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ABSTRACT: Enzyme-responsive, amphiphilic self-assembly
represents one of the increasingly signiﬁcant topics in
biomaterials research and ﬁnds feasible applications to the
controlled release of therapeutic agents at speciﬁc sites where
the target enzyme is located. The supramolecular approach,
using “superamphiphiles”, provides a smart way to fabricate
drug delivery systems responsive to enzymatic catalysis. In this
work based on the concept of supramolecular chemistry, we
report an enzyme-responsive vesicle using p-sulfonatocalix[4]arene as the macrocyclic host and natural enzyme-cleavable
myristoylcholine as the guest molecule. The complexation of
p-sulfonatocalix[4]arene with myristoylcholine directs the formation of a supramolecular binary vesicle, which is dissipated by
cholinesterase with high speciﬁcity and eﬃciency. Cholinesterase is a key protein overexpressed in Alzheimer’s disease, and
therefore, the present system may have potential for the delivery of Alzheimer’s disease drugs.

■

INTRODUCTION
Enzymes play essential roles in a lot of biochemical processes,
and often aberrations in the enzyme expression level have been
associated with many diseases.1 As an appealing quest for
therapeutic purposes, enzyme-responsive assemblies have
gained considerable attention in the ﬁelds of biotechnology,
diagnostics, and drug delivery systems,2 where the entrapped
drugs are released from self-assembled carriers triggered by
speciﬁc enzymatic reactions.3 Compared to approaches with
other external stimuli, such as temperature, pH, and light, the
enzyme-based approach represents an elegant biocompatible
method of high sensitivity and selectivity for targeted delivery
of therapeutics to the enzyme-overexpression sites. Essentially
all of the drug delivery vehicles hitherto employed are
amphiphilic in nature, including micelles, vesicles, nanoparticles, and hydrogels. Fabrication of enzyme-responsive
drug delivery systems should therefore address two formidable
challenges: (1) enzymes convert self-assembling amphiphilic
substrates into nonassembling nonamphiphilic products (vice
versa); (2) tedious covalent syntheses are always involved in
preparing desired amphiphiles, which will not only reduce their
biocompatibility but also aﬀect the enzyme activity and
speciﬁcity due to suboptimal reactivity of the enzyme to the
modiﬁed substrates. In this regard, the supramolecular
approach is expected as a smart strategy for bottom-up
fabrication, where tectons are held together with reversible
noncovalent interactions. However, to the best of our
knowledge, the concept of “superamphiphiles”,4 amphiphiles
that are generated by noncovalent synthesis, has been much less
frequently engaged in building supramolecular enzymetriggered drug delivery, as well as pattern-sensing systems.5
Up to now, several kinds of noncovalent interactions have been
© 2012 American Chemical Society

used to build superamphiphiles, including hydrogen-bonding,
charge-transfer, and π···π interactions, among others.6 These
frequently employed noncovalent interactions are not always
eﬀective for making assemblies in aqueous media, and many of
the assemblies formed lack biocompatibility, which is essential
for applications in the ﬁeld of biotechnology. The host−guest
complexation events based on cyclodextrin, sulfonatocalixarene,
and cucurbituril occur commonly in aqueous media, and
therefore, the use of macrocyclic receptors is particularly
advantageous in constructing water-soluble supramolecular
architectures.7 Moreover, such macrocycles have been shown
to be very biocompatible.8 Consequently, the construction of
superamphiphiles through host−guest recognition is of
particular interest and importance in fundamental research
and practical application of biotechnology and medicine,
although only a limited amount of endeavor has been devoted
so far to this research area.9
We present here a new strategy of building enzymeresponsive supramolecular vesicles as an operational targeted
drug delivery system, where host−guest complexes act as
superamphiphiles, avoiding the tedious covalent syntheses and
substrate modiﬁcation. As the initial part of our ongoing
program, biocompatible p-sulfonatocalix[4]arene (SC4A)8b−d
and natural myristoylcholine were employed as the macrocyclic
host and enzyme-cleavable guest, respectively. Our design
proposed herein combines the following three advantages: (1)
the complexation of SC4A with myristoylcholine lowers its
critical aggregation concentration (CAC) pronouncedly to
Received: April 5, 2012
Revised: May 21, 2012
Published: June 11, 2012
10244

dx.doi.org/10.1021/ja303280r | J. Am. Chem. Soc. 2012, 134, 10244−10250

Journal of the American Chemical Society

■

form a binary vesicle;10 (2) cholinesterases (acetylcholinesterase (AChE) and butyrylcholinesterase (BChE)) convert
myristoylcholine to myristic acid and choline with unparalleled
speciﬁcity;5b,11 (3) SC4A binds nonamphiphilic choline but not
amphiphilic myristic acid, leading to the complexed vesicle
being dissipated (Scheme 1).12 Recently, the interaction of
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RESULTS AND DISCUSSION

Myristoylcholine was employed as it is a soft antimicrobial
agent and can be used in drug delivery systems.16 Although
myristoylcholine is a natural enzyme-active molecule, it is
defective in fabricating an enzyme-responsive assembly
independently as the CACs of the substrate and product are
similar (Scheme 1). Both myristoylcholine and myristic acid
form micelles with CACs of 2.5 and 4.5 mM, respectively.11a,17
Dramatically, the CAC value of myristoylcholine can be
pronouncedly decreased by the complexation of SC4A, while
that of myristic acid remains unchangeable as there is no
complexation of SC4A. The CAC decrease of myristoylcholine
in the presence of SC4A was measured by monitoring the
dependence of the optical transmittance around 450 nm on the
concentration of myristoylcholine. In the absence of SC4A, the
optical transmittance of myristoylcholine at 450 nm shows no
appreciable change as the concentration increases from 0.005 to
0.100 mM (Figure S1, Supporting Information). This indicates
that myristoylcholine cannot aggregate in this concentration
region, in nice agreement with the previous results measured by
calorimetry and surface tension.11a,17b Upon addition of SC4A,
the optical transmittance decreases gradually with increasing
myristoylcholine concentration as a result of amphiphilic
assembly. The complexation-induced CAC can therefore be
obtained according to the plot of optical transmittance at 450
nm versus the concentration of myristoylcholine: ca. 0.02−0.03
mM (Figure S2, Supporting Information). This means that the
CAC of myristoylcholine decreases signiﬁcantly by a factor of
ca. 100 due to the complexation with SC4A. Note that SC4A
did not show any tendency to self-aggregate in aqueous
solution.18 Control experiments show that replacement of
SC4A by its building subunit 4-phenolsulfonic sodium could
not induce the reduction of CAC (Figure S3, Supporting
Information), indicating that a host−guest complexation of
SC4A with myristoylcholine is undoubtedly the critical factor
leading to an amphiphilic assembly, where the electrostatic
interactions between negative sulfonate groups and positive
quaternary ammonium groups reinforce the complex stability.
It is a prerequisite to determine the best molar ratio between
SC4A and myristoylcholine for constructing a robust
amphiphilic assembly. Figure 1 shows the optical transmittance
spectra (top) and the plot of transmittance at 450 nm as a
function of the concentration of SC4A added to a
myristoylcholine solution at ﬁxed 0.10 mM (bottom). The
transmittance at 450 nm ﬁrst decreased rapidly with increasing
SC4A concentration until the minimum was reached at a
SC4A/myristoylcholine ratio of 0.1 and then gradually
increased thereafter to approach a quasi-plateau. The rapid
decrease indicates the formation of a higher order complex of
SC4A with myristoylcholine, eventually leading to an
amphiphilic assembly, which is however disassembled upon
further addition of SC4A to aﬀord a simple 1:1 inclusion
complex. The inﬂection appears at a SC4A/myristoylcholine
molar ratio of 0.1, which means that, in the present SC4A−
myristoylcholine system, the best mixing ratio for the
amphiphilic assembly is 1:10 SC4A:myristoylcholine.19
The solution of SC4A + myristoylcholine exhibited a clear
Tyndall eﬀect (Figure 2a), indicating the existence of abundant
nanoparticles. A similar phenomenon was not observed for the
solution of free myristoylcholine, revealing that free myristoylcholine cannot form nanoscale aggregates under the same
conditions. Furthermore, dynamic laser scattering (DLS),

Scheme 1. Schematic Illustration of Amphiphilic Assemblies
of Myristoylcholine in the Absence and Presence of SC4Aa

a

Free myristoylcholine self-assembles into micelle 1 at higher
concentration (>2.5 mM). Micelle 1 is not dissipated but transferred
into micelle 2 accompanied by the BChE reaction (the hydrophilic−
hydrophobic balance is not lost from myristoylcholine substrate to
myristic acid product), and then, the hydrophobic drugs (yellow small
spheres) cannot be released from the micelles. Upon addition of
SC4A, the CAC of myristoylcholine decreases by 2 orders of
magnitude, and the host−guest complex self-assembles into a binary
vesicle at lower concentration (< 0.1 mM). The vesicle can be
speciﬁcally dissipated by BChE, leading to the release of entrapped
hydrophilic drugs (purple rods).

cholinesterase with supramolecular assemblies derived from
myristoylcholine and anionic molecules has been reported.11
Zhu et al. 11a and Li et al. 11b have shown that the
heteroaggregates can be used in convenient ﬂuorometric or
colorimetric AChE sensing and its inhibitor screening.
Especially, Zhang et al. have very recently reported a
cholinesterase-responsive spherical aggregate as a carrier for
drug delivery.5b However, to the best of our knowledge, the
construction of cholinesterase-responsive vesicles has not been
reported so far.
Vesicles are not only ubiquitous building blocks in living
systems but also highly useful, often essential, components of
artiﬁcial biomimetic systems, light-harvesting systems, microreactors, and particularly drug/gene delivery systems.13 In
contrast to the solid micelles that are suitable to entrap
hydrophobic drugs, the hollow vesicles prefer to load
hydrophilic drugs into their inner cavities. Notably, the
overexpression of cholinesterase has been implicated for
Alzheimer’s disease,14 and the current rational clinical treatment is mainly based on the cholinesterase inhibitors, most of
which are hydrophilic, as was the case with the ﬁrst Alzheimer’s
disease drug tacrine. The present vesicle system is therefore
potentially applicable to the controlled release of Alzheimer’s
disease drugs, following our previous tandem cholinesterase
assays and screening for inhibitors.15
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Figure 2. (a) DLS data of the SC4A + myristoylcholine assembly.
Inset: Photos showing the Tyndall eﬀect of free myristoylcholine (left)
and the SC4A−myristoylcholine complex (right). (b) SEM, (c) highresolution TEM, and (d) TEM images of the SC4A + myristoylcholine
assembly. [Myristoylcholine] = 0.10 mM, and [SC4A] = 0.01 mM.

Figure 1. (a) Optical transmittance of myristoylcholine (0.10 mM) by
increasing the concentration of SC4A from 0.002 mM (0.02 equiv) to
0.60 mM (6.00 equiv) at 25 °C in water. (b) Dependence of the
optical transmittance at 450 nm on the SC4A concentration with a
ﬁxed myristoylcholine concentration of 0.10 mM at 25 °C.

characteristic of vesicles.21 Combining all the aforementioned
results, we may conclude that the supramolecular binary vesicle
is formed as schematically illustrated in Scheme 1. The
hydrophobic alkyl chains in myristoylcholine are packed
together, and the inner- and outer-layer surfaces consist of
hydrophilic phenol OH groups of SC4A, which are exposed to
the aqueous solution. SC4A and myristoylcholine are
connected together by host−guest interactions. This model
was also conﬁrmed by NMR results (Figure S6, Supporting
Information). The resulting binary vesicle is stable, and the
vesicular structure can be maintained at least over 24 h (Figure
S9, Supporting Information).
The pH value for this SC4A + myristoylcholine system was
determined as 6.8, which is in the range of physiological pH for
enzymatic reactions. The disassembly process induced by
enzyme was monitored using optical transmittance studies.
Both AChE and BChE are speciﬁc enzymes to cleave
myristoylcholine; however, the overexpression of BChE is
implicated in the exacerbation of Alzheimer’s disease,14 and
therefore, BChE was employed in this work. BChE was added
to the SC4A + myristoylcholine solution, ca. 0.5 U/mL, which
is comparable with the average amount of cholinesterase
present in a healthy adult. We were gratiﬁed to ﬁnd a systematic
increase with time in the optical transmittance at 450 nm,
which ﬁnally reached more than 96% after 3 h (Figure 3a),
revealing that almost all the vesicular assemblies disappeared in
about 3 h. More powerful evidence for the disassembly of the

transmission electron microscopy (TEM), and scanning
electron microscopy (SEM) were employed to identify the
self-assembly morphology and size of the SC4A + myristoylcholine superamphiphile. The DLS examinations revealed that
the SC4A−myristoylcholine complex forms spectacular assemblies with a narrow size distribution, giving an average diameter
of 194 nm at a scattering angle of 90° (Figure 2a). The TEM
image at an accelerating voltage of 100 keV (Figure S4,
Supporting Information) and SEM image (Figure 2b) show the
spherical morphology with a diameter ranging from 90 to 200
nm. The measured diameters of the aggregates exceed the
corresponding extended molecular length, suggesting that these
aggregates are vesicular entities rather than simple micelles.20
The formation of vesicles was convincingly validated by cryoTEM (Figure S5, Supporting Information) as well as TEM
(Figure 2d) and high-resolution TEM (Figure 2c) images at an
accelerating voltage of 200 keV, showing the hollow spherical
morphology. From the distinguishably dark periphery and the
light central parts, we obtained the thickness of the bilayer
membrane as ca. 4 nm, which is of the same order of magnitude
as the sum of two myristoylcholine lengths and two SC4A
heights. The light scattering studies on a monodisperse vesicle
sample of SC4A + myristoylcholine revealed that the radius of
gyration (Rg = 175 nm) and hydrodynamic radius (Rh = 153
nm) are almost identical (ρ (Rg/Rh) = 1.1), which is also
10246

dx.doi.org/10.1021/ja303280r | J. Am. Chem. Soc. 2012, 134, 10244−10250

Journal of the American Chemical Society

Article

of SC4A + myristoylcholine vesicles can also be achieved in
normal saline (Figure S11, Supporting Information).
Mass spectrum measurements were also performed to further
demonstrate the enzymatic cleavage of the ester bonds of
myristoylcholine in the supramolecular vesicles. Figure S12
(Supporting Information) shows mass spectra of the supramolecular vesicle at diﬀerent time points after addition of
BChE. The peak at 314, assigned to [myristoylcholine]+, was
obviously weakened after 5 h, and almost disappeared 12.5 h
later, indicating that all of the ester bonds had been cleaved.
The time for the complete disassembly of the supramolecular
vesicles is much shorter than that for the complete cleavage of
the ester bonds, since almost all vesicles were dissipated even
when some myristoylcholine molecules remained with a
concentration lower than the CAC.5a The rate for the
cholinesterase-responsive disassembly is related to the concentration of the enzyme added, and increasing amount of enzyme
would accelerate the disassembly (Figure S13, Supporting
Information). Important to note, the hydrolysis rate of the
binary vesicle by BChE is much slower than that of free
myristoylcholine because there is a dynamic equilibrium
between the assembled and unassembled states of myristoylcholine, and BChE attacks only the free species.
To prove that the protein BChE itself is not a factor
contributing to the disassembly of the vesicle, a control
experiment was carried out in which the same amount of
denatured BChE (treated in boiling water for 1 h) was added to
the SC4A + myristoylcholine solution. No appreciable change
over time was observed in either the optical transmittance at
450 nm or the Tyndall eﬀect (Figure 4). Thus, the result clearly

Figure 3. (a) Dependence of the optical transmittance of SC4A +
myristoylcholine aggregation at 450 nm on time in the presence of
BChE. (b) Scattering intensity of the SC4A + myristoylcholine
assembly before (left) and after (right) addition of BChE for 3 h.
Inset: Tyndall eﬀect of the SC4A + myristoylcholine assembly before
(left) and after (right) addition of BChE for 3 h. (c) TEM, (d) highresolution TEM, and (e) SEM images of the SC4A + myristoylcholine
assembly after addition of BChE for 3 h. [Myristoylcholine] = 0.10
mM, [SC4A] = 0.01 mM, and [BChE] = 0.5 U/mL.

Figure 4. (a) Dependence of the optical transmittance of SC4A +
myristoylcholine aggregation at 450 nm on time in the presence of 0.5
U/mL BChE and denatured BChE. Inset: Tyndall eﬀect of the SC4A
+ myristoylcholine aggregation before (left) and after (right) addition
of 0.5 U/mL denatured BChE for 3 h. [Myristoylcholine] = 0.10 mM,
and [SC4A] = 0.01 mM.

eliminates the possibility of the enzyme protein itself being a
factor of disassembly. To investigate the speciﬁcity of the
cholinesterase-responsive disassembly, the optical transmittance
results for the binary vesicle upon addition of other enzymes
such as calf intestinal alkaline phosphatase (CIAP), exonuclease
I (Exo I), and glucose oxidase (GOx) were recorded. The
concentration of each enzyme was kept at 0.5 U/mL. As shown
in Figure S15 (Supporting Information), in the presence of
CIAP/Exo I/GOx, there was no signiﬁcant change over time in

vesicles upon addition of BChE comes from DLS measurements, showing that the scattering intensity decreases
pronouncedly from 155.3 to 17.7 kcps in 3 h, accompanied
by the disappearance of the Tyndall eﬀect (Figure 3b). TEM
(Figure 3c), high-resolution TEM (Figure 3d), and SEM
(Figure 3e) images also show that hardly any vesicular
morphology was observed after BChE treatment. Furthermore,
we found that the formation and enzyme-triggered disassembly
10247
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carrier of drugs, which encapsulates drug molecules inside,
protects the active ingredient from premature degradation, and
releases them when encountered with cholinesterase, in
particular at the tissue where cholinesterase is overexpressed.
We further loaded tacrine, a typical water-soluble cholinesterase inhibitor for the treatment of Alzheimer’s disease, into
the vesicle. The presence of 0.5 U/mL BChE disassembles the
tacrine-loaded vesicle, while denatured BChE does not, which
indicates that the loaded tacrine can only be released upon
cholinesterase-triggered vesicle disassembly (Figure 5b). More
importantly, the tacrine-loaded vesicle underwent only a partial
disassembly, which is diﬀerent from the complete disassembly
of the free vesicle. The eﬀect not only reﬂects that the released
tacrine has played a therapeutic eﬀect in inhibiting the activity
of cholinesterase, but also implies that excessive tacrine cannot
be further released after all the enzymatic activities were
inhibited, which eliminates any potential side eﬀects caused by
excessive tacrine release. Therefore, such a controlled release
system will enhance the drug eﬃcacy, while simultaneously
minimizing the undesired side eﬀects, if any.
Finally, basic cell experiments were carried out to evaluate
the cellular toxicity of the supramolecular binary vesicle. LO2
cells (normal human liver cell line) were incubated with and
without SC4A + myristoylcholine vesicle ([SC4A] = 0.01 mM,
[myristoylcholine] = 0.1 mM), and the number of living cells in
each group was recorded from day 1 to day 4. As shown in
Figures 6 and S19 (Supporting Information), we found that the
number of living cells in the vesicle group was statistically
equivalent to that in the blank group (P > 0.05) every day and
the morphology of living cells in the vesicle group is also similar
to that in the blank group. All these results suggest that the
SC4A + myristoylcholine vesicle employed in this work is

either the optical transmittance at 450 nm or the Tyndall eﬀect,
demonstrating that this enzyme-responsive vesicle exhibits
excellent speciﬁcity toward cholinesterase.
It is reasonable to expect that the disassembly would trigger a
concomitant release of any hydrophilic guest molecule
sequestered within the vesicular interior. To test this, the
trisodium salt of 8-hydroxypyrene-1,3,6-trisulfonic acid
(HPTS) as a model molecule was loaded into the vesicles.
Excess HPTS was removed by dialysis. The dialysis process also
revealed that the SC4A + myristoylcholine binary vesicle is
suﬃciently stable in an aqueous medium. The release kinetics
of HPTS with and without addition of BChE was evaluated
through ﬂuorescence emission spectroscopy. As shown in
Figure 5a, a very low release of entrapped HPTS was observed

Figure 5. (a) Release of HPTS entrapped in the supramolecular SC4A
+ myristoylcholine vesicle with and without BChE. (b) Dependence of
the optical transmittance of the unloaded vesicle at 450 nm on time in
the presence of 0.5 U/mL BChE and dependence of the optical
transmittance of the tacrine-loaded vesicle at 450 nm on time in the
presence of 0.5 U/mL BChE and denatured BChE. [Myristoylcholine]
= 0.10 mM, and [SC4A] = 0.01 mM.

over periods of 4 h, indicating that the vesicles are highly stable
toward leakage at room temperature. However, the release rate
was signiﬁcantly enhanced when the vesicles were treated with
BChE, demonstrating the cholinesterase-triggered release of the
binary vesicle. About 80% HPTS was released in the ﬁrst 20
min, reaching almost 100% in 4 h. In addition, almost no HPTS
release was observed for the vesicle solution treated with other
enzymes such as GOx, as expected, and more enzyme would
result in an accelerated or enhanced release (Figure S17,
Supporting Information). This phenomenon renders the
present supramolecular vesicle an intriguing targeted-delivery

Figure 6. (a) Number of living LO2 cells in the blank group and after
treatment with SC4A + myristoylcholine vesicle from day 1 to day 4.
Images of living LO2 cells in the blank (b) and SC4A +
myristoylcholine vesicle (c) groups after 72 h.
10248
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with a holey carbon support ﬁlm. After 15 s, the water was removed by
paper. The copper grid was immersed into liquid C2H6 immediately
and then transferred into liquid nitrogen for further observation.
DLS Measurements. The sample solution for DLS measurements
was prepared by ﬁltering the solution through a 450 nm Millipore ﬁlter
into a clean scintillation vial. The samples were examined on a laser
light scattering spectrometer (BI-200SM) equipped with a digital
correlator (TurboCorr) at 532 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.
Cell Experiments. LO2 cells (normal human liver cell line) were
seeded in a clear 24-well plate at a density of 2 × 104 cells/well in 1000
μL of complete RPMI 1640 and 10% fetal calf serum (FCS) and
grown for 6 h with 5% CO2 at 37 °C. LO2 cells were subsequently
incubated with and without the SC4A + myristoylcholine vesicle. The
ultimate concentrations of SC4A and myristoylcholine were 0.01 and
0.10 mM, respectively. After another 24, 48, 72, and 96 h of
incubation, the number of living cells in every group was measured.
The number of living cells is expressed as the mean ± standard
deviation, and a t test was used for statistical analysis of the data.
Diﬀerences were considered statistically signiﬁcant when the P value
was less than 0.05.

practically nontoxic and therefore is an ideal carrier for drug
delivery.

■

CONCLUSION
In conclusion, we have successfully constructed an enzymeresponsive supramolecular vesicle as an operational targeted
drug delivery system, based on the concept of host−guest
chemistry. By taking advantage of the dynamic equilibrium
characteristics of noncovalent interactions, the self-assembled
vesicle was successfully disintegrated by the action of the
enzyme. Although the cleavage rate may be reduced, it is
certainly advantageous over the covalent modiﬁcation of
substrates, which often results in a loss of enzyme recognition.
The present binary vesicle from SC4A and myristoylcholine
exhibits highly speciﬁc and eﬃcient responsiveness to
cholinesterase. An enzyme-induced cleavage of myristoylcholine triggers a cascade of events, loss of the hydrophilic−
hydrophobic balance of the binary superamphiphile, disassembly of the vesicle, and tandem release of entrapped drugs. We
believe that this approach can be extended to various enzymetriggered self-assembled materials, showing feasible applications
in the controlled release at speciﬁc enzyme sites. Further in vivo
studies are currently ongoing.
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Materials Preparation. Myristoylcholine chloride, BChE (from
equine serum, 246 U/mg), HPTS, and tacrine were purchased from
Sigma-Aldrich. Choline and GOx were purchased from Aladdin. CIAP
and Exo I were purchased from Takara. Sodium myristate was
purchased from TCI, and 4-phenolsulfonic sodium was purchased
from Acros. All of these were used without further puriﬁcation. SC4A
was synthesized and puriﬁed according to the procedures reported
previously22 and identiﬁed by 1H NMR spectroscopy in D2O,
performed on a Varian 300 spectrometer, and elemental analysis,
performed on a Perkin-Elmer 2400C instrument.
HPTS-Loaded Vesicles. HPTS-loaded vesicles were prepared as
follows: A certain amount of HPTS was added to a solution containing
SC4A and myristoylcholine, and then some water was added until the
volume of the solution reached 25 mL. The ultimate concentrations of
HPTS, myristoylcholine, and SC4A were 0.01, 0.10, and 0.01 mM,
respectively. Subsequently, the prepared HPTS-loaded vesicles were
puriﬁed by dialysis (molecular weight cutoﬀ 3500) in distilled water
several times until the water outside the dialysis tube exhibited
negligible HPTS ﬂuorescence.
UV/Vis Spectra. The optical transmittance of the aqueous solution
was measured in a quartz cell (light path 10 mm) on a Shimadzu UV3600 spectrophotometer equipped with a PTC-348WI temperature
controller.
Fluorescence Spectra. Steady-state ﬂuorescence spectra were
recorded in a conventional quartz cell (light path 10 mm) on a Varian
Cary Eclipse equipped with a Varian Cary single-cell Peltier accessory
to control the temperature (λex = 339.0 nm, bandwidth(ex) 2.5 nm,
bandwidth(em) 5.0 nm).
TEM, High-Resolution TEM, and SEM Experiments. TEM
images were recorded on a Philips EM400st TEM operating at an
accelerating voltage of 100 keV and on a Philips Tecnai G2 20S-TWIN
microscope operating at an accelerating voltage of 200 keV. Highresolution TEM images were acquired using a Tecnai 20 highresolution transmission electron microscope operating at an
accelerating voltage of 200 keV. The sample for TEM measurements
was prepared by dropping the solution onto a copper grid. The grid
was then air-dried. SEM images were recorded on a Hitachi S-3500N
scanning electron microscope. The sample for SEM measurements
was prepared by dropping the solution onto a coverslip, followed by
evaporating the liquid in air.
Cryo-TEM Experiments. Cryo-TEM was performed on an FEI
Tecnai 20. A drop of solution was dropped onto a copper grid coated
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