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A B S T R A C T

Drug-resistant cancers usually have multiple barriers to compromise the effect of therapies, of which multidrug-
resistance (MDR) phenotype as the intracellular barrier and dense tumor matrix as the extracellular barrier,
significantly contribute to the poor anticancer performance of current drug delivery systems (DDS). Here in this
study, we fabricated a novel aggregation-induced emission (AIE)-active polymer capable of self-assembling into
ultrasmall nanoparticles (~20 nm) with D-alpha Tocopheryl Polyethylene Glycol Succinate (TPGS), for dual-
encapsulating of doxorubicin (Dox) and sulforaphane (SFN) (AT/Dox/SFN). It revealed that redox homeostasis
modulation of MDR cells (MCF-7/Adr) using AT/Dox/SFN can trigger mitochondria damage and ATP deficiency,
which reverse the MDR phenotype of MCF-7/Adr cells to afford enhanced cellular uptake of both drug and DDS in
a positive-feedback manner. The enhanced cellular drug accumulation further initiates the “neighboring effect”
for improved drug penetration. Using this strategy, the growth of in vivo MCF-7/Adr tumors can be effectively
inhibited at a low dosage (1/5) of doxorubicin (Dox) as compared to free Dox. In summary, we offer a new
approach to overcome both the intracellular and extracellular barriers of drug-resistant cancers and elucidate the
potential action mechanisms, which are beneficial for better cancer management.
1. Introduction

Recent studies in experimental and clinical cancer therapies have
revealed that multidrug-resistance (MDR) is a typical phenotype
occurred in many cancer types, which is the primary reason responsible
for the failure of many current cancer chemotherapies [1,2]. It was re-
ported that the highly elevated concentration of reducing substances,
such as glutathione (GSH) [3], maintain delicate redox homeostasis
within the MDR cancer cells [4]. It was also well recognized that redox
homeostasis exerts substantial diversity of roles in fundamental cellular
physiology, contributes to the development of malignant phenotypes,
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and is positively related to the proliferation, metastasis, and invasion
processes of MDR cells [5,6], for example higher reactive oxygen species
(ROS) was found to shape the tumor microenvironment and affect the
growth of BRCA1-associated breast cancer [6]. The detoxification effect
of high concentration of intracellular GSH on chemotherapy drugs is
gaining more and more attention. Many previous studies have proven
that reducing intracellular GSH concentration can exert beneficial effects
on restoring the chemosensitivity of cancer cells [7,8]. Moreover,
considering the deep involvement of GSH in maintaining the normal
function of cancer cells, the modulation of redox homeostasis might not
only restore the chemosensitivity of cancer cells but also hold the
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potential to regulate the cancer phenotype through other mechanisms
and beneficial for cancer treatment [9–11].

Sulforaphane (SFN) is a naturally occurring isothiocyanate enriched
in broccoli [12]. It is well-recognized to be a mild cancer prevention
drug, which reverses the progression of cancer cells through mechanisms
including activation of antioxidant enzymes and induction of cell cycle
arrest/cell apoptosis [13,14]. Most importantly, it was reported that SFN
could effectively form GSH-SFN complex with GSH [15], which was able
to realize GSH depletion. In addition, D-alpha Tocopheryl Polyethylene
Glycol Succinate (TPGS), as a widely applied derivative of vitamin E, is
well-known to selectively induce ROS stress on cancer cells instead of
normal ones [16,17]. In addition, TPGS as an amphiphilic molecule was
applied to form mixed nanoparticles (such as mixed micelle) with other
materials to offer further optimizations in functional properties to
improve the performance of the mixed nanoparticles [18]. Based on these
studies, it was suggested that the introduction of both SFN and TPGS in
the drug delivery systems (DDS) was able to effectively modulate the
redox homeostasis and reverse the MDR of target cells.

Despite the MDR as an intracellular barrier, the tumor tissue as a
whole also develops versatile protection barriers to impair the func-
tionality of extraneous DDSs [19,20], of which dense tumormatrix, as the
most widely studied one, usually impedes the penetration of nano-
particles to give off-threshold drug concentration in deep tumor tissues
[21]. It has been reported by previous studies that nanoparticles with
sizes smaller than 50 nm showed better tumor penetration capacity [11,
22]. However, considering the clearance limit of the kidney at around 5
nm, the construction of DDS falls at the lower limits of the size range
between 5 and 50 nm, is highly desirable but challenging [23]. More-
over, devising DDS with strong “neighboring effect” was also considered
as another effective way to increase the penetration of drugs [24,25]. The
combination of both strategies using one DDS might offer enhanced
tumor penetration performance upon in vivo practice.

Based on the recently quick development of aggregation-induced
emission (AIE) polymers and their suitability to construct DDSs [26],
here in our study, a new AIE polymer was first synthesized as a bone
material (Fig. 1A). Together with TPGS, the AIE polymer can
self-assemble into ultrasmall nanoparticles with size of around 20 nm
(AT). At the same time, the hydrophobic core of AT also afforded the
encapsulation of both SFN and doxorubicin (Dox) to construct a DDS for
multifunctional cancer therapy (AT/Dox/SFN). It was suggested that the
AIE nature of the polymer could self-indicate its location upon admin-
istration, while the drug release of Dox could be reflected by the changes
of fluorescence resonance energy transfer (FRET) between AIE and Dox.
Upon accumulation at the tumor tissue through enhanced penetration
and retention (EPR) effect, the internalized SFN and TPGS could modu-
late the intracellular redox homeostasis of cells to elevate the ROS level,
which finally induced mitochondria damage and the following ATP
Fig. 1. (A) The detailed synthetic route of AIE polymer. (B) The schemati
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deficiency. The drop in ATP supply further decreased the excretion of
drugs as well as the expression of MDR-related proteins (such as P-gp) to
allow enhanced cellular uptake of more drugs and DDS in a
positive-feedback way. The enhanced intracellular drug accumulation
further initiates “neighboring effect” in tumor tissues for improved drug
penetration. Cooperated with its size advantage, the AT/Dox/SFN was
shown to overcome the extracellular barrier of the dense tumor matrix to
realize drug delivery into the deep tumor tissue (Fig. 1B). Owning to the
above advantages, the AT/Dox/SFN could effectively suppress the pro-
liferation of MCF-7/Adr cells in vitro in a synergetic manner, and espe-
cially, was demonstrated to significantly inhibit the growth of in vivo
MCF-7/Adr tumor effectively under low Dox dosage.

2. Results and discussion

2.1. Synthesis of AIE polymer and characterization of nanoparticles

The detailed synthetic route of AIE-active polymer was outlined in
Fig. 1A. The monomers M-1, M-2, and M-3 were synthesized via the
methods in previous literature [27]. The conjugated polymer was syn-
thesized usingM-1,M-2 andM-3 via Suzuki coupling reaction to give the
product (0.244 g). In the 1H NMR spectrum of the polymer (Figure S1), a
single high peak appeared at 3.66 ppm, which could be assigned to the
PEG chains. This result can confirm the successful combination of PEG
chains. According to the conjugated polymer, different moieties have
their functions: i) the conjugated backbone decides the optical property
of the conjugated polymer, and ii) the PEG moiety as the hydrophilic
group [28]. The molecular weight of the polymer was determined using
GPC (Figure S2). The results demonstrated that the Mw ¼ 6800, Mn ¼
4610, and polydispersity index (PDI) of 1.47.

Afterward, the UV–vis absorption spectrum and the fluorescence
emission spectra of the AIE polymer were outlined in Fig. 2. As was
shown in Fig. 2A, an absorption peak appeared at 377 nm, which could
be assigned to the conjugated backbone [29]. According to the fluores-
cence emission spectra, the conjugated polymer exhibited apparent AIE
behavior and gave the emission peak around 502 nm, which gradually
enhanced as the water fraction (fw) increased from 0% to 99% (Fig. 2B).

Afterward, the TPGS was mixed with the AIE polymer to prepare
nanoparticles (AT) where the drugs (Dox and SFN) were loaded into AT
during the self-assembly process as the hydrophobic nature of AIE mol-
ecules and vitamin E offered a suitable harbor for the loading of hydro-
phobic drugs. As shown in Fig. 2C, the obtained AT/Dox/SFN showed
narrow size distribution at around 20 nm with a PDI of 0.037. The
morphology observation using TEM (Fig. 2D) and SEM (Figure S3) also
demonstrated a similar conclusion. It also revealed that the nanoparticles
were in spheroid shape with clear boundaries with one another [30]. The
zeta potential of AT/Dox/SFN was close to neutral (�1.13 mV), which
c illustration of the assembly and action mechanism of AT/Dox/SFN.



Fig. 2. Characterization of polymer and nanoparticles. The UV–vis absorption spectra (A) and fluorescence emission spectra (B) of the AIE polymer. The particle size
distribution (C) and TEM image (D) of AT/Dox/SFN. Scale bar: 100 nm.
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might ascribe to the surface modification of the PEG chain. According to
previous reports, the neutral and hydrophilic nature of PEG can signifi-
cantly increase the stability of the modified system to provide shielding
and protection to avoid premature excretion [31], [32]. As a result, the
AT/Dox/SFN with PEG modification was expected to take full advantage
of the EPR effect of tumor tissue for targeted tumor accumulation. The
particle size, zeta potential as well as PDI of other similar nanoparticles
were summarized in Table S1. It was observed that the loading of both
drugs did not significantly change the size and surface properties of the
nanoparticle, which indicated that single-loaded nanoparticles (AT/Dox
and AT/SFN) with similar size and zeta potential were promising controls
to AT/Dox/SFN. However, it was also noticed that the size of AIE/-
Dox/SFN was twice that of AT/Dox/SFN, indicating that the introduction
of TPGS might offer contributions to the optimization of nanoparticle
size, which was in line with previous studies [33,34].

To further reveal the characteristics of the AT/Dox/SFN, its long-term
colloidal stability and hemolysis against RBCs were also investigated. To
estimate the colloidal stability, the size changes of AT/Dox/SFN, which
reflected the integrity of DDS, were monitored under physiological
conditions (PBS at pH 7.4 and 10% mouse plasma) for 7 days. As shown
in Figure S4, AT/Dox/SFN showed high stability in both PBS and plasma,
as supported by the minor fluctuations in particle size. These results
demonstrated that AT/Dox/SFN is a highly stable system under physio-
logical environments and might be suitable as DDS for cancer therapy.
Moreover, a hemolysis assay was also conducted to test the biocompat-
ibility of AT/Dox/SFN. As shown in Figure S5, only neglectable hemo-
lysis (<3%) was observed even at the highest AT/Dox/SFN concentration
of 1 mg/mL, which suggested the preferable biocompatibility of this
platform for in vivo applications.
2.2. Self-indication of location and drug release

According to previous literature, Dox shows an apparent absorption
wave in the region of 400–600 nm and gives an absorption peak centered
3

around 485 nm, which can well overlap with the fluorescence spectrum
of AIE polymer [35]. Therefore, a FRET process can be built from AIE
polymer to Dox, which can be applied in monitoring the drug delivery
process. The fluorescence spectra of AT/Dox with different Dox ratios
(charge ratio) were carried out in Fig. 3A. The fluorescence emission
could be gradually quenched as the Dox ratio increased, indicating the
successful building of the FRET process from the AIE polymer to Dox.
Besides, a new emission peak centered at 550 nm could be observed,
which can be assigned to Dox. These results suggested that the FRET
process could be applied in drug-releasing monitoring. As a proof of
concept, the fluorescence profile of free Dox, drug-free carrier (AT) and
AT/Dox/SFN were investigated. As shown in Fig. 3B, free Dox only
showed fluorescence in the acceptor channel (Ex ¼ 559 nm/Em ¼
575–675 nm) while the fluorescence signal of AT was only observed in
the donor channel (Ex ¼ 405 nm/Em¼ 422–522 nm). By contrast, it was
noted that the fluorescence signal in the donor channel was slightly
quenched in AT/Dox/SFN as compared to AT. In addition, fluorescence
signals could be obtained from both the FRET channel (Ex ¼ 405 nm/Em
¼ 575–675 nm) and the acceptor channel, which suggested that Dox was
not only successfully being loaded into the DDS, but also formed inter-
molecular FRET with AT. To further study whether the changes in the
FRET signal can be employed as a signal to reveal the drug release of
AT/Dox/SFN, the time-dependent intracellular signals (donor and FRET)
were monitored. As shown in Fig. 3C, the intracellular accumulation of
AT/Dox/SFN was positively related to incubation time. However, the
FRET signal at different time intervals varied since it was affected by both
intracellular AT concentration and drug release degree. To normalize the
influence of AT and reveal the dynamic intracellular drug release profile,
the ratio of mean fluorescent intensity in the FRET channel (FRed) and
mean fluorescent intensity in the donor channel (FBlue) were calculated
and plotted against time. As displayed in Fig. 3D, the FRed/FBlue value
gradually decreased as a function of time, which suggested that the FRET
signal decreased as time extended. It was reported that the departure of
Dox from the DDS would weaken the intracellular FRET effect (between



Fig. 3. AT/Dox/SFN self-indicated its location and drug release. (A) The relationship between the fluorescence emission spectra of AT/Dox/SFN and the charged
ratios of Dox. (B) Fluorescent images of MCF-7/Adr cells incubated with free Dox (upper), AT (middle) or AT/Dox/SFN (lower) for 8 h. For each panel, left: AIE
(donor); middle: FRET; right: Dox (acceptor). (C) Fluorescent images of time-dependent in vitro cellular uptake of AT/Dox/SFN in MCF-7/Adr cells. Blue channel: FTP;
red channel: FRET. Scale bar: 20 μm. (D)The ratio of mean fluorescent intensity in FRET channel (FRed) and mean fluorescent intensity in donor channel (FBlue) as a
function of time indicated the intracellular drug release.
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AT and Dox) and therefore give a reduced signal [36]. As a result, the
decrease of FRed/FBlue value suggested the increased drug release as a
function of time, which was in line with previous reports [37,38] and our
in vitro release studies (Figure S6). Based on these results, it was
concluded that AT/Dox/SFN was capable of self-reporting its intracel-
lular drug release profile in a real-time manner.
2.3. AT/Dox/SFN modulated the redox intracellular redox homeostasis of
MCF-7/Adr cells

To confirm the redox modulation effects using TPGS and SFN, the free
SFN, TPGS as well as AT/SFN were selected to independently study the
benefits of mono or combined application of these materials. The intra-
cellular ROS level after treatment with different samples for various time
intervals was firstly investigated. As shown in Fig. 4A, consistent with the
previous report and our conjecture [15,16], both SFN and TPGS could
increase the ROS level within cells in a time-dependent manner. More-
over, the combination of both materials using DDS further potentiated
this effect as AT/SFN showed a much higher elevated intracellular ROS
level than either SFN or TPGS alone at both time intervals. This obser-
vation was also confirmed by quantitative analysis of intracellular GSH
concentration at 12 h post-treatment. As shown in Fig. 4B, intracellular
GSH concentration in AT/SFN treated MCF-7/Adr cells dropped to a
much lower level than in other groups, suggesting that the proposed
4

redox modulation was successfully realized using our DDS. However, as
redox hemostasis is intensively involved in the normal functions of
cellular physiology, it was suggested that the redox modulation might
have a further significant impact on the phenotype of cells [39].
Considering ATP as a universal energy currency in all cells and was
widely reported to have a deep relation with MDR [40,41], the change in
ATP level might reverse the MDR of cells and have a further profound
influence on cell survival. As a result, the mitochondria as the generator
of ATP were selected as the target. The mitochondria damage charac-
terized as swelling can be identified as a decrease in OD530nm compared
to control. As demonstrated in Fig. 4C, both SFN and TPGS showed
specific damage to mitochondria with a time-dependent decrease of
OD530. Most importantly, the combination of SFN and TPGS in AT/SFN
contributed to the most significant swelling of mitochondria in
MCF-7/Adr cells. This conclusion was also verified by the staining of
mitochondria damage using JC-1 (Figure S7). Subsequently, the changes
in ATP content resulting from mitochondria malfunction were also
assessed. As demonstrated in Fig. 4D, similar to that of mitochondria
swelling assay, the ATP content in both SFN and TPGS groups decreased
as a function of time. In particular, the AT/SFN group with the most
significant mitochondria malfunction also showed the lowest ATP con-
tent, which was merely 52.35% at 12 h post incubation, indicating the
significant mitochondria malfunction of AT/SFN could interrupt the
energy supply of cells.



Fig. 4. AT/Dox/SFN modulated the redox intracellular redox homeostasis of MCF-7/Adr cells to induce mitochondria damage and ATP deficiency. (A) The time-
dependent intracellular ROS level after treatment with SFN, TPGS and AT/SFN. Scale bars: 20 μm. (B) The intracellular GSH level (% of control) after treated
with SFN, TPGS and AT/SFN for 12 h *P < 0.05. Swelling test of mitochondria damage (C) and determination of intracellular ATP content (D) after MCF-7/Adr cells
treated with SFN, TPGS and AT/SFN for different time intervals (4, 8 and 12 h).
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2.4. MDR reversion and positive-feedback manner for enhanced drug/
nanoparticle uptake

To study the impact of redoxmodulation on the reverse of MDR,MCF-
7/Adr cells were firstly treated with the above-mentioned materials for
12 h and then incubated with free Dox for another 4 h. The Dox accu-
mulation within cells was visualized using CLSM (Fig. 5A). Compared
with the control group, the elevated Dox accumulation in different
experimental groups indicated different degrees of MDR reversion. In
line with the results in Fig. 4, the AT/SFN could effectively reverse the
MDR phenotype of MCF-7/Adr cells to allow a preferable accumulation
of free drugs within cells.

This result further inspired us to investigate the enhanced nano-
particle uptake of cells resulting fromMDR reversion. If this was feasible,
the further accumulated nanoparticles might persistently reinforce this
process to afford further enhanced nanoparticle uptake in a positive-
feedback manner. As a proof of concept, the MCF-7/Adr tumor-bearing
nude mice were intratumorally administrated with AT/SFN for different
time intervals. The tumor tissues were then collected and treated with
Collagenase. The obtained cells were then incubated with AT/Dox/SFN
for another 4 h, and the intracellular accumulation of Dox was observed.
As shown in Fig. 5B, AT/SFN treatment for 12 h significantly increased
the following cellular uptake of nanoparticles (AT/Dox/SFN) as
compared to the control group, and this effect was further potentiated as
time extended to 12 h, which suggested the positive-feedback manner of
enhanced cellular uptake upon redox modulation. Consistently, the
tumor tissue-derived cells also showed enhanced cellular accumulation
of AT/Dox/SFN after being pretreated with AT/SFN in a time-dependent
manner.

To illuminate the possible mechanisms of redox modulation in
reversing the MDR cells, the expression of P-gp in obtained cells and
tissues was evaluated. As shown in Fig. 5D and E and Figure S8,
5

compared to the control group, the incubation with AT/SFN could
significantly reduce the expression of P-gp in cells in a time dependent
manner. It was well-recognized that P-gp is an important efflux pump,
which contributes significantly to the MDR of cells [42]. Therefore, the
reduced expression of P-gp as a result of redox modulation was suggested
to be responsible for the reduction of resistant capacity in MCF-7/Adr
cells.

2.5. Neighboring effect and size advantage enhanced drug penetration of
AT/Dox in tumor tissue

According to our previous report and other parallel studies, the
“neighboring effect”, characterized as a small portion of cells that take up
nanoparticles becoming in situ drug depots to further release active
drugs/nanoparticles to surrounding cells, maybe a common phenomenon
in DDS-mediated cancer therapy [25]. As a result, the reverse of MDR for
enhanced drug accumulation within cells might be hopeful to augment
this effect that contributes to positive benefits in cancer therapy. More-
over, the positive-feedback manner of nanoparticle uptake resulting from
redox modulation was also supposed to enhance the “neighboring effect”
in cancer therapy. In support of our hypothesis, the intercellular
apoptosis induced by AT/Dox/SFN was investigated using coverslips. In
brief, MCF-7/Adr cells seeded on coverslip A were pre-incubated with
free Dox or AT/Dox/SFN for different time intervals (12 and 24 h) and
then co-incubated with the neighboring coverslip B with fresh cells for
another 24 h, followed by observation using CLSM. As shown in Fig. 6A,
in contrast to the free Dox group under the same condition, Annexin
V-FITC staining revealed that AT/Dox/SFN could effectively induce
apoptosis of neighboring cells (B). In addition, this effect was also posi-
tively related to incubation time, confirming the suggestion that the
positive-feedback manner of AT/Dox/SFN uptake could contribute pos-
itive effects in augmenting the “neighboring effect” of this platform.



Fig. 5. Redox modulation reversed the MDR of MCF-7/Adr cells and induced positive-feedback uptake of drug/nanoparticle. (A) The intracellular accumulation of
free Dox at 4 h post-incubation after cells were pre-treated with SFN, TPGS, and AT/SFN for 12 h. (B) The cellular uptake of AT/Dox/SFN (indicated by intracellular
Dox concentration) after cells were pre-treated with AT/SFN for different time intervals (4, 8 and 12 h). *P < 0.05 versus 4 h. The cellular uptake of AT/Dox/SFN (C)
and P-gp expression level (D) in cancer cells (derived from tumor tissue) after intratumoral injection with AT/SFN for different time intervals (12 and 24 h). (E) The P-
gp expression level of tumor tissues after intratumoral injection with AT/SFN for different time intervals (24 and 48 h). Scale bars: 20 μm.
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It was reported that nanoparticles that exert strong neighboring ef-
fects were able to enhance drug penetration in the tumor, like “peeling an
onion” layer by layer [43]. Considering the enhanced “neighboring ef-
fect” and the size advantage of AT/Dox/SFN, the drug penetration of this
platform might be significantly elevated. To verify our hypothesis,
MCTSs mimicking the structure of the solid tumor, were employed as the
model to study the penetration ability of AT/Dox/SFN. As shown in
Fig. 6B, free DOX only showedmoderate penetration in MCTSs with most
of the drug distribution at the periphery and undetectable signals in the
core region. This might be due to the strong MDR nature of MCF-7/Adr
cells as well as the poor “neighboring effect” of free Dox. In contrast,
AT/Dox/SFN showed a significantly enhanced penetration profile with
apparent Dox fluorescence spread in most regions, even 90 μm from the
surface towards the middle, indicating that the drug molecules could be
readily delivered into deep tumor tissue.

In support of our hypothesis in vivo, after intratumoral injection of
free Dox or AT/Dox/SFN to the tumor tissue, the neighboring tumor
tissues were harvested, and the comparative penetration of the drug was
studied. As shown in Fig. 6C, the Dox signal could be observed in both
groups on the superficial layer. However, the Dox signal in the free Dox
group significantly decreased when the depth extended to 500 μm, and
merely no Dox signal can be observed in further increased depths. In
contrast, Dox distribution could be observed in every tumor section of
AT/Dox/SFN treated sample, even at 1000 μm below the superficial
layer. To eliminate the influence of high angiogenesis of tumors, we also
6

stained the blood vessels (CD31 staining) of the tumor sections and
compared the distribution of Dox in both groups. As illustrated in Fig. 6D,
AT/Dox/SFN showed superior ability on tumor penetration of Dox than
free drug, as supported by the significant difference in drug distribution
around blood vessels [25]. In detail, Dox delivered by AT/Dox/SFN was
distributed evenly in the tumor tissues outside of the tumor vasculature,
while the free drug was mainly accumulated in or near the tumor
vasculature. Collectively, AT/Dox/SFN was capable of efficiently deliv-
ering the drug cargo from the exterior to the interior of the solid tumor,
which was beneficial to elevate its anticancer efficacy.

2.6. In vitro anticancer performance

To investigate the anticancer effect of the AT/Dox/SFN, the cell
viability of MCF-7/Adr cells treated with different formulations for 48 h
at various drug concentrations was recorded using the MTT assay. The
cell viability of the newly synthesized AIE was assessed prior to the
anticancer assay. In line with previous studies [44,45], AIE polymers
(Figure S9) showed negligible cytotoxicity (cell viability over 90%) even
after being incubated with MCF-7/Adr cells for 48 h at a concentration of
200 μg/mL, which suggested the preferable biocompatibility of the AIE
polymer. As shown in Fig. 7A, in the case of free Dox, due to the strong
MDR nature of MCF-7/Adr cells, the cell viability of treated cells was over
90% even at the highest drug concentration of 5 μM. The Dox delivery
using AT (AT/Dox) significantly enhanced the anticancer efficacy with a



Fig. 6. Neighboring effect and size advantage enhanced drug penetration of AT/Dox/SFN in tumor tissue. (A) The positive-feedback manner enhanced the neigh-
boring effect of AT/Dox/SFN. The neighboring apoptotic cells were stained by Annexin V-FITC (green channel). Scale bar: 20 μm. (B) In vitro penetration of Dox into
the MCTSs after incubation with free Dox and AT/Dox/SFN. Scale bar: 200 μm. (C) In vivo penetration of Dox into the different tumor depths after intratumoral
injection of free Dox and AT/Dox/SFN for 48 h. Scale bar: 50 μm. (D) In vivo distribution of Dox from the neighboring blood vessels following intratumoral injection of
free Dox and AT/Dox/SFN for 48 h. The blood vessels were stained by the FITC-CD31 antibody. Scale bar: 50 μm.
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moderate performance at the same drug concentration, suggesting the
beneficial effect of DDS on the delivery of drugs. As expected,
AT/Dox/SFN integrating the benefits of both SFN and TPGS exerted the
most potent cytotoxic effect on MCF-7/Adr cells. The optical observa-
tions of cell morphology in Fig. 7B also reached similar conclusions.

The cytotoxicity of different treatments to the MCTSs model was
further assessed to demonstrate the desirable in vitro cytotoxicity of AT/
Dox/SFN. Unlike the other groups, especially free Dox, which all showed
continuous growth in the MCTSs volume, the group treated with AT/
Dox/SFN showed the best cytotoxicity effect with decreased MCTSs
volume at the end of the test (Fig. 7C). Moreover, as shown in Fig. 7D, the
expression of γ-H2AX (a marker of DNA damage), cytochrome (Cyto C)
and cleaved PARP (C-PARP) were up-regulated after AT/SFN or AT/Dox
treatment, suggesting the elevated level of cell apoptosis. However, AT/
Dox/SFN treatment led to a more significant increased expression of
these apoptosis-related proteins, demonstrating the supportive role of
SFN to augment Dox-mediated cell apoptosis. This conclusion was also
verified by the opposite trends of Bcl-2, a rescue protein against
apoptosis. It was inferred that the combination of MDR reversion,
enhanced “neighboring effect” as well as the size advantages in AT/Dox/
SFN could not only effectively induce apoptosis to the superficial cells,
but also preferably infiltrate into the next layer to repeat this process,
which offered an efficient approach to penetrate deep tissue to achieve
uniform distribution of drug at both extracellular and intracellular areas
for enhanced anticancer outcomes [46].
7

2.7. In vivo tumor homing and anticancer assays

To estimate the in vivo performance of AT/Dox/SFN, the DiR as a
fluorescent probe was loaded into AT/Dox/SFN to help monitor the real-
time in vivo distribution of AT/Dox/SFN on the MCF-7/Adr oxgraft
model. As displayed in Fig. 8A, AT/Dox/SFN showed promising tumor-
homing capability at merely 6 h post-injection. Extended time intervals
resulted in a more intense fluorescence signal in the tumor tissue. The
semiquantitative analysis of organ distribution was performed using ex
vivo imaging at 48 h post-injection. As shown in Fig. 8B, the AT/Dox/SFN
was mainly accumulated in the tumor tissue without significant retention
in the major organs, suggesting the promising tumor-homing property of
this DDS. The in vivo anticancer assay of AT/Dox/SFN against different
treatments was further conducted. As shown in Fig. 8C, treating the mice
with a high dose of free Dox (5 mg/kg) only resulted in mild tumor
growth inhibition. The anticancer efficacies using single-loaded DDSs
(AT/SFN and AT/Dox) at the same drug dose increased the anticancer
benefits, but are still far from perfection. In contrast, AT/Dox/SFN using
a low dose of drugs (1 mg/kg Dox and 3.06 mg/kg SFN) exerted the
preferable outcome with significantly retarded growth in tumor volume.
As confirmed in Fig. 8D, the histologic sections stained by hematoxylin-
eosin (HE) revealed that AT/Dox/SFN treatment resulted in prominent
cancer cell remission in the tumor tissue with the lowest level of prolif-
eration (Ki67 staining) and highest apoptosis (TUNEL assay) without
significant cytotoxicity on the subjects (Figure S10 and S11). In contrast,



Fig. 7. In vitro anticancer effects of AT/Dox/SFN. (A) Cell viabilities of MCF-7/Adr cells incubated with free Dox, AT/Dox, AT/SFN or AT/Dox/SFN at different drug
concentrations (0.1–5 μM for Dox, the mole ratio of SFN to Dox was fixed at 10) for 48 h *P < 0.05 versus free Dox. (B) Representative optical images of MCF-7/Adr
cells treated with different formulations (Dosage: 1 μM of Dox and 10 μM of SFN) for 48 h. Scale bar: 200 μm. (C)The optical image of MCTSs after different treatments
with free Dox, AT/Dox, AT/SFN or AT/Dox/SFN for 4 Days (Dosage: 1 μM of Dox and 10 μM of SFN). Scale bar: 100 μm. (D) The protein levels within the MCTSs after
being treated with different formulations at the end of the assay.
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free Dox showed inefficient inhibition of tumor growth while induced
significant toxicity to the subjects, including bodyweight loss
(Figure S10) and multiple-organ pathology (Figure S11). As a result, it
was suggested that AT/Dox/SFN could realize satisfactory anticancer
performance at a low dosage of drugs, which was beneficial for safe
cancer therapy in clinical practice.

3. Method

3.1. Materials

Sulforaphane (SFN) was obtained from Aladdin (Shanghai, China);
Doxorubicin hydrochloride (Dox⋅HCl) was purchased fromDalianMeilun
Biotech Co., Ltd. (Dalian, China); D-alpha Tocopheryl Polyethylene
Glycol Succinate (TPGS) was offered by J&K Scientific (Beijing, China).
All other solvents and reagents without specific statements were
commercially available (of analytical grade) from Sigma-Aldrich (Mis-
souri, USA).
3.2. Cell and animal models

MCF-7/Adr (human breast carcinoma cells with resistance to Dox)
and NIH/3T3 (mouse embryonic fibroblast cells) cell lines were provided
by the Institute of Biochemistry and Cell Biology (Shanghai, China) and
cultured in Dulbecco's modified eagle medium (DMEM) supplied with
10% (v/v) fetal bovine serum (Gibco BRL, USA) in a humidified carbogen
(95% air to 5% CO2) at 37 �C (Thermo311, Thermo Fisher Scientific,
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USA).
Female New Zealand rabbits (200 g) and BALB/c nude mice (16 g)

were provided by Shanghai Laboratory Animal Center (SLAC, China) and
housed at 22� 2 �C with free access to diet. All animal experiments were
approved by the Animal Care and Use Committee of Zhejiang University
and strictly followed the guidelines for the care and use of laboratory
animals.

The multi-cellular tumor spheroids (MCTSs) model was established
using our previously reported protocol [47]. In brief, 96-well plates
(Corning, USA) covered with autoclaved agarose were seededwithmixed
MCF-7/Adr and NIH3T3 cells (1:1) at the density of 2 � 103 cells/well.
The plates were returned to the incubator, and the formation of MCTSs
was monitored using inverted optical/fluorescence microscope
(TE2000-S, Nikon, Japan).

Cell suspensions at the density of 2 � 108 cells/mL (PBS, 0.01 M, pH
7.4) were subcutaneously inoculated to the flank of nude mice at the
volume of 100 μL/per mouse and then allowed to grow into solid tumors
for the establishment of MCF-7/Adr tumor xenograft model.
3.3. Preparation of AT/Dox/SFN

M-1 (0.085 g, 0.16 mmol), M-2 (0.078 g, 0.16 mmol) and Pd(PPh3)4
(0.020 g, 5% e. q.) were dissolved in 10 mL toluene, 5 mL ethanol and 5
mL water with K2CO3 (0.60 g). The mixture was refluxed for 12 h under
Ar atmosphere, and the organic phase was collected and dried with
Na2SO4. Then the solvent was removed, and M-3 (0.190 g), Pd(PPh3)4
(0.020 g, 5% e. q.) and NaHCO3 (0.40 g) were added. The mixture was



Fig. 8. In vivo tumor homing and anticancer efficacy of AT/Dox/SFN. (A) Time-dependent in vivo distribution of DiR-labeled AT/Dox/SFN in MCF-7/Adr oxgraft
tumor model. (B) Representative ex vivo DiR fluorescence images and semi-quantitative analysis of dissected main organs and tumors (calculated as photon flux per
mm2 of tissues) at 48 h post-injection. *P < 0.05 versus Liver. (C) The tumor volume changes of model animal treated with saline, free Dox, AT/Dox, AT/SFN and AT/
Dox/SFN (Dosage: 5 mg DOX/SFN per kg for free Dox, AT/Dox and AT/SFN; 1 mg/kg Dox and 3.06 mg/kg SFN for AT/Dox/SFN). *P < 0.05 versus Control. The
measurement of tumor volumes was repeated every 2 days for two weeks. (D) Representative images (400 � ) of ex vivo tumor sections subjected to HE staining and
immunohistology using TUNEL and Ki67 antibodies.
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further dissolved in 30 mL THF and 15 mL water and then refluxed for 12
h under Ar atmosphere.M-4 (0.008 g, 0.05mmol) was added and reacted
for another 12 h. ThenM-3 (0.190 g) was added again and reacted for 12
h. Afterward, the organic phase was collected and diluted with 50 mL
CH2Cl2 and then washed with 50 mL water for three times. The resultant
solution was dried by Na2SO4, and the solvent was removed. The resul-
tant mixture was solved by THF and dropped into 300 mL hexane. The
product was filtered and dried to give conjugated polymer as yellow solid
(0.244 g). The H nuclear magnetic resonance (1H NMR) spectra (400
MHz, CDCl3) were: δ 7.68 (m, 3H), 7.57–7.39 (m, 9H), 7.21–7.11 (m,
9

12H), 4.31 (s, 2H), 3.66 (s, 155H), 2.27–1.97 (m, 5H), 1.95–1.77 (m,
3H), 1.65–0.97 (m, 17H), 0.95–0.70 (m, 5H). GPC data: Mw ¼ 6800, Mn

¼ 4610, PDI ¼ 1.47.
The Dox⋅HCl was prepared into its base (Dox) and then loaded into AT

with SFN by the co-precipitation method to give AT/Dox/SFN. In brief,
Dox, SFN, AIE polymer and TPGSwere dissolved in water-soluble organic
solvent and sonicated to obtain a transparent solution. The organic phase
was quickly injected into water (Millipore, USA) under sonication and
then subjected to rotary evaporation to obtain the designated volume.
The solution was centrifuged (8000 rpm for 10 min) and then stored at 4
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�C until further usage. The single-loaded nanoparticles were prepared
according to the same protocol using corresponding substances.

To determine the drug loading content of the nanoparticles, the
lyophilized samples were weighted and dissolved in proper THF. After
being diluted by ten times of acetonitrile, the mixture was sonicated and
then filtered through a 0.22 μm filter (Millipore, USA) membrane. The
Dox and SFN contents in the filtrate were measured at wavelengths of
480 nm and 270 nm, respectively, using physically mixed materials
(subjected to the same treatments) as controls.

3.4. Characterizations

The 1H NMR spectra were recorded at 400 MHz using Avance 400
spectrometer (Bruker, Germany), and the results were shown as parts per
million (ppm) from the control (tetramethyl silicone). The ultra-
violet–visible (UV–vis) absorption and fluorescence spectra were recor-
ded by UV–vis spectrophotometer (UV-3600, Shimadzu, Japan) and
fluorescence spectrometer (FLS-980, Edinburgh Instruments, UK),
respectively. The molecular weight was assessed by gel permeation
chromatography (GPC), and determined using the following protocol:
Waters 244 (Waters, USA) machine and the column was PLgel MIXED-C
(particle size: 5 μm; dimensions: 7.5 mm � 300 mm), the mobile phase/
solvent was THF (flow rate of 0.6 mL/min) with polystyrene as a standard
substance. The morphology and particle size were observed by trans-
mission electron microscopy (TEM, 7650, Hitachi, Japan) and scanning
electron microscopy (SEM, Regulus 8230, Hitachi, Japan). The size dis-
tribution and zeta potential were assessed using Zeta/Particle Analyzer
(Litesizer 500, Anton Paar, Austria).

The colloidal stability and drug release of AT/Dox/SFN were assessed
according to our previous report [47]. For stability assay, nanoparticles
were diluted with PBS (pH 7.4) or 10% mouse plasma (1:10, v/v). Af-
terward, the changes in nanoparticle size were recorded every day for 7
days. For drug release, AT/Dox/SFN was placed into dialysis bags
(MWCO: 7 KDa) and immersed in plastic tubes containing phosphate
buffer (pH 7.4) with 0.5% Tween 80. The plastic tubes were fixed in a
thermostatic shaker at 37�C with gentle shaking (100 rpm). At pre-
determined time intervals, 200 μL of the buffer was withdrawn for
analysis. The Dox concentration was determined using fluorescence
spectrophotometer (Em ¼ 590 nm, Ex ¼ 485 nm) and SFN concentration
was determined using high performance liquid chromatography (HPLC,
column: diamonsil C18; detection wavelength: 229 nm; mobile phase:
methanol/water (1:9, v/v) containing 0.1% formic acid with pH of 4.0;
flow rate: 1 mL/min; temperature: 30 �C).

The hemolysis of AT/Dox/SFN against was red blood cells (RBCs)
assessed according to our previous report [47]. In brief, 2% suspension of
RBCs (New Zealand rabbit) was incubated with a series concentration of
AT/Dox/SFN for 1 h at 37 �C. Afterward, the supernatant was collected
by centrifugation (3000 rpm � 10 min), and its absorbance at 545 nm
was measured by UV–vis spectrophotometer.

3.5. AIE imaging and FERT-indicated drug release

MCF-7/Adr cells were seeded on 35 mm diameter glass dishes
(Corning, USA; cell density: 2 � 104/dish) and allowed to grow into
60–70% confluence. Afterward, the primary culture medium was dis-
carded and supplied with fresh serum-free DMEM containing free Dox,
AT or AT/Dox/SFN (Dox concentration: 1 μM, the mole ratio of SFN to
Dox was fixed at 10). After incubation for designated time intervals, the
culture medium was removed, and the dishes were rinsed three times
with PBS and then fixed with 4% formaldehyde (15 min). The images
were captured using a confocal laser scanning microscope (CLSM,
BX61W1-FV3000, Olympus, Japan). The fluorescence of AT was recor-
ded at Ex ¼ 405 nm/Em ¼ 422–522 nm (Donor channel). The Dox was
observed at Ex ¼ 559 nm/Em ¼ 575–675 nm (Acceptor channel). The
fluorescence from FRET was observed at Ex ¼ 405 nm/Em ¼ 575–675
nm (FRET channel).
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3.6. Modulation of intracellular redox homeostasis

MCF-7/Adr cells were seeded in 24-well plates (Corning) at the cell
density of 5 � 104 cells/well and allowed to grow overnight to afford
50–60% confluence. Afterward, cells were incubated with SFN, TPGS or
AT/SFN (Concentrations: 10 μM of SFN and/or 5 μg/mL of TPGS) for
different time intervals (6 or 12 h). At the end of incubation, cells were
firstly incubated with DCFH-DA (10 μM for 30min) and then subjected to
CLSM observation.

MCF-7/Adr cells were seeded in 6 well plates (Corning; 1� 105 cells/
well) overnight for 50–60% confluence. Afterward, cells were incubated
with SFN, TPGS or AT/SFN for another 12 h. Cells from each group were
recruited in equal numbers, and the intracellular GSH level was detected
using the corresponding kit (Solarbio Life Science, Beijing, China) ac-
cording to the manufacturer's instructions.

MCF-7/Adr cells seeded in 150-mm culture dishes (Corning) were
allowed to grow into 80% confluence and then incubated with SFN, TPGS
or AT/SFN for different time intervals (4, 8 and 12 h). Afterward, the
mitochondria of cells were isolated by Mitochondrial Extraction Kit
(Solarbio) on ice, and the mitochondrial swelling degree (OD530nm) was
compared against the control group (the mitochondria from untreated
cells subjected to the same procedure) according to our previous report
[48]. Additional, the mitochondrial membrane potential of cells at 8 h
post incubation was stained using JC-1 according to the manufacturer's
instructions (Beyotime, Shanghai, China) and then visualized by CLSM to
reflect the damage of mitochondria.

Cells in 6-well plates were treated with SFN, TPGS or AT/SFN for
different time intervals as mentioned above. Afterward, cells were lysed,
followed by centrifugation for 5 min at 12,000 g. The resulting super-
natant was collected to measure the intracellular ATP content according
to the instruction of ATP Content Assay Kit (Solarbio).

3.7. MDR reversion and positive feedback for uptake

MCF-7/Adr cells were seeded into 24-well plates and incubated with
SFN, TPGS or AT/SFN for 12 h. Afterward, free Dox was added into the
solution to achieve a final drug concentration of 5 μM and further incu-
bated with the cells for another 4 h. Finally, the intracellular Dox signal
was imaged using CLSM.

MCF-7/Adr cells were incubated with AT/SFN for different time in-
tervals (4, 8 and 12 h). Afterward, the primary culture medium was
removed and replaced with the fresh medium containing AT/Dox/SFN
(Dox concentration: 2 μM) for 4 h. Finally, the intracellular Dox content
was determined using our previously reported protocol [24]. In brief,
cells were immersed in Dox extracting solution (ethanol: 0.6 M HCl, 1:1,
v/v) and pulverized by ultrasonication (400 W, 40 times) in ice. The
mixture was stood for 24 h and then centrifuged (12000 rpm, 10min) to
collect the supernatant, and the Dox within was determined as
mentioned above.

The MCF-7/Adr tumor-bearing nude mice were intratumorally
administrated with 50 μL of AT/SFN (SFN concentration: 100 μM). At
different time intervals (24 and 48 h) post-injection, tumor tissues were
collected and subjected to immunohistochemical (IHC) staining of P-gp
protein. Additionally, the tumor tissues were treated with Collagenase
(Sigma-Aldrich, USA) according to the manufacturer's instructions. The
obtained free cancer cells were seeded on the 35 mm diameter glass
dishes (Corning; cell density: 3 � 105/dish) and cultured with AT/Dox/
SFN for 4 h. Finally, the cells were treated with 2% bovine serum albumin
(BSA), stained with anti-P-gp monoclonal antibody and secondary anti-
body according to our previous report [49], followed by CLSM obser-
vations. AT/SFN untreated tumor tissues subjected to the same
procedures were taken as controls.

3.8. Neighboring effect and drug penetration

In brief, MCF-7/Adr cells seeded on 24-well plates with coverslips
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were pretreated with the AT/Dox/SFN at a Dox concentration of 10 μM
for different time intervals (12 and 24 h). The pretreated cells (A) were
washed with PBS and then co-incubated with the fresh cells on a
coverslip (B) for 24 h in the fresh culture medium. The cells (coverslip B)
were then washed by ice-cold PBS thrice, stained with Annexin V-FITC
(Solarbio) according to the manufacturer's protocol and observed using
CLSM.

The MCTSs were incubated with fresh serum-free DMEM containing
free Dox or AT/Dox/SFN at the Dox concentration of 5 μM for 24 h. Then,
the MCTSs were fixed with 4% formaldehyde (15min) and then observed
using tomoscan of Z-stack imaging by CLSM.

When the tumor volume of the MCF-7/Adr xenograft tumor model
reached 200 mm3, the mice were intratumorally administrated with 50
μL of free Dox or AT/Dox/SFN (Dox concentration: 10 μM, the mole ratio
of SFN to Dox was fixed at 10). At 48 h post-injection, tumor tissues were
collected and washed by PBS, followed by frozen cryotomy. The tumor
tissues were subjected to FITC-CD31 antibody (Solarbio) staining, and
the distribution of Dox signal within the whole tumor tissue was
observed using the full scan function of CLSM.

3.9. In vitro cytotoxicity assay

The cytotoxicity of AIE polymer, free Dox or drug-loaded nano-
particles against MCF-7/Adr cells was determined by MTT assays [50]. In
brief, MCF-7/Adr seeded in 96-well plates (2 � 103 cells/well) overnight
were incubated with AIE polymer, free Dox, AT/Dox, AT/SFN or
AT/Dox/SFN at various drugs (The molar ratio of SFN to Dox was fixed at
10) or nanoparticle concentrations for 48 h. Afterward, MTT (20 μL, 5
mg/mL) was added for another 4 h of incubation at 37 �C. Finally, the
formazan crystals were dissolved in 200 μL of DMSO, and the absorbance
at 570 nm was determined using a microplate reader (Model 680,
Bio-Rad, USA). Moreover, the cell morphology and viability were also
visualized by an optical microscope.

MCTSs were incubated with free Dox, AT/Dox, AT/SFN or AT/Dox/
SFN at the Dox concentration of 1 μM (The mole ratio of SFN to Dox was
fixed at 10) at 37 �C for 4 days. The diameter of the spheroids was
recorded using an optical microscope. At the end of the test, the protein
levels (Bcl-2, γ-H2AX, cytochrome C, PAPR) in cells were determined
using western blot assay according to previous reports and our experi-
ments [7,51].

3.10. In vivo tumor targeting assay

For in vivo imaging analysis, near-infrared (NIR) probe DiR was
loaded into the nanoparticles during the drug loading procedure. Sub-
sequently, DiR-loaded AT/Dox/SFN was intravenously injected into the
tumor-bearing nude mice at a dose of 20 μg DiR/kg. At different time
intervals (6, 24 and 48 h) post-injection, the distribution of nanoparticles
was studied using an in vivo imaging system (Maestro In-vivo Imaging
System, USA). At the end of living imaging, the main organs (heart, liver,
spleen, lung, kidney) and tumor tissues were excised from the mice for ex
vivo imaging using the same system.

3.11. In vivo antitumor evaluation

The MCF-7/Adr tumor-bearing nude mice were divided into different
groups randomly, and this day was set as day 0. Mice were administered
intravenously with saline, free Dox, AT/Dox, AT/SFN or AT/Dox/SFN
(Dosage: 5 mg DOX/SFN per kg for free Dox, AT/Dox and AT/SFN; 1 mg/
kg Dox and 5 mg/kg SFN for AT/Dox/SFN) every 2 days for 7 times.
Tumor volume and body weight were recorded every 2 days before drug
administration.

At the end of the test, one mouse was randomly selected and sacri-
ficed. The main organs (heart, liver, spleen, lung, kidney) and tumor
tissue were fixed, embedded in paraffin and then subjected to hema-
toxylin and eosin (H&E) staining, Ki67 and TUNEL assays.
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4. Conclusion

In summary, we reported on the fabrication and characterization of
an ultrasmall AIE polymer-based nanoparticle co-delivering Dox and SFN
(AT/Dox/SFN) to combat MDR cancer. Our results demonstrated that the
AT/Dox/SFN as a theranostic platform can self-report its location using
AIE fluorescence and drug release profile through FRET signal. Most
importantly, the introduced TPGS and SFN in the DDS can effectively
modulate the redox homeostasis of MCF-7/Adr cells, which triggers
followingmitochondria damage and ATP deficiency to realize the reverse
of MDR phenotype. This phenomenon further offers enhanced intracel-
lular drug accumulation as well as nanoparticle uptake, which is bene-
ficial to augmenting the “neighboring effect” of the DDS in the tumor.
Cooperated with its size advantage, the AT/Dox/SFN is demonstrated to
potentiate the drug delivery into the deep tumor tissue. As a result, the
AT/Dox/SFN can effectively suppress the proliferation of MCF-7/Adr
cells in vitro, and especially, effectively inhibits the growth of MCF-7/
Adr tumor in vivo at a low dosage of drugs. This work provides an ul-
trasmall AIE polymer-based nanoplatform with self-indication capacity
for the delivery of various drugs, which offers a good template for the
future development of more advanced theranostic DDSs.
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