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Background: Designer self-assembling peptide nanofibers (SAPNFs) as a novel kind of
emerging nanomaterial have received more and more attention in the field of nanomedicine
in recent years. However, a simple method to monitor and image SAPNFs is still currently
absent.

Methods: RADA16-1, a well-studied ionic complementary peptide was used as a model to
check potential amyloid-like staining properties of SAPNFs. Thioflavin-T (ThT) and Congo
red (CR) as specific dyes for amyloid-like fibrils were used to stain RADA16-I nanofibers in
solution, combined with drugs or cells, or injected in vivo as hydrogels. Fluorescent spectrom-
etry and fluorescent microscopy were used to check ThT-binding property, and polarized light
microscopy was used to check CR-staining property.

Results: ThT binding with the nanofibers showed enhanced and blue-shifted fluorescence,
and specific apple-green birefringence could be observed after the nanofibers were stained
with CR. Based on these properties we further showed that ThT-binding fluorescence intensity
could be used to monitor the forming and changing of nanofibers in solution, while fluorescent
microscopy and polarized light microscopy could be used to image the nanofibers as material
for drug delivery, 3D cell culture, and tissue regeneration.

Conclusion: Our results may provide convenient and reliable tools for detecting SAPNFs, which
would be helpful for understanding their self-assembling process and exploring their applications.
Keywords: self-assembling peptides, nanofibers, amyloid fibrils, thioflavin-T, Congo red

Introduction

Self-assembling peptide nanofibers (SAPNFs) are a category of fibril nanomaterial
formed by the self-assembly of designer short peptides. Ever since their appearance
about two decades ago, SAPNFs have become one of the widely explored nanomaterials
in the intersection of biomaterials and nanomedicine due to their intrinsic advantages
such as controllability in synthesis and biocompatibility in application.!* Applied in
the form of nanofiber scaffolds or hydrogel, several well-known SAPNF systems such
as ionic complementary peptides,*® peptide amphiphiles,” and Q11 peptide'*'* have
been extensively investigated as advanced nanomaterials for wound healing, tissue
engineering, 3D cell culture, controlled drug release, antigen epitope delivery, and
so on. Considering the wide and increasing application of these SAPNFs, it would be
advantageous if we could monitor the formation and degradation of nanofibers in a
real-time manner and image the structure of them together with embedded cell/drug
or surrounded tissue. However, due to the lack of a specific labeling tool for SAPNFs,
related techniques have been pitifully absent in this field so far.
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The most popular method to detect macromolecular
biomolecules might be labeling with fluorescent dyes through
chemical conjugation, which has been widely used for poly-
mers and proteins.'*!"* However, only very few fluorescently
labeled SAPNFs have been reported to date,'® indicating it may
not be an ideal strategy for SAPNFs. One possible technical
reason for this is that the building blocks of SAPNFs are very
short peptides with relatively low molecular weight. Unlike
macromolecular polymers, their self-assembling ability might
be vulnerable upon the addition of fluorophores, which might
change too much of the peptides’ molecular weight, intramo-
lecular or intermolecular space, or overall charge distribution,
and eventually alter or even eliminate the self-assembly. On
the other hand, fluorescent labeling of peptides could also be
limited by the unavailability of a conjugating site on the peptide
side, or at least it would inevitably raise the cost of peptide syn-
thesis, preventing it from becoming a regular method for the
labeling of SAPNFs. Most importantly, detecting fluorescently
labeled peptide monomers may not necessarily reflect the real
state of the self-assembling nanofibers, which is the essential
element for almost all functions of this type of nanomaterial.

An alternative strategy is staining. If we can find a dye that
could specifically bind with SAPNFs, then it could be detected
using conventional devices such as a spectrometer and a micro-
scope. Peptides and nanofibers, the two keywords for SAPNFs,
linked these nanomaterials to pathogenic amyloid fibrils.
Amyloid fibrils are nanofibers formed by abnormal aggregation
of natural proteins, or the self-assembly of some derived or
designer peptides.'* ¥ It is well known that amyloid fibrils can
be specifically stained by thioflavin-T (ThT) or Congo red (CR),
which have been used as golden standards for the identification
of amyloid fibrils and diagnosis of related diseases very early.
Recently, ThT has also been widely used to detect the forma-
tion of and monitor the growth of amyloid fibrils in solution, or
even to visualize the detailed structure of these nanofibers.!*%
Obviously, the two dyes could also be used for studying
SAPNF nanomaterials as long as they possess similar amyloid-
like staining properties. Actually, considering the architecture
of nanofibers and the secondary structure of the B-sheet of many
SAPNFs, their potential amyloid-like property has already
been realized by some researchers.?! However, ThT-binding
and CR staining featuring amyloid-like staining properties
have not yet been well studied for SAPNF nanomaterials.

In this paper, we took ionic complementary peptide
RADAL16-I, one of the most widely investigated SAPNF
nanomaterials, as a model and carried out ThT and CR-
binding experiments on it to prove its amyloid-like staining
properties. We also explored the application of these proper-
ties for detecting and imaging this nanomaterial.

Materials and methods

Materials

RADA16-1 (peptide sequence Ac-RADARADARADA
RADA-CONH,) was purchased from Shanghai Bootech
BioScience & Technology Co., Ltd (Shanghai, China) as
lyophilized dry powder with purity over 95%. ThT, CR,
pyrene, doxorubicin hydrochloride (Dox), and Rhodamine B
(RhoB) were purchased from Sigma-Aldrich Co. (St Louis,
MO, USA). Other chemicals were of analytical grade, and
sterile Milli-Q water was used for the preparation of all
solutions unless specified otherwise.

Transmission electron microscopy (TEM)
To study the effect of ThT-binding on the formation and mor-
phology of RADA16-I nanofibers, the peptide was dissolved
in water at a concentration of 1 mg/mL and incubated with or
without 10 uM ThT at room temperature (RT) overnight. The
overnight incubation is a routine treatment for RADA16-1
because the self-assembling system generally needs some
time to reach a relatively equilibrium state. For TEM observa-
tion, 20 UL of each sample was dropped onto a 400-mesh cop-
per grid covered by Formvar and carbon films, incubated for
5 min to load the sample, and excess liquid was blotted with
filter paper. Then 2% phosphotungstic acid was dropped onto
the grid to stain the sample for 2 min, and excess liquid was
blotted with filter paper. The grid was air-dried and observed
with TEM (Tecnai G2 F20; FEI, Hillsboro, OR, USA).

ThT-binding test

RADA16-1 was dissolved in water at a concentration of 1 mg/
mL and incubated at RT overnight before testing. ThT stock
solution (1 mM in water) was mixed with the peptide solution
to obtain a final ThT concentration of 10 uM, and fluorescence
spectra between 460 and 600 nm were collected using a Fluo-
rolog spectrometer (HORIBA Ltd, Kyoto, Japan) with an excit-
ing wavelength of 450 nm. To test the stability of ThT-binding
fluorescence, spectra were collected at 0, 2, 5, 10, 30, and 60 min
after ThT was added. Water solution of ThT (10 uM in Milli-Q
water) was used as control. Each sample was measured three
times to obtain an averaged fluorescence value at 495 nm.

Peptide concentration sweeping

To study the relationship between the amount of nanofibers
and ThT-binding fluorescence, 1 mg/mL RADA16-1 was
diluted in water to a final concentration of 0.01-1 mg/mL and
incubated at RT overnight before binding with ThT. ThT stock
solution was then added into the peptide solutions to obtain
a final ThT concentration of 10 uM, mixed, and incubated
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at RT for 10 min. Fluorescence spectra were collected as
described earlier.

Kinetics study and ultrasound treatment

To study the self-assembling kinetics, RADA16-I solution with
a concentration of 1 mg/mL was freshly prepared and incubated
at RT. At different time points (0—16 h) an aliquot of sample was
taken out and the ThT-binding test was carried out as described
earlier. To monitor the disassembly and reassembly of peptide
after mechanical destruction, 1 mg/mL RADA16-1 in water was
incubated at RT overnight and then treated by ultrasound for
30 min to break the self-assembling nanofibers, followed by
incubating the sample at RT. Atdifferent time points (0-8 h) after
the ultrasound treatment, an aliquot of solution was taken out
and the ThT-binding test was carried out as described earlier.

Kinetics study with pH variation

RADA16-I stock solution with concentration of 10 mg/mL was
prepared in water and incubated at RT for 24 h. The stock solu-
tion was then diluted into buffers with different pH (2.0, 4.0,
6.0, and 8.0) to a final peptide concentration of 1 mg/mL and
incubated at RT. At different time points (0—16 h) after the pep-
tide was diluted, an aliquot of each sample was taken out for the
ThT-binding test as described earlier. At the end point, ie, 16 h
after RADA16-I stock solution was diluted into different buf-
fers, TEM samples from different solutions were prepared and
TEM images were collected as described earlier. Circular dichr-
oism (CD) measurement was also carried out by further diluting
the peptide solutions to a final concentration of 0.1 mg/mL with
corresponding buffers and collecting the far-ultraviolet CD
spectra between 185 and 260 nm with a Model 400 CD spec-
trophotometer (Aviv Biomedical Inc., Lakewood, NJ, USA).

Light microscope imaging

A drop of water solution of RADA16-1 (1 mg/mL) was spread
on a glass slide and air-dried, followed by staining with
ThT (10 uM) or CR (saturated in 80% ethanol) for 10 min. The
slides were gently rinsed with water and air-dried before obser-
vation with a DM4000 B microscope (Leica Microsystems,
Wetzlar, Germany). For samples stained with ThT, a blue—
green channel under the fluorescence mode was used. For
samples stained with CR, a polarizing stage equipped on the
microscope was used to obtain images under polarized light.

Drug encapsulation and imaging

Pyrene and Dox were used as models for hydrophobic and
hydrophilic drugs, respectively. Encapsulation of insoluble
pyrene was carried out using a previously described method
with minor modification.?? Briefly, 5 mg of pyrene was

added into 10 mL of RADA16-I solution (1 mg/mL) in a
scintillation vial and stirred vigorously for 24 h to obtain
a milky suspension. ThT was added into the suspension to a
final concentration of 10 UM to stain the sample for 10 min.
A drop of stained sample was then spread on a glass slide,
air-dried, and observed under a fluorescent microscope using
a violet—blue channel for pyrene and a blue—green channel
for ThT-binding nanofibers. Encapsulation of soluble Dox
was carried out using a previously described method for the
encapsulation of other soluble molecules.? Briefly, Dox stock
solution (2 mg/mL in water) was diluted into freshly prepared
RADA16-I solution (10 mg/mL) to a final drug concentration
of 0.2 mg/mL. The mixture was incubated at RT overnight
to form a self-supporting hydrogel with Dox encapsulated.
A small piece of hydrogel was immersed into 10 uM ThT for
10 min, transferred onto a glass slide, and observed under a
fluorescent microscope, using a green—red channel for Dox
and a blue—green channel for ThT-binding nanofibers.

3D cell culture and imaging

PC12 cells were commercially purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA) and
conventionally cultured in RPMI 1640 medium supplemented
with 10% horse serum and 5% fetal bovine serum. One day
before 3D cell culture, 20 mg/mL RADA16-I solution was
prepared and incubated at RT to form a viscous hydrogel. PC12
cells cultured in a flask were stained with 0.2 mg/mL RhoB
for 10 min, followed by trypsinization and resuspension in full
medium. Resuspended cells were then mixed with RADA16-1
hydrogel at a volume ratio of 1:1. The mixture was then incu-
bated in a humidified incubator with 5% CO, at 37°C for 1 h.
An aliquot of cell-containing hydrogel was then incubated
with 1 UM ThT for 10 min and spread on top of a glass slide
and observed under a fluorescent microscope. A green—red
channel was used for RhoB-stained cells and a blue—green
channel was used for ThT-binding RADA16-I hydrogel.

In vivo injection and tissue slice staining

Adult male Sprague Dawley rats provided by the Animal
Center of the Sichuan University were used for in vivo
experiment as approved by the Committee of Animal Care
of West China Hospital, Sichuan University, and all animal
experiments were carried out under the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health. The rat was anesthetized by intraperi-
toneal injection of pentobarbital, after which 200 uL of
RADA16-1 (10 mg/mL) was injected into the cavity around
the sciatic nerve. One day after the injection, the animal was
euthanized with isoflurane and tissue at the injection site was
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conventionally fixed, embedded, and sectioned. The tissue
slice was then stained with CR solution (saturated in 80%
ethanol) for 10 min, rinsed with water, air-dried, and observed
under polarized light as described earlier.

Results and discussion
RADA 6-1 nanofiber and its ThT-binding

fluorescence

Firstly, TEM was used to investigate the existence and
morphology of nanofibers in RADA16-I solution with or
without ThT. As shown in Figure 1A, in 1 mg/mL water
solution, RADA16-I self-assembles into a network of cross-
linking nanofibers as previously reported.” Binding with ThT
seems not to change the morphology of its nanostructure,
as Figure 1B reveals a similar nanofiber network formed
by ThT-binding RADA16-1. This is not surprising since the
molecular mechanism of ThT-binding has been reported as
the insertion of ThT monomer into amyloid-like fibrils.?
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This result suggested that ThT had minimal effect on the
self-assembling process of RADA16-1, making it an ideal
fluorescent dye to monitor the formation and growth of the
nanofibers in a long-term and real-time manner. We then
checked the fluorescence of ThT bound with RADA16-1
and compared it with free ThT. As shown in Figure 1C, free
ThT showed a very weak innate peak around 530 nm, and
when it was bound with RADA16-1 nanofibers a dramatically
enhanced and blue-shifted peak appeared around 495 nm,
which has been well known as one of the most typical
features of amyloid-like nanofibers. A similar ThT-binding
property of a RADA16-I derivative with unprotected N and C
terminals has also been reported in a recent study.?' Although
nanofibers formed by RADA16-1 were morphologically
different from typical amyloid fibrils, which were usually
believed to be smooth and unbranched nanofibers, some
branched amyloid fibrils have also been reported in recent
years.?* We further examined ThT-binding fluorescence at
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Figure | ThT-binding fluorescence of RADAI6-| nanofibers. (A) TEM image of RADAI6-| nanofibers without ThT. (B) TEM image of RADAI6-| nanofibers with ThT.
(C) Fluorescence spectrum of ThT-binding RADAI6-I. (D) Change of fluorescence intensity at 495 nm at different time points after ThT-binding.
Abbreviations: AU, arbitrary units; TEM, transmission electron microscopy; ThT, Thioflavin-T.
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different time points after the dye was bound with RADA16-1
nanofibers, which showed that the fluorescent peak value
rapidly increased to a maximum within 10 min and kept stable
for at least 1 h (Figure 1D). This is also why we incubated
ThT with RADA16-I for 10 min before fluorescence mea-
surement in the following experiments. This feature allows
ThT-binding to be a fast and reliable staining method to study
RADA16-I nanofibers.

ThT-binding fluorescence reflecting the

amount of nanofibers

As a potential dye for quantitatively analyzing SAPNFs,
ThT-binding fluorescence should be able to reflect the amount
of nanofibers in solution. To approve this, the first step is
to directly change the concentration of RADA16-I so as to
change the amount of nanofibers. As shown in Figure 2, the
peak values of ThT-binding fluorescence changed as a func-
tion of peptide concentration, suggesting that the intensity
of fluorescence is associated with the amount of nanofibers
determined by the peptide concentration. The implication of
this finding is that a critical aggregating concentration (CAC)
could be estimated around 0.2 mg/mL, which means the
peptide began to undergo well-ordered self-assembly above
this concentration. As we know, this is the first estimate of
the CAC value of a self-assembling peptide with a spectro-
metry method, which could provide important information
for clarifying the self-assembling mechanism and exploring
the application of the material.

In order to confirm that the ThT-binding fluorescence
intensity is associated with the amount of nanofibers instead
of peptide monomers, we then measured the kinetic ThT-
binding fluorescence of RADA16-I solution. As shown in
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Figure 3A, the ThT-binding fluorescence of freshly prepared
RADA16-1 gradually increased from a relatively low value
to a plateau after 8—16 h, which was coincident with the
general expectation that self-assembly of RADA16-I was a
slow process and thus overnight incubation was necessary
to prepare a relatively stable sample. On the other hand, it
has been previously reported that RADA16-1 nanofibers
could be mechanically broken by ultrasound and then
undergo a reassembling process to recover the nanostructure
of fibers, although during this whole process the peptide’s
[-sheet conformation kept unchanged.”” These results were
also coincident with our ThT-binding fluorescence data
shown in Figure 3B where the ThT-binding fluorescence of
RADA16-1 dropped significantly after ultrasound treatment,
and then gradually increased to near the original value after
8 h, providing a measurable parameter for quantitatively
analyzing this disassembling—reassembling process.

ThT-binding fluorescence monitoring the

change of nanofibers at different pH

Since it has been reported earlier that self-assembly of
RADA16-1 would be significantly affected by pH change,?
we then carried out a study to further confirm that ThT-binding
fluorescence could be used to monitor the change of nanofi-
bers in solutions with different pH. As shown in Figure 4A,
when RADA16-I nanofibers in stock solution (10 mg/mL
in water) were diluted into buffers with different pH, the
ThT-binding fluorescence underwent different changes.
At pH 4.0, which was close to the peptide’s native pH in
water (about 3.57), the fluorescence kept almost unchanged,
indicating no significant change happened to the nanofi-
bers. At pH 2.0 the fluorescence dropped quickly, while at

50,000
40,000 —
30,000 —
20,000 —

10,000 ~

Fluorescence at 495 nm (AU)

0.1 1
Concentration (mg/mL)

T
0.01

Figure 2 Effect of peptide concentration on thioflavin-T-binding fluorescence. (A) Fluorescence spectra at different peptide concentrations. (B) Fluorescence intensity at

495 nm indicated a critical aggregating concentration value (broken red arrow).
Abbreviation: AU, arbitrary units.
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Figure 3 Thioflavin-T-binding fluorescence reveals the kinetic self-assembly, disassembly, and reassembly of RADA6-I. (A) Self-assembly kinetics of freshly prepared peptide

solution. (B) Disassembly—reassembly process after ultrasound treatment.
Abbreviation: AU, arbitrary units.

pH 6.0 the fluorescence increased quickly, indicating the
disassembly and growth of nanofibers respectively. At pH 8.0,
RADA16-1 immediately lost its ThT-binding fluorescence,
indicating the complete disassembly of nanofibers. We also
measured ThT-binding fluorescence of RADA16-I directly
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dissolved in buffers with different pH and results similar to
the end point of this study were obtained (Figure S1). Since
the self-assembly of RADA16-I was based on its B-sheet
secondary structure, we then studied CD spectra of the pep-
tide at different pH. As shown in Figure 4B, RADA16-I at
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Figure 4 Effect of pH on self-assembly of RADAI6-I. (A) Change of thioflavin-T-binding fluorescence of RADAI6-I nanofibers incubated at different pH. (B) Circular
dichroism spectra of RADAI 6-| at different pH. (C) Transmission electron microscopy images of nanostructures formed by RADAI6- at different pH.

Abbreviation: AU, arbitrary units.
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pH 4.0 showed a characteristic B-sheet signal, which
decreased at pH 2.0 while increased at pH 6.0. And at pH 8.0
the peptide lost its B-sheet conformation and took an unor-
dered secondary structure. These results demonstrated the
conformational basis of how RADA16-1 nanofibers changed
at different pH as revealed by ThT-binding fluorescence. TEM
images in Figure 4C also confirmed these changes caused
by pH, where RADA16-1 at pH 4.0 or 6.0 showed a similar
nanofiber network, while at pH 2.0 only short nanofibers were
formed. It should be noticed that although ThT-binding fluo-
rescence and CD spectra suggested that RADA16-1 formed
more nanofibers at pH 6.0 than at pH 4.0, this change was not
reflected by TEM, which is a morphological technique instead
ofa quantitative one. On the other hand, at pH 8.0 the peptide
did not form any nanostructure at all (data not shown).

Since the peptide concentration kept unchanged in
the pH variation experiment described earlier, and in the
disassembling-reassembling experiment even the peptide’s
B-sheet conformation kept unchanged, it could be further
confirmed that the ThT-binding fluorescent intensity of
RADA16-1 s directly associated with the nanofibers instead
of the peptide monomer or its secondary structure. So,
ThT-binding fluorescence could be a useful indicator to
monitor the forming, growing, and degrading of nanofibers in
areal-time manner during the preparation and application of
this type of material. Actually, a similar method has already
been commonly used to monitor the formation of pathogenic
amyloid fibrils in solution.”” This method would be very
useful for developing new RADA16-I analogs with minor
amino acid substitution or their derivatives modified with
different functional groups, because it could quickly imply
whether the new peptide can still undergo self-assembly to
form nanofibers, or easily find out the proper condition for
self-assembly.

Microscope imaging of nanofiber scaffold

as drug carrier

Since ThT-binding RADA16-1 nanofibers showed a
fluorescent peak value around 495 nm, a fluorescent micro-
scope could be used to image this nanomaterial. As shown
in Figure SA, under excitation by blue laser, ThT-binding
RADAL16-I showed intensive green fluorescence, and the
image under higher magnification could even reveal the
porous structure of nanofiber scaffold as shown in Figure 5B,
suggesting that ThT could be used as a dye to stain RADA16-1
nanofibers for imaging purposes. On the other hand, when
RADA16-1 was stained with CR, apple-green birefringence
could be observed under polarized light, which is also a
characteristic feature of amyloid fibrils (Figure 5C and D).

Compared with ThT, the outcome of this staining technique
is less uniform so that may not be good at discriminating the
detailed structure of the material, but it could be a supple-
mentary or backup because it is known that ThT will lose
its specificity in some cases.

We then tested the feasibility of combining ThT fluo-
rescence with other fluorescent molecules to see if it could
be used for studying the drug distribution profile when
RADA16-I nanofiber scaffold was used as a drug carrier.
As shown in Figure 6A, water-insoluble pyrene was prepared
as a suspension in RADA16-I solution. Microscope images
of this suspension showed that pyrene microparticles were
dispersed in the nanofiber scaffolds formed by the peptide,
illustrating how this hydrophobic drug model was stabi-
lized in the suspension. Alternatively, hydrophilic Dox was
directly dissolved in concentrated RADA16-I which formed
a drug-containing hydrogel. As shown in Figure 6B, red
fluorescence from Dox completely overlapped with green
fluorescence from ThT-binding RADA16-1, indicating that
the hydrophilic drug was evenly distributed throughout the
hydrogel. These results suggested that ThT could be used as
a fluorescent label for RADA16-I nanofibers, and combin-
ing with the fluorescence from special drugs might make it
possible to study how the drug is encapsulated in, interacting
with, and released from the nanofiber scaffolds.

Microscope imaging of RADA6-| as

3D cell culture scaffold

Since RADA16-1 hydrogel has also been widely investigated
as scaffolds for 3D cell culture by providing an in vitro 3D
environment mimicking the extracellular matrix in vivo,
it would be interesting if we could label the cells and the
scaffolds, respectively, and discriminate them by optical
microscope. As shown in Figure 7, when PC12 cells were
stained with RhoB and RADA16-1 hydrogel was stained
with ThT, a fluorescent microscope revealed that the cells
were embedded in the scaffold of nanofibers. As indicated by
arrows in Figure 7, it is clearly visible that some cells began
to stretch out and intrude into the surrounding scaffold. It is
expectable that this staining method could be used to explore
more advanced microscopy techniques, which might be
helpful to reveal more detailed information about the cells’
adherence, growth, proliferation, and even differentiation
inside the scaffold of RADA16-I nanofibers.

CR staining revealed in vivo distribution
of RADAI6-1 hydrogel

As an injectable and biodegradable hydrogel material,
RADAI16-I could provide a 3D scaffold in situ for the
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Figure 5 Microscope images of RADA | 6-1 nanofibers based on amyloid-like staining properties. Thioflavin-T-binding nanofibers could be observed by fluorescent microscope
(A, B). Congo red-stained nanofibers were sorrel under normal light and (C) apple-green under polarized light (D).

migration, proliferation, and differentiation of cells near the
wound site, so it has been widely used for tissue regeneration
in vivo. However, how the hydrogel is tightly connected with
surrounding tissue and how it is gradually degraded during
the regeneration process has not been described yet due to
the lack of staining technique for the material. In our study,
we carried out an animal experiment to see if the amyloid-
like staining property of RADA16-1 hydrogel could be used
for imaging the material in vivo, which could be very use-
ful to monitor its distribution and degradation. Our study
revealed that ThT could unspecifically bind with nearly all
kinds of tissue (Figure S2), suggesting it is not suitable for
this purpose. Alternatively, CR staining was used to iden-
tify RADA16-1 nanofibers in vivo and showed very good

specificity. As shown in Figure 8, the image under polarized
light clearly showed an apple-green region around the sciatic
nerve, indicating that injected hydrogel was exactly distrib-
uted at the target site. To the best of our knowledge, this is
the first experiment to show the distribution of injectable
SAPNFs by tissue section, and it may be used as a convenient
method for monitoring the distribution and degradation of
the material in vivo.

Conclusion

In this study, we revealed the amyloid-like staining prop-
erties of RADA16-1 nanofibers, ie, specific ThT-binding
fluorescence and apple-green birefringence after CR staining.
Fluorescence spectrometry based on ThT-binding could be
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Figure 6 Fluorescent microscope images of RADA6-I nanofibers/hydrogel with pyrene (A) or Dox (B) embedded. Insets are photographs for a suspension with pyrene

(A) and a hydrogel with Dox (B).
Abbreviations: Dox, doxorubicin hydrochloride; ThT, thioflavin-T.

used to quantify the amount of nanofibers in solution, making
it a potential method to monitor the forming, growing, and
degrading of nanofibers in a real-time manner. Based on these
properties, RADA16-I nanofiber could be stained by ThT or
CR for imaging purposes, creating supportive research tools
for its application as a drug carrier, 3D cell culture scaffold, or
tissue-repairing hydrogel. Considering the easy availability of
the dyes and simplicity of the staining protocols, our findings
could provide convenient and reliable tools for developing
novel ionic complementary SAPNFs and exploring their

RhoB

applications, which has been a hot spot in the field of nano-
medicine in recent years.>* 3 Furthermore, although we only
introduced ionic complementary RADA16-1 as an example
in this study, a similar amyloid-like staining property might
be a ubiquitous feature for other SAPNFs. In our succeeding
research, Q11 peptide nanofiber, a material widely investi-
gated in the field of peptide antigen delivery, has also shown
similar staining properties (Figure S3). It is promising that
similar techniques could be widely employed for the fast-
growing field of SAPNFs, boosting their application as

Merged

Figure 7 Fluorescent microscope images of PCI2 cells embedded in RADAI6 nanofiber scaffold. Arrows indicate cells beginning to stretch out and intrude into the

surrounding scaffold.
Abbreviations: RhoB, Rhodamine B; ThT, thioflavin-T.
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Figure 8 Congo red staining revealed distribution of RADAI6-I nanofibers in vivo. Left: under normal light. Right: under polarized light.

advanced materials for nanomedicine. On the other hand, the
amyloid-like property of RADA16-1 nanofibers could also
add some new insight for investigating the molecular basis
of the formation of amyloid fibrils, which has very important
pathological implication.
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Figure S| Thioflavin-T-binding fluorescence of RADAI6-I dissolved in buffers with different pH. (A) Representative fluorescent spectra at different pH. (B) Comparison
of fluorescence intensity at 495 nm.

Abbreviation: AU, arbitrary units.
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Figure S2 Thioflavin-T unspecifically stained nearly all kinds of tissue in the body. (A) White field. (B) Fluorescent field.
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Figure S3 Amyloid-like staining properties of QI | nanofibers. (A) ThT-binding fluorescence (insert shows transmission electron microscopy image of QI | nanofibers). (B)

Fluorescent image of QI | nanofibers after ThT-binding. (C, D) Images of QI | nanofibers after Congo red staining under normal light (C) or polarized light (D).

Abbreviations: AU, arbitrary units; ThT, thioflavin-T.
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