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The natural antitumor drug camptothecin was found to self-assemble into helical nanoribbons in aqueous solution. The helical
nanoribbons showed good reversible pH-responsiveness. The formation and disappearance of the helical nanoribbons can be tuned

reversibly through changing the pH value of the solution.

The self-assembly of the low-molecular-weight molecule into
various hierarchical structures has attracted extensive attention in
the past decade.'” Construction of supramolecular self-assembly
with desired structures and properties endows the low-molecular-
weight molecules with significant function in the development of
soft materials. Low-molecular-weight natural  products
derivatives are often used to fabricate hierarchical structures.
Amino acid'®, peptide'’ and sugar'> " derivatives can all be the
building blocks of self-assembly. However, the sophisticated
ordered aggregates from natural products have rarely been
reported, especially for chiral structures, attributing to their
complex structures. On the contrary, the chiral structures are
mostly constructed by carefully designed molecules.

Chirality is one of the most significant phenomena found in
nature. It is essential to complicated biological activities in living
system, for instance, DNA with helical double chain structures
plays an important role in heredity. Chiral nanostructures,
including nanotwists'*, nanoribbons'® and rolled-up nanotubes'®,
have received great interest because of their unique structures and
potential applications in the field of separation, catalysis and
supramolecular  electronics.'”"*  The chirality of those
nanostructures can be derived from non covalent interactions™* ',
such as van der Waals, n-n stacking, H-bonding, coordination and
so on. Chiral nanostructures are often constructed by chiral
molecules whereby the chirality of chiral molecules determines
the chirality of chiral nanostructures. Compared with the
molecular chirality, the chirality of chiral nanostructures could be
casily regulated by external stimuli, such as environmental
temperature, pH, photo irradiation, solvents and so on 2226,
allowing chiral nanostructures with some new functions than the
sole chiral molecules. Although, many researches based on chiral
nanostructures from low-molecular-weight molecules have been
reported, as far as we know the chiral nanostructures fabricated
directly from natural camptothecin (CPT) have never been
reported in anywhere.

Lactone form
‘Water-insoluble

Carboxylate form
‘Water-soluble

Fig. 1 Camptothecin structure and pH-dependent equilibrium

between water-insoluble lactone form and water soluble

carboxylate form.

CPT, which was first isolated from Chinese tree Camptotheca
acuminata in 1960s, has shown a wide spectrum of anticancer
s0 activity against various kinds of human cancers.””*® The terminal
ring of CPT can be converted reversibly between the lactone form
in acidic environment and the carboxylate form in basic
environment, just as illustrated in Fig. 1. *° The chiral lactone
form of CPT is water insoluble, while the carboxylate form of
ss CPT is water soluble. Meanwhile, CPT has a well-understood
rigid and planar geometric m-conjugated structure, making it a
good candidate for the construction of advanced supramolecular
nanomaterials. Those unique properties may allow us to design
pH-responsive functional self-assembly based on CPT. The chiral
¢ nanostructures may be fabricated by CPT, since CPT is a chiral
molecule. Moreover, the obtained chiral nanostructures may have
pH-responsiveness,  attributing to  the  pH-responsive
transformation between different forms of CPT.
Herein, we report an interesting chiral nanostructure self-
os assembled from natural CPT. The lactone form CPT molecules
self-assembled into helical nanoribbons, whereas the carboxylate
form CPT molecules dispersed uniformly in aqueous solution and
hence could not form any aggregate. Moreover, the

transformation between helical nanoribbon and non-aggregate

70 can be tuned reversibly by changing the pH value of sample
aqueous solution. To best our knowledge, the helical nanoribbon
constructed by natural antitumor drug CPT has never been
reported previously.
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7s Flg 2 (A) AFM image of CPT samples (3x10* mol/L) at room
temperature; (B) the amplified image of (A); (C) the nanoribbon
diameter curve which is consistent with the marked green line in
(B); (D) SEM image of CPT samples (3x10™* mol/L) at room
temperature; (E) the amplified SEM image of CPT samples; (F)

so the circular dichroism spectra comparison of CPT in different
solvents and pH values.
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The molecular structures of CPT are shown in Fig. 1. Although
the lactone form of CPT is water-insoluble, the carboxylate form
of CPT is water-soluble. The lactone form and carboxylate form
of CPT can be tuned reversible by changing the pH value. The
102 mol/L mother dimethylsulfoxide (DMSO) solution was
prepared by dissolving certain molar quantities of powder CPT in
DMSO directly. Then the self-assembly of lactone form CPT was
obtained by injecting CPT mother DMSO solution into distilled
water, making the concentration of CPT to 3%10™ mol/L. The

o

To investigate what is in the colloidal solution, atomic force
microscopy (AFM) and scanning electron microscopy (SEM)
were used in our study. As shown in Fig. 2A-C, the helical
nanoribbons with the diameter of 100-400 nm and the length of
5 4-24 um were found under AFM. Meanwhile, the morphologies
and sizes of CPT helical nanoribbons were further confirmed by
SEM, which is shown in Fig. 2D and Fig. 2E. Hence, the lactone
form CPT can self-assemble into helical nanoribbons in the poor
solvent. Circular dichroism (CD) spectra comparison can further
verify that helical structures exist in the CPT aqueous solution
since obvious Cotton effects can be observed in Fig. 2F.>'* On
the contrary, there is no Cotton effects can be found in DMSO
solution of CPT, indicating that single molecular state CPT in
DMSO can not self-assemble into well-defined aggregates. In
s addition, based on AFM and SEM results, we can find that the
nanoribbons exhibit right-handed helicity (P type), indicating that
the nanoribbons are kinetically controlled **. It is reasonable
since the nanoribbons can be formed immediately after injecting
CPT DMSO solution into distilled water.

S

w

——3x10"*M CPT DMSO CPT Nanoribbon

——3x10"M CPTH,0

Absorbance
N

Transmittance/%

3258
3435

400 450

300 350
Wavelength/nm

c

3
8
=y
0
c
]
B

250 3000 2000

Wavelength/cm™

4000 1000

004
,CPT Nanoribbon

11073 22034055,
214
Ay CPT

222

20 30 40

208

0
Fig. 3 (A) UV-vis spectra comparison of CPT in DMSO and
H,O0; (B) FT-IR spectra comparison of CPT and CPT
nanoribbons; (C) XRD pattern comparison of CPT and CPT
nanoribbons.

s In order to study the helical nanoribbons formation mechanism,
the ultraviolet-visible (UV-vis) spectrum, Fourier transform
infrared (FT-IR) spectroscopy and X-ray diffraction (XRD) were
employed. Fig. 3A displays the UV-vis spectra comparison of
CPT in different solvent at pH = 7. CPT should be in lactone

o form in neutral H,O and DMSO. CPT molecules in DMSO
should be in a single molecule state for their good solubility in
DMSO. However, CPT molecules in H,O should be another state
for their low solubility in H,O. The main absorption peak of CPT
in H,O exhibits an obvious red shift than that in DMSO from 358

s nm to 374 nm, indicating the formation of J-type m-n stacking
molecular model.>” Hence, -m stacking may be one of the driving
forces for constructing the nanoribbons. Meanwhile, the UV-vis

10

colloidal solution was formed after the mixing process (Fig. S1A).
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absorbance intensity of CPT in H,O is decreased obviously than
that in DMSO. The decrease is consistent with the nanoribbons
assembly, reducing the number of CPT molecules in H,O
attributing to its low solubility, which can further verify the
formation of aggregates in the aqueous solution. FT-IR, which
can provide the information about H-bonds, was used to
investigate the driving force of helical nanoribons formation.*® As
shown in Fig. 3B, the characteristic absorption peaks (voy = 3435
Cm-l and VOH of intramolecular hydrogen bond — 3258 Cm-l) of CPT can all
be found in the curves of CPT and CPT helical nanoribbons.
However, the VOH of intramolecular hydrogen bond — 3258 cm—l in CPT
becomes smaller in CPT nanoribbons, moreover, the peak of voy
= 3435 cm! in CPT nanoribbons becomes broad, indicating the
formation of H-bonds between different CPT molecules. So H-
bonding may be one driving force for helical nanoribbon
formation too. Meanwhile, the triplet around 2940 cem! in CPT
nanoribbon, which belongs to V. ofaiyl, also changed obviously
than that in natural CPT, meaning that there should be different
molecule stacking style between CPT nanoribbon and natural
CPT. To investigate more detailed microstructure information of
CPT helical nanoribbons, XRD was used in our study.”’ From
Fig. 3C, we can find that the XRD pattern of CPT nanoribbons is
different from that of CPT. Many diffraction peaks appear in CPT
pattern with sin’0 ratio of 1:2:3:4:5:6:7, which is consistent with a
body centered cubic stacking pattern, indicating that CPT is a
typical crystal.*’ However, four diffraction peaks appear in CPT
nanoribbons with d values of 1.64 nm, 0.81 nm, 0.55 nm and 0.40
nm based on Bragg equation, and their ratio is 1: 0.5: 0.33: 0.25,
indicating a lamellar structure in CPT nanoribbons. The layer
spacing was calculated to be 1.64 nm, is in agree with the length
of two CPT molecules (calculated about 1.25 nm per CPT
molecule from Material Studio 5.5) with large overlapped
stacking area.

H-bonding
m-m stacking

Helical

) 1.25 nm K Molecular stacking Nanoribbon

Fig. 4 Schematic illustration of molecules arrangements in CPT
helical nanoribbons, dashed lines represent intermolecular H-
bonds.

On basis of the above analysis, n-n stacking and H-bonding
between different CPT molecules may be the main driving forces
to induce the formation of CPT helical nanoribbons. The
plausible mechanism of molecular stacking in CPT helical
nanoribbons is proposed in Fig. 4. The lactone form CPT
molecules stacked in a body centered cubic stacking pattern in
natural CPT crystal. The lactone form CPT molecules dispersed
uniformly in DMSO and were in single molecule states when the
natural CPT crystal was dissolved in DMSO. Then the single
lactone form CPT molecules self-assembled into nanoribbons
attributing to intermolecular H-bonds and n-n stacking when CPT
DMSO solution was diluted by deionized water. Different lactone
form CPT molecules can closely pack together through zn-m
stacking, and different array molecules can link together by H-
bonds. The helical nanoribbons were formed in this process, since
n-n stacking model between two CPT molecules is J-type with
asymmetric packing.
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Fig. 5 (A) SEM image of CPT samples (3x10* mol/L) at room
temperature (pH = 7); (B) SEM image of CPT samples in (A)
treated with sodium hydroxide (pH = 9); (C) SEM image of CPT
samples in (B) treated with sulfuric acid (pH = 5); (D) UV-vis
spectra comparison of CPT aqueous solution in different pH
values; (E) CD spectra intensity of CPT samples during several
pH-responsive cycles.

It is interesting that the CPT helical nanoribbons exhibit good
reversible pH-responsiveness. As shown in Fig. 5A-C, the SEM
morphologies of the helical nanoribbons disappeared after a
certain amount of sodium hydroxide was added into the CPT
aqueous solution (pH = 9). More interesting is that the helical
nanoribbons reappeared after a certain amount of sulfuric acid
was further added into the CPT alkaline solution (pH = 5). The
transformation even can be found by the naked eyes. Fig. Sl
shows that the colloidal solution of lactone form CPT turned into
clear solution after sodium hydroxide was added into the CPT
aqueous solution. The clear solution turned into the colloidal
solution again after sulfuric acid was added into the CPT alkaline
solution. This transformation can be further verified by UV-vis
spectrum (Fig. 5D). The main absorption peak of lactone form
CPT in H,O is around 374 nm. After sodium hydroxide was
added into the CPT aqueous solution, the lactone form CPT
turned into the carboxylate form CPT, the main absorption peak
of CPT alkaline solution shifted to 360 nm, indicating the
existence of single molecular carboxylate form CPT. After
sulfuric acid was added into the CPT alkaline solution, the
carboxylate form CPT turned into the lactone form CPT, the main
absorption peak of CPT acid solution was back to around 374 nm
again, indicating the formation of lactone form CPT aggregates.
CD spectra comparison confirms that this transformation can
repeat at least 4 times. As shown in Fig. SE and Fig S2, there is
almost no CD signal in the CPT alkaline solution. However,
strong Cotton effects can be found in CPT acid solution. The
appearance and disappearance of Cotton effects can be tuned
several times through changing the pH value of CPT aqueous
solution.

Conclusions

In summary, we have successfully constructed a novel helical
nanoribbon based on natural antitumor drug CPT. Due to the
unique structure of CPT, the formation and disappear of helical
nanoribbons can be tuned reversibly by changing the pH value of
the solution. These results can not only help us to further
understand the supramolecular chiral self-assembly, but also pave
the avenue to construct novel functional helical soft materials
from natural drugs.
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