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ABSTRACT: The drug delivery system based on supramolecular vesicles o

that were self-assembled by a novel host—guest inclusion complex
between a water-soluble pillar[6]arene (WP6) and hydrophobic ferrocene
derivative in water has been developed. The inclusion complexation
between WP6 and ferrocene derivative in water was studied by 'H NMR,
UV—vis, and fluorescence spectroscopy, which showed a high binding
constant of (1.27 + 0.42) X 10° M™" with 1:1 binding stoichiometry. This
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resulting inclusion complex could self-assemble into supramolecular

vesicles that displayed a significant pH-responsive behavior in aqueous solution, which were investigated by fluorescent probe
technique, dynamic laser scattering, and transmission electron microscopy. Furthermore, the drug loading and in vitro drug
release studies demonstrated that these supramolecular vesicles were able to encapsulate mitoxantrone (MTZ) to achieve MTZ-
loaded vesicles, which particularly showed rapid MTZ release at low-pH environment. More importantly, the cellular uptake of
these pH-responsive MTZ-loaded vesicles by cancer cells was observed by living cell imaging techniques, and their cytotoxicity
assay indicated that unloaded vesicles had low toxicity to normal cells, which could dramatically reduce the toxicity of MTZ upon
loading of MTZ. Meanwhile, MTZ-loaded vesicles exhibited comparable anticancer activity in vitro as free MTZ to cancer cells
under examined conditions. This study suggests that such supramolecular vesicles have great potential as controlled drug delivery

systems.

1. INTRODUCTION

Over the past three decades, the explosive growth of
nanotechnology platforms has promoted the innovative
revolution of the delivery of bioactive drug in pharmacology
by developing new drug nanocarriers or drug delivery systems
(DDS) that can dramatically enhance the bioavailability of
drugs." These drug nanocarriers or DDS are required to be
“smart”, which not only have to be constructed with well-
defined structures to capture therapy drugs but also are able to
release loaded therapy drugs in response to environmental
stimuli, especially under some specific environment of some
organs, intracellular space, or pathological sites.” Vesicles have
been widely studied as one of nanocarriers or DDS since their
discovery in the mid 1960s,'“* due to their unique cavities that
can efficiently encapsulate drugs. A wide variety of molecular
building blocks were exploited for the construction of vesicles,*
and among them supramolecular amphiphiles® with stimuli-
responsive properties as building blocks to form vesicles are
more promising in developing stimuli-responsive nanocarriers
or DDS, since they can not only self-assemble into well-defined
structures, such as vesicles, but also undergo conformational
transitions in response to environmental stimuli. Up to now,
several kinds of noncovalent interactions have been used to
construct supramolecular amphiphiles, including hydrogen-
bonding, charge-transfer, and z---7 interactions, and so on.
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However, there are only a few reports on the formation of
supramolecular vesicles from supramolecular amphiphiles based
on host—guest interactions between macrocyclic hosts and
guests.” Therefore, the construction of supramolecular vesicles
from novel supramolecular amphiphiles through host—guest
interactions, especially with stimuli-responsiveness, is of great
interest and importance in application of biotechnology and
biomedicine, particularly for drug delivery. Moreover, most of
the main stimuli in DDS that are capable of triggering the
release of loaded drugs are from the organism itself, such as the
temperature, pH value, and the GSH concentration.®
Considering the wide range of pH gradients presented in
biological and physiological system,” the fabrication of pH-
responsive supramolecular vesicles based on novel supra-
molecular amphiphiles for controlled drug encapsulation/
release is of particular interest.

Pillararenes,'® composed of hydroquinone units linked by
methylene bridges at the para-positions, represent a particularly
significant new class of macrocyclic hosts in supramolecular
chemistry. Their intrinsic unique rigid and symmetrical pillar
architecture and easy modification have endowed pillararenes
with outstanding abilities to selectively bind various types of
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guests. Consequently, pillararenes have received great attention
in constructing various interesting supramolecular systems,
including nanomaterials,” 7k=m,11 chemosensors,'* transmem-
brane channels,'”> and supramolecular polymers."* Most
recently, we reported that the new guest, ferrocenium, can
strongly bind per-butylated pillar[6]arene in organic solvents,
but its reduced form, ferrocene, shows extremely weak binding
affinity."> Tt is quite different from the reported binding
behavior of ferrocene/ferrocenium with f-cyclodextrin in
aqueous solution, where ferrocene can bind pf-cyclodextrin
more strongly than ferrocemum due to the hydrophobic effect
in aqueous solution.'® Therefore, we envisioned that ferrocene
derivative might also strongly bind water-soluble pillar[6]arene
(WP6) in water to achieve a stable inclusion complex due to
the similar hydrophobic effect, which would be different from
its binding behavior in organic solvents, and more importantly,
if this resulting inclusion complex is amphiphilic, it would be
possibly able to form supramolecular vesicles in water by self-
assembly. Furthermore, WP6 as the carboxylic sodium salt and
its precipitation out of water as carboxylic ac1d could be
reversibly adjusted by changing the solution pH,” which could
allow the above proposed supramolecular vesicles to achieve
pH responsiveness.

To the best of our knowledge, no example of pillararene-
based supramolecular vesicels has been exploited for DDS.
Therefore, we report herein a novel supramolecular amphiphilic
inclusion complex between WP6 and hydrophobic N-1-decyl-
ferrocenylmethylamine (G) in aqueous solution, which was
further applied to construct nanoscale supramolecular vesicles
with pH responsiveness for drug delivery as schematically
depicted in Scheme 1. Significantly, DDS constructed by such

Scheme 1. Schematic Illustration of the Formation of
Supramolecular Vesicles and Their pH-Responsive Drug
Release
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pillararene-based supramolecular vesicles for encapsulation and
controlled release of anticancer drug mitoxantrone (MTZ) was
realized for the first time. Meanwhile, the resulting MTZ-
loaded supramolecular vesicles showed rapid MTZ release at
low-pH environments, which is very important for the
development of highly efficient DDS. More importantly,
cellular uptake and cytotoxicity experiments of the MTZ-
loaded supramolecular vesicles demonstrated the efficiency of
such supramolecular vesicles for intracellular drug delivery and
growth inhibition of cancer cells.

2. RESULTS AND DISCUSSION

Host—Guest Complexation Studies in Water. WP6"
and G'7 were prepared according to the published procedures.
The complexation between WP6 and G in D,O was first
investigated by 'H NMR spectroscopy. Since the guest
molecule G is hydrophobic and exhibits poor solubility in
water, the protons on G show weak absorption intensity in 'H
NMR spectrum. Figure 1 shows the "H NMR titration results
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Figure 1. 'H NMR spectra (D,0, 298 K, 400 MHz) of G at a constant
concentration of 0.72 mM with different concentrations (mM) of
WP6: (a) 0.00, (b) 0.54, (c) 0.81, (d) 1.08, (e) 1.62, (f) 2.16, (g) 2.70,
and (h) individual WP6 (2.7 mM). The blue and red peaks
correspond to complexed host and guest protons, respectively.
Uncomplexed species are denoted by “uc”.

of WP6 with G in D,0O, from which the remarkable upfield
chemical shifts of ferrocenyl proton resonances H,_, were
observed upon addition of WP6 due to the shielding effect of
the electron-rich cavities of WP6 for G, indicating the inclusion
of the ferrocene moiety of G into the hydrophobic WP6 cavity.
The assignment of these ferrocenyl proton signals of the
inclusion complex can be substantiated by the analysis of the
"H—'H COSY data (correlation spectroscopy; see Figure Sla).
The spatial conformation of such inclusion complex can be
further confirmed by 2D ROESY, which has a maximal
observation limit at a spatial proximity of 5 A.'® From the
2D ROESY spectrum of a solution of WP6 (2.16 mM) and G
(0.72 mM) (Figure S2), intermolecular correlations were
observed between protons H;, H, on the ferrocene moiety and
protons Ha,, Ha, of WP6, respectively, confirming that the
ferrocene moiety of G threaded into the cavity of WP6. Hence,
all the above results suggested that a “tadpole-like” 1:1
inclusion complex (Figure S1b) between WP6 and G was
formed in aqueous solution, where the ferrocene moiety of G
threaded into the cavity of WP6 and the alkyl chain residue of
G protruded out of the WP6 cavity. In addition, the formation
of a WP6DG inclusion complex is also supported by
experimental observations on the enhanced solubility of G in
aqueous media containing WP6. The conformation model of
WP6DG inclusion complex in water was proposed as shown in
Scheme 1.

The stoichiometry of complexation between WP6 and G in
water was further investigated by the continuous variation
method (Job’s plot method) using the UV—vis spectroscopy,
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which confirmed the 1:1 binding stoichiometry between WP6
and G (Figure S3). To determine their association constant in
water, steady-state fluorescence spectra of WP6 at varying G
concentrations were recorded. As shown in Figure S4, upon
addition of G, the fluorescence intensity of WP6 (monitored at
330 nm) was gradually quenched, and the association constant
of WP6DG was calculated to be (1.27 + 0.42) X 10° M~ by
using a nonlinear curve-fitting method (Figure SS), which is
much stronger than that of ferrocene with per-butylated
pillar[6]arene (18 + 0.5 M™') in organic solvents."”> The
highly strong formation of WP6DG inclusion complex in water
might be mainly driven by hydrophobic interactions between
the hydrophobic cavity of WP6 and the hydrophobic ferrocene
moiety of G.

Further evidence for the formation of the WP6DG inclusion
complex was obtained by cyclic voltammetry experiments. As
shown in Figure S6, in the aqueous solution of G with the
presence of 1.0 equiv of WP6, the anodic peak current
decreased compared with individual G solution, due to the
inclusion of the ferrocene moiety of G into the cavity of WP6,
which decreased the effective diffusion coefficient of the
electroactive species.'” In addition, upon addition of 1.0
equiv of WP6 into G solution, the half-wave potential (E,/,)
associated with the one-electron oxidation of the ferrocene
moiety of G decreased by ~58 mV, suggesting that the oxidized
form of G (ferrocenium derivative) could form a more stable
inclusion complex with WP6 than the reduced form G in
water."”*° For comparison, the association constant of WP6
with ferrocenium (introduced as its tetrafluoroborate salt) in
water was determined to be (8.68 + 0.72) X 10" M~ by
fluorescent titration experiments with the 1:1 binding
stoichiometry (Figures S8, $9), which is much stronger than
that of WP6 with G ((1.27 + 0.42) X 10° M™") in water and
that of carbazole-functionalized pillar[6]arene with ferrocenium
((2.00 £ 0.10) x 10* M™")"S in organic solvents. This stronger
binding affinity of WP6 with ferrocenium in water is possibly
caused by the strong charge-transfer effect between electron-
deficient ferrocenium and electron-rich cavity of WP6, which
was supported by their UV—vis absorption spectroscopy
(Figure S10). Furthermore, the formation of the inclusion
complex between WP6 and ferrocenium could also be
supported by utilizing '"H NMR spectroscopy to investigate
the complexation between WP6 and cobaltocenium (Cob?*,
introduced as its hexafluorophosphate salt), an analogue of
ferrocenium (Figure S11), due to the paramagnetic nature of
ferrocenium which hinders the observation of its proton NMR
resonances.

Construction of Supramolecular Binary Vesicles in
Water Based on the Host—Guest Complexation of WP6
with G. After establishing the novel WP6DG supramolecular
inclusion complex as a recognition motif in aqueous solution,
we further utilized it to construct supramolecular vesicles, since
such WP6DG inclusion complex has amphiphilic property
where the WP6 residue at one end shows hydrophilic and the
alkyl chain residue of G at the other end shows hydrophobic. In
order to investigate the amphiphilie assembly of such
supramolecular inclusion complex, steady-state fluorescence
measurement using pyrene as the probe was employed. The
fluorescence intensities of various vibronic fine structures of the
pyrene monomer show a strong dependence on the solvent
environment, and the intensity of the 0—0 vibronic band (I;,5)
diminishes with the decrease of the solvent polarity.*' Thus, the
intensity of the first vibronic peak, i.e, I3;; can be taken as a

measure for the polarity of the environment. In the presence of
micelles and other macromolecular systems, pyrene is
preferentially solubilized in the interior hydrophobic regions
(Stern region) of these aggregates,22 resulting in a loss of
fluorescence intensity. The fluorescence spectra of the solution
of WP6 with the increasing G concentration in the presence of
pyrene probe molecules were shown in Figure S12, which
displayed that the relative fluorescence intensity of pyrene
dramatically decreased with the increasing G concentration.
This obvious fluorescence quenching can be explained by the
fact that nonpolar pyrene is solubilized near the Stern region in
aggregates, which proves the formation of the amphiphilic
aggregation with the fact that neither WP6 nor G has tendency
to self-aggregate in aqueous solution.”™** Control experiments
showed that the addition of WP6 into the pyrene and G
solution caused a large fluorescence quenching, but the
replacement of WP6 by its building subunit hydroquinone-
0,0’-diacetic acid disodium salt (M) could not quench the
fluorescence of the pyrene and G solution at all, which suggests
that the addition of M into the G solution could not induce the
formation of aggregation but WP6 could (Figure 2), indicating
that the host—guest complexation between WP6 and G is
undoubtedly the crucial factor leading to an amphiphilic
assembly.
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Figure 2. Fluorescence emission spectra of pyrene in aqueous
solutions of WP6, G, G + M, and G + WP6 at 25 °C. [WP6] =
0.00800 mM, [G] = 0.160 mM, [M] = 0.0400 mM, and [pyrene] =
1.00 uM.

Based on the above fluorescence experiments, we knew that
WP6DG could form microaggregates based on the host—guest
interactions between WP6 and G. Therefore, it is necessary to
determine the best molar ratio between WP6 and G for
constructing supramolecular aggregates by pyrene-based
fluorescent probe technique. The fluorescence emission spectra
of pyrene and its plot of fluorescent intensity at 373 nm as a
function of the concentration of WP6 added to the fixed 0.08
mM G solution were shown in Figure S13. Upon gradual
addition of WP6, the fluorescent intensity of pyrene at 373 nm
first decreased rapidly until the minimum was reached at a
WP6/G ratio of 0.05 and then gradually increased thereafter
upon further addition of WP6. This initially rapid decrease of
the fluorescent intensity of pyrene indicated the formation of a
higher-order complex between WP6 and G with a tendency
toward a supramolecular amphiphilic assembly, which was then
disassembled upon further addition of WP6 to gradually afford
a simple 1:1 inclusion complex. The inflection was observed at
the WP6/G molar ratio of 0.05, which means that, in the
present WP6-G system, the best molar ratio for the amphiphilic
assembly is 1:20 (WP6:G). Based on this best molar ratio, the
critical aggregation concentration (CAC) of G with WP6 was
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determined to be (1.27 + 0.01) X 10~* M using concentration-
dependent conductivity (Figure S14).

The solution of WP6 and G in the best molar ratio for
amphiphilic assembly in water exhibits a clear Tyndall effect
(Figure 3a), indicating the existence of abundant nanoparticles.

Figure 3. (a) DLS data of the WP6 + G aggregates. Inset: Photo
showing the Tyndall effect of WP6 + G aggregates. TEM images: (b)
WP6 + G aggregates; (c) enlarged image of b. (d) Tyndall effect of
WP6 + G aggregates after the solution pH was adjusted to 6.0 (left)
and after the solution pH was adjusted to 7.4 (right). TEM images: (e)
WP6 + G aggregates after the solution pH was adjusted to 6.0; (f)
WP6 + G aggregates after the solution pH was adjusted to 7.4. [WP6]
= 0.0080 mM, and [G] = 0.16 mM.

Furthermore, in order to indentify the self-assembly size and
morphology of this WP6DG supramolecular amphiphile,
dynamic laser scattering (DLS) and transmission electron
microscopy (TEM) were carried out. The DLS result showed
that the WP6DG supramolecular amphiphile formed spectac-
ular aggregates with a narrow size distribution, giving an
average diameter of 167 nm (Figure 3a), and TEM images
showed the hollow spherical morphology with an average
diameter ~130 nm, convincingly indicating the formation of
vesicular structure (Figure 3b). The fact that the diameter of
vesicles measured by DLS is slightly larger than that found by
TEM is reasonable, because TEM and DLS showed solid and
swollen vesicles, respectively.”* What is more, the thickness of
the hollow vesicles was calculated to be ~7 nm from their TEM
image (Figure 3c). Considering that the extended length of two
molecules of inclusion complexes calculated by Chem3D is
around 5.2 nm, the vesicles may possess a bilayer structure with
two hydrophilic carboxylate shell layers and one hydrophobic
alkyl chain core layer, as shown in Scheme 1. Furthermore, in
order to examine the stability of these vesicles, {-potential was
measured,”* which was negative (—26.30 + 5.38 mV) as shown
in Figure S15, meaning that the repulsive forces among vesicles
exist, and the stability of vesicles can be manifested.

pH Responsiveness of the Supramolecular Binary
Vesicles. Stimuli-responsive supramolecular amphiphiles that
can self-assemble into nanoaggregates capable of responding to
changes in environmental conditions are of extreme interest for
smart drug delivery applications.”> WP6 has been demonstrated
to show pH responsiveness in aqueous solution,” therefore, we
envisioned that the present vesicles formed from the supra-
molecular amphiphile WP6DG are expected to show pH
sensitivity.”® As expected, the Tyndall effect for the above WP6
+ G solution disappeared (Figure 3d) after adjusting the
solution pH to 6.0 accompanied by a dramatic decrease of
scattering intensity measured by DLS, and meanwhile, no
vesicle could be found in the TEM image any more (Figure 3e).
All these results indicated the disassembly of the above
supramolecular vesicles by adjusting the solution pH to 6.0.

However, when the pH was adjusted back to pH slightly higher
than 7.0, vesicles were reformed in solution as shown in Figure
3f, which was also confirmed by DLS experiment (Figure S16),
proving the pH-responsive assembly and disassembly of the
supramolecular amphiphile WP6DG.

MTZ Encapsulation and in Vitro Release. MTZ is widely
used to treat a broad range of solid malignant tumors, which
works by interfering with DNA synthesis through intercalation
and stabilization of DNA topoisomerase II cleavable complex.””
Herein, MTZ was used as a model drug to evaluate the
encapsulation efficiency of the above resulting supramolecular
vesicles and their release behavior of loaded drug. To prepare
MTZ-loaded vesicles, an aqueous solution of MTZ was quickly
added into a freshly prepared aqueous solution of WP6 and G
(WP6:G = 1:20, molar ratio), and after standing overnight,
unloaded MTZ molecules were removed by dialysis against
water. As a result, MTZ was successfully loaded into the
supramolecular vesicles formed between WP6 and G.
Compared with the MTZ-unloaded vesicular solution, the
absorption of MTZ-loaded vesicular solution from 610 to 660
nm becomes much stronger (Figure 4), which represents the
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Figure 4. UV—vis absorption spectra of the solution of MTZ,
unloaded vesicles, and MTZ-loaded vesicles at 25 °C in water. Inset:
color change of MTZ-loaded vesicles (left) compared with unloaded
vesicles (right).

characteristic absorption of MTZ in aqueous solution. Mean-
while, the MTZ-loaded vesicular solution turns to light blue
compared with the colorless MTZ-unloaded vesicular solution
after removing unloaded MTZ molecules by dialysis,
demonstrating that MTZ was successfully encapsulated into
the vesicles (Figure 4). More intuitively, the MTZ-loaded
vesicles showed a darker interior in TEM observations (Figure
Sab), confirming that MTZ molecules were loaded into the

Figure 5. (a,b) TEM images of MTZ-loaded vesicles. (c) DLS data of
MTZ-loaded vesicles.

vesicular interior under the condition of sample preparation.
DLS results showed that these MTZ-loaded vesicles are much
larger in size (average diameter of 694 nm, Figure Sc) than
those of the unloaded (average diameter of 167 nm), which is
consistent with the size increase of vesicles after the
encapsulation of guests reported before.”® According to UV—
vis absorption spectra, the MTZ encapsulation efficiency was
calculated to be 11.2%, indicating a good drug-loading
capability of the above supramolecular vesicles.
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The release behavior of MTZ from the MTZ-loaded vesicles
could be controlled by changing solution pH. The release
profiles of MTZ under the physiological condition (pH 7.4)
and acidic conditions (pH 6.5 and 4.0) are presented in Figure
6. The cumulative release of MTZ was only ~13% within 24 h
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Figure 6. pH-Responsive MTZ release profiles of the MTZ-loaded
vesicles in the release media of different pH values.

under the physiological conditions. However, by adjusting the
solution pH to acidity MTZ was released in significant amounts
from the MTZ-loaded vesicles into the external environment,
ie, 71% at pH 6.5 and 95% release efficiency at pH 4.0 within
24 h. In particular, from the profiles, rapid release could be
observed in acidic condition in the first five minutes. Since the
microenvironment of tumor cells is acidic for both intracellular
and extracellular compartments, the rapid release of MTZ from
MTZ-loaded vesicles can be triggered by the acidic micro-
environment of tumor cells,”” which is extremely significant for
specific targeted therapy. This pH-responsive rapid drug release
phenomenon can be well explained by considering a pH-
triggered vesicles collapse, which is concomitant with release of
the encapsulated MTZ drug. As a consequence, this rapid
release behavior which shows a good response to physiolog-
ically relevant pH (pH 4.0—7.4) makes MTZ-loaded vesicles
ideal candidates for DDS.

Cellular Uptake and in Vitro Cytotoxicity. To further
investigate the cellular uptake of the WP6DG-based pH-
responsive drug delivery system, SMMC-7721 cancer cells were
incubated with MTZ-loaded vesicles. The fluorescence confocal
image demonstrated that in bright-field the presence of
SMMC-7721 cancer cells was observed (Figure S17a), and
red fluorescence from MTZ-loaded vesicles could be observed
in the cell body (Figure S17b), indicating that MTZ-loaded
vesicles have entered into the cancer cells.

Although the MTZ-loaded vesicles were internalized within
the SMMC-7721 cancer cells, the potential cytotoxicity of
unloaded vesicles and MTZ-loaded vesicles to normal cells and
the anticancer activity of the MTZ-loaded vesicles to cancer cell
need to be investigated using the methyl thiazole tetrazolium
(MTT) cell-survival assay for their future potential clinical
applications. We initially incubated unloaded vesicles, MTZ,
and MTZ-loaded vesicles with NIH3T3 cells (normal cells),
and the relative viabilities of NIH3T3 cells in different groups
were recorded from days 1 to 4. As shown in Figure 7a, we
found that the relative viability of NIH3T3 cells incubated with
unloaded vesicles group was over 75% after 96 h, indicating low
cytotoxicity of the unloaded vesicles, which suggested that the
supramolecular vesicles based on WP6DG employed in this
work are promising drug carriers. Furthermore, it is quite
interesting and meaningful that the viabilities of living cells in
the MTZ-loaded vesicle group are always much higher than
those in the MTZ group from days 2 to 4 (P < 0.05), and the
morphology of living cells in the MTZ-loaded vesicle group is
better than that in the MTZ group even after 96 h (Figure
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Figure 7. (a) Effect of unloaded vesicles, MTZ, and MTZ-loaded
vesicles on viability of NIH3T3 cells at different times. (b) Anticancer
activity of free MTZ and MTZ-loaded vesicles in SMMC-7721 cells at
different times. Statistically significant differences were observed (p <

0.05) (*).

8b,c), both of which imply that the systemic toxicity of MTZ
was remarkably reduced upon its loading by the supramolecular

Figure 8. Images of living NIH3T3 cells in (a) blank, (b) MTZ, and
(c) MTZ-loaded vesicle groups after 96 h. Images of living SMMC-
7721 cells in (d) blank, (e) MTZ, and (f) MTZ-loaded vesicle groups
after 96 h.

vesicles. MTZ and MTZ-loaded vesicles were then incubated
with SMMC-7721 cells (cancer cells), respectively, and the
relative viabilities of SMMC-7721 cells in each group were
recorded from days 1 to 4. As shown in Figure 7b, the
cytotoxicity assay showed that MTZ-loaded vesicles have a
similar relative cell viability to the cancer cells compared with
free MTZ under examined conditions, which also can be
supported by cell images after 96 h (Figure 8e,f) for the MTZ
and MTZ-loaded vesicle groups, respectively. All the above
results imply that loading of MTZ by supramolecular vesicles
does not affect the therapeutic effects of MTZ for cancer cells.
Therefore, the cytotoxicity of MTZ-loaded vesicles could be
obviously reduced to normal cells, due to their stability in the
physiological environment (pH = 7.4), whereas compared with
normal cells, cancer cells were able to disassemble the MTZ-
loaded vesicles accompanying with the release of MTZ, due to
its weakly acidic intracellular environment.*® As a consequence,
the pH-sensitive feature of the supramolecular vesicles based on
WP6DG impels the release of loaded drug MTZ from vesicles
in the cancer cells.

3. CONCLUSIONS

In conclusion, we have successfully constructed novel supra-
molecular vesicles self-assembled by the new host—guest
amphiphilic inclusion complex between WP6 and G in water,
which display a significant pH-responsive behavior. Further-
more, their MTZ drug loading and in vitro drug release
experiments demonstrated that MTZ was successfully encapsu-
lated into the vesicles, and particularly, the resulting MTZ-
loaded vesicles exhibit an excellent pH responsiveness and
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quick release of MTZ at acidic pH environment, enabling them
to be suitable for application in controlled drug release. Finally,
the cytotoxicity assay of normal cells indicated that unloaded
vesicles had low toxicity and loading of MTZ by vesicles could
dramatically reduce the toxicity of MTZ to normal cells.
Meanwhile, the cytotoxicity assay of cancer cells confirmed that
the MTZ-loaded vesicles could be successfully uptaken by
cancer cells, and the loading of MTZ by supramolecular vesicles
does not affect the therapeutic effects of MTZ for cancer cells.
These present novel supramolecular vesicles constructed by
WP6 and G in water are expected to have great potential
applications in controlled release and drug delivery.

4. EXPERIMENTAL SECTION

Materials Preparation. Pyrene (98%) was purchased from J&K
Chemical Company. Mitoxantrone (MTZ) (>98%) was provided by
Melone Pharmaceutical Co., Ltd. (Dalian, China). Both of them were
used without further purification. WP6 and N-1-decyl-ferrocenylme-
thylamine were synthesized and purified according to previously
reported procedures,””'” and they were identified by 'H NMR
spectroscopy in D,0, performed on a Bruker Advance DMX 300 MHz
spectrometer, mass spectrometry, performed on Finnigan Mat TSQ
7000 instruments. The CAC determination of WP6DG was carried
out on a DDS-307A instrument according to procedures reported by
Huang’s group.”™

¢-Potential Measurement. (-potential measurement was per-
formed at 25 °C on a Zeta sizer-Nano Z (Malvern Instruments Ltd.,
Worcestershire, U.K.) using the Smoluchowski model for the
calculation of the (-potential from the measured electrophoretic
mobility.

MTZ Loading and Release of WP6OG Vesicles. MTZ-loaded
vesicles were prepared as follows: A certain amount of MTZ was
added to a solution containing WP6 and G (1% THF was added to
improve the solubility of G), and then water was added until the
volume of the solution reached 50 mL. The ultimate concentrations of
MTZ, G, and WP6 were 0.168, 0.16, and 0.008 mM, respectively. After
standing overnight, the prepared MTZ-loaded vesicles were purified by
dialysis (molecular weight cutoff 15000) in distilled water for several
times until the water outside the dialysis tube exhibited negligible
MTZ fluorescence.

The MTZ encapsulation efficiency was calculated by the following
equation:’8

encapsulation efficiency(%) = (Myrr7-10aded/ Muirz) X 100

where M1y joaded and Myp are mass of MTZ encapsulated in vesicles
and mass of MTZ added, respectively. The mass of MTZ was
measured by a UV spectrophotometer at 660 nm and calculated as
relative to a standard calibration curve in the concentrations from 0.37
to 6.3 ug/mL in water.

0.05 M tris-HCI (pH = 7.4), 0.2 M sodium acetate (pH = 4.0), and
0.1 M citrate (pH = 6.5) buffer solutions were used as drug release
media to simulate normal physiological conditions and the intracellular
conditions of tumor. In a typical release experiment, 1.6 mL of MTZ-
loaded vesicles were added into 8.4 mL of appropriate release medium
at 37 °C. At selected time intervals, 3 mL of the release media was
taken out for measuring the released MTZ concentrations by the UV—
vis absorption technique and then was returned to the original release
media. The concentration of MTZ was determined by measurement of
absorbance at 660 nm using a standard absorbance vs concentration
curve constructed for MTZ in the corresponding release buffer. By
presenting the vesicles to very low pH (the solution of HCL, pH = 2), a
nearly 100% release of MTZ from MTZ-loaded vesicles could be
obtained.

UV-vis Absorption and Fluorescence Emission Spectra.
UV—vis spectra were recorded in a quartz cell (light path 10 mm) on a
Perkin-Elmer Lambda 35 UV—vis Spectrometer. Steady-state fluo-
rescence spectra were recorded in a conventional quartz cell (light
path 10 mm) on a Perkin-Elmer LSS5 Fluorescence Spectrometer.

TEM and DLS 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 Corporation, U.S.A.) equipped with
a 200 mW laser light and operating at 4 = 532 nm.

Electrochemical Experiments. The cyclic voltammetric measure-
ments were performed in a three-electrode cell using a CHI812B
electrochemical workstation at room temperature. All the samples
were prepared in aqueous solution and deoxygenated by purging with
dry nitrogen before each experiment. The glassy carbon working
electrode was polished with 0.05 ym BAS alumina suspension on a
brown Texmet polishing pad, sonicated in distilled water for a few
minutes to remove any residual alumina particles, and then washed
with ethanol and distilled water before use. A platinum plate (Pt) was
used as the counter electrode with a saturated calomel electrode
(SCE) as the reference electrode. Both of the concentrations of WP6
and G were 1.00 X 107" M.

In Vitro Cell Assay. Cellular uptake of the MTZ-loaded vesicles in
live cells was investigated by fluorescence microscope (IX-81,
Olympus) in SMMC-7721 cell line. SMMC-7721 cells (5§ x 10*
cells/dish) were seeded in glass-bottomed culture dish with S mL
DMEM medium containing 10% fetal bovine serum, supplemented
with 50 U/mL™" penicillin and 50 U/mL™" streptomycin at 37 °C in
the CO, incubator. After incubation for 24 h, the cells were treated
with 0.315 ug/mL MTZ-loaded vesicles for the study on nonspecific
endocytosis of the MTZ-loaded vesicles. Fluorescence images of the
cells were obtained with the microscope at 37 °C in a live cell chamber
(INUS-WSKM-F1, Olympus) using a 10/0.4 NA objective. The
fluorescence images were processed using cellSens software
(Olympus).

The relative cytotoxicities of the vesicles, MTZ, and MTZ-loaded
vesicles against NTH3T3 cells and SMMC-7721 cells were evaluated in
vitro by MTT assay, respectively. 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™" penicillin and 50 U/mL™" streptomyecin, and cultured in 5% CO,
at 37 °C for 24 h. Then NIH3T3 cells were incubated with unloaded
vesicle, MTZ, and MTZ-loaded vesicle, respectively. SMMC-7721 cells
were subsequently incubated with MTZ and MTZ-loaded vesicle,
respectively. The ultimate concentrations of MTZ, WP6, and G were
0.47, 0.27, and 5.33 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 (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. The data were
expressed as mean =+ standard deviation from at least three separate
experiments.
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