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A B S T R A C T   

Nanomedicine has emerged as a promising mean to improve theranostic efficacy and reduce side 
effects. Currently, only very small percentage of injected dose reaches the solid tumors after 
intravenous administration due to the systemic biological barriers, including blood circulation, 
reticuloendothelial system capture, vasculature extravasation, tissue accumulation, deep pene-
tration, cellular internalization, lysosome escape, intracellular efflux, and cell nuclear targeting. 
To optimize clinical translation and exploitation of nanomedicine, we here propose three safe and 
effective strategies to systematically overcome all barriers by the novel design of smart and 
bioinspired systems for highly efficient theranostics of various diseases, such as cancers, neuro-
degenerations, myocardial infarctions, inflammations, and infections. (1) Surface charge con-
version, (2) size transformation, (3) bioinspired systems display unprecedented potential to 
achieve higher requirement of precise and personalized medicine. Alone or specially together, 
these strategies can address different barriers with intrinsically conflicting and promote the 
development of successful disease theranostics, that is impossible for almost of conventional 
delivery systems. Moreover, the challenges and perspectives of next-generation smart nano-
medicine are featured for accurate theranostics and clinical practice in various diseases.   

1. Introduction 

Over the past few decades, nanomedicine has been under intensive development for applications in precise diagnosis and efficient 
treatment of various diseases [1–4]. The main goal of nanomedicine is to deliver theranostic agents to targeted region in vivo. However, 
according to current reports, only less than 1 % of intravenously injected agents by nanomedicine can reach the intended target, and 
most of them are accumulated in healthy tissues or metabolized rapidly out of body [5–8]. This is due to the fact that these agents by 
systemic administration encounter a series of biological barriers in 1) blood circulation [9,10], 2) vasculature extravasation [11,12], 3) 
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tissue accumulation [13,14], 4) deep penetration [15,16], 5) cellular internalization [17,18], 6) lysosome escape [19,20], 7) intra-
cellular efflux [21,22], and 8) nuclear targeting (BVTDCLIN) [23,24]. Likewise, for therapeutic applications, the controllable drug 
release after internalization in the targeted region also needs to be considered [25–27]. 

To overcome these biological barriers, all kinds of appropriate nanoplatforms were developed with different properties, involving 
size, shape, morphology, surface charge, amphipathy, and functional modification to alter their interactions with physiological 
components for improving diagnostic sensitivity and enhancing treatment efficacy [28–32]. Generally, size and surface charge of 
nanoplatforms greatly influence their blood circulation half-lives, vasculature extravasation, cellular internalization (e.g. macrophage 
phagocytosis), so as lead to different biodistributions throughout organs and tissues and specific sites of interest [33,34]. Shape, 
morphology, and amphipathy, as another three important features, also affect the blood circulation and cellular uptake behaviors of 
nanoplatforms and often result in distinct in vivo fates [34,35]. Moreover, the combined modulation of surface modification chemistry 
and density can significantly improve the efficiency of vascular active transcytosis and cellular internalization [36–38]. Meanwhile, 
functional modification and assembly render the nanoplatforms with targeting or responsive specificity to certain endogenous com-
ponents or exogenous factors, and thereby controlling the nano-bio interactions to considerably influence the penetration as well as 
uptake efficacy and pathways [39]. Despite this, most of nanoplatforms are still suboptimal in biomedical applications because their 
specific optimized performances display often intrinsically conflicting features for the sequential biological barriers. For instance, the 
nanoplatforms with positive charge [40,41], small size [42,43], or targeting molecules [44,45] are able to promote tissue deep 
penetration, cellular internalization, and lysosome escape attributing to the strong interactions with cell membranes, which also lead 
to their accelerated clearance by the kidney or reticuloendothelial system (RES) [46–49]. As a contrast, the nanoplatforms having 
negative charge [50,51], large size [52,53], or hydrophilic “stealth coating” (e.g., polyethylene glycol (PEG) or zwitterions) [54,55] 
may accumulate and retain effectively into targeted region through prolonged blood circulation time and enhanced permeability and 
retention (EPR) effect, while their deep penetration, cellular uptake, and unclear targeting are restricted [56,57]. 

Recently, some innovative strategies, remodeling disease microenvironment, designing convertible or bioinspired systems, were 
developed to address aforementioned the predicaments for further augmenting cargo delivery and theranostic effects. Comparing 

Scheme 1. Schematic illustration of smart NPs with endogenous- or exogenous-triggered (a) charge conversion, (b) size increase, (c) size decrease 
and soft deformation. 
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Table 1 
The design of smart and bioinspired systems to overcome biological barriers in “BVTDCLIN” and enhance disease Theranostics  

Strategies Overcoming 
barriers 
in vivo 

Stimuli factors Functional structures Applications Ref. 

Charge conversion 
(Neutral/negative/ 
zwitterionic to 
positive) 

1) Blood 
circulation 
3) Tissue 
accumulation 
4) Deep 
penetration 
5) Cellular 
internalization 
6) Lysosome 
escape 

Extracellular pH 
(6.0–6.8) 

DMMA 1. MR imaging-guided PTT/gene 
therapy of melanoma 
2. Chemotherapy of breast tumor 

[90,113] 

Benzoic-imine bonds Drug delivery in vitro [130] 
Glycol chitosan MR imaging-guided PDT of tumor [146] 
Pyrrole ring Chemotherapy of ovarian carcinoma [147] 
Azepane ring Cisplatin delivery for chemotherapy in 

vitro 
[145] 

Zwitterions bearing 
APAS 

SPECT/CT images in vitro [150] 

Intracellular pH 
(5.0–5.5) 

Hydrazone bonds Chemotherapy of drug-resistant 
cancer stem cells 

[120] 

Acetal bonds PDT/gas therapy of biofilm infection [131] 
MMP PLGLAG 1. Chemotherapy of fibrosarcoma 

2. Fluorescence and MR images of 
fibrosarcoma 
3. Chemotherapy of glioma 

[161–163] 

MMP/pH ACPP with isoelectric 
point 

1. Gene therapy of hepatocellular 
carcinoma 
2. Gene-chemotherapy of glioma 

[164,165] 

HAase HA Chemotherapy of hepatocellular 
carcinoma 

[169] 

H2S Azides Fluorescence imaging-guided 
chemotherapy of breast cancer 

[184] 

ROS Boronic acid Neuroprotection [192] 
Hypoxia 4-nitrobenzyl 

chloroformate 
Chemotherapy of breast cancer [208] 

Azobenzenes Gene therapy of melanoma [209] 
UV o-nitrobenzyl carbamate Controlled release [218] 

DMNB Transmembrane delivery in vivo [219] 
NIR DMNB-protected 

phenolic hydroxyl 
Gene therapy of breast cancer [232] 

Thermal Amino-modified thermal 
sensitive MGs 

Drug delivery in vitro [235] 

Poly(allylamine) 
hydrochloride 

Anti-cell adhesion [212] 

Specific additives Cationic cages and Pyr Drug delivery in vitro [213, 244] 
(Negative to positive) 1) Blood 

circulation 
2) Vascular 
extravasation 
4) Deep 
penetration 
5) Cellular 
internalization 

GGT γ-glutamylamides Chemotherapy of pancreatic or/and 
hepatocellular and breast tumors 

[88, 252, 253] 

Extracellular size increase 
(From small to large) 

1) Blood 
circulation 
3) Tissue 
accumulation 

pH Carboxylic and amine 
groups 

PTT in vitro and in vivo [278, 279] 

Citraconic amide PET imaging of hepatocellular 
carcinoma 

[280] 

Carboxylate anion PDT of tumor and apoptosis imaging [281] 
DMMA or WP5 modified 
DOX 

Chemotherapy of breast or 
hepatocellular cancer 

[282, 283] 

Cytosine-rich DNA PTT and chemotherapy of breast 
cancer 

[322] 

Gelatinase PLGVRG peptide PA imaging-guided PTT of glioma [298] 
FAP-α GPA peptide NIR fluorescence imaging of 

pancreatic tumor 
[299] 

MMP L-amino acids 1. Fluorescence imaging of tumors 
2. Prolonged retention in heart after 
MI 

[306–308] 

ALP Tyrosine phosphorus 
ester 

1. Fluorescence and PA imaging 
guided PTT of tumor 
2. PTT of prostate cancer 

[311, 312] 

Caspase DEVD Fluorescence imaging-guided drug 
delivery and surgery 

[313] 

(continued on next page) 
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Table 1 (continued ) 

Strategies Overcoming 
barriers 
in vivo 

Stimuli factors Functional structures Applications Ref. 

Legumain Thiolamino and cyano 
groups 

PA imaging-guided chemotherapy of 
glioma 

[327] 

Light Diazirine 1. PA imaging and PTT of breast 
cancer 
2. Dynamic T2/T1 MR imaging of 
arthritis 

[329, 343] 

Intracellular size increase 
(From small to large) 

4) Deep 
penetration 
5) Cellular 
internalization 
6) Lysosome 
escape 
7) Intracellular 
efflux 

MMP PLGL peptide Intracellular assembly-induced 
selective cancer apoptosis 

[352] 

GSH β-cyclodextrin and 
ferrocene 

Intracellular aggregation-induced 
apoptosis of hepatocellular cancer 

[355] 

Intracellular pH Acetal bond Nanovaccine for cancer 
immunotherapy 

[360] 

NLSC Chemotherapy of hepatocellular 
carcinoma 

[371] 

DMMA modified PEI Chemotherapy of breast tumor [372] 
mRNA DNA 1. PTT in vitro 

2. PTT and gene therapy in vitro 
[366, 367] 

ROS thiol-modified oligo(p- 
phenylene vinylene) 

Chemotherapy for combating drug 
resistance 

[368] 

Intracellular pH/ 
ATP 

Ternary DNA Chemotherapy/PTT of tumor [370] 

Size decrease 
(From large to small) 

4) Deep 
penetration 
5) Cellular 
internalization 
8) Nuclear 
targeting  

Extracellular pH AEMA 1. Chemotherapy and PDT of breast 
cancer 
2. Fluorescence imaging of tumors 
3. Cisplatin delivery of pancreatic 
cancer 
4. Chemoimmunotherapy of breast 
cancer 
5. Radiotherapy of breast cancer 

[375, 429, 
431–433] 

Tertiary amine PDT-mediated pyroptosis of tumors [430] 
Polyglutamate acid Chemotherapy of hepatocellular 

carcinoma 
[387] 

Benzoic-imine bonds 1. Chemotherapy and PTT of breast 
cancer 
2. T1 MR imaging of hepatocellular 
carcinoma 

[388, 415] 

PDA PA/NIR imaging-guided PTT/ 
chemotherapy of breast cancer 

[403] 

CDM 1. Cisplatin delivery for chemotherapy 
of pancreatic/lung/breast tumors 
2. Lymph nodes delivery and tumor 
metastasis inhibition 

[405, 406] 

i-motif DNA 1. Gene-chemotherapy of tumors 
2. Inverse MR imaging of small 
hepatocellular carcinoma 

[424, 425] 

Extracellular pH/ 
telomerase 

Triplex /hairpin DNA Chemotherapy of breast cancer [423] 

Single oxygen Thioketal bonds PDT/PTT of breast cancer [407] 
HAase HA PTT/chemo-gas therapy of breast 

tumor 
[398]  

Gelatin 1. Fluorescence imaging of 
fibrosarcoma 
2. Fluorescence imaging-guided 
chemotherapy of glioma 
3. Chemotherapy of breast cancer 
4. Chemotherapy of melanoma and 
breast cancers 

[408–411] 

GSH Disulfide bonds Dynamic T2/T1 MR imaging of breast 
cancer 

[414] 

UV SP 1. Drug delivery of cornea 
2. Chemotherapy of fibrosarcoma 

[379, 380] 

NIR aza-BODIPY PA imaging-guided PTT of breast 
cancer 

[382–384] 

ICG-based lipid Cisplatin delivery of breast tumor [435] 
PA shockwave PFH Cisplatin delivery and PA therapy of 

breast cancer 
[436] 

(continued on next page) 
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normal tissues, some specific tissues (e.g., solid tumors or corneas) exhibit the denser extracellular matrix (ECM) or/and elevated 
interstitial fluid pressure (IFP), which hinder transport and penetration of nanoplatforms [58,59]. For the strategy of remodeling 
disease microenvironment, the degradation of the collagen matric to reduce transport hindrance or the normalization of vessels to 
restore the pressured gradients have been promising choices for improving the theranostic efficacy [60,61]. However, the strategy also 
shows some limitations that the normalization of vessels needs delicate balance in order not to dramatically compromise the EPR 
effect, and the uncontrollable disintegration of ECM may lead to various unexpected risks (e.g., musculoskeletal pain, secondary tissue 
injury, promoting tumor progression or even metastasis) [62]. 

Table 1 (continued ) 

Strategies Overcoming 
barriers 
in vivo 

Stimuli factors Functional structures Applications Ref. 

Soft deformation 1) Blood 
circulation 
3) Tissue 
accumulation 
4) Deep 
penetration 
5) Cellular 
internalization 

Mechanical 
pressure of ECM 

HMONs Chemotherapy or PDT of breast cancer [441, 442] 
CCM-camouflaged MSNs Chemotherapy of breast cancer [445] 
MGs or NGs N.A. [443] 
Liposome or Lipid- 
entrapped PLGA 

Chemotherapy of pancreatic cancer [446, 460] 

Biomimetic systems 1) Blood 
circulation 
3) Tissue 
accumulation 
5) Cellular 
internalization 
6) Lysosome 
escape 
8) Nuclear 
targeting 

Biomimetic block Poly(L-lysine) 
dendrimers 

Gene or drug delivery in vitro [476, 477] 

Poly(arginine) 
dendrimers 

Gene delivery in vitro [475, 478] 

Biomimetic 
coating 

Artificial phospholipid 1. Chemotherapy of breast cancer 
2. Drug delivery 

[491, 498–500] 

CCM 1. Chemotherapy and lung metastasis 
inhibition of breast cancer 
2. Fluorescence imaging-guided PDT 
of tumor 
3. Starvation-immunotherapy of 
melanoma 
4. Dynamic MR imaging-guided 
chemotherapy of tumor 

[514–517] 

BM 1. Drug delivery 
2. Antibacterial vaccine 

[522, 527] 

Cell-based systems 1) Blood 
circulation 
2) Vascular 
extravasation 
3) Tissue 
accumulation 
4) Deep 
penetration 
5) Cellular 
internalization 
6) Lysosome 
escape  

RBCs 1. Dynamic X-ray imaging of blood 
pool 
2. PDT of hypoxia tumor 

[531, 533] 

MAs 1. Combined PTT/chemotherapy of 
breast cancer 
2. Combined PTT/immunotherapy of 
lymphoma 
3. CT imaging-guided chemotherapy/ 
cell therapy of osteosarcoma 

[538, 539, 541] 

NEs 1. Chemotherapy of glioma and other 
tumors 
2. Immunotherapy of melanoma 
3. Detection and treatment of ALI 

[542–545] 

T cells 1. Drug delivery 
2. CT imaging of tumors 
3. Immunotherapy of lymphoma 

[546,549,550] 

Stem cells 1. MR imaging of tumors 
2. Drug delivery 
3. MR Imaging-guided chemotherapy 
of tumor 

[553–555] 

Bioengineered cells Anti-inflammatory for acute 
inflammation and pancreatitis 

[528] 

Bacterial-based systems 3) Tissue 
accumulation 
4) Deep 
penetration 
5) Cellular 
internalization  

E. coli PTT and immunotherapy of breast 
cancer 

[563] 

Salmonella Protein drug delivery in breast cancer [568] 

Phage-based systems 3) Tissue 
accumulation 
4) Deep 
penetration 
5) Cellular 
internalization  

Phage 1. Ameliorating acute lung infections 
2. Enhanced chemotherapy of 
colorectal cancer by microbiota 
modulation 

[572,577]  
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Differently from the first strategy, other strategies do not exhibit potential risks and harms in the disease treatment. The strategy of 
designing convertible nanoplatforms is provided by regulating rationally the physiochemical properties of nanoparticles (NPs), such as 
the changeable performances of surface charge, particle size or amphiphilicity, to better overcome the barriers [63–65]. These smart 
NPs were properly designed to achieve stimuli-responsive charge-reversible, size-switchable, soft deformation, or coating-shedding 
behaviour under endogenous microenvironment (e.g., pH, enzyme, redox, hypoxia, mRNA) or exogenous factors (e.g., light, ther-
mal, ultrasound (US), specific additives) (Scheme 1). The intelligent behaviours of the NPs render them with the improved stability, 
prolonged blood circulation, promoted transvascular extravasation, enhanced tissue accumulation, augment deep penetration, 
elevated cellular internalization, efficient lysosome escape, limited intracellular efflux, and ideal nuclear targeting [60,66–71]. 
Moreover, in recent years, the biomimetic strategies, such as biomimetic block-based or cancer cell membrane-coated NPs, have been 

Scheme 2. Schematic illustration of the delivery procedure of smart NPs by overcoming biological barriers in BVTDCLIN for enhanced disease 
theranostics: 1) blood circulation, 2) vasculature extravasation, 3) tissue accumulation, 4) deep penetration, 5) cellular internalization, 6) lysosome 
escape, 7) intracellular efflux, and 8) nuclear targeting. 
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widely developed to render them with biomimetic functions for the reduced immunogenicity, improved pharmacokinetics and 
enhanced accumulation by the low RES capture, immune evasion as well as homologous targeting specificity [72–74]. Finally, living 
systems including cells, bacteria and phages were recently developed to achieve highly efficient delivery through the inherent tumor 
and inflammation migration/homing or cell/bacteria invasion/colonization ability [75–78]. 

Before that, some reviews regarding the development of smart NPs to overcome biological barriers by acidic tumor microenvi-
ronment targeting or hierarchical targeting strategy for improved imaging or enhanced therapy of tumors have been published 
[79–82]. Unfortunately, these strategies have mainly focused only on overcoming few barriers, and were limited to the cancer 
theranostics and hardly involve other diseases. Likewise, the mechanism for transvascular extravasation is based on the EPR effect that 
the NPs pass through the inter-endothelial gaps in tumor angiogenesis to passively enter and accumulate within tumor tissue [83–86]. 
Encouragingly, in 2020, the latest work evidenced that 97 % of NPs were transvascularized into solid tumors by active process of 
trancytosis rather than by vascular gaps of EPR effect [87], and the enzyme-activatable cationization of nanoplatforms enabled 
efficient transvascular and transcellular transport based on active process in vivo [88]. These important discoveries, which subvert 
traditional dogma, require us to re-think and re-summary the strategies for addressing biological barriers and enhancing disease 
diagnosis along with treatment. Therefore, in this review, we attempted to summarize the latest achievements and propose new 
opportunities as well as future challenges to design smart and bioinspired systems for precise diagnosis and efficient therapy of many 
diseases by overcoming all of biological barriers (BVTDCLIN) in vivo using the innovative strategies (Table 1 and Scheme 2). 

2. Charge conversion 

The surface charge of NPs is a critical factor for blood circulation, vasculature extravasation, deep penetration, cellular internal-
ization, and endosome escape [89]. Various previous literatures [90–93] revealed that positively charged NPs exhibited insufficient 

Fig. 1. (a) Schematic illustration of the preparation of siRNA/Cu-LDH@PEG-PA/DM NPs with pH-triggered charge reversal behavior for enhanced 
MR imaging-guided combined gene-PTT. (b) Zeta potential change at pH 7.4 and 6.8, and (c) biodistribution in vivo of pH-responsive Cu-LDH@PEG- 
PA/DM and non-responsive Cu-LDH@BSA. Reprinted with permission from 109. Copyright 2020, John Wiley and Sons. 
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blood circulation time attributing to strong nonspecific interaction with proteins, accelerating RES clearance and renal filtration. As 
expected, the NPs with initial neutral or negative charge, or zwitterionic groups are preferred to have a prolonged blood circulation 
[94]. Once they reach blood vessels wall or accumulate in targeted tissue, their surface charge converts to be positive to facilitate 2) 
vascular extravasation [95,96], 3) tissue accumulation [97], 4) deep penetration [53], 5) cellular internalization [98,99], and 6) 
endosome escape [100]. Therefore, the preparation of endogenous- or exogenous-triggered charge reversal NPs is an important way to 
overcome various barriers in vivo simultaneously. 

Fig. 2. (a) Schematic illustration of the preparation of pH-responsive charge reversal α-CD-Ce6-NO-DA for combined NO gas and PDT of biofilm 
infection. (b) Confocal laser scanning microscope (CLSM) images of MRSA biofilm after incubation with PBS, non-responsive α-CD-Ce6-NO-SA, and 
pH-responsive α-CD-Ce6-NO-DA. Scale bar: 100 μm. Reprinted with permission from 132. Copyright 2020, American Chemical Society. 
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2.1. Endogenous signals 

In virtue of the unique lesion microenvironment of weak acidity [101], specific enzyme [102], redox [103], and hypoxia [104], the 
endogenous-responsive NPs have been designed to achieve the surface charge conversion from neutral, negative or zwitterion to 
positive by bond cleavage or group protonation [105]. 

2.1.1. pH 

2.1.1.1. Bond cleavage. Differently from normal tissue environment of pH 7.4, the weak acidic tumor microenvironment (TME, pH 
6.0–6.8) is a ubiquitous feature for almost all types of solid tumors [106]. In this regard, some acid-sensitive linkers (e.g., amide and 
benzoic-imine bonds) [107] have been employed to design pH-triggered charge reversal nanoTheranostics Among them, 2,3-dimethyl-
maleic amide (DMMA), a commonly used amino group protector, was adopted to form pH-sensitive bond which could be reversibly 
cleaved at weak acidic TME (pH~6.8) [108]. For instance, Xu et al. [90] fabricated pH-triggered charge-reversible polymer-coated 
layered double hydroxide (Cu-LDH) nanoplatforms with siRNA compression for effective magnetic resonance (MR) imaging-guided 
combinational gene and photothermal therapy (PTT) of melanoma (Fig. 1a). The positively charged Cu-LDH was shielded by the 
DMMA modified polymer layer (PEG-PA/DM) to obtain the final Cu-LDH@PEG-PA/DM NPs with negative potential (− 12.9 mV) at pH 
7.4 (Fig. 1b), thus achieving the prolonged blood circulation, enhanced tumor accumulation and reduced non-specific cellular uptake. 
Once accumulated in tumor region, the PEG-PA/DM reversed to positively charged one by amide cleavage and further detached from 
Cu-LDH surface by electrostatic repulsion, re-exposing the positively charged Cu-LDH (33.1 mV) for facilitating cancer cell uptake via 
an endosomal escape pathway. Remarkably, the experiment in vivo demonstrated that about 6.0 % of injected Cu-LDH@PEG-PA/DM 
NPs was accumulated in tumor (Fig. 1c), far higher than the accumulation (around 3 %) of non-responsive Cu-LDH@BSA and the 
average accumulation (less than 1 %) of other NPs reported elsewhere [109,110]. 

Compared to the surface only exhibiting neutral or negative charges, the NPs containing zwitterionic groups or mixed anionic/ 
cationic groups show higher protein resistance property [111,112]. Therefore, the novel pH-triggered charge switchable NPs based on 
DMMA modified zwitterionic polymers were synthesized for enhanced drug delivery to breast tumor [113]. Notably, the quick 
cleavage kinetics and unsatisfactory stability of the amide in DMMA at pH 7.4 limit its further applications [114]. Fortunately, 2-pro-
pionic-3-methylmaleic anhydride (CDM), a derivative of DMMA, has been synthesized and utilized to provide an acidic-sensitive 
structure and achieve a slower degradation rate in physiological environment [115,116]. 

Besides, due to the tremendous environment difference in pH values between cancer extracellular (pH 6.0–6.8) and intracellular 
(pH 5.0–6.0) [117,118], the nanocarriers are responsive to the single pH value, targeting either the cancer extracellular and intra-
cellular condition, impairing the transport efficacy. For example, the extracellular pH-responsive nanocarriers release drugs prema-
turely, resulting in the inefficient antitumor activity, while the nanocarriers responding to intracellular pH is not capable of enhancing 
the cellular uptake. Differently from these aforementioned acid-sensitive linkers in response to extracellular pH (~6.8), some acid- 
liable chemical bonds (e.g., acetal, hydrazone, cis-acony, and orthoester) [119] can only be cleaved within lower pH (5.0–6.0) and 
have been explored to design intracellular pH-responsive NPs. Motivated by this interesting property, the dual pH-responsive nano-
carriers were prepared for efficient drug delivery [120]. The dual pH-responsive nanocarriers could reverse surface charge (negative to 
positive) by amide cleavage at tumor extracellular pH (~6.8) for enhanced cellular uptake. After internalization, the lower pH (~5.0) 
in intracellular of endosome further facilitated drug release by hydrazone bond cleavage, causing a significantly enhanced anticancer 
efficacy in drug-resistant cancer stem cells. 

Comparison with the utilization of covalent linking method to construct these nanoplatforms, the non-covalent supramolecular 
interactions (e.g., host–guest [121,122] or hydrophobic interaction [123,124], hydrogen bonding [125,126], and metal–ligand co-
ordination [127–129]) with convenient synthesis procedure also can be used to fabricate the smart NPs [130]. For instance, Ji et al. 
[131] developed pH/redox dual-responsive supramolecular nanocarriers (α-CD-Ce6-NO-DA) via host–guest interaction of α-CD pro-
drugs (α-CD-Ce6 and α-CD-NO) and acid-sensitive copolymer (PEG-(KLAKLAK)2-DA) for improved biofilm infection treatment 
(Fig. 2a). Different from non-responsive α-CD-Ce6-NO-SA, the pH-responsive α-CD-Ce6-NO-DA could completely reverse their surface 
charge from negative to positive when reached the acidic methicillin-resistant Staphylococcus aureus (MRSA) biofilm (pH 5.5) for 
promoting effective penetration into the biofilm (Fig. 2b). Once infiltrated into the biofilm, α-CD-Ce6-NO-DA exhibited glutathione 
(GSH)-triggered nitric oxide (NO) release, which not only produced abundant NO for killing bacteria but also reduced the biofilm GSH 
level to improve photodynamic therapy (PDT) efficiency. 

2.1.1.2. Protonation. Although the pH-triggered charge reversible NPs by bond cleavage have made great progress for enhanced 
disease theranostics, the charge reversible process often takes hours and the NPs may have been cleared before the bond cleavage 
occurs [132], resulting in low delivery efficacy [133]. To address these challenges, the pH-responsive switchable protonation/ 
deprotonation systems, such as amino [134,135], tertiary amine [136–138], pyrrole [139–141], imidazole [142–144]. and azepane 
groups [145], provide an alternative strategy to design smart NPs to more efficiently realize disease Theranostics In very recent work, 
our group synthesized pH-responsive charge switchable glycol chitosan-based nanoclusters (neutral to positive) for elevated tumor 
penetration, cell internalization, and theranostic efficiency, thereby achieving MR imaging-guided PDT of tumors [146]. Moreover, we 
also developed ultrafast charge reversible chitosan-polypyrrole nanogels (CH-PPy NGs) for augment chemotherapy of ovarian car-
cinoma with low side effects (Fig. 3a) [147]. By fine treatment with alkaline solution (Fig. 3b), the formed charge reversible NGs (R- 
NGs) with initial negative charge (− 11.3 mV) displayed excellent antifouling property and prolonged blood circulation. Once the R- 
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NGs accumulated in the tumor tissue, their surface charge converted to be positive through rapid protonation of pyrrole ring within 
10 s to elevate deep penetration and cell uptake by the positive charge-enabled transcytosis (Fig. 3c). Notably, due to the ingenious 
design, a significantly high tumor accumulation of R-NGs/DOX (4.7 %) was achieved. Furthermore, the polyampholyte microgels 
(MGs) with defined chemical structure (controlled amounts of cationic imidazole and anionic carboxyl groups) and morphology 
(controlled distribution with random or core/shell) were synthesized in our group [148]. The MGs displayed pH-dependent charge 
conversion from negative (pH 7.4) to positive (pH 5.0–6.0). To further improve the antifouling performance of nanoplatforms, our 
group designed the pH-responsive zwitterionic alkoxyphenyl acylsulfonamide (APAS) [149] that emerged a sensitive charge con-
version from zwitterionic to positive by the protonation at pH 6.0–6.5 [150]. Therefore, the APAS conjugated nanocarriers displayed 
the strong protein resistance and extended circulation time in blood, and high cellular uptake in cancer cells by the charge conversion 
of APAS moieties. 

2.1.2. Enzyme 

2.1.2.1. MMP. Apart from the acidic TME, the overexpressing of specific enzymes, such as matrix metalloproteinase (MMP) 
[151,152], hyaluronidase (HAase) [153], gelatinase [154] or phosphatase [155], is another hallmark in the TME [156,157]. Some 
literatures illustrated the peptide sequence of PLGLAG, a substrate of MMP, could be cleaved responding to high expression level of 
MMP [158–160]. According to these interesting features, Chen et al. [161] designed the MMP-activated low molecular weight prot-
amine (ALWMP) for safe and effective tumor-targeting drug delivery. The positively charged ALWMP was initially masked by a 

Fig. 3. (a) Schematic illustration of drug delivery procedure of positive, negative, and charge reversible NGs. (b) Schematic illustration of alkaline 
treated CH-PPy NGs and pH-dependent ultrafast charge conversion of R-NGs at pH 6.5. (c) Zeta potential change of R-NGs at pH 7.4 and 6.5. 
Reprinted with permission from 148. Copyright 2021, Elsevier. 
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polyanionic peptide (E10) sequence using the MMP-responsive linker of PLGLAG. The smart system showed three superior advantages: 
1) the ALWMP sequence as activated cell penetrating peptides (ACPPs) is able to specifically target neuropilin-1 protein on cancer cells 
for enhanced internalization; 2) the neutrally charged ALWMP obviously reduces the recognition by the macrophage system and 
prolongs blood circulation; 3) after reaching the tumor tissue, the PLGLAG linker will be cleaved by the enzyme of MMP-2/9, enabling 
the exposure of positive charge for elevated deep penetration and cellular internalization. As a result, the tumor accumulation of 
enzyme-responsive nanoplatform was 4- to 15-fold higher than that without ACPPs conjugation [162]. 

Moreover, Jiang et al. [163] proposed the novel strategy that combined the benefit of dual-targeting delivery and ACPPs to 
effectively circumvent blood–brain and blood-tumor barriers (BBB and BTB) for improved glioma treatment (Fig. 4a). The dual- 
targeted ligands, angiopep-2 and ACPPs (E8-6-aminohexanoyl-PLGLAG-R8), modified NPs (AnACNPs) were able to penetrate 
through the BBB, and actively target glioma via the angiopep-2 mediated targeting (Fig. 4b). Subsequently, at the glioma site, E8 could 
be detached from cationic R8 by MMP-responsive PLGLAG cleavage to achieve surface charge conversion, leading to the enhanced 
penetration ability for BTB. Although these ACPPs can be cleaved by MMP, the polyanionic inhibitory peptides after cleavage are 
difficult to separate from the ACPPs because of the electrostatic interaction. To solve this predicament, the inhibitory peptides with an 
isoelectric point of around 6.4 was chosen to design MMP/pH dual-triggered novel ACPPs [164,165]. At acidic TME, the pre-existing 
electrostatic attraction in ACPPs was eliminated due to the isoelectric point. Accompanying the linker cleavage by MMP2, ACPPs 
would be activated to expose the positive surface charge to improve cellular uptake in tumor. 

2.1.2.2. Haase. The hyaluronic acid (HA) as a kind of natural acidic polysaccharide macromolecules can be employed to coat the 
surface of cationic NPs and then hydrolyzed by the overexpressed HAase in TME to re-expose the positive charge of NPs [166–168]. 
Through combining the advantage of ACPPs, the HA-coated and ACPP-modified liposomes (HA-ACPP-L) were designed for enhanced 
drug delivery of hepatocellular carcinoma [169]. The HA was utilized to shield positive charge of ACPPs-modified liposomes (ACPP-L) 
for improved blood persistence. At the tumor region, the HA-ACPP-L disassembled to ACPP-L by HAase-responsive degradation, and 
induced the charge conversion due to the re-exposure of cationic ACPP-L. The HAase-responsive C6/HA-R6H4-L showed efficient 
intracellular trafficking including endosomal/lysosomal escape and cytoplasmic liberation because of the proton sponge effect of 
imidazole group of ACPPs. 

2.1.3. Redox 
Besides that, cancer cells also produce high amounts of reduced substances (e.g., GSH and hydrogen sulfide (H2S)) [170–172] and 

reactive oxygen species (ROS, e.g., hydroxyl radicals, superoxide, and hydrogen peroxide (H2O2)) [173–177] to generate redox TME. 
Several work have been reported that, by H2S-mediated reduction, the azides were introduced as the most common agents for 
endogenous H2S detection [178–180]. After the reduction of azides, the formed amine nitrogen showed positive charge [181–183]. On 
the basis of mechanism, Lin et al. [184] designed H2S-triggered charge reversal micelles using the self-assembly of azide-based H2S 
probes ended amphiphilic block copolymers for fluorescence imaging and targeted drug delivery of breast cancer (Fig. 5a). The smart 
micelles showed high sensitivity and selectivity for H2S in tumor cells. After monitoring H2S, the surface charge of the micelles 
reversed from negative to positive, leading to the enhanced tumor uptake, efficient lysosome escape and imaging-guided therapy. 

In addition to the tumor region, most of neurodegenerative diseases, such as ischemic stroke and amyotrophic lateral sclerosis, are 

Fig. 4. (a) Schematic illustration of the preparation of MMP-responsive AnACNPs for enhanced glioma treatment by circumvent BBB and BTB. (b) 
Fluorescence imaging of glioma-bearing mice treated with different samples. Reprinted with permission from 164. Copyright 2014, American 
Chemical Society. 
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associated with an abundance of ROS which is cytotoxic [185–188]. H2O2, a common form of ROS, is able to effectively destroy the 
boron–carbon bond of phenylboronic acid via the oxidative cleavage [114,189], and then various boronic acid conjugated nanocarriers 
with ROS-responsiveness have been employed for drug delivery and controllable release [190,191]. In view of these characteristics, 
the boronic acid modified angiogenin (ANG) with ROS-responsive activity was prepared for efficient neuroprotection (Fig. 5b) [192]. 
With the stimulation of H2O2, the modified boronic acid in B-thiaK40 ANG was cleaved to form thiaK40 ANG with positive charge due 
to the amino groups, enabling the activated neuroprotection. 

2.1.4. Hypoxia-responsiveness 
Hypoxia is a feature in TME of solid tumors attributing to the region distance from blood vessels and oxygen diffusion limitation, 

which is implicated in resistance to various therapy [193–195]. The insufficient delivery of nanotheranostics to hypoxic tumor is 
recognized as one of the causes of resistance to therapy [196,197]. As everyone knows, the oxygen concentration decreases with the 
depth of tumor tissue [198]. Therefore, gradually increasing the driving force, which could be achieved by a response to the tumor 
hypoxia gradient, may address the resistance to achieve deep penetration in tumors. Currently, some hypoxia-sensitive moieties of 
nitroimidazole [199–201], nitrobenzyl alcohols [202–204] or azobenzene groups [205–207] can be reduced to generate the cationic 
aminoimidazole, amino or aniline groups under hypoxia, respectively. For instance, Shi et al. [208] developed a novel hypoxia- 

Fig. 5. (a) Schematic illustration of DOX loaded micelles for enhanced fluorescence imaging and targeted drug delivery of breast cancer. Reprinted 
with permission from 185. Copyright 2016, American Chemical Society. (b) Mechanism of ROS-triggered activated ANG. Reprinted with permission 
from 193. Copyright 2017, John Wiley and Sons. 
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responsive micelle (RM) for effective tumor penetration (Fig. 6a). The RM was composed of poly(caprolactone) core and a hypoxia 
responsive mixed shell of 4-nitrobenzyl chloroformate (NBCF)-modified polylysine (PLL) and PEG. During the blood circulation, the 
NBCF-modified PLL was shielded by the PEG, which gave it the ability to inhibit its rapid removal by the immune system. Once 
reaching the tumor, the hypoxia-triggered partial NBCF degradation recovered the amine groups and reversed surface charge of PLL, 

Fig. 6. (a) Schematic illustration of the hypoxia responsive nanocarrier for prolonged blood circulation and enhanced deep penetration. (b) 
Mechanism of hypoxia-triggered NBCF degradation of RM for charge conversion. (c) Zeta potential of RM and non-responsive micelle (NRM) under 
different O2 gradients and pHs. (d) In vivo fluorescence imaging of the tumor bearing mice, and (e) CLSM images of the corresponding tumor sections 
after injection of Cy5-RM and Cy5-NRM. Reprinted with permission from 209. Copyright 2019, Royal Society of Chemistry. 
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leading to tumor deep penetration (Fig. 6b,c). With the decrease of oxygen within the interior of tumor, the surface positive charge of 
Cy5-labeled RM (Cy5-RM) further increased to improve tumor accumulation and penetration (Fig. 6d,e). Additionally, the azobenzene 
as other hypoxia-responsive bioreductive linker was used to prepare hypoxia-induced charge reversible nanocarrier for hypoxia- 
targeted siRNA delivery of ovarian cancer [209]. Overall, the hypoxia gradient response strategy showed great potential for 
enhancing theranostic efficiency. 

2.2. Exogenous factors 

In comparison with aforementioned endogenous TME-responsive nanotheranostics, other charge reversal NPs in responding to the 
exogenous factors, such as light [210], US [211], thermal [212], and specific additives [213], are designed for other diseases without 
the significantly difference microenvironment [214]. More importantly, these exogenous triggers can be spatiotemporally addressed 
according to diverse requirements. 

2.2.1. Light 

2.2.1.1. UV light. Several intelligent nanoplatforms with precise spatiotemporal controllability have been developed for efficient 
cargo delivery by light-triggered charge switching [215–217]. For instance, Shea et al. [218] designed the ultraviolet (UV) light- 
activated charge reversal NPs using the o-nitrobenzyl carbamate (a photoresponsive molecules)-protected amine-bridged poly-
silsesquioxane. Upon UV irradiation (254 nm), amine groups emerged by the deprotection to reverse the colloidal charge from 
negative to positive. What’s more, 4,5-dimethoxy-2-nitrobenzyl (DMNB) as other UV-induced removal of protective molecule on the 
amine group was used to fabricate the UV-activated liposomes (DOPC:4) for membrane impermeable payloads delivery in vivo (Fig. 7a) 
[219]. Upon UV irradiation (370 nm), the complete photolysis of DOPC:4 was achieved by the deprotection of amine groups in less 

Fig. 7. (a) Schematic illustration of UV-activated charge reversal (DOPC:4) liposomes for membrane impermeable payloads delivery. (b) Zeta 
potential of DOPC:4 after UV irradiation for different times. (c) Fluorescence intensity of blood circulation, and (d) fluorescence imaging of whole 
embryo from DOPC:4 biodistribution before and after in situ UV irradiation. Reprinted with permission from 220. Copyright 2020, Springer Nature. 
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than 120 s, leading to the surface charge reversal from − 8 mV to 26 mV (Fig. 7b). After intravenous (IV) injection of DOPC:4 into the 
embryonic zebrafish, DOPC:4 before UV irradiation was freely circulating and did not significantly interact with RES cell types of the 
embryonic fish, involving blood resident macrophages and scavenging endothelial cells. However, upon in situ irradiation, a dramatic 
change in DOPC:4 fate was observed, whereby the liposomes were visible as immobile punctae associated with all blood vessel walls 
and largely removed from the blood circulation (Fig. 7c,d). This result indicated that upon in situ irradiation and surface charge 
switching, the DOPC:4 rapidly adsorbed to, and was taken up by, endothelial cells and/or was phagocytosed by blood resident 
macrophages. 

2.2.1.2. NIR light. To avoid unnecessary UV irradiation damage and achieve deeper tissue penetration, the near-infrared (NIR, more 
than 700 nm) light have been applied as a favorite triggering stimulus to activate charge conversion of nanoplatforms [220–223]. The 
NIR light exhibit various advantages of good spatial resolution, excellent controllability, negligible injury, and irreplaceable deep 
permeability (up to a depth of 2 cm) [224–227]. Recently, the DMNB-protected phenolic hydroxyl compound as photocleavable 
molecular response to NIR irradiation was explored for controllable cargo release [228–231]. Based on this sensitive group, the NIR/ 
pH dual-responsive polypeptide-modified NPs (PPP-NPs) were synthesized by modifying the synthesized functional material (DSPE- 
PEG2000-PPP) for enhanced and targeted gene therapy (Fig. 8a) [232]. In this system, the PPP consisted of three parts: cell-penetrating 
peptide (CPP), photocleavable linker, and acid-sensitive inhibitory peptide. After IV injection, PPP-NPs could be efficiently accu-
mulated in the tumor region by cell-penetrating peptide-mediated targeting. At the acidic TME, the acid-sensitive inhibitory peptide 
was eliminated the electrostatic interaction, meanwhile the photocleavable linker was cleaved upon NIR (740 nm) irradiation for 
30 min to release the inhibitory peptide to expose the CPPs (Fig. 8b) and expose the positively charged cell-penetrating peptide for 
enhanced cellular uptake (Fig. 8c). 

2.2.2. Thermal 
In our previous work, the thermal-responsive MGs were synthesized using amino-modified thermal-sensitive N-vinylcaprolactam 

(VCL) monomer [233–235]. The PVCL-based MGs exhibit an adjustable volume phase transition temperature (VPTT) from 30 to 40 ◦C 
that is close to body temperature [236,237]. Under high temperature more than VPTT, the surface positive charge of amino-modified 
PVCL MGs is further increased attributing to the concentration of charges by the shrinkage of MG out layer. The thermal-responsive 
property of MGs is able to improve the cell membrane affinity, resulting in the enhanced cellular internalization. Additionally, using 
thermal-sensitive cationic polymer of poly(allylamine) hydrochloride (PAH), the charge reversal behavior allowed for single-polymer 

Fig. 8. (a) Schematic illustration of the preparation of polypeptides modified NPs (PPP NPs) with NIR/pH dual-responsive behavior. (b) Mechanism 
of NIR-triggered cleavage of PPP. (c) CLSM images of MCF-7 cells treated by PPP-NPs with or without NIR irradiation at pH 7.4 and 6.0. Reprinted 
with permission from 233. Copyright 2016, American Chemical Society. 
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layer-by-layer (LbL) assembly of PAH to prepare LbL films, capsules and replica particles [212]. After heating, the surface charge 
conversion from positive to negative of PAH could reduce protein fouling and cell adhesion (Fig. 9). 

2.2.3. Specific additives 
Although abovementioned strategies have raised expectations due to their efficient theranostics in vivo, relying on the linker 

cleavage limits the efficiency of the charge conversion, the selectivity of the process, and the reversibility of the switch [238–240]. In 
this context, the development of stimuli-responsive cell internalization strategies that do not rely on covalent linker-cleavage repre-
sents an appealing goal [241,242]. The host–guest interaction as one of high selectively and reversibility specific recognition is an ideal 
candidate to form stimuli-responsive noncovalent interactions [243]. Remarkably, Mascareñas et al. [244] proposed a novel approach 
to enhance cell uptake based on the formation of host–guest supramolecular complex involving an anion recognition process. Through 
in situ addition of cationic cages (host), the negatively charged pyranine (Pyr)-peptide (guest) was encapsulated by host using specific 
anion recognition to trigger the cell internalization based on the surface charge conversion. Interestingly, none of the components, 
neither the host or guest, were able to cross cell membranes as separate units, but their association promoted an efficient cellular 
uptake. 

Furthermore, based on the similar strategy, they developed the charge reversal Pyr modified Au NPs for the spatio/temporal control 
of cellular uptake by cationic cages (A)-triggered anion specific recognition (Fig. 10a) [213]. Using the fluorescence microscopy 
images, a higher cell fluorescence value increased up to 15-fold was observed in Au NPs with A host when compared to that in Au NPs 
without A host (Fig. 10b,c), suggesting that the cell uptake of Au NPs was activated by the host–guest recognition-triggered charge 
conversion. Even in protein-rich biological media, an effective cell internalization also was achieved. More importantly, by the rational 
addition of either cationic A or anion Pyr, the cell uptake of NPs was highly controllable (Fig. 10d). Therefore, a supramolecular 
strategy was developed for enhanced cellular internalization using external additives as triggers. 

2.3. GGT on cell membrane 

The aforementioned strategies regarding surface charge conversion by the endogenous TME or exogenous stimulations have been 
developed to overcome four biological barriers in 1) blood circulation, 4) deep penetration, 5) cellular internalization, and 6) lysosome 
escape simultaneously. For the barrier in 2) vasculature extravasation, the transport of these smart NPs from blood to tumor still 

Fig. 9. Schematic illustration of the preparation of thermal-responsive LbL films, capsules and replica particles by LbL assembly of PAH for 
controlled cellular association. Reprinted with permission from 213. Copyright 2016, American Chemical Society. 
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Fig. 10. (a) Schematic illustration of charge reversal Pyr modified Au NPs for the spatio/temporal control of cellular uptake by cationic A-triggered 
anion specific recognition. Fluorescence microscopy images of HeLa cells incubated with Au NPs (b) in the absence or (c) in the presence of A host. 
(d) The corrected total cell fluorescence (CTCF) change upon addition of cationic A or anion Pyr. Reprinted with permission from 214. Copyright 
2018, American Chemical Society. 

Fig. 11. (a) Schematic illustration of the PBEAGA-CPT with GGT-triggered charge conversion for improved vasculature extravasation and cellular 
internalization by the active transendothelial and transcellular transport. (b) Mechanism of GGT-responsive charge conversion of PBEAGA-CPT by 
the cleavage of γ-glutamyl moieties. (c) Zeta potential of PBEAGA-CPT and non-responsive PEAGA-CPT in the presence of GGT with different 
concentrations. (d) CLSM images of time-dependent extravasation and penetration of PBEAGACy5-CPT and PEAGACy5-CPT in tumors. Scale bars: 
200 μm. Reprinted with permission from 88. Copyright 2019, Springer Nature. 
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followed the EPR effect of passive diffusion through tumor vascular gaps which was established by Jain’s group in 1998 [245]. 
However, based on the mechanism of EPR effect, the delivery level of NPs is extremely low in animal models, and the corresponding 
clinical translation is disappointed [246–250]. Encouragingly, in 2020, Chan et al. [87] found there are simply not enough endothelial 
gaps on the wall of blood vessels to support efficient extravasation and accumulation of NPs. In comparison, active transcytosis by 
endothelial cells, including active uptake intracellular transport and exocytosis, was more efficient for NPs delivery to solid tumors in 
vivo [6]. These results implied that approximately 97 % of NPs were transported into solid tumors by active transcytosis rather than 
EPR effect. Therefore, the delivery mechanism based on active transcytosis may be more dominant than passive EPR effect. 

Inspired by the latest discoveries and the endothelial cell caveolae-mediated transcytosis, Shen et al. [88] designed γ-glutamyl 
transpeptidase (GGT)-responsive zwitterionic polymer-camptothecin (CPT) conjugate (PBEAGA-CPT) for significantly enhanced 
therapeutic efficacy by the active transendothelial and transcellular transport (Fig. 11a). The PBEAGA-CPT was stable and stealthy in 
blood circulation due to its zwitterionic nature. On contacting the tumor vessel endothelial cells or extravasating into the perivascular 
regions contacting tumor cells, the overexpressed GGT on the cell membrane cleaved γ-glutamyl moieties of PBEAGA-CPT to obtain 
positive surface charge (Fig. 11b,c). The cationized conjugate underwent caveolae-mediated endocytosis and transcytosis for 
addressing the barrier in vasculature extravasation and achieving uniform distribution along with distal diffusion throughout the 
tumor. After IV injection of PBEAGACy5-CPT, the results of real-time extravasation and tumor penetration demonstrated that the 
PBEAGACy5-CPT (red fluorescence) was initially restricted in the tumor blood vessels, and then gradually extravasated from the vessels 
and diffused into the distal tumor site (Fig. 11d). Furthermore, other phospholipid-binding zwitterion that is not sticky towards 
proteins but will weakly bind to cells was developed for enhanced drug delivery in tumor [251]. The antifouling property of zwitterion 
and the hitchhiking behavior of binding to red blood cells endowed nanocarriers with prolonged blood circulation. Subsequently, the 
phospholipid affinity allowed nanocarriers to reversibly bind to cell membranes, which could trigger adsorption-mediated active 
transcytosis for elevated vasculature extravasation and tumor penetration, thus achieving highly efficient delivery from perivascular to 
avascular and hypoxic regions [252]. These results fully proved that the novel strategy of stimuli-activated transendothelial transport 
was able to effectively obtain transvascular, deep tumor penetration and enhanced cell uptake ability [253]. 

3. Size transformation 

The size of NPs plays a vital role in the process of vasculature extravasation [254], tissue accumulation [255], deep penetration 
[256], cellular internalization [257], systemic biodistribution [258], lysosome escape [259], intracellular efflux [260], and nuclear 
targeting [261]. Normally, the specific optimized size of NPs emerges intrinsically conflicting for different biological barriers. Large 
NPs with a diameter more than 100 nm are favorable for tissue accumulation/retention [262] and lysosome escape [263], along with 
limited intracellular efflux [264], but they are disadvantageous for deep penetration, cellular uptake and nuclear targeting [265]. In 
contrast, small NPs (10–100 nm) display a better vasculature extravasation, deep permeability and cellular uptake [266,267]. 
However, these small NPs suffer from obvious RES capture (e.g., liver/spleen uptake and renal filtration), unsatisfactory tissue 
retention, and rapid intracellular efflux, as they readily intravasate back into blood circulation [268]. Likewise, the smaller NPs with a 
diameter less than 10 nm is required for efficient lymph node delivery and cell unclear uptake [269]. Therefore, the changeable NPs 
size, whether small to large or large to small, is an ideal strategy to simultaneously overcome versatile barriers in vivo. Recently, the 
novel deformable NPs with turned shape (from spherical to ellipsoidal) have also been developed to efficiently pass through blood 
vessels and penetrate into the tumor parenchyma. 

3.1. Extracellular-triggered size increase 

In the previous discussion, we concluded the strategies based on the charge reversible NPs that were introduced to address five 
biological barriers in 1) blood circulation, 2) vasculature extravasation, 4) deep penetration, 5) cellular internalization, and 6) 
lysosome escape. Remarkably, the extracellular-responsive size changeable NPs (from small to large) are able to overcome other 
barrier in 3) tissue accumulation. During blood circulation, the small NPs can efficiently extravasate into lesion region. Once they 
arrive at the targeted region, under either endogenous or exogenous stimulations, the small NPs can aggregate or swell into large one 
that can be trapped in tissue for the enhanced accumulation and retention, leading to the improved theranostic efficacy. Normally, the 
size switching of NPs from small to large may be achieved by the aggregation based on the charge interaction, hydrophobic interaction, 
hydrogen bonding, DNA assembly and covalent crosslinking. Besides the aggregation, the NPs swelling also can increase their size. 
Importantly, the size-change behavior of NPs can not only be employed to overcome the barriers in vivo, but also often affect their 
optical and magnetic properties [270], such as photothermal effect in NIR or variable relaxivities for MR imaging. 

3.1.1. Charge interaction 
The stimuli-responsive aggregation strategy was developed to improve tissue accumulation and retention [271–275]. Grzybowski 

et al. [276] found that the NPs comprising mixed-surface charge (both positive and negative charges) exhibited the controlled pH 
stability, and they were precipitated sharply at the pH where the charges on the NPs are balanced (pHprec). More importantly, through 
adjusting the ratio of the positively and negatively charged ligands or changing size of NPs, the flexible pHprec was obtained among 
about 4.0–7.0 [277], covering the extracellular pH (6.0–6.8) and intracellular pH (5.0–6.0) in cancer cells. By modifying the NP 
surface with mixed-charge self-assembly monolayers, the Au NPs with tunable pH-induced aggregation behavior were fabricated 
[278]. Interestingly, under acidic TME, Au NPs could generate aggregates for enhanced tumor accumulation and retention, meanwhile 
the aggregated Au NPs displayed a red-shift to NIR region which could be applied for efficient PTT of tumor. Moreover, the pH- 
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sensitive zwitterionic surface of mixed charge was employed to prepare pH-responsive Au NPs, which enabled Au NPs with stealth 
ability to resist uptake by macrophages and prolong blood circulation. At acidic TME, the pH-responsive Au NPs were quickly 
aggregated to greatly elevate tumor accumulation and retention, resulting in the efficient PTT of hepatocellular cancer [279]. 

Moreover, the smart NPs with both positive and negative surface charges also can be formed by pH-triggered surface hydrolysis 
strategy, and the aggregation of NPs drive by electrostatic attraction. In very recent work, the hydrolysis-susceptible citraconic amide 
was decorated on the surface of PEG and ethylenediamine modified melanin NPs (PEG-EDA-MNPs) to synthesize pH-responsive 
melanin NPs (pH-MNPs) (Fig. 12a) [280]. In tumor site, by citraconic amide hydrolysis, the spontaneous aggregation of pH-MNPs 
occurred for enhanced tumor retention. After the radionuclide 68Ga labeling, the formed 68Ga-pH-MNPs could lead to the enhanced 
positron emission tomography (PET) imaging of tumor (Fig. 12b). 

3.1.2. Hydrophobic interaction 
Apart from those aforementioned charge interaction-induced aggregations, the transition between hydrophilicity and hydropho-

bicity can also be used to induce the aggregation of NPs. For instance, Han et al. [281] reported a stimuli-responsive chimeric peptide 
assembly (PPDT) for superfast tumor accumulation and retention (Fig. 13a). Once the chimeric peptide assembly arrived at acidic 
TME, their hydrophilic carboxylate anion in PPDT rapidly got protonation to form hydrophobic carboxylic acid groups, resulting in the 
size increasing and morphology switching from the controlled sphere to spherocylinder (Fig. 13b,c). By fluorescence imaging in vivo, 
the ultrafast accumulation of PPDT in tumor region was observed at 0.5 h post-injection and the fluorescence intensity maintained a 
high level within 4 h (Fig. 13d). While the fluorescence of non-responsive PPST was relatively low and decreased rapidly. These results 
indicated that the pH-triggered morphology switch could realize the enhanced tumor accumulation and retention. 

In recent years, pH-sensitive prodrugs as hydrophobic blocks were employed to prepare hydrophobic interaction-induced aggre-
gates. The acidic TME triggered the protonation of prodrugs to generate the aggregates due to the increased hydrophobicity [282]. 
Likewise, by the host–guest interaction, the dual pH-responsive supramolecular prodrug micelles were prepared using extracellular 
pH-sensitive pillar[5]arene (WP5) and intracellular pH-liable methyl viologen functioned DOX [283]. Upon extracellular pH (about 
6.5), the micelles were aggregated due to the protonation of ammonium carboxylate groups of WP5 rim. After cellular uptake, the DOX 
was dropped from the backbone at endo-/lysosomal pH (about 5.0) by the cleavage of hydrazine bond of linker, improving anticancer 
activity with low side effects. 

Besides that, the enzyme-responsive aggregation strategy also was explored by the in situ formation of self-assembled nanofibers for 
improved tumor accumulation and retention [284,285]. The self-assembled nanofibers were generated by various interaction in 
response to the overexpressed enzyme in TME, such as gelatinase [286,287], fibroblast activation protein-α (FAP-α) [288,289], MMP 
[290,291], phosphatase (ALP) [292,293], caspase [294,295], and legumain [296,297] so on. For instance, Wang et al. [298] rationally 
designed a gelatinase-responsive small-molecule precursor for photoacoustic (PA) imaging-mediated therapy of glioma. Under TME, 
the overexpressed gelatinase selectively cut the small-molecule precursor, that enhanced the molecule hydrophobicity and reduced the 
steric hindrance, leading to the self-assembly of building blocks to prolong tumor retention time. Moreover, based on the similar 
responsive structure, a NIR probe with FAP-α-specific responsiveness was fabricated using modular peptide-cyanine probe that con-
sisted of hydrophilic motifs (1 and 2), tailoring motif of Gly-Pro-Ala (GPA, a peptide substrate of FAP-α), self-assembly motif, and 

Fig. 12. (a) Schematic illustration of the preparation of pH-MNPs. (b) PET images of tumor-bearing mice after injection of 68Ga-pH-MNPs and non- 
responsive 68Ga-PEG -MNPs. The white arrow indicates tumor site. Reprinted with permission from 281. Copyright 2020, Frontiers Media S.A. 
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cyanine dye (Fig. 14a) [299]. The tailoring motif of GPA is a peptide substrate of FAP-α [300,301]. After FAP-α triggered tailoring, the 
residues emerged a self-assembly with highly efficient manner into β-sheet nanofibers on the surface of cancer-associated fibroblasts 
(CAFs) (Fig. 14b) [302,303]. The time-dependent NIR fluorescence imaging in vivo revealed that the indocyanine green (ICG) accu-
mulation in tumor was very low, and it was quickly cleared from the body. In contrast, the aggregation-induced retention effect of 
molecule 1 resulted in a 5.5-fold signal enhancement of tumor at 48 h postinjection compared to that of molecule 4 without FAP-α 
triggered aggregation (Fig. 14c). More importantly, the small tumor (around 2 mm) could be diagnosed by the precise NIR imaging. In 
addition, MMP, a common overexpressed enzyme in TME, is considered as the best signal to trigger the aggregation of smart NPs 
[304,305]. A set of novel peptide-polymer amphiphiles were constructed to obtain MMP-directed assembly in vivo for fluorescence 
imaging of tumors [306,307]. This type of MMP-responsiveness could lead to the assembly of NPs into micrometer-scale aggregates in 
tumor. Moreover, Christman et al. [308] designed smart NPs response to MMP present in the acute myocardial infarction (MI) for 
prolonged retention in heart tissue. 

3.1.3. Hydrogen bonding 
Inspired by the abundance of protein assemblies existing in nature, the small peptides with specific structures can self-assemble into 

well-defined supramolecular architecture by enzyme catalysis for highly efficient drug delivery [309,310]. For instance, Chen et al. 
[311] developed ALP-triggered ICG-doped nanofibers (ICG-nanofibers) for dual-mode fluorescence/PA imaging-guided PTT. When the 
micelles reached the tumor site, the overexpression of ALP would trigger them to convert into nanofibers in situ by head to tail 
arrangement, thereby achieving the reduced RES capture and enhanced tumor accumulation and retention. Likewise, the Au NPs 
modified with ALP-responsive peptides were constructed for enhanced retention and PTT of tumor [312]. Once the phosphate group 
on the side chain of peptides was cleaved by ALP, and then the generated peptides could self-assemble to form large Au NPs aggregates 
through intermolecular hydrogen bonds. 

Additionally, a novel tumor-selective cascade activatable self-detained system (TCASS) was designed for fluorescence imaging- 
guided drug delivery or surgery (Fig. 15) [313]. The modularized units of the system consisted of tumor-specific recognition motif, 
enzymatically cleavable linker (DEVD), self-assembly motif, and functional agent (dye or drug). At tumor region, the recognition motif 
specifically recognized the X-linked inhibitor of apoptosis protein. Subsequently, the recognition process activated downstream 
caspase-3/7, and then cleaved the DEVD to trigger self-assembly to obtain fibrous superstructures with β-sheet domains by hydrogen 
bonding. The rational design of the TCASS may optimize tumor accumulation, penetration, and organ competition. 

Fig. 13. (a) Schematic illustration of the self-assembly and pH-triggered morphology switching of PPDT. Hydrodynamic size and TEM imaging of 
PPDT at (b) pH 7.4 and (c) pH 6.5. (d) Fluorescence images of tumor-bearing mice after injection of pH-responsive PPDT and non-responsive PPST. 
Reprinted with permission from 282. Copyright 2017, American Chemical Society. 
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3.1.4. DNA assembly 
Recently, the stimuli-responsive DNA assembly strategy has attracted widely attention to assemble the NPs accurately and effi-

ciently, attributing to their sensitive responsiveness to environmental variations, superior biocompatibility, and accessible chemistry 
for surface modification [314–318]. Among them, cytosine-rich DNA sequences exhibit ideal pH-sensitivity that can drive the ag-
gregation of NPs under acidic TME by the formation of interchain folding [319,320]. However, the DNA crosslinkers have been rarely 
introduced for biomedical applications in vivo since DNA is easily degraded by nucleases during blood circulation [321]. In 2020, a 
protected and pH-activated DNA assemble strategy was developed to enable the DNA crosslinked aggregation of NPs in vivo (Fig. 16a) 
[322]. The ROS-sensitive PEG and pH-responsive DNA crosslinkers were modified on the NPs surface to form ROS/pH dual-responsive 

Fig. 14. (a) Schematic illustration of FAP-α-responsive peptide-cyanine probe for enhanced tumor accumulation and NIR fluorescent imaging. (b) 
SEM images of co-culture cells of CAFs and PC3 treated by the control and 1 group. (c) Time-dependent NIR images of tumor-bearing mice after 
injection of 1, 4, and ICG. Reprinted with permission from 300. Copyright 2019, John Wiley and Sons. 
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NPs (CuS@mSiO2-DOX/i-motif/TK-mPEG), and the PEG protected DNA from degradation during blood circulation. When arrived at 
the tumor site, the ROS-sensitive PEG shell was shedded to obtain CuS@mSiO2-DOX/i-motif which could generate pH-responsive 
aggregation by DNA assembly (Fig. 16b). The results in vivo indicated that the single modification with DNA of CuS@mSiO2-DOX/ 
i-motif could enhance the accumulation of NPs twofold in the tumor compared with naked CuS@mSiO2-DOX, while a sevenfold 
enhancement of tumor accumulation was observed in the dual-modification system of CuS@mSiO2-DOX/i-motif/TK-mPEG (Fig. 16c). 
Therefore, the strategy of PEG protection and stimuli-activated DNA assembly is important for the enhanced theranostic efficiency. 

3.1.5. Covalent crosslinking 

3.1.5.1. Endogenous-responsive crosslinking. For the theranostics of the central nervous system diseases, especially brain tumors, the 
major challenge is to overcome the BBB and enhance the brain retention of nanocarriers [323–326]. To address this, the enzyme- 
responsive Au NPs were designed for enhanced accumulation and PA imaging-guided chemotherapy of glioma (Fig. 17a) [327]. 
The legumain-responsive Au NPs (AuNPs-A&C) were comprised of Ala-Ala-Asn-Cys-Lys modified AuNPs (AuNPs-AK) and 2-cyano-6- 
aminobenzothiazole modified AuNPs (AuNPs-CABT). In the presence of the overexpressed legumain in glioma, the AuNPs-AK would 
be hydrolyzed to expose the 1,2-thiolamino groups which were reacted with the contiguous cyano groups on the AuNPs-CABT by a 
click cycloaddition, leading to the formation of Au NPs aggregates. The fluorescence and PA images in vivo demonstrated that AuNPs- 

Fig. 15. (a) Schematic illustration of molecular design of TCASS. (b) Schematic mechanism of the specific recognition, molecular cleavage and in 
situ self-assembly of TCASS. Reprinted with permission from 314. Copyright 2019, Springer Nature. 
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A&C reached a much higher accumulation in the glioma site compared to AuNPs-AK, AuNPs-CABT and AuNPs-PEG, since the 
legumain-triggered aggregation of Au NPs imped their back-flow out of the target site (Fig. 17b). This strategy may provide a pro-
spective to engineer a nanoplatform for improving accumulation of theranostic agents in brain tumors, resulting in the enhanced 
theranostic efficiency. 

3.1.5.2. Exogenous-responsive crosslinking. Although the endogenous TME-induced aggregation strategies have been reported for 
enhanced tumor theranostics, the unwanted aggregation of NPs often appears in vivo and may further induce immune response after 
NPs exposure due to the sophisticated biological environments [328–330]. To bypass this hurdle, various light-triggered NPs were 
developed for highly efficient tumor theranostics [331–334]. More importantly, in virtue of precise spatiotemporal controllability, the 
light-triggered aggregation strategy can also be applied to most of diseases without specific microenvironments (e.g., neuro-
degeneration and arthritis), not limited to tumors [254]. To date, some UV-responsive molecules, such as chromophores [335–337], 
spiropyrans [338–340], and azobenzene [338,341,342], were employed to modify NPs that can self-assembly upon UV irradiation. For 
instance, Gao et al. [329] synthesized novel photolabile NPs using diazirine (DA) conjugated Au NPs for enhanced PA imaging and PTT 
of breast cancer. Upon 405 nm laser irradiation, the DA groups were transformed into carbene which would form covalent bonds with 
the ligands of Au NPs by C–C, C–H, O–H, and X–H (X = heteroatom) insertions, resulting in the formation of large Au NPs 
aggregates. 

Remarkably, in 2019, our group designed the light-addressable assemblies of ultrasmall iron oxide (Fe3O4 NPs) for enhanced tumor 
retention and dynamic MR imaging of arthritis (Fig. 18a) [343]. The light-responsive Fe3O4-PEG-(DA)-FA NPs were composed of 
ultrasmall Fe3O4 NPs, light-sensitive molecules DA, and targeted agents PEGylated folic acid (PEG-FA). The agglomeration degree of 

Fig. 16. (a) Schematic illustration of ROS/pH dual-responsive CuS@mSiO2-DOX/i-motif/TK-mPEG for enhanced tumor accumulation. (b) Size 
distribution of CuS@mSiO2-DOX/i-motif/TK-mPEG at different pHs with or without H2O2. (c) The copper contents in tumors tissue at different time 
points after injection of different samples, (i) CuS@mSiO2-DOX, (ii) CuS@mSiO2-DOX/i-motif, (iii) CuS@mSiO2-DOX/TK-mPEG, and (iv) 
CuS@mSiO2-DOX/i-motif/TK-mPEG. Reprinted with permission from 323. Copyright 2020, Chinese Chemical Society. 
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Fe3O4-PEG-(DA)-FA NCs could be precisely controlled through the variation of laser irradiation time, that endowed the variable r1 and 
r2 relaxivities, leading to the switching of T1/T2-weighted MR imaging. After IV injection, the Fe3O4-PEG-(DA)-FA NPs could easily 
extravasate through the vasculature around arthritis and subsequently penetrate inside the inflammation region by FA-mediated 
targeting, allowing for enhanced T1-weighted MR imaging. After 405 nm laser irradiation to induce the formation of Fe3O4-PEG- 
(DA)-FA NCs in the inflammation region, the formed aggregates were not able to intravasate back into circulation and remain in the 
inflammation region (Fig. 18d), thus allowing for enhanced dynamic T1/T2-weighted MR imaging of arthritis (Fig. 18b,c). 

3.2. Intracellular-triggered size increase 

Distinctly from those aforementioned extracellular aggregation for enhanced tissue accumulation and retention, in recent years, 
several stimuli-responsive intracellular assemble or swelling systems were developed to achieve excellent effect in 6) lysosome escape 
and 7) intracellular efflux [344–348]. The stimulation change from tissue to cell level may further improve therapeutic efficiency of 
cancer cells and avoid adverse effects upon normal cells [349–351]. The intracellular aggregation itself was proven to have cyto-
toxicity that can induce cancer cell apoptosis. Notably, the conversion from biocompatible to cytotoxic only occur inside cancer cells, 
that could be promising in reducing the unexpected side effects induced by traditional chemotherapy. Likewise, by the intracellular 
assembly or swelling strategy, the intracellular efflux and exocytosis of the aggregated NPs are inhibited to overcome multidrug 
resistance (MDR) which is a major hurdle for the successful chemotherapy of tumors. 

3.2.1. Aggregation-induced apoptosis 
According to the unique microenvironment in cancer intracellular, the smart NPs with intracellular-triggered aggregation behavior 

were designed. For instance, Maruyama et al. [352] prepared enzyme-responsive precursor peptide which could be cleaved by the 
extracellular MMP to obtain supramolecular gelator. The resulting gelator was taken up by cancer cells, and self-assembled to 
nanofibers in cells, leading to the cellular function impairment and cell apoptosis. Moreover, the intracellular self-assemble nanofibers 
using small hydrophobic molecules could disrupt the dynamics of microtubules due to the Warburg effect [353], and thus selectively 
caused apoptosis of glioblastoma cells [354]. Furthermore, by the host–guest interaction, the redox-triggered Au NPs aggregates were 
achieved responding to intracellular GSH [355]. The formed Au NPs aggregates displayed the prolonged cell retention and induced cell 
apoptosis due to their size increasing. Meanwhile, the aggregation of Au NPs generated the enhanced absorption in NIR region, that 
increased their potency for PTT. These results revealed that the intracellular self-assembly strategy of nanoplatforms not only can 
elevate retention but also may have potential as nanomedicines for the treatment of cancer. Recently, using two reactions to control 
supramolecular self-assembly has attracted widely interest. Among them, the dephosphorylation/phosphorylation cycle catalyzed by 
the ALP/kinase switch has been applied to control the self-assembly of NPs [356–358]. By ALP-triggered dephosphorylation and GSH- 

Fig. 17. (a) Schematic illustration of legumain-responsive AuNPs-A&C for improving accumulation in brain tumors after conjugation of DOX for 
therapeutic efficiency. (b) US, fluorescence, and PA images of glioma after injection of different samples. Reprinted with permission from 328. 
Copyright 2016, American Chemical Society. 
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Fig. 18. (a) Schematic illustration of the preparation of Fe3O4-PEG-(DA)-FA NPs for enhanced retention and dynamic T1/T2-weighted MR imaging 
of inflammatory arthritis. (b) T1/T2-weighted MR imaging, and (c) the corresponding SNR of MR images of arthritis before and after injection of 
Fe3O4-PEG-(DA)-FA NPs. (d) Safranin O and Prussian blue-stained section of arthritis after different treatments. Reprinted with permission from 
344. Copyright 2019, John Wiley and Sons. 
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triggered condensation reaction, the extracellular/intracellular environment-differentiated molecular self-assembly was developed 
[359], that can be used for enhanced intracellular retention and aggregation-induced apoptosis of hepatocellular carcinoma [312]. 

In very recent work, the intracellular pH-driven transformable nanovaccine (NTV) was fabricated for cancer immunotherapy 
(Fig. 19a) [360]. The pyrene-conjugated D-peptide (PDP) was modified onto polymer by acid-sensitive acetal bond, and then the 
formed polymer-peptide conjugates were used to load antigenic peptide (AP). At intracellular pH of 5.6, the PDP was released from 
NTV by the acetal bond cleavage, and then re-assembled into nanosheets due to their strong π-π stacking interactions. The dramatic 
morphological change of NTV from nanospheres (about 100 nm in diameter) into nanosheets (several micrometres in length or width) 
mechanically disrupted the endosomal membrane and directly delivered AP into the cytoplasm (Fig. 19b). More importantly, the 
formed nanosheets also boost tumor immunity via activation of specific inflammation pathways, furtherly providing an safe and 
efficient cancer immunotherapy (Fig. 19c). 

3.2.2. Aggregation-enhanced therapy 
Due to the fact that a certain amount of MMP and GSH generally exist in both extracellular and intracellular sites [361,362], it is 

difficult to precisely distinguish them by the differences of MMP and GSH concentrations. Currently, some more accurate biosignals 
within cancer cells were found, that could effectively trigger the intracellular assembly to realize retention enhancement and active 
tumor therapy until NPs enter cancer cells completely. The mRNA, which is overexpressed in the intracellular of cancer cells but 
undetectable in the extracellular of cancer cells or normal cells, comes into view as an appropriate candidate [363–365]. Inspired by 
these findings, the mRNA-responsive Au NPs were constructed using a pair of different molecular beacon sequences-functionalized Au 
NPs (GNP-1 and GNP-2) for controllable aggregation-induced exocytosis inhibition and enhanced PTT of breast cancer (Fig. 20a) 
[366]. In the MiRNA-21 positive cancer cells (Control group), the rapid intracellular accumulation of Au NPs was observed, and the 
exocytosis of Au NPs aggregates was greatly inhibited (Fig. 20b), while the dispersive Au NPs escaped from the MiRNA-21 negative 

Fig. 19. (a) Schematic illustration of pH-driven NTV for cancer immunotherapy. (b) TEM images of NTV at pH 7.4 and 5.6. (c) T-cell infiltration in 
the tumor tissue at day 23 using a flow cytometer. Reprinted with permission from 361. Copyright 2020, Springer Nature. 
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Fig. 20. (a) Schematic illustration of mRNA-responsive Au NPs (GNP-1 and GNP-2) for exocytosis inhibition. (b) Microscopic images of cells in 
Control and MiRNA-21-treated groups incubated with Au NPs (GNP-1 and GNP-2) (BF: bright-field images, DFM: dark-field microscopeimages, FL: 
Cy5 fluorescence images). Reprinted with permission from 367. Copyright 2018, American Chemical Society. 

Fig. 21. Schematic illustration of DNA-modified AuNPs with pH-responsive reversible assembly for combined chemotherapy and PTT of tumor. 
Reprinted with permission from 371. Copyright 2019, American Chemical Society. 
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cells (Anti-treated group). What’s more, other mRNA-responsive DNA-modified Au NPs were designed for intracellular self-assembly 
and enhanced retention [367]. Besides the promoted retention behavior and activated photothermal effect attributed to the intra-
cellular aggregation, the formation of double strand with survivin mRNA may also interrupt its normal function and cause down- 
regulation of survivin expression, leading to the improved apoptosis of cancer cells by combined therapy. Moreover, the intracel-
lular assembly of drug conjugates limited their expelling from cytosol through efflux proteins, avoiding the MDR [368]. 

These stimuli-responsive assembles or aggregations were developed for selectively inducing apoptosis or combined therapy of 
cancers via the enhanced cell uptake and intracellular retention, efficient lysosome escape, and limited cellular efflux. However, the 
large size of these assembles or aggregations also are difficult to be excreted through human system after therapy, that may lead to 
some potentially adverse effects for normal organs [369]. To solve the contradiction, Kong et al. [370] designed ternary DNA complex- 
modified Au NPs with controlled reversible assembly for combined chemotherapy and PTT of tumor (Fig. 21). After being delivered 

Fig. 22. (a) Schematic illustration of multi-responsive size changeable micelles for nuclear delivery and drug release of MDR breast tumor. (b) Zeta 
potential and size of micelles as a function of pH. (c) TEM images of micelles at pH 7.4 and 5.0 in the presence or absence of GSH. Reprinted with 
permission from 373. Copyright 2015, John Wiley and Sons. 
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into tumor cells, the DNA crosslinked aggregation of Au NPs took place by the synergetic contributions of pH and overexpressed ATP. 
Encouragingly, the DNA crosslinking and decrosslinking were reversible. When returned back to neutral physiological environment, 
the Au NPs aggregates could be reversibly disassociated to monodispersed NPs that were relatively easier to excrete via renal clearance. 

3.2.3. Swelling-controlled release 
Apart from those aforementioned intracellular-responsive aggregated NPs, several NGs or micelles with intracellular-triggered 

swelling behavior were explored for efficient lysosome escape, limited intracellular efflux, and controlled drug release. For 
instance, Zhang et al. [371] reported the intracellular pH-responsive reversible swelling-shrinking NGs (NLSC-NGs) for controllable 
drug delivery. The diameter of core/shell NLSC-NGs was sharply increased by 10-fold at endosomal (pH5.0–6.0) or lysosomal pHvalue 
(pH4.0–5.0), due to the pH-triggered swelling of polyelectrolyte core. The extensive volume expansion and positive surface charge of 
NLSC-NGs led to the endo-lysosomal bursting and rapid drug release in cancer cells. Moreover, multi-responsive size changeable 
micelles were designed for facilitating nuclear delivery and drug release of MDR breast tumor (Fig. 22a) [372]. The micelles hold well- 
defined core-corona structure, in which biocompatible polylactide is selected as core, and whose one end is linked with PEG and other 
end is conjugated with DMMA modified polyethylenimine (PEI) via a disulfide bond as corona. The micelles exhibited negative surface 
charge (− 16.24 mV) at the physiological pH of 7.4, and the significant charge reversal from negative to positive was observed at 
extracellular pH of 6.5 due to DMMA cleavage for enhance deep penetration and cell uptake. More importantly, after lysosomes uptake 
(pH 4.0–5.0), the micelles were swelled from 42.1 to 87.9 nm by proton sponge effect of PEI to realize the lysosomes escape and limited 
efflux (Fig. 22b). Subsequently, the disulfide bonds were broken, triggered by intracellular GSH, leading to PEI shell deshielding and 
size decreasing (Fig. 22c). Finally, the smaller micelles were able to entry cell nuclear and release the cargo intranuclearly. 

3.3. Size decrease 

For highly efficient cargo delivery in vivo, in addition to the size increased strategy (from small to large) that is employed to 

Fig. 23. (a) Schematic illustration of pH-sensitive MCs@Ce6 for combined PDT and chemotherapy of tumor. (b) Zeta potential of MCs@Ce6 in 
media with different pHs. (c) TEM images of MCs@Ce6 at pH 7.4 and 6.5. Reprinted with permission from 376. Copyright 2020, Royal Society 
of Chemistry. 
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overcome the barriers in 3) tissue accumulation, 6) lysosome escape, and 7) intracellular efflux, other stimuli-responsive size 
decreased strategy (from large to small) should also be considered to improve theranostic efficiency by the optimized properties in 4) 
deep penetration, 5) cellular internalization, and 8) nuclear targeting [373]. The initial NPs with larger size can reduce renal clearance 
and enhance accumulation in targeted region. After that, their size will be decreased into a smaller one with higher tissue permeability, 
cellular uptake, and nuclear targeting. Under endogenous or exogenous stimulations, the smaller NPs can be obtained by the reversible 
shrinkage, shield removal, satellite release, and clusters bomb. 

3.3.1. Reversible shrinkage 

3.3.1.1. Endogenous TME. It is well known that the dense collagen-rich extracellular matrix in some diseased tissues (e.g., tumor) 
significantly hinders the penetration and diffusion of nanocarriers, leading to the limited thernaostic efficacy [374]. To address this 
issue, the smart nanocarriers with stimuli-responsive size shrinkage behavior were developed to enhance tissue penetration in vivo. For 
instance, based on pH-sensitive “switch” molecules 2-(azepan-1-yl)ethyl methacrylate (PAEMA), the smart micelles (MCs@Ce6) were 
synthesized for combined PDT and chemotherapy of tumor (Fig. 23a) [375]. During blood circulation, the drug (GEM) entrapped 
micelles were hydrophobic and closed to protect the GEM from leaking. When the MCs@Ce6 reached the tumor region, the acidic TME 
made the PAEMA “switch” open, and then the reversal charge (− 3.88 mV to 9.89 mV) and decreased size (92 nm to 51 nm) of 
MCs@Ce6 together promoted the tumor penetration and cellular uptake (Fig. 23b,c). 

Fig. 24. (a) Schematic illustration of NIR-responsive aza-BODIPY aggregates for PA imaging-guided PTT of breast cancer. (b) TEM images of 1-NFs 
and 1-NPs. (c) CLSM images of multicellular tumor spheroids incubated with 1-NFs and 1-NPs with or without NIR irradiation. Scale bar: 100 μm. 
Reprinted with permission from 385. Copyright 2020, American Chemical Society. 
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3.3.1.2. Exogenous stimulations. Additionally, the size shrinkage NPs responding to exogenous stimulations, such as thermal or light, 
also were explored for enhanced theranostics of other diseases. In our previous work [376–378], various thermal- or/and light- 
responsive MGs were prepared using thermosensitive monomers VCL or/and photosensitive molecules (spiropyran, SP). At rela-
tively high temperature (more than body temperature of 37.5 ◦C) or UV laser irradiation (365 nm), the hydrodynamic diameters of 
these MGs were shrunk. Likewise, Kohane et al. [379] developed photoswitchable NPs (SP NPHs) consisting of SP and lipids for 
enhanced drug delivery and diffusion of cornea. UV-triggered ring-opening in the hydrophobic SP to form zwitterionic merocyanine 
(MC), which caused the SP NPHs shrink to form smaller MC NPHs. However, the resulting MC is less stable than SP, and the MC NPHs 
will spontaneously revert to SP NPHs in darkness or under visible light, with an increase in size. To address this dilemma, the intro-
duction of cholesterol increased the hydrophobic interaction among SP and lipids to limit the reversion of size increase in absence of 
light irradiation [380]. A higher efficient antitumor efficiency with low side effects was observed in vivo due to the favorable tumor 
penetration and reduced drug leakage. Notably, the photochromic conversion of SP could be potentially triggered at depths up to 
several centimeters by NIR lasers using two-photon technology (wavelength of about 720 nm), through soft tissues, bone, and intact 
skull [381]. 

To avoid unnecessary damage caused by UV in normal tissues, Chen et al. [382,383] developed a class of amphiphilic aza-BODIPY 
dyes which exhibited dimorphic aggregation behavior and distinct NIR absorption property. Furthermore, they reported the NIR- 
responsive aza-BODIPY aggregates for PA imaging-guided PTT of breast cancer (Fig. 24a) [384]. The amphiphilic property enabled 
aza-BODIPY molecules to self-assemble into fibrous aggregates (1-NFs). Compared to spherical 1-NPs, the 1-NFs displayed prolonged 
blood circulation and enhanced tumor accumulation [385,386]. Upon NIR irradiation, with temperature increasing to around 48 ◦C, 
the in situ morphology transformation from 1-NFs into 1-NPs was achieved for deep tumor penetration and enhanced antitumor 
outcome (Fig. 24b,c). 

3.3.2. Shield removal 

3.3.2.1. PEG. Normally, the long hydrophilic or negative chains, such as PEG or natural polymers, were introduced as shield to cover 
the surface of NPs to resist protein adsorption in blood circulation, thereby reducing the RES capture, improving blood stability and 
enhancing tissue accumulation in vivo. However, the shell shielding also suppresses the deep penetration and cellular uptake of these 
NPs. To overcome the dilemma, some stimuli-responsive shell-detachable NPs were developed to achieve the satisfactory blood cir-
culation, tissue accumulation, deep penetration and cellular internalization simultaneously. As a typical example, the surface 
PEGylated NPs were prepared by the stimuli-responsive covalent bonds or noncovalent interactions that could be destroyed to induce 
PEG removal under endogenous microenvironments or exogenous simulations [387]. 

In our previous work, pH/GSH dual-responsive platform based on antifouling dendrimer-copper sulfide (CuS) nanohybrid was 
fabricated for combined chemotherapy and PTT of breast cancer (Fig. 25) [388]. The targeted RGD peptides were modified onto G5 
PAMAM dendrimer, and then the pH-responsive PEGylated zwitterion and GSH-responsive DOX were conjugated on the dendrimer, 
respectively. Finally, the CuS NPs were loaded within dendrimer to form intelligent system. During blood circulation, the antifouling 
property of PEGylated zwitterion endowed the system with extended blood circulation. When reached tumor region, both acidic TME- 
triggered PEGylated zwitterion removal and RGD-mediated targeting improved tumor penetration and cell uptake of the system. The 
intracellular GSH-responsive DOX release was realized by disulfide bond cleavage. With these properties owned, the intelligent system 
is able to break different barriers in vivo for combination therapy of tumors. 

3.3.2.2. Natural polymers. As an alternative strategy, the natural polymers, such as HA [389], polyglutamic acid [390], polyacrylic 
acid [391], and dextran [392], as non-toxic and biodegradable shields also can be used to coat on the surface of NPs by endogenous or 
exogenous stimuli-sensitive covalent bonds or noncovalent interactions. Among them, the HA is not only a targeted agent for several 
malignant cancer cells with the overexpression of HA-binding receptors (e.g., CD44 or RHAMM) [393–395], but also can be degraded 

Fig. 25. Schematic illustration of pH/GSH dual-responsive system for combined chemotherapy and PTT of breast cancer. Reprinted with permission 
from 389. Copyright 2021, John Wiley and Sons. 
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by the HAase in TME [396,397]. For instance, the smart NPs (IDDHN), containing NIR-sensitive NO donor, dendrimeric prodrug and 
ICG, were engineered for photothermal associated DOX and NO delivery (Fig. 26) [398]. In tumor site, the HA shell was degraded by 
HAase to form small-sized dendrimeric prodrug for elevated deep penetration. Meanwhile, NIR laser enhanced NO release synergis-
tically triggered deep penetration due to strong photothermal effect of ICG. The results in vivo illustrated that the IDDHN showed a 
much better antitumor efficiency with low side effects upon NIR irradiation. Remarkably, the shedding of PEG or natural polymers also 
may lead to the surface charge conversion of NPs, which further promotes drug release. 

3.3.3. Satellite release 

3.3.3.1. Surface cleavage. The above strategies of size shrinkage and shield removal were developed to decrease the size of NPs for 
augment deep penetration and cell uptake, but the reduction in the size of NPs is restricted, and the final size of NPs is still in dozens of 
nanometers. Generally, the smaller NPs (<10 nm) can further improve the ability of deep penetration and cellular internalization, and 
even achieve efficient lymph node migration and cell unclear delivery [399–401]. Therefore, the satellite release strategy, that ul-
trasmall NPs can be released from a large subject under endogenous microenvironments or exogenous stimulations, was explored in 
extensive disease Theranostics Compared to other ultrasmall NPs, dendrimers have attracted widespread interest in biomedical ap-
plications due to their unique features, such as ultrasmall size, highly branched architecture, and protein biomimetic property [402]. 
In 2019, the core-releasable satellite nanovehicles were rational constructed for relieved tumor hypoxia and enhanced chemotherapy 
and PTT [403]. At acidic TME, the surface small dendrimer-based satellites (about 6 nm) were emancipated from large subject via the 
pH-triggered polydopamine dissociation for deep tumor penetration. 

Moreover, by self-assembly approach, the amphiphilic dendrimers that consisted of hydrophobic polymer, pH- or enzyme-sensitive 
linker, and hydrophilic drug-loaded dendrimer were employed to fabricate satellite releasable dendrimer vesicles [343,404]. For 
instance, the pH-responsive dendrimer vesicles (iCluster/Pt) were synthesized through the assembly of platinum (Pt)-conjugated poly 
(amidoamine)-graft-polycaprolactone (PCL-CDM-PAMAM/Pt), polycaprolactone (PCL), and PEG-b-PCL (Fig. 27a) [405]. The formed 
iCluster/Pt could release single PAMAM/Pt (about 5 nm) from the iCluster/Pt subject by acid-sensitive CDM linker cleavage in acidic 
pH of 6.8 (Fig. 27b,c). At 90 min postinjection of two dyes (red RhB and green Flu) labeled iCluster/Pt (RhBiClusterFlu), nearly 50 % of 
green fluorescence intensity from the released Flu-labeled PAMAM could be detected at the blood vessels surrounding tumor, whereas 
red fluorescence from the residual large subject labeled with RhB were not detectable beyond blood vessels (Fig. 27d). As a com-
parison, both green and red fluorescence from non-responsive RhBClusterFlu were confined to blood vessels. These results indicated that 
the dendrimer satellite release was able to greatly enhance tumor penetration and therapeutic outcome. More importantly, in the 
primary tumor, the resulting single dendrimer PAMAM after satellite release could be promoted to deliver further effectively into 
tumor lymphatics and migration into lymph nodes, leading to the inhibition of tumor metastasis (Fig. 27e). Post-injection of iClus-
terRhoB for 4 h and 12 h, the released PAMAM (red) from iClusterRhoB accumulated in the sentinel lymph nodes was clearly observed by 
fluorescence imaging (Fig. 27f) [406]. 

Fig. 26. Schematic illustration of the preparation of HAase/NIR-responsive IDDHN for deep tumor penetration and photothermal associated drug 
delivery. Reprinted with permission from 399. Copyright 2018, Elsevier. 
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In very recent work, PAMAM-conjugated ICG (PAMAM-ICG) was bound with the PEG-b-PCL through a singlet oxygen (1O2)-sen-
sitive thioketal (TK) bond to obtain 1O2-responsive amphiphilic dendrimers (PEG-PCL-TK-PAMAM-ICG) that was further loaded with 
Ce6 and self-assembled to form light-responsive dendrimer-based NPs (SNPICG/Ce6) for combined PDT/PTT in the hypoxic TME 
(Fig. 28) [407]. When the SNPICG/Ce6 accumulated at tumor site, the 1O2 produced by Ce6 upon 660 nm laser could kill cancer cells in 
the normoxic tumor region by PDT, and the single PAMAM-ICG satellite was simultaneously released due to the TK bond cleavage, 
allowing the penetration into the internal hypoxic area and efficient ablation of cancer cells by PTT under 808 nm irradiation. 

3.3.3.2. Core degradation. Apart from the satellite release by surface shearing, the ultrasmall NPs can also be released from subject 
surface through core degradation. Gelatin, a substrate of MMP-2, can be completely degraded in TME. By virtue of this advantage, the 
MMP-responsive core-satellite NPs with a core composed of gelation and surface covered with small NPs (e.g., quantum dots [408], Au 
NPs [409] or dendrimers [410]) were engineered for efficient drug delivery and precise imaging of various tumors, such as fibro-
sarcoma, glioma, melanoma, or breast cancer. Among them, Gao et al. [411] synthesized MMP/pH dual-responsive drug delivery 
system (G-AuNPs-DOX-PEG) based on gelatin as core and DOX tethered Au NPs (AuNPs-DOX-PEG) as satellites. Through MMP- 
triggered degradation of gelatin, the release of single AuNPs-DOX-PEG from the surface was achieved for improved tumor penetra-
tion (Fig. 29). When AuNPs-DOX-PEG stayed in tumor region or internalized by cancer cells, the DOX was released via the cleavage of 
pH-sensitive hydrazone bonds from AuNPs-DOX-PEG for controlled chemotherapy of melanoma and breast cancers. 

3.3.4. Cluster bomb 

3.3.4.1. Cleavable covalent bond. For satellite release strategy, the residual large subject after small NPs release is often useless, and 

Fig. 27. (a) Schematic illustration of the preparation of pH-responsive releasable dendrimer vesicles and redox-triggered cisplatin release. TEM 
images of (b) iCluster/Pt and (c) non-responsive Cluster/Pt. Scale bar: 100 nm, and for the Inset images: 50 nm. (d) CLSM images of iCluster/Pt 
(RhBiClusterFlu) at blood vessels surrounding tumor. Scale bar: 100 μm. Reprinted with permission from 406. Copyright 2016, National Academy of 
Sciences. (e) Schematic illustration of pH-triggered releasable dendrimer vesicles iCluster for promoted delivery into tumor lymphatics and the 
inhibition of tumor metastasis. (f) Fluorescence images of sentinel lymph nodes in tumor-bearing mice after injection of iClusterRhoB after 4 h and 
12 h. Reprinted with permission from 407. Copyright 2019, American Chemical Society. 
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may cause long-term retention toxicity and increase metabolic burden. Some studies have revealed that most large NPs (more than 
20 nm) were unfitted for renal clearance [412]. Therefore, the cluster bomb strategy was developed that the large clusters were 
thoroughly disintegrated into small NPs without residual subject. Through covalent crosslinking, noncovalent assembly or shell 
encapsulation of small NPs, the large clusters with suitable size (50–200 nm) were constructed for reducing RES capture and enhancing 
tumor accumulation. Under either endogenous microenvironments or exogenous simulations, these clusters could be completely 
dissociated into single NPs for improved deep penetration and cellular uptake [413]. In our group, the redox-responsive Fe3O4 clusters 
were prepared by crosslinking of ultrasmall Fe3O4 NPs (about 3.3 nm) with cystamine dihydrochloride (Cys) for dynamic T2/T1 MR 
imaging [414]. Under reducing TME, the large Fe3O4 clusters with high r2 relaxivity (26.4 mM− 1 s− 1) were dissociated to single ul-
trasmall Fe3O4 NPs with high r1 relaxivity (3.9 mM− 1 s− 1). Importantly, the splitting of Fe3O4 clusters could not only improve the 
permeability, but also endowed T2 and T1 MR imaging transformation ability attributing to relaxivity change. 

Moreover, by the formation of acid-sensitive hydrazine linkage, Ling et al. [415] synthesized pH-responsive dynamically reversible 
Fe3O4 clusters (IONAs) assembled by extremely small-sized Fe3O4 NPs (about 7 nm) (Fig. 30). Similarly, after the splitting of IONAs in 
acidic TME, their r1 and r2 relaxivities showed obvious change. Meanwhile, the IONAs could amplify MR signal intensity as the 
postinjection time increased. It is assumed that the improved T1 MR diagnosis of tumor based on IONAs can be attributed to the 
enhanced tumor penetration and augment r1 relaxivity by pH-triggered disassembly. 

3.3.4.2. Structure-switchable DNA. Besides that, the small NPs also can be crosslinked to form smart clusters by the stimuli-responsive 
noncovalent bond. Differed from the dissociate mode of covalent bond cleavage that is always irreversible and slow, the crosslinking/ 
splitting process by noncovalent interaction is simple, reversible and fast [416–419]. DNA, a representative noncovalent linker, was 
used to fabricate stimuli-responsive clusters [420–422]. Through hybridization between i-motif DNA and i-motif binding oligo-
deoxynucleotides, the pH-responsive dynamic Au clusters were prepared for gene-chemotherapy of tumor [422]. By acidic TME- 
triggered DNA dissociation, the Au clusters were disassembled into signal Au NPs to improve tumor penetration and cellular up-
take, as well as achieve controllable release of gene and drug. Likewise, the pH/enzyme dual-responsive clusters (pTSNA) based on pH- 
responsive triplex DNA [423] and telomerase-sensitive hairpin DNA co-conjugated Au NPs were developed to realize two-step 
responsive on the tissue and cell levels (Fig. 31a) [424]. At acidic TME, due to pH-triggered disassembly, the pTSNA was dissoci-
ated into single Au NPs for enhanced tumor penetration and cell uptake. After cellular internalization, the telomerase-responsive 
intracellular DOX release was obtained. Through immunofluorescence staining analysis of tumor in vivo, the red fluorescence of 
DOX in the pTSNA-DOX group existed in both the peripheral and central area of tumor tissue, demonstrating the better permeability of 
disassembled NPs and efficient drug release (Fig. 31b). As a comparison, the main accumulation of DOX in pH-insensitive nTSNA-DOX 
group was observed at the periphery of tumor tissue, due to the limited penetration of large size. The extremely low red fluorescence in 

Fig. 28. Schematic illustration of the preparation of light-responsive dendrimer NPs for the combined PDT/PTT of hypoxic tumor region. Reprinted 
with permission from 408. Copyright 2020, American Chemical Society. 
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telomerase-nonresponsive pSNA-DOX group indicated that a small amount of drug was released. 
What’s more, based on i-motif DNA-assisted pH-responsive Fe3O4 clusters, Ling et al. [425] proposed the inverse contrast 

enhancement concept for precise MR diagnosis of hepatocellular carcinomas.The acidic TME triggered the disassembly of clusters to 
elevate tumor penetration and achieve the conversion from T2 to T1 MR imaging. More importantly, under T1 MR imaging mode, the 
darkening of normal liver and the simultaneous brightening of hepatocellular carcinomas enabled highly sensitive diagnosis of small 
hepatocellular carcinomas (less than 1 cm). The innovative concept will facilitate the development of next-generation intelligent MR 
imaging contrast agents with inverse contrast enhancement properties. 

3.3.4.3. Hydrophobicity change. Additionally, the hydrophobicity change of the assemblies by protonation was employed as other 
strategy to design smart cluster bomb. In the previous work, a series of ultra-pH-sensitive nanoprobes based on tertiary-amine- 
containing polymers that displayed sharp and superfast pH-responsiveness (on the scale of milliseconds) were established for rapid 
and effective tumor delineation [426–428]. For instance, Gao et al. [429] synthesized ultra pH-responsive micelles conjugated with 
near-infrared dye by self-assembly. Under acidic TME, the micelles could be dissociated, and then the released dye with the activated 
state as nanoprobe was achieved for magnified fluorescence imaging. The stimuli-responsive nonlinear signal amplification strategy to 
greatly increase the detection accuracy of pathophysiological signals of TME to achieve a broad specificity of tumor visualization. In 
2022, Wang et al. [430] synthesized the amphiphilic copolymers with ionizable hydrophobic blocks and then encapsulated with 
photosensitizers to obtain acid-activatable nanophotosensitizer. The nanophotosensitizer could spatiotemporally target distinct stages 
of endosomal maturation (pH 7.0–5.0), thus achieving highly specific PDT-mediated tunable cancer cell pyroptosis. 

Besides, the ultra-pH-sensitive dendrimer-based cluster nanobombs were constructed for cisplatin delivery [431]. The splitting of 
nanobombs (about 80 nm) into single dendrimer (less than 10 nm) in acidic TME was superfast which can be completed within 
seconds, due to the rapid protonation of tertiary amine groups. The resulting dendrimers displayed the improved tumor penetration 
and cell uptake. Furthermore, to optimize the therapeutic efficacy, the pH-triggered immunostimulatory nanocarrier was developed 
using dendrimer-based cluster nanobombs to spatially deliver BLZ-945 and Pt-prodrug to tumor-associated macrophages (TAMs) and 

Fig. 29. Schematic illustration of the preparation of MMP/pH dual-responsive G-AuNPs-DOX-PEG for deep penetration and controlled chemo-
therapy of melanoma and breast cancers. Reprinted with permission from 412. Copyright 2015, Elsevier. 
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Fig. 30. Schematic illustration of pH-triggered disassembly of IONAs for targeted amplification of T1 MR imaging of hepatocellular carcinoma. 
Reprinted with permission from 416. Copyright 2019, American Chemical Society. 

Fig. 31. (a) Schematic illustration of pH/enzyme dual-responsive pTSNA-DOX for enhanced tumor penetration and efficient drug release. (b) 
Immunofluorescence staining images of tumor tissue at peripheral and central area after injection of pTSNA-DOX, nTSNA-DOX and pSNA-DOX 
group. Reprinted with permission from 425. Copyright 2020, American Chemical Society. 
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tumor cells for cancer chemo-immunotherapy [432]. In 2020, Liu et al. [433] reported pH-responsive splitting clusters (RNPs) based on 
the self-assembly of ultrasmall Au5 NPs (~ 5 nm) and pH-responsive polymers for enhanced cancer radiotherapy (Fig. 32). The acidic 
TME could trigger the dissociation of RNPs into individual Au5 NPs by the rapid protonation of pH-sensitive fragment. The formed Au5 
NPs displayed high permeability to deep avascular tumor region through passive extracellular diffusion and active transcytosis, 
thereby enriching local irradiation dose and boosting the susceptibility of cancer cells to radiotherapy. Meanwhile, these Au5 NPs could 
monitor the feedback of favorable radiotherapy responsiveness by detecting the activated apoptosis after radiation. Overall, the 
strategy provided a promising paradigm for drug delivery in deep tissue and personalized radiotherapy. 

3.3.4.4. Parcel rupture. Apart from those aforementioned endogenous-triggered nanobombs, the nanoparcel which could be ruptured 
in response to exogenous stimulations was prepared by physically encapsulation of small NPs [434]. In very recent work, a NIR- 
triggered disintegratable liposomal nanoparcel that Pt-grafted dendrimer prodrug (PAM/Pt) was encapsulated in ICG-based lipid 
[435]. When irradiated by NIR laser at tumor site, ICG heating detonated the thermosensitive liposomes to release the small sized 
PAM/Pt (about 8.6 nm) for tumor deep penetration. Moreover, the PA shockwave triggered decomposable nanoparcel was developed 
for synergistic chemotherapy and mitochondria-targeting PA therapy of breast cancer (Fig. 33a,b) [436]. The nanoparcel (Den-Cy5.5/ 
Pt@PFH) with a diameter of 100 nm was synthesized based on the liquid perfluorohexane (PFH) and small dendrimer NPs (Den-Cy5.5/ 
Pt) with a BSA shell. Under 606 nm laser irradiation, the PFH underwent a liquid–gas phase transition to release Den-Cy5.5/Pt (about 
10 nm) for deep tumor penetration due to shockwave generation from Den-Cy5.5/Pt@PFH (Fig. 33c). After that, the internalized Den- 
Cy5.5/Pt was further reduced intracellularly to release cisplatin and kill tumor cells (Fig. 33d). Noteworthy, the positively charged 
Den-Cy5.5/Pt could localize in the mitochondria of cancer cells owing to mitochondrial transmembrane potential. Upon laser irra-
diation again, the resulting PA shockwave mechanically damaged the mitochondria simultaneously to produce localized cytotoxicity 
in cancer cells. A combination of chemotherapy and mitochondria-targeting PA therapy might offer robust antitumor efficacy. 

Fig. 32. (a) Schematic illustration of the preparation of RNPs with pH-responsive morphological transformation. (b) The TME-triggered dissociation 
of RNPs into individual Au5 NPs for improved tumor deep penetration by extracellular diffusion and intracellular transcytosis. Reprinted with 
permission from 434. Copyright 2020, American Chemical Society. 
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3.4. Soft deformation 

In recent years, a rather new field, tailoring the mechanical properties of NPs for improved tumor theranostics, has attracted 
increasing attention [433]. The flexibility (soft or stiff) and shape (spherical or ellipsoidal) of NPs can significantly affect their delivery 
behaviors in 1) blood circulation, 3) tissue accumulation, 4) deep penetration, and 5) cellular internalization [437–439]. Similarly, the 
novel smart NPs with soft deformability may meet the requirement of overcoming different barriers. Some previous studies [418,440] 
have shown that the smart NPs with mechanical pressure-responsive deformation displayed excellent transvacular ability and deep 
penetration behavior in the tumor ECM. In 2018, Lu et al. [441] constructed flexible and deformable hollow mesoporous organosilica 
NPs (HMONs) that underwent morphological change (from spherical to oval) during cellular internalization. In compared with 
undeformable counterparts, the cell uptake of deformable HMONs by breast cancer cells improved 26-fold, leading to highly efficient 
anticancer activity. Furthermore, they systemically investigated the biological behaviors of deformable HMONs in vivo (Fig. 34a) 
[442]. The comparative studies between soft (SMONs-HA-Cy5.5, 24.2 MPa) and stiff (MONs-HA-Cy5.5, 79.2 MPa) counterparts were 
conducted. Apart from exhibiting a twofold increase in cancer cell uptake, the SMONs-HA-Cy5.5 also displayed a remarkable phar-
macokinetic advantage due to their unique fluid mechanics, with a fivefold increase in blood drug concentrations compared to MONs- 
HA-Cy5.5, resulting in considerably improved tumor accumulation (Fig. 34b,c). Moreover, the ex vivo intratumoral distribution results 
indicated that the SMONs-HA-Cy5.5 significantly improved extravasation behavior and intratumoral penetration, generating a 16-fold 
increase in diffusion distance in TME (43 vs. 2.72 μm), relative to MONs-HA-Cy5.5 (Fig. 34d). This is because that the deformation of 
soft ones to ellipsoids may contribute to a rotational motion in complex crowded media. 

In addition to this, the soft and deformable NPs also can be achieved by coating a layer of shell with certain elasticity (e.g., li-
posomes, vesicles, or cell membranes) [443,444]. The yolk-shell NPs (CCM@LM) with an mesoporous silica (MSNs)-supported 
PEGylated liposome core and cancer cell membrane (CCM) coating were developed for homologous targeted chemotherapy of breast 
tumor (Fig. 35a) [445]. The deformation of CCM@LM was measured using atomic force microscropy. Under the loaded force, the CCM 
and liposome-coating LM (L@LM) deformed irregularly, whereas LM deformed negligibly. In contrast, the CCM@LM with moderate 
rigidity and elasticity might help to transform into an ellipsoidal shape frequently during tumor penetration (Fig. 35b) [446]. As 
expected, the CCM@LM displayed superior penetration throughout multicellular spheroids in vitro (Fig. 35c). 

Moreover, the MGs or NGs exhibiting 3D crosslinked network, soft architecture and deformable shape also can be used as nano-
carriers to enhance tumor penetration [443]. In our group, a series of MGs or NGs with tunable crosslinking densities were constructed 
using functional monomers or polymers, and crosslinkers [384,447,448]. These MGs or NGs with different crosslinker contents may 
control the mechanical property. Giasson et al. [449] synthesized four NGs that showed increased mechanical property (18 kPa to 
211 kPa) with crosslinker increase (1.7 % to 15 %). The MGs with larger size in micrometer displayed relatively lower mechanical 
property [450]. By virtue of these intrigued characteristics, we developed various functionalized soft NGs for improved tumor 
theranostics due to their prolonged blood circulation, enhanced tumor accumulation and deep penetration [451–456]. Notably, some 
research work [457–459] demonstrated that the NPs with termediate rigidity may possess better tumor penetration than stiffer and/or 
softer counterparts. For instance, Gao et al. [460] constructed three hybrid NPs with different mechanical properties of 5, 50, and 

Fig. 33. (a) Schematic illustration of Den-Cy5.5/Pt@PFH. (b) Schematic illustration of Den-Cy5.5/Pt@PFH nanoparcels for the combination of 
photoacoustic therapy and chemotherapy. (c) TEM images of Den-Cy5.5/Pt@PFH before and after laser irradiation. (d) Cumulative release of Den- 
Cy5.5/Pt and cisplatin under different conditions. Reprinted with permission from 437. Copyright 2019, Royal Society of Chemistry. 
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110 MPa. By super-resolution high-speed confocal microscopy, the deformation of 50 MPa hybrid NPs from spherical to ellipsoids was 
directly observed, that facilitated their rotation and penetration, whereas 110 MPa hard hybrid NPs distorted negligibly, and 5 MPa 
soft hybrid NPs deformed excessively and irregularly. 

4. Bioinspired systems 

4.1. Biomimetic systems 

Although these aforementioned smart NPs and novel strategies have been developed to overcome some biological barriers in vivo 
for highly efficient theranostics of diseases, these synthetic NPs still face the risk of activating the undesired immune responses, leading 
to the rapid elimination by the immune system and the serious toxic effects [461–463]. In recent years, the engineering of smart NPs 
using biomimetic strategies has attracted extensive attention due to their unique biological properties and functions [464–466]. 
Normally, the biomimetic systems were constructed to mimic natural biological systems (e.g., virus, bacterial, or cells) using the 

Fig. 34. (a) Schematic illustration of SMONs-HA- Cy5.5 for prolonged blood circulation, enhanced accumulation and deep penetration of tumor. (b) 
CLSM images and (c) the corresponding grey value profiles in extravascular areas of tumor tissues after injection of different samples. (d) Fluo-
rescence intensities of Cy5.5 in intravascular and extravascular areas of tumor tissue after treated with different samples. Reprinted with permission 
from 443. Copyright 2020, Springer Nature. 
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biomimetic blocks [467,468] or the combination of biomimetic coating and synthetic NPs [469,470] (Fig. 36a,c). As a result, the 
biomimetic systems are capable of overcoming the barriers in 1) blood circulation, 3) tissue accumulation, 5) cellular internalization, 
6) lysosome escape, and 8) nuclear targeting by the strong protein resistance, homologous and subcellular targeting, ideal cell 
membrane fusion, and excellent immune evasion. 

4.1.1. Biomimetic block 
By virtue of the distinctive structure that is close to globular protein [471,472], the polypeptide-based dendrimers as biomimetic 

block can be utilized to construct the mimics of natural biological systems [473–475]. Recently, Gu et al. [476,477] developed a 
versatile strategy to prepare the viral capsid-like biomimetic nanoarchitectures by the self-assembly of PLL dendrimers with linear poly 
(L-leucine) (Fig. 37). Furthermore, they synthesized the smart virus mimics (CTVMs) based on the self-assembly of DMMA-modified 
amphiphilic dendritic lipopeptides (DLPs) for systemic drug delivery [478]. The CTVMs is expected to offer the following benefits: (1) 
stealthy negative corona to obtain protein resistance and hydrophobic core to encapsulate bioactive drugs, (2) acidic TME-triggered 
surface charge conversion to improve deep penetration, (3) receptor-mediated targeting to enhance cell uptake mimicking viral 
internalization, and (4) supramolecular lysine-rich architectures to generate virus-like subcellular targeting (i.e., endosomal escape 
and unclear targeting). With the excellent properties owned, the CTVMs after systemic administration hold great potentials to improve 
antitumor efficacy, reduce cancer metastasis and side effects. Moreover, the arginine-containing DLPs were also employed to prepare 
virus mimics for gene delivery with high transfection efficiency, serum resistance and low cytotoxicity [475]. 

Fig. 35. (a) Schematic illustration of deformable CCM@LM for deep penetration and homologous targeted chemotherapy of breast tumor. (b) 
Atomic force microscopy images of different samples. (c) CLSM images of multicellular tumor spheroids treated by different samples. Reprinted with 
permission from 446. Copyright 2020, American Chemical Society. 
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4.1.2. Biomimetic coating 
Inspired by the natural cell membranes that are responsible for intercellular communication, immune defence, and metabolism 

through the life circle, the biomimetic coating has been extracted and coated on the synthetic NPs to prepare cell-like systems from 
biomimetic perspective [479]. These created biomimetic coating-covered NPs are regarded as other novel class of biomimetic systems 

Fig. 36. Schematic illustration of (a,b) the construction of bioinspired systems (biomimetic and living systems) and (c) their applications for 
overcoming biological barriers and enhancing disease Theranostics. 

Fig. 37. Schematic illustration of CTVMs for improved antitumor efficacy. Reprinted with permission from 478. Copyright 2014, John Wiley 
and Sons. 
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to realize the smart functions from natural cell membranes and achieve the relevant biomedical applications [480–482]. The bio-
mimetic coating provides a convenient method to endow the NPs with prolonged blood circulation, good biocompatibility, deep 
penetration and cancer-targeting properties [483,484]. Recently, the artificial lipid bilayers or natural cell membranes (e.g., the 
membrane source from red blood cells, platelets, immune cells, cancerous cells, and bacteria) have been developed to construct 
biohybrid delivery systems. Notably, red blood cells membranes-coated biomimetic systems display prolonged blood circulation and 
immune-evasive properties, however they often lack the specific targeting and immunological ability [485]. 

4.1.2.1. Artificial phospholipid. The artificial lipids are most clinically used for formulating nanocarriers and also used as biomimetic 
coating [486–490]. For instance, Zhao et al. [491] chose fusogenic phospholipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE) to coat biodegradable dendrimer nanoassembly (DLC-PEG) for highly efficient DOX delivery (Fig. 38a). The DOPE rendered 
the formed DLC-PEG/DOX with stealthy and stable in the blood. Once inside tumor tissue, the DOPE was expected to peel off by fusion 
to release single dendrimer for improved tumor penetration and cellular uptake. The result suggested that the DOX intensity inside the 
tumor treated with DLC-PEG/DOX was about 10 times more than that treated with a standard long-circulating nanocarrier with similar 
size (PCL2k-PEG2k/DOX) (Fig. 38b). Due to the pH-responsive protonation, the formed cationic dendrimer could further promote 
cellular internalization in acidic TME, thereby shipping the DOX into the cytosol and circumventing the MDR. 

Multivalent displays of glycan ligands from the surface of biological membranes can be emulated by glycopolymers [492–494] and 
glycodendrimers [495–497], that are efficient for recognition of the carbohydrate-binding proteins and lectins. In recent years, a 
simple method for the assembly of amphiphilic Janus glycodendrimers to fabricate artificial phospholipid was reported [498–500]. 
Eighteen amphiphilic Janus glycodendrimers with different topologies were synthesized though an accelerated modular strategy 
[450]. These formed assemblies as biomimetic membranes exhibited the specific and potent bioactivity, that is expected to be of 
interest for targeted drug delivery and vaccines [501,502]. 

4.1.2.2. CCM. Compared with traditional artificial lipid bilayers, the biomimetic coating from natural cells contain various functional 
moieties (e.g., proteins and antigens) which can be used for intracellular communication, specific recognition, bioantifouling, and 
protection [503]. The conventional cells, such as platelet [504–506], leukocyte [507,508] or red blood cells [509,510], have been 
employed for biomimicking the NPs. However, these biomimetic NPs may not have the ability to recognize and target cancer cells. 
Remarkably, in recent years, the CCM have attracted widespread attention in the formation of biomimetic NPs for highly efficient 
tumor theranostics attributing to their long blood circulation time, homologous targeting, and immune escape [511–513]. The 
combination of CCM and NPs has inspired a new strategy to develop biomimetic smart NPs to address some barriers in vivo. By specific 
recognition function of membrane protein on CCM, the novel biomimetic NPs (CPPNs) were constructed from 4T1 cell membranes and 
paclitaxel (PTX)-loaded polymeric NPs for chemotherapy of the primary and metastatic tumors [514]. The CPPNs displayed the 

Fig. 38. (a) Schematic illustration of the preparation of DLC-PEG/DOX, and their SEM images. (b) CLSM images of the tumor tissues after injection 
of DLC-PEG/DOX and PCL2k-PEG2k/DOX. Reprinted with permission from 492. Copyright 2014, John Wiley and Sons. 
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decreased phagocytic uptake, increased blood circulation, and homologous targeting of breast metastatic cancers. Likewise, based on 
HeLa cell membranes and nanoscale metal–organic frameworks, the O2 self-sufficient cell-like biomimetic NPs were developed for 
targeted PDT of tumor [515]. After IV injection, the biomimetic NPs were beneficial for tumor accumulation and uptake by the im-
mune escape and homologous targeting. To obtain better antitumor efficacy, Liu et al. [516] prepared B16-F10 cell membranes 
camouflaged MSNs for combined starvation therapy and immunotherapy of melanoma with low side effects. 

In 2020, our group reported a versatile nanoplatforms (USIO NCs/DOX@CM) based on pH-responsive ultrasmall Fe3O4 clusters 
loaded with DOX and surface-coated with B16 cell membranes for UTMD-promoted precise tumor theranostics (Fig. 39) [517]. The 
versatile nanoplatforms were quite unique: 1) the ultrasmall Fe3O4 clusters with pH-responsive benzoic-imine bonds could be used for 
dynamic T2/T1 MR imaging and simultaneous rapid DOX release by the dissociation of clusters; 2) the CCM-coating enabled the 
immune evasion-resulted pharmacokinetics and homologous tumor targeting; and 3) the enhanced tumor delivery was achieved by 
UTMD effect. Moreover, membrane-related tumor antigens and specific functional proteins are of great importance, that should be 
considered for the constructing anticancer vaccines [503]. Summary, the emerging CCM-coated biomimetic nanotheranostics 
represent a safe and effective strategy for tumor Theranostics 

4.1.2.3. BM. Similar to cell membrane, the bacteria membrane (BM) with protein shells was also employed to cover the NPs for highly 
efficient theranostics of tumor or inflammatory [518]. Especially, bacterium-based systems survived in anaerobic environments and 
along oxygen taxis to reach anoxic tumor in vivo [519,520]. Moreover, several investigations implied that the bacteria naturally 
possessed tumor-targeting features mediated by adhesion proteins, antigens, or other molecules on the surface of protein shells [521]. 
Therefore, the BM-coating strategy improves a new perspective to design the biomimetic NPs for enhanced disease Theranostics For 
instance, He et al. [522] developed novel biohybrid micromotors using the combination of living neutrophils with BM-camouflaged 
MSNs for targeted drug delivery by the chemotactic motion. The E. coli membrane coating not only enabled the drug encapsulation in 
MSNs without undesired leaking, but also promoted the uptake of the resulting MSNs into neutrophils without loss of their bioactivity 
and chemotaxis ability. Excitingly, the micromotors could effectively move along the chemoattractant gradients produced. 

Additionally, BM can also be introduced as appealing vaccination coating as they contain a large number of immunogenic antigens 
with intrinsic adjuvant properties and exhibit various pathogen associated-molecular patterns that play a key role in stimulating innate 
immunity and promoting adaptive immune responses [523–525]. With these excellent properties, the BM-coated NPs will mimic the 
natural antigen presentation by bacteria to the immune system [526]. For instance, Zhang et al. [527] prepared the BM-coated AuNPs 
(BM-AuNPs) as antibacterial vaccine for modulating antibacterial immunity (Fig. 40). When subcutaneously injected into mice, the 
BM-AuNPs traveled to adjacent draining lymph nodes and rapidly activated dendritic cells residing in the lymph nodes. Furthermore, 
the vaccination with BM-AuNPs in the animal model generated strong and durable antibody responses with high avidity. 

4.2. Living systems 

4.2.1. Cell-based systems 
To address the lack of cellular activity in biomimetic systems, some endogenous living cells (e.g., red blood cells (RBCs), 

Fig. 39. Schematic illustration of the preparation of cell membranes coated versatile nanoplatform USIO NCs/DOX@CM for UTMD-promoted 
dynamic MR imaging-guided chemotherapy of tumor. Reprinted with permission from 518. Copyright 2021, Elsevier. 
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macrophages (MAs), neutrophils (NEs), T cells and stem cells) as delivery systems were employed to attach or phagocytose various 
nanoplatforms (Fig. 36b,c), aiming to overcome the barriers in 3) tissue accumulation, 4) deep penetration, 5) cellular internalization, 
and 6) lysosome escape [75,76]. These cell systems have significant advantages of phagocytic nature, abundance, disease homing, 
minimal immunogenicity and nontumorigenicity. For tumor theranostics, they can migrate/chemotax through tumor areas and to 
metastatic tumor cells in response to tumor-associated chemokines, that may severely thwart tumor function and metastatic potential. 
Moreover, immune cells including MAs and NEs can also be more actively recruited to the inflammation region. Notably, the 
genetically engineered cells that display chemoattractant receptors and endothelial cell-binding molecules are effective vehicles for the 
targeted delivery of imaging agents and therapeutics [528]. 

4.2.1.1. RBCs. RBCs are the most abundant cells in the body and account for more than 99 % of the total blood cells. They carry large 
amount of hemoglobin molecules which bind with O2, and therefore serve as the major O2 transporter throughout the body [529]. 
RBCs are regarded as ideal cell carriers for their high availability, long circulating half-life, large surface area and interior volume 

Fig. 40. Schematic illustration of BM-AuNPs for modulating antibacterial immunity. Reprinted with permission from 528. Copyright 2015, 
American Chemical Society. 

Fig. 41. (a) The illustration and working mechanism of P-FRT RBCs. (b) The preparation P-FRT- RBCs (not to scale). (c) SEM images of P-FRT-RBCs 
and RBCs. (d) Confocal microscopy images of Cy5.5-labeled P-FRT-RBCs. For c-d, Scale bar: 20 μm. Reprinted with permission from 534. Copyright 
2016, John Wiley and Sons. 
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[530]. Various bioactive molecules can be loaded onto or into RBCs to improve their circulating behavior in blood stream. For instance, 
Au NPs could be physically loaded into RBCs using a simple hypotonic dialysis method for improved dynamic X-ray imaging of blood 
pool [531]. Meanwhile, aging or broken RBCs were easily uptake and cleared by the scavenger cells in the RES organs. In this way, non- 
specific drug uptake and side-affects might happen in the delivery process. It is important to minimize the damages to RBCs within the 
loading process, and therefore several mild strategies such as antibody or penetrating peptide-based loading were developed [532]. 

In addition to loading NPs and drugs inside the RBCs, it is also feasible to attach large amount of NPs onto their surface. In a recent 
work by Xie et al. [533], the unique function of RBCs as O2 transporter was exploited and combined with nanomedicine to relieve 
tumor hypoxia and facilitate highly-efficient PDT (Fig. 41). They first loaded ZnF16Pc photosensitizers in ferritins (with a ferritin to 
ZnF16Pc molar ratio of 1:40), and then the ferritins nanocages (P-FRT) were conjugated onto the surface of RBCs using a biotin- 
neutravidin-mediated coupling strategy to get the P-FRT-loaed RBCs (P-FRT RBCs). RBC-loading significantly extended the circula-
tion half-life of P-FRT lead to an improved the biodistribution of NPs, in which there was a relatively high content of NPs in the blood at 
both early time point (1 h) and longer time point (24 h). Meanwhile, more accumulation of P-FRT in hyper-vascular tissues such as 
tumor was found. As a result, carrying a large amount of photosensitizers (up to 5 × 105 photosensitizer per each cell) and oxygen in 
RBCs, the generated nanosystem showed efficient production of 1O2 even under low oxygen conditions, thus realizing enhanced PDT 
against cancer cells both in vitro and in vivo in a hypoxia tumor model. 

5.2.1.2. MAs. Immune cells, such as MAs, NEs, T cells, as part of the body’s immune system, play important roles in the innate and 
adaptive immune response against to various diseases such as cancer, inflammation and infection. Many of them possess innate 
homing ability, favorable circulating behavior and special immune-activities, and thereby can be served as interesting living delivery 
systems to cross the barriers in vivo for improved biomedical applications. 

MAs are the major scavenger cells within the body, responsible for phagocytosis and disposal of dead cells, cell debris and foreign 
substances. Generally, they are the first immune cells to respond to invading pathogens, secreting cytokines to recruit other leukocytes 
into inflammation or tumor area. MAs are among one of the most abundant infiltrating leukocytes in the TME and play a vital role in 

Fig. 42. (a) Schematic illustration of the preparation of MAs loaded with HA/DOX@PPy NGs (MAs-NGs) for combination PTT/chemotherapy of 
tumors. (b) Ex vivo fluorescence images of major organs and tumors and (c) corresponding tumor/liver fluorescence ratio (MAs and MAs-NG were 
stained with DiR, and Cy7-labeled HA/DOX@PPy were used as control. (d) Relative tumor volume of 4T1-tumor bearing nude mice after different 
treatments. Reprinted with permission from 539. Copyright 2021, Ivyspring International Publisher. 
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tumor progression. Importantly, they are found to have natural immune evasion property as well as tumor-homing and infiltration 
ability through the recognition of certain kinds of cytokines and chemokines released by tumor cells [534,535], thus holding great 
potential in the tumor delivery of nanocarriers. 

The challenge for MA-mediated delivery is to enhance the loading content in MAs, because many drugs or NPs can be toxic to MAs, 
resulting in low uptake or damage of cell viability. Earlier studies have taken strategies in modification and structure reorganization of 
NPs to reduce their cytotoxicity and improve MA uptake [536]. In a recent study, Xie et al. [537] reported the application of a 
nanocapsule strategy to solve MAs loading obstacles, in which a DOX-silica nanocomplex (DSN) was constructed and then incubated 
with MAs to prepare the MA-loaded DSN. Using this approach, the loaded DOX within MAs could be high up to 16.6 pg/cell, and the 
DSN would do no harm to the migration ability of MAs within the first 6–12 h that they need for tumor homing. 

While these abovementioned MA-based delivery systems are mainly focused on the single drug-loaded NPs with limited therapeutic 
modalities. In recent years, to render the MA-mediated drug delivery systems with multifunctionality toward a highly-efficient therapy 
or theranostics, the hybrid nanomedicine was also combined with MAs for effective treatment of diseases, especially cancers. In a 
recent work by our group, the NGs-loaded MAs were formed for the combination therapy of tumor [538]. In this work, cystamine 
dihydrochloride-crosslinked HA-based NGs were first prepared through a double emulsification method, then loaded with the pho-
tothermal agent of PPy by an in situ oxidization polymerization and physically encapsulated with DOX. The created HA/DOX@PPy 
NGs were then endocytosed by MAs under regular cell culture condition to generate the MAs-NGs (Fig. 42a). The MAs-NGs displayed 
high drug-loading efficiency and specific targeting ability for enhanced tumor accumulation (Fig. 42b), thereby achieving the 
improved therapeutic efficiency based on the combined PTT with chemotherapy (Fig. 42c,d). 

However, the preparation of NGs-loaded MAs ex vivo is labor-intensive, and the migratory capacity of MAs can also be impaired. To 
avoid the high cost within the ex vivo procedures. In 2020, Tan et al. [539] developed a vectorization strategy to realize in vivo loading 
of MAs with nanocarriers. The cancer cell-derived apoptotic bodies (ABs) as biological vehicles of nanocarriers were readily engulfed 
by the MAs. After intravenous injection, the nanocarriers-loaded ABs can be rapidly phagocytized by the MAs during blood circulation, 
leading to the enhanced tumor accumulation and inhibited tumor metastasis as well as recurrence based on the MAs-mediated de-
livery. In addition, tumor-associated MAs (TAMs) have received special interests for its role in remodelling the TME. Given different 
activation pathways, macrophages can be polarized into M1/M2 phenotypes. M2 macrophages are the main phenotypes in TME and 
can promote tumor angiogenesis, invasion, and metastasis. In comparison, M1 macrophages can produce cytotoxic cytokines and 
chemokines, such as tumor necrosis factor-α (TNF-α) and intracellular NO to suppress tumor growth [540]. Hence, inducing macro-
phages toward the M1 differentiation can bring about extra benefits in MA-mediated delivery. Recently, some researchers found that 
Au NPs-based nanoplatforms possessed the ability to induce MA polarization toward the M1 anti-tumor phenotype. In a work by Wang 
et al. [541], the authors demonstrated that MAs loaded with dendrimer entrapped Au NPs could effectively trigger the M1 differen-
tiation of MAs to facilitate immunotherapy under the guidance of CT imaging, which helps to improve the outcome of 

Fig. 43. Schematic illustration of NE-mediated drug delivery for suppression of tumor recurrence after HIFU ablation. (1a,b) HIFU ablates tumor to 
generate an inflammatory environment, and (2) the released chemokines induce the migration of NEs to tumor region; (3) PLD@NEs transmigrate to 
the vascular barrier and penetrate into the tumor along the chemotactic gradient; (4) PLD is released from NEs for antitumor by the formation of 
neutrophil extracellular traps. Reprinted with permission from 544. Copyright 2021, Springer Nature. 
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chemotherapeutics in a orthotopic osteosarcoma model. 

4.2.1.3. NEs. NEs are another type of natural phagocytes, which have a higher abundance than MAs. Similar to MAs, they present in 
tumor tissue and have a positive effect on the continuous recruitment of circulating leukocytes. NEs display a native ability to traverse 
BBB and BTB for targeting tumor and other diseases in the central nervous systems. For instance, Zhang et al. [542] reported NEs 
loaded with liposomes entrapping PTX can penetrate into the inflamed brain after surgical resection of glioma, suppressing the 
recurrence of tumors in mice. The NE-mediated PTX delivery led to an 86-fold higher drug accumulation in the glioma area than free 
PTX, which indicates the superior brain tumor targeting ability of NE carriers. In a latter study, Cai et al. [543] proposed a strategy to 
use NEs loading PEGylated liposome doxorubicin (PLD) for a targeted therapy of residual liver tumors after HIFU ablation, which also 
realized the improved therapeutic outcomes (Fig. 43). With the liposome package, the PLD (the first liposome-based nanodrug 
approved by the FDA) did not show appreciable harm to the viability and morphology of NEs. After HIFU ablation, the generated 
inflammatory response could promote the chemotactic migration of PLD@NEs to the residual tumor area, and then the PLD was 
released by inflammatory stimuli, thereby resulting in the targeted postoperative chemotherapy. 

Remarkably, smart nanoplatforms can also be designed to hijack the NEs in vivo. For example, Wang et al. [544] demonstrated that 
albumin NPs could be actively internalized via NEs through the interaction of Fcγ receptors, provoking a new route to deliver ther-
apeutic NPs into the tumor microenvironment. In 2021, Brenner et al. [545] reported a novel design criteria to induce selective 
phagocyte of NPs by NEs marginated to inflamed lungs. The work showed that the supramolecular arrangement of proteins in NPs 
could serve as a guidance for accumulation in NEs in lung inflammation. Revealing such an interplay between agglutinated protein on 
NPs and complement proteins raises the potential for novel approaches to NE-related immunotherapy. 

4.2.1.4. T cells. In comparison with the above two immune cells, T cells are the most important component in cell-mediated immunity 
and they have been readily isolated and expanded in vitro [546]. Remarkably, T cells can not only serve as vehicles for augmenting the 
tumor delivery of NCs, but also directly recognize and kill cancer cells with surface modification or through certain stimuli. Surface 
engineering technologies of T cells such as T cell receptor (TCR) and chimeric antigen receptor (CAR)-engineered T cell have been 
regarded as milestone progress in cancer immunotherapy. Several functional NPs such as Au NPs [547] and magnetic NPs [548] have 
been used to label T cells for tracking the fate of T cells in vivo, and it is found that surface-engineered T cells can be used as the vehicle 
for delivery of therapeutics into tumors. In a work by Cohen et al. [549], the authors transduced T cells to express a melanoma-specific 
TCR and labeled the cells with glucose-coated Au NPs. The labeling process did not harm the T cell function. After labeling, the T cells 
were then injected intravenously to mice with a melanoma xenograft to track the distribution, migration, and kinetics of T-cells 
through CT imaging. As compared to the nontransduced T cells counterpart, the transduced T-cells were observed to efficiently 
accumulate in the tumor area and the tumor growth was significantly suppressed. 

Apart from the strategy of loading NPs inside T cells, backpacking NPs on the T cell surface may be another option. Irvine et al. 
[550] developed a stable conjugating strategy to the surface of T cells via cell-surface thiols, in which the adjuvant-loaded NPs were 
successfully conjugated and enhanced the efficacy of T cell adoptive therapy. Also taking advantage of the T cell surface thiols, they 
further utilized polyclonal T cells as carriers to deliver drug-loaded into lymphoma tumors [546]. In this study, the authors first 
expanded primary T cells isolated from mice in the presence of IL-2 and a mTOR inhibitor rapamycin to retain the CD62L and CCR7 
expression on T cells during IL-2-mediated cell proliferation. Phosphatidylglycerol lipid, maleimide-headgroup lipid, and SN-38 were 
fused together to form the drug-loaded nanocapsules with free maleimide groups on the surface, which can be covalently reacted with 
the T cell thiol groups (Fig. 44). This T cell-based live delivery strategy greatly improved the pharmacokinetics of SN-38, in which the 
drug accumulation was greatly increased in tumor-bearing lymph nodes, reaching a 63-fold higher concentrations than free nano-
capsules at 20 h and retaining for at least 4 days. This improved drug pharmacokinetics then help to inhibit tumor growth and increase 
survival greatly. 

4.2.1.5. Stem cells. Many types of stem cells, including mesenchymal stem cells (MSCs) and neural stem cells, have been shown to 
have the ability to migrate to the tumor microenvironment, and are therefore widely used for tumor-specific drug delivery. Currently, a 
gene-engineered stem cells system has been approved by FDA to treat recurrent high-grade gliomas in clinical trials. Moreover, many 
types of NPs, such as poly-lactic acid NPs, lipid nanocapsules [551] and Au nanorods [552] etc., have been loaded in stem cells toward 
the transportation of tumor area for precise Theranostics In a study by our group, MSCs-mediated delivery system of Fe3O4 NPs-loaded 
PEI NGs was constructed for improved T1 MR imaging in a subcutaneous breast tumor and orthotopic glioma models [553]. The results 
showed that the NGs with good biocompatibility did not influence the possible differentiation of BMSCs, with no remarkable change on 
CD34 and CD44 observed, thus may facilitate a safe long-term tracking the fate of cell migration in vivo. 

Differently from the nanomedicine-internalized stem cells, the strategy of anchoring NPs on stem cells surface may allow for more 
effective delivery and less toxicity of NPs to stem cell carriers. In an early study, Tang et al. [554] modified MSCs with DOX-loaded 
silica NPs and successfully transported the system into glioma cells for chemotherapy. Recently, Liu et al. [555] synthesized meso-
porous silica-coated super-paramagnetic Fe3O4 NPs (Fe3O4@MSNPs) to serve as nanocarriers for drug delivery, which possessed pH- 
responsive release and MR imaging properties. Then, the Fe3O4@MSNPs were conjugated to human adipose-derived stem cells 
(hADSCs) based on antigen–antibody reactions using anti-CD44 antibody to generate the living delivery system (Fig. 45a). The living 
system can be actively driven to tumor site through the tumor-tropic behavior of hADSCs, and DOX can be controllably released in the 
tumor area to exert killing effects. Likewise, the super-paramagnetic Fe3O4 core with good MR imaging property allowed real-time 
monitoring of live drug delivery, and it was found that the live system containing both antibody and stem cells could migrate and 
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retain at tumor site after injection of 24 h (Fig. 45b–d), which can contribute to the diagnosis of small or dispersed tumors. 
Remarkably, in 2021, Klemke et al. [528] developed a genetically engineered and enucleated cell for the targeted delivery of 

therapeutic agents. Using bioengineering techniques, the engineered MSCs were able to express multiple chemoattractant receptors 
and endothelial cell-adhesion molecules. Afterwards, the nuclei of bioengineered MSCs were removed to obtain cell nuclei-free de-
livery vehicles named as “cargocytes” that could display the intrinsic cellular functions for energy and protein production, and delivery 
of NMs to inflamed and pathological tissues via the active chemotaxis and endothelial adhesion. Overall, the cargocytes combine cell 
bioengineering and enucleation techniques, thus representing a multifunctional carrier that exhibit the potential to treat a range of 
diseases in a controllable and effective manner, with higher safety. 

4.2.2. Bacterial-based systems 
In recent years, the development of synthetic biology can engineer bacteria into drug carriers for efficient and targeted delivery 

[556–558]. In the field of drug delivery, the commonly used engineering bacteria include E. coli, Salmonella, and Lactococcus. These 
engineered bacteria as gene carriers also have easy editing property [559,560]. Importantly, the engineered bacteria are able to 
selectively colonize tumor tissue due to hypoxia and immunosuppressive TME, and then survive for up to several weeks, thus achieving 
tumor specific delivery and retention [561,562]. For instance, Liu et al. [563] developed double-modified E. coli to reprogram the 

Fig. 44. Schematic illustration of T cell functionalization and cell-mediated delivery of SN-38-loaded NPs into tumors. Reprinted with permission 
from 547. Copyright 2015, AAAS. 

Fig. 45. (a) Schematic illustration of the design of hADSCs-based living system for real-time monitoring of tumor. (b–d) T2 MR imaging of tumor. 
The tumor region and materials are marked with red and yellow circle, respectively. Reprinted with permission from 556. Copyright 2022, John 
Wiley and Sons. 
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immunosuppressive TME for improving antitumor efficacy. Through integrating the synthetic biology and interfacial chemistry, both 
the interior and exterior of the bacteria were modified to express melanin as photothermal agent and anchor immune checkpoint 
inhibitors on their surface. The in vivo animal experiments shown that two therapeutic agents could be distributed homogenously and 
durably within tumors due to the colonization properties of bacteria in hypoxic TME. 

Another type of bacteria, Salmonella, exhibit the natural advantage in delivering proteins into cancer cells because of their unique 
physiology, such as active cell invasion, specific tumor accumulation, and in situ production of protein drugs [564–566]. Different from 
conventional delivery carriers, the capacity of in situ protein drug production of Salmonella allows for more drugs to be delivered and 
accumulated in tumors than those initially injected. The specificity is contributed by the tumor growth, coupled with the clearance 
from healthy tissues simultaneously [567]. In 2021, Forbes et al. [568] designed the engineered Salmonella that can target necrosis/ 
hypoxic region of cancer cells for intracellular delivery of proteins (Fig. 46). In this work, three genetic circuits were carried out to 
control protein production, invade cells, and release protein drugs. The intrusion control via the main regulator flhDC increased de-
livery efficiency by more than 500 times. After the uptake by cancer cells, the protein drugs directly accumulated in the cancer cells 
and then killed them. Subsequently, the bacteria will be automatically eliminated without affecting normal cells. Although the 
engineered bacteria as living delivery systems have attracted great interest of the researchers, their clinical transformation is highly 
controversial. The key reason is that some potential challenges have not been systematically assessed, such as the administration route 
and dose of bacterial, the mechanism of bacterial distribution within tumors, and biosafety issues. 

4.2.3. Phage-based systems 
The phages are capable of infecting and lysing bacteria, replicating and degrading biofilm matrix, which is a promising strategy for 

the treatment of bacterial infectious diseases [569]. Unlike antibiotic-based treatment, the phage strategy is also effective against 
multidrug-resistant bacteria. Moreover, most phage have been shown to be specific to target bacteria without infecting commensal 
microflora [570]. Due to these unique properties, the phages have also been developed as drug carriers for specific delivery to 
microbiota, enabling programmable remodeling of microbiota to enhance the therapeutic efficacy of bacterial infectious diseases and 
tumors [571]. For instance, García et al. [572] reported an engineered phage-loaded polymer microparticles for deep lung delivery. 
Through the pulmonary administration of dry powder inhalation, active phages can deposit throughout the lungs and effectively 
reduce P. aeruginosa infection and related inflammation, preventing pneumonia-associated death of mice. 

As everyone knows, the microbiota plays an important role in human physiology and is closely related to acute infection, chronic 
disease occurrence, and tumor progression [573,574]. In the TME, the abnormal proliferation of some bacteria directly induces the 
failure of chemotherapy in tumor [575], while the secretion of some bacteria induces antitumor immune response and inhibits tumor 
growth [576]. In a recent work, a phage-guided hybrid nanocarrier was prepared based on the biorthogonal reaction of irinotecan- 
encapsulated dextran NPs and phages [577], which could enhance the chemotherapy efficacy by regulating the gut microbiota 
(Fig. 47). By the colonization of tumor microbiota of F. nucleatum, the hybrid nanocarrier increased the accumulation in colon tumors 
by approximately three times, thereby augmenting chemotherapy efficacy with low side effects. Meanwhile, the phages also elimi-
nated intratumoral F. nucleatum in tumor areas, enhancing their response to chemotherapy through the regulation of the gut 
microbiota. 

5. Conclusion and perspective 

In this review, we have summarized the comprehensive approaches for the construction of smart and bioinspired systems. Three 
innovative strategies of surface charge conversion, size transformation, bioinspired systems are emerged to overcome various barriers 
of BVTDCLIN (e.g., blood circulation, vasculature extravasation, tissue accumulation, deep penetration, cellular internalization, 
lysosome escape, intracellular efflux, and nuclear targeting) for highly efficient theranostics of different diseases, including cancer, 
neurodegeneration, myocardial infarction, inflammation, and infection. Among them, smart nanoplatforms with endogenous (pH, 
enzyme, mRNA, redox, hypoxia, 1O2, ATP, and intracellular mechanical pressure) and exogenous (light, US, PA shockwave, thermal, 

Fig. 46. (a) Schematic illustration of genetic engineering of bacterial vectors. (1) Production of protein drug in bacteria; (2) Active invasion of 
cancer cells; (3) Release of drug. (b) After injection of intracellular-reporting Salmonella, more bacteria (red) are intracellular (green, black arrows) 
than extracellular (white arrows). Reprinted with permission from 569. Copyright 2021, Springer Nature. 
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and specific additives) responsiveness were constructed. On the basis of these massive research works, such a general “step-by-step” 
design principle can be highlighted for smart nanoplatforms to overcome the biological barriers [578]: (1) Draw a comprehensive 
background knowledge of the target lesion or disease and clarify one or more critical features (e.g. macro- or microstructure abnormity 
and genetic mutation) as the guideline for the design of nanoplatforms. (2) Take specific size, shape and/or charge control or 
transformation strategies of nanoplatforms according to the chosen features of the target diseases. (3) Flexible ulitization of endog-
enous and exogenous components as constructing blocks or stimulus to incorporate the nanoplatforms with targeting, immune 
escaping and/or responsive functionalities. (4) Take careful consideration of the balance between safety and functionality and design 
nanoplatforms with viable biocompatibility for barrier-crossing. 

Despite the recent progresses achieved, these challenges that remain need to be addressed before the clinical application of these 
smart NPs. Firstly, the in vivo safety of smart NPs, containing biodegradability, tissue biodistribution, metabolism, and long-term 
effects need to be evaluated in a standardized manner. For achieving higher requirement of precise and personalized medicine, the 
novel multistage-responsive NPs should be designed to combine multiple strategies simultaneously, to systematically overcome all 
barriers in vivo. Likewise, the increasingly complex composition and synthetic process of these smart NPs have obviously limited their 
clinical translation. To promote the substantial progress of smart NPs in clinical practice, the smart NPs should be as simplified as 
possible under the premise of ensuring efficient Theranostics As a typical, the simplest composition-assisted exogenous stimulation 
technology (e.g., NIR laser or US) for crossing versatile barriers in vivo and evaluating theranostic efficiency should be explored. 

Secondly, the mechanical properties of NPs have emerged as a novel key attribute for cargoes delivery in vivo. However, in 
revealing the impact of mechanical properties on targeting delivery, it is an urgent issue to separate mechanical properties as a single 
variable with all other physicochemical properties. Moreover, the smart NPs with varied stiffness and soft deformation should be 
rationally designed in response to different stresses in versatile tissues. Additionally, in very recent work, Chan et al. [579] presented 
an important dose threshold principle for predictable and significant delivery. When the dose of NPs is higher than the threshold (1 
trillion NPs in mice), it will lead to the overwhelmed Kupffer cell uptake rates, nonlinearly decreased liver clearance, prolonged 
circulation and increased tumor delivery. Thusly, the comprehensive factors of smart NPs, including surface conversion, size trans-
lation, adjustable softness, and does threshold, should be systematically considered in barriers overcoming and NPs delivery in vivo. 

Thirdly, these smart NPs with stimuli-responsive charge conversion, size switching, soft deformation, and controllable release have 
been obtained, but individual biomarkers are rarely unique to specific lesion regions, resulting in suboptimal selectivity and unde-
sirable accuracy. Moreover, many biomarkers (e.g., pH, enzyme, redox, or oxygen) dynamically change during disease progression, 
and also coexist in normal tissues, potentially hindering theranostics in specific diseases. Therefore, some more accurate biomarkers (e. 
g., mRNA) should be discovered to precisely and effectively trigger the characteristic change of smart NPs [580,581]. Excitingly, in 
recent years, the concept of logic gates (i.e., YES/OR/AND logic outputs) was proposed to impart the smart NPs with precise multiple 
responsiveness in biomedical fields [582,583]. The integration of multiple endogenous or/and exogenous-responsive groups within 
one NPs should be performed for the programmed trigger their controlled behaviors, which is a daunting challenge for single-stimulus 
responsive NPs. 

Fourth, some studies [6,87] have evidenced that almost all NPs were transported into solid tumors by the active transportation of 
transcytosis rather than EPR effect in vasculature extravasation. Research on the stimuli-activated transendothelial transport is still in 
its infancy and faces many challenges. Currently, only the strategy of GGT-triggered charge reversal is developed for enhanced 
therapeutic efficacy by the transendothelial and transcellular transport. More strategies and various responsiveness should be explored 
to verify and promote the application of active transportation. 

Finally, for bioinspired systems, the use of a single type of cell membranes as the coating may limit the diversity of functions. 
Development of novel type of cell or bacterial membranes, or mixing of multiple types of cell membranes should be employed as 
coating components in the future. By introducing comprehensive biological moieties and functions, such as antibodies, enzymes, and 

Fig. 47. Schematic illustration of phage-guided hybrid nanocarrier for enhanced chemotherapy efficacy of colorectal cancer by modulating gut 
microbiota. Reprinted with permission from 578. Copyright 2019, Springer Nature. 
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DNA/RNA, the multifunctional biomimetic NPs will be designed for improving the synergistic performance in biomedical applications. 
Moreover, living cells or bacterial or phages as carriers for nanomedicine can bring extra benefits for NP transportation to the disease 
areas. In recent years, tumor immunotherapy, which triggers effective antitumor responses via the regulation or alteration of the 
immune system, has emerged as one novel powerful strategy to fight tumor and inhibit metastasis. The cancer vaccine for tumor 
immunotherapy, that can radically change the cancer therapy landscape, was developed. However, due to the endosomal trapping and 
low immunogenicity of tumor antigens, developing of highly efficient antitumor vaccines-especially personalized vaccines that can 
potently induce T cell priming in humans-is still a challenge. Through combining these strategies, the cancer vaccine is expected to 
further enhance immune response in vivo, improving anti-tumor immunity without substantial systemic toxicity. Once such issues are 
resolved, the revolutionary change in nanomedicine will appear to achieve efficient delivery to targeted region by overcoming a series 
of complicated biological barriers in vivo, which is expected to be extendable for highly effective disease theranostics in clinical 
translation in the near future. 
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