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Abstract 

Chemotherapy is still a main option for cancer therapy, but its efficacy is often unsatisfying due to 
multidrug resistance (MDR). The tumor microenvironment is considered a dominant factor causing 
MDR. Stimuli-responsive nanomedicines exhibit many superiorities for reversal of MDR. As smart 
systems, stimuli-responsive nanomedicines are desirable for achieving site-specific accumulation and 
triggered drug release in response to slight changes in physicochemical properties in pathological 
conditions or to exogenous stimuli. In this review, we highlight the current progress of various 
nanomedicines with different stimuli-responsive capabilities for overcoming MDR. The materials, 
design, construction as well as efficacy in overcoming MDR of these nanomedicines are discussed. 
Eventually, we look forward to forthcoming intelligent nanoparticle systems with new mechanisms 
to deliver drugs for practical applications in conquering cancer MDR. 

Key words: multidrug resistance, cancer, tumor microenvironment, stimuli-responsive, nanomedicines, 
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Introduction 
Cancer is one of the leading causes of death, 

resulting in more than 8.2 million deaths annually 
worldwide [1]. Chemotherapy, despite its severe side 
effects, is still one of the most effective treatments for 
tumor therapy owing to its ability to eradicate 
disseminated cancer cells and retard recurrence [2-4]. 
However, a big challenge in the clinical application of 
chemotherapy is the drug resistance that occurs 
shortly after the treatment. Even worse, in many 
cases, cancer becomes simultaneously resistant to a 
spectrum of chemotherapeutics that are different in 
structure and mechanism, termed multidrug 
resistance (MDR) [5]. It is estimated that MDR is 
responsible for over 90% of treatment failures in 
patients, and the surviving cancer cells do not 
respond to drugs, leading to tumor recurrence and 
progression [6].  

Multiple mechanisms of tumor resistance have 

been explored [5, 7, 8], which can be grouped into: a) 
overexpression of ATP-binding cassette pumps (e.g., 
P-glycoprotein, P-gp); b) defective apoptotic 
mechanisms; c) structural alterations of the drug 
targets; d) repair of the damaged DNA; and, e) 
detoxicity of the drugs by certain enzymes. In 
addition to these changes at the molecular level, the 
tumor microenvironment also plays key roles in the 
development of MDR [9]. For instance, the abnormal 
vascular and lymphatic systems induce high 
intratumoral pressure and hypoxia, which further 
limit drug penetration into the tumor [10-12]. 
Therefore, it is necessary to develop new vehicles that 
can deliver chemotherapeutics deep into the tumor 
and possess capabilities to overcome MDR resulting 
from molecular changes in cancer cells. 

In order to realize the principle goal of reversing 
MDR, various strategies are currently applied, such as 
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radiotherapy and surgical resection, which are limited 
by serious adverse reactions with low compliance and 
early tumor treatment without metastatic lesions, 
respectively. Combinational therapy with small 
molecule inhibitors and gene therapy towards 
resistant tumor cells are also exploited. Nevertheless, 
conventional dosage forms lack selective targeting 
and deep penetration, resulting in severe systemic 
toxicity and an inefficient lethal threshold. Therefore, 
nanoparticles are the most explored vehicles to 
combat MDR [6, 13-15], including liposomes [16, 17], 
micelles [18, 19], gold nanoparticles [20, 21], magnetic 
nanoparticles [22, 23], carbon nanotubes [24, 25], 
dendrimers [26], mesoporous silica nanoparticles [27, 
28] etc. These nanoparticles can deliver agents either 
chemically grafted or physically encapsulated 
specifically to cancer cells [29], taking advantage of 
the enhanced permeability and retention (EPR) effect 
in the tumor and ligand-receptor-mediated active 
targeting. However, their efficacy is still impeded by 
limited accumulation and poor penetration in the 
tumors [30] because nanomedicines with prolonged 
circulation and retention are not preferred for tumor 
penetration and cellular entry [31]. Furthermore, the 
non-specific drug release from nanoparticles during 
circulation and insufficient drug release in the cancer 
cells are also problematic. Stimuli-responsive 
nanomedicines have thus been developed with the 
aim of modulating the tumor microenvironment- 
triggered transitional properties of nanomedicines for 

enhanced tumor penetration, and to initiate drug 
release in the tumor with precise spatial and temporal 
control (Fig. 1) [30, 32, 33]. In this work, we highlight 
the current progress of various nanomedicines with 
different stimuli-responsive capabilities for 
overcoming MDR. The materials, design, construction 
as well as efficacy in overcoming MDR of these 
nanomedicines are discussed.  

Endogenous stimuli-responsive 
nanomedicines 
pH-responsive nanomedicines 

Although nanoscale delivery systems would 
significantly enhance drug accumulation in tumor 
sites by the EPR effect, insufficient drug concentration 
still occurs due to a series of barriers existing in the 
drug-resistant tumor microenvironment, poor drug 
release inside tumor cells as well as drug efflux 
pumps. Tumor cells in an environment with 
sub-lethal drug concentration could result in acquired 
resistance. To circumvent this problem, rapid drug 
release is crucial to provide optimum drug 
concentrations and destroy tumor cells before they 
acquire the capability to exclude chemotherapeutics 
[34, 35]. Thus, stimuli-sensitive nanoparticles have 
been developed through the design of materials 
recognizing endogenous or exogenous stimuli to 
rapidly trigger drug release [36].  

 

 
Figure 1. Schematic diagram of the dynamic response progress of intelligent nanoparticles. (A) Example of pH-responsive nanoparticles loaded with small molecule 
inhibitors disintegrating in the acidic endosomal environment with triggered-release of the cargo to inhibit P-gp function. (B) Redox-responsive nanoparticles with 
loaded siRNA and drug collapsing under GSH rich condition via disulfide bond cleavage. (C) Light-triggered nanoparticles with photosensitizer could increase the 
temperature in tumor sites via photothermal therapy (PTT) or generate reactive oxygen species (ROS), leading to endosomal disruption and abundant drug release.  
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Figure 2. (A) Schematic illustration of PEG-MnO2 construction. (B) The intracellular procedure of the nanosheets for pH-sensitive drug release and magnetic 
resonance imaging (MRI). Adapted with permission from Ref [39]. Copyright 2014 Wiley-VCH. 

 
It has been reported that a pH gradient exists 

between intracellular and extracellular compartments 
in tumors, which results from the rapid proliferation 
and growth of tumor cells exceeding blood 
transportation, causing an inadequate supply of 
nutrients and oxygen, and thus generating lactic acid 
due to glycolysis [37]. Given the acidic tumor 
microenvironment, pH-responsive nanoparticles are 
considered as the most skillful strategy to achieve 
reversal of MDR. These nanomedicines remain stable 
at physiological pH, but collapse in an acidic 
microenvironment due to hydrolysis of acid labile 
bonds or protonation of chemical groups, resulting in 
release of their cargo into the cytosol, which promotes 
cytoplasmic drug concentrations to exceed the 
capacity of the efflux transporters [38]. Chen et al. 

introduced a theranostic platform based on 
polyethylene glycol (PEG) modified MnO2 nanosheets 
for ultrasensitive pH-triggered magnetic resonance 
imaging (MRI) as well as rapid drug release to 
circumvent MDR [39]. The chemically exfoliated 2D 
MnO2 nanosheets were modified with 
amino-polyethylene glycol through Mn-N coordinate 
bonding, which are stable under physical conditions 
but break up in the acidic tumor tissues. The MnO2 
nanosheets having large surface areas can promote 
drug loading efficiency (Fig. 2). Intracellular 
acidity-triggered disintegration of the nanosheets 
rapidly released loaded doxorubicin (DOX) and Mn2+, 
and the latter enabled T1-MRI capabilities for tumor 
imaging and detection. In addition, MnO2 nanosheets 
can bypass P-gp pumps due to the larger size of the 
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2D nanosheets than free DOX. He and co-workers 
reported that the efficiency of paclitaxel (PTX) 
towards sensitive and MDR tumor cells could be 
significantly potentiated when it was delivered by 
nanoparticles fabricated from acetylated 
α-cyclodextrin (Ac-aCD) materials [40]. Therefore, in 
their later work, they fabricated a pH-responsive 
nanoparticle based on Ac-aCD, which could deliver 
α-cyclodextrin into the cytoplasm via pH-triggered 
hydrolysis of Ac-aCD, thus improving the anticancer 
efficacy of various chemotherapeutics in MDR tumor 
cells [41]. 

RNA interference technology has shown great 
potential for cancer therapy due to its 
sequence-specific gene silencing effect to knock out 
MDR genes, reducing MDR-related protein (e.g., 
P-gp) expression [42]. However, siRNA delivery to 
tumor cells is hampered by its poor stability due to 
degrading enzymes and rapid clearance from the 
circulation [43, 44]. Therefore, siRNA encapsulated in 
stimuli-responsive nanoparticles could achieve not 
only timely release into the cytoplasm, but also be 
delivered into drug-resistant cells to suppress P-gp 
expression, which in turn promotes drug 
concentration [45]. 

Most gene delivery systems employ 
nanoparticles with positive charge complexing or that 
are chemically modified with RNAs for intracellular 
delivery. Chio and colleagues developed a highly 
anionic polymer based on hyaluronan-5β-cholanic 
acid (HA-CA) conjugation, with an engineered 
artificial RNA receptor Zn(II)-dipicolylamine 
(DPA/Zn) for RNA loading via interaction between 
zinc ions of DPA and phosphates of RNA [46]. 
Furthermore, calcium phosphate (CaP) was added as 
the surface layer of the nanoformulation to avoid 
nonspecific interaction with phosphate anions in the 
phosphate-rich physiological condition. After 
endocytosis into tumor cells via CD44-mediated 
active targeting, the outer layer of CaP is dissolved in 
the acidic environment, leading to system 
unshielding, consequently triggering MDR1-target 
siRNA release (Fig. 3). Moreover, the nanocarrier can 
be collapsed by HA enzymes in tumor cells for drug 
release. The authors substantiated that this versatile 
nanoplatform obviously reduced MDR1 mRNA and 
P-gp expression, indicating that an effective 
therapeutic concentration can be achieved in 
drug-resistant cells. 

 

 
Figure 3. Mechanistic illustration of pH- and enzyme-sensitive nanoparticles. (1, 2) The nanoparticle encapsulating both RNA and chemotherapeutics accumulates in 
lesion sites and enters cells via CD44-mediated endocytosis. (3) RNAs released from this system in late endosomes or early lysosomes via pH-triggered CaP layer 
disintegration. (4) Proton sponge effect causes endosomal escape of RNA, leading to RNA distribution into the cytosol for targeting genes. (5) HA enzyme 
degradation of the nanoparticle causing complete collapse of the nanostructure and release of all the cargoes. Adapted with permission from Ref [46]. Copyright 2014 
American Chemical Society. 
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In addition, up-regulation of anti-apoptotic 
protein expression also induces non-pump-related 
drug resistance due to blockade of cell apoptosis [47]. 
Therefore, siRNA or small hairpin RNA (shRNA) are 
employed to downregulate anti-apoptotic genes (e.g., 
BCL-2 or survivin) to facilitate the death of tumor cells 
and recover sensitivity to chemotherapeutics [48]. 
Tang et al. reported pH-triggered nanoparticles based 
on poly(β-amino ester), poly[(1,4-butanediol)- 
diacrylate-β-5-polyethylenimine]-block-poly[(1,4-but
anediol)-diacrylate-β-5-hydroxy amylamine] (PDP- 
PDHA), co-loaded with DOX and survivin shRNA 
[49]. This nanoplatform endowed the ability of 
pH-triggered release and enhanced endo/lysosomal 
escape, causing increased intracellular DOX 
accumulation by 10.4-fold and promoting transfection 
efficiency in MCF-7/ADR cells. These results showed 
a synergistic effect of DOX and apoptotic shRNA in 
pH-sensitive nanoparticles for overcoming MDR. 

Many efforts have been made directly towards 
P-gp inhibition via small molecule drugs such as 
verapamil (VER) [50, 51] and cyclosporine A [52, 53] 
to restore sensitivity of resistant cancer cells. A 
combination of various chemotherapeutic drugs into a 
single platform are often used to prevent P-gp 
pumping out. In comparison, with an intelligent 
nanoplatform, encapsulated drugs can be burst- and 
quick-released in drug-resistant cells at an optimal 
ratio, resulting in increased intracellular 
accumulation, which has been attributed to P-gp 
suppression and hence increased efficiency of 
chemotherapy [54]. Furthermore, it has been 
demonstrated that the inhibitors should be unloaded 
earlier and faster than chemotherapeutics to suppress 
efflux pumps in advance, subsequently achieving a 
lethal concentration of drugs for efficient therapy. 
Duan et al. designed a pH-triggered micelle system in 
which the molecule inhibitor and apoptosis inducer, 
disulfiram (DSF), was physically encapsulated in the 
core, while the chemotherapeutic, DOX, was 
conjugated with the carrier material via an 
acid-cleavable hydrazone bond [55]. These micelles 
released their cargoes in a temporal manner: DSF was 
released earlier to inactivate P-gp activity, while DOX 
was released by hydrolysis of hydrazone bonds and 
accumulated in cancer cells to realize MDR reversal 
(Fig. 4).  

Additionally, small molecule inhibitors, 
including arsenic trioxide (ATO, As2O3), are utilized 
for preventing DNA repair. ATO with high 
cytotoxicity is approved by the FDA for treatment of 
acute promyelocytic leukemia, but its utilization in 
cancer therapy is still hampered due to poor 
bioavailability and undesirable side effects. Hence, 
ATO loaded in stimuli-responsive nanoparticles is 

expected to overcome these disadvantages by 
enabling high drug concentrations in tumor cells and 
reducing side effects [56, 57]. ATO is considered a 
DNA damage repair inhibitor, and has been 
co-delivered with DOX, a DNA damage inducer, via a 
pH-sensitive silica nanocarrier to kill drug-resistant 
cells [58]. On the one hand, these intelligent 
nanoparticles enable increased accumulation and 
controlled drug release in DOX-resistant cells; on the 
other hand, ATO could inhibit the activity of DNA 
repair protein PARP-1 and provide efficient DOX 
concentrations that cause cell apoptosis. 

ATP-dependent drug efflux is the principal 
mechanism resulting in MDR occurrence. Thus, 
mitochondrial targeting for ATP depletion could 
solve this problem from the source. Mitochondria, an 
indispensable energy-generation cellular organelle for 
energy supply, is also implicated in programmed cell 
death especially in tumor cells [59]. Cytochrome c 
(Cyto c) is released from mitochondria to the 
cytoplasm, leading to activation of initiator caspase-9 
and effector caspase-3, thus causing 
mitochondria-dependent apoptosis [60]. Jiang et al. 
reported a peptide D[KLAKLAK]2 (KLA) modified 
dual-functional liposome system with pH-sensitive 
and mitochondrial targeting characteristics that was 
fabricated for enhanced apoptosis of A549 cells and 
A549/Taxol cells [61]. The liposome could reverse its 
surface charge from negative to positive to facilitate 
internalization. Afterwards, the KLA peptide lead to 
selective targeting and cargo accumulation in 
mitochondria (Fig. 5). Meanwhile, PTX could interfere 
with microtubule dynamics by microtubule targeting 
and interaction with β-tubulin. 

Redox-responsive nanomedicines 
Aberrant metabolism of malignant tumor cells 

plays a crucial role in affording anabolic energy 
demands [62]. The glutathione (GSH) concentration in 
tumor cells is much higher (100-1000 times) than in 
the extracellular fluids, especially in drug-resistant 
cells [63]. Hence, such significant differences have 
made redox-responsive delivery systems gain great 
attention for intracellular drug release via thiolysis in 
the presence of GSH [64]. The commonly utilized 
reducible linkers include disulfide bonds [65-67], 
thioether bonds [68] and diselenide bonds [69]. The 
disulfide bond is the most common and simplist 
method, and they can be inserted into the material of 
carriers, acting as a linker between two blocks of 
polymers [70-74], as well as a linkage to bind agents or 
ligands to carriers [75-77]. With cleavage of the 
disulfide bond, the nanoparticles could be 
disintegrated due to structural transformation. Ma 
and co-workers introduced a polyphosphate-based 
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micelle, which was composed of diblock copolymers 
with a hydrophilic PEG block and a hydrophobic 
polyphosphoester (PPE) block bearing a disulfide 
bond in a side group (Fig. 6) [78]. After the micelle is 
internalized by MDR tumor cells, the disulfide bond is 
cleaved, resulting in a hydrophobic to hydrophilic 
transition of the PPE block, disassembly of the 
micelles, as well as drug unloading. Wang et al. 
reported a kind of redox-activatable micelle based on 
PEG, ATP-depleting Pluronic P123 and 
polyethyleneimine (PEI) blocks via disulfide bond 
connection, co-loaded with anticancer drug PTX and 

siRNA for polo-like kinase1 (PLK1) targeting to down 
regulate ATP and interfere with metabolism of tumor 
cells for MDR prevention [79]. This system was 
activated in GSH-rich milieu, leading to not only 
increased PTX and siRNA release but also triggering 
fast ATP-depletion to prevent drug efflux. 
Furthermore, thiol-containing drugs loaded into 
nanoparticles is another strategy to show 
GSH-triggered drug release. For example, Wang et al. 
developed a dendrimer-encapsulated gold 
nanoparticle and utilized it as a carrier for 
encapsulating thiolated anticancer drugs [80]. 

 

 
Figure 4. (A) Schematic illustration of nanoparticles loaded with disulfiram (DSF), from which DSF released faster than DOX to inhibit efflux pumps. (B,C) Mean 
fluorescence intensity of DOX that accumulated in MCF-7/ADR cells and MCF-7 cells after incubation with different formulations. (D,E) The amount of intracellular 
DOX in MCF-7/ADR and MCF-7 cells after incubation with different formulations for 4 h, and then culturing in fresh medium for different times. Adapted with 
permission from Ref [55]. Copyright 2013 American Chemical Society. 
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Figure 5. Illustration of the composition and structure of pH-sensitive liposomes for mitochondria targeting. (a,b) The liposomes accumulated in tumor sites via the 
EPR effect and exhibited charge reversal by the acidic tumor microenvironment. (c,d,e) Internalization, endosomal escape and cytoplasmic release of the liposomes. 
(f) Liposomes combined with mitochondria via KLA peptide targeting. (g,h) Mitochondria damage and the mechanisms of the mitochondria apoptotic pathway. 
Paclitaxel (PTX) is released from the liposomes in mitochondria and triggers the release of cytochrome c (Cyto C). Adapted with permission from Ref [61]. Copyright 
2015 Elsevier Ltd. 

 

Enzyme-responsive nanomedicines 
The degradation of tumor extracellular matrix is 

responsible for tumor metastasis and proliferation. 
Matrix metalloproteinase (MMP) and other 
proteolytic enzymes secreted by tumor cells degrade 
the membrane basement, resulting in thin, 
interrupted and even defective states, which enhance 
tumor metastasis and make cancer difficult to 
eradicate, thereby causing tumor resistance. Since 
some enzymes are overexpressed in MDR cancer cells, 
such as protease [81], phospholipase [82] and 
glycosidase [83], enzyme-responsive nanoparticles are 
an emerging strategy to deliver chemotherapeutics to 
tumor cells selectively and effectively. 

Among all the specific enzymes in MDR tumors, 
MMP is one of the most promising substrates utilized 
as the mechanism for controlled-release of 
enzyme-responsive systems. According to this 
strategy, Liu and co-workers developed a 
nanoplatform woven from a peptide network, the 

shell of which was formed from enzyme-degradable 
polymeric peptides anchored to the core covalently 
[84]. Alternatively, a peptide chain with a specific 
sequence can be an MMP-sensitive linker to conjugate 
agents to the carrier [85, 86]. Dai et al. proposed a new 
type of copolymer (PEG2k-pp-PE), which showed 
even higher capability of P-gp inhibition than 
d-α-tocopherol polyethylene glycol succinate (TPGS) 
[87]. This copolymer is capable of both 
MMP2-sensitive drug delivery and inhibition of 
P-gp-mediated drug efflux, achieving high tumor 
targeting as well as MDR reversal. 

The endogenous triggers in tumor cells have 
higher profiles than normal cells. But there are still 
some enzymes, reductases, as well as acidic organelles 
in normal cells, which would lead to unexpected 
accumulation in normal tissues and drug release with 
side effects. Hence, more precise targeting and 
triggered drug release need to be further explored and 
controlled. 
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Figure 6. (A) The construction of redox-responsive micelles. The micelle is disintegrated via the cleavage of disulfide bonds by glutathione (GSH). (B) Cellular uptake 
and intracellular responsive process of the micelles. Doxorubicin (Dox) is released after the cellular entry of the micelle. Adapted with permission from Ref [78]. 
Copyright 2015 American Chemical Society. 

 

Exogenous stimuli-responsive 
nanomedicines 
Light-triggered nanomedicines  

Solid tumors with several physiological barriers, 
such as high interstitial pressure and a dense 
extracellular matrix, to a great extent affect the uptake 
of nanoparticles and tumor penetration. Photothermal 
therapy (PTT) has attracted much attention to 
overcome these barriers for hyperthermia damage to 
cancer cells, enhanced tumor penetration of 
nanoparticles as well as triggered release of cargoes 
[88]. Moreover, PTT has been substantiated to 
augment the cytotoxicity of some chemotherapeutics, 
leading to promoted efficiency using the same dosage 
of drugs [89]. It has been reported that many 
materials, such as gold particles [90, 91], carbon 
nanotubes [92] and grapheme [93] have a powerful 
photothermal effect owing to their strong ability to 
absorb near-infrared (NIR) laser and transform it into 
heat for tumor ablation and deep penetration to 
achieve on-demand release in drug-resistant 

malignant cells [94]. However, the light penetration 
depth is still an obstacle restraining their application 
for deep tissues. Therefore, it is more efficient for 
superficial tumors. 

Additionally, photodynamic therapy (PDT) is 
another strategy for more selective therapy towards 
MDR tumor cells. The photosensitizer, such as 
pyrolipid [95], chlorin e6 (Ce6) [96, 97], 
NaYF4:Yb/Tm–TiO2 inorganic photosensitizers [98], 
oligo(p-phenylene vinylene) derivative (OPV) [99], is 
a key component in the light-sensitive nanocarrier. 
They can be activated by light, producing reactive 
oxygen species (ROS), which can not only kill cancer 
cells directly [100] but also induce oxidation of 
membranes and affect the permeability of cell 
membranes, which is beneficial for anticancer drug 
penetration [101] (Fig. 7). Also, the system can utilize 
the ROS inducibility of the material itself and trigger 
ROS release. TPGS has been applied not only as an 
efficient P-gp inhibitor but also as an ROS inducer via 
its interaction with mitochondria respiratory complex 
II [102]. Wang and co-workers proposed that 
dispersible hollow carbon nanospheres (aHCSs) 
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combined with NIR laser irradiation for DOX delivery 
could realize MDR reversion [103]. Irradiating HCSs 
to generate free radicals resulted in a large production 
of heat shock factor-1 protein homotrimers, thus 
suppressing resistance-related genes. Furthermore, 
with the aid of laser irradiation, DOX release and 
permeability into the nucleus could be promoted. 

 

 
Figure 7. Mechanisms illustration of light-induced ROS generation by 
photosensitizer. The membrane permeability can be enhanced via membrane 
oxidation in the presence of oligo(p-phenylene vinylene) (OPV) under 
irradiation. Adapted with permission from Ref [99]. Copyright 2014 
Wiley-VCH. 

 
Nitric oxide (NO) plays a pivotal role in the 

physiological and pathological process and acts as a 
potential anticancer agent. High concentration of NO 
can directly kill cancer cells through oxidation or 
nitrosation of mitochondria and DNA, while a low 
concentration of NO can significantly inhibit the P-gp 
expression in MDR cancer cells [104]. Hence, a series 
of investigations involving light-triggered NO 

generation have been proposed to overcome MDR. 
Fan and colleagues constructed biodegradable 
nanoparticles co-loaded with BNN6/DOX, which 
exhibit on-demand NO gas release via NO donor 
BNN6 upon ultraviolet-visible irradiation. Notably, 
with NO generation the nanoparticle shell broke, thus 
enhancing release of DOX, leading to significant 
gas/drug effect against MDR [105].  

Magnetic field-triggered nanomedicines 
Magnetic-guided tumor targeting, utilizing 

magnetic nanoparticles assisted with an external 
magnetic field focused on lesion sites, has increased as 
a strategy for specifically enhancing drug 
accumulation in MDR tumors and MRI [106]. 
Magnetic nanoparticles are usually modified with 
iron oxide [107] or manganese oxide [108] to reverse 
drug-resistant tumor cells under the guidance of 
magnetic field. It was reported that DOX-loaded 
magnetic silk fibroin nanoparticles (SFNs) were 
prepared easily by adding silk fibroin solution into 
potassium phosphate solution dispersed with DOX 
and magnetic Fe3O4 nanoparticles (MNPs). The 
superparamagnetic MNPs not only provide 
magnetism for SFNs but also realize the artificial 
regulation of SFN formation and DOX entrapment 
behavior [109]. This magnetic-guided drug delivery 
showed significantly higher accumulation in 
MCF-7/ADR cells and more cytotoxicity to 
drug-resistant cells than free DOX at the same dosage.  

For magnetic-triggered nanomedicine systems, 
the external magnetic field is crucial to guide 
nanoparticles to accumulate at lesions. The frequency 
and time of exposure require optimization for various 
nanoparticles. 

Ultrasound-triggered nanomedicines  
Ultrasound possesses several superiorities such 

as non-invasiveness, low cost, good penetration depth 
by tuning the frequency, duty cycle and time of 
exposure, as well as the absence of ionizing 
irradiation [110]. Acoustic microbubbles (MBs) have 
been developed to combine with ultrasound for drug 
delivery [111, 112]. Under proper sound pressure, 
MBs could oscillate and collapse rapidly. The shear 
stress generated from MBs can help to create transient 
pores in the cell membrane and enlarge the capillary 
gaps, leading to enhanced EPR effect, which is called 
ultrasound-mediated microbubble destruction [113]. 
Yin and co-workers designed a nanoscale 
microbubble loaded with both chemotherapeutic PTX 
and siRNA targeting antiapoptosis genes (BCL-2) 
[114]. Under a low-frequency ultrasound imposed on 
the lesion site, co-delivery of payloads and higher 
accumulation were achieved. PTX–NBs/siRNA 
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simultaneously overcame efflux pump-mediated 
drug resistance and antiapoptosis-related drug 
resistance.  

Hypoxia has long been considered a potential 
contributor to MDR by causing the emergence of 
cancer stem cells (CSCs) [115] having the ability to 
differentiate into a bulk of tumor cells and renew 
themselves, thus possessing unlimited potential for 
tumor growth and proliferation. This would lead to 
cancer recurrence, more malignance and resistance to 
therapeutic agents [116]. Therefore, triggered oxygen 
generation in tumor tissues would overcome 
hypoxia-mediated cancer resistance. Song et al. 
modulated the hypoxic tumor microenvironment 
using nano-perfluorocarbon (PFC) as an oxygen 
shuttle for oxygen delivery [117]. With a low-power 
adapted ultrasound, PFC nanodroplets absorbed 
oxygen in the lung and released oxygen in the tumors, 
then circulated back to the lung for reoxygenation 
(Fig. 8). This system provided an artificial blood 
oxygen shuttle to relieve the hypoxia-associated drug 
resistance. In addition to these strategies to relieve 
tumor hypoxia, some treatments have also utilized 
hypoxia-activated nanomedicines, which exhibit 
toxicity only to tumor cells. However, tumor cells 
around the tumor vasculature have sufficient oxygen 
supply, which would result in unsatisfying effect. 
Therefore, a potential method is to combine 
hypoxia-activated nanomedicines with other 
therapeutics for efficient MDR reversion[118]. 

Although ultrasound-based technology with 
nanomedicines has displayed preferable advantages, 
the detrimental effects of ultrasound should also get 
more attention. The optimal intensity, frequency, duty 
cycle and time of exposure need to be selected for 
various expectations. It is necessary to use the lowest 
amount of energy for minimal side effects, yet a 
certain amount of energy is better for efficient 

outcomes. Hence, safety, biocompatibility, and the 
balance between less damage and sufficient energy 
remain challenges for further control.  

Multistimuli-responsive nanomedicines 
Stimuli-responsive nanoscale systems are 

considered ideal carriers since the systems are 
responsive for high drug loading, more precise 
targeting without premature leakage, rapid drug 
unloading via accurate temporal and spatial control, 
as well as higher accumulation at lesions. Although 
single stimuli-responsive systems can improve tumor 
targeting and MDR recovery to some degree, 
considering the complexity of the tumor 
microenvironment and sophisticated physiological 
barriers in the human body, a series of 
multi-responsive nanomedicines have been designed 
to improve the performance of nanoscale systems 
further. Notably, they respond to a combination of 
two or several stimuli simultaneously at the same 
sites or in a sequential manner in different locations 
[119].  

To overcome sequential pathological barriers 
existing in MDR tumors, recently, Wang et al. 
reported acidity-triggered ligand-presenting (ATLP) 
nanoparticles to facilitate tumor penetration and 
inhibit drug efflux for MDR tumor therapy [120]. The 
ATLP nanoparticles dissociated in the acidic tumor 
microenvironment and subsequently presented iRGD 
ligand, which bound to neuropilin-1 receptor for 
enhanced cellular uptake. Afterwards, P85 and DOX 
w5555ere released by MMP-2 cleavage for P-gp 
inhibition and tumor killing, respectively. In addition, 
with NIR laser irradiation, the nanoparticle generated 
remarkable ROS in the presence of Ce6, resulting in 
gene expression profile alteration to circumvent drug 
resistance (Fig. 9). 

 

 
Figure 8. Representation of an oxygen nanoshuttle. PFC acted as an oxygen-loading carrier to bring cargoes from the lung and unload oxygen at the tumor site under 
ultrasound (US). The relief of hypoxia in the tumor can potentiate the therapeutic outcomes of radiotherapy (RT) and photodynamic therapy (PDT). Adapted with 
permission from [117]. Copyright 2016 American Chemical Society. 
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Figure 9. Tumor penetration of the ATLP nanoparticles in MCF-7/ADR multicellular spheroids. (A) 2.5D images and (B) confocal laser scanning microscopy images of DOX distribution in 
tumors when incubating with different formulations. (C) Gene expression alterations in MCF-7/ADR cells. Genes related to metabolism and intracellular transport were up-regulated, while 
genes involved in cell proliferation and division, as well as extracellular matrix proteins were down-regulated. Adapted with permission from Ref [120]. Copyright 2017 American Chemical 
Society. 

 
Some anticancer drugs are more efficient when 

engulfed into the nucleus by targeting DNA [121, 
122]. Therefore, nanoparticles with the ability to 
deliver chemotherapeutics into the nucleus and 
promote drug accumulation would be favorable for 
combating MDR. Guo et al. developed a 
dual-sensitive size changeable micelle with core-shell 
structure, which exhibited significant efficacy for 
overcoming drug-resistant breast cancer [123]. In the 
acidic pH condition, size increase and charge reversal 
occurred, which lead to enhanced retention without 
blood elimination and cell internalization by 
electrostatic interactions. After lysosomal escape of 
the micelle, the shell structure disintegrated via 
breakage of disulfide bonds under the higher GSH 
concentration in tumor cells, producing micelles with 
smaller sizes for nuclear entry. As a result, more DOX 
accumulated intranuclearly to cause DNA damage 
and block DNA replication. Promoted cellular uptake 
of this dual-sensitive micelle and intranuclear drug 
accumulation were obviously observed in 
MCF-7/ADR after incubation with this micelle (Fig. 
10). The results demonstrated that this intelligent 
micelle could overcome tumor MDR. Similarly, 
siRNA and chemotherapeutic unloading at the same 
sites would not exert good coordination between the 
payloads. Only when siRNA departs from the vehicle 
in the cytosol earlier or faster to silence drug 
resistance genes is the chemotherapeutic agent better 
able to be transported into the nuclei for killing the 
tumor. According to this consideration, Han and 
colleagues developed a pH-/redox-sensitive delivery 
system to solve this problem [44]. They designed 

multi-layered nanocomplexes based on the 
positive/negative/positive structure via electrostatic 
self-assembly. siRNA was chemically encapsulated 
via disulfide bonds on the outer layer with galactose 
modified, acid-sensitive poly(allylamine 
hydrochloride)-citraconic anhydride serving as the 
inner layer for structural disassembly and 
endosomal/lysosomal escape, and the core being 
based on mesoporous silica nanoparticles 
functionalized with TAT peptide for DOX loading. 
GSH breaks the disulfide bond and facilitates siRNA 
release in the cytoplasm, while delivering the cores 
into the nucleus by recognition of TAT peptide. This 
system realized the precise delivery of DOX and 
siRNA to nuclei and cytosol, respectively, and 
unloaded them sequentially.  

External stimulus provides a new opportunity to 
easily control delivery and cargo release at desired 
times and sites, as well as imaging for tumor 
diagnosis. Yu and co-workers prepared pH and NIR 
light dual-responsive micelles for DOX resistance 
reversion in breast cancer [88]. These micelles 
consisted of a pluronic copolymer P123-conjugated 
DOX prodrug (P-DOX), a poly(ethylene glycol)-block- 
poly(diisopropanolamino ethyl methacrylate) (PEG-b- 
PDPA) diblock copolymer as the micelle matrix, and 
grafted dye cypate as an NIR light-triggered moiety. It 
was demonstrated that the micelles were stable 
during blood circulation, but collapsed in acidic 
endosomes owing to protonation of PDPA. With NIR 
irradiation, the micelles could promote tumor 
penetration and drug release by the hyperthermia 
effect. In their later work, they applied another 
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photosensitizer (Ce6) for PDT to produce ROS as well 
as for multimodal tumor imaging [96]. This system 
possesses the superiorities of fluorescence, MRI and 
photoacoustic (PA) imaging for tumor diagnosis and 
combinational treatment of drug-resistant tumor (Fig. 
11). 

Conclusion 
Stimuli-responsive nanomedicines provide a 

promising opportunity to trigger drug release in an 
on-demand manner and display various superiorities 
over conventional nanomedicines to combat MDR. 
However, there are still some obstacles for their 
application in clinical therapy. The complexity of 
tumor tissues is far beyond our imagination. Tumor 
cells and their drug-resistance mechanisms are highly 
heterogeneous, which may cause different effects 
according to various conditions. Hence, 
individualized therapy is on the way for more precise 
treatment towards cancer and MDR. Furthermore, 
nanoparticles triggered by endogenous stimulus 
accumulate in lesion sites largely dependent on the 
EPR effect, where the high interstitial pressure could 
inhibit the in-flow of chemotherapeutics into tumor 
tissue. Additionally, in normal tissues there are still 
present background level enzymes and reductases 
similar to those in tumor microenvironments. Also, 
the good permeability of tumor vasculature is mainly 
constructed in experimental animal models, but in 
practice, the growth rate of tumors in the human body 
is relatively slower than that in animal models, 
resulting in an unsatisfied EPR effect. Therefore, it is 

urgent to improve the progression of active targeting 
to tumors via ligand-mediated or exogenous stimulus. 
In contrast, the exogenous-responsive nanomedicines 
could achieve more precise drug release, and avoid 
premature leakage during blood circulation. 
Nevertheless, the biocompatibility, biosecurity and 
patient compliance of the nanoparticles are still on the 
way to further exploration. On the other hand, 
stimuli-responsive nanoparticles are limited to 
preclinical studies for the most part. The sophisticated 
process of their preparation and unexpected 
physiological dilemmas also restrict their application 
in the clinic for tumor therapy and MDR reversion. 
Additionally, deep exploration of the mechanisms of 
MDR is desired; therefore, it is more efficient to 
combine these studies with various stimuli- 
responsive nanomedicines. Stimuli-responsive 
nanoparticles would provide a universally applicable 
platform, with the cargoes playing important roles for 
MDR reversion. To address the issue of tumor 
heterogeneity, neoantigens of specific tumors are 
required for screening for personalized therapy. 
Therapeutic vaccines are a boosting strategy for 
cancer immunotherapy; therefore, with intelligent 
nanoparticles, therapeutic vaccines would exhibit 
more superiorities for MDR reversion as well as 
cancer therapy. In addition, the materials of intelligent 
nanoparticles must be biocompatible and 
biodegradable with low toxicity, the processes of 
nanoparticle preparation needs to be simplified and 
the nano-based technology needs to mature, to be 
beneficial for clinical translation. 

 

 
Figure 10. Intracellular distribution and cellular uptake of different formulations. (A) CLSM examination and (B) flow cytometry studies of different formulations after incubation with 
MCF-7/ADR cells at pH 7.4 and 6.8 for 6h. (C) Mean fluorescence intensity of MCF-7/ADR cells incubated with different formulations at pH 7.4 and 6.8. Adapted with permission from Ref 
[123]. Copyright 2015 Wiley-VCH. 
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Figure 11. Fluorescence (A), T1-weighted MRI (B) and PA images (C) of MCF/ADR tumor-bearing mice after administration of acid-switchable PDPC micelles and 
PTBC micelles without pH-responsive property. Adapted with permission from Ref [96]. Copyright 2016 American Chemical Society. 

 

Abbreviations 
MDR: multidrug resistance; P-gp: 

P-glycoprotein; EPR effect: enhanced permeation and 
retention effect; PEG: polyethylene glycol; MRI: 
magnetic resonance imaging; DOX: doxorubicin; PTX: 
paclitaxel; Ac-aCD: acetalated α-cyclodextrin; 
HA-CA: hyaluronan-5β-cholanic acid; DPA/Zn: 
Zn(II)-dipicolylamine; CaP: calcium phosphate; 
shRNA: small hairpin RNA; PDP: 
poly[(1,4-butanediol)-diacrylate-β-5-polyethylenim-in
e] PDHA: poly[(1,4-butanediol)-diacrylate-β-5- 
hydroxy amylamine]; VER: verapamil; DSF: 

disulfiram; ATO: arsenic trioxide; Cyto c: cytochrome 
c; GSH: glutathione; PPE: polyphosphoester; PEI: 
polyethylenimine; PLK1: polo-like kinase1; MMP: 
matrix metalloproteinase; TPGS: d-α-tocopherol 
polyethylene glycol succinate; PTT: photothermal 
therapy; NIR: near infrared; PDT: photodynamic 
therapy; Ce6: chlorin e6; OPV: oligo(p-phenylene 
vinylene); ROS: reactive oxygen species; aHCSs: 
hollow carbon nanospheres; NO: nitric oxide; SFNs: 
silk fibroin nanoparticles; MNPs: magnetic Fe3O4 
nanoparticles; MBs: microbubbles; CSCs: cancer stem 
cells; PFC: perfluorocarbon; ATLP: acidity-triggered 
ligand-presenting; PDPA: poly (diisopropanolamino 
ethyl methacrylate); PA: photoacoustic. 



 Theranostics 2018, Vol. 8, Issue 4 
 

 
http://www.thno.org 

1072 

Acknowledgments 
The National Natural Science Foundation of 

China (81521005, 81630052, 81690265), Key scientific 
research program of CAS (QYZDJ-SSW-SMC020) for 
financial support. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1.  Jang B, Kwon H, Katila P, Lee SJ, Lee H. Dual delivery of biological 

therapeutics for multimodal and synergistic cancer therapies. Adv Drug Deliv 
Rev. 2016; 98: 113-33. 

2.  Gao Z, Zhang L, Sun Y. Nanotechnology applied to overcome tumor drug 
resistance. J Control Release. 2012; 162: 45-55. 

3.  Qiu L, Chen T, Ocsoy I, Yasun E, Wu C, Zhu G, et al. A cell-targeted, 
size-photocontrollable, nuclear-uptake nanodrug delivery system for 
drug-resistant cancer therapy. Nano Lett. 2015; 15: 457-63. 

4.  Livney YD, Assaraf YG. Rationally designed nanovehicles to overcome cancer 
chemoresistance. Adv Drug Deliv Rev. 2013; 65: 1716-30. 

5.  Kirtane AR, Kalscheuer SM, Panyam J. Exploiting nanotechnology to 
overcome tumor drug resistance: Challenges and opportunities. Adv Drug 
Deliv Rev. 2013; 65: 1731-47. 

6.  Patel NR, Pattni BS, Abouzeid AH, Torchilin VP. Nanopreparations to 
overcome multidrug resistance in cancer. Adv Drug Deliv Rev. 2013; 65: 
1748-62. 

7.  Markman JL, Rekechenetskiy A, Holler E, Ljubimova JY. Nanomedicine 
therapeutic approaches to overcome cancer drug resistance. Adv Drug Deliv 
Rev. 2013; 65: 1866-79. 

8.  Nunez C, Capelo JL, Igrejas G, Alfonso A, Botana LM, Lodeiro C. An overview 
of the effective combination therapies for the treatment of breast cancer. 
Biomaterials. 2016; 97: 34-50. 

9.  Chen S, Yang K, Tuguntaev RG, Mozhi A, Zhang J, Wang PC, et al. Targeting 
tumor microenvironment with PEG-based amphiphilic nanoparticles to 
overcome chemoresistance. Nanomedicine. 2016; 12: 269-86. 

10.  Provenzano PP, Hingorani SR. Hyaluronan, fluid pressure, and stromal 
resistance in pancreas cancer. Br J Cancer. 2013; 108: 1-8. 

11.  Khawar IA, Kim JH, Kuh HJ. Improving drug delivery to solid tumors: 
priming the tumor microenvironment. J Control Release. 2015; 201: 78-89. 

12.  Dong X, Mumper RJ. Nanomedicinal strategies to treat multidrug-resistant 
tumors: current progress. Nanomedicine (Lond). 2010; 5: 597-615. 

13.  Minko T, Rodriguez-Rodriguez L, Pozharov V. Nanotechnology approaches 
for personalized treatment of multidrug resistant cancers. Adv Drug Deliv 
Rev. 2013; 65: 1880-95. 

14.  Kreso A, Dick JE. Evolution of the cancer stem cell model. Cell Stem Cell. 2014; 
14: 275-91. 

15.  Kise K, Kinugasa-Katayama Y, Takakura N. Tumor microenvironment for 
cancer stem cells. Adv Drug Deliv Rev. 2016; 99: 197-205. 

16.  Alamoudi K, Martins P, Croissant JG, Patil S, Omar H, Khashab NM. 
Thermoresponsive pegylated bubble liposome nanovectors for efficient siRNA 
delivery via endosomal escape. Nanomedicine (Lond). 2017; 12: 1421-33. 

17.  Gao MH, Xu YZ, Qiu LY. Sensitization of multidrug-resistant malignant cells 
by liposomes co-encapsulating doxorubicin and chloroquine through 
autophagic inhibition. J Liposome Res. 2017; 27: 151-60. 

18.  Muddineti OS, Kumari P, Ray E, Ghosh B, Biswas S. Curcumin-loaded 
chitosan-cholesterol micelles: evaluation in monolayers and 3D cancer 
spheroid model. Nanomedicine (Lond). 2017; 12: 1435-53. 

19.  Huang SY, Liu JY, Zhu H, Hussain A, Liu Q, Li J, et al. PEGylated Doxorubicin 
Micelles Loaded with Curcumin Exerting Synergic Effects on Multidrug 
Resistant Tumor Cells. J Nanosci Nanotechnol. 2017; 17: 2873-80. 

20.  Wang Y, Zhang ZP, Xu SH, Wang FH, Shen YY, Huang ST, et al. pH, redox 
and photothermal tri-responsive DNA/polyethylenimine conjugated gold 
nanorods as nanocarriers for specific intracellular co-release of doxorubicin 
and chemosensitizer pyronaridine to combat multidrug resistant cancer. 
Nanomedicine. 2017; 13: 1785-95. 

21.  Song L, Jiang Q, Liu J, Li N, Liu Q, Dai L, et al. DNA origami/gold nanorod 
hybrid nanostructures for the circumvention of drug resistance. Nanoscale. 
2017; 9: 7750-4. 

22.  Lee T, Son HY, Choi Y, Shin Y, Oh S, Kim J, et al. Minimum hyaluronic acid 
(HA) modified magnetic nanocrystals with less facilitated cancer migration 
and drug resistance for targeting CD44 abundant cancer cells by MR imaging. 
J Mater Chem B. 2017; 5: 1400-7. 

23.  Cho MH, Kim S, Lee JH, Shin TH, Yoo D, Cheon J. Magnetic Tandem 
Apoptosis for Overcoming Multidrug-Resistant Cancer. Nano Lett. 2016; 16: 
7455-60. 

24.  Farvadi F, Tamaddon A, Sobhani Z, Abolmaali SS. Polyionic complex of 
single-walled carbon nanotubes and PEG-grafted-hyperbranched 

polyethyleneimine (PEG-PEI-SWNT) for an improved doxorubicin loading 
and delivery: development and in vitro characterization. Artif Cells Nanomed 
Biotechnol. 2017; 45: 855-63. 

25.  Pai CL, Chen YC, Hsu CY, Su HL, Lai PS. Carbon Nanotube-Mediated 
Photothermal Disruption of Endosomes/Lysosomes Reverses Doxorubicin 
Resistance in MCF-7/ADR Cells. J Biomed Nanotechnol. 2016; 12: 619-29. 

26.  Wang M, Han M, Li Y, Jin Y, Gao JQ. Chemosensitization of doxorubicin in 
multidrug-resistant cells by unimolecular micelles via increased cellular 
accumulation and apoptosis. J Pharm Pharmacol. 2016; 68: 333-41. 

27.  Sun LJ, Wang DG, Chen Y, Wang LY, Huang P, Li YP, et al. Core-shell 
hierarchical mesostructured silica nanoparticles for gene/chemo-synergetic 
stepwise therapy of multidrug-resistant cancer. Biomaterials. 2017; 133: 219-28. 

28.  Liu J, Li QL, Zhang JX, Huang L, Qi C, Xu LM, et al. Safe and Effective 
Reversal of Cancer Multidrug Resistance Using Sericin-Coated Mesoporous 
Silica Nanoparticles for Lysosome-Targeting Delivery in Mice. Small. 2017; 13: 
2567-81. 

29. Iyer AK, Singh A, Ganta S, Amiji MM. Role of integrated cancer nanomedicine 
in overcoming drug resistance. Adv Drug Deliv Rev. 2013; 65: 1784-802. 

30.  Vinogradov S, Wei X. Cancer stem cells and drug resistance: the potential of 
nanomedicine. Nanomedicine (Lond). 2012; 7: 597-615. 

31.  Grant CM, Kyprianou N. Epithelial mesenchymal transition (EMT) in prostate 
growth and tumor progression. Transl Androl Urol. 2013; 2: 202-11. 

32.  Kibria G, Hatakeyama H, Harashima H. Cancer multidrug resistance: 
mechanisms involved and strategies for circumvention using a drug delivery 
system. Arch Pharm Res. 2014; 37: 4-15. 

33.  Mura S, Nicolas J, Couvreur P. Stimuli-responsive nanocarriers for drug 
delivery. Nat Mater. 2013; 12: 991-1003. 

34.  Zulkifli AA, Tan FH, Putoczki TL, Stylli SS, Luwor RB. STAT3 signaling 
mediates tumour resistance to EGFR targeted therapeutics. Mol Cell 
Endocrinol. 2017; 451: 15-23. 

35.  Yao C, Wang P, Li X, Hu X, Hou J, Wang L, et al. Near-Infrared-Triggered 
Azobenzene-Liposome/Upconversion Nanoparticle Hybrid Vesicles for 
Remotely Controlled Drug Delivery to Overcome Cancer Multidrug 
Resistance. Adv Mater. 2016; 28: 9341-8. 

36.  Liu D, Yang F, Xiong F, Gu N. The Smart Drug Delivery System and Its 
Clinical Potential. Theranostics. 2016; 6: 1306-23. 

37.  Karimi M, Ghasemi A, Sahandi Zangabad P, Rahighi R, Moosavi Basri SM, 
Mirshekari H, et al. Smart micro/nanoparticles in stimulus-responsive 
drug/gene delivery systems. Chem Soc Rev. 2016; 45: 1457-501. 

38.  Kanamala M, Wilson WR, Yang M, Palmer BD, Wu Z. Mechanisms and 
biomaterials in pH-responsive tumour targeted drug delivery: A review. 
Biomaterials. 2016; 85: 152-67. 

39.  Chen Y, Ye D, Wu M, Chen H, Zhang L, Shi J, et al. Break-up of 
two-dimensional MnO2 nanosheets promotes ultrasensitive pH-triggered 
theranostics of cancer. Adv Mater. 2014; 26: 7019-26. 

40.  He H, Chen S, Zhou J, Dou Y, Song L, Che L, et al. Cyclodextrin-derived 
pH-responsive nanoparticles for delivery of paclitaxel. Biomaterials. 2013; 34: 
5344-58. 

41.  Shi Q, Zhang L, Liu M, Zhang X, Zhang X, Xu X, et al. Reversion of multidrug 
resistance by a pH-responsive cyclodextrin-derived nanomedicine in drug 
resistant cancer cells. Biomaterials. 2015; 67: 169-82. 

42.  Butt AM, Amin MC, Katas H, Abdul Murad NA, Jamal R, Kesharwani P. 
Doxorubicin and siRNA Codelivery via Chitosan-Coated pH-Responsive 
Mixed Micellar Polyplexes for Enhanced Cancer Therapy in 
Multidrug-Resistant Tumors. Mol Pharm. 2016; 13: 4179-90. 

43.  Darvishi B, Farahmand L, Majidzadeh-A K. Stimuli-Responsive Mesoporous 
Silica NPs as Non-viral Dual siRNA/Chemotherapy Carriers for Triple 
Negative Breast Cancer. Mol Ther Nucleic Acids. 2017; 7: 164-80. 

44.  Han L, Tang C, Yin C. Dual-targeting and pH/redox-responsive multi-layered 
nanocomplexes for smart co-delivery of doxorubicin and siRNA. Biomaterials. 
2015; 60: 42-52. 

45.  Han M, Lv Q, Tang XJ, Hu YL, Xu DH, Li FZ, et al. Overcoming drug 
resistance of MCF-7/ADR cells by altering intracellular distribution of 
doxorubicin via MVP knockdown with a novel siRNA 
polyamidoamine-hyaluronic acid complex. J Control Release. 2012; 163: 
136-44. 

46.  Choi KY, Silvestre OF, Huang X, Min KH, Howard GP, Hida N, et al. Versatile 
RNA interference nanoplatform for systemic delivery of RNAs. ACS Nano. 
2014; 8: 4559-70. 

47.  Chen WC, Yuan YY, Cheng D, Chen JF, Wang L, Shuai XT. Co-Delivery of 
Doxorubicin and siRNA with Reduction and pH Dually Sensitive Nanocarrier 
for Synergistic Cancer Therapy. Small. 2014; 10: 2678-87. 

48.  Yu H, Xu Z, Chen X, Xu L, Yin Q, Zhang Z, et al. Reversal of lung cancer 
multidrug resistance by pH-responsive micelleplexes mediating co-delivery of 
siRNA and paclitaxel. Macromol Biosci. 2014; 14: 100-9. 

49.  Tang S, Yin Q, Zhang ZW, Gu WW, Chen LLL, Yu HJ, et al. Co-delivery of 
doxorubicin and RNA using pH-sensitive poly (beta-amino ester) 
nanoparticles for reversal of multidrug resistance of breast cancer. 
Biomaterials. 2014; 35: 6047-59. 

50.  Dash TK, Konkimalla VB. Selection of P-Glycoprotein Inhibitor and 
Formulation of Combinational Nanoformulation Containing Selected Agent 
Curcumin and DOX for Reversal of Resistance in K562 Cells. Pharm Res. 2017; 
34: 1741-50. 



 Theranostics 2018, Vol. 8, Issue 4 
 

 
http://www.thno.org 

1073 

51.  Lyu LN, Liu F, Wang XY, Hu M, Mu J, Cheong HL, et al. Stimulus-Responsive 
Short Peptide Nanogels for Controlled Intracellular Drug Release and for 
Overcoming Tumor Resistance. Chem Asian J. 2017; 12: 744-52. 

52.  Peterson BG, Tan KW, Osa-Andrews B, Iram SH. High-content screening of 
clinically tested anticancer drugs identifies novel inhibitors of human MRP1 
(ABCC1). Pharmacol Res. 2017; 119: 313-26. 

53.  Yoshimori M, Takada H, Imadome KI, Kurata M, Yamamoto K, Koyama T, et 
al. P-glycoprotein is expressed and causes resistance to chemotherapy in 
EBV-positive T-cell lymphoproliferative diseases. Cancer Med. 2015; 4: 
1494-504. 

54.  Liu Y, Li LL, Qi GB, Chen XG, Wang H. Dynamic disordering of liposomal 
cocktails and the spatio-temporal favorable release of cargoes to circumvent 
drug resistance. Biomaterials. 2014; 35: 3406-15. 

55.  Duan X, Xiao J, Yin Q, Zhang Z, Yu H, Mao S, et al. Smart pH-sensitive and 
temporal-controlled polymeric micelles for effective combination therapy of 
doxorubicin and disulfiram. ACS Nano. 2013; 7: 5858-69. 

56.  Zhao Z, Wang X, Zhang Z, Zhang H, Liu H, Zhu X, et al. Real-time monitoring 
of arsenic trioxide release and delivery by activatable T(1) imaging. ACS 
Nano. 2015; 9: 2749-59. 

57.  Zhang Z, Liu H, Zhou H, Zhu X, Zhao Z, Chi X, et al. A facile route to 
core-shell nanoparticulate formation of arsenic trioxide for effective solid 
tumor treatment. Nanoscale. 2016; 8: 4373-80. 

58.  Liu H, Zhang Z, Chi X, Zhao Z, Huang D, Jin J, et al. Arsenite-loaded 
nanoparticles inhibit PARP-1 to overcome multidrug resistance in 
hepatocellular carcinoma cells. Sci Rep. 2016; 6: 31009-22. 

59.  Mo R, Sun Q, Xue J, Li N, Li W, Zhang C, et al. Multistage pH-responsive 
liposomes for mitochondrial-targeted anticancer drug delivery. Adv Mater. 
2012; 24: 3659-65. 

60.  Wei X, Wang Y, Xiong X, Guo X, Zhang L, Zhang XB, et al. Codelivery of a 
pi-pi Stacked Dual Anticancer Drug Combination with Nanocarriers for 
Overcoming Multidrug Resistance and Tumor Metastasis. Adv Funct Mater. 
2016; 26: 8266-80. 

61.  Jiang L, Li L, He X, Yi Q, He B, Cao J, et al. Overcoming drug-resistant lung 
cancer by paclitaxel loaded dual-functional liposomes with mitochondria 
targeting and pH-response. Biomaterials. 2015; 52: 126-39. 

62.  Li Y, Xu X, Zhang X, Li Y, Zhang Z, Gu Z. Tumor-Specific Multiple 
Stimuli-Activated Dendrimeric Nanoassemblies with Metabolic Blockade 
Surmount Chemotherapy Resistance. ACS Nano. 2017; 11: 416-29. 

63.  Moreira AF, Dias DR, Correia IJ. Stimuli-responsive mesoporous silica 
nanoparticles for cancer therapy: A review. Micropor Mesopor Mat. 2016; 236: 
141-57. 

64.  Wang J, Sun X, Mao W, Sun W, Tang J, Sui M, et al. Tumor redox 
heterogeneity-responsive prodrug nanocapsules for cancer chemotherapy. 
Adv Mater. 2013; 25: 3670-6. 

65.  Luo Z, Ding X, Hu Y, Wu S, Xiang Y, Zeng Y, et al. Engineering a hollow 
nanocontainer platform with multifunctional molecular machines for 
tumor-targeted therapy in vitro and in vivo. ACS Nano. 2013; 7: 10271-84. 

66.  Hu YW, Du YZ, Liu N, Liu X, Meng TT, Cheng BL, et al. Selective 
redox-responsive drug release in tumor cells mediated by chitosan based 
glycolipid-like nanocarrier. J Control Release. 2015; 206: 91-100. 

67.  Wang K, Hu QD, Zhu W, Zhao MM, Ping Y, Tang GP. Structure-Invertible 
Nanoparticles for Triggered Co-Delivery of Nucleic Acids and Hydrophobic 
Drugs for Combination Cancer Therapy. Adv Funct Mater. 2015; 25: 3380-92. 

68.  Luo C, Sun J, Liu D, Sun BJ, Miao L, Musetti S, et al. Self-Assembled Redox 
Dual-Responsive Prodrug-Nanosystem Formed by Single Thioether-Bridged 
Paclitaxel-Fatty Acid Conjugate for Cancer Chemotherapy. Nano Lett. 2016; 
16: 5401-8. 

69.  Zhang W, Lin WH, Pei Q, Hu XL, Xie ZG, Jing XB. Redox-Hypersensitive 
Organic Nanoparticles for Selective Treatment of Cancer Cells. Chem Mater. 
2016; 28: 4440-6. 

70.  Stephen ZR, Kievit FM, Veiseh O, Chiarelli PA, Fang C, Wang K, et al. 
Redox-responsive magnetic nanoparticle for targeted convection-enhanced 
delivery of O6-benzylguanine to brain tumors. ACS Nano. 2014; 8: 10383-95. 

71.  Qu Q, Wang Y, Zhang L, Zhang X, Zhou S. A Nanoplatform with Precise 
Control over Release of Cargo for Enhanced Cancer Therapy. Small. 2016; 12: 
1378-90. 

72.  Xu P, Yu H, Zhang Z, Meng Q, Sun H, Chen X, et al. Hydrogen-bonded and 
reduction-responsive micelles loading atorvastatin for therapy of breast cancer 
metastasis. Biomaterials. 2014; 35: 7574-87. 

73.  Nguyen CT, Tran TH, Amiji M, Lu X, Kasi RM. Redox-sensitive nanoparticles 
from amphiphilic cholesterol-based block copolymers for enhanced tumor 
intracellular release of doxorubicin. Nanomedicine. 2015; 11: 2071-82. 

74.  Hu K, Zhou H, Liu Y, Liu Z, Liu J, Tang J, et al. Hyaluronic acid functional 
amphipathic and redox-responsive polymer particles for the co-delivery of 
doxorubicin and cyclopamine to eradicate breast cancer cells and cancer stem 
cells. Nanoscale. 2015; 7: 8607-18. 

75.  Luo Z, Hu Y, Cai K, Ding X, Zhang Q, Li M, et al. Intracellular redox-activated 
anticancer drug delivery by functionalized hollow mesoporous silica 
nanoreservoirs with tumor specificity. Biomaterials. 2014; 35: 7951-62. 

76.  Park HK, Lee SJ, Oh JS, Lee SG, Jeong YI, Lee HC. Smart Nanoparticles Based 
on Hyaluronic Acid for Redox-Responsive and CD44 Receptor-Mediated 
Targeting of Tumor. Nanoscale Res Lett. 2015; 10: 288-98. 

77.  Zhang BL, Luo Z, Liu JJ, Ding XW, Li JH, Cai KY. Cytochrome c end-capped 
mesoporous silica nanoparticles as redox-responsive drug delivery vehicles 

for liver tumor-targeted triplex therapy in vitro and in vivo. J Control Release. 
2014; 192: 192-201. 

78.  Ma YC, Wang JX, Tao W, Sun CY, Wang YC, Li DD, et al. Redox-Responsive 
Polyphosphoester-Based Micellar Nanomedicines for Overriding 
Chemoresistance in Breast Cancer Cells. ACS Appl Mater Interfaces. 2015; 7: 
26315-25. 

79.  Wang H, Li Y, Zhang M, Wu D, Shen Y, Tang G, et al. Redox-Activatable 
ATP-Depleting Micelles with Dual Modulation Characteristics for 
Multidrug-Resistant Cancer Therapy. Adv Healthc Mater. 2017; 6: 1293-307. 

80.  Wang X, Cai X, Hu J, Shao N, Wang F, Zhang Q, et al. Glutathione-triggered 
"off-on" release of anticancer drugs from dendrimer-encapsulated gold 
nanoparticles. J Am Chem Soc. 2013; 135: 9805-10. 

81.  van Rijt SH, Bolukbas DA, Argyo C, Datz S, Lindner M, Eickelberg O, et al. 
Protease-mediated release of chemotherapeutics from mesoporous silica 
nanoparticles to ex vivo human and mouse lung tumors. ACS Nano. 2015; 9: 
2377-89. 

82.  Su CW, Chen SY, Liu DM. Polysaccharide-lecithin reverse micelles with 
enzyme-degradable triglyceride shell for overcoming tumor multidrug 
resistance. Chem Commun (Camb). 2013; 49: 3772-4. 

83.  Calatrava-Perez E, Bright SA, Achermann S, Moylan C, Senge MO, Veale EB, 
et al. Glycosidase activated release of fluorescent 1,8-naphthalimide probes for 
tumor cell imaging from glycosylated 'pro-probes'. Chem Commun (Camb). 
2016; 52: 13086-9. 

84.  Liu Y, Zhang D, Qiao ZY, Qi GB, Liang XJ, Chen XG, et al. A Peptide-Network 
Weaved Nanoplatform with Tumor Microenvironment Responsiveness and 
Deep Tissue Penetration Capability for Cancer Therapy. Adv Mater. 2015; 27: 
5034-42. 

85.  Peng ZH, Kopecek J. Enhancing Accumulation and Penetration of HPMA 
Copolymer-Doxorubicin Conjugates in 2D and 3D Prostate Cancer Cells via 
iRGD Conjugation with an MMP-2 Cleavable Spacer. J Am Chem Soc. 2015; 
137: 6726-9. 

86.  Qin SY, Feng J, Rong L, Jia HZ, Chen S, Liu XJ, et al. Theranostic GO-Based 
Nanohybrid for Tumor Induced Imaging and Potential Combinational Tumor 
Therapy. Small. 2014; 10: 599-608. 

87.  Dai Z, Yao Q, Zhu L. MMP2-Sensitive PEG-Lipid Copolymers: A New Type of 
Tumor-Targeted P-Glycoprotein Inhibitor. ACS Appl Mater Interfaces. 2016; 8: 
12661-73. 

88.  Yu HJ, Cui ZR, Yu PC, Guo CY, Feng B, Jiang TY, et al. pH- and NIR 
Light-Responsive Micelles with Hyperthermia-Triggered Tumor Penetration 
and Cytoplasm Drug Release to Reverse Doxorubicin Resistance in Breast 
Cancer. Adv Funct Mater. 2015; 25: 2489-500. 

89.  Li ZH, Wang HB, Chen YJ, Wang Y, Li H, Han HJ, et al. pH- and NIR 
Light-Responsive Polymeric Prodrug Micelles for Hyperthermia-Assisted 
Site-Specific Chemotherapy to Reverse Drug Resistance in Cancer Treatment. 
Small. 2016; 12: 2731-40. 

90.  Seo SH, Kim BM, Joe A, Han HW, Chen XY, Cheng Z, et al. NIR-light-induced 
surface-enhanced Raman scattering for detection and 
photothermal/photodynamic therapy of cancer cells using methylene 
blue-embedded gold nanorod@SiO2 nanocomposites. Biomaterials. 2014; 35: 
3309-18. 

91.  Jang H, Kim YK, Huh H, Min DH. Facile Synthesis and Intraparticle 
Self-Catalytic Oxidation of Dextran-Coated Hollow Au-Ag Nanoshell and Its 
Application for Chemo-Thermotherapy. ACS Nano. 2014; 8: 467-75. 

92.  Liu JJ, Wang C, Wang XJ, Wang X, Cheng L, Li YG, et al. Mesoporous Silica 
Coated Single-Walled Carbon Nanotubes as a Multifunctional 
Light-Responsive Platform for Cancer Combination Therapy. Adv Funct 
Mater. 2015; 25: 384-92. 

93.  Gan ZX, Wu XL, Meng M, Zhu XB, Yang L, Chu PK. Photothermal 
Contribution to Enhanced Photocatalytic Performance of Graphene-Based 
Nanocomposites. ACS Nano. 2014; 8: 9304-10. 

94.  Liu DD, Ma LY, An YX, Li Y, Liu YX, Wang L, et al. Thermoresponsive 
Nanogel-Encapsulated PEDOT and HSP70 Inhibitor for Improving the Depth 
of the Photothermal Therapeutic Effect. Adv Funct Mater. 2016; 26: 4749-59. 

95.  He CB, Liu DM, Lin WB. Self-Assembled Core-Shell Nanoparticles for 
Combined Chemotherapy and Photodynamic Therapy of Resistant Head and 
Neck Cancers. ACS Nano. 2015; 9: 991-1003. 

96.  Wang TT, Wang DG, Yu HJ, Wang MW, Liu JP, Feng B, et al. Intracellularly 
Acid-Switchable Multifunctional Micelles for Combinational 
Photo/Chemotherapy of the Drug-Resistant Tumor. ACS Nano. 2016; 10: 
3496-508. 

97.  Li H, Liu C, Zeng YP, Hao YH, Huang JW, Yang ZY, et al. Nanoceria-Mediated 
Drug Delivery for Targeted Photodynamic Therapy on Drug-Resistant Breast 
Cancer. ACS Appl Mater Interfaces. 2016; 8: 31510-23. 

98.  Zeng L, Pan Y, Tian Y, Wang X, Ren W, Wang S, et al. Doxorubicin-loaded 
NaYF4:Yb/Tm-TiO2 inorganic photosensitizers for NIR-triggered 
photodynamic therapy and enhanced chemotherapy in drug-resistant breast 
cancers. Biomaterials. 2015; 57: 93-106. 

99.  Wang B, Yuan H, Liu Z, Nie C, Liu L, Lv F, et al. Cationic oligo(p-phenylene 
vinylene) materials for combating drug resistance of cancer cells by light 
manipulation. Adv Mater. 2014; 26: 5986-90. 

100.  Zhang W, Shen J, Su H, Mu G, Sun JH, Tan CP, et al. Co-Delivery of Cisplatin 
Prodrug and Chlorin e6 by Mesoporous Silica Nanoparticles for 
Chemo-Photodynamic Combination Therapy to Combat Drug Resistance. 
ACS Appl Mater Interfaces. 2016; 8: 13332-40. 



 Theranostics 2018, Vol. 8, Issue 4 
 

 
http://www.thno.org 

1074 

101. Park H, Park W, Na K. Doxorubicin loaded singlet-oxygen producible 
polymeric micelle based on chlorine e6 conjugated pluronic F127 for 
overcoming drug resistance in cancer. Biomaterials. 2014; 35: 7963-9. 

102. Su Z, Chen M, Xiao Y, Sun M, Zong L, Asghar S, et al. ROS-triggered and 
regenerating anticancer nanosystem: an effective strategy to subdue tumor's 
multidrug resistance. J Control Release. 2014; 196: 370-83. 

103. Wang LM, Sun Q, Wang X, Wen T, Yin JJ, Wang PY, et al. Using Hollow 
Carbon Nanospheres as a Light-Induced Free Radical Generator To Overcome 
Chemotherapy Resistance. J Am Chem Soc. 2015; 137: 1947-55. 

104. Zhang X, Tian G, Yin WY, Wang LM, Zheng XP, Yan L, et al. Controllable 
Generation of Nitric Oxide by Near-Infrared-Sensitized Upconversion 
Nanoparticles for Tumor Therapy. Adv Funct Mater. 2015; 25: 3049-56. 

105. Fan J, He QJ, Liu Y, Zhang FW, Yang XY, Wang Z, et al. Light-Responsive 
Biodegradable Nanomedicine Overcomes Multidrug Resistance via 
NO-Enhanced Chemosensitization. ACS Appl Mater Interfaces. 2016; 8: 
13804-11. 

106. Xing RJ, Bhirde AA, Wang SJ, Sun XL, Liu G, Hou YL, et al. Hollow iron oxide 
nanoparticles as multidrug resistant drug delivery and imaging vehicles. 
Nano Res. 2013; 6: 1-9. 

107. Elumalai R, Patil S, Maliyakkal N, Rangarajan A, Kondaiah P, Raichur AM. 
Protamine-carboxymethyl cellulose magnetic nanocapsules for enhanced 
delivery of anticancer drugs against drug resistant cancers. Nanomedicine. 
2015; 11: 969-81. 

108. Abbasi AZ, Prasad P, Cai P, He C, Foltz WD, Amini MA, et al. Manganese 
oxide and docetaxel co-loaded fluorescent polymer nanoparticles for dual 
modal imaging and chemotherapy of breast cancer. J Control Release. 2015; 
209: 186-96. 

109. Tian Y, Jiang X, Chen X, Shao Z, Yang W. Doxorubicin-loaded magnetic silk 
fibroin nanoparticles for targeted therapy of multidrug-resistant cancer. Adv 
Mater. 2014; 26: 7393-8. 

110. Boissenot T, Bordat A, Fattal E, Tsapis N. Ultrasound-triggered drug delivery 
for cancer treatment using drug delivery systems: From theoretical 
considerations to practical applications. J Control Release. 2016; 241: 144-63. 

111. Luo T, Sun J, Zhu S, He J, Hao L, Xiao L, et al. Ultrasound-mediated 
destruction of oxygen and paclitaxel loaded dual-targeting microbubbles for 
intraperitoneal treatment of ovarian cancer xenografts. Cancer Lett. 2017; 391: 
1-11. 

112. VanOsdol J, Ektate K, Ramasamy S, Maples D, Collins W, Malayer J, et al. 
Sequential HIFU heating and nanobubble encapsulation provide efficient drug 
penetration from stealth and temperature sensitive liposomes in colon cancer. 
J Control Release. 2017; 247: 55-63. 

113. Xing LX, Shi QS, Zheng KL, Shen M, Ma J, Li F, et al. Ultrasound-Mediated 
Microbubble Destruction (UMMD) Facilitates the Delivery of CA19-9 Targeted 
and Paclitaxel Loaded mPEG-PLGA-PLL Nanoparticles in Pancreatic Cancer. 
Theranostics. 2016; 6: 1573-87. 

114. Yin TH, Wang P, Li JG, Wang YR, Zheng BW, Zheng RQ, et al. 
Tumor-penetrating codelivery of siRNA and paclitaxel with 
ultrasound-responsive nanobubbles hetero-assembled from polymeric 
micelles and liposomes. Biomaterials. 2014; 35: 5932-43. 

115. Dong XW, Mumper RJ. Nanomedicinal strategies to treat multidrug-resistant 
tumors: current progress. Nanomedicine. 2010; 5: 597-615. 

116. Iyer AK, Singh A, Ganta S, Amiji MM. Role of integrated cancer nanomedicine 
in overcoming drug resistance. Adv Drug Deliver Rev. 2013; 65: 1784-802. 

117. Song XJ, Feng LZ, Liang C, Yang K, Liu Z. Ultrasound Triggered Tumor 
Oxygenation with Oxygen-Shuttle Nanoperfluorocarbon to Overcome 
Hypoxia-Associated Resistance in Cancer Therapies. Nano Lett. 2016; 16: 
6145-53. 

118. Feng L, Cheng L, Dong Z, Tao D, Barnhart TE, Cai W, et al. Theranostic 
Liposomes with Hypoxia-Activated Prodrug to Effectively Destruct Hypoxic 
Tumors Post-Photodynamic Therapy. ACS Nano. 2017; 11: 927-37. 

119. Cheng R, Meng FH, Deng C, Klok HA, Zhong ZY. Dual and multi-stimuli 
responsive polymeric nanoparticles for programmed site-specific drug 
delivery. Biomaterials. 2013; 34: 3647-57. 

120. Wang T, Wang D, Liu J, Feng B, Zhou F, Zhang H, et al. Acidity-Triggered 
Ligand-Presenting Nanoparticles To Overcome Sequential Drug Delivery 
Barriers to Tumors. Nano Lett. 2017; 17: 5429-36. 

121. Tammam SN, Azzazy HME, Lamprecht A. How successful is nuclear 
targeting by nanocarriers? J Control Release. 2016; 229: 140-53. 

122. Rosazza C, Deschout H, Buntz A, Braeckmans K, Rols MP, Zumbusch A. 
Endocytosis and Endosomal Trafficking of DNA After Gene Electrotransfer In 
Vitro. Mol Ther Nucleic Acids. 2016; 5: 1-11. 

123. Guo X, Wei X, Jing Y, Zhou S. Size Changeable Nanocarriers with Nuclear 
Targeting for Effectively Overcoming Multidrug Resistance in Cancer 
Therapy. Adv Mater. 2015; 27: 6450-6. 


