered by Formvar
and carbon films for 3−10 min, after which excess solution was
blotted away with a filter paper. Then, 20 μL of 2%
phosphotungstic acid was dropped onto the grid to stain the
sample for 2−3 min, and excess liquid was carefully blotted
away with a filter paper without leaving any visible liquid on
the grid. The grid was then completely air-dried and observed
with TEM (Tecnai G2 F20, FEI). For each sample, 3−5
different areas on the grid were observed to ensure the
prevalence of similar nanostructures.
Pyrene-Binding Fluorescence. A pyrene stock solution

with a concentration of 2 mM was prepared in dimethyl
sulfoxide. An RADA16-I solution with a concentration of 100
μM was mixed with the pyrene stock solution at a volume ratio
of 500:1 and incubated at RT for 10 min. The pyrene stock
solution diluted in H2O at the same ratio was used as control.
Fluorescence spectra between 360 and 440 nm were collected
using a Fluorolog spectrometer with an excitation wavelength
of 336 nm. The first peak (I1) of the two spectra was
normalized to compare the intensity of the third peak (I3).
ANS-Binding Fluorescence. An ANS stock solution with

a concentration of 2 mM was prepared in sodium phosphate
buffer (pH 7.4). For the ANS-binding test, the RADA16-I
solution with a concentration of 100 μM was mixed with the
ANS stock solution at a volume ratio of 100:1 and incubated at
RT for 10 min. The ANS stock solution diluted in H2O at the
same ratio was used as control. Fluorescence spectra between
400 and 600 nm were collected using a Fluorolog spectrometer
with an excitation wavelength of 350 nm.
Heat Shock Experiment. A water solution of RADA16-I

with a concentration of 200 μM was prepared as previously
described. The sample was heated at 70 °C in a metal bath for
10 min and aliquoted for continuous CD spectra and ThT-
binding fluorescence measurement at desired intervals of 0, 2,
6, 24, 48, and 72 h. The aliquots of the samples on 0 and 72 h
were also used for TEM observation as previously described.
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