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Background: Hyaluronic acid (HA) is a major component of extracellular matrix (ECM) 
and its over expression in tumor tissues contributes to the increase of interstitial fluid 
pressure (IFP) and hinders the penetration of nanoparticles into solid tumors.
Materials and Methods: We here reported a tumoral microenvironment responsive multi-
stage drug delivery system (NPs-EPI/HAase) which was formed layer by layer via electro-
static interaction with epirubicin (EPI)-loaded PEG-b-poly(2-(diisopropylamino)ethyl 
methacrylate)-b-poly(2-guanidinoethylmethacrylate) (mPEG-PDPA-PG, PEDG) micelles 
(NPs-EPI) and hyaluronidase (HAase). In this paper, we focused on the hyaluronidase- 
combined nanoparticles (NPs-EPI/HAase) for tumor penetration in tumor spheroid and 
solid tumor models in vitro and in vivo.
Results: Our results showed that NPs-EPI/HAase effectively degrade the HA in ECM and 
facilitate deep penetration of NPs-EPI into solid tumor. Moreover, NPs-EPI mainly employed 
clathrin-mediated and macropinocytosis-mediated endocytic pathways for cellular uptake 
and were subsequently directed to the lysosomes for further drug release triggered by proton 
sponge effect. Compared with NPs-EPI, the HAase coating group showed an enhanced 
tumoral drug delivery efficacy and inhibition of tumor growth.
Conclusion: Overall, our studies demonstrated that coating nanoparticles with HAase can 
provide a simple but efficient strategy for nano-drug carriers to enhance solid tumor 
penetration and chemotherapeutic efficacy.
Keywords: hyaluronidase, nanoparticles, tumor penetration, ECM

Introduction
Tumor heterogenicity and poor tumor penetration remain huge challenges for 
nanoparticles (NPs) to deliver anti-cancer drugs.1 Compared with normal tissues, 
solid tumors tend to display dense extracellular matrix (ECM), abnormal tumor 
vasculature and lymphatic system, as well as elevated tumor interstitial fluid 
pressure (IFP), which intrinsically hinders the transport of NPs to the deeper 
regions of tumors and restrict the treatment options of NPs. Moreover, the poor 
treatment capacity of tumor cells in the internal region of the tumor may further 
lead to tumor recurrence and metastasis.2,3

Recent years, researchers have reported many novel strategies to attenuate 
delivery barriers and enhance tumor penetration ability. Firstly, tumour- 
microenvironment-responsive nanoparticles and size-shrinkable nanocarriers 
have made encouraging progress in overcoming the above nano-drug treatment 
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barriers.4–8 Secondly, most tumor vessels were com-
pressed and dysfunctional due to the increased IFP in 
tumors, which remains the major barrier for NPs deliv-
ery. Tumor vasculature normalization strategy is also 
an effective way to enhance tumor penetration of 
nanoparticles.9,10 Thirdly, tumor ECM is composed 
predominantly of hyaluronic acid, collagen and fibro-
nectin, which may result in considerable barriers to 
deep penetration of nanoparticles.11 By functionalizing 
NPs with hyaluronidase, collagenase or bromelain to 
degrade ECM may be a feasible method to enhance 
tumor permeability.12 Eikenes and coworkers con-
firmed that collagenase, hyaluronidase, and relaxin 
increased the diffusion coefficient of the 2-MDa FITC- 
dextrans in the spheroids.13

As one of the major components of extracellular 
matrix, hyaluronic acid (HA) is a non-sulphated glycosa-
minoglycan and its accumulation contributes to the 
increase of interstitial fluid pressure in tumors thus redu-
cing nanomedicine diffusion.14 The accumulation of HA 
into the stroma of various human tumors depends on 
tumor type, malignant melanomas and squamous cell car-
cinomas with low HA contents.15 The accumulation of HA 
in tumor tissue also interferes the contact between tumor 
cells, recruits tumor-related macrophages, promotes 
epithelial-mesenchymal transition and is also related to 
tumor resistance.16,17 In addition to providing a hydrated 
gel-like matrix to support the tumor growth, HA is inti-
mately involved in the biology of cancer, modulates intra-
cellular signaling pathways, cell proliferation, motility and 
invasive properties of tumor cells, and it also can create 
a specific microenvironment that is favorable for tumor 
angiogenesis, invasion, and metastasis.18–21 Hyaluronidase 
(HAase) is a family of enzymes that degrade HA and 
increase the permeability of tissue to fluids. Intratumoral 
injection of HAase was able to decompose the ECM and 
decrease IFP in a concentration-dependent manner.22 For 
many years, HAase has been employed as adjuvant che-
motherapy to modulate the tumor microenvironment and 
enhance the penetration of cancer drugs.23

In our previous studies, we have reported that after coating 
with HAase, drug-loaded nanoparticles showed enhanced 
tumoral accumulation.24 In this study, we investigated the 
cellular uptake and intracellular drug release for EPI-loaded 
mPEG-PDPA-PG (PEG-b-poly(2-(diisopropylamino)ethyl 
methacrylate)-b-poly(2-guanidinoethylmethacrylate), PEDG) 
nanoparticles and the mechanism of NPs-EPI/HAase for 
tumor spheroid and solid tumor penetration. As shown in 

Figure 1, NPs-EPI/HAase was formed by electrostatic inter-
action between cationic EPI-loaded nanoparticles (NPs-EPI) 
and the anionic HAase. By degrading the HA in ECM, HAase 
could improve the penetration of NPs-EPI into solid tumor 
thus enhancing the uptake by cancer cells. The PDPA segment 
of PEDG has ideal pH-responsive capability, which provides 
a rapid drug release triggered by proton sponge effect in 
lysosome after internalization.25,26 Combining the deep pene-
tration ability and pH-sensitive drug release ability, NPs-EPI 
/HAase nanoplexes showed enhanced inhibition of tumor 
growth in vivo.

Materials and Methods
Materials
The chain transfer agent S-1-dodecyl-S-(α,α’-dimethyl-a”- 
acetic acid)trithiocarbonate conjugated mPEG (mPEG- 
RAFT, Mw=2000) was provided by Professor Dong 
Anjie of Tianjin University; All the materials used in the 
cell culture study were obtained from Sigma-Aldrich 
(St. Louis, USA). DAPI, anti-fluorescence quenching seal-
ing tablet, chlorpromazine hydrochloride and amiloride 
hydrochloride were purchased from Solarbio (Beijing, 
China). Biotinylated HA binding protein was obtained 
from EMD Millipore (CalBioChem). Alexa Fluor 488- 
conjugated streptavidin was obtained from Biolegend 
(San Diego, USA). Anti-collagen I rabbit pAb, anti-α- 
SMA mAb, anti-CD31 rabbit pAb, CY3 conjugated goat 
anti-rabbit IgG and CY3 conjugated goat anti-mouse IgG 
were obtained from Servicebio (Wuhan, China). HepG2 
cells were purchased from American Type Culture 
Collection (ATCC, Manassas, VA, USA). The male athy-
mic nude mice (nu/nu CD-1, 6 weeks old, 18–22 g) were 
purchased from Beijing Vital River Laboratory Animal 
Technologies Co. Ltd (Beijing, China) and maintained at 
25°C with free access to food and water. All animal 
experiments had been approved by the Animal Care 
Ethics Committee of Qingdao University (Qingdao, 
China) and were carried out in compliance with the 
Animal Management Rules of the Ministry of Health of 
the People’s Republic of China (document no. 55, 2001).

Preparation and Characterisation of 
Nanoparticles
To prepare the EPI-loaded micelles (NPs-EPI), polymer 
mPEG-PDPA-PG (8 mg) and EPI (2 mg) were dissolved in 
800 and 200 µL DMSO separately and then mixed. The 
solution was subsequently added dropwise to 10 mL of 
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ultrapure water under vigorous stirring. The final mixture 
was stirred overnight and dialysed (2.5 L, 24 h; 
Mw=3500) to remove DMSO and free drug EPI. Blank 
micelles were prepared by same method at a polymer 
concentration of 1 mg/mL. Fluorescently labelled micelles 
(NPs-DiD) were also prepared with DiD at a weight ratio 
of 0.2%.

To prepare NPs-EPI/HAase, HAase powders were dis-
solved in 1 mL of PBS and the solution was added drop-
wise to 1 mL of NPs-EPI solution (1 mg/mL) while 
mixing using a vortexer. The nanocomposite solution 
(NPs-EPI/HAase) was formed by electrostatic interaction 
between cationic NPs-EPI and the anionic HAase.

Particle size and zeta potential of NPs-EPI and NPs- 
EPI/HAase were determined using Malvern Zeta Sizer 
Nano ZS90 (Malvern, UK). The morphology of NPs-EPI 
and NPs-EPI/HAase was visualized with transmission 
electron microscope (TEM, JEM2010, JEOL). The encap-
sulation efficiency (EE %) and loading capacity (LC %) of 

EPI in NPs-EPI were quantified by measuring the fluores-
cence intensity of EPI (excitation at 488 nm and emission 
at 588 nm), and the fluorescence intensity was read by 
Flex Station 3 multifunctional enzyme standard instrument 
workstation (MD, USA). The EE % and LC % were 
calculated according to the following equations:

EE% ¼
Amount of EPI in the polymermicelles

Total amount of EPI added
�100% 

LC% ¼
Amount of EPI in polymer micelles

Weight of polymer micelles
�100% 

Hemolysis Assays
Hemolysis assay was performed to examine the potential 
toxicity of mPEG-PDPA-PG polymer on red blood cells 
(RBC); 4% RBC suspension was first prepared with phos-
phate buffer solution (pH 7.4) and 800 µL of 4% RBC 
suspension was then mixed with 200 µL of NPs at varied 

Figure 1 Preparation of hyaluronidase-combined nanoparticles and mechanism of penetration into solid tumor.
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concentrations of 0.1, 0.2, 0.5, and 1 mg/mL, respectively. 
Triton-X-100 (200 µL) was used as the positive control 
whereas the negative control was physiological saline. All 
samples were incubated 60 min at a temperature of 37°C. 
The samples were finally centrifuged at 3000 rpm for 10 
min and the OD was measured at 545 nm to denote the 
hemolytic percentage. The hemolysis rate was calculated 
using the below mentioning formula: 

Hemolysisrateð%Þ¼
Experiment group A value � negative control group A value

Positive control group A value � negative control group A value
� 100%

Cellular Internalization
For initial study of cellular internalization, NPs-EPI was 
incubated with tumor spheroids at an EPI concentration 
of 8 µg/mL for 4 h. The tumor spheroids were grown as 
our previous reported procedure.27 Briefly, HepG2 cells 
were seeded in 96-well plates at a density of 8×103 per 
well precoated with 50 µL of 1% low melting point 
agarose.28 Cells were cultured to obtain multicellular 
spheroids (400–500 μm in diameter) for subsequent stu-
dies. After incubation with NPs-EPI, tumor spheroids 
were rinsed three times with cold PBS and processed 
for image analysis by TEM.

To investigate the internalization pathways of NPs-EPI, 
HepG2 cells were seeded into 6-well plates with 2×105 

cells per well and incubated for 24 hours. The cells were 
then pre-treated with different endocytic inhibitors (chlor-
promazine hydrochloride 20 µg/mL, amiloride hydrochlor-
ide 200 µg/mL) at 37°C for 1 hour. Subsequently, NPs-EPI 
(EPI 8 µg/mL) were added and incubated at 37°C for 
2 hours. Finally, the cells were washed three times with 
cold PBS and harvested for flow cytometry to determine 
the fluorescence intensity of EPI (Ex=488, Em=588). Cells 
pre-treated with PBS at 37°C served as the positive control 
group.29 Internalization assays were also performed in the 
absence of endocytic inhibitors at 4°C when indicated.

Tumor Spheroid Penetration
Tumor spheroids were treated with NPs-EPI or NPs-EPI 
/HAase (combined with 0.05, 0.1, 0.5, 1.0 mg/mL HAase, 
respectively) in EPI concentration of 8 µg/mL for a pre- 
determined period (1 h, 4 h, and 8 h). After incubation, 
tumor spheroids were rinsed with cold PBS and processed 
for subsequent analysis by confocal microscopy (Nikon, 
Japan) and fluorescence inverted microscopy (Olympus, 
Japan).

To investigate HA degradation in ECM, tumor spher-
oids were incubated with NPs or NPs/HAase (HAase 
0.5mg/mL) for 8 hours. Tumor spheroids were subse-
quently gathered, fixed with 4% paraformaldehyde, frozen 
and sectioned at 10 μm thick. Spheroid sections were then 
stained with HA binding protein (HABP) diluted at 1:100 
(0.5 µg/mL) and visualized with Alexa Fluor 488- 
conjugated streptavidin (Ex=488, Em=519) diluted at 
1:200. The cell nuclei were stained with DAPI for 10 min.

In vivo Tumor Penetration
To develop in vivo tumor penetration model, male athymic 
nude mice were subcutaneously inoculated with HepG2 
cells (1×107 cells/200 μL of 1:1 mixture of PBS and 
matrix glue) in the axilla of the right forelimb. When the 
volume of HepG2 tumors reached approximately 
200 mm3, the mice were weighed and randomly divided 
into four groups (n=3). Each group was treated by peritu-
moral injection of either saline (control), EPI, NPs-EPI or 
NPs-EPI/HAase on days 8, 11, 14, 17, and 20 after inocu-
lation of HepG2 cells to construct tumor penetration mod-
els. The dose of EPI was 3 mg/kg and the concentration of 
HAase combined with NPs-EPI was 3mg/mL. The body 
weight and tumor size of mice were monitored during the 
construction of the penetration model to illustrate the 
penetration efficacy of different formulations. Tumor 
volume (V) was calculated according to V = 0.5 ×L × 
W2 (L: length; W: width).

The tumor penetration behaviour of NPs was analysed 
by confocal microscopy (Nikon, Japan). Due to the excita-
tion wavelengths of EPI and Alexa Fluor 488-conjugated 
streptavidin overlapped, we choose DiD (Ex=644, 
Em=665) instead of drug EPI. When HepG2 tumors 
reached a size of approximately 300–400 mm3, saline 
(control), NPs-DiD or NPs-DiD/HAase (HAase 3 mg/ 
mL) were administered by peritumoral injection (n=3). 
At 4 h or 12 h post injections, tumors were harvested 
and fixed with 4% paraformaldehyde, frozen and sectioned 
at 10 μm thick. HA binding protein (HABP) diluted at 
1:100 (0.5 µg/mL) was used for HA staining and visua-
lized with Alexa Fluor 488-conjugated streptavidin diluted 
at 1:200.30 The spatial distribution of NPs-DiD was also 
analysed by confocal microscopy (Nikon, Japan).

To further investigate the penetration mechanism of 
NPs-EPI/HAase, the mice from each study group of 
tumor penetration model that we constructed was sacri-
ficed 2 days after the last dosing (day 23 post HepG2 cell 
inoculation), we analysed the variation of tumor HA and 
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collagen I, the density and physiologic state of tumor 
vasculatures and activity of cancer-associated fibroblasts 
(CAFs) and quantified with Image J. First, a part of the 
tumors was frozen and sectioned for HA staining analysis. 
Then, 5µm thick sections of paraffin-embedded tumor 
tissues were prepared for CD31, α-SMA, and collagen 
I stainings and samples analysed by confocal microscopy.

Histological and Immunohistochemical 
Analysis
The mice were executed two days after the last dosing 
(day 23 post HepG2 cell inoculation). The tumors were 
collected, fixed in 4% paraformaldehyde and embedded in 
paraffin, and 5 µm thick sections were prepared.31 

Subsequently, these sections were harvested for H&E and 
Ki-67 antigen staining and imaged with an inverted fluor-
escence microscopy (Olympus, Japan). H&E staining was 
employed for histological analysis to determine the tissue 
damage and Ki-67 antigen staining were used to estimate 
the cell proliferation status of tumors.32

Statistical Analyses
All data were analysed using GraphPad Prism 6.0 software 
and the results presented as mean ±SD values. Statistical 
analysis was conducted using a two-tailed Student’s t-test, 
in conjunction with one-way analysis of variance 
(ANOVA). Differences were considered statistically sig-
nificant at P < 0.05.

Results and Discussion
Preparation and Characterization of 
NPs-EPI and NPs-EPI/HAase
Well-defined mPEG-PDPA-PG (PEDG) polymer was 
synthesized (Figure S1, Supporting Information) and char-
acterized (Figure S2A and B) according to our previously 
reported methods and used to prepare cationic micelles 
and complex with HAase.24 These NPs had been con-
firmed to have no apparent cytotoxicity by MTT assay.24 

In the current study, we further examined their hemolytic 
toxicity since it is critical for application in intravenous 
injection. As shown in Figure 2G, the hemolysis ratio of 
NPs was 2.2% at a concentration of 1 mg/mL, which was 
below the safety mark of 5% indicating our samples were 
with low risk of hemolysis.33

After drug loading, dynamic light scattering (DLS) 
measurement showed that NPs-EPI and NPs-EPI/HAase 
had intensity averaged particle sizes of 96.6±0.4 nm and 

117.1±0.5 nm, respectively (Figure 2A and D). The sur-
face charge (ζ potential) of NPs-EPI and NPs-EPI/HAase 
(HAase 0.5mg/mL) was 34.6±0.4 mv and 19.6±0.4 mv 
(Figure 2B and E), respectively. TEM images showed 
that both NPs-EPI and NPs-EPI/HAase had regular sphe-
rical shape and smooth surface (Figure 2C and F). The 
encapsulation efficiency (EE %) and loading capacity 
(LC %) of EPI in NPs-EPI were 40.57±0.62% and 8.28 
±0.13%, respectively.

Mechanism of Cellular Internalization
Sections of spheroids were imaged by TEM to study the 
cellular internalization of NPs-EPI. As shown in Figure 3A 
and B, the TEM micrographs revealed that NPs-EPI were 
trapped in membrane-bound vesicles, suggesting the forma-
tion of early endosomes that possibly result from endocyto-
sis. NPs-EPI were also observed in intracellular lysosome 
after incubation (Figure 3C). All these results indicate that 
NPs-EPI likely enter into cells by an endocytic pathway. The 
involvement of different endocytic pathways has been further 
investigated using different inhibitors of endocytosis: chlor-
promazine (CPZ) for clathrin-mediated endocytosis and 
amiloride for actin-dependent macropinocytosis.34,35 As 
shown in Figure 3D and E, CPZ treatment and amiloride 
treatment inhibited cellular uptake of NPs-EPI, indicating 
that the clathrin-mediated pathway and macropinocytosis 
played key roles in the internalization process of NPs-EPI. 
Furthermore, the fluorescence of cells exposed to NPs also 
considerably decreased when the internalization experiment 
was performed at 4°C, corresponding to a reduced uptake of 
NPs. This indicated that the uptake of NPs in HepG2 cells 
was mainly an energy-dependent process, as observed in 
various cell types.

NPs-EPI mainly employed clathrin-mediated and 
macropinocytosis-mediated endocytic pathways for cellu-
lar uptake and were subsequently transferred to the lyso-
somes for further drug release triggered by proton sponge 
effect; thus, EPI could release from the NPs. It has been 
reported that cargos internalized by cells via the clathrin- 
mediated pathway and macropinocytosis were mostly 
directed to the lysosomes, which is consistent with our 
observation in TEM micrograph as well as previous find-
ings from co-localization study.24

Tumor Spheroids Penetration Efficiency
Tumor spheroids could simulate the in vivo status and func-
tions of tumor, including the production of ECM production 
and other proteins, therefore, it has been widely used to 
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investigate some main obstacles that hinder the effective 
delivery of drugs to solid tumors.36 In the current study, 
tumor spheroids were treated with NPs-EPI combined with 
various concentrations (0.05, 0.1, 0.5, 1.0 mg/mL HAase, 
respectively) of HAase for 1 hour, 4 hours, and 8 hours, 
respectively, and the permeation of NPs-EPI was analyzed 
by confocal microscopy. As shown in Figure 4A–C, NPs-EPI 
/HAase possessed better penetration efficiency than NPs- 
EPI, which was consistent with our previous report.24 The 
images obtained by confocal microscopy showed that the 
penetration depth of NPs-EPI was positively correlated 
with incubation time and the enzyme concentration. To 
define the penetration efficiency, we calculated the penetra-
tion percentage as the ratio of fluorescent intensity in the core 
and at the periphery of spheroid (Figure 4D–F).37 As shown 
in Figure 4E and F, when the incubation time was 4 h or 8 h, 
the penetration percentage significantly increased with 
HAase concentration up to 0.5 mg/mL. As shown in 
Figure 4F, when the incubation time was 8 h, HAase 

concentration of 0.5 mg/mL showed the best penetration 
efficiency at 100 µm sections. Taken into account these 
results, it was determined that 0.5 mg/mL HAase was the 
optimum concentration and was used in subsequent HA 
staining studies.

Tumor Spheroids Structure Analyses
The morphology of tumor spheroids as a function of 
HAase concentration was studied by fluorescence inverted 
microscopy (Figure 5A) and confocal microscopy 
(Figure 5B). Treating tumor spheroids with low concentra-
tion of HAase led to slight loosening of cells at the 
spheroid periphery, whereas treatment with high concen-
tration of HAase (e.g. 0.5mg/mL or 1mg/mL) dramatically 
affected the structural integrity of tumor spheroids and 
presented the sign of disintegration. This structural change 
may attribute to the degradation of HA in the ECM; thus, 
the ECM of tumor spheroids was no longer dense, and the 
structure of tumor spheroids became loose.

Figure 2 Size distribution by intensity (A), Zeta potential (B) and TEM images (C) of NPs-EPI; Size distribution by intensity (D), Zeta potential (E) and TEM images (F) of 
NPs-EPI/HAase; Hemolysis rate of carrier materials (G). Scale bars represent 200 nm.
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HA Staining
We hypothesize that HAase could degrade HA to facilitate 
small sized NPs-EPI penetrate into the tumor spheroid. To 
confirm the presence of HA in HepG2 tumor spheroids, 
spheroid sections were stained with HA binding protein 
(HABP) and Alexa Fluor 488-conjugated streptavidin and 
subsequently imaged by confocal microscopy. As shown in 
Figure 6A, HA labelling revealed that the ECM of HepG2 
tumor spheroids contain high HA content, which may hinder 
the penetration of nanoparticles into the tumor spheroids. In 
comparison, treatment of spheroids with NPs/HAase 
(HAase 0.5 mg/mL) led to a significant decrease in HA 
content as shown in Figure 6B. By degrading the HA in 
ECM, HAase could improve the penetration of NPs-EPI into 
tumor spheroids thus enhancing the uptake by cancer cells.

Tumor Volume and Mice Body Weight 
Monitoring
The increase of the penetration ability of nanoparticles in 
tumor tissues leads to more accumulation in tumor tissues 

and the stronger the inhibitory effect on tumor growth. 
Therefore, the changes of tumor volume and mice body 
weight were monitored during the construction of the 
tumor penetration model, which could reflect the strength 
of nanoparticles penetration ability from the side.

As shown in Figure 7A and C, all EPI formulations 
reduced the tumor volumes. Among them, the EPI group 
showed the strongest inhibition of tumor growth, which 
may due to the fact that EPI is a small molecule drug and 
it is easier to cross the extracellular matrix barrier of the 
tumor to kill cells than NPs. Compared with NPs-EPI 
group, NPs-EPI/HAase group showed better efficacy in 
tumor inhibition probably due to the high tumor accumu-
lation/penetration and efficient cellular uptake. It should be 
noted that, although EPI group showed the strongest tumor 
inhibition, the body weight of the mice declined obviously 
during treatment indicating systemic toxicity to the mice 
(Figure 7B). In comparison, the group treated with NPs- 
EPI/HAase showed no apparent weight loss, indicating 
better tolerance of mice to the treatment.

Figure 3 Representative TEM images of NPs-EPI in HepG2 spheroid sections. Arrows showed the drug-loaded micelles NPs-EPI. The micelles were discovered in the 
vesicles (A, B) and lysosomes (C). Flow cytometric profiles of cellular uptake of NPs-EPI (D). The average fluorescence intensity of EPI in different treatment groups (E). 
**P<0.01, ***P<0.001. Data represent the mean±SD (n=3). Scale bars for A, B, and C represent 500 nm, 200 nm, and 100 nm, respectively.
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Figure 4 Confocal microscopy images of HepG2 tumor spheroids co-incubated with NPs-EPI, NPs-EPI/HAase (combined with 0.05, 0.1, 0.5, 1.0 mg/mL HAase, respectively) 
for 1 hour (A), 4 hours (B), and 8 hours (C). The penetration percentage of NPs-EPI and NPs-EPI/HAase (combined with 0.05, 0.1, 0.5, 1.0 mg/mL HAase, respectively) for 
1 hour (D), 4 hours (E), and 8 hours (F) at 100 μm sections. Data represent the mean±SD (n=3). *P<0.05, **P<0.01, ***P<0.001. Scale bar represents 100 μm.
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The EPI group was actually a positive control group, and 
we designed EPI to be administered in the form of nanopar-
ticles in order to enhance its tumor-targeting ability when 
administered systemically. Our strategy avoids the side 
effects of systemic administration of EPI while enhancing 
the permeability of nanoparticles in tumor tissues. In future 
experiments, we will use more animal samples to study the 
antitumor ability of NPs-EPI/HAase in vivo.

In vivo Tumor Penetration
We demonstrated that the combination with HAase could 
improve penetration efficacy of NPs by transporting across 
the ECM, which was consistent with our previous report.24 

In the current study, we further examined the content of 
HA and NPs in the tumor 4 hours or 12 hours after 
peritumoral injection. The HA were stained with HABP 
(green), the cell nuclei stained with DAPI (blue) and the 

Figure 5 Fluorescence inverted microscopy images (A) and confocal microscopy images (B) of HepG2 tumor spheroids upon incubation with NPs-EPI, NPs-EPI/HAase 
(combined with 0.05, 0.1, 0.5, 1.0 mg/mL HAase, respectively). Scale bars for A, B represent 200 μm and 50 μm, respectively.

Figure 6 HA-stained cryosections of spheroids in the HAase-untreated group (A) and HAase-treated group (B). HAase-treated spheroids were exposed to NPs/HAase 
combined with 0.5 mg/mL of HAase for 8 hours before sectioning and staining. HA stain was showed in green and the nuclear stain, DAPI, was shown in blue. Scale bar 
represents 100 μm.
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NPs fluorescently labelled with DiD (red). As shown in 
Figure 8, for the control group, we observed abundant HA 
which was part of the main components of ECM in tumors 
and its accumulation could lead to increased IFP thus 
hindered drug diffusion. In the sample with 4 hours after 
injection of NPs-DiD, there were no obvious differences in 

terms of the HA green fluorescence intensity. In compar-
ison, the green fluorescence of HA was obviously attenu-
ated in the tumor after injection of NPs-DiD/HAase; 
meanwhile, the increase of DiD red fluorescence was 
also observed. This was due to HA degradation by 
HAase resulting in increased accumulation and penetration 

Figure 7 The changes of tumor volume and mice body weight during the construction of the tumor penetration model. (A) Photographs of tumors harvested from different 
groups on day 23. (B) Body weight changes in mice following different treatments within 23 days. (C) Tumor volume changes in time of mice treated with saline, EPI, NPs-EPI 
and NPs-EPI/HAase. The formulations were given on days 8, 11, 14, 17 and 20 at a dosage of EPI was 3 mg/kg while the concentration of HAase combined with micelles was 
3 mg/mL. Black arrows represent the time of injection. Data represent the mean±SD (n=3). *P<0.05, **P<0.01, ***P<0.001.

Figure 8 Tumor penetration behavior of NPs-DiD studied by confocal microscopy. The nuclei was stained with DAPI (blue), HA was stained with HABP (green), and NPs- 
DiD was presented in red. Scale bar represents 100 μm.
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Figure 9 (A) Immunofluorescence imaging of tumor slices after treatment with saline, EPI, NPs-EPI and NPs-EPI/HAase. Saline-injected tumor slices were invoked as the 
control. The HA was stained with HABP, collagen I was stained with the anti-collagen I antibody, α-SMA was stained with the anti-α-SMA antibody, tumor blood vessels were 
stained with the anti-CD31 antibody, respectively. The nuclei of cells (blue) were stained with DAPI. Scale bar represents 100 μm. Quantitative analysis of HA (B), collagen 
I (C) and α-SMA (D) fluorescence intensity used Image J. The average fluorescence intensity of tumors from saline-treated mice was set as 1. (E) Statistic data of vascular 
pixel area (red) percentage of tumors slices used Image J. Values indicate mean ±SD (n=6 from 3 tumor samples per study group). *P<0.05, **P<0.01.
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of NPs in tumor tissues. As expected, it had been observed 
that the green fluorescence of HA became much weaker 
whereas the red fluorescence of DiD was more widely 
distributed in the tumor 12 hours after injection of NPs- 
DiD/HAase.

Penetration Mechanisms
To investigate the penetration mechanism of NPs-EPI 
/HAase, we further examined the variation of tumor HA 
and collagen I, density and physiologic state of tumor 
vasculatures and activity of cancer-associated fibroblasts 
(CAFs) after the penetration models were constructed.

As shown in Figure 9A and B, HA staining did not 
show a significant difference in four groups after treat-
ment. On one hand, within 15 days after the first admin-
istration, the tumor volume of nude mice in NPs-EPI 
/HAase group increased by 4–5 times, but the concentra-
tion of hyaluronidase we gave was still maintained at the 
initial low dose. On the other hand, it has been reported 
that hyaluronic acid is produced in large quantities during 
the rapid growth of tumors.30,38 These two factors resulted 
in no significant change in the amount of hyaluronic acid 
in several groups.

Collagen I is another main component of tumor ECM, 
and the decrease of collagen I content could also enhance 
the penetration of NPs in tumors and improve antitumor 
efficacy.39 In order to study whether the enhanced penetra-
tion of NPs-EPI/HAase in HepG2 tumors was due to the 
reduction of collagen I content, collagen I of sectioned 
tumor tissues was stained and examined. As shown in 
Figure 9A and C, there was no significant difference in 
collagen I expression among the four groups, indicating 

that the enhanced penetration of NPs-EPI/HAase was not 
due to the reduction of collagen I by NPs.

In most solid tumors, CAFs not only interact with 
tumor cells to transmit signals of tumor progression but 
also synthesize and remodel tumor ECM including HA 
that hamper drug delivery.40 It has been reported that 
reduced CAFs activity by NP-carried drug could improve 
NP penetration in tumors due to the decreased ECM 
density.41 We chose protein marker α-SMA to investigate 
the accumulation of CAFs in tumor, although CAFs con-
sist of multiple resource subtypes, α-SMA-positive fibro-
blasts could be regarded as the main CAFs.42 As shown in 
Figure 9A and D, compared with the control group, the red 
fluorescence intensity of α-SMA in EPI, NPs-EPI, and 
NPs-EPI/HAase treatment group was significantly 
reduced, and no significant difference was found in the 
fluorescence intensity of α-SMA between the three treat-
ment groups, indicating that this decrease in CAFs activity 
may be mainly due to the toxicity of EPI. The result is 
consistent with the report that the survival of fibroblasts 
was reduced when the cells were exposed to epirubicin.43

The disruption of ECM in the tumors leads to 
a decrease in IFP, which directly affects the physiological 
state of the tumor vasculatures.44 The blood vasculatures 
of sectioned tumor tissues were stained with CD31. As 
shown in Figure 9A and E, by analyzing the density and 
physiologic state of tumor vasculatures, it was found that 
the density of blood vessels and the amount of dilated 
blood vessels were much higher after NPs-EPI/HAase 
treatment than that in the other groups, revealing that NPs- 
EPI/HAase treatment could enhance the density of blood 
vessels and induce tumor vascular normalization due to the 
degradation of hyaluronic acid.

Figure 10 H&E and Ki-67 staining of the HepG2 tumor slices from mice treated with saline, EPI, NPs-EPI and NPs-EPI/HAase. Scale bar represents 100 μm.
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Histological and Immunohistochemical 
Analysis
After the tumor penetration model was constructed, tumors 
were harvested and H&E staining of tumor slices was 
performed to determine the tissue damage. As shown in 
Figure 10, both EPI and NPs-EPI/HAase treatments 
caused considerable tissue damage while saline group 
exhibited negligible tissue damage with intact nuclei mor-
phology, this may due to EPI was easier to cross the 
extracellular matrix barrier of the tumor than NPs and 
the enhanced tumor penetration of NPs-EPI/HAase. At 
the same time, tumor slices from NPs-EPI group exhibited 
some degree of tissue damage compared with the control 
group. Ki-67 antigen staining is positive for brown gran-
ules in the nucleus and Ki-67 nuclear antigen expressed at 
certain stages of the cell cycle is involved in cell 
proliferation.45 As shown in Figure 10, the saline group 
had the highest number of Ki-67 positive cells. Compared 
with NPs-EPI group, NPs-EPI/HAase group exhibited 
lower level of tumor cell proliferation. All in all, due to 
the enhanced tumor penetration, NPs-EPI/HAase group 
exhibited the higher tissue damage and the lower amount 
of Ki-67 positive cells than NPs-EPI group.

Conclusion
In this study, we developed a hyaluronidase-embedded drug 
delivery system which could enhance tumor penetration by 
modulating the tumor microenvironment. We revealed that 
the hyaluronidase (HAase) can degrade HA to enhance the 
penetration efficacy of NPs. The NPs-EPI/HAase showed 
a better accumulation and deeper tumor penetration in 
HepG2 tumors, and leading to better inhibition of tumor 
growth. Overall, our studies suggested that coating nanopar-
ticles with HAase may provide a simple but efficient strat-
egy for nano-drug carriers to enhance solid tumor 
penetration and chemotherapeutic efficacy.
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