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Abstract  The excellent drug encapsulation, prolonged in vivo circulation time, enhanced pharmacokinetics, and reduced adverse effects 
make the polymeric assemblies ideal carriers in nanomedicine, and become an emerging research field with rapid development. In vivo, the 
polymer nanoassemblies will experience five steps, including circulation in the blood, accumulation in the tumoral site, penetration into the 
deep tumor tissue to reach cancer cells, internalization into cancer cells, and intracellular drug release. However, although tremendous 
efforts have been made to the material design, currently available carriers still have difficulties in fulfilling all of the requirements. 
Moreover, the long-standing dilemma of the synchronized stability and permeability of vesicles is still a big challenge, which confused 
researchers for a long time. This feature article focuses on the recent progress of single- or multi-stimuli triggered theranostic platforms, and the 
extracellularly reengineered shell-sheddable polymeric nanocarriers are systematically discussed. The perspectives for future developments in 
the nanocarriers functioned with artificial helical polymers (the potential cell-penetrating peptides mimics) are also proposed. We speculate 
that this feature article can fit the interesting of diverse readers and a guideline for the design of next generation of drug nanocarriers. 

Keywords  Block copolymers; Tumor microenvironment responsive; Self-assembly; Theranostic; Nanomedicine 

Citation: Zhang, W. M.; Zhang, J.; Qiao, Z.; Yin, J. Functionally Oriented Tumor Microenvironment Responsive Polymeric Nanoassembly: Engineering 
and Applications. Chinese J. Polym. Sci. 2018, 36(3), 273−287.  

 

INTRODUCTION  

With the gradual deterioration of our living environment and 
the accumulation of personal bad habits, the cancerous types 
and patients exhibit a rising trend, which seriously affect 
people’s normal lives. Up to now, tremendous tactics, 
including surgery, chemotherapy, and radiotherapy, have 
been already developed to deal with such one of the greatest 
enemies of mankind, but inevitable adverse effects and low 
therapeutic efficacies always exist during cancer treatment. 
For example, the low solubility, undesirable biodistribution, 
poor pharmacokinetics, inability to target the affected sites, 
inefficient cellular uptake, and indiscriminate killing of both 
cancerous and healthy tissues/cells are several major 
obstacles in the chemotherapy with the aid of small molecular 
anticancer drugs[1, 2]. Such undesired side effects and inherent 
systemic and cellular barriers would greatly reduce the 
therapeutic outcome, and the possible multidrug resistance to 
a special type of tumor might further decrease the therapeutic 
efficacy. 

To address these limitations, polymeric assemblies (PAs) 
with stimuli (pH, redox, enzyme, temperature, light, hypoxia, 
and electromagnetic field) regulated physicochemical 

properties and tailor-made functions fabricated from 
stimuli-responsive copolymers, like amphiphilic block 
copolymers and double hydrophilic block copolymers, can 
response and adapt to various factors and situations, which 
have long been the researchers’ focus[3−16]. Moreover, PAs 
can offer a highly integrated platform in biomedical 
exploration due to their good drug encapsulation, prolonged 
in vivo circulation time, enhanced bioavailability and 
pharmacokinetics of therapeutics, reduced adverse effects, 
and minimal damage to normal tissues if targeting function 
was introduced[17, 18]. All of these remarkable advantages 
endow them with enormous promising for cancer diagnosis 
and therapy. To date, a certain number of polymeric 
nanomedicines have entered clinical application or in stages 
of clinical trials[19−22]. 

Traditional polymeric nanomedicines are typically 
prepared via either physical encapsulation or covalent 
conjugation. Covalent conjugation is always realized through 
the polymerization of post-modified monomers with contrast 
agent or drug pendants, leading to better stability so that 
contrast agents or drugs do not tend to undergo burst release. 
On the other hand, physical encapsulation can be generated 
using nanoprecipitation, co-solvent self-assembly, or 
electrostatic interaction etc. However, the physical 
encapsulation of drugs sometimes suffers from undesired 
leaking if in a diluted condition, which remains a problem in 
cancer therapy. No matter whether physical encapsulation or 
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covalent conjugation, one can still encapsulate single or 
multiple contrast agents and drugs within PAs for the 
follow-up diagnostic and treatment. 

As we know, after an intravenous injection of polymeric 
nanomedicines, the PAs will experience five steps[23, 24], 
including circulation in the blood (step 1), accumulation in 
the tumor (step 2), penetration into the deep tumor tissue to 
reach cancer cells (step 3), internalization into cancer cells 
(step 4), and intracellular drug release (step 5). To keep the 
individual stability of PAs and extend the blood circulation 
time, the susceptible interactions between PAs and blood 
plasma proteins must be avoided. Thus, biocompatible 
hydrophilic polymer should be anchored on the surface of 
corresponding PAs. Among them, poly(ethylene glycol) 
(PEG), poly(2-meth-acryloyloxyethyl phosphorylcholine) 
(PMPC), poly(2-hydroxypropyl methacrylate) (PHPMA), 
and poly(carboxybetaine) are always used because of their 
protein-resistant and the bypassing of recognition and capture 
by the reticuloendothelial system (RES) or mononuclear 
phagocyte system (MPS)[25, 26]. Moreover, to ensure the 
therapeutic efficiency, it is important to avoid any low 
efficiency steps and maximize the efficiency of each step to 
achieve high overall efficiency. PAs with large sizes are 
reported to favor long time blood circulation, but, in contrast, 
small PAs are more easy to accumulate in tumor tissues by 
enhanced permeability and retention (EPR) effect due to the 
pathologically leaky vasculature and enhance the subsequent 
penetration into deep tumor tissue to reach the cancer cells.  

The different needs in the first three steps (steps 1−3) of 
high efficiency cancer therapy are presented and even 
discussed about the opposite cases. Thus, the way how to 
engineer PAs to fit each step and effectively exert their 
therapeutic efficacy is the key point to design the next 
generation polymeric nanomedicines. Herein, this feature 
article highlights the new progress in multi-model imaging 
guided cancer therapy (Scheme 1), especially several 
representatives of extra- and intra-cellularly reengineered 
stimuli-responsive PAs in tumor tissue for intelligent cell 
imaging and drug delivery. The perspectives for future 
developments are also discussed. We hope that this article will 

 

Scheme 1  Schematic illustration of multi-model imaging guided 
cancer therapy, and extra- and intra-cellularly reengineered 
stimuli-responsive transformable polymeric assemblies in tumor 
tissue for intelligent cancer treatment 

attract the interest of diverse readers in the field of chemical, 
biological, and medical science, and provide a guideline for 
the design of next generation of drug nanocarriers. 

FOR STEPS 1−3 

To overcome the contradiction between blood circulation and 
tumor accumulation and penetration, regulation of the 
nanomedicine surface property is a newly emerging protocol. 
During blood circulation, PAs should be stable for a long time 
to give enough opportunity for tumor accumulation and 
minimize their interaction with MPS to avoid the rapid 
clearance by RES. Then, they should be changed to easily 
adapted state, such as smaller size, while remaining in tumor 
tissues for deeper tumor penetration. As soon as the PAs 
reach cancer cells after deep tumor penetration, they must be 
able to interact with and stick to cancer cells for efficient 
cellular uptake. To realize this assumption, several research 
groups have carried out excellent works. Typically, the 
“shielding processes” with the aid of PEGylation or small 
molecule cages were performed to modify the surface of 
PAs[27−33]. The resultant shell-sheddable PAs had been proved 
to be stealthy during blood circulation but change their 
properties (surface charge, particle size, or caged-uncaged 
ligand transition) to accumulate at tumor tissues through 
passive or active targeting. Moreover, compared with the 
EPR effect in passive targeting strategy, active targeting is a 
much better direction of modern nanocarrier design. By 
taking advantage of this concept, TAT (transactivator of 
transcription) peptide[34], a type of cell-penetrating peptide 
(CPP) that can greatly enhance the cell uptake of nanocarriers, 
and folic acid (FA)[35], a type of targeting primitives with high 
affinity to the folate receptor, were designed to be in inactive 
state in the initial stage. Then, once accumulated in the tumor 
tissues, the masked targeting primitives were reactivated by 
the tumor microenvironment. Such extracellularly 
reengineered processes are always triggered by the 
extracellular stimuli to specific linkages or interactions 
introduced into the PAs previously. 

It has been confirmed that cationic charges are shown to 
improve tumor penetration, while a neutral or a slightly 
negatively charged surface favors a long blood 
circulation[36−41]. But the nonspecificities of cations always 
result in serious adsorption by proteins or clearance by 
monocytes in blood. Thus, this kind of demand gives birth to 
the electrostatic interaction mediated reversibly PEGylated 
PAs for tumor penetration and cellular internalization. As a 
typical example reported by Sethuraman and Bae, a drug 
targeting composite for acidic tumors based on ultra 
pH-sensitive polymer and cell penetrating TAT was 
developed[42]. Firstly, a TAT micelle with a hydrophobic core 
made of poly(L-lactic acid) (PLLA) and a hydrophilic shell 
consisting of polyethylene glycol (PEG) conjugated to TAT 
was formed. Then, the complexation between the positively 
charged TAT micelle and negatively charged ultra 
pH-sensitive diblock copolymer of poly(methacryloyl 
sulfadimethoxine)-block-PEG (PSD-b-PEG) was carried on 
to give the final drug-loaded PAs. The results of flow 
cytometry and confocal microscopy showed that the higher 
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uptake of TAT micelles occurred at pH = 6.6 compared to pH 
= 7.4 indicating the shielding of TAT at normal pH and 
deshielding at tumor pH (Fig. 1). Moreover, TAT was not 
only translocated into the cells but was also seen on the 
surface of the nucleus. These results strongly indicated that 
the TAT micelles could be able to deliver any hydrophobic 
drug near the nucleus. 

As literatures illustrated, PAs with diameters less than  
200 nm favor tumor accumulation via EPR effect due to their 
superior tumor tissue penetration[43−46]. But, in the tumor 
tissues composed of tightly packed cells, they are too large to 
diffuse into the internal. Thus, the small nanocarriers are 
needed in this situation to penetrate the dense tumors. Sun   
et al. recently constructed a “cluster-bomb” type of 
dendrimer@lipid nanoassembly to achieve this goal[47]. A 

pH-sensitive sixth-generation nontoxic polyaminoester 
dendrimer (~5 nm) with a drug loading capacity was chosen 
as the “bomblet”; the lipid shell could keep the nanoassembly 
stable and stealthy in the blood. The whole dendrimer@lipid 
nanoassembly was ~45 nm in diameter and contained ~25 
dendrimers. Once the “cluster-bomb” nanoassembly 
accumulated in the tumor site via the EPR effect, fusion of the 
lipid layer with the cell membrane would release the 
dendrimers. The small dendrimers in extracellular fluid 
further penetrated into the tumor internal, letting the 
dendrimer surface be protonated (pH: 6−7) and become 
positively charged, which could efficiently trigger fast 
cellular uptake. Once in the lysosomes, the dendrimers 
became soluble in the lower pH microenvironment and 
released encapsulated drugs (Fig. 2). 

 

 
Fig. 1  Schematic model for the proposed drug delivery system: the carrier system consisting of two components, a PLLA-b-PEG micelle 
conjugated to TAT and a pH-sensitive diblock polymer PSD-b-PEG: (a) At normal blood pH, the sulfonamide is negatively charged, and 
when mixed with the TAT micelle, shields the TAT by electrostatic interaction. Only PEG is exposed to the outside which could make the 
carrier long circulating; (b) When the system experiences a decrease in pH (near tumor) sulfonamide loses charge and detaches, thus 
exposing TAT for interaction with tumor cells. (Reproduced with permission from Ref. [42]; Copyright (2007) Elsevier) 

 

Fig. 2  Schematic of the “cluster-bomb” like nanoassembly and how it works (The nanoassembly structure with a dendrimer core and 
lipidic shell was confirmed by cryo-TEM imaging.) (Reproduced with permission from Ref. [47]; Copyright (2014) John Wiley and Sons) 
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Aside from the tumor acidity triggered extracellular 
reengineering, the certain enzymes, for example, matrix 
metalloproteinases (MMPs; particularly, MMP-2) overexpress 
in the extracellular matrix is another powerful tool to cleave 
the linkers on the core-shell interface of shell-sheddable PAs 
to change the corresponding surface properties and enhance 
subsequent enzyme-responsive delivery of therapeutic 
agents[48−52]. Enzyme-catalyzed reactions are always highly 
selective and efficient toward specific substrates under mild 
conditions. As a typical example, Gullotti et al. immobilized a 
cell-interactive TAT peptide (RKKRRQRRR) and a 
PEGpeptide-conjugate on PLGA core to obtain cell 
interactive nanoparticles with a removable PEG layer, called 
peritumorally activatable nanoparticle (PANP) (Fig. 3a)[53]. 
The PEG was conjugated to a MMP-substrate peptide 
(GPLGVRGC), serving as the MMP-2 cleavable linker. As 
the cleavage of PEG in the tumoral environment, the TAT 
peptide was exposed and enabled the nanoparticles to actively 
engage with tumor cells. To test the effect of TAT peptide and 
MMP-2 sensitivity, cellular uptake and biological activity of 
the nanoparticles were also tested in vitro. The dual-modified 
PANPs exhibited MMP-2 dependent cellular uptake 
compared with the untreated ones (Fig. 3b). 

Alternatively, small molecule cages have also been 
applied in the reengineering of protected ligands through 
stimuli-responsive cleavable covalent linkages. When the 
PAs accumulate at the tumor site, the small targeting ligands 
are removed[54−57]. Then, the ligand modified surfaces are 
reactivated and exposed to the outside, which can further 
improve the cell uptake of the PAs. For example, Li et al. 
explored a nanoparticle (DATAT-NPIR&DOX) with tumor acidity 
activated TAT as well as a NIR dye IR-780 and doxorubicin 
(DOX) contained flexible chain polyphosphoester core[54]. 

The resultant transformable DATAT-NPIR&DOX nanoparticles 
could efficiently avoid the interaction with MPS and rapid 
clearance by RES, exhibiting the “stealth” state due to the 
masking of the TAT peptide during blood circulation. Once 
accumulated in the tumor tissues, the masked TAT peptide 
was reactivated by the tumor acidity, which induced 
DATAT-NPIR&DOX nanoparticles to transform into the 
“recognize” state, markedly promoting their interaction with 
tumor cells for enhanced cellular internalization. Then, these 
nanoparticles were transformed into “attack” state under 
NIR irradiation, achieving the supersensitive DOX release 
(Fig. 4). After systematically evaluating the effect of these 
transformable nanoparticles on their interaction with 
biological systems and overall therapeutic efficiency, they 
believed that this work provided a new avenue for the 
construction of the next generation of drug delivery systems. 
In addition, another kind of shell-sheddable nanoparticles 
that could deshield their PEG protective shell in the situation 
of tumor acidity was also reported by the same group[27, 29]. 
Similarly, amidization of the CPPs’ lysine residues to succinyl 
amides showed efficient inhibition in their nonspecific 
interactions in vivo. Once the amides were hydrolyzed in an 
acidic environment, the CPPs’ cell membrane penetration 
and nuclear localization activity were recovered[58]. 
Compared with cationic charge-shielding approaches, the 
amidized CPPs are very stable and have completely inhibited 
nonspecific interactions in the blood compartment. 

Light is a cheap and easily manipulated clean external 
stimulus, whose variable wavelength and intensity can 
regulate the shape and size of the PAs at a desired time and 
place in a spatiotemporal precision manner. Light-responsive 
PAs have received increasing attention due to their potential 
applications in the diagnosis and treatment[59−65]. Most of the 

 

Fig. 3  (a) Schematic diagram of a peritumorally activatable nanoparticle (PANP); (b) Cellular uptake of NPs with or 
without MMP-2 pre-treatment (Reproduced with permission from Ref. [53]; Copyright (2013) Springer) 
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Fig. 4  Schematic illustration of tumor acidity/NIR controlled 
transformable nanoparticle DATAT-NPIR&DOX for mediating 
nanobio interaction from the injection site to biological targets 
(Reproduced with permission from Ref. [54]; Copyright (2017) 
American Chemical Society) 
 
already reported examples were mainly concerning the 
light-triggered hydrophobicity-hydrophilicity transition or 
degradation of nanocarriers to induce drug release. Nowadays, 
photocaging, where a specific molecule or ligand is screened 
with a photolabile protecting group, will result in an inert 
caged molecule. Upon light irradiation, the caged molecule or 

ligand is exposed to the outside and becomes active. By using 
this elegant method, the species for light-controlled targeting 
have been constructed through the introduction of photocaging 
groups. For example, Dvir et al. caged GGGGYIGSR-NH2 
peptide with a 4,5-dimethoxy-2-nitrobenzyl (DMNB) group 
on tyrosine to form inactive GGGGY(DMNB)IGSR-NH2 
peptide. After illumination, the caging group could be 
released at the desired site and the targeting became active[66]. 
Moreover, Fan et al. reported a design of photocaged folate 
nanoconjugates bearing Au nanoparticles with caged folate 
molecules attached on the surface, which could selectively 
target cancer cells upon UV irradiation[67]. The FA was firstly 
masked by a photocleavable o-nitrobenzyl (ONB) moiety 
through covalent binding to α- and γ-carboxylate groups. 
Then, the light-activated targeting and intracellular drug 
delivery were demonstrated using biodegradable 
PLGA@lipid hybrid nanoparticles encapsulating the drug 
paclitaxel. The experimental results confirmed that the 
obtained hybrid nanoparticles showed a higher cytotoxicity to 
the target cells than the unactivated nanoparticles (Fig. 5). 

FOR STEPS 4−5 

As mentioned above, steps 1−3 concern the blood circulation 
and tumor accumulation and penetration of PAs. As soon as 
the cell endocytosis of PAs occurs, the encapsulated cargos, 
especially drugs, should require rapid release to play a set role 
on demand. In order to track and evaluate the release of drugs, 
visualization technology is particularly important. Thus, in 
vivo imaging has become a powerful tool to provide us with  

 

Fig. 5  The photocaged folate nanoconjugates activated by irradiation to remove the caging groups and then to target cancer 
cells (NBA = 2-nitrobenzylamine.) (Reproduced with permission from Ref. [67]; Copyright (2012) John Wiley and Sons) 
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an in-depth high-resolution and high-contrast observation in 
living subjects and plays a pivotal role in the clinical accurate 
diagnostics of disease. In the past few years, fluorescence 
imaging, magnetic resonance imaging (MRI), photoacoustic 
imaging, computed tomography (CT), and radionuclide 
imaging have been developed in turn[68−72]. However, due to 
the urgent requirement of accurate in situ diagnosis and 
therapy, tumor and cell imaging technology guided treatment, 
namely theranostics, has become a newly presented research 
hotspot[73−77]. Encapsulating contrast agents together with 
drugs within single PAs can not only afford intelligent control 
over delivery but also increase the diagnostic sensitivity and 
specificity by means of multiplex modularity of design. The 
explosive growth in this field has led to a dizzying array of 
new nanocarriers, and many excellent works have been 
reported in the past decades. For example, Chen group 
encapsulated cyanine dyes, chemotherapeutic drugs, and 
photosensitizer within polymeric micelles or vesicles to form 
the complex theranostic platform. These systems not only 
possessed high drug payload efficiency but also achieved 
high-contrast fluorescence imaging-guided thermo- 
chemotherapy under pH and reduction responsive triggers or 

light irradiation, causing complete ablation of resistant 
tumor[78−81].  

Despite the fact that many efforts have been made to design 
and optimize stimuli-responsive polymer based bioimaging 
and drug delivery system, more precise and innovative 
techniques need to be developed to adapt to the more 
complicated situations. For instance, most of the reported 
stimuli- responsive block copolymer delivery systems always 
perform a single imaging capability or responsive to a single 
stimulus to release drugs, which cannot fulfill the more 
complicated imaging, drug delivery and release needs. 
Development of multifunctional theranostic agent that 
integrates the advantages of multi-tier diagnosis and therapy 
into a single platform has been of great importance[82−84]. To 
meet this demand, a smart amphiphilic copolymer was 
prepared with poly(ε-caprolactone) (PCL) as hydrophobic 
block, PEGylated helical poly(phenyl isocyanide) (PPI) as 
hydrophilic block, and a pH-responsive rhodamine B (RhB) 
moiety located in the junction. After packaging IR780 and 
camptothecin (CPT) within the micelle cores through 
cosolvent self-assembly, the IR780/CPT@PPI(-RhB)-PCL 
complex micelles were successfully achieved (Fig. 6a)[85].  

 

Fig. 6  (a) Schematic illustration of IR780/CPT@PPI(-RhB)-PCL complex micelles; (b) Incubation duration-dependent CLSM images of 
live HeLa cells when culturing at 37 °C with IR780/CPT@PPI(-RhB)-PCL complex micelles; Time-lapse (c) photoacoustic MAP and (d) 
NIR fluorescence (NIRF) images in mice taken at different time after intravenous injection of IR780/CPT@PPI(-RhB)-PCL complex 
micelles; (e) Effects of chemo-photothermal therapy in HeLa tumor-bearing mice (representative time-dependent photos taken for mice after 
being irradiated by 808 nm NIR light irradiation); (f) Tumor volumes of different groups measured after laser irradiation and normalized to 
their initial size (n = 5 per group) (Error bars indicated the means and standard errors.) (Reproduced with permission from Ref. [85]; 
Copyright (2016) Ivyspring International Publisher) 
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The in vitro and in vivo experiments demonstrated that the 
pH-induced fluorescent responsiveness (Fig. 6b) and 
NIR-triggered strong acoustic and heat generation endowed 
them with efficient photoacoustic (Fig. 6c) and 
NIR-fluorescent (Fig. 6d) imaging capability for cancer 
diagnosis. Moreover, with NIR laser irradiation, the 
generated heat significantly improved the CPT release, 
leading to synergetic chemo-photothermal therapy (Fig. 6e) 
and decreased tumor recurrence rates in mice (Fig. 6f). 
Overall, the biocompatible multifunctional micelles with 
these combined advantages can potentially be utilized for 
multi-mode imaging guided disease diagnosis and therapy. 

One more worthy work concerning a pH-, thermal-, and 
glutathione multi-responsive polymer zipper consisting of 
cell-penetrating poly(disulfide)s and thermosensitive 
poly(N-isopropylacrylamide)s bearing guanidinium/phosphate 
(Gu+/pY−) moieties to adjust the surface composition of 
nanocarriers for precise tumor targeting and efficient drug 
delivery is developed by Zhang et al[86]. The nanocarriers 
could remain in undetected state during blood circulation and 
favor passive accumulation at tumor sites. With the assistance 
of acidic microenvironment and NIR irradiation 
(photothermal conversion), the Gu+/pY− interaction was 
broken, leading to the rupture of zipper and exposing the 
penetrating shell (Fig. 7). The in vivo experiments confirmed 
that the nanocarriers showed longer blood circulation time, 
minimized uptake and drug leakage in normal organs, and 

enhanced accumulation and efficient drug release at tumor 
sites by manipulating the surface properties, which largely 
inhibited the tumor growth. This proof-of-concept provided a 
versatile protocol for engineering nanomedicines with high 
selectivity and efficiency for clinical cancer treatment. 

However, it should be noted that, due to the 
thermodynamic equilibrium, conventional PAs may 
dissociate into unimers at a concentration lower than the 
critical micelle concentration (CMC) upon high dilution, such 
as intravenous injection, leading to premature release of 
encapsulated cargos, like contrast agent or drugs, before 
reaching the target tissues. This will result in reduced 
therapeutic efficacy and make the major contributor to cancer 
therapy turn out to be the shortcoming in imaging. To address 
this issue, the use of core cross-linked (CCL) micelles 
emerged as an effective approach bearing ionic interaction, 
photo-cross-linking, condensation, and “click” reactions[87−92]. 
On the contrary, in the case of drug delivery systems, the PAs 
must dissociate or swell to release entrapped drugs at the 
targeted site. Although we are committing to the perfect 
design, currently available PAs still have difficulties in 
fulfilling all of the application requirements. With the help of 
light-regulated “traceless” crosslinking strategy, Wang et al. 
gave a perfect solution of the long-standing dilemma of the 
synchronized stability and permeability of vesicles. An 
amphiphilic block copolymer with the hydrophilic PEO block 
and hydrophobic PNBOC block containing photolabile  

 

Fig. 7  Schematic design of smart nanocarriers coated with pH-/thermal-/GSH-responsive polymer zippers for precision tumor 
treatment: (a) NIR-/pH-guided cellular uptake and GSH/HAase-controlled release in vivo ((i) passive accumulation at tumor sites in 
the PEG state via the EPR effect; (ii) NIR-/pH-activated surface shift to the rCPD state for selective uptake via 
thiol-/receptor-mediated endocytosis; (iii) endosome escape and controlled release by endogenous GSH/HAase; (iv) nonspecific 
retention and clearance in normal tissues); (b) The surface state variations during drug delivery (the polymer zipper decoding and 
the sandwich protective shell degradation); (c) The composition of the pPTP/CPD polymer zipper with multiple pY−/Gu+ salt 
bridges (The rCPDs were prepared with a cyclic peptide with sequence of arginine-glycine-aspartic acid (RGD) as an initiator.) 
(Reproduced with permission from Ref. [86]; Copyright (2017) John Wiley and Sons) 
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carbamate-caged primary amine moieties, termed as 
PEO-b-PNBOC, was synthesized[93]. After self-assembling 
into vesicles, the caged primary amine groups could be 
released by light-triggered self-immolative decaging process, 
resulting in a hydrophobicity to hydrophilicity transition of 
the bilayer of vesicles. Perfectly, at the same time, the free 
amine groups took part in the subsequent crosslinking by 
amidation reactions with adjacent ester bonds, leading to 
enhanced vesicle stability instead of vesicle-to-unimer 
transition (Fig. 8). Getting the help from this feature, 
light-regulated co-release of both hydrophobic and 
hydrophilic cargos and light-switchable biocatalysis of 
enzyme entrapped vesicle nanoreactors were successfully 
achieved. Moreover, PEO-b-PSPA diblock copolymers 
containing a unique carbamate linkage in the PSPA block 
were also prepared by the same group[94]. Upon self-assembly, 
spiropyran (SP) moieties within vesicle bilayers underwent 
reversible phototriggered isomerization between hydrophobic 
SP and zwitterionic merocyanine (MC) states. No matter in 
what form, the microstructures of vesicles were stabilized by 
multiple cooperative noncovalent interactions including 
hydrophobic interaction, hydrogen bonding, π-π stacking, and 
electrostatic interactions. The carbamate-incurred hydrogen 
bonding interactions in the sample were confirmed to be 
crucial for vesicle stabilization in the zwitterionic MC state, 
and the reversible phototriggered SP-MC transition was 

accompanied by membrane polarity and permeability 
switching from being impermeable to selectively permeable 
toward noncharged, charged, and zwitterionic small molecule 
species below critical molar masses. The photoswitchable 
spatiotemporal release of dyes within living HeLa cells was 
further demonstrated. After comparing these two works, the 
former “traceless” crosslinking process is irreversible and the 
bilayer cross-linking is unidirectional transition. Not only that, 
the photo-triggered release of 2-nitrosobenzaldehyde 
intermediates may further incur cytotoxicity issues. But the 
later design provides an excellent solution to this issue. 

Moreover, since Luo et al. observed the unique optical 
properties termed as “aggregation-induced emission (AIE)”, 
tetraphenylethene (TPE) has emerged and opened the door for 
a new direction for functional materials[95]. However, most of 
the existing reports focused on their AIE phenomenon and 
applied this feature in fluorescence cellular tracers or 
chemosensing[96−100]. Recently, three TPE- functionalized 
monomers and catalysts were synthesized by attaching TPE 
moieties to phenyl isocyanide and by post-modification 
strategy from TPE, respectively. It had been confirmed that 
the monomers (TPE-NC) and corresponding homopolymers, 
no matter linear or four-armed star-shaped, exhibited 
concentration and molecular weight dependent AIE behavior 
in pure organic solvents. Differently, TPE-NC monomers 
maintained AIE activity in THF/H2O mixture, but the 

 

Fig. 8  Design of block copolymer vesicles exhibiting concurrent phototriggered “traceless” crosslinking and vesicle membrane 
permeabilization (PEO-b-PNBOC amphiphilic block copolymers self-assemble into polymersomes with the hydrophobic bilayer containing 
carbamate-caged primary amine moieties. UV irradiation triggers decaging reactions and the release of primary amine functionalities. 
Prominent amidation reaction then occurs because of a suppressed amine pKa within the hydrophobic vesicle membrane, resulting in vesicle 
crosslinking instead of vesicle-to-unimer disassembly. i) Enhanced amidation within the hydrophobic microenvironment. ii) Unreactive 
primary amines because of protonation.) (Reproduced with permission from Ref. [93]; Copyright (2014) John Wiley and Sons) 
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homopolymers lost their emission in mixed solvent. Thus, the 
aggregation-caused quenching (ACQ) behavior, a 
diametrically opposite phenomenon to AIE, from the same 
TPE moieties was observed[101]. Thanks to the continuous 
findings and designs, a new type of cross-linked cellular 
tracer and nanovectors with thiol ratiometric fluorescence 
imaging performance was reported by us[102]. Starting from 
three different kinds of phenyl isocyanide monomers, a type 
of well-defined amphiphilic block copolymers, P(PFPPI-co- 
TPEPI-co-HPPI)-b-HPPPI, with controlled molecular 
weights and tunable compositions were prepared through 
sequential living copolymerization in one pot (Fig. 9a). 
Disulfide bonds were then introduced by the exchange 
reaction between pentafluorophenol (PFP) units and 
cystamine (Cys; served as a cross-linker). The final 
cross-linked P(CysPI-co-TPEPI-co-HPPI)-b-HPPPI PAs   
(Fig. 9b) showed a time-dependent dissociation in the 
conditions mimicking the intracellular reducing environment, 
but became nonfluorescent (ACQ) if the polymer chains were 
aggregated. By taking advantage of this character, 

nanoassemblies capable of fluorescence ratiometric property 
could be constructed after incorporating another 
solvatochromic dyes, Nile red (NR), in water (Fig. 9c). In 
cells, the red fluorescence emission from NR channel 
observably decreased with time, but, at the same time, the 
blue fluorescence emission from TPE channel gradually 
increased in the same time scale (Fig. 9d). This change in the 
ratio of emission intensity (overlay column) showed a color 
transition from red to purple to blue, confirming the 
successful development of a polymeric assembly based 
ratiometric probes to realize the persistent and real-time 
cancer cell microenvironment responsive imaging even in the 
case of polymeric nanoassemblies’ swelling induced cargo 
release. Not only that, these assemblies also possessed rapid 
cell membrane permeability due to the PEGylated single 
left-handed helical corona[103]. 

As mentioned above, although the structure of nanocarriers 
was stabilized through cross-linking method, the inevitable 
low drug loading efficiency still existed and tended to be a 
major obstacle to limit the therapy efficiency. In addition, a 

 

Fig. 9  (a) Synthetic routes employed for the successive copolymerization of pentafluorophenyl ester-functionalized phenyl isocyanide 
monomers (PFPPI; M1), tetraphenylethene (TPE)-functionalized phenyl isocyanide monomers (TPEPI; M2), and L-hydrophilic phenyl 
isocyanide monomers (HPPI; M3) by living polymerization with phenylethynyl Pd(II) complex as a single catalyst to form 
P(PFPPI-co-TPEPI-co-HPPI)-b-HPPPI block copolymers in one-pot; (b) Schematic illustration for the fabrication of dye incorporated core 
cross-linked complex micelles and reducing agent-triggered release as well as their respective luminescence behaviour; (c) The chemical 
structure of resultant micelles; (d) Incubation duration-dependent CLSM images of live HeLa cells when culturing at 37 °C with 
NR@P(CysPI-co-TPEPI-co-HPPI)-b-HPPPI micelles at different time (Reproduced with permission from Ref. [102]; Copyright (2017) 
American Chemical Society) 
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possibility of the mismatch between the releases of contrast 
agents and anticancer drugs from the PAs existed and might 
result in undesirable theranostic outcomes. To overcome this 
challenge, attaching drug molecules to the polymer chains to 
form “polymer-drug conjugates” and polymerizing prodrug 
monomers to form so-called “polyprodrugs” are two efficient 
implemented methods to improve the stability of encapsulated 
drugs[104, 105]. The introduction of stimuli-responsive linkage 
between drug molecules and polymer chains permits further 
precise control over drug release. For example, the 
preparation and relevant biological functions of an 
amphiphilic block copolymer, PEG-b-PCPTM, were reported 
by Hu et al[106]. The PCPTM block was obtained by 
polymerizing a reduction-cleavable CPT prodrug monomer, 
leading to the resultant diblock copolymer with a more than 
50 wt% of CPT loading content, which was termed as 
“polyprodrug amphiphiles”. The controlled hierarchical 
organization of polyprodrug amphiphiles as well as 
corresponding biological application was further investigated, 
and the unprecedented staggered lamellae assemblies 
outperform the other kinds of nanostructures. This work 
opens up new horizons for exploring block copolymer based 
drug delivery systems with improved drug loading efficacy 
and represents the typical example of polyprodrug 
amphiphiles, which are amenable to the investigation of 
biological performance. Based on this excogitation, a new 

class of theranostic nanoparticles constructed from 
hyperbranched polyprodrug amphiphiles consisting of 
reduction-activatable CPT prodrugs and Gd complex (MRI 
contrast agent) labelled hyperbranched, guanidine residue 
modified hydrophilic coronas was reported by the same 
group[107]. Upon cellular internalization, the accompanied 
turn-on of therapeutic potency and enhanced imaging ability 
in response to tumor milieu were achieved (Fig. 10). Such 
superior synergistic imaging and chemotherapy capability 
endowed the hyperbranched topology to be a valid candidate 
to design next-generation of theranostic polyprodrug platform. 
Similarly, a dimeric drug conjugate bearing a trigger 
responsive domain was designed by Cai et al[108]. Specifically, 
the CPT drug molecules were covalently conjugated to the 
2,6-bis(hydroxymethyl)-aniline via carbonate linkages. Upon 
triggering, cleavage of the disulfide bond resulted in 
decomposition of the drug dimer, leading to the CPT release 
in their authentic form. This distinct structure not only 
prevented the formation of large drug aggregates, but also 
largely enhanced the drug loading content.  

CONCLUSIONS AND PERSPECTIVES 

Since polymer synthesis and nanoassembly technology 
experienced rapid development, stimuli-responsive block 
copolymers and corresponding PAs have emerged one after 

 

Fig. 10  (a) Schematic illustration of polyprodrug unimolecular micelles with hyperbranched cores conjugated with DOTA(Gd) and 
reductive milieu-cleavable camptothecin prodrugs and hydrophilic coronas functionalized with guanidine residues; (b) Reaction schemes 
employed for the synthesis of hyperbranched polyprodrug amphiphiles, h-P(CPTM-co-DOTA(Gd))-b-P(OEGMA-co-GPMA) (hPA-2); (c) 
Proposed mechanism of reductively activated CPT drug release in cytosol milieu from hyperbranched polyprodrug cores and concurrent 
hydrophobic-hydrophilic transition of the local milieu surrounding the Gd complex (Reproduced with permission from Ref. [107]; Copyright 
(2014) American Chemical Society) 
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another. One of the most important outstanding features of 
these PAs is their utilization in targeted drugs and contrast 
agents delivery to tumor sites and performed stimuli-triggered 
controlled drug release and high resolution imaging. In this 
feature article, the newly emerging surface property 
engineering of tumor microenvironment responsive PAs with 
diverse structures and functions have been discussed, which 
integrated the extended blood circulation time and enhanced 
drug delivery in a single platform. Several methods, including 
PEGylation and dePEGylation (shell-sheddable), surface 
charge reversal, size transition of PAs, shielding and exposing 
targeting ligand or peptide were used to achieve the 
stealthy-to-sticky transition of PAs. These intelligent PAs are 
stealthy during blood circulation after intravenous injection, 
but the shielding matrices are removed by extracellular milieu 
stimuli (such as weak acidic pH, over-expressed enzymes, 
and redox species) or exogenous excitations (e.g., light) when 
they reach tumor tissue.  

Moreover, the dilemma of synchronized stability and 
permeability of PAs based drug delivery system has troubled 
the scholars in related fields for a long time. Fortunately, 
thanks to the light-regulated “traceless” crosslinking strategy, 
this problem has been satisfactorily resolved. Not only that, 
the concept of “polyprodrug amphiphiles” and 
multi-responsive theranostic platform open up new directions 
for exploring polymer based drug delivery systems with 
improved drug loading efficacy and imaging-guided cancer 
therapy.  

Finally, considering the superior interactions with cell 
membranes, positively charged CPPs with a large number of 
arginine residues and their analogues (e.g., guanidine- 
decorated copolymers) are performed as an efficient medium 
to facilitate cell internalization. It has been confirmed that the 
unique helical structure of CPPs is essential for their 
membrane interactions and promoting their cellular 
uptake[109−111]. Some CPPs mimics, such as positively charged 
helical poly(arginine)s and poly(disulfide)s[112, 113], were 
already synthesized which showed superior cell membrane 
permeability up to two orders of magnitude higher than that of 
TAT peptides. Inspired by this point, the artificial polymeric 
mimic exhibiting cell-penetrating properties is a very 
promising direction. Since the discovery of helical structures 
in biomacromolecules, artificial helical polymers with stable 
helical conformation in solution and in solid state have 
attracted considerable increasing attention. Up to now, 
several helical polymers, including polyisocyanate[114, 115], 
polyguanidines[116, 117], poly(phenyl isocyanide)[118−122], and 
polyisocyanides[123−125] have been synthesized and reported to 
be utilized in many areas. Therefore, we envision that 
functionalized artificial helical polymer chains that have a 
structural similarity to CPPs may also facilitate intracellular 
delivery of cargos and create a novel type of helical 
polymer-based delivery system.  
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