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A B S T R A C T   

Hypoxia-induced intratumoral heterogeneity poses a major challenge in tumor therapy due to the varying sus
ceptibility to chemotherapy. Moreover, the spatial distribution patterns of hypoxic and normoxic tissues makes 
conventional combination therapy less effective. In this study, a tumor-acidity and bioorthogonal chemistry 
mediated in situ size transformable nanocarrier (NP@DOXDBCO plus iCPPAN3) was developed to spatially deliver 
two combinational chemotherapeutic drugs (doxorubicin (DOX) and PR104A) to combat hypoxia-induced 
intratumoral heterogeneity. DOX is highly toxic to tumor cells in normoxia state but less toxic in hypoxia 
state due to the hypoxia-induced chemoresistance. Meanwhile, PR104A is a hypoxia-activated prodrug has less 
toxic in normoxia state. Two nanocarriers, NP@DOXDBCO and iCPPAN3, can cross-link near the blood vessel 
extravasation sites through tumor acidity responsive bioorthogonal click chemistry to enhance the retention of 
DOX in tumor normoxia. Moreover, PR104A conjugated to the small-sized dendritic polyamidoamine (PAMAM) 
released under tumor acidity can penetrate deep tumor tissues for hypoxic tumor cell killing. Our study has 
demonstrated that this site-specific combination chemotherapy is better than the traditional combination 
chemotherapy. Therefore, spatial specific delivery of combinational therapeutics via in situ size transformable 
nanocarrier addresses the challenges of hypoxia induced intratumoral heterogeneity and provides insights into 
the combination therapy.   

1. Introduction 

Tumor has a high level of heterogeneity in the cellular and molecular 
signatures within a lesion, as results of tumor cells constantly change 
genome and protein expression to adapt to its microenvironment [1–5]. 
Tumor heterogeneity is a major challenge in chemotherapy due to the 
different susceptibility of cells to chemotherapeutics within a solid 
tumor [6–8]. For instance, hypoxia is in most tumors due to the 
imbalance between oxygen demand and supply [9–11]. The tumor cell 
oxygen levels decrease as the distance from the blood vessel increases, 
and the uneven oxygen distribution in tumor tissues causes intratumoral 

heterogeneity, leading to insufficient therapeutic benefit [12–17]. 
Hypoxic tumor cells are less sensitive to radiotherapy, photodynamic 
therapy, chemotherapy, and immunotherapy than normoxic tumor cells 
[18–21]. Hypoxia promotes resistance to chemotherapy by up- 
regulating the levels of P-glycoprotein (P-gp), thus enhancing drug 
efflux and leading to treatment failure [22,23]. Although some chemo
therapeutics, including doxorubicin (DOX), cisplatin, and sorafenib are 
widely used, they are less effective in hypoxic microenvironment, 
especially where pO2 is lower than 2.5 mmHg [24–26]. In contrast, 
hypoxia-activated prodrugs (HAPs) have higher cytotoxicity in hypoxic 
cells than in normoxic cells due to the difference in redox [17,27,28]. 
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Therefore, HAPs can selectively kill hypoxic tumor cells, thus converting 
tumor hypoxia from a problem to a selective treatment advantage [29]. 
Considering the spatial distribution patterns of hypoxic and normoxic 
tissues, on-demand spatial delivery of appropriate drugs to designated 
tumor cells is a promising strategy for overcome hypoxia-induced 
intratumoral heterogeneity. 

A strategy that can spatial-specific deliver combinational therapeu
tics into corresponding tumor cells is crucial for site-specific and selec
tive chemotherapy [30–32]. Nanoparticles are excellent for drug 
delivery and can simultaneously load multiple therapeutic agents 
[33,34]. However, most reported nanomedicines have been designed to 
co-deliver therapeutic agents into one tumor cell, and they do not effi
ciently accumulate in hypoxic tumor regions due to the spatially disor
ganized tumor vasculature and dense extracellular matrix [35–37]. 
Therefore, new strategies are needed to overcome the biological barriers 
for efficient spatial specific delivery of combinational therapeutics to 
improve the therapeutic effect of nanomedicine [38,39]. Size is one of 
the most important characteristics of nanoparticles, which has multiple 
effects on the nanomedicine in the body, including circulation, bio
distribution, accumulation, retention, penetration and internalization, 
and can further affect the therapeutic effect of nanoparticles [35,40]. 

Small-sized nanoparticles have enhanced penetration with limited 
accumulation at the tumor site, while large-sized nanoparticles have 
improved tumor accumulation with poor tumor tissue penetration 
[35,41–43]. Therefore, size also regulates the distribution of nano
therapeautics in tumor tissues. Large-sized nanomedicines can only be 
enriched in the surface area near the tumor blood vessel due to limited 
penetration, while small-sized nanoparticles can penetrate into deep 
tumor tissues due to excellent tumor penetration properties [40]. 
Therefore, spatial targeted delivery into different depths of the tumor 
tissue can be achieved by modulating the size of nanoparticles in the 
tumor situ. 

Herein, a in situ size transformable nanocarrier (NP@DOXDBCO plus 
iCPPAN3) was developed to spatially deliver DOX and hypoxia-activated 
prodrug PR104A to normoxic and hypoxic tumor cells for combating 
hypoxia-induced intratumoral heterogeneity. This strategy overcomes 
the disadvantage of limited penetration of large-sized nanoparticles by 
enhancing targeting of the normoxic area near tumor blood vessels, and 
exerting the permeability of small-sized nanoparticles to achieve spatial- 
targeting of tumor tissue in different depths. Briefly, ultrasmall-sized 
PAMAM-PR104A (PPA) with tumor penetration characteristics was 
prepared by conjugating hypoxia-activated prodrug PR104A to 

Scheme 1. Schematic illustration of tumor-acidity and bioorthogonal click chemistry-mediated in situ size transformable nanocarrier for site-specific combination 
chemotherapy combating hypoxia-induced intratumoral heterogeneity. (A) Schematic illustration of the preparation of iCPPAN3 and the size change of NP@DOXDBCO 
and iCPPAN3 through tumor-acidity and bioorthogonal chemistry. (a) The DBCO group of NP@DOXDBCO quickly exposed due to the rapid tumoral acidity response 
rate of PAEMA in tumor acidic microenvironment. (b) Cross-linking between NP@DOXDBCO and iCPPAN3 to form large-sized drug depots through highly efficient 
bioorthogonal click reaction for enhanced tumor accumulation. (c) The small-sized PPA slowly released due to the relatively low maleic acid amide response rate and 
cleaved in tumor acidic microenvironment for enhanced tumor penetration. (B) Schematic illustration of spatial specific delivery of combinational therapeutics for 
site-specific chemotherapy to combat hypoxia-induced intratumoral heterogeneity. 
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dendritic poly (amidoamine) (PAMAM). The PPA was further cross- 
linked with tumor acidity cleavable maleic acid amide linker, and 
modified with azide (N3) group through poly(ethylene glycol) (PEG) to 
form pH-instable PPA cluster (iCPPAN3). The DOX-loaded nanoparticles 
(NP@DOXDBCO) were constructed through molecular assembly of poly 
(caprolactone)-block-poly(ethylene glycol) (PCL-b-PEG) and dibenzo
cyclooctyne (DBCO) modified pH-responsive polymer poly(capro
lactone)-block-poly(2-azepane ethyl methacrylate) (PCL-b-PAEMA- 
DBCO). PAEMA had strong hydrophobicity under normal physiological 
pH conditions and thus could hide the DBCO group of NP@DOXDBCO to 
prevent cross-linking between NP@DOXDBCO and iCPPAN3. iCPPAN3 and 
NP@DOXDBCO were preferentially accumulated in tumor tissue through 
enhanced permeability and retention (EPR) effect. The DBCO group of 
NP@DOXDBCO could be immediately unmasked due to the rapid pro
tonation of PAEMA in tumoral acidity microenvironment (pH 6.5) 
[45,46], thus reacting with iCPPAN3 through the highly efficient bio
orthogonal click reaction to form large-sized drug depots (848 nm) for 
enhanced tumor accumulation and retention, but with limited pene
tration. The small-sized PPA (10 nm) was further slowly released from 
the drug depots owing to the relatively low response rate of maleic acid 
amide in the tumor acidic microenvironment [47], thus enhancing 
tumor penetration (Scheme 1A). As a result, DOX was accumulated in 
the normoxic area close to the blood vessel due to limited penetration of 
large-sized drug depots, which was then preferentially taken to nor
moxic tumor cells. The small-sized PPA penetrated deep tumor tissues 
and reached normoxic tumor cells (Scheme 1B). The spatial-specific 
delivery of combinational therapeutics through in situ size transform
able nanocarrier can overcome the challenges caused by hypoxia- 
induced intratumoral heterogeneity, thus realizing synergistic anti
tumor effect. 

2. Experimental section 

2.1. Synthesis of PCL-b-PAEMA-DBCO 

First, Polycaprolactone (PCL, 0.8 g, 0.12 mmol), 4-Cyano-4-(thioben
zoylthio) pentanoic acid (CPDB, 67.0 mg, 0.24 mol) and 4-dimethylami
nopyridine (DMAP, 1.2 mg, 0.01 mol) were dissolved in 5 mL anhydrous 
dichloromethane (DCM) and then N,N′-dicyclohexylcarbodiimide (DCC, 
49.4 g, 0.24 mol) in 2 mL anhydrous DCM was added dropwise into a 
three-neck flask. The solution was reacted for 12 h. After reaction, the 
solution was filtered to remove the precipitated dicyclohexylurea (DCU) 
and precipitated in cold diethyl ether three times. The product was dried 
up under vacuum at room temperature for 24 h and obtained as a pink 
solid in 81% yield. The product was characterized by 1H NMR. 

PCL-b-PAEMA were prepared through Reversible Addition- 
Fragmentation Chain Transfer (RAFT) polymerization. In brief, C7A 
(379 mg, 1.8 mmol), PCL-CPDB (400 mg, 0.06 mmol), and azobisiso
butyronitrile (AIBN, 2.9 mg, 0.018 mmol) were dissolved in N,N-dime
thylformamide (DMF, 3 mL). After three cycles of freeze-pump-thaw to 
remove oxygen. The polymerization was carried out at 60 ◦C for 12 h. 
After polymerization, the reaction mixture was precipitated in ethyl 
ether to remove the monomer. The product was collected and dried in 
the vacuum and obtained as a yellow powder in 86% yield. The product 
was characterized by 1H NMR. 

The terminal thiobenzoylthio group was transferred into thiol to 
obtain sulfhydryl-terminated PCL-b-PAEMA according to previously 
reported literature [44]. The sulfhydryl-terminated PCL-b-PAEMA (0.4 
g, 1.0 eqv) was dissolved in anhydrous dioxane under nitrogen atmo
sphere, and then N-(ε-maleimidocaproyloxy) succinimide ester (20 mg, 
2.0 eqv) was added into the solution. The mixture was stirred overnight 
at room temperature. The product PCL-b-PAEMA-NHS was purified by 
precipitating the mixture into ether and drying under vacuum and ob
tained as a yellow solid in 90% yield. Then, dibenzocyclooctyne-amine 
(DBCO-NH2, 6.9 mg, 1.0 eqv) and PCL-b-PAEMA-NHS (300 mg, 1.0 eqv) 
were dissolved in DMF and reacted at room temperature for 24 h. The 

product was further purified by precipitating the mixture into ether and 
drying under vacuum and obtained as a yellow solid in 85% yield. 

2.2. Preparation and characterization of DOX-loaded nanoparticle 
(NP@DOXDBCO) 

The DOX-loaded nanoparticle was prepared by nanoprecipitation 
method [48]. Briefly, a mixture containing PCL-b-PEG (8 mg), PCL-b- 
PAEMA-DBCO (2 mg) and DOX (1 mg) was dissolved in 0.5 mL of 
dimethyl sulfoxide (DMSO), and then gradually added into 5 mL of 
acidic water (pH ~ 6.0) under stirring for 10 min. After that, pH 7.4 
buffer solution was added and stirring for 2 h. The mixture was trans
ferred into dialysis bag (MWCO = 3500) and dialyzed against ultrapure 
water for 24 h to remove DMSO, and the mixture was filtered through a 
0.45 μm filter to obtain NP@DOXDBCO. The particle size was measured 
by dynamic light scattering (DLS) and transmission electron microscope 
(TEM). The DOX loading efficiency was studied by using fluorescence 
spectrophotometer. The stability of NP@DOXDBCO in PBS containing 
10% FBS was monitored by DLS. 

2.3. Preparation and characterization of pH-instable PPA cluster 
(iCPPAN3) 

First, the prodrug PR104A was obtained according to previously 
reported literature [49]. Under N2 atmosphere, PR104A (249 mg, 0.5 
mmol), DCM (5 mL) and succinic anhydride (100 mg, 1 mmol) were 
mixed. The reaction mixture was stirred for 12 h, then the solvent was 
removed under reduced pressure. The crude product was purified by 
silica gel flash chromatography with dichloromethane/methanol at 50:1 
to 20:1 to afford the product in 72% yield. 

The dendrimer PAMAM G4.0 (56 mg, 1 eqv), N-hydroxysuccinimide 
(NHS, 115 mg, 30 eqv) and PR104A-COOH (48 mg, 20 eqv) were dis
solved in anhydrous DMSO under nitrogen atmosphere, and then 1-(3- 
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 23 
mg, 30 eqv) was added into the solution. The mixture was stirred 
overnight at room temperature. After reaction, transferred into dialysis 
bag (MWCO = 3500) and dialyzed against DMSO and then pure water. 
Finally, the solution was lyophilized to obtain the product in 86% yield. 

iCPPAN3 was prapared by crosslinking PPA with tumor-acidity- 
cleavable linker CDM-TEG-CDM. To control nanocluster size, the 
molar ratio between CDM-containing CDM-TEG-CDM cross-linker and 
NH2-containing PAMAM dendrimer was varied. Briefly, CDM-TEG-CDM 
(1.0 mg mL− 1 in DMSO) was added dropwise to PPA (10 mg in 4 mL 
anhydrous DMSO) as predetermined volume. The mixture was stired at 
room temperature for 8 h. Then a mixture of mPEG2k-COOH (2.0 mg, 
0.001 mmol), N3-PEG2k-COOH (2.0 mg, 0.001 mmol), NHS (0.29 mg, 
0.0025 mmol) and EDC (0.48 mg, 0.0025 mmol) in anhydrous DMSO 
was added to the above solution. After 24 h, the mixture was dialyzed 
(MWCO = 7500 Da) against ultrapure water to remove impurities, and 
the solution was filtered through a 0.45 μm filter to obtain iCPPAN3. The 
pH stable PPA cluster (CPPAN3) was prepared though the same method 
used to develop iCPPAN3, except that tumor-acidity-cleavable linker was 
replaced with pH stable linker CDI-TEG-CDI. The tumor-acidity response 
decrosslinking of iCPPAN3 was detected by using DLS after incubation 
with PBS at pH 6.5 for different time. 

2.4. Crosslinking of iCPPAN3 and NP@DOXDBCO in vitro 

To verify the click induced crosslinking occurred between 
NP@DOXDBCO and iCPPAN3 under tumor acidity conditions, 
NP@DOXDBCO and iCPPAN3 were mixed in pH 7.4 or pH 6.5 PBS buffer 
at 37 ◦C for different time, and the size and morphology changes of the 
mixed solution were detected by using DLS and TEM. 
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2.5. In vitro release of PPA 

To study the release behavior of PPA from the drug depots con
structed by iCPPAN3 and NP@DOXDBCO, PPA was labeled by rhodamine 
B (RhB) to obtain PPARhB. Then, the Cross-linked iCPPARhB/N3 plus 
NP@DOXDBCO was transferred into dialysis bag (MWCO = 50,000 Da) 
and was immersed in PBS (pH 7.4 or 6.5, 10 mL) with gentle shaking (80 
rpm) at 37 ◦C. At predetermined time, the external PBS was collected 
and replaced with fresh PBS. The accumulate released PPA was deter
mined by fluorescence signal intensity of RhB. 

2.6. Transwell assay of iCPPAN3 plus NP@DOXDBCO in tumor cell 
monolayer 

Mouse breast cancer cells (4 T1) were seeded at 1 × 105 cells/filter 
on 6.5 mm diameter transwell inserts (poresize ~ 400 nm Corning, NY), 
which were precoated with 50 μL of matrixgel (BD Biosciences, SanJose, 
CA). Then, the cells were co-incubated with iCPPAN3/Cy5.5 and 
NP@DOXDBCO in pH 6.5 or 7.4 culture medium for 6 h. After incubation, 
the cells in flower chamber were collected and determined by Confocal 
Leser Scanning Microscopy (CLSM) or flow cytometry. 

2.7. The combination chemotherapeutic effect of iCPPAN3 plus 
NP@DOXDBCO in multicellular spheroids (MCSs) 

We first detect the distribution of DOX and PPA in MCSs. Briefly, the 
MCSs were divided into four groups randomly and treated with iCP
PACy5.5/N3 plus NP@DOXDBCO or CPPACy5.5/N3 plus NP@DOXDBCO in pH 
6.5 or pH 7.4 medium, respectively. After 8 h, the MCSs were carefully 
washed with cold PBS and the fluorescence signals of DOX and PPACy5.5 
were observed by CLSM. For combination chemotherapy in MCSs, the 
MCSs were randomly divided into four groups and treated with iCPPAN3 
plus NP@DOXDBCO or CPPAN3 plus NP@DOXDBCO in pH 6.5 or pH 7.4 
medium respectively. After coincubation for 8 h, the medium containing 
drugs were replaced with fresh medium. After 24 h, MCSs were pro
cessed into single cells and treated with annexin V FITC and propidium 
iodide (PI) sequentially. Then the cells were dispersed in 0.5 mL PBS and 
analyzed using a flow cytometer. 

2.8. In vivo imaging and biodistribution studies 

The 4 T1 tumor bearing BALB/c nude mouse were randomly grouped 
(n = 3), iCPPAN3/Cy5.5 plus NP@DOXDBCO or iCPPACy5.5 plus 
NP@DOXDBCO was administrated through tail vein injection. The whole- 
body fluorescence image was collected at a predetermined time using a 
in vivo imaging system (IVIS, Bruker, German). At 36 h post injection, 
the mice were euthanized, and major organs and tumor tissues were 
harvested and imaged using the IVIS. 

To detect the distribution of DOX and PR104A in tumor tissue, mice 
bearing 4 T1 tumor were intravenously injected with iCPPAN3/Cy5.5 plus 
NP@DOXDBCO or CPPAN3/Cy5.5 plus NP@DOXDBCO. After 24 h, the mice 
were sacrificed, and tumor tissues were excised at 90 min after intra
venously injected with Pimonidazole HCl (60 mg kg− 1). Tumor tissues 
were embedded in optimum-cutting temperature (OCT) tissue com
pound (Sakura, Tokyo, Japan), sectioned into 8 μm slices. After stained 
hypoxia with fluorescein-conjugated mouse IgG1 monoclonal antibody 
(MAb clone) (FITC-Mab1) and nuclei with hoechst 33342, the fluores
cence of the frozen tumor sections was imaged by CLSM. 

2.9. In vivo tumor therapy 

The 4 T1 tumor-bearing mice were randomly divided into eight 
groups (n = 6): (1) PBS, (2) iCPN3 (instable PAMAM cluster) plus 
NP@DBCO (nanoparticles without DOX loaded), (3) DOX, (4) iCPPAN3, 
(5) NP@DOXDBCO, (6) iCPPA plus NP@DOXDBCO, (7) iCPPAN3 plus 
NP@DOXDBCO and (8) CPPAN3 plus NP@DOXDBCO. The different 

formulations were administrated through tail vein injection (5 mg kg− 1 

of DOX, 3 mg kg− 1 of PR104A) every two days for four times, respec
tively. The changes of the tumor volumes and body weight were 
recorded during the treatments. The mice were sacrificed 10 days after 
the final treatment. Different tissues including heart, liver, spleen, lung, 
kidney and tumor were harvested and examined using the hematoxylin 
and eosin (H&E) staining. The cell apoptosis in the tumor tissues was 
detected using the terminal deoxynucleotidyl transferase dUTP nick-end 
labeling (TUNEL) assay kits according to the manufacturers’ protocols. 

2.10. Statistical analysis 

All the obtained data were expressed as mean ± standard deviation. 
Student’s t-test was employed for the statistical comparison between the 
two groups. One-way analysis of variance was employed for statistical 
comparison among multiple (more than two) groups. “ns” indicates 
nonsignificant. *P < 0.05, **P < 0.01, and ***P < 0.001 were consid
ered statistically significant in analyses. 

3. Results and discussion 

3.1. In vitro selective cytotoxic of DOX and PR104A 

Hypoxia-induced intratumoral heterogeneity in solid tumors causes 
different sensitivities of tumor cells to various chemotherapeutics 
[10,50]. Herein, the selective cytotoxic of DOX and PR104A in vitro were 
determined under different oxygen levels. DOX cytotoxicity in 4 T1 
tumor cells decreased in an oxygen level-dependent manner (Fig. S1A- 
S1C). The IC50 value of DOX for 4 T1 cells was decreased by 3.9-folds 
under hypoxia condition (1% O2) compared with normoxia condition 
(21% O2). In contrast, PR104A cytotoxicity increased with decreasing 
oxygen levels. The IC50 value of PR104A for 4 T1 cells was increased by 
5.0-folds under hypoxia condition showed compared with normoxia 
condition. The trend on mouse colon cancer cells (CT26) is shown in 
Fig. S1D-S1F. These findings indicate that normoxic tumor cells are 
more sensitive to DOX, while hypoxic tumors are more sensitive to 
PR104A. Therefore, the combination of DOX (killing normoxic tumor 
cells) and PR104A (killing hypoxic tumor cells) can combat hypoxia- 
induced intratumoral heterogeneity. 

3.2. Preparation and characterization of size transformable nanocarrier 
(NP@DOXDBCO plus iCPPAN3) 

In this study, a in situ size transformable nanocarrier (NP@DOXDBCO 
plus iCPPAN3) was developed to spatially deliver PR104A and DOX to 
hypoxic and normoxic tumor cells (Fig. 1A, B). To prepare the 
NP@DOXDBCO, poly(caprolactone)-block-poly(ethylene glycol) (PCL-b- 
PEG) and PCL-b-PAEMA-DBCO were synthesized (Scheme S1), and 
characterized with 1H NMR and gel permeation chromatography (GPC) 
(Fig. S2-S7 and Table S1). The NP@DOXDBCO was prepared via a two- 
step procedure (Fig. 1A) according to previously reported methods 
[51]. First, PCL-b-PAEMA-DBCO, PCL-b-PEG, and DOX were self- 
assembled in a weak acidic (pH 6.5) aqueous solution. Under such 
conditions, PAEMA showed hydrophilicity due to protonation. The core 
of obtained nanoparticles was composed of PCL, while the shell was 
composed of PAEMA-b-DBCO and PEG. The aqueous solution was then 
transformed into physiological environment (pH 7.4), changing PAEMA- 
b-DBCO into a hydrophobic state and collapsing on the core of 
NP@DOXDBCO to hide the DBCO group. The weight ratio of PCL-b- 
PAEMA-DBCO: PCL-b-PEG was optimized as 1:4 based on size and size 
distribution (Fig. S8A–C). The hydrodynamic diameter of 
NP@DOXDBCO was measured by using DLS and the morphological was 
observed via a TEM The obtained NP@DOXDBCO with spherical 
morphology and average diameter was about 100 nm (Fig. 1C), and the 
loading capacity of DOX was 3.01 ± 0.23%. Long-term stability testing 
indicated that NP@DOXDBCO had good stability (Fig. S9A). The 
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accumulative release of DOX was significantly more in a basic medium 
of pH 6.5 than in the medium of pH 7.4 (Fig. S9B), possibly due to the 
hydrophilic-hydrophobicity transition of PAEMA and the protonation of 
DOX. These results indicate that NP@DOXDBCO can effectively deliver 
DOX into tumor tissue, thus minimizing DOX leakage in blood 
circulation. 

Ultrasmall-sized PPA with tumor penetration ability was prepared by 
conjugating PR104A to PAMAM (Scheme S2). The 1H NMR spectroscopy 
(Fig. S10 and 11) indicates the successful conjugation of PR104A, and 
the conjugation efficiency of PR104A with PAMAM was 12.8%. 
Furthermore, PR104A could be released from PPA when the ester bond 
was hydrolyzed upon the catalysis of esterase (Fig. S13A). PPA was 
further cross-linked with tumor acidity cleavable linker and modified 
using α-carboxyl-ω-azido-polyethylene glycol (COOH-PEG-N3) to 

construct pH-instable PPA cluster (iCPPAN3) with a size about 100 nm 
(Fig. 1B), since such nanoparticles enhance passive tumor targeting via 
the EPR effect, and PEG chains can prevent scavenging of the nano
particles through the macrophage system and reticuloendothelial sys
tem by reducing the adsorption of opsonic proteins [41]. The tumor- 
acidity-cleavable linker CDM-TEG-CDM was synthesized by conjuga
tion of 2,5-dihydro-4-methyl-2,5-dioxo-3-furanpropanoic acid (CDM) 
and tetraethylene glycol (TEG), due to maleic acid amide in the CDM 
cleaved under a tumor-acidity environment [52,53]. The products were 
characterized using 1H NMR spectroscopy to confirm their structures 
(Fig. S12). To control nanocluster size, the molar ratio between CDM- 
containing CDM-TEG-CDM cross-linker and NH2-containing PAMAM 
dendrimer was varied. An iCPPAN3 with an average size of 104.5 nm 
could be obtained at a molar ratio of (CDM): (NH2) of 1:10 (Fig. 1D, 

Fig. 1. Preparation and characterization of NP@DOXDBCO and iCPPAN3. (A) Schematic diagram of the preparation process of the NP@DOXDBCO. (B) Schematic 
diagram of the preparation process and tumor acidly response release of the iCPPAN3. (C) Hydrodynamic size distribution and representative TEM image of 
NP@DOXDBCO. (D) Hydrodynamic size distribution and representative TEM image of iCPPAN3. (E) Hydrodynamic size distribution and representative TEM image of 
iCPPAN3 after incubation in pH 6.5 solution for 12 h. (F) Hydrodynamic size distribution and representative TEM image of NP@DOXDBCO plus iCPPAN3 after in
cubation in pH 6.5 solution for 15 min. (G) The release curve of PPARhB from the drug depots constructed by NP@DOXDBCO and iCPPAN3 after incubation in pH 6.5 or 
pH 7.4 solution for different times. (H) The release curve of PPARhB from the drug depots constructed by NP@DOXDBCO and CPPAN3 after incubation in pH 6.5 or pH 
7.4 solution for different times. 
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S13B). Moreover, the pH stable PPA cluster (CPPAN3) was prepared 
though the same method used to develop iCPPAN3, except that tumor- 
acidity-cleavable linker was replaced with pH stable linker. The pH- 
stable linker CDI-TEG-CDI was obtained by N, N′‑carbonyldiimidazole 
(CDI) activation of TEG. The tumor-acidity response decrosslinked of 
iCPPAN3 was detected by using DLS after incubation with PBS at pH 6.5. 
The size of iCPPAN3 shrank into a small size of about 10 nm after 12 h of 
incubation (Fig. S13C, Fig. 1E). However, the size change of CPPAN3 was 
negligible at both pH 6.5 and 7.4 (Fig. S13D). These results indicate that 
iCPPAN3 could be efficiently decrosslinked and released small-sized PPA 
under a tumor-acidity environment. 

PAEMA had strong hydrophobicity under physiological environment 
(pH 7.4) that can hide the DBCO group of NP@DOXDBCO to prevent 
cross-linking of NP@DOXDBCO and iCPPAN3. Moreover, the DBCO group 
of NP@DOXDBCO was quickly exposed under a tumor acidity environ
ment (pH 6.5) owing to the rapid protonation of PAEMA, thus further 
reacting with iCPPAN3 to form large-sized drug depots [54–57]. To this 
end, the size change of NP@DOXDBCO and iCPPAN3 co-incubation in PBS 
(pH 7.4 or pH 6.5) was detected by using DLS and TEM. The size 
significantly increased from 112.0 nm to 848.1 nm after co-incubation in 
PBS at pH 6.5, indicating that click induced crosslinking occurred under 
tumor acidity conditions (Fig. S14A, 1F). In contrast, the size of 
NP@DOXDBCO and iCPPAN3 remained constant after co-incubation in 
PBS or PBS containing 10% fetal bovine serum (FBS) at pH 7.4 
(Fig. S14B and 14C), indicating NP@DOXDBCO and iCPPAN3 had good 
stability at physiological conditions. Moreover, to study the pH-response 
release behavior of PPA from the drug depots constructed by 
NP@DOXDBCO and iCPPAN3, PPA was labeled using RhB to obtain iCP
PAN3/RhB and monitored the fluorescent intensity of the fluid outside 
dialysis bag. As shown in Fig. 1G, the PPA released from the drug depots 
achieved 74% at pH 6.5 significantly higher than at pH 7.4 (14%) after 
48 h. In contrast, the cumulative release of PPA from the drug depots 
constructed by NP@DOXDBCO and CPPAN3/RhB all lower than 10% under 
the same environment (Fig. 1H). These results indicate that PPA can be 
released from the drug depots constructed by NP@DOXDBCO and iCP
PAN3 under a tumor acidic microenvironment. 

3.3. Tissue penetration capacity of PPA 

MCSs were used to test whether PPA can improve tissue penetration. 
MCSs were incubated with iCPPAN3/RhB or CPPAN3/RhB in pH 7.4 or pH 
6.5 medium for 8 h and observed using CLSM. For iCPPAN3/RhB treat
ment, red fluorescence from PPARhB was distributed throughout the 
MCSs in pH 6.5 medium, while it was only attached to the periphery of 
MCSs in pH 7.4 medium (Fig. 2A, S15A). The results indicated that the 
enhanced penetration of PPARhB was due to the disintegration of iCP
PAN3/RhB in an acidic environment. The released small-sized nano
particles accelerated movement and diffusion into the deep 
environment. For CPPAN3/RhB treatment, the fluorescence of PPARhB was 
detected at the periphery of the MCSs both in pH 7.4 and 6.5 media 
(Fig. 2B, S15B) due to the limited penetration of large nanoparticles 
[41,58]. The enhanced tumor penetration of PPA released from iCPPAN3 
under tumor acidity conditions was evaluated after co-incubation with 
ex vivo tumor tissues. The ex vivo tumor tissues were sliced and observed 
using CLSM after co-incubation with iCPPAN3/RhB and CPPAN3/RhB in pH 
7.4 and pH 6.5 media. The fluorescence signal of PPARhB had signifi
cantly enhanced penetration after incubation with iCPPAN3/RhB in pH 
6.5 medium than in pH 7.4 medium (Fig. 2B, S15C and S15D). In 
contrast, after incubation with CPPAN3/RhB in both pH 6.5 and 7.4 
media, the fluorescence signal of RhB was detected at the periphery of 
tumor tissue. These results show the enhanced penetration capacity of 
small-sized PPA released from iCPPAN3 under tumor acidity, indicating 
that iCPPAN3 can deliver PR104A into deep hypoxic tumor tissues. 

A transwell culture system was then established by seeding 4 T1 
tumor cells on the membrane insert pre-covered with matrix gel to 
evaluate the enhanced penetration of PPA released from the drug depots 

constructed by iCPPAN3 and NP@DOXDBCO under acidic conditions 
(Fig. 2C). PPA was labeled with Cy5.5 to obtain iCPPAN3/Cy5.5 and 
CPPAN3/Cy5.5 to facilitate fluorescence detection. The cells in the lower 
chamber were collected after 6 h of incubation with iCPPAN3/Cy5.5 plus 
NP@DOXDBCO or CPPAN3/Cy5.5 plus NP@DOXDBCO in the upper chamber 
and studied using CLSM or flow analysis. A significantly stronger Cy5.5 
fluorescence signals intensity was detected in the cells pretreated with 
iCPPAN3/Cy5.5 plus NP@DOXDBCO in pH 6.5 medium, which mainly 
attributable to the enhanced penetration capability of PPA released from 
the drug depots constructed by iCPPAN3/Cy5.5 plus NP@DOXDBCO under 
acidic conditions (Fig. 2D, E). The fluorescence signals intensity of DOX 
slightly increased in pH 6.5 medium (Fig. 2F), possibly because of the 
enhanced release of DOX from NP@DOXDBCO under acidic conditions. 

3.4. The combination chemotherapeutic effect of iCPPAN3 and 
NP@DOXDBCO in MCSs 

The cellular uptake and internalization of NP@DOXDBCO, iCPPAN3/ 

Cy5.5 and NP@DOXDBCO plus iCPPAN3/Cy5.5 was studied by CLSM. The 
result indicates that NP@DOXDBCO and iCPPAN3/Cy5.5 could be effi
ciently uptake by tumor cells both at pH 7.4 and 6.5 (Fig. S16). In 
contrast, the fluorescence signals of DOX and Cy5.5 in the 4 T1 cells 
treated with NP@DOXDBCO plus iCPPAN3/Cy5.5 at pH 6.5 all significantly 
weaker than that at pH 7.4, probably due to inefficient internalization of 
the formed microscale aggregates under acidic conditions. MTT assay 
was then used to assess the cytotoxicity of NP@DOXDBCO and iCPPAN3 
on 4 T1 tumor cells. The cytotoxicity of NP@DOXDBCO was significantly 
lower in the hypoxia state (IC50 = 16.9 μg mL− 1) than in the normoxia 
condition (IC50 = 4.6 μg mL− 1) due to hypoxia-induced chemoresistance 
(Fig. 3A). In contrast, iCPPAN3 had a higher cell killing effect in hypoxia 
conditions than in normoxia conditions due to the hypoxia-activated 
cytotoxicity (IC50 = 12.0 μg mL− 1) (Fig. 3B). According to our hypoth
esis, NP@DOXDBCO and iCPPAN3 can spatial-specific deliver DOX and 
PR104A to surface normoxic area and deep hypoxic area, respectively 
(Fig. 3C). The distribution of DOX and PPA in MCSs after co-incubation 
with NP@DOXDBCO plus iCPPAN3/Cy5.5 in pH 7.4 and 6.5 media for 8 h 
was studied (Fig. 3D, E). The DOX and Cy5.5 were distributed at the 
surface of MCSs due to limited penetration of NP@DOXDBCO and iCP
PAN3/Cy5.5 in pH 7.4. However, the Cy5.5 showed enhanced penetration 
in pH 6.5 medium, indicating that PPA was released from the drug de
pots constructed by NP@DOXDBCO plus iCPPAN3/Cy5.5, while the DOX 
was confined in the peripheral region of MCSs. In contrast, DOX and 
Cy5.5 were distributed in the peripheral region of MCSs in both pH 6.5 
and 7.4 media after co-incubation with NP@DOXDBCO plus CPPAN3/ 

Cy5.5. These results indicate that this size-switchable nanocarrier can 
deliver DOX and PR104A to the surface tumor cells and deep tumor cells, 
respectively. 

The cytotoxicity of NP@DOXDBCO combined with iCPPAN3 on MCSs 
was studied to further evaluate the therapeutic effect of the site-specific 
chemotherapy in vitro since MCSs and solid tumors have similar 
morphology and biological characteristics compared with the single- 
layer adherent cells [59,60]. Similar to tumors, MCSs have hypoxic 
and apoptotic/necrotic areas, especially in spheroids with about 500 μm 
diameter [61–63]. Herein, 3D cell culture plates were used to cultivate 
MCSs (diameter, about 500 nm) to simulate solid tumors. The MCSs 
underwent different treatments, then they were digested into single cells 
for apoptosis analysis (Fig. 3F). NP@DOXDBCO had significant cytotox
icity to MCSs in both pH 7.4 and 6.5 media. The cytotoxicity of iCPPAN3 
in the pH 6.5 medium was significantly higher than in the pH 7.4 me
dium, which mainly attributable to the enhanced penetration of PPA and 
hypoxia-activated cytotoxicity of PR104A in the core of MCSs. The 
cytotoxicity of NP@DOXDBCO plus CPPAN3 was similar to that of 
NP@DOXDBCO, which demonstrated that CPPAN3 had negligible toxicity 
on surface tumor cells. The cytotoxicity of NP@DOXDBCO plus iCPPAN3 
in the pH 6.5 medium was significantly higher than in other groups, 
indicating that DOX and PR104A can effectively kill the surface and 
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Fig. 2. The tissue penetration capacity of PPA. (A) CLSM observation of MCSs incubated with iCPPAN3/RhB or CPPAN3/RhB in pH 6.5 or pH 7.4 medium for 8 h. (B) 
CLSM observation of tumor sections after incubation with iCPPARhB or CPPARhB in pH 6.5 or pH 7.4 medium. (C) Schematic illustration showing transmigration of 
iCPPAN3/Cy5.5 plus NP@DOXDBCO or CPPAN3/Cy5.5 plus NP@DOXDBCO through monolayer 4 T1 cells seeded on the transwell. (D) CLSM images of 4 T1 cells after 
different treatments in the low chamber. (E) Quantitative analysis of Cy5.5 fluorescence intensity in 4 T1 cells after different treatments in the low chamber. (F) 
Quantitative analysis of DOX fluorescence intensity in 4 T1 cells after different treatments in the low chamber. Statistical P-values: ns P > 0.05, ***P < 0.001. 
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deep tumor cells, respectively. In conclusion, a site-specific therapy 
strategy using different therapeutic modalities to treat the tumor cells at 
different depths can significantly improve the killing effect of MCSs. 

3.5. In vivo imaging and biodistribution studies 

To confirm our hypothesis that iCPPAN3 and NP@DOXDBCO could 
form large-sized drug depots to enhanced tumor accumulation and 
retention. 4 T1 tumor-bearing BALB/c nude mice were intravenously 

injected with Cy5.5 labeled iCPPAN3 and NP@DOXDBCO. The bio
distribution of iCPPAN3/Cy5.5 and NP@DOXDBCO was evaluated using a 
noninvasive optical imaging technique. Co-administration of iCPPACy5.5 
and NP@DOXDBCO was used as control, due to which showed similar size 
(~ 110 nm) and zeta potential (~ 9.2 mV) with iCPPAN3/Cy5.5 plus 
NP@DOXDBCO but cannot form large-sized aggregates due to the absence 
of azide group (N3). The co-administrated of iCPPAN3/Cy5.5 with 
NP@DOXDBCO significantly enhanced tumor accumulation and reten
tion compared with co-administration of iCPPACy5.5 and NP@DOXDBCO 

Fig. 3. The combination chemotherapeutic effect in MCSs. (A, B) Cell viability of 4 T1 cells treated with NP@DOXDBCO at different concentrations of DOX (A) or 
iCPPAN3 at different concentrations of PR104A (B) for 24 h under 1% O2 or 21% O2 oxygen levels. (C) Schematic illustration showing penetration of NP@DOXDBCO 
and iCPPAN3 at tumor condition (pH 6.5) and normal tissue condition (pH = 7.4). (D, E) CLSM observation of the fluorescence distribution of DOX and Cy5.5 in 4 T1 
MCSs incubated with NP@DOXDBCO plus iCPPAN3/Cy5.5 (D) or NP@DOXDBCO plus CPPAN3/Cy5.5 (E) at pH 6.5 or 7.4 conditions. (F) Flow cytometry analysis of 
apoptosis in MCSs treated with PBS, NP@DOXDBCO, iCPPAN3, NP@DOXDBCO plus iCPPAN3 or NP@DOXDBCO plus CPPAN3 at pH 6.5 or 7.4 conditions. 
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(Fig. 4A, B). Furthermore, the major organs of mice at 36 h postinjection 
were separated for ex vivo imaging and quantitatively analyzed (Fig. 4C, 
D). The fluorescence signals from the tumors of iCPPAN3/Cy5.5 plus 
NP@DOXDBCO-treated mice were significantly higher than those of the 
mice treated with iCPPACy5.5 plus NP@DOXDBCO group. However, the 
fluorescence signals were not significantly different in major organs 
between iCPPAN3/Cy5.5 plus NP@DOXDBCO and iCPPACy5.5 plus 
NP@DOXDBCO groups. These results indicate that the size transformable 
nanocarrier of iCPPAN3/Cy5.5 plus NP@DOXDBCO can enhance tumor 
accumulation and retention. 

Immunofluorescence staining was conducted on tumor sections after 
intravenous injection with iCPPAN3 plus NP@DOXDBCO or CPPAN3 plus 
NP@DOXDBCO for 24 h using CLSM to further investigate the distribu
tion of DOX and PPA in tumor tissues. The hypoxia area was marked 
using pimonidazole HCl and stained with fluorescein-conjugated mouse 
IgG1 monoclonal antibody (MAb clone) (FITC-Mab1). PPA was uni
formly perfused into the hypoxic tumor tissue after treatment with 
iCPPAN3 plus NP@DOXDBCO, while DOX was not found in hypoxic tis
sues (Fig. 4E). In contrast, the fluorescence signals of DOX and PPA were 
outside the hypoxic areas after treatment with CPPAN3 plus 

Fig. 4. In vivo imaging and biodistribution studies. (A) In vivo fluorescence images of 4 T1 tumor-bearing mice taken at different time points after intravenous 
injection of iCPPACy5.5/N3 plus NP@DOXDBCO or iCPPACy5.5 plus NP@DOXDBCO. (B) Quantification of fluorescence intensities in tumor site over time in (A). (C) Ex 
vivo fluorescence images of major organs (heart, liver, spleen, lung, and kidney) and tumors taken 36 h after injection from (A). (D) Quantified fluorescence intensity 
of tumors based on the ex vivo fluorescence images in (C). (E) CLSM immunofluorescence images showing fluorescence distribution of DOX and PPACy5.5 in tumor 
tissue after injection with iCPPACy5.5/N3 plus NP@DOXDBCO or CPPACy5.5/N3 plus NP@DOXDBCO. Hypoxyprobe™-1 PLUS kit was used to label the hypoxia area. 
Statistical P-values: *P < 0.05, **P < 0.01, ***P < 0.001. 
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NP@DOXDBCO. These results suggest that the size-switchable nano
system can spatially deliver hypoxia-activated prodrugs PR104A and 
DOX to hypoxic and normoxic tumor cells. 

3.6. In vivo therapeutic efficacy 

Inspired by the superior performance of iCPPAN3 plus NP@DOXDBCO 
in vitro and in vivo studies, the in vivo therapeutic efficacy of iCPPAN3 

Fig. 5. In vivo anti-tumor effect. (A) Schematics of the treatment schedule. (B) Spaghetti plots of 4 T1 tumor growth after various treatments. (C) Relative tumor 
volumes of mice after different treatments. (D) The images of the tumors at the end of antitumor study. (E) The weights of the tumors after different treatments at the 
end of antitumor study. (F) Tumor inhibition ratio. (G) TUNEL and H&E staining of the tumor sections after different treatments for 14 d. Statistical P-values: ns P >
0.05, **P < 0.01, ***P < 0.001. 
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plus NP@DOXDBCO was compared with that of PBS, iCPN3 (instable 
PAMAM cluster) plus NP@DBCO (nanoparticles without DOX loaded), 
DOX, iCPPAN3, NP@DOXDBCO, iCPPA plus NP@DOXDBCO, iCPPAN3 plus 
NP@DOXDBCO and CPPAN3 plus NP@DOXDBCO in mice with 4 T1 tumors 
(Fig. 5A). The tumor growth curves for all the groups are plotted in 
Fig. 5B, C, the tumor volumes in PBS and iCPN3 plus NP@DBCO-treated 
groups sharply increased during treatment, indicating the insignificant 
tumor suppression of iCPN3 plus NP@DBCO. DOX, iCPPAN3, 
NP@DOXDBCO, CPPAN3 plus NP@DOXDBCO treatment showed slight 
tumor inhibition, iCPPA plus NP@DOXDBCO treatment showed signifi
cantly enhanced tumor growth inhibition, and the administration of 
iCPPAN3 plus NP@DOXDBCO almost completely suppressed tumor 
growth. After treatment, the mice were sacrificed, and excised tumor 
tissues were imaged and weighted (Fig. 5D, E) to visually confirm the 
best anticancer activity after NP@DOXDBCO plus iCPPAN3 treatment. The 
tumor inhibition rates were further calculated to evaluate therapeutic 
effects of different treatments (Fig. 5F). The NP@DOXDBCO plus iCPPAN3 
group with a tumor inhibition rate of 67.7%, significantly higher than 
DOX (29.4%), NP@DOXDBCO (28.5%), iCPPAN3 (15.0%), NP@DOXDBCO 
plus iCPPA (48.6%) and NP@DOXDBCO plus CPPAN3 (31.9%). Moreover, 
H&E staining and TUNEL staining also revealed that iCPPAN3 plus 
NP@DOXDBCO treatment caused the highest level of anticancer activity 
(Fig. 5G). The superior therapeutic effect of the NP@DOXDBCO plus 
iCPPAN3 group was mainly due to the spatial specific delivery of 
combinational therapeutics in tumor situ. In addition, the negligible 
change in body weight during the treatment (Fig. S17) and H&E staining 
of the main organs at the end of treatment showed no significant tissue 
damage (Fig. S18). Moreover, the hematological indexes at 7 days after 
systemic delivery of iCPPAN3 plus NP@DOXDBCO showed no significant 
difference compared with those of the PBS group (Fig. S19). These re
sults indicate that iCPPAN3 plus NP@DOXDBCO-induced antitumor 
therapy is highly biocompatible. 

4. Conclusion 

In this study, a in situ size transformable nanocarrier (NP@DOXDBCO 
plus iCPPAN3) with spatial specific delivery of combinational thera
peutics was designed to combat hypoxia-induced intratumoral hetero
geneity. In vitro and in vivo experiments demonstrated that 
NP@DOXDBCO and iCPPAN3 could form large-sized drug depots under 
tumor acidic microenvironment and enhance tumor accumulation and 
retention. The ultrasmall-sized PPA with tumor penetration character
istics was released from the drug depots to deliver PR104A to the deep 
hypoxic area of the tumor tissues. The site-specific chemotherapy 
combination of DOX and PR104A can kill the surface normoxic and deep 
hypoxic tumor cells, respectively, indicating excellent antitumor effi
ciency. Overall, the site-specific combination therapy strategy using 
different therapeutics to treat various tumor cells may provide tailored 
tumor therapy. 
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