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ty and Inst
A B S T R A C T

A supramolecular nanoparticle that realized the loading and sustained release of ATP was successfully
constructed from sulfato-b-cyclodextrin (SCD) and polyethylenimine (PEI). The assembly and
disassembly behaviors of supramolecular nanoparticle were investigated by means of Tyndall effect,
UV–vis spectroscopy, dynamic light scattering (DLS), zeta potential and transmission electron
microscopy (TEM). Significantly, the resulting nanoparticle was disrupted with the increasing of pH
and recovered to the spherical nanoparticle as the pH decreased to initial value. Owing to the positive
zeta potential, the supramolecular nanoparticle showed the good loading and sustained release abilities
towards ATP.
© 2018 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
In recent years, stimuli-responsive assemblies attracted more
and more attention due to their prospective applications in the
fields of chemistry, biomaterial, and biomedical [1–6]. Among
them, supramolecular assemblies have the superiorities of simple
construction, controllable assembling behavior, and tunable
response to various external stimuli including enzyme, pH, light,
temperature or other factors [7–14]. Recently, a variety of charged
macrocyclic hosts, including cyclodextrins [15–17], pillararenes
[18–20], calixarenes [21,22] and so on, have been widely reported
able to construct supramolecular assemblies through electrostatic
interactions with guests and lowered the critical aggregation
concentration (CAC), and supramolecular assemblies with
pH-responsive properties can provide a new pathway to design
effective carriers of biologically important matter [23–26]. Hruby [3_TD$DIFF]

et al. reported an efficient pH-sensitive nanocontainer employing
Eudragit L100-55 and nonionic surfactant Brij98 to realize the
loading of trypsin [27]. Wang [3_TD$DIFF]et al. reported a pH-responsive
supramolecular vesicle based on water-soluble pillar[6]arene,
showing the loading and rapid release of mitoxantrone [28]. Lim [3_TD$DIFF]

et al. reported a targeted drug delivery system based on
p-phosphonated calix[4]arene vesicles to achieve the release of
paclitaxel under acidic environments [29]. Up to now, most of
these researches were focused on the quick and targeted release of
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drugs or biofunctional molecules [30], but supramolecular
assemblies as sustained release carriers were still rare. Scherman
[3_TD$DIFF]et al. reported a system that achieved the sustained release of
proteins from self-assembled supramolecular polymer hydrogel,
which is important for sustained therapeutic applications [31].
Herein, we developed a pH-responsive and sustained release
supramolecular system for biofunctional molecule adenosine
50-triphosphate (ATP) based on two biocompatible components,
i.e., sulfato-b-cyclodextrin (SCD) and polyethylenimine (PEI). It
was well documented that cyclodextrins (CDs) possess the
characteristics of good water solubility and biocompatibility,
convenient preparation and so on [32,33], and CDs can include
various guest molecules in their hydrophobic cavity with
selectivity [34,35]. On the other hand, PEI is a kind of polycations
that has been widely used for the gene delivery [36,37]. Because
the polycationic structure of PEI could induce the supramolecular
aggeration of polyanionic SCD, a new supramolecular assembly
PEI/SCD was successfully constructed. Although there is no
host-guest interaction between SCD and PEI, the electrostatic
interactions between anionic SCD and cationic PEI may promote
the formation of the nanoparticles. In addition, because the
protonation degree of PEI is different under different pH values,
the nanoparticles showed a good pH-responsive assembly/
disassembly behavior and the loading/sustained release abilities
towards ATP (Scheme 1).

As a polycationic polymer, PEI is unable to form a self-[4_TD$DIFF]assembly
systemindependentlydueto itshighwatersolubility. Interestingly,a
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Schematic illustration of PEI/SCD supramolecular nanoparticle.
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Fig. 2. (a) Optical transmittance of SCD (2.5mmol/L) by increasing the concentra-
tion of PEI from 0 to 30mg/mL at 25 �C. (b) Dependence of the optical transmittance
at 450nm on PEI concentration in the presence of SCD (2.5mmol/L).
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Fig. 3. (a) DLS data, (b) TEM image of PEI/SCD assembly. [SCD] = 2.5mmol/L,
[PEI] = 3mg/mL.
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simplemixture of SCD and PEI in aqueous solution showed the clear
Tyndall effect, indicating the existence of large aggregates in
solution. No Tyndall effects could be observed in the cases of free
SCD or PEI in the control experiments, revealing that neither free
SCD nor PEI can form aggregates under the same conditions (Fig. S1
in Supporting information). The critical aggregation concentration
(CAC) of SCD in the presence of PEI (5mg/mL) was measured by
monitoring the dependence of optical transmittance changes with
increasing SCDconcentration in aqueous solution. In the presence of
PEI, the optical transmittance of SCD initially unchanged and then
gradually decreasedwith increasing SCDconcentration as a result of
the formationof aggregates in solution (Fig.1a), and the PEI-induced
CACvalueofSCDwasmeasuredas1.8mmol/Laccording totheplotof
optical transmittance at 450nm versus the concentration of SCD
(Fig. 1b). In the control experiments, the optical transmittance
of SCD showed no appreciable changes in the absence of PEI (Fig. S2
in Supporting information).

Moreover, the optical transmittance spectra and the plot of
optical transmittance at 450nm by gradually adding PEI to the
solution of SCD at a fixed concentration of 2.5mmol/L were
performed to measure the preferable mixing ratio between SCD
and PEI. As shown in Fig. 2, the optical transmittance of resultant
mixture at 450nm rapidly decreased and then gradually increased
thereafter to a quasi-plateau, and a minimum was observed at a
concentration of PEI at 3mg/mL. The rapid decrease of optical
transmittance indicated the formation of large aggregates between
SCD and PEI. Subsequently, the further addition of excess PEI led to
the decrease of turbidity because of the disassembly of aggregate.
Therefore the preferable mixing ratio of PEI/SCD assembly was
determined as 3mg/mL PEI/2.5mmol/L SCD. The control
experiments showed that the optical transmittance of PEI
presented no appreciable changes in the absence of SCD (Fig. S2
in Supporting information).

Furthermore, the PEI/SCD assembly was characterized by
dynamic light scattering (DLS), zeta potential and transmission
electron microscopy (TEM). The DLS results gave an average
hydrodynamic diameter of PEI/SCD assembly as ca. 135nm,
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Fig. 1. (a) Optical transmittance of SCD solutions at different concentrations in the
presence of PEI (5mg/mL) at 25 �C. (b) Dependence of optical transmittance at
450nm on SCD concentration in the presence of PEI (5mg/mL).
accompanied by a relatively narrow size distribution (Fig. 3a),
and free SCD or PEI showed no DLS signals under the same
concentrations.Moreover, TEM image of PEI/SCD assembly showed
a number of spherical particles with a diameter of ca. 90–160nm,
which was basically consistent with the DLS results. A possible
rationale for the layer-by-layer structure may be as follow: Free
SCD molecules could not form the large self-aggregate. Upon the
addition of PEI, one PEI and several SCD would form a complex.
Subsequently, various complexes integrated together to form the
large layer-by-layer aggregate that curved to generate layer-by-
layer spheres with alternating shell structure. The resulting
nanoparticles were simultaneously stabilized by electrostatic
interactions. Zeta potential experiments gave a relatively high
positive zeta potential of PEI/SCD assembly as + 20.01mV (Fig. S3 in
Supporting information), indicating that the assembly may have
the satisfactory capability of associating anionic substrates. In
addition, the stability of assembly was also determined. At the
room temperature, the optical transmittance, turbidity and Tyndall
effect of PEI/SCD assembly showed no appreciable changes for at
least 6 h (Fig. S4 in Supporting information). On the other hand, the
optical transmittance of PEI/SCD assembly could keep constant
with gradually increasing the temperature from 10 �C to 70 �C,
accompanied by the invariability of turbidity and Tyndall effect
(Fig. S5 in Supporting information). These results jointly demon-
strated the good stability of PEI/SCD assembly.

Interestingly, pH was found able to control the assembly/
disassembly behavior of PEI/SCD nanoparticles. The pH value of
PEI/SCD assembly in aqueous solutionwas 6.3. With increasing the
pH value of solution from 6.3 to 11.4, the optical transmittance of
PEI/SCD assembly at 450nm gradually enhanced, accompanied by
the disappearance of Tyndall effect, demonstrating the disassem-
bly of large aggregates. Thereafter, the enhanced optical transmit-
tance at 450nm almost recovered to the original level with
decreasing the pH from 11.4 to 6.3, accompanied by the
re-appearance of Tyndall effect, indicating the re-generation of

ficantly, these cycles could
be repeated for tens of times (Figs. 4c and d), indicating a good pH
responsiveness of PEI/SCD assembly.

PEI/SCD assembly (Figs andb). Signi. 4a
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Fig. 4. (a) Optical transmittance and (b) dependence of the optical transmittance at 450nmof the PEI/SCD assemblywith increasing the pH from6.3 to 11.4 gradually and then
decreasing the pH from11.4 to 6.3 gradually. (c) Optical transmittance and (d) dependence of the optical transmittance at 450nmof the PEI/SCD assemblywith varying the pH
between 6.3 and 11.4. [SCD] = 2.5mmol/L, [PEI] = 3mg/mL.
[(Fig._5)TD$FIG]

Fig. 5. (a) Absorption spectra of ATP-2Na-loaded PEI/SCD assembly and nanoparti-
cle alone. (b) Sustained release of ATP-2Na in the presence or absence of PEI/SCD
assembly within 6 h in the solution of pH 6.3.
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Possessing a large positive zeta potential, the PEI/SCD assembly
may have a possibility of loading substrates with negative charge.
Herein, adenosine 50-triphosphate disodium salt (ATP-2Na) was
selected as an anionic model substrate to be loaded onto the PEI/
SCD assembly inspired by the electrostatic interactions between
the cationic assembly and the phosphate chains of adenosine
triphosphate (ATP) with negative charge [38]. After loading ATP-
2Na, an obvious absorption peak at 259nm appeared in the UV–vis
spectrum of PEI/SCD assembly (Fig. 5a), and therefore the
encapsulating and loading ratio of ATP-2Na were calculated as
63.53% and 44.10%, respectively. The stability experiments showed
that the nanoparticles were stable for at least 6 h after loading ATP
(Fig. S7 in Supporting information). In addition, the sustained
release of ATP-2Na from the PEI/SCD assembly was also
investigated. As seen in Fig. 5b, ATP-2Na loading on the PEI/SCD
assembly exhibited a slower release than that of free ATP-2Na,
showing a sustained and smooth release of ATP-2Nawithin 12h at
physiological pH (pH 6.3 and 7.3, Figs. S8a [5_TD$DIFF]and S8b in Supporting
information).

In conclusion, we successfully constructed a kind of supramolec-
ular nanoparticles based on sulfato-b-cyclodextrin and polyethy-
lenimine. The resulting nanoparticles could change the assembly
and disassembly states by controlling pH. The zeta potential of pH-
responsive supramolecularnanoparticles is positive,which enables
its potential application as the delivery carrier of ATP.
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