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Abstract

Nanomedicines have been demonstrated to have passive or active tumor targeting behaviors, which 

are promising for cancer chemotherapy. However, most of the nanomedicines still suffer from 

suboptimal targeting effect and drug leakage, resulting in unsatisfactory treatment outcome. 

Herein, a hierarchical responsive nanomedicine (HRNM) is developed for programmed delivery of 
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chemotherapeutics. The HRNMs are prepared via the self-assembly of cyclic RGD peptide 

conjugated triblock copolymer, poly(2-(hexamethyleneimino)ethyl methacrylate)-poly(oligo-

(ethylene glycol) monomethyl ether methacrylate)-poly reduction-responsive camptothecin 

(PC7A-POEG-PssCPT). In blood circulation, RGD peptides are shielded by POEG coating; 

therefore, the nanosized HRNMs can achieve effective tumor accumulation through passive 

targeting. Once the HRNMs reach tumor site, due to the acidic tumor microenvironment induced 

hydrophobic-to-hydrophilic conversion of PC7A chains, the RGD peptides will be exposed for 

enhanced tumor retention and cellular internalization. Moreover, in response to the glutathione 

(GSH) inside cells, active CPT drugs will be released rapidly for chemotherapy. The in vitro and 

in vivo results confirmed effective tumor targeting, potent antitumor effect and reduced systemic 

toxicity of the HRNMs. This HRNM is promising for enhanced chemotherapeutic delivery.

Abstract

A hierarchical responsive nanomedicine, which can achieve programmed targeting and triggered 

drug release, is developed for enhanced chemotherapeutic delivery. In physiological condition, the 

nanomedicine shows high stability without obvious drug leakage. Once they reach tumor 

microenvironment, the activated RGD peptides could achieve enhanced cellular uptake. Then 

active camptothecin moieties would be rapidly released in response to the intracellular glutathione.
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Cancer, a kind of disease features abnormal cell proliferation, has been one of the major 

threats to human beings.[1] To treat cancer, chemotherapy is a commonly used approach in 

the clinic; however, the conventional chemotherapy suffers from low bioavailability and 

adverse effects to normal tissues, which is mainly due to the nonspecific biodistribution of 

therapeutic drugs.[2] Nanomedicines have shown promising passive tumor targeting behavior 

through the enhanced permeability and retention (EPR) effect.[3] Furthermore, active 

targeting could be achieved by conjugating nanomedicines with ligands that specifically 

bind to overexpressed receptors on the cancer cells.[4]

To date, however, most of the nanomedicines still face many challenges to achieve 

satisfactory treatment outcome. For example, conventional nanomedicines use nanocarriers 

for physical loading of drugs, exhibiting uncontrolled drug release behaviors such as burst 

release and premature drug leakage. By exploiting the stimuli-responsiveness of the smart 

nanomaterials, controlled drug release can be achieved, permitting improved bioavailability 

and reduced side effects.[5] One strategy to achieve the on-demand drug release is the use of 

stimuli-responsive nanocarriers for encapsulation of drugs;[6] however, most of them still 

suffer from low drug loading content and drug leakage during blood circulation.[7] The use 

of stimuli-responsive bonds to conjugate drugs to carrier materials provides another strategy.
[8] For example, various polyprodrugs that conjugate drugs to the polymer chains through 

responsive linkers have been developed for self-assembly, resulting in nanomedicines with 

high drug loading content and loading stability.[9]
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Despite application potential of the nanomedicines based on stimuli-responsive 

polyprodrugs, the targeting effect of most nanomedicines is currently suboptimal. To 

improve the targeting effect of nanomedicines, the surface properties of the nanomedicines 

should be rationally designed. However, in different delivery stages, the nanomedicines are 

expected to have different properties. For instance, during blood circulation, neutral surface 

and ‘stealth’ coating are preferred for prolonged circulation time and effective tumor 

accumulation;[10] while in tumor tissue, positive charge and surface ligand are necessary to 

achieve enhanced tumor retention and intracellular drug delivery.[11] To address this 

problem, various programmed targeting strategies have been developed.[12] In general, the 

design of programmed targeting strategies is mainly based on stimuli-responsive 

nanomaterials which can undergo property changes (e.g. surface charge conversion, ligand 

activation) under special stimuli in the tumor microenvironment.[13] Thus the programmed 

targeting strategies combining the advantages of passive targeting and active targeting show 

great potential to achieve improved tumor targeting efficiency.[14] In order to endow 

nanomedicines with the ability to change their surface properties, the most common method 

is the use of responsive chemical bonds; however, most of these chemical bonds suffer from 

low stability under physiological condition or low sensitivity to tumor microenvironment.[15] 

Previous studies have proven that poly(2-(hexamethyleneimino) ethyl methacrylate) (PC7A) 

is an ultra pH sensitive polymer with a transition pH of about 6.9.[16] At physiological pH, 

PC7A is a stable hydrophobic polymer; while it effectively converts to hydrophilic polymer 

with positive charge at tumor extracellular pH.[17] Therefore, the PC7A shows great 

potential for the development of tumor-responsive programmed targeting nanomedicines.

Herein, we developed a hierarchical responsive nanomedicine (HRNM) for programmed 

CARIR (circulation, accumulation, retention, internalization and drug release) 

chemotherapeutic delivery (Figure 1). The nanomedicine is formed by a cyclic RGD peptide 

conjugated triblock copolymer, RGD-PC7A-POEG-PssCPT, consisting of hydrophobic 

PC7A chain, hydrophilic poly(oligo-(ethylene glycol) monomethyl ether methacrylate) 

(POEG) segment and hydrophobic poly reduction-responsive camptothecin (CPT) prodrug 

(PssCPT) chain. At physiological pH (approximately 7.4), both the RGD-PC7A and PssCPT 

segments were trapped inside the hydrophobic core of HRNMs and thus the targeting 

function of RGD peptides were shielded by the POEG coating, resulting in high stability and 

effective tumor accumulation. Once the HRNMs accumulated in the tumor tissue (pH < 6.8), 

the protonated PC7A changed to hydrophilic segments with positive charge, permitting 

charge conversion of the HRNMs and exposure of RGD peptides. Thus, the exposed positive 

charge and RGD peptide could bind to tumor cells, resulting in enhanced tumor retention 

and cellular internalization of HRNMs. Afterwards, in the presence of intracellular 

glutathione (GSH), CPT moieties in their active form were released through a cascade 

elimination reaction. Compared to conventional nanomedicines, the HRNMs demonstrate 

three distinct features: i) the polyprodrug segment allows high drug loading content and 

loading stability; ii) the PC7A segment permits high stability under physiological condition 

and high sensitivity to tumor microenvironment; iii) the programmed targeting effect and 

intracellular GSH-triggered drug release lead to potent antitumor effect and reduced 

systemic toxicity. Therefore, this hierarchical responsive strategy provides a promising 

approach for enhanced chemotherapeutic delivery.

Wang et al. Page 3

Adv Mater. Author manuscript; available in PMC 2020 February 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The pH-responsive C7A monomer and reduction-responsive CPT prodrug monomer 

(ssCPT) were firstly synthesized and their chemical structures were confirmed by NMR and 

liquid chromatography–mass spectrometry (LC-MS) analysis (Scheme S1 and Figures S1-

S5, Supporting Information). Then PC7A-POEG-PssCPT was obtained through reversible 

addition fragmentation chain transfer (RAFT) polymerization (Scheme S2 and Figures S6-

S8, Supporting Information). To serve as control groups, the non-responsive polymer 

(PCHA-POEG-PccCPT), pH-responsive polymer (PC7A-POEG-PccCPT) and reduction-

responsive polymer (PCHA-POEG-PssCPT) were also synthesized, respectively (Schemes 

S3-S4 and Figures S9-S12, Supporting Information). The CPT content in PC7A-POEG-

PssCPT was determined to be 30.1% by NMR analysis. The absorption spectra showed that 

the PC7A-POEG-PssCPT and all three control polymers had the typical peak of CPT (~370 

nm), indicating successful polymerization (Figure S13, Supporting Information). The CPT 

content of PC7A-POEG-PssCPT was determined to be 29.3% according to a standard curve 

(Figures S14-S15, Supporting Information), which was consistent with the 1H NMR result. 

The critical micelle concentration (CMC) values of the PC7A-POEG-PssCPT and PCHA-

POEG-PssCPT were measured to be 2.05 mg L−1 and 3.09 mg L−1 by using pyrene as 

fluorescence probe (Figure S16, Supporting Information), indicating good stability in water. 

Afterwards, RGD peptide was conjugated to the polymers by the NHS/NH2 coupling 

reaction.

The RGD-PC7A-POEG-PssCPT self-assembled into nanoparticles in aqueous solution to 

afford HRNMs. Similarly, NRNMs, pRNMs and rRNMs, were also prepared as control 

groups by assembly of RGD-PCHA-POEG-PccCPT, RGD-PC7A-POEG-PccCPT and 

RGD-PCHA-POEG-PssCPT, respectively. As shown in the transmission electron 

microscopy (TEM) image of HRNMs (Figure 2a), spherical nanoparticles with a diameter of 

85.6 ± 11.9 nm can be observed. The hydrodynamic diameter of HRNMs (in hydrated state) 

measured by dynamic light scattering (DLS) was 99.8 ± 17.9 nm (Figure 2b), which was 

slightly larger than the diameter in dry state measured by TEM. Moreover, the HRNMs 

exhibited excellent colloidal stability in phosphate buffered solution (PBS) or culture 

medium with fetal bovine serum (FBS) (Figure 2c). This nanosized diameter and good 

colloidal stability make the HRNMs suitable for passive tumor targeting. The morphologies 

and hydrodynamic diameters of the control groups were similar to those of HRNMs (Figure 

S17, Supporting Information). The zeta potentials of nanoparticles prepared by PC7A-

POEG-PssCPT, RGD-PC7A-POEG-PssCPT, PCHA-POEG-PssCPT and RGD-PCHA-

POEG-PssCPT were measured by DLS. As shown in Figure S18 (Supporting Information), 

all the nanoparticles showed slight negative surface charge due to POEG surface coating.

To demonstrate the pH-responsiveness of HRNMs in acidic environment, the HRNMs were 

incubated with PBS at different pH values (7.4, 7.0 or 6.6), and their zeta potentials were 

monitored by DLS. As shown in Figure 2d, the HRNMs had slight negative surface charge at 

pH 7.4 and 7.0 due to the POEG coating. However, the zeta potential of the HRNMs 

increased rapidly and reached about 10 mV after 2 h of incubation at pH 6.6, attributing to 

the hydrophobic-to-hydrophilic conversion and the following exposure of RGD-PC7A 

segment. In contrast, the rRNMs showed stable surface charge at all pH values, 

demonstrating no pH responsiveness of the rRNMs (Figure 2e). To investigate the GSH-

triggered CPT release behaviors of HRNMs and pRNMs in vitro, the samples were dialyzed 
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against PBS with or without 10.0 mM GSH. As shown in Figure 2g, less than 5% of CPT 

release was observed for HRNMs in the absence of GSH after 48 h incubation. However, the 

CPT was released rapidly in the presence of GSH, in which about 80% of CPT release was 

achieved upon 48 h incubation. The released products from HRNMs were analyzed by LC-

MS. As shown in Figure S19 (Supporting Information), after treating the nanomedicines 

with GSH, free CPT was generated and released due to the GSH-induced cascade 

elimination reaction (Figure 2f). After incubating with GSH for 24 h, the morphologies of 

HRNMs were observed by TEM, which confirmed disassembly of nanostructures (Figure 

2i). Considering the low GSH concentration (2−20 μM) under physiological condition and 

high GSH concentration (2−10 mM) in cancer cells, the HRNMs is promising to achieve 

reduced side effects caused by leaked drugs. In contrast, for the pRNMs, the drug release 

rates in all four conditions showed no significant difference (Figure 2h).

The RGD peptide can bind to αvβ3 integrin, which is overexpressed on some tumor cells 

(e.g. U87MG).[18] Therefore, under acidic condition, the exposure of RGD peptides is 

expected to achieve enhanced cellular internalization of HRNMs. To demonstrate this, 

U87MG cells treated with HRNMs or rRNMs at different pH were analyzed using confocal 

fluorescence microscopy and flow cytometry (FCM). As shown in Figure 3, weak FITC 

fluorescence (green) was observed at pH 7.4 for the cells treated with HRNMs and rRNMs, 

confirming low cellular internalization of the nanomedicines under this condition. However, 

much higher fluorescence intensity in cells incubated with HRNMs at pH 6.6 was observed, 

demonstrating the cellular internalization of HRNMs was remarkably enhanced in acidic 

environment. In contrast, the fluorescence intensity in cells incubated with rRNMs at pH 7.4 

or 6.6 showed no obvious difference. To observe the CPT fluorescence inside cells, the 

U87MG cells were incubated with HRNMs or rRNMs and then stained with SYTO 13 

(green). At pH 6.6, higher CPT fluorescence intensity demonstrated more amount of CPT 

molecules were delivered into cells by HRNMs (Figure S20, Supporting Information). Then 

A549 cells (αvβ3-negative) were also used to evaluate cellular uptake of the HRNMs. As 

shown in Figure S21 (Supporting Information), when treated with FITC-labeled HRNMs at 

pH 6.6, the cellular uptake of HRNMs was slightly higher than that at pH 7.4. These results 

demonstrated that the pH-responsive cellular internalization of HRNMs was due to the pH-

induced exposure of RGD peptides and positive charges.

We further investigated the in vitro anticancer activities of CPT and nanomedicines by using 

MTT assay. Neither PC7A-POEG nor PCHA-POEG showed any obvious cytotoxicity to 

U87MG cells even at a high concentration (Figure S22, Supporting Information). However, 

as shown in Figure 4a, both free CPT and nanomedicines showed dose-dependent anticancer 

activities. The pRNMs and NRNMs inhibited cell proliferation only at high CPT 

concentrations due to the inefficient CPT release of these nanomedicines. However, HRNMs 

showed efficient anticancer activities at pH 6.6, with an IC50 value of 1.61 μM, which was 

4.2-fold lower than that of HRNMs at pH 7.4 (Figure 4b). This enhanced anticancer effect is 

attributed to the higher cellular internalization of the HRNMs in acidic condition. In 

contrast, the rRNMs without pH-responsive PC7A chain didn’t show significant difference 

in the IC50 values when incubated at different pH values. After treatments, the live/dead 

cells were stained by calcein AM (green)/propidium iodide (PI, red). As shown in Figure 4c, 
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when treated with HRNMs at pH 6.6, fewer live cells were observed when compared to that 

at pH 7.4, in good agreement with the result obtained from MTT assay.

To investigate the in vivo drug delivery efficiency of the nanomedicines, the tumor 

accumulation and biodistribution of HRNMs and rRNMs were studied by positron emission 

tomography (PET) imaging. For 64Cu radionuclide labeling, 1,4,7-triazacyclononane-1,4,7-

triacetate (NOTA) conjugated poly CPT (NOTA-PCPT) was synthesized (Scheme S5, 

Supporting Information) and encapsulated in nanomedicines. Then the 64Cu-HRNMs and 
64Cu-rRNMs were intravenously injected into U87MG tumor-bearing mice. As shown in the 

PET images (Figure 5a), at 24 h after intravenous injection of 64Cu-HRNMs or 64Cu-

rRNMs, obvious tumor signals were observed. The distribution of nanomedicines in the 

heart area and tumor was determined by using quantitative region-of-interest (ROI) analysis. 

As shown in Figure S23 (Supporting Information), the blood concentration of 

nanomedicines in heart slowly decreased over time. As shown in Figure 5b, both 64Cu-

HRNMs and 64Cu-rRNMs had effective tumor accumulations, which was mainly due to the 

EPR effect. More importantly, compared to 64Cu-rRNMs, 64Cu-HRNMs showed higher 

tumor accumulation and retention. The tumor uptakes of 64Cu-HRNMs were 5.07 and 

3.94 %ID g−1 at 24 and 48 h post-injection, respectively. This enhanced tumor accumulation 

and retention demonstrated that the exposure of RGD peptides and positive charges in tumor 

microenvironment could enhance the cellular internalization of the HRNMs. At 48 h post-

injection, the mice were sacrificed to collect tumors and major organs for quantification of 

radioactivity by using a γ-counter. The tumor uptake of HRNMs at 48 h post-injection was 

3.83 %ID g−1, which was 1.32-fold higher than that of rRNMs (Figure 5c). The 

biodistribution result also confirmed high tumor accumulation and prolonged tumor 

retention of the HRNMs.

Encouraged by the relatively high tumor accumulation and triggered drug release behavior, 

the HRNMs were further employed for in vivo antitumor therapy on U87MG tumor-bearing 

mice. Mice were treated with saline, free CPT, HRNMs or rRNMs every 3 days (CPT-

equivalent dose: 3 mg kg−1). As shown in Figure 5d, tumors grew rapidly for the mice 

administered with saline, the relative tumor volume was more than 20 after 21 days. 

Compared to the saline control group, the free CPT and nanomedicine treatments delayed 

tumor growth. Particularly, the HRNMs group showed the most potent antitumor effect. On 

day 21, the average tumor volume in HRNMs group was 4.65-fold lower than that of the 

control group (Figure 5e). Furthermore, no obvious body weight loss was caused by the 

treatment of nanomedicines (Figure 5f). The hematoxylin and eosin (H&E) staining results 

further confirmed that nanomedicines did not cause noticeable tissue damages in major 

organs (heart, liver, spleen, lung, and kidneys) of mice (Figure S24, Supporting 

Information). These results demonstrated that the nanomedicines exhibited low systemic 

toxicity and were safe for in vivo applications. However, the free CPT treated mice suffered 

from obvious weight loss and organ damage, indicating serious systemic toxicity of free 

CPT. The reduced side effect of nanomedicines was attributed to the controlled drug release 

behavior. The CPT in the nanomedicines was in its inactive state with low toxicity. The CPT 

release rate of nanomedicines was relatively low, especially in the environment with low 

GSH concentration. Therefore, a large amount of CPT will be metabolized by liver and 

spleen before releasing. In accordance with the antitumor effect, when treated with HRNMs, 
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the survival time of mice was greatly prolonged (Figure 5g). To further investigate the CPT-

induced tumor cell apoptosis, one mouse in each group was euthanized after treatment, and 

the tumors were collected for terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) and H&E staining.[19] The tumors treated with HRNMs showed much more 

TUNEL-apoptotic cells and tumor necrosis (Figure 5h and 5i), indicating enhanced 

therapeutic efficacy.

In summary, a hierarchical responsive nanomedicine (HRNM) was developed for 

programmed targeting and triggered drug release. At physiological pH, RGD peptides were 

trapped inside the hydrophobic core of HRNMs, resulting in high stability in blood 

circulation and effective tumor accumulation through EPR effect. Once the HRNMs reached 

acidic tumor microenvironment, the rapid hydrophobic-to-hydrophilic conversion of PC7A 

chains led to the exposure of RGD peptides. The exposed RGD peptides could achieve 

enhanced tumor retention and cellular internalization of HRNMs. Then active CPT moieties 

would be released in response to the intracellular GSH. The in vivo results demonstrated 

effective tumor targeting, potent antitumor effect and reduced systemic toxicity of the 

HRNMs. Therefore, this HRNM holds great promise for enhanced chemotherapeutic 

delivery.
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Figure 1. 
Schematic illustration of HRNMs for programmed CARIR chemotherapeutic delivery. The 

HRNMs show high stability in blood circulation (①) due to their nanoscale particle size and 

neutral POEG surface; therefore, they can effectively accumulate in the tumor via the EPR 

effect (②). In tumor microenvironment, acidic pH will cause charge conversion of the 

HRNMs and exposure of RGD peptides, permitting enhanced tumor retention (③) and 

cellular internalization (④). Thereafter, intracellular GSH will trigger CPT release for 

cancer chemotherapy (⑤).
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Figure 2. 
a) TEM image and b) particle diameter of HRNMs. c) Colloidal stability of HRNMs in 

different conditions. Zeta potential changes of HRNMs (d) and rRNMs (e) at pH 7.4, 7.0 or 

6.6. f) Mechanism of GSH-triggered CPT release from the nanomedicines. In vitro CPT 

release profiles of HRNMs (g) and pRNMs (h) in different conditions. i) Representative 

TEM images recorded for HRNMs and pRNMs after 24 h incubation with 10 mM GSH.
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Figure 3. 
a) Confocal fluorescence images of U87MG cells upon incubation with FITC-labeled 

HRNMs and rRNMs at different pH for 6 h. b) Cellular internalization analysis of U87MG 

cells by FCM.
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Figure 4. 
a) Cell viability of U87MG cells measured by MTT assay. b) The IC50 values of different 

samples. Cells were treated with free CPT, HRNMs, pRNMs, rRNMs or NRNMs at pH 7.4 

or 6.6. c) Fluorescence images of U87MG cells after treatments (CPT concentration: 2 μM) 

and Calcein AM (green)/PI (red) costaining.
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Figure 5. 
a) PET images of U87MG tumor-bearing mice after intravenous injection of 64Cu-HRNMs 

or 64Cu-rRNMs. b) Tumor uptake of 64Cu-HRNMs or 64Cu-rRNMs at 24 and 48 h post-

injection. (*P < 0.05). c) Biodistribution of tumor and primary organs at 48 h post-injection. 

d) Tumor growth curves of the mice upon different treatments. e) Tumor sizes on the 21th 

day (*P < 0.05, ***P < 0.001). f) Mice body weight changes during the treatments (*P < 

0.05, **P < 0.01). g) Survival curves of the mice. h) TUNEL and i) H&E analyses of tumor 

tissues after different treatments.
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