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SUMMARY

Chemotherapy serves as one of the most effective approaches in numerous tumor treatments but 

also suffers from the limitations of low bioavailability and adverse side effects due to premature 

drug leakage. Therefore, it is crucial to realize accurate on-demand drug release for promoting the 

application of chemotherapeutic agents. To achieve this, stimuli-responsive nanomedicines that 

can be activated by delicately designed cascade reactions have been developed in recent years. In 

general, the nanomedicines are triggered by an internal or external stimulus, generating an 

intermediate stimulus at tumor site, which can intensify the differences between tumor and normal 

tissues; the drug release process is then further activated by the intermediate stimulus. In this 

review, the latest progress made in cascade reactions-driven drug-release modes, based on the 

intermediate stimuli of heat, hypoxia, and reactive oxygen species, is systematically summarized. 

The perspectives and challenges of cascade strategy for drug delivery are also discussed.

INTRODUCTION

Chemotherapy, a common method in the treatment of a variety of tumors, has been 

extensively used in the clinic.1,2 However, compared with local treatments such as surgical 

operation and radiotherapy, chemotherapy is a systemic therapy approach whereby the 

administered chemotherapeutic agents are nonspecifically distributed in most of the tissues 

through blood circulation.3 Considering that most traditional chemotherapeutic drugs cannot 

distinguish cancer cells and normal cells, the non-targeted drug distribution,4,5 which causes 

unsatisfactory efficacy and severe side effects, is deemed to be one of the major factors that 

restrict chemotherapy.6,7 Therefore, the successful delivery of drugs to specific sites of 

action by overcoming many physicochemical, biopharmaceutical, and pharmacokinetic 

barriers is essential.8 Although the development of nanocarriers offers a new avenue to 

realize targeted drug delivery by utilizing the enhanced permeability and retention effect,9 

many issues, such as premature drug leakage and nonspecific interactions with the tumor 
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microenvironment (TME), still need to be addressed.10 The ideal nanomedicines are 

expected to maintain stable structures in normal tissue and blood circulation while releasing 

chemotherapeutic agents specifically at the tumor site.11

For the purpose of achieving precise controlled drug release, stimuli-responsive drug-

delivery nanoplatforms whose release behavior can be activated or accelerated by 

endogenous or exogenous stimuli at the tumor site have been developed.12–16 The 

endogenous stimuli mainly include typical TME states, such as pH, redox status, and 

specific enzymes, while common exogenous stimuli include light, heat, and ultrasound.17,18 

Unfortunately, drug release triggered by endogenous stimuli is usually confronted with the 

problem of low selectivity. For example, many designs of stimuli-responsive nanomedicines 

are based on the mildly acidic condition of tumor (~pH 6.8), which is different from that of 

the bloodstream and normal tissues (~pH 7.4).19 However, the pH of human body fluids is 

under dynamic equilibrium and some organelles are acidic both in tumor cells and normal 

cells, such as endosome and lysosome.20 On the other hand, although exogenous stimuli 

offer high selectivity to tumor tissue, the low responsiveness becomes an obstacle in 

exogenous stimuli-responsive nanomedicines. For instance, most of the photoresponsive 

moieties, such as azobenzene and o-nitrobenzyl groups, usually need to be activated by UV 

or visible light with high laser power density, leading to limited in vivo biomedical 

application effects.21–23

To develop stimuli-responsive drug-release systems with high selectivity and rapid response 

for enhanced anticancer therapy, a cascade strategy has been employed in many designs of 

nanomedicines in recent years.24,25 Cascade reactions are also known as domino-type 

reactions, which enable multistep reactions to be triggered step by step through careful 

design in a sequence. In cascade drug-release strategy, the nanomedicines are triggered by 

an internal or external stimulus, generating an intermediate stimulus at the tumor site, which 

can augment the differences between tumor and normal tissues. The drug-release process 

will then be further activated by the intermediate stimulus. Therefore, this strategy is a 

promising way to improve both selectivity and responsivity of nanomedicines by TME 

remodeling.26 In addition, the cascade strategy is also promising for the design of a 

combination therapy system. For example, the combination of photothermal agents and 

thermal-responsive drug carriers can realize concurrent photothermal therapy (PTT) and 

controlled drug release.27 Moreover, some tumor treatments, such as photodynamic therapy 

(PDT)28 and chemodynamic therapy (CDT),29 rely on the generation of reactive oxygen 

species (ROS) to damage cancer cells. Therefore, the combination of chemotherapy and 

ROS-based therapy offers the possibility for cascade reactions-driven drug release by using 

ROS-responsive nanocarriers.

Here, we summarize recent advances in cascade reactions-driven drug-release modes for 

tumor therapy. In these modes, the intermediate stimuli include heat, hypoxia, and ROS 

(Figure 1). Many different stimuli-responsive materials that can respond to the intermediate 

stimuli and achieve structural changes have been used for designs and developments of 

nanoplatforms (Table 1). In brief, the purpose of this review is not merely to concentrate on 

the mechanisms of controlled drug delivery and release behaviors in cascade reactions but 
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also to provide rational designs to meet new challenges and expand applications in future 

clinical tumor-targeted chemotherapy.

HEAT

The concept of stimuli-responsive drug delivery, first put forward in the late 1970s, applied 

local drug release using thermosensitive liposomes.56 Since then many kinds of thermal-

responsive materials, such as lower critical solution temperature (LCST) polymers and 

ammonium bicarbonate (ABC), have been applied in the design and development of drug-

delivery systems.57–61 In the past decades, various stimuli-triggered heat-generation 

approaches, such as photothermal, sonothermal, and microwave-thermal, have been studied 

for local thermogenesis.62 The combination of these approaches and thermal-responsive 

materials thus represents a strategy for the design of cascade reactions-driven drug-release 

systems.63 The advantage of this drug-release strategy is to achieve targeted drug release and 

precise therapy through external stimuli-responsive local thermal changes. In this strategy, 

the main drug-release modes include heat-induced linker cleavage, structural changes of 

drug carriers, radical generation, and multiple responses.

Heat-Induced Linker Cleavage

Thermal change usually results in many other changes of nanomedicines, such as heat-

induced linker cleavage.64 In this cascade-release mode, chemotherapeutic drugs are usually 

conjugated to nanocarriers via thermosensitive chemical bonds that can be endothermically 

broken to accomplish the drug release. For example, Hu’s group developed light-controlled 

heat-producing pulsatile drug-release nanoparticles (denoted as CPT@DOX-UCST/PPy), 

which consisted of upper critical solution temperature (UCST) polymer conjugated with 

thermosensitive doxorubicin (DOX) prodrug, hydrophobic camptothecin (CPT) in the 

micellar core, and a polypyrrole (PPy) outer shell.30 Upon 808-nm near-infrared (NIR) laser 

irradiation, the PPy shell can generate heat through a photothermal effect. The thermolabile 

azo bond cleavage and particle size swelling caused by heat further lead to DOX prodrug 

activation and release of encapsulated CPT (Figure 2A). This light-controlled dual drug-

release system combined PTT with chemotherapy and avoided the leakage of drugs in blood 

circulation. As illustrated in Figure 2B, with the increased time of laser irradiation, 

temperature increased accordingly and the rate was directly proportional to the nanoparticle 

(NP) content and laser power density. In response to the temperature change, reversible NP 

swelling (~106 nm at 60°C) and shrinking (~70 nm at 25°C) was observed (Figure 2C). As 

expected, at 60°C, both DOX and CPT were continuously released with cumulative release 

rates of 68% and 75%, respectively. In contrast, negligible drug leakage was observed at 

37°C (Figure 2D). These results suggested that the drug-release behaviors of both DOX and 

CPT were closely related to thermal changes. Because PPy is an efficient photothermal 

conversion material, the heat-induced linker cleavage can also be triggered by NIR laser 

irradiation. The release rates of dual drugs were obviously accelerated by light irradiation, 

while both significantly declined when the light was off (Figure 2E). The intracellular drug 

release of the CPT@DOX-UCST/PPy was verified by confocal laser scanning microscopy 

(CLSM) analysis. In the absence of NIR light irradiation, the DOX fluorescence was hardly 

detected inside cells due to the quenching effect of PPy, indicating minimal drug leakage 
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(Figure 2F). However, upon laser illumination, distinct DOX fluorescence was observed in 

the cell nucleus, indicating that the release of DOX could be driven by light-heat-linker 

cleavage cascade reactions.

Heat-Induced Structural Changes of Drug Carriers

The generation of heat can not only cleave linkers but also sometimes lead to the 

conformational change of drug carriers. Apart from the size expansion as mentioned above, 

other structural changes of nanocarriers, such as DNA strand separation,65,66 changes of 

hydrophobicity,33,34 shrinkage of thermoresponsive segments,57 and destruction caused by 

bubble generation35,67 can be triggered by hyperthermia.

Farokhzad’s group used DNA assembly to construct a targeted and NIR-responsive drug-

delivery nanoplatform (denoted as transfer DNA(DOX)-NRs).31 The transfer DNA(DOX)-

NRs were composed of cDNA strands, gold nanorods (NRs), and polyethylene glycol (PEG) 

layers. The chemotherapeutic drug, DOX, was loaded onto DNA strands through the sites 

provided by sequential -CG-base pairs. Under NIR light irradiation, gold NRs transformed 

light into heat and therefore triggered DOX release due to the heat-induced DNA double-

helix denaturation.68,69 Therefore, this strategy can realize selective release of drugs by 

light-induced thermal changes, achieving local thermo-chemotherapy of tumor.

Through the sequence design of DNA linker, its drug loading capacity and thermal 

denaturation can be controlled to modulate the drug-release rate. For example, Raeesi et al. 

proposed a core-satellite controllable drug-delivery modular nanosystem.32 This system took 

gold nanorods (GNRs) as the ‘‘core’’ architecture and was decorated with gold NPs as 

‘‘satellites’’ through DNA linkers (Figure 3A). Three sequences of DNA linkers were 

designed by adjusting sequence length and composition. After loading DOX in the middle 

loading zone, three core-satellite carriers (LDox1, LDox2, and LDox3) were obtained. 

Compared with LDox1, LDox2 and LDox3 showed higher DOX-loading efficiencies due to 

the increased linker sequence lengths. The DOX release triggered by the cascade of heat 

generation and DNA dehybridization was further studied. As shown in Figure 3B, upon laser 

irradiation, the drug-release rates of both LDox2 and LDox3 were increased along with laser 

exposure time. Compared with LDox2, LDox3 showed faster drug-release rate under the 

same condition. The complete drug-release time of LDox3 (4 min) was one-third that of 

LDox2 (12 min). Correspondingly, the drug-release onset temperature of LDox3 (~58°C) 

was lower than that of LDox2 (~68°C), which was due to the decreased melting temperature 

of DNA linkers in LDox3 (Figure 3C). The relatively low trigger temperature of LDox3 

made it suitable for cascade reactions-driven drug release. In addition, this system can 

achieve ‘‘additive’’ therapeutic effects of PTT and triggered drug release.

Based on the photothermal effect of gold nanomaterials, Yavuz et al. also developed a 

nanoplatform using smart polymer coated gold nanocages (AuNGs).33 The 

thermoresponsive copolymer with an LCST at 39°C, poly(N-isopropylacrylamide)-co-

polyacrylamide (pNIPAAm-co-pAAm), was anchored to the surface of drug-loaded porous 

AuNGs. At body temperature (37°C), the pores on AuNGs were closed by hydrophilic 

pNIPAAm-co-pAAm polymer coating to prevent drug leakage. Upon NIR light irradiation, 

heat generated from photothermal effect leads to hydrophilic-to-hydrophobic transition of 
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the coated polymers, resulting in collapse of polymer chains and consequent exposure of the 

pores for drug release. Interestingly, this hydrophilic-to-hydrophobic transition of polymers 

is reversible. The polymer will return to the initial state and stop drug release when laser is 

turned off. Therefore, by manipulating laser irradiation, the release dosage can be controlled.

Liu et al. proposed another design of nanocarrier by exploiting heat-induced pore exposure.
34 Concretely, yolk-shell Fe3O4@Au NPs composed of small Fe3O4 cores and porous gold 

outer shells were prepared (Figure 3D) whereby the chemotherapeutic drug, DOX, could be 

loaded in the large space provided by the hollow cavity of the Fe3O4@Au NPs. The 

thermosensitive polymer (pNIPAm-co-pAAm) was used to endow the nanomedicine with 

stimuli-triggered drug-release properties. Upon NIR laser irradiation, the gold shell of 

Fe3O4@Au NPs absorbed light energy and converted it into heat, leading to increased 

surrounding temperature (Figure 3E). As a result, NIR light-triggered drug release was 

realized through polymer collapse and pore exposure (Figure 3F). The intracellular DOX 

release of yolk-shell Fe3O4@Au NPs was demonstrated by fluorescence distribution inside 

cells. After NIR laser irradiation, DOX signal was detected in both cytoplasm and nucleus, 

confirming NIR photothermally triggered drug release.

Nanocarrier destruction caused by bubble generation is another important direction in the 

design of cascade reactions-driven drug-release systems. For example, Sung’s group 

proposed a liposomal system (abbreviated as AuNG-Lips) in which therapeutic drug AuNG 

and bubble-generating agent ABC were simultaneously loaded (Figure 3G).35 As 

mentioned, AuNG is an efficient photothermal conversion agent that can absorb the energy 

of NIR light and convert it to localized heat. As shown in Figure 3H, the AuNG-Lips 

suspensions had a dose-dependent temperature rise upon NIR laser irradiation. ABC is a 

thermosensitive material that can be decomposed to produce CO2, ammonia, and water 

when the local temperature is over 40°C.70 Therefore, the NIR irradiation-induced heating 

further led to CO2 bubble generation inside liposomes (Figure 3I). As shown in Figure 3J, in 

the absence of NIR laser (37°C), a relatively small percentage of DOX was released from 

AuNG-Lips; however, under NIR irradiation (42°C), instantaneous DOX release was 

observed. As the transition temperature of liposomes was about 52°C,71 this release 

behavior was a result of internal CO2 bubble-induced liposome destruction rather than the 

direct heating.

Heat-Induced Radical Generation

Cancer treatment approaches based on the generation of ROS or radicals are promising for 

enhancement of therapeutic efficacy on account of their overcoming the hypoxic 

microenvironment.72,73 For example, Akkaya’s group proposed a singlet oxygen (1O2) 

generation nanoplatform which was composed of anthracene endoperoxide derivative 

(EPT1) functionalized gold nanorods (AuNR) (Figure 4A).36 EPT1 is a reliable chemical 

source of ROS. Upon heating, EPT1 was shown to generate 1O2 through heat-induced 

cycloreversion of endoperoxides. The NIR light-induced 1O2 generation of EPT1-AuNR 

was evaluated by using a 1O2 probe, 1,3-diphenyliso-benzofuran (DPBF). Compared with 

AuNR without EPT1, the NIR light-irradiated EPT1-AuNR led to obvious decrease of 

DPBF absorbance (Figure 4B), indicating effective generation of 1O2. The light-induced 

Zhang et al. Page 5

Matter. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ROS generation inside cells was evaluated by an ROS sensor. Under laser irradiation, the 

AuNR did not cause intracellular ROS generation; however, the EPT1-AuNR significantly 

improved the ROS level (Figure 4C). These results demonstrated that the light-induced 1O2 

generation was attributed to the photothermal heating of AuNR and subsequent 

decomposition–cycloreversion process of EPT1.

Moreover, a common initiator, 2,2′-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride 

(AIPH), which can be expeditiously decomposed to generate alkyl radicals under heat 

stimulation, provides a promising approach to solving the problem of tumor hypoxia and 

enhanced anticancer effect.74,75 Shen et al. demonstrated a nanosystem (Au-PCM-AIPH) to 

generate free radicals for cancer therapy by using AuNGs loaded with a phase-change 

material (PCM) and AIPH, as shown in Figure 4D,37 whereby PCM is melted under NIR 

irradiation via the photothermal effect of AuNGs, resulting in rapid release and 

decomposition of AIPH. By adjusting the power density and irradiation time of laser, the 

AIPH release behavior could be regulated (Figure 4E). The AIPH decomposition and free 

radical generation were measured by the determination of ABTS+, which was produced by 

the reaction between 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and 

free radical. The generation efficiency of ABTS+. at 44°C was obviously higher than that at 

37°C (Figure 4F). This temperature-dependent generation of ABTS+. indicated that the 

AIPH release and decomposition were faster at higher temperature. Since the radical is able 

to damage various cellular components, the generation of AIPH radical was further 

characterized by using red blood cells (RBCs) as models. One of the end products of lipid 

peroxidation, methane dicarboxylic aldehyde (MDA), was chosen as an indication of cell 

damage. As shown in Figure 4G, the MDA level was noticeably increased under NIR laser 

irradiation compared with that without laser irradiation. As shown in Figure 4H, under NIR 

light irradiation, AIPH-based free radicals were generated inside Au-PCM-AIPH-incubated 

cancer cells under both normoxic and hypoxic conditions, suggesting that the generation of 

free radical was not dependent on intracellular oxygen level. Furthermore, NIR light 

irradiation overtly enhanced the ability of Au-PCM-AIPH in suppressing cancer cells, 

confirming that the free radicals were generated through the cascade of photothermal effect 

and heat-induced AIPH decomposition (Figure 4I).

Regarding improvement of the photoinduced partial hyperthermia effect in cancer treatment, 

the second NIR window (NIR-II, 1,000–1,350 nm) has attracted much attention. Compared 

with the conventional NIR window (NIR-I, 650–950 nm), NIR-II light has deeper tissue 

penetration and higher maximum exposure permission.76–78 Lin’s group proposed a free-

radical-generating nanosystem by using an NIR-II photothermal agent.38 A CuFeSe2 

nanoparticle with high conversion efficiency was cladded with polydopamine for AIPH 

loading. After BSA modification, CuFeSe2-AIPH@BSA with dual-peak absorption in both 

NIR-I and NIR-II regions was obtained for cascade reaction-induced generation of free 

radicals. The temperature of CuFeSe2-AIPH@BSA was obviously increased upon NIR laser 

irradiation. Correspondingly, the release rates of AIPH and free radicals from the CuFeSe2-

AIPH@BSA increased with temperature increment. Moreover, NIR-II (1,064 nm) treatment 

showed higher therapeutic efficacy than NIR-I (808 nm).
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Heat-Induced Multiple Responses

By combining different thermoresponsive materials, the design of heat-induced multiple 

responses has also been applied to develop drug-delivery systems. Tang et al. proposed a 

logic-gated system-based modular nanomedicine (v-ACED2) to realize accurate on-demand 

drug release by exploiting heat-induced prodrug activation and carrier destruction.39 As 

shown in Figure 5A, this system consisted of DOX prodrug, AIPH, and ROS-responsive 

amphiphilic polymer. Among them, hydrophobic DOX prodrug (denoted as CED2) was 

fabricated by conjugation of two DOX molecules onto the photothermal organic dye 

(CR780) via Edman linkers.79 The two different ‘‘AND’’ logical gates were formed by four 

associative units: mild hyperthermia (I, caused by photothermal agent), acidic pH (II, TME), 

free radicals (III, generated by heat-induced AIPH decomposition), and nanocarrier 

disintegration (IV). Upon NIR laser irradiation, the CR780 dye can effectively convert light 

energy to heat, resulting in obvious temperature increase (Figure 5C). The DOX prodrug can 

be activated by acidic pH and NIR laser-elevated temperature (AND1) due to the 

degradation of Edman linker in the CED2 prodrug (Figures 5B and 5D). Meanwhile, AIPH 

was decomposed under laser-induced heating to generate free radicals, which further 

oxidized the ROS-responsive polymer, poly(-propylene sulfide)-poly(ethylene glycol) (PPS-

PEG), and caused nanovesicle destruction (Figure 5E). Therefore, the DOX release can be 

controlled by prodrug activation and vesicle destruction (AND2). To verify the logic gates-

controlled drug-release behavior of the v-A-CED2, release profiles were measured in an 

acidic condition (pH 5.0) with NIR laser treatment (heated up to 42°C). As Figure 5F 

indicates, compared with v-A-CD2 (without Edman linkers) and v-CED2 (without AIPH), v-

A-CED2 showed the most efficient NIR-triggered DOX release, which confirmed that drug 

release was driven by heat-induced linker cleavage and nanovesicle destruction. 

Furthermore, the intracellular distribution of DOX in U87MG cells was observed by 

confocal microscopy (Figure 5G). For the v-A-CED2 + L group, the fluorescence of free 

DOX was obviously accumulated in the nucleus, indicating logic-gated release under laser 

irradiation; while for the other control vesicles DOX fluorescence was concentrated in 

cytosol, suggesting little to no DOX release. The cascade reactions-driven logic-gated 

release mode can reduce toxicity in normal tissues.

HYPOXIA

Hypoxia caused by insufficient supply of oxygen and nutrient is a typical feature of the solid 

TME.80 By taking advantage of oxygen-level difference between normal tissues and tumor 

tissue, hypoxia-targeted drug delivery has been considered as a promising way to achieve 

specific chemotherapy.26 Meanwhile, many tumor treatment approaches also need to 

consume oxygen in the process. For example, PDT is an oxygen-dependent approach by 

converting oxygen into toxic ROS, such as 1O2.17 In addition, glucose oxidase (GOD) can 

transform oxygen to hydrogen peroxide (H2O2) and cut off nutritional supply in tumor-

starvation therapy.44 These oxygen-consuming processes lead to exacerbation of TME 

hypoxia state and provide a new avenue for the design of cascade reactions-driven drug 

release. The main modes of hypoxia-responsive drug release include linker cleavage, 

hydrophobic-to-hydrophilic transition, activation of prodrug, and multiple responses.
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Hypoxia-Induced Linker Cleavage

The design of nanocarriers containing hypoxia-responsive linker is a typical method to 

achieve hypoxia-triggered drug release. For example, the azobenzene (AZO) group (−N=N

−) is a hypoxia-sensitive linker that can be cleaved by reductases under hypoxic condition.81 

Based on this linker, Liu’s group proposed a nanocarrier composed of AZO groups 

containing conjugated polymers (CPs) for co-encapsulation of photosensitizer (Ce6) and 

anticancer drug (CPT).40 The obtained CPs-CPT-Ce6 NPs can achieve triggered drug release 

through light-enhanced hypoxia response. As displayed in Figure 6A, upon laser irradiation 

oxygen consumption occurred in the Ce6-mediated PDT process, intensifying tumor 

hypoxia condition. The hypoxia-induced activation of azoreductase would then lead to the 

cleavage of hypoxia-sensitive AZO linkers, resulting in promoted dissociation of CPs. 

Therefore, the hypoxic condition induced by PDT could be used as an intermediate stimulus 

for triggering CPT release. Fluorescence imaging was carried out to confirm PDT-induced 

intracellular oxygen consumption by using a hypoxia probe. As shown in Figure 6B, when 

HeLa cells were treated with photosensitizer-containing NPs (CPs-Ce6 NPs) and laser 

irradiation, red fluorescence of the hypoxia probe was observed inside cells; this result was 

similar to that for the positive control group, hypoxia inducer (deferoxamine, DFO)-treated 

cells. In contrast, in the groups without Ce6 or laser irradiation, cells did not show 

fluorescence, indicating that the intracellular hypoxic condition was induced by PDT 

process in which photosensitizer and light were essential. Moreover, hypoxia-triggered 

degradation of AZO groups containing CPs and subsequent activation of CPT release were 

demonstrated by intracellular drug distribution (Figure 6C). In the presence of light 

irradiation, the intensity of intracellular CPT fluorescence was significantly stronger than 

that without light irradiation, indicating that CPT release was triggered by light-mediated 

cascade reactions. The cancer cell-killing efficiencies of different groups under light 

irradiation were evaluated. The CPs-CPT NPs group without photosensitizer showed 

negligible anticancer effect because only a small amount of drug was released under 

normoxic conditions (Figure 6D). However, the Ce6-containing groups showed obvious 

anticancer effects due to PDT. The cell-killing effect of CPs-Ce6-CPT NPs was significantly 

enhanced when compared with that of CPs-Ce6 NPs, indicating the combination effect of 

PDT and hypoxia-induced drug release.

Hypoxia-sensitive linkers can also be used to conjugate drug molecules and polymers for the 

preparation of hypoxia-responsive polyprodrugs. Cui et al. reported a polyprodrug 

nanomedicine (SPNpd) based on a light-responsive amphiphilic semiconducting polymer 

(SP).41 A chemotherapeutic drug that can induce DNA crosslinking and cellular apoptosis, 

bromoisophosphoramide mustard intermediate (IPM-Br), was conjugated to the 

semiconducting polymer through hypoxia-cleavable linker (Figure 6E). The SPNpd was then 

prepared through self-assembly of amphiphilic SP. Drug-free nanoparticles (SPNc) were 

also prepared as a control group. Under 808-nm light irradiation, the SP in SPNpd could be 

used as a photosensitizer for tumor oxygen consumption and 1O2 generation, leading to 

exacerbation of tumor hypoxia. Catalyzed by nitroreductase (NTR), the nitro groups in 

SPNpd were reduced by intracellular nicotinamide adenine dinucleotide (NADH) in a 

hypoxic environment, allowing activation of drug release. As shown in Figure 6F, upon 

incubation with NTR and NADH under hypoxic condition for 6 h, an elution peak 
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representing IPM-Br was found in the high-performance liquid chromatography (HPLC) 

profile of SPNpd, indicating hypoxia-triggered linker cleavage and free drug release. The 

synergistic therapy effect of SPNpd was further evaluated on 4T1 cancer cells. Whether or 

not laser irradiation was applied, SPNpd and SPNc showed similar cytotoxicities under 

normoxic conditions (Figure 6G), indicating that little or no drug was released. However, in 

the hypoxic environment, the viability of SPNpd-treated cells was lower than that of the 

SPNc-treated group regardless of whether NIR light irradiation was applied (Figure 6H). 

These results confirmed that the drug release of SPNpd activated by hypoxia can amplify the 

cancer therapeutic effect through synergy with PDT.

Hypoxia-Induced Hydrophobic-to-Hydrophilic Transition

Apart from linker cleavage, the hypoxia-induced bioreduction of functional groups can also 

result in other structural changes of nanomedicines. The designs of such hypoxia-responsive 

nanomedicines usually require units with specific properties. For example, through an NTR-

catalyzed single-electron bioreduction under hypoxic conditions, hydrophobic 2-

nitroimidazole (NI) can be converted to hydrophilic 2-aminoimidazoles (AI).82 Gu’s group 

took good advantage of this feature of NI. They proposed an NI-grafted conjugated polymer 

(CP-NI)-based nanocarrier for chemotherapeutic drug (DOX) encapsulation, obtaining a 

hypoxia-responsive nanoformulation (denoted as DOX/CP-NI NPs).42 The dithiophene-

benzotriazole moiety in CP can be used as a photosensitizer to consume oxygen and produce 
1O2 upon light irradiation, leading to local hypoxia (Figure 7A). Due to the NI-to-AI 

transition triggered by hypoxia, the hydrophobic polymer CP-NI would become hydrophilic, 

leading to disassembly of nanocarrier. Therefore, the encapsulated drugs were released in a 

cascade action. As indicated in Figure 7B, the drug release from DOX/CP-NI NPs was 

significantly accelerated by laser illumination at both pH 7.4 and 5.4, demonstrating that the 

drug-release behavior was directly correlated with the bioreduction of NI groups rather than 

acid-base condition. Moreover, under several laser on-off cycles, drugs were released almost 

exclusively upon light irradiation (Figure 7C), which further confirmed that the release of 

drugs was controlled by the cascade of light-triggered oxygen consumption and hypoxia-

activated nanocarrier dissociation. CLSM was used to investigate the light-induced cellular 

hypoxia and intracellular release of DOX. The fluorescence of hypoxia detection probe was 

observed inside HeLa cells with incubation of CP-NI NPs and light irradiation, indicating a 

hypoxic intracellular environment caused by the PDT process. The DOX fluorescence was 

mainly distributed in endosome/lysosome of HeLa cells incubated with DOX/CP-NI NPs. 

However, upon light irradiation, free DOX was released and accumulated in the nuclei, 

demonstrating the enhancement of drug release triggered by light-induced hypoxia (Figure 

7D). In terms of therapy effect, the tumor growth was entirely suppressed by administration 

of DOX/CP-NI NPs under light irradiation, which further validated the light-induced 

hypoxia-activated cascade drug release in tumor therapy.

Hypoxia-Induced Activation of Prodrug

The design of prodrugs is a promising approach for reducing side effects in vivo because 

prodrugs need to be activated to exert a pharmacological effect.83 In past decades, various 

hypoxia-activated prodrugs, such as quinone-based prodrugs and N-oxide prodrugs, have 

been developed for selective treatment of cancer.84 In some oxygen-consuming therapies, 
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the oxygen consumption-induced tumor local hypoxia can be simultaneously used as a 

trigger to activate hypoxia-selective prodrug. By combining PDT and hypoxia-selective 

prodrug, Feng et al. designed a liposome-based nanoplatform (AQ4N-hCe6-liposome) 

through co-loading of hypoxia-activated prodrug (AQ4N) and photosensitizer 

(hexadecylamine conjugated chlorin e6, hCe6) (Figure 8A).43 AQ4N is an alkyl N-oxide 

prodrug that can be activated in reducing environment to produce AQ4, an effective DNA 

intercalator/topoisomerase poison, leading to ca. 100-fold higher toxicity.85 Upon laser 

irradiation, the tumor local hypoxic environment caused by the hCe6-mediated PDT process 

led to the conversion of prodrug from AQ4N to AQ4. Therefore, the AQ4N-hCe6-liposome 

showed hypoxia-dependent cytotoxicity to cancer cells. As a result, the antitumor activity of 

AQ4N-hCe6-liposome with light irradiation was obviously higher than that without light 

irradiation, attributed to the cascade of PDT and hypoxia-activated chemotherapy.

GOD-related therapy is another oxygen-consuming approach because GOD can convert 

glucose into hydrogen peroxide and gluconic acid through a catalytic reaction whereby 

oxygen is used as an electron acceptor. Yang et al. reported a cascaded drug-delivery system 

based on stepwise degradable yolk-shell dendritic mesoporous organo-silica nanoparticle 

(YS-DMONs).44 As shown in Figure 8B, GOD and AQ4N were loaded into the large-pore 

dendritic shell and the small-pore yolk, respectively. Owing to high intracellular glutathione 

(GSH) level, the fast disintegration of the shell led to rapid release of GOD and AQ4N 

(process i). The released GOD then induced starvation, H2O2 production, and local hypoxia 

through oxidation of glucose (process ii). Hypoxia further activated the prodrug AQ4N to 

AQ4 (process iii). The YS-DMONs-AQ4N-GOD possessed potent ability for suppressing 

tumor growth, indicating that the cascade delivery of GOD and AQ4N is a promising 

strategy for tumor inhibition.

Besides AQ4N, another commonly used hypoxia-selective prodrug is tirapazamine (TPZ), 

which can be stimulated to generate toxic radicals in hypoxic environment through 

enzymatic reduction.86 Zhang et al. reported a TPZ and GOD co-loaded amorphous calcium 

carbonate (CaCO3) nanoparticle for synergistic tumor-starvation therapy and chemotherapy.
45 As shown in Figure 8C, in acidic intratumoral environment, the decomposition of CaCO3 

led to accelerated release of GOD and TPZ. The exacerbated hypoxia caused by GOD-

driven oxidation reaction further activated TPZ to produce toxic radicals through a single-

electron reduction reaction. The activated TPZ radicals were then further used to induce cell 

apoptosis.

Hypoxia-Induced Multiple Responses

By combining two or more hypoxia-responsive units, nanosystems with the property of 

hypoxia-induced multiple responses were proposed. Gu’s group presented an anaerobe 

nanovesicle mimic (designated as TPZ/AI-NV) by combining hypoxia-responsive polymer 

and hypoxia activatable prodrug TPZ (Figure 9A).46 The nanovesicles were assembled by 

light-harvesting Ce6-modified polymer and NI-grafted amphiphilic polymer. The prodrug, 

TPZ, was loaded into the aqueous core of nanovesicles (Figure 9B). The light-triggered 

photochemical reaction of Ce6 led to rapid oxygen consumption and ROS generation and 

the corresponding hypoxia accelerated the hydrophobic-to-hydrophilic transition of NI-
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grafted polymer, leading to dissociation of nanovesicles and release of TPZ. In the 

meantime, the released TPZ molecules were activated to benzotriazinyl radicals through a 

bioreduction reaction. As shown in Figure 9C, triggered by light irradiation, obvious 

dissociation and size decrease of TPZ/AI-NV were observed, leading to accelerated release 

of TPZ. As shown in Figure 9D, after 10 min of laser irradiation, a burst release of TPZ was 

observed within 6 h. In contrast, TPZ was released from TPZ/AI-NV at a very slow rate in 

the dark. Moreover, the AI-NV-mediated ROS generation and intracellular hypoxic 

condition under light irradiation were verified by using CLSM. Non-irradiated cells 

incubated with AI-NV did not show fluorescence. However, upon light irradiation, obvious 

fluorescence of ROS and hypoxia were observed in AI-NV-incubated cells, indicating light-

triggered oxygen consumption and ROS generation. The cargo TPZ had a selective 

cytotoxicity to hypoxic tumor cells but hardly influenced the normal cells.87 Therefore, the 

free TPZ, AI-NV, and TPZ/AI-NV without light irradiation showed negligible cytotoxicities 

toward HepG2 cells due to inefficient ROS generation and TPZ activation (Figure 9E). Light 

irradiation did not affect the cytotoxicity of free TPZ due to the absence of oxygen-

consuming photosensitizer (Figure 9F). However, upon light irradiation, the cytotoxicity of 

TPZ/AI-NV was obviously higher than that of AI-NV, which further confirmed the synergy 

of light-induced PDT and hypoxia-activated chemotherapy.

ROS

A variety of tumor therapeutic modalities, such as CDT,88–93 PDT,94–96 radiotherapy,97 

thermodynamic therapy,98 and sonodynamic therapy (SDT),99 can produce ROS for cancer 

cell killing. For example, PDT, the most widely used approach for ROS generation, is a 

process that involves the photosensitizer-mediated conversion from oxygen into 1O2 under 

light irradiation; while CDT involves generation of highly oxidative hydroxyl radicals 

through the Fenton and Fenton-like reactions. Over the past decades, various ROS-

responsive materials have been developed; therefore, the cascade of ROS generation and 

ROS-triggered drug release can be a promising approach to achieve targeted drug delivery, 

especially in combination therapy. The common approaches to ROS-responsive drug-release 

modes include ROS-induced linker cleavage, hydrophobic-to-hydrophilic transition, and 

multiple responses.

ROS-Induced Linker Cleavage

Various ROS-sensitive linkers, such as thioketal (TK) linker,100–102 peroxalate ester linker,
103,104 and boronic ester linker,105 have been applied in the design of ROS-responsive drug-

delivery nanosystems. Typically, ROS-sensitive linkers are designed in the chemical 

structures of nanocarriers and prodrugs.

The development of ROS-responsive nanocarriers is the commonly used approach to realize 

ROS-controlled drug release. Yang’s group explored a polymeric nanocarrier (TK-

PPE@NP), which was assembled by ROS-sensitive poly(thioketal phosphoester) (TK-PPE) 

for ROS-triggered drug release (Figure 10A).47 The chemotherapeutic drug (DOX) and 

photosensitizer (Ce6) were encapsulated into the hydrophobic core of the TK-PPE@NP. 

Under laser irradiation, ROS generated through the Ce6-mediated PDT process would cause 
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the cleavage of TK linkers and decomposition of TK-PPE in situ, leading to the shrinkage of 

TK-PPE@NPCe6/DOX and the consequent burst release of loaded DOX. The design of 

prodrugs is another strategy to overcome high systemic toxicity of free drugs.106–109 For 

example, Phua et al. proposed supramolecular NPs (HA-aPS-aCPT NPs) formed by β-

cyclodextrin (CD) conjugated hyaluronic acid (HA), adamantane-conjugated photosensitizer 

THPP (aPS), and adamantane-TK linker-CPT prodrug (aCPT).48 Because of the inclusion 

complex formed by CD and adamantane, stable supramolecular NPs could be obtained 

through self-assembly. Light irradiation would lead to activation of aCPT prodrug and 

release of free CPT drug via ROS-triggered thioketal linker cleavage. Therefore, HA-aPS-

aCPT NPs could realize light-controlled combination therapy of PDT and chemotherapy. 

The TK linker was also used to develop prodrugs to realize cascade activation of puromycin 

aminonucleoside and immune checkpoint inhibitor (NLG919).49,50 In another study, Pu’s 

group reported an organic semiconducting pro-nanoenzyme (OSPE) for cascade reactions-

driven therapeutic enzyme release.51 As shown in Figure 10B, the OSPE was prepared by 

conjugating phenylboronic acid pinacol group-caged ribonuclease A (EBAP) to 

semiconducting polymer nanoparticle (SPN) through a 1O2-cleavable linker, (Z)-2,2′-
(ethene-1,2-diyl-bis(sulfanediyl))diethanamine (BSDA). Upon NIR laser irradiation, the 1O2 

generated from SPN-mediated PDT process would cause rapid release of EBAP due to 

cleavage of linker. The EBAP would be further activated by endogenous H2O2 to induce the 

degradation of RNA, resulting in cell death.

ROS produced by chemical processes can also be used to trigger drug release. For example, 

with the help of nanoscale metal organic framework (MOF) carriers, Cheng et al. developed 

a biomimetic cascade nanoreactor (Mem@GOD@ZIF-8@BDOX).10 GOD was 

encapsulated in ZIF-8 MOF for intracellular glucose consumption to realize starvation 

therapy; meanwhile, the generated H2O2 further triggered release and activation of H2O2-

sensitive doxorubicin prodrug (BDOX). Therefore, this nanoreactor could be used for tumor-

targeted starvation therapy and activated chemotherapy. In addition, Ge’s group reported a 

pH/ROS dual-responsive GOD-loaded nanoreactor (GOD@PCPT-NR) constructed from 

ROS-responsive polyprodrug polymersome, in which GOD was encapsulated in the inner 

aqueous cavity (Figure 10C).52,110 In blood circulation and normal tissues, the 

GOD@PCPT-NR remained inactive due to tight encapsulation of GOD; however, in the 

acidic TME, the increased membrane permeability of polymersome allowed glucose and O2 

to diffuse into the nanoreactor. The activation of oxidation reaction led to generation of 

H2O2, which further triggered drug release from polyprodrug via linker cleavage. Therefore, 

this nanoreactor can achieve combination of oxidation therapy and chemotherapy.

In the past few years, some novel therapeutic agents that can tumor-specifically generate 

ROS, such as β-lapachone (Lapa), have attracted great attention. Lapa can increase the 

intracellular H2O2 level via the catalysis of the reduced nicotinamide adenine dinucleotide 

(phosphate) (NAD(P)H): quinone oxidoreductase-1 (NQO1) enzyme, which serves as a 

specific biomarker in various kinds of cancer cells.111 For example, Rao’s group developed 

a cascade amplification release nanoparticle (CARN) by encapsulating Lapa and a H2O2-

activatable prodrug (BDOX) in polymeric micelle.105 The BDOX prodrug was derived from 

DOX by incorporating a boronate moiety. In tumor cells, the released Lapa would increase 

the H2O2 level, leading to activation of BDOX through boronic ester linker cleavage. Due to 
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the low NQO1 expression in normal cells, the CARN could realize minimal side effects by 

avoiding undesired prodrug activation. Furthermore, the futile redox cycles of Lapa 

consumed NAD(P)H and adenosine triphosphate (ATP), leading to downregulation of P-

glycoprotein expression; therefore, CARN could overcome multidrug resistance of cancer 

cells. Chen’s group also developed a Lapa-loaded dual-responsive nanomedicine (PtkDOX-

NM) that was assembled by pH-responsive polymer and ROS-activatable PEG-block-

polythioketal prodrug (PEG-PtkDOX).53 As shown in Figure 10D, in cancer cells Lapa was 

rapidly released due to the intracellular acidic environment-triggered disassembly of 

PtkDOX-NMs, resulting in increased H2O2 level. In the presence of chelated iron, H2O2 was 

converted to hydroxyl radicals through Fenton reaction and further triggered cascade release 

of DOX via ROS-responsive thioketal linker cleavage. The PtkDOX-NMs were able to 

effectively suppress tumor growth in vivo, which proved the effects of ROS-triggered 

cascade drug release in synergistic chemo- and chemodynamic therapy.

ROS-Induced Hydrophobic-to-Hydrophilic Transition

The ROS-triggered hydrophilicity changes of the polymers can also lead to the collapse of 

the polymeric drug nanocarriers and controlled release of drugs. Under oxidative conditions, 

the hydrophobic sulfur-, selenium-, and tellurium-containing polymers can undergo 

hydrophobic-to-hydrophilic transition.112 Based on this phenomenon, Zhou et al. proposed a 

DOX-loaded nanovesicle (denoted as Au-LAHP-vDOX) formed by ROS-responsive PPS-

PEG and linoleic acid hydroperoxide (LAHP)-modified Au NPs for X-ray-triggered drug 

release and synchronous chemoradiation.54 In general, high-energy X-rays can be applied in 

radiotherapy to promote intracellular ROS level. X-ray-activated ROS generation can 

potently overcome the light-penetration depth restriction of the conventional visible light-

triggered PDT. In this study, upon X-ray irradiation, hydroxyl radicals were generated from 

the X-ray labile LAHP molecules, leading to in situ oxidation of PPS (Figure 11A). The 

hydrophobic PPS became hydrophilic due to the oxidation of thioether, resulting in the 

disassembly of nanovesicles and rapid drug release. As shown in the drug-release profiles 

(Figure 11B), negligible DOX release was observed in the groups without LAHP or X-ray 

irradiation. However, upon X-ray irradiation, a burst drug release was observed in the Au-

LAHP-vDOX group. Transmission electron microscopy (TEM) images further confirmed 

the swelling and structural contraction of Au-LAHP-vDOX triggered by X-ray irradiation or 

external H2O2 (Figures 11C and 11D). To investigate the intracellular production of ROS 

and drug distribution, U87MG cells with different treatments were detected by using CLSM 

analysis. An ROS indicator, 2,7-dichlorodihydro fluorescein diacetate (DCFH-DA), was 

chosen for intracellular ROS imaging. The cells treated with Au-LAHP-vDOX and X-ray 

irradiation exhibited the highest intracellular ROS level due to the X-ray-induced generation 

of hydroxyl radicals (Figure 11E). Noticeably, DOX showed different intracellular 

distributions according to the magnified images. Under X-ray irradiation, the DOX 

fluorescence was mainly distributed in cytosols of Au-LA-vDOX (without LAHP)-treated 

U87MG cells; however, DOX was obviously accumulated in the nuclei of cells treated with 

Au-LAHP-vDOX, indicating the cascade reactions-driven drug release. Owing to the X-ray-

triggered free radical generation and subsequent drug release, the Au-LAHP-vDOX showed 

the most potent cytotoxicity (Figure 11F). Furthermore, the simultaneous drug release 
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during radiotherapy may significantly mitigate the possible emergence of resistance to 

monotherapy, thereby enhancing the synergistic effect of chemoradiotherapy.113

ROS-Induced Multiple Responses

By combining the ROS-sensitive prodrug and ROS-induced structural change of nanocarrier, 

Zhou et al. proposed a ROS-activatable DOX prodrug vesicle (RADV) by anchoring the 

prodrug and photosensitizer in liposomal bilayer membrane through self-assembly.55 As 

shown in Figure 12A, the RADV was composed of unsaturated 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), TK linker-based DOX prodrug (PPC-TK-Dox), PEG-modified 

pyropheophorbide-a (PPa-PEG), and cholesterol. RADV can induce localized ROS 

generation at the tumor site upon laser irradiation, leading to cleavage of TK linker and 

oxidation of the unsaturated DOPC (Figure 12B). Under the combination effect of ROS-

induced prodrug activation and increased lipid membrane permeability, DOX can be rapidly 

released from the RADV upon light irradiation. In this manner, RADV allows local-regional 

chemotherapy and PDT in a spatiotemporally controlled way. liquid chromatography-mass 

spectrometry was applied to confirm the laser-induced activation of prodrug. As shown in 

Figure 12C, almost all the PPC-TK-Dox prodrug was activated within 5 min of irradiation. 

As shown in Figure 12D, about 78% of activated drug was released from RADV under 5 

min of light irradiation. In contrast, less than 20% of drug was released from ROS-

inactivatable DOX prodrug vesicle (RIADV) under the same conditions, indicating that the 

drug release was triggered by ROS-induced TK linker cleavage. To further elucidate the 

ROS-induced multiple responses, saturated phospholipid (DSPC) was used to replace 

unsaturated DOPC for the preparation of RADV and RIADV. The drug-release rate of 

DSPC-incorporated RADV was 1.8-fold lower than that of original RADV prepared by 

DOPC (Figure 12E), suggesting that the structural change of nanovesicles caused by DOPC 

oxidation was also an important factor for light-triggered rapid drug release. CLSM was 

carried out to investigate the intracellular ROS generation and drug distribution. In RADV-

treated cells, DOX (red fluorescence) was entrapped in the lysosomal vesicles surrounding 

the cell nucleus without irradiation (Figure 12F). However, upon laser irradiation, ROS 

(green fluorescence) was generated and further triggered prodrug activation. The activated 

drugs were released into cytosol and subsequently transferred to the nuclei. Prodrug 

activation was quenched if vitamin C was added as an ROS scavenger, indicating cascade 

reactions-driven drug release. In contrast, RIADV was unable to be activated by laser 

irradiation due to ROS-insensitive conjugation. These results demonstrated that ROS-

activatable prodrug and permeability change of nanocarriers play a synergistic positive effect 

on drug-release behaviors. The antitumor effect of RADV was further evaluated by 

cytotoxicity assay. Laser irradiation significantly decreased the viability of cells treated with 

RADV, which was attributed to ROS generation and drug release. However, in the presence 

of vitamin C, the antitumor effect of RADV was dramatically inhibited because both ROS 

generation and prodrug activation were quenched.

CONCLUSION AND OUTLOOK

To improve anticancer efficacy, ideal nanomedicines ought to preferentially accumulate in 

tumor tissue, complete cellular internalization immediately, and target the release of 
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effective components. However, the full chemotherapeutic benefit is always limited by the 

nonspecific biodistribution of drugs, which leads to systemic cytotoxicity and low success 

rate of drug delivery to the tumor sites. To address this issue, many novel stimuli-responsive 

drug-release nanoplatforms based on a cascade strategy have been developed over the last 

few years. The intermediate stimuli of novel nanomedicines after initial stimuli can 

aggravate the differences between normal and tumor tissues, which are served as the switch-

triggered drug release. To some extent, the cascade drug-release strategy can control on-

demand drug release and avoid the nontargeting leakage, which has great potential to 

enhance the efficacy and reduce side effects.

This review systematically summarized three kinds of typical cascade drug-release modes. 

Although some progress continues to be made at present, some issues still need to be 

addressed in the future. For example, various cascade reactions are triggered by light, whose 

tissue penetration depth was limited. In addition, the scope of thermal changes may restrict 

the relevant drug-release rate and the possibility of clinical application. Many tumor 

treatments require participation of oxygen, such as dynamic-related therapy, which restricts 

the applications of drug release triggered by hypoxic conditions. In addition, some ROS that 

can trigger drug release, such as hydroxyl radical, are unfortunately able to influence even 

damaged normal cells. Therefore, further research about cascade strategy is needed to realize 

the targeted drug release for enhanced anticancer therapy.

To provide promising approaches of precision chemotherapy and expand the clinical 

application in the future, the following aspects should be taken into consideration:

1. Selectivity. Chemotherapy is a systemic treatment, so it is essential to ensure that 

the targeted release of drug is mainly at the tumor site to minimize the side 

effects. In the cascade drug-release strategy, the intermediate stimuli of novel 

nanomedicines after initial stimuli should be able to expand the differences 

between normal and tumor tissues to ensure accurate drug release. The 

development of NIR-II light-activated cascade reactions may be a promising way 

to achieve both high selectivity and deep tissue penetration because of reduced 

light scattering and minimized tissue absorption of NIR-II light.

2. Sensitivity. Ideally, chemotherapeutic agents should be released timely once 

reaching the tumor site, so the sensitivity of the triggering mechanism in the 

complex designs of cascade reactions must be ensured to reduce the loss and 

delay period of drug efficacy.

3. Efficiency. The designs of nanomedicines should take the triggering mechanism 

of drug release into full consideration, especially in combination therapy, for 

example when hypoxia-induced drug-release mode used in combination with 

treatments that require oxygen may limit the therapeutic effects of each other. In 

ROS-induced drug-release mode, ROS will be seriously consumed during the 

drug-release process; therefore, it is difficult to achieve a satisfactory 

combination treatment outcome.

4. Clinical trials. Most of the aforementioned studies were carried out under 

extreme conditions that are not relevant to pathophysiology, so the practical use 
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of drug-release modes triggered by cascade reactions in chemotherapy are still in 

the early development phase due to the lack of clinical evidence. More 

systematic evaluations are still urgently required to achieve clinical 

transformation in tumor chemotherapy.

We hope that this review is timely for summarizing the current status about cascade drug-

release strategy and will contribute to the development and application of drug-delivery 

nanoplatforms for tumor-targeted chemotherapy.
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Progress and Potential

Low bioavailability and adverse side effects of untargeted chemotherapeutic drugs are the 

major constraints that limit the efficacy of chemotherapy. Therefore, it is of great 

significance to develop precise on-demand drug-delivery systems with high selectivity 

and responsiveness to enhance anticancer therapy. Stimuli-responsive nanomedicines that 

can be activated by delicately designed cascade reactions have attracted increasing 

attention to achieve fine control over the activation process of anticancer agents. This 

review mainly summarizes recent progress made in cascade drug-release modes. We 

highlight different kinds of intermediate stimuli (heat, hypoxia, and reactive oxygen 

species) that are employed in controlling drug-release behaviors. We hope that this 

review can provide promising directions in the design of cascade reactions-driven drug-

delivery systems and expand their applications in future tumor-targeted chemotherapy.
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Figure 1. Schematic Illustration of the Cascade Reactions-Driven Drug-Release Strategy in 
Anticancer Therapy
The nanomedicines are triggered by an internal or external stimulus, generating an 

intermediate stimulus (e.g., heat, ROS, hypoxia) at tumor site, which can intensify the 

differences between tumor and normal tissues. The drug-release process will then be further 

activated by the intermediate stimulus through a certain response, such as radical generation, 

structural change, linker cleavage, and prodrug activation.
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Figure 2. Drug Release Driven by the Cascade of Stimuli-Induced Heating and Heat-Induced 
Linker Cleavage
(A) Schematic illustration of light-triggered drug-release process.

(B) Temperature elevation profiles of CPT@DOX-UCST/PPy upon laser irradiation.

(C) Size change of UCST/PPy at different temperatures for four cycles.

(D) In vitro drug-release behaviors of CPT and DOX from CPT@DOX-UCST/PPy at 

different temperatures.

(E) In vitro drug-release behaviors of CPT and DOX from CPT@DOX-UCST/PPy with 

periodic laser irradiation (808 nm, 2 W cm−2).

(F) Intracellular drug release of CPT@DOX-UCST/PPy treated without (−) or with (+) light 

irradiation (808 nm, 2 W cm−2, 5 min).

Reproduced with permission from Yang et al.30 Copyright 2018, Elsevier.
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Figure 3. Drug Release Driven by the Cascade of Stimuli-Induced Heating and Heat-Induced 
Structural Changes of Drug Carriers
(A) GNR core-satellite superstructures prepared by different DNA linker sequences.

(B) Drug release from GNR superstructures triggered by laser irradiation for different time.

(C) Drug release from GNR superstructures triggered by different photothermal 

temperatures.

(A) to (C) reproduced with permission from Raeesi et al.32 Copyright 2016, WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim.

(D) Schematic illustration of photothermal heating-triggered drug release from yolk-shell 

Fe3O4@Au NPs.

(E) Photothermal heating curves of the yolk-shell Fe3O4@Au NPs under laser irradiation.

(F) Drug release from the yolk-shell Fe3O4@Au NPs at different temperatures or under laser 

irradiation.

(D) to (F) reproduced with permission from Lin et al.34 Copyright 2017, WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim.

(G) Schematic illustration of nanocarrier (AuNG-Lips) destruction caused by photothermal 

heating-triggered bubble generation.

(H) Photothermal heating curves of the AuNG-Lips under laser irradiation.

(I) Ultrasound images showing photothermal heating-triggered bubble generation from the 

AuNG-Lips.

(J) Drug release from the AuNG-Lips at 37°C or 42°C (maintained by laser irradiation). (G) 

to (J) reproduced with permission from Chuang et al.35 Copyright 2016, Elsevier.
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Figure 4. Drug Release Driven by the Cascade of Stimuli-Induced Heating and Heat-Induced 
Generation of ROS or Free Radicals
(A) Schematic illustration showing NIR light-induced heating and subsequent 1O2 

generation from EPT1.

(B) Absorption spectra of DPBF for detection of NIR light-induced 1O2 generation.

(C) CLSM images of cells incubated with ROS sensor and different formulations with laser 

irradiation. Left: no additive; middle: PEG-AuNR; right: EPT1-AuNR.

(A) to (C) reproduced with permission from Kolemen et al.36 Copyright 2016, WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim.

(D) Schematic illustration showing NIR light-induced decomposition of AIPH and release of 

free radicals.

(E) NIR light-triggered AIPH release from Au-PCM-AIPH.

(F) Absorption spectra of ABTS upon incubation with Au-PCM-AIPH at different 

temperatures.

(G) MDA level changes in RBCs upon incubation with Au-PCM-AIPH.

(H) Intracellular radical generation from Au-PCM-AIPH in different conditions.

(I) Viability of A549 cells treated with Au-PCM-AIPH. (D) to (I) reproduced with 

permission from Shen et al.37 Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim.
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Figure 5. Drug Release Driven by the Cascade of Stimuli-Induced Heating and Heat-Induced 
Multiple Responses (Linker Cleavage, Radical Generation, and Structural Change)
(A) Schematic illustration of programmable drug release from logic-gated v-A-CED2.

(B) Schematic illustration showing the drug-release mechanism of CED2 based on Edman 

degradation.

(C) Photothermal heating curves of CED2 under laser irradiation.

(D) Degradation percentage of CED2 at different temperatures and pH values.

(E) TEM image of v-A-CED2 after 30 min of incubation at 50°C.

(F) Light-triggered drug release from different nanovesicles at pH 5.

(G) CLSM images of U87MG cells incubated with different formulations with or without 

laser irradiation.

Reproduced with permission from Tang et al.39 Copyright 2019, Ivyspring International 

Publisher.
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Figure 6. Drug Release Driven by the Cascade of Stimuli-Induced Hypoxia and Hypoxia-Induced 
Linker Cleavage
(A) Schematic illustration of hypoxia-responsive mechanism of CPs-CPT-Ce6 NPs.

(B) Intracellular hypoxia detection of HeLa cells with different treatments.

(C) Fluorescence images of HeLa cells incubated with CPs-CPT-Ce6 NPs.

(F) Viability of HeLa cells with different treatments and laser irradiation. (***p < 0.001).

(A) to (D) reproduced with permission from Zhang et al.40 Copyright 2018, American 

Chemical Society.

(E) Schematic illustration showing the hypoxia-activated drug release from SPNpd.

(F) HPLC profiles of free IPM-Br, NADH and SPNpd incubated with NTR and NADH.

(G and H) Viabilities of 4T1 cells incubated with SPNpd and SPNc with or without laser 

irradiation in normoxic (G) and hypoxic (H) conditions. (E) to (H) reproduced with 

permission from Cui et al.41 Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim.
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Figure 7. Drug Release Driven by the Cascade of Stimuli-Induced Hypoxia and Hypoxia-Induced 
Dissociation of Nanocarrier
(A) Schematic illustration showing the application of DOX/CP-NI NPs for drug delivery.

(B) In vitro drug release from DOX/CP-NI NPs in different conditions.

(C) Pulsatile release profile of DOX/CP-NI NPs at different pH for light/dark cycles.

(D) CLSM images of HeLa cells treated with different formulations.

Reproduced with permission from Qian et al.42 Copyright 2016, WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim.
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Figure 8. Drug Release Driven by the Cascade of Stimuli-Induced Hypoxia and Hypoxia-Induced 
Activation of Prodrugs
(A) Schematic illustration showing the application of AQ4N-hCe6-liposome for activation of 

AQ4N prodrug. Reproduced with permission from Feng et al.43 Copyright 2016, American 

Chemical Society.

(B) Schematic illustration showing the application of YS-DMONs for synergistic cancer 

therapy. (i) Intracellular delivery of GOD and AQ4N caused by GSH-triggered cleavage of 

tetrasulfide bond; (ii) GOD-mediated catalytic reaction led to oxygen consumption and 

formation of hypoxic environment; (iii) hypoxia-induced activation of AQ4N prodrug. 

Reproduced with permission from Yang et al.44 Copyright 2018, WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim.

(C) Schematic illustration showing the application of AC-TGH for activation of TPZ 

prodrug. Reproduced with permission from Zhang et al.45 Copyright 2018, WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim.

Zhang et al. Page 31

Matter. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. Drug Release Driven by the Cascade of Stimuli-Induced Hypoxia and Hypoxia-Induced 
Multiple Responses (Hydrophobic-to-Hydrophilic Transition, Prodrug Activation)
(A) Schematic illustration of light-induced local hypoxia in tumor.

(B) Schematic illustration showing the mechanism of hypoxia-triggered release and 

activation of TPZ.

(C) Size and morphology changes of TPZ/AI-NV upon light irradiation.

(D) In vitro drug release from TPZ/AI-NV in different conditions.

(E and F) Viability of HepG2 cells treated with different formulations in darkness (E) and in 

light (F). Reproduced with permission from Qian et al.46 Copyright 2017, WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim.
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Figure 10. Drug Release Driven by the Cascade of Stimuli-Induced ROS Generation and ROS-
Induced Linker Cleavage
(A) 1O2-activated cleavage of TK linker in nanocarrier. Reproduced with permission from 

Cao et al.47 Copyright 2017, American Chemical Society.

(B) 1O2-activated cleavage of linker in organic semiconducting pro-nanoenzyme. 

Reproduced with permission from Li et al.51 Copyright 2019, American Chemical Society.

(C) H2O2-triggered cleavage of peroxalate ester linkage in polyprodrug. Reproduced with 

permission from Li et al.52 Copyright 2017, American Chemical Society.

(D) Hydroxyl radical-triggered cleavage of TK linker in polyprodrug. Reproduced with 

permission from Wang et al.53 Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim.
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Figure 11. Drug Release Driven by the Cascade of Stimuli-Induced ROS Generation and ROS-
Induced Dissociation of Nanocarrier
+, X-ray irradiation; #, H2O2 (100 μM).

(A) Schematic illustration showing X-ray-triggered drug release from the Au-LAHP-vDOX.

(B) In vitro drug release from different formulations.

(C and D) TEM images of X-ray-irradiated Au-LAHP-vDOX upon incubation with PBS (C) 

and H2O2 (D).

(E and F) CLSM images (E) and viability (F) of U87MG cells treated with different 

formulations.

Reproduced with permission from Zhou et al.54 Copyright 2018, WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim.
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Figure 12. Drug Release Driven by the Cascade of Stimuli-Induced ROS Generation and ROS-
Induced Multiple Responses (Structural Change of Nanocarrier and Linker Cleavage)
(A) Schematic illustration showing the working mechanism of RADV.

(B) Chemical structure changes of DOX prodrug and DOPC upon ROS treatment.

(C) HPLC profiles of PPC-TK-DOX with different times of laser irradiation.

(D) In vitro drug release from RADV and RIADV with or without light irradiation.

(E) Light-triggered DOX release from vesicles prepared by DOPC or DSPC.

(F) CLSM images of RADV- and RIADV-treated 4T1 cells.

Reproduced with permission from Zhou et al.55 Copyright 2017, WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim.
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Table 1.

Summary of Stimuli-Responsive Materials in Cascade Anticancer Therapy

Stimuli Responsive 
Categories

Materials Triggering 
Methods

Responsive 
Groups

Payloads Therapeutic 
Applications

Reference

Heat linker 
cleavage

CPT@DOX-UCST/PPy NIR light thermolabile 
azo bond

DOX PTT/
chemotherapy

Yang et al.
30

structural 
changes of 
drug carriers

transfer DNA(DOX)-NRs NIR light DNA double 
helix

DOX thermo-
chemotherapy

Xiao et al.
31

LDox1/LDox2/LDox3 NIR light DNA linkers DOX PTT/
chemotherapy

Raeesi et 
al.32

Au nanocages covered by a 
copolymer

NIR light pNIPAm-co-
AAm

DOX chemotherapy Yavuz et al.
33

yolk-shell Fe3O4@Au NPs NIR light pNIPAm-co-
AAm

DOX PTT/
chemotherapy

Lin et al.34

AuNG-Lips NIR light ammonium 
bicarbonate 
(ABC)

DOX NIR-responsive 
tumor 
chemotherapy

Chuang et 
al.35

radical 
generation

EPT1-GNR NIR light EPT1 EPT1 PDT Kolemen et 
al.36

Au-PCM-AIPH NIR light AIPH AIPH PTT/PDT Shen et al.
37

CuFeSe2-AIPH@BSA NIR light 
(I/II)

AIPH AIPH imaging-guided 
and NIR-II-
mediated 
PTT/PDT

Yang et al.
38

multiple 
responses

v-A-CED2 NIR light Edman 
linker/AIPH

DOX/AIPH chemotherapy/P
DT

Tang et al.
39

Hypoxia linker 
cleavage

CPs-CPT-Ce6 NP red light azo group CPT PDT/
chemotherapy

Zhang et al.
40

SPNpd NIR light nitro groups IPM-Br PDT/
chemotherapy

Cui et al.41

hydrophobic-
to-hydrophilic 
transition

DOX/CP-NI NPs light (532 
nm)

NI DOX PDT/
chemotherapy

Qian et al.
42

activation of 
prodrug

AQ4N-hCe6-liposome red light AQ4N 
prodrug

activated 
AQ4

PDT/
chemotherapy

Feng et al.
43

YS-DMONs GOx AQ4N 
prodrug

activated 
AQ4

GSH depletion/
starvation, 
oxidative 
cytotoxicity/
chemotherapy

Yang et al.
44

AC-TGH NPs GOx TPZ prodrug TPZ starvation 
therapy/
chemotherapy

Zhang et al.
45

multiple 
responses

TPZ/AI-NV red light TPZ/NI TPZ PDT/
chemotherapy

Qian et al.
46

ROS linker 
cleavage

TK-PPE@NP red light thioketal 
linker

DOX chemotherapy Cao et al.47

HA-aPS-aCPT NPs red light thioketal 
linker

CPT PDT/
chemotherapy

Phua et al.
48

organic semiconducting pro-
nanostimulant

NIR light thioketal 
linker

NLG919 phototherapy/
immunotherapy

Li et al.49

semiconducting polymer 
nanoblockader (SPNB)

NIR light thioketal 
linker

Puromycin PDT/inhibition 
of protein 
synthesis

Li et al.50
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Stimuli Responsive 
Categories

Materials Triggering 
Methods

Responsive 
Groups

Payloads Therapeutic 
Applications

Reference

organic semiconducting pro-
nanoenzyme (OSPE)

NIR light BSDA linker ribonuclease 
A (RNase 
A)

PDT/
degradation of 
RNA

Li et al.51

Mem@GOD@ZIF-8@BDOX GOx boronic ester 
linker

DOX starvation 
therapy/
chemotherapy

Cheng et 
al.10

GOD@PCPT-NR GOx oxalate 
bonds

CPT oxidation 
therapy/
chemotherapy

Li et al.52

PEG-PtkDOX lap thioketal 
linker

DOX CDT/
chemotherapy

Wang et al.
53

hydrophobic-
to-hydrophilic 
transition

Au-LAHP-vDOX X-ray sulfide 
groups

DOX radiotherapy/
chemotherapy

Zhou et al.
54

multiple 
responses

RADV red light unsaturated 
DOPC/
thioketal 
linker

DOX PDT/
chemotherapy

Zhou et al.
55
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