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ABSTRACT: Herein, first we report the preparation of a
thermoresponsive [3]pseudorotaxane from cooperative com-
plexation between a water-soluble pillar[10]arene and a
paraquat derivative in water. Then we successfully construct
the first pillararene-based gemini-type supra-amphiphilic
[3]pseudorotaxane from the water-soluble pillar[10]arene
and a paraquat-containing poly(N-isopropylacrylamide)
based on this new molecular recognition motif in water.
This macromolecular [3]pseudorotaxane shows unique dual-
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thermoresponsiveness. Furthermore, it can self-assemble into polymeric vesicles at 37 °C in water. These vesicles can be further
used in the controlled release of small molecules induced by cooling to 25 °C or heating to 60 °C.

B INTRODUCTION

For supra-amphiphiles, hydrophilic and hydrophobic groups are
connected by nonconvalent interactions.' Compared with
traditional covalent amphiphiles, supra-amphiphiles can be
prepared through comparatively convenient and environ-
mentally friendly strategies. Moreover, they can be exquisitely
designed to get well-defined self-assembly nanostructures
through intelligent design of the building blocks. Up to now,
various kinds of supra-amphiphiles have been studied, such as
single-chain,” bola-type” and gemini-type” supra-amphiphiles
(Scheme 1). For a gemini-type supra-amphiphile, two hydro-

Scheme 1. Various Kinds of Supra-amphiphiles
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phobic tails and two hydrophilic headgroups are noncovalently
linked by a spacer. Compared with single-chain and bola-type
supra-amphiphiles, gemini-type supra-amphiphiles’ hydropho-
bic chains stay closer to each other, permitting tighter
molecular packing at the water—air interface.” Thus, gemini-
type supra-amphiphiles usually display higher surface activities
than single-chain and bola-type supra-amphiphiles. On the basis
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of this feature, they can be applied in many areas, such as
nanodevices, sensor systems, cell imaging, and solubilization.*®
To date, the main method for preparing gemini-type supra-
amphiphiles is the connection of oppositely charged single-
tailed amphiphiles and “bola-type” organic salts together.”
However, the existence of additional inorganic salts in the
mixed “cationic” systems makes it difficult to study definite
relationships between the structures of the gemini-type supra-
amphiphiles and the well ordered assemblies. Besides, how
noncovalent interactions affect the fabrication of gemini-type
supra-amphiphiles is difficult to investigate. Therefore, it is
essential to construct new kinds of gemini-type supra-
amphiphiles through new methods, such as host—guest
chemistry.

Pseudorotaxanes containing more than two components
have been extensively explored not only because of their
topological importance, but also due to their potential
applications.” The inclusion of two guest molecules in a host
has been reported.” For example, cucurbit[8]uril can bind two
different types of guest molecules to form ternary complexes.”
However, it remains a challenging task for chemists to find new
macrocycles to construct pseudorotaxanes by threading more
than one guests through a macrocycle, since it is difficult to find
a big enough host to encapsulate two or more guests in one
ring efficiently.'’ Pillar[n]arenes,'" a new class of supra-
molecular hosts, can bind various kinds of guests to form
pseudorotaxanes efficiently. They and pseudorotaxanes based
on them have been actively applied in the construction of
various interesting supramolecular systems, such as molecular
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Scheme 2. Synthesis of Polymer 1
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machines,'” supramolecular polymers,'' amphiphiles and
supra- amphlphﬂes,llh =0 transmembrane channels,"" and
nanostructures.” Up to now, pillararene-based amphiphiles
and supra-amphiphiles'' "™~ have been widely investigated.
They have applications in many areas, such as drug/gene
delivery, living cell imaging, and catalysis. However, pillararene-
based gemini-type amphiphiles or supra-amphiphiles have
never been reported; this restricts the further development of
pillararene-based amphiphiles and supra-amphiphiles. Further-
more, pillararene-based thermoresponsive supramolecular
systems have attracted great recent attention.'” However, all
of them have shown only a single thermoresponsive temper-
ature. Here we present a unique dual-thermoresponsive gemini-
type supra-amphiphilic [3]pseudorotaxane fabricated from
water-soluble pillar[10]arene WP10 and paraquat-containing
poly(N-isopropylacrylamide) (PNIPAM) 1 (Scheme 2) based
on a novel and thermoresponsive 1:2 pillar[10]arene host/
paraquat guest molecular recognition motif in water (Scheme
3). This [3]pseudorotaxane displays two thermoresponsive
temperatures.

B EXPERIMENTAL SECTION

Materials Preparation. All reagents were commercially available
and used as supplied without further purification. Compounds
WP10"* and 2'* were prepared according to published procedures.

Synthesis of Polymer 3 (Scheme 2). A mixture of isopropanol
(25 mL) and hexamethyltris(2-aminoethyl) amine (Me,TREN, 0.75
mL, 1.0 equiv) was added to a 100 mL Schlenk flask containing N-
isopropylacrylamide (NIPAM, 9.97 g, 30.0 equiv) and CuCl (0.291 g,
1.00 equiv), which was previously deoxygenated by degassing and
backfilling with nitrogen twice. Then methyl 2-chloropropionate (0.32
mL, 1.0 equiv) was added to the solution. After stirring for about 10
min, the reaction mixture was stirred at 40 °C for 7 h. The
polymerization was stopped through cooling by liquid nitrogen. The
reaction mixture was dissolved in THF and stirred for additional 2 h,
quickly passed through silica gel column, and precipitated into cold
ethyl ether. The precipitate was collected by filtration and dried
overnight in a vacuum to give polymer 3 as a white powder (5.77 g,
M,,6pc = 3.2 kDa, PDI = 1.14). The 'H NMR spectrum of compound
3 is shown in Figure S1. "H NMR (400 MHz, D,0, 298 K) § (ppm):
3.93 (broad, 27H), 3.72—3.69 (d, 3H), 2.44 (m, 1H), 2.2—2.0 (m,
27H), 1.81—1.20 (m, 54H), 1.16 (s, 162H).

Synthesis of Polymer 1 (Scheme 2). A mixture of polymer 3
(1.50 g, 0.480 mmol) and 4 (1.50 g, 5.00 mmol) in acetonitrile (50
mL) was stirred at 80 °C overnight. The solvent was evaporated and
the residue was dissolved in 2 mL of THF. Then the solution was
dropped into cold ethyl ether (100 mL, twice) and the precipitate was
collected by filtration. The solid was dried overnight in a vacuum to
give a light yellow power. The 'H NMR spectrum of polymer 1 is
shown in Figure S3. '"H NMR (400 MHz, CDCl,, 298 K) § (ppm):
8.94 (d, ] = 4 Hz, 2H), 8.80 (d, ] = 4 Hz, 2H), 8.42 (d, ] = 4 Hz, 2H),
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Scheme 3. Chemical Structures of WP10, 2 and Polymer 1
and Schematic Illustration of Preparation of Polymeric
Vesicles and Their Application in Dual-Thermoresponsive

Release of Calcein Molecules
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7.94 (d, ] = 4 Hz, 2H), 3.94 (broad, 27H), 3.74 (d, ] = 8 Hz, 3H), 3.57
(m, SH), 2.17-2.01 (m, 27H), 1.82—1.41 (m, 52H), 1.16 (s, 162H).

Transmission Electron Microscopy (TEM) and Dynamic Light
Scattering (DLS) Studies. TEM was used to reveal the aggregation
structures of 1 and WP10 D 1,. A solution with a weight concentration
of 2.00 mg/mL WP10 D 1, was prepared in water at 20 °C, and then
gradually warmed to 37 °C (above the LCST of PNIPAM). The
samples were prepared by drop-coating this solution on a carbon-
coated copper grid. TEM experiments were carried out on a
HITACHI HT-7700 instrument. Dynamic light scattering (DLS)
measurements were carried out using a 200 mW polarized laser source
Nd:YAG (4 = 532 nm). The polarized scattered light was collected at
90° in a self-beating mode with a Hamamatsu R942/02 photo-
multiplier. The signals were sent to a Malvern 4700 submicrometer
particle analyzer system.

Critical Aggregation Concentration (CAC) Determination of
WP10 D 1,. Around the critical aggregation concentratin, some
parameters such as the conductivity, osmotic pressure, fluorescence
intensity and surface tension of the solution change sharply. According
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Figure 1. Partial '"H NMR spectra (400 MHz, D,0, 25 °C): (a) 2.00 mM 2; (b) 2.00 mM WP10 with 2.0 equiv of 2; (c) 2.00 mM WP10.

to this, the CAC determination of WP10 D 1, was performed by

plotting the fluorescence intensity change versus the concentration
using pyrene as a probe.

Small Molecules (Doxorubicin and Calcein) Loading and
Release of WP10 D 1, Vesicles. Before loading doxorubicin (DOX)
into vesicles, Doxorubicin hydrochloride was neutralized to DOX with
excess amount of triethylamine before loading into the hydrophobic
walls of the vesicles. A certain amount of DOX (in THF solution) was
added to a solution containing WP10 and 1, then gradually warmed to
37 °C. After standing overnight, the prepared DOX-loaded vesicles
were purified by dialysis in distilled water at 37 °C for several times.
Calcein-loaded vesicles were prepared and dialyzed against deionized
water until the water outside the dialysis tube showed insignificant
calcein fluorescence.

The controlled release of the supramolecular vesicles in deionized
water was performed as follows: 2 mL of a drug-loaded supramolecular
vesicles solution was injected into a dialysis bag at 37 °C, and dialyzed
against the deionized water solution at three different conditions (25,
37, and 60 °C for 24 h) for drug releasing. At certain time intervals, a 4

mL deionized water medium was removed and replaced by 4 mL of
fresh deionized water.

B RESULTS AND DISCUSSION

Host—Guest Complexation Studies. First, the host—
guest complexation between WP10 and model guest 2
(Scheme 3) was investgated by '"H NMR spectroscopy (Figure
1). When 0.5 equiv of WP10 was added to a solution of 2, the
resonance peaks corresponding to protons H,, Hy, and H_ on 2
shifted upfield by 0.16, 0.18, and 0.10 ppm, respectively.
Additionally, the peaks of protons on WPI10 also exhibited
chemical shift changes in the presence of 2 due to the host—
guest interaction between WP10 and 2. All these chemical shift
changes suggested that the complexation between WP10 and 2
occurred in aqueous solution. Then, we carried out a 2D
NOESY NMR experiment to investigate the relative positions
of the components in the host—guest inclusion complex
(Figure S6). Strong nuclear Overhauser effect (NOE)
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correlations were observed between the signals corresponding
to protons H, and Hy on guest 2 and proton H; of WP10,
indicating that 2 was deeply embedded in the cavity of the
pillararene moiety, in accordance with the results obtained from
"H NMR studies.

A mole ratio plot on the basis of the 'H NMR titration
experiments proved that the complex between WP10 and 2 had
a 1:2 stoichiometry (Figure 2a). This was further confirmed by
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Figure 2. (a) Mole ratio plot for WP10 and 2, indicating the formation
of a 1:2 host—guest complex. (b) Scatchard plot for the complexation
of host WP10 with guest 2 in D,O at 25 °C. p = fraction of WP10
units bound. Error bars in p: + 0.03 absolute; error bars in p/[2]: +

0.06 relative. (c) Cartoon representation of guest induced pillar[10]-
arene conformation change.

low-resolution electrospray ionization mass spectroscopy. As
shown in Figure SS, peaks corresponding to [WP10 D 2, —
4Br]* and [WP10 D 2, — 3Br]* were monitored at m/z
1185.21 and 1606.91, respectively.

In order to explore how the two binding sites of WP10 affect
each other during its complexation with paraquat derivative 2,

DOI: 10.1021/jacs.5b13173
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we applied the Scatchard plot method"® (Figure 2b), which is
nonlinear and has a maximum, suggesting that the complex-
ation between WP10 and 2 was cooperative. The association
constants K; and K, for the complexation of WP10 with 2 were
determined to be (8.3 + 0.1) X 10> M~ and (6.2 + 0.3) x 10°

M, respectively (Figure S8). Actually, the ratio K,/K; = 7.5 is
much higher than the value of 0.25 expected for statistical
complexation."® Previous studies reported that there are two
conformations of the pillar[10]arene ring in solution (Figure
2¢). One conformation has two hexagon-like cavities,'® and the
other has a decagon-like cavity.'"” We propose that when WP10
binds the first paraquat unit, the conformation of WP10 tends
to be the former and this preorganizes the pillar[10]arene ring
for the complexation of the second paraquat unit (Figure 2c),
explaining the cooperative complexation.

LCST Behaviors of WP10 and PNIPAM 1. In the previous
work, Xue and cowokers reported that the host—guest
complexation had an effect on T4 of the host."** In view
of this, we studied whether the binding of guest 2 had a similar
effect on Ty,,q of WP10. As shown in Figure 3, as the
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—4— 0.6 equiv. 2
—v— 1.2 equiv. 2
100+ —<— 1.8 equiv. 2
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Figure 3. Temperature dependence of light transmittance of an
aqueous solution of WP10 (2.00 mM) upon addition of 2 (0—8.00
mM) on heating. Heating rate: 2 °C/min.

concentration of 2 increased, T, gradually increased while
maintaining sharp transitions, indicating that T, could be
controlled by adding different amounts of 2 into the aqueous
solution of WP10.

Then the effect of the added WP10 on the thermoresponsive
behavior of PNIPAM 1 was explored by turbidity experiments.
In the absence of WP10, PNIPAM 1 showed only a single-
thermoresponsive profile (Figure 4, red solid line). However,
by adding different amounts of WP10 to the aqueous solution
of polymer 1, the curve of the turbidity changed dramatically.
As shown in Figure 4, a dual-thermoresponsive profile gradually
appeared as the concentration of WP10 increased, which arose
from the formation of the gemini-type macromolecular supra-
amphiphile.

Thermoresponsive Host—Guest Complexation. Then
the thermoresponsiveness of the complexation between WP10
and 2 was investigated by "H NMR spectroscopy (Figure 5).
Xue and co-workers recently found that WP10 showed LCST
behavior.'** Hence, we supposed that the host—guest complex-
ation between WP10 and 2 could be reversibly controlled by
heating/cooling. As shown in Figure S5, when the temperature
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Figure 4. Transmittance changes of polymer 1 (2.0 mg/mL) with the
addition of different amounts of WP10. Heating rate: 0.8 °C/min.
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Figure 5. Partial variable temperature '"H NMR spectra (600 MHz,
D,0) of (a) 2 (2.00 mM) at 60 °C and 2 equiv of 2 and WP10 (2.00
mM): (b) 60 °C; (c) 55 °C; (d) 4S5 °C; (e) 35S °C; (f) 25 °C.

of an aqueous solution of WP10 and 2 was increased to 60 °C,
the chemical shifts of the aromatic signals of the guest returned
almost to their uncomplexed state (Figure S, spectra a and b).
However, the complex between WP10 and 2 reformed when
the temperature of this solution was decreased to 25 °C. Thus,
the complexation between WP10 and 2 can be reversibly
controlled by heating and cooling,

Microstructures of Self-Assembled Aggregates. After
establishment of the thermoresponsive complexation between
WP10 and 2 in aqueous solution, we used paraquat
functionalized polymer 1 and WP10 to construct a dual-
thermoresponsive gemini-type supra-amphiphile (WP10 D 1,)
based on this molecular recognition motif. A solution with a
weight concentration of 2.00 mg/mL WP10 D 1, was prepared
in water at 20 °C, and then gradually warmed to 37 °C (above
the LCST of PNIPAM). UV—vis spectroscopy was measured to
confirm the formation of the host—guest complex. As shown in
Figure S9, when WP10 and 2 equiv of 2 were mixed together in
water, the charge-transfer band of WP10 D 1, appeared,
indicating the formation of the inclusion complex."”* The
critical aggregation concentration (CAC) of WP10 D 1, was
measured to be 0.12 mg/mL using pyrene as a probe molecule
(Figure S10). To reveal the morphology of the self-assemblies
formed from WP10 D 1,, we carried out transmission electron
microscopy (TEM) studies (Figure 6a), which showed

spherical aggregates with an average diameter of ~160 nm.
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Figure 6. (a) TEM image of WP10 + 1 aggregates at 37 °C. (b) DLS
data for WP10 + 1 aggregates at 37 °C.

From their darker thin wall and hollow cavity, we knew that the
assemblies were polymeric vesicles. The wall thickness of the
polymeric vesicles was measured to be about 18 nm based on
TEM (Figure 6a). Moreover, DLS showed that the average size
of the self-assemblies was about 142 nm (Figure 6b), close to
the result from TEM.

On the basis of different LCST behaviors of the water-
soluble pillar[10]arene WP10 and the poly(N-isopropylacryla-
mide) (PNIPAM) block of 1, we succeeded in realizing dual-
thermoresponsive self-assembly of the polymeric vesicles. First,
we studied the transmittance changes of the self-assembled
samples. As shown in Figure 4e, a transparent aqueous solution
of WP10 D 1, sharply turns opaque without precipitation when
the temperature was increased from 20 to 37 °C, attributable to
the solubility changes of the polymer chains. When the
temperature was below the LCST of PNIPAM, the backbones
of polymer were in random coil conformations and completely
soluble in water due to the existence of hydrogen-bonds
between the PNIPAM chains and water molecules. However,
WP10 D 1, changed from a water-soluble [3]pseudorotaxane
into an amphiphilic gemini-type supra-amphiphile when the
temperature was higher than the cloud-point temperature (T,)
of PNIPAM, because the hydrogen bonds were disrupted and
the backbones of polymer collapsed into globular conforma-
tions and a soluble to insoluble phase change resulted.
However, as the temperature was increased further, the sample
precipitated; when the temperature reached the LCST of
WP10, both polymer 1 and WP10 became hydrophobic,
leading to the phase change and precipitation.

DLS was then used to monitor the thermoresponsiveness of
supramolecular polymeric vesicles. When a solution of vesicles
was cooled to 25 °C, the hydrophobic part of WP10 D 1,
became hydrophilic, and the average diameter of the assemblies
sharply decreased from 142 to 6.8 nm (Figures 6b and 7a),
indicating that no aggregation occurred at 25 °C. On the
contrary, when the temperature of the aqueous solution was
increased to 60 °C, the average size of the aggregates increased
from 142 to 1484 nm (Figures 6b and 7b). This was attributed

(a) ]lfi8 nm

(b)

1 10 100

1000 10000 2 pm k-
Size (d. nm) — 2

Figure 7. (a) DLS data of WP10 + 1 aggregates at 25 °C. (b) DLS
data of WP10 + 1 aggregates at 60 °C. (c) TEM image of WP10 + 1
aggregates at 60 °C.
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to the fact that the amphiphilicity of WP10 D 1, was destroyed
when the temperature exceeded the LCST of WP10. As a
consequence, irregular precipitates were observed by TEM
(Figure 7c). However, the average size of the assemblies
returned to the original value by cooling the solution to 37 °C.

Controlled Release. The dual-thermoresponsiveness of the
supra-amphiphilic [3]pseudorotaxane was then utilized in the
controlled release of small molecules. Here hydrophilic calcein
and hydrophobic DOX were used as model cargoes. In the
absence of external stimuli, calcein only showed less than 25%
release within 24 h. By cooling the solution to 25 °C or heating
the solution to 60 °C, release of calcein molecules was achieved
(Figures 8a and S12). Upon cooling the solution, a burst
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Figure 8. Controlled release of (a) hydrophilic calcein and (b)
hydrophobic DOX from the polymeric vesicles as drug nanocapsules
upon dual-thermo stimuli.

calcein release in the first 3 h was monitored and about 93% of
the calcein molecules were released after 24 h. Upon heating
the solution to 60 °C, only 60% of the calcein molecules were
released over a period of 24 h. In the cooling process, the
gemini-type WP10 D 1, vesicles disassembled into water-
soluble [3]pseudorotaxanes that are soluble in water, leading to
the release of most encapsulated molecules. However, a portion
of calcein molecules was encapsulated by the aggregates in the
heating process. We then used these vesicles to encapsulate
hydrophobic DOX since the walls of vesicles are hydrophobic.
As shown in Figure 8b, a similar release trend was monitored
when the temperature of the solution was at 25 °C. However,
different release behavior was monitored at 60 °C. Because the
aggregates changed from vesicles to solid aggregates, the
released DOX was re-encapsulated, leading to a slow and less
release of DOX (less than 20%). Thus, the supramolecular
polymeric vesicles can serve as nanocapsules to load both
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hydrophilic and hydrophobic cargoes that can be released by
heating or cooling.

H CONCLUSION

In conclusion, we successfully established a new water-soluble
thermoresponsive pillararene-based molecular recognition
motif. It was found that WP10 formed a 1:2 [3]pseudorotaxane
with paraquat derivative 2. This complexation was cooperative
as demonstrated by the Scatchard plot. Furthermore, based on
WP10 and paraquat-containing homopolymer 1, we utilized
this molecular recognition motif to construct a pillararene-
based macromolecular gemini-type supra-amphiphiphile, which
self-assembled into vesicles in water above the LCST of
polymer 1. Because of the thermoresponsivenesses of WP10
and polymer 1, as well as their different LCST behaviors,
unique dual-thermoresponsiveness was achieved for this supra-
amphiphile. The polymeric vesicles were further applied in the
controlled release of water-soluble dye calcein and hydrophobic
DOX. This work offers a new way to combine polymer science
with pillararene supramolecular chemistry to construct func-
tional supramolecular materials. Moreover, the new water-
soluble pillar[10]arene-based 1:2 molecular recognition motif
can be further employed in the construction of functional
supramolecular systems with applications in various fields.
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