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Abstract 

Zinc oxide nanoparticles (ZnO NPs) have been known as a therapeutic agent and drug 
delivery system for treating various diseases, including infectious diseases and cancer. 
However, due to the low biocompatibility, short in vivo half-life, and potential toxicity, 
the previous studies on ZnO NPs were mainly focused on their in vitro applications. 
The effective and safe ZnO NP-based systems which can be used for in vivo drug 
delivery have been rarely reported. In this study, we developed a novel dual-responsive 
hybrid ZnO NP (ZnO/DPPG/PEG-pp-PE) consisting of the ZnO NPs, phospholipid 
(DPPG), and enzyme-sensitive amphiphilic polymer (PEG-pp-PE), which could respond 
to both tumoral matrix metalloproteinase 2 (MMP2) and intracellular acidic pH, for 
tumor-targeted drug delivery and multidrug resistant (MDR) cancer treatment. The 
dual-responsive ZnO/DPPG/PEG-pp-PE could easily load the model drug, doxorubicin 
(DOX), and showed excellent physicochemical properties, stability, and MMP2 and pH 
dual sensitivity. The ZnO/DPPG/PEG-pp-PE/DOX showed the MMP2-dependent cellular 
uptake, enhanced cell penetration, and improved anticancer activity in the MDR cancer 
cells and their spheroids. In the MDR tumor-bearing mice, the ZnO/DPPG/PEG-pp-PE/
DOX improved the biocompatibility, tumor targetability, and anticancer activity of 
DOX and ZnO without significant toxicity compared to the free DOX, ZnO/DOX, and 
nonsensitive ZnO NPs. The data suggested that the dual-sensitive ZnO-based nano-
medicine could be a promising delivery system for targeted drug delivery and therapy 
against the MDR cancer.

Keywords:  ZnO nanoparticles, MMP2-sensitive, pH-sensitive, Multidrug resistance, 
Doxorubicin

Introduction
Chemotherapy is one of the mostly used strategies for cancer treatment. However, 
tumor cells may develop a significant multidrug resistance (MDR) against chemotherapy 
drugs or other toxic agents after multiple dosing, which becomes one of the major rea-
sons of treatment failure (Bukowski et al. 2020; Montazami et al. 2015). It is reported 
that over 90% of deaths in cancer patients are directly or indirectly attributed to the drug 
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resistance (Pluchino et al. 2012), making it a great challenge of cancer therapy. Therefore, 
it is of great interest to figure out an effective way to overcome the MDR and restore 
the tumor cell’s susceptibility to chemotherapy drugs. The mechanisms of the MDR are 
complex and may include the oncogene mutations, impairment of drug metabolism, and 
overexpression of the transport proteins, which can be categorized into two major types, 
namely the efflux pump-mediated resistance and non-pump resistance (Szakács et  al. 
2006; Kunjachan et al. 2013). The ATP binding cassette (ABC) family of transmembrane 
transporter proteins is mainly responsible for the efflux pump-mediated drug resistance. 
They utilize the energy generated by the ATP hydrolysis to pump a variety of intracel-
lular drugs out of the cell, resulting in the decreased intracellular drug concentration 
(Robey et  al. 2018; Modok et  al. 2006). The non-pump resistance is mainly attributed 
to the activation/overexpression of the anti-apoptotic proteins, such as Bcl-xL, Bcl-2, 
Survivin, NF-κB, etc. (Chauhan et al. 2012; An et al. 2017). Moreover, the conventional 
chemotherapy drugs lack the tumor specificity and usually kill both the cancerous and 
healthy cells in a nonselective manner (Iwamoto 2013; Boogaard et al. 2022). For exam-
ple, doxorubicin (DOX), as a first-line chemotherapeutic drug, may cause severe side 
effects, including cardiotoxicity, bone marrow suppression, and testicular toxicity (Pug-
azhendhi et al. 2018).

Nanoparticle-based drug delivery system (NDDS) has emerged as an innovative and 
promising strategy for tumor-targeted drug delivery and circumvention of the MDR. 
Once loaded to the NDDS, anticancer drugs’ cellular uptake may be enhanced via the 
efficient endocytosis and/or other internalization pathways, while its efflux may be 
inhibited due to the NPs’ intracellular accumulation and sustained drug release (Liu 
et al. 2021; Patel et al. 2013; Su et al. 2021). Besides, NDDS can be designed to achieve 
the passive or active tumor targeting by utilizing the enhanced permeation and retention 
(EPR) effect of the tumor tissues and/or the binding affinity specific to the upregulated 
receptors on cancer cells, thus decreasing drugs’ off-target toxicity and improving anti-
cancer activity.

During the last two decades, a wide variety of nanomaterials have been explored to 
construct the NDDS for chemotherapy, including lipids, polymers, proteins, nucleic 
acids, and inorganic nanomaterials (Chaturvedi et al. 2019; Adir et al. 2020; Misra et al. 
2010). Metal and metal oxide nanoparticles (NPs), such as gold NPs, iron oxide NPs, 
manganese oxide NPs, etc., are usually multifunctional and used in various biological 
applications. Among them, zinc oxide nanoparticles (ZnO NPs) have been promising in 
drug delivery, imaging/diagnosis, and treatment of infectious diseases and cancer, due to 
their unique physical and chemical properties (Anjum et al. 2021; Bisht and Rayamajhi 
2016; Wiesmann et al. 2020). In a previous study, we demonstrated that ZnO NPs could 
work as a multifunctional and multitarget nanocarrier and nanomedicine and might 
have profound anticancer effects in cancer treatment (Wang et al. 2017). In particular, 
ZnO NPs can be readily dissolved and release Zn2+ at acidic pHs, which can be used as 
a pH-sensitive nanocarrier for intracellular drug release (David et  al. 2012; Somu and 
Paul 2019). The accumulated intracellular Zn2+ can cause the mitochondrial dysfunc-
tion, ROS outburst and oxidative stress, lipid peroxidation and DNA damage, leading to 
the cell death (Guo et al. 2008). ZnO NPs can also upregulate the expression of the pro-
apoptotic protein Bax and downregulate the expression of the anti-apoptotic protein 
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Bcl-2 (Vimala et al. 2014). Therefore, ZnO NPs may overcome the MDR of anticancer 
drugs.

However, the plain ZnO NPs interact with a variety of serum components and cell 
membrane, resulting in the rapid systemic clearance and nonspecific distribution, 
which limits ZnO NPs’ in vivo applications. In response to these challenges, the stimuli-
responsive NDDS, such as the pH, enzyme, redox potential, or external stimuli respon-
sive systems, have emerged as a smart tumor-targeted drug delivery system (Zhou et al. 
2018; Zhu and Torchilin 2013; El-Sawy et al. 2018). Among these stimuli, the overexpres-
sion of matrix metalloproteinase 2 (MMP2), which is highly associated with the tumor 
growth, invasion, and metastasis (Overall and López-Otín 2002), has been investigated 
as a robust tumor microenvironmental stimulus for the MMP2-responsive drug delivery 
and tumor targeting (Yao et al. 2018).

Herein, we developed a novel MMP2 and pH dual-responsive ZnO-based nanomedi-
cine for tumor targeted drug delivery and synergistic therapy against the MDR cancer 
(Scheme 1). Using DOX as a model drug, the drug loading and release, physicochemi-
cal properties, stability, and sensitivity were studied. The ZnO nanomedicine’s cellular 
uptake, spheroid penetration, and anticancer activity were evaluated in the MDR cell 
monolayers and three-dimensional (3D) spheroids. Finally, the DOX-loaded nanoparti-
cles were evaluated in the MDR tumor-bearing mice in terms of their in vivo biodistri-
bution, tumor targeting, anticancer activity, and adverse effects.

Results and discussion
ZnO NP‑mediated uptake enhancement and efflux attenuation

In our previous study, we successfully loaded DOX onto the ZnO NPs and stud-
ied the influence of the ZnO NPs on DOX’s anticancer activity (Wang et  al. 2017). 

Scheme 1  A Preparation of the ZnO/DPPG/PEG-pp-PE/DOX NPs. B Schematic illustration of the MMP2 and 
pH dual-responsive ZnO-based polymer-lipid hybrid nanoparticles for tumor-targeted drug delivery and MDR 
cancer treatment
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In this study, the similar method was used to load DOX onto the “plain” ZnO NPs. 
Therapeutic agents could be loaded onto the ZnO NPs in different ways, including 
the electrostatic adsorption, hydrogen bonding, and zinc-mediated chelation (Deng 
and Zhang 2013). Though the procedure of the DOX loading onto the ZnO NPs was 
simple and efficient, the exact mechanisms behind are not very clear, which may be 
involved in one or more aforementioned mechanisms. The dynamic light scattering 
(DLS) measurements showed that the average particle size of the plain ZnO NPs was 
56.43 ± 12.05 nm and their zeta potential was + 24.22 ± 1.32 mV (Table 1). The load-
ing of DOX onto the ZnO NPs didn’t significantly change the NPs’ particle size and 
zeta potential. Though the DOX-loaded ZnO NPs (ZnO/DOX) had a small particle 
size after the sonication or vortex (Fig.  1A), they tended to aggregate, as evidenced 
by the TEM images (Fig. 1C), which is unfavorable to drug delivery. Due to the strong 
UV interference between the zinc ions and DOX, the LC–MS/MS was used to deter-
mine the DOX content in ZnO/DOX. The drug loading efficiency of ZnO/DOX was 
around 16%, in consistent with the previous report (Wang et al. 2017).

Table 1  Particle size, zeta potential, polydispersity index (PDI), and drug (DOX) loading of the 
nanoparticles

Name Particle size (nm) PDI Zeta potential (mV) Drug loading (%)

ZnO 56.43 ± 12.05 0.17 ± 0.06 24.22 ± 1.32 –

ZnO/DOX 57.30 ± 9.23 0.16 ± 0.02 21.40 ± 1.89 16.28

DPPG 343.77 ± 8.04 0.27 ± 0.01 − 59.94 ± 3.20 –

ZnO/DPPG 47.05 ± 3.29 0.22 ± 0.01 − 45.30 ± 1.90 –

ZnO/DPPG/PEG-PE 60.46 ± 6.12 0.13 ± 0.02 − 16.98 ± 1.51 –

ZnO/DPPG/PEG-pp-PE 73.11 ± 10.76 0.20 ± 0.01 − 19.16 ± 3.03 –

ZnO/DPPG/PEG-PE/DOX 60.11 ± 4.43 0.19 ± 0.03 − 25.33 ± 0.54 10.33

ZnO/DPPG/PEG-pp-PE/DOX 83.25 ± 20.87 0.20 ± 0.02 − 20.43 ± 1.06 11.49

Fig. 1  Particle sizes of (A) ZnO/DOX and (B) ZnO/DPPG/PEG-pp-PE/DOX determined by the DLS. TEM images 
of (C) ZnO/DOX and (D) ZnO/DPPG/PEG-pp-PE/DOX, the scale bar is 100 nm. E Digital photographs of ZnO 
(a), DPPG (b), and ZnO/DPPG (c), dispersed in chloroform. (F) Digital photographs of DOX (i), ZnO/DOX (ii), 
ZnO/DPPG/DOX@PEG-PE (iii), and ZnO/DPPG/PEG-pp-PE/DOX (iv), dispersed in HBSS. G DOX release from 
ZnO/DOX at pH 7.4 or 5.0. H DOX release from ZnO/DPPG/PEG-pp-PE/DOX at pH 7.4 or 5.0, or in the presence 
of MMP2 or HSA
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The cellular uptake of ZnO/DOX was determined in the DOX-sensitive cells (MDA-
MB-231 and HeLa) and MDR (DOX-resistant) cells (NCI/ADR-RES and MES-SA/
Dx5). In the DOX-sensitive cells, the free DOX showed a cellular uptake 2–3 times 
higher than that of the ZnO/DOX (Additional file 1: Fig. S1), while in the MDR cells, 
the ZnO/DOX showed the enhanced cellular uptake (> 2-folds than that of the free 
DOX). The confocal microscopy analysis also indicated that the free DOX had higher 
intracellular accumulation than that of the ZnO/DOX in the MDA-MB-231 cells, 
while the ZnO/DOX showed much stronger intracellular fluorescence than that of the 
free DOX in the NCI/ADR-RES cells (Additional file 1: Fig. S2). To clarify the role of 
the ZnO NPs in the DOX uptake, the NCI/ADR-RES cells were pre-incubated with 
the ZnO NPs, followed by the DOX incubation. As shown in Additional file 1: Fig. S3, 
the ZnO pre-incubation could not alter the cell internalization of the DOX, suggest-
ing that the enhanced DOX uptake of ZnO/DOX was attributed to the DOX loading 
onto the ZnO NPs. It is well known that the MDR cells used in the study overexpress 
the drug efflux pump, such as P-glycoprotein (Yao et al. 2019), lowering the intracel-
lular concentration of various anticancer drugs, including DOX (Wang et  al. 2017). 
The data suggested that the ZnO NPs as a nanocarrier could not only enhance the 
cellular uptake but also attenuate the efflux of the loaded drug (DOX) in the MDR 
cancer cells.

The in vitro anticancer activities of the free DOX, ZnO NPs, and ZnO/DOX were 
evaluated by the MTT assay. The free DOX showed the highest cytotoxicity, while 
the ZnO NPs showed the lowest cytotoxicity in the DOX-sensitive tumor cells (Addi-
tional file  1: Fig. S4). Here, the ZnO/DOX showed lower cytotoxicity than the free 
DOX, probably due to the insufficient cellular uptake (Additional file 1: Fig. S1), low 
intracellular drug accumulation (Additional file 1: Fig. S2), and sustained (slow) DOX 
release (from ZnO/DOX) (Fig. 1G). Due to the MDR, the cytotoxicity of the free DOX 
was remarkably decreased in the NCI/ADR-RES and MES-SA/Dx5 cells. The ZnO 
NPs showed cytotoxicity in both the sensitive and MDR cells, in consistent with our 
previous report (Wang et  al. 2017). The data indicated that the efflux pump might 
not be unable to pump the ZnO NPs out of the cells. Unsurprisingly, the ZnO/DOX 
showed the highest cytotoxicity against the MDR cells, suggesting that loading of 
DOX onto the ZnO NPs could effectively overcome the cancer cells’ MDR.

The drug penetration through the “3D” cancer cell spheroids was evaluated (Addi-
tional file  1: Fig. S7). In the MDA-MB-231 spheroids, the free DOX showed good 
penetration (red fluorescence) and the ZnO/DOX just slightly increased the DOX 
penetration compared to the free DOX, as evidenced by the overall DOX uptake (area 
under curve) and penetration depth (the height of peak and the distance from the 
bottom to the top). However, in the NCI/ADR-RES spheroids, the penetration of the 
free DOX was significantly decreased due to the MDR. In contrast, the ZnO/DOX 
showed strong fluorescence even in the “core” of the spheroids, indicating that the 
ZnO NPs could overcome the drug resistance (efflux) in both the monolayer cells and 
their 3D spheroids.

These results suggested that the ZnO NPs could be an effective drug nanocarrier 
against the MDR cancer cells. However, the results also suggested that the ZnO NPs 
possessed some “unfavorable” properties, such as the low stability, biocompatibility, 
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and specificity, usually resulting in the rapid systemic clearance and nonspecific 
biodistribution. For the successful in  vivo drug delivery, the ZnO NPs need to be 
engineered to improve their biocompatibility, blood circulation time, and delivery 
specificity.

Synergistic anticancer effects of the ZnO/DOX NPs

Our previous study suggested that the ZnO NPs could induce the ROS production, 
leading to the death of cancer cells (Wang et al. 2017). In this study, to further evalu-
ate the ZnO-mediated cytotoxicity, the mitochondrial membrane potential was ana-
lyzed by the membrane-permeant cationic, fluorescent carbocyanine dye (JC-1) (Liu 
et  al. 2022). In the untreated cells with high mitochondrial transmembrane potential, 
JC-1 forms the J-aggregate complexes in the mitochondria and gives red fluorescence. In 
the treated/damaged cells, JC-1 remains in the monomeric forms in the cytosol as low 
mitochondrial transmembrane potential prevents its accumulation in the mitochondria 
and gives green fluorescence. We found that both the ZnO NPs and ZnO/DOX signifi-
cantly decreased the mitochondrial membrane potential, as evidenced by the lowered 
Red/Green ratios (Additional file 1: Fig. S5A) and decreased red fluorescence (and the 
increased green fluorescence) (Additional file 1: Fig. S5B). Though DOX was reported 
to show mitochondrial toxicity, including the decreased membrane potential (Kuznet-
sov et al. 2011), the free DOX could not significantly alter the mitochondrial potential 
at the tested dose in the NCI/ADR-RES cells due to the MDR-induced low intracellular 
drug concentration (Additional file 1: Figs. S2, S3). Our data indicated that the ZnO NPs 
could exert cytotoxicity in cancer cells via the mitochondrial depolarization and ROS 
production. Interestingly, the NCI/ADR-RES cells seemed to be “tough” even after a 
short-time incubation with CCCP (Additional file 1: Fig. S5A). But the mechanism needs 
to be identified.

C/EBP homologous protein (CHOP), a pro-apoptotic transcription factor encoded by 
the DDIT3 gene, plays an important role in endoplasmic reticulum (ER) stress-induced 
apoptosis (Oyadomari and Mori 2004). Under normal physiological conditions, CHOP 
is ubiquitously present at a very low level. However, under overwhelming ER stress con-
ditions, the CHOP expression rises sharply along with the activation of apoptotic path-
ways in a wide variety of cells. The increase in the CHOP level is an indicator of the ER 
stress. Therefore, the ER stress was examined by the determination of the CHOP level in 
the treated NCI/ADR-RES cells. As shown in Additional file 1: Fig. S6, compared to the 
untreated group, no significant changes were observed in the levels of CHOP among the 
treatments, indicating that the ZnO NPs and DOX had the negligible effect on the ER 
stress in the MDR cells.

The results suggested that the ZnO NPs might enhance the DOX’s cytotoxicity in the 
MDR cells via the increased cellular uptake, intracellular accumulation, and zinc ion-
induced mitochondrial dysfunction.

Preparation and characterization of the dual‑responsive ZnO/DPPG/PEG‑pp‑PE/DOX NPs

PEGylation has been widely used to increase the NPs’ blood circulation and decrease 
their nonspecific interaction with the plasma proteins and mononuclear phagocyte sys-
tem (MPS). By PEGylation, the NPs’ tumor targetability can be improved via the tumor’s 
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EPR effect. On the other hand, however, PEGylation may impede the cell internalization 
of NPs, which may not be beneficial for intracellular drug delivery. Recently, in response 
to this dilemma, the stimuli-responsive NDDS has emerged as a smart tumor-targeted 
drug delivery system. In the tumor microenvironment, certain types of MMPs are 
upregulated and play important roles in cancer initiation, growth, and metastasis. They 
have been used as the robust tumor environmental stimuli for the stimuli-responsive 
NDDS (Yao et al. 2018). In this study, we used the MMP2-sensitive polymer (PEG-pp-
PE) to prevent the ZnO NPs from rapid systemic clearance and nonspecific distribution. 
In the tumor microenvironment, the peptide linker (pp) undergoes the MMP2-sensitive 
cleavage, resulting in the PEG deshielding and cellular uptake of the drug-loaded ZnO 
NPs (Scheme 1).

The synthesis of the MMP2-sensitive PEG-pp-PE was illustrated in Additional file 1: 
Fig. S8A. The product was characterized by the TLC and 1H NMR (Fig. S8B-C), in con-
sistent with our previous reports (Yao et al. 2017a; Liu et al. 2020). To increase the sur-
face lipophilicity of the ZnO NPs, the anionic lipid (DPPG) was first attached on the 
surface of the ZnO NPs via the electrostatic adsorption (referred to ZnO/DPPG), as evi-
denced by the change in the zeta potential from + 24.22 (ZnO) to −  45.30 mV (ZnO/
DPPG) (Table 1). We also found that the ZnO NPs failed to form a stable suspension 
in the chloroform and quickly settled to the bottom of the bottle, while after the DPPG 
modification, the ZnO/DPPG were evenly dispersed in chloroform, probably due to the 
increased stability (Fig. 1E).

Then, the ZnO/DPPG were PEGylated by the MMP2-sensitive PEG-pp-PE or non-
sensitive PEG-PE through the emulsification and solvent evaporation method to obtain 
the ZnO/DPPG/PEG-pp-PE and ZnO/DPPG/PEG-PE. The DOX was readily loaded to 
the ZnO based NPs via the simple incubation with the doxorubicin hydrochloride solu-
tion (Wang et  al. 2017) to form the ZnO/DPPG/PEG-pp-PE/DOX and ZnO/DPPG/
PEG-PE/DOX, respectively. The hydrodynamic particle size and zeta potential of the 
ZnO NPs and their formulations were measured by the DLS in Hank’s balanced salt 
solution (HBSS) (Table  1). The DPPG dispersion exhibited a large particle size prob-
ably due to the formation of the large liposome-like structure in water, while the ZnO 
NPs and their formulations had the particle sizes in the range of ~ 50–100  nm. With-
out the surface modification, the ZnO NPs were positively charged, and the DOX load-
ing didn’t significantly influence the NPs’ zeta potential and particle sizes. In contrast, 
the ZnO/DPPG based NPs were negatively charged due to the anionic lipid, DPPG. The 
PEGylation slightly increased the ZnO/DPPG NPs’ particle sizes (Fig. 1B) but lowered 
their negative charge from ~ − 45 mV to ~ − 20 mV, due to the PEG’s steric hindrance 
(Table  1). The drug loading efficiency in the ZnO/DPPG/PEG-pp-PE/DOX and ZnO/
DPPG/PEG-PE/DOX were 11.49% and 10.33% respectively, which was determined by 
the LC–MS/MS.

Stability, sensitivity and drug release of the ZnO/DPPG/PEG‑pp‑PE/DOX NPs

The TEM images indicated that the ZnO/DPPG/PEG-pp-PE/DOX were well dispersed 
in HBSS with a spherical morphology (Fig. 1D), while the ZnO/DOX showed an aggre-
gation propensity (Fig.  1C). The ZnO/DPPG/PEG-pp-PE/DOX exhibited excellent NP 
stability in both the HBSS (pH 7.4) and HBSS containing 10% FBS for 72  h (Fig.  1F; 
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Additional file 1: Fig. S9). In our previous study, we demonstrated that the PEG-pp-PE 
was MMP2-sensitive and could be cleaved by MMP2 within 4 h (Liu et al. 2020). Here, 
to better understand the influence of the MMP2 sensitivity on the NP stability, we pro-
longed the MMP2 incubation time to 12 h to ensure the complete cleavage although the 
1 h MMP2 incubation was sufficient to trigger the efficient cellular uptake (see Fig. 2). 
After the 12 h MMP2 incubation, the lose aggregates were observed in the ZnO/DPPG/
PEG-pp-PE/DOX group, while the ZnO/DPPG/PEG-PE/DOX remained no change 
(Additional file 1: Fig. S10A). The data suggested that MMP2 could cleave PEG-pp-PE 
and remove the PEG shell from the NPs, resulting in the decreased NP stability in the 
aqueous environment. However, the MMP2-treated NPs were still in the nanometer 
range (< 200 nm) upon mild agitation (Additional file 1: Fig. S10B).

The drug release patterns of the ZnO/DOX and ZnO/DPPG/PEG-pp-PE/DOX were 
studied by the dialysis method (Wang et al. 2017). As shown in Fig. 1G, the ZnO/DOX 
exhibited a slow drug release rate at pH 7.4 with a < 50% DOX release at 24 h, while its 
drug release rate was dramatically increased at pH 5.0 with a > 90% DOX release at 10 h, 
which was similar to the release pattern of the free DOX. The data indicated that the 
DOX release from the ZnO NPs was pH-dependent due to the acidic pH-induced dis-
sociation/dissolution of the ZnO NPs. The DPPG modification and PEGylation further 
slowed down the DOX release (from ZnO/DPPG/PEG-pp-PE/DOX) compared to the 
ZnO/DOX (Fig. 1H vs. G). However, the ZnO/DPPG/PEG-pp-PE/DOX showed a < 25% 
DOX release at pH 7.4 and an around 70% drug release at pH 5.0 after 48  h dialysis 
(Fig.  1H), indicating that these surface modifications didn’t significantly influence the 
ZnO NPs’ pH sensitivity. We also found that both the MMP2 and human serum albu-
min (HSA) incubation didn’t significantly increase the DOX release from ZnO/DPPG/
PEG-pp-PE/DOX (with a less than 20% DOX release after 48 h incubation). Although 
the MMP2-mediated PEG-pp-PE cleavage “released” the ZnO/DPPG/DOX resulting 

Fig. 2  A Cellular uptake of the DOX-loaded ZnO-based NPs after 1 h incubation with the MDR cancer cells 
(NCI/ADR-RES), determined by flow cytometry. MFI, mean fluorescence intensity. B Confocal microscopic 
images of cellular internalization of the ZnO/DPPG/PEG-PE/DOX and ZnO/DPPG/PEG-pp-PE/DOX with or 
without the MMP2 pretreatment after 1 h incubation with the NCI/ADR-RES cells. Cell nuclei were stained by 
Hoechst (blue). The scale bar is 100 μm. Data were expressed as the mean ± SD, **p < 0.01; ***p < 0.001
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in the slight aggregation (Additional file 1: Fig. S10A), the DOX remained “loaded” on 
the surface of the ZnO NPs without drug release/leakage. The high drug retention in 
the ZnO NPs even after the MMP2-mediated cleavage would ensure the drug’s cellular 
uptake in the tumor microenvironment. Here, we chose the water-soluble doxorubicin 
hydrochloride salt instead of the insoluble DOX base to facilitate the DOX loading onto 
the surface of the ZnO NPs rather than the drug entrapment in the lipid (DPPG and PE) 
layer of the NPs, by which the DOX’s pH-dependent release was secured.

Cellular uptake and penetration of the ZnO/DPPG/PEG‑pp‑PE/DOX NPs

The cellular uptake and penetration of the ZnO/DPPG/PEG-pp-PE/DOX were evalu-
ated on the MDR cancer cells (NCI/ADR-RES and MES-SA/Dx5) and their 3D sphe-
roids. After 1 h cell incubation, the ZnO/DOX exhibited the highest cellular uptake in 
all cancer cells due to their positive charge-triggered uptake and NP-mediated efflux 
inhibition (Fig. 2). The ZnO/DPPG/DOX decreased DOX’s cellular uptake compared to 
the ZnO/DOX, probably due to the charge neutralization by DPPG. The ZnO/DPPG/
PEG-PE/DOX and ZnO/DPPG/PEG-pp-PE/DOX exhibited lower cellular uptake, which 
might be caused by the PEG’s steric hindrance. To study the impact of the MMP2-medi-
ated cleavage on the cellular uptake, the ZnO/DPPG/PEG-PE/DOX and ZnO/DPPG/
PEG-pp-PE/DOX were preincubated with MMP2 or HSA for 1 h before incubating with 
the cells. No significant increase in the cellular uptake was observed in the ZnO/DPPG/
PEG-PE/DOX + MMP2 treated cells, while the ZnO/DPPG/PEG-pp-PE/DOX + MMP2 
showed higher cellular uptake, indicating that the MMP2-mediated PEG-deshielding 
could enhance NPs’ cellular uptake. It was worth noting that, compared with the ZnO/
DPPG/PEG-PE/DOX and ZnO/DPPG/PEG-pp-PE/DOX, there was just a slight change 
in the cellular uptake of the ZnO/DPPG/PEG-PE/DOX + HSA and ZnO/DPPG/PEG-
pp-PE/DOX + HSA, probably due to the HSA-mediated cell internalization (Hoogen-
boezem and Duvall 2018). In the MES-SA/Dx5 cells, the similar result that the MMP2 
pre-incubation enhanced cellular uptake was observed (Additional file  1: Fig. S11A). 
We also noticed that the cellular uptake of the ZnO/DPPG/PEG-pp-PE/DOX + MMP2 
was even higher than that of the ZnO/DPPG/DOX, probably because of the MES-SA/
Dx5 cells’ different response to the negatively charged ZnO/DPPG/DOX. The confocal 
microscopy results (Fig. 2B; Additional file 1: S11B) confirmed the flow cytometry data 
that the cellular uptake of the ZnO/DPPG/PEG-pp-PE/DOX was significantly enhanced 
after the MMP2 pre-incubation. After cell internalization, the DOX (red) was co-local-
ized with the Hoechst (blue), which showed pink, indicating the drug accumulation in 
the cell nuclei.

Cancer cells cultured as the 3D cell spheroids present the similar characteristics to 
those of the in  vivo tumor, including the morphology, growth kinetics, gene expres-
sion, drug response, etc. (Antoni et al. 2015). The cell spheroids have been also found 
to exhibit the drug resistance that is more relevant to the in  vivo tumor as compared 
to the cells grown in the monolayer (Hamilton and Rath 2019). Thus, the MDR (NCI/
ADR-RES) cell spheroids were established to evaluate the anti-MDR effects of the DOX-
loaded NPs. The penetration of the DOX-loaded NPs through the cell spheroids was 
evaluated by confocal microscopy (Fig. 3). After 4 h incubation, both the ZnO/DPPG/
PEG-PE/DOX and ZnO/DPPG/PEG-pp-PE/DOX showed the limited penetration in the 
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cell spheroids, due to the spheroid’s 3D architecture, cells’ drug efflux/resistance, and 
NPs’ PEGylation (uptake inhibition) (Wang et al. 2017; Yao et al. 2019). After the MMP2 
pre-incubation, the penetration ability of the ZnO/DPPG/PEG-PE/DOX + MMP2 did 
not significantly increase, while the ZnO/DPPG/PEG-pp-PE/DOX + MMP2 showed the 
enhanced spheroid penetration, as evidenced by the strong red fluorescence in the core 
of the spheroids.

These results suggested that, in response to the MMP2, the dual-responsive ZnO/
DPPG/PEG-pp-PE/DOX could deshield the PEG shell and the exposed ZnO/DPPG/
DOX NPs could enhance the tissue (spheroid) penetration and cellular uptake. Inside 
the cells, the ZnO was dissociated/dissolved at endosomal acidic pH, resulting in the 
DOX release. By this design, the efflux-mediated DOX resistance would be overcome.

In vitro cytotoxicity of the ZnO/DPPG/PEG‑pp‑PE/DOX NPs

In order to verify whether the enhanced cellular uptake and penetration of the ZnO/
DPPG/PEG-pp-PE/DOX could lead to the increased anticancer activity, the in  vitro 
cytotoxicity of the ZnO-based NPs on the MDR cancer cell monolayers and spheroids 
was evaluated by the MTT assay and CellTiter-Blue® cell viability assay. In the cell mon-
olayers, the ZnO/DOX and ZnO/DPPG/DOX showed the highest cytotoxicity against 
both MDR cancer cells (NCI/ADR-RES and MES-SA/Dx5) (Fig.  4A; Additional file  1: 
Fig. S13, Table S1). The cytotoxicity of the ZnO/DPPG/PEG-PE/DOX didn’t show the 
noticeable change after the MMP2 pre-incubation, while the cytotoxicity of the ZnO/
DPPG/PEG-pp-PE/DOX was significantly increased. Here, the ZnO/DPPG/DOX and 
ZnO/DOX showed the similar cytotoxicity although the ZnO/DOX had higher cellular 
uptake than ZnO/DPPG/DOX, which may be attributed to the prolonged cell incuba-
tion time. Besides, we found that without the MMP2 pre-incubation, the ZnO/DPPG/
PEG-pp-PE/DOX also exhibited higher cytotoxicity than the ZnO/DPPG/PEG-PE/
DOX, probably because the endogenous MMP2 secreted by the cancer cells cleaved the 
PEG-pp-PE, leading to the increased cellular uptake (Yao et al. 2017b).

To further investigate the anticancer activity of the DOX-loaded NPs, the morphol-
ogy and cell viability of the NCI/ADR-RES spheroids were determined (Additional file 1: 
Fig. S12; Fig. S4B). The free DOX and ZnO NPs showed mild toxicity individually while 

Fig. 3  A Drug penetration of the ZnO/DPPG/PEG-PE/DOX and ZnO/DPPG/PEG-pp-PE/DOX with/without 
the MMP2 pretreatment after 4 h incubation with the NCI/ADR-RES spheroids. The scale bar is 200 μm. B The 
curves of the normalized mean fluorescence intensity vs the distance from the spheroid bottom to the top
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the DOX-loaded ZnO NPs, including the ZnO/DOX and ZnO/DPPG/DOX, exhibited 
the most significant toxic effects (the highest cytotoxicity and the damaged spheroid 
architecture) in the cancer cells, probably due to the synergistic effects of the DOX and 
ZnO (Additional file 1: Fig. S4; Wang et al. 2017). After the ZnO/DOX or ZnO/DPPG/
DOX treatment, a blurry edge was clearly shown, which was due to the significant shed-
ding of cells or cell debris from the spheroids (Additional file 1: Fig. S12). This was prob-
ably because of the rapid uptake (Fig.  2) and strong toxic effects (Fig.  4) of the ZnO/
DOX or ZnO/DPPG/DOX on the outer layers of the cell spheroids. Without the MMP2 
pre-treatment, all PEGylated NPs showed low cytotoxicity (Fig. 4) and negligible influ-
ence on the spheroid morphology (Additional file 1: Fig. S12). The MMP2 pre-treatment 
significantly increased the cytotoxicity of the PEG-pp-PE modified NPs (ZnO/DPPG/
PEG-pp-PE/DOX + MMP2) rather than the PEG-PE modified NPs (ZnO/DPPG/PEG-
PE/DOX + MMP2) (Fig. 4).

These results suggested that the DOX resistance in the MDR cancer cells and their 3D 
spheroids could be efficiently overcome by the dual-responsive ZnO/DPPG/PEG-pp-PE 
NPs, resulting in the enhanced anticancer activity.

In vivo biodistribution of the ZnO/DPPG/PEG‑pp‑PE/DOX NPs

The in vivo biodistribution and tumor targeting of the dual-responsive NPs were evalu-
ated in the NCI/ADR-RES xenograft mouse model, by the live animal imaging. Due to 
the low tissue penetration and high absorption and emission interference of the DOX 
fluorescence, in this study, the Cy5.5-labeled NPs were prepared for the animal imag-
ing (Fig. 5A). Within the 24 h upon intravenous (i.v.) injection, the strong fluorescence 
was observed in the liver and kidney in the ZnO/DOX—treated mice while no fluores-
cence (v.s. background) was detected in the tumor site. In contrast, the fluorescence 
of the liver and kidney in the ZnO/DPPG/PEG-pp-PE/DOX—treated mice was rela-
tively low, while the fluorescence signal in the tumor was detected 2 h after i.v. injec-
tion. At 24 h post administration, the mice were sacrificed, and the major organs and 
tumor were harvested for the ex vivo fluorescence measurement (Fig. 5B). In the ZnO/

Fig. 4  A Cytotoxicity of the DOX-loaded ZnO-based NPs with/without the MMP2 pretreatment after 24 h 
incubation with the MDR cancer cells (NCI/ADR-RES). B Cell viability of the NCI/ADR-RES spheroids after 72 h 
treatments, measured by the CellTiter-Blue® Cell Viability Assay. Data were expressed as the mean ± SD, 
**p < 0.01; ***p < 0.001



Page 12 of 21Zhou et al. Cancer Nanotechnology           (2023) 14:56 

DOX—treated mice, the fluorescence could be observed in all major organs with the 
strong fluorescence in liver and kidney while the fluorescence in the tumor was neg-
ligible. In the ZnO/DPPG/PEG-pp-PE/DOX—treated mice, the fluorescence intensity 
was low in the excised organs except kidney, while the fluorescence in the tumor tis-
sue was strong. These results suggested that, without PEGylation, the positively charged 
ZnO/DOX would be most likely opsonized and captured by the mononuclear phagocyte 
system (MPS), including liver and kidney, before reaching the tumor site. In contrast, 
the PEGylated dual-responsive ZnO/DPPG/PEG-pp-PE/DOX NPs could effectively 
minimize the opsonization, thus prolonging the blood circulation time and facilitating 
the EPR effect-mediated tumor accumulation. In addition, the MMP2-sensitive cellular 
uptake secured the tumor retention of the ZnO/DPPG/PEG-pp-PE/DOX.

In vivo anticancer activity of the ZnO/DPPG/PEG‑pp‑PE/DOX NPs

The anticancer activity of the DOX-loaded NPs was evaluated after the i.v. injection 
at 5 mg/kg DOX in the NCI/ADR-RES tumor-bearing mice. As shown in Fig. 6A, the 
tumor volume of the saline-treated group dramatically increased over 14  days. Com-
pared to the saline group, the tumor growth in the free DOX or ZnO/DOX treated 

Fig. 5  A Biodistribution of Cy5.5-labeled ZnO/DOX (a) and ZnO/DPPG/PEG-pp-PE/DOX (b) in the NCI/
ADR-RES tumor-bearing nude mice (n = 3) after intravenous injection. B Ex vivo fluorescent images and 
intensities of the excised tumors and major organs at 24 h post administration. Data were expressed as the 
mean ± SD, **p < 0.01; ***p < 0.001
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mice was just slightly inhibited, indicating their failure in the in vivo cancer treatment, 
although they could efficiently kill cancer cells in vitro (Fig. 4). The PEGylated NPs signif-
icantly inhibited the tumor growth, due to their long blood circulation and tumor’s EPR 
effect. Compared to the ZnO/DPPG/PEG-PE/DOX, the dual-responsive ZnO/DPPG/
PEG-pp-PE/DOX displayed higher anticancer activity. The tumor growth inhibition data 
were well consistent with the tumors’ pictures and weights (Fig. 6B). The TUNEL assay 
showed that more tumor cells underwent apoptosis/necrosis in the ZnO/DPPG/PEG-
pp-PE/DOX treated mice, compared to those of other treatments, which was confirmed 
by the H&E staining (Fig. 6C). We observed that, unlike the in vitro data, the PEGyated 
NPs (ZnO/DPPG/PEG-PE/DOX and ZnO/DPPG/PEG-pp-PE/DOX) exhibited a strong 
anticancer activity than the ZnO/DOX. The data confirmed that the ZnO/DOX was 
effective only in the cell cultures, whereas our dual-responsive delivery strategy could 
improve the in  vivo biocompatibility, biodistribution, tumor targeting, and anticancer 
activity of the ZnO/DOX NPs.

During the study, no significant changes in the mouse body weight were observed 
(Fig. 7A). To study the in vivo toxicity of the treatments, the alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), the serum creatinine (CREA), and the white 
blood cells (WBT) were measured (Fig. 7B). No significant changes were observed in the 
levels of AST and CREA among the treatments. However, compared with other treat-
ments, the ZnO/DOX increased the ALT level and decreased the WBC. The free DOX 
also showed the increased toxicity though it was not statistically significant (Fig.  7B). 
The histological staining of the major organs including heart, liver, spleen, lung, and 
kidney was shown in Fig. 7C. Except for the ZnO/DOX group, other treatments didn’t 
apparently damage the organs compared to the saline group. In the ZnO/DOX group, 
the inflammatory cell infiltration in the liver and the necrosis of epithelial cells in kidney 

Fig. 6  A Tumor growth curves in the NCI/ADR-RES tumor-bearing nude mice (n = 3). B Images and weights 
of the excised tumors. C H&E staining and TUNEL assay of the tumor tissues. The scale bar is 100 μm. 
Administration: i.v. injection through the mouse tail vein at 5 mg·kg−1 DOX every 4 days for three times. Data 
were expressed as the mean ± SD, **p < 0.01; ***p < 0.001
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tubules were found. The toxicity data indicated that the i.v. injection of the ZnO/DOX 
could result in serious hepatic and renal toxicity, and other potential side effects, which 
was consistent with the previous report (Esmaeillou et al. 2013). This might be caused 
by the ZnO/DOX’s nonspecific bio-interactions and capture by the liver and kidney. In 
contrast, the prepared dual-responsive ZnO/DPPG/PEG-pp-PE/DOX NPs significantly 
improved the biocompatibility and safety of the ZnO/DOX.

Conclusion
In this study, a novel MMP2 and pH dual-responsive ZnO-based nanomedicine, ZnO/
DPPG/PEG-pp-PE/DOX, was developed, which showed the excellent physicochemi-
cal properties, stability, and biocompatibility. The MMP2-sensitive tumor targeting, 
enhanced cellular uptake, and pH-sensitive intracellular drug release of this dual-respon-
sive nanomedicine effectively overcame the MDR and ensured the synergistic effects 
of ZnO and DOX, resulting in the enhanced anticancer activity and decreased adverse 
effects. The developed dual-responsive ZnO-based nanomedicine held great promise for 
targeted drug delivery and treatment against the MDR cancer.

Fig. 7  A Mouse body weights. B Levels of the alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), creatinine (CREA), and white blood cell (WBC) counts. C H&E staining of the vital organs after 
treatments. The scale bar is 100 μm. Data were expressed as the mean ± SD, *p < 0.05; **p < 0.01
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Methods
Preparation and characterization of the DOX‑loaded ZnO NPs (ZnO/DOX)

The ZnO/DOX was prepared according to our previous study (Wang et al. 2017). Briefly, 
ZnO NPs (20 mg) was added into the DOX aqueous solution (5 mg/mL, 3 mL). After 
stirring for 24  h in the dark, the mixture was centrifuged at 12,000  rpm and washed 
with water for five times. The product was lyophilized by a benchtop freeze dryer (LAB-
CONCO) to obtain ZnO/DOX. The particle size and size distribution of the ZnO/
DOX were measured by the DLS on a NanoBrook 90Plus PALS Zeta Potential Analyzer 
(Brookhaven Instruments) at 25 °C. The NPs’ zeta potential was measured by the same 
instrument. The morphology of the ZnO/DOX was observed via the transmission elec-
tron microscopy (TEM) (TECANI G2 Spirit BioTWIN, FEI US). The ZnO/DOX solu-
tion was pipetted on 200-mesh copper grids dropwise without staining and dried at RT 
before observation. Due to the UV interference of the zinc ion, a sensitive and selective 
LC–MS/MS method was developed to quantify DOX, which was performed on an Agi-
lent 1260 HPLC system tandem API4000 mass system. The calibration curve for DOX 
was found to be linear in the concentration range of 5–5000  ng/mL, and the calibra-
tion curve regression was weighted as 1/x2 (x = standard concentration of DOX). The 
DOX concentration was calculated according to the obtained standard curve of DOX 
(y = 0.227x − 0.0732, r = 0.9954).

Synthesis and characterization of PEG2k‑pp‑PE

PEG2k-pp-PE was synthesized and characterized according to our previous works (Liu 
et al. 2020; Yao et al. 2017b). Briefly, the PEG2k-SVA was reacted with the MMP2-cleava-
ble peptide (pp), followed by the conjugation with DOPE. The product PEG2k-pp-PE was 
purified and obtained by the preparative TLC (chloroform/methanol, 4:1, v/v), which 
was then characterized by the analytical TLC and 1H NMR spectroscopy in the deuter-
ated chloroform.

Preparation and characterization of the dual‑responsive ZnO/DPPG/PEG‑pp‑PE/DOX NPs

The preparation of the ZnO/DPPG/PEG-pp-PE/DOX was illustrated in Scheme  1A. 
First, the ZnO NPs were surface-modified by the anionic lipid DPPG (weight ratio, 1:3) 
by the simple incubation in chloroform overnight to form the ZnO/DPPG, followed by 
the addition of PEG2k-PE or PEG2k-pp-PE to the ZnO/DPPG chloroform mixture. Then, 
the organic solution was added dropwise into water, followed by a short-time sonication 
under the ice bath to form the emulsion. The emulsion was stirred at room temperature 
overnight to remove chloroform. The polymer-lipid hybrid NPs (ZnO/DPPG/PEG-PE or 
ZnO/DPPG/PEG-pp-PE) were formed. For drug loading, the water-soluble doxorubicin 
hydrochloride salt was added and incubated in dark at room temperature overnight to 
form the drug-loaded NPs (ZnO/DPPG/PEG-PE/DOX or ZnO/DPPG/PEG-pp-PE/
DOX). The unentrapped DOX was removed by an Amicon 15 mL ultracentrifuge tube 
adapted with a 50 kD membrane (Merck Millipore) through centrifugation at 3000×g 
for 5 min. The obtained NPs were suspended in HBSS (pH 7.4) at a final concentration of 
0.1 mg/mL. The particle size and size distribution of the NPs were measured by the DLS 
on a NanoBrook 90Plus PALS Zeta Potential Analyzer at 25 °C. The NPs’ zeta potential 
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was measured by the same instrument. The morphology of the ZnO/DPPG/PEG-pp-
PE/DOX was analyzed by the TEM. The ZnO/DPPG/PEG-pp-PE/DOX solution was 
pipetted on 200-mesh copper grids dropwise without staining and dried at RT before 
observation.

Stability and MMP2 sensitivity

To evaluate the stability, the ZnO/DPPG/PEG-pp-PE/DOX NPs were incubated in the 
HBSS or HBSS containing 10% FBS at 37  °C for 72  h. At the specified time intervals, 
the samples’ particle size were measured by the DLS on a NanoBrook 90Plus PALS Zeta 
Potential Analyzer at 25 °C. The MMP2 sensitivity of the ZnO/DPPG/PEG-pp-PE/DOX 
was evaluated by the enzymatic digestion using the MMP2. Briefly, the ZnO/DPPG/
PEG-pp-PE/DOX NPs were incubated with 50 μg/mL MMP2 for 12 h, and thereafter the 
treated samples were mildly agitated and their particle sizes were measured. In addition, 
the digital photographs of the ZnO/DPPG/PEG-PE/DOX and ZnO/DPPG/PEG-pp-PE/
DOX were taken.

In vitro drug release

The DOX release from the ZnO/DOX and ZnO/DPPG/PEG-pp-PE/DOX was studied 
by the dialysis method. Briefly, 1 mL of the ZnO/DOX suspension (1 mg/mL) was dia-
lyzed (MWCO: 3.5 kDa) against 100 mL of the HBSS (pH 7.4 or 5.0) at 37  °C. At the 
specified time intervals, 100 μL of the external medium was collected and replaced by 
the same volume of the fresh HBSS. For the ZnO/DPPG/PEG-pp-PE/DOX, 1 mL of the 
ZnO/DPPG/PEG-pp-PE/DOX suspension (2 mg/mL) was dialyzed (MWCO: 3.5 kDa) 
against 100 mL of the HBSS (pH 7.4 or 5.0, with MMP2 or HSA) at 37 °C. The DOX in 
the external medium was determined by the LC–MS/MS method.

Cellular uptake determined by flow cytometry

The cellular uptake of the DOX and DOX-loaded NPs was determined in the DOX-sen-
sitive cancer cells (MDA-MB-231 and HeLa) and MDR cancer cells (NCI/ADR-RES and 
MES-SA/Dx5) by flow cytometry. Briefly, the cells were seeded into 6-well plates at a 
density of 3 × 105 cells/well and incubated overnight, followed by the incubation with 
the DOX or DOX-loaded NPs at 8 μg/mL DOX for 1 h. Then, the cells were harvested 
by trypsinization and centrifugation at 1000  rpm for 5  min, and resuspended in 500 
μL of HBSS and analyzed by a BD Accuri C6 flow cytometer. The untreated cells were 
served as the negative control. To study the role of the ZnO NPs on the DOX uptake, 
the NCI/ADR-RES cells were pre-incubated with the ZnO NPs for 1 h, followed by the 
DOX incubation. To study the impact of the MMP2-mediated cleavage on the cellular 
uptake, the ZnO/DPPG/PEG-PE/DOX or ZnO/DPPG/PEG-pp-PE/DOX NPs were pre-
incubated with 50 μg/mL MMP2 or HSA at 37 °C for 1 h.

Intracellular distribution determined by confocal microscopy

To observe the intracellular distribution and the fluorescence intensity of the DOX and 
DOX-loaded NPs, we used confocal microscopy. For this purpose, the cells were seeded 
into 6-well plates at a density of 3 × 105 cells/well and incubated overnight, followed 
by the incubation with the DOX or DOX-loaded NPs at 8 μg/mL DOX for 1 h. Then, 
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the cells were washed by HBSS and fixed in 4% paraformaldehyde for 10 min, followed 
by Hoechst 33,258 staining for 15  min. After washing with HBSS, the cells were ana-
lyzed using a Nikon eclipse 80i confocal microscope system. To study the impact of the 
MMP2-mediated cleavage on cellular uptake, the ZnO/DPPG/PEG-PE/DOX or ZnO/
DPPG/PEG-pp-PE/DOX NPs were preincubated with 50 μg/mL MMP2 at 37 °C for 1 h.

Establishment of cancer cell spheroids

The cancer cell spheroids were established according to our previous reports (Wang 
et  al. 2017; Yao et  al. 2017a, 2017b; Liu et  al. 2020). First, the 96-well plate was pre-
coated with the agarose in the culture medium (1.5%, w/v), followed by gelation at the 
room temperature. The cells were seeded in the pre-coated plates at 8 × 103 cells/well 
(200 μL). The plates were then centrifuged for 15 min at 1500 rcf and incubated at 37 °C 
in 5% CO2 for the formation of cell spheroids.

Drug penetration through cancer cell spheroids

The 4-day old cell spheroids with a diameter of 400–600 μm were used to study the drug 
penetration. The DOX or DOX-loaded NPs at 8 μg/mL DOX were incubated with the 
cell spheroids for 4  h. Then, the spheroids were transferred to a new well and gently 
washed with HBSS, followed by confocal microscopy. The Z-stack images were obtained 
at the fixed interval of 25 μm. The fluorescence intensity of the selected images was ana-
lyzed by the ImageJ software. The mean fluorescence intensity (MFI) was plotted against 
the distance. To study the impact of the MMP2 sensitivity on the drug’s spheroid pene-
tration, the ZnO/DPPG/PEG-PE/DOX or ZnO/DPPG/PEG-pp-PE/DOX NPs were pre-
incubated with 50 μg/mL MMP2 at 37 °C for 1 h.

Cytotoxicity in cancer cell monolayers

The cytotoxicity of the NPs in the cancer cells, including MDA-MB-231, Hela, NCI/
ADR-RES, and MES-SA/Dx5, were investigated by the MTT assay. In brief, the cells 
were seeded into 96-well plates at 5 × 103 cells/well and incubated at 37  °C overnight 
before the treatment. The free DOX, ZnO NPs, ZnO/DOX, or other NPs were incubated 
with the cells at the DOX concentrations of 0.5–50 μg/mL for 24 h. The MTT solution 
(5 μg/μL) was diluted by the cell medium by 10 folds and incubated with cells for 4 h. 
Then, the medium was removed and 150 μL DMSO was added. The absorbance was 
determined at 570 nm with a reference wavelength of 630 nm on a microplate reader. To 
study the impact of the MMP2 sensitivity on the cytotoxicity, the NPs were preincubated 
with 50 μg/mL MMP2 or HSA at 37 °C for 1 h.

Cytotoxicity in cancer cell spheroids

The cell spheroids were incubated with the ZnO NPs, DOX or DOX-loaded NPs in 
the complete growth medium for 72 h. The spheroids’ morphology was recorded by a 
microscope at 0 h, 4 h, 8 h, 12 h, 24 h, 48 h and 72 h to estimate the spheroid growth 
inhibition. After 72 h treatments, the cell viability of the spheroids was determined by 
the CellTiter-Blue® Cell Viability Assay. Briefly, 20 μL of the reagent was diluted with 
180 μL of the complete growth medium and incubated with the cell spheroids at 37 °C 
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for 12 h. Thereafter, the fluorescence intensity (λex 560 nm, λem 590 nm) was measured 
by a microplate reader.

Determination of the mitochondrial membrane potential (JC‑1 assay)

For the mitochondrial membrane potential analysis, the cells were seeded at a density 
of 2 × 105 cells/well in 12-well plates for 24 h. Then, the cells were incubated with the 
ZnO (10, 20, and 30  μg/mL), DOX (4  μg/mL), ZnO/DOX (20  μg/mL/4  μg/mL), and 
mitochondrial uncoupler, carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (50 μM), 
respectively. The cells were washed by the ice-cold medium to remove the uninternal-
ized materials and then incubated with the JC-1 dye at 37 ºC for 20 min, followed by flow 
cytometry and confocal microscopy. The confocal microscopy analysis was carried out 
in the simultaneous mode for red (λex = 525 nm) and green emission (λex = 488 nm).

Determination of the ER stress (CHOP assay)

The cells were seeded at a density of 2 × 105 cells/well in 12-well plates for 24  h. The 
cells were incubated with the ZnO (10, 20, and 30 μg/mL), DOX (4 μg/mL), ZnO/DOX 
(20  μg/mL/4  μg/mL) for 24  h, respectively. The CHOP levels were measured using a 
commercially available enzyme-linked immunosorbent assay (ELISA) kit according to 
the manufacturer’s protocol.

In vivo imaging

The in  vivo biodistribution of the ZnO/DOX and ZnO/DPPG/PEG-pp-PE/DOX NPs 
was analyzed by the IVIS spectrum imaging system. To track the drug biodistribution, 
the NIR probe Cy5.5 was covalently conjugated to the DOX. Briefly, 5 mg of Cy5.5-NHS 
were reacted with DOX (5 mg) in 5 mL DMF (2% TEA contained). After stirring for 24 h 
at room temperature, the solution was dialyzed against water (MWCO: 1 kD), and then 
freeze-dried to obtain the dark blue powder. When the tumor was around 400 mm3, the 
Cy5.5 labeled ZnO/DOX or ZnO/DPPG/PEG-pp-PE/DOX were intravenously injected 
in the mice via the tail vein (Cy5.5: 0.1 mg/kg). The fluorescence at 1 h, 2 h, 4 h, 8 h, 12 h, 
and 24 h upon injection were recorded. At 24 h post administration, the mice were sacri-
ficed, and the major organs and tumors were excised to analyze the ex vivo fluorescence.

In vivo anticancer activity

For the tumor growth inhibition study, the NCI/ADR-RES tumor-bearing mice were 
randomly divided into five groups with three mice per group. When the tumor volume 
reached around 50 mm3, the mice were treated by the saline, free DOX, ZnO/DOX, 
ZnO/DPPG/PEG-PE/DOX, or ZnO/DPPG/PEG-pp-PE/DOX via i.v. injection at the 
DOX dose of 5 mg/kg body weight every 4 days (3 injections in total). The tumor vol-
ume was measured every two days upon the treatments and calculated by the equation 
V = (l × w2)/2, where “l” is the tumor length and “w” is the tumor width. The mouse body 
weight was also measured to evaluate the systemic toxicity. On the 14th day upon the 
treatments, the mice were sacrificed, and the blood, major organs, and tumors were col-
lected. The excised tumors were weighed. The alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), and the serum creatinine (CREA) were measured by the assay 
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kits (Teco Diagnostics, Anaheim, CA, USA). The white blood cells (WBC) were counted 
by a hemocytometer.

Histological analysis

Histological staining was carried out on the 14th day of the treatments. The major 
organs, including heart, liver, spleen, lung, and kidney, and tumors of the mice were har-
vested. The tissues were dehydrated using the buffered formalin, ethanol, and xylene. 
Then, the samples were embedded in the liquid paraffin. The sliced samples (3–5 μm) 
were stained with hematoxylin and eosin (H&E) and examined by microscopy. In addi-
tion, the paraffin-embedded tumor sections were analyzed by the terminal transferase 
dUTP nick-end labeling (TUNEL) assay.

Statistical analysis

The data were presented as mean ± SD and performed by a one-way ANOVA analysis, 
using the GraphPad Prism v6.00. P values < 0.05 were considered statistically significant. 
*p < 0.05, **p < 0.01, ***p < 0.001.
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MB-231 and NCI/ADR-RES cells after 1 h incubation. Cell nuclei were stained by Hoechst. The scale bar is 100 μm. Fig. 
S3. Uptake of the DOX, ZnO/DOX, or ZnO + DOX mixture after 1 h incubation with the MDR cancer cells, deter-
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spectrum of the PEG-pp-PE. Fig. S9. Mean particle sizes of the ZnO/DPPG/PEG-pp-PE/DOX upon the incubation 
with HBSS or HBSS containing 10% FBS for 72 h. Particle sizes were measured by dynamic light scattering. Fig. 
S10. Digital photographs of the ZnO/DPPG/PEG-PE/DOX and ZnO/DPPG/PEG-pp-PE/DOX with the MMP2 incuba-
tion for 12 h. Particle sizes of the ZnO/DPPG/PEG-pp-PE/DOX with/without the MMP2 pretreatment, determined by 
dynamic light scattering. Fig. S11. Cellular uptake of the DOX-loaded ZnO-based NPs in the MDR cancer cells after 
1 h incubation, determined by flow cytometry. MFI, mean fluorescence intensity. Confocal microscopic images of 
the cellular internalization of ZnO/DPPG/PEG-PE/DOX and ZnO/DPPG/PEG-pp-PE/DOX with or without the MMP2 
pretreatment after 1 h incubation with the MES-SA/Dx5 cells. Cell nuclei were stained by Hoechst. The scale bar is 
100 μm. Data were expressed as the mean ± SD, **p < 0.01; ***p < 0.001. Fig. S12. Morphology of the NCI/ADR-RES 
cell spheroids after treatments. The scale bar is 200 μm. Fig. S13. Cytotoxicity of the DOX-loaded ZnO-based NPs 
with/without the MMP2 pretreatment after 24 h incubation with the MDR cancer cells. Data were expressed as the 
mean ± SD, **p < 0.01; ***p < 0.001.
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