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Abstract: Nanomedicines afford unique advantages in therapeutic intervention against 
tumors. However, conventional nanomedicines have failed to achieve the desired effect 
against cancers because of the presence of complicated physiological fluids and the tumor 
microenvironment. Stimuli-responsive drug-delivery systems have emerged as potential tools 
for advanced treatment of cancers. Versatile nano-carriers co-triggered by multiple stimuli in 
different levels of organisms (eg, extracorporeal, tumor tissue, cell, subcellular organelles) 
have aroused widespread interest because they can overcome sequential physiological and 
pathological barriers to deliver diverse therapeutic “payloads” to the desired targets. 
Furthermore, multiple stimuli-responsive drug-delivery systems (MSR-DDSs) offer a good 
platform for co-delivery of agents and reversing multidrug resistance. This review affords 
a comprehensive overview on the “landscape” of MSR-DDSs against tumors, highlights the 
design strategies of MSR-DDSs in recent years, discusses the putative advantage of 
oncotherapy or the obstacles that so far have hindered the clinical translation of MSR-DDSs. 
Keywords: multi-stimuli responsive nanoparticles, drug delivery, tumor microenvironment, 
oncotherapy

Introduction
Cancer is a major obstacle to prolong life expectancy worldwide in the 21st 
century.1 International Agency for Research on Cancer estimated that the global 
burden of cancer will be increasing with 21.4 million new cases and 13.2 million 
cancer-related deaths every year by 2030.2 Currently, surgery and chemotherapy are 
still the most effective means against tumor, gene therapy and immunotherapy have 
been increasingly utilized in cancer treatment program for the past few years.3 

However, anti-tumor agents have not realized their maximum clinical therapeutic 
potential as non-specificity, bio-distribution, cycle stability or systemic toxicity. 
Drug delivery systems (DDSs) have shown a steep rise for tumor therapy applica
tion with the constantly evolving of nanotechnology, nano-carriers were widely 
used in oncotherapy as the characteristics of tumor target, drug-controlled release or 
blood long circulation. However, the conventional nanoplatforms did not achieve 
the expected therapeutic effect due to various barriers, which involved inconsistent 
of enhanced permeability and retention (EPR) effect in different tumors, scavenging 
effect by the mononuclear phagocytic system (MPS), premature release of agents 
from nanoparticles (NPs) in the blood circulation, complex tumor microenviron
ment (TME). TME constituted by myriad cell types, involved in tumor stem cells, 
tumor cells, peripheral blood vessels, cytokines, immune cells and extracellular 
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matrix (ECM).4,5 Vast array of phy-chemical alterations 
has occurred at the cellular and tissue levels as the tumor 
progresses. Rapid proliferation of tumor cells induces 
hypoxia in tumor tissue core, hypoxia inducible factor-1 
improves tumor angiogenesis. Inadequate nutrient trans
port changes tumor energy metabolism (Warburg effect), 
and extracellular metabolite lactic acid reduced pH of the 
TME. Cancer associated fibroblasts (CAFs) secreted dense 
ECM will further aggravate the barrier of oxygen, energy 
or drugs transport into the tumor core, which is associated 
with tumor proliferation, metastasis.6,7 There are five main 
dilemmas in the design of nanomedicines due to the phy
siological/pathological obstacles: The first dilemma is hav
ing a stable blood circulation and uptake in tumors. 
Cationic NPs tend to undergo cellular internalization but 
subsequently have a more off-target effect with rapid 
clearance from blood. NPs of particle size ~100 nm are 
suitable for a long presence in the blood circulation but are 
not conducive for penetrating into the tumor core; 
a stromal-rich tumor only permits deep penetration by 
NPs of diameter <50 nm.8 The second dilemma is NPs 
being able to bind the surface receptors to tumor cells. The 
multivalent effect prevents further cellular internalization. 
The third dilemma is that the EPR effect does not occur in 
most solid tumors (eg, bone, bladder, brain, ovaries) in 
humans due to a dense tumor matrix or other reasons.9 The 
fourth dilemma is circulation stability and the targeted 
release of NPs. The final dilemma is that agents with 
a synergistic effect are co-delivered by NPs, but they 
may need to be delivered into different tumor-associated 
cells (eg, tumor stem cells (TSCs), immune cells). 
Conventional NPs were unlikely to meet these complex 
requirements for drug delivery (Figure 1A). With ongoing 
advances in biomedical nanotechnology, delivery barriers 
of NPs have been partially solved through stimuli- 
responsive DDSs, called smart DDSs. Properties of smart 
DDSs will dramatically change upon encountering differ
ent stimuli, resulting in size shrinkage, charge reversal, 
ligands re-emerged or disintegration for improving tumor 
targeting, permeability, internalization, and cargo release 
in extremely proper rate.10

Uncontrolled cell proliferation, peculiar nutritional 
environment and metabolic patterns change of tumor 
tissues generated acidic pH, elevated temperature, over
expressed proteins/enzymes, high levels of oxidation- 
deoxidation environment (GSH/ROS), which could be 
regarded as endogenous triggers.11,12 Exogenous stimuli 
are also used in single stimulus-responsive drug-delivery 

system (SSR-DDSs) designs. A manually controlled exter
nal stimulus can reduce the differences between indivi
duals and different treatment stages to aid adaptation to 
complex clinical applications. The levels of triggers could 
be divided into four major categories. The first category is 
exogenous stimuli, such as light, magnetic fields, and 
ultrasound. Heat-triggered DDSs based on metal materials 
could efficiently transform energy absorbed from 
a magnetic field or light (usually near-infrared (NIR)) 
into thermal energy. The second category is NPs being 
able to respond to a specific tumor microenvironment 
(TME) to shrink its size or reverse its charge to increase 
the capacity of tumor permeation or cellular uptake. The 
third category is lowering the pH of endosomes/lysosomes 
to aid endosome escape or a “burst” release of “drug 
payloads”. The final category is based on overexpressed 
proteins/enzymes, high concentration of adenosine tripho
sphate and chemical reduction in the cytoplasm to accel
erate the release of the drug payload or reach nuclear/ 
mitochondrial targets.

An ideal NPs requires overcoming sequential physio
logical/pathological obstacles for effectively delivery 
agents against tumor, including blood circulation stability, 
tumor accumulation, tumor penetration, synergistic effect 
on different tumor-associated cells, cancer cell internaliza
tion and lysosome escape.13 SSR-DDSs can overcome one 
of the biological barriers, but other obstacles may hinder 
effective delivery of the drug. SSR-DDSs are not suffi
ciently accurate due to the off-target effects induced by 
normal cells/tissues with a similar stimulating 
environment.14,15 Endogenous SSR-DDSs rely on the 
abnormal environment in diseased tissue, and they need 
to know the target location in advance to carry out effica
cious treatment. For instance, photo stimuli-responsive 
NPs are often affected by the light penetration of different 
carcinomas in situ.16 Also, a stimulus may not be suffi
ciently robust to trigger a response; the extracellular pH in 
the TME may have only a slight difference from that of 
normal tissues, which can result in a slow/no response 
from NPs.17

Multiple triggers co-existing may better control the spa
tial location of agents to achieve accuracy and flexibility.18 

Multiple stimuli-responsive drug-delivery systems (MSR- 
DDSs) were introduced for precise treatment of tumors, 
and are based on a mixture of endogenous/exogenous sti
muli. Compared with SSR-DDSs, MSR-DDSs can integrate 
several activatable strategies into a single nanoplatform 
with multiple functions to overcome a series of continuous 
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physiological/pathological barriers and dilemmas of simple 
nano-systems by responding to different levels of stimuli 
one-by-one or simultaneously to achieve advanced delivery 
of drugs. MSR-DDSs can response to multiple stimuli for 
multistage site-specific drug delivery to eventually realize 
the highest therapeutic efficacy. MSR-DDSs can break 
down the barriers as the beginning of the burgeoning field 
precision cancer nanomedicine, which also provide 

a promising platform for combination of cytotoxic 
nanomedicine, tumor “theranostics” (diagnosis/therapy 
plus multi-mode imaging) and immunotherapy to realize 
more efficacious “personalized” therapy (Figure 1B).12 

Revolutionary immunotherapy has changed the therapeutic 
manipulation of several advanced-stage tumors. However, 
the positive rate of patients responding to immunotherapies 
is still limited in solid tumors as delivery barriers. 

Figure 1 MSR-DDSs for tumor precise treatment. (A) The design dilemmas of nanomedicine as the compound physiological/pathological barriers. (B) MSR-DDSs overcome 
a series of barriers and dilemmas through integrating different single stimulus response strategies. (a–c) NPs response the stimulus to realize function by changes their 
structure; (d) MSR-DDSs target tumor tissue by responding endogenous or exogenous stimuli; (e–h) MSR-DDSs further response stimuli to realize immune cells, tumor 
cells, other tumor-associated cells effective delivery, or theranostic. 
Abbreviations: IDO, indoleamine 2,3-dioxygenase; Kyn, l-kynurenine; Trp, l-tryptophan; PD-1, programmed cell death-1; PDL-1, programmed cell death-ligand 1; PTT, 
photothermal therapy; PDT, photodynamic therapy.
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MSR-DDSs can deliver agents into TEM to regulate immu
nosuppressive cells, regulate immunosuppressive factors 
and enhance immunogenicity against tumor by spatiotem
porally controlling immune responses, which provides an 
innovative way of tumor immunotherapy. Combinations of 
different stimuli will satisfy the different requirements when 
multiple stimuli-responsive strategies are integrated into 
a nano-system. Thus, the sequence of different stimuli 
must be considered carefully. The design complexity of 
MSR-DDSs is also one of obstacles must be addressed, 
the multi-stimuli may not respond one-by-one or simulta
neously as expected, which hinders precisely control the 
spatio-temporal delivery of agents.

This review highlights the design strategies of MSR- 
DDSs with different stimulation levels and critically dis
cuss their advantages and limitations, which might offer 
new insights into the potential for tumor treatment.

MSR-DDSs Triggered by Combined 
Stimuli in Different Physiological 
Environments
MSR-DDSs Responsive to Exogenous and 
Tumor-Tissue Triggers
Exogenous stimuli possess the advantages of simple hand
ling, highly controllable treatment time and location, so 
they were extensively used for achieving accurate agents’- 
controlled delivery.17 Meanwhile, MSR-DDSs can accu
rately locate and diagnose tumor by magnetic resonance or 
optical imaging property.19 Integration of diagnosis and 
treatment with NPs mediated by exogenous stimuli will 
be introduced in subsequent chapters. Exogenous stimuli 
could be regarded as a “switch” to seal the pores of NPs 
with little leakage of drug and a burst release at targeted 
sites by triggers, such as a magnetic field, light or heat.20,21 

However, dual exogenous trigger-responsive DDSs are not 
conducive to personalized treatment because of the indivi
dual differences of patients, different stages of disease 
development, and the cellular heterogeneity of tumor 
cells. DDSs triggered by exogenous factors and the TME 
could enable application of diverse therapeutic methods 
aimed at different sites/cells with deepening of tumor 
tissue. An endogenous TME stimulus could further rectify 
the deviations of individual differences (Figure 2).

The smart NPs can be decomposed into several indivi
dual parts with different characterization by stimuli to 
target different tumor-associated cells with sequentially 
or simultaneously agents release for collaborating 

treatment and avoiding competition. Tumor tissue- 
triggers responding is a promising tactics for tumor depth 
delivery. Lei et al reported a stimuli-responsive NPs like 
“Cluster Bomb” could synergistically kill tumor cells at 
different depths with combination chemotherapy and 
photothermal therapy (PTT).22 The acid-labile benzoic- 
imine bond is unstable as the linker between “bomblets” 
and “dispense” when NPs reaching the acidic TME, 
“Cluster Bomb” rapidly divided into two parts: mesopor
ous silica NPs (MSNs, as dispense) loaded with DOX 
concentrated on the surface of tumor tissues and endocy
tosed by tumor cells in the vicinity of blood vessels; tLyP- 
1-modified tungsten disulfide quantum dots (WS2-HP, as 
bomblets) with smaller size possessed strong tumor pene
tration ability, which is used as medium for PTT by 
transforming NIR to kill internal malignant cells which 
are far from the blood vessels (Figure 3A–C).23 Through 
the combination of in-depth chemotherapy and PTT, tumor 
inhibition rate of “Cluster Bomb” reached 93%, and the 
relative tumor volume, excised tumor weigh significantly 
reduced compared with about 70% inhibition rates of 
DOX@MSN-WS2-RP (Figure 3D and E).

Biomacromolecules (eg, proteins, RNA, DNA) are sen
sitive to enzymatic degradation. They must be bound to 
special molecules or subcellular structures within cells to 
act. This strategy requires NPs to help agents escape 
endosomes into the cytosol. In general, nucleic acids 
with a negative charge often combine with cationic poly
mers through electrostatic interactions to improve their 
stability during systemic delivery.24 However, release of 
nucleic acids at the target site is a challenge because of 
strong binding forces. Advanced inorganic materials called 
“heterostructures” (HSs) are arranged in a clear geometric 
shape. They are formed by sharing the interface of ≥2 
inorganic NPs' domains to integrate the functional subdo
main of NPs with different drugs into one carrier. Kakwere 
et al used Au-FexOy dimers as a template to prepare 
“smart” inorganic HSs with excellent heating performance 
in magnetic fields, and pH/temperature-responsive poly
mers were attached to HSs of Au-FexOy for clinical 
applications.25,26 Iron oxides of HSs can be used as mag
netic resonance imaging (MRI) agents and thermal media 
for magnetism-induced hyperthermia or heat triggers; the 
existence of gold NPs improves the heat dissipation of the 
iron-oxide domain under an alternating magnetic field.20 

A heat-responsive polymer, poly (N-isopropyl acrylamide) 
(PNIPAAM), has been connected selectively to the gold 
domain by a gold mercaptan bond to load Nile Blue dye. 
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In addition, a pH-responsive polymer, poly (dimethylami
noethyl acrylate) (PDMAEA), has been attached to the 
surface of iron oxide through a catechol-modified initiator, 
which can realize the delivery of anti-green fluorescent 
protein-small interfering RNA (GFP-siRNA). Upon HSs 
reaching the acidic microenvironment of the tumor, 
PDMAEA undergoes hydrolysis to reverse the potential 
from positive to negative to release siRNA by polymer 
cleavage and charge repulsion.27 Conversely, if the tem
perature is lower than the low critical solution temperature 
(LCST; 43°C), PNIPAAM in HSs is soluble in water and 
can undergo a conformational change from a coil to 
a globule to trigger payload release while heating above 
the LCST by an alternating magnetic field.28 Anti-GFP- 
siRNA-loaded Au-FexOy HSs were shown to silence GFP 
by 40% without toxicity, whereas free siRNA or HSs 
without a payload showed little downregulation. 
Moreover, HSs not only provided a good platform for 

drug co-delivery but also exhibited potential as contrast 
agents in MRI applications. Additional MSR-DDSs 
responsive to exogenous and tumor-tissue triggers for 
delivering antitumor agents are listed in Table 1.

MSR-DDSs Responsive to Exogenous and 
Cellular/Subcellular Triggers
Exogenous stimuli could combine with cellular/subcellu
lar-triggers to further facilitate intracellular agents release 
or effective endosomal escape (size shrinkage, charge 
reversal, ligands re-emergence) while favorable cellu
lar internalization to implement complex multifunctions 
(Figure 4). This section focuses on the design concept of 
NPs triggered by exogenous and cellular/subcellular sti
muli combination for effectively delivering chemothera
peutic, genetic therapeutics.

Molecules that can coat the surface of NPs to make 
them more hydrophilic can provide a “stealth” property for 

Figure 2 MSR-DDSs trigger by exogenous factors and TEM stimuli for (a) size shrinkage and (b) accelerated drug release, (c) tumor tissue penetration. 
Abbreviation: TAFs, tumor-associated fibroblasts.
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NPs in the systemic circulation. Such molecules include 
polyethylene glycol (PEG) and hyaluronic acid. PEG- 
modified NPs improve passive tumor targets by prolong
ing the time in the blood stream, but the outer layer of 

PEG also hinders further cellular uptake of NPs (“PEG 
dilemma”).29 It is desirable that PEG detaches from NPs 
only when NPs accumulate in tumor tissue to 
improve tumor penetration and cellular uptake without 

Figure 3 “Cluster Bomb” strategies and therapeutic effect. (A) “Cluster Bomb” rapidly divided into DOX@MSN-NH2 and small-sized WS2-HP when the acid-labile 
nanoplatform reaching the acidic TME; (B) DOX loaded MSNs concentrated on the surface of tumor cells and endocytosed; (C) WS2-HP with smaller size possessed strong 
tumor penetration ability, which be used as medium for PTT; (D) tumor growth curves of the tumor-bearing mice; (E) excised tumor weight. 
Notes: Reprinted from Lei Q, Wang SB, Hu JJ, et al. Stimuli-Responsive “Cluster Bomb” for Programmed Tumor Therapy. ACS Nano. 2017;11(7):7201–7214. Copyright 
(2017), with permission from ACS.22
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eliciting off-target effects. A “Trojan horse” strategy is 
used widely in MSR-DDSs designs for tumor-specific 
stimulation triggers by PEGylation/dePEGylation of NPs 
on blood circulation or target-sites. A high density of 
PEG-modified NPs results in poor penetration of tumors 
and suboptimal anti-tumor efficacy because of the larger 
particle size and hydrophilia. Exogenous and cellular/sub
cellular triggers could realize tumor-targeted drug delivery 
in a temporal and spatial-specific fashion. Zhou et al 
reported that NIR light/pH-responsive micelles (iPUDN) 
could co-deliver doxorubicin (DOX) and “up-conversion” 
NPs (UCNPs) against breast cancer.30 DOX and UCNPs 
were enveloped by amphiphilic mixed micelles comprising 
the polymers PEG-Nbz-PAE-Nbz-PEG and iRGD-PAE- 
iRGD. The target ligands of iRGD were shielded by 
PEG to reduce nonspecific uptake in the blood circulation. 
The chemical groups of Nbz and PAE were sensitive to 
UV and acidic pH, respectively. Furthermore, the 
embedded UCNPs could convert NIR light into UV light 
to remove PEG from iPUDN to the tumor target. In addi
tion, the smaller particle size of iPUDN improved the 
tumor penetration of NPs. The subsequent acidic pH 
within tumor cells promoted iPUDN disassembly through 
PAE degradation to release DOX. iPUDN disassembly to 
release DOX was enhanced from ~27% to ~80% at pH 5.0 
upon activation by NIR light. iPUDN with NIR light 

potently suppressed tumor growth and showed high accu
mulation in tumors with a significantly long circulation 
time in blood compared with that using UCNPs. 
Exogenous stimuli could induce dePEGylation of NPs to 
improve cellular uptake markedly. Cellular stimuli could 
trigger size shrinkage of NPs to improve deep penetration 
into tumors.

Most stimuli-responsive nano-carriers are constructed 
from chemically synthesized materials, which may limit 
their biocompatibility. Ideal vector itself can afford “on- 
demand” drug release ability according to exogenous or 
endogenous stimuli and possess inherent anti-tumor activ
ity. Bilirubin exhibits superior anticancer activity and the 
ability of converting from hydrophobic to hydrophilic 
under ROS/light, so it can also be used as nano-carrier 
against tumor.31 Under the irradiation of appropriate 
wavelength, bilirubin will undergo photoisomerization 
(through the breaking of intramolecular hydrogen bonds) 
and convert into water-soluble photoisomers to accelerate 
payload release.32 The bilirubin NPs (BRNPs) loaded with 
DOX through π–π interactions and hydrogen bonds 
rapidly decomposed under light irradiation to release 
80% of DOX within 5 mins. On the other hand, ROS 
exposure led to the oxidation of bilirubin to biliverdin, 
which also significantly increased water solubility of car
riers to contribute agents release.33 Notably, BRNPs not 

Figure 4 MSR-DDSs can promote cellular internalization through (a) charge reversal or ligands re-emergence under exogenous stimuli; Subcellular-stimuli of lysosomal 
environment trigger (b) NPs disintegration or effective endosomal escape (c, size shrinkage; d, charge reversal; e, ligands re-emergence) for further (f) nuclear localization 
and (g) mitochondrial targeting, and cellular-stimuli of the high level of GSH/ROS can induce (h) breakdown of NPs for agents release.
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only could be used as drug carriers but also anti-tumor 
drugs due to the inherent activity. The BRNPs alone can 
achieve a tumor inhibition rate of 38.1%, which retain free 
bilirubin intrinsic anti-tumor effect. As combined drug- 
delivery carriers and nano-medicine, BRNPs can be 
simply prepared on a large-scale production with great 
application prospect.

Cationic polymers or liposomes possess high transfec
tion efficiency but inevitably have serious toxicity. 
Cationic polymers attached onto the surface of inorganic 
NPs are a feasible method to reduce toxic effects.21 In 
general, MSNs are considered to be suitable polymer sup
ports for gene/combination therapy because the surface 
can provide support sites for polymer modification as 
“gatekeepers” to control the switching of MSN channels 
under stimuli for reducing untargeted leakage of drugs. 
Meanwhile, the porous channels provide more space for 
drug loading.34 Zhou et al used UV light-crosslinked and 
pH-de-crosslinked coumarin groups as gatekeepers to con
trol the release of loaded agents.21 Cationic polymers can 
also be connected to the surface of MSNs by stimuli- 
responsive bonds for binding to genetic drugs, which act 
as gatekeepers of the MSNs' channels to stably encapsulate 
the cargo with reduced leakage of the drug. For instance, 
Zhou and coworkers provided a vector for DOX and 
B-cell lymphoma (Bcl)-2 siRNA co-delivery to induce 
the apoptosis of breast-cancer cells based on polymine- 
copolymerized lysine (PEI-PLL)-modified MSNs.34 The 
disulfide bonds between PEI-PLL and MSN could be 
cleaved by glutathione (GSH) to achieve effective release 
of DOX by “open” gatekeepers. Meanwhile, the protona
tion of amine groups in PEI-PLL increased the electro
static repulsion between DOX molecules and polymers to 
accelerate drug release, and the mutual coulombic repul
sion of ionized amino groups led to MSN swelling for 
further DOX release.35,36 The release of DOX at pH 5.0, 
7.4 was increased from 34%, 11% to 58%, 45% after 
addition of GSH (10 mM), which revealed that acidic 
TME/lysosome and reducing environment could be 
together used in NPs designs for rapid agents release. 
Meanwhile, co-delivery of DOX and Bcl-2 siRNA 
increased apoptosis by 14.37% as compared with that 
using only DOX-loaded MSNs.

Gold nanorods (GNRs) have also garnered considerable 
attention because of their unique ability of high-efficiency 
photothermal conversion. This platform is suitable for 
remotely controlled release of gene agents based on light 
triggers.37 According to the aspect ratio of GNRs, the 

surface plasmon resonance of GNRs can regulate incident 
light (from visible-light to NIR regions) at the nanoscale for 
conversion to heat. In particular, the “water window” (650–
1100 nm) of NIR light has low absorption in skin and tissue 
and possesses maximum efficiency for photochemical 
conversion.38 Wang and coworkers constructed NIR/GSH- 
responsive gold NPs to deliver p65-short hairpin shRNA 
(an agent that works against nuclear factor-kappa B) for 
treating metastatic cancer.39 The tumor-targeting peptides of 
RGD were conjugated to DSPEI (a short PEI was used to 
absorb gene-therapy agents by electrostatic adsorption) to 
synthesize RGD-PEG-DSPEI through PEG spacers. GNRs 
were surface-functionalized with RGD-PEG-DSPEI seg
ments by gold mercaptan bonds for a GSH response. 
A 2-nm polymer layer was formed onto the GNR surface 
with a particle size of ~50 nm (RDG/shRNA). A NIR laser 
and the “proton-sponge” effect of DSPEI helped NPs to 
escape from endosomes/lysosomes after effective uptake 
by tumor cells.38 Meanwhile, NIR-induced transfer of 
“hot” electrons and a high concentration of GSH within 
tumor cells reduced the electrostatic adsorption of 
shRNAs and broke disulfide bonds to trigger shRNA release 
into the cytosol. This action improved gene-silencing effi
ciency to enhance the anti-metastatic effect against 4T1 
breast-cancer cells. NPs accumulated effectively into 
tumor tissue (12.3% of the injected dose 6 h after intrave
nous injection). RDG/shRNA treatment upon irradiation 
with a NIR laser reduced tumor volume by 83.5% compared 
with that in the control group, and inhibited pulmonary 
metastasis significantly. Exogenous stimuli can help smart 
NPs to achieve an optimal therapeutic effect. However, 
exogenous stimuli are weakened with an increasing depth 
of the target site and with inferior “personalization” to the 
target cell. Auxiliary equipment is needed during treatment, 
which hinders the development of the NPs response to 
exogenous stimuli. Additional MSR-DDSs triggered by 
exogenous and cellular/subcellular stimuli for delivering 
antitumor agents are listed in Table 1.

MSR-DDSs Responsive to Tumor Tissue 
and Cellular/Subcellular Triggers
The delivery and distribution of agents are hampered mark
edly by the heterogeneity of tumor tissue (eg, proliferation of 
tumor stromal cells, crosslinking of the extracellular matrix, 
vascular abnormalities in the tumor, or abnormal increases in 
interstitial fluid pressure). Especially in solid tumors, the 
efficiency of NPs delivery can be improved by changing 
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the size, configuration or charge of NPs to overcome barriers 
in tumor tissue.17,40,41 The TME conditions of low pH 
(6.5–7.2) or overexpressed enzymes in the extracellular 
environment can induce size shrinkage by de-PEGylation 
or NP decomposition to reach different tumor depths after 
smart NPs accumulate in tumor tissues through the EPR 
effect or ligands. NPs with ionizable groups undergo charge 
reversal by protonation in an acidic TME to facilitate cell 
internalization. In addition, MSR-DDSs can release agents in 
tumor tissues to act on different cells (eg, tumor cells, tumor- 
associated fibroblasts, immune cells or immunogenic cells). 
MSR-DDSs loaded with multiple agents have a synergistic 
role for superior anti-tumor activity. Conversely, NPs trig
gered by cellular/subcellular stimuli have a burst-type 
release of intracellular payloads. Further protonation of 
endosomes/lysosomes can also endow pH-responsive NPs 
with a greater positive charge, which contributes to satisfac
tory mitochondrial targeting because a strong negative 
charge is present in the mitochondria matrix.42 NPs that are 
responsive to tumor tissue and cellular/subcellular stimuli 
can be applied to multistage delivery of agents and 
a combination of different therapeutic methods (Figure 5).

The particle size of NPs can affect their biological 
distribution and accumulation in tumor tissues signifi
cantly. Conventional NPs (of size ~100 nm) barely pene
trate into deep tumor tissue due to the obstruction 
proffered by dense tumor stroma. NPs of size <30 nm 
have a promising capacity of interstitial transport and 

tumor penetration. However, small NPs have poor tumor- 
specific distribution with a short half-life.43 Therefore, 
a two-step strategy is adopted for better delivery of 
drugs. A conventional initial size of NPs is conducive to 
long circulation in the blood stream, selective extravasa
tion, and accumulation in tumors. The shrinkage in size 
triggered by stimuli in the TME further improves penetra
tion when NPs enter tumor tissue. Yu and coworkers 
synthesized a size-shrinkable vehicle for DOX delivery 
to balance the contradiction of circulation in the blood 
stream and tumor penetration through a temperature/pH/ 
redox response.44 Mixed micelles composed of poly 
(N-isopropylacrylamide) (PNIPAM), 2-hydroxyethyl
methacrylate (HEMA), methacrylic acid (MAA) and N, 
N′-bis(acryloyl) cystamine (BACy) were crosslinked by 
a disulfide bond through distillation–precipitation poly
merization. The destruction of pH-responsive MMA and 
thermosensitive PNIPAM caused the volume of the carrier 
to decrease to diffuse further into the tumor under the 
stimulation of abnormal pH and temperature of tumor 
tissue. Furthermore, BACy containing disulfide bonds 
introduced an additional reduction responsiveness 
(response to a high intracellular level of GSH) to accel
erate DOX release from micelles after tumor-cell interna
lization. Under the effect of three types of triggers, smart 
NPs could simultaneously obtain tumor accumulation, 
tumor penetration, and controlled release of loaded 
cargo. In a simulated TME, the drug was released rapidly 

Figure 5 MSR-DDSs responsive to tumor tissue and cellular/subcellular triggers for (a) effective cellular internalization, (b and h) agents release, (c–e) endosomal escape, (f) 
nuclear localization and (g) mitochondrial targeting.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2021:16 1536

Jia et al                                                                                                                                                                Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


after 8 h, and percent release reached 80% after 
24 h. Using a single stimulus, the drug was released at 
a low rate.

The other strategy apart from variable size is using 
sensitive chemical bonds to conjugate two sizes of NPs 
to obtain deep delivery into tumors through stimulation, 
but without changing the main structure of individual NPs. 
Ruan and collaborators reported 19-nm DOX-tethered 
gold NPs (AuNPs) conjugated with shrinkable gelatin 
NPs to prepare a 187-nm nanocarrier (G-AuNPs-DOX- 
PEG).43 DOX was linked to AuNPs by hydrazone bonds. 
AuNPs were conjugated with gelatin by an MMP-2 
responsive peptide sequence. G-AuNPs-DOX-PEG was 
degraded by extracellular overexpressed MMP-2 in the 
tumor matrix to separate AuNPs to reduce the particle 
size. Subsequently, the hydrazone bonds were cleaved to 
release DOX once AuNPs were within the intracellular 
acidic environment. The penetrating percentage (fluores
cence intensity of inner region/edge region) of G-AuNPs- 
DOX-PEG at 140-μm sections of 4T1 tumor spheroids 
was improved more than twofold after 12-h pre-treatment 
with MMP-2. Distribution of G-AuNPs-DOX-PEG 
showed greater accumulation in the edge region of 4T1 
tumor slices, and showed only a slight decrease in the deep 
region of the tumor (5-mm from the edge). Varying the 
particle size can be used for the delivery of agents deep 
into tumors.

Apart from particle size, the surface charge of NPs is 
also a vital parameter that affects the penetration and 
targeting of tumor cells, and cellular uptake. The effect 
of charge on NP delivery is also contradictory. NPs with 
positive charge tend to aggregate with plasma proteins, be 
absorbed by normal cells with a negatively charged mem
brane, and be recognized and eliminated by the reticuloen
dothelial system.45 Thus, MSR-DDSs that can switch their 
surface charge, which carry a negative/neutral charge dur
ing circulation, or can reverse to a positive charge in the 
TME for cellular internalization are required. Mo et al 
designed charge-reversible zwitterionic oligopeptide lipo
somes (HHG2C18-L) comprising soy phosphatidylcholine 
and 1,5-dioctadecyl-glutamyl,2-histidyl-hex-ahydroben
zoic acid (HHG2C18) to target mitochondria with multiple- 
stage pH responsiveness. The synthetic lipid HHG2C18 

contained two stearyl alkane chains as a hydrophobic 
block, a pH-cleavable group (hexahydro benzamide) as 
well as glutamic acid and histidine as a hydrophilic 
block.46 The potential of liposomes was reversed to posi
tive to promote cellular uptake in the TME. The proton- 

sponge effect and hydrolysis of HHG2C18 produced 
a stronger positive surface charge after endocytosis into 
endosomes/lysosomes. The zeta potential of HHG2C18-L 
at pH 7.4 was only −20 mV, whereas it was +22 mV and 
+40 mV at pH 5.5 and pH 4.5, respectively. HHG2C18-L 
helped to target mitochondria by electrostatic actions, and 
could kill tumor cells by destroying their energy sources.

The nucleus is another pharmacological target for 
many first-line chemotherapy agents. The size of NPs 
becomes a limiting factor for nucleus delivery due to the 
nucleopore threshold (<9 nm).47 NPs can be modified with 
a nuclear localization sequence (NLS) of peptides to pro
mote targeted delivery to the nucleus. The NLS induces 
NPs to become moderately larger than the nucleopore 
threshold and aids nuclear entry.48,49 Nevertheless, 
a cationic NLS makes the distribution of NPs in tissues 
nonspecific and promotes rapid clearance after systemic 
administration. Li and coworkers designed polymer nano
vesicles (PNVs) with multiple-stage changes in size/ 
charge to achieve higher accumulation in nuclei.50 Each 
N-(2-hydroxypropyl) methacrylamide (HPMA)-based 
PNV comprised two copolymers of opposite charge: an 
anionic 2,3-dimethylmaleic anhydride (DMA)-decorated 
HPMA conjugate (P-DMA) and cationic P-Dox R8NLS 
containing intracellularly detachable subgroups (IDSs). 
DOX linked to a secondary targeting group, R8NLS, was 
used to modify HPMA to form P-DoxR8NLS by forma
tion of hydrazone bonds. The acidic nature of the TME 
induced reversal of the P-DMA charge, which resulted in 
PNV disintegration into a linear conjugate for first-stage 
size reduction (from 55 nm to 10 nm) and exposed R8 
ligands with enhanced internalization. Furthermore, clea
vage of hydrazone bonds in acidic lysosomes led to IDS 
destruction, and a second-stage size shrinkage and R8NLS 
re-emergence promoted nuclear-targeted DOX release. 
This strategy further supported the carrier size to guarantee 
nuclear entry, and showed 4.5-fold higher nuclear accu
mulation than that observed using DOX-loaded HPMA.

Charge reversals triggered by endogenous stimuli can 
synergistically enhance NPs' accumulation in tumors with 
particle-size shrinkage. Cisplatin is a first-line drug used 
against lung cancer. It forms platinum (Pt)-DNA adducts 
to interfere with DNA replication.51 Nevertheless, tumor 
resistance severely hinders cisplatin application, which is 
caused mainly by cisplatin inactivation, low intake of 
cisplatin, efflux of cisplatin and DNA repair.45 

Gemcitabine (GEM) is used against multiple solid tumors 
because it can inhibit DNA repair. Therefore, 
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a combination of GEM and Pt is an important strategy for 
overcoming drug resistance. Liu et al constructed a hollow 
MSN (HMSN)-based multifunctional nanocarrier to deli
ver a GEM- and cisplatin-conjugated poly(amidoamine) 
dendrimer (PAMAM-Pt).52 The contradiction between 
the blood circulation and cell internalization of NPs was 
addressed by a charge-reversal strategy. HMSNs were 
covered by a dimethylmaleic anhydride-modified chitosan 
oligosaccharide (CS-DMA) “stealth layer” to prevent non
specific protein absorption and MPS recognition for long 
circulation in the blood stream. The multifunctional nano
carrier was decomposed in HMSN@GEM-CS (120 nm) 
and PAMAM-Pt (5 nm) by an acidic TME. A lower pH 
also mediated the protonation of CS-DMA to lead charge- 
reversal for improving cellular uptake of large-size 
HMSN@GEM-CS. Thus, the isolated PAMAM-Pt of 
small size and positive charge could diffuse into tumor 
parenchyma. Upon entering the intracellular cytosol after 
endocytosis, dendritic PAMAM-Pt molecules released 
active cisplatin to kill deep-lying tumor tissue cells by 
overexpressed GSH. The drug concentration of cisplatin 
was enhanced ≥4.4-fold by the multifunctional nanocarrier 
compared with that using free cisplatin or PAMAM-Pt. 
HMSN@GEM-CS (DMA)/PAMAM-Pt extended the life
span of 50% of mice by >2 months. In conclusion, charge/ 
size-changeable nano-vectors exhibited superior perfor
mance in tumor penetration, cellular uptake, and intracel
lular transport through a stimuli-responsive strategy.

MSR-DDSs can work cooperatively on different 
tumor-related cells. Conventional anticancer agents often 
aim to kill tumor cells. The existence of TSCs contributes 
to DNA repair and tumorigenesis. Combined inhibition of 
tumor cells and TSCs could be a viable strategy. Liu et al 
prepared a tumor-related stimuli-activated nanogel (aNG) 
using in situ interfacial polymerization for co-delivery of 
cytotoxic ribonuclease A (RNase A) and anti-TSC doxy
cycline (Doc) after overcoming sequential physiological 
barriers.53 aNG (~100 nm) was established as a core- 
shell polymer by hierarchical assembly, RNase A was 
first encapsulated in a reduction-responsive single protein- 
based nanocapsule to form R-rNC of particle size <10 nm 
and a positive surface potential for tumor perfusion and 
rapid release. Then, a polymeric core was formed by 
acrylamide, a cationic monomer N-(3-aminopropyl) 
methacrylamide, azide-decorated monomer (AAm-N3), 
and an acid-cleavable glycerol dimethacrylate (GDA) as 
crosslinker to load R-rNC and Doc. The polymeric core 
was shielded by dibenzocyclooctyne-modified hyaluronic 

acid (DBCO-HA) conjugated to the azide group of 
AAm-N3 to improve the circulation and targeting ability 
of aNG (Figure 6A). aNG was collapsed directly in an 
acidic condition and divided into two parts (Doc and 
R-rNC), which had a satisfactory effect against tumor 
cells and TSCs for tumor eradication, respectively 
(Figure 6A).54 The small-sized R-rNC with a positive sur
face charge can be absorbed readily by tumor cells and 
biodegraded to release RNase A, whereas the small mole
cule Doc eradicated TSCs by inhibiting mitochondrial 
biogenesis.55–58 aNG could actively target tumor tissue 
and diffuse deep into tumors. These co-delivered agents 
synergistically reduced the average cluster of differentia
tion (CD)133+ subpopulation (surface marker of TSCs) 
from 10.5% to 0.69%, and reduced 73.6% of tumor weight 
compared with that in control cells. Tumor inhibitory of 
ratio of Doc/R-rNC/nNG (76%) was significantly higher 
than no morphological change of the non-degradable Doc/ 
R-rNC/nNG (low than 40%) (Figure 6B and C). Taken 
together, those data suggest that hybrid NPs can achieve 
collaborative therapy on MSR-DDS platforms by targeting 
tumor cells and TSCs, respectively.

The toxicity of foreign material is also an area of 
consideration for MSR-DDSs. Peptides with good biocom
patibility can also be used as carriers to deliver agents but 
the toxicity of the synthetic material must be considered 
very carefully. Li and collaborators reported peptide-based 
NPs that could release a therapeutic peptide (Pe) and 
Curcumin (Cur) sequentially in response to MMP, a low 
pH of lysosomes, and intracellular GSH.59 Interestingly, 
the Pe could be used not only as a drug to antagonize 
breast cancer by interfering with the transmembrane 
domain of ErbB-2 but could also be a ligand to recognize 
tumor cells specifically.60 Partially hydrolyzed α- 
lactalbumin fragments were self-assembled into 
a peptosome (PS) to load Cur, and crosslinked with endo
genous cysteines by disulfide bonds. Through maleimide 
(MAL), the PS/Cur complex was conjugated further with 
Pm (GPLGVRGC; a peptide can be effectively cleaved by 
MMP)-modified Pe to form a biomimetic peptide body: 
PePm/PSs/Cur. The linker Pm on PS could be hydrolyzed 
by MMP, thereby leaving Pe to bind and inhibit breast 
cancer cells by recognizing and interfering with ErbB-2 
receptors. Simultaneously, the positive charge of residual 
MAL-PS/Cur promoted the tumor-cell internalization of 
NPs and induced subsequent lysosome escape by the pro
ton-sponge effect. Upon cell entry, PS/Cur was susceptible 
to a high concentration of GSH to release Cur into the 
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cytoplasm by reduction. The fluorescence intensity of 
PePm/PS was approximately threefold that of naked PS 
upon replacement of Cur with the hydrophobic dye Cy7, 
which revealed exceptional accumulation in tumors.

Amino cationic polymers like poly (ethyleneimine) 
(PEI), polylysine (PLL), poly (2-(dimethylamino)) ethyl 
methacrylate (PDMAEMA) and chitosan were widely 
used as gene delivery carriers.61 PEI has good transfection 
efficiency by destroying endosomes through proton-sponge 
mechanism.62 PEI with molecular weight of 25 kDa is 
considered to be the “gold standard” for gene delivery, it 
shows high transfection efficiency and low toxic.63 Xu et al 
reported a dual-ligands targeting, stimuli-responsive gene 
delivery platform based on PEI to promote pTRAIL DNA 
and monensin (the death receptor sensitizer) co- 
delivery.64,65 Low molecular weight PEI (LMW-PEI) was 
crosslinked with sulfhydryl cyclodextrin by disulfide bond 

to form bio-reducible core to deliver DNA and monensin. 
Meanwhile, the nucleus complex was modified by RGD 
(tumor homing peptide) and γ-PGA (Poly-γ-Glu acid) to 
mediate endocytosis and partially shield the excessive posi
tive charge on the surface of NPs during circulation. In 
addition, γ-PGA can also specifically target tumor cells by 
binding to the tumor-associated gamma-glutamyl transpep
tidase. The shedding of the surface coating would fall off 
with particle size reducing since γ-PGA is pH-sensitive in 
TME, following accelerated cellular internalization. The 
decomposition of disulfide by reduction condition triggered 
the leakage of loaded degradable biochemical reagent 
within tumor cells. The apoptosis rate induced by γ-PGA 
/PEI/pTRAIL NPs was 82.9% almost twice times of PEI/ 
pTRAIL NPs. In vivo experiments showed that double- 
ligands targeted MSR-DDSs could significantly suppress 
tumor growth with inhibition rate of 85.7%, whereas the 

Figure 6 The design strategy of Doc/R-rNC/aNG. (A) Assembly and disassembly of Doc/R-rNC/aNG; Doc/R-rNC/aNG sequentially delivery R-rNC and Doc to cancer 
cells and CSCs; (B) in vivo antitumor performance of Doc/R-rNC/aNG, relative tumor volume; (C) inhibitory ratio of the tumor growth. (*P < 0.05, **P < 0.01). 
Notes: Reprinted from Liu M, Shen S, Wen D, et al. Hierarchical Nanoassemblies-Assisted Combinational Delivery of Cytotoxic Protein and Antibiotic for Cancer 
Treatment. Nano Lett. 2018;18(4):2294–2303. Copyright (2018), with permission from ACS.53
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PEI/pTRAIL NPs were merely 15.2%. Compared with 
plasmid DNA, siRNA has lower charge density and mole
cular weight, so high doses of cationic lipids or polymers 
are needed to increase the loading capacity and stability of 
siRNA, which leads to additional severe cytotoxicity at 
healthy non-target tissues and the failure of RNA-induced 
silencing complex (RISC) activation with insufficient 
release of siRNA in the cytoplasm as the enhanced affinity 
between siRNA and carriers.66 In order to decrease sys
temic toxicity without reducing delivery efficiency, Saw 
et al imitated an amphipathic cationic lipid using two 
hydrophobic stearic acid tails modified Mitoxantrone (SA- 
MTO). Mitoxantrone (MTO) is an anticancer drug with 
cationic properties, which can absorb siRNA (PLK1) to 
form a prodrug complex (SA-MTO/siRNA) by electrostatic 
binding.67,68 SA-MTO/siRNA was encapsulated in pH- 
responsive methoxyl-poly (ethylene glycol)-b-poly(2-(pen
tamethyleneimino)ethyl methacrylate) (Meo-PEG 
-b-PPMEMA) for tumor delivery. Protonation of 
PPMEMA segments induced by acidic TME that can lead 
to NPs disassembled to pre-expose ionized SA-MTO 
/siRNA complexes with small size for promoting tumor 
permeability and cytoplasmic transport. Furthermore, over
expressed esterase in tumor cells can hydrolyze the amphi
philic structure of SA-MTO prodrug, resulting 
in second-stage release of prodrug complexes and finally 
suppressing tumor growth through MTO-mediated che
motherapy and siRNA-mediated gene silence. NPs with 
N/P ratio of 15 revealed moderate ζ potential and smaller 
particle size, and Meo-PEG-b-PPMEMA also did not show 
significant toxicity (about 90% cells viability even at 
a polymer concentration of 100 mg/L). This stimuli- 
responsive hybrid nanoplatform integrated of polymer, pro
drug-siRNA complex has a huge potential in anti-tumor 
agents’ multistage delivery and combination therapy. 
Additional MSR-DDSs triggered by tumor tissue and cel
lular/subcellular fraction for delivering antitumor agents are 
listed in Table 1.

MSR-DDSs Responsive to Cellular and 
Subcellular-Triggers
The changes of TME are not very dramatic, even under if 
pathological conditions. Tumor tissue-triggers are not stable 
enough, the low pH or up-regulation of enzymes in normal 
tissues may lead to off-target effects. In another case, the 
weak acid of tumor tissue may cause the response to be 
incomplete or un-triggered. Increasing the penetration of 

tumor tissue and the ability of cellular internalization both 
lay the foundation for the targeted drug release of NPs 
within tumor cells. The advantage of cellular and subcellu
lar-triggers responsive NPs in accelerating loaded-agents 
release has received widespread attention with superior 
efficiency and facilitating endosomal escape. Due to vacuo
lar proton ATPase-mediated proton influx, the pH value of 
endosome and lysosome is lower than 6.0, NPs with ioniz
able groups (including amine, acyl sulfonamide, and imida
zole) produce proton sponge effect to increase osmotic 
pressure in the inner compartment, eventually, realizing 
endosomal escape with the disruption of the plasma 
membrane.69,70 Meanwhile, the low pH value of endo/lyso
somal is the most widely used to achieve subcellular- 
targeted drug release by adding acid-sensitive bonds (such 
as hydrazone bonds) or protonated groups. However, acidic 
lysosome is common in normal cells not specific to tumor 
cells, so NPs triggered by lysosomes are needed to combine 
with other tumor cellular-specific stimuli to prevent off- 
target effects (Figure 7). Cellular-triggered delivery systems 
relied on the reductive environment in tumor cells have 
gained much more attention, disulfide bond with the char
acteristic of easier technology for conjugating polymer and 
cargo has become the most typical and effective linker to 
promote particles decomposition and agents rapid release.71 

Additionally, upregulated enzymes also serve as key stimuli 
for triggering signal turn-on with the significantly reduction 
of off-target effect owing to the high specificity of enzyme 
catalysis.69 The cellular triggered reactions are designed in 
advance in the physical model, in which the macrostruc
tures of the NPs changed by the over-expressed enzymes 
can result in a rapid release of payloads through 
transformation or degradation when the NPs reach the 
cytoplasm.72 Among them, hydrolase and redox enzymes 
are more sensitive which are generally introduced to con
struct enzyme-triggered responsive NPs. Moreover, some 
stimulus responsive DDSs are based on the high concentra
tions of ATP and high level of reactive oxygen species 
(ROS) in the cytoplasm.73 Based on cellular and 
subcellular-triggers stimuli, Wu et al prepared a GSH/ 
Hyals/pH-responsive NPs (NX@Cs-SNX/cHA) composed 
of chitosan/hyaluronan (HA) for effective SNX2112 (an 
inhibitor of heat shock protein 90 in breast cancer cells) 
release within tumor cells with good stability of blood
stream and intracellular environment sensitivity.74,75 HA 
as the NPs’ shell conjugated with chitosan core by disulfide 
bonds. Negatively charged HA could prolong the circula
tion of NPs in blood and specifically bind to CD44 that 
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contributed to target breast cancer cells. HA was degraded 
by hyaluronidase (Hyals) and the disulfide bonds were 
destroyed by GSH reduction when NX@Cs-SNX/cHA 
entered into tumor cells, exposing the pH-unstable core 
which facilitated the release of SNX2112 in the acidic 
environment (pH~5.0) and the escape from endosomes/ 
lysosomes. In mimicking the tumor intracellular environ
ment, NX@Cs-SNX/cHA released 84% of payload within 
72 h, as opposed to 28% at pH 7.4 condition. The dual- 
cellular triggers responsive NPs can realize the rapid deliv
ery of agents within cancer cells. Additional MSR-DDSs 
triggered by cellular and subcellular-stimuli for delivering 
antitumor agents are listed in Table 1.

MSR-DDSs for Tumor Theranostics
Theranostics of renown is well known as simultaneous 
diagnosis/imaging and treatment, which emerged out of 
clinical necessities to monitor the real-time state of smart 
NPs in vivo under different stimuli and avoid unexpected 
situations that do not operate according to the designs, 
such as off-target effect, non-response. MSR-DDSs for 
theranostics can be applied not only for the precise treat
ment of tumors but also provide a patient-centered, 
whole-course solution. Multimodal imaging can integrate 
structure/function information to reduce the influence of 

complex biological environments, high background sig
nals, and probe concentration (as well as avoid the inter
ference of multiple signals generated by itself) to ensure 
a more accurate diagnosis.96 Light and magnetic fields are 
important for MRI and photoacoustic imaging to guide 
imaging and diagnosis in theranostics, as well as for trig
gering release of agents and converting heat to kill tumor 
cells directly. Theranostics, multimodal imaging, and real- 
time monitoring of agents in vivo can be achieved by 
removing shielding (quenching agents) or disintegrating 
NPs to expose materials by making exogenous triggers 
emit light, or release ligands to weaken the signal trans
mission of the NPs themselves.

Recent studies have revealed that mild hyperthermia (
39–42°C) can be used in MSR-DDSs for theranostics by 
boosting the permeability of cell membranes and blood ves
sels to improve tumor therapy and cellular uptake.97 Melanin 
has strong absorption and thermal conversion in the NIR 
region, and it could be used for PAI and PTT.98 Feng and 
coworkers designed pH/NIR-responsive melanin-coated 
magnetic NPs (MMNs) to deliver an inhibitor of wingless 
type (Wnt)/β-catenin signaling, obatoclax (OBX), by π–π 
stacking and hydrophobic interactions which afforded mag
netic resonance (MR)/photoacoustic dual-mode imaging for 
further accurate tumor diagnosis and guided chemotherapy 

Figure 7 MSR-DDSs responsive to cellular and subcellular triggers for accelerated agents release or cellular substructural targeting. NPs disintegration for agents release (a 
and b); endosomal escape (c), mitochondrial targeting (d) and nuclear localization (e).
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enhanced by mild hyperthermia.98,99 Interestingly, blockade 
of Wnt signaling could control mammary tumor virus-Wnt1 
transgenic tumors in mice. Changes in the NIR region and pH 
could work together to accelerate OBX release. Mild 
hyperthermia was also conducive to OBX- 
MMN accumulation in tumors and cell internalization, OBX- 
MMNs could suppress proliferation of breast-cancer cells 
upon chemical-photothermal therapy. The photoacoustic 
intensity increased with an increasing concentration of OBX- 
MMNs, but T2-weighted MR signals were negatively corre
lated with the OBX-MMN concentration. This dual-mode 
imaging platform can provide more accurate imaging and 
diagnosis than that using a single-mode platform. NIR light 
has deep penetration in biological tissues due to weak absorp
tion, which is conducive to the initiation of light-activated 
chemotherapy.100 The up-conversion method of transform
ing NIR light into photoactivated chemotherapy at the lesion 
site has attracted much attention.101 Xu et al prepared 
UCNPs with reversible charge and shrinking size to better 
promote cell internalization.102 The hydrolysis of PEG-PAH- 
DMMA layer emerged UCNs loaded Pt(IV) prodrug by 
charge reversed in TME. Positive UCNPs-Pt(IV) had high 

affinity for negatively charged cell membranes, which 
resulted in effective internalization. Simultaneously, lantha
nide-doped UCNPs effectively absorbed NIR light, then 
emitted UV light and all ranges of visible light. UV light 
and GSH within cancer cells transformed the Pt(IV) prodrug 
to Pt(II) with high cytotoxicity. In addition, application of 
Yb3+-doped materials with strong X-ray attenuation and high 
atomic mass can be used as contrast agents for computed 
tomography (CT).103 UCNPs enable integration of photoac
tivated chemotherapy and CT/up-conversion luminescence 
dual-mode imaging. Dong et al used a simple chelating 
method to label 64Cu on nano-surfaces to monitor their 
accumulation, distribution, and response in real time in 
tumor-bearing mice by single-photon emission computed 
tomography (Figures 8A and B).104,105 The nano-platform 
comprised MoS2 nano-thermally permeable materials mod
ified with HA targeting MCF-7-ADR. MoS2 has strong 
photothermal-conversion ability in the NIR region and can 
promote DOX release under laser irradiation at 808 nm, HA 
can also be disintegrated by HAase in the TME to accelerate 
DOX release.106 Expression of multidrug resistance-related 
P-glycoprotein (P-gp) was downregulated in response to 

Figure 8 The design strategy of MoS2-PEI-HA nanosheets. (A) Synthesis of MoS2-PEI-HA nanosheets (a–c); (d) MoS2-PEI-HA NPs target CD44 cells and induce MDR 
reversal; (e) 64Cu mediated PET imaging. (B) Infrared thermal imaging of tumor-bearing mice. (C) Expression level of P-gp protein. (D) Average tumors weight of each 
treatment group (Group 1: Saline; Group 2: Saline+NIR; Group 3: MoS2-PEI-HA; Group 4: Free DOX; Group 5: MoS2-PEI-HA +NIR; Group 6: DOX@MoS2-PEI-HA; Group 
7: DOX@MoS2-PEI-HA +NIR). (*p < 0.05). 
Notes: Reprinted from Dong X, Yin W, Zhang X, et al. Intelligent MoS(2) Nanotheranostic for Targeted and Enzyme-/pH-/NIR-Responsive Drug Delivery To Overcome 
Cancer Chemotherapy Resistance Guided by PET Imaging. ACS Applied Materials & Interfaces. 2018;10(4):4271–4284. Copyright (2018), with permission from ACS.105
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HAase/NIR (Figure 8C). DOX@MoS2-PEI-HA+NIR 
exhibited an approximately 96% of tumor inhibition ratio, 
comparing with 76.0% of tumor inhibition ratio of 
DOX@MoS2-PEI-HA (Figure 8D). This action resulted in 
a significant increase in intracellular drug accumulation and 
reversal of drug resistance with excellent anti-tumor activity.

Zhao et al designed and prepared a theranostic nanop
robe for precision diagnostics. It could be delivered to the 
tumor site as a drug carrier and achieved a combination of 
rapid detection and direct treatment of tumors.107 The 
reversible pH-responsive NIR absorption and fluorescence 
of asymmetric cyanine have enabled its use as a tumor- 
specific imaging probe and auxiliary photothermal agent. 
GNRs are characterized by high photothermal conversion 
efficiency and strong NIR absorption. Photothermal ther
apeutic agents and ultra-efficient quenchers were conju
gated through MMP-specific lysates peptides (H2 

N-GPLGVRGC-SH; PLGVR is the cleavable site) to con
struct a theranostic nanometer probe. The latter was syner
gistically and reversibly activated by MMPs/pH to 
produce a synergistic photothermal effect between GNRs 
and asymmetric cyano groups. Notably, one of the most 
important nutrient transporters, D-glucose transporter 
(GLUT), shows high expression in the TME. GLUT 
could bind to the glycosyl group to confer satisfactory 
tumor targeting and biodistribution of this nanoprobe. 
The prepared theranostic nanoprobe possessed promising 
tumor-targeting performance with high specificity and 
extremely low background but also had a robust photo
thermal effect with very little systemic toxicity. MSR- 
DDSs have broad application prospects in theranostics. 
Cu2S-based MSR-DDSs for theranostics with adjustable 
sizes and shapes can burst-release a drug in response to 
multiple stimuli and exhibit superiority in photoacoustic, 
optical, and X-ray imaging systems. They have good bio
compatibility and high absorbance for the imaging and 
multimodal treatment of brain-tumor cells.108

Monitoring and tracking the details of intracellular 
drug release are also vital for improvement of MSR- 
DDSs. Cao and coworkers reported real-time monitoring 
of controlled release of intracellular DOX and 6-mercap
topurine (6MP) by Janus NPs based on fluorescence reso
nance energy transfer (FRET) and surface-enhanced 
Raman scattering (SERS).109 FRET helps in monitoring 
the change in distance of donor–acceptor separation at <10 
nm as a recognized energy-transfer process between two 
fluorophores.110 SERS can boost the Raman signals of 
molecules by 6–14 orders of magnitude if it is adsorbed 

on gold or silver nanostructures.111 DOX (FRET acceptor) 
was conjugated onto 7-hydroxycoumarin-3-carboxylate 
(CMR; FRET donor)-functionalized NPs through a pH- 
responsive linker hydrazone bond. 6MP was connected to 
the gold surface via gold–mercaptan interactions. Then, 
the surface of NPs was decorated further to conjugate 
6MP-coated gold. When Janus NPs entered tumor cells, 
the breakage of hydrazone bonds and substitution of GSH 
resulted in effective release of DOX and 6MP, respec
tively. The change of the fluorescence signal of CMR 
and SERS signal of 6MP based on the distance between 
two molecules/substances can be used to monitor the 
release of two drugs in living cells in real time. MSR- 
DDSs can accumulate at the disease site, which has shown 
great promise in accurate imaging for theranostics. 
Additional MSR-DDSs for theranostics are listed in 
Table 2.

MSR-DDSs for Tumor 
Immunotherapy
Tumor immunotherapy is rapidly becoming a promising 
cancer treatment strategy through anti-tumor immune 
response (ACIR) that reflects the recognition, prolifera
tion, and activation of immune cells, effector T cells’ 
migration and infiltration to the tumor tissue, ultimately 
targeting, fighting and elimination of cancer cells without 
destroying healthy cells.124 Despite the human immune 
system is strong, the TME will still evade the immune 
system in many ways through reprogramming, for exam
ple, activating immune checkpoint proteins, polarizing 
macrophages for tumorigenic macrophages, neutralizing 
cytotoxic CD8+ T cells, highly expressing Indoleamine 
2.3-Dioxygenase (IDO), weakening T cell activity, 
etc.125,126 Moreover, highly heterogeneous and hypoxic 
TME also inhibits antigen uptake and presentation, pro
moting the release of immunosuppressive cytokines from 
tumors and stromal cells, which restricts the tumor infil
tration of T cells to result in the inhibition of ACIR.125 So 
the strategies of immunotherapy can mainly be divided 
into two categories: (1) Inhibition of tumor immune 
escape; (2) Promoting ACIR by improving tumor immu
nogenicity or providing immune-stimuli agents to directly 
activate the activity of the immune system, and so on. To 
achieve targeted delivery and co-delivery with less adverse 
autoreactive immune responses, immunotherapeutic agents 
can be delivered on the platform of MSR-DDSs.
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The human body produces an immune response after 
being stimulated and activated by a foreign substance. 
Nevertheless, the immune system cannot be activated 
excessively owing to immune-checkpoint proteins (eg, pro
grammed cell death-1 (PD-1), CTLA-4, LAG3), which can 
produce immunosuppressive cytokines.125 Tumors can inhi
bit the activity of the immune system with immune escape 
by tumor cellular ligands binding to the PD-1 protein, 
which is expressed in T cells and B cells.126 Besides 
immune-checkpoint proteins, transforming the essential 
amino acid l-tryptophan to l-kynurenine through highly 
expressed IDO in solid tumors can also inhibit the prolif
eration and activity of T cells, so as to promote immune 
escape of tumor cells.127 Cheng et al reported on sequence- 
responsive peptide-based NPs for dual-targeted tumor 
immunotherapy, which contributed to superior melanoma 
inhibition with an enhanced level of cytotoxic T cells by 
simultaneously blocking immune checkpoints and suppres
sing IDO (Figure 9A).128 Amphiphilic DEAP-DPPA-1 con
sisting of 3-diethylaminopropyl isothiocyanate (DEAP), 
MMP-2 cleavable linker and an antagonist of PD-1 
(DPPA-1) was used to deliver the IDO inhibitor NLG919 

as a co-assembly carrier. The functional group DEAP of 
DEAP-DPPA-1 was protonated by an acidic TME. The 
hydrophobicity of NPs was reduced while the structure 
swelled. Further dissociation of DEAP-DPPA-1 by the pre
sence of MMP-2 caused the nanostructure to collapse com
pletely with DPPA-1 and NLG919 release in tumor stroma. 
NLG919@DEAP-DPPA-1 had superior antitumor activity 
and could promote more CD8+ T cells differentiation 
(Figure 9B and C). The hydrophobic fluorescing agent 
TRITC and “black hole” quencher were also assembled 
into NPs to further evaluate the precision of tumor- 
responsive potential.129 Interestingly, the fluorescence of 
TRITC could be restrained by vicinal BHQ-1 by intermo
lecular energy transfer unless the structure of NPs was 
destroyed to release fluorescent molecules to result in the 
conversion of the nanoprobe from a quenched state to an 
active fluorescent state. Those findings showed that the NPs 
were only disassembled at the tumor site according to ex 
vivo imaging. Those results demonstrated that encapsula
tion of NLG919 by DEAP-DPPA-1 was an effective tumor- 
immunotherapy platform for tumor localization and survival 
improvement by precise control of agents.

Table 2 Additional MSR-DDSs for Theranostics

Stimuli Materials That 
Produce Signal

Monitoring Methods Means of Therapy References

NIR/GSH GO PL Gene therapy [112]

Light/pH ICG NIRF imaging Chemotherapy and PTT [113]

Magnetic/NIR IO MRI and PAI Chemotherapy and PTT [114]

Light/GSH MgPc FL Chemotherapy and PTT, PDT [115]

NIR/pH Gold nanorods and ICG Two-photon luminescence, FL, photoacoustic 

photothermal imaging

Chemotherapy and PTT, PDT [116]

NIR/pH DPCN Multiple imaging Chemotherapy and PTT [117]

pH/GSH/light PDA coated Fe3O4 NPs Magnetic and thermal imaging Chemotherapy and PTT [118]

pH/GSH/H2O2 CDs FL PDT, PTT, CDT [119]

pH/thermal Fe3O4@Au NPs MRI and PI Chemotherapy and PTT, PDT [120]

pH/ROS/GSH/HAase/ 
hyperthermia

NIR770 NIRI, PTI and PAI Chemotherapy and PTT, PDT [121]

pH/NIR Gd3+-doped NaxWO3 

nanorods
MRI Chemotherapy and PTT, RT [122]

GSH/NIR Mn-Doped NPs MRI Chemotherapy and PTT [123]

Abbreviations: GO, graphene oxide; PL, photoluminescence; NIRF, near-infrared; FL, fluorescence imaging; 10-HCPT, 10-hydroxycamptothecin; IO, superparamagnetic 
iron oxide; PET, photon emission computed tomography; MgPc, magnesium phthalocyanine; DPCN, dendritic platinum-copper alloy nanoparticles; CDs, carbon dots; CDT, 
chemodynamic therapy; Gd, gadolinium; RT, radiotherapy; UTMD, ultrasound-targeted microbubble destruction.
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An immunogenic “hot” TME infiltrated with specific 
T cells can produce ACIR.130 However, many patients 
have immunogenic “cold” tumors lacking significant infil
tration of T cells. The TME predominantly comprises 
high-density immunosuppressive cells. Therefore, repro
gramming of cold tumors into immunogenic and 

proinflammatory states has become a major underlying 
factor to improve immunotherapy. In recent years, several 
anticancer drugs (eg, anthracycline, oxaliplatin) have been 
reported to induce antigen release during immunogenetic 
cell death (ICD) against cold tumors, which can be used 
for ACIR, as well as a combination of chemotherapy and 

Figure 9 The design strategy of NLG919@DEAP-DPPA-1. (A) The responding model and antitumor mechanism of NLG919@DEAP-DPPA-1; (B) tumor volume growth 
curves of mice after different treatments; (C) the ratio of CD8+ T cells after treatment. (*p< 0.05, **p< 0.01, ***p< 0.001). 
Notes: Reprinted from Cheng K, Ding Y, Zhao Y, et al. Sequentially Responsive Therapeutic Peptide Assembling Nanoparticles for Dual-Targeted Cancer Immunotherapy. 
Nano Letters. 2018;18(5):3250–3258. Copyright (2018), with permission from ACS.128
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immunotherapy.131 Zheng et al synthesized folate- 
modified monodispersed silica NPs with pH- and GSH- 
responsiveness to target DOX release for inducing ICD 
and maximum immunity.132 The intracellular environment 
triggered release of DOX to induce apoptosis, Box-1 
release and subsequently release antigens with high mobi
lity from dead cells for activating antigen-presenting cells, 
generating ACIR, and further eliminating tumor cells. 
Exogenous photodynamic therapy (PDT) can also be intro
duced to activate ICD. Hou et al induced ICD to promote 
the infiltration of tumor cytotoxic T lymphocytes by PDT 
based on higher-order Boolean logic prodrug NPs 
(BLPNs), which could activate pheophorbide a (photo- 
sensitizer) prodrug and release NLG919 in response to 
intracellular redox to activate the immune system.133 The 
strategies of triggering BLPNs can be classified mainly 
into three parts: (i) MMP-2/9 cleavage of the PEG corona 
of BLPNs, which promotes the accumulation and retention 
of BLPNs in tumor tissue based on enhanced targeting; (ii) 
degradable disulfide bonds are triggered by intracellular 
GSH to release NLG919; (iii) acid sensitive 2-(diisopro
pylamino)ethyl methacrylate can be protonated to dissoci
ate NPs and active pheophorbide a for PDT. PDT induced 
tumor cell apoptosis with ICD generation to increase 
tumor immunogenicity, and the introduction of NLG919 
inhibited the activity of IDO to prevent the immune escape 
of tumor.134 The co-delivery of PPa and NLG919 can be 
coordinately used to modulate the tumor immune micro
environment for both ACIR and anti-immune escape. The 
results of monitoring the secretion levels of IFN-γ, TNF-α, 
and IL-6, proved that the synergistic effect of BLPN- 
mediated NLG919 transmission and PDT can cause 
obvious immunoinflammatory response to induce tumor 
cell apoptosis. In immunotherapy, it is crucial to elicit 
the tumor immunogenicity to activate the ACIR, it is 
also a key factor that the activation of antigen-presenting 
cells (such as DC) depending on triggering the pattern 
recognition receptors (such as TLR). Mature DC cells 
can migrate to the lymph nodes and activate T cells with 
over-expressing surface molecules (such as CD80/CD86) 
to produce anti-tumor immunity.135 R848 is a TLR7/8 
agonist that can promote the maturation and enhance the 
function of DC through myeloid differentiation factor 
(MyD88) pathway. Some studies have shown that R848 
receptor agonist can not only enhance the migration of DC 
but also improve the infiltration level of CD4+ and CD8+ 

T cells in tumor tissues.136 A multi-functional DDS with 
double pH responses was designed by Liu’s group to treat 

breast cancer based on combining chemotherapy and 
immunotherapy.137 The NPs were composed of polymeric 
prodrug HA-DOX shell and poly(L-histidine) (PHIS) 
formed nanocores with R848 loaded by hydrazone bonds. 
In the weakly acidic TME, the hydrophobic/hydrophilic 
transformation of PHIS triggered the disintegration of 
NPs, which in turn triggered the release of R848 and 
exerted its anti-tumor immune activity. The internalization 
of HA-DOX was induced through CD44-mediated DOX 
endocytosis, then the hydrazone bonds were broken within 
intracellular acid environment resulting in a rapid release 
of DOX to further kill tumor cells. Finally, extensive 
verifications have proved that the HA-DOX/PHIS/R848 
NPs exerted their anti-tumor immune activity by promot
ing the activation of DC cells and increasing the infiltra
tion of T cells in TME.

MSR-DDSs provide a novel proposition for accurate 
tumor immunotherapy, MSR-DDSs strategy also pave the 
way for combination inhibition of different immune resis
tance mechanisms or chemotherapy.

Conclusions and Outlook
Recent advances in nanotechnology and novel stimuli- 
responsive polymeric materials have allowed engineering 
of smart NPs for the diagnosis and treatment of cancer. 
MSR-DDSs integrate the versatility of different strategies 
into a multifunctional nano-system. The latter can achieve 
modular and spatiotemporal control. NPs can undergo 
charge reversal, size shrinkage, PEG detachment, re- 
emergence of ligand targeting, and reactive drug release. 
Likewise, they provide a good platform for maximizing the 
tumoricidal effects of chemotherapy, gene interference, and 
immune regulation, as well as realize the application of 
combinations. Moreover, MSR-DDSs have been designed 
for theranostics and multimodal imaging, which address 
many of the difficulties associated with a single imaging 
model (eg, poor resolution or sensitivity).12,138

So far, about fifty nano-preparations have been approved for 
clinic application, such as Doxil (Liposomal/DOX), Marqibo 
(Liposomal/Vincristine), Abraxane (Nanoparticulate albumin/ 
PTX), Lipusu (Liposomal/PTX), and so on.139–141 They are 
either actively or passively targeted to improve the effect of 
cancer treatment or reduce side effects. Although many achieve
ments have been made in smart DDSs so far, what reported 
mostly are proof-of-concept studies as the relative age of nano
technologies. Visudyne (UV light-responsive) was the only one 
approved by FDA among smart DDSs, Opaxio (enzyme- 
responsive), NanoTherm (magnetic-responsive), ThermoDox 
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(temperature-responsive) and others are all in clinical trials 
stage.142–145 Hence, some issues still need to be addressed from 
the laboratory to clinical applications for the follow-on innova
tion, scientific and technical challenges are summarized as fol
lows: (1) Individual differences of patients, different stages of 
disease development as well as the cellular heterogeneity of 
tumor cells may generate different drug delivery efficiency;146 

(2) The expression and distribution of stimuli in TME are highly 
heterogeneous and dynamically variable, which may lead to 
unanticipated stimuli response; (3) Low pH, high reductant con
centration or up-regulation of enzymes in normal cells or tissues 
may induce off-target effects; (4) Whether stimuli-responsive 
polymeric materials are safe in vivo, the breakdown and long
evity of nanocarriers need to be considered carefully to avoid 
long-term medical downsides; (5) Due to the differences in 
genetic background between mice and humans, the tumor mod
els often cannot recapitulate the clinical situation of patients, 
thereby the transformation from animal models to clinical treat
ment is complex.147 Although MSR-DDSs can greatly reduce 
the impact of individual differences and tumor heterogeneity 
with less off-target tissues compared with single-stimulus respon
sive NPs, the sophisticated designs limit their application as 
industrial production and quality control difficult on a large 
scale. It is urgent to design rational MSR-DDSs with simple 
preparation craft. Further specific stimuli and novel stimuli com
binations should be screened for improving the accuracy of 
agents release, reducing the impacts of individual differences 
and different treatment stages to adapt to complex clinical appli
cations. Reviewing the emerging trends of MSR-DDSs can 
accelerate innovation of nanomaterials for medical applications, 
and identify the trends or class-based toxicity profiles of nano
materials. The next 20–30 years are looking bright for cancer 
patients.
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