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Supra-amphiphilic aggregates formed by p-
sulfonatocalix[4]arenes and the antipsychotic drug
chlorpromazine

Zhanbin Qin, Dong-Sheng Guo, Xiao-Ning Gao and Yu Liu*

We report here a supramolecular strategy to directly assemble the small molecular antipsychotic drug

chlorpromazine (CPZ) into nanostructures, induced by p-sulfonatocalix[4]arene (SC4A) and p-

sulfonatocalix[4]arene tetraheptyl ether (SC4AH), with high drug loading efficiencies of 61% and 46%,

respectively. The binary host–guest assembly process was monitored using optical transmittance

measurements, and the size and morphology of these two kinds of supra-amphiphilic assemblies were

identified using a combination of light scattering and high-resolution transmission electron microscopy,

which showed solid spherical micelles. This strategy presents new opportunities for the development of

high loading drug-containing carriers with easy processability for drug delivery.
Introduction

Self-assembled nanocarriers are attracting increasing attention
due to their wide range of applications in various practical
elds; among them, one of the foremost applications is drug
delivery. Several kinds of assemblies such as liposomes,1 poly-
mers,2 dendrimers,3 and inorganic nanoparticles4 have been
proposed as drug carriers. Common drug delivery approaches
consist of a drug encapsulated by a suitable nanocarrier.5

However, there are inherent difficulties in achieving a quanti-
tative and high drug loading per carrier (typically less than
10%). In contrast with encapsulation, conjugation to a poly-
meric carrier via a liable linker, which must be designed to
chemically cleave selectively at the therapeutic target under
specic biological conditions (temperature, pH, redox poten-
tial, enzyme) in order to release the drug molecules, presents a
higher drug loading approach. Nevertheless, it should also be
acknowledged that the synthetic route for these polymer-
conjugates is tedious more oen than not. Furthermore, the
linkers could not be ruptured completely under the required
physiological conditions resulting in incomplete drug release.6

Alternatively, the non-covalent coassembly of drugs with carrier
components represents a robust avenue for drug delivery, where
the drug molecule itself acts as an essential subunit leading to a
well-dened assembly. The aforementioned disadvantages are
therefore addressed from the viewpoints of improving the
loading efficiency and avoiding tedious syntheses. Hedrick and
Yang recently reported the formation of structures through the
coassembly of a stereocontrolled block copolymer mixture with
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paclitaxel. The morphology of the assemblies changed into
elongated ber-like hierarchical structures from spherical
structures aer the addition of paclitaxel. The loading content
of paclitaxel reached 30–60%.7 However, such a coassembly
approach is less explored, possibly due to the fact that most
drug molecules do not tend to undergo self-assembly.

Phenothiazine compounds are one of signicant amphi-
philic molecules and are commonly used in clinical medicine as
antipsychotic and tranquilizer drugs.8 One of the most widely
studied phenothiazine derivatives is chlorpromazine hydro-
chloride (CPZ), which consists of a hydrophobic nitrogen-
containing heterocycle bound to a short chain containing a
charged amino group (Scheme 1). It can self-assemble at a
critical concentration, forming micelle-like structures, which
undergo temperature- and concentration-dependent phase
transitions.9 Therefore, CPZ could be utilized as an ideal model
drug molecule for coassembly.

Calixarenes are macrocyclic oligomers made of phenol units
linked by methylene bridges.10 They can be readily functional-
ized at the phenolic hydroxyl groups (lower rim) and at the para
positions (upper rim), and they give rise to a wide range of
structural derivatives. Calixarene chemistry was initially
directed toward the design of host compounds with receptor
abilities. However, the versatility of calixarenes is not limited to
this, and when properly functionalized, they can be applied in
various areas such as the self-assembly of monolayers11 and
nanoparticles,12 and the formation of molecular machines,13

dendrimers14 and amphiphiles.15 Calixarene-based amphiphiles
can be obtained by introducing hydrophilic groups at one rim
and hydrophobic groups at the opposite rim.16 The conforma-
tion adopted by the calixarene is a crucial factor in regulating
the aggregation behavior and the cone shaped conformation is
ideal for the formation of spherical micelles.16b Besides
Soft Matter, 2014, 10, 2253–2263 | 2253
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Scheme 1 Principle of coassembly of an amphiphilic drug with calixarenes.
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calixarene-based amphiphiles, a series of calixarene-based
supra-amphiphiles were established by us and by others. These
are amphiphiles that are formed on the basis of calixarene host–
guest interactions.17 The construction of calixarene-based
supra-amphiphiles is by means of calixarene-induced aggrega-
tion (CIA): complexation with p-sulfonatocalixarenes promotes
the aggregation of aromatic or amphiphilic molecules by
lowering the critical aggregation concentration (CAC),
enhancing the aggregate stability, and regulating the degree of
order in the aggregates.18

Our interest in developing calixarene-based (supra-) amphi-
philes has led us to research the application of stimuli-
responsive drug delivery systems, where drug molecules are
encapsulated by host–guest binary vesicles, and then released
when the vehicles are disrupted by stimuli, such as tempera-
ture, redox, additives, and enzymes.19 Herein, we wish to report
the coassembly of an amphiphilic drug with calixarenes, aiming
to improve the drug loading efficiency by minimizing the use of
inactive materials. Two different routes were concurrently
taken: one was the CIA approach afforded by the 1 : n
complexation of p-sulfonatocalix[4]arene (SC4A) with CPZ; the
other was the amphiphilic coassembly between anionic p-sul-
fonatocalix[4]arene tetraheptyl ether (SC4AH) and cationic CPZ.
Scheme 2 Synthesis of SC4AH.
Experimental
General

Chlorpromazine Hydrochloride (CPZ) was purchased from TCI.
Trimethylated chitosan (TMC $70%) was purchased from
Sigma-Aldrich. 4-Phenolsulfonic sodium was purchased from
Acros. All of the above were used without further purication.
The NMR spectra were recorded using a Bruker AV400 spec-
trometer in the indicated solvents. Coupling constant values (J)
2254 | Soft Matter, 2014, 10, 2253–2263
are in Hertz (Hz). The following abbreviations were used for
signal multiplicities: s, singlet; d, doublet; and t, triplet. The
elemental analysis was recorded using a Perkin-Elmer 2400C
instrument.
Synthesis

Calix[4]arene tetraheptyl ether (C4AH)20 was synthesized and
puried according to the procedures reported previously.

p-Sulfonatocalix[4]arene tetraheptyl ether (SC4AH): a solu-
tion of 3.0 g (3.67 mmol) C4AH in 50.0 mL of CHCl3 was stirred
under argon at ice bath temperature for 30 min. Then 1.1 mL
(16.10 mmol dissolved in 60.0 mL of CHCl3) of HSO3Cl was
added. The mixture was stirred at 0 �C for another 3 h and then
concentrated. The residue was dissolved in 100.0 mL of anhy-
drous EtOH. Aer, a solution of 735 mg (18.36 mmol) NaOH in
anhydrous EtOHwas then added and themixture was stirred for
30 min. Aer centrifugation the resulting white precipitate was
recrystallized from water yielding 3.3 g (73%) of SC4AH
This journal is © The Royal Society of Chemistry 2014
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(Scheme 2). 1H NMR (400MHz, D2O): d¼ 7.14 (s, 8H), 3.76 (t, J¼
201.4 Hz, 24H), 1.84 (s, 8H), 1.21 (d, J ¼ 22.8 Hz, 24H), 0.75 (s,
12H). 13C NMR (100 MHz, D2O): d ¼ 13.83 (CH3), 22.75 (CH2),
26.33 (CH2), 29.80 (CH2), 30.36 (CH2), 32.17 (CH2), 75.69 (CH2),
126.06 (CH), 134.51 (C), 137.41 (C), 158.05 (C). Elemental
analysis: calculated for C56H76Na4O16S4: C ¼ 54.89%, H ¼
6.25%; found: C ¼ 54.96%, H ¼ 6.41%

p-Sulfonatocalix[4]arene (SC4A),21 4-(heptyloxy)benzenesul-
fonate sodium22 and 1,4-dimethyldiazabicyclo[2.2.2]octane
iodide (DBO)23 were synthesized and puried according to the
procedures reported previously and identied using 1H NMR
spectroscopy in D2O, and elemental analysis.

Determination of CPZ loading in nanoparticles

SC4A–CPZ nanoparticles were prepared as follows: a certain
amount of CPZ was added to a solution containing SC4A, and
then water was added until the volume of the solution reached
100 mL. The ultimate concentrations of CPZ and SC4A were 150
and 37.5 mM respectively. Subsequently, the prepared nano-
particles were puried by ultracentrifugation (13 000 rpm for
20 min). The resulting precipitates were dried under vacuum
and their CPZ loading was calculated from the molar ratio of
CPZ to SC4A in a DMSO-d6 solution by integrating the 1H NMR
signals of aromatic resonances of CPZ and SC4A. The CPZ
loading in the SC4AH–CPZ nanoparticles was determined using
the same method. The ultimate concentrations of CPZ and
SC4AH in solution were 75 and 25 mM respectively.

Electrical conductivity

The electrical conductivity of the solutions was measured using
a conductivity meter (INESA Scientic Instrument Co., Ltd.,
Shanghai, China) at 25 �C.

UV/Vis spectroscopy

The optical transmittance of the aqueous solution was
measured in a quartz cell (light path 10 mm) using a Shimadzu
UV-3600 spectrophotometer equipped with a PTC-348WI
temperature controller.

Isothermal titration calorimetry (ITC)

A thermostated and fully computer-operated isothermal calo-
rimetry (VP-ITC) instrument, purchased from Microcal Inc.,
Northampton, MA, was used for all microcalorimetric experi-
ments. All microcalorimetric titrations were performed in
aqueous solution at atmospheric pressure and 298.15 K. Each
solution was de-gassed and thermostated using a ThermoVac
accessory before the titration experiment. Twenty-eight succes-
sive injections were made for the titration experiment. A
constant volume (10 mL per injection) of SC4AH solution was
injected, using a 0.250 mL syringe, into the reaction cell
(1.4227 mL) charged with redistilled water.

High-resolution TEM measurements

High-resolution TEM images were acquired using a high-
resolution TEM (Tecnai G2 F20 microscope, FEI) equipped with
This journal is © The Royal Society of Chemistry 2014
a CCD camera (Orius 832, Gatan) operating at an accelerating
voltage of 200 kV. The sample for TEM measurements was
prepared by dropping the solution onto a copper grid. The grid
was then air-dried.
DLS measurements

The sample solution for DLS measurements was prepared by
ltering the solution through a 450 nm Millipore lter into a
clean scintillation vial. The samples were examined on a laser
light scattering spectrometer (BI-200SM) equipped with a digital
correlator (TurboCorr) at 636 nm at a scattering angle of 90�.
The hydrodynamic radius (Rh) was determined by dynamic light
scattering experiments, and the radius of gyration (Rg) was
obtained from static light scattering data at different scattering
angles.
Results and discussion

In addition to a vast series of natural amphiphiles, a number of
synthetic amphiphiles have been designed including macro-
cycle-based amphiphiles.24 Calixarenes serve as a kind of robust
macrocyclic scaffold that results in novel articial amphiphiles
due to their facile modication. Their intrinsic cone shape is
the prerequisite for high curvature amphiphilic aggregation.25

Their relatively rigid framework can enhance the stability of
amphiphilic aggregation.19c Calixarene amphiphiles consist of
multiple lipophilic groups at one rim and multiple hydrophilic
groups at the other rim, which are covalently linked by methy-
lene bridges, representing a type of preorganized cyclic olig-
omer of amphiphiles. From the viewpoint of structural
characteristics, they incorporate both gemini-type and bola-type
amphiphiles into a single molecule. Taking the preorganized
framework and cavity binding property into account, calixarene
amphiphiles are envisaged as a new candidate to build desired
amphiphilic assemblies with improved stability and fascinating
diverse applications.6–9

In the present work, we focus our attention on p-sulfonato-
calixarene-based (supra-) amphiphiles. p-Sulfonatocalixarenes
are one of the most signicant calixarene derivatives as their
benign water-solubility, robust binding capability and satisfac-
tory biocompatibility,26 mean that they have been extensively
applied in the elds of biology and pharmacology.27 Aiming to
fabricate an amphiphilic assembly, on one hand, p-sulfonato-
calixarenes have been demonstrated to generate supra-amphi-
philes by complexation-induced aggregation;18 on the other
hand, p-sulfonatocalixarenes modied at the lower rim with
alkyl chains can form amphiphilic assemblies with special
recognition sites (calixarene cavity) on their outer-layer surface,
which could be further non-covalently coronated and hierar-
chically assembled.

Due to their commercial availability and the convenience of
their syntheses as well as modication, we herein employed the
smallest analogue, SC4A and its heptylation derivative SC4AH
as the building hosts. Their non-covalent interactions with the
amphiphilic drug CPZ were examined, and then two amphi-
philic assemblies were fabricated via different assembling
Soft Matter, 2014, 10, 2253–2263 | 2255
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models: (1) supra-amphiphile directed by SC4A-induced aggre-
gation of CPZ; (2) amphiphilic coassembly between anionic
SC4AH and cationic CPZ. Both routes generate well-dened
solid spherical assemblies with the desired CPZ loading effi-
ciencies (61% and 46%).
Supra-amphiphile directed by SC4A-induced aggregation of
CPZ

Recently, we proposed a novel strategy for the construction of
supramolecular assemblies by means of CIA: complexation with
p-sulfonatocalixarenes promotes the aggregation of aromatic or
amphiphilic molecules by lowering the CAC, enhancing the
aggregate stability, and regulating the degree of order in the
aggregates.18

Before studying the aggregation of CPZ induced by
complexation with calixarenes, it is necessary to know the
aggregation behavior of free CPZ, which was examined by
means of electrical conductivity measurements under the
conditions used in this study (25 �C, aqueous solution at pH
7.0). The electrical conductivities of aqueous solutions of CPZ
increased gradually as the concentration of CPZ was gradually
increased from 10 to 270 mM, and an inection point was
obtained at the CPZ concentration of 140 mM, which implies
typical amphiphilic aggregation. The CAC was estimated to be
140 mM (Fig. 1a). Dynamic light scattering (DLS) measurements
for a 150 mM CPZ solution show no appreciable signal, indi-
cating that CPZ does not tend to form large-sized aggregates at
the CAC (Fig. 1b), but may form small micelles or oligomers.

When SC4A was added to the CPZ solution, the simple
mixture of SC4A (50 mM) and CPZ (200 mM) in aqueous solution
displayed the Tyndall effect, which prompted us to explore the
higher-order hierarchy assembly based on the host–guest
complexation of SC4A with CPZ. The CAC value of CPZ in the
presence of 50 mM SC4A was measured by monitoring the
dependence of the optical transmittance around 450 nm on
the concentration of CPZ. In the presence of SC4A, the optical
transmittance decreases gradually with increasing CPZ
concentration as a result of amphiphilic assembly (Fig. 2a). The
complexation-induced CAC value obtained was 125 mM
Fig. 1 (a) Dependence of electrical conductivity on the CPZ concentrat

2256 | Soft Matter, 2014, 10, 2253–2263
according to the plot of optical transmittance at 450 nm versus
the CPZ concentration (Fig. 2b).

Determining the preferable mixing ratio between SC4A and
CPZ is a prerequisite for fabricating a robust amphiphilic
assembly. Fig. 3a shows the optical transmittance spectra of
solutions with a xed CPZ concentration of 150 mM and
different SC4A concentrations. Interestingly, the transmittance
undergoes a sharp decrease and then an inverse increase upon
the gradual addition of SC4A. Plotting the transmittance at
450 nm versus the SC4A concentration (Fig. 3b), an inection
point was obtained at the SC4A concentration of 37.5 mM, cor-
responding to the SC4A/CPZmolar ratio of 0.25. It indicates that
in the present SC4A–CPZ system, the best host–guest stoichi-
ometry for amphiphilic aggregation is 1 : 4 SC4A to CPZ. In the
le-hand portion of the inection, SC4A and CPZ form a higher-
order complex with a tendency to undergo amphiphilic aggre-
gation, whereas in the right-hand portion of the inection,
excess SC4A leads to the formation of simple inclusion
complexes accompanied by the disassembly of the amphiphilic
aggregation. It is in good agreement with our previous
results.17f–h,19a Control experiments (Fig. 4) show that neither
free SC4A nor CPZ lead to a decrease in transmittance. Addi-
tionally, replacing SC4A with its building subunit, 4-phe-
nolsulfonic sodium, could not induce the formation of an
assembly, which conrms the crucial role of the preorganized
scaffold and cavity binding capability of SC4A in CIA. A clear
Tyndall effect was detected in the SC4A–CPZ solution (Fig. 4),
indicating the existence of an abundance of nanoparticles.
However, no appreciable Tyndall effect was observed for either
free SC4A, CPZ or 4-phenolsulfonic sodium–CPZ solution.
These Tyndall results are in accordance with the above optical
transmittance results, further validating that the formation of
nanoscaled aggregates is undoubtedly directed by the host–
guest complexation. Two driving factors are indispensable for
CIA: (1) the host–guest inclusion interaction offered by the
calixarene cavity and (2) the charge interactions between
the upper-rim sulfonate groups of the host molecules and the
charged groups of the guest molecules. On comparison with
free CPZ, the aggregation behavior of the complexed CPZ
underwent a pronounced change. This is because the intrinsic
ion in water (25 �C, pH 7.0). (b) DLS measurement of CPZ (150 mM).

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) Optical transmittance of CPZ solutions at different concentrations in the presence of 50 mM SC4A and (b) the dependence of the
optical transmittance at 450 nm on the CPZ concentration in the presence of 50 mM SC4A in water (25 �C, pH 7.0).

Fig. 4 Optical transmittance and Tyndall effect of free SC4A (1), free
CPZ (2), CPZ–4-phenolsulfonic sodium (3), and SC4A–CPZ (4) in
water (25 �C, pH 7.0); [SC4A] ¼ 37.5 mM, [CPZ] ¼ 150 mM, [4-phe-
nolsulfonic sodium] ¼ 150 mM.
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electrostatic repulsion between the charged amino groups of
the CPZ molecules was replaced by electrostatic attraction
between the charged amino groups and the sulfonate groups of
the SC4A molecules.

We postulate that the aggregation of CPZ induced by the
complexation of SC4A occurred in two steps (Scheme 3). First,
the host and guest molecules instantaneously formed a complex
in which two CPZ molecules were captured by the cavities of two
SC4A molecules, forming a 2 : 2 capsule-like complex driven by
the host–guest interaction.28 Subsequently, additional CPZ
molecules were readily integrated into the 2 : 2 complexes,
which resulted in the formation of compact aggregates. The
resulting aggregates were simultaneously stabilized by several
noncovalent interactions, including host–guest, charge, p-
stacking, and hydrophobic interactions.

Furthermore, dynamic laser scattering (DLS) and trans-
mission electron microscopy (TEM) were employed to identify
the size and morphology of the self-assembled SC4A–CPZ
complex. The concentrations of SC4A (37.5 mM) and CPZ
(150 mM) were maintained in these experiments according to
the aforementioned transmittance results. DLS results show
that the SC4A–CPZ complex forms spectacular aggregates with a
Fig. 3 (a) Optical transmittance of CPZ (150 mM) on increasing the SC4A concentration from 5 mM to 150 mM and (b) the dependence of the
optical transmittance at 450 nm on the SC4A concentration with a fixed CPZ concentration of 150 mM in water (25 �C, pH 7.0).

This journal is © The Royal Society of Chemistry 2014 Soft Matter, 2014, 10, 2253–2263 | 2257
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Scheme 3 Schematic illustration of CIA of CPZ.
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narrow size distribution, giving an average diameter of 231 nm
at a scattering angle of 90� (Fig. 5a). The formation of large-sized
SC4A–CPZ aggregates was convincingly validated by TEM
(Fig. 5b), which shows the spherical morphology. In order to
determine the radial density distribution, the radius of gyration
(Rg) and hydrodynamic radius (Rh) of the SC4A–CPZ complex
were measured using light scattering studies. The ratio r ¼
Rg/Rh is a highly structure sensitive property, representing the
radial density distribution of the particle.29 Typical values of r
are as follows: random coils r ¼ 1.5–1.8, solid spheres r ¼
0.78,29 and hollow spheres with an innitely thin shell r ¼ 1.0.30

The light scattering experiments at different scattering angles
gave the radius of gyration (Rg ¼ 108 nm) and hydrodynamic
radius (Rh ¼ 141 nm), respectively. The ratio r ¼ Rg/Rh ¼ 0.77 is
characteristic of solid spheres. Combining all of the afore-
mentioned results, we deduce that SC4A–CPZ nanoparticles
exhibited typical amphiphilic characteristics and a bilayer
structure that curved to generate multilamellar spheres. SC4A
and CPZ are connected together by host–guest interactions. The
phenothiazine rings in CPZ are p–p stacked together, and the
intrinsic electrostatic repulsion between the charged amino
groups of CPZmolecules was replaced by electrostatic attraction
between the charged amino groups and the sulfonate groups of
the SC4A molecules (Scheme 4).

To obtain the CPZ loading efficiency of the nanoparticles, the
dispersion was ultracentrifuged, and the precipitates were
analyzed bymeans of 1H NMR (see the Experimental section). At
a SC4A : CPZ mixing ratio of 1 : 4 ([SC4A] ¼ 37.5 mM), the
SC4A : CPZ molar ratio obtained in precipitates was 1 : 3.72,
corresponding to a CPZ loading efficiency of 61%. The
unchanged chemical composition of the nanoparticles could be
attributed to the effective binary host–guest assembly.
Fig. 5 (a) DLS data of the SC4A–CPZ assembly. (b) High-resolution TEM

2258 | Soft Matter, 2014, 10, 2253–2263
The obtained supramolecular micelles have the capability of
responding to the competitive binding of DBO with SC4A.
Recently, we found that DBO is a favored guest molecule of
SC4A with a strong binding affinity.23 Here we have employed
DBO as a competitive guest to replace CPZ in the cavities of
SC4A, thereby leading to the disassembly of the micelle archi-
tecture. As shown in Fig. 6a, the transmittance of the SC4A–CPZ
solution at 450 nm shows a pronounced increase upon the
gradual addition of DBO. The Tyndall effect for the SC4A–CPZ
solution (Fig. 6b, le) disappears aer adding excess DBO
(Fig. 6b, right).
Amphiphilic coassembly between anionic SC4AH and cationic
CPZ

When compared with conventional amphiphiles, calixarene-
based amphiphiles have lower CAC values and tend to present
exchange rates several orders of magnitude slower, between
monomers in bulk solution and in the aggregates.16a–c,e Among
calixarene-based amphiphiles described in the literature, p-
sulfonatocalixarenes bearing alkyl groups at the lower rim were
the rst to be described and are probably the most studied.16

SC4AH, appended with the hydrophilic sulfonates at the
upper rim of calix[4]arene and the hydrophobic n-heptyl chains
at its lower rim, displays the desired amphiphilic nature. Since
the intrinsic cone shape of calixarene is the prerequisite for
high-curvature amphiphilic aggregation, SC4AH is expected to
form a micellar assembly. We performed isothermal titration
microcalorimetry (ITC) to investigate the aggregation of SC4AH
(Fig. 7). The variation of DHobs is plotted against the nal
concentration of SC4AH. The dilution curve is sigmoidal in
shape, and can be subdivided into two concentration regions
images of the SC4A–CPZ assembly (the scale bar is 500 nm).

This journal is © The Royal Society of Chemistry 2014
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Scheme 4 Models for the supra-amphiphile directed by SC4A-
induced aggregation of CPZ.

Fig. 7 Titration of 28 aliquots (10 mL) of 3.88 � 103 mM solution of
SC4AH into pure water at 298.15 K. Observed reaction enthalpy
(DHobs) versus the total SC4AH concentration in the reaction cell. The
red line represents the first derivative of DHobs against the concen-
tration of SC4AH.
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separated by a transition region associated with micelle
formation, corresponding to the CAC. When the concentration
of SC4AH lies below the CAC, all added micelles are demicel-
lized into monomers and the monomers are further diluted.
When the concentration of SC4AH is above the CAC, only the
micellar solution is diluted and the DHobs drops toward zero.
From such a titration curve, both the CAC value and the
enthalpy change (DHm) for micellization can be derived. As
illustrated in Fig. 7, the tted curve is differentiated with respect
to the concentration of SC4AH and the position of the
extremum is taken as the CAC (210 mM);31 the DHm value
(�37.1 kJ mol�1) is obtained from the titration curve by taking
the enthalpy difference between the two linear segments of the
enthalpy curve extrapolated to the CAC.32 The DHm value is
negative, which indicates that the micellization of SC4AH is
exothermic. According to the previous results reported by Prof.
Garćıa-Ŕıo,16f three main factors are attributed to the micelli-
zation of SC4AH, which is similar to gemini amphiphiles: (1) the
hydrophobic interactions, (2) van der Waals interactions, and
(3) p–p interactions between the aromatic rings. The aggrega-
tion number of SC4AH at the CAC was calculated to be 13,
corresponding to the small-sized aggregates which are not
Fig. 6 (a) Dependence of the optical transmittance of the SC4A–CPZ so
SC4A–CPZ solution in the absence (left) and in the presence (right) of e

This journal is © The Royal Society of Chemistry 2014
suitable for drug delivery due to their low drug loading effi-
ciency. As proposed by Tanford,33 two opposing forces are
responsible for the formation of such amphiphilic assemblies.
The hydrophobic effect drives the segregation of the alkyl
chains in water, thus providing the impetus for self-organiza-
tion. On the other hand, repulsive electrostatic forces between
the polar headgroups prevent the formation of large three-
dimensional assemblies. The coassembly of anionic and
cationic amphiphiles (catanionic amphiphiles) is a fascinating
system that offers an attractive approach to construct complex
self-assembled nanostructures. The molecular self-assemblies
of the catanionic amphiphiles are mainly attributed to the
strong electrostatic attraction between the oppositely charged
headgroups (ion-pair), which greatly promotes the dense
packing of amphiphiles in the aggregate and results in a
reduced headgroup area that causes spontaneous formation of
stable and large assemblies.34 Based on this strategy, we present
lution at 450 nm on DBO concentration. (b) The Tyndall effect of the
xcess DBO. [SC4A] ¼ 20 mM, [CPZ] ¼ 80 mM, [DBO] ¼ 1000 mM.
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Fig. 9 Optical transmittance and Tyndall effect of free SC4AH (1), free
CPZ (2), SC4AH–CPZ (3), and 4-(heptyloxy)benzenesulfonate
sodium–CPZ (4) in water (25 �C, pH 7.0); [SC4AH] ¼ 25 mM, [CPZ] ¼
75 mM, [4-(heptyloxy)benzenesulfonate sodium] ¼ 100 mM.
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an amphiphilic coassembly between anionic SC4AH and
cationic CPZ in this part.

The SC4AH : CPZ molar ratio was maintained at 1 : 3 in the
following experiments because a precipitate was formed at the
SC4AH : CPZ molar ratio of 1 : 4 (charge matching would
generate unstable electroneutral micelles). Moreover, the 1 : 3
ratio leads to the formation of negatively charged micelles,
which is favorable for the calixarene cavities at the outer-layer
surface to capture positively charged functional ligands. As a
result of amphiphilic aggregation, the optical transmittance
decreased gradually with increasing concentration (Fig. 8a), and
the CAC value of the SC4AH–CPZ complex was calculated to be
12 mM, which took the SC4AH concentration as standard
according to the plot of optical transmittance at 450 nm
(Fig. 8b). The concentrations of SC4AH (25 mM) and CPZ (75 mM)
were maintained in the following experiments. A control
experiment, replacing SC4AH with its building subunit 4-(hep-
tyloxy)benzenesulfonate sodium, was performed (Fig. 9), and
the optical transmittance exhibited no appreciable decrease. One
possible reason is that the cyclic tetramer structure of SC4AH4�

could provide much stronger electrostatic attraction with CPZ
than its building subunit. The SC4AH–CPZ solution exhibited a
clear Tyndall effect (Fig. 9), indicating the existence of an abun-
dance of nanoparticles. However, neither free SC4AH solution,
CPZ solution nor 4-(heptyloxy)benzenesulfonate–CPZ sodium
solution exhibited a similar Tyndall effect, revealing not only that
neither free SC4AH nor CPZ can form nanoscale aggregates
under the same conditions, but also that replacing SC4AH with
its building subunit 4-(heptyloxy)benzenesulfonate sodium
cannot induce the formation of nanoscale aggregates, which is in
accordance with the above optical transmittance results.

DLS and TEM were employed to identify the assembly size
and morphology of the SC4AH–CPZ complex. In DLS measure-
ments, particles formed by the complex exhibit an average
diameter of 192 nm at a scattering angle of 90� (Fig. 10a). The
TEM image shows the spherical particles (Fig. 10b). The light
scattering studies at different scattering angles also revealed the
radius of gyration (Rg ¼ 81 nm) and hydrodynamic radius (Rh ¼
101 nm). The ratio r ¼ Rg/Rh ¼ 0.80 is characteristic for solid
spheres. Furthermore, the nanoparticles were found to possess
a zeta potential of �16.18 mV. The negative value is reasonably
acceptable according to the mixing ratio of 1 : 3 (SC4A4� : CPZ+)
Fig. 8 (a) Optical transmittance of the SC4AH–CPZ complex by increas
optical transmittance at 450 nm on the complex concentration in water

2260 | Soft Matter, 2014, 10, 2253–2263
and further indicates that the sulfonate groups of SC4AH were
on the surfaces of the nanoparticles. Combining all of the
aforementioned results, we deduce that SC4AH–CPZ forms
multilamellar spherical micelles (Scheme 5). The strong elec-
trostatic attraction between the oppositely charged headgroups
(ion-pair) of SC4AH and CPZ greatly promotes their dense
packing in the aggregates and results in a reduced headgroup
area, which causes the spontaneous formation of stable and
large assemblies. CPZ plays an important role in the construc-
tion of micelles as a pharmaceutical subunit.

We used the same method mentioned above to obtain the
CPZ loading efficiency in the SC4AH–CPZ nanoparticles. At a
SC4AH : CPZ mixing ratio of 1 : 3 ([SC4AH] ¼ 25 mM), the
SC4AH : CPZ molar ratio in precipitates was 1 : 2.96, corre-
sponding to a CPZ loading of 46%. The unchanged chemical
composition of the nanoparticles could be attributed to the
electrostatic attraction between the oppositely charged head-
groups of SC4AH and CPZ, which promoted their dense packing
in the nanoparticles.

Owing to the host–guest recognition site of SC4AH on the
outer surface of the SC4AH–CPZ particles, a variety of targeting
ligands, diagnostic probes and therapeutic cargos could be
ing the concentration from 1 mM to 30 mM and (b) dependence of the
(25 �C, pH 7.0).

This journal is © The Royal Society of Chemistry 2014
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Fig. 10 (a) DLS data of the SC4AH–CPZ assembly. (b) High-resolution TEM images of the SC4AH–CPZ assembly (the scale bar is 100 nm).

Scheme 5 Models for amphiphilic coassembly between anionic
SC4AH and cationic CPZ.
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further non-covalently anchored on them. Trimethylated chi-
tosan (TMC) is a permanently quaternized chitosan derivative
which is positively charged under physiological conditions.35 It
is a water soluble, non-toxic material which has great advan-
tages as a targeting agent. As a cationic ligand, TMC can
facilitate the active transport of nanoparticles via absorptive-
mediated transcytosis. Therefore, TMC-modied nanoparticles
could be used as a drug carrier for delivery to the brain.36,37 The
zeta potential of the SC4AH–CPZ particles changed from
�16.18 mV to �7.28 mV upon the addition of TMC, indicating
that TMC was captured on the surface of the SC4AH–CPZ
particles via host–guest interactions between the calixarene
cavities and quaternary ammonium ions. As a result, these TMC
coated SC4AH–CPZ particles may lead to potential applications
in targeted drug delivery.
Conclusion

In summary, we constructed two amphiphilic assemblies based
on the non-covalent interaction between anionic p-sulfonato-
calixarenes and cationic CPZ via two different assembling
models: (1) supra-amphiphile directed by SC4A-induced aggre-
gation of CPZ; (2) amphiphilic coassembly between anionic
SC4AH and cationic CPZ. Both routes generate large-sized
multilamellar spherical micelles which cannot be achieved by
using any component alone. CPZ itself acts as an essential
building subunit that leads to the desired high loading effi-
ciencies (61% and 46%). Furthermore, due to the host–guest
recognition site of SC4AH on the outer-layer surface, a targeting
This journal is © The Royal Society of Chemistry 2014
agent, TMC, could be further non-covalently anchored on the
SC4AH–CPZ nanoparticles for targeted delivery. Our strategy of
calixarene–drug coassembly thus provides a new direction for
the development of carriers with high drug loading and easy
processability. The versatility of the envisaged nanoconstructs,
simply by changing the drug molecule and the exposed ligand,
may be a highly desirable advantage for engineering a universal
nanocarrier.
Notes
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