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Abstract

Camptothecin (CPT)-based drugs always undergo the reversible, pH-dependent lactone ring-open-

ing reaction, yielding the inactive but toxic carboxylate form. Self-assembly strategy provides an

effective route for preserving their bio-stability. In this article, nano-sized self-assemblies from CPT-

based antitumor drugs were simply built up by directly diluting the stock dimethylsulfoxide

solutions of (S)-(þ)-CPT, (S)-10-hydroxyl camptothecin and carboxylic CPT with water/phosphate-

buffered saline solution. Because of their different molecular structures in A-ring or modification on

the 20-OH group, CPT self-assembled into helical nano-ribbons, whereas 10-hydroxycamptothecin

and carboxylic CPT self-aggregated into flat nano-ribbons and cylindric nano-rods, respectively.

Attractively, the self-assembly of CPT-based drugs could occur within 1 min at a low concentration

of 1� 10�5 M. Adopting the J-type self-aggregation, self-assemblies were stable in aqueous

solution and could effectively protect the CPT-based drugs from hydrolysis, which thereby kept

their bioactivity for tumor therapy.
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Introduction

The emergence of abundant chemotherapeutic agents is undoubtedly

one of the significant signs of progress in tumor treatments.

Camptothecin (CPT), isolated from the Camptotheca acuminate,

has been widely demonstrated to be a natural antitumor drug, which

can inhibit the DNA topoisomerase I (topo I) enzyme and show re-

markable antitumor activity against various tumor models [1–3].

With respect to the therapeutic mechanism, the A and E rings of

CPT molecule may participate in the formation of CPT-topo I-DNA

complex, which thereafter result in DNA double-stranded breaks

[4]. In this regard, the structural features for CPT drugs are essential

for their antitumor activity.

Because of the presence of the hydrolysable a-hydroxy-d-lac-

tone ring moiety, CPT-based drugs are vulnerable in aqueous

media and the antitumor activity would rapidly decline once

the drugs are administrated by oral or intravenous treatment.

A representative example is topotecan, a most widely evaluated

CPT derivative. The lactone ring of topotecan would undergo

the rapid hydrolysis and only a small percentage of lactone

rings remain intact after the administration for 30 min [2, 5].

The ring opening would lead to a reduced potency and yield

an inactive and toxic carboxylate form [6, 7]. Additionally, the

ring opening of lactone further results in the charged drug spe-

cies, which afford poorer diffusibility through the cell lipid bi-

layer when compared with the close lactone form [8].

Therefore, the close lactone of CPT-based drugs is significant

for the internalization of tumor cells and effective recognition

to the topo I target.
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To circumvent the drawbacks from hydrolysis, nanotechnology-

assistant CPT drug delivery has been vastly exploited, which could ef-

fectively keep the CPT drugs intact and reduce the toxicity against nor-

mal tissues. Self-assembled micelles from amphiphilic polymers [9, 10]

and polymer-prodrugs [11, 12] are reported to be a versatile nano-

vehicle to deliver CPT-based drugs. Peptide amphiphilic nanofibers

could also be introduced to encapsulate the hydrophobic CPT and to

protect its biologically active lactone form for tumor therapy [13]. Very

recently, CPT-containing low-molecular-weight pro-drugs have been

proposed to stabilize the susceptible CPT drugs via a self-delivered man-

ner [6, 14, 15]. Inspired by the studies that the p-conjugated property of

CPT molecules could assist the self-assembly, we rationalize that the

free CPT molecule and their derivatives have self-assembly abilities,

which can protect the CPT-based antitumor drugs from the hydrolysis.

Keeping this in mind, free CPT and two derivatives were exploited

to act as the self-assembled units to construct self-defensive nano-

structures. Restricted by the structure–activity relationships that the

C-D-E rings of CPT-based drugs cannot be altered [16], the ring

backbone was untouched. 10-Hydroxycamptothecin (HCPT) with the

modification on 10th position of the A-ring and the carboxylic campto-

thecin (CPT-COOH) obtained by esterification of the 20-OH group

were proposed and their self-assembly was investigated. Because of the

poor solubility of CPT-based drugs in aqueous solution, the strategy of

dispersing the stock dimethylsulfoxide (DMSO) solutions into water/

phosphate-buffered saline (PBS) was introduced and different self-

assemblies from CPT and its derivatives were obtained. The drugs in

these self-assemblies could be effectively shielded from the ring-opening

hydrolysis, and their antitumor activities were therefore reserved.

Experimental Section

Materials
(S)-(þ)-CPT and (S)-10-HCPT were purchased from Tianjin Heowes

Biochem LLC. CPT-COOH was synthesized according to the literature

[6]. DMSO was obtained from Shanghai Reagent Chemical Co. Bovine

serum albumin (BSA) (concentration: 2.0 mg/ml in 0.9% aqueous NaCl

solution containing sodium azide) was obtained from Invitrogen.

Preparation of the self-assemblies
The stock DMSO solutions containing 10�2 M and 10�3 M CPT

were prepared by directly dissolving a certain amount of CPT

powder with DMSO under ultra-sonication. Then the stock

solutions were stored in the dark at �20�C. Further dilutions

were made by mixing aliquots of concentrated drug solution

in DMSO with the corresponding amounts of PBS. Finally, the

self-assemblies were obtained after shaking for 1 min at room

temperature.

Characterizations
Self-assembled morphologies from CPT-based drugs were investi-

gated on a scanning electron microscope (SEM, Zeiss SIGMA

FESEM). The freshly prepared solutions were equilibrated for 1 min

for the rapid self-assembly, and SEM samples were obtained by

dropping 1 ll of self-assemblies contained solution on a glass sub-

strate. After slowly dried in air, the samples were coated with gold

for the observation. Circular dichroism (CD) data were recorded on

a J-810 spectropolarimeter (Jasco, Japan) with the DMSO or water

solutions containing CPT-based drugs. The sample was prepared by

diluting 1�10�2 M CPT stock DMSO solution to the final concen-

tration of 1 � 10� 5 M for the CD measurement. Drugs (1�10�5

M) were poured into a 0.2 mm quartz cell and the data range was

collected from 200 nm to 500 nm. The UV/Vis spectra in the wave-

length range of 200–500 nm of the different self-assemblies were re-

corded on UV/Vis spectrophotometer (Perkin-Elmer Lambda Bio 40

UV/VIS spectrometer, USA). The samples were prepared by mixing

the concentrated stock DMSO solutions with the corresponding

amounts of PBS immediately before use. To ensure the same DMSO

concentration in all preparations, additional amounts of DMSO

were added, accordingly. Fluorescence spectra were collected with a

LS55 luminescence spectrometry (Perkin-Elmer) with excitation

wavelength at 365 nm and emission data ranging from 380 to

600 nm or with emission wavelength at 430 nm and excitation data

ranging from 250 to 400 nm.

Study on stability of CPT in the self-assemblies in PBS

and BSA by reversed-phase high-pressure liquid

chromatography
The lactone stability of CPT in the self-assembled helical nano-

ribbons and nano-rods was investigated by analytical reversed-phase

high-pressure liquid chromatography (HPLC) with a C18 column

under ambient temperature. The eluting solvent was a linear gradi-

ent of CH3CN/H2O containing 0.05 M CH3COONH4. The time-

line was set according to the literature [6] as follows: 0–5 min,

5–40% CH3CN; 5–20 min, 40–80% CH3CN; 20–23 min, 80–95%

CH3CN and 23–25 min, 95–5% CH3CN. The existence of active

lactone form and inactive carboxylate form was both detected at

360 nm with a UV-Vis detector. The reference HPLC traces of the

active lactone form and inactive carboxylate form were determined

in H3PO4–NaH2PO4 buffer (pH 3.0, 10 mM) and Tris-HCl buffer

(pH 9.0, 10 mM). The lactone stability of CPT in the self-assembled

nano-ribbons in PBS was measured by diluting the 10�2 M stock

DMSO solution to 10�4 M in water and stood for 1 min, then fur-

ther diluting to 10�5 M with PBS (pH 7.4, 10 mM) for 6 h and incu-

bated at 37�C. The lactone stability of CPT in the self-assembled

nano-rods was also investigated as control, which was obtained by

diluting 10�3 M instead of 10�2 M stock DMSO solution to the de-

sired concentration and incubated at 37�C for the same time. The

discrepancy in the hydrolysis rate of lactone of CPT between two

different self-assemblies was monitored by analytical HPLC. For the

lactone stability of helical nano-ribbons in the BSA, 10�2 M stock

DMSO solution was diluted to 10�4 M with water and stood for

1 min, then further diluting to 10�5 M with BSA for 3 h and incu-

bated at 37�C; 50ml of sample was withdrawn, diluted with 600ml

of cold methanol to precipitate the protein. After centrifuged at

5000 rpm for 5 min, 20ml of the supernatant was then analyzed by

HPLC. The lactone stability of nano-rods in BSA was also investi-

gated as above.

Results and Discussion

The self-aggregation of natural CPT drug in solution was firstly

judged based on the transformation from transparent solution to

sub-transparent solution or hydrogel state, which was generally con-

sidered to be a visual evidence for the self-aggregation [17–19]. After

mixing 1�10�2 M CPT stock DMSO solution with distilled water

or PBS and making a concentration of CPT to 2.5�10�4 M, a sub-

transparent solution was immediately formed, which suggested the

rapid self-assembly of CPT molecules. Transmission electron micros-

copy and SEM images revealed that CPT molecules could self-assem-

ble into well-defined nano-structures at a wide range of
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concentrations. As shown in Fig. 1A and B, the self-aggregation oc-

curred within 1 min, and well-ordered helical nano-ribbons formed

when the final concentration of CPT was 2.5�10�4 M. The average

width and the length of the nano-ribbons were found to be around

300 nm and 10 lm, respectively. It should be noted that the helical

nano-ribbons exhibited the right-handed helicity, which might be

originated from the molecular chirality of CPT.

A low aggregation concentration of drug molecules for self-

delivery is critically important because the exceeded drug concentra-

tion is extremely harmful for tumor treatments due to the unaccept-

able toxicity. Therefore, the self-assembled potential of CPT at low

concentrations was further investigated by SEM. CPT exhibited ro-

bust self-assembled potential in aqueous solution, which was con-

firmed by the formation of nano-ribbons at the low concentrations

of 5�10�5 M and even 1�10�5 M, respectively. Similar nanorib-

bon bundles were also observed by SEM images in Fig. 1C and D.

However, at the concentrations of the 5�10�5 M and 1�10�5 M,

the average widths of self-assembled nanoribbons were smaller than

that formed at 2.5�10�4 M. The plausible reason was attributed to

the concentration-dependent sizes for the nano-ribbons.

Furthermore, the self-assembled morphology can be tunable by the

original CPT concentration in the stock DMSO solution. The cylin-

dric nano-rods instead of helical nano-ribbons were formed when

diluting 1�10�3 M CPT stock DMSO solution to the same final

concentration of 1�10�5 M (Fig. 1E). The different self-assembled

morphologies indicated that the instantaneous concentration for in-

teracting with the solvent was critical for the formation of helical

nano-ribbons. To verify the inference, ultrasonic dispersion was in-

troduced to rapidly disperse the stack DMSO solution into water.

Although the stock solution with 1�10�2 M CPT was used to pre-

pare the samples, CPT molecules could hardly self-assemble into

the nano-ribbons but self-aggregated into some fiber-like nano-

structures. These findings indicated that a certain instantaneous con-

centration for the dispersion was required for the helical structure.

To estimate the stability of the self-assembled helical nano-ribbons

in the aqueous solution, the corresponding change of the macroscopi-

cal solution and microscopic morphologies of the self-assemblies were

monitored. After 2 days, the prepared sub-transparent solution

containing the self-assemblies could still keep the colloidal solution

state, which was further investigated, and helical nano-ribbons were

also found under SEM (Fig. 1F), indicating that the nano-ribbons

were stable and could keep their original morphology without disrup-

tion for several days at room temperature. It was reported that the

carboxylate form of CPT molecules hydrolyzed from the active lac-

tone form was water soluble and therefore could not self-assemble

into any aggregates [20]. Therefore, the emergence of the nano-

ribbons suggested that the CPT drug still kept its intact lactone form.

The self-assembled nano-ribbons could not only effectively protect the

CPT drug from hydrolysis, which was critical for keeping the bioactiv-

ity, but also might exhibit enhanced cellular uptake levels relative to

the single molecular state of CPT due to enhanced permeability and

retention effect. To further investigate the stability of the nano-

ribbons, the tolerance of nano-structure to external disturbance was

conducted employing ultra-sonication as the stimulus. Although the

self-assemblies were almost cut into short segments, the short nano-

ribbons were also observed when treated with the ultra-sonication for

2 min (Fig. 1G). Compared with the long helical nano-ribbons with

micro-scale lengths, the short ones may achieve more effective cell

endocytosis and therefore exhibit effective tumor therapy for both

in vitro and in vivo applications.

Beside CPT, the self-assembled ability of HCPT and CPT-

COOH was also investigated, accordingly. As shown in Fig. 2A and

B, HCPT self-assembled into flat nano-ribbons at the concentrations

of 2.5�10�4 M, 5�10�5 M, which were slightly different from the

Figure 1. Transmission electron microscopy (A) and SEM images (B–G) of self-assembled helical nano-ribbons and their variants from natural CPT drug at differ-

ent concentrations or with special treatments. Self-assembled helical nano-ribbons obtained by diluting the 10�2 M stock DMSO solution to 2.5�10�4 M (A, B),

5�10�5 M (C) and 1 � 10�5 M (D), respectively. Self-assembled nano-rods from CPT by diluting the 10�3 M stock DMSO solution to 1�10�5 M (E). The self-

assembled nano-ribbons keeping their original morphology after standing for 2 days at 2.5� 10�4 M aqueous solution (F). Treated by ultra-sonication for 2 min,

the original long nano-ribbons were cut into short nano-ribbons (G). The scale bar is 1mm.
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nano-rods self-assembled from 1�10�5 M CPT solution (Fig. 2C

and D). Similar to the helical nanoribbons from CPT drug under dif-

ferent concentrations, the width of flat nano-ribbons also exhibited

concentration-dependent. Nevertheless, by both diluting 1�10�2

M and 1�10�3 M stock solutions to 1�10�5 M, HCPT self-

assembled into the nano-rod-like nanostructures. The different

nanostructures from CPT by diluting different stock DMSO solu-

tions to the same final concentration were not observed for HCPT,

which might be ascribed to the different self-assembled abilities.

HCPT exhibited more robust self-assembled potential than CPT [4],

and the difference in the original concentrations of 1�10�2 M and

1�10�3 M could not lead to the transformation in the self-

assemblies.

By diluting the 10�2 M CPT-COOH stock DMSO solution to

the corresponding concentrations, CPT-COOH self-assembled into

short and dense nano-rods at all observed concentrations of

2.5�10�4 M, 5�10�5 M and 1�10�5 M (Fig. 2E–G). However,

diluting the 10�3 M CPT-COOH stock DMSO solution to 1�10�5

M, CPT-COOH self-assembled into long and sparse nano-rods (Fig.

2H). This result was attributed to the fact that the CPT-COOH mol-

ecules would rapidly self-aggregate at high instantaneous concentra-

tions, yielding the thick nano-rods with short lengths. Also the CPT-

COOH molecules in diluted solution could engage in the long-range

order arrangement because of the weak interaction within CPT-

COOH molecules.

In consideration of the potential application of the CPT-based

drugs in tumor therapy, the self-assembled behavior of CPT-based

drugs was also investigated in PBS (pH 7.4, 10 mM), which was

used to mimic the physiological environment in the body. CPT and

HCPT could also self-assemble into helical nano-ribbons and flat

nano-ribbons, respectively. There was no apparent difference in the

morphologies for CPT and HCPT in both water and PBS.

Nevertheless, CPT-COOH could only self-aggregate into some

random structures, which was mainly attributed to that the

salts in the PBS had a significant influence on the carboxyl group of

CPT-COOH. The electrostatic repulsion from ionized carboxyl

groups inhibited the well-ordered self-assembly.

To investigate the special right-handed helical structure in the

nano-ribbons, CD was exploited to measure the characteristic ab-

sorption. It was found that the CD spectra of CPT drugs displayed

different signals in aqueous and DMSO solutions. As shown in

Fig. 3, self-assembled CPT nano-ribbons displayed some strong ab-

sorption regions between 200 nm and 500 nm, and the obvious

Cotton effects could be observed due to the presence of couplet sig-

nals centered at 259 nm and 362 nm. The bisignate CD signals were

indicative of the strong chiral arrangement in our nano-ribbons [15,

21]. Also, the essential feature of positive chirality further verified

the right-handed helical orientation of CPT molecules. Beside a

strong random peak at the low wavelength, however, no characteris-

tic CPT absorption signals were observed for the CPT drug in

DMSO, where the drug molecules were expected to exist in a mono-

meric form. In addition, no strong CPT absorption signals were

found in the CD spectra of HCPT and CPH-COOH drugs (Fig. 3B

and C), indicating the absence of helical structures in these self-

assemblies from HCPT and CPH-COOH. The result was in accor-

dance with the SEM observation that the right-handed helix was

only found in the nano-ribbons from natural CPT drug. Those find-

ings suggested the chirality of chiral nanostructures was not only de-

termined by the chirality of chiral molecules but also limited by

external environment and the steric hindrance.

The understanding of molecular arrangement in the self-

assemblies is in favor of protecting the bioactivity of the drug and

designing the drug delivery systems. To excavate the self-assembled

mechanism for the CPT-based drugs, the self-aggregation fashion in

the CPT drugs was investigated. It was generally reasonable that the

same CPT concentration would display the identical UV-vis and

Figure 2. Self-assembled nano-structures from HCPT (A–D) and CPT-COOH (E–H) at different concentrations or with different sample preparing methods. Self-as-

sembled flat nano-ribbons from HCPT at the concentrations of 2.5�10�4 M (A), 5�10�5 M (B); nano-rods (C, D) at 1� 10�5 M; short and dense nano-rods from

CPT-COOH at concentrations of 2.5�10�4 M (E), 5�10�5 M (F) and 1�10�5 M (G) and long and sparse nano-rods at 1�10�5 M. (A–C) and (E-G) the samples pre-

pared by diluting the 10�2 M stock DMSO solution of drugs to the pre-setted concentrations. (D) and (H) the samples prepared by diluting the 10�3 M stock DMSO

solution to 1� 10�5 M. The scale bar is 1mm.
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fluorescent spectra. A comparison of the UV-vis absorption of two

CPT aqueous solutions with the same concentration of 1�10�5 M

by diluting either 1�10�2 M or 1�10�3 M stock DMSO solutions

was firstly conducted. Attractively, the UV-vis spectra displayed re-

markable differences in the extinction coefficients and the numbers

of the central peaks. Compared with the UV-vis spectrum from the

sample prepared from 1�10�2 M stock solution, the sample pre-

pared from 1�10�3 M stock had stronger absorption at centered

peaks of 353 nm and 369 nm (Fig. 4A). Moreover, a new absorption

peak around 400 nm was detected from the solution prepared from

the more concentrated stock solution. The different extinction coef-

ficients from two stock solutions could also be detected in HCPT

and CPT-COOH drugs (Fig. 4B and C). However, diluting the

1�10�2 M stock solution to 1�10�5 M did not resulted in new ab-

sorption peak as shown in the UV-vis spectra of HCPT (Fig. 4B).

The finding was in agreement with the previous SEM images, indi-

cating that HCPT self-assembled into similar nano-rods even though

from different original concentrations. It may further indicate that

HCPT has more robust self-assembled potential than CPT. The ab-

normal UV-vis absorption for CPT drugs in aqueous solution sug-

gested that CPT molecules and their analogs may exist in the

Figure 3. The CD spectra of CPT-based drugs in DMSO and water at the same

final concentration of 1� 10�5 M.

Figure 4. The UV-Vis spectra of CPT-based drugs at the same final concentra-

tion of 1� 10�5 M prepared by diluting the 1�10�2 M (the bottom line) and

1�10–3 M (the top line) stock solutions of CPT, respectively.
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aggregated states but not the monomeric forms. The results supported

the SEM observation that CPT-based drugs could self-assemble into

nano-structures in spite of the different stock concentrations.

Nevertheless, the different UV-vis absorption spectra of CPT-based

drugs indicated the drug molecules from the concentrated stock solu-

tion may have stronger self-assembled ability, which was evidenced

by the appearance of the new absorption peak around 400 nm.

Fluorescent spectra of the samples prepared by two strategies

were also collected. The fluorescent emission and excitation spectra

of self-assembled helical nano-ribbons were also found to be near

50% less intense than that the self-assembled cylindric nano-rods

obtained by diluting 1�10�3 M stock solution (Fig. 5A). The fluo-

rescent differences of CPT drug from two different prepared meth-

ods were also observed for HCPT and CPT-COOH (Fig. 5B and C).

The finding, together with UV-vis absorption in Fig. 4, indicated the

J-type self-aggregation in the all observed drugs [4].

As mentioned above, the fluorescent intensity would diminish

upon aggregation of molecules, which may provide a facile strategy

to investigate the self-assembled kinetics. The self-assembled helical

nano-ribbons and cylindric nano-rods from diluting the 1�10�2 M

or 1�10�3 M stock solutions of CPT down to 1�10�5 M in water

were selectively investigated by fluorescence spectra. As shown in

Fig. 6, the fluorescent intensity exhibited time-dependent decrease

within the first 30 min and intended to remain constant as increasing

the time. This was possibly attributed to the rapid self-assembly for

the CPT molecules and the self-aggregation completed within

30 min. As for the self-assembled cylindric nano-rods, the fluores-

cence intensity kept almost constant within the observed time. The

possible reason was that self-assembly occurred too quickly to moni-

tor the fluorescent change. There was another possibility that

the self-assembled potential was relatively weak, and the J-type

self-aggregation could not lead to the fluorescent change. The rapid

self-assembly correlated fairly well with the observation that the

self-assemblies could be immediately formed once injecting DMSO

solution of CPT into water/PBS. The rapid self-assembly is critical

important for the hydrolysable drugs, which could quickly protect

them from deactivation.

Based on the above spectra analysis, probable self-assembled

mechanisms for the CPT-based drugs were proposed. Driven by the

p-p interaction from the neighboring CPT quinoline rings of the

adjacent conjugates, CPT molecules begun to aggregate via an edge-

to-edge pattern (J-type self-aggregation) and self-assembled into the

helical nano-ribbons (Scheme 1). The hydrogen bond may also partic-

ipate in the formation of the observed nano-structures [20], although

the exact mechanism was not very clear and required further evalua-

tion. Although the J-type self-aggregation was also found in HCPT-

based self-assemblies, the introduction of hydrophilic carboxyl group

to the 10-position of CPT, which might in some extent prevent the

edge-to-edge helical arrangement but adopted the side-to-side ar-

rangement to self-assemble into the flat nano-ribbons. The incorpora-

tion of succinic anhydride to CPT molecule resulted in the steric

hindrance, which also prevented the well-ordered arrangement. The

hydrophobic quinoline rings within the CPT-COOH molecules rap-

idly aggregated away from water to minimize the total energy, leaving

the hydrophilic carboxyl groups exposed to the aqueous environment.

Therefore, the cylindric nano-rods were formed by diluting the con-

centrated CPT-COOH stock solution with water.

It is important to note that CPT-based drugs always undergo the

reversible, pH-dependent lactone ring-opening reaction, yielding the

inactive but toxic carboxylate form. The lactone hydrolysis is espe-

cially enhanced with the co-existence of proteins, which could bind

and sequester the carboxylate form [22]. Self-assembly strategy pro-

vides an effective route for keeping their bioactivity. Therefore, the

stability of the self-assemblies was investigated by HPLC at 37�C.

It was difficult to obtain the monomeric form of CPT in the concen-

tration range for the HPLC quantitative determination. Thus, two

different self-assemblies instead of the monomeric form and its cor-

responding aggregated state were measured. In contrast to the

Figure 5. The fluorescence excitation (left lines) and emission (right lines)

spectra recorded from the samples prepared by diluting the 1�10�2 M (the

bottom lines) and 1�10�3 M (the top lines) stock solutions of CPT to 1�10�5

M in water. The fluorescence detector excitation and emission settings:

kex¼ 370 nm and kem¼435 nm, respectively.
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self-assembled nano-rods from diluting the 1�10�3 M CPT stock

solution, 72.1% of which underwent hydrolysis to the inactive car-

boxylate form, helical nano-ribbons from diluting the 1�10�2 M

CPT stock solution was 59.9% intact when stored at 1�10�5 M in

PBS for 6 h Fig. 7. Meanwhile, after the binding and sequestration

by BSA for 3 h, 60.9% of self-assembled nano-rods hydrolyzed into

the inactive carboxylate form, while only 37.6% of CPT in the heli-

cal nano-ribbons underwent the ring-opening reaction. Those find-

ings suggested the nano-ribbons could more effectively protect the

CPT drugs than the nano-rods, which also coincided with the results

from the fluorescent and UV-vis spectra, further indicating the heli-

cal nano-ribbons were more stable than the self-assembled nano-

rods.

Conclusions

In summary, the CPT-based drugs exhibited strong self-assembly po-

tential in a wide range of concentrations and different nano-sized

self-assemblies from CPT-based drugs were simply and rapidly built

up by injecting the stock DMSO solutions into water/PBS. Self-

assembly of CPT, HCPT and CPT-COOH resulted in helical nano-

ribbons, flat nano-ribbons and short nano-rods, respectively, at a

concentration of 5�10�5 M. The helical nano-ribbons could keep

their original morphology for several days and exhibited ultrasoni-

cation tolerance, which suggested that the self-assemblies were

stable in aqueous solution. HPLC result further indicated that the

self-assemblies could effectively protect the CPT-based drugs from

hydrolytic lactone opening, which thereby kept their bioactivity for

tumor therapy. Fluorescent spectra data indicated the J-type self-

aggregation was the main arrangement pattern for all the self-

assemblies. Meanwhile, ultra-sonication technique may be used to

adjust the lengths of the self-assemblies for potential applications.

The investigation on drug self-assembly could enable us further un-

derstand the mechanism of self-assembly, which gives insight into

designing the self-delivered drug delivery systems.
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Figure 6. The kinetic study of the self-assembled helical nano-ribbons (A) and cylindric nano-rods (B) by the fluorescence emission spectra recorded from the

samples prepared by diluting the 1� 10�2 M and 1� 10�3 M stock solutions of CPT to 1� 10�5 M in water, respectively.

Figure 7. HPLC traces of CPT molecules in the helical nano-ribbons and cylin-

dric nano-rods after incubation with PBS for 6 h (A, B) or BSA for 3 h (C, D).

The CPT molecules existed in the carboxylate form at pH 9 (E) and the lactone

form at pH 3 (F) were recorded as control.
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Scheme 1. Proposed self-assembly mechanisms of CPT-based drugs. Chemical structures of CPT drugs and their ball and stick model in ChemBio3D, as well as

the proposed arrangement of the units in the nano-sized self-assemblies were illustrated. Driven by the p-p interaction from the neighboring CPT quinoline rings

of the adjacent conjugates, HCPT adopted the side-to-side arrangement to self-assemble into the flat nano-ribbons; CPT molecules self-assembled into helical

nano-ribbons via an edge-to-edge pattern; The hydrophobic quinoline rings within the CPT-COOH molecules rapidly aggregated away from water and the cylin-

dric nano-rods were formed for CPT-COOH.
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