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Conventional tumor-targeted drug delivery systems (DDSs) face challenges, such as
unsatisfied systemic circulation, low targeting efficiency, poor tumoral penetration,
and uncontrolled drug release. Recently, tumor cellular molecules-triggered DDSs have
aroused great interests in addressing such dilemmas. With the introduction of several
additional functionalities, the properties of these smart DDSs including size, surface charge
and ligand exposure can response to different tumor microenvironments for a more
efficient tumor targeting, and eventually achieve desired drug release for an optimized
therapeutic efficiency. This review highlights the recent research progresses on smart
tumor environment responsive drug delivery systems for targeted drug delivery. Dynamic
targeting strategies and functional moieties sensitive to a variety of tumor cellular stimuli,
including pH, glutathione, adenosine-triphosphate, reactive oxygen species, enzyme and
inflammatory factors are summarized. Special emphasis of this review is placed on their
responsive mechanisms, drug loading models, drawbacks and merits. Several typical
multi-stimuli responsive DDSs are listed. And the main challenges and potential future
development are discussed.
© 2019 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Tumor microenvironment responsive drug delivery systems
are “smart” formulations exhibiting an on-demand drug

release profile upon response to stimulations from tumor
cellular environments, which have aroused great interests
in the nano-medical field. Through shrinking or expanding
in size, changing of the surface charge, or regulation of
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Fig. 1 - Tumor microenvironment-activatable targeting and self-controlled drug release (Reproduced with permission from

[9]. Copyright 2016 The Authors).

other physiochemical properties, tumor stimuli-responsive
drug delivery could be achieved [1]. Traditional targeting
strategies including passive and active targeting face many
challenges. For passive target, the enhanced permeability
and retention effects (EPR) are involved, however, EPR
effects require the diameter of the nanocarriers larger
than 100nm, but tumor penetration favors the size around
30nm, which means that nanocarriers with desired EPR
effects cannot exhibit favorable tumor penetration. For
active targeting, target ligands are utilized to recognize
cellular overexpressed receptors [2], however, the ligands
have non-specific interaction with plasma protein or normal
cells during blood circulation. Compared with conventional
nanocarriers, stimuli-responsive drug delivery systems
employ the conjugation of stimuli responsive moieties
onto the nanocarriers for property alterations, such as
size shrinkage, surface charge switch and ligand hidden
or exposure, thus to ensure that the nanocarriers have
the needed properties for efficient tissue accumulation,
penetration, cellular endocytosis and drug release. These
smart DDSs exhibit excellent superiorities on enhanced
therapeutic effects and reduced side effects, thus holding
tremendous potential in the targeted delivery of therapeutic
agents.

The design rationale of these DDSs is based on the
using of physiochemical distinctions between cancer and
normal cells to introduce functional groups responding to
different stimuli onto nano-carriers, which endows them with
desired response to different tumor associated signals. Tumor
microenvironment-sensing moieties could be modified via
physical absorption [3] or chemical reaction [4]. Bond cleavage,
disassembly or cap removal are usually employed to promote
drug release at the desired site. Based on rational design,
combination of several functional moieties within a single
carrier to fabricate multi-stimuli responsive nanocarriers
could achieve specific targeting, on-demand drug release
(Fig. 1), and even more sophisticated drug delivery.

Multi-stimuli responsive nanocarriers exhibit smart
behaviors at biological environments [5]. It is commonly
accepted that intravenously administered nano-formulations
usually go through a cascade of five steps, which include blood
circulation (C), tumor accumulation (A), deep tumor tissue
penetration (P), cellular internalization (I) and intracellular
drugrelease (R): for short is CAPIR cascade (Fig. 2) [7]. Each step
requires specific nano-properties, which can be summarized
as the “3S” transition requirements [7]. The DDSs should
be “stable” enough to hold the drugs tightly on the way to
cancer cells, while drugs should be released rapidly upon
internalization [7]. The “surface” properties of DDSs should
be hydrophilic coated (e.g. PEGylated) and neutral charged
for prolonged circulation time, and the targeting ligands (e.g.
folic acid) should be shielded during the systemic circulation,
while at the tumor site, the ligands should be unshielded to
facilitate the binding between ligands with cell-membrane
receptors and fulfill the cellular internalization [7,8]. The “size”
should be around 100nm for effective accumulation, but be
smaller than 30 nm for deep tumor penetration [7]. Successive
modification of various stimuli sensitive functionalities onto
a single carrier can induce a more prominent or more refined
response of the carriers toward different tumor associated
stimuli. Thus, rational combination of several responsive
groups will make it possible to design a multi-functional
carrier, which can rapidly perceive and respond to one or
more tumor micro-environmental signals, exhibiting “real
time” transition of physiochemical properties and self-
controlled drug release at the specific location with a precise
concentration.

Some stimuli-sensitive functional moieties modified
drug delivery systems have been reported recently [9-11],
while systematic and detailed reviews on these DDSs are
rare. Specially, Chen et al. reviewed the polymer-based
platinum DDSs where the drug can be activated either
by intracellular GSH, ascorbic acid or ultraviolet light [10].
Huang et al. discussed the application of stimuli responsive
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Fig. 2 - Summary of the 3S transitions in the CAPIR cascade for a nano-formulation to achieve optimal drug-delivery
(Reproduced with permission from [6]. Copyright 2017 Wiley-VCH.).

Table 1 - Physiochemical distinctions between some common tumor and normal tissues.

Physiochemical = Normal tissues Tumor tissues Tumor models References
signals
pH 7.4 (human plasma) ~6.8 in tumor extracellular H9618a cells [204]
environment
4.3-5.2 in the endosomes and U937 cells [48]
lysosomes
GSH ~140 nmol/g tissue ~90nmol/g tissue (extracellular)  Breast solid tumors [205]
1-10 pM (intracellular) Hela cells [206]
ROS ~3pM (human plasma) 50-100 pM (extracellular) HelLa cells
[109,115,207]
ATP <5pM (human plasma) < 0.4mM (extracellular) Leukemia, lymphoma, neuroblastoma [129,208-
cells of mouse and hepatoma cells of rat  210]
1-10 mM (intracellular) Leukemia, lymphoma, neuroblastoma [129]
cells of mouse and hepatoma cells of rat
Enzyme Low expression Upregulation in the cellular Human breast cancer [159]
compartments
Inflammatory Low expression (normal Overexpression in tumor tissues  Colorectal carcinoma, lung carcinoma, [180]
mediators tissue) and bladder carcinoma, etc.

bio-based polymers in drug delivery [11]. They focused on
both endogenous and exogenous stimuli, such as pH, light,
ultrasound, mechanical forces, electric field and magnetic
field. Gu et al. described the design strategies of novel
nanoscale materials responsive to various intracellular
signals [9]. However, a comprehensive summary of the
targeting strategies and tumor responsive functional moieties,
as well as the multi-stimuli responsive DDSs are lacked.
Here, we systematically reviewed the progresses made in
tumor microenvironment responsive drug delivery systems.
Special emphasis is put on tumor targeting strategies and
stimuli-responsive functionalities. Three dynamic targeting
strategies are summarized, including size shrinkage, surface
charge conversion and ligand exposure. Functional moieties
responding to stimuli, such as pH, glutathione (GSH), reactive
oxygen species (ROS), adenosine-triphosphate (ATP), specific
enzymes and inflammatory mediators are listed in Table 1.
Their sensitive moieties, drug loading models, and responsive
mechanisms are mainly discussed. Several typical examples
of multi-stimuli responsive DDSs are listed, in which, the
tumor associated signals not only trigger the release of the

drugs, but also induce physicochemical property transitions of
DDSs for more efficient tumor targeting. The main challenges
of these smart DDSs and their potential future developments
are discussed.

2. Dynamic tumor targeting strategies

Dynamic tumor targeting strategies mean that the slippery
carriers are capable of changing their properties for eventually
precise drug release. Conventional targeting strategies usually
bear unsatisfied systemic circulation time, low-specific tumor
targeting and poor penetration into intra-tumoral region
partially because of their inferior flexibility and unsatisfied
nano-properties [12]. To achieve high efficiency of drug
delivery, specific features of nanoparticles are required
for adaption to diverse biological environments. In blood
circulation, physicochemical characteristics including size
and surface chemistry are tailored for long circulation. At
tumor tissues, in response to extracellular signals (e.g. acidic
pH, and overexpressed enzymes), rapid drug release can
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be achieved. The release mechanisms, such as protonation,
disassembly or bonds cleavage, endow DDSs with on-demand
changing of properties, such as smaller size, positive charge,
as well as the exposure of the protected ligands for favorable
cellular internalization [13].

2.1.  Size shrinkage targeting

Nanoscale size is the foundation of passive targeting. To
realize efficient drug release, DDSs should accumulate around
leaky blood vessels based on EPR effects, then diffuse
into deep tumor tissue for cellular uptake [13]. Researches
demonstrated that nanoparticles (NPs) with diameter around
100nm were able to achieve prolonged circulation time and
effectively accumulate in tumor tissues [14,15], whereas NPs
with diameter smaller than 30 nm exhibited enhanced tumor
penetration attributed to their reduced diffusional hindrance
[16,17]. This means that NPs with a larger diameter exert
excellent EPR effects but low uptake ratio. Size shrinkage
targeting is expected to solve such dilemma. For this
strategy, various NPs with smaller size are integrated into
larger nanoparticles via encapsulation or surface conjugation.
The initial size of the platform is around 100nm for
satisfactory circulation and accumulation. Subsequently,
tumor extracellular stimuli enables the shrinkage of the NPs
to form a smaller size for deep tumor penetration. Han
et al. employed poly (amidoamine) (PAMAM) dendrimers as
the core, onto which, hyaluronic acids (HA) were attached
via metalloproteinase-2 (MMP-2) cleavable peptides, forming
larger particles which can undergo a size reduction from 200
to 10nm in response to extracellular MMP-2 [18]. Wang et al.
designed raspberry-like NPs with size transition from 104 to
5nm at acidic tumor microenvironment [19]. The NPs were co-
assembled into a raspberry-like structure (iCluster/Pt) using
poly (ethylene glycol)-b-poly (¢-caprolactone) (PEG-b-PCL) and
PAMAM-graft-polycaprolactone, and platinum (Pt) prodrugs
were attached through acid responsive amide bonds (PCL-
CDM-PAMAMY/Pt). Furthermore, the PAMAM/Pt dendrimers
with a size of 5nm could be detached from the surface
of the NPs in response to acidic environment (pH 6.8).
Such a sharp size change could promote both enhanced
tumor accumulation and efficient tumor penetration (Fig. 3A).
Size shrinkage was also reported to combine with collagen
depletion strategy for deep intra-tumoral penetration [20].
In this case, size shrinkable gold nanoparticles loaded with
DOX (DOX-AuNPs) were embedded or adhered onto MMP-2
degradable gelatin NPs (DOX-AuNPs-GNPs) which can shrink
from 117.8nm to less than 50nm at MMP-2 overexpressed
tumor extracellular matrix (ECM). Combined pretreatment
with a collagen depletion agent (losartan) enabled the
digestion of the collagen network in tumor ECM and broke
down interstitial stromal barriers, thus the shrinkable DOX-
AuNPs-GNPs exhibited striking penetration and excellent
drug delivery profile in collagen expressing 4T1 breast
tumors.

2.2.  Surface charge switchable targeting
Surface charge plays a vital role in passive targeting. Carriers

with negative or neutral charge often possess prolonged
circulation time and relatively high accumulation in tumor

tissues, which attribute to avoidance of recognition and
subsequent elimination from opsonization and mononuclear
phagocytic systems (MPSs) [21]. In contrast, cationic NPs
are able to obtain an improved cellular internalization via
electrostatic interactions with anionic cancer cell membranes
[22], as well as promote endosomal escape based on “proton
sponge” effect to avoid drug degradation in lysosomes [23,24].
That’s the charge contradiction of NPs. Protein corona effect is
a result of this contradiction where electrostatic interactions
promote the covering of blood proteins on the surface of
nanocarriers, resulting in non-specific cellular internalization.
To address this issue, NPs with switchable surface charge have
been developed. Initially, the NPs bear negative or neutral
charge to hide from nonspecific adsorption from normal
cells or plasma proteins. After arriving at tumor parenchyma,
tumor extracellular signals, generally the acidic signal (pHe ~
6.8), triggered their surface charge conversion into a positive
one, thus to promote the interaction of the NPs with the
anionic membrane of cancer cells (Fig. 3B) [25]. The frequently
reported pHe liable moieties are 2-propionic-3-methylmaleic
anhydride (CDM) and 2, 3-dimethylmaleic amide (DMMA),
both of which are attached onto amino terminated polymers
forming acidic responsive amide linkers. Sun et al. reported
a pHe responsive micelleplex by attaching PEG-CDM onto
amino modified poly-DL-lactide (PDLLA) [26]. The obtained
copolymers showed acidic (pH 6.5) responsive detachment
of PEG layer and considerate increase of zeta potential,
thus contributing to efficient NPs cellular internalization and
chemotherapeutic delivery. Besides, they synthesized another
similar copolymer composed of a CDM-modified PEG corona,
an amide linker and siRNA conjugates with anionic cell
penetrating peptide (CPPs) [27]. Upon tumor accumulation,
the amide linkers of the copolymer were cleaved in response
to acidic signals (pHe = 6.5), leading to the detachment of
the PEG corona. This accompanied with the exposure of the
cationic CPPs to facilitate cellular internalization and efficient
nuclei-targeted delivery of siRNA. DMMA was also applied
to the development of the pHe liable materials. Feng et al.
developed DMMA coated carbon dots (CDs) for enhanced
cisplatin (Pt (IV)) delivery [28,29]. Anionic PEG-(PAH/DMMA)
polymers served as the shell for hiding the cationic Pt (IV)
loaded CDs from the blood serum. Mild acidic (pHe =6.8) at
tumor extracellular matrix (ECM) facilitated the hydrolysis
of the amide bonds between PEG-PAH and DMMA, and thus
endowed the resulted polymers with positive charge, which
led to the electrostatic repulsion between the CDs core and the
polymer shell. This is also accompanied with polar transition
of the polymer from hydrophilic to hydrophobic, resulting in
shell dissociation and further exposure of the positive charged
CDs-Pt (IV). In addition to PEG corona, He'’s group reported a
novel strategy to avoid nonspecific absorption from plasma
proteins [30-32]. In their works, the model drug was linked
with maleimide via tumor responsive moieties to form the
prodrug. And via the maleimide groups, the prodrugs were
pre-incubated with albumin before administration. Due to
the fact that the binding sites of the prodrugs for plasma
proteins have been saturated with albumin, thus nonspecific
interaction was largely decreased. When arriving at tumor
tissue, the sensitive linkers were degraded, resulting in the
detachment of the albumin and efficient release of the model
drugs.
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2.3.  Surface ligand activatable targeting

Tumor active targeting, another landmark discovery in
anticancer drug delivery, involves the use of specific ligands
attached onto the surface of nanoscale carriers. The strategy
is expected to realize selective recognition of appropriate
receptors or antigens overexpressed by cancer cells or
tumor vasculature, thus promoting the cellular uptake
of the loaded cargo via receptor-mediated endocytosis.
Numerous moieties targeting to tumor cells have been
exploited in DDSs design, such as proteins (transferrin)
[29], vitamins (FA) [33], peptides (arginine-glycine-aspartic
acid and AG73 peptide) [34], nucleic acids (aptamer) [35-
37], and some other molecules (hyaluronic acid) [38]. Some
moieties allowing specific mitochondria targeting are also
developed including triphenylphosphonium, dequalinium,
mitochondrial penetrating peptides and mitochondrial
protein import machinery [39]. However, many challenges
limit the practical application of conventional active targeting
strategies. For example, in addition to the pathologic tissues,
most receptors are also expressed with low levels in healthy
tissues. During systemic circulation, these ligands exhibit
strong binding affinity with their original unsaturated
receptors on normal tissues, especially the reticuloendothelial
system (RES), which causes undesired high NPs accumulation

in healthy tissues. Therefore, smart ligand targeting strategies
are designed to address such problems. Usually, targeting
ligands are shielded from nonspecific interaction with non-
cancerous cells during systemic circulation. Subsequently,
the targeting moieties will be emerged and become effective
after locating at tumor sites for enhanced tumor cellular
internalization.

Take cell penetrating peptides (CPPs) as an example.
CPPs are positively charged short peptides which are able
to facilitate cellular intake/uptake of various substances,
including small chemical molecules, bio-macromolecules,
and NPs. Their targeting ability generally comes from
the interactions between amino acid residues and specific
receptors [40]. Substitution of these functional moieties
with stimuli responsive bonds or groups will decrease
their targeting capacity and even make them inactive, for
example, amino acids with acidic responsiveness [41] or
peptides with enzyme responsiveness (Fig. 3C) [42,43]. In
a study by Liu et al., legumain protease upregulating in
diverse types of tumor tissues was applied as triggers to
activate the transmembrane transport capacity of CPPs (TAT,
trans-activating transcriptional activator) [43]. In their work,
alanine-alanine-asparagine (AAN) peptide, a substrate of
legumain protease, was attached to the fourth lysine of the
cell penetrating peptides with activity blocked by 72.65%. At
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tumor microenvironment, once the AAN linker was removed
by the overexpressed legumain protease, the hidden TAT
peptides were exposed and led to effective recovery of the
internalization capacity. Coating the ligand targeting NPs with
sheddable neutral or negative polymers can also block the
nonspecific interactions [44,45]. Wang et al. reported an acidity
triggered ligand modified NPs where acidic sheddable PEG-
PHMA chains served as the shell coating on the surface
of the iRGD-modified polymeric prodrug cores [45]. PHMA
is the abbreviation of poly (2-(hexamethyleneimino) ethyl
methacrylate). The PEG-PHMA shell with a pK, value of 6.9
underwent amphiphilic to hydrophilic transition because of
its protonation at tumor ECM (pHe ~ 6.8). Thus, the PEG-
PHMA shields were dissociated from the core, leading to fast
activation of the iRGD and enhanced cellular uptake of the
prodrug.

3. Stimuli triggered drug delivery
3.1.  pH-triggered drug delivery systems

Vigorous metabolism in tumor tissues promotes the glucose
consumption and lactic acid accumulation, and therefore
the pH conditions in tumor tissues are frequently 0.5-1.0
units lower compared with healthy tissues [46,47]. Researches
revealed that the pH values of tumor tissue range from 6.5 to
7.2, while for normal tissue the values are around 7.4 [48]. The
pH gradients are also found at some intracellular organelles,
such as the endosomes and lysosomes, in which the pH is
in the range of 4.5-5.5 [48]. Different tumor tissues exhibit
different pH values. In an early study, it’s confirmed that
the pHe value for adenocarcinoma and soft tissue sarcoma
was 6.94+0.08 compared with 7.20+0.07 in squamous cell
carcinomas and malignant melanomas lesions [49]. Thus,
adenocarcinoma and soft tissue sarcoma might be more
responsive to pH-triggered drug delivery systems. This can
also explain the reason why most reported DDSs with pH
responsiveness utilized adenocarcinoma cells such as MCF-
7 cells [50,51], HeLa cells [52,53], and BxPC-3 cells [54] as
models to investigate the curative effect. The existing pH
differences have received wide application in “size shrinkage”
for enhanced tumor penetration, “surface charge conversion”
for improved cellular internalization and “stability change”
for on-demand drug release at cellular or subcellular level.
For example, functional moieties undergo bond cleavage to
release smaller size NPs or capture of protons to form a
cationic surface at pHe. Based on the reported acidic sensitive
platforms, their responsive mechanisms mainly exist in three
forms: bond cleavage, protonation and gas generation.

3.1.1. pH responsive chemical bonds cleavage

Bond cleavage is a common mechanism for acid responsive
DDSs. In these systems, drugs can be attached to materials
through acid labile linkers or encapsulated into the acid
labile carriers. So far, various acid labile moieties have been
reported such as hydrazine [55], acetal [56], imines [57] and
coordination metal-organic frameworks (MOFs) [58]. These
linkers are expected to be stable at physiological pH (~7.4)
and undergo hydrolyzation at acidic environments (pH 4.5-
6.5). Thus, the drug release at specific acidic tumor site can be

achieved. Organic linkers were widely reported in numerous
reviews [59]. Here, we mainly focused on the metal-organic
complexes.

MOFs are metal-organic complexes where organic ligands
are bridged to metal ions via coordination bonds, presenting
one-, two-, or three-dimensional structures. Zeolitic imid-
azolate framework-8 (ZIF-8) is one of the most popular
MOF materials due to their acceptable biocompatibility.
Coordination bonds with acid triggered breakage are key
composites of these materials. Tsung’s group developed a
novel method for the preparation of the acidic responsive ZIF-
8 nanospheres where fluorescein was encapsulated within
the nanospheres during synthesis (Fig. 4A) [58]. The obtained
ZIF-8 nanospheres maintained their size and shape at pH
7.4. After 1h treatment with acidic buffer (pH 6.0), 50% of
the encapsulated fluorescein was released. In addition, the
encapsulation of other molecules such as camptothecin (CPT)
and iron oxide NPs were also investigated in this study,
indicating great versatility of the developed ZIF-8 scaffold.
In another study by Zou’s group, they reported a one-pot
synthesis method for therapeutic agent encapsulation in
MOFs [60]. They coordinated therapeutic molecules with
different functional groups like carboxyl group with Zn?*
ions to facilitate the initial self-assembly of MOFs. And then
another different organic linker was further introduced for
disassembly of the initial MOFs to form another more stable
coordination structure where the therapeutic agents were
encapsulated. More than 95% of the doxorubicin (DOX) was
released during 7-9 d at acidic environments (pH 5.0-6.0).

In 2016, Kim et al. developed an acid-sensitive mussel
adhesive protein (MAP)-based formulation for DOX delivery
(Fig. 4B) [61]. In this system, coordination between iron
(I1f) and 3, 4-dihydroxyphenylalanine (DOPA) were served
as pH responsive moieties, which triggered drug release
at pH 6.0. Sun et al. reported a yolk-like Fe30,@Gd,03
nanoplatform for acid responsive T;-T, dual-mode magnetic
resonance imaging (MRI) and cisplatin delivery [62]. Their
pH responsiveness was based on the coordination between
platinum and amino group on Fe;04@Gd,03 surface. For
prolonged circulation and active targeting, PEG and FA
were also modified. It was demonstrated that the platform
exhibited efficient drug release profile and T;-T, dual-mode
MRI at pH 4.5.

3.1.2. pH responsive protonated chemical groups
“Protonated” chemical groups, such as carboxylic acid
and amine group, can be introduced to materials for pH
responsive drug delivery. These groups, with different
chemical structures and pKa values, can accept or donate
protons and undergo pH-dependent conformational changes,
thus leading to on-demand drug release. According to their
chemical structure, the reported acidic responsive materials
based on pronation can be divided into three types: polymers,
biomolecules and inorganic materials.

Based on the charge status at pH 7.4, polymers with acidic
responsiveness are classified as anionic polymers and cationic
polymers. Kozlovskaya et al. reported acidic responsive
erythrocyte-mimicking hydrogel capsules containing anionic
poly (methacrylic acid) (PMAA), the pKa of which is around
4.8 [63]. The obtained capsules exhibited a controlled shape
transition related to pH-regulated volume change, which
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in turn was depended on the wall composition of the
capsules. Owing to the discoidal shape of these capsules,
they showed dramatically decreased cellular internalization
ratio compared with circular capsules, which might provide
a solution for the decrease of nonspecific interaction during
systemic circulation. But their size in micrometers remains
to be challenging for further application as drug carriers.
Cholesteryl hemisuccinate (CHEMS) with pKa around 5.8
is another material widely applied in the construction
of pH sensitive liposomes [64]. It is the esterification
products of cholesterol g-alcohol and succinic acid [64].
The acid-responsive property of CHEMS attributes to the
protonation of carboxyl groups, which changes the spatial
structure of liposomes composites and promotes drug release
from the liposomes [64]. Poly [2-(diisopropylamino) ethyl
methacrylate] (PDPA) and its derivates with a wide pKa range
between 4.0 and 7.4 is also an important pH-responsive
protonated polymer [65]. Examples include amphiphilic
PEG-b-PDPA copolymer [66] and poly [2-(diisopropylamino)
ethyl methacrylate]-b-poly [(ethylene glycol) methyl ether
methacrylate] (PDPA-b-POEGMA) [67]. These two copolymers
had a pH transition at 6.2 and exhibited much sharper and
quicker pH response in the acidic endocytic organelles than
many previous pH-sensitive nanosystems [68,69]. Gao et al.
reported star-like NPs where PDPA-b-POEGMA anchored on
a B-CD core for simultaneous controllable drug delivery [67].
Due to the presence of the PDPA blocks, the copolymers
were hydrophobic at pH 7.4 which enabled the efficient
loading of hydrophobic drugs such as doxorubicin (DOX)
in their hydrophobic layer, while an acidic environment
(e.9. pH 5.0) could trigger the hydrophobicity-hydrophilicity
transition of PDPA blocks to induce drug release for cancer
therapy [66,67]. In another study by the same group, various

analogues of PDPA containing tertiary amines with linear
or cyclic side chains were utilized to delivery ovalbumin
for cancer immunotherapy [70]. It turned out that PC7A
NPs having a pKa around 7.9 and the highest OVA-specific
cytotoxic through T lymphocyte response for splenocyte
killing (82%). Based on the in vivo studies of C57BL/6 mice
bearing B16F10 melanoma, MC38 colon and TC-1 cancer
cells, the NPs exhibited an enhanced accumulation in
lymph node and showed decreased tumor size together
with increased survival days [70]. In another study, cationic
poly (allyl amine hydrochloride) (PAH) with a pK, of 8.3
was utilized to cross-link gold nanoclusters forming Au-
GSH-PAH aggregates for pH dependent fluorescence imaging
and drug delivery [71]. The electrostatic interaction between
the amino groups of PAH and the carboxyl groups of GSH
medicated the aggregation-induced emission process (AIE) of
the aggregates. When pH lower than pKj (8.3), fluorescence
intensity was reduced because of the weak crosslinking
interaction which was contributed to the aggregates’ swelling.
Decreasing the pH to 6.5 enabled the recovery of the initial
fluorescence intensity which indicated the reversibility of
particle swelling. Besides, successful intracellular delivery of
molecules including antibodies and peptides was achieved in
this platform, making the system a theranostic platform with
great potential.

Meanwhile, endogenous biomolecules were also
demonstrated as new carriers with pH responsiveness,
including proteins [50,72,73] and DNA [74]. Ferritin is one of
the popular acidic responsive proteins whose self-assemble
promotes the formation of a hollow cage structure where
metal ions especially Fe (II) can be bound. For effective
entrapping of high molecular metal complexes, the channels
of natural ferritin proteins are usually widened by e-helix
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removal. Thus, the metal complexes can be loaded via simple
incubation without destruction of the tertiary structure
and function of the proteins. In a recent study, Jung’s
group developed ferritin nanocages with partially opened
hydrophobic channels for loading of Fe (II)-DOX complexes
[50]. It's demonstrated that the obtained ferritin protein
was stable at pH 6.0 and started to disassemble at pH
4.0-5.0, imitating the endosomal pH of cancer cells. The
acidic responsive disassembly of ferritin protein caused the
metal complexes dissociating from the cavity and achieved
on-demand cellular drug release. The pH (low) insertion
peptide (pHLIP) is another popular acidic responsive peptide,
whose insertion and span of tumor cell membrane are
triggered by acidic microenvironment [72]. Cheng et al
developed a novel pHLIP-based platform where therapeutic
nuclear acid analogues were attached via GSH-responsive
disulfide bridge [73]. The pHLIP underwent protonation and
increase in hydrophobicity of the peptide with exposure to
acidic environments (pH =~ 6). This accompanied with the
spontaneous formation of helix structures which facilitated
the insertion of the nanomedicine to cross the tumor cell
membrane via a non-endocytic pathway. And followed by a
GSH triggered cleavage of disulfide bond, the intracellular
release of the nuclear acid analogues was achieved. In
vivo studies of mouse lymphoma model demonstrated
that the DDS could efficiently silent miR-155, showing
a significant reduction in tumor growth and metastatic
spread to other organs. Qiao et al. reported poly(L-histidine)
based pH-sensitive micelles which exhibited excellent
endolysosomal escape property [75]. When the micelles
entered into lysosomes, the amine group of poly(L-histidine)
became protonated and activated the function of proton
pump [75]. This lead to the influx of water molecules
and Cl- ions, a rise of lysosomal osmotic pressure and
swelling up of the lysosomes, resulting in the release of the
encapsulated drug into cytoplasm [75]. In another study,
oligodeoxynucleotides (ODNs) attached gold nanoparticles
were applied for acidic responsive co-delivery of DOX and
antisense ODNs to bcl-2 mRNA [74]. In detail, the antisense
ODNs and i-motif binding ODNs were first anchored onto
the surface of the AuNPs, and another cytosine-rich i-motif
sequence served as the linker for the co-assembly of these
gold nanoparticles. The resulted DNA duplexes rich in
guanine and cytosine base pairs provided accommodation for
DOX. At acidic environment (pH=5.0), the i-motif sequence
formed a unique tetrameric structure by partial hybridization
of cytosine and protonated cytosine, resulting in disassembly
of the gold clusters, which accompanied with the release
of DOX and enhanced exposure of antisense ODNSs. In vivo
studies of A549-bearing nude mice xenograft demonstrated
that the AuNPs clusters showed 2.5-fold higher tumor
accumulation and lower accumulation in other organs than
single AuNPs and exhibited efficient inhibition of tumor
growth. In addition, some inorganic materials, for example,
calcium carbonate (CaCO3) [52], zinc oxide (ZnO) [54,76], and
manganese dioxide (MnO,) [77], are relatively insoluble at
neutral environments, but can be dissolved as nontoxic ions
under acidic condition, making them potential acidic sensitive
materials. Zhong et al. developed a ZnO-functionalized
theranostic nanoplatform for clear tri-modality bioimaging
and acidic responsive on-demand DOX release [76]. Here,

lanthanide-doped upconverting NPs (UCNPs) were endowed
with rich optical and magnetic properties as well as strong X-
ray attenuation, allowing UCL/CT/MRI tri-modality imaging.
For introduction of acidic responsiveness, the UCNPs were
coated with mesoporous silica layer where ZnO served
as the “gatekeepers” (gatekeepers are plugged within
the pores of silica to control drug release). The platform
showed an extremely slow DOX release behavior at pH 7.4
whereas a remarkable drug release was observed at pH 5.0.
Besides, in vitro and in vivo imaging studies demonstrated
the successful construction of the tri-modality system. These
complementary results proved that the platform was a
promising candidate for cancer theranostic.

3.1.3. Gas generating based systems

Gas generation is another novel strategy for acidic responsive
DDS design. HCO3~ is the most studied substance capable
of reacting with acid for carbon dioxide gas generation.
Thus, materials with HCO3;~ possess great potential for acidic
sensitive drug delivery. Early in 2012, Liu et al. reported a
new liposome system which can delivery anticancer drug
into tumors with an acidic responsive drug release profile
[78]. In the platform, DOX together with bicarbonate ion was
encapsulated into the liposomes. At acidic environment (pH
5.0), which mimics the acidic environment in lysosomes,
the generation of carbon dioxide gas was triggered causing
effective drug release from the liposomes. This gas generation
strategy was also applied for the reversion of P-glycoprotein-
mediated multidrug resistance (MDR) by Chung et al. [79].
They developed an injectable PLGA hollow microsphere
(HM) loaded with anticancer agent irinotecan (CPT-11,
a camptothecin derivative) and a NO releasing donor
(NONOate). The key composite of this system was NO
releasing donor which can react with environmental proton
at pH 6.6 to generate NO bubble. The NO bubble acted as
P-gp-mediated MDR reversal agents based on the reduction
of P-gp expression level. Meanwhile, when the pressure of
NO reached a certain level, the HMs shell was disrupted
and pores were formed, allowing the burst release of the
encapsulated CPT-11. The group investigated the in vivo drug
release behavior of Cy5-loaded HMs which exhibited a much
stronger fluorescence intensity in MCF-7/ADR tumor than
that of the normal tissue. In addition, the tumor model mice
injected with the HMs significantly suppressed tumor volume
while free CPT-11 group exhibited minimal antitumor activity
against the MDR tumors. Thus, both efficient MDR reversal
and drug release were achieved via the HMs.

3.2. GSH-triggered drug delivery systems

GSH is a tripeptide thiol composed of glutamate, cysteine,
and glycine in the cytoplasm of living cells, of which the
physiological redox process is based on GSH/GSSG system.
The concentration of GSH in the cell (1-10mM) is 100-
1000 times higher than that in the extracellular space
(1-10pM) [80]. More importantly, compared with healthy
cells, the level of GSH is about fourfold higher in cancer
cells [81]. Perry et al. gave a comprehensive summary
of the gluthione levels in different tumor types [82]. It's
found that ovarian, head and neck, lung, brain and breast
tumors have similar GSH levels in the range of 10-
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Table 2 - Representative redox-responsive polymeric materials and their responsive mechanisms.
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20nmol/mg protein, while colorectal tumors exhibited a
much higher GSH level around 90 nmol/mg protein [82]. This
indicates that colorectal tumors have a higher responsiveness
toward GSH triggered DDSs than other tumor types. These
concentration contrasts are generally harnessed to tune
the carrier’s “stability” which endows the NPs with long
circulation time and programmed intracellular molecules
release. High intracellular GSH concentration should be
adequate enough for degradation of certain chemical linkages
[83]. In the last few years, numerous functional moieties have
been successfully applied in construction of GSH-responsive
carriers. Here we divide these groups into five types, namely
disulfide, diselenide/ditelluride, thioether/ selenide/tellurium,
metal-thiol based linkers and ferrocenium. Some GSH
responsive groups and their related mechanisms are listed in
Tables 2.

3.2.1. Disulfide
Disulfide can be readily incorporated into polymers through
fairly straightforward chemistries, such as L-cystine [84],

dithiodiglycolic acid [85], and pyridyl disulphide chemistry
[86], thus contributing to the development of substantial
carriers, such as nanogels [87], micelles [88], polymersomes
[89] and mesoporous silica NPs [90]. In most cases, these
carriers are fabricated with pendant disulfide bridges,
which enable an intracellular GSH-triggered thiol-disulfide
exchange. Wang et al. developed a sarcoma-targeting
polypeptide-decorated disulfide-crosslinked nanogel
(STP-NG) for intracellular delivery of shikonin to inhibit
osteosarcoma progression [87]. In the presence of 10.0mM
GSH, almost 98.4% of the shikonin was released from the
nanogel within 72h due to the dissolution of disulfide bond
(S-S) [87]. Further, in vivo studies revealed that the nanogel
could selectively accumulate in orthotopic 143B osteosarcoma
and exhibited great antitumor efficacy and inhibition of
pulmonary metastasis via necroptosis [87]. Lin et al. reported
GSH responsive polymeric micelles for reversion of cisplatin
(cis) resistance attributed to upregulated intracellular GSH
level [88]. The micelles contained poly (disulfide amide) with
high disulfide density which enabled efficient scavenging
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of the cytosol GSH for activation of the detoxification
pathway, and consequently reduced the likelihood of released
cisplatin drugs being deactivated (Fig. 5A). In A2780CIS tumor-
bearing athymic nude mice model, the micelles displayed
decreased tumor growth, with tumor inhibition rates as
83.32% = 5.80% versus 1.48% =+ 0.53% for the control NPs, and
1.46% + 1.29% for free cisplatin, respectively. Furthermore,
the hydrophobicity of the polymers can be well-tuned by
aromatic group introduction or alkyl chain length change,
leading to optimization of micelles properties including
particle size, Pt loading capacity and drug release behavior.

In another study, GSH responsive stomatocyte nanomotors
of poly (ethylene glycol)-SS-polystyrene (PEG-SS-PS)
polymersomes were developed for the delivery of DOX
(Fig. 5B) [89]. Nanomotors are nanoscale devices capable of
converting energy into movement, consequently endowing
the DDS with propulsion feature along certain gradients
of chemical signaling molecules. In this system, Pt NPs
catalysts were encapsulated into the cavity whereas DOX
was loaded into the lumen of the stomatocyte. Propelled
by the H,0, gradients in the body, the nanomotors were
able to migrate toward the diseased area. Subsequently
the concentrated GSH infiltrated into the lumen of the
nanomotors to cleave the disulfide bonds and resulted in
the cleavage of the PEG shell. This was accompanied with
motility loss of the nanomotor and in-site drug release.
However, these stomatocyte-mimicking platforms possessed
a size around 349 nm, still limiting their practical application
as DDS. In addition, Du et al. developed poly (y-glutamic acid)
(y-PGA)-coated mesoporous silica nanoparticles (MSNPs) for
GSH responsive DOX delivery. In detail, MSNPs were attached
with amine functional DOX via disulfide bonds, and then
v-PGA coating was achieved based on sequential electrostatic
adsorption of nontoxic poly(ethylenimine) (PEI). A decrease in
pH from 7.4 to 5.0 promoted the protonation of y-PGA, which
resulted in the electrostatic repulsion between y-PGA and
cationic PEI layer. Also, intracellular GSH dissociated the DOX
from the mesoporous NPS. And via the loose polyelectrolyte
coatings, the detached DOX diffused into the cytoplasm for
therapeutic effects.

Sun et al. developed three novel paclitaxel (PTX)-citronellol
(CIT) prodrugs conjugated via diverse lengths of disulfide-
containing carbon chains and conducted an in-depth
investigation on how the position of disulfide bonds affects
the redox responsiveness [91]. The disulfide bonds locate at
a-, B- or y-positions, respectively, in the carbon chain, denoted
as a-PTX-SS-CIT, 8-PTX-SS-CIT, and y-PTX-SS-CIT (Fig. 6A-6C)
[91]. It was demonstrated that the B-PTX-SS-CIT showed a
slower drug release than «-PTX-SS-CIT and y-PTX-SS-CIT,
while the oxidation-responsiveness of the prepared prodrug
followed the order of y-PTX-SS-CIT < B-PTX-SS-CIT < a-PTX-
SS-CIT [91]. In another study, the group further studied the
synergistic influence of carbonate and carbamate linkage on
the disulfide bond-driven redox responsiveness (Fig. 6D) [92].
The hydrolysis of the carbonate linkers was confirmed to be
easier than carbamate linkers [92].Thus, based on the rational
selection of the conjugation types, the release profile of the
prodrugs can be finely tuned.

3.2.2. Ditelluride/diselenide bond
The energy of Te-Te bond and Se-Se bond is estimated to
be 149 and 192kJ/mol, respectively, which is lower than

that of the S-S bond (240kJ/mol), suggesting that the
diselenide/ditelluride-containing polymers can be more
easily cleaved by either oxidation to form selenic/telluric
acid or reduction to form selenol/tellurol in different redox
environment [93,94]. Among the three covalent bonds
mentioned above, Te-Te bond with the lowest energy holds
excellent potential in the construction of ultrasensitive
drug carriers. Wang and coworkers first reported ditelluride-
containing poly (ether-urethane) NPs for GSH responsive drug
delivery [95]. DOX was used as the model drug and might
be attached to the hydrophobic segments of the NPs via
hydrophobic interactions. In this case, sensitive ditelluride
could be rapidly reduced to tellurol in the presence of GSH
(10mM) within 5min, leading to dissociation of the NPs,
while the group without GSH treatment didn’t show obvious
aggregation. In vivo biodistribution studies in 4T1 tumor mice
model demonstrated that a larger amount of the Te-DOX
NPs accumulated at tumor site compared with the free DOX
and C6-DOX. The tumor volume of the model was estimated
to be 3 folds for Te-DOX NPs, 6.7 folds for C6-DOX, 6.2 folds
for free DOX and 13 folds for free DOX until the 19th day,
indicating the NPs with a much stronger inhibition of tumor
growth than the control groups. A similar GSH-responsive
polymer with diselenide group was developed by Xu et al. A
triblock polymer was assembled into micelles in water and
exhibited unique dissociation upon redox treatment [96]. In
a recent study by Shao’s group, a diselenide-bond-containing
organosilica precursor was applied in the synthesis of large
pore-sized MSNPs for the delivery of bio-macromolecules
[97]. The obtained MSNPs had Si-C, Si-O and Se-Se bonds
on their surface. Among them, Si-C bond is much weaker
and was selectively broken up by hydrothermal treatment
to form a large pore size (~11.3nm) which is suitable for
protein encapsulation. For homologous targeting, cancer
cell membrane was coated on the protein-loaded MSNPs.
Compared with controlled disulfide MSNPs, the selenium
group exhibited a similar release trend after GSH treatment
(5mM), but a higher one after H,O, treatment (100 uM). The
group further examined the therapeutic efficacy of the NSNPs
on the female nude mice bearing orthotopic HeLa tumors. It’s
demonstrated that the MSNPs with cell-membrane cloaking
showed significantly reduced tumor volumes and tumor
weights compared with the NPs without cell-membrane
cloaking or the free RNase A group. And thus, it might provide
a new insight for the development of carriers to overcome
tumor redox heterogeneity.

3.2.3. Thioether/selenide/tellurium

Thioether-containing polymers were generally obtained
via Michael-type addition of thiols with maleimide. In
response to elevated GSH, the resulted polymers undergo
retro-Michael reaction and thiol exchange, further leading
to accelerated carrier degradation and drug release. Early
in 2013, Kiick and colleagues reported a PEG-heparin
hydrogel, in which maleimide-functionalized heparin was
crosslinked with various thiol-functionalized PEG polymers
through succinimide-thioether linkages [98]. Oscillatory
rheology experiments confirmed the stability of the resulted
hydrogels. Compared with disulfide-crosslinked hydrogels,
the succinimide-thioether hydrogel exhibited 10-fold slower
rates of degradation, indicating these Michael-type addition
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products had enhanced blood stability and prolonged
circulation time. Later, the group fabricated a liposome-
crosslinked hybrid hydrogel with GSH responsiveness based
on Michael-type addition [99]. In this case, they integrated
maleimide-functionalized liposome nanoparticle and aryl
thiol-functionalized 4-arm PEG polymer into a unifying
hydrogel network through thioether succinimide cross-
linkers. The multiple domains within the gel allowed dual
loading of DOX and cytochrome c (cyto-c) which can be loaded
in the liposomes and the bulk polymer network, separately.
In response to 10mM GSH, the gel exhibited simultaneous
release of DOX and cyto-c with differential trend. Such hybrid
systems conserved the structural integrity and functionalities
of the incorporated NPs, offering exclusive benefits including
diminished burst release and controlled sequential delivery.
The thioether groups exhibit both GSH and H,0,
responsiveness. Wang et al. introduced thioether into
docetaxel prodrugs to resist breast cancers [100]. Compared
with single stimuli sensitive DDSs, the system showed
a faster release of docetaxel because responding to two
opposite stimuli [100]. Compared with free DTX, the redox
dual-responsive platform had comparable cytotoxic activity
[100]. Besides, the antitumor efficacy was estimated in 4T1
tumors bearing mice. It turned out this nano assemblies
could enhance anticancer efficacy by increasing the dose
because of higher tolerance [100]. In another study by Luo et
al., an in-depth exploration of the correlation between linker
variations (thioether, dithioether and ester bond) of materials
and in-vivo redox responsive release profile of paclitaxel
(PTX) was conducted [101]. They conjugated PTX to oleic acid
(OA) with long unsaturated alkyl chains via three linkers
mentioned above, denoted as PTX-S-OA, PTX-2S-OA and PTX-
OA, separately. These three polymers were self-assembled
into NPs, onto which tocopheryl polyethylene glycol 2000
succinate (TPGS,y) was coated for prolonged circulation time
(Fig. 7A). The PTX-S-OA exhibited superior redox sensitivity

over PTX-2S-0A, achieving more rapid and selective release
of free PTX from the prodrug NPs triggered by redox stimuli.
It indicated that the sulfur atom close to the ester bond with
drug attached was the key component for controlling of the
redox-sensitivity in the dithioether polymer, rather than
the one remote from the ester bond (Fig. 7C and 7D). Fig. 7B
gives a detailed description of redox responsive mechanisms
of PTX-S-OA. Cellular GSH initialized the thiolysis process,
facilitating PTX release from the prodrug, and ROS triggered
the oxidation of the thioether groups to hydrophilic sulfone,
making the proximal ester bond more easily hydrolyzed.
And the decreased steric hindrance of the oleic acid 2-
hydroxyethyl ester further promoted its first removal of long
lipophilic OA chain, followed by the hydrolysis of the ester
bond linked with PTX for ROS responsive drug release. In
addition, the PEGylated PTX-S-OA NPs with considerately
high drug loading around 57.4% showed potent antitumor
activity in a human epidermoid carcinoma xenograft.

Mono selenide and telluride are also interesting functional
moieties with GSH responsiveness. In 2012, Xu’s group
reported a selenide-containing amphiphilic polyurethane
(PU) which could be self-assembled into micelles for GSH
responsive Pt delivery [102]. In particular, the coordination
chemistry between Pt and selenide atom allowed the
attachment of Pt-based drugs. Through the competitive
coordination of GSH (10mM) to Pt?*, the micelles exhibited
interesting disassociation profile concomitant with cargo
release. Later, the group reported a similar micelle self-
assembled from tri-block polymer with mono telluride groups
for GSH triggered Pt delivery [103]. The key compartment of
this system was the coordination interaction between Pt and
telluride which not only allowed the accommodation of Pt
but also underwent detachment of the drugs in the presence
of GSH (10mM). In a recent study, He et al. synthesized six
paclitaxel-citronellol conjugates using either thioether bond,
disulfide bond, selenoether bond, diselenide bond, carbon
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bond or carbon-carbon bond as linkages [104]|. Specially,
the influence of these linkers on prodrugs efficiency was
investigated. It turned out that bond angles/dihedral angles
had remarkable influence on the redox-responsivity of these
sulfur/selenium/carbon bonds, which could further affect the
stability and pharmacokinetics of the prodrugs. What'’s more,
selenoether/diselenide bond could produce ROS to improve
the cytotoxicity of these prodrugs.

3.2.4. Metal-thiol based bond

Thiol-containing biomolecules exhibit strong affinity with
noble metal NPs including Au and Ag. These biomolecules
could not only stably protect them but also control the
self-assembly process of these special NPs via metal-thiol
based linkage. Wang et al. synthesized dendrimer-coated
gold NPs (DEGNPs) which were used as carriers for thiolated
anti-cancer drugs [105]. Since there are plenty of “pockets”
remaining in DEGNPs, these NPs could be loaded with
sulfhydryl-containing drugs via electrostatic, hydrophobic
and/or van der Waals interactions. Besides, other functional
groups on anticancer drugs such as amine, hydroxyl, and
carboxyl can be easily converted to the thiol group, and
further attached to the surface of the gold NPs through
Au-S bond. The resulted Au-S bond contained in DEGNPs
exhibited a detached release behavior in the presence of thiol
reducing agents such as glutathione and dithiothreitol to

achieve controlled release. GSH-responsive DEGNPs increased
the therapeutic efficiency of the loaded drug. Ag-S bond
was also utilized for the selective and sensitive detection
of thiol-containing biomolecules like GSH [106]. In this case,
silver NPs were loaded onto carbonaceous nanospheres. And
based on Ag-S bond, fluorescein isothiocyanates with S=C=N-
groups were further attached onto the hybrid spheres. Thiol
containing biomolecules can competitively bind to the AgNPs,
and resulted in the release of the fluorescein isothiocyanate.
According to their fluorescence intensity, the concentration of
the thiol containing molecules can be detected. It’s confirmed
that the linear detection range for GSH was 0.02-1pM,
where the abnormal GSH concentrations in cancer cells were
covered.

3.2.5.  Ferrocenium

Ferrocenium/ferrocene redox couple provides another
alternative strategy for the development of GSH responsive
DDS. Their GSH sensitive mechanisms are based on the
polarity shift resulted from the reduction from ferrocenium
cation to ferrocene, where the shift is the driving factor
for vesicles’ assembly and disassembly. According to this
unique feature of ferrocene, Wu et al. developed a redox-
responsive system for co-delivery of anticancer drug
and siRNA [107]. Specially, amphiphilic pillararenes (APs)
served as carriers and provided numerous cavities for cargo
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encapsulation. And then they conjugated ferrocenium cation
head groups to APs, enabling the carrier with positive charged
surface. The amphiphilic hybrid polymer was assembled into
monolayer vesicle. Thus, this platform was endowed with
co-delivery ability where vesicle cavities for anticancer cargo
loading and positive charged surface for negatively charged
siRNA binding. In addition, vesicles are GSH responsive
dissociation. In a recent study, Liu’s group reported another
GSH responsive micelles self-assembled from amphiphilic
ferrocenium-hexane-nitroimidazole (Fe-NI), onto which,
HA shell was coated based on electrostatic interactions
[108]. Nitroimidazole (hypoxic cell radiosensitization)
and DOX (inhibition of tumor growth) were co-loaded
within the micelles for the treatment of radiotherapy (RT)
resistant hypoxic tumor. In the presence of GSH (10 mM),
the hydrophilic ferrocenium cation reduced to hydrophobic
ferrocene, resulting in the disassembly of micelles and
followed by the release of the encapsulated cargoes. The
group further studied the in vivo antiglioma efficacy in mice
bearing PC3 tumors. It turned out that the mice group treated
with DOX and nitroimidazole showed remarkably enhanced
cell apoptosis and lowest tumor weight compared with the
control groups.

3.3.  ROS-triggered drug delivery systems

ROS, including H,0,, 0%, +OH, ONOO-, OCl~ and etc,
play crucial roles in a number of cell metabolic pathways
[109]. However, the imbalance of ROS leads to oxidative
stress and inflammatory events, which are often associated
with pathological effects such as cancer [110], inflammation
[111,112], diabetes [113], neurodegeneration [114]. As the
main component of the intracellular oxidate, typical H,0,
level in normal tissue is tightly regulated around 20nM,
while in cancer tissues, it’s as high as 50-100pM due to
excess H,0, accumulation [115]. Despite the fact that this
concentration contrast between normal and cancer cells
is much sharper than GSH, very few of ROS responsive
moieties exhibited sufficient sensitivity at tumor cellular
concentrations (50-100 pM) for controlled drug release. This
could be attributed to the fact that the ROS in tumor
cells are not effective in inducing the break of chemical
bonds. For example, mono-sulfide and polysulfides had a
responsive concentration greater than 1mM [116,117] and
even ultra-sensitive mono-tellurium and diselenide only
exhibited a responsive concentration of 100pM [118,119].
Thus, ROS produced by NPs were generally cooperated
with the endogenous ROS to control carrier “stability”
for site-specific drug release. In this section, the reported
materials are classified into two types, namely amphiphilicity
transition model and bond cleavage model based on the
responsive mechanisms. Also, two strategies are introduced
for amplification of ROS concentration in tumor, namely
photodynamic therapy (PDT) and ROS producing agent
treatment. Some typical H,0, responsive groups and bonds
are listed in Table 2.

3.3.1. Amphiphilicity transition

Amphiphilicity is one of the molecular basics for NPs self-
assembly. Polymers with hydrophobic mono-sulfide [116],
mono-selenium [96], or mono-tellurium groups [96], are

capable of forming hydrophilic oxidative products in response
to H,0,. This hydrophobic-to-hydrophilic transition will
destroy the balanced amphiphilicity of the NPs, accordingly
leading to structural dissociation and subsequent cargo
release. Xu'’s group developed a series of PEG-PUx-PEG triblock
polymers for redox responsive cargo delivery, wherein X could
be S atom, Se atom, Te atom, or Se-Se bond [96]. And the
Se atom, Te atom, and Se-Se bond with GSH responsiveness
have been introduced in the previous chapter. The C-S and
C-Se bond, whose energy was estimated to be 272 and
244kJ/mol, respectively, were applied in oxidate triggered
drug delivery by the group. It’s demonstrated that in the
presence of H,0, (0.1%, v/v), most of the selenide groups
could be converted to selenones (O=Se=0), but only a very
small portion of sulfide groups were able to be transformed
to low oxidation state (S=0) at the same condition within 5h
oxidation. The results indicated that the C-Se bond was more
sensitive to H,0,. Yang et al. constructed a ROS-responsive
prodrug nanoplatform where 6-maleimidocaproic acid (MAL)
was conjugated to PTX via mono-sulfide linker, leading to the
self-assembling of the PTX-S-MAL prodrug into uniform size
NPs [116]. It was demonstrated that the conjugated drugs were
efficiently released from the NPs with the concentration of
H,0, greater than 1mM [116]. In another study by Duvall’s
group, sulfide-containing poly (propylene sulfide) (PPS) NPs
were leveraged for curcumin delivery [117]. H,O, with a
concentration level within 0.5-500 mM successfully triggered
a morphological transition of the hydrophobic PPS-based
NPs to more hydrophilic poly (propylene sulfoxide) and poly
(propylene sulfone), making it a good candidate for on-
demand drug delivery. However, all of the three platforms
exhibited insufficient sensitivity to control the efficient drug
release at tumor cellular concentrations of ROS (50-100 uM),
which is too low to trigger reactions in vivo, thus limiting their
clinical applications.

In 2015, an ultra-sensitive ROS-responsive material was
developed by Wang et al. [118]. This material exhibited
H,0, responsive profile at the concentration of 100pM.
The group integrated the ultra-responsiveness of tellurium-
containing molecules and biocompatibility of phospholipids
(DPPC) into a unifying nanostructure. The diameter of
the nanostructure exhibited a correlated increase with the
increase of tellurium moieties content. 'HNMR and ESI-
MS negative spectrum demonstrated their hydrophobic-to-
hydrophilic transition and the formation of one oxygen
atom added structure upon H,0, addition. More interestingly,
the transition was recovered after mild reductants addition
such as vitamin C. It indicated that the oxidation and
reduction process could be repeated with certain circles.
Later, Park and coworkers reported another ultra-sensitive
polymeric micelles composed of diselenide-crosslinkers,
which responded to H,0, at a concentration of 100pM
[119]. Different from the two bonds mentioned above, the
responsive mechanism of this platform was based on ROS
sensitive cleavage of Se-Se crosslinks, which generated
hydrophilic selenic acid. This accompanied with dissociation
of the micelles and subsequent drug release. In PC3 tumor-
bearing mice, the micelles delivered 3.73-fold and 1.69-fold
higher drug amount compared with free drug and their
non-crosslinked counterparts, respectively, and effectively
inhibited tumor growth.
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PDT is a common strategy for generation of cytotoxic
ROS. It consists of two procedures:
of photosensitizers within the target site and their
photoactivation to produce ROS. The combination of PDT
(just for generation ROS) and ROS responsive carriers provides
a solution for insufficient biological concentration of ROS.
Dong et al. reported degradable NPs (denoted as Pros-PDC
NPs) loaded with DOX and IR780 (photosensitizers) (Pros-
PDC) (Fig. 8A) [120]. The NPs contained two functional
copolymers: one with ROS sensitive thioether chains and the
other with acid-labile g-carboxylic amide pendants. When
pH changed from 7.4 to 6.0, the NPs underwent a surface
charge transition from negative to positive for enhanced
internalization. Under laser irradiation, IR780 was able to
efficiently produce ROS and trigger the oxidation of the
thioether chains, therefore, resulting in the disassembly
of NPs and subsequent DOX release. It's worth noting that
the drug release profile was dependent on when and how
long the laser irradiatreverseion was performed. Based on
these, precise control of spatiotemporal drug release could
be achieved. In 4T1 tumor-bearing mice, the Pros-PDC with
laser showed a remarkable decrease of tumor size, indicating
that ROS activated DOX release of Pros-PDC NP by light for
reinforcement on the anticancer efficacy. Using a similar
strategy, Sun’s group designed a ROS-responsive prodrug
nanoplatform co-encapsulated with pyropheophorbide as
photosensitizers [121]. In this case, cabazitaxel (CTX) served
as the model drug and conjugated with oleic acid (OA) via
thioether-/selenoether linkers [121]. With the collaboration of
both endogenous tumor-overproduced ROS and exogenous
pyropheophorbide-generated ROS, these two linkers were
efficiently cleaved and resulted in effective drug release [121].
Furthermore, the selenoether linkage was demonstrated with
significant advantages over the thioether linkage in drug
release rate and cellular cytotoxicity [121]. In 4T1 murine
breast subcutaneous tumor models, the prepared prodrug
significantly prolonged the circulation time and tumor
distribution of both CTX and pyropheophorbide, thereby
demonstrating excellent synergistic chemo-photodynamic
therapy in vivo.

accumulation

3.3.2.  Bond cleavage

Bond cleavage is another common mechanism for NPs
dissociation. In this case, the functional bonds are completely
cleaved in response to H,0O,, and upon structure disruption,
the encapsulated drugs can be released. Typical examples
of this responsive model include boronic acid and poly
(thioketal).

Aryl boronic acid bond is an important building block
for construction of ROS responsive carriers [122,123]. Upon
H,0, oxidation, these functional moieties can be cleaved,
generating phenol and boronic acid as byproducts. In a
study by Wang et al, aryl boronic acid was applied for
reversible anticancer protein restoration [123]. RNase A served
as the model protein whose activity is dependent on its
lysine residues. In their work, amino group of the lysine
residue was modified with aryl boronic ester (NBC) via
carbamate ester linker thus leading to the decrease of protein
activity to 5%. After H,O, treatment, the conjugated acryl
boronic ester underwent a self-driven reaction, releasing
lysine and restoring protein function to 95%. In addition,

RNase A lysine conjugation with NBC reversed the surface
charge of RNase A from positive to negative, where cationic
lipid NPs were able to be co-assembled via electrostatic
binding. The cationic lipids served as shielding for acryl
boronic ester during circulation. They were also able to target
the cell membrane through electrostatic interaction thereby
facilitating cell internalization. Despite the merits mentioned
above, the NPs with positive charged surface were prone to be
eliminated by the RES systems. Thus, more efforts should be
taken to ensure further optimization of this platform.

Thioketal bond can also be cleaved by H,0,, leading
to the scission of the polymer chain with acetone as
an oxidation product [124,125]. Farokhzad et al. reported
an innovative poly (thioketal)-based poly-prodrug for ROS-
triggered mitoxantrone (MTO) delivery [125]. This platform
contained three vital components: polyprodrug inner core
with thioketal groups for ROS responsive drug release; PEG
outer shell for prolonging circulation time; and surface-
attached internalizing RGD (iRGD) for tumor targeting. These
individual components could coassemble into spherical NPs
with a diameter of 92nm. The H,0, cleavage process broke
the thioketal groups, and released intact anticancer drug,
which showed significant inhibition of cancer cell growth.
The polyprodrug NPs coated with iRGD ligand were efficiently
internalized by cancer cells.

As mentioned previously, very few of the reported moieties
exhibited sufficient sensitiveness to trigger reaction at
biological ROS concentration. In addition to PDT, ROS-
producing agents without photo activation provide another
approach for amplification of the intracellular ROS level.
These ROS-producing agents such as copper ions [126], a-
tocopheryl succinate (¢-TOS) [127] and palmitoyl ascorbate
[128] are wusually encapsulated within a nanostructure
together with therapeutic anticancer drug. The mechanism
of copper ions is based on a Fenton-like reaction which
mediates generation of hydrogen peroxide [126]. For
palmitoyl ascorbate, its ascorbate group can be oxidized
to ascorbate radical that donates an electron to oxygen,
forming superoxide radical and ultimately the tumoricidal
H,0, [128]. And the «-TOS is a vitamin E analogue, which
can rapidly generate ROS in cells based on the interaction
with mitochondrial respiratory complex II and interference
of electron transportation chain. Zhang’s group reported a
positive feedback mesoporous silica NPs (MSNPs) loaded
with «-TOS and DOX for ROS responsive drug delivery
(Fig. 8B) [127]. In the system, B-cyclodextrin crystalline (8-
CD) serving as gatekeepers was anchored on the surface of
MSNPs via ROS-cleavable thioketal linker. And adamantane
conjugated PEG (AD-PEG) was coated for prolonged circulation
time. After cell internalization, in response to insufficient
intracellular ROS, only limited pores of MSNPs were open,
but simultaneously caused the release of «-TOS. Then
additional ROS was generated, finally leading to the break
of thioketal linkers accompanied with effective release of
DOX. The new ROS triggers also facilitated the production of
more «-TOS which further reinforced the positive feedback
loop of thioketal linker cleavage. In vitro study with 100 uM
H,0, incubation demonstrated the system with efficient
DOX release profile. The group further conducted the in
vivo antitumor experiments and it’'s demonstrated that the
MSNPs exhibited more significant antitumor effect in the
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human breast cancer than the traditional single-DOX loaded
ROS-responsive nanocarrier. These nanostructures with ROS-
generating-agents possessed great potential to expand the
application of H,0, responsive materials.

3.4.  ATP-triggered drug delivery systems

ATP, known as the “energy currency” in cells, plays a vital role
in cellular signaling and metabolism. In the past few years,
abundant DDSs based on the sharp concentration difference
of ATP between intracellular (1-10mM) and extracellular
(<0.4 mM) environment have been constructed by researchers.
In most cases, the ATP content in tumor was much higher
than that of the normal tissue, such as murine lymphoma
L5178Y cells and mouse leukemia L 1210 [129]. However,
the ATP level in hepatoma 3924A cells of rat was decreased
to 43% of the normal liver concentration [130,131]. This
indicates ATP-triggered DDSs were not suitable for hepatoma.
For other tumors, this stimuli was usually applied in tuning
the intracellular and extracellular “stability” of the carriers
for enhanced blood circulation and on-demand drug release.
There are mainly four types of modules adopted in these
systems up to now: 1) ATP aptamers having a strong affinity
with ATP; 2) phenylboronic acid-sugar-functional polymers;
3) ATP consumer enzymes. 4) Zinc-dipicolylamine (TDPA-
Zn?t). Among them, ATP aptamers gained most popularity
due to their relatively short sequences (~30 bases), simple
modification and specific response.

3.4.1. ATP aptamers-based drug delivery systems

Screened from a large pool of random ssDNA sequences
in vitro, ATP aptamers are single strand DNA (ssDNA) with
high binding affinity against ATP [132-134]. ATP aptamers
can bind with single strand nucleotides forming DNA
duplex via complementary base pairing. The DNA duplex
has been incorporated into various drug carriers, such
as poly(ethylenimine) (PEI) [135,136], MSNPs [137], MOFs
[138], nanogel [139], liposome [140], nanosheet [141,142],
microcapsules [143-145], and etc.

Unique physical and chemical features of ATP aptamers
include rich “GC” pairs and negatively charged surfaces,
allowing multiple attachment of anticancer agents and
cationic polymers. This provides new insight for development
of co-delivery systems [135,136]. DOX and siRNA co-delivery
system was reported. DOX was incorporated into the GC-
rich DNA duplexes, and then, cationic PEI was employed
as a carrier to condense negatively charged DOX duplexes
and miRNA, which finally obtained a ternary nanocomplex
denoted as PEI/DOX-Duplex/siRNA. The combination therapy
of chemotherapeutic agents and oligonucleotide-based genes
could induce synergistic effects and significantly improve
the efficiency of cancer treatment. Meanwhile, ATP aptamers
can also be used as gatekeepers to regulate the release
of drugs from porous materials, such as MSNPs [137] and
MOFs [138]. Chen et al. fabricated a MOF nanoparticle
composed of Zr** and triphenyl dicarboxylic acid (TPDC)
[138]. The organic composite was terminated with amino
group, and transformed into azido for dibenzo cyclooctyne
(DBCO) functionalized ATP aptamer modification. The AS1411
aptamers with specific recognition of receptors on cancer cell
membrane were further attached to form DNA duplex for

pores blockage. ATP treatment led to the “unblock” of the pores
via formation of ATP/ATP aptamer duplexes and achieved
stimulated drug release. In addition, the DNA coated MPFs
revealed selective and effective cytotoxicity toward MDA-
MB-231 breast cancer cells as compared to normal MCF-10A
epithelial breast cells.

Gu’s group reported a novel nanogel composed of DNA
duplex as a core and HA as a shell for ATP-responsive drug
release (Fig. 9A) [139]. Similarly, DNA duplex rich in “GC” pairs
allowed the incorporation of DOX which can be released via
an effective structural change to aptamer/ATP complexes. To
neutralize the negative charge of the DNA duplex, positively
charged protamine (a cell-penetrating peptide) was applied
to form a cationic core complex, onto which anionic HA
was coated as a shell. The HA coating not only served as a
protective shell but also was active ligand of overexpressed
receptors on the cancer cell membrane, such as CD44 and
RHAMM. In addition, HA is the substrate of the enzyme
hyaluronidase which is rich in tumor environment, especially
tumor matrices and cancer cellular endocytic vesicles, leading
to the degradation of HA shell to facilitate intracellular
delivery. In vitro and in vivo studies demonstrated that
this system showed a high selectivity between intracellular
and extracellular environment, leading to an enhanced
therapeutic effect of breast cancer.

With the purpose of further accelerating drug release
from the DNA duplexes, the same group encapsulated
extrinsically supplemented ATP in liposomes forming a co-
delivery system [140]. To enhance endosomal escape and
nuclear targeting, the negative charged duplex loaded with
DOX was also coated by positively charged protamine peptide,
and then encapsulated in another liposome. Specially,
fusogenic dioleoyl phosphatidylethanolamine (DOPE) with pH
responsiveness (pH 6.0) was integrated into the liposome
membrane through which the fusion of these two liposomes
were able to be triggered by acidity of endocytic vesicles.
And for active targeting, a cell-penetrating peptide (CPP,
R6H4) was modified on the liposome membrane. Thus, the
accelerating release of DOX was achieved in cytosol. In MCF-7
cancer xenograft nude mice, the platform with additional ATP
administration showed remarkably higher inhibition effects
toward tumor growth than free DOX and the control group
without exogenous ATP.

In 2015, 2D nanosheets were also applied as carries for
ATP responsive systems by Gu et al. They designed a DNA-
graphene hybrid nanoaggregate where DOX was attached
onto graphene oxide (GO) efficiently via pi stacking function
[146]. The ATP aptamer served as hybrid crosslinkers between
two DNA-GO-sheets, resulting in the assembly of the DNA-
GO-sheets and formation of the multilayer-structural DNA-
GO nanoaggregates. Triggered by ATP, the formation of
the ATP/ATP aptamer complexes causes the dissociation of
the nanoaggregates to facilitate the DOX release. Specially
in 2017, Li et al. reported a new class of 2D materials,
MoS, nanosheets, for ATP responsive drug delivery [142].
To tackle the functional resistance of MoS,, the sulfur
atomic defect sites on its exfoliated surface were utilized
[142,147], where sulfur atom-terminated DNA molecules
were anchored. Similar to DNA-GO-nanosheets mentioned
above, DNA oligonucleotides modified MoS; nanosheets could
further link with ATP aptamers and quickly self-assembled
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into a multilayer structure, which was responsive to ATP via
dissociation.

Using CaCOj3 or SiO, template particles as cores, aptamer-
functional polymers can also be assembled layer by layer
as the shell forming core-shell structures [143-145]. The
core could be dissolved by EDTA and followed to form
microcapsules. In these systems, aptamers served as bridged
linkers of the multilayer shell, which also triggered the
release of drug. Liao’s team synthesized different types
of stimuli-responsive aptamer microcapsules as carriers

for different payloads [143]. They investigated the drug
release profile of the DDSs loaded with dextran, quantum
dots or myeloperoxidase. The results demonstrated that
ATP efficiently triggered the formation of aptamer-ATP
complexes and resulted in a decomposition to release
the various loads. Due to the wide array of sequence-
specific vectors, it is also possible to design synthetic
materials of other ligands with different payload carriers
whose dissociations depend on aptamer-ligand complexes
formation.
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3.4.2.  Phenylboronic acid-sugar-functional polymers

In the development of ATP responsive DDSs, the reversible
ester formation of phenylboronic acid (PBA) with diols has
attracted more and more attention [148-152]. ATP with a
cis-diol moiety in its ribose ring, can compete with other
diols resulting in the formation of PBA-ATP with better
thermodynamic stability. Meanwhile, PBA can be used as a
targeting ligand for its specifical binding to sialylated epitopes
overexpressed on the surface of tumors [153]. Furthermore,
with pH value below its pKa, PBA undergoes charge transition
from neutral to positive and polar change from hydrophobic
to hydrophilic [154]. These features make PBA-based materials
as excellent carriers for pH or/and ATP responsive drug
delivery.

In a study by Naito et al.,, a PBA-functionalized polyion
complex micelle was designed where therapeutic agent
“siRNA” was encapsulated in the micelles through the binding
between its ribose and PBA [151]. In their work, cationic poly
(ethylene glycol)-block-poly (L-lysine) (PEG-b-PLys) polymers
were first prepared terminated with lysine residues, of
which the amino groups were functionalized with 3-fluoro-
4-carboxyphenyl boronic acid (FPBA) based on carbodiimide
chemistry. The cationic polymers were then interacted
with siRNA and assembled into micelle. The obtained
micelle was remarkably stable due to siRNA cross-linking at
concentration level of extracellular ATP, but it was disrupted
at intracellular level of ATP for the formation of PBA-ATP
complex, accompanied with the release of the siRNA. Kim et
al. synthesized PBA-galactose grafted poly(ethylenimine) (PEI)
copolymers for the delivery of anti-angiogenic gene (pDNA)
[152]. Cationic poly(ethylenimine) (PEI) chains were modified
with PBA and galactose (GA), respectively, at both terminals,
and the obtained two polymers formed boronic ester bonds
via the binding of PBA and diols of GA. Then the anionic
gene was attached onto cationic PBA-galactose modified PEI
copolymers via PBA-diol and electrostatic binding. Further,
PEG was introduced to increase the blood circulation time.
Specially, the binding between PBA, siRNA, and galactose can
be disrupted by either acidic endosomal pH or intracellular
ATP. Effective release of pDNA was demonstrated at acidic pH
or in the presence of intracellular concentration of ATP (5 mM).
In vivo studies in MCF-7-xenografted mice revealed that the
prepared PBA-PEG-CrossPEI copolymers selectively bound to
tumor cells with around twice amount of tumor accumulation
than PEG-CrossPEI and achieved efficient delivery of pDNA to
inhibit tumor growth.

In a recent study by Sun’s group, PEI polymers conjugated
with PBA were also reported as carriers for the delivery
of genes (Fig. 9B) [148]. They leveraged the negative charge
feature of ATP in the cytosol of cancer cell to avoid
the released anionic siRNA reintegrating with the cationic
carriers. In detail, PBA was attached to PEI polymers based on
carbodiimide chemistry. The PBA group of the obtained PEI-
PBA polymer was bound to diol groups on alginate forming a
cationic PEI-PBA-alginate structure (CrossPPA), onto which the
anionic siRNA was further attached (CrossPPA/siRNA). After
intravenous injection, the CrossPPA/siRNA NPs went through
a cascade of four steps: at first the NPs were accumulated at
tumor tissue; then PBA groups medicated specific recognition

of sialic acid (SA) over-expressed cancer cells for enhanced
cellular uptake; and subsequent endosomal escape was
achieved; at last, cellular ATP broke up the borate ester
bond of the CrossPPA/siRNA complexes resulting in the
removal of alginate, furthermore, the anionic ATP reversed
the charge of the PEI-PBA polymer from positive to negative
which facilitated the siRNA release because of electrostatic
repulsion. The negative charge of the PEI-PBA/ATP complexes
was capable of avoiding interaction with the released siRNA
and following gene silencing. The anti-tumor efficacy was
studied in 4T1 tumor-bearing mice. It turned out that the
CrossPPA/siRNA NPs exhibited significant inhibition of tumor
growth owing to its obvious tumor targeting and high
transfection efficiency of siRNA.

3.4.3. ATP consumer enzyme-based drug delivery systems
Proteins that need ATP as a cofactor or catalyze ATP hydrolysis
would be a valuable clue to find suitable candidates for
ATP responsive drug delivery [132]. Chaperone GroEL, with
a large cavity to capture denatured proteins, is a typical
example from these proteins, reported by Aida and coworkers
(Fig. 10A) [155]. The protein is an enzyme for catalyzing
ATP hydrolysis to form ADP. In their work, cysteine residues
were modified on the protein for further introduction of
merocyanine (MC)-Mg?+-MC coordination, finally forming a
nanotube (NB) like structure. Drugs were sealed within the
tube after conjugation with a guest protein fitting its cavity.
ATP triggered a conformational change of the chaperone,
which generated an internal mechanical force to break the
MC-Mg?*-MC interaction, leading to tube dissociation and
drug release. Further introduction of boronic acid as targeting
ligand, the chaperone exhibited enhanced cell membrane
permeability. Furthermore, the results of biodistribution test
demonstrated the platform with preferential accumulation in
a tumor tissue (HeLa) over other tissues, except liver tissue,
indicating that the protein is a promising nanocarrier for
intracellular ATP responsive drug delivery.

In addition to structural conformation change, polymer
assembly was reported as another ATP-responsive model by
Yan et al. [156]. Inspired by natural ATP protein carrier, a
diblock copolymer, poly (ethylene oxide)-b-polymethacrylate
(PEO45-b-PHM56), were synthesized as the backbone, onto
which, 8-CD, serving as macrocyclic pendants, was randomly
grafted with short bi-guanidine spacers as bridged linker,
forming a pocket-like polymer receptor. The polymer receptor
can trap ATP via formation of ATP/polymer complexes.
This resulted in ATP concentration-dependent decrease in
hydrophilic block volume fraction which was related to the
geometry of the copolymer amphiphiles. More interestingly,
the ATP/polymer hybrid aggregates reversibly disassembled
in response to phosphatase. All the characteristics can
offer a new insight into the development of ATP-responsive
nanocarriers.

3.44.

systems
Zinc-dipicolylamine analogs (TDPA-Zn?*) provide another
strategy for the design of the ATP responsive materials.
TDPA-Zn?*is capable of forming multivalent coordination

Zinc-dipicolylamine (TDPA-Zn?*)-based drug delivery
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with polypeptides owing oligo-aspartate moieties and the
binding constant was reported to be two magnitude lower
than the one with ATP. Based on this, cellular ATP was
capable of displacing the polypeptide coordinated with
TDPA-Zn?* which facilitated the disconnection of the
multivalent interaction. TDPA-Zn?*modified peptides were
utilized by Lai et al. as gatekeepers of the mesoporous-silica
coated upconversion nanoparticle (UCNP@MSN) for real-time
monitoring of ATP responsive drug delivery (Fig. 10B) [157].
The UCNP@MSNs had distinct emission peaks present in
UV to NIR region with excitation at 980 nm. The multivalent
coordination interactions among UCNP shell, peptide, and
TDPA-Zn?* resulted in the quenching of UCNP emission in
UV-visible range while retaining their strong NIR emission.
Specially, the entrapped model drugs like DOX could lead to
the occurrence of luminescence resonance energy transfer
(LRET) from the UCNPs (donor) to the loaded drugs (acceptor)
in UV-visible range. In tumor microenvironment, cellular
upregulated ATP competed with polypeptides, and due to its
higher binding affinity, the polypeptides were removed from
the TDPA-Zn?*metal complex resulting in the breaking of
the multivalent interactions. This accompanied with efficient
drug release and subsequent diminishing of LRET signals
together with the enhancement of the UV-Vis emission of
UCNPs. Thus, monitoring changes in the ratio of LRET and
UV-Vis emission could track the drug release behavior from
the pores in real time.

3.5.  Enzyme-triggered drug delivery systems

The pathology of many diseases, such as inflammation,
infection, and cancer are associated with elevating
concentrations of several enzymes. For example, intracellular
legumain and cathepsin were found overexpressed in
various tumors including gastric cancer [158], breast cancer

[159,160] and colorectal cancer [161,162]. Some extracellular
enzymes such as matrix metalloproteinases (MMPs) and
hyaluronidases (HAs) were upregulated in almost all types
of tumors [163,164]. Based on the biochemical abnormality,
a variety of DDSs have been developed by incorporating
specific moieties (enzymatic substrates) that can be
recognized and degraded by overexpressed enzymes. The
intracellular overexpressed enzymes were excellent triggers
for controlled drug release within tumor cells. Meanwhile,
these extracellular upregulated enzymes can serve as
triggers for size shrinkage and surface ligand exposure
to obtain enhanced penetration into deep tumors and
cellular internalization. In this section, the recent reported
enzyme responsive carriers such as legumain, cathepsin,
metalloproteinases and other enzymes were summarized.

3.5.1. Legumain

Legumain is an asparaginyl endopeptidase upregulated in
the lysomes of several cancer cells [165]. It has highly
strict specificity to cleave linkers presenting asparagine or
aspartic acid residues [166]. In view of this feature, legumain
degradable peptides were synthesized for on-controlled
cellular drug delivery. And the terminal carboxyl group of
the peptides can be further conjugated to antitumor drugs
through amide bond formulation. Zhang et al. reported a
legumain cleavable micelle, based on AANL (alanine-alanine-
asparagine-leucine) peptides as linkers for intracellular
delivery of DOX [167]. The linkers conjugated 4-arm PEG and
DOX, forming a prodrug copolymer (4-arm PEG-AANL-DOX)
with the ability to self-assemble into micelles in aqueous
solution. The micelles with a prolonged circulation time could
accumulate in tumor tissue and achieve legumain responsive
drug release. Furthermore, in vivo studies on nude mice
bearing MDA-MB-435 tumors revealed that the designed DDSs
had a comparable anticancer efficacy with the free DOX but
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decreased DOX-related toxicities to normal tissues. However,
such NPs also targeted to normal cells with low expression
of inactive legumain, leading to a decreased therapeutic
efficiency. To evade undesired normal cellular internalization,
targeting moieties are required for improvement of the
overall targeting efficiency. Nan’s group prepared a legumain
sensitive HA nanogel where HA served as the targeting agent
[166]. The legumain responsiveness was achieved via AANL
peptide bridges, onto which, HA and DOX were conjugated.
With the introduction of HA, the nanogel could achieve
specific binding with CD44 receptors overexpressed on cancer
cells. DOX in the cancer cells was more remarkable than
that in the normal cells. The group further evaluated the
therapeutic efficacy of the developed nanogel in a lung cancer
mice model. The results turned out that the nanogel treated
group showed no significant (P < 0.05) changes in tumor size
and all mice survived for 40 d while free DOX suppressed the
tumor growth for only up to 20 d with systemic DOX toxicity
in both liver and kidney.

Also, immune cell membranes with tumor homing feature
were also leveraged as targeting function for legumain
activated drug delivery. Li’s group reported legumain cleavable
NPs encapsulated within Ly6c™ inflammatory monocytes
for lung metastasis treatment [168]. In this case, legumain
substrate AANK (alanine-alanine-asparagine-lysine) peptide
acted as the legumain responsive linkers where cytotoxic
mertansine and poly (styrene-co-maleic anhydride) (SMA)
were further attached. The obtained NPs were denoted as
SMNs. This biomimetic platform underwent a two-stage drug
release process. The first stage was that the responsive
differentiation of monocytes into macrophages at lung
metastasis site resulted in the breaking of the monocyte
membrane to promote the release of the intelligent SMNs.
The second stage was that the cellular legumain triggered
the cleavage of AANK peptides and achieved drug release
at the desired site. In vivo studies on lung metastases mice
model demonstrated that the SMNs significantly improved
the delivery of drugs to lung metastases and penetration into
deep metastatic tumors, thus producing a 77.8% inhibition of
lung metastases.

By Li’s group, macrophages were developed as scaffolds
for insertion of legumain and redox responsive moieties
to target lung metastasis (Fig. 11A) [169]. In their work,
propeptide melittin (legM) with AAN (alanine-alanine-
asparagine) peptides served as the legumain responsive
linkers and further conjugated with DMPE-PEG to form
the DMPE-PEG-legM conjugate while disulfide bridges
with redox responsivity were conjugated with cytotoxic
DM4 and DMPE to form the prodrug DMPE-PEG-S-S-DM4.
DMPE was the abbreviation of 1, 2-dimyristoyl-sn-glycero-3-
phosphor ethanolamine-N-methoxy group which facilitated
the direct insertion of functional moieties onto the membrane
of macrophages. The obtained legM- and DM4-loaded
macrophages (LD-MDS) first achieved tumor homing at lung
metastasis site and the overexpressed legumain triggered the
cleavage of AAN linkers causing the formation of the active
melittin, which promoted the responsive transformation of
DM4-loaded exosome-like nano-vehicles (DENs). The released
DENs were then internalized by metastatic cancer cells and
led to significant cell apoptosis at redox environment. It’s

interesting that the damaged cancer cells were able to
achieve secondary release of the DENs and free drugs to kill
the neighboring cancer cells. The results of in vivo studies
on lung metastatic breast cancer revealed that the prepared
NPs exhibited a remarkable reduction of the average number
of lung metastatic nodules, which was only 10.5%, 11.4%
and 19.0% of the nodules observed in the free macrophage,
legM-MDS and DM4-MDS groups, respectively, indicating a
significant inhibition of the lung metastasis.

3.5.2. Cathepsin B
Cathepsin B (Cg), a late endosomal and lysosomal cysteine
protease, plays a major role in the progression of human
tumors [170]. Taking advantage of this specificity, several
Cp-cleavable peptide sequences were developed such as VC
(Valine-Citrulline) peptides, FRRG (Phenylalanine-Arginine-
Arginine-Glycine) peptides and GFLG (Glycine-Phenylalanine-
Leucine-Glycine) peptides [170-173]. Yu and colleagues
designed a novel and safe micellar drug carrier for DOX
delivery, which was made use of VC dipeptide conjugating
hydrophilic mPEG and hydrophobic stearic segment [170].
The micelles had almost no cytotoxicity against Bx PC-3 cells,
but showed no obvious increase of accumulative drug release
ratio in vitro in the presence of Cg. Thus, further exploration
of the micellar system is needed for a satisfactory drug
release behavior. Specially, in a recent study by Zhang et al,,
a novel type of amide bond-bearing cathepsin B-sensitive
gemcitabine (GEM) prodrugs was reported, where the prodrug
could in situ covalently target circulating albumin and then
made a hitchhike to the tumor [173]. Such a sensitive linker
was obtained via the conjugation of 6-maleimidocaproicacid
and the amine group of gemcitabine [173]. The group
confirmed that various cancer cells overexpressed with
Cg, including HT-29, human breast adenocarcinoma (MDA-
MB-231), human breast adenocarcinoma (MCF7) and human
lung carcinoma (A549), resulting in successful prodrug
activity in these tumor cells. In detail, in vivo albumin was
capable of binding with the maleimide groups of the linker,
thus carrying the prodrugs to these tumor [173]. Then
triggered by the tumor overexpressed cathepsin B and acidic
microenvironment, the system exhibited accelerated release
of gemcitabine due to the degradation of amide-containing
linker [173]. In addition, the NPs showed successful tumor-
targeting ability and enhanced therapeutic efficiency in
human colon adenocarcinoma (HT-29) tumor-bearing mice.
GPLG is the most attractive polypeptide for the
construction of Cg-responsive drug delivery carrier. It's
proved that Cg shows the highest activity at a pH between 5
and 6 [174,175]. Therefore, the enzymolysis of GFLG peptide
will be inhibited in blood circulation, further prolonging
circulation time of GPLG-based carriers. Cheng et al. leveraged
GFLG-containing multifunctional rotaxane structure as
gatekeepers of MSNs for Cp responsive drug delivery [172].
The authors demonstrated that 80% of the loaded DOX
were released at pH 5.0 in the presence of Cg. Luo et al.
reported another Cp specific cleavable platform where GPLG
peptides were conjugated with PTX and further attached to
PEGylated peptide dendrimer. The negative charged nano-
formulation, which integrated the advantages of peptide
dendrimer macromolecules, PEG modification, nanoscale
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system and enzyme-sensitive linker, was expected to achieve
overall optimal therapeutic efficiency for PTX delivery. Kim’s
group reported Cg-specific cleavable KGRR (lysine-glycine-
arginine-arginine) peptide caged metabolic precursors for
exogenous generation of chemical receptors on cancer
cell membrane (Fig. 11B) [176]. The major components of the
metabolic precursors included spacer linker of paminobenzyl-
oxycarbonyl (S), Cg-cleavable KGRR peptide and the metabolic
precursor of triacetylated N-azidoacetyl-d-mannosamine
(Ac3ManNAz), leading to the formation of RR-S-Ac3ManNAz.
At tumor microenvironment, Cp triggered the cleavage of the
KGRR peptide linkers producing RR-S-Ac3ManNAz which was
then hydrolyzed to active Ac3ManNAz. Based on metabolic
glycol-engineering, the Ac3ManNAz generated unnatural
glycans (exogenous chemical receptors) with azide groups
(N3) on the specific cancer cells, which could be targeted
with Dbioorthogonal click-molecule-conjugated NPs like
dibenzocyclooctyne (DBCO) via click chemistry. Furthermore,
confocal microscopy fluorescence imaging demonstrated the
successful generation of the chemical receptors on HT-29
cancer cells as well as the efficient binding of DBCO. This
novel system sheds new light on the solution of insufficient
expressing receptors on cancer cells.

3.5.3.  Combination of metalloproteinases and Cathepsin B
Interestingly, Ji et al. constructed a dual enzymatic
gemcitabine delivery system for pancreatic cancer therapy
[171]. Their research was mainly based on the feature that
both matrix metalloproteinases (MMPs, extracellular enzyme)
and Cathepsin B (Cp, intracellular enzyme) are up-regulated in
several cancers. The system exploited CdSe/ZnS QDs as nano-
vectors where RGD was decorated for cell internalization.
To prolong blood circulation, PEG shied was linked to the
nano-vectors through MMPs cleavable peptide sequence
(GGPLGVRGK-NH,). Similarly, gemcitabine was conjugated
via Cp substrate peptide GFLG. In the process of systemic
circulation, the PEGylated vectors accumulated in tumor
tissue based on EPR effects at first. Then in the presence of
extracellular overexpressed MMPs, PEG shied was removed
and resulted in the exposure of targeting ligand-RGD-for the
enhancement of cancer cell internalization. After cellular
uptake, GEM would be released by the trigger of up-regulated
CB in the cell. Both in vitro and in vivo study demonstrated
that the GEM nano-vectors had prolonged circulation
time, enhanced cellular internalization and efficient drug
release.

3.5.4. Other lysosomal enzymes for controlled drug delivery

Additional lysosomal enzymes including esterase, amylases,
B-D-galactosidase and amidases are also reported as triggers
for intracellular controlled drug delivery [177-179]. Awino
et al. designed therapeutic nucleic acid-functionalized
nanocapsule with esterase responsiveness which provided a
potential nanocapsule for co-delivery of small molecule drugs
and therapeutic nucleic acids alike [179]. An esterified diazido
cross-linker with esterase specific cleavage responsiveness
was first linked with an alkyne-terminated surfactant via
click chemistry while the remaining alkyne groups provided
attachment for thiolated DNA molecules. It’s interesting
that the nanocapsules were assembled from nucleic acid
ligands via stepwise thiolyne chemistry under ultra violet

light irradiation. And therapeutic DNAzyme, a short nucleic
acids sequence, was further functionalized on the nanoscale
scaffold, which was able to cleave transcription factor
associated mRNA in inflammation pathways. Besides, the
cavity of the assembled nucleic acid ligands provided
accommodation for small therapeutic molecules. The
degradation of the nanocapsules was triggered by cellular
upregulated esterase at tumor site, finally resulting in the
release of the encapsulated molecules and the therapeutic
Enzymes. Further by systematical synthesis of different
chemically unique crosslinkers, such formulations could be
applied in the development of DDS responsive to a variety of
different enzymes.

Bernard’s et al. designed nonmetric silica mesoporous
particles capped with “Saccharides” for amylase or B-D-
galactosidase triggered drug delivery [177]. It's noteworthy
that the author employed hydrolyzed starch derivatives with
different hydrolysis degree and lactose to control the release
profile. It was found that drug release profile was both
enzyme-dependent and hydrolysis degree-relevant, providing
us with a novel strategy to design well-controlled DDSs. Based
on amidases, the same group developed another e-poly-L-
lysine capped MSNs for intracellular-controlled release [178].
They exploited two different methods to anchor ¢-poly-L-
lysine chains onto the mesoporous surface. One was by means
of the amino groups in the side chains of the lysine amino
acids and the other was through the polymer’s carboxyl-
terminal group. The author speculated that the random
grafting of the peptide chains contributed to a faster drug
release profile.

3.6. Other mediators

Inflammation has been characterized as one of the hallmarks
of cancer [180]. Inflammation was linked with many types
of cancer including bladder, cervical, gastric, intestinal,
esophageal, ovarian, prostate and thyroid cancer [111]. In
some tumor types, the inflammation is presented before a
malignant change occurs, while in other types, an oncogenic
change induces an inflammatory microenvironment that
promotes the development of tumors [111]. Cancer cells
produce pro-inflammatory cytokines, chemokine’s and
growth factors. With recruitment of these inflammatory
mediators, vast inflammatory cells migrate to the tumor
site and undergo activation, inducing the secretion of an
assorted array of cytokines including tumor necrosis factor
(TNF), interleukin-18 (IL-18) and interleukin-6 (IL-6), which
supports tumor survival and proliferation [181]. Unique
features of these immune cells include tumor homing and
secretion activated by inflammatory mediators, opening
a new area for optimization of the carrier accumulation,
cellular internalization and efficient drug/NPs release. So
far, various immune cells, such as neutrophils [182-184],
monocytes [185,186], macrophages [187-189], lymphocyte
[190-194] and even platelets [195,196], have been applied in
cancer therapy. Some immune cell membrane medicated NPs
are summarized in Table 3. In these systems, therapeutic
molecules are generally encapsulated in the NPs, and then
integrated to immune cells based on covalent attachment,
monovalent absorption, endocytosis process or specific
antibody-antigen interactions [197,198].
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Table 3 - Immune cell membrane-mediated NPs for tumor therapy.

Cell type Size (um) Loaded NPs Targeting mechanism Drug release Pathological model
mechanism
Neutrophils [182] 10-12 Liposomes (PTX) Inflammation factors IF induced neutrophil G422 glioma cancer cells
(IF) extracellular traps
(NETS) release
Monocytes [185] ~25 PLGA (DOX) Adhesion molecules Enzyme degradation Metastatic MCF-7 breast

Macrophages [187]  ~25 Liposomes (Emtansine)

Lymphocyte [193] 6-12 Lipid NPs (Interleukins)

Platelet [196] 2-4 a-PDL1

Dendritic cell [203]  6-12 PLGA (lysate protein

antigens)

Adhesion molecules
Homing to tumor site

Immune factors

Immune recognition

cancer cells

pH-sensitive liposome Metastatic 4T1 breast

destruction tumor mode

IF responsive drug Melanoma-specific
release Pmel-1 CD#+ T cells
Inflammatory Post-surgical tumor

factor-induced release
of platelet-derived
microparticles
Unclear

bearing

Ovarian cancer

Chan’s group reported a core-shell type “nano-ghosts”
for breast cancer therapy [185]. Here, monocyte membrane
was coated onto the surface of DOX-loaded PLGA core to
actively target breast tumor which recruited monocytes for
proliferation. The targeting mechanism was based on cell
adhesion molecules interaction. «41 integrin on monocytes
can specifically bind to vascular cell adhesion molecules-1
(VCAM-1) overexpressed on breast cell membrane, through
which natural accumulation at tumors can be easily achieved.
However, this system faced difficulties in functionalization
at their surface. In another study by Pastoring et al., a hybrid
nanocarrier composed of lipids and monocyte membrane
was constructed to delivery albumin for colon adenoma-
carcinoma therapy [186]. This hybrid system was expected
to integrate the advantages of these two materials, such
as functional surface and natural accumulation at tumors,
showing great potential for cancer therapy. Fluorophores
rhodamine and nitrobenzoxadiazole (NBD) were conjugated
to the lipids to investigate whether these two materials were
fused into unifying liposomes. The formulation exhibited
a reduction of fluorophores emission, indicating the long
distance between lipids, suggesting that these two moieties
were successfully inserted into monocyte membrane.
Unfortunately, the system showed no obvious enhanced
tumor accumulation compared with control liposomes which
might attribute to the structural imperfection of the monocyte
membranes after lipids incorporation.

In 2017, Zhang et al. demonstrated that activated
neutrophils were capable of mediating the delivery of
therapeutic liposomes loaded with PTX across the blood
brain barrier into inflammation sites of postoperative glioma
via conformational change [182]. Activated by concentrated
inflammatory factors at the targeting site, neutrophils were
able to release neutrophil extracellular traps (NETs) together
with PTX-containing liposomes to achieve tumor cytotoxicity.
Also, platelets were also reported as appropriate carriers
for post-surgical cancer therapy (Fig. 12A) [196]. In this case,
anti-programmed-death ligand 1 (a-PDL1) was bound to the
surface of platelet membrane through bifunctional maleimide

linkers. Platelets adhesion lead to the generation of platelet
microparticles (PMPs) that contain many molecules with
immune functions and the diameter of which ranges from
0.1 to 1.0pm. Then activated by concentrated inflammatory
factors, these PMPs were dissociated from plasma membrane
in the form of membrane vesicles and released into the
extracellular environment. The binding of a-PDL1 to non-
activated platelets was highly stable, while the release of
a-PDL1 was significantly promoted on the activation of
platelets (Fig. 12B and 12C). In mouse model, triple-negative
breast carcinomas or primary melanomas were inhibited,
overall mouse survival was significantly prolonged and
the risk of cancer regrowth and metastatic spread were
reduced. Recently, the group further developed a two-cells-
in-one combo system for anti-leukemia therapy (Fig. 12D)
[199]. They covalently conjugated a-PDL1-loaded platelets
to hematopoietic stem cells (HSC), where the HSC served
as the targeting cell with bone marrow (leukemia location
site) homing feature, and the platelets were drug carriers
with tumor environment responsive drug release property.
After intravenous injection of this DDSs into leukemia cells-
bearing mice, the two cells combo system migrated to the
bone marrow and released a-PDL1 at leukemia site, achieving
efficient immune responses and prolonged the survival time
of leukemia mouse. However, these cell-based systems might
release pro-inflammatory factors or activate systemic T-cell
during blood circulation, which remains to be further studied
for clinical application.

4. Multistage drug delivery systems

DDSs responsive to single stimulus have been proven effective
to overcome one biological barrier during CAPIR process. But
each step of the CAPIR cascade might weaken the overall
delivery efficiency of the DDSs. Thus, an ideal platform should
respond to multi-stimuli for further improvement of the drug
delivery.
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Fig. 12 - Inflammatory mediators activated DDSs. (A) In situ activation of the platelets-based DDSs medicated by
inflammatory factors facilitated the release of anti-PDL1 (aPDL1) and cytokines (Reproduced with permission from [196].
Copyright 2017, Springer Nature). (B) TEM images of P-aPDL1 before (left) and after (middle and right) activation (Reproduced
with permission from [196]. Copyright 2017, Springer Nature). The red arrowheads refer to the released PMPs from the
platelet. (C) Immunofluorescence images of residual tumors showed CD** and CD?®* T cells infiltration. A higher infiltration
of T-cells indicates a stronger immune response with a positive correlation to the amount of the released P-aPDL1
(Reproduced with permission from [196]. Copyright 2017, Springer Nature). (D) Integration of hemato-poietic stem cells and
platelets for the delivery of anti-PD-1 antibodies to the leukaemia location site (Reproduced with permission from [199].
Copyright 2018, Springer Nature). (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

Kim et al. developed a multi-staged DDS based on DNA
modification for deep penetrating cancer therapy [200]. The
formulation combined acidic responsive size shrinkage and
ligand exposure into one system. In detail, DOX was loaded
on the G-C pairs of DNA duplexes (D;) and modified on
the surface of AuNPs (15nm), the DOX loaded AuNPs then
served as gatekeepers of MSNPs plugging on their pores
via another DNA duplexes (D,). The hybrid MSNPs with
a diameter of 150nm were stable during blood circulation
(pH = 7.4). After tumor site accumulation (pH 6.5), the D,
was hydrolyzed to form a triplex structure, dissociating the
AuNPs from the MSNPs pores. The detached AuNPs loaded
with DOX possessed a diameter of 15nm, and could achieve
deep penetration into tumor tissues. Internalized by cancer
cells (pH 5.0), DOX was released due to the dissociation of
the D4 to form i-motif structures. Studies in MDA-MB-231 cell
line and breast tumor bearing mice model demonstrated that
the DDSs with tumor specific accumulation, deep penetration
into tumor tissue responsive to tumor extracellular pH, and
intracellular pH-responsive drugrelease in a highly sequential
manner to achieve high therapeutic efficacy for tumor
inhibition. The well-designed nanocarrier with programmed
acidic triggered DNA transition provides a typical example of
multi-staged responsive DDS design.

Zhang’s group designed a pH-/thermal-/GSH-responsive
polymer zipper for precise anticancer molecule release [201].
The polymer zipper was polyelectrolyte composites based
on multiple salt bridges (pY~/Gut* salt bridges) between

cell penetrating peptide-tailed poly(disulfides) with positively
charged guanidyl residues (Gu'/CPD-SS-RGD, RGD is the
abbreviation of arginylglycylaspartic acid) and PEG-attached
thermosensitive polymers with negatively charged phosphate
residues (PY~/PTPs-PEG) (Fig. 13C). In their work, therapeutic
agent was encapsulated in mesoporous silica NPs with
positive charge, onto which, anionic hyaluronic acid (HA),
cationic Gut/CPD-SS-RGD and anionic PY~/PTP-PEG were
assembled forming a sandwich-like structure (Fig. 13C). This
formulation underwent a two-stage process for on-demand
drug release (Fig. 13A and 13B). The first stage was the
detachment of PY~/PTP-PEG corona due to the combinational
trigger of acidic environment and NIR excitation. This
resulted in the exposure of the Gu™/CPD-SS-RGD shell which
possessed positive charge and RGD ligand favorite for cellular
internalization. The de-shielding of the PEG layer led to
size shrinkage of the particles for deep penetration. The
second stage was that the positively charged NPs promoted
endosomal escape based on “sponge effect” and eventually
the intracellular gluthione triggered the cleavage of disulfide
bonds and hyaluronidase (HAase) digested the polymer shell,
achieving intracellular release of the encapsulated cargoes.
The in vivo study demonstrated that by controlling the surface
states, the nanocarriers showed prolonged blood circulation
time, minimized drug leakage in normal tissue, and efficient
accumulation and drug release at tumor sites, significantly
inhibiting the growth of tumor with slight cytotoxicity to
normal tissues.
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5. Conclusions and prospects

There is a wide range of intracellular stimuli-responsive
materials having been developed for the delivery of
therapeutic compounds. Responding to cellular stimuli
such as pH, GSH, ROS, ATP, and enzyme, these intelligent
stimuli-responsive nano-devices show a superior anticancer
effect and minimized side effect than the conventional
formulations. In general, all of the signals mentioned above
can serve as triggers for improved stability during circulation
and reduced stability for on demand drug release. While
extracellular pH and enzymes abnormal in tumor tissue can
also tune the NPs size, surface charge and ligand exposure
for the optimization of accumulation, penetration and
internalization steps. According to previous researches, some
of the stimuli like ROS and ATP are insufficient or too slow
to induce carrier degradation for on-demand drug release,
thus, exogenous stimuli is generated at tumor via direct
administration of ATP or PDT/ROS generating agents.
However, the further development for clinical translation
is still challenging. The biological process of DDSs was known
to be concluded as a CAPIR cascade and each step plays a
vital part for the overall anticancer therapeutic efficiency.

However, most of the reported carriers were only focused
on long blood circulation, enhanced cellular internalization
and intelligent cellular drug release. The tumor accumulation
and penetration process were ignored, which seemed to
incumber the development of smart nanoplatforms. Typical
examples of this are PEGylation dilemma and protein corona
effect where large particle size and positive charge surface
resulted in poor accumulation and penetration separately.
The active targeting strategy endows the nanoplatforms
with tunable size or charge surface for self-adaptability
to different biological environment, providing possible
solutions for these dilemmas. But the design of such multi-
stage nanoplatforms is still at early stage. Sophisticated
design of multi-stage nanoplatforms requires complicated
manufacturing process and quality control, becoming a
huge obstacle for industrial scale-up. Most of the published
papers used implantation animal model to investigate
the antitumor effect of these nano-formulations, however,
these tumor models cannot accurately represent human
tumor in terms of histological characteristics, metastatic
pathways, and post-treatment responses. In the future,
advanced animal tumor models from genome editing
technology and induced by chemicals or virus might possess
comparable pathogenesis and pathological features to
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evaluate clinical therapeutic potential [202]. Another great
challenge is tumor heterogeneity, where the level of cellular
stimuli varies in different individuals and pathologic cells.
The ambiguity of stimuli concentration within the bodies of
patients led to the uncertainty of the responsive behavior
and therapeutic efficiency of these nano-formulations for
clinical application. To this regard, 3D printing, which allows
precise prototyping and manufacturing of dosage forms
in numerous textures, sizes and shapes, might provide a
solution to produce medications with excellent specifications
tailored to the needs of different individuals. Moreover,
most of the reported carriers were based on materials
without sufficient evidence on safety, biocompatibility
and biodegradability, which considerably hinder their
clinical translation. Thanks to their advantages, such as
prolonged blood circulation, great tumor homing and
limited cytotoxicity, the integration of cells and stimuli
responsive materials provide a new insight into the demand
of CAPIR cascade. Nevertheless, for industrial scale-up, there
will be problems with the storage and contamination, as
well as the lack of an accepted industrial procedure for
preparation of these cell-based carriers. Thus, future studies
will require the use of carefully designed experiments and
evaluation strategies, and standardization of production
process and storage conditions. On the whole, there is
still a long way to go for the development and further
clinical translation of stimuli-sensitive nanomedicine. It’s
impractical to design nanocarriers with self-adaptability
to all the biological processes. We believe that tumor
microenvironment responsive nanomedicines with rational
formulations and optimized manufacturing processes will
have clinical translational with higher therapeutic effects
than the currently commercial drugs.
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