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Nanosupramolecular amphiphilic assemblies have aroused significant attention in the biomaterials field and
find potential applications in biomimetic synthesis, controlled/sustained drug release, and targeted imaging
and diagnosis. In this work, a drug delivery system has been constructed by the host—guest complexation of
cucurbit[6]uril (CB[6]) with a bifunctional guest compound (DTA) possessing one alkyl head and two
ammonium tails. The assistance of CB[6] can dramatically decrease the critical aggregation
concentration of this amphiphilic guest, thus leading to the formation of uniform and stable
supramolecular nanoparticles (DTA-CB[6] NPs) at relatively lower concentration in water. Spectroscopic
and microscopic experiments jointly demonstrate that the obtained NPs can not only encapsulate
hydrophobic dye as molecular probe but also load hydrophilic drug (doxorubicin, DOX) in its internal
microenvironment. In addition, when the hydrophobic region of DTA is included by a-cyclodextrin, the
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DTA-CB[6] NPs are completely dissipated and the encapsulated substrates can be released in

a controlled manner. More interestingly, the DOX-loaded NPs exhibited better anticancer activity toward
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Introduction

In the field of supramolecular chemistry, the concept of “supra-
amphiphiles”, multicomponent amphiphiles constructed by
amphiphilic guests and macrocyclic hosts through synergistic
noncovalent interactions, has provided an alternative and
powerful strategy in the fabrication of smart biofunctional
nanocarriers, mainly due to their immense advantages of easier
maneuverability, better bioavailability, and more accessible
stimuli-responsive capability." Among various macrocyclic
receptors, cucurbit[n]urils (CB[n], n = 5-10), a family of cyclic
compounds consisting of one hydrophobic cavity and two
carbonyl-laced portals to complex organic cations in water, have
been explored as a promising candidate in the construction of
amphiphilic supramolecular nanosystems, because CBs gather
the following structural and molecular binding features for
controlled delivery and release: (1) directly encapsulating posi-
tively charged guests originating from their cation-receptor
properties, which has complementary superiorities to other
classic macrocycles (e.g. cyclodextrin);*> (2) enhancing the

“Department of Chemistry, State Key Laboratory of Elemento-Organic Chemistry,
Nankai University, Tianjin 300071, P. R. China. E-mail: yuliu@nankai.edu.cn
Collaborative Innovation Center of Chemical Science and Engineering, Nankai
University, Tianjin 300071, P. R. China

T Electronic  supplementary
10.1039/c6ra21900d

information  (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2016

tumor cells, and therefore, the present study may provide a biocompatible platform in the construction
of smart nanocarriers for on-demand drug delivery and release.

bioavailability of protonated guests by CB-induced pK, shift,
which can further regulate the charge density of host-guest
complexes;® and (3) increasing the included guest's chemical
stability and reactivity via macrocyclic protection.* Thus, it is
believed that the rational design of CB-based supra-
amphiphiles will be developed into a new approach to effi-
ciently transport administrated drug molecules.

In previous studies, it has been demonstrated that many
ionized macrocycles, such as sulfonated calixarenes and cyclo-
dextrins, can induce molecular aggregation behaviours
and lower critical aggregation concentration (CAC) mainly
through electrostatic interactions.® Researchers have exploited
macrocycle-induced aggregation to construct supramolecular
binary micelles and vesicles, which can be utilized as advanced
drug delivery vehicles with responsive capability to various
internal and external stimuli. However, in contrast to these
known supra-amphiphilic systems, the research on the molec-
ular aggregation behaviours using neutral CBs still deserve our
careful attention, and therefore, it seems imperative to explore
the intermolecular binding features and potential biomedical
applications of CB-involved amphiphilic nanoassemblies.®
Inspired by the fascinating reported results, in this work, we
synthesized an amphiphilic molecule bearing two ammonium
sidechains as the hydrophilic head and one dodecyl group as
the hydrophobic tail, which could form nanoparticles (NPs) at
a relatively higher concentration. Remarkably, it is found that
the CAC value could dramatically decrease upon addition of CB
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Scheme 1 Chemical structures of DTA, DOX, CB[6] and «.-CD.

[6], which were comprehensively verified by spectroscopic and
microscopic experiments. Meanwhile, the assembling and dis-
assembling of supramolecular NPs could be conveniently
regulated by CB[6] and a-cyclodextrin (o-CD). Moreover, the
obtained supramolecular NPs formed by the binary inclusion
complex could entrap both hydrophobic dye and hydrophilic
drug (Scheme 1). Consequently, the drug-loaded NPs gave
improved anticancer activity toward tumor cells. The CB-
involved superamphiphile in the present study may find prac-
tical possibilities for the development of novel drug delivery
systems.

Experimental
Synthesis of amphiphilic guest DTA

Compound 5 (200 mg) was dissolved in the solution of HBr-
CH;COOH (10 mL), and the mixture was stirred at room
temperature for 20 h. Then diethyl ether (50 mL) was added into
the mixture, and white solid was produced at the same time.
After centrifugation, white solid was collected to give guest
molecule DTA (153 mg, 95%). "H NMR (400 MHz, D,0) 6 6.84
(m, 3H), 4.37 (m, 4H), 4.05 (s, 2H), 3.92 (s, 4H), 3.09 (t,J = 8.0
Hz, 4H), 3.00 (t, / = 8.0 Hz, 4H), 1.74 (m, 11H), 1.23 (m, 20H),
0.81 (t, ] = 4.0 Hz, 3H). *C NMR (100 MHz, D,0) 6 165.6, 158.9,
139.4, 117.9, 112.7, 68.2, 48.4, 47.2, 43.1, 39.0, 31.9, 29.8, 29.6,
29.4, 29.3, 26.1, 24.1, 22.9, 22.7, 14.0. HRMS (MALDI): m/z:
577.4805 [M — 3HBr — Br]’; 599.4623 [M — 4HBr + Na]".

Preparation the DTA@CB[6] NPs

DTA (1.89 mg, 0.7 mM) and CB[6] (4.18 mg, 1.4 mM) were dis-
solved at 1 : 2 molecular ratio in 3 mL Milli-Q water. The solu-
tion was sonicated for 30 min and then filtered through
a membrane filter (pore size: 450 nm, Millipore) to obtain the
binary nanoparticles.

Preparation DOX-loaded DTA@CB[6] NPs

DOX-loaded nanoparticles were prepared by dissolving DTA (6.3
mg), CB[6] (14 mg) and DOX (2 mg) in 10 mL of Milli-Q water.
Then the mixed solution was stirred for 24 h at room temper-
ature in darkness. The resulting solution was dialyzed (MW
cutoff 3500) for 24 h to remove the free DOX. The DOX
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concentration was determined by its absorption at 490 nm by
UV/vis spectroscopy. Moreover, the drug encapsulation and
loading efficiencies can be calculated using the following
equations:

Encapsulation efficiency = 100% X Mgrug in nanoparticles/otal drug
= 100% x 1.10 mg/2.0 mg = 55.0%

DrUg loading content = 100% x Mdrug in nanoparlicles/mnanoparlicles
= 100% x 1.10 mg/20.3 mg = 5.4%

In vitro release of DOX from DTA@CB[6] NPs with «-CD

To investigate if DOX could be slowly released from DTA@CB[6]
NPs, free DOX solution and the DOX-loaded DTA@CB[6] NPs
solution with and without a-CD were prepared. Then each sample
solution (3 mL, [DOX] = 0.33 mg mL ") dissolved in PBS (pH =
7.2, I = 0.01 M) was placed in a dialysis membrane (MW cutoff
3500) and tightly sealed, which was immersed into 200 mL PBS in
a beaker in the dark at 37 °C. The release percentage data were
collected after the DOX-loaded NPs were immersed in the dialysis
membrane for 30 min. At selected time intervals, 3 mL sample was
taken out from buffer solution outside the dialysis bag and sup-
plemented with 3 mL fresh buffer solution. The amount of
released DOX was monitored by measuring its UV absorbance at
490 nm.

In vitro cytotoxicity assay

Human breast cancer cells (MCF-7) and mouse embryonic fibro-
blasts (NIH3T3) were purchased from the Peking Union Medical
College Hospital (PUMCH, Beijing, China). Dulbecco's modified
Eagle's medium (DMEM) and fetal bovine serum (FBS) were
purchased from the Dingguo Biotechnology Company (Tianjin,
China). MCF-7 and NIH3T3 cells were cultured in DMEM, which
was supplemented with 10% FBS, in 96-well plates (4 x 10* cells
per mL, 0.1 mL per well) at 37 °C under a humidified atmosphere
with CO, (5%) for 24 h. Next, the cells were incubated with culture
medium containing DOX, DTA@CB[6] NPs, and DOX-loaded NPs
([DOX] = 1.8 uM, [DTA] = 7 uM, and CB[6] = 14 uM). After incu-
bation for 24 h, 50 pL culture medium was removed and 50 pL of 5
mg mL ™' MTT solution in PBS were added into each well. After
incubation for 4 h, all medium were removed carefully. Then the
blue formazan crystals were dissolved by 100 uL dimethyl sulf-
oxide, and the absorbance at a wavelength of 490 nm of each well
was collected. Differences among the treatment groups were
statistically analysed using the paired Student's ¢-test. A statistically
significant difference was reported if p < 0.05.

Results and discussion

Construction of binary DTA-CB[6] nanoparticles

The molecular binding behaviours of DTA with CB[6] and a-CD
were investigated by "H NMR spectroscopy in D,0. As shown in
Fig. 1, the characteristic peaks of the DTA's diamine chains (H,_q4)
significantly shifted to the upper field in the presence of CB[6],

This journal is © The Royal Society of Chemistry 2016
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Fig.1 H NMR spectra (400 MHz, D,O, 25 °C) of (a) DTA + CBI6] + a-
CD, (b) DTA + a-CD, (c) DTA, (d) DTA + CBI[6] ([DTA] = [¢-CD] = 0.5
mM and [CBI[6]] = 1.0 mM).

corroborating the formation of highly stable host-guest complex
between butanediamine and CB[6].” Conversely, the dodecyl
protons (H.) displayed pronounced complexation-induced
down field shifts, mainly due to the hydrophobic interaction
between aliphatic chain and a-CD's cavity. Moreover, when DTA
was mixed with «-CD and CB[6] together, the overall NMR spec-
tral characteristics resembled the sum of the chemical shift
changes in the case of DTA-CB[6] and DTA-a-CD complexes
(Fig. 1). These contrasting NMR chemical shifts verified that the
pendant diammonium and dodecyl chains in DTA could be
specifically bound to CB[6] and a-CD, which provided us with
non-interfering binding sites to regulate the NP's morphology, as
described below.

Possessing four positive charges as hydrophilic head and
a long dodecyl chain as hydrophobic tail, the amphiphilic DTA
could self-aggregate into spherical nanoparticles above its CAC
value.® First, DTA's CAC was measured by monitoring the
dependence of electrical conductivity by varying the DTA
concentration. As can be seen from Fig. 2a, the electrical
conductivity was sharply increasing with the increase of DTA
concentration, and there was a point of inflection at 13 mM,
indicative of the formation of large-sized aggregates in solution.
Comparatively, when the hydrophilic head of DTA was occupied
by 2 equiv. of CB[6], it is found that the optical transmittance at
400 nm gradually decreased as the concentration of DTA-CB[6]
assembly increased, accompanied by the an inflection point was
observed at 0.7 mM assigned to the CAC value of DTA-CB[6]
system, which was 19 times lower than the one of free DTA
(Fig. 2b). The CB-enhanced molecular aggregation was also
confirmed by the electrical conductivity experiment, from which
a similar CAC value was obtained (see Fig. S13 in ESI}). In our
case, the macrocycle-assisted binding behaviours in DTA-CB[6]
assembly were definitely attributed to the strong supramolec-
ular complexation of CB[6] with cationic diammonium sites in
DTA. That is, the unfavourable electrostatic repulsion among
the intensive positive charges of DTA can be greatly eliminated
through the N*---0°~ ion-dipole interconnection between DTA's
ammonium sites and CB[6]'s carbonyl groups and meanwhile,
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Fig. 2 (a) Dependence of electrical conductivity on the DTA
concentration and (b) dependence of the optical transmittance at 400
nm on the concentration of DTA-CB[6] assembly in water ([CB[6]] = 2
[DTA], 25 °C, pH 7.0). In transmittance measurements, the optical
signals were monitored at long-wavelength region (400 nm) to
completely avoid any absorption of free DTA or CB[6].

the encapsulation with bulky CB[6] can increase the hydrophilic
performance of DTA-CB[6] assembly to a large extent, thus
leading to the formation of supra-amphiphiles at a relatively
lower concentration.

Next, the aggregation morphology was explored in both
solution and the solid state. It was found that the DTA-CB[6]
spherical NPs possessed an average diameter of 70 nm in the
scanning electron microscopic (SEM) and transmission electron
microscopic (TEM) images. Along with these microscopic
investigations, dynamic light scattering (DLS) results showed
that the average diameter of DTA-CB[6] assembly was 63 nm,
which was basically consistent with TEM and SEM results.
Meanwhile, a clear Tyndall effect was observed for a solution of
binary DTA-CB[6] complex, but no such phenomenon was
found for free DTA under the same experimental condition,
here again demonstrating the complexation-induced aggrega-
tion in solution (Fig. 3). Moreover, the zeta potential of the
DTA-CB[6] NPs was obtained as +32.88 mV, which was mainly

RSC Adv., 2016, 6, 99729-99734 | 99731
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Fig. 3 (a) DLS results of DTA-CB[6] NPs; (b) Tyndall effect of (i)
DTA-CBI[6] NPs and (ii) free DTA (IDTA] = 0.7 mM and [CBI6]] =
1.4 mM); (c) TEM and (d) SEM images of the obtained DTA-CBI[6] NPs.

attributed to the peripheral ammonium units of butanediamine
tails in DTA (see Fig. S14 in ESIt).

Dye encapsulation by DTA-CB[6] NPs

In order to verify the encapsulation capability of DTA-CB[6]
NPs, a hydrophobic fluorescence dye, nile red (NR), was used as
molecular probe. As shown in Fig. 4, the fluorescence of NR at
630 nm was much weaker when dissolved in 5% methanol-
water mixed solvent. However, the emission intensity was
enhanced when NR was introduced into the aqueous solution of
DTA-CB[6] NPs. These results indicated that NR could be
readily incorporated into the hydrophobic domain of DTA-CB
[6] nanoaggregates. In addition, control experiments also
showed that DTA alone could not induce an obvious fluorescent
enhancement of NR without assistance of CB[6], further sug-
gesting the power of supramolecular complexation in the
formation of amphiphilic nanostructures.

205 ESNR
200 - —NR+DTA
—NR+NPs
—NR+a-CD
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Fig. 4 Fluorescence intensity of NR and NR-loaded NPs in the
absence and presence of a.-CD in water at 25 °C (Aex = 530 nm, [NR] =
1.0 uM, [DTA] = 0.7 mM, [CB[6]] = 1.4 mM, and [x-CD] = 0.7 mM).
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Considering that the alkyl chain and «-CD could from 1: 1
stable host-guest complex with moderate binding constant of
10° M~ " order of magnitude, ¢-CD was used to modulate the
disaggregation of the binary DTA-CB[6] NPs.® As expected, when
alkyl chain was included by «-CD, the hydrophile-lipophile
balance would be broken, and thus the NPs would be dissi-
pated. Accordingly, the fluorescent intensity of NR was instantly
reduced upon addition of excess amount of a-CD, which indi-
cated that NR was exposed into aqueous phase after the inclu-
sion complexation of the DTA's dodecyl moiety with o-CD's
cavity.

Drug loading and stimuli-responsive release behaviours of
DTA-CB[6] NPs

After validating that the obtained NPs could be disaggregated
with biocompatible o-CD, it might be suitable to construct
smart drug delivery system using ternary DTA-CB[6]-a-CD
complex. Subsequently, doxorubicin (DOX) was chosen as
a fluorescent model compound to examine the drug loading
and stimuli-responsive release behaviours. As compared to the
original DTA-CB[6] NPs, the DOX-loaded ones gave an absor-
bance peak at 490 nm, which was the characteristic absorption
of DOX in water. More intuitively, the colour of DOX-loaded NPs
turned from colourless to light pink after dialysis, further
indicating the successful entrapment of DOX into the DTA-CB
[6] cores (Fig. 5a). Moreover, as derived from the UV/vis spec-
troscopic titrations, the drug encapsulation and loading effi-
ciencies were measured to be 55.0% and 5.4%, respectively.
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Fig. 5 (a) UV-vis absorption spectrum of NPs and DOX-loaded NPs.
Inset: colour changes of DOX-loaded NPs (right) and NPs (left); (b) DLS
results of DOX-loaded NPs; TEM images of DOX-loaded NPs in the (c)
absence and (d) presence of a-CD. (e) The assembling process of
DOX-loaded NPs.
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Meanwhile, the morphology of DOX-loaded NPs was studied by
TEM and DLS experiments (Fig. 5b and c). The results indicated
that the diameter of DOX-loaded NPs was around 100 nm,
which was larger than the unloaded NPs. When o-CD was added
to the solution of DOX-loaded NPs, the NPs were disaggregated
and amorphous structure was found in TEM images (Fig. 5d).
Moreover, as shown in the drug release profiles, the addition of
a-CD could dramatically accelerate the drug release rate,
whereas the NPs-protected DOX gave much slower release
behaviour in buffer solution. Accordingly, the release rate could
be obtained as 32 pg h™* for free DOX, 38 ug h™* for DOX-load
NPs with o-CD, and 26 pg h™' for DOX-load NPs without o-CD,
respectively. Meanwhile, the drug release percentage was 80%
for free drug and 65% for NPs, respectively, after 4 h (Fig. 6). The
sustained release of drug molecules may be beneficial for pro-
longing the retaining time in cellular environment and then
reducing the adverse effect of original DOX."

In vitro cytotoxicity experiments

Finally, cytotoxicity experiments were carried out to evaluate the
antitumor activity of the DOX-loaded NPs in vitro. Human
breast cancer cells (MCF-7) and mouse embryonic fibroblasts
(NIH3T3) were selected as the model cell lines. The DTA-CB[6]
NPs showed no obvious cytotoxicity towards normal cells,
indicating our obtained NPs were basically biocompatible. As
shown in Fig. 7, DOX-loaded NPs displayed a better anticancer
activity than free DOX toward MCF-7 cancer cells after 24 h
incubation. The relative cellular viability of MCF-7 for DOX-
loaded NPs was 35.7%, which was relatively lower than the
one for free drug (60.9%). Meanwhile, it was found that the cell
morphological characteristics were also consistent with results
obtained from the aforementioned cytotoxicity experiments.
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Fig. 6 (a) In vitro release profiles of DOX from the DOX-loaded NPs in
absence and presence «-CD in phosphate buffer solution (pH =7.2, /
= 0.01 M) at 37 °C. (b) The disassembling process of DOX-loaded NPs
with a-CD.
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Fig. 7 Relative cellular viability of (a) MCF-7 and (f) NIH3T3 cell lines
after the treatment with DOX-loaded NPs, DOX, and NPs, respectively,
after 24 h incubation. And cell photos of (b—e) MCF-7 and (g—j) NIH3T3
cell lines after the treatment with blank (b and g), DOX-loaded NPs (e
and h), DOX (d and i), and NPs (e and j), respectively ([DOX] = 1.8 uM).
The statistically significant differences were indicated with asterisks (*p
< 0.05).

These phenomena may be contributed to the self-assembled
DTA-CB[6] NPs with suitable size and multivalent loading
capacity for sustained drug release.”* In addition, the
complexation of butanediamine with CB[6] could make positive
PK, shift of around 1.0 unit and thus enhance the cation density
of the whole NPs, which may also facilitate the internalization
process through cell membrane.*

Conclusions

In conclusion, by utilizing the complexation-assisted aggrega-
tion strategy, we have constructed a drug delivery system by the
noncovalent association of alkyl chain-modified polyamine with
biocompatible CB[6]. Remarkably, the critical aggregation
concentration of synthetic amphiphilic ammonium salt
pronouncedly decreased by about 19 times owing to the
complexation of CB[6]. Moreover, by benefiting from the high
molecular binding affinity between dodecyl group and a-CD, the
disassembling of NPs can be triggered by the addition of a-CD
and the encapsulated drug molecules can be readily released in
a controlled manner. More gratifyingly, the in vitro experiments
further indicated that the DOX-loaded nanoassembly exhibited
better anticancer activity toward MCF-7 cancer cells, but was
safe to normal cells. Thus, we can envision that the present
study may promote the CB-based supra-amphiphiles as intelli-
gent biomaterials to enhance the drug loading efficiency and
minimize the side effects in oncological therapy.
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