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N
anotubes are one-dimensional (1D)
hollow nanostructures that could
possess dimensionality-related elec-

tronic,1 mechanical,2,3 or biological proper-
ties4,5 and have attracted extensive research
interest over the past two decades due to
their potential applications in electronics,6�9

catalysis,10 and drug delivery.11,12 From the
manufacturing perspective, nanotubes can
be produced via vapor deposition techni-
ques (e.g., carbon nanotubes,2 diphenylala-
nine nanotubes7) by using high-aspect-ratio
nanostructures as precursors or templates13

or through solution-state molecular self-
assembly,14,15 a facile process that typically
neither requires high temperature nor low
pressure and does not involve deposition
and etching procedures. A number of mo-
lecular building units have been shown
capable of spontaneously associating into
tubular morphologies upon dissolution into

a selective solvent, including block copoly-
mers,16,17 lipids,18�21 cholesterol deriva-
tives,22 peptides,23�27 andother amphiphilic
molecules.28�30 Of many molecular features
appearing to contribute to the formation
of tubular assemblies typically composed
of bilayer structures, the ability to pack
anisotropically in a highly ordered fashion
within two dimensions seems to be a
general requirement for most molecular
building blocks.15 In this work, we report
the first use of anticancer drugs asmolecular
building blocks to construct a multiwalled
nanotube morphology.
Self-assembly of therapeutic agents into

well-defined nanoscale objects offers an in-
novative strategy to construct self-delivering
supramolecular nanomedicine with con-
trolled pharmacokinetic properties.31�37

Since a majority of anticancer drugs do not
carry the amphiphilic feature necessary for
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ABSTRACT Mixing of oppositely charged amphiphilic molecules

(catanionic mixing) offers an attractive strategy to produce mor-

phologies different from those formed by individual molecules. We

report here on the use of catanionic mixing of anticancer drug

amphiphiles to construct multiwalled nanotubes containing a fixed

and high drug loading. We found that the molecular mixing ratio,

the solvent composition, the overall drug concentrations, as well as

the molecular design of the studied amphiphiles are all important

experimental parameters contributing to the tubular morphology.

We believe these results demonstrate the remarkable potential that anticancer drugs could offer to self-assemble into discrete nanostructures and also

provide important insight into the formation mechanism of nanotubes by catanionic mixtures. Our preliminary animal studies reveal that the CPT

nanotubes show significantly prolonged retention time in the tumor site after intratumoral injection.
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self-assembling into discrete nanostructures in aque-
ous environments, an important step in this strategy
is the design and construction of amphiphilic drug
molecules through conjugation with another hydro-
philic chemical moiety.31�39 The resultant amphiphilic
conjugates could potentially serve as effective building
blocks to construct versatile nanostructures of various
sizes and shapes.40�43 However, unlike the traditional
carrier-based drug delivery strategies where the
carriers can be constructed from a great diversity of
molecular building units, the use of a drug to build
nanocarriers of its own is limited by the molecular
design and synthetic feasibility. It is therefore neces-
sary to seek other assembly strategies to access dif-
ferent morphologies required for controlled delivery
properties under various conditions.
Co-assembly of two or more different amphiphilic

molecules is one such strategy that can be used to
influence both the functional and structural properties
of the nanostructures formed. For example, it has been
shown that mixing of amphiphiles with opposite
charges provides a means for controlling the surface
charge of the assembly through variation of themixing
ratio and can be used to introduce multiple function-
alities if the two amphiphiles being coassembled have
differing epitopes.44�47 These catanionic mixtures
(CAMs) can also possess intriguing phase behaviors
and usually offer alternative morphologies compared
with that formed by each individual amphiphile.48,49

It is generally believed that the formation of ion pairs
by oppositely charged surfactants reduces the electro-
static repulsions among the headgroups, leading to
a reduced curvature to form bilayered assemblies.50

This strategy of mixing two oppositely charged amphi-
philic molecules has been used to produce a variety
of bilayered nanostructures, including vesicles,48,49,51

icosahedra,52 nanodiscs,53 and nanobelts.47 Tubular
structures, which can be considered as curved bi-
layer architectures, are rarely reported in catanionic
systems.54 We show here that catanionic mixtures of
two drug amphiphiles (DAs);each with a 36% fixed
loading of the anticancer drug camptothecin (CPT);
lead to formation of a multiwalled nanotube morphol-
ogy that also possesses a 36% fixed CPT loading.

RESULTS AND DISCUSSION

The DAs used in this study were designed to contain
either one, two, or four hydrophobic CPTs that are
conjugated to a β-sheet-forming peptide sequence
through a reducible disulfylbutyrate (buSS) linker
(Figure 1a and Scheme S1, Supporting Information).34

The peptide segments with N-terminal cysteine resi-
dues were first synthesized using standard Fmoc solid-
phase peptide synthesis protocols. The conjuga-
tion of the peptide with the CPT units was carried
out in DMSO, utilizing a direct disulfide formation
approach in which the peptide cysteine(s) displace

thiopyridinone from CPT-buSS-Pyr (see section S1 in
the Supporting Information for details). The peptide
moiety GNNQQNY is a key β-sheet forming sequence
derived from the yeast prion Sup3555 and was chosen
to afford the capacity for intermolecular hydrogen
bonding between the designed DAs. Two lysine (K)
or two glutamic acid (E) residues were placed at the
C-terminal of the studied peptide to imbue both the
overall amphiphilicity and the charge status (positive
or negative). The main DA of interest, qCPT-Sup35,
possesses four CPTs that are chemically bonded to the
peptidemoiety, giving a fixed drug loading of 36% (see
the Supporting Information, S1). Both the C-terminal K
and E DAs were synthesized, furnishing qCPT-Sup35-
K2 and qCPT-Sup35-E2, respectively.

Catanionic Assembly. To ensure molecular level mix-
ing of DAs and to preclude possible preassembled
structures, the CAMs were prepared using the follow-
ing procedure: first, each molecule was dissolved in
hexafluoroisopropanol (HFIP);a solvent that is dis-
ruptive toward the formation of assembled structures
for all the studied molecules. Next, two solutions
containing the respective molecules were mixed at
the desired molar ratio, followed by lyophilization of
the mixed solution. The lyophilized material was then
dissolved in 1:1 MeCN/H2O to a desired concentration,
aged overnight, and subsequently imaged by cryo-
genic transmission microscopy (cryo-TEM). Cryo-TEM
enables the direct visualization of the assembled
structures in vitrified water, minimizing artifacts that
can result from the drying and staining of samples in
conventional TEM.56

Morphology Characterization. At 400 μM, the CAMs
formed by qCPT-Sup35 revealed dominant tubular
structures when mixed at a 1:3 ratio of amine to
carboxylic acid (1:3 for the following notations) in 1:1
MeCN/H2O after aging overnight (Figure 1d�f). The
two-dimensional projection of a tubular structure in
cryo-TEM imaging differs from other types of self-
assembled construct, showing two parallel, darker lines
at the edges and a shady span in the tubular body. This
contrast can be attributed to the high electron density
of the densely packed hydrophobic core and the
relatively longer traveling distances of the electrons
through the nanotube edges. In contrast, the individual
DAs were found to assemble into filamentous nano-
structures (∼6 nm in diameter in both cases), when
reconstituted in 1:1 MeCN/H2O using the exact HFIP-
pretreatment protocols (Figure 1b,c; further discussions
of the supramolecular structures formed by the indivi-
dual DA are provided in the Supporting Information).
This clearly suggests that it is the mixing of the cationic
and anionic forms of qCPT-Sup35 that gives rise to the
tubular morphology.

These observed tubular structures in CAM solu-
tions possess outer diameters of ∼123 nm and wall
thickness up to ∼25 nm (measured from cryo-TEM
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micrographs). Assuming the qCPT-Sup35 CAMs form
a single bilayer, the maximum shell thickness would
be comparable to twice the extended length of the
individual DAs, approximately 10 nm. Thus, the greater
wall thickness observed in cryo-TEM micrographs
(∼25 nm vs ∼10 nm) suggests the presence of multiple
bilayers in some assembled structures. Indeed, multi-
walled constructs could be occasionally observed in
cryo-TEM imaging (Figure 2a,b), providing direct support
for this inference.

Another interesting observation of these nanotubes
in cryo-TEM imaging is their remarkable tolerance
to deformation. We first observed irregular undulations
in the tube diameter (Figure 2c,d and Figure S9a,
Supporting Information). The broadeningof the tubular

diameter did not display any periodic pitch and
generally occurred in regions where the tubules over-
lapped with other nanotubes or with the lacey carbon
film.We therefore speculate that this “squeezing” of the
tubules may be a result of being confined into the thin
vitreous water layer (typically less than∼250 nm56) that
were generated in the cryo-TEM sample preparation.
Occasionally, it could be spotted that the otherwise
straight nanotubes were bending, appearing as a
“folded straw” structure in which pinching of the tube
was seen at the bend point (Figure 2a�c). Surprisingly,
this bending did not lead to the breakdown of
the tubular structures unless the angle of bending
exceeded 90�, and even then the two sections still
remained connected (Figure 2b). Both observations

Figure 1. (a) Chemical structures and schematic representations of qCPT-Sup35-K2 and qCPT-Sup35-E2. (b�d) Schematic
representations and TEM micrographs of the supramolecular structures formed by qCPT-Sup35-K2, qCPT-Sup35-E2, and the
CAM of the two DAs. Both qCPT-Sup35-K2 (b) and qCPT-Sup35-E2 (c) formed single filaments in 1:1 MeCN/H2O after the
materials had been previously treatedwith HFIP. Thewidths of the single filamentsmeasured from TEM are 5.7( 0.9 nm, and
5.9 ( 0.9 nm for qCPT-Sup35-K2 and qCPT-Sup35-E2, respectively. (d�f) The CAM of qCPT-Sup35 (mixing ratio 1:3) results
in the almost exclusive formation of tubular structures in 1:1 MeCN/H2O. The tubular size measured from cryo-TEM imaging
is 123 ( 28 nm. Total concentration for all samples = 400 μM.
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imply that molecular packing within these tubules is
reminiscent of that of fluidic-like bilayers. The tolerance
that the CPT nanotubes demonstrated under deforma-
tion is in sharp contrast with reported tubular morphol-
ogies that often have a brittle, well-ordered internal
packing.11,24

We found that the overall mixing ratio plays a
critical role in defining the final assembled morpholo-
gies. Dominant tubular structures were only observed

for mixing ratios of 1:3�1:5 (amine to carboxylic acid)
at the concentration of 400 μM. Zeta potential mea-
surements reveal that these nanotubes remain almost
neutral on their surface (�3.79 ( 2.86 mV for qCPT-
Sup35 CAM 1:3) (Figure 3c); this may imply most of the
amphiphiles formed ion pairs so that the charges were
nearly neutralized. Increasing the amount of qCPT-
Sup35-K2 in the mixture to give a 1:1 ratio of amine
to carboxylic acid, however, led to the coexistence

Figure 2. TEM and cryo-TEMmicrographs of the qCPT-Sup35 CAMwith amixing ratio of 1:3 at 400 μM in 1:1MeCN/H2O. (a, b)
Bending of the tubular structures (indicated by the red arrows) and the direct observation of the multiwalled nature of the
tubules (labeledwith blue arrows) in cryo-TEM imaging. (c, d) Undulation of the tubewidths is commonly observed in regions
where overlapping occurs. All bars = 200 nm.

Figure 3. (a, b) Cryo-TEM micrographs of qCPT-Sup35 CAMs with a mixing ratio of 1:1 (a) and 3:1 (b) at 400 μM in 1:1 MeCN/
H2O. All bars = 500 nm. (c) Zeta potential measurements of the qCPT-Sup35 CAMs with different mixing ratios. Data are
presented as mean ( s.d. (d) CD spectra of the 1:3 qCPT-Sup35 CAM, and individual DAs in 1:1 MeCN/H2O. All spectra were
obtained from 400 μM solutions that were diluted to 50 μM immediately prior to measurement.
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of tubules and filamentous structures (Figure 3a; zeta
potential: 8.68 ( 3.79 mV). As the content of qCPT-
Sup35-K2 was raised to yield a mixing ratio of 3:1,
filamentous structures started to dominate; large tu-
bules could still be observed but displayed a significant
decrease in length (on the order of a fewμm) (Figure 3b
and Figure S9f, Supporting Information).

Circular dichroism (CD) spectroscopy provides
additional insight into the secondary structure of the
peptide domain of the DAs and also into the environ-
ment of the CPT moieties. Analysis of the 1:3 qCPT-
Sup35 CAM in 1:1 MeCN/H2O reveals a number of
interesting signals (Figure 3d). First, a strong negative
peak at 215 nm can be seen, a characteristic indicator
of the β-sheet conformation that is in agreement with
the one-dimensionality of the assembled structures.
Second, signals from the CPTmoieties are also evident,
displaying a negative signal at 250 nm (n�π*) and a
series of signals between 330 and 500 nm (π�π*) that
are caused by the chiral packing of CPT moieties in the
assembled form. Third, the lack of any truly bisignate
peaks suggests that the CPTmolecules may be aligned
in a parallel fashion, rather than with a helical sense
as was previously observed in the Tau peptide
analogue.34 Comparison with the CD spectra of the
individual DAs under the same assembly conditions
shows there are some similarities in the peptide ab-
sorption region with the major difference in the CPT
absorption regions;the tubes having a very broad

negative signal between 400 and 500 nm (Figure 3d).
The exact origin of this peak is unclear but may be
linked to the formation of the nanotubes, given the fact
that this peak also appears in the CD spectra of CAMs
with different mixing ratios that exhibit the tubular
structures (Figure S10, Supporting Information). These
results clearly suggest that it is the arrangement of CPT
units that is primarily responsible for the formation of
the tubular morphology.

Nanotube Assembly Pathways. Observations of inter-
mediate structures often provide evidence for the
mechanistic pathway and kinetic processes that en-
gender the formationof large structures like nanotubes.
This information can be obtained by variation of as-
sembly conditions such as concentration and solvents.
We found that the dominant supramolecular morphol-
ogy for qCPT-Sup35 CAM 1:3 is strongly dependent
upon two factors;the bulk concentration and the
MeCN/H2O ratio. In the case of the former, we found
that intermediate structures could be seen at lower
concentrations in 50% MeCN (Figure 4a�d). At 10 μM,
clusters of beltlike structures were more commonly
observed (Figure 4a,b). As the bulk concentration
was increased to 50 or 100 μM, more complex assem-
blies such as helical ribbons (Figure 4c) and ribbon-
wrapped tubes appeared (Figure 4d). The pitch angle
of these helical ribbons is consistently close to 45�,
a feature predicted theoretically in curved membranes
that form helical ribbons or tubules characterized by

Figure 4. TEM micrographs of the intermediate structures of the 1:3 qCPT-Sup35 CAM in 1:1 MeCN/H2O, unless stated
otherwise. (a, b) Clusters of belts and helical ribbons are the dominant structures at 10 μM (a) and 50 μM (b). (c) Multilayer
helical ribbon at 50 μM. (d) An intermediate multiwall tubular structure in a 100 μM solution, showing a tubular structure
wrapped with another layer of belt. (e, f) Similar intermediate structures, such as multilayer helical ribbons and intermediate
multiwall tubular structures in 3:1 MeCN/H2O, where the materials exhibited limited solubility. Bulk concentration = 400 μM.
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chiral packing.57,58 In addition, the ribbon-wrapped
tubes provide direct evidence for the multiwalled
nature of these tubules, accounting for the tubular
thickness variation observed at higher concentrations.
It is noted that the observed ribbons display attenuat-
ing widths gradually at the ends with a fixed pitch,
implying that formation of the tubules results from
widening of ribbons rather than from the shrinking of
helical coils (Figure 4b,c).

Variation of the solvent composition was found
to have a similar effect on the self-assembly of qCPT-
Sup35 CAMs 1:3. It was found that the CAMs could not
be directly reconstituted in pure water after the HFIP
treatment, instead suffering from low material solubi-
lity that did not lead to the formation of any well-
defined structures. Similarly, the qCPT-Sup35 CAMs
also exhibited poor solubility in pure MeCN, immedi-
ately forming huge precipitates with no well-defined
structures observed by TEM. Though a qCPT-Sup35
CAM gave a turbid solution when reconstituted in 3:1
MeCN/H2O at 400 μM, intermediate structures could
still be observed in TEM imaging, exhibiting similar
multilayered helical ribbon and ribbon-wrapped
tubule structures to those discovered at 50 or 100 μM
when using 1:1 MeCN/H2O as solvent (Figure 4e,f).
Again, both types of intermediate structures are in-
dicative of at least two independent growth pathways
for the studied system: multilayer formation and tub-
ular formation from helical ribbons.

Role of Molecular Design. In order to further explore
the role that the CPT unit plays in the formation of
nanotubes, we prepared CAMs for mCPT-Sup35 and
dCPT-Sup35 possessing one and two CPT molecules,
respectively, under exactly the same conditions to
produce qCPT-Sup35 nanotubes. In the case of cata-
nionic mixing of mCPT-Sup35-K2 and mCPT-Sup35-
E2 in 1:1 MeCN/H2O at 400 μM, well-defined structures
were only scarcely observed. The CAM of dCPT-Sup35
exhibited exclusively 1D filamentous structures in 1:1
MeCN/H2O at 400 μM regardless of the mixing compo-
sition tested (mixing ratio of amine to carboxylic acid:
1:3, 1:1, or 3:1, see Figure S11, Supporting Information),
similar to those observed for the individual DAs of
qCPT-Sup35. CD spectra of dCPT-Sup35 CAM, dCPT-
Sup35-K2, and dCPT-Sup35-E2 all display a negative
peak at ∼215 nm that corresponds to the β-sheet
secondary structure and signals from the CPT chromo-
phores in the 260�410 nm range (Figure S12, Support-
ing Information). The fact that few differences in the
CD were detected for the CAMs of dCPT-Sup35 when
compared with the individual components suggests
there is no change in the packing arrangement of the
CPT molecules upon CAM formation, especially con-
sidering the occurrence of the negative signal in the
400�500 nm range that was observed for the qCPT-
Sup35 CAMs. Consequently, the packing requirements
of the hydrophobic core within the assemblies formed

by CAMs ofqCPT-Sup35must play a crucial role for the
mixtures to adopt tubular structures as their dominant
supramolecular morphology (Figure 5a).

These results suggest the molecular mixing ratio,
the solvent composition, the overall concentration, as
well as the molecular structures of the studied drug
amphiphiles are all important experimental factors to
define the tubular morphology. On the basis of our
observation of the intermediate helical ribbons, the
most plausible kinetic pathway to form these observed
multiwalled nanotubes by qCPT-Sup35 CAM is the
widening of the helical ribbons that are composed of
multiple bilayered structures. The forming process is
likely a cumulative result of 1D elongation, multiple
bilayer formation, and bilayer extension (Figure 5b).

We speculate that both bilayer formation (packing
geometry) and chiral stacking (packing directions) play
a key role in the formation of nanotubes reported here.
The importance of the bilayer formation is supported
by the observations that only qCPT-Sup35 CAMs can
form the tubular morphology. Both mCPT-Sup35 and
dCPT-Sup35 CAMs form filamentous nanostructures
under the same conditions. Several CAM systems
suggest that catanionic mixing of sphere or cylinder-
forming amphiphiles could produce bilayered struc-
tures.48,51�53 This can also be used to reasonably
explain our studied system. Neither the CAMs of
mCPT-Sup35 and dCPT-Sup35 nor individual qCPT-
Sup35-K2 and qCPT-Sup35-E2 could satisfy the re-
quirement for a bilayer packing geometry due to either
the relatively smaller hydrophobic segments or the
relatively large headgroup areas. The multiwalled
construct is reminiscent of multilamellar vesicles
commonly observed in concentrated catanionic
mixtures.48 This stacking is known to be driven by
short-range interactions, such as attractive van der
Waals interaction, electrostatic interactions, hydration
force, and attractive hydrophobic interactions.48,59 The
observation of helical ribbons as the nanotube pre-
cursor morphology strongly suggests the formation of
tubular structures in our system shares some common
features with the lateral extension of helical ribbons
into tubules of chiral self-assemblies that have been
reported by other laboratories.15,23,60�64 We speculate
that the chiral packing in our system stems from the
Sup35 peptide segment but is also affected by the
stacking among the CPT units. However, it is difficult to
deconvolute the contribution of the CPT interaction
from hydrogen bonding in our system for the forma-
tion of nanotubes, given the fact that π�π interactions
among the CPT moieties are also known to lead to 1D
chiral structures.

In Vivo Evaluation. Since these catanionic nanotubes
contain a 36% fixed loading of the anticancer drug CPT,
we performed preliminary studies to investigate if
CPT nanotubes present any advantageous properties
over the free drug for use as drug vehicles. We first
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evaluated their potential for local delivery on CT26
tumor-bearing mice. The CPT nanotubes were labeled
with a near-infrared dye Cy7.5 (5% loading by mol),
and the labeled material was directly injected into the
tumor sites, with the free Cy7.5 as control. The distribu-
tion of the nanotubes at different time points was
monitored using near-infrared fluorescence (NIRF)
imaging. It can be seen that the labeled nanotubes
mostly stayed in the tumor tissue even after 36 h
following intratumoral injection (Figure S13, Support-
ing Information). In contrast, a considerable
amount of free Cy7.5 was already eliminated from
the tumor tissue after only 2 h (Figure 6a,b). Clearly,
the significantly enhanced retention time of CPT na-
notubes in the tumor site offers the possibility for
sustainable release of CPT over a long period of time
that would be beneficial for local tumor treatment.
However, systemic delivery of CPT nanotubes through
tail-vein injection did not show any improvement for
tumor targeting. We found that most injected CPT
nanotubes quickly accumulated in the liver (about
5 min) and were gradually eliminated within 24 h
(Figure S14, Supporting Information). We believe
that the inability of CPT catanionic nanotubes to
circulate through the liver may be attributed to
their relatively large size and the negatively charged
surface chemistry that promote serum protein adsorp-
tion and liver entrapment. Given the previous reports
on the prolonged circulation time of filamentous
nanostructures by Discher and co-workers65 and the
low protein adsorption of zwitterionic material by

Jiang and co-workers,66 we are optimistic that after
further modification and optimization of the size
and surface chemistry these CPT nanotubes could be

Figure 6. In vivoNIRF imaging of CT26 tumor-bearingmice.
The heat maps display the distribution of Cy7.5 labeled
CAM nanotubes of qCPT-Sup35 (a) and free Cy7.5 (b) after
intratumoral injection.

Figure 5. Proposed mechanism of the tubule formation by qCPT-Sup35 CAMs. (a) Schematic illustration of the effect of
packing parameter of qCPT-Sup35 and dCPT-Sup35 on the formation of ion pairs and the resulting supramolecular
morphology of corresponding catanionic mixtures. (b) The formation of the multiwall nanotubes by CAMs of qCPT-Sup35
is the cumulative result of three occurrences: 1D elongation, formation of multilayers, and bilayer extension from helical
ribbons. The CAM of qCPT-Sup35 formed bilayers, where the direction of lateral bilayer extension is perpendicular to the
orientation of the intermolecular hydrogen bonds.
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tailored with suitable physicochemical properties for
systemic delivery.

CONCLUSION

In summary, we have successfully utilized the CAMs
of therapeutic DAs to form tubular constructs with
multiwalled architectures. Our results reveal that such
structures are formed through the combination of 1D

elongation and bilayer extension that is induced by
a significant reduction in curvature as a result of
catanionic mixing. Our findings provide insight into
the construction of tubules with interesting properties
through the self-assembly of catanionic mixtures. In
particular, our preliminary animal experiments showed
that these CPT nanotubes could be used as a local
depot for sustainable release of CPT drugs.

MATERIALS AND METHODS

Peptide Synthesis. The peptides utilized in this study were
synthesized employing standard Fmoc solid-phase protocols,
using either Rink AmideMBHA or Fmoc-Glu(tBu)-Wang resins at
a 0.25 mmol synthesis scale. An automated peptide synthesizer
(Focus XC, AAPPTec, Louisville, KY) was employed to build the
Sup35 sequence before manual protocols were used to furnish
the branchingmotif. Fmoc deprotection of the Fmoc-amino acids
was established by treating the resin with 4-methylpiperidine in
dimethylformamide (DMF) (20% v/v). The amino acid coupling
cycle was performed after Fmoc deprotection, and the resin
was treated with Fmoc-amino acids, O-benzotriazole-N,N,N0 ,N0-
tetramethyluronium hexafluorophosphate (HBTU), and diisopro-
pylethylamine (DIEA) (4:4:6 molar equiv to resin) in DMF for 1 h.
Thebranchingmolecular designwas achievedby coupling Fmoc-
Lys(Fmoc)-OH at the N-terminus to yield multiple primary
amine groups after Fmoc-deprotection for the further coupling
of Fmoc-Cys(Trt)-OH in a branch construct. The N-termini of the
peptides were acetylated with 20% acetic anhydride in DMF.
Peptides were then cleaved from the resin by trifluoroacetic
acid (TFA)/triisopropylsilane (TIS)/1,2-ethanedithiol (EDT)/ H2O
(92.2:2.5:2.5:2.5) for 2 h. The liquid residue was concentrated
in vacuo and added into ice-cold Et2O to yield pale precipitates.
These crude peptides were then filtered, collected, kept in the
desiccator to remove the remaining solvent, and directly used for
the following reaction.

Synthesis of 4-(Pyridin-2-yldisulfanyl)butanoic Acid. This was
synthesized by a modified protocol based on previously re-
ported work.67 In brief, 4-bromobutyric acid (2.0 g, 12.0 mmol)
and thiourea (1.06 g, 14.0mmol)were refluxed inethanol (50mL)
for 4 h. After addition of NaOH (4.85 g, in 10mL of EtOH) into this
solution, the mixtures was refluxed for an additional 16 h. After
the solution was cooled to room temperature, it was concen-
trated in vacuo, and diluted with water and extracted twice with
ethyl ether. The aqueous phase was then acidified by 4 M HCl to
pH 5, resulting in a cloudy solution that was extracted by ethyl
ether. The organic portion was dried with Na2SO4

and concentrated to yield clear, oil-like 4-sulfanylbutyric acid.
4-Sulfanylbutyric acid was then dissolved in MeOH and added
dropwise into a 5 mL methanolic solution of 2-aldrithiol (3.03 g,
0.0137 mol). The mixtures were allowed to react for 3 h and
were purified by RP-HPLC. Purified products were collected and
solvents removed in vacuo. The resultant yellowish oil was then
dissolved in CHCl3 and dried over Na2SO4 and solvent removed
to give HO2C-buSS-Pyr as a light yellow oil. 1H NMR (CDCl3,
400 MHz, 298 K): δH (ppm) 8.59 (d, 3JHH = 4.6 Hz, 1H), 7.91�7.81
(m, 2H), 7.30�7.25 (m, 1H), 2.88 (t, 3JHH=7.1Hz, 2H), 2.50 (t,

3JHH=
7.2 Hz, 2H), 2.09�2.00 (m, 2H).

Synthesis of Camptothecin-4-(pyridin-2-yldisulfanyl)butanoate (CPT-
buSS-Pyr). Camptothecin (CPT, 200 mg) and (dimethylamino)-
pyridine (DMAP, 44mg)were initially suspended inDCM (32mL).
HO2C-buSS-Pyr (280 mg) and diisopropylcarbodiimide (DIC,
436 μL) were then added to the mixture and the resulting
solution stirred for 36 h. This solution was then filtered, diluted
with chloroform (60 mL), washed with sat. NaHCO3 (50 mL) and
brine (50 mL), dried over Na2SO4, and concentrated in vacuo.
The crude product was purified by flash chromatography using
EtOAc (500 mL) and then 0.5% MeOH in EtOAc (250 mL).
Collected products were identified by TLC and underwent
solvent removal in vacuo to yield a yellow solid. 1H NMR

(CDCl3, 400 MHz, 298 K): δH (ppm) 8.43 (d, 3JHH = 4.2 Hz, 1H),
8.40 (s, 1H), 8.23 (d, 3JHH = 8.6 Hz, 1H), 7.94 (d, 3JHH = 8.2 Hz, 1H),
7.84 (m, 1H), 7.70�7.65 (m, 2H), 7.60 (m, 1H), 7.20 (s, 1H), 7.04
(m, 1H), 5.67 (d, 2JHH = 17.3 Hz, 1H), 5.40 (d, 2JHH = 17.2 Hz, 1H),
5.29 (s, 2H), 2.86 (t, 3JHH = 7.1 Hz, 2H), 2.75�2.57 (m, 2H),
2.31�2.03 (m, 4H), 0.97 (t, 3JHH = 7.5 Hz). 13C NMR (CDCl3, 100
MHz, 298 K): δC (ppm) 172.1, 167.7, 160.3, 157.6, 152.6, 149.9,
149.1, 146.6, 146.1, 137.3, 131.5, 131.4, 130.9, 129.9, 128.63,
128.62, 128.4, 128.3, 120.4, 96.1, 76.2, 67.4, 50.2, 37.7, 32.4, 32.0,
31.2, 24.0, 7.9. MS (MALDI-TOF): 560.065 [M þ H]þ.

Syntheses of the DAs and Purification. The syntheses of all DAs
were carried out by dissolving CPT-buSS-Pyr and the corre-
sponding crude peptides in N2-purged dimethyl sulfoxide
(DMSO, 1 mL) (2:1 by mol). The mixtures were allowed to react
for 5 d at room temperature, and the resulting solutions were
diluted by MeCN/H2O and then purified by RP-HPLC. Eluted
products after purification were collected, flash frozen by liquid
nitrogen, and lyophilized. The purity of the collected products
was confirmed by RP-HPLC and ESI-MS, and the conjugate
concentrations were calibrated before being aliquotted into
predetermined amounts.

Calibration of the Concentration. The concentration of DAs
was calibrated by analyzing the reduced product from the
DAs�CPT-buSH. A stock solution of the DA was prepared
by dissolving in MeCN/H2O (1:1). A 5 μL portion of the stock
DA solution was then diluted to 20 μL by MeCN/H2O (1:1) and
mixed with 20 μL of 1 M tris(2-carboxyethyl)phosphine (TCEP)
for 45 min. The resultant solution was then analyzed by RP-
HPLC, monitoring the absorbance at 370 nm. The CPT concen-
tration of the analyte solutionwas then calculated from the area
under the curve in the chromatogram by comparison with the
standard solutions based on the content of CPT-buSH. The
conjugate concentration of the stock solution was then deter-
mined on the basis of the applied dilution and the number of
CPT molecules.

Preparation of the Catanonic Mixtures (CAMs). The two compo-
nents of the CAMs were dissolved in hexafluoro-2-propanol
(HFIP) separately to yield clear solutions. The CAMs were pre-
pared by mixing the two DAs that were dissolved in HFIP, with
mixing ratios of 1:3, 1:1, or 3:1 (ratio of amines to carboxylic
acids), while the total peptide amount was kept constant in
each vial (bymole). Themixtureswere then flash frozen in liquid
nitrogen and lyophilized to yield dry solids. Solutions were then
reconstituted in 1:1 MeCN/H2O and aged overnight for further
studies.

Transmission Electron Microscopy (TEM). The TEM samples were
prepared by negative staining techniques. The solutions (7 μL)
were initially loaded on copper grids covered with carbon film.
The liquids were then removed by filter papers, and 2% uranyl
acetate solutions (7 μL) were subsequently deposited on
the samples. The uranyl solutions were then removed by filter
paper blotting after 30 s. The specimens were air-dried prior to
imaging. Bright-field TEM imaging was performed on an FEI
Tecnai 12 TWIN electronmicroscope at 100 kV. Themicrographs
were acquired by a SIS Megaview III wide angle camera.

Cryogenic-Transmission Electron Microscopy (Cryo-TEM). Specimens
of cryo-TEM imaging were prepared by Vitrobot (FEI, Hillsboro,
OR). The solutions were initially loaded on a copper grid with
Lacey carbon film (ElectronMicroscopy Sciences, Hatfield, PA) in
the controlled humidity chamber and were blotted by the filter
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papers thatweremounted on the Vitrobot fromboth sides of the
grid. This process engenders a thin film of solutions that adhere
on the sample grid. The blotted samples were then transferred
into liquid ethane andwere stored in liquid nitrogen until further
use. Sample imaging was conducted on a FEI Tecnai 12 TWIN
electron microscope at 100 kV. The micrographs were acquired
by a 16 bit 2K � 2K FEI Eagle bottom mount camera.

Circular Dichroism Spectroscopy. The CD spectra weremonitored
by using a JASCO J-710 spectropolarimeter (JASCO, Easton,MD).
Solutions were loaded in 1 mm cuvettes, and the spectra were
recorded in the far-UV and vis region. The molar ellipticity was
calculated by the following equation

[θ] ¼ θ=cl

where [θ] represents the molar ellipticity, θ is the measured
ellipticity in deg, c is the concentration of the DAs in dmol 3 cm

�3,
and l is the light path length of the cuvette in cm.

Zeta Potential Measurements. The zeta potential measurements
were performed on a Zetasizer Nano ZS90 (Malvern Instruments
Ltd., UK). The prepared solutions were loaded in folded capillary
cells and equilibrated for 2 min prior to measurements. The zeta
potential of the assembled structures was obtained by measur-
ing the electrophoretic movement of the nanostructures under
the applied electric field, where the movement velocity is
determined by phase analysis light scattering.

Animal Model. All experiments conducted with mice were
performed in accordance with protocols approved by the
Johns Hopkins University Institutional Animal Care and Use
Committee (IACUC). CT26 (CRL-2638) murine colorectal adeno-
carcinoma cells were purchased from the American Type
Culture Collection (ATCC) and grown in McCoy's 5A medium
(Invitrogen/Life Technologies, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS, HyClone, Thermo Scientific,
Waltham,MA) at 37 �Cwith 5%CO2. Fivemillion CT26 cells were
injected subcutaneously into the right flank of female BALB/c
mice (6�8 weeks; Harlan, Indianapolis, IN;∼20 g in weight) and
allowed to grow for ∼10 days.

Near-IR Imaging in Vivo. Nanotubes formed by CAM of qCPT-
Sup35 was labeled with Cy7.5 for near-IR imaging. In brief,
qCPT-Sup35-K2 (45 nmol) was mixed with Cy7.5-NHS ester
(90 nmol, Lumiprobe, Hallandale Beach, FL) in DMSO (300 μL)
and reacted at room temperature for 48 h. This solution was then
diluted with H2O/MeCN (1:1) and purified by RP-HPLC. Eluted
product was collected and then lyophilized to yield the dry mass
of Cy7.5-qCPT-Sup35-K2. Specimens of CAM of qCPT-Sup35 1:3
were then prepared by mixing qCPT-Sup35-K2, Cy7.5-qCPT-
Sup35-K2, andqCPT-Sup35-E2 in HFIPwith a labeling percentage
at 5% (by mol). The CAMs in FHIP were then lyophilized and
reconstituted by H2O/MeCN (1:1) 30 min prior to the usage for
injection. The animal was administered with 20 μL of a 500 μM
solution when the injection took place at the tumor tissue or
with 200 μL of a 500 μM solution when performing tail injection.
Fluorescence imaging was performed and analyzed by using
an IVIS Spectrum/CT in vivo imaging system with the Living
Image software (PerkinElmer, Waltham, MA). Fluorescence signal
(emission=800nm, excitation=780nm)wasquantified as radiant
efficiency.
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