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ABSTRACT: Supramolecular binary vesicles based on the host—guest complexation

of water-soluble pillar[6]arene (WP6) and SAINT molecule have been successfully —

constructed, which showed pH-, Ca®'-, and thermal-responsiveness. These supra- Q’:’“”’””

molecular vesicles can efficiently encapsulate model substrate calcein, which then can

be efficiently released either by adjusting the solution pH to acidic condition due to ° _____

the complete disruption of vesicular structure, or particularly, by adding a certain Size (~200 nm)
due to the Ca**-induced vesicle fusion and accompanied by the / PH<7

structure disruption. More importantly, drug loading and releasing experiments @

amount of Ca®*
demonstrate that an anticancer drug, DOX, can be successfully encapsulated by the ‘

supramolecular vesicles, and the resulting DOX-loaded vesicles exhibit efficient
Size (~3 um)

SsH asssmbly Lo,

Heat toTm

release of the encapsulated DOX with the pH adjustment or the introduction of Ca’*.
Cytotoxicity experiments suggest that the resulting DOX-loaded supramolecular
vesicles exhibit comparable therapeutic effect for cancer cells as free DOX and the
remarkably reduced damage for normal cells as well. The present multistimuli-responsive supramolecular vesicles have great
potential applications in the field of controlled drug delivery. In addition, giant supramolecular vesicles (~3 pm) with large
internal volume and good stability can be achieved by increasing the temperature of WP6 D SAINT vesicular solution, and they
might have potential applications for bioimaging.

B INTRODUCTION

One of the main challenges in current supramolecular
chemistry is how to narrow the gap between the general
principles of molecular recognition/self-assembly and their
applications in biology and medical materials. Construction of
vesicles with desired shape, size, and properties endow them
special functions for the development of biomimetic systems,
drug/gene delivery systems, and microreactors.' Recently,
studies on stimuli-responsive supramolecular vesicles® have
become an extraordinarily fascinating topic, due to their unique
structures that can efficiently encapsulate drugs, shield them

from degradation, reduce their cytotoxicity, and release them e He . e
with specific external stimulus. Up to now, various strategies for pyridinium amphiphiles with one pyridinium group and two

the construction of single stimulus- resEonswe supramolecular ?\lkyl chains hfwe been \lmdely apph?;l_/for the delivery of ]?NA
vesicles that are responswe to photo— electro— thermo-.2¢ into cells as highly efficient vectors,”™" but the characteristic of
)

pH- 2" enzyme-* or chemostimuli® respectively, have SAINT as cationic nanocarriers has greatly limited their

been exploited; however, there are only a few reports on the appli.cations in biology and_ drug delivexjy due to the blood
construction of multistimuli-responsive supramolecular vesicles clotting caused by the cation effect. Since the host—guest
based on noncovalent interactions.> Therefore, the fabrication

actions is of great interest and importance for their applications
in the field of biotechnology and biomedicine, particularly of
drug delivery.

So far, although several kinds of noncovalent interactions
have been used to fabricate supramolecular amphiphiles,
supramolecular vesicles constructed by supramolecular amphi-
philes, particularly by pillararene-based supramolecular amphi-
philes, have been much less frequently explored in the field of
drug delivery.**** Water-soluble pillararenes (WP6)*** have
been demonstrated to be significantly biocompatible in aqueous
media (Scheme 1)°*® which is of 1mportance for their
applications in drug delivery. SAINT molecules® which are

of multistimuli-responsive supramolecular vesicles constructed
by supramolecular amphiphiles through noncovalent inter-
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Scheme 1. Schematic Illustration of the Formation of
Multistimuli-Responsive Supramolecular Vesicles

Self-assembly O
s ——

Cationic vesicle

N _—

0.COONa
Na0OC ™0
O, COONa
Na0OC ™0 =
O _CoONa
Na0OC 0
COONa
Na0OC ™0 2
ovcoom -
yuooc"o —
S (O~ Co0Na —
Na0OC ™0

Self-assembly Self-assembly
(PH>7) (PH >7)

Anionic vesicles
Anionic vesicles Size (~200 nm)

@/ Y

lHeal toT,,

° /

%, ;
\\/?0&( Drug delivery |

recognition motif based on WP6 and pyridinium salt has been
demonstrated to have a strong binding affinity in water driven
by hydrophobic and electrostatic interactions,” we envision
that the supramolecular amphiphile could be achieved from
WP6 and SAINT derivatives based on the host—guest
interaction of WP6 and the pyridinium moiety of SAINT
(Scheme 1). Moreover, the charges of the original cationic
SAINT derivatives would be converted to anionic WP6 D
SAINT complex, and the obtained supramolecular amphiphile
would be possibly able to form anionic supramolecular vesicles
in water by self-assembly, which would eliminate the limitation
of cationic SAINT derivatives for the applications in drug
delivery.

Following our previous work that pillararene-based single
pH-responsive supramolecular vesicles were first apphed as
drug delivery system for intracellular drug delivery, herein, we
report the successful construction of a novel type of
multistimuli-responsive nanoscale pillararene-based supramo-
lecular binary vesicles from WP6 and SAINT molecule G
(Scheme 1), which are demonstrated to be efficient carriers for
encapsulation and controlled release of anticancer drug
doxorubicin (DOX) by either adjusting the solution pH or
introducing Ca®*. Particularly, it is found that the addition of
Ca® could induce rapid fusion of WP6 D G vesicles
accompanied by the structure disruption, achieving Ca*'-
responsiveness. In the last few decades, the research on the
Ca’*-induced real-time cytomimetic fusion process of lipid
vesicles (liposomes) and polymeric vesicles has been reported.®
However, it is the first time to observe the Ca**-induced fusion
process of supramolecular vesicles, which provides the useful
information for understanding the fusion process concerning
with supramolecular interactions. Since Ca** plays essential
roles in a number of biochemical processes and the aberrations
of calcium concentration in the plasma have been associated
with many diseases, such as cancer,” as an appealing exploration
for therapeutic purposes, the drug-loaded supramolecular

Size (~3 pm)

vesciles with Ca®*-responsiveness may find potential applica-
tions in the field of biotechnology, diagnostics, and drug
delivery systems (DDS). The cytotoxicity experiments
demonstrate that the resulting DOX-loaded supramolecular
vesicles exhibit comparable therapeutic effect for cancer cells as
free DOX and the remarkably reduced damage for normal cells.
In addition, giant supramolecular vesicles with large internal
volume and good stability can be achieved from small
supramolecular vesicles formed from WP6 and SAINT by
increasing the temperature of the vesicular solution,®'°
exhibiting the thermal-responsiveness, which might have the
potential applications for bioimaging.

B RESULTS AND DISCUSSION

Host—Guest Complexation Study. WP6, SAINT mole-
cule G, and model compound G’ were synthesized according to
established procedures.*”’'® Initially, the complexation
between WP6 and guest G would be investigated by 'H
NMR spectroscopy, but the clear 'H NMR spectrum of G
could not be possibly obtained due to its poor solubility in
aqueous solution. Therefore, the model compound G’ (1-
methyl-4-(pentan-3-yl)pyridin-1-ium iodide, an analogue of G)
was used for the host—guest complexation study of WP6 and
G. Figure 1 showed the '"H NMR titration results of WP6 that

Figure 1. 'H NMR spectra (300 MHz, D,0, 298 K) of G’ at a
constant concentration of 2 mM with different concentrations of WP6:
(a) 0.00, (b) 1.00, (c) 1.33, (d) 2.00, (e) 4.00, (f) 6.00 mM, and (g)
only WP6 (5 mM).

was added into a solution of G’ in D, O, from which remarkable
upfield chemical shifts of the pyridine protons (H, and Hy),
methenyl, methylene, and methyl protons (Hy H,, and Hy) of
G’ were observed upon addition of WP6 due to the shielding
effect of the electron-rich cavities of WP6 toward G’, while no
obvious change was observed for the N-methyl protons (H,) of
G’. The above results revealed that guest G’ threaded into the
host WP6 with its protons H,, Hy, Hy, H,, and H; in the
hydrophobic WP6 cavity and N-methyl protons H, out of the
cavity. Moreover, 2D NOESY experiment was also performed
to investigate the spatial conformation of such inclusion
complex (Figure S2, Supporting Information), from which
NOE correlation signals were observed between protons H; of
WP6 and H,, H,, H; of G’, as well as protons H; of WP6 and
H,, H; of G’, confirming the above threading binding mode.
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Subsequently, ITC experiment, which is a powerful tool for
investigating the host—guest complex interactions, was applied
to determine the binding constant (K,) and the thermody-
namic parameters (enthalpy and entropy changes AH° and
AS°) of WP6 D G’ complex.'' On the basis of the ITC data
(Figure SS, Supporting Information), K, for the formation of
1:1 WP6 D G’ complex was calculated to be (1.67 & 0.13) X
10° M~ with a good “N” value of 1.09 by the curve fitting.
Moreover, from the ITC data, the 1:1 complexation between
WP6 and G’ could be obtained, which was driven by a
favorable enthalpy change (AH® = —11.74 kJ-mol™'),
accompanied by positive entropy change (TAS° = 18.09 kJ-
mol™). In addition, the 1:1 stoichiometry complex between
WP6 and the real guest G was also confirmed by Job’s plot
method using the UV—vis spectroscopy (Figure S1, Supporting
Information).

Construction of Supramolecular Binary Vesicles
Based on the Host—Guest Complexation of WP6 with
SAINT (G). After the accomplishment of the amphiphilic WP6
D G recognition motif in water, the ability of the above
supramolecular complex to form higher-order aggregates in
water was further investigated. Because of the poor solubility of
G in water, we rapidly injected G (0.014 mmol, dissolved in 4
mL of ethanol) into 95 mL of deionized (DI) water, and then
another portion of DI water was filled until the volume of the
solution reached 100 mL. This resulting solution was
investigated by transmission electron microscopy (TEM),
dynamic laser scattering (DLS), and UV—vis experiments,
which showed that no aggregate assembled by G itself existed
under examined conditions although the guest G itself is an
amphiphilic molecule and it was reported to be able to form
vesicle structure in aqueous soltuion.** However, with the
addition of WP6, a light blue opalescence was obviously
observed form the aqueous solution. The size and morphology
of this nanostructural aggregates formed by WP6 D G
supramolecular amphiphile in aqueous solution are shown in
Figure 2 by DLS and TEM, respectively. DLS result showed

100)(a)

Intensity
a
o

Figure 2. (a) DLS data of the WP6 + G vesicles. TEM images: (b)
WP6 + G vesicles; (c) WP6 + G vesicles after the solution pH was
adjusted to 5.0; (d—f) WP6 + G vesicles after the addition of calcium
chloride (5.0 mM), and then quenching with EDTA after S min.

that the WP6 O G complex formed aggregates with a narrow
size distribution, giving an average diameter of 191 nm (Figure
2a), and TEM images indicated the hollow spherical
morphology with a diameter ranging from 120 to 200 nm,
convincingly indicating the formation of suprmolecular
vesicular structure (Figure 2b).

Since it was observed that the addition of different amount of
WP6 led to obvious changes of opalescence intensity in
aqueous solution, it is necessary to determine the best molar
fraction of WP6 and G to form aggregates, which was then

determined by the UV—vis titration experiments (Figure S3,
Supporting Information). Upon gradually increasing the
amount of WP6 that was added, it was found that the
absorbance evolution at 350 nm underwent a sharp increase
thereafter an inverse decrease upon further addition of WP6.
This rapid increase of the absorbance intensity indicated that
WP6 and G formed a higher-order complex with a tendency
toward amphiphilic aggregation, whereas it underwent
disassembly upon further addition of WP6, generating a simple
1:1 supramolecular inclusion complex. Thus, the best molar
ratio 12:1 (G/WP6) for the formation of supramolecular
amphiphilic vesicles was determined at the inflection point
(Figure S3b, Supporting Information). Moreover, {-potential,">
which is also called the electric potential, refers to the potential
at the shear plane, was applied for investigating the stability of
the obtained vesicles. It was found that the {-potential of the
vesicles gradually changed from positive (+30 mV, [G]/[WP6]
= 40:1) to negative (—30 mV, [G]/[WP6] = 7:1) upon
addition of WP6 in the titration experiments (Figure S4,
Supporting Information). In particular, the {-potential of the
vesicles formed at the best molar fraction ([G]/[WP6] = 12:1)
was close to 0 mV, which means that vesicles obtained at the
best molar ratio were not stable. Therefore, considering the
repulsive-force-induced increasing-stability of vesicles, the
molar ratio of 10:1 [G]/[WP6] ({-potential = —25 mV) was
chosen for further investigation of their stimuli-responsive
behavior as well as their applications in drug delivery.

Multistimuli-Responsiveness of the Supramolecular
Vesicles. The supramolecular vesicles with multistimuli-
responsiveness are of extreme importance to their applications
in DDS. Tyndall effect of the WP6 D G ([G]/[WP6] = 10:1)
vesicular solution dramatically disappeared after adjusting the
solution pH to 5.0, and meanwhile no vesicle could be found by
TEM any more (Figure 2c), due to the precipitation of WP6 as
acid form out of the acidic aqueous solution. And then water-
soluble calcein as a model hydrophilic dye was successfully
loaded into the WP6 D G vesicles at pH = 7.4, where the
calcein-loaded vesicles showed much larger size in morphology
(for details, see Figure S7, Supporting Information). Sub-
sequently, the release behavior of calcein-encapsulated supra-
molecular vesicles under acidic conditions was investigated. As
expected, when the solution pH was adjusted to acidity, the
release of calcein from the cavities of vesicles was obviously
observed accompanied by the increase of fluorescence intensity
of calcein (Figure S8, Supporting Information). All the above
results clearly demonstrated that such WP6 D G supra-
molecular vesicles exhibited a good pH-responsiveness, which
endows them with the ability to encapsulate substrates at
neutral condition and release them in response to an acidic
condition.

Besides the pH-responsiveness, more importantly, these
obtained WP6 D G supramolecular vesicles have the capability
of responding to Ca** due to the Ca®"-induced vesicle fusion.
On the basis of the TEM experiments, it was found that when
CaCl, solution (5 mM) was added into the WP6 D G vesicular
solution where vesicles were formed with average diameters
about 190 nm, the vesicle fusion process was observed with the
large numbers of giant and irregular vesicles of almost 10-fold
increase in the average diameter (~1—4 um) (Figure 2d—f).
Moreover, DLS results also demonstrated that the average
diameters of vesicles increased sharply with the time extension
during the fusion process and the size distribution of the
vesicular solution became polydisperse after fusion (Figure S12,
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Supporting Information), which were in good agreement with
the TEM images. Subsequently, binary mixing assays using the
Cetyl Rhodamine B (CERB) probe'® was carried out to further
verify the fusion process of WP6 D G vesicles upon addition of
Ca®, which were recorded by confocal laser scanning
microscope (Figure 3). With the addition of Ca®" and the

Figure 3. Images of vesicle fusion process obtained by confocal laser
scanning fluorescence microscopy after the addition of calcium
chloride (5.0 mM) from 0 to 8 min.

time extension, the fluorescence intensity of CERB gradually
increased, but it terminated after 8 min, indicating the fast
fusion process was completed within a very short period.
Therefore, on the basis of the above observations together with
the strong binding between WP6 and Ca** ((1.56 + 0.103) X
10* M™') confirmed by ITC experiments (Figure S11,
Supporting Information), the WP6 D G vesicle fusion process
should be dissected into the following three well-defined
processes: first, Ca®* binding to the carboxylate headgroups of
WP6, which exist in the outside surface of the WP6 D G
vesicles; then, such Ca?*-WP6 binding further induced the
vesicle aggregation; and ultimately, merging of the bilayers
resulted in the vesicle fusion.®

Since vesicle fusion process is accompanied by the release of
the entrapped substrates, to further investigate the effect of
Ca’ concentration on the vesicle fusion process, after the
above supramolecular vesicles were loaded with calcein, a
different amount of Ca** was added and then calcein-release
caused by vesicle fusion was monitored by fluorescence
measurement (Figure 4). It was found that with the increase
of Ca®" concentration that was added, the releasing percentage
of calcein gradually increased. While when the concentration of
Ca’ was increased to 10 mM, the releasing rate obviously
reduced, and then flocculation of the fused aggregated became a
dominant process. Therefore, based on the above meaningful
investigation, Ca**-induced rapid fusion process of supra-
molecular WP6 D G vesicles was demonstrated for the first
time, which might provide some useful information for
understanding the fusion process associated with noncovalent
interactions and attract considerable attention in the field of
biotechnology, diagnostics, and DDS.

In addition, it is well-known that the gel-to-liquid crystalline
temperature of the SAINT molecules such as G in this case is
around 30 °C,°*'® which means that the alkyl chains of G are
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Figure 4. Calcium-induced calcein-loaded vesicle fusion led to the
release of calcein in the presence of different Ca** concentrations that

was added.

fully extended and ordered with the temperature below 30 °C,
but such ordered structure will “melt” to liquid-like arrange-
ment with the temperature above 30 °C."*'%*'* Therefore, the
WP6 D G supramolecular vesicles might exhibit a thermal-
responsiveness. It was found that the standard WP6 D G
vesicular solution was transparent with a light blue opalescence
at 20 °C (Figure Sa); however, after it was heated at 36 °C for §

P

Figure 5. WP6 + G vesicular solution ([WP6] = 1.7 X 107° M, [G] =
146 X 107* M): (a) at 20 °C; (b) at 36 °C for 5 min; (c) TEM images
of WP6 + G vesicular solution after standing at 36 °C for 5 min.

min, which is above the gel-to-liquid crystalline temperature,
the vesicular solution became remarkably cloudy and its
turbidity sharply increased (Figure Sb). Meanwhile, the DLS
experimental result suggested that the average diameter of the
vesicles became much larger after heating than before heating
(Figure S9, Supporting Information). More intuitively, its TEM
images showed that the newly generated giant vesicles (1—3
um) were observed after heating at 36 °C for S min (Figure
5c), which was attributed to the thermal-induced fusion of
small vesicles, indicating the thermal-responsiveness of WP6 D
G vesicles. This temperature-dependent vesicle fusion effect
was similar to previously reported interdigitation-fusion vesicles
(IFVs),"“'® which also possessed a very large captured volume.
Especially, {-potential of such obtained giant vesicles was about
—40 mv (Figure S10a, Supporting Information), and no calcein
release could be observed from such calcein-encapsulated giant
vesicles based on the fluorescence detection even after standing
at water bath (37 °C) for 48 h (Figure S10b, Supporting
Information), indicating the high stability of such obtained
giant vesicles. To the best of our knowledge, in the previous
study helper lipid or cholesterol was often used to enhance the
stability of vesicles formed from SAINT molecules,'*7*%'¢
whereas the enhanced stability of the above supramolecular
giant vesicles formed from WP6 D G was probably attributed
to the presence of cooperative noncovalent interactions. These
giant vesicles with large internal volume and good stability
might be particularly attractive for biomimetic and bioimaging
applications.
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Encapsulation of Hydrophobic Drug Doxorubicin by
Vesicles and its Multiresponsive Release. The obtained
pH- and Ca’"-responvsive WP6 D G supramolecular vesicles
could be “smart” for controlled drug release. Herein,
doxorubicin (DOX), one kind of hydrophobic anticancer
drug and a fluorescence dye, was used to investigate the DOX
encapsulation efficiency of the WP6 D G vesicles as well as its
release behavior by external stimuli. After being desalted by
TEA, DOX could be successfully loaded in the hydrophobic
Stern layer of the vesicles, and the unloaded DOX was removed
by dialysis against water. As is shown in Figure 6b, the UV
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Figure 6. (a) Color changes of DOX-loaded vesicle (right) compared
with unloaded one (left). (b) Fluorescence emission spectra of DOX-
loaded vesicles in water (pH = 7.4), DOX-loaded vesicles when pH =
5.0 at 25 °C, and DOX-loaded vesicles treated with Trixton-100 (1., =
484.0 nm). (c—d) TEM images of DOX-loaded vesicles in water under

different measurement scale.
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absorption of DOX-loaded vesicular solution from 530 to 600
nm became much stronger than the unloaded vesicles, which
represents the characteristic absorption of DOX in aqueous
solution. More intuitively, the vesicular solution turned from
colorless to light pink after DOX was successfully loaded
(Figure 6a). Meanwhile, TEM images showed that DOX-
loaded vesicles were much larger in size than those of the
unloaded vesicles (Figure 6c,d), further confirming the loading
of DOX into the vesicles. On the basis of the fluorescence
spectra, the DOX encapsulation efficiency was calculated to be
5.2%, indicating that such supramolecular vesicle was a good
hydrophobic-drug-loading system. Subsequently, the release
behavior of DOX-loaded supramolecular vesicles was inves-
tigated at pH 3.5, 5.0, and 7.4, respectively, and the release
profiles were recorded as shown in Figure 7a. The results
indicated that a gradual release of DOX was observed under
acidic conditions (pH 5.0 or pH 3.5), with the cumulative
release amount of 37% at pH 5.0 and 50% at pH 3.5,
respectively, in the first S h. However, the cumulative leakage of
DOX was less than 5% within S h under the physiological
conditions (pH 7.4). Since the microenvironment of tumor
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Figure 7. (2) pH-Responsive DOX release profiles of the DOX-loaded
vesicles in the release media of different pH values. (b) Ca**-induced
DOX-loaded vesicle fusion accompanied by DOX release in the
presence of different Ca** concentration that was added.

tissue is acidic due to the presence of excessive lactic acid and
CO, as metabolites,'” the release of DOX from DOX-loaded
vesicles could be suspended in normal cells lease profiles, it was
also found that this pH-responsive DOX release behavior was a
slow process under acidic conditions, which, thus, could
prolong the administering time and decrease the effect of
tox1c1ty

More importantly, when a different amount of CaCl, was
added to the DOX-loaded vesicular solution, Ca?*-induced
vesicle fusion accompanied by a rapid release of encapsulated
DOX could be observed (Figure 7b), where fluorescence
spectroscopy was used to monitor the release efficiency of
DOX upon addition of a different amount of Ca**. As shown in
Figure 7b, the persence of Ca** from 0.1 to 5.0 mM that was
added triggered a gradual enhancement of DOX release from
3% to 43% in the first 20 min However, when the
concentration of Ca®* was increased to 10 mM, only 15% of
DOX was released under this condition. This is the reason that
the fused vesicles started flocculating at higher concentration of
Ca?", and then more and more released DOX was adhered into
the resulting precipitates, due to the fact that DOX is a
hydrophobic drug and was loaded in the hydrophobic Stern
layer of the vesicles. Since Ca®* plays essential roles in a number
of biochemical processes, such Ca**-responsive fusion-releasing
behavior of this WP6 O G supramolecular vesicle system will be
considerably attractive in the field of biotechnology, diagnostics,
and DDS.”*"”

Cytotoxicity and Anticancer Efficiency of DOX-
Loaded Vesicles. To further investigate the cytotoxicity of
the WP6 D G vesicles and the anticancer efficiency of DOX-
loaded vesicles with the controlled release of DOX, MTT assay
was then performed. Initially, unloaded vesicles, DOX, and
DOX-loaded vesicles were incubated with NIH3T3 cells
(normal cells), respectively, and the relative cell viability in
different groups was recorded from 24 to 96 h. As shown in
Figure 84, the relative cell viability incubated with the unloaded
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Figure 8. (a) Effects of unloaded vesicles, DOX, and DOX-loaded
vesicles on viability of NIH3T3 cells at different time. (b) Anticancer
activity of free DOX and DOX-loaded vesicles in MCF-7 cells at
different time. Statistically significant differences were observed (p <
0.05) (*).

vesicle group and the DOX-loaded vesicle group were both
much higher than that in the DOX group from 24 to 96 h (P <
0.05), undoubtedly indicating that the low cytotoxicity of the
unloaded and the DOX-loaded vesicles. Moreover, from the
morphology of living cells we could also found that cells
incubated with the DOX-loaded vesicle group were better than
that in the DOX group even after 96 h (Figure 9c,d), indicating
that the systemic toxicity of DOX was greatly reduced upon its
encapsulation by WP6 D G vesicles. Subsequently, the relative
viability of MCF-7 cells (cancer cells) incubated with DOX and

dx.doi.org/10.1021/ja505344t | J. Am. Chem. Soc. 2014, 136, 10762—10769
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Figure 9. Images of living NIH3T3 cells in (2) blank, (b) blank vesicle,
(c) DOX-loaded vesicle, and (d) DOX groups after 96 h. The images
of living MCF?7 cells in (e) blank, (f) blank vesicle, (g) DOX-loaded
vesicle, and (h) DOX groups after 96 h.

DOX-loaded vesicles, respectively, was investigated. It was
found that the relative cell viability (Figure 8b) and cell images
of DOX-loaded vesicle group against cancer cells after 96 h
(Figure 9gh) showed similar therapeutic effects as the free
DOX group. The above results indicated that the loading of
DOX by WP6 D G vesicles reduced its cytotoxicity for normal
cells but kept the therapeutic effect of DOX for cancer cells.
Therefore, such WP6 O G supramolecular vesicles based on the
host—guest complexation of WP6 and SAINT derivatives are
promising drug nanocarriers.

B CONCLUSIONS

In conclusion, we have successfully constructed self-assembled
nanoscale supramolecular binary vesicles based on the host—
guest complexation of WP6 and SAINT derivative G.
Significantly, benefiting from the intrinsic advantages of
supramolecular interaction, the obtained WP6 D G vesicles
showed pH-, thermal-, and Ca*'-responsiveness. Adjusting the
solution pH to the acidic condition could lead to the complete
disruption of vesicles and resulted in the efficient release of the
encapsulated substrates. More importantly, the introduction of
Ca’ could lead to the fast vesicle fusion and accompanied by
the efliciently release of the entrapped substrates. In addition,
increasing temperature of the vesicular solution led to the
generation of giant vesicles with large internal volume and good
stability, which might be particularly attractive for biomimetic
and bioimaging applications. Drug loading and release
experiments demonstrated that DOX could be successfully
encapsulated by the vesicles, and the resulting DOX-loaded
vesicles exhibited excellent pH- and Ca”*-responsiveness for the
controlled release of DOX. Finally, cell experiments showed
that the loading of DOX by WP6 D G supramolecular vesicles
did not affect the therapeutic effect of DOX for cancer cells,
whereas its cytotoxicity for normal cells was remarkably
reduced. The present study provides a novel method for the
construction of multistimuli-responsive supramolecular nano-
carriers, which have great potential applications for the drug
delivery.

B EXPERIMENTAL SECTION

Materials Preparation. Doxorubicin (DOX) (>98%) was
provided by Melone Pharmaceutical Co., Ltd. (Dalian, China).
WP6, G, G’, and CERB probe were synthesized and purified
according to previously reported procedures, and they were identified
by 'H NMR spectroscopy, performed on a Bruker Advance DMX 300
MHz spectrometer, and mass spectrometry, performed on Finnigan
Mat TSQ 7000 instruments.

¢-Potential Measurement. (-potential measurement was per-
formed at 20 °C on a Zeta sizer-Nano Z (Malvern Instruments, Ltd.,
Worcestershire, UX.) using the Smoluchowski model for the
calculation of the (-potential from the measured electrophoretic
mobility.

DOX Loading and Release of WP6 > G Vesicles. DOX-loaded
vesicles were prepared as follows: a certain amount of DOX was added
to a solution containing WP6 and G (4% EtOH was added to improve
the solubility of G). The ultimate concentrations of DOX, G, and
WP6 were 0.168, 0.16, and 0.024 mM, respectively. After standing
overnight, the prepared DOX-loaded vesicles were purified by dialysis
(molecular weight cutoff 10 000) in distilled water for several times
until the water outside the dialysis tube exhibited negligible DOX
fluorescence.

The DOX encapsulation efficiency was calculated by the following
equation.

encapsulation efficiency (%) = (mpox_joaded/ Mpox) X 100

where Mpox.joaded a1 Mpox are mass of DOX encapsulated in vesicles
and mass of DOX added, respectively. The mass of DOX was
measured by a fluorescence spectrophotometer at S60 nm and
calculated as relative to a standard calibration curve in the
concentrations from 1.0 to 10.5 ug/mL in water.

0.05 M tris-HCl buffer solutions (pH = 7.4) and 0.1 M citrate buffer
solutions (pH = 5.0) were used as drug release media to simulate
normal physiological conditions and the intracellular conditions of
tumor. In a typical release experiment, 8.4 mL of DOX-loaded vesicles
was added into 1.6 mL of appropriate release medium at 37 °C. At
selected time intervals, 2 mL of the release media was taken out for
measuring the released DOX concentrations by the fluorescence
technique, and then was returned to the original release media. The
concentration of DOX was determined by measurement of emission
intensity at 560 nm using a standard emission vs concentration curve
constructed for DOX in the corresponding release buffer. With the
addition of Triton X-100 to the vesicle solution, a nearly 100% release
of DOX from DOX-loaded vesicles could be obtained.

In a typical Ca**-induced release experiment, a certain amount of
CaCl, solution was added into 15 mL of DOX-loaded vesicular
solution, the final Ca®* concentration was 0.1 mM, 0.5 mM, 1 mM, §
mM, and 10 mM, respectively in the vesicular solution. At selected
time intervals, 2 mL of the release media was taken out for measuring
the released DOX concentrations by the fluorescence technique, and
then was returned to the original release media. The concentration of
DOX was determined by measurement of emission intensity at 560
nm using a standard emission vs concentration curve constructed for
DOX in the corresponding release medium. A nearly 100% release of
DOX from DOX-loaded vesicles could be obtained by adding Triton
X-100 to the vesicular solution.

UV-Vis Absorption and Fluorescence Emission Spectra.
UV—vis spectra were recorded in a quartz cell (light path 10 mm) on a
PerkinElmer Lambda 35 UV/vis Spectrometer. Steady-state fluo-
rescence spectra were recorded in a conventional quartz cell (light
path 10 mm) on a PerkinElmer LSSS Fluorescence Spectrometer.

Transmission Electron Microscopy (TEM), Dynamic Light
Scattering (DLS), and Confocal Laser Scanning Experiments.
TEM images were recorded on a JEM-2100 instrument. The sample
for TEM measurements was prepared by dropping the solution onto a
carbon-coated copper grid. DLS measurements were performed under
a Brookhaven BI-9000AT system (Brookhaven Instruments Corpo-
ration, USA) equipped with a 200 mW laser light and operating at A =
514 nm. Confocal laser scanning images were taken by LSM 710
system (Zeiss Instruments Corporation, Germany).

Isothermal Microcalorimetric Titration. All calorimetric experi-
ments were performed using a thermostated and fully computer
operated ITC-200 calorimeter purchased from GE Instruments
Corporation. In this study, the microcalorimetric titrations were
performed in a D.I solution at atmospheric pressure. Each solution was
degassed and thermostated before titration. Each microcalorimetric
titration experiment consisted of 35 or 29 successive injections. A
constant volume (1.1 uL/injection to G’ or 1.3 uL/injection to G) of
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WP6 solution (0.1-2 mM for each host) in a 40 uL syringe was
injected into the reaction cell (200 L) charged with G’ or G solution
(0.01—0.2 mM) in the same solution.

A control experiment to determine the heat of dilution was carried
out with each run by performing the same number of injections with
the same concentration of host compound as used in the titration
experiments into a deionized water solution without the guest
compound. The dilution enthalpies determined in control experiments
were subtracted from the enthalpies measured in the titration
experiments to obtain the net reaction heat.

ORIGIN software, which was used to simultaneously compute the
equilibrium constant (K,) and standard molar enthalpy of reaction
(AH®) from a single titration curve, gave a standard deviation based
on the scatter of the data points in the titration curve. The net reaction
heat in each run was calculated by the “one set of binding sites” model
unless noted otherwise. Additionally, the first point was removed from
the titration curve, acknowledging that the concentration of guest in
the cell far exceeded the concentration of the host. The knowledge of
the binding constant (K,) and molar reaction enthalpy (AH°®) enabled
calculation of entropy changes (AS®), according to the equation where
R is the gas constant and T is the absolute temperature. A typical
titration curve and the fitted results for the complexation of WP6 with
G or G’ are shown in Figure SS and S6 (Supporting Information),
respectively.

In Vitro Cell Assay. MCF-7 cancer cells and NIH3T3 normal cells
were cultivated, respectively in DMEM (Dulbecco’s modified Eagle’s
medium) supplied with 10% FBS (fetal bovine serum) and antibiotics
(50 U/mL of penicillin and 50/U mL of streptomycin) at 37 °C in a
humidified atmosphere containing 5% CO,.

The relative cytotoxicities of unloaded vesicles, DOX, and DOX-
loaded vesicles against NIH3T3 normal cells and MCF-7 cancer cells
were evaluated in vitro by Methylthiazol tetrazolium (MTT) assay.
Briefly, the cells were seeded in 96-well plates at a density of 10* cells
per well in 200 uL complete DMEM containing 10% fetal bovine
serum, supplemented with 50 U/mL of penicillin and 50 U/mL of
streptomycin, and cultured in 5% CO, at 37 °C for 24 h. Then
NIH3T3 cells were incubated with unloaded vesicles, DOX, and DOX-
loaded vesicles, respectively. MCE-7 cells were subsequently incubated
with DOX and DOX-loaded vesicle, respectively. The ultimate
concentrations of DOX, WP6, and G were 0.43, 1.2, and 8.0 uM,
respectively. At the end of each incubation (24, 48, 72, or 96 h), the
cells were washed and replenished with fresh culture medium, which
were further incubated for 2 h. Subsequently, 20 uL of MTT solution
was added into each cell and incubated for another 4 h. After that, the
medium containing MTT was removed and dimethyl sulfoxide
(DMSO, 100 uL) was added to each well to dissolve the MTT
formazan crystals. Finally, the plates were shaken for 10 min, and the
absorbance of formazan product was measured at 490 nm by a
microplate reader (BioTek ELx808). Untreated cells in media were
used as the blank control. All experiments were carried out with three
replicates. The cytotoxicity was expressed as the percentage of the cell
viability as compared with the blank control.

Statistical Analysis. Differences between treatment groups were
statistically analyzed using the paired Student’s t-test. A statistically
significant difference was reported if p < 0.05 or less.
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