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The ability to integrate the elements of a multicomponent nanostructure with nanoscale precision by co-

assembly provides a versatile strategy to create novel materials with tunable properties. The search for

function in these materials will require new strategies to be developed that control the assembly process,

especially for structurally dissimilar components, which often have a propensity to self-sort into non-inte-

grated nanostructures. In this work, two components, a peptide (1) and an amphiphile (2), were integra-

tively co-assembled into a multicomponent nanotube. The interaction between the two components at

the supramolecular level was driven by the electrostatic complementarity of the components, which was

controlled by the pH-dependent charge of 1. Characterization of the co-assembled nanotube, 1–2NT,

was achieved using a combination of TEM, AFM, CLSM and SIM techniques, which showed that both

components were colocalized within the nanotube. These studies, in conjunction with CD, IR and fluor-

escence studies, suggested that 1 and 2 were arranged in partially reorganized, self-sorted domains,

which were integrated as laminated nanoribbons that coiled together into the final co-assembled

nanotube.

1. Introduction
Biological function emerges in Nature from complex structures
comprised of components that cooperatively interact, such as
within the cell wall, to mediate the processes of life.1 In par-
ticular, self-assembled systems that organize multiple com-
ponents into orthogonally sorted arrays often exhibit dynamic
properties and functions, as exemplified by the mechanical
properties of the cellular skeleton.2 Thus, there has been
increasing interest in developing strategies to assemble nano-
scale systems comprised of multiple components with hier-
archical organization.3 Multicomponent self-assembly also
promises to play an important role in materials science by pro-
ducing materials with complex, functional applications from
simple building blocks.4 Such co-assembled materials have
potential for enhanced properties because the final structure
integrates the components with molecular level precision, as
compared with systems obtained by the simple mixing of
components.5–8 Effective strategies to control the co-assembly
of two or more components into well-defined, hybrid architec-
tures will be required to advance the search for novel function
in these nanomaterials.

Multicomponent assembly is challenging to control because
many internal factors, such as monomer complementarity and
interaction strength, and external conditions determine the
outcome of the assembly process.9 The nature of the inter-
actions between the components at both the monomer and
supramolecular levels determine whether the assembly process
“narcissistically” sorts the monomers into homogeneous
domains,10–15 or co-assembles them into structures with the
components intimately integrated.16–20 For example, hetero-
seeds of one component have been used to induce the co-
assembly of a second or third monomer into hierarchical21,22 or
blocky sequences8–33 within a single assembly. This strategy
generally requires structurally matched seeds and monomers to
allow the seeds to nucleate co-assembly and is less reliable for
components with vastly different structures. Thus, it is challen-
ging to induce structurally dissimilar monomers to assemble
into multicomponent nanostructures in which the components
interact at the supramolecular level. An example of the co-
assembly of two, structurally distinct molecules into a lami-
nated network of two self-sorted nanofibers was achieved by
seeding a peptide-based hydrogelator on a preformed, lipid
nanofiber template. A key factor to create the laminated nano-
fibers, in preference to a self-sorted, noninteracting network,
was to control the rate of peptide seed formation along the tem-
plate, which was achieved using dynamic oxime exchange.23

Electrostatic pairing often guides the spatial organization of
peptides co-assembled into multicomponent β-sheet struc-
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tures.24 For example, the co-assembly of fibrillar structures,
composed of alternating sequences of peptide monomers, has
been achieved using oppositely charged peptides, which resist
self-assembly alone due to repulsive interactions, but efficien-
tly assemble when combined.25–29 Electrostatic interactions
between different peptide assemblies has proven effective as a
strategy to create hierarchical multipeptide assemblies.30–34

Similarly, multicomponent gels with interacting fiber networks
have been created by controlling the gel formation kinetics of
monomers with complementary charges.35,36 We have pre-
viously created hierarchical, multilayer nanotube composites
using electrostatic interactions between the self-assembled
nanotubes with either covalent polymers or single-walled
carbon nanotubes.37–40 More recently, this strategy was
extended to the co-assembly of two peptides into a multicom-
ponent network of nanofiber-wrapped nanotubes.41 Herein, we
describe the integrative co-assembly of a multicomponent
nanotube comprised of a peptide and an amphiphile that
interact electrostatically at the supramolecular scale.

2. Results and discussion
2.1. Unimolecular self-assembly of the components

We investigated the co-assembly of a peptide appended with
4-diethylaminocoumarin (DAC) (EFEK(DAC)–NH2, 1), with an
amphiphilic naphthalenediimide (NDI)–lysine conjugate (Lys
(NDI)–NH2, 2) (Fig. 1). The single-component self-assembly
pathways of 1 and 2 were driven by either β-sheet or amphiphi-
lic intermolecular interactions, respectively. These character-
istics, along with their distinct structures, imparted a strong
predisposition for the monomers to experience self-sorting,
rather than co-assembly, upon mixing at the molecular level.
However, the pH-dependent charge profile of 1 offered the
potential to stimulate charge complementarity at the supramo-
lecular level by pH adjustment. Based on our previous work,
peptide 1 exhibited a pH-dependent self-assembly process that
produced positively charged, rigid nanotubes (1NT), at pH
values below the isoelectric pH (pI 5) and negatively charged,
helical nanoribbons (1NR) in the pH range of 6–8.42 At pH
values ≥9, the peptide existed in a monomeric state due to
intermolecular electrostatic repulsions that attenuated self-
assembly. The nanotubes exhibited diameters of 41 ± 5 nm by
TEM, and AFM cross-sectional heights of 10.1 ± 2 nm, reflect-
ing twice the wall dimensions (5 nm). The nanotube walls were
composed of two stacked β-sheet aggregates of 1, which posi-
tioned the hydrophobic coumarin and phenylalanine side-
chains toward the interior. The amphiphilic self-assembly of 2
produced nanotubes (2NT) via the formation of nanoribbons
(2NR) that progressively coiled into nanotubes as the concen-
tration was increased.43 At low concentrations (<5 mM), 2
assembled into nanoribbons that evolved to a helical tape with
a diameter of ∼20 nm. At ≥15 mM, the helical tape coiled into
nanotubes displaying diameters ranging from 150–300 nm
(Fig. 1). In contrast to 1, the self-assembly of 2 was insensitive
to pH values of 2–9.

2.2. Co-assembly of 1 and 2: electrostatic complementarity at
the supramolecular level

To explore the potential of 1 and 2 to electrostatically interact
at the supramolecular level, zeta (ζ) potentials were indepen-
dently measured as a function of pH after self-assembling in
water (1 mM) for 24 h. Inspection of the pH-dependent
ζ-potential profiles showed that whereas both nanostructures
maintained positive potentials at pH 4.0, opposite surface
charges of −18 mV (for 1NT) and +53 mV (for 2NT/NR) were
recorded at pH 6.5 (Fig. S1†). Accordingly, we explored co-
assembly in water as a function of pH values above and below
the isoelectric pH of 1 (pI 5.0): pH 3–5, and pH 5–8, where the
molecules have the same or opposite charges, respectively
(Fig. 2). We reasoned that electrostatic repulsion at pH values
below the pI of 1 would lead to isolated, self-sorted nano-
structures; whereas values above the pI would induce electro-
static integration at the supramolecular level. Accordingly,
equimolar ratios 1 and 2 were introduced into the co-assembly
mixture in their monomeric and/or assembled starting states
in water (1 mM each), then incubated for 24 h at pH 4.0
(Fig. 3a–c). All combinations of 1 and 2 produced mixtures
comprised of self-sorted nanostructures formed by the homo-

Fig. 1 Monocomponent self-assembly of 1 and 2 into nanotubes and
nanoribbons. (a) pH-Dependent assembly of 1 into positively charged
nanotubes below the pI, negatively charged nanoribbons above the pI
and dissociation into a monomeric state at pH >9. (b) Concentration
dependent assembly of 2 into nanoribbons and nanotubes (2NT/NR);
which was insensitive over pH range of 2–9. TEM image conditions, all
aged for 24 h, from left to right: (a) 1 mM of 1 at pH 3.5 and 1 mM of 1
pH 6.5; (b) 1 mM of 2, 10 mM of 2, 20 mM of 2. At lower concentrations,
2 exists as a mixture of nanotube and nanoribbons (2NT/NR).
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assembly of the monomers due to the repulsive electrostatic
interactions between the positively charged components at pH
4. Thus, to induce electrostatic attraction between the com-
ponents, 1 and 2 were combined under pH conditions that
exceeded the pI of 1 (pH 6.5) to ensure that the two com-
ponents were oppositely charged (Fig. 3d–h).44 Interestingly,
all starting conditions at pH 6.5 produced structures that sig-

nificantly diverged from the self-sorted mixtures observed at
pH 4. Notably, as shown in Fig. 3g, combining preformed
nanotubes of 1NT with monomeric 2M at pH 6.5 resulted in a
nanotube (1–2NT) with dimensions distinct from the single-
component nanotubes formed by 1 or 2 alone (Fig. 4a–d &
S6†).

The co-assembly conditions were then varied with respect
to concentration, component ratio, and pH (Fig. S2–S5†).
Although overall concentrations below 2.0 mM (1 mM each)
did not produce well-defined nanotubes, increasing the total
concentration from 2–4 mM, varying the ratio of 1 : 2 from 1 : 1
to 1 : 4, or adjusting the pH in the range of 5.5–6.8 produced
similar 1–2NT nanotubes. However, pH values below 5.5 or
above 7.3 resulted in degradation of the nanotube structures.
Thus, optimal conditions to form homogeneous mixtures of
the co-assembled nanotubes were achieved by combining pre-
assembled nanotubes of 1NT, formed at pH 4 as previously
described, with monomeric 2M, in a ratio of 1 : 1, then immedi-
ately adjusting the pH to above the pI of 1 within the range of
5.5 to 6.8 and incubating for 3d. To rule out the potential for
artefacts and morphological changes caused by drying or
staining during TEM sample preparation, a sample prepared
using the optimal conditions was imaged by cryo-TEM, which
revealed nanotubes with identical dimensions to those
observed by TEM (Fig. 3h & S11†). This observation was con-
sistent with the preformed nanotubes (1NT) serving to template
the assembly of the monomers of 2.

To provide insight about the co-assembly process, the co-
assembly of 1 and 2 was monitored over time. As shown in
Fig. 5, ζ-potential measurements taken over 3d revealed a pro-
gressive trend toward a value close to zero as 1 and 2

Fig. 2 The assembly and co-assembly of 1 and 2. The transition of
nanotubes (1NT) into nanoribbons (1NR) after adjusting to pH 6 (bottom);
the assembly of monomeric 2M in the presence of preformed 1NT at pH
4.0, producing a self-sorted mixture of 1NT and 2NT (top) and after
adjusting to pH 6.0, leading to co-assembled nanotube 1–2NT (middle).

Fig. 3 The representative TEM images of 1 and 2 combined at a 1 : 1 ratio, respectively, at 2 mM (1 mM each), aged for 24 h at either pH 4.0 (a–c) or
pH 6.5 (d–g). The components were combined in water and immediately adjusted to pH 4.0 (a–c) or pH 6.5 (d–g) in the following combinations: (a)
1M + 2M; (b) 1NR + 2M (c) 1NT + 2NT/NR; (d) 1M + 2M; (e) 1NR + 2M; (f ) 1NR + 2NT/NR; (g) 1NT + 2M; and (h) Cryo-TEM image of sample prepared by com-
bining 1NT and 2M (1 : 1, 2 mM (total), pH 6.5, 3d). The sample was then pelleted by centrifugation (5000 rpm) and redissolved in water (pH 6.5,
∼8 mM). Component 1 was converted to monomer by adjusting to pH 9;42 whereas, 2 was dissociated into a monomeric state by dissolution in TFE
and evaporation to a solid powder.43 Key: 1M monomer, 1NR nanoribbons, 1NT nanotubes, 2M monomer, 2NT/NR nanotubes/nanoribbons mixture.
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assembled into the 1–2NT nanotube at pH 6.5, as expected for
an electrostatically driven process. The initially negative poten-
tial emerged from the positively charged nanotubes of 1NT
(preassembled at pH 4), which became negative as the pH was
immediately adjusted to 6.5 after combining the components.
The ζ-potential then became positive over an hour as 2M,
which was introduced in the monomeric state, assembled into
positively charged aggregates. The CD spectra and surface
potential progressively evolved toward the final state over 3d at
pH 6.5 (Fig. 5e and f & S23†); whereas, the spectra were invar-
iant over time at pH 4 (Fig. S24†). Time-dependent TEM
imaging showed that adjusting the pH from 4 to 6.5, after
mixing the components, induced the nanotubes of 1NT to par-
tially unwind into sheets, which then recoiled into helical

nanoribbons. After ∼2.5 h, the walls of the ribbons began to
thicken and transition over time into the co-assembled nano-
tubes. These observations along with a progressive increase in
AFM cross-sectional heights over 3d (Fig. S22†) suggested that
the wall thickening reflected the assembly of the monomers of
2M along the coiled nanoribbons of 1, driven by the electro-
static complementarity of the two components. The addition
of increasing amounts of NaCl (2–100 mM) to the co-assembly
mixture caused progressive degradation of 1–2NT and the for-
mation of isolated 1NT nanotubes, consistent with decreasing
electrostatic interactions due to charge screening (Fig. S7 and
S8†). However, the nanomolar concentrations of NaCl gener-
ated during pH adjustments were not sufficient to divert the
co-assembly process.

2.3. Composition of the co-assembled nanotube, 1–2NT

The UV-Vis and circular dichroic (CD) spectra were recorded
for the co-assembled nanotubes and compared to the spectra
of the individually sorted nanostructures of 1 and 2 to provide
insight about the composition of 1–2NT (Fig. 4e and f). The
self-assembly of 1 into nanotubes was characterized by the
emergence of a split absorbance peak in the range of
400–450 nm with maxima at 415 and 433 nm, corresponding
to an excitonic couplet derived from the intermolecular
π-stacking of the DAC chromophore. The nanoribbons/nano-
tubes of 2 featured red-shifted NDI absorptions in the range of
300–400 nm, with maxima at 363 nm and 384 nm. Although
the co-assembled nanotube displayed UV-Vis absorptions
reflecting a superposition of the spectra of both components,
the CD spectrum of the nanotube departed significantly from
a simple sum of the spectra of self-assembled 1NT and 2NT
(Fig. 4e and f, S9†). For example, 1NT, in nanotube form,
exhibited a negative excitonic couplet, reflecting an M-type
helical twist sense of the coumarin packing interactions, with
components centered at ∼415 nm and self-assembled 2
showed a large negative CD signal at ∼400 nm. A mixture of
the two, preassembled components (1NT : 2NT/NR (1 : 1), 1 mmol
each) at pH 4.0 exhibited a CD spectrum resembling a super-
position of the spectra of both separately assembled com-
ponents. In contrast, the co-assembled nanotubes (1–2NT)
(1 : 1, pH 6.5, 3d) produced a completely different spectrum
featuring a prominent, positive peak at 465 nm. The deviation
in the CD spectra from that of a perfect superposition indi-
cated a significant change in chromophore packing and organ-
ization induced by the interaction between the two com-
ponents.45 The peak at 465 nm represents the long wavelength
component of a positive excitonic couplet reflecting a P-type,
helical twist-sense of the coumarin chromophores in 1.42 In
the monocomponent assemblies of 1, this couplet was corre-
lated with the formation of nanoribbons at pH 6. The positive
component of the negative couplet of 1NT at ∼415 nm overlaps
with the negative peak exhibited by 2NT/NR at this wavelength,
which accounts for the lower intensity of the peaks in this
region of the spectra of 1–2NT. Therefore, the spectrum of
1–2NT might be attributed to a partial reorganization of the
M-type arrangement of the coumarins in 1NT to an P-type

Fig. 4 TEM images of (a) 2, after 1 week at 10 mM at pH 6.5: three
assembled states were present: nanofibers, coiled nanoribbons and
nanotubes (2NT/NR); (b) 1 aged at pH 3.7 for 24 h at 1 mM exhibiting a
homogeneous array of nanotubes (1NT); (c) equimolar mixture of 1NT
(1 mM) and 2M (1 mM) at pH 6.2, then aged for 3d, showing the 1–2NT
nanotube; (d) histogram of the diameters of 1NT, 2NT and 1–2NT from
TEM measurements, averaged over 300–500 nanotubes; (e) UV and (f )
CD spectra comparing 2NT/NR (1 mM), 1NT (1 mM), and the co-assembled
nanotube, 1–2NT.

Fig. 5 Time-dependent TEM imaging of the co-assembly of 1NT and 2M
(2 mM, 1 : 1, pH 6.4) (a) 30 min, (b) 2.5 h, (c) 24 h and (d) 72 h; (e) CD
spectra of co-assembly process over 9.5 h; and (f ) z potential measured
over 72 h. Inset: z potential progression over 1 h.
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relationship in the co-assembled nanotubes. The partial
unwinding of the 1NT nanotubes observed after adjusting the
pH to 6.5 was the likely cause for this reorganization in the
coumarin packing.

It is noteworthy that the FT-IR spectrum of 1–2NT indicated
that the secondary structure of each component was largely
retained in the co-assembled nanotubes, suggesting self-
sorting behavior (Fig. S12†). For example, the nanotubes (pH
4) and nanoribbons (pH 6.0) of 1 were comprised of primarily
β-sheet structure (80%), whereas 2NT existed as random coil
(80%). The spectra of the co-assembled nanotubes revealed an
approximate 60 : 40 ratio of β-sheet to random coil structure,
suggesting that each component partially retained their struc-
ture within the co-assembly. Based on the time evolution of
the TEM spectra, along with the CD and IR data, we hypoth-
esize that 1–2NT nanotubes were formed by the progressive
coiling and lateral fusion of self-sorted, laminated ribbons of
1 and 2 that form by electrostatically-driven, templated assem-
bly of 2M along the surface of partially unwound nanotubes
of 1NT.

2.4. Förster resonance energy transfer (FRET)

Analysis of fluorescence spectra of 1 and 2 and the co-
assembled mixture of the two provided additional evidence of
a close proximity of the components in the co-assembled state.
The DAC and NDI fluorescent chromophores in 1 and 2,
respectively, exhibited sufficient spectral overlap for NDI →
DAC Förster resonance energy transfer (FRET) to potentially
occur (Fig. S13†). The J-integral of the overlap of the emission
of 2NT/NR and the absorption of 1NT was calculated to be 7.23 ×
1013 (M−1 cm−1 nm4) (Fig. S15†).46 FRET involves energy trans-
fer through non-radiative, dipole–dipole coupling where the
donor fluorophore acts as an oscillator that exchanges energy
through space with an acceptor that has a similar resonance
frequency.47 Although the DAC chromophore absorbed only
weakly at 330 nm, a small emission band at 480 nm was
observed upon excitation at 330 nm; whereas, excitation of
2NT/NR at this wavelength produced small monomer emission
bands around 400–430 nm along with a larger excimer peak at
510 nm.43 The spectra of a self-sorted, physical mixture of pre-
assembled forms of 1NT and 2NT/NR exhibited an emission
peak at 480 nm along with a broad shoulder, which was decon-
voluted into two peaks at ∼477 and ∼512 nm that overlapped
with the emissions of the isolated 1NT and 2NT/NR (Fig. S14†).
Similarly, performing the co-assembly of 1NT and 2M at pH 4.0,
where electrostatic repulsions would preclude a strong inter-
action between 1NT and 2NT/NR, also reduced the amount of
energy transfer, producing peaks at ∼480 and ∼513 nm, after
deconvolution (Fig. 6). In contrast, the co-assembled nanotube
(1–2NT) exhibited a peak corresponding to the emission of only
DAC, indicative of energy transfer between the NDI and DAC
chromophores. Similarly, 1 and 2, prepared at a low concen-
tration to prevent assembly (0.025 mM), displayed an emission
profile that closely matched a simple superposition of the indi-
vidual spectra. Although significant overlap of the emission
spectra of 1NT and 2NT/NR precluded accurate determination of

the FRET efficiency, efficiency values, measured at 560 nm to
minimize overlap, of samples prepared by co-assembly at pH
6, 4 and self-sorted mixtures were estimated to be ∼83, 54 and
58%, respectively (Fig. S15†).

2.5. Structured illumination microscopy (SIM) and confocal
laser scanning microscopy (CLSM)

The co-assembled nanotube was further imaged by structured
illumination microscopy (SIM) to probe the composition of the
structure with nanoscale spatial resolution.48,49 This imaging
technique permits multiple emissive components to be
spatially differentiated within an image based on the ability to
selectively excite each component with a tunable laser (405,
488, 561, and 647 nm). As shown in Fig. S16,† emission
signals were detected when nanotubes of 1 were excited at 405
and 488 nm, whereas assemblies of 2 were only excited by the
405 nm laser. Images of 1–2NT generated by excitation at either
405 or 488 nm produced images that colocalized when the
images were overlayed. This observation confirmed the pres-
ence of 1 within the 1–2NT nanotubes and the absence of self-
sorted assemblies of 2 within the same image. However,
another strategy was necessary to identify 2 within the 1–2NT
nanotubes because excitation at 405 nm induced the emission
of both 1 and 2 within the image.

Therefore, we explored the addition of excipient fluorescent
dyes to selectively bind and illuminate 2 within the sample
(Fig. 7). We found that acridine orange (3,6-bis(dimethyl-
amino)acridine, AO),50 a positively charged dye at pH 6.5 with
a hydrophobic-aromatic core, selectively bound to 2NT/NR and
did not interact with 1NT at either pH 4 or 6.5. The selective

Fig. 6 Emission spectra acquired in a triangular quartz cuvette with
330 nm excitation. (a) Emission of 1NT and 2NT/NR; (b) emission of 1NT

and 2NT/NR compared with a self-sorted, mixture of preassembled 1NT

and 2NT/NR, a mixture of 1NT and 2M, co-assembled for 3d at pH 4.0, and
that same mixture adjusted to pH 6.0 prior to aging for 3d; (c) deconvo-
luted emission of a co-assembled mixture (pH 4.0, 3d) of 1NT and 2M
showing two peaks with maximum intensities at 480 nm and 513 nm;
and (d) normalized emission of dilutions of 1, 2 and 1–2NT at 0.025 mM.
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staining of 2NT/NR was noteworthy because, at pH 6.5, the pro-
tonated, positive charges of 2NT/NR and AO would be expected
to preclude electrostatic binding. However, the predominant
interaction of AO with nucleic acids has been shown to be
intercalative binding between the base pair stacks; whereas,
electrostatic interactions were less important.51 Thus, the
selectivity for 2 likely emerged from the ability of AO to
strongly intercalate between the π–π stacks of NDI chromo-
phores, which predominantly stabilized the nanotube struc-
ture. As the absorptions of AO were significantly red-shifted
relative to 1 and 2, excitation with the 561 nm laser selectively
induced emission of the dye (Fig. S13†). Accordingly, solutions
of 1NT, 2NT/NR (1 mM) and 1–2NT (2 mM) were treated with
0.2 mol% AO and imaged by SIM with excitation at either 405,
488 or 561 nm. Excitation with the 561 nm laser induced emis-
sion from 2NT/NR and 1–2NT, but not from 1NT. Colocalization
of the structures illuminated in the 405, 488 and 561 nm chan-
nels in the merged images was consistent with the presence of
both 1 and 2 within the co-assembled nanotube, 1–2NT.

The co-assembled 1–2NT nanotubes were then imaged
using confocal microscopy to provide additional evidence for
the spatial overlap of 1 and 2 within in the 1–2NT nanotubes
(Fig. 8, S17†). Although confocal imaging offered lower spatial
resolution, the capability to collect specific wavelength
regions, upon excitation at 402 nm, permitted the emissions
of 1 and 2 to be distinguished within the image. The fluo-
rescence spectra of 1 and 2 overlapped appreciably in the
580–590 nm range, but 1 emitted with much higher intensity
than 2 in this region of the spectrum (Fig. S13†). Similarly, 2
displayed an isolated, weak emission in the 400–430 range,
and could be selectively imaged in this wavelength range.

Collecting the emission (λexc. 402 nm) from 580–590 nm
(pseudo color green) produced an image of 1NT, but not 2NT/NR
(Fig. S17a and b†); whereas the region from 400–430 nm
(pseudo color blue) only visualized 2 (Fig. S17c and d†).
Overlaying images of 1–2NT obtained by collecting the
580–590 nm (green) and 400–430 nm (blue) wavelength ranges
in separate channels indicated colocalization of the nano-
structures (Fig. S17e–g†), thereby confirming the SIM study
indicating that 1 and 2 were both present in nanotubes of
1–2NT. The overlay of the emission channels in spectral detec-
tor mode produced spectra of localized regions of the images
(Fig. 8i–l), which enabled distinction between the DAC emis-
sion of 1NT (pseudo color green) and NDI emission of 2NT/NR
(pseudo color blue). Whereas both pseudo color blue and
green structures were distinguishable in the self-sorted
mixture of 1NT and 2NT/NR at pH 4.0; only pseudo color green
emission corresponding to 1NT was visible in the co-assembled
sample at pH 6.5, in agreement with quenching of the emis-
sion of 2 by FRET in Fig. 6.

2.6. Selective dissociation of 1 from 1–2NT

The pH-responsive assembly of 1 was exploited to selectively
remove this component from localized regions of the 1–2NT
nanotubes. Adjusting the pH of the 1–2NT nanotubes from 6.5
to 9.0 should induce 1 to dissociate from the nanotubes,
leaving 2NT intact. The dissociation of 1 from 1–2NT following
the change in pH to 9.0 was monitored in solution by CD and
UV-Vis spectroscopy over 2 h, which showed a progressive tran-
sition of 1–2NT to a spectrum characteristic of the 2NT nano-
tubes (Fig. S18†). UV-Vis spectra obtained from the pellet and
supernatant of a sample of 1–2NT that was centrifuged

Fig. 7 SIM images with 0.2 mol% acridine orange dye added to 2NT/NR (1 mM, top row), 1NT (1 mM, pH 6.5, middle row) and 1–2NT (2 mM, pH 6.5,
bottom), as a function of excitation laser (405 nm-blue, 488 nm-green, and 561 nm-red) and overlayed image of all excitation channels.
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immediately after a pH change to 9.0 showed that most of 1
partitioned into the supernatant in monomeric form, with 2NT
residing primarily in the pellet (Fig. S19†). This indicated that
1 could indeed be selectively removed using pH, and that the
emission of 2NT was restored upon the disassembly of 1, which
decreased the FRET from 2 to 1. Confocal imaging of a sample
of 1–2NT, placed on a microscope slide immediately after the
pH was adjusted to 9, revealed nanostructures showing a
gradual change in emission color from pseudo color green
(1NT) to blue (2NT) over 1.5 h (Fig. S20†). Close inspection of an
image after 81 min revealed a gradient of green and blue emis-
sion along a single structure, reflecting the partial erosion of 1
from one of the 1–2NT nanotubes (Fig. 9). The slower disassem-
bly of 1 observed by confocal imaging, compared to CD or
UV-Vis, likely emerged from the slower diffusion of NaOH on a
microscope slide under the imaging conditions. The obser-
vation that both components were present on a single nano-
structure and that one could be selectively removed suggested
that the two components are organized as integrated, self-
sorted arrays within the co-assembled nanotube.52 The pH-
induced dissociation of 1 from 1–2NT was also monitored by
TEM imaging over time (Fig. S21†). Immediately after the pH
change to 9.0, the dimensions of the nanotubes exhibited an
average outer diameter of 109.1 nm, an inner diameter of
74.7 nm, and a wall thickness of 10.4 nm. Comparatively,
these nanotubes had slightly larger inner and outer diameters
but smaller wall thicknesses than 1–2NT, suggesting that the

Fig. 8 TEM images (top row), confocal fluorescence images (middle row), and emission spectra (bottom row) of 1NT (1 mM) (a, e and i); 2NT/NR

(1 mM) (b, f and j); a 1 : 1 mixture of pre-assembled, self-sorted mixture of 1NT (1 mM) (a, e and i) and 2NT/NR (1 mM) (c, g and k), and 1–2NT (d, h and
l). Confocal fluorescence images were taken in spectral detector mode, excited at 402 nm, with 6 nm resolution and 32 channels, which were
merged together. Emission profiles generated from circled areas of the confocal fluorescence images were compared (bottom row) to emission
spectra of same samples acquired using a spectrofluorometer excited at 402 nm, using a triangular quartz cuvette.

Fig. 9 (a) Confocal fluorescence image of a 1 : 1 co-assembled mixture
of 1NT and 2M, aged 3 d at pH 6.5 then adjusted to pH 9.0 and immediately
placed on a glass slide for 81 minutes and imaged. The image was taken
in spectral detector mode, excited at 402 nm, with 6 nm resolution and
32 channels, which were merged together. (c) Emission profiles were gen-
erated along the structure, as labeled in the zoomed-in image in (b), and
compared to those obtained for 1NT and 2NT/NR, indicating that the emis-
sion from both compounds was detected on the same nanostructure.
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two components of 1–2NT were integrated as layers within a
multi-layer nanotube composite, which changed in dimen-
sions after 1 was removed. Nanotubes emerged over time with
progressively larger outer diameters (∼300 nm) that more
closely resembled the dimensions of single-component nano-
tubes of 2NT.

3. Conclusions
In summary, we have demonstrated the co-assembly of an inte-
grative, self-sorted nanotube composed of two components: a
peptide (1) and an amphiphile (2). The co-assembly of mole-
cules with distinct structural features that undergo assembly
via different mechanisms is hampered by their tendency to
self-sort into non-integrated nanostructures. Integrative co-
assembly was driven by electrostatic complementarity of the
two components, which was controlled by the pH-dependent
charge of 1. The two components were co-assembled as a
mixture of nanotubes of 1, formed by self-assembly at pH 4.0,
and monomeric 2, then adjusted to a pH of 6.0 to induce
electrostatic complementarity. Colocalization of both com-
ponents within the co-assembled nanotube, 1–2NT, was con-
firmed using a combination of TEM, AFM, CLSM and SIM
techniques. These studies suggest that 1 and 2 were organized
into self-sorted domains that were integrated as laminated
nanoribbons, which coiled together into the final co-
assembled nanotube. The CD spectra of 1–2NT indicated that
significant reorganization of the components occurred in the
process, compared with their self-sorted structures, as the
spectra were not a simple superposition of the spectra of both
self-assembled components.
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