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Single-tail peptide amphiphiles, have been explored as a new
class of biomaterials in many fields including nanotechnology
and tissue engineering.[1–3] A typical peptide amphiphile
molecule is linked through a covalent amide bond between
a hydrophilic peptide sequence and a hydrophobic lipid of
variable length. In an aqueous environment, these peptide
amphiphiles undergo self-assembly into structures such as
vesicles, both spherical and cylindrical micelles or nanotubes,
and have been successfully applied in the biomedical sciences
for biomaterial conjugation[4] and as bioactive scaffolds for
tissue engineering.[5, 6] Although covalent attachment of two
components to form peptide amphiphiles has been extremely
successful,[7,8] the synthetic versatility and the ability to
respond to external triggers remains limited. A supramolec-
ular approach to form the peptide amphiphile by connecting
two building blocks through a non-covalent interaction would
represent a major advance, especially in designing stimuli-
responsive systems capable of being targeted by specific
triggers.[9–15]

Cucurbit[n]urils (CB[n]) are a family of macrocyclic hosts
known to form inclusion complexes with selectivity and high
binding affinity in aqueous media.[16, 17] One of the larger
macrocycles in this family, CB[8], can be used as a “molecular
handcuff” to join two molecules together in a non-covalent
fashion,[18, 19] and has been applied to form biomaterials such
as polymer–protein conjugation and protein dimeriza-
tion.[20–24] Additionally, CB[n] hosts have found great utility
in “switch on/switch off” fluorescence assays by supramolec-
ular complexation with various fluorescent guests.[25–28]

Pyrene and its derivatives have been widely used as
fluorescence probes in a large number of complex systems, on
account of their high fluorescence quantum yields, long
excited state lifetimes and the ability to form excimers.[29]

Herein, we utilize a functional pyrene bearing an imidazolium
group both as a fluorescence sensor and as a guest for

CB[8][30] and linked it to a simple peptide sequence (1).
Pyrene-functionalized peptide 1 is able to form the supra-
molecular peptide amphiphile complex 3 with viologen lipid 2
through CB[8] conjugation, as shown in Figure 1 a. During the

Figure 1. a) Chemical structures of pyrene imidazolium-labeled peptide
and viologen-functionalized lipid, and their formation of ternary com-
plex with CB[8]. b) Supramolecular peptide amphiphile vesicle with
“switching off” of the fluorescence by the formation of ternary
complexes. c) Emission spectra of 1 (0.05 mm, excited at 303 nm) with
addition of CB[8] and 2 in different molecular ratio. Inset shows the
pictures of vials containing aqueous solution of i) 1, ii) 1 + CB[8]
(1:1), iii) 1 + 2 (1:1), iv) 1 + CB[8] + 2 (1:1:1) (0.5 mm) upon UV
irradiation (350 nm).
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formation of the pyrene–viologen–CB[8] ternary complex,
a marked “switch off” of the fluorescence is observed as
shown in Figure 1 c.

Once the non-covalent peptide amphiphiles are formed in
water, they readily undergo a subsequent self-assembly step
into vesicles (Figure 1 b).[9] We explored these vesicles as
potential peptide delivery agents into living (HeLa) cells, the
release of which can be stimulated with different triggers
thereby producing both a “switch on” of the fluorescence as
well as inducing cytotoxicity in cells (Figure 2).

The size of the pyrene group in arylimidazolium peptide
1 allowed for 1:1 complexation to occur with CB[8] (but not
with the smaller homologue CB[7])[30, 31] with a slight reduc-
tion in the fluorescence intensity upon host–guest binding
(Figure 1c). As CB[8] is large enough to encapsulate two
molecules at the same time,[16,17, 32] addition of the electron-
poor viologen lipid led to ternary complexation inside CB[8]
resulting in a significant effect on the optical properties of the
pyrene residue. Emission spectra (Figure 1c) indicated the
formation of the supramolecular peptide amphiphile as
a significant fluorescence quenching was observed from the
electron acceptor–donor interactions between the pyrene and
viologen moieties inside the CB[8] cavity.[33, 34] Even in the
absence of CB[8], a weak interaction between the pyrene and
viologen moieties was observed, which resulted in a slight
reduction of fluorescence intensity as illustrated in Figure 1c
(dashed line).

Complexation of the peptide amphiphile through CB[8]
binding was confirmed by 1H NMR spectroscopy carried out
in D2O as shown in a series of spectra in Figure 3a–c. When
one equivalent of CB[8] was added into a solution of peptide
1, the pyrene proton peaks (labeled with triangles) became
broad with a concomitant upfield shift, indicating encapsula-
tion of the pyrene moiety inside the hydrophobic CB[8]
cavity. Simultaneously, the imidazolium proton peaks (la-

beled with white dots) clearly shifted downfield and remained
sharp, suggesting that ion–dipole interactions existed between
the cationic imidazolium ring and the carbonyl groups located
at the CB[8] portals.[31, 35,36] When viologen lipid 2 was added
into an aqueous solution of the 1–CB[8] complex, the proton
peaks for both the pyrene group on 1 and the viologen group
on 2 exhibited upfield shifts in the 1H NMR spectrum as
illustrated in Figure 3c. These observations indicated that
hydrophobic lipid 2 was dissolved in water through the
formation of a ternary inclusion complex with peptide 1 and
CB[8].

In order to investigate the binding affinity of the
supramolecular peptide amphiphiles, isothermal titration
calorimetry (ITC) was carried out to measure the solution
binding constant (Ka) of approximately 1011

m
�2 for the

ternary complex (see Supporting Information Figures S6
and S7). The 1H NMR studies, emission spectra and ITC
measurements together offer compelling evidence that
a supramolecular peptide amphiphile 3 is indeed formed by
the ternary complexation of peptide 1, CB[8], and lipid 2 in
water as depicted in Figure 1a.

On account of the amphiphilic nature of complex 3,
double-layer vesicles were observed in water (0.05 mm), as
illustrated in Figure 1 b. In order to investigate the self-
assembly behavior of these unique supramolecular peptide
amphiphiles, transmission electron microscopy (TEM),
dynamic light scattering (DLS) measurements, and dilution
sutdies were carried out. In Figure 4a, vesicles were observed
after uranyl acetate staining with diameters ranging from 100
to 200 nm (calculated from the TEM images), which is in good
agreement with the average diameter obtained from DLS,
200� 60 nm (see Figure S11). The effect of dilution on vesicle
assembly was studied by investigating the steady-state
excitation spectra at 376 nm for the labeled pyrene probe

Figure 2. Peptide release with the “switching on” of the fluorescence
through dissociation of host–guest complexes with external trigger 4
or 5.

Figure 3. 1H NMR spectra in D2O at 25 8C of a) peptide 1, b) 1 + CB[8]
(1:1), c) 1-CB[8] + 2 (1:1), d) 3 + 2,6-dihydroxynaphthalene 4 (1:12),
e) 3 + 1-adamantylamine 5 (1:2). Protons of the pyrene, CH2 linker
and imidazolium moieties are labeled with triangles, black and white
dots, respectively. Protons of viologen and 4 are depicted with white
and black squares, respectively.
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(see Supporting Information).[37] The observed critical con-
centration of approximately 1 mm corresponds to the dissoci-
ation of the vesicles through decomplexation of the supra-
molecular peptide amphiphile building blocks into molecular
fragments consisting of lipid 2, peptide 1, and CB[8].

The vesicles prepared from the supramolecular peptide
amphiphiles are stimuli-responsive to a number of different
external triggers, such as competitive guests 2,6-dihydroxy-
naphthalene (4) and 1-adamantylamine (5), leading to the
release of pyrene peptide 1 into the surrounding environment
and simultaneously a “switch on” of the fluorescence. In the
1H NMR spectra in Figure 3d, the proton peaks of pyrene
experiences a downfield shift back to an “unbound” state with
addition of guest 4 (in excess). This observation indicated that
the guest exchange readily occurred, leading to the removal of

the peptide 1 from the CB[8] cavity. Meanwhile, viologen
proton peaks remained in a “bound” position through the
formation of a new 2–4–CB[8] ternary complex. On account
of separating the hydrophilic peptides from lipid 2, insoluble
aggregates of 2–CB[8]–4 complexes were formed as illus-
trated in the TEM image (Figure 4b).

Since the second guest exchange equilibria of CB[8]
ternary complexes with viologen derivatives are dynamic and
rapid,[38, 39] the pyrene fluorescence is immediately “switched
on” with addition of suitable competitive guests. As illus-
trated in Figure 5b, the fluorescence intensity of the pyrene
probe was enhanced with increasing concentration of 4,
enabling a continuous fluorescence assay for the decomplex-
ation of the supramolecular peptide amphiphiles. Thus, the
utility of the fluorescence probe is able to detect and quantify
the amount of peptide released from the vesicles.

A different response of the supramolecular peptide
amphiphile vesicles was observed with addition of 5 as
a stimulus. Instead of replacing one guest as was the case with
addition of 4, both pyrene and viologen moieties were
replaced from the host cavity upon the addition of 5.
1H NMR spectrum (Figure 3e) was the first insight to prove
the dissociation of the 1–CB[8]–2 ternary complexes, in that
the proton peaks of both pyrene and viologen shifted
downfield to “unbound” positions. However, the fluorescence
was also enhanced by titration of 5 into the solution of 1–
CB[8]–2 complexes (Figure 5b); the intensity of the fluores-
cence could not be fully “switched on”, as depicted in the inset
of Figure 5b. Experimentally, even over the guest exchange
equilibria (more than 1.2 equivalent of 5), the complexation

Figure 4. TEM images of a) the formation of peptide amphiphile
vesicles and b) decomplexation of the peptide amphiphile structure
with 12 equiv of trigger 4. The inset of (a) is a single vesicle.

Figure 5. a) CLSM images of HeLa cells with addition of i) 3, ii) 3 + 4, and iii) 3 + 5. b, c) Emission spectra of 3 (0.05 mm, excited at 303 nm)
with addition of b) 2,6-dihydroxynaphthalene (4) and c) 1-adamantylamine (5). Insets show the direct comparison of the increase in intensity (at
376 nm) with competitive guests 4 and 5, respectively. d) Cytotoxicity of 3, and triggered with 4 and 5, measured by MTT assay after 24 h
incubation.
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between peptide 1 and lipid 2 remained in the aqueous
solution. When the CB[8] cavity was occupied by 5, the weak
charge transfer interactions between viologen and pyrene
moieties (without CB[8] hosts) became dominant, and
resulted in quenching fluorescence as discussed previously
in Figure 1c (dashed line).

To demonstrate that the peptide amphiphile vesicles could
be used as delivery vehicles, confocal laser scanning micros-
copy (CLSM) was employed to monitor uptake of the vesicles
by HeLa cells. As shown in Figure 5a, after a 24 h incubation
of the HeLa cells with the supramolecular peptide-amphi-
phile vesicles, the fluorescence of the cell nuclei remained
weak. Turning on the fluorescence in the sample was readily
accomplished by addition of either competitive guest 4 or 5 as
illustrated in Figure 5a, which resulted in an intense blue
fluorescence from released 1.

The tunable cytotoxicity of 1–CB[8]–2 ternary complexes
with an external triggering stimuli of 4 or 5 against HeLa cells
was studied as illustrated in Figure 5d. With addition of
triggers 4 or 5, peptide 1 was released and simultaneously
turned on the fluorescence. Electron-rich guest 4 was able to
form ternary complexes with viologen lipid 2 inside the CB[8]
cavity as previously depicted, and this resulted in a relatively
non-cytotoxic entity. On the other hand, when using trigger 5,
both pyrene and viologen moieties were displaced from the
CB[8] cavity, leading to a similar cytotoxic effect as mixing
1 and 2 without any CB[8] host (Figure 5d). In this latter case,
upon the addition of 5, when the samples were subsequently
incubated for a longer period of time (a further 24 h), the
HeLa cells died on account of the release of viologen
derivative 2 into the environment.[40] A continuous fluores-
cence assay could be created from the disassociation of the
peptide amphiphile vesicles, thus quantitive detection of the
amount of released peptide could be accomplished and was
calculated by measuring the intensity of the pyrene fluores-
cence (see Figure S12). Therefore, the controlled release of
peptide 1 alone or of both peptide 1 and viologen lipid 2 to
alter the toxicity is possible on account of the supramolecular
peptide amphiphile structure.

In summary, we exploited a supramolecular approach to
form peptide amphiphiles in water through specific host–
guest complexation with CB[8]. Pyrene imidazolium deriva-
tives were utilized as both a reporting fluorophore and as
a suitable CB[8] guest to label a peptide sequence. A “switch
on/off” fluorescence assay was created by the controlled
association and dissociation of supramolecular peptide
amphiphile 3. Additionally, the self-assembled vesicles con-
taining peptide amphiphile 3 were readily taken up by HeLa
cells and responded to multiple external triggers (4 or 5),
which could modulate the toxicity and non-toxicity of the
supramolecular system. The exploitation of host–guest
chemistry to trigger the activation of a therapeutic system
by competitive complexation allows for the construction of
synthetic host–guest supramolecular systems that can present
dynamic and responsive behavior within living cells. Multi-
triggered systems may allow for orthogonally responsive drug
delivery and activation of a therapeutic system that achieves
site-specific toxicity and reduces damage to healthy systems.
We envision that this class of supramolecular peptide

amphiphiles, which displays fluorescence switching, is respon-
sive to multiple triggers in a controlled and reversible manner
and could lead to a new generation of hierarchical, stimuli-
responsive vehicles for drug-delivery, peptide therapeutics,
and supramolecular biomaterial conjugation with a wide
variety of biological sensing applications.
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