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V
esicles are ubiquitous building
blocks in living systems and are sig-
nificantly useful in the fields of chem-

istry, biology, and material science. Construc-
tion of vesicles with desired shape, size, and
properties endow them special functions for
the development of biomimetic systems,
drug/gene delivery systems, light-harvesting
systems, and microreactors.1�12 Controllable
switching assembly on/off is a prerequisite to
achieve potential applications.13�19 Conse-
quently, studies on stimuli�response of vesi-
cles have become an extraordinarily fascinat-
ing topic. Grafting stimuli�responsive sites
onto building blocks can lead to the fabrica-
tion of smart vesicle systems that are respon-
sive to photo-, electro-, thermo-, pH-, or
chemo-stimuli.16,20�32 However, to the best
of our knowledge, all the stimuli�responsive
vesicles reported only deal with response to
single stimulus up to now, although there
have been a few reports about multistimuli
responsive polymeric micelles and gels.33�37

In nature, the change in behavior of a macro-
molecule, such as proteins and nucleic acids,
is often a result of its response not to a single
factor, but to a combination of environmental
changes.33 Tomimic this feature, construction
of materials which can respond to multiple
stimuli in a predictable manner would be of
great interest.33�38

Besides the irreversible covalent route, the
supramolecular approach paves an alternative
way to build micelles, vesicles, and other
amphiphilic assemblies. Because such assem-
blies are held together by multiple weak and
therefore reversible interactions, supramolecu-
lar amphiphiles are a particularly responsive
and tunable formof softmatter.34,39 Until now,
several kinds of noncovalent interactions have

been used to fabricate supramolecular amphi-
philes, including hydrogen-bonding, charge-
transfer, and π 3 3 3π interactions, among
others.40�51 However, supramolecular vesicles
based on host�guest interactions have been
explored much less frequently.29,52�54 The
host�guest complexation events based on
cyclodextrin, sulfonatocalixarene, and cucurbi-
turil macrocycles occur commonly in aqueous
media, where some other noncovalent inter-
actions are not always effective.55 Moreover,
suchmacrocycles have been demonstrated to
be significantly biocompatible.56�61 Construc-
tion of supramolecular vesicles from these
macrocycles is of fundamental interest for
applications in biotechnology and medicine.
In this work, we report the successful con-

structionofmultistimuli-responsivenanosupra-
molecular binary vesicles from water-soluble
calixarene and asymmetric viologen, driven by
host�guest complexation. In fact, there have
beencertain reportsonamphiphilic assemblies
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ABSTRACT We report the novel construction of nanosupramolecular binary vesicles based on

host�guest complex formation between p-sulfonatocalix[4]arene and asymmetric viologen, which

was identified by UV�vis and fluorescence spectroscopy, dynamic laser scattering, transmission

electron microscopy, scanning electron microscopy, and surface tension experiments. The critical

aggregation concentration of asymmetric viologen decreases pronouncedly by a factor of ca. 1000

owing to the complexation of p-sulfonatocalix[4]arene. Furthermore, we have demonstrated that

the resulting vesicles can respond to multiple external stimuli, including temperature, host�guest

inclusion, and redox. Methods of warming and inclusion of cyclodextrins were then employed to

disrupt the vesicle architecture to release hydrophilic doxorubicin from the interior of the vesicle.

Finally, cell experiments were performed to evaluate the cellular toxicity of the supramolecular

binary vesicle and the anticancer efficiency of doxorubicin-loaded vesicle.
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aggregation
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based on calixarenes.16,62�67 Their intrinsic cone shape
is the prerequisite for high-curvature aggregations of
amphiphiles, and their relatively rigid framework can
enhance the aggregation stability.16,62,68 All these ex-
amples are uniformly built up via a covalent approach
that modifies calixarenes into amphiphiles by the
linkage of lipophilic groups at one rim and hydrophilic
groups at the other rim,where calixarenes act as simple
scaffolds only. The cavity encapsulation of calixarenes
is almost neglected except for two recent examples by
our group and others.69,70 In the previous work, we
reported the construction of a supramolecular binary
vesicle upon complexation of p-sulfonatocalix[5]arene
with 1-pyrenemethylaminium guest, where the calix
cavity was first exploited. As a part of our ongoing
program concerning the supramolecular vesicles
based on water-soluble calixarene macrocycles, a
new nanosupramolecular binary vesicle was fabricated
here from p-sulfonatocalix[4]arene (C4AS) and 1-meth-
yl-10-dodecyl-4,40-bipyridinium (MVC12) (Scheme 1).
The complexation of C4AS with organic guests is
dominantly enthalpy-driven and would be weakened
upon warming. The molecular amphiphilicity of MVC12
can be tuned by either redox or inclusion of cyclodex-
trins (CDs). Therefore, the present system is reasonably
anticipated to show fascinatingmultistimuli responses.

RESULTS AND DISCUSSION

Construction of Supramolecular Binary Vesicles Based on the
Host�Guest Complexation of C4AS with MVC12. The critical
aggregation concentrations (CAC) of MVC12 in the
presence of C4AS were measured by monitoring the
dependence of the absorbance at 450 nm on the
concentration of MVC12.

71�73 In the absence of C4AS,
themaximumabsorption ofMVC12 at 260 nm increases
linearly versus its increasing concentrations from 0.01

to 0.10 mM, and no absorption band is observed at
longer wavelengths (Supporting Information, Figure
S1a). Besides that, the quenching of the excited pyrene
probe molecules proceeds so slowly at diffusion-con-
trolled rates (Supporting Information, Figure S1b).
These two results indicate that MVC12 cannot aggre-
gate in this concentration range, coinciding with the
CAC value (ca. 2� 10�2 M) of MVC12 reported before.71

In the presence of C4AS, a broad absorption appears at
longer wavelengths (Figure 1a), belongs to the char-
ge�transfer complexation of calixarene with viologen
and π 3 3 3π aggregation of viologen themselves. The
complexation-induced CAC can therefore be obtained
according to the plot of absorbance at 450 nm versus

concentration of MVC12: 0.02 mM at 0.02 mM C4AS,
0.04 mM at 0.05 mM C4AS, and 0.07 mM at 0.08 mM
C4AS (Figure 1b�d). Excitingly, the CAC value of MVC12
decreases pronouncedly by a factor of ca. 1000due to the
complexation of C4AS. Fluorescence spectra of the solu-
tions containingpyreneprobemolecules show that in the
presence of C4AS the relative fluorescence intensity of
pyrenediminishesdramaticallywith the increasingMVC12
concentration (Figure 2 and Supporting Information,
Figure S2). The efficient quenching can be explained by
the proximity of the pyrene molecules to the viologen
headgroup if one accepts the increasingly widespread
view that nonpolar molecules like pyrene are solubilized
near the Stern layer in ionic micelles,74 which also proves
the formation of amphiphilic aggregation. It is noted that
C4AS is without any tendency to self-aggregation in
aqueous solution.75 Control experiments show that re-
placement of C4AS by its building subunit 4-phenolsulfo-
nic sodiumcouldnot induce the formationof aggregation
(Figure 3 and Supporting Information, Figure S3), indicat-
ingundoubtedly the host�guest complexationof C4AS is
the crucial factor leading to MVC12 aggregation, where

Scheme 1. Structural illustration of p-sulfonatocalix[4]arene (C4AS), asymmetric viologen (MVC12), and cyclodextrins (CDs).
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the electrostatic interaction between negative sulfonate
groups and positive viologen groups reinforces the com-
plex stability.

Although different concentrations of C4AS can all
decrease the CAC value of MVC12 pronouncedly, it is still
necessary to determine the best molar fraction of C4AS
leading toaggregation. Figure4aandSupporting Informa-
tion, Figure S4a show the absorbance evolution at 450 nm

as a function of C4AS concentration with a fixed MVC12
concentration at 0.08 mM, which undergoes a sharp
increase and then an inverse decrease upon gradual
addition of C4AS. In the left-hand portion of inflection,
C4AS and MVC12 form a higher-order complex with a
tendency toward amphiphilic aggregation, whereas in the
right-hand portion of inflection, excess C4AS leads to the
formation of a simple 1:1 inclusion complex rather than

Figure 1. (a) UV�vis absorption spectra of aqueous solutions ofMVC12 at different concentrations in the presence of 0.02mM
C4AS at 25 �C. Dependence of the absorbance at 450 nm on MVC12 concentration in the presence of C4AS: 0.02 mM (b),
0.05 mM (c), 0.08 mM (d).

Figure 2. (a) Fluorescence emission spectra of pyrene in aqueous solutions of MVC12 at different concentrations in the
presenceof 0.02mMC4AS at 25 �C. (b) Dependence of the relativefluorescence intensity of pyreneonMVC12 concentration in
the presence of 0.02 mM C4AS; [pyrene] = 1.00 μM.
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higher-order aggregation. The inflection appears at the
C4AS/MVC12 molar ratio of 0.5. The same result was also
obtained bymonitoring the relative fluorescence intensity
of pyrene probe molecules (Figure 4b and Supporting
Information, Figure S4b). That is, the charge-matching
molar ratio is most suitable for amphiphilic aggregation
of C4ASþMVC12 system.

As can be seen from Figure 5a, a solution of
C4ASþMVC12 presents a curved surface arising from
the decrease of surface tension, and concurrently,
exhibits a clear Tyndall effect, indicating the existence
of abundant nanoparticles. Similar phenomena are not
observed for the solution of free MVC12, revealing that
free MVC12 blocks cannot form nanoscale aggregates
under the same conditions. The distinguishable am-
phiphilic behaviors were further reinforced by the
surface tension measurements (Figure 5b). In the pre-
sence of C4AS, the surface tension of the solution
decreases dramatically upon adding MVC12 until a
maximum is reached, and after that C4ASþMVC12
amphiphiles start to aggregate in aqueous solution.
However, in the absence of C4AS, the surface tension
does not change with the increasing MVC12 concen-
tration from 0.01 to 0.10 mM.

Furthermore, dynamic laser scattering (DLS) and
transmission electron microscopy (TEM) were em-
ployed to identify the size and morphology of amphi-
philic aggregation of C4ASþMVC12. DLS result shows
that the C4ASþMVC12 complex forms spectacular
aggregates with a narrow size distribution, giving an

Figure 3. UV�vis absorption spectra of MVC12, C4AS,
MVC12þC4AS, and MVC12þ 4-phenolsulfonic sodium at 25
�C in water; [MVC12] = 0.08 mM, [C4AS] = 0.04 mM,
[4-phenolsulfonic sodium] = 0.20 mM.

Figure 4. Dependence of the absorbance at 450 nm (a) and dependence of the relative fluorescence intensity of pyrene (b) on
C4AS concentration with a fixed MVC12 concentration of 0.08 mM at 25 �C, [pyrene] = 1.00 μM.

Figure 5. (a) Tyndall effectof freeMVC12 (left) andC4ASþMVC12 complex (right), [MVC12] =0.08mM, [C4AS] =0.04mM. (b) Surface
tension data as a function of MVC12 concentration in the absence and in the presence of 0.04 mM C4AS at 25 �C in water.
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average diameter of 362 nm (Figure 6a). TEM images
show the hollow spherical morphology with a dia-
meter ranging from 50 to 400 nm, indicating convin-
cingly the vesicular structure (Figure 6b). Such spheres
are also found in scanning electron microscopy (SEM)
images (Figure 6c). Moreover, from the distinguishably
dark periphery and light central parts in the TEM
images, we obtain the thickness of the bilayer mem-
brane as about 7 nm, which is almost equal to the sum
of two MVC12 lengths and two C4AS heights.76,77

Combining all of the aforementioned results, we de-
duced the model of forming supramolecular binary
vesicles as that illustrated in Scheme 2. The hydro-
phobic alkyl chains in MVC12 are packed together, and
the inner- and outer-layer surfaces consist of hydro-
philic phenolic hydroxyl groups of C4AS, which are
exposed to water. C4AS and MVC12 are connected
together by host�guest interactions.

Multistimuli-Response of the Supramolecular Binary Vesicles.
The obtained supramolecular binary vesicles have the
capability of responding to three external stimuli,

including temperature, host�guest inclusion, and re-
dox (Scheme 3). As shown in Figure 7a and Supporting
Information, Figure S5, the absorbance at 450 nm
increases gradually with temperature descending from
70 to 5 �C, and decreases inversely with temperature
ascending from 5 to 70 �C, which reflects the processes
of assembly and disassembly, respectively. The left
assembly curve is almost symmetric to the right dis-
assembly one. The similar phenomenon is also ob-
served for the relative fluorescence intensity of pyrene
probe molecules. The intensity of pyrene fluorescence
emission decreases gradually with temperature des-
cending from 70 to 5 �C, and increases inversely with
temperature ascending from 5 to 70 �C (Figure 7b and
Supporting Information, Figure S6). Fluorescence con-
trol experiments were carried out with pyrene only at 5
and 70 �C and no such variation occurred (Supporting
Information, Figure S7). The fluorescence changes imply
the capture/release process of pyrene by vesicles. The
reversible assembly/disassembly process can be modu-
lated repeatedly several times (Figure 7c and Supporting
Information, Figure S8). More powerful evidence for the
disassembly of the vesicles comes from theDLSmeasure-
ments (Figure 7d), showing that the scattering intensity
decreases sharply when the temperature increases from
15 to 70 �C. As shown in Figure 7e, the average diameters
of C4ASþMVC12 aggregation at 15, 25, and 45 �C are
similar, and they are 359, 362, and 319 nm, respectively;
however, no particle size was measured at 70 �C. These
results indicate that the number of C4ASþMVC12 aggre-
gations decreases sharply with increasing temperature
accompanied by the gradual disassembly of the vesicles,
as a result, the scattering intensitydecreases sharplywhen

Figure 6. (a) DLS data of C4ASþMVC12 aggregation. TEM
(b) and SEM (c) images of C4ASþMVC12 aggregation.

Scheme 2. Schematic representation of the construction of
a supramolecular binary vesicle based on the host�guest
complexation of C4AS with MVC12.

Scheme 3. Schematic representation of the multistimuli-
response of supramolecular binary vesicles.
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the temperature increases from 15 to 70 �C; however, the
size of C4ASþMVC12 aggregation changes a little. The
temperature responseof the vesicle is acceptable for both
the complexation of sulfonatocalixarenes with organic
guests and the π 3 3 3π stacking of aromatic compounds
because they are enthalpy-drivenprocesses,whichwould
be weakened upon warming.58,78�83 The final disas-
sembled products may be water-soluble C4AS, MVC12,
and C4ASþMVC12 1:1 complex according to the thermo-
dynamic parameters for 1:1 intermolecular complexation

of viologen with C4AS.81 It is mentioned here that the
assembly/disassembly process can be accomplished in
the time scale of minutes with changing temperature,

which endows the vesicle with kinetic availability for
carry/release of special substrates.

It is well-established that the alkyl chain moiety is
able to form complexes with cyclodextrins (CDs). Here
we have exploited the propensity of CDs to form
complexes with MVC12 to modulate the hydrophobi-
city of the alkyl chainmoiety of MVC12, thereby leading

Figure 7. (a) Dependence of the absorbance of C4ASþMVC12 aggregation at 450 nm on temperature. (b) Dependence of the
relative fluorescence intensity of pyrene in aqueous solution of C4ASþMVC12 aggregation on temperature. (c) UV�vis
absorption spectra of C4ASþMVC12 aggregation observed upon several cycles of thermal equilibration at 5 and 70 �C. Inset:
absorbance changes at 450 nm. (d) Evolution of scattering intensity for the C4ASþMVC12 aggregation as a function of time
and temperature. (e) DLS results of C4ASþMVC12 aggregation at 15 (A), 25 (B), and 45 �C (C). [MVC12] = 0.08 mM, [C4AS] =
0.04 mM, [pyrene] = 1.00 μM.
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to the disassembly of the vesicle architecture. As
shown in Figure 8a and Supporting Information, Figure
S9a, the absorbance of C4ASþMVC12 aggregation at
450 nm decreases dramatically upon gradual addition
of R-CD, and ca. 2 equiv of R-CD is required to fully
disrupt the vesicles. It is also observed for the relative
fluorescence intensity of pyrene probe molecules. As
can be seen in Figure 8b and Supporting Information,
Figure S9b, adding R-CD to the solution increases the
intensity of fluorescence emission, which levels off after
the addition of ca. 2 equiv of R-CD. An alternative
rationalization of the data in Figure 8b would assume
the formation of pyreneþR-CD complex; however, this
possibility must be ruled out because the pyrene mole-
cule is too large to fit inside the R-CD cavity (Supporting
Information, Figure S10).84 The Tyndall effect for C4ASþ
MVC12 solution disappears after adding excess R-CD
accompanied by a dramatic decrease of scattering in-
tensity measured by DLS (Figure 8c). Concurrently, no
vesicle could be found in TEM images any more
(Figure 8d). All these results indicate the disassembly of
the C4ASþMVC12 binary vesicles upon addingR-CD. The
complexation-driven disruption of the vesicle is presum-
ably due to an increase in the hydrophilic nature of alkyl
chain upon immersion into the cavity of R-CD.

Similar experimental phenomena can also be ob-
servedbyaddingβ- orγ-CD (Figure9). Theonlydifference
is that comparedwithR-CD,moreβ- orγ-CD is required to
fully disrupt the vesicles (ca. 3 equiv). A rational explana-
tion is thatR-CD has a stronger binding ability toward the
alkyl chain moiety than β- and γ-CD.72 The comparison
amongR-,β-, andγ-CD further validates the issue that the
CD-induced disruption of C4ASþMVC12 vesicle is a
complexation-driven process.

It is well-known that viologens can be transformed
into the corresponding radical cations and neutral
molecules either chemically or electrochemically. It is
expected that the binary vesicle can be modulated by
one- or two-step reduction of MVC12 because C4AS
exhibits distinguishable binding affinities toward viologen
dication, radical cation, and neutral form, respectively.81 As
shown in Figure 10a,when excess hydrazinewas added to
the solution of MVC12, a new band at about 600 nm
appears corresponding to the radical cation state of
MVC12, and concurrently, the solution color changes from
colorless to blue (Figure 10b). However, in the case of
C4ASþMVC12, it shows the characteristic absorption of
the dimeric (or oligomeric) species of viologen radical
cation when hydrazine was added, and the solution color
changes to purple.77,85 The purple solution is much more

Figure 8. (a) Dependence of the absorbance of C4ASþMVC12 aggregation at 450 nmonR-CD concentration. (b) Dependence
of the relativefluorescence intensity of pyrene in aqueous solution of C4ASþMVC12 aggregation onR-CD concentration. (c) Tyndall
effect of C4ASþMVC12 aggregation in the absence (left) and in the presence (right) of excessR-CD. (d) TEM image of C4ASþMVC12
aggregation in the presence of excess R-CD. [MVC12] = 0.08 mM, [C4AS] = 0.04 mM, [R-CD] = 0.32 mM, [pyrene] = 1.00 μM.
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stable than the blue one when exposed to the air. Control
experiments were carried out with methyl viologen in the
absence and in the presence of C4AS, and no such
difference was found after reduction by hydrazine. This
implies that the C4ASþMVC12 system still exists in aggre-
gation form after reduction of MVC12 to its radical cation
state, also proved by the Tyndall effect (Figure 11a). Differ-
ently, the average diameter of the resulting particles
decreases to 153 nm (Figure 11b). TEM images confirm
theseparticles are also vesicles after reduction (Figure 11c).
Interestingly, DLS measurements show that the initial
vesicle can be recovered (average diameter of 308 nm)
after reoxidationofMVC12 radical cation state to itsdication
state (Figure 11b). That is, we can achieve the fascinating
conversion between two sizes of vesicles reversibly, driven
by chemical or electrical redox. Asprovedbefore, C4AScan
also bind viologen radical cation effectively,81 and thereby,
C4AS forms supramolecular binary vesicle with MVC12
radical cation too. For the decrease of vesicle size upon
reduction, one reasonable explanation is that the pro-
nouncedly weakened electrostatic repulsion from dication
to radical cation state is favorable for aggregation with
higher curvature.

Cyclic voltammetric experiment was further per-
formed for C4ASþMVC12 aggregation to demonstrate
that MVC12 can also be transformed into its radical cation
and neutral molecule in the presence of C4AS electroche-
mically (Supporting Information, Figure S11), which may
also modify the structure of C4ASþMVC12 binary vesicle.
As shown in Figure 12a, the Tyndall effect for C4ASþ
MVC12 aggregation disappeared after application of a
reduction potential (�1.6 V vsAg/AgCl) for 30min, accom-
panied by a dramatic decrease of scattering intensity
measured by DLS. Concurrently, no vesicle could be found
in TEM images any more (Figure 12b). All these results
indicate undoubtedly the disassembly of the supramole-
cular binary vesicles by transformation of MVC12 into the
corresponding neutral molecules electrochemically.

Loading Model Molecule by the Vesicles and its Controllable
Release. According to themultistimuli-responsive character
of binary C4ASþMVC12 vesicles, we selected doxorubicin
hydrochloride (DOX), one kind of water-soluble fluores-
cence dye and anticancer drug molecules, as model
molecule to investigate its capability of entrapment and
release. After purification by ultracentrifugation and dialy-
sis, DOX was successfully loaded in the vesicle. In com-
parisonwith theunloadedvesicle, theabsorptionof loaded

Figure 9. (a) Dependence of the absorbance of C4ASþMVC12 aggregation at 450 nm on β-CD concentration. (b) Tyndall
effect of C4ASþMVC12 aggregation in the absence (left) and in the presence (right) of excess β-CD. (c) Dependence of
the absorbance of C4ASþMVC12 aggregation at 450 nm on γ-CD concentration. (d) Tyndall effect of C4ASþMVC12

aggregation in the absence (left) and in the presence (right) of excess γ-CD. [MVC12] = 0.08 mM, [C4AS] = 0.04 mM,
[β-CD] = 0.32 mM, [γ-CD] = 0.32 mM.
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vesicle becomes much stronger from 450 to 550 nm
(Figure 13), which represents the characteristic absorption
of DOX. Moreover, the vesicular solution turns from color-
less to light red (Figure 13). According to UV�vis absorp-
tion spectra, the DOX encapsulation and loading efficiency
were calculated to be 86.0% and 6.1%, respectively.

The loaded DOXmolecules were successfully released
upon warming, together with the disassembly of the
vesicles, as proved by detecting the amplification of the
fluorescence signal of DOX accompanied with tempera-
ture increase (Supporting Information, Figure S12a). The
DOX-release process as a function of temperature was
recorded and is shown in Figure 14a. The results show that
increasing the temperature from 25 to 60 �C triggers a
gradual enhancement for DOX release, reaching 100% at
60 �C. The DOX-release process, accompanied with the
disassembly of the vesicle, was further reinforced by the
control experiment with the addition of Triton X-100,
which is known to solublize vesicles (Supporting Informa-
tion, Figure S12b). It is mentioned here that the fluores-
cence signal of DOX itself is almost not changed with
changing temperature from 25 to 60 �C (Supporting
Information, Figure S13). Furthermore, UV�vis absorption
spectroscopywas also used tomonitor the release of DOX
from DOX-loaded vesicles at 60 �C as well as with the
addition of Triton X-100 by the dialysismethod, the results
ofwhich are in accordancewith those obtained above. No
characteristic absorption of DOX from 450 to 550 nm can

be detected for DOX-loaded vesicles at 60 �C or with the
addition of Triton X-100 after dialysis, which indicates a
complete release of encapsulated DOX in the two cases
accompanied by the fully disassembly of the vesicles.

In another independent experiment, as shown in
Figure 14b and Supporting Information, Figure S14a, a

Figure 11. (a) Tyndall effect of C4ASþMVC12 aggregation
before (left) and after (right) reduction by excess hydrazine,
[MVC12] = 0.08 mM, [C4AS] = 0.04 mM. (b) DLS results of
C4ASþMVC12 aggregation (A), and its reduction (B) and
reoxidation (C) products. (c) TEM images of C4ASþMVC12
aggregation after reduction by excess hydrazine.

Figure 12. (a) Tyndall effect of C4ASþMVC12 aggregation
before (left) and after (right) application of a reduction
potential (�1.6 V vs Ag/AgCl) for 30 min, [MVC12] =
0.08 mM, [C4AS] = 0.04 mM. (b) TEM image of C4ASþ
MVC12 aggregation after application of a reduction
potential (�1.6 V vs Ag/AgCl) for 30 min.

Figure 10. (a) UV�vis absorption spectra of methyl viologen,
methyl viologenþC4AS, MVC12, and MVC12þC4AS after re-
duction by excess hydrazine. (b) The solution color of methyl
viologen (A), methyl viologenþC4AS (B), MVC12 (C), and
MVC12þC4AS (D) after reduction by excess hydrazine. [methyl
viologen] = 0.08 mM, [MVC12] = 0.08 mM, [C4AS] = 0.04 mM.
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very low release of entrapped DOX was observed over
periods of 100 h, indicating that the vesicles are highly
stable toward leakage at room temperature. However,
adding R-CD to the solution of DOX-loaded vesicles
resulted in a rapid and complete release of encapsu-
lated DOX (Figure 14b and Supporting Information,
Figure S14b). Control experiment shows that addingR-
CD to DOX solution cannot change its fluorescence
signal (Supporting Information, Figure S15), indicating
R-CD cannot form complex with DOX. UV�vis absorp-
tion spectroscopy was also used tomonitor the release
of DOX from DOX-loaded vesicles with the addition of
R-CD by dialysis method and no characteristic absorp-
tion of DOX from 450 to 550 nm can be detected for
DOX-loaded vesicles with the addition of R-CD after
dialysis, which also indicates a complete release of
encapsulated DOX upon the addition of R-CD accom-
panied by the fully disassembly of the vesicles.

Cellular Toxicity and Anticancer Efficiency of DOX-Loaded
Vesicle. We further performed the basic cell experi-
ments to evaluate the cellular toxicity of the supramo-
lecular binary vesicle and the anticancer efficiency of
DOX-loaded vesicle. First, unloaded vesicle, DOX, and

DOX-loaded vesicle were incubated with NIH3T3 cells
(normal cells), and the numbers of living cells in
different groups were recorded from day 1 to day 4.
As shown in Figure 15a, we found that the number of
living cell in unloaded vesicle group is always much

Figure 13. UV�vis absorption spectra of DOX, unloaded
vesicles, and DOX-loaded vesicles at 25 �C in water. Inset:
color change of DOX-loaded vesicle (right) compared with
unloaded one (left).

Figure 14. (a) Release percent of DOX from the loaded vesicle as a function of temperature. (b) Release percent of DOX from
the loaded vesicle as a function of time.

Figure 15. (a) Number of living NIH3T3 cells in blank group,
and after treatment with unloaded vesicle, DOX, and DOX-
loaded vesicles at different times. The asterisks indicate P <
0.01 versus DOX group and pound sign indicates P < 0.05
versusDOXgroup at the same time and same concentration
of DOX. (b) Number of living HepG-2 cells in blank group
and after treatment with DOX and DOX-loaded vesicles at
different times. The asterisks and pound sign indicate P <
0.05 versus the blank group, and the dollar sign indicates P<
0.05 versus DOX group at the same time and same con-
centration of DOX. When the P value was less than 0.05,
differences were considered statistically significant.
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more than that in DOX group from day 1 to day 4 (P <
0.01), indicating undoubtedly that the cytotoxicity of
unloaded vesicle was much lower compared with DOX.
Moreover, it is quite interesting and meaningful that the
number of living cells in the DOX-loaded vesicle group is
also always muchmore than that in the DOX group from
day 1 to day 4 (P < 0.05), and the morphology of living
cells in theDOX-loadedvesicle group is better than that in
the DOX group even after 96 h (Figure 16b,c), both of
which imply that the systemic toxicity of DOX was
reduced upon loading by vesicle. DOX and DOX-loaded
vesicles were then incubated with HepG-2 cells (cancer
cells), and the numbers of living cells in different groups
were also recorded from day 1 to day 4. As shown in
Figure 15b, we found that the numbers of living cells in
both the DOX group and the DOX-loaded vesicle group
are always much less than that in the blank group from
day 1 to day 4 (P < 0.05). Furthermore, both the numbers
of living cells from day 1 to day 4 (Figure 15b) and cell
images after 96 h (Figure 16e,f) for the DOX group and
DOX-loaded vesicle group showed that no obvious dif-
ference about therapeutic effects ofDOXgroupandDOX-
loadedvesicle groupagainst cancer cellswas found. It can
be seen that loading ofDOXby vesicle does not affect the
therapeutic effect of DOX for cancer cells. However, its
damage for normal cells is reduced. One reasonable
explanation is that anticancer drug DOX has a stronger
interaction with cancer cells than with normal cells, and

then the release of DOX fromvesicle to cancer cell ismore
efficient than that to normal cell.

CONCLUSIONS

We have successfully constructed self-assembled
nanosupramolecular binary vesicles based on host�
guest complexation, employing C4AS as the host and
MVC12 as the guest, respectively. The CAC value of
MVC12 decreases pronouncedly by a factor of ca. 1000
due to the complexation of C4AS. More noticeably, the
obtained vesicle is multistimuli-responsive, benefiting
from the intrinsic advantages of supramolecules. Re-
duction of MVC12 to radical cation state can adjust the
vesicle to smaller species and vice versa. Reduction to
neutral form, increasing temperature, and inclusion of
CDs can all lead to the vesicle disruption completely. All
these external stimuli can act as an effective switch that
triggers the efficient release of the entrapped sub-
strates. In addition, cell experiments show that the
loading of DOX by a vesicle does not affect the
therapeutic effect of DOX for cancer cells, whereas its
damage for normal cells is reduced. The present results
not only pave an alternative way to build novel supra-
molecular vesicles, but also endow vesicle multistimuli
responsiveness for the first time. Such smart self-
assembled modeling materials promise substantial
application in the fields of controlled release and drug
delivery.

METHODS
Materials Preparation. Pyrene and 4-phenolsulfonic sodium

were commercially available from Acros. Hydrazine and doxorubi-
cin hydrochloride were commercially available from Aladdin. The

R-, β-, and γ-cyclodextrins were purchased from TCI. All of these
were used without further purification. Methyl viologen, asym-
metric viologen, and p-sulfonatocalix[4]arene were synthesized
and purified according to previously reported procedures,81,86,87

Figure 16. The images of living NIH3T3 cells in blank group (a), DOX group (b), and DOX-loaded vesicle group (c) after 96 h.
The images of living HepG-2 cells in blank group (d), DOX group (e), and DOX-loaded vesicle group (f) after 96 h.
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and they were identified by 1H NMR spectroscopy in D2O, per-
formed on a Varian 300 spectrometer, mass spectrometry, per-
formed on an IonSpec QFT-ESI MS, and elemental analysis,
performed on a Perkin�Elmer-2400C instrument.

DOX-Loaded Vesicle. DOX-loaded vesicles were prepared as
follows: A certain amount of DOX was added to a solution
containing C4AS and MVC12, and then some water was added
until the volume of the solution reached 25 mL. The ultimate
concentrations of DOX, C4AS, and MVC12 were 0.01, 0.04, and
0.08 mM, respectively. Subsequently, the prepared DOX-loaded
vesicles were purified by ultracentrifugation (10000 rpm for 2min)
and dialysis (molecular weight cutoff = 3500) in distilled water for
several times until the water outside the dialysis tube exhibited
negligible DOX fluorescence.

The DOX encapsulation and loading efficiency were calcu-
lated by the following equations:

encapsulation efficiency (%) ¼ (mDOX-loaded=mDOX)100 (1)

loading efficiency (%) ¼ (mDOX-loaded=mNPs)100 (2)

mDOX-loaded, mDOX, and mNPs are mass of DOX encapsulated in
vesicles, mass of DOX added, and mass of DOX-loaded vesicles,
respectively. The mass of DOX was measured by a UV spectro-
photometer at 490 nm and calculated as relative to a standard
calibration curve in the concentrations from 3.82 to 22.92 μg/
mL in water.

Controllable DOX release. An excitation wavelength of 500 nm
and an emission wavelength of 589 nm were used. The initial
fluorescence intensity (F0) of DOX-loaded vesicles was mea-
sured by using a fluorescence spectrometer, and then the
fluorescence intensity (FT) of DOX-loaded vesicles was mea-
sured as a function of temperature. The temperature treatment
time for determination is 5 min for every temperature point. In
another independent experiment, the fluorescence intensity
(Ft) of DOX-loaded vesicles was measured as a function of time.
Next, the fluorescence intensity (FCD) of DOX-loaded vesicles
after adding R-CD was measured. Finally, to confirm the overall
intensity (FTriton), more DOX-loaded vesicles were completely
disrupted by adding Triton X-100. The release percentage of
DOX-loaded vesicles was calculated by using eq 3:

release percentage (%) ¼ ((FT(t)(CD) � F0)=(FTriton � F0))100

(3)

The reason for the quenching of fluorescence emission of DOX
in the vesicles may be the self-quenching originating from its
relatively high concentration in the vesicles or the photoin-
duced electron transfer from the oxygen anion at the lower-rim
of C4AS to DOX. The pH value for this C4ASþMVC12 system is
5.31. According to the pKa values of lower-rim phenolic hydroxyl
groups of C4AS (pKa values =3.08, 12.02),

88 at least one phenol
group is deprotonated at this pH value.

The release of DOX from DOX-loaded vesicles at 60 �C, with
the addition of Triton X-100, and with the addition of R-CD by
dialysis method was performed as follows: The DOX-loaded
vesicles at 60 �C, with the addition of Triton X-100, or with
the addition of excess R-CD were dialyzed (molecular weight
cutoff=3500) against the deionizedwater for several times until
the water outside the dialysis tube exhibited negligible DOX
fluorescence. And then, the inner solution was taken, and its
DOX content was measured via absorbance at 490 nm.

UV�vis Absorption and Fluorescence Emission Spectra. UV�vis
spectra were recorded in a quartz cell (light path 10 mm) on a
ShimadzuUV-3600 spectrophotometerequippedwithaPTC-348WI
temperature controller. Steady-state fluorescence spectra were
recorded in a conventional quartz cell (light path 10 mm) on a
Varian Cary Eclipse equipped with a Varian Cary single-cell peltier
accessory to control temperature. λex = 335.0 nm; bandwidth (ex),
10 nm; bandwidth (em), 2.5 nm, unless otherwise stated.

Surface Tension Measurements. The static surface tension in
aqueous solution wasmeasured by using a QBZY full-automatic
surface tensiometer by the method of platinum plate at 25 �C.

TEM and SEM Experiments. TEM images were recorded on a
Philips TecnaiG220S-TWINmicroscopeoperatingat anaccelerating

voltage of 200 keV. The sample for TEM measurements was
prepared by dropping the solution onto a copper grid. The grid
was then air-dried. SEM imageswere recordedonaHitachi S-3500N
SEM. The sample for SEMmeasurementswaspreparedbydropping
the solution onto a coverslip, followed by evaporating the liquid in
air. The concentrations of C4AS andMVC12 were 0.04 and 0.08mM,
respectively.

DLS Measurements. The sample solution for DLS measurements
was prepared by filtering solution through a 450 nmMillipore filter
into a clean scintillation vial. The samples were examined on a laser
light scattering spectrometer (BI-200SM) equipped with a digital
correlator (Turbo Corr.) at 532 nm at a scattering angle of 90�. The
concentrations of C4AS and MVC12 were 0.04 and 0.08 mM,
respectively.

Electrochemical Experiments. The cyclic voltammetric measure-
ments were carried out on a BAS Epsilon electrochemical analyzer
with C3 cell stand. All the samples were prepared in aqueous
solutions at 25 �C, and deoxygenated by purgingwith dry nitrogen
before each experiment. The glassy carbon working electrode was
polishedwith 0.05 μmBAS alumina suspension on a brown Texmet
polishing pad, sonicated in distilled water for a few minutes to
remove any residual aluminaparticles, and then rinsedwith ethanol
before use. A platinumwire was used as the counter electrode. The
measured potentials were recorded with respect to an Ag/AgCl
(immersed in a solution containing 3 M sodium chloride) reference
electrode. The concentrations of C4AS and MVC12 were 0.04 and
0.08 mM, respectively. The scan rate is 10 mV/s.

The electrochemical reduction of C4ASþMVC12 aggrega-
tion was performed as follows: a thin platinumplate (as working
electrode) was placed in a 1.0 cm cell, to which 3.0 mL of
C4ASþMVC12 aggregation solution was added. A platinum
wire as counter electrode and an Ag/AgCl electrode as refer-
ence electrode were carefully inserted into the solution. And
then a reduction potential (�1.6 V vs Ag/AgCl) was applied for
the sample for 30 min. The concentrations of C4AS and MVC12
were 0.04 and 0.08 mM, respectively.

Cell Experiments. NIH3T3 and HepG-2 cells were seeded in
clear 24-well plates at a density of 104 cells/well in 1000 μL of
complete DMEMand 10% FCS, and grown for 24 h at 37 �C. NIH3T3
cells were subsequently incubatedwith unloaded vesicle, DOX, and
DOX-loaded vesicle. HepG-2 cells were subsequently incubated
with DOX and DOX-loaded vesicle. The ultimate concentrations of
DOX, C4AS, and MVC12 were 0.01, 0.04, and 0.08 mM, respectively.
After another 24, 48, 72, and 96 h incubation, the number of living
cells in every group was measured. The number of living cells is
expressed as themean( standarddeviation and t-testwasused for
statistical analysis of the data. Differences were considered statisti-
cally significant when the P value was less than 0.05.
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