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ABSTRACT: Targeting delivery and deep penetration have been attracting 

tremendous attention in triple-negative breast cancer (TNBC) theranostics. Herein, we 

reported a novel multistage system (G-AuNPs-DOX-RRGD) with active targeting 

effect and size-changeable property to inhibit tumor growth and metastasis in 4T1 

xenograft bearing mice. The system was constructed through fabricating small-size 

gold nanoparticles (AuNPs) onto matrix metalloproteinase-2 (MMP-2) degradable 

gelatin nanoparticles (GNPs). Doxorubicin (DOX) was tethered onto AuNPs via a pH 

sensitive hydrazone bond, and RRGD, a tandem peptide of RGD and octarginine, was 

surface-decorated onto the system to improve its tumor targeting efficiency. In vitro, 

the G-AuNPs-DOX-RRGD could shrink from 185.9 nm to 71.2 nm after 24 h 

incubation with MMP-2 and the DOX was released in a pH-dependent manner. Tumor 

spheroid penetration and collagen diffusion demonstrated G-AuNPs-DOX-RRGD 

possessed best penetrating efficiency. In vivo, the G-AuNPs-DOX-RRGD actively 

targeted to 4T1 tumor and then penetrated through the interstitial matrix, resulting in 

enhanced accumulation in deep tumor region. Therefore, the G-AuNPs-DOX-RRGD 

could approach excellent anti-tumor capacity owing to the synergistic effect of RRGD 

and size-changeable property.  

Keywords: targeting delivery, deep penetration, size-changeable, pH sensitive, 

MMP-2 
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Introduction 

Triple-negative breast cancer (TNBC) is the most aggressive type of breast cancer, 

defined as tumors lacking estrogen receptor (ER), progesterone receptor (PR) and 

HER2/neu,
1,2

 which represents high-grade tumors that are malignant and generally 

associated with regional node metastasis, and recur at distant tissue site.
3,4

 Despite the 

efforts devoted in tumor diagnosis and treatment have prolonged the survival of breast 

cancer patients, while the TNBC is still to be leading cause of disproportionate 

morbidity and mortality.
5
 The absence of most specific targeted therapeutics, dense 

tumor extracellular matrix (ECM) and elevated tumor interstitial fluid pressure (IFP) 

restricts the TNBC therapy. As a result, nanocarrier-based therapeutics calls for 

targeting delivery and efficient deep penetration in response to the challenges of 

TNBC therapies, such as short blood half-life, poor tumor targeting, insufficient 

tumor cell internalization and interstitial penetration.
6,7

  

  Systemic delivery of drug-loaded nanocarriers to tumor site within the blood-borne 

circulation is through the enhanced permeability and retention (EPR) effect, while the 

restricted by the poor targeting efficiency.
8-11

 To improve this performance, 

nanocarriers are generally engineered with functional moieties that could actively 

recognize tumor related specific receptors and/or mediate cellular internalization. 

RGD can specifically target to αvβ3 receptors, which is involved in both TNBC cells 

and (tumor-induced) neovessels, leading to a high targeting efficiency.
12-14

 However, 

RGD mediated transport possessed poor penetration efficiency, leading to a modest 

transcytosis of TNBC cells and neovessels.
15

 Therefore, a tandem peptide RRGD, 

developed through direct conjugation of RGD peptide with octarginine, was 

employed to enhance cellular internalization and transcytosis of nanocarriers 

accompanying targeting effect.
16-18

 Octarginine is a cell penetrating peptide that could 

improve the permeability of nanocarriers.
19

 In combination, RRGD may significantly 

improve the tumor targeting and penetrating efficiency of nanocarriers in the delivery 

process to deep TNBC cells. 

Penetration of nanotherapeutic to deep tumor region is restricted by the 

heterogeneity of tumor microenvironment posed by tumor ECM and elevated tumor 

IFP.
8,20

 Therefore, delivery strategies to enhance deep penetrating efficiency have 

been focused on decreasing interstitial hypertension, normalizing interstitial matrix, 

stimulus-sensitive transport and tumor penetrating peptide.
21-24

 The effectiveness of 

these approaches depends on pharmacology of the drug and biology of the tumor. 

While certain tumors may exhibit pronounced EPR effect, others do not such as 4T1 

tumor, which has an ECM rich in collagen and fibronectin.
25,26

 This TNBC type 

presents a biological barrier to delivery, contributing to a paradoxical requirement of 

permeability and retention because high tumor permeability requires small particle 

size while high tumor retention requires large particle size.
27-29

 Thus, 

stimulus-sensitive size-changeable nanocarriers have been engaged and designed for 

drug delivery. This size change can be triggered by proteases that are overexpressed in 

tumor microenvironment, such as MMP-2.
30,31

 Gelatin, the substrate of MMP-2, has 

been designed and showed stimulus responsiveness when used for constructing 

MMP-2 sensitive size-changeable delivery system.
8,32,33

 Additionally, small-size gold 
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nanoparticles (AuNPs) have been proved with an excellent penetrating capacity 

through the vasculatures and tumor matrix.
34-36

 Thus, we have proposed a 

size-changeable nanocarrier system (G-AuNPs) that conjugated small-size AuNPs 

with GNPs to form system with good retention because of the large size. After 

degradation by MMP-2, the G-AuNPs are shrunk to release AuNPs, which can further 

penetrate and accumulate in deep tumor regions.  

pH sensitive release of drugs is also an important direction, which can mediate the 

release in specific lesion location. Hydrazone is a specific linker for acid sensitive 

release of drugs because it could hydrolyze and cleave in the low pH condition.
37-39

 

Generally, the normal physiological environment is neutral, while the pH of tumor 

microenvironment is as low as 6.0.
40,41

 Thus hydrazone linker can be used for pH 

sensitive drug release in tumor because of the acidic microenvironment. Doxorubicin 

(DOX), one of the most common used chemotherapeutics, is combined with 

nanocarriers via hydrazone linker, enabling DOX loaded nanocarriers pH sensitive 

drug release capacity.  

In this study, we proposed a nanocarriers-based drug delivery system with targeting 

capacity and size-changeable property to inhibit tumor growth and metastasis. The 

system, G-AuNPs-DOX-RRGD, which was fabricated with the degradable gelatin 

nanoparticle (GNPs), DOX tethered gold nanoparticles (AuNPs) and RRGD. Our 

previous research had validated the effectiveness of this size-changeable drug delivery 

system, while the poor targeting efficiency restricted its application.
42,43

 Herein, 

G-AuNPs-DOX-RRGD possessed an excellent anti-tumor effect via a “two-step” 

delivery strategy. Firstly, the G-AuNPs-DOX-RRGD could actively target to 4T1 

tumor (a breast cancer) through the mediation of RRGD. Secondly, after retained in 

tumor, the G-AuNPs-DOX-RRGD of large size could be shrunk to small-size 

AuNPs-DOX-RRGD, owing to the degradation of GNPs by the MMP-2. The 

AuNPs-DOX-RRGD could further penetrate through vasculature and interstitial 

matrix to deep tumor regions and then release DOX, resulting in an enhanced 

anti-tumor effect. 

 

Materials and methods 

Materials.  

Chloroauric acid was purchased from Sinopharm Chemical Reagent Co. Ltd 

(Shanghai, China). Gelatin type A was purchased from MP Biomedicals (Santa Ana, 

USA). Doxorubicin Hydrochloride was obtained from Beijing Huafeng United 

Technology Co., Ltd (Beijing, China). Carboxyl-polyethylene glycol-thiol 

(CM-PEG-SH, MW=5000) and Thiol-polyethylene glycol (PEG-SH, MW=5000) 

were obtained from Laysan Bio Inc (Arab, AL, USA). Rat tail collagen I (C3867-1VL) 

was purchased from SIGMA-ALDRICH Corporation (USA). LysoTracker Red was 

gained from Life Technologies (Grand Island, NY, USA). R8-RGD was 

custom-synthesized by Sangon Biotech Co., Ltd (shanghai, China). 

1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide Hydrochloride(EDC) and 

N-hydroxy-succinimide (NHS) were obtained from Keddia Reagent (Chengdu, 

China). Plastic cell culture dishes and plates were purchased from Wuxi NEST 

Page 4 of 29RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Biotechnology Co Ltd (Wuxi, China). Rabbit anti-CD34 antibody was purchased 

from Abcam (Hong Kong) Ltd. (Hong Kong, China). Cy3-conjugated donkey 

anti-rabbit secondary antibody was purchased from Jackson ImmunoResearch 

Laboratories, Inc (West Grove, PA, USA). 4T1 cells were obtained from Chinese 

Academy of Sciences Cells Bank (Shanghai, China). 

Female BALB/c mice (18 ± 2 g) were purchased from Dashuo Bio technology Co., 

Ltd, (Chengdu, China) and maintained under standard housing conditions. All animal 

experiments were carried out in accordance with guidelines evaluated and approved 

by the ethics committee of Sichuan University. 

 

Synthesis of SH-R-Hyz-DOX and NH2-Hyz-DOX  

Thiol-alkyl-hydrazone bond-DOX (SH-R-Hyz-DOX) was synthesized according to a 

procedure elucidated in previous research.
17,34

 Amino-hydrazone bond DOX 

(NH2-Hyz-DOX) was synthesized using one-step pathway. In detail, 19.7 mg 

doxorubicin hydrochloride (0.0339 mmol, 1 eq) was dissolved in 5 mL anhydrous 

methanol and then added with 1.67 µL hydrazine hydrate (0.0339 mmol, 1.1 eq). The 

mixture was reacted in dark for 3 days at room temperature.  

 

Preparation of G-AuNPs-DOX-RRGD  

Citrate-stabilized AuNPs were prepared using a procedure according to our previous 

literature.
34

 GNPs were prepared under the developed procedures of the two-step 

coagulation described in our previous research.
17

 6 mL of AuNPs solution were 

surface coated with SH-R-Hyz-DOX (60 µg) via the thiol-gold interaction to obtain 

the DOX-AuNPs. The prepared AuNPs-DOX was incubated with SH-PEG-COOH 

(18 µg), followed by 0.1 mL of EDC solution (26 mM) and NHS solution (43 mM). 

Then, the solution was centrifugalized to remove the unconjugated DOX and free 

EDC/NHS. The precipitate (AuNPs-DOX-PEG-NHS) was resuspended in 1 mL 

GNPs solution (20 mg/mL, pH 8.0) with a weight ratio of 3:100 (AuNPs: GNPs). The 

mixture was incubated at 150 rpm and under 37 °C for 8 h to obtain 

G-AuNPs-DOX-PEG solution. Finally, 30 µL of 1 mg/mL SH-PEG-RRGD was added 

to the solution to obtain G-AuNPs-DOX-RRGD.  

 

Characterization of formulations  

Particle size and zeta potential were determined by dynamic light scanning (DLS) 

analysis using a Malvern zetasizer nano ZS  (Malvern, UK). The morphology of 

G-AuNPs-RRGD (with/without MMP-2), GNPs-RRGD and AuNPs-RRGD were 

captured by transmission electron microscope (TEM) (JEM-100CX, JEOL, Japan) 

after dyed by uranyl acetate, UV-Vis spectrum was performed on a cary 100 conc 

UV-Vis spectrophotometer (Varian、USA).  

The in vitro release of DOX from different nanoparticles was evaluated using a 

Shimadzu RF-5301PC spectrofluorophotometer (RF-5301PC, Shimadzu, Japan). 

G-AuNPs-DOX-RRGD and GNPs-DOX-RRGD was resuspended in PBS at different 

pH (7.4, 6.8, 6.0 and 5.0) and deionized water respectively, free doxorubicin dispersed 
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in PBS (pH 7.4) was set as the control and the final concentration of DOX was 2.5 

µM. The fluorescent emission spectra of G-AuNPs-DOX-RRGD in different pH 

situation were performed at different time intervals from 0 h to 48 h. All the 

procedures, including incubation and fluorescent detection, were performed at 37 °C 

in the dark. 

 

Cellular uptake and subcellular localization  

C6 cells were seeded onto glass coverslips that were placed in 6-well plates with 

5×10
4
/mL per well and allowed to grow until 60% confluent. After washed by PBS 

for twice, cells were treated with corresponding formulations for different time 

intervals. 30 minutes before the incubation ended, LysoTracker Red DND-99 (100 

nmol/mL) was introduced into each well. After incubation, the cells were washed with 

PBS for twice and then fixed with 4% fresh paraformaldehyde for 30 min. The nuclei 

were further stained with 0.5 µg/mL of DAPI, images were captured using a confocal 

microscope ((LSM710, Carl Zeiss, Germany). 

 

Tumor spheroid penetration  

To prepare the three-dimensional tumor spheroids, 4T1 cells were seeded at a density 

of 5×10
3
 cells/100 µL per well in 96-well plates pre-coated with 100 µL of 2% 

low-melting-temperature agarose. 48 h after the cells were seeded, tumor spheroids 

were formed and treated with free DOX, AuNPs-DOX-RRGD, GNPs-DOX-RRGD 

(pre-treatment with/without 300 ng MMP-2), G-AuNPs-DOX-PEG and 

G-AuNPs-DOX-RRGD (pre-treatment with/without 300 ng MMP-2) at an equivalent 

concentration of DOX (10 µg/mL). After 12 h of incubation, the spheroids were 

rinsed with ice-cold PBS for three times and fixed with 4% paraformaldehyde for 12 h. 

Then the spheroids were transferred to glass bottom petri-dish and covered by 

glycerophosphate. Fluorescent intensity was observed by a confocal microscope 

(LSM710, Carl Zeiss, Germany).   

 

Collagen gel diffusion  

Collagen hydrogels were prepared by mixing the following components in order on 

ice: 141.75 µL of 4.5 mg/mL rat tail collagen I, 3.8 µL of 1 M sodium hydroxide, and 

19.5 µL of 0.17 M EDTA. The final concentration of collagen was 3.86 mg/mL and 

EDTA was 20 mM. After vortexing, the gel was added to partially fill a microslide 

capillary tube (emsdiasum, USA), then incubated overnight at 37 °C. The 

G-AuNPs-DOX-RRGD was incubated with 300 ng of activated MMP-2 for 12 h in 50 

mM Hepes and 2 mM CaCl2. At the end of 12 h, EDTA was added to give a final 

concentration of 20 mM. 20 µL of G-AuNPs-DOX-RRGD solution before or after 

incubation with MMP-2 was added into the capillary tube and placed in contact with 

the surface of the collagen gel. The G-AuNPs-DOX-PEG, GNPs-DOX-RRGD, 

AuNPs-DOX-RRGD and free DOX were also prepared as described above. The 

concentrations of these formulations were adjusted to equivalent so that they gave the 

same signal intensity. The images were captured using a confocal microscope 

(LSM710, Carl Zeiss, Germany). 
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In vivo tumor and tissue distribution  

4T1 tumor bearing BALB/c mice were established as described previously.
44

 Female 

BALB/c mice were anesthetized and then 0.1 mL of PBS containing 1×10
6
 4T1 cells 

was slowly injected into the left upper thigh subcutaneous region. Two weeks later, 

the subcutaneous 4T1 tumor bearing mice were randomly divided in 5 groups (3 

mice/group): DOX solution, G-AuNPs-DOX-RRGD, G-AuNPs-DOX-PEG, 

GNPs-DOX-RRGD and AuNPs-DOX-RRGD. Each mouse was i.v. administrated 

with corresponding formulations at an equivalent DOX of 3 mg/kg through tail vein. 

At 24 h after injection, three mice from each group were sacrificed and purfused with 

PBS followed by 4% paraformaldehyde. Then the tissues were sampled and fixed 

with 4% paraformaldehyde, tissues were further dehydrated using 15% sucrose 

followed with 30% sucrose. Consecutive frozen sections of 10 µm thicknesses were 

prepared. Tumor slices were stained with rabbit anti-CD34 antibody and Cy3-labled 

donkey anti-rabbit secondary antibody with a procedure established previously.
45

 

Slices of other tissues were directly stained with 0.5 µg/mL of DAPI. Then the 

fluorescent distribution was captured by a confocal microscope (LSM710, Carl Zeiss, 

Germany). 

 

Anti-tumor effect  

4T1 tumor bearing mice were established as described above. Ten days after 

implantation, the mice were randomly divided into 5 groups (7 mice per group): saline 

group, free DOX group, AuNPs-DOX-RRGD group, GNPs-DOX-RRGD group, 

G-AuNPs-DOX-PEG group and G-AuNPs-DOX-RRGD. Each mouse received a dose 

of 3 mg/kg doxorubicin every 2 days for 6 times. The tumor volume and body weight 

were determined before every injection. One day after the last injection, all the mice 

were sacrificed and the organs were extracted and fixed with 4% paraformaldehyde. 

Then the hearts, lungs and tumors were sampled and applied for hematoxylin and 

eosin (HE) staining. 

 

Statistical analysis  

Statistical differences were evaluated with Student’s test and performed by one-way 

ANOVA for multiple groups, and p value<0.05, <0.01 and <0.005 were considered 

indications of statistical difference and statistically significant difference, 

respectively. 

 

Results and Discussion 

Characterization of size shrinking  

The yield of SH-R-Hyz-DOX and NH2-Hyz-DOX was 31.6% and 91.2% respectively. 

The initial hydrated diameter of AuNPs and GNPs was 21.2 nm and 143.7 nm (Table 

1 and Fig. S1), the particle size of AuNPs-DOX-RRGD and GNPs-DOX-RRGD was 

36.2 and 150.2 respectively. After conjugation of GNPs with AuNPs-DOX and 

NH2-PEG-R8-RGD, the size of G-AuNPs-DOX-RRGD increased to 185.9 nm, 

indicating G-AuNPs-DOX-RRGD has been successfully fabricated.  
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Table 1. Physicochemical characterization of different formulations (data represent 

mean data ± SD, n=3). 

Formulations                 Particle size (nm)        PDI         Zeta Potential (mV) 

AuNPs                        21.3±0.37           0.227           -17.69±0.32 

GNPs                         140.1±1.06          0.146           -9.13±0.16 

AuNPs-DOX-RRGD             36.2±1.26           0.278           -13.47±0.19 

GNPs-DOX-RRGD              150.2±1.67          0.230           -6.71±0.10 

G-AuNPs-DOX-PEG             180.3±0.75            0.261           -10.3±0.14 

G-AuNPs-DOX-RRGD           185.9±1.02          0.285           -8.87±0.11 

 

Fig. 1 Characterization of different particles. A: Particle size and zeta potential of 

G-AuNPs-DOX-RRGD, GNPs-DOX-RRGD and AuNPs-DOX-RRGD after incubation with 

MMP-2 (300 ng/mL) at different time intervals. B: DLS data of G-AuNPs-DOX-RRGD. C: TEM 

image of G-AuNPs-DOX-RRGD. D: DLS data of G-AuNPs-DOX-RRGD after 24 h incubation 

with MMP-2. E: TEM image of G-AuNPs-DOX-RRGD after 24 h incubation with MMP-2. F: 

TEM image of AuNPs. G: TEM image of GNPs. H: UV-Vis spectra of AuNPs, GNPs and 

G-AuNPs, inner picture display the photo image. I: MTT assays of AuNPs, GNPs and G-AuNPs 

after incubation with 4T1 cells for 48 h. 

 

To evaluate the changeable capacity of G-AuNPs-DOX-RRGD, the particle sizes of 

G-AuNPs-DOX-RRGD, GNPs-DOX-RRGD and AuNPs-DOX-RRGD were recorded 

after incubation with MMP-2 for 0, 1, 2, 4, 12 and 24 h. With the expanding of 

incubated time, the particle sizes of G-AuNPs-DOX-RRGD and GNPs-DOX-RRGD 

were decreased gradually (Fig. 1A). After 24 h incubation, the 

G-AuNPs-DOX-RRGD and GNPs-DOX-RRGD shrunk from 185.9 nm and 150.2 nm 

respectively to 71.2 nm and 56.9 nm respectively, suggesting the 

G-AuNPs-DOX-RRGD and GNPs-DOX-RRGD could be shrunk by MMP-2. The 

results were consistent with the DLS distribution and TEM images (Fig. 1B, C, D and 

E). While the AuNPs-DOX-RRGD did not show obvious changes even at the end of 

incubation, indicating the AuNPs could not be degraded by MMP-2. Additionally, 

TEM images of AuNPs and GNPs were displayed as control (Fig. 1F and G), and the 

zeta potential of these particles had no obvious change during incubation with MMP-2. 

All these results indicated the shrink of G-AuNPs-DOX-RRGD was caused by the 

degradation of GNPs, which was the substrate of the MMP-2.
8
  

Then the optical property of these three basic nanocarriers was characterized using 

UV-Vis spectrophotometer. The UV-Vis spectra of AuNPs, GNPs and G-AuNPs 

displayed different characteristic absorption (Fig. 1H). The characteristic absorption 

peak of AuNPs was 482 nm in visible light region, while characteristic peaks of GNPs 

were 264 nm and 228 nm in UV light region. After combination with AuNPs and 

GNPs, the spectral of G-AuNPs showed mutual characteristic peaks, which was close 

to the corresponding peaks of AuNPs and GNPs respectively, indicating the G-AuNPs 

system was successfully conjugated. We also evaluated the cytotoxicity of these three 

nanocarriers (Fig. 1I), after 24 h incubation with G-AuNPs, GNPs and AuNPs, the 

viability of 4T1 cells was still as high as 84.1%, 86.2% and 88.3% even at each 
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highest incubated concentration, suggesting these nanocarriers were low 

cytotoxicity.
33,46

  

 

In vitro release of doxorubicin  

The fluorescence of doxorubicin was quenched when it was anchored onto 

nanoparticles because of the nanosurface energy transfer (NSET) effect.
40

 To evaluate 

the release behavior of DOX from these particles, we chosen G-AuNPs-DOX-RRGD 

and GNPs-DOX-RRGD to determine the hydrolytic degree of the two different pH 

sensitive DOX probe at different pH values using fluorescence scanning. At the 

beginning of incubation, the fluorescence of G-AuNPs-DOX-RRGD was almost 

quenched in all pH conditions (Fig. 2A), and the fluorescence of GNPs-DOX-RRGD 

was also significantly quenched (Fig. 2B), illustrating the fluorescence of DOX could 

be quenched by AuNPs and GNPs when conjugated onto them. After 4 h incubation, 

the fluorescence of both particles was recovered gradually (Fig. 2C and D). The 

fluorescent intensity of releasing DOX from G-AuNPs-DOX-RRGD and 

GNPs-DOX-RRGD in pH 5.0 was much higher than that of pH 6.0, 6.8, 7.4 and 

deionized water, indicating the low pH value could facilitate the hydrolysis of 

hydrazone bond and thus released DOX.
47,48

 Further expanding the incubation time 

could lead to significant recovery of fluorescent intensity (Fig. 3E and F, Fig. S2), 

suggesting the hydrolysis of hydrazone was in a time-dependent manner.
34

 The 

cumulative releasing ratio of DOX from G-AuNPs-DOX-RRGD and 

GNPs-DOX-RRGD were as high as 96.09% and 86.67% respectively after 48 h 

incubation in pH 5.0, suggesting the releasing of both pH sensitive DOX probe was 

effective. All these results elucidated the validity of pH sensitivity of both DOX 

fluorescent probes, demonstrating these particles could be response to the acidic 

condition of tumor microenvironment.  

 

Fig. 2 Characterization of releasing DOX. A: Fluorescent emission spectra of releasing DOX from 

G-AuNPs-DOX-RRGD at 0 h under different pH condition. B: Fluorescence emission spectra of 

releasing DOX from GNPs-DOX-RRGD at 0 h under different time pH conditions. C: Fluorescent 

emission spectra of releasing DOX from G-AuNPs-DOX-RRGD at 4 h under different pH 

condition. D: Fluorescence emission spectra of releasing DOX from GNPs-DOX-RRGD at 4 h 

under different time pH conditions. E: Fluorescence emission spectra of releasing DOX from 

G-AuNPs-DOX-RRGD under pH 5.0 at different time from 0 to 48 h. F: Fluorescence emission 

spectra of releasing DOX from GNPs-DOX-RRGD under pH 5.0 at different time from 0 to 48 h. 

 

Cellular uptake and subcellular localization  

To determine internalized behavior of these particles by 4T1 cells, in vitro cellular 

uptake was qualitatively and quantitatively evaluated. In microscope images, the 

fluorescence of releasing DOX was successfully observed in all groups (Fig. 3A). 

These images showed that particles could be internalized into cells in a 

time-dependent manner and release DOX. The uptake intensity of RRGD decorated 

particles was much higher than that of G-AuNPs-DOX-PEG, suggesting the RRGD 

could enhance the internalization of particles. The results were also validated by 
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quantitative data (Fig. S3). After labeled with endosomes, the releasing DOX from 

G-AuNPs-DOX-RRGD showed well colocalization with endosomes after 15 min and 

1 h incubation (Fig. 3B), illustrating the endosomes were involved in the 

internalization procedure.
16,38

 Increasing the incubating time to 4 h and 24 h decreased 

the colocalization, leading to more DOX enter into cytoplasm and nuclei, probably 

owing to the escape of G-AuNPs-DOX-RRGD from endosomes, which was 

consistent with other study 
49

. The internalized and released behavior of other 

particles was in a similar manner (Fig. S4). The results were benefit for DOX induced 

apoptosis and consistent with previous research.
34

  

 

Fig. 3 Cellular uptake and subcellular localization. A: 4T1 cell uptake of G-AuNPs-DOX-RRGD, 

G-AuNPs-DOX-PEG, GNPs-DOX-RRGD, AuNPs-DOX-RRGD and free DOX after 0.25 h, 1 h, 

4 h and 24 h incubation, green represents DOX and bar represents 50 µm. B: 4T1 cell subcellular 

localization of G-AuNPs-DOX-RRGD with endosomes, green represents DOX, red represents 

endosomes and bar represents 20µm. 

 

Tumor spheroids penetration  

Monolayer cellular uptake could only show internalizing efficiency, but it may not 

accurately reflect the penetrating effect in solid tumor because of the difference 

between cell monolayer and solid tumor.
50

 In vitro tumor spheroid could imitate the in 

vivo status of tumor because the tumor spheroids are characterized with poor drug 

penetration, altered enzyme activity and viable rim with gradients of oxygen tension, 

etc.
51,52

 Thus, the 4T1 tumor spheroids were chosen to evaluate the penetrating 

efficiency of these particles. The distribution of G-AuNPs-DOX-RRGD in all sections 

of spheroid was observed and the images showed the releasing DOX was mainly 

located in edge regions rather than in central region (Fig. 4A), suggesting the 

G-AuNPs-DOX-RRGD was difficult to diffuse into the deep regions due to its large 

size. After 12 h pre-incubation with MMP-2, the size of G-AuNPs-DOX-RRGD was 

shrunk to small, resulting in more particles penetrated into deep regions and then 

released DOX. Similar penetrating results were observed in the distribution of 

GNPs-DOX-RRGD (with/without MMP-2). Comparatively, the distribution of 

AuNPs-DOX-RRGD displayed stronger intensity than that of G-AuNPs-DOX-RRGD 

in the deep section of tumor spheroid, which further indicated the small particle size 

possessed an advantage in penetrating into deep regions of tumor spheroid. 

Additionally, the distribution of G-AuNPs-DOX-PEG was much lower than that of 

G-AuNPs-DOX-RRGD, indicating the RRGD also acted as a primary role in 

penetrating through tumor spheroid, which was consistent with previous studies.
53,54

  

 

Fig. 4 Tumor spheroids penetration. A: Fluorescence distribution of G-AuNPs-DOX-RRGD 

(with/without MMP-2), G-AuNPs-DOX-PEG and AuNPs-DOX-RRGD in 4T1 tumor spheroids 

after 12 h incubation, the concentration of DOX was in an equivalent dose of 10 µg/mL, bar 

represents 200 µm. B: Semi-quantitative intensity of these particles at central sections of tumor 
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spheroids. C: Semi-quantitative intensity of these particles at central sections of tumor spheroids. 

D: Penetrating percentage of these particles at 20 and 140 µm distance from the bottom, *p<0.05. 

Semi-quantitative intensity in the central and edge regions of tumor spheroids was 

both measured to evaluate the distribution of these particles (Fig. 4B and C). The 

intensity decreased with the extension of distance from tumor spheroid bottom, which 

was consistent with qualitative results. Furthermore, the penetrating percentage 

(fluorescent intensity of central region/edge region) was introduced to evaluate the 

penetrating efficiency of different particles (Fig. 4D). The penetrating percentage of 

different particles at 20 µm distance from the bottom of tumor spheroids was similar. 

However, at 140 µm, the penetrating percentage of G-AuNPs-DOX-RRGD after 

pre-treatment with MMP-2 was considerably higher than that of 

G-AuNPs-DOX-RRGD without pre-treatment, suggesting the size-shrink could 

enhance the penetrating efficiency.
8
 All the qualitative and quantitative results 

demonstrated that size-shrinking property was benefit for penetrating through tumor 

spheroids.  

 

Collagen diffusion  

To further investigate the capacity of MMP-2 to shrink the size of 

G-AuNPs-DOX-RRGD in vitro, the distribution in the collagen gel was observed 

using fluorescent detection after 12 h incubation (Fig. 5). In the distance 1000-2000 

µm from the initial position, the fluorescence distribution of these particles displayed 

no significant difference, suggesting these DOX tethered particles could diffuse into 

the collagen gel to a certain degree of distance. With the extension of distance 

(6000-7000 µm from the initial position), the distribution of G-AuNPs-DOX-RRGD 

was obviously decreased, after 24 h pre-incubation with MMP-2, the distribution was 

significantly improved, indicating MMP-2 could shrink the G-AuNPs-DOX-RRGD 

and thus enhanced the diffusion through collagen gel. The distribution of 

GNPs-DOX-RRGD was close to that of G-AuNPs-DOX-RRGD, suggesting that the 

triggering of size-shrink was due to the degradation of GNPs. AuNPs-DOX-RRGD 

could efficiently diffuse through the collagen gel because of its small size. However, 

there is no obvious difference in the distribution of G-AuNPs-DOX-RRGD and 

G-AuNPs-DOX-PEG, demonstrating that RRGD could not enhance the diffusion in 

collagen gel due to the non-receptor mediated delivery. The results further verified 

that the size-shrink could play an important role in improving penetrating efficiency, 

which was consistent with tumor spheroids results.  

 

Fig. 5 Collagen diffusion of G-AuNPs-DOX-RRGD (with/without MMP-2), 

G-AuNPs-DOX-PEG, GNPs-DOX-RRGD (with/without MMP-2), AuNPs-DOX-RRGD and free 

DOX, green represents DOX and bar represents 200 µm. 

 

Ex vivo imaging  

4T1 tumor xenografts bearing mice were used to evaluate the in vivo targeting and 

penetrating efficiency of the G-AuNPs-DOX-RRGD. The ex vivo imaging displayed 

highest intensity of G-AuNPs-DOX-RRGD in 4T1 tumor using epi-fluorescent 
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detection (Fig. 6A), suggesting G-AuNPs-DOX-RRGD could target to tumor site. The 

semi-quantitative signal reflected directly that the G-AuNPs-DOX-RRGD had a 

highest accumulation in tumor (Fig. 6B). Here, the tumor/liver (T/L) ratio was 

introduced to evaluate the targeting efficiency of these particles, the T/L ratio of 

G-AuNPs-DOX-PEG was 0.81, owing to the EPR effect. While the T/L ratio of 

G-AuNPs-DOX-RRGD, GNPs-DOX-RRGD and AuNPs-DOX-RRGD was as high as 

1.58, 1.13 and 1.31 respectively, suggesting RRGD could significantly improve tumor 

targeting efficiency.
16,55

 Ex vivo imaging and semi-quantitative data of other tissues 

showed that particles were mainly accumulated in kidney (Fig. 6C and D), indicating 

kidney was the main metabolic organs.  

 

Fig. 6 Ex vivo imaging of 4T1 tumor. A: Ex vivo imaging of 4T1 tumor after 24 h incubation with 

G-AuNPs-DOX-RRGD, G-AuNPs-DOX-PEG, GNPs-DOX-RRGD, AuNPs-DOX-RRGD and 

Free DOX. B: Semi-quantitative signal of tumors after 24 h incubation with different particles. C: 

Ex vivo imaging of normal tissues. D: Semi-quantitative signal of normal tissues. E: Distribution 

of releasing DOX in outer and inner tumor. F: Penetrating efficiency of different particles, 

*p<0.05. 

To directly investigate the penetrating efficiency of G-AuNPs-DOX-RRGD, the 

DOX concentrations in the inner part and outer part of tumor were quantitatively 

determined using LC/MS-MS (Fig. 6E). The concentration of DOX in the outer part 

of tumor treated with G-AuNPs-DOX-RRGD was similar to GNPs-DOX-RRGD and 

AuNPs-DOX-RRGD while higher than G-AuNPs-DOX-PEG and free DOX, 

contributing to the targeting effect of RRGD. Due to the high interstitial hypertension 

and less neovessels in the inner part of tumor, the concentration of DOX was lower 

than that in the outer tumor. Thus, the penetration percentage (inner tumor/outer 

tumor) was introduced (Fig. 6F) to determine the penetrating efficiency, the 

penetration percentages of G-AuNPs-DOX-RRGD, G-AuNPs-DOX-PEG, 

GNPs-DOX-RRGD, AuNPs-DOX-RRGD and Free DOX were 75.5%, 32.1%, 57.5%, 

60.5% and 24.1% respectively, suggesting G-AuNPs-DOX-RRGD possessed 

significant advantage in penetrating through the solid tumor. The 

AuNPs-DOX-RRGD with small size was featured with better transvascular and 

interstitial transport effect,
27,28,56

 while it may has a relatively short blood half-life and 

distribute to normal tissue. In contrast, G-AuNPs-DOX-RRGD with large size could 

reach long circulation owing to its relatively longer blood half-life.
57,58

 Therefore, 

systemic injection with large-size G-AuNPs-DOX-RRGD could reach an initial 

higher accumulation and extravasation in tumor site accompanying the mediation of 

RRGD. After transporting the tumor vessel wall into the tumor interstitial matrix, the 

G-AuNPs-DOX-RRGD could be degraded by the overexpressed MMP-2 and turned 

to be small-size AuNPs-DOX-RRGD, which could further achieve enhanced 

penetration through interstitium to deep tumor region, resulting in the highest 

accumulation of G-AuNPs-DOX-RRGD in deep tumor region. All these results 

demonstrated the validity of this strategy in vivo.  

 

Tumor distribution  
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After neovessels were stained with anti-CD34 antibody, the fluorescent distribution in 

tumor slices demonstrated G-AuNPs-DOX-RRGD had a good accumulation and 

colocalization in tumor edge region, as well as the GNPs-DOX-RRGD and 

AuNPs-DOX-RRGD (Fig. 7A), while the distribution of G-AuNPs-DOX-PEG was 

much lower than that of G-AuNPs-DOX-RRGD, GNPs-DOX-RRGD and 

AuNPs-DOX-RRGD, which was due to the targeting effect of RRGD.
59

 The 

distribution of AuNPs-DOX-RRGD was relatively weaker than that of 

G-AuNPs-DOX-RRGD, which was possibly due to their poor tumor distribution and 

extravasation of small-size AuNPs-DOX-RRGD in the circulation. In the deep region 

of 4T1 tumor (3 mm apart from the edge), the distribution of G-AuNPs-DOX-RRGD 

was obviously away from the localization of neovessels (Fig. 7B), indicating the 

G-AuNPs-DOX-RRGD could efficiently penetrate through vasculatures and retained 

in deep tumor regions even with the existence of high interstitial hypertension. 

However, the GNPs-DOX-RRGD displayed weaker distribution than that of 

G-AuNPs-DOX-RRGD in the deep region, possibly owing to the distinguishing pH 

sensitivity of DOX probe,
48

 which in turn lead to a deferred DOX release of 

GNPs-DOX-RRGD. Besides, the distribution of these particles in normal tissue slices 

displayed no significant difference (Fig. S5), which was consistent with the ex vivo 

imaging results. In combination with in vitro and in vivo experiments, the results 

demonstrated the RRGD decoration could improve tumor targeting efficiency and 

MMP-2 triggering size-change could further enhance the penetrating efficiency, 

making the G-AuNPs-DOX-RRGD to be efficient nanocarriers that meet the complex 

requirements existed in delivery process.  

 

Fig. 7 Distribution of different particles in tumor slices. A: Distribution in edge region of tumor 

slices. B: Distribution in deep region of tumor slices, green represents DOX, red represents CD34 

and bar represents 100 µm. 

 

Anti-tumor effect  

The viabilities of 4T1 cells after incubated with different particles were decreased 

apparently with the increasing concentration of DOX (Fig. 8A), suggesting all the 

formulations could induce the apoptosis of 4T1 cells. To evaluate in vivo anti-tumor 

effect of different formulations, the volumes of 4T1 tumor were determined (Fig. 8B), 

although free DOX could significantly induce apoptosis of 4T1 cells, while the tumor 

growth rate of 4T1 bearing mice treated with free DOX showed an uncontrollable 

trend, which was ascribed to the poor tumor targeting efficiency as demonstrated in 

the tumor distribution study. G-AuNPs-DOX-PEG could passively target to tumor site 

via EPR effect, leading to lower tumor growth rate, while the poor targeting efficiency 

of G-AuNPs-DOX-PEG restricted its anti-tumor effect. Comparably, the tumor 

growth rate of G-AuNPs-DOX-RRGD displayed a best inhibition compared with 

other groups. The photo images of stripping tumors also displayed best anti-tumor 

effect of G-AuNPs-DOX-RRGD (Fig. 8C and Fig. S6), which were consistent with 

the quantitative data. Three main reasons may contribute to the results: first, the 

G-AuNPs-DOX-RRGD could obtain relatively higher tumor distribution and 
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extravasation owing to its longer circulation. Second, RRGD could mediate the active 

delivery of G-AuNPs-DOX-RRGD to tumor, which further improved the targeting 

efficiency.
60

 Third, after transporting cross vasculature walls, the MMP-2 sensitive 

size-changeable property could enhance the penetration of G-AuNPs-DOX-RRGD 

through interstitium into deep tumor region. All these reasons eventually lead to the 

highest accumulation in deep tumor region and best anti-tumor effect. 

 

Fig. 8 Anti-tumor effects after treated with G-AuNPs-DOX-RRGD, G-AuNPs-DOX-PEG, 

GNPs-DOX-RRGD, AuNPs-DOX-RRGD and Free DOX and normal saline. A: MTT assay of 

4T1 cells treated with different groups at a serious of concentrations. B: Average volumes of 4T1 

tumor treated with different groups, *p<0.05, **p<0.01. C: Image of 4T1 tumor extracted from the 

mice at the end of experiment. D: HE staining of 4T1 tumor from mice treated with different 

groups, bar represents 100 µm. 

HE staining of tumors was prepared to investigate the cell apoptosis (Fig. 8D). The 

tumor cells were clearly observed in free DOX and normal saline groups, which was 

consistent with tumor growth rate of these two groups. However, in 

G-AuNPs-DOX-RRGD group, the density of tumor cells was much lower than that of 

other groups, including the GNPs-DOX-RRGD and AuNPs-DOX-RRGD group, 

further indicating tumors treated with G-AuNPs-DOX-RRGD underwent more 

apoptosis than other groups because of its highest accumulation and pH triggering 

DOX release. 

Here, owing to the high metastasis and invasion of the 4T1 tumor cells, the cells 

may metastasize to other normal tissues.
44

 Meanwhile, the lung was vulnerable to the 

high metastatic tumor cells.
4,61

  Photo images of stripping lungs directly reflect the 

pulmonary metastatic nodules of 4T1 tumor bearing mice (Fig. 9A), the pulmonary 

metastatic nodules could be obviously observed in lungs treatment with normal saline 

and free DOX. However, in G-AuNPs-DOX-RRGD treated mice, there were no 

significant pulmonary metastatic nodules, suggesting the G-AuNPs-DOX-RRGD 

could efficiently inhibit the metastasis of 4T1 tumor cells. The numbers of pulmonary 

metastatic nodules was calculated to further validate the anti-metastatic effect (Fig. 

9B), in G-AuNPs-DOX-RRGD group, the numbers were least, indicating the 

G-AuNPs-DOX-RRGD possessed a best anti-metastasis effect, which was consistent 

with the images result. In addition, HE staining of lung was prepared to determine the 

anti-metastasis effect (Fig. 9C), in lungs treatment with normal saline, the metastatic 

tumor cells could be observed obviously. Area of metastatic tumor cells in 

G-AuNPs-DOX-PEG group was relatively smaller than that of free DOX and normal 

saline. However, in lungs treated with G-AuNPs-DOX-RRGD groups, no obvious 

metastatic regions were observed, suggesting G-AuNPs-DOX-RRGD also exhibit 

significant anti-metastatic effect to the pulmonary metastasis of 4T1 tumor cells, 

which was mainly because the G-AuNPs-DOX-RRGD could inhibit the growth of 

tumor cells and thus inhibit its metastasis, the potential mechanism of combined 

anti-metastasis effect was remained to discover. 
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Fig. 9 Anti-metastatic effect in 4T1 tumor models after treatment with G-AuNPs-DOX-RRGD, 

G-AuNPs-DOX-PEG, GNPs-DOX-RRGD, AuNPs-DOX-RRGD and Free DOX and normal 

saline. A: Photo images of pulmonary metastatic nodules after treated with different groups. B: 

Numbers of pulmonary metastatic nodules of every group, *p<0.05, **p<0.01. C: HE staining of 

lungs treated with different groups, arrow indicated metastatic region, arrow represents tumor 

regions and bar represents 200 µm. 

 

Conclusion 

We have developed a novel tumor microenvironment sensitive drug delivery system 

fabricated by the changeable GNPs, DOX tethered AuNPs and RRGD. The system, 

G-AuNPs-DOX-RRGD, possessed a capacity of targeting delivery to 4T1 cells and 

size-changeable property, resulting in an excellent anti-tumor effect to 4T1 bearing 

mice. The in vitro and in vivo experiments showed the RRGD decoration could 

significantly improve the tumor targeting efficiency and MMP-2 triggering 

size-changeable property was benefit for the subsequent penetration into deep tumor 

regions. Meanwhile, the release of DOX is a pH dependent manner because of the low 

pH in tumor microenvironment. In combination, G-AuNPs-DOX-RRGD showed a 

precise targeting efficiency and deep tumor penetration. It is envisioned that the 

validity of G-AuNPs-DOX-RRGD will provide opportunities to explore more 

functional drug delivery systems for targeting delivery and deep penetration of 

multiple tumors in the future. 
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