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ABSTRACT: An amphiphilic supramolecular brush copoly-
mer CB[8]D(PEG-Np-PTPE) was constructed on the basis of
a novel host—guest molecular recognition model formed by
cucurbit[8]uril (CB[8]), 4,4'-bipyridinium derivative, and
PEGylated naphthol (PEG-Np). In aqueous solution, the
resultant supramolecular brush copolymer self-assembled into
supramolecular nanoparticles (SNPs), by which the anticancer
drug doxorubicin (DOX) was encapsulated in the hydrophobic
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core, establishing an artful Forster resonance energy transfer system with dual fluorescence quenched. With the help of
intracellular reducing agents and low pH environment, the SNPs disassembled and the loaded drug molecules were released,
realizing in situ visualization of the drug release via the location and magnitude of the energy transfer-dependent fluorescence
variation. The cytotoxicity evaluation indicated DOX-loaded SNPs effectively inhibited cell proliferation against HeLa cells.
Animal experiments demonstrated that these DOX-loaded SNPs highly accumulated in tumor tissues through the enhanced
permeability and retention effect and also had a long blood circulation time. These multifunctional supramolecular nanoparticles
possessing self-imaging and controllable drug release ability exhibited great potential in cancer therapy.
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1. INTRODUCTION

The goals of advanced nanomedicines seek ways to address
various shortcomings and challenges faced by conventional
medicines, including impaired target specificity, poor bioavail-
ability, easy degradability, systemic toxicity, and so forth.'™
The employment of sophisticated drug delivery systems
(DDSs) improves the delivery of chemotherapeutic drugs to
the target locations, with control of their navigation in the
body.”~ Among various DDSs, nanoparticles (NPs) con-
structed from polymeric materials have become prominent in
DDSs because of their excellent biocompatibility and
biodegradability.”~'* For example, poly(glycolic acid), poly-
(p,L-lactic acid), poly(p,L-lactic-coglycolic acid), poly(ethylene
glycol) (PEG), and so forth have been widely applied to
develop smart DDSs."”'* The first Food and Drug Admin-
istration approved nanomedicine, DOXIL, is a typical example
by using amphiphilic 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-conjugated PEG as a component of the drug
(doxorubicin) carriers.'”~"® Currently, other polymeric NPs
(NC6004, NK012, and NK105) constructed from PEG and
polypeptide copolymers are also undergoing clinical trials.
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However, the only mission of these conventional DDSs is to
deliver therapeutic drugs. To trace the release and excretion of
the nanomedicines when they enter the cells, it is necessary to
develop visible delivery vehicles possessing self-imaging
capability. For the most reported polymeric NPs, the building
blocks are always amphiphilic block copolymers whose
hydrophilic and hydrophobic segments are linked by non-
cleavable covalent bonds. Complicated organic/polymeric
synthesis or post modifications were demanded to incorporate
multiple functions into the platforms. Furthermore, the
encapsulated drugs are always released through diffusion
because of covalent linkages between the building blocks,
which are lack of stimuli-responsive capability, reducing drug
accumulation at the site of action and thereby decreasing the
anticancer efficacy. By sharp contrast, the dynamic and flexible
nature of the noncovalent bonds grants the resultant supra-
molecular nanomaterials with tunable mechanical, chemical,
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and biological characteristics, contributing distinct and useful
properties that have not been realized in traditional polymeric
NPs 7723 Among diverse noncovalent forces, such as metal-
coordination, hydrophobic interactions, hydrogen bonding, van
der Waals interactions, and 7—x interactions, host—guest
interactions have successfully attracted scientists’ attention
owing to their affluent stimuli-responsive behaviors.”*”*’
However, only very few examples have been reported by
using host—guest recognition motifs to fabricate theranostic
DDSs.** ™!

Herein, we employed the CB[8]-based ternary host—guest
molecular recognition motif to prepare an amphiphilic brush
copolymer by utilizing CB[8], PTPE, and PEG-Np as the
building blocks (Scheme 1a). In aqueous solution, the resultant

Scheme 1. (a) Chemical Structures of the Building Blocks
(CB[8], PEG-Np, and PTPE) and the Preparation of SNPs
from CB[8], PEG-Np, and PTPE; (b) Schematic Illustration
of the Imaging-Guided Drug Delivery
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supramolecular brush copolymer self-assembles into supra-
molecular nanoparticles (SNPs), which can be used to
encapsulate the anticancer drug doxorubicin (DOX) in its
hydrophobic core, establishing a Forster resonance energy
transfer (FRET) system, in which the tetraphenylethene (TPE)
group acts as a donor and the drug molecule DOX acts as an
acceptor.”””* When the DOX-loaded SNPs enter cells, with the
help of intracellular reducing agents and low pH environment,
they are disassembled and the loaded drug molecules are
released. More excitingly, the energy transfer relay (ETR)
between TPE groups and DOX is simultaneously interrup-
ted,>**> and the “silenced” fluorescence is recovered, realizing
in situ visualization of the drug release via the location and
magnitude of the energy transfer-dependent fluorescence
variation (Scheme 1b). In vitro and in vivo investigations
reveal that reasonable integration of the functionalities
mentioned above in one intelligent drug carrier enables

integrated self-diagnosis treatment with excellent drug delivery
and release abilities and minimizes nonspecific systemic
distribution of the drugs, significantly enhancing the treatment
efficiency while lowering the systemic toxicity.

2. RESULTS AND DISCUSSION

2.1. Preparation of the Amphiphilic Supramolecular
Brush Copolymer. As an important member of the
cucurbit[n]uril family, cucurbit[8]uril (CB[8]) is able to
simultaneously encapsulate two guest molecules in its hydro-
phobic cavitgr, establishing a stable ternary host—guest
complex.’*™*" For example, CB[8] can encapsulate the
naphthol (Np) derivative and methyl viologen (PQ**) groups
in its hydrophobic cavity to construct 1:1:1 complex
CB[8]D(PQ*""Np), which is based on the host-enhanced
charge-transfer (CT) interaction, where Np acts as the electron
donor and PQ*" acts as the electron acceptor in the cavity of
CB[8].**~*" Furthermore, reduction of PQ* into its radical
form always leads to the dissociation of the ternary host—guest
complexation,*** thus a reduction-responsive host—guest
complex can be constructed.”* With respect to the distinct
host—guest binding features, CB[8] is a suitable noncovalent
linker to prepare supramolecular polymers, which can be
possibly applied to construct smart DDSs. The host-enhanced
charge-transfer interaction among CB[8], PEG-Np, and PTPE
was studied by 'H NMR spectroscopy. Because of the relatively
low solubility of PTPE, viologens (PQ) were employed as a
model molecule to study the host—guest interaction in water.
Without CB[8], the resonance signals of the protons on PQ
and PEG-Np resonated at basically the same positions as that
observed in the '"H NMR spectra of free PQ and PEG-Np
(Figure lc), indicating that no CT complex was generated
under this condition. Nevertheless, upon addition of 1.0 equiv
amount of CB[8] into the mixture, the signals of the aromatic
protons (H, and H,) on the viologen residue upfield shifted
dramatically. Meanwhile, the observation of the broadening
effect was noticed as the resonance peaks corresponding to the
protons H;_s on PEG-Np disappeared after the complexation

|
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Figure 1. Partial '"H NMR spectra (400 MHz, D,0, 295 K): (a)
CB[8] (1.00 mM). (b) Mixture of CB[8], PQ, and PEG-Np (molar
ratio: 1:1:1, concentration: 1.00 mM). (c) Mixture of PQ and PEG-Np
(molar ratio: 1:1, concentration: 1.00 mM). (d) PEG-Np (1.00 mM).
(e) PQ (1.00 mM).
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Figure 2. (a) UV—vis spectra of PQ, PEG-Np, CB[8], and CB[8]D(PEG-Np-PQ) (molar ratio = 1:1:1) at the concentration of 1.00 mM in water.
(b) TEM image of SNPs self-assembled from CB[8]D(PEG-Np-PTPE). (c) DLS result of SNPs self-assembled from CB[8]D>(PEG-Np-PTPE). (d)
Plots of the fluorescence (FL) intensity at 485 nm vs the concentration of CB[8]D(PEG-Np-PTPE). (e) Fluorescence spectra of CB[8]D(PEG-Np-
PTPE) in THF/H,O mixtures with different f,, values. (f) TEM image of SNPs in the condition of 1.00 mg/mL Na,$,0,. (g) DLS result of SNPs in
the condition of 1.00 mg/mL Na,$,0,. (h) Drug release curves of DOX-loaded SNPs in the aqueous solution containing different amounts of
Na,$,0,. (i) Drug release curves of DOX-loaded SNPs under different pH values.

(Figure 1b)."”® We could speculate that CB[8] mediates the
construction of a stable CT complex between the alkoxynaph-
thalene and viologen residues of PEG-Np and PQ, forming a
well-defined CB[8]2(PEG-Np-PQ) complex.

Further proof for the generation of the CB[8]D(PEG-Np-
PQ) complex was acquired from UV spectroscopy. Upon
mixing CB[8], PQ, and PEG-Np (molar ratio = 1:1:1), an
orange-yellow solution formed immediately, demonstrating the
generation of a CT complex (Figure S4).%047 Figure 2a shows
the characteristic charge-transfer band ranging from 400 to 600
nm developed by adding of CB[8] into the aqueous solution
containing PQ_and PEG-Np. Without CB[8], the charge-
transfer band was undetectable (Figure SS), further demon-
strating that CB[8] plays a significant role in the generation of
the ternary complex.

With respect to the establishment of the CB[8]D(PEG-Np-
PQ), CB[8] was employed as an desired noncovalent linker to
prepare an amphiphilic supramolecular brush copolymer
CB[8]D(PEG-Np-PTPE) by using CB[8], PTPE, and PEG-
Np as the building blocks, where the PEG segments acted as
the hydrophilic part and the backbone of PTPE acted as the
hydrophobic part. In an aqueous solution, CB[8]D(PEG-Np-
PTPE) could self-assemble into SNPs. Dynamic light scattering
(DLS) and transmission electron microscopy (TEM) studies
were performed to study the size and morphology of these
SNPs.*® As shown in the TEM image (Figure 2b), the
diameters of spherical particles were about 40 nm, in agreement
with the result of DLS measurement (Figure 2c), which showed
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a main size of 63 nm. Notably, the diameter of the particles
acquired from the TEM image was slightly smaller than the
data measured by DLS, which was ascribed to the swelling
effect of aggregates in aqueous solution. The self-assembly of
the amphiphilic supramolecular brush copolymer
CB[8]D(PEG-Np-PTPE) in water was also investigated using
the concentration-dependent fluorescence. As shown in Figure
2d, the critical aggregation concentration (CAC) of
CB[8]2(PEG-Np-PTPE) was determined to be 8.63 X 107’
M, which was notably higher than the result of PTPE (Figure
S6), owing to the introduction of hydrophilic PEG segments
through host—guest complexation. The fluorescence of the
solution was weak when its concentration was lower than the
corresponding CAC value. However, the fluorescence intensity
increased rapidly as the concentration increased higher than its
CAC, attributing to the aggregation-induced emission (AIE)
effect of gathering CB[8]D(PEG-Np-PTPE) SNPs. After
formation of SNPs, the AIE behavior of PTPE was first
evaluated. As shown in Figure 2e, PTPE emitted faint
fluorescence when dissolved in tetrahydrofuran (THF), while
the fluorescence intensity dramatically increased by increasing
the water fraction (f,,) value. When the f,; got to 99 vol %, the
fluorescence intensity of PTPE was 100 times more than in
THE. All these results demonstrated that after the formation of
CB[8]D(PEG-Np-PTPE), the AIE property of the TPE residue
of PTPE was effectively maintained.

Under the reductive conditions, viologens could be reduced
to the relevant cationic radical state, leading to the disassembly

DOI: 10.1021/acsami.7b16734
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Figure 3. (a) Confocal laser scanning microscopy images of the HeLa cells exposed to DOX-loaded SNPs for various time periods. Scale bars = 25
um. (b) Fluorescence spectra of SNPs self-assembled from CB[8]D(PEG-Np-PTPE) in the presence of different amounts of DOX. (c) UV—vis and
fluorescence spectra of PTPE and DOX. Flow cytometry results of fluorescence signals in HeLa cells exposed to DOX-HCI (d) and DOX-loaded

SNPs (e) for different times. The DOX concentration was 5.00 M.

of the SNPs from the CB[8]D(PEG-Np-PTPE) complex.”’ >
As can be seen in Figure 2f, the SNPs disassembled into
irregular aggregates in the presence of Na,S,0, (1.00 mg/mL).
In this process, the solution turned to be cloudy caused by the
precipitation of PTPE from the solution, confirming the
disassociation of the CB[8]D(PEG-Np-PTPE) complex by
Na,S,0,. Furthermore, the DLS measurements were also
conducted to study the reduction-induced disassembly process.
The average diameter of the nanoparticles varied from 63 nm
to 1.4 um after culturing the SNPs with an aqueous solution
containing Na,$,0, (1.00 mg/mL) for 24 h (Figure 2g), which
was consistent with the result obtained from TEM studies.

2.2, Drug Release Investigations and Establishment
of the Forster Resonance Energy Transfer System. The
hydrophobic pocket of the SNPs was employed to load the
hydrophobic anticancer drug DOX. After DOX was deproto-
nated by triethylamine, it was successfully loaded into the
hydrophobic core of the SNPs. On the basis of the standard
curve, the drug loading content was calculated to be 11.7%,
suggesting that this supramolecular vector was a suitable
platform to load the hydrophobic anticancer drug. As discussed
above, the reduction-triggered disassembly of the SNPs could
be utilized to control the drug release behavior. The release
behavior of DOX-loaded SNPs was first investigated in the
aqueous solution containing Na,$,0, (Figure 2h). Only 10%
DOX was released within 36 h without stimulus attributing to
the 7—n stacking and hydrophobic interactions between DOX
and PTPE. However, a much faster release of DOX emerged
upon addition of Na,S,0, into the DOX-loaded SNPs solution.
For example, in the presence of Na,S,0, from 0.5 to 5.0 mg/
mL, the release amount gradually increased from 45 to 77%
within 36 h, demonstrating that the reduction-triggered
dissociation of the supramolecular complex indeed caused the
controlled drug release.

The release behavior of DOX-loaded SNPs was also
monitored in the aqueous solution at different pH values. As
shown in Figure 2i, by decreasing the solution pH values, DOX
was greatly released from the SNPs, i.e., 45% release efficiency
at pH 6.0 and 68% at pH 5.0 within 36 h. Because the
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microenvironment of tumor is slightly acidic, the DOX release
from DOX-loaded SNPs can be triggered rapidly, which plays
an important role in chemotherapy. This pH-triggered drug
release behavior can be reasonably explained by the protonation
of DOX in acidic environments that promoted the escape of
water-soluble DOX-H" from the hydrophobic core of SNPs,
making DOX-loaded SNPs an ideal candidate for drug
delivery.*>>°

To trace the release and excretion of the nanomedicines, it is
urgent to develop self-imaging drug carriers, especially with
“turn on” fluorescence.”* ®" Interestingly, we found that upon
formation of DOX-loaded SNPs, the fluorescence intensity of
PTPE decreased dramatically (Figure 3b). The decrease in the
fluorescence intensity of PTPE in SNPs was attributed to
FRET. As shown in Figure 3¢, there was an overlap in the
emission spectrum of PTPE and the absorption spectrum of
DOX, hence the emitted fluorescence from PTPE could be
absorbed by DOX. Moreover, the fluorescence intensities of
DOX and PTPE recovered effectively once DOX was released
(Figures S7 and S$8), as the energy transfer relay effect between
PTPE and DOX was interrupted. The fluorescence variation
may be proposed as follows: when the supramolecular brush
copolymer aggregated, the TPE moieties and DOX coexisted in
the hydrophobic core of the SNPs. Meanwhile, the short
distance between TPE and DOX promoted the occurrence of
FRET. Therefore, the fluorescence of both TPE and DOX was
quenched through ETR, in which the emission from TPE
transferred to DOX, which was further self-quenched because
of the aggregation-caused quenching (ACQ) effect of DOX.

Considering the possible applications of CB[8]2(PEG-Np-
PTPE) SNPs in drug delivery, the 3-(4',5’-dimethylthiazol-2’-
y1)-2,5-diphenyl tetrazolium bromide (MTT) assay was used to
evaluate their cytotoxicity. As shown in Figure S9, even if the
concentration of CB[8]D(PEG-Np-PTPE) SNPs reached up to
200 pg mL™}, the cell survival rates were still higher than 70%,
indicating low cytotoxicity of these SNPs. To study the
internalization and drug release profile of DOX-loaded SNPs in
vitro, we incubated the DOX-loaded SNPs with HeLa cells and
monitored the intracellular changes in the fluorescence signal

DOI: 10.1021/acsami.7b16734
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over extended periods of time (0.5—8 h) using confocal laser
scanning microscopy (CLSM). As can be seen in Figure 3a, the
blue fluorescence arising from PTPE co-localized with the red
fluorescence related to DOX in the cytoplasm at 0.5 h, which
suggested PTPE and DOX still aggregated together in SNPs in
the cells. Over time, the red fluorescence intensity increased,
indicating that DOX was gradually released from SNPs in a
time-dependent manner. When the incubation time extended
to 2 h, strong red fluorescence corresponding to DOX appeared
in the cell nucleus in which DOX performed its anticancer
activities. By further extending incubation time to 8 h, most of
the DOX molecules were translocated into the cell nucleus. It
should be noted that PTPE still dispersed in cell plasma and
there was no blue signal in the cell nucleus. By tracing the
spatial and temporal variation of the different signals in DDSs,
we could conclude that SNPs were first internalized by cells and
then transported into endosomes/lysosomes, in which DOX
dissociated from SNPs owing to the weakly acidic environment
and reducing environment. The released DOX then entered
and lit up the nucleus, whereas PTPE remained in the
cytoplasm. As a result, the ETR effect between PTPE and DOX
was interrupted and the ACQ_effect of DOX was relieved, then
the fluorescence of both PTPE and DOX was waken up, and
the dual-fluorescence quenched DDS converted into a dual-
fluorescence emissive DDS.

The internalization of DOX was further quantified by flow
cytometry. As can be seen in Figure 3e, the endocytosis of
DOX-loaded SNPs by HeLa cells was time-related. With the
extension of culture time, the intracellular DOX concentration
increased rapidly. From Figure 3d,e, we also knew that the
internalization of DOX-loaded SNPs was comparable to DOX-
HCI under the same conditions. The cytotoxicity of DOX-HCl
and DOX-loaded SNPs toward HeLa cells were also assessed
by the MTT assay. After 24 or 48 h incubation, the cell survival
rate was examined. As shown in Figures S10 and S11, DOX-
loaded SNPs showed high cytotoxicity similar to DOX-HCl at a
high DOX concentration, which indicated that the anticancer
efficacy of the loaded DOX was kept efficiently after
encapsulation by the SNPs. All these results manifested that
such SNPs were highly effective in transporting DOX into
cancer cells and performing therapeutic effect.

2.3. In Vivo Drug Delivery and Antitumor Treatment.
It has been demonstrated that nanomedicine could enhance the
treatment effects of hydrophobic small molecule drugs by
improving their pharmacokinetics. On account of this, we
investigated whether SNPs were able to prolong the blood
circulation time of DOX and deliver more DOX into the tumor
tissues. The plots of the plasma concentration of DOX-HCI and
DOX-loaded SNPs versus time were presented in Figure 4a.
The clearance of free DOX-HCI from body was extremely fast,
its blood circulation time was much shorter than that of DOX-
loaded SNPs. Meanwhile, the mice administrated with DOX-
loaded SNPs had a greater area under the curve (4.18 h-mg:
mL™') than the DOX-HCl-treated group (0.91 h-mg-mL™").
The reason was that the PEGylation on SNPs effectively
hindered secondary interactions between proteins and SNPs,
preventing their elimination by the reticuloendothelial system,
which is beneficial for prolonging the drug circulation time.®>%*

To further confirm whether the DOX-loaded SNPs could
enhance the delivery of DOX to tumor sites by the enhanced
permeability and retention (EPR) effect,””* the Balb/c mice
bearing HeLa tumor were treated with DOX-loaded SNPs via
tail vein injection (5.00 mg DOX/kg) to monitor the
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Figure 4. (a) Curves of the plasma concentration of DOX in DOX:
HCI and DOX-loaded SNPs groups vs time after i.v. injection (5.00
mg/kg) (n = 3). (b) Curves of the tumor volume vs time after
different treatments (n = 7). (c) Changes in the body weight after
various treatments (n = 7). (d) Mean weights of tumors after different
treatments (n = 7, **p < 0.01). (e) Histological studies of tumor
tissues after various formulations.

biodistribution of DOX. Mice injected with DOX-HCl were
marked as the control group. After 24 h injection, ex vivo
fluorescence imaging of tumor tissues and major internal organs
were performed and are shown in Figure S12. There was no
apparent fluorescence localization in the corresponding regions
of mice that received free DOX-HCI because the small-
molecular drug DOX-HCI was easily cleared from the body.
However, comparing with DOX-HCl-treated group, the DOX-
loaded SNPs-treated group had stronger fluorescence, owing to
the prolonged circulation time of the DOX-loaded SNPs in the
physiological environment and higher tumor accumulation
benefiting from the EPR effect. A single dose of free DOX-HCI
and DOX-loaded SNPs was intratumorally injected into the
tumor tissue to further demonstrate that the DOX-loaded SNPs
can effectively reside within the tumor (Figure S13). At the very
beginning, the mice injected with DOX-HCI and DOX-loaded
SNPs exhibited strong fluorescence signals at the tumor site. It
was worthy pointing out that the fluorescence intensity in the
tumor region quickly weakened and finally diminished after 8 h
post injection for the mice administrated with DOX-HCI,
which was ascribed to the fast clearance of free DOX-HCI. By
marked contrast, the fluorescence at the tumor site was always
at the steady state during the whole experimental period for the
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Figure 5. H&E staining of the major internal organs separated from the mice injected with PBS, DOX-HCI, and DOX-loaded SNPs.

DOX-loaded SNPs-treated mice, suggesting that supramolecu-
lar nanocarriers had a better tumor accumulation than DOX-
HCI, which was crucial for suppression of tumor growth in a
long period of treatment.

Encouraged by the former excellent performances of DOX-
loaded SNPs, we proceeded to evaluate the antitumor effect on
a HeLa tumor model. While the tumor size grew up to about
100 mm?®, the mice bearing HeLa tumor were randomly
assigned into three groups: (i) phosphate-buffered saline
(PBS), (ii) free DOX-HC], and (iii) DOX-loaded SNPs. As
can be seen in Figure 4b, the tumor volume exhibited a rapid
increase in the PBS group. Compared with the control group,
the mice injected with DOX-HCI exhibited a moderate tumor
inhibition. What’s exciting was that treatment with DOX-
loaded SNPs as a chemotherapeutic agent could inhibit tumor
growth significantly, and the tumor volume was far lower than
the size in the DOX-HCl-treated group on the 15th day. The
excellent tumor inhibitory effect of DOX-loaded SNPs was
further proved by the tumor photos (Figure S15) and tumor
weights (Figure 4d). All these in vivo experimental results and
analysis suggested that the DOX-loaded SNPs could be
effectively delivered to the tumor tissue by taking advantage
of the EPR effect and perform a sustained release of the
encapsulated DOX in the tumor to effectively inhibit tumor
growth.

Hematoxylin and eosin (H&E), terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL), and Ki67
staining of tumor slices harvested after treatment were further
carried out to reveal the therapeutic eflicacy. Histological
examination revealed extensive karyopyknosis and necrosis in
the tumors collected from the DOX-HCl group, whereas
tumors from the other two groups were more viable (Figure
4e), demonstrating the excellent therapeutic efficacy of SNPs.
Meanwhile, in comparison with those in the PBS- or DOX-
HCl-treated groups (Figure 4e), administration of DOX-loaded
SNPs greatly increased the percentage of apoptotic cells in
TUNEL staining and decreased the number of proliferating
cells in the Ki67 staining assay. All of these results suggested
that DOX-loaded SNPs improved the efficacy of treatment in
inducing apoptosis and inhibiting proliferation of tumor cells.

Systemic toxicity evaluation of the drug vehicles is a crucial
factor for preclinical evaluation. The changes in the body
weight of mice are usually evaluated to indicate the systemic
toxicity. Throughout the process of treatment, the mice
injected with PBS or DOX-loaded SNPs behaved normally,
and no noticeable fluctuation in the body weight was detected
(Figure 4c), indicating that the DOX-loaded SNPs exhibited
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relatively low systemic toxicity. On the contrary, significant
decrease in body weight was observed in the mice injected with
DOX-HC], indicating that remarkable side effects were caused
by DOX-HCI. In addition, the average lifespans of the mice in
PBS and DOX-HCI groups were obviously shorter than that
treated with DOX-loaded SNPs (Figure S14), suggesting that
the antitumor performance of DOX-HCI was relatively poor.

The outstanding therapeutic performance with negligible side
effects was further verified by histopathological analysis of tissue
sections stained with H&E.®“~® As shown in Figure S, swollen
muscle fiber cells in the heart were observed in the DOX-HCI-
treated group, while no visible heart damage was detected in
the other groups. Meanwhile, histological analysis of other
organ slices of the mice treated with DOX-HCl showed
structurally disordered renal tubules with pyknotic nuclei and
without lumen, and prominent steatosis and necrosis in the
hepatocytes. However, no obvious lesions could be found in the
DOX-loaded SNP-treated group. The reduced toxicity of SNPs
can be rationally explicated by the nano-composite structure,
which was preferentially delivered to the tumor region, thus
diminishing undesirable toxicity toward normal tissues.
Collectively, these data indicated the superior safety and
potency of the DOX-loaded SNPs for delivering theranostic
agents in vivo.

3. CONCLUSIONS

In summary, a novel host—guest molecular recognition motif
between cucurbit[8]uril (CB[8]), electron-deficient 4,4'-
bipyridinium derivative (PQ), and electron-rich PEG-Np was
utilized to construct an amphiphilic supramolecular brush
copolymer CB[8]D(PEG-Np-PTPE), which was characterized
with the AIE effect. In aqueous solutions, the resultant
supramolecular brush polymer could self-assemble into SNPs,
which acted as a supramolecular nanocarrier to encapsulate
DOX to establish a self-imaging DDS. In the aggregation state,
the fluorescence from both TPE and DOX was quenched by
the combined action of the ETR and ACQ _effects. However,
with the help of intracellular reducing agents and low pH
environment, self-imaging DDSs were disassembled and the
loaded drug molecules were released. As a result, the energy
transfer relay between TPE groups and DOX units was
interrupted and the “silenced” fluorescence was wakened up,
thus realizing in situ visualization of the drug release via the
location and magnitude of the energy transfer-dependent
fluorescence variation. In vitro experiments proved that the
released DOX from DOX-loaded SNPs could suppress cell
growth against HeLa cells, which was realized by the
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interruption of the host—guest inclusion complex in the
intracellular reducing environment of cancer cells. Furthermore,
in vivo investigations demonstrated that these DOX-loaded
SNPs were highly accumulated in tumor tissues with the help of
the EPR effect and owned a prolonged blood circulation time
than DOX-HCI. The chemical design of the cucurbit[8]uril-
based amphiphilic supramolecular brush copolymer thus
provides an attractive strategy to overcome both the
physiological and pathological barriers and increases intra-
tumoral accumulation and permeability of drugs for improved
cancer therapeutic efficacy. This work provides a novel strategy
to fabricate smart supramolecular nanomedicines with tumor
specific responsiveness, showing promising potentials in clinical
translation.

4. EXPERIMENTAL SECTION

4.1. Materials and Methods. Cucurbit[8]uril (CB[8]), mPEG-
OH (molecular weight: 2000), and other used reagents were bought
commercially. Solvents were used directly or after the drying step on
the basis of the procedures represented in the literature. PTPE was
prepared in line with literature procedures.®” '"H NMR was scanned on
a Bruker AVANCE III-400 spectrometer with an internal standard
tetramethylsilane. UV—vis—NIR spectra were measured on a
Shimadzu UV-2550 spectrophotometer. Molecular weights and their
distributions were identified via gel permeation chromatography
(GPC) equipped with a Waters 1515 pump and a Waters 1515
differential refractive index detector (detector temperature is 30 °C);
H,O was employed as the eluent. The fluorescence spectrum
experiments were measured on an RF-5301 spectrofluorophotometer
(Shimadzu Corporation, Japan). TEM experiments were conducted on
a HT-7700 instrument. The cell images were taken by CLSM with a
100X oil immersion lens (Radiance 2100, Bio-Rad). Flow cytometry
measurements were conducted using an FACSCalibur flow cytometer
(BD FACSCalibur).

4.2. Synthesis of PEG-OTs. To a solution of mPEG-OH (250 g,
125 mmol) in dichloromethane (1000 mL) containing 50.0 mL
triethylamine (TEA), paratoluenesulfonylchloride (47.8 g, 250 mmol)
was added under the atmosphere of nitrogen. The solution was stirred
for 24 h at room temperature. After removal of the organic solvent and
purification by column chromatography, the product of PEG-OTs was
obtained (white solid, 200 g, 74%).

4.3. Synthesis of PEG-Np. To a solution of PEG-OTs (22.0 g,
10.0 mmol) in CH;CN (200 mL), K,CO; (13.9 g, 100 mmol) and 2-
naphthol (2.88 g, 20 mmol) were gradually added under a nitrogen
atmosphere. The solution was refluxed in an oil bath for 24 h. After
filtration, removal of the organic solvent, and purification by column
chromatography, the product of PEG-Np was obtained (white solid,
18.3 g, 85.0%).

4.4. TEM and DLS Preparations. The morphology of the SNPs
was studied by TEM. TEM specimens were prepared by dropping the
solution of SNPs onto a treated copper net. The corresponding sample
was left to stay overnight and filtered with a 2 ym filter membrane
before DLS measurements.

4.5. Preparation of DOX-Loading SNPs. PTPE (17.0 mg) was
resolved in 1.0 mL THF, and DOX-HCI (20.0 mg) was resolved in 1.0
mL water in the presence of TEA. Then, the THF and water solutions
were dropwisely added into the 2.0 mL aqueous solution in which
CB[8] (20.0 mg) and PEG-Np (32.0 mg) were added. After stirring
for 24 h in the dark environment, the resulting solution was dialyzed in
the deionized water until the unencapsulated DOX was totally
removed.

4.6. Controlled Release Studies. The DOX release from the
DOX-loaded SNPs in a reduction environment was first studied. The
DOX-loaded SNPs (5.00 mg) was dissolved in 2.0 mL phosphate
buffer solutions with different concentrations of Na,S,0, and then
poured into the dialysis bags (8—14 kDa). The dialysis processed with
a frequency of 100 rpm at 37 °C. At the specified time intervals, 1.0
mL sample was taken out from the 25.0 mL solution out of the dialysis

bag for UV detection and was then put back into the original system.
The UV absorption was measured under the 480 nm. On the basis of
the standard curve, the DOX concentrations were calculated.

The DOX release was also studied in different pH buffer solutions.
The DOX-loaded SNPs (5.00 mg) were resolved in 2.0 mL phosphate
buffers with different pH values and then poured into the dialysis bags
(8—14 kDa). The dialysis processed with a frequency of 100 rpm at 37
°C. At the specified time intervals, 1.0 mL sample was taken out from
the 25.0 mL solution out of the dialysis bag for UV detection and was
then put back into the original system. The UV absorption was
measured under the 480 nm. On the basis of the standard curve, the
DOX concentrations were calculated.

4.7. Cytotoxicity Assessment. The cytotoxicity tests of DOX:
HCl, CB[8]D(PEG-Np-PTPE), and DOX-loaded SNPs were
evaluated using the MTT assay. HeLa cells were planted in 96-well
plates, and the cell density was 8 X 10° cells/well. After overnight
adhesion, the serum-containing culture medium was replaced with the
serum-free culture medium, which contained various concentrations of
DOX-HCJ, CB[8]2(PEG-Np-PTPE) and DOX-loaded SNPs. After 24
or 48 h incubation, the medium was discarded and HeLa cells were
washed using PBS three times. The HeLa cells were then incubated in
100 uL Dulbecco’s modified Eagle’s medium (DMEM) medium which
contained 0.5 mg/mL MTT for another 4 h. After this, 100 uL
dimethyl sulfoxide was used to dissolve the formed formazan crystal.
Eventually, the data were acquired by using a scanning spectropho-
tometer (model 550, Bio-Rad) at a wavelength of 570 nm.

4.8. Cellular Uptake Evaluation. HeLa cells were planted in six-
well plates, and the cell density was 2 X 10° cells/well. After 24 h
incubation, the DOX-loaded SNPs in fresh DMEM medium (the
concentration of DOX was 5.00 uM) were added and the HeLa cells
were incubated for several specific time intervals, respectively. At last,
the cells were trypsinized and resuspended in PBS (0.5 mL). Flow
cytometry measurements were conducted using an FACSCalibur flow
cytometer (BD FACSCalibur). The mean fluorescence signal was
determined by counting 10 000 events.

For confocal imaging, the tested cells were first seeded on the glass
slides with a cell density of 1 X 10° mL™". After overnight adhesion,
the cells were cultured with DOX-loaded SNPs at 37 °C for several
specific time intervals, respectively. Then, the cells were fixed by fresh
4.0% formaldehyde solution for 15 min at room temperature. The
images were photographed using an LSM-510 confocal laser scanning
microscope (Radiance 2100, Bio-Rad).

4.9. Tumor Models. Female Balb/c nude mice (4 weeks old, ~20
g) were bought from Zhejiang Academy of Medical Sciences and fed in
the aseptic condition under 24 °C. Throughout the whole experi-
ments, all the operations involving animals were authorized by the
Zhejiang University Animal Care and Use Committee. The female
nude mice were injected 100 uL cell suspension with a cell density of 8
X 107 mL™" in the right flank region. The tumors were permitted to
grow up to ~100 mm® before experimentation. According to the
formula: (tumor length) X (tumor width)?/2, the tumor volume (V)
was calculated (V, refers to the initial tumor volume).

4.10. Pharmacokinetics. For pharmacokinetic studies, the nude
mice were divided into two groups randomly (n = 3). Free DOX-HCI
and DOX-loaded SNPs formulations were injected into the tail vein
(DOX concentration: 5.00 mg/kg). The samples of blood (0.5 mL)
were collected from the eye socket at the specific time intervals. After
centrifugation for 15 min at 3000 rpm, the plasma was obtained and
the quantity of DOX in it was analyzed by the UV detection.

4.11. In Vivo Fluorescence Imaging. When the tumor volume
reached up to 100 mm?, the mice were injected with DOX-HCI or
DOX-loaded SNPs via the tail vein. Whole-body optical imaging was
conducted on the IVIS Kinetic imaging system with a excitation filter
of 430 nm and a emission filter of 620 nm (Caliper Life Sciences,
Hopkinton, MA).

4.12. Evaluation of the Antitumor Effect. The nude mice were
randomly allocated into three treatment groups (n = 7). When the
mean tumor volume grew up to 100 mm?, the data was set as day 0.
Mice were, respectively, administered with PBS, DOX-HC], and DOX-
loaded SNPs via the tail vein every 3 days (the dosage of DOX was
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5.00 mg/kg). Meanwhile, the body weight and tumor volume of mice
were also measured every 3 days. The tumor inhibition study was
stopped on the 16th day, and the number of injections was five.

4.13. Tissue Immunohistological Evaluation. After a series of
pretreatment steps in line with the standard protocol, the samples of
heart, liver, spleen, lung, kidney, and tumor tissues were stained with
hematoxylin and eosin (H&E) for the histological assay. For analysis
of cell proliferation, the sections were incubated with antiKi67
antibody (1:25, ab28364, Abcam, United Kingdom) and then
incubated with the secondary antibody of a Rb IgG (H+L)/HRP
(ZB-2301, ZSGB-BIO, China) in accordance with the operating
manual. The method of TUNEL was used to detect the apoptosis of in
vivo tumor cells after different treatments.
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