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Self-Assembly of a Robust, Reduction-Sensitive Camptothecin 
Nanotube.
Yuan Sun,  Cathleen M. Fry, Aileen Shieh,and Jon R. Parquette *

The self-assembly and covalent crosslinking of a Camptothecin (CPT) 
tetrapeptide nanotube is reported. Intermolecular disulfide bond 
formation of a self-assembled CPT-peptide reversibly stabilized the 
nanotubes toward dissociation at low concentrations, resulting in 
inhibited release of CPT. In the presence of dithiothreitol (DTT), the 
release of CPT was significantly accelerated. The crosslinked 
nanotubes also exhibited in vitro cytotoxicity against human non-
small cell lung cancer cell lines A549 and H460. 

The application of nanotechnology to the delivery of therapeutic 
agents offers a tremendous potential to reduce side effects and 
increase the efficacy of treatment.1 Self-assembly is a powerful 
method to construct well-defined nanomaterials from simple 
building blocks.2,3 Nanoscale drug formulations created by self-
assembly allow the drug to serve as its own carrier and generally 
produces higher drug loading levels than methods using excipient 
carriers.4 This approach relies on amphiphilic drug conjugates to 
assemble into nanostructured vehicles via noncovalent 
interactions, above a critical assembly concentration.5-7 To 
achieve optimal therapeutic efficacy, drug delivery systems must 
remain stable under extracellular conditions but rapidly release 
the drug payload after entering tumor cells.8-10  In contrast to 
nanomedicines created by covalent attachment to excipient 
carriers, the nanostructure of self-assembled systems depends 
on environmental conditions and are often in equilibrium with 
unassembled monomers. This approach produces single-
component nanomedicines with enhanced properties, such as an 
ability to passively accumulate in tumor tissues, longer circulation 
times, and protection of the drug from degradation.11 However, 
the noncovalent assembly process is often limited by the 
potential for premature disassembly and release of the drug prior 
to reaching the targeted site. 

The self-assembly of small molecules derivatized with 
bioactive components is well suited as a strategy to efficiently

create drug delivery vehicles with nanometer dimensions and 
enhanced properties.12 Common organic building blocks for self-
assembled materials are amphiphilic polymers and small 
molecules,13-15 among which amphiphilic peptides are of special 
interest due to their low toxicity and well-tolerated 
biocompatibility.16-21 The utility of noncovalent nanostructures 
for drug delivery applications benefits from the enhanced 
permeability and retention (EPR) effect, which allows the 
nanoscale materials to be delivered selectively into tumor cells.22 
However, efficacy and safety requires that the nanostructures 
remain intact at therapeutically relevant concentrations and that 
release of the drug occur only at the target site.23-26 To address 
these issues, stimuli-responsive carriers have been developed 
that are stable under extracellular conditions, but rapidly release 
the drug payload upon a change in local environment, resulting in 
increased efficacy, reduced side effects and lower toxicity.27-32 
Systems that respond to stimuli such as pH, temperature, ionic 
strength, and light, have been investigated for cancer therapy.33-

38 One strategy for triggered drug release relies on a disulfide 
bond as a prodrug linkage,6,7,39-44 due to the potential to release 
the drug in the presence of endogenous reducing agents, such as 
glutathione (GSH) and thioredoxin (Trx) which are overexpressed 
in cancer cells.45-47 Importantly, these are present in blood and 
normal extracellular matrices at signifcantly lower concentrations 
than in the cytosol and the nucleus, which maintain a high redox 
potential.48 Thus, disulfide bonds are generally stable under 
extracellular conditions in the circulation, but are cleaved upon 
entering the cellular environment. 

Previously, we reported that camptothecin and 5- 
fluorouracil-peptide conjugates efficiently self-assemble into 
well-defined nanotubes,18-20,49 which exhibited high cytotoxicity 
against several cancer cell lines. The assembled CPT-peptide 
nanotubes protected the drug from deactivation via hydrolytic 
ring-opening of the active lactone form in PBS and serum. 
Similarly, the release rate of the drug, which occurs via cleavage 
of the 20-O-succinyl linkage,50 was significantly reduced because 
the nanotube assembly process sequesters the CPT-molecules 
within the hydrophobic walls of the nanotube, thereby isolating
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Fig. 1. Structural design of CPT-CCKK peptide, A, and crosslinking via disulfide bond 
formation between cysteines. 

the drug from the aqueous interface. Esterases, which are 
overexpressed in tumor cells, would mediate the hydrolytic 
release of CPT.51 The rate of drug release in these systems was 
highly dependent on concentration, due to shifts in the position 
of the nanotube-monomer equilibrium. Therefore, the structural 
integrity of the nanotubes would potentially be compromised at 
therapeutically relevant, micromolar concentrations. Based on 
the potential for disulfide crosslinking to stabilize the nanotube 
structure,52,53 we reasoned that oxidative crosslinking would also 
prevent hydrolytic drug release at low concentrations in the 
absence of the intracellular reducing environment. In this work, 
we report the self-assembly and oxidative crosslinking of a CPT-
tetrapeptide (A, CPT-CCKK) nanotube as a strategy to control the 
nanostructure stability and CPT release rate. Reduction of the 
disulfide crosslinks reinstates the monomer-nanotube 
equilibrium, resulting in rapid hydrolytic release of the CPT. The 
crosslinked nanotubes exhibited in vitro cytotoxicity against 
human non-small cell lung cancer cell lines. 

The design of the CPT-peptide A (CPT-CCKK) was based on our 
previously reported dilysine-CPT peptides, which assembled into 
nanotubes via a combination of -sheet interactions and 
hydrophobic sequestration of the CPT segment.18-20 In this design, 
the lysine side-chains provided the solubility and amphiphilicity 
required to drive self-assembly in water (Fig. 1). The CPT molecule 
was appended to the -amino group of the N-terminal lysine 
residue via a 20-O-succinyl linkage, which would release active 
CPT upon hydrolytic cleavage.54 In order to confer amphiphilicity 
to the peptide, two cysteine residues were positioned between 
the lysine and CPT moieties. The peptide was prepared using 
standard Fmoc/t-Boc solid-phase peptide synthesis, followed by 
on-resin amidation of the N-terminal cysteine residue with 20-O-
camptothecin succinic acid. 

The self-assembly of A was explored by transmission electron 
microscopy (TEM) and UV-Vis/CD spectroscopy. A sample of A, 
incubated at 20 mM in PBS for 72 h, then diluted to 1 mM, 
exhibited an array of nanotubes displaying a wide range of 

Fig. 2. TEM images of A in PBS (3 days, pH 7.4, 20 mM), showing (a) mature 
nanotubes; (b) wall thickness of nanotubes; (c) coiled ribbon intermediates formed 
after 24 h in PBS (10 mM); and (d) Histograms of nanotube diameter distributions, 
extracted from TEM images. (e) Circular dichroic (CD) and ultraviolet (UV-Vis) 
spectra of assembled A (black) and after oxidation (blue) Samples were prepared by 
dissolving A in PBS (20 mM, 3 days), diluting to 0.25 mM for CD/UV and, for TEM, to 
1 mM prior to imaging using a carbon coated copper grid and negatively stained with 
2 % wt uranyl acetate. A-ox samples were obtained by oxidation with 10% v/v 
DMSO, pelleting at 80,000 rpm (278,835 g) for 1 h and resuspension in PBS. 

diameters (~232 ± 60 nm) and lengths of several micrometers by 
TEM imaging (Fig. 2a,d). At lower concentrations in PBS (0.2 mM), 
nanotubes were not formed (Fig. S1).  The lower solubility of the 
peptide in water required the nanotubes to be assembled at a 
lower concentration (10 mM). Under these conditions, the 
nanotubes exhibited diameters of ~135 nm, but were significantly 
shorter and less mature (Figs. S14-15). The enhanced self-
assembly in PBS, compared with pure water, was likely driven by 
the presence of salts that screen the positive charges of the lysine 
side-chains, which reduced interpeptide, electrostatic 
repulsions.55,56 The UV-Vis spectrum revealed bands at 350 and 
368 nm in PBS that were only slightly red-shifted relative to 
spectra in 2,2,2-trifluoroethanol (TFE), in which the peptide 
remained in a monomeric state (Figs. 2e, S11). Red-shifting of UV 
bands are usually indicative of the presence of J-type π-π 
interactions within an aggregate.57 The small red-shift, in 
conjunction with the CD signal intensity in the region of the CPT 
absorption (330-400 nm), indicated that the CPT moiety 
contributes hydrophobic effects, rather than extensive  
interactions to the assembly process. TEM images of samples at 
earlier stages of assembly (after aging 24 h at 10 mM) showed 
mature nanotubes along with helically coiled ribbons (Fig. 2c). 
The presence of these intermediates, along with helical striations 
on mature nanotubes (Figs. 2a, S14), suggest that the nanotubes 
emerged from ribbons that progressively coiled into helical 
ribbons, which then laterally merged into the final nanotube 
structure. The thickness of the nanotube walls (5.98 ± 1.2 nm), as 
measured by TEM imaging (Fig. 2b, inset; S18), indicated a bilayer 
wall structure based on the extended length of A (~2.7 nm) (Fig. 
S7). Fourier-transform infrared (FTIR) spectra of A, prepared in 
PBS (20 mM, D2O) did not show amide I bands characteristic of β-
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Fig. 3. a) TEM image of A, assembled in PBS (pH 7.4, 20 mM, 72.TEM), after 
oxidization with 10% DMSO v/v for 72h. (b) Time dependence of the oxidation of 
assembed A with DMSO, as monitored by reaction with DTMB (Ellman’s test). The 
decrease in the 415 nm absorption over time indicates the consumption of free 
thiols in the sample. (c) TEM of crosslinked nanotubes of A (PBS, 10 mM, 3 days) 
after pelleting by ultracentrifuge and resuspension in TFE (1 mM). (d) Release of CPT, 
as monitored by HPLC, from crosslinked nanotubes of A (100 M in PBS at 37.5°C) 
in presence and absence of dithiothreitol (DTT).

sheet secondary structure (Fig. S12).58 However, the presence of 
a large band at 1643 cm-1 in the deconvoluted spectra indicated 
that A existed entirely in a random coil conformation.59 This 
information, along with the CD spectra, indicated that the 
nanotubes were formed by amphiphilic self-asssembly rather 
than -sheet hydrogen-bonding or  interactions.

We reasoned that crosslinking the nanotubes, via oxidative 
disulfide bond formation, would enhance their structural 
integrity under adverse conditions such as changes in 
environment or concentration. Covalent capture of the 
nanotubes would also be expected to hamper the hydrolytic 
release of CPT by preventing dissociation of the nanotube into 
monomer. This strategy has been shown to reversibly rigidify 
hydrogels and peptide nanofibers.52,60 Accordingly, after self-
assembly of the nanotubes in PBS at 20 mM, the cysteine thiols 
were oxidized by exposing the solution to 10 % DMSO for 72 h, 
monitoring the process using Ellman’s reagent (5,5'-dithiobis-(2-
nitrobenzoic acid)(DTNB) (Figs. 3b, S2).61 The oxidation produced 
nanotubes that were similar in morphology and diameter, but 
also caused some inter-nanotube crosslinking, as evidenced by 
the presence of some bundling (Fig 3a). The robustness of the 
crosslinked nanotubes was investigated by using 
ultracentrifugation to pellet the nanotubes, followed by 
resuspension in TFE, in which the uncrosslinked nanotubes 
readily dissociated into monomers.62 Accordingly, dissolving 
uncrosslinked A in TFE at 10 mM did not result in the formation 
of nanotubes that were observable by TEM imaging (Fig. S16a). In 
contrast, images of the crosslinked nanotubes (A-ox), after 
resuspension in TFE for 72 h, showed the presence of intact 
nanotubes (Fig. S16b). 

Previously, we observed that nanotube assembly at higher 
concentrations impeded hydrolytic drug release.18-20 At lower 

concentrations, a shift in the monomer-nanotube equilibrium 
toward monomer significantly accelerated release of the drug. 
Based on those studies, the self-assembly of A into nanotubes 
would be expected to sequester the hydrophobic CPT structure 
within the hydrophobic nanotube walls, thereby protecting the 
20-O-succinyl linkage from the hydrolytic aqueous environment. 
The rate of hydrolytic release of CPT from the crosslinked 
nanotubes of A was measured at 37.5°C in PBS at 100 M by HPLC 
in the reduced and crosslinked states (Fig. 3d). After 72 h, less 
than 10% of the CPT was released from the crosslinked 
nanotubes. In contrast, when the crosslinked nanotubes were 
exposed to 10 mM dithiothreitol (DTT), complete release of CPT 
occurred within ~35 h (Fig. 3d, S4-7), at a similar rate to the 
parent, uncrosslinked nanotubes at 100 M. In the crosslinked 
state, the nanotube structure was stable even at 100 M, a 
concentration that would induce dissociation of the 
uncrosslinked nanotubes.20 Thus, the release rate was responsive 
to the position of the nanotube-monomer equilibrium. Oxidative 
crosslinking rendered the nanotubes insensitive to concentration, 
resulting in protection of the CPT linkage from the hydrolytic 
aqueous interface. When the disulfide crosslinks were reduced by 
DTT, the equilibrium shifted toward monomeric A, which 
experienced rapid hydrolysis of the CPT peptide linkage.

Fig. 4. a) Cytotoxicity of non-crosslinked nanotube A and CPT against human non-small 
cell lung cancer (NSCLC) cell lines A549 and H460; b) Cytotoxicity of crosslinked nanotube 
A and CPT against A549 and H460.

To evaluate the potential for the crosslinked nanotubes of A 
to release CPT, we assessed the cytotoxic efficacy against human 
non-small cell lung cancer (NSCLC) cell lines A549 and H460. The 
cytotoxic activity was assayed using an MTT-assay over the course 
of a 96 h incubation period, resulting in IC50 values of 0.22 µM and 
0.28 µM, for the unoxidized nanotubes of A, and 0.20 µM and 
0.27 µM for CPT, respectively (Fig. 4a). These values reflect a 
comparable cytotoxicity with parental CPT for cells lines A549 and 
H460. The lower cytotoxicity of A, compared with CPT, can be 
attributed to the time-dependent hydrolytic release of CPT from 
A. In contrast, the crosslinked nanotubes (A-ox) exhibited lower 
cytotoxicity against the A549 compared with the H460 cell line 
(Fig. 4b). For example, A-ox displayed IC50 values of 2.43 and 0.21 
M against the A549 and H460 cell lines, respectively. The 
differential cytotoxicity toward these two cell lines likely 
emanates from the need for intracellular reduction of the 
disulfide to produce active CPT. The glutathione concentration in 
H460 cells has been reported to be twice that of the A549 cell 
line, which would lead to faster CPT release.63,64

In summary, we have reported the self-assembly and 
oxidative crosslinking of a CPT-peptide nanotube. Incorporation 
of two cysteine residues within the peptide sequence allowed for 
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covalent casting of the nanotubes to be achieved via oxidative 
disulfide bond formation. Reversible crosslinking by 
oxidation/reduction increases or decreases the nanotube 
stability, relative to the CPT-peptide monomer. The crosslinked 
nanotubes did not produce CPT at a significant rate; whereas, 
reduction of the disulfide crosslinks triggered rapid hydrolytic 
release of the drug. The crosslinked nanotubes displayed 
cytotoxicity against both A549 and H460 cancer cell lines. 
However, the nanotubes exhibited significantly greater 
cytotoxicity toward the H460 cells, which maintained a 2-fold 
higher GSH concentration. The ability to modulate the integrity of 
the nanotubes and the corresponding rate of CPT production via 
reversible crosslinking will enable the design of more selective 
delivery vehicles for anticancer chemotherapeutic agents.
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In this work, we report that that crosslinking a self-assembled, camptothecin (CPT) nanotube via oxidative 
disulfide bond formation reversibly stabilizes the nanotubes toward dissociation at low concentrations 
and inhibits the release of CPT. In a reducing environment, the nanotubes dissociate leading to rapid drug 
release. 
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