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The self-organization of molecules through noncovalent
interactions is able to generate complex matter and struc-
tures!! that function at both supramolecular and cellular
levels. For example, proteins self-assemble into a variety of
nanofibers (or filaments), which are critical components of
many essential cellular processes. Inside cells, actins, lamins,
and tubulins undergo self-assembly to afford microfilaments,
intermediate filaments, and microtubules, respectively;[zl out-
side cells, the self-assembly of collagen and elastin provides
nanofibers that serve as an extracellular matrix to support and
regulate the differentiation,
proliferation, and interaction

of cells.”! The nanofibers of a)
normal proteins are essential

for normal cellular functions;
however, the aggregation of H\)OL
aberrant proteins also results g

in aggregates (e.g., [(-amy- 2
loid oligomers),?®! which are
toxic to cells. Like proteins,
certain small organic mole-
cules also self-assemble in
water to afford supramolec-
ular nanofibers. In these pro-
cesses, aromatic-aromatic
interactions and hydropho-
bicity play critical roles in
guiding hydrogen bonding,
promoting self-assembly,
and stabilizing the resulting
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electrophoresis,””! bacteria typing,'”! and protocells,"! there
has been little exploration of the protein targets!'” and
cytotoxicity of the supramolecular nanofibers of small
molecules,""¥ especially at concentrations below the critical
gelation concentration (CGC).

Recently, Wells and co-workers reported that nanofibrils
formed by the aggregation of small molecules would bind to
procaspase-3 and activate its transformation into caspase-3 to
initiate the apoptosis cascade.™ Encouraged by this study
and our previous results on cell death induced by the

—>

nanofibers.”! Although the

successful  formation  of
supramolecular nanofibers
of small molecules has

resulted in hydrogels® as
a new class of biomaterials
for tissue engineering,® drug
delivery,”! protein arrays,®
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Figure 1. a) Chemical structure of 1. b) Possible molecular arrangement (based on the crystal structure of 1)
in the nanofibers of 1. The enlarged view shows hydrogen-bonding (cyan dashed lines) and aromatic—
aromatic interactions (orange dashed lines) between the molecules. c) Proposed mechanism for the selective
inhibition of the growth of glioblastoma cells by the supramolecular nanofibers of 1.

intracellular formation of molecular nanofibers,' we chose
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to evaluate the cytotoxicity of the versatile self-assembly
motif 1 (Nap-FF; Figure 1a), which contains a naphthyl group
and two phenylalanine residues. We selected 1 for three
reasons: 1) 1 exhibits a remarkable ability to self-assemble in
water and to form nanofibers at low concentration; 2) 1 has
a known crystal structure,” which enabled us to infer
a plausible molecular arrangement in the nanofibers formed
by 1 (Figure 1b); 3) a close structural analogue of 1 exhibited
specific interactions with certain protein targets (e.g., tubu-
lins)." After determining the threshold concentration of
1 for the formation of molecular nanofibers, we incubated
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cells with 1 at different concentrations and used a cell-based
tubulin assay to elucidate the possible molecular targets of the
nanofibers of 1. Our results suggest that 1 self-assembles at
and above 320-340 pm to form soluble nanofibers that disrupt
the dynamics of microtubules and thus cause apoptosis of
glioblastoma cells (Figure 1c). Notably, the nanofibers of
1 exhibited little acute toxicity towards a neuronal cell line
(PC12). As the first example of the disruption of the self-
organization of functional proteins by supramolecular nano-
fibers formed by the self-assembly of small molecules, this
study not only indicates the potential therapeutic application
of supramolecular nanofibers as anticancer agents to treat
glioblastoma, a devastating disease without an effective cure,
but also provides a mechanism for the inherent cytotoxicity of
hydrophobic supramolecular nanofibers.

We first characterized the morphology of nanofibers
formed by 1 and verified the threshold concentration of 1 for
self-assembly. Molecules of 1 self-assemble efficiently to form
nanofibers, which become entangled and hold water to form
a hydrogel as a result of physical cross-linking (see Figure S1
in the Supporting Information). We found that 1 is able to
self-assemble in water to form nanofibers below the CGC of 44
1 (0.4 wt %, 0.83 mm). We used transmission electron micros- ] §
copy (TEM) to analyze solutions of 1 at different concen-
trations below the CGC of 1 in PBS buffer (phosphate- o 1 T T . . .

) . i i 50 100 150 200 250 300 350 400
buffered saline; pH 7.4). Negatively stained"® TEM images Length /nm ———
of 1 at 400 pM show nanofibers with a uniform width of 24 +
2 nm as the dominant morphology (Figure 2a). We measured
the length of all nanofibers in the TEM images and found
a relatively wide distribution with an average value of about
181 nm (Figure 2b). In contrast, a TEM image of a solution of
1 at 300 um only displayed amorphous features (see Fig-
ure S2), which suggests that 1 exists primarily in the mono-
meric state at a concentration of 300 pM and has a threshold
concentration for the formation of nanofibers between 300
and 400 um. The crystal structure of 1 suggests that aromatic—
aromatic interactions and hydrogen bonding drive the self-
assembly of 1 into p-strand-like structures (Figure 1b).
Indeed, the circular dichroism (CD) spectrum of 1 at 400 pum 4600 ] , ’ I ] ]
correlates to a typical (3-sheet structure according to the CD 200 220 240 260 280 300
simulation of a negative peak at 190 nm followed by a positive Wavelength/nm ———
peak at 200 nm (Figure 2¢).'”) These results confirmed that
nanofibers of 1 formed by the self-assembly of 1 adopt a f3-
sheet-like structure and led us to use thioflavin T (ThT),
a benzothiazole dye that exhibits enhanced fluorescence upon
binding to B-sheet-containing fibrils,"®! to quantify the self-
assembly of 1. At concentrations of 1 below 320 um, the ThT
emission showed little change; at and above a 340 um
concentration of 1, the ThT emission increased linearly with
the increase in the concentration of 1 (Figure 2d). These
results indicate that the threshold concentration of 1 for the
formation of nanofibers lies in the range of 320-340 pm.
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Figure 2. Characterization of molecular nanofibers of 1 in PBS buffer. 560: | @06 | 4200 346 360 300 doe: | 426
a) Negatively stained TEM images of a solution of 1 (400 um) in PBS M/ —

buffer. b) Length distribution of the nanofibers as determined from TEM

images of 1 (400 um). c) Circular dichroism spectra of 1 at different

concentrations. d) Emission of ThT (20 um) at 484 nm (4, =440 nm) in

the presence of 1 at increasing concentrations.
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Furthermore, the fluorescence spectra of the solution of 1 at
a concentration of 200 or 300 um before and after filtration
were essentially identical (see Figure S3), which are similar to
the spectrum of monomeric naphthalene in water.'” We
therefore concluded that 1 mainly exists as a monomer at
these concentrations.

We then examined the cytotoxicity of monomeric 1 and
nanofibers of 1 by the incubation of mammalian cells with 1 at
concentrations below and above the threshold for nanofiber
formation. We first tested the cytotoxicity of 1 towards HeLa
cells: the most widely studied malignant cancer cell line.”"!
Whereas monomers of 1 (i.e., 1 at 200 and 300 um) exhibited
little cytotoxicity, the presence of 1 at a concentration of 400
or 500 um significantly decreased the viability of the Hela
cells to less than 20% within 48 h (Figure 3a). Above its
threshold concentration for self-assembly, 1 exists as a mixture
of nanofibers and monomers in solution. To verify that the
nanofibers of 1 result in the cytotoxicity, we slowly passed the
culture medium containing 1 through a nylon membrane with
a pore size of 0.22 um. Because of their size (Figure 2b), some
of the nanofibers of 1 were removed by this filtration, but the
monomers of 1 remained in the filtrate. Filtrates of the culture
media containing 1 at a concentration of 400 or 500 pum
exhibited less cytotoxicity towards HeLa cells (over 50% of
the cells were viable after 48 h) than the corresponding
unfiltered culture media (Figure 3b). This result agrees with
that the concentrations of 1 in the solutions after filtration are
below the threshold concentration for aggregation (see
Table S1 in the Supporting Information). The above results
suggest that the monomers of 1 are innocuous to cells,
whereas the nanofibers of 1 inhibit the growth of HeLa cells.

To test whether the nanofibers of 1 inhibited the growth of
other cancer cell lines in vitro, we incubated 1 with T98G
cells,” a cancer cell line derived from glioblastoma, the most
aggressive malignant primary brain tumor in humans.” The
nanofibers of 1 also efficiently inhibited the growth of T98G
cells, whereas monomers of 1 showed little cytotoxicity
towards T98G (Figure 3¢). In the brain, glial cells (from
which glioblastoma originates) and neuronal cells together
produce functional nervous systems.” We tested the cyto-
toxicity of 1 on the neuronal cell line PC12,*! a frequently
used model of neuronal cells.” Although nanofibers of
1 were acutely cytotoxic to T98G, both monomers and
nanofibers of 1 exhibited little toxicity towards PC12 (Fig-
ure 3d). When the incubation of PC12 with nanofibers of
1 was prolonged for 7 days, over 60 % of the PC12 cells still
remained viable (see Figure S4). This result suggests that
PC12 cells, unlike T98G, tolerate nanofibers of 1 to a certain
degree.

An insidious facet of malignant cancer cells is that, unlike
benign tumor cells, they ignore tissue boundaries and
infiltrate or migrate into surrounding or distant tissues.*’!
We therefore tested the influence of nanofibers of 1 on the

Figure 3. a,b) Cell-viability assays (3-(4,5-dimethylthiazol-2-yl)-2,5-
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migration of HeLa cells. We first created a gap with a width of
0.9 mm by placing a plastic insert on a fully confluent layer of
HelLa cells (Figure 4a) and then applied media containing 1 at
different concentrations. During a culture period of 18 h, the
untreated cells and the cells incubated with 1 at a concen-
tration of 300 um exhibited similar rates of migration and
covered 47 % of the gap (Figure 4b,c). When incubated with

Figure 4. Cell-migration assay of HelLa cells treated with 1. a) A gap
was created on a layer of HelLa cells of 100% confluence in 24-well
plates, and the size of the gap was measured after incubation for 18 h
with 1 at a concentration of b) 0, c) 300, or d) 400 pm.

1 at a concentration of 400 pmM, the cells only covered 27 % of
the gap (Figure 4d). These results indicate that nanofibers of
1 delay the migration of cells. Since microtubules and
filamentous actin are essential for establishing and maintain-
ing cell migration,™ we speculate that nanofibers of 1 may
affect the function of either microtubules or filamentous actin
to delay cell migration. This result agrees with an in vitro
experiment in our previous study, which showed that the
nanofibers of a photoreactive hydrogelator that is structurally
similar to 1 selectively bind tubulin.['?!

To verify the speculation that the nanofibers of 1 could
interact with tubulin, we used tubulin tracker to visualize
microtubules in T98G and PC12 cells incubated with or
without nanofibers of 1 for 24 h. The untreated T98G cells
displayed a long microtubule network that stretched through
the cell body (Figure 5a). When T98G cells were treated with
1 at a concentration of 400 um (i.e., with nanofibers of 1),
tubulins in the T98G cells aggregated into clusters with
scattered microtubule filaments (Figure 5b). This result
indicates that the nanofibers of 1 disrupt the dynamics of
microtubules. The time-dependent cytotoxicity curve of
nanofibers of 1 shows that cancer cells enter the death
phase after incubation for 38 h (see Figure S5); thus, the
disruption of microtubules occurs prior to cell death. As it is
known that malfunction of microtubules can lead to apopto-
sis,?”! we used apoptosis assays (fluorescein isothiocyanate—
annexin V, propidium iodide, and terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL))® to evaluate
T98G cells treated with 1 (400 um) for 24 h. The results of the
assays confirm that the T98G cells enter the early stage of
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a)

Figure 5. Confocal images of tubulin-stained a,b) T98G and c,d) PC12
cells treated with medium containing 1 at a concentration of 0 (a,c) or
400 um (b,d) for 24 h. DNA was counterstained blue with 4'-6-
diamidino-2-phenylindole (DAPI). Insets are images that have been
enlarged further by a factor of 3. Scale bar: 10 um.

apoptosis (see Figure S6). These data together suggest that
the nanofibers of 1 disrupt the dynamics of microtubules and
consequently induce apoptosis of glioblastoma cells (e.g.,
T98G). Moreover, the HeLa cells enter the death phase after
38 h regardless of the concentration (400 or 500 um) of 1, in
agreement with the hypothesis that the aggregates of 1 cause
cell death and that the cytotoxicity of 1 deviates from the
conventional dosage response based on the concentration of
the monomers. Unlike in T98G cells, microtubules in PC12
cells treated with nanofibers of 1 exhibited little change in
comparison with those in untreated PC12 cells (Figure 5c,d);
thus, microtubules in PC12 cells appear to tolerate treatment
with 1. The reasons for the significant microtubule disruption
in T98G cells and the consequently higher cytotoxicity of
1 than that observed for PC12 cells lie in the accelerated
metabolic rate of glioblastoma cells as a result of the Warburg
effect® and the tendency of small molecules to accumulate in
cells once they have formed aggregates."*! Since 1 accumu-
lates much more slowly in PC12 cells than in T98G cells (see
Figure S7), the amount of nanofibers of 1 in PCI12 cells is
much less than that in T98G cells. Thus, 1 induces little
microtubule disruption and little cytotoxicity in PC12 cells.

In conclusion, this study establishes that supramolecular
nanofiber assemblies of small molecules exhibit properties
drastically different from those of the individual molecules
when they interact with cells. Moreover, the hydrophobicity
of 1 appears to be critical to the observed cytotoxicity,
because an analogue 2, obtained by replacement of the
phenylalanine residues (F) in 1 with tyrosine residues (Y),
exhibited a relatively high critical aggregation concentration
(1.0 mMm) and considerably lower cytotoxicity (see Figure S8).

www.angewandte.org

6947


http://www.angewandte.org

Angewandte

Communications

Considering the relatively high hydrophobicity of 1, which has
higher logP value (4.57) than that of naphthalene (logP =
3.03), the results of the cell-based tubulin assay imply that the
inherent toxicity of other nanofibers with a high local density
of hydrophobicity might also arise from a similar mechanism.
A cell-based assay is necessary for the elucidation of the
molecular mechanism of such nanofibers, as shown by the
elucidation of the molecular mechanism of nanofibers of 1.
Moreover, the successful inhibition of the growth of glioblas-
toma cells without detrimental effects to neuronal cells
highlights the potential of the therapeutic application of
supramolecular nanofibers or aggregates of small hydro-
phobic molecules, as a type of “de novo molecular amyloids”,
in the treatment of this most aggressive malignant brain
tumor. In ongoing studies, we are engineering the temporal
profiles of the supramolecular nanofibers to enable the
desired therapeutic effect.

Experimental Section

Materials and methods: All chemicals and reagents were obtained
from FisherSci. Circular dichroism was performed with a JASCO J-
810 spectrometer, transmission electron microscopy with a Morgagni
268 transmission electron microscope, the MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) viability assay and
tubulin-polymerization assay with a DTX 880 multimode detector,
flow cytometry with a FACSCalibur flow cytometer, isothermal
titration calorimetry with a NANO ITC Low Volume instrument (TA
instruments), and fluorescence spectroscopy with an RF-5301PC
spectrofluorophotometer; confocal images were taken with a Leica
SP2 microscope.

Tubulin staining:®? Cells in the exponential growth phase were
seeded in a glass-bottomed culture chamber at 10000 cellmL~' and
left for 24 h at 37°C (5% CO,) to enable attachment. The culture
medium was then removed, and new culture medium containing 1 (0
or 400 um) was added. After incubation for 24 h, cells were washed
with PBS buffer three times and stained with Tubulin Tracker Green
(100 nm) and DAPI (300 nm) in PBS for 30 min at 37°C in the dark.
The sample was rinsed three times with PBS, and the cells were kept
in PBS for imaging.
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