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A multistage drug delivery system was design, which showed with MMP-2 

sensitive size shrinkable and enhanced penetration propertiy. 
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Abstract: A multistage drug delivery system was design, which showed with MMP-2 

sensitive size shrinkable and enhanced penetration property. 

 

Cancer is the second leading cause of death in the world and the high recurrence and 

mortality rate make it one of the greatest challenges in healthcare
1-3

. A successful 

nanoparticles (NP)-based strategy for the treatment of cancer is to not only effectively 

deliver drugs to cancer in order to improve the antitumor effect but also reduce 

drug-originated side effect
4
. A variety of NP have been commercially available, such as 

Doxil and Abraxane
5
. They accumulated to tumor tissues mainly relying on the enhanced 

permeability and retention (EPR) effect
6, 7

. However, because of the dense tumor 

extracellular matrix (ECM), abnormalities and shortage of the tumor vasculature and high 

interstitial fluid pressure (IFP), these NP of fixed size just passively accumulated around 
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the leaky tumor vasculature and couldn’t be delivered throughout the entire tumor tissue 

with homogeneous drug concentration
8, 9

. All these microenvironments of tumor made the 

drugs cannot be effectively delivered to all cancer cells throughout the tumor
10, 11

. 

Therefore, constructing a drug delivery system which can not only retain in the tumor but 

also possess good penetration efficiency to the deep tumor tissue is of great importance 

to cancer treatment. 

Particle size has a great effect on tumor penetration and retention of NP
12-16

. Generally, 

the smaller particle size is, the stronger tumor penetration ability of NP possess
17, 18

. In 

contrast, the tumor retention of NP was positively related with particle size, which meant 

NP with larger size (100~200 nm) had a significantly better tumor retention than smaller 

NP
12, 19, 20

. The requirements of tumor penetration and tumor retention for particle size 

were contradictory to each other, which the conventional drug delivery systems could not 

satisfy them successfully. 

To reconcile this contradiction, multistage drug delivery systems were proposed with 

shrinkable size in response to specific stimuli in tumor
8, 21, 22

, including in low pH
22-24 

and 

high concentrations of matrix metalloproteinases (MMPs)
8
, or external stimuli such as 

irradiation
11, 20

. Dendritic poly-L-lysine (DGL) is a kind of dendrimers with size as small as 

5 nm
25

. Due to the small size of DGL, It may have strong penetrability into tumor tissues. 

Thus DGL was utilized as drug carrier in this study. In the meantime, gelatin is an 

animal-source compound that could be effectively hydrolyzed into small biomolecules by 

gelatinases, including MMP-2 and MMP-9
26, 27

, which are highly expressed by almost all 

tumors and have been widely used as a stimuli to trigger the responsive NP
28, 29

, thus in 
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this study gelatin NP (GNP) were used as degradable cores. Therefore, doxorubicin 

(DOX, used as model drug) decorated DGL were conjugated on the surface of GNP to 

construct a MMP-2 sensitive shrinkable system: DOX-DGL-GNP (Figure 1). The system, 

with relative large size, could effectively target and retain in tumor which benefited from 

EPR effect. When DOX-DGL-GNP reached the dense interstitial matrix by extravating 

from the leaky vessels in tumor after long circulation, MMP-2 hydrolyzed the gelatin core 

into small molecules and thereby released actively targeted dendrimers with small size, 

significantly increasing their diffusional ability in the interstitial matrix and penetrating into 

the core of tumor tissue.  

 

Figure 1. Schematic illustration to show the size shrinkage of the DOX-DGL- GNP from 

200 nm to 50 nm triggered by MMP-2, a protease highly expressed in tumor extracellular 

matrix, thus penetrating into deep tumor tissue.  
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The diameter of DOX-DGL-PEG was approximately 30 nm (Table S1). After decorated 

onto GNP, the diameters of DOX-DGL-GNP was considerably increased to approximately 

180 nm with a relatively narrow particle distribution. The increase of particle size indicated 

that small-sized DOX-DGL-PEG was successfully modified on the surface of GNP, which 

was consistent with our previous study
30

.  

In order to verify whether MMP-2 could degrade GNP or not, the particle sizes of 

DOX-DGL-GNP and DOX-DGL-PEG were recorded during the incubation with MMP-2 

(460 ng/mL) at 37 ℃. Before incubation with MMP-2, the size of DOX-DGL-GNP was 

177.0 ± 5.4 nm. During MMP-2 incubation expanding from 0 h to 24 h, the particle size 

was gradually decreased to 48.9 ± 1.4 nm (Figure 2A, B, C and D), suggesting the 

incubation with MMP-2 could effective make the DOX-DGL-GNP shrink from large size to 

small size. On the contrast, the size of DOX-DGL-PEG was stable (about 30 nm) during 

the incubation with MMP-2 (Figure 2A, B, E and F), indicating that the MMP-2 could not 

degrade the DGL. The result suggested the multistage nanocarrier DOX-DGL-GNP 

possessed MMP-2 sensitive shrinkable property. 
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Figure 2. Size change of DOX-DGL-GNP in response to MMP-2. (A) The size change of 

DOX-DGL-PEG, DOX-DGL-GNP after MMP-2 digestion measured by dynamic light 

scattering. (B) The size of DOX-DGL-PEG, DOX-DGL-GNP at 0 h and 24 h during 

incubation with MMP-2. (C) TEM images of DOX-DGL-PEG before incubation with 

MMP-2. (D) TEM images of DOX-DGL-PEG after incubation with MMP-2 for 24 h. (E) 

TEM images of DOX-DGL-GNP before incubation with MMP-2. (F) TEM images of 

DOX-DGL-GNP after incubation with MMP-2 for 24 h. Bar represents 100 nm. 
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The multicellular tumor spheroids (MCTs) were used to investigate the penetration 

efficiency of this multistage DOX-DGL-GNP triggered by MMP-2 in a vivo-like tumor. DOX 

is a small compound that should have well penetration ability, but in vivo, most of free 

drug would be directly trapped in the cell near the vasculature, thus the free DOX could 

not penetrate into the area far from vasculature
31

. However, in vitro, the concentration was 

much higher than that of in vivo, and the drug directly contact with the MCT, which would 

show better penetration effect than NP
32

. Since the in vitro penetration of free drug could 

not reflect the in vivo condition, the free DOX was not used as control in this study. The 

released DOX-DGL-PEG conjugates from DOX-DGL-GNP were able to penetrate as 

deep as small-sized DOX-DGL-PEG conjugates (Figure 3C). DOX-DGL-PEG showed 

higher intensity in all slices of the MCTs while the intensity of DOX-GNP treated MCTs 

was much lower, suggesting smaller-sized particles possessed better penetrating 

efficiency
5
. By comparison, the fluorescence of DOX-DGL-GNP incubated with MMP-2 

was located inside the MCTs while the fluorescence of DOX-DGL-GNP was limited at the 

periphery of MCTs, this phenomenon was significantly obvious at 100 µm from the 

surface towards the core. The results confirmed that this multistage nanocarrier 

DOX-DGL-GNP could benefit from degradation by MMP-2, which facilitated penetration in 

tumor by virtue of their small size. 

The small-sized DOX-DGL-PEG could be released from the large-sized DOX-DGL-GNP 

when degraded by MMP-2, thus significantly decreased the diffusional hindrance in tumor 

dense matrix, and that is the reason why this multistage nanocarrier with shrinkable size 
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could deliver drug to the tumor’ s poorly accessible regions. To verify this hypothesis, a 

collagen gel was used to simulate the dense interstitial matrix of tumor tissue in vitro
8, 21, 

23
. Confocal microscope was used to gain insight into the infiltration activities of each 

sample into the collagen gel. The collagen gel penetration of large-sized DOX-DGL-GNP 

before or after incubation with MMP-2 was compared with small-sized DOX-DGL-PEG as 

control. DOX-DGL-GNP exhibited considerably negligible penetration before degradation 

(Figure 3A). In contrast, the DOX-DGL-GNP after degraded by MMP-2 was able to 

penetrate about 500 µm depth into the gel (Figure 3B). Besides, the released 

DOX-DGL-PEG exhibited similar infiltration activities as the free DOX-DGL-PEG (Figure 

3B). The results demonstrated the penetration ability of this multistage DOX-DGL-GNP in 

collagen matrix significantly increased after cleavage by MMP-2, which was consistent 

with MCTs penetration study. 
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Figure 3. (A) Penetration profiles of DOX-DGL-GNP and DOX-DGL-PEG (before and 

after cleavage by MMP-2) in a collagen hydrogel mimicking the dense matrix of tumor 

tissue. Scale bars represent 125 µm. (B) Normalized fluorescent intensity profile of 

DOX-DGL-GNP and DOX-DGL-PEG after MMP-2 degradagation in collagen gel. (C) 

Fluorescent images of 4T1 MCTs after incubation with different formulations for 24 h. 

Scale bars represents 100 µm. 

There are many studies have published that reported stimuli responsive NP, including 

drug release, size change, morphology alternation, etc.
28, 29

. Among of which, size 

shrinkable NP has gained much attention because their superiority in improving tumor 

penetration and retention. Previously, we had demonstrated gold NP fabricated onto GNP 
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could enhance the tumor targeting effect of gold NP
30, 33

. In this study, we further 

demonstrated polymeric NP, DGL, also could be effectively fabricated onto GNP, resulting 

a size-shrinkable system, which could be used as a good platform for drug delivery. 

However, this was only preliminary study, further evaluation, including the in vitro and in 

vivo distribution, toxicity and antitumor effect should be performed to fully evaluate the 

constructed NP. 

In summary, a multistage nanocarrier, DOX-DGL-GNP, was constructed and evaluated. 

Based on the MMP-2 sensitive size shrink, the DOX-DGL-GNP delivered the DOX to the 

least accessible area of solid tumor, the core in tumor tissues. We believe that this study 

provide a facile strategy towards the design of more intelligent nanocarriers for deep 

tumor penetration in future. 

 

Materials and methods  

Synthesis of DOX-DGL-PEG conjugates. Detailed information about synthesis of 

DOX-DGL-PEG can be found in supporting information. Firstly, cis-aconityl doxorubicin 

(CAD) was synthesized by using mature reaction steps
34

. Secondly, DGL was reacted 

with NHS-PEG3400 at the ratio 1: 8 (molar ratio) in PBS (pH 8.0) for 2 h next the mixture 

was purified by ultrafiltration
35-37

. Next DGL-PEG was freeze-dried and analyzed in a 400 

MHz spectrometer. At last, the carboxyl groups of CAD (42.0 mg, 60 µmol) were reacted 

with the amino groups of PEG–DGL in the presence of EDC (28.2 mg, 209 µmol) and 

NHS (12.4 mg, 106 µmol) in the dark for 4 hours
38

, after addition of PEG–DGL in 3 mL of 

PBS (CAD : PEG–DGL= 48 : 1, molar ratio), the mixture was kept reaction in the dark for 
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12 h. Then the mixtures were purified by ultrafiltration through a membrane 

(MWCO10,000), and the amount of DOX conjugation was confirmed by UV-Vis 

spectrophotometry at 480 nm
34

. 

Preparation of GNP. GNP were prepared by a two-step desolvation method as previous 

described with some modification
8
. 12.5 mL of acetone was added to the gelatin type A 

(5% w/v, 12.5 mL) solution at 6.0 mL/min. After finishing addition exactly 1 min, the white 

colored supernatant was discarded and the gel-like precipitate was redissolved in 

deionized water (8 mL) at 40 °C. Next the pH value was adjusted to 2.7 with HCl (1 M)
39

. 

Under constant stirring at 600 rpm and 40 °C, acetone was slowly added at 1 mL/min until 

the solution appeared white milk-like, then glutaraldehyde solution (25%, 60 µL) in 

acetone (1 mL) was added at 0.05 mL/min. Subsequently, the solution was kept at 40 °C 

and 600 rpm for 7 h. At last, the acetone was removed by a rotary evaporator and the 

remaining solution was filtered through a 0.22 µm syringe filter. Glycine solution (1 M, 0.2 

mL) was added and the GNP were stored overnight at 4 °C until used. A 1 mL solution of 

the GNP was injected into a Sephadex G-50 column (3.0 � 50 cm) eluted with PBS. The 

concentration of solid material in the suspension was usually as high as 20-25 mg/mL. 

Preparation of DOX-DGL-GNP. EDC (0.8 mg, 4.2 µmol) and NHS (0.8 mg, 3.8 µmol) 

were added to the GNP solution (pH 6.0, 1 mL)
8
. After 30 min the pH value was adjusted 

to 8.0, a solution of COOH-PEG5000-NH2 (20 mg, ≈ 4 µmol) was added to the mixture. Next 

the reaction was carried out for 2 h and the pH was adjusted to 6.0, then an additional 

solution of EDC (0.8 mg) and sulfo-NHS (0.8 mg) dissolved in 50 µL of DI water was 

added. After stirring for 30 min, the pH value was adjusted to 8.0 again
8
, DOX-DGL-PEG 
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(equivalent to 0.5 mg DOX, 1 mL) was added to the resulting mixture. The mixtures were 

purified by ultrafiltration through a membrane (MWCO 100,000) (4500 g × 30 min). 

Degradation of GNP triggered by MMP-2 in vitro. The size change of DOX-DGL-PEG 

or DOX-DGL-GNP in response to MMP-2 was measured by a dynamic light scattering 

detector (Nano-ZS, Malvern, UK). DOX-DGL-PEG or DOX-DGL-GNP (0.2 mg) was 

incubated with 460 ng MMP-2 (50 mM Hepes, 2 mM CaCl2) at 37 ℃ with gentle shaking 

for 24 h. The morphology of DOX-DGL-PEG or DOX-DGL-GNP was described via TEM. 

Penetration assay using MCTs. The in vitro 4T1 MCTs were performed using the liquid 

overlay method. A certain amount of low melting point agarose was dissolved in RPMI 

1640 (2%, m/v) and the solution was heated at 80 ℃ until completely dissolved. 100 µL 

of sterile agarose solution (2%, m/v) was added into each well of 96-well plates. 

Subsequently, 4T1 cells were seeded into each well at the density of 8 × 10
3 
cells per well. 

The 96-well plates were gently shaken after seeding. The MCTs were allowed to grow up 

to a diameter about 300–400 µm for 2 days at 37 ℃ and 5% CO2 in incubator. The 

uniform and compact MCTs were selected for the following studies. The MCTs were 

treated with different formulations at DOX concentration of 12.5 µg/mL for 24 h. Then, the 

MCTs were carefully washed thrice with cold PBS (pH 7.4), fixed with 4% 

paraformaldehyde for 30 min and placed in 96-well plates for confocal observation. The 

semi-quantitative analysis of the mean fluorescence intensity of DOX in MCTs was 

obtained by the software of confocal laser microscope. 

Collagen Gel Diffusion. To further explore whether the tumor penetration of multistage 

nanocarrier after degradation increased or not, collagen hydrogels were used to simulate 
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the dense matrix of tumor tissue, which were prepared by mixing 141.75 µL rat tail 

collagen I (about 4 mg/mL), 3.8 µL sodium hydroxide (1 M) and 19.5 µL EDTA (0.17 M) on 

ice
8
. After vortexed for 5 min, the collagen hydrogels were added to partially fill a 

microslide capillary tube following by 12 h incubation at 37 °C. DOX-DGL-PEG or 

DOX-DGL-GNP (0.1 mg) were incubated with 230 ng of activated MMP-2 in 50 mM 

Hepes, 2 mM CaCl2 for 24 h, respectively. At the end of 24 h, EDTA was added to adjust a 

final concentration to 20 mM. 20 µL of samples were carefully added into the capillary 

tube and the whole process of adding samples should ensure each sample was fully in 

contact with the surface of the gel. The sample was left at 37 ℃ for 12 h and then used 

for observing the distribution of fluorescence intensity of DOX via a confocal laser 

scanning microscopy at a wavelength of 560–590 nm. 
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