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Abstract

The development of traditional tumor-targeted drug delivery systems based on EPR effect and
receptor-mediated endocytosis is very challenging probably because of the biological complexity of
tumors as well as the limitations in the design of the functional nano-sized delivery systems.
Recently, multistage drug delivery systems (Ms-DDS) triggered by various specific tumor
microenvironment stimuli have emerged for tumor therapy and imaging. In response to the
differences in the physiological blood circulation, tumor microenvironment, and intracellular
environment, Ms-DDS can change their physicochemical properties (such as size, hydrophobicity,
or zeta potential) to achieve deeper tumor penetration, enhanced cellular uptake, timely drug
release, as well as effective endosomal escape. Based on these mechanisms, Ms-DDS could deliver
maximum quantity of drugs to the therapeutic targets including tumor tissues, cells, and subcellular
organelles and eventually exhibit the highest therapeutic efficacy. In this review, we expatiate on
various responsive modes triggered by the tumor microenvironment stimuli, introduce recent
advances in multistage nanoparticle systems, especially the multi-stimuli responsive delivery
systems, and discuss their functions, effects, and prospects.
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Introduction

Tumor-targeted nanoparticle delivery system is
a landmark discovery and has been extensively
studied in tumor therapy and diagnosis since the
enhanced permeability and retention (EPR) effect was
first described in 1986 [1] and the concept of
nanomedicine emerged in the late 1990s [2]. To
effectively deliver drugs to tumor tissues,
nanoparticles need to remain stable during blood
circulation and exhibit enhanced accumulation in the
tumor. To maximize the therapeutic efficacy,
nanoparticles should be able to penetrate into the
deep tumor tissue, have high-affinity interaction with
tumor cells and release the drugs outside or within
the tumor cells. Enormous progress has been made in

many aspects, such as PEGylation [3], size and surface
property optimization, and targeting module
(antibody and peptide ligand) modification [4, 5].
With regard to PEGylated passively targeted
nanoparticles, many can successfully extravasate into
the tumor tissue following intravenous injection.
However, only few nanoparticles are capable of
spreading throughout the entire tumor because of
several biological barriers in the tumor
microenvironment, such as the dense tumor stroma,
abnormal angiogenesis, and elevated tumor
interstitial fluid pressure (IFP). Furthermore, most
nanoparticles are unable to deliver the drugs into
tumor cells actively. Also, a balance needs to be found
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between the stability of the nanoparticles during the
transport in blood circulation and the ideal tumor
cellular uptake after extravasation into tumor tissue.
For example, PEGylation increases nanocarrier escape
from the blood opsonization processes and achieves
perfect passive tumor targeting. Nevertheless, some
studies have revealed that the outer PEG layer
significantly prevents the uptake of nanoparticles into
tumor cells. This is referred to as the “PEG dilemma”
[6].

As for the ligand-modified actively targeted
delivery systems, despite promising results in
preclinical studies, most of the clinical trials did not
yield the expected results. The likely reasons include
not only the similar challenges as the passively
targeted nanoparticles but also the heterogeneous
expression of membrane receptors among individual
patients and different tumors as well as during
different tumor stages within a single tumor.
Furthermore, there is a unique challenge for the
actively targeted delivery systems. The “binding site
barrier”  phenomenon of actively targeted
nanoparticles,  resulting  from  the  strong
receptor-ligand interactions at the tumor periphery
after preferential extravasation from the leaky tumor
vasculature, can further obstruct the penetration of
the extravasated nanoparticles into the tumor [7].

Therefore, more efficient drug delivery strategies
are in great demand. Multistage drug delivery
systems  (Ms-DDS), also  referred to as
stimuli-responsive or activatable systems, show
different behaviors during systemic circulation and in
the tumor microenvironment. Ms-DDS have been
developed in the 1970s when the first
thermo-sensitive liposome for accelerated and quick
release of drugs in the tumor was designed [8]. The
stimuli of Ms-DDS can mainly be divided into two
classes: 1) the extracorporeal physical stimuli, such as
the magnetic-responsive superparamagnetic iron
oxide-based nanoparticles [9, 10] and external light-
[11], thermo- [12] or wultrasound-sensitive drug
delivery systems [13]; 2) the endogenous tumor
microenvironment and intracellular biological
stimuli, including the acidic pH [14], over-expressed
enzymes [15], hypoxia [16] and elevated reductive
conditions within organelles [17]. Such stimuli can
result in a change in nanoparticles size, zeta potential,
hydrophobicity or carrier disassembly, which is
favorable for nanoparticles penetration deep into the
tumor as well as endocytosis by tumor cells, thus
achieving much more efficient tumor cell targeting.

The progress made in Ms-DDS that are induced
by extracorporeal physical stimuli in recent years has
been exhaustively summarized and discussed [18]. In
this review, we mainly describe Ms-DDS that are

sensitive to the tumor microenvironment for tumor
therapy and imaging. First, a brief introduction is
provided to summarize the main biological
responsive factors of the tumor microenvironment
(acidic pH, enzymatic up-regulation, increased redox
potential and hypoxia) followed by details about the
responsive mechanisms. Next, we focus on the
various responsive actions based on various stimuli,
their functions for drug delivery, and design
strategies for Ms-DDS in recent years. Finally, we
introduce, in particular, the current multi-stimuli
responsive DDS (Ms-DDS) for cancer therapy and
discuss their advantages and limitations.

Tumor microenvironment and cellular
biological stimuli

Compared with normal tissues or cells, several
distinguishing biological/endogenous factors (e.g.,
pH, enzymes, redox, and hypoxia) in the tumor
microenvironment or tumor cells have been used as
stimuli to trigger specific changes in nanoparticles.
Since these stimuli have been extensively studied and
validated, we provide here a brief overview and
summary.

The acidic pH

The acidic pH, including the pH of the
extracellular tumor microenvironment (pH. 6-7) as
well as the intracellular endosomes and lysosomes
(pHi 4-6), is the most widely-used trigger for
stimuli-responsive drug-delivery systems due to its
universality in most solid tumors. The decreased pH
is due to the Warburg effect, which was first proposed
by Warburg in the 1930s [19]; it illustrates the
phenomenon of increased glucose uptake and aerobic
glycolysis in cancer cells leading to an increase in
lactate production even when the oxygen levels are
normal [20, 21]. The mechanisms of various
pH-sensitive nanocarriers with different design basis
(including ionizable chemical groups, acid-labile
chemical bonds, pH-sensitive peptides,
gas-generating systems and pH-responsive polymers)
and specific responsive components with their
respective functions are summarized in Table 1.

Despite extensive research and verification,
exploiting the acidic pH in tumor microenvironment
has its own shortcomings. First, the acidic pH is
typically located far from the blood vessels which
would lead to no response of pH-responsive
nanoparticles in  the  perivascular  regions.
Furthermore, sometimes the pH differences between
the normal tissue and tumor tissue are not significant
enough to trigger the responsiveness.
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Table 1. Mechanisms of pH-sensitive drug delivery systems.
Mechanism Species Functions Refs.
Tonizable chemical groups Amines, phosphoric acids, carboxylic acids, acylsulfonamide i. Molecular conformation change [75,77,95]
ii. Drug release
iii. Positive charge
Acid-labile chemical bonds Acetal, orthoester, hydrazone, imine, cis-aconyl i. Hydrolytic cleavage [62,177,187]

pH-responsive polymer

Anionic polymers containing carboxylic groups (PAA, PMAA,

ii. Size shrinking
iii. Drug release
iiii. Ligand re-emergence

i. Drug release [189-190]

PEAA, PPAA, PBAA, NIPAM, and PGA), and sulfonamide groups

pH-responsive polymer
groups and imidazole groups

pH-sensitive peptide

cell-penetrating peptides
Incorporate carbon dioxide-generating
precursors

Cationic polymers containing tertiary amine groups, pyridine

GALA, pHLIP, histidine-containing acidic pH-activated

Sodium bicarbonate, ammonium bicarbonate

i Drug release
ii. Positive charge
iii. Proton sponge

[76, 85, 86, 118]

i. Molecular conformation change [155, 191]
ii. Cell penetration
i. Carbon dioxide generation [132, 133]

ii. Drug release

Table 2. Key hydrolases of enzyme-sensitive drug delivery systems.

Class Enzyme Substrate Position Functions
Proteases CAPs GPLGVRGK, GPLGIAGQ, PVGLIP, Extracellular Size-shrinking [116, 192]
(MMP-1/MMP-2/MMP-9) PLGLAGTy peptides, gelatin PEG deshielding [61,193]
Drug release [194, 195]
Morphology switch [196, 197]
Proteases Lysosomal enzyme (Cathepsin B) GFLG peptide, Intracellular Drug release [198]
Biotin-avidin system (mainly lysosome) Cap system [150, 199]
Proteases FAP-a DRGETGPAC Extracellular (mainly Fluorescence release [200]
CAFs)
Peptidase Amino Unacylated amino acids Extracellular CPP activation [201]
peptidase
Peptidase Dipeptidyl peptidase IV Xaa-Pro dipeptides Extracellular CPP activation [201]
Lipases PLA2 Phospholipids with a Extracellular Drug release [202, 203]

non-hydrolyzable ether bond in the
1-position, di(ethylene glycol)

Cellular uptake [204]
Size shrinking [205]

diacrylate hyaluronic acid

The upregulated enzyme

The upregulated enzymes by tumor cells and
tumor stroma cells is another important trigger for the
tumor microenvironment-responsive Ms-DDS [22,
23]. High concentrations of enzymes play a critical
role in tumor cell growth, angiogenesis, invasion, and
metastasis serving as a key stimulus for responsive
DDS. Compared with nanoparticles modified with
targeting molecules that recognize the receptors
overexpressed by  cancer cells, polymeric
nanomaterials that are sensitive to enzymes in the
tumor enable a tumor-confined, spatiotemporal drug
release at the right time and in the right place thus
achieving superior tumor targeting efficacy with
reduced unwanted side effects in normal organs.
There are several types of over-expressed enzymes in
solid tumors, including proteases (e.g., matrix
metalloproteinase and cathepsin B), peptidases (e.g.,
aminopeptidase), and lipases (e.g., phospholipase
A2). The substrates and functions of the individual
enzyme-responsive Ms-DDS are summarized in
Table 2. The high level of enzymes in tumoral and
perivascular regions make them favorable stimuli for
different nano-sized Ms-DDS.

The hypoxia

The vascular network in the solid tumor is
abnormal and incapable of delivering sufficient
oxygen to the entire tumor tissue (especially the inner
region with poor vascularization). Also, the
over-proliferated tumor cells further accelerate the
consumption of oxygen [24]. These two factors mainly
account for the hypoxia in the tumor
microenvironment. Evidently, the regions that are at a
further distance from the blood vessels in the tumor
microenvironment are typically hypoxic which is not
favorable to the large nanoparticles with low
penetration ability into deep tissue. A series of
hypoxia-sensitive nanoparticle systems have been
developed and can be divided into two main
mechanisms. The first one is, nitroimidazole-based
micelle systems that can undergo bioreduction to
aminoimidazole, leading to a hydrophobic-to-
hydrophilic transition and further triggering micelle
disassembly [25]. The second mechanism entails the
azobenzene group-employed siRNA nanocarriers
which can be cleaved, leaving the PEI/siRNA
complex with a positively charged surface for
facilitating cellular uptake [26].
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The reductive environment

Unlike the extracellular stimuli, redox potential
is an intracellular stimulus that results from the
different concentrations of glutathione (GSH)
between the extracellular space (approximately 2-10
pM) and intracellular space (approximately 2-10 mM)
[27]. The huge concentration gradient in GSH (about
100-1000 times) can efficiently ensure the
responsiveness of the redox-sensitive Ms-DDS.
Numerous intracellularly-triggered Ms-DDS are
based on the reductive environment in the tumor
cells. The disulfide bond that is prone to the rapid
cleavage by GSH represents the most typical and
efficient mechanism. By introducing the disulfide
bond, Ms-DDS can achieve several functions
including  particle  disassembly, = nanocarrier
degradation, and fast drug release [28-30]. Since the
disulfide bond can be easily introduced into drugs
and polymers, it is widely applied in the
intracellularly-responsive Ms-DDS.  Progress on
redox-responsive Ms-DDS has been described
previously [18]. Also, disulfide bond-based
redox-responsive Ms-DDS have been utilized in
several nanocarriers, such as zwitterionic dextran
nanoparticles [31], single-walled carbon nanotubes
[32], chitosan-based nanoparticles [33], PEGylation
micelles [34], and mesoporous silica nanoparticles [35,
36]. These redox-sensitive Ms-DDS should be
designed carefully to make them not only stable in the
blood circulation but also in the tumor tissue before
entering into tumor cells.

Other stimuli

In addition to the biological stimuli described
above, the oxidative stress [37, 38], hyperthermia [39],
and ATP [40] have also been applied in the Ms-DDS
based on the tumor and cellular microenvironment. In
the future, novel Ms-DDS responsive to other specific
pathophysiological  properties in the tumor
microenvironment, such as high or unique levels of
amino acids, functional proteins, and DNA fragments,
will be designed and applied in tumor targeting [41].

Design, responsive modes, and functions
of Ms-DDS

Taking advantage of the unique stimuli in the
tumor microenvironment briefly mentioned above,
conventional DDS can be redesigned or modified to
become Ms-DDS for tumor targeted therapy or
imaging. Upon reaching the tumor
microenvironment, Ms-DDS receive the stimulation
and then change the physicochemical features or
structures, eventually realizing the desired functions.
Different responsive modes of Ms-DDS and their
functions are discussed in the following sections.

Various tumor microenvironment stimuli,
especially the acidic pH and upregulated enzymes,
can trigger approximately the same behavior of
Ms-DDS in tumor tissues. Therefore, this section is
arranged mainly according to the changes of
nanoparticles (or responsive modes) instead of the
stimuli as in the previous review [18]. Generally, the
responsive modes in the tumor microenvironment
include PEG detachment, targeting ligand exposure,
surface charge reversal, and particle-size shrinkage.
Ms-DDS with stimuli-responsive drug release and
signal Turn-OFF/ON are the hotspots in the field in
recent years and therefore are included as a separate
sub-section.

3.1. PEG detachment

As mentioned above, the “PEG dilemma”
phenomenon greatly hinders the interaction between
nanoparticles and cell membrane, leading to poor
cellular uptake and unsatisfactory tumor inhibition
[42]. Therefore, several Ms-DDS have been developed
to  overcome  this  problem by  tumor
microenvironment-triggered PEG cleavage, which is
referred to as sheddable nanoparticle systems. During
blood circulation, the outer PEG layer can shelter the
hydrophobicity and positive charge of the core,
keeping the stability of nanoparticles and prolonging
the blood circulation time. As shown in Fig. 1A, When
the MS-DDS leaks into the tumor site, the linker
between PEG and the particle core is cleaved by the
stimuli in the tumor microenvironment and the PEG
layer is detached, thus exposing the original
nanoparticle with an enhanced surface-cell interaction

and increasing the antitumor effect.
Hypoxic-degradable nitroimidazole [26],
redox-degradable disulfide bond [43],
acid-degradable amide bond [44], and

2-propionic-3-methylmaleic anhydride (CDM) [45]
have been applied in the PEG detachable Ms-DDS for
improved chemotherapeutics and siRNA delivery. In
the acid-degradable amide bond example,
PEG-Dlink,~-PLGA was developed by introducing a
pH-sensitive link (Dlink,), which resulted in a
significant increase in the cellular uptake of the pH
sensitive dPEGNPp.ca when pretreated at pH 6.5
compared with pretreatment at pH 7.4. However, the
intracellular amount of siRNA of the pH insensitive
NPpca and NPpra showed no difference when
pretreated at different pH values [44].

Along with inner core exposure of the Ms-DDS,
PEG detachment can also achieve several other
effects, including ligand re-emergence, charge
reversal, and particle disassembly, which will be
further discussed in the following sections.
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Targeting ligand re-emergence

Compared with the unmodified passive
nanoparticles, the actively-targeted nanovehicles are a
landmark discovery in tumor therapy. However,
every coin has two sides. Although targeting ligand
modification can promote cellular uptake, some
problems such as the immunogenicity of antibodies,
unfavorable circulation time, toxicity of targeting
peptides, and non-specific uptake of nanocarriers by
non-cancerous cells represent a significant problem.
Take the cell-penetrating peptides (CPPs) as an
example; it has previously been shown that the
positively charged CPPs can target and penetrate into
tumor cells in a receptor-independent manner which
has been widely applied in tumor diagnosis and
tumor therapy studies [46, 47]. However, the clinical
in vivo application of CPPs is limited because of the
two drawbacks. First, the positively charged amino
acids can be recognized and scavenged by the
reticuloendothelial system (RES), leading to
instability in the physiological blood -circulation.
Second and more important, most CPPs exhibit
nonspecific targeting to tumor cells and normal
tissues resulting in severe toxicity and weakened
therapy [48, 49]. It is desirable that the CPPS emerge
and become effective only after the actively-targeted
nanovehicles access the target-site. The emerging
multistage nanocarriers with targeting ligands
responsive to tumor microenvironment include the
activatable cell-penetrating peptide (ACPP) systems,
de-shielding systems, “pop-up” systems, and
trojan-horse targeting systems.

Activatable cell-penetrating peptide systems

ACPP systems were first put forward in 2004 by
Tsien’s group [50] and have been developed and
applied in a variety of nanoscale systems, including
dendrimer [51], peptide-drug conjugation [52],
polypeptides lipid nanoparticles [53], PEG-PLA
micelles [54], and others. As shown in Fig. 1B (i),
ACPP is a moiety that consists of three segments:
CPP, enzyme-responsive peptide, and polyanionic
sequences that can neutralize the positive charge of
CPP. During circulation, the polyanionic sequences
could shield the nonspecific adhesiveness of CPPs.
Once MS-DDS permeate into tumors, the
enzyme-sensitive peptide linkers are cleaved by
proteases (mainly MPPs) and the CPPs appear on the
surface to achieve perfect cellular uptake with
reduced side effects. Recent studies have revealed that
the cellular uptake of ACPP-conjugated cargo was
significantly improved in almost all tissues, including
tumors as well as normal tissues, which meant that
the activation of ACPP was tumor-independent and
quite possibly happened in the vasculature [55]. In

2007, Bae and co-authors constructed a pH-responsive
ACPP system assembled by TAT-modified PLA-PEG
micelles and wultra pH-sensitive copolymers of
PEGylated poly (methacryloyl sulfadimethoxine)
(PSD-b-PEG) [56]. In physiological condition, the
anionic PSD can combine with the cationic TAT
peptide through electrostatic interactions. In the
acidic tumor microenvironment, on the other hand,
the protonation of sulfonamide leads to separation
from TAT allowing improved interaction with tumor
cells. There are still deficiencies that remain to be
overcome. As previously mentioned, it is too difficult
for the short TAT peptide with limited positive
charges to maintain a strong electrostatic interaction
with PSD, thus leading to fast dissociation in the
bloodstream with various serum proteins [57, 58].

To solve the problems mentioned above, some
novel ACPP systems have been designed. Xiang's
group developed a legumain protease-activated
TAT-liposome for tumor targeting [59]. The substrate
of endoprotease  legumain, alanine-alanine-
asparagine (AAN), was attached to the fourth lysine
of TAT to create a branch in CPPs, decreasing the
cell-penetrating capacity of TAT by 72.65%. While in
the tumor microenvironment, AAN was directly
cleaved by extracellular legumain overexpressed in a
wide variety of tumors following which the
transmembrane transport function of TAT was fully
recovered. Therefore, much more doxorubicin loaded
in AAN-TAT-modified liposomes (AAN-TAT-Lipo-
Dox) accumulated in tumor tissues and entered into
tumor cells, leading to a greatly increased tumoricidal
effect (4-fold apoptotic rate of TAT-Lipo-Dox)
significantly prolonging the survival duration and
reducing the systemic toxicity. Compared with the
former ACPP systems, the AAN-TAT system has the
advantages of briefness with only two segments and
directly blocking the core domain of penetration.
Furthermore, since legumain is also upregulated in
tumor-associated = macrophages  (TAMs), the
AAN-TAT-modified nano cargos can target tumor
cells as well as the tumor stroma.

The pH-sensitive and redox-sensitive strategies
have also been applied in the novel ACPP systems.
Radosz’s group introduced succinyl amides to the
lysine residues’ amines of TAT (*TAT), masking the
nonspecific interactions in the bloodstream. After
entering the tumor microenvironment, the acidic pH
quickly hydrolyzed the succinyl amides restoring the
cell-penetration function of TAT. An
aTAT-functionalized and DOX-loaded PEG-PCL
micelle system was further constructed and exhibited
good antitumor activity and low cardiotoxicity [57].
Furthermore, Leroux’s group developed a
redox-triggered azobenzene PEG chain
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self-immolative linkage conjugated to the lysine
residues of CPPs for delivering nucleic acid drugs
[60].

Shielded/de-shielded systems

Since PEG layers can shield the surface
characteristics of nanoparticles (including zeta
potential, hydrophobicity etc.), stimuli-sensitive PEG
chains have also been applied to mask CPPs before
entering into the tumor microenvironment. As shown
in Fig. 1B (ii), Torchilin and colleagues modified the
surface of the same nanoparticles with two PEG
chains of different lengths as follows: the longer chain
(PEG2000) was conjugated with an MMP2-sensitive
peptide [61] or a pH-sensitive hydrazine bond [62],
which acted as a hydrophilic corona to hide TAT
peptide. This conjugated long chain TAT peptide was
bonded to the terminal of the shorter chain (PEGioo),
which was exposed in the tumor microenvironment.
Therefore, the cellular uptake of the PTX-loaded
nanoparticles with the shielded/de-shielded TAT
modification was nearly 2-fold higher than that of the
unresponsive  nanoparticles and the tumor
suppression efficacy was significantly improved.

Sofou et al. also designed an acid-triggered lipid
vesicle system with tunable membrane surface
topography [63]. Because some lipids, such as
distearyl phosphatidyl serine, can be protonated by
the acidic tumor microenvironment, heterogeneous
membranes with phase-separated domains can be
formed by the creation of hydrogen bonds among the
newly protonated lipids. Thus, the
PEGylated-titratable lipids were mixed with
ligand-modified lipids to develop the acid-tunable
heterogeneous lipid vesicles. Before protonation, the
lipid vesicles exhibited homogeneity, and their outer
PEG layer masked the ligands, leading to longer
circulation in the blood stream. Once within the acid
tumor microenvironment, the gathered PEGylated
lipids exposed the shielded ligands to interact with
tumor cells. In vitro and in vivo studies have further
verified the superiority of the pH-triggered
lipid-membrane systems [64]. However, the
application of this Ms-DDS strategy is limited to lipid
vesicles as most nanoparticles do not contain lipids.
Additionally, the gathered PEG layers in the tumor
microenvironment may also have some influence on
blocking the interaction between targeting ligands
and tumor cells.

“Pop-up” systems

In addition to the acid-triggered ACPP, Bae’s
group also developed a pH-induced targeting ligand
pop-up system displayed in Fig. 1B (iii) [65, 66].
Acid-responsive poly (L-histidine) (polyHis) was

synthesized and conjugated with PEG and poly
(L-lactic acid) (pLLA) to prepare polyHis-b-PEG and
pLLA-b-PEG-polyHis-ligand, respectively. Mixed
micelles were designed with these two copolymers
and performed differently in different pH
environments. First, the ligands (biotin or TAT) were
anchored to the core of micelles because of the
hydrophobic interaction between the core and
polyHis adjacent to the ligands and the targeting
ability was shielded by the outer PEG shell during
circulation (pH>7.0). Subsequently, after protonation
by the acidic tumor microenvironment, the polyHis
became hydrophilic bringing the ligands out of the
PEG surface with recovered targeting effect. Contrary
to the two above mentioned strategies, the hide and
re-emergence of ligand in this system are reversible,
which could further enhance the targeting efficiency.

Trojan-horse targeting strategy

The non-specific uptake of the conventional
actively-targeted nanovehicles by non-cancerous cells
could lead to side effects. Recently, Trojan-horse
targeting strategy was reported by Wu and Tan’s
group to reduce this risk. Fe3O4 nanocrystals-loaded
albumin nanoparticles modified by folic acid and
pH-sensitive  polymers  (PP-FA-AN-FN)  were
prepared for tumor imaging [67]. PP-FA-AN-FN
could hide or expose the targeting ligand (folic acid)
of nanoparticles on demand. When nanoparticles
enter into normal tissue (pH 7.4), folic acid molecules
are hidden in hydrophilic pH-sensitive polymers
which helps to avoid the recognition and capture of
nanoparticles by non-cancerous cells. However, in
tumor regions, pH-sensitive polymers shrink and the
original hidden folic acid molecules are exposed and
able to bind the receptors on the surface of cancer cells

to execute the active targeting effect. Similar to the"

Pop-up” systems, this strategy is also reversible. After
passing through the normal tissue, the ligands of the
unused actively-targeted nanoparticles are shielded
and eventually are effectively exploited in the tumor
region.

Charge reversal

The surface charge of nanoparticles is also an
important factor that influences their stability, tumor
targeting, and cellular uptake. Similar to the “PEG
dilemma” mentioned above, there are several
contradictions for the nanoparticle’s charge. On one
hand, negatively or neutrally charged surface is
necessary for nanoparticles to remain stable in the
bloodstream after intravenous administration, since
positively charged nanoparticles tend to absorb and
aggregate with plasma proteins and are easily
recognized and eliminated by the RES [68, 69] causing
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severe cytotoxicity [70]. On the other hand, positively
charged nanoparticles are superior due to the
electrostatic interactions with tumor cell membranes
that possess an overall negative charge, leading to
significantly improved cellular uptake in tumor
tissues [71]. Therefore, surface charge-switchable
Ms-DDS, which have a negative or neutral charge in
the bloodstream and convert to positive in the tumor
microenvironment are desired for better tumor
targeting (Fig. 1C). Hence, ionizable chemical groups
(amine, imidazole, and acyl sulfonamide) as well as
pH-cleavable chemical bonds (hydrazine and
dimethyl maleic anhydride) are introduced to
construct charge-convertible Ms-DDS.

DMA group-included, surface charge-reversal of
Ms-DDS have been studied to enhance the cellular
uptake and targeting of cancer stem cells (CSC) for the
delivery of small molecular chemotherapeutics (such
as DOX) and nucleic acid drugs (such as siRNA), and
has been previously reviewed [72]. Therefore, we only
give a brief introduction about some of the newly
presented charge-alterable Ms-DDS in the following
section.

Chitosan is a natural cationic polysaccharide
composed of glucosamine with favorable,
biodegradable, and nontoxic properties [73].
Additionally, the amino groups of chitosan can be
protonated at a weak acidic pH (<6.5), which is
approximately the pH of the  tumor
microenvironment. Thus, chitosan or glycol chitosan
(GC) with improved water solubility, have been
widely used as an outer shell to construct
pH-triggered, charge-switching Ms-DDS, such as
chitosan- or GC-coated silica nanospheres [74],
superparamagnetic iron oxide [75], or liposomes [76].
In normal tissues and bloodstream, the zeta potential
of these coated nanocarriers was approximately
electrically neutral, and quickly increased to 10 mV
after protonation within the acidic tumor
microenvironment leading to a four-fold higher
cellular uptake. Zhang's group designed a novel
zwitterionic oligopeptide lipid (HHG2C3s), which was
synthesized using a small peptide containing
glutamic acid and histidine, as well as two stearyl
alkane chains [77]. The negatively charged liposomes
prepared with HHG2C;s and PEGylated HHG2Cqs
(PEGHG2C;s) exhibited a pH-responsive positively
charge change within the tumor microenvironment
because of the protonation of the imidazole group in
histidine [78]. The zwitterionic oligopeptide lipid was
further used to coat mesoporous silica nanoparticles
to develop another pH-sensitive, charge-convertible
nanovehicle (M-HHG2Cs-L) for the co-delivery of
erlotinib and doxorubicin for improved synergistic
therapy of Lewis lung carcinoma [79].

In addition to oligopeptides, polyHis has also
been conjugated with PEG [80, 81], PLGA [82], PEI
[83], PEG-PLA [84], or together with PEG and PLGA
[85]. These compounds have been used for the
construction of various pH-induced positively
charged tunable nanoparticles to improve tumor
delivery and cellular uptake of several antitumor
drugs, including oncolytic adenovirus (Ad), DOX,
docetaxel, and paclitaxel. Protein drugs can also be
delivered by an imidazole-based pH-sensitive
positively charged PEGylated poly(B-amino ester)
[86]. Zwitterionic  chemical structures  with
pH-sensitive property have been used to design
charge-switchable systems as well, such as
carboxybetaine [87, 88] and phosphorylcholine [89,
90]. However, as mentioned previously, since
carboxybetaine and phosphorylcholine can only be
protonated at a pH<2 and pH<5, respectively, the
pH-sensitivity and charge-switching abilities of these
zwitterionic polymers are too weak to respond to the
slightly acidic tumor microenvironment (6.8~6.3) [91].
Rotello and his colleagues developed a novel
alkoxyphenyl acyl sulfonamide-modified zwitterionic
gold nanoparticle system, which could achieve
negative-positive charge switching at a pH of 6.5 with
increased cellular uptake [91]. Therefore, the acyl
sulfonamide group is more suitable for the acidic
tumor microenvironment responsiveness than
carboxy betaine and phophorylcholine.

A Layer-by-Layer (LBL) nanoparticle system
with an acid-triggered positive charge that emerged
in tumor hypoxia regions was developed by
Hammond’s group [92]. The LBL nanoparticles were
assembled stepwise with iminobiotin-modified
positively charged poly-i-lysine (PLL), neutravidin,
and then  biotin-functionalized  PEG.  The
nanoparticles remained stable during circulation in
vivo owning to the strong interaction of the
biotin-avidin system and the shielding effect of the
PEG layer [93]. Since the nonchemical bond between
iminobiotin and neutravidin rapidly breaks down in
acidic conditions, the outer PEG layer could be
unshielded in hypoxic tumor areas with a low pH,
exposing the positively charged PLL layer to interact
with the negatively charged tumor cell membrane.
Based on this technology, quantum dots [92], NIR-II
probes [94], hyaluronan [95], anticancer drugs, and
siRNA [96] have been successfully delivered into
tumor tissues. Because the well-established platform
can include a variety of nanoscale carriers and
materials in the core, as well as co-loading two or
more antitumor drugs with a synergistic effect, it will
be promising for tumor theranostics, especially for
combination therapies.

Another important function of charge reversal is,
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enhancing endosomal escape for efficient delivery of
siRNA and protein drugs. Although RNA interference
is a promising therapy for cancer, several challenges
limit its application in the clinic [97, 98]. The major
bottleneck for siRNA delivery that needs to be
overcome is the endosomal escape, as the acidic pH as
well as several enzymes within lysosomes can
degrade the siRNA [99]. The charge-based strategies
are the most common and efficient way for endosomal
rupture and escape [100, 101]. The pH-sensitive
polymers with buffering capacity have been utilized

to achieve endosomal escape and intracellular
delivery, such as HHG2Ci-L [78, 79], poly
(carboxybetaine)-modified lipoplexes [87], and

DMA-modified PEG-PLL [102].

Size shrinkage

In addition to tumor accumulation, carrier-cell
interaction, drug release behavior, and drug
resistance, tumor penetration is critically important
and hinders the in vivo tumor inhibition effect of most
nanoparticles in solid tumors. Because of tumor
heterogeneity [103, 104], proliferated tumor stroma
cells, cross-linked extracellular matrix, aberrant tumor
vessels [105], and abnormally elevated IFP [106], the
distribution and penetration of traditional DDS in
tumor tissues are greatly impeded leading to physical
resistance. Two main strategies have been envisioned
to resolve this problem. The more frequently applied
approach is referred to as “tumor priming”, which
modulates the tumor microenvironment. Decreasing
cell density (tumor cells or stromal cells) by cytotoxic
drugs [107-109], degrading the ECM by collagenase
and hyaluronidase [110], improving the vascular
perfusion via hyperthermia therapy [111], and
reducing IFP through tyrosinase inhibitors [112] could
exhibit a significant improvement in tumor
penetration and inhibition of nanoparticles in solid
tumors. However, these tumor priming methods are
usually utilized with anotherdrug-loaded
nanoparticles to achieve a combination therapy,
which requires a great effort to balance and fine-tune
the dosage, sequence, and inter dose interval of the
two agents. More importantly, the individual
administration of the tumor-priming system and
tumor-therapy system contributes to poor compliance
and increased toxicity. Another method for
overcoming the physical barriers is optimizing the
particle sizes to achieve stimuli-triggered size
shrinkage. Previous studies have revealed that
although nanoparticles with larger sizes (100 nm)
achieved superior tumor accumulation because of the
favorable EPR effect, improved tumor penetration
and therapeutic efficacy were achieved using small
nanoparticles with a 30 nm size due to the small

interstitial space [113, 114]. To combine the
advantages of the perfect EPR effect of large
nanoparticles and superior tumor penetration of small
nanoparticles, several ideal Ms-DDS  with
size-changeable abilities that respond to endogenous
stimuli have been designed (Fig. 1D).

These systems are usually composed of a
mothership nanocarrier with a large size
(approximately 100 nm) and 10 nm-sized babyship
nanocarriers encapsulated or conjugated on the
surface. The mothership NPs are stable during
systemic delivery and concentrate in tumor tissues via
the EPR effect. Subsequently, the babyship NPs are
released due to the acidic pH or overexpressed
enzymes of the tumor, delivering drugs into the deep
regions of the tumor. Fukumura and coworkers
employed quantum dots (QDs) as a model for the
babyship system and loaded them in an
MMP-2-degradable 100-nm gelatin nanoparticle. This
mothership delivery model penetrated up to 300 pm
into HT-1080 tumors at 6 h post-injection [115].
However, drug-loaded nanoparticles with small size
should be further explored to replace the QDs and the
tumor inhibition efficacy also needs to be evaluated.
Gao’s laboratory synthesized DOX-coupled AuNPs
with PEG layer modification which were also packed
into MMPs-responsive gelatin NPs to achieve
size-shrinkage [116]. Although these AuNPs exhibited
the best distribution and growth suppression in 4T1
and B16F10 tumors, this platform may not be suitable
for some solid tumors with heavy desmoplastic
compositions. This is because the size of final AuNPs
(59.3 nm) is still too large for deep tumor penetration
and the PEGylation may hinder the cellular
internalization due to the “PEG dilemma”. To
circumvent these shortcomings, a novel size
changeable polymeric clustered nanoparticles system
(iCluster) has been fabricated by Wang and colleagues
[117]. The iCluster was constructed with 100-nm
PEG-PCL micelles and 5-nm dendrimers conjugated
to the hydrophobic core via a pH-sensitive CDM
group. In the acidic tumor microenvironment,
platinum-linked dendrimers detached from the
mothership, permeated into the deep tumor tissue,
and easily entered tumor cells by charge interactions
[118]. Hence, the novel iCluster/Pt achieved 95%
tumor inhibition and 74.2% prolonged survival time
and will be meaningful for developing novel Ms-DDS.

Triggered drug release

Drug release is one of the most concerning issues
for most passively- and actively-targeted nano-sized
DDS and plays a critical role in tumor therapy as the
tumor inhibition effect of most chemotherapeutics is
dose-dependent. Although many nanoparticles and

http://lwww.thno.org



Theranostics 2017, Vol. 7, Issue 3

546

biomaterials have been developed to achieve perfect
tumor-targeted delivery, drug release is still a
common problem that needs to be solved. Liposomes
and self-assembled nanoparticles are two promising
nanocarriers because of their perfect biocompatibility,
long circulation, and tumor targeting efficacy.
Nevertheless, both of these representative platforms
have their problems with drug release. As for
liposomes, although they exhibit excellent stability
and rarely release the loaded drug in wvitro and in
blood circulation leading to satisfactory tumor
accumulation [119], the loaded drug is still trapped
within the liposomes and cannot reach the target sites
in the tumor tissues and tumor cells. For example, in
vitro cellular uptake of the widely used liposomal
DOX nanoparticles reveals that unlike free DOX,
liposomal DOX is mainly located in the cytoplasm
[119, 120] instead of the nucleus, which is the
therapeutic target of DOX. Therefore, the clinical
therapeutic effect of Doxil®is compromised because of
the low drug bioavailability in the tumor
microenvironment [121]. As for self-assembled
nanoparticles, the main drawback is drug leakage in
the blood circulation, which is diametrically opposite
to the liposome systems, leading to premature drug
release [122]. Although augmenting the drug-carrier
compatibility by improving drug’s hydrophobicity or
drug-carrier miscibility achieved improved in vivo
stability and tumor-targeted delivery, the tumor
inhibition effect was still unsatisfactory [123]. Hence,
novel platforms, including triggered drug release
systems based on the tumor microenvironment have
been developed to liberate the loading cargo at the
right time and in the right place. The
microenvironment stimuli-triggered drug release can
mainly be divided into three types based on the
mechanism: nanoparticle disassembly systems,
sensitive-bond cleavage systems, and cap systems.

Nanoparticle disassembly and destabilization

For amphiphilic polymer-based self-assembled
nanoparticles, it is easy to achieve tumor
microenvironment-triggered  drug release by
disassembling the nanoparticles. As the stability of
assembled  nanoparticles depends on  the
hydrophilic-hydrophobic structure, changes in either
segment will lead to nanoparticle disassembly and
loaded-cargo release, as shown in Fig. 1E (i). The
protonation-induced hydrophobic-hydrophilic switch
is the main mechanism of pH-triggered nanoparticles
disassembly. Several polymers with acid-sensitive
groups, such as poly His [124, 125] and poly
(2-(diisopropylamino) ethylmethacrylate) (PDPA)
[126, 127], have been used to deliver
chemotherapeutics and siRNA into tumors, achieving

cellular controlled release and from
endosomes or lysosomes.

Hydrophobic 2-nitroimidazoles (NIs) can also be
converted to hydrophilic 2-aminoimidazoles by
tumor hypoxia. Thambi and co-authors modified the
hydrophilic carboxymethyl dextran (CM-Dex)
backbone with NIs to induce the self-assembly of NPs
and encapsulate DOX. While penetrating into the
hypoxia region of the tumor, NPs became destabilized
due to the bioreduction of Nls, releasing DOX and
achieving superior tumor inhibition [25]. However, it
is difficult for NPs with particle size as large as 200
nm to penetrate into the deep regions of the tumor
with  poor  oxygen  concentration.  Hence,
hypoxia-triggered drug release systems may not be
effective in most solid tumors.

In addition to the  stimuli-triggered
hydrophobic-hydrophilic switch, direct removal of
either segment of the amphiphilic polymers can also
lead to NP disassembly. For example, methoxy PEG
and vitamin E were linked by disulfide bonds to
construct a novel amphiphilic copolymer, which
could further self-assemble into micelles loaded with
atorvastatin. Upon entering tumor cells, the PEG
segments can be cleaved by high glutathione
concentration leading to Ms-DDS disassembly and
fast drug release [128]. This same idea was also
applied in PEG-SS-PCL micelles [34]. Also,
PEG-phenyl acetamide hybrids with an enzymatic
detachment of hydrophobic phenyl acetamide were
designed by Amir et al. to achieve enzyme-triggered
disassembly and cargo release [129].

Like nanoparticles disassembly, nanoparticles
destabilization can also lead to fast drug release. This
strategy is mainly combined with some
stimuli-sensitive lipid vesicles or cross-linking
structures as well as gas generation systems. GSH-
and pH-sensitive biomaterials with a cystamine
structure can cross-link to form a shell over the
surface of the drug-loaded micelle core preventing
drug release in the normal environment. After the
cross-linked shell was degraded in the acidic and
reductive tumor environment, the cumulative release
of DOX was nearly seven-times higher [130].
Strategies have also been developed to improve drug
release  from  liposomes in  the  tumor
microenvironment and tumor cells. Wang’s group
inserted the pH-responsive malachite green carbinol
base (MG) into liposomes and regulated the drug
release through polarity transformation of the MG
molecule and disordering of lipid bilayers [131].
Based on the acidic decomposition of bicarbonate
ions, a novel pH-triggered CO, gas generating
liposome has been prepared using an NH4HCO;
gradient method to induce fast drug release [132].

escape
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This gas generation method was further introduced in
hollow PLGA nanoparticles to quickly liberate DOX
overcoming the multi-drug resistance (MDR) [133].
However, the triggered drug release efficacy of
disassembled nanoparticles is superior when
compared with stimuli-responsive destabilization. For
example, a pH-sensitive disassembly micelle led to a
higher than 80% cargo release in 4 h and could
entirely liberate the encapsulated drugs, while most
destabilization-based nanoparticles needed more than
12 h for drug release and a portion of drugs remained
captive after 48 h.

Sensitive bond cleavage

Besides physical encapsulation, drugs can be
conjugated to the surface or core of nanoparticles
using stimuli-sensitive chemical bonds to achieve
triggered release as shown in Fig. 1E (ii). Hydrazone
bond, the most widely used acid-sensitive linkers, has
been successfully applied to conjugate antitumor
drugs with polymers since it was utilized to label PTX
with PEG by Rodrigues [134]. Among various
chemotherapeutics, anthracyclines such as DOX, are
the most popular model drugs for hydrazone
conjugation, as previously reviewed by Wu et al [135].
Gao et al used this method to modify DOX on the
surface of Au nanoparticles to achieve intracellular
drug release in acidic organelles promoting DOX
accumulation in the nucleus [136]. However, because
of the low acid sensitivity of hydrazone, DOX was
only released below pH 5.0 taking more than two
days for complete release. Therefore, the therapeutic
window was not reached in time for tumor therapy.
MMP-2 sensitive peptides, redox-responsive disulfide
connected drug-conjugated nanoparticles [137-139],
and a series of stimuli-sensitive prodrug systems
[140-142] have been developed for tumor
microenvironment-responsive cleavage and drug
release. However, the same problems discussed above
have also impaired the in vivo antitumor effects of
these diverse nanoparticles. Shen and colleagues
designed an injectable nanoparticle generator (iNPG)
that partly solves the problems [143]. This iNPG is a
2.5 pm diameter nanoporous silicon particle that
exhibits a natural tropism and accumulates in liver
and lung. PLL-conjugated DOX with a hydrazone
linker (pDOX) was prepared and loaded into
nanopores of iNPG  (iNPG-pDOX). When
accumulated in liver and lung metastases, pDOX was
liberated to assemble into nanoparticles for better
cellular uptake and DOX was further released
through the acidic tumor microenvironment-
triggered cleavage. Because of the perfect liver and
lung metastases capture, the released DOX
concentration in tumor cells is capable of reaching the

therapeutic window quickly, although the cleavage of
hydrazone is still a slow process.

Hypoxia-responsive drug release in the tumor
by cleavage of the linker has become a hotspot in
recent years. The main linkers in the design of
drug-polymer conjugate in response to hypoxia
include indolequinone, benzoquinone, nitroaromatics
and N-oxide [144]. It is of note that the efficiency of
hypoxia-responsive drug release not only depends on
the selection of the linker and structure of the
conjugate but also on the cancer types as well as the
grade and stage of the tumor. Hence, this strategy for
drug release may only be applicable to specific
circumstances.

Cap systems

Cap systems, also named the gatekeeper
systems, can be used to achieve tumor
microenvironment-triggered drug burst release (Fig.
1E iii)) and is most commonly applied in mesoporous
silica nanoparticles (MSNs). Since their discovery in
the 1990s, MSNs have exhibited promising
applications in drug delivery and possess multiple
advantages, including perfect biocompatibility,
biodegradation and a highly porous interior structure
with a distinctive drug loading capacity [145]. Several
previous reviews have summarized the applications
of MSNs in drug delivery and biomedicine [146-149].
Here, we will give a short introduction of the recent
developments of tumor
microenvironment-responsive MSNs with
gatekeepers. Although capable of loading drugs at a
level as high as 60%, MSNs without caps leak the
loaded drugs in one hour which is an undesirable
feature for the in wvivo drug delivery. After
modification with gatekeepers, the drug release from
MSNs was significantly suppressed until stimuli were
added or wuntil their entry into the tumor
microenvironment [150, 151]. Several molecules and
nanoparticles can be used to cap the pores of MSNs
including Fe3O4 [152], avidin [150, 153], peptide [154,
155], human serum albumin [151], B-cyclodextrin
(B-CD) [156] and gelatin [157]. The removal of most of
these caps is triggered by cancer-associated proteases
(mainly the MMP family), because proteins and
peptides  have the advantage of  better
biocompatibility and lower toxicity and are easier to
modify when compared with other caps triggered by
acidic and redox conditions.

Signal Turn-OFF/ON system for tumor
diagnosis

The main limitations for tumor imaging and
diagnosis are low precision and signal-to-noise ratio
(SNR). Most current imaging probes are always-on
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systems exhibiting the same signal in tumor and
normal tissues. Although macromolecular
conjugation and nanosized DDS can significantly
promote tumor accumulation, a considerable amount
of probes remains in nontarget tissues with slow
clearance. This leads to a high background signal,
which intensifies the difficulty for tumor
visualization, especially for metastatic tumors with
small volume. To address these problems, tumor
microenvironment stimuli-based signal “Turn
OFF/ON”" nanoplatforms have been developed (Fig.
1F) [158-160]. A summary of the main signal turn off
mechanisms as well as the related activatable

nanocarrier systems is presented in Table 3. As
shown, Foster resonance energy transfer (FRET,
including homoFRET and heteroFRET) and the acidic
pH environment of the tumor are the most widely
used mechanisms to construct stimuli-triggered signal
Turn OFF/ON nanocarriers. Photoinduced electron
transfer (PeT) and H-type dimers are alternate
photochemical mechanisms that are applied to induce
probe fluorescence quenching and has been reviewed
previously [161]. Hence, we will give several
examples of signal Turn OFF/ON Ms-DDS based on
the above mechanisms.

Table 3. Quench mechanism and platforms for tumor microenvironment-based Signal Turn Off/On.

Quench Mechanism Trigger Systems Advantages

Intramolecular spirocyclic y-glutamyl y-glutamyl hydroxymethyl rhodamine green [206] Activated within 10 min and detect
caging transpeptidase tumors smaller than 1 mm diaeter.
Intramolecular spirocyclic B-galactosidase hydroxymethyl rhodol derivatives bearing -galactoside Fluorescence activation > 1400-fold and
caging [207] sensitively detect intracellular

Intramolecular photoinduced
electron transfer (PeT)

B-galactosidase

H-dimer induced homoFRET
conformation change
Conjugation induced Tumor-associated proteases

homoFRET

heteroFRET with
fluorescence quencher via
direct conjugation
heteroFRET with
fluorescence quencher via
direct conjugation

Matrix metalloproteinases

Matrix metalloproteinases

Restriction of intramolecular
rotation (RIR) and prohibition
of energy dissipation through
nonradiative channels

Cathepsin B

Acidic extracellular tumor
microenvironment

Energy/charge transfer and
efficient exciton migration
H-type homoaggregates via

hybrid [213]
Acidic pH-triggered fluorophore

face-to-face stacking cleavage
assembly induced homoFRET  Acidic pH-triggered fluorophore
cleavage

Acidic pH-triggered
assembly induced homoFRET

disassembly
assembly induced homoFRET  pH-triggered hydrophobicity
change and particle disassembly

assembly induced heteroFRET
with fluorescence quencher
assembly induced heteroFRET
with fluorescence quencher
Intramolecular photoinduced
electron transfer (PeT)

pH-triggered hydrophobicity
change and particle disassembly
pH-triggered hydrophobicity
change and particle disassembly
Acidic environment in lysosomes

HomoFRET by absorption High GSH level intracellular

2-Me-40Me TokyoGreen O-f-galactoside [163, 164]

Antibody-receptor interaction and photosensitizer-antibody conjugate [208]

Fluorescence probe or photosensitizer conjugated
PEG-PLL nanoparticles [168, 209]

CuS-peptide-BHQ3 [210]

Photosensitizer-peptide-BHQ3 [170]

Dual-targeted aggregation-induced emission
fluorogens-peptide-target [211, 212]

PEGylated dendrimer with hydrazone bonds [214]

Dextran with acid sensitive bond [159]

Tonizable block copolymers of poly(ethylene oxide) and
hydrophobicity change and particle tertiary amine containing poly-methacrylate [172-175]

poly(B-benzyl-L-aspartate) based polymers [167]

MPEG-PAEs with tertiary amine moiety [158]
Self-assembled oligopeptide nanoparticles [215]

Selenium-rubyrin-loaded nanoparticles functionalized
with folate [166]

Redox-sensitive MnO: nanosheets [169]

B-galactosidase activity

Up to 440-fold fluorescence activation and
visualization of intraperitoneal tumors as
small as 200 pm

Tumor cell-targeted
photoimmunotherapy and fast cell death
12-fold increase in near- infrared
fluorescence signal in vivo, able to detect
tumors with submillimeter-sized
diameters; 6-fold On/Off of SOG with
increased tumor inhibition
Tumor-activatable photoacoustic imaging
with improved detection depth

12-fold fluorescence increase and 18-fold
10, production after 3 h cleavage

35-fold higher fluorescence as well as
significant SOG in 1 h

Cationic conjugated polyelectrolyte and gold nanoparticle 8.2-fold enhancement of fluorescence in

acid within 1 h
6-fold fluorescence increase after 24 h

Low background fluorescence in normal
tissues with high tumor/normal tissue
ratio

Ultra pH-sensitivity of 0.25 pH unit,
tunable pH transition (from 7.1 to 4.4), fast
temporal response (<5 ms) and higher
than 100-fold fluorescence On/Off

0.6 pH sensitivity with multifunctions
(MRI and PDT) to overcome tumor
heterogeneity and multidrug resistance
Acid-induced fluorescence turn on with
several pHt

More than 10-fold enhancement of
fluorescence in acid within 10 min
Tumor cell-targeting; 10-times SOG
On/Off with complete tumor growth
inhibition

High intracellular delivery efficiency and
enhanced photodynamic therapy efficacy
by reducing glutathione levels in tumor
cells
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Kobayashi and colleagues synthesized a novel
acidic pH-responsive boron-dipyrromethene
fluorescence probe (BODIPY), which was modified
with N,N-dialkylated anilines at the C8 position that
could form PeT with BODIPY fluorophore leading to
fluorescence quenching in the neutral pH of normal
tissues. After protonation of the aniline group, the
disappearance of PeT led to 300-fold fluorescence
emission enhancement in the acidic tumor
microenvironment or organelles [162]. Substitution of
the N-alkyl group of anilines with alkyl groups of
different pK, further changed the pH of fluorescence
turn on (pH.). Antibodies were then conjugated with
the pH.-tunable fluorophore to achieve actively
targeted imaging of the tumor microenvironment or
acidic intracellular organelles. This pH-activatable,
antibody-conjugated probe achieved 22-fold higher in
vivo tumor imaging and visualization of metastatic
tumors of 1 mm in diameter. However, it required
nearly a 100-fold change of [H*] to completely turn on
the signal, which may not be sensitive enough for
detection in vivo. Kobayashi et al also designed a
[-galactosidase-activated fluorescence probe based on
PeT and achieved greater than 400-fold signal turn on
[163, 164]. A pH-sensitive trifunctional

photosensitizer based on the BODIPY structure was
further developed and encapsulated in PEG-PLA
nanomicelles. It achieved satisfactory tumor-triggered
near-infrared imaging with a 10-fold tumor to normal
tissue (T/N ratio) signal as well as improved
photodynamic therapy [165]. However, due to the
instability of physically encapsulated drugs in
PEG-PLA micelles [123], most probes may be released
during circulation resulting in high background
signal and low bioavailability. These problems also
need to be addressed in the PeT-based and
pH-activatable rubyrin-loaded PEG-DSPE/PLGA
nanoparticles [166].

pH-triggered nanocarrier disassembly [167],
hydrazone bonds cleavage [159], enzyme-responsive
peptide backbone breakage [168], and GSH-sensitive
nanosheets disintegration [169] have been combined
with the FRET effect to develop tumor
microenvironment-responsive  signal ~ turn  on
nanoparticles systems to deliver photosensitizers.
Because of the low quantum yield and weak
fluorescence intensity, the homoFRET based “Turn
OFF/ON” system of most photosensitizers exhibited
low fluorescence and singlet oxygen generation
(<10-fold) [167, 168]. Hence, fluorescence quenchers
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that can exhibit heteroFRET when close to
fluorescence probes were introduced in triggered
“Turn OFF/ON” systems, such as BHQ [158, 170]. Fan
and colleagues utilized GSH-sensitive MnO»
nanosheet as a carrier and fluorescence quencher to
deliver chlorin e6 (Ce6). On one hand, MnO; could
strongly absorb the emission fluorescence of Ce6,
resulting in 60-fold quenching efficacy. On the other
hand, when MnO; nanosheets were disintegrated by
intracellular GSH, the fluorescence and SOG ability of
Ce6 recovered, leading to superior tumor inhibition
and reduced side effects [169]. Although the On/OFF
ratio of SOG was low (only 4-fold), which may be due
to the photosensitivity of the SOSG probe [171], this
nanoplatform maximized the functions of MnO»
nanosheets (high drug loading and quenching
efficacy, and GSH-responsive degradation) and will
be meaningful in biomedical applications.

As mentioned in section 3.5.1,
protonation-induced micelle disassembly is also
widely used to construct diagnostic signal-activatable
Ms-DDS  responding to the acidic tumor
microenvironment. When encapsulated or aggregated
in micelles, the fluorescence signal of a probe is
greatly quenched because of FRET effect and is only
turned on after pH-induced disassembly. Lee’s group
synthesized a series of poly (ethylene glycol) methyl
ether-poly (B-amino esters) (MPEG-PAEs) with
several pH transitions according to the tertiary moiety
and the alkyl chain lengths [158]. Fluorescent dye and
quencher were co-encapsulated and achieved
fluorescence turn on within 0.5 pH unit. However,
due to fast release, the quenched state of the
encapsulated probe could be maintained no longer
than 4 h greatly limiting the in vivo application of this
pH-sensitive  nanoparticles  system.  Another
pH-sensitive, self-assembled nanocarrier for tumor
theranostics was developed by Ling and coworkers
[167]. They introduced the protonatable imidazole
groups into copolymers and Ce6 was covalently
conjugated achieving a 4-fold fluorescence turn on in
1 pH unit. Also, catechol groups were further
modified to anchor iron oxide nanoparticles and
exhibited pH-triggered T1 contrast turn on for the first
time which will be promising for tumor
acid-responsive MR imaging. Furthermore, Gao’s
group pushed the pH-sensitive Turn OFF/ON
nanoparticles to a new height by using a copolymer
with ionizable tertiary amine groups modified on
hydrophobic blocks [172]. Based on the protonation of
tertiary amine groups and FRET effect of conjugated
fluorescence probes, the pH-activatable micellar
nanoparticles achieved an ultra pH sensitivity of 0.25
pH unit with more than one hundred-fold
fluorescence increase in 5 ms. Additionally, different

alkane substitutions and copolymerization of two
methacrylate monomers with different
hydrophobicities could accurately control the pH
transition of fluorescence leading to a broad pH
tunability and making it possible to specifically
recognize the tumor extracellular environment or
different intracellular organelles with multicolored
imaging [173, 174]. Finally, Gao et al combined the
extracellular ~ tumor  microenvironment-sensitive
nanoprobe (UPSe) with the intracellular sensitive
nanoprobe (UPS;) to diagnose a broad range of
tumors. This combination achieved higher than
300-fold signal amplification in tumor tissues with a
14-fold T/N tissue ratio and effectively detected small
metastatic nodules smaller than 1 mm. To the best of
our knowledge, these represent the most sensitive of
all reported pH-sensitive fluorescence imaging
nanoparticles [175]. This endeavor with the UPS
nanosystem was highly praised in several journals
and will be widely applied in drug delivery for tumor
therapy.

Multi-stimuli responsive drug delivery
systems for improved cancer therapy

Although most of the single-stimulus-triggered
Ms-DDS mentioned above succeeded in overcoming
one of the biological barriers, none of them could be
“ever-victorious” for tumors with multi-barriers
because of the complexity of the tumor
microenvironment. For example, charge reversal and
targeting ligand re-emergence systems may not be
effective for solid tumors with dense stroma due to
the poor penetration of nanoparticles larger than 50
nm. Additionally, although the size shrinkage
platforms are capable of improving the tumor
penetration, they have no advantage in the tumor cell
internalization because of inefficient cellular uptake of
a small size of babyship NPs [176]. In another case,
one stimulus could not completely trigger a
responsive behavior of drug delivery system. For
instance, Mahmoud et al designed poly thioether
ketal-based logic gate nanoparticles responsive to
both the oxidative stress and reduced pH in tandem
for the timed and accelerated release of encapsulated
protein [37]. The results showed that only response to
both stimuli could lead to degradation of polymeric
nanoparticles and higher release of encapsulated
protein within 24 hours.

An ideal Ms-DDS that is efficient for a majority
of cancers should combine multi-stimuli-triggered
strategies to further improve the drug delivery. As
listed in Table 4, several activatable nanoplatforms
with more than two responsive modes triggered by
two or more biological stimuli have been developed
in recent years. Because of the coexistence of several
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triggers in the tumor microenvironment, multiple
combination schemes can be used in the design of
multi-stimuli responsive drug delivery systems.

Different  types of responses to  tumor
microenvironment may occur one-by-one or
simultaneously, depending on the design of

multi-stimuli responsive drug delivery systems.

In the iCluster nanoparticles prepared by
Wang's group, extracellular pH-unstable,
CDM-triggered size shrinkage was combined with
intracellular redox-sensitive drug release to overcome
multiple barriers (Fig. 2). Therefore, after being
discharged by the acidic tumor microenvironment,
the tiny dendrimers were further reduced by
intracellular GSH to liberate cisplatin (drug release),
resulting in a fast cell-killing effect [117]. Furthermore,
the protonation of tertiary amino groups in
dendrimers could lead to a positively charged surface,
which may further promote cellular uptake during
size shrinkage. The stepwise size reduction and drug
release combined strategy has also been applied in
another nanovehicle system designed by Huang et al
[177].  Two  individual = N-(2-hydroxypropyl)
methacrylamide (HPMA) with opposite charges were
developed to self-assemble the activatable
nanovehicle through charge interactions. The anionic
copolymers underwent charge reversal in the acidic
extracellular microenvironment by breakage of DMA
leading to nanovehicle disassembly and size
reduction. The released linear conjugates with
positive charge further penetrated into the tumor and
were endocytosed by tumor cells. Finally, a second
size shrinkage and nuclear-homing CPP-modified
DOX detachment occurred in acidic intracellular
organelles via hydrazone cleavage resulting in perfect
nuclear targeting of chemotherapeutics (Fig. 3).
Nevertheless, the multitude proteins and ionic

Table 4. Multi-stimulus drug delivery systems

compounds in the blood may influence the stability of
charge-assembled nanoparticles resulting in a short
circulation half-life and low bioavailability in vivo.

Different from the extra- and intracellular
sequential multistage nanoplatforms described above,
a novel sequential intra- and intercellular
nanoparticles system with seven steps was developed
by Zhang and colleagues [178]. As illustrated in Fig. 4,
instead of size shrinkage, they designed a
swelling-shrinking reversible mechanism to achieve
intercellular delivery and tumor penetration. This
strategy was realized by incorporating a cross-linked
polyelectrolyte (N-lysinal-N’-succinyl chitosan and
poly (N-isopropylacrylamide)) as the core with
bovine serum albumin as an outer shell. In the neutral
bloodstream environment, the slightly negatively
charged surface and compact core successfully
maintained its stability. After entering tumor cells, the
amino groups of chitosan quickly protonated in
endo-lysosomes and electrostatic repulsion was
produced in the resulting positively charged core
leading to simultaneous particle swelling, endosomal
escape, and encapsulated drug release. Interestingly,
the escaped nanoparticles could again shrink back to
the initial state with small size in the neutral
cytoplasm and could be further liberated from the
dead cells infecting neighboring tumor cells similar to
a virus. Therefore, these sequential intra-intercellular
nanoparticles could kill tumor cells layer-by-layer and
penetrate deep into the whole tumor tissue afterward.
Zhang and colleagues also constructed another
extracellular acidic = microenvironment-triggered
charge reversal system to achieve mitochondria
targeting via three stages, including charge
conversion, proton sponge effect, and mitochondrial
binding [77].

Stimulus 1 Stimulus 2 Aim 1 Aim 2 Sequence Ref.
pH-responsive targeting peptide ~ Lysosomal Positive charge for cellular Endosomal escape for nuclear targeting One-by-one [198]
(R8NLS) enzyme-responsive uptake

sub-units

pH-responsive

zwitterionic oligopeptide
lipids(pHe)

pH-sensitive MPEG-PLA-PAE
MMP2-sensitive

pH-responsive
zwitterionic oligopeptide
lipids(pHi)

uptake

pH-triggered
penetration

ROS-triggered

pH-triggered

pH-triggered
MMP2-sensitive

pH-response hydrazine
linkage

pH-sensitive anionic HPMA
copolymer

cellular uptake
MMP-2 responsive peptide
pH-sensitive methylmaleic
anhydride

GSH-responsive
penetration
pH-reversal protonation of chitosan

Positive charge for cellular

Size shrinkage and Positive charge for tumor penetration and cellular uptake
Size shrinkage for tumor

Transformation and degradation of polymeric backbone for protein release
CPP re-emergence
Size shrinkage, Positive charge

GSH-responsive Au-S bond Enhanced drug release
Size shrinkage for tumor

Positive charge for swelling and  Intercellular delivery
endosomal escape

Endosomal escape for mitochondrial
targeting

One-by-one [78]

simultaneous  [187]
Dox release in lysosome One-by-one [116]
One-by-one [37]

simultaneous  [216]

Nucleus entrance Simultaneous  [177]

for tumor penetration and then
one-by-one
simultaneous  [217]
Enhanced drug release one-by-one [117]
one-by-one [178]
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Compared with single stimulus-triggered
Ms-DDS, the multiple stimuli combined nanoplatform
could integrate several activatable strategies into a
single nanoparticles system with multiple functions to
overcome several biological barriers during drug
delivery. Hence, multi-stimuli based Ms-DDS will be
feasible and effective in various types of cancers, as
they will be less hindered by individual tumor
differences. Thus, the advantages of different stimuli
can be efficiently combined to maximize drug
delivery and antitumor efficacy. However, some
limitations still hinder the development of
multi-stimuli-responsive  Ms-DDS. To  precisely
control the spatio-temporal drug delivery, the main
obstacle is the complexity of nanoparticles design,
since a series of issues must be addressed; these
include the selection of nanocarriers, modification of
sequences of different sensitive groups by appropriate
methods, and adjusting the time interval of different
responses. Also, the timing and degree of the
responses are more difficult to control in a real
situation. Due to the heterogeneous expression and
distribution of the stimuli in the tumor
microenvironment, the multi-stimuli response may
not work one-by-one or simultaneously as expected
leading to the ineffectiveness of the systems.
Therefore, a rational design of multi-stimuli triggered
Ms-DDS would be much more difficult than a
single-stimulus sensitive system.

Conclusions and Prospects

Since the discovery of liposomes in the 1960s, a
variety of nanosized drug delivery systems, including
polymer micelles, polymer nanoparticles, dendrimers,
and polymer-drug conjugates, have been developed
and applied to deliver chemotherapeutics, siRNA,
antibodies, fluorescence probes, and contrast agents
into tumors for cancer theranostics. A number of
nanocarrier-based systems have been approved by the
FDA for clinical use [179-182]. As estimated and
statistically analyzed by the American Cancer Society,
the cancer death rates during the last five years in the
USA decreased by 1.8% and 1.4% per year in men and
women, respectively [183], partly due to the
application of drug delivery systems. However, as the
second leading cause of death, cancer claimed
millions of lives in the USA in 2015. Currently, the
next generation of drug delivery systems with
stimuli-responsiveness for better tumor therapy and
diagnosis seems to enter the mainstream. In this
article, we reviewed different types of stimuli in
tumor microenvironment that can trigger changes in
the properties of nanosize drug delivery systems. We
have also outlined various strategies in developing
tumor microenvironment-responsive Ms-DDS to
enhance carrier-cell interactions (PEG detachment,
targeting ligand re-emergence, and charge reversal),
promote drug release and tumor penetration (size
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shrinkage), and amplify the signal in tumor imaging
(signal Turn OFF/ON). We have also discussed some
newly-emerging Ms-DDS with several combined
stimuli-activatable models in recent years.

When different stimuli-activatable strategies are
integrated into a single one delivery system, the
sequence of different effects needs to be considered
carefully. For instance, it is better for Ms-DDS to
release the drug after cellular internalization and
spatially next to the target sites such as nucleus or
mitochondria. In spite of the fact that the
extracellularly released drugs could diffuse deeply
into tumor tissues with fewer barriers, a majority of
drugs would be excreted by efflux proteins in most
solid tumors with multidrug resistance resulting in
low bioavailability and poor tumor suppression [184].
As shown in Fig. 5, there appear to be basic tenets for
four sequential stages in using Ms-DDS for cancer
theranostics: first, the designed Ms-DDS remain stable
during their transport in blood stream and long
circulation time; second, after accumulation in tumor
tissues via EPR effect, the 100 nm NPs shrink to small
ones with 10 nm size in diameter for better
penetration into deep tumor tissues with poor
vascularization; third, charge reversal or ligands
re-emergence promotes cellular uptake; and fourth,
after entering cells, cellular stimuli-triggered signal
turn-on can further amplify diagnosis efficacy while
endosomal escape and drug release achieve cellular
targeting (mitochondria or nucleus) maximizing
tumor suppression. Although this sequential tumor

r—- Stage II ---
Size shrinkage
I in tumor :

.

p— e
g I3 I & )
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r== Stage [ ---
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I during circulation :

Fig. 5. Four-stage drug delivery system applicable for various tumors.

ro——

microenvironment-based Ms-DDS has not been
developed yet, we believe that it would be a
prospective activatable nanocarrier system for most
tumors, especially for some resistant tumors with
poor permeability.

While progress has been made in the design and
evaluation of Ms-DDS, many difficult challenges
remain, especially in their industrial production and
clinical translation. About 77 products in clinical trials
and 51 FDA-approved nanomedicines have been
reported [182], none of which is Ms-DDS based on the
tumor microenvironment. So far, only exogenous
temperature- and magnetic-responsive DDS have
reached the clinical stage [18]. There are two main
reasons for the failure of Ms-DDS to reach the clinic:
first one is the lower-than-expected in vivo outcome
and the second is the sophisticated designs of the
Ms-DDS which complicate the manufacturing
process, reproducibility, and quality control. The
molecular and cellular heterogeneity of tumor cells,
the tumor stage, and individual variations will greatly
determine the therapeutic efficacy in vivo [185].
Likewise, the low pH or the high concentration of
reducing agents or the up-regulated enzymes in
normal cells or non-tumoral tissues will, at times, lead
to off-target effects [186]. So, the stimuli-sensitivity of
the Ms-DDS should be well balanced. Thus, further
optimization of the design of Ms-DDS and ideal
choice of the indication are required for achieving the
rapid clinical translation of Ms-DDS.
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poly(L-histidine); pLLA: poly(L-lactic acid); RES:
reticuloendothelial system; CSC: cancer stem cell;
DMA: 2,3-dimethylmaleic anhydride; GC: glycol

chitosan; Ad: oncolytic adenovirus; LBL:
Layer-by-Layer; PLL: poly-L-lysine; NIR:
near-infrared; PDPA:  poly(2-(diisopropylamino)
ethylmethacrylate); NIs: nitroimidazoles; MDR:

multi-drug resistance; iNPG: injectable nanoparticle
generator; MSNs: mesoporous silica nanoparticles;
B-CD: B-Cyclodextrin; ECM: extracellular matrix;
QDs: quantum dots; iCluster: clustered nanoparticle
system; SNR: signal to noise ratio; FRET: Foster
resonance energy transfer; PeT: photoinduced
electron transfer; BODIPY: boron-dipyrromethene;
pHa: the pH of fluorescence turn on; T/N ratio: tumor
to normal tissue; BHQ: black hole quencher; Ceb6:

chlorin eo; HPMA: N-(2-hydroxypropyl)
methacrylamide.
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