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Background: The tumor-targeting ability and pH-sensitive properties of intelligent drug

delivery systems are crucial for effective drug delivery and anti-tumor therapy.

Methods: In this study, sHA-DOX/HA-GA mixed micelles were designed with the follow-

ing properties: sulfated hyaluronic acid (sHA) was synthesized to block cell migration by

inhibiting HAase; sHA-DOX conjugates were synthesized via pH-sensitive hydrazone bond

to realize DOX-sensitive release. The introduction of HA-GA conjugate could improve

active-targeting ability and cellular uptake.

Results: The results showed that the mixed micelles possessed a nearly spherical shape,

nanoscale particle size (217.70±0.89 nm), narrow size distribution (PDI=0.07±0.04), negative

zeta potential (−31.87±0.61 mV) and pH-dependent DOX release. In addition, the sHA-DOX

/HA-GA micelles exhibited concentration-dependent cytotoxicities against liver carcinoma

cells (HepG2) and HeLa cells, and were shown to be effectively taken up by HepG2 cells by

confocal microscopy analysis. Furthermore, the in vivo anti-tumor study showed that mixed

micelles had a superior anti-tumor effect compared to that of free DOX. Further evidence

obtained from the hematoxylin–eosin staining and immunohistochemistry analysis also

demonstrated that sHA-DOX/HA-GA exhibited stronger tumor inhibition and lower systemic

toxicity than free DOX.

Conclusion: The sHA-DOX/HA-GA mixed micelles could be a potential drug delivery

system for anti-hepatoma therapy.

Keywords: hyaluronic acid, glycyrrhetinic acid, hepatoma-targeting, pH-sensitive, micelles,

anti-tumor therapy

Introduction
Liver cancer is one of the most common malignancies, with steadily increasing

incidence globally. It has become the fourth leading cause of cancer-related deaths.1,2

Traditional chemotherapy is one of the main treatment approaches used for cancer

therapy.3,4 Typical anti-cancer drugs, such as paclitaxel (PTX), doxorubicin (DOX),

cisplatin (Pt), exhibit remarkable tumor inhibition, but these anti-cancer drugs are

restricted in clinical applications due to their strong systemic toxicities, short half-

times, non-specific targeting and vulnerability to multi-drug resistance (MDR).5–8

To overcome these limitations, intelligent drug delivery systems based on nano-

scaled polymeric carriers, such as alginate micelles, hyaluronic acid micelles, and

polyethylene glycol-phosphatidylethanolamine (PEG-PE) micelles, have been widely

applied in anti-cancer therapy.9–11 Hyaluronic acid (HA), a kind of nonsulfated glycosa-

minoglycan consisting of alternating units of D-glucuronic acid and N-acetyl-

D-glucosamine, can serve as drug-loaded carriers due to many advantages, such as
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favorable biocompatibility, non-immunotoxicity, and easy

functional modification.12–14 HA polymers modified by

hydrophobic ligands can be self-assembled into nano-sized

micelles with a core-shell structure in aqueous media. These

hydrophobic ligands can be different functional groups, such

as poly(L-histidine) (PHis) and ceramide, or they can also be

hydrophobic anti-cancer drugs such as paclitaxel, camptothe-

cin, DOX, and cisplatin.15–17 However, high-molecular-

weight HA polymers can be easily degraded by hyaluronidase

(HAase) to form low-molecular-weight fragments, which

could promote tumor proliferation and migration.18 In order

to avoid this disadvantage, sulfated hyaluronic acid (sHA) was

synthesized by introducing sulphation to the –OH groups of

HA polymers and used to block degradation by HAase, thus

inhibiting the proliferation, motility, and invasion of tumor

cells.19–21 More recently, Lim et al demonstrated that sulfated

HA can cause a decrease in angiogenesis, which may be used

to treat angiogenesis-related diseases including solid tumors,

wet age-relatedmacular degeneration (wet-AMD) and retinitis

pigmentosa.22

To improve the selectivity and efficacy of anti-tumor drugs

in liver cancer cells, a desirable strategy is to design liver-

targeting nano-carriers modified by targeting moieties, such as

sugars, antibodies, and various ligands.23 Glycyrrhetinic acid

(GA), a pentacyclic triterpenoid, is one of the main bioactive

components of licorice. It has been shown that GA receptors

(GA-R) are highly expressed in liver cancer cells.24 Therefore,

GA-modified micelles could selectively target liver cancer

cells and remarkably improve the accumulation of drugs in

tumors.25

In addition, the achievement of controlled release of the

drugs is crucial for the creation of effective nano-carriers. One

promising strategy is to design stimuli-responsive carriers,

which are stable on physiological conditions but can be trig-

gered to release drugs in the target region. Recently, many

environmentally responsive nanoparticles have been prepared

for anti-tumor therapy in which drug release would be trig-

gered when environmental conditions, such as pH, tempera-

ture, redox, light, and magnetic fields change in vivo.26–28

Among these, pH-sensitive drug delivery systems based on

an acid-liable hydrazone bond are frequently applied.

Hydrazone bonds can remain stable under physiological pH

but disintegrate in lysosomal pH (~5.5), resulting in rapid drug

release.29

In previous studies, DOX has been widely used as a model

anticancer drug for the treatment ofmany solid tumors, such as

in liver, lung, bladder, prostate and breast cancers. DOX

blocks the proliferation of tumor cells through inhibition of

DNA and protein synthesis.30–32 Moreover, DOX could be

tracked easily due to its self-fluorescence.33 In this work, sHA-

DOX/HA-GA mixed micelles were designed with the follow-

ing properties (Figure 1): First, sulfated hyaluronic acid (sHA)

was synthesized to block cell migration by inhibiting

HAase. Second, sHA-DOX conjugates were synthesized via

a pH-sensitive hydrazone bond to realize DOX-sensitive

release. Third, the introduction of HA-GA conjugate could

improve active-targeting ability and uptake of cancer cells.

The characteristics of the mixed micelles were determined by

dynamic light scattering, 1H NMR, transmission electron

microscopy (TEM), and UV spectrophotometry. The in vitro

cytotoxicity and cellular uptake of the mixed micelles were

investigated in HepG2 and HeLa cells, and wound healing

assays were performed to evaluate the effect of mixedmicelles

on cell migration. Furthermore, the in vivo antitumor efficacy

of mixed micelles was evaluated in H22 tumor-bearing mice.

Materials and Methods
Materials
HA (MW: 210 kDa) was purchased from Freda Group (Jinan,

China). DOX·HCl was obtained from Meilunbio (Dalian,

China). GA was acquired from Fujie Pharmaceutical Co.,

Ltd. (China). 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl-

morpholinium chloride (DMT-MM) was purchased from

Shanghai Medpep Co., Ltd. (China). Adipic acid dihydrazide

(ADH) and 1-hydroxybenzotriazole (HOBt) were acquired

from Shanghai Yuanye Biological Technology Co., Ltd.

(China). DMEM medium, fetal bovine serum (FBS),

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT), and 4ʹ,6-Diamidino-2-phenylindole (DAPI)

were purchased from Beijing Solarbio Science &

Technology Co., Ltd. (Beijing, China). Anti-CD31 antibody

was obtained from Abcam (ShangHai, China). All other che-

micals and reagents were of analytical grade.

Cell Culture
HepG2 and HeLa cells were obtained from Wuhan

University Life Collection Center (Wuhan, China). HepG2

and HeLa cells were cultured in DMEM and RPMI 1640

medium with 10% fetal bovine serum (FBS) and 1% peni-

cillin/streptomycin at 37°C in 5% CO2 atmosphere.

Animals
Female BALB/c mice (age 7 weeks; weight approximately

20 g) were purchased from Pengyue Experimental Animal

Breeding (Jinan, China). The animals were fed with
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a standard diet and allowed water ad libitum. All animal

experiments were carried out in compliance with the

Animal Management Rules of the Ministry of Health of

the People’s Republic of China (document number 55,

2001) and the Animal Experiment Ethics Review of

Weifang Medical University (2017-025).

Figure 1 Illustration of the formation, uptake by tumor cells, and drug release of sHA-DOX/HA-GA mixed micelles.

Abbreviations: HA, hyaluronic acid; sHA, sulfated hyaluronic acid; DOX, doxorubicin; GA, glycyrrhetinic acid; ADH, adipic acid dihydrazide.
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Preparation of sHA
sHAwas synthesized as follows: First, 300 mg of HAwere

dissolved in 20 mL formylamine at 50°C. Second, HAwas

mixed with 15 mL chlorosulfonic acid–pyridine reagents

(ratio of chlorosulfonic acid to pyridine was 1:4) at 60°C

for 2 hrs. After the reaction, the pH value of the mixture

solution was adjusted to 7.0 by the addition of 4 mol/L

NaOH. Then, the reaction mixture was precipitated in

excess ethanol, the precipitate was dissolved in water,

and the result was dialyzed extensively against deionized

water for 72 hrs and lyophilized. 1H NMR and infrared

spectroscopy (IR) were used to confirm the formation

of sHA.

Synthesis of sHA-DOX and HA-GA

Polymers
sHA-DOX was synthesized by a two-step reaction.34 First,

sHA-ADH was obtained by conjugating Adipic acid dihy-

drazide (ADH) to sHA through amide formation. Briefly,

100 mg of sHA were dissolved in 20 mL distilled water

and then the carboxyl groups of sHA was activated by

EDC and HOBt for 1 hr. Then, ADH was slowly added to

the above solution. The reaction mixture was stirred for 24

hrs at room temperature, dialyzed against deionized water

for 72 hrs, and lyophilized. Second, DOX and sHA-ADH

were linked through an acid-liable hydrazone bond. In

detail, 50 mg of sHA-ADH were dissolved in 10 mL of

formylamine followed by the addition of DOX·HCl

(10 mg) and TEA (10 µL). The reaction mixture was

stirred at room temperature for 48 hrs under dark condi-

tions. The resulting product of sHA-DOX was purified by

dialysis against deionized water for 72 hrs and obtained

after freeze-drying. HA-DOX was synthesized according

to the above steps. The chemical structures of sHA and

sHA-DOX were detected by 1H NMR. To estimate the

amount of conjugated DOX, 5 mg of sHA-DOX was

dissolved in 1 mol/L HCl under stirring at room tempera-

ture for 24 hrs, and the amount of DOX was calculated

using a UV spectrophotometer at the wavelength of

480 nm.

HA-GA was synthesized as previously described.35 In

brief, GA in methanol was activated with DMT-MM to

form GA-ES. Then, GA-ES was slowly added to ethylene

diamine solution to form GA-N. HA-GA was synthesized

by coupling HA with GA-N through an amide bond in the

presence of DMT-MM.

Preparation and Characterizations of

sHA-DOX/HA-GA Mixed Micelles
sHA-DOX/HA-GA mixed micelles were prepared by an

ultrasonic dispersion method. Briefly, both the sHA-DOX

and HA-GA conjugates were dissolved in phosphate-

buffered saline (PBS, pH 7.4) under gentle stirring at

room temperature, and the mixture was ultrasonicated at

90 W for 15 mins under an ice bath by using a probe-type

ultrasonicator (VCX-750, Sonics & Materials, Inc.

Newtown, CT, USA). Additionally, sHA-DOX micelles

and HA-GA micelles were also prepared under the same

procedures.

The particle size and zeta potential of the different

micelle formulations were measured by dynamic light

scattering (Nano-ZS90, Malvern Zetasizer, UK), and the

morphology of mixed micelles was visualized using TEM.

Moreover, the critical micelle concentration (CMC) of

sHA-DOX micelles was evaluated using fluorescence

spectroscopy in the presence of pyrene molecules.23

To evaluate the pH-responsive features of mixed

micelles, sHA-DOX/HA-GA solution (1mg/mL) was incu-

bated at pH 7.4, 6.8 and 5.5, and the particle sizes of

mixed micelles were measured by dynamic light scattering

at designated time intervals (0, 1, 2, 4, 6, and 8 hrs). In

addition, the morphology of mixed micelles incubated at

pH 5.5 for 4 hrs was visualized using TEM. To evaluate

the stability of sHA-DOX/HA-GA mixed micelles, the

particle size of mixed micelles in RPMI 1640 medium

were measured for 7 days.

In vitro Release of DOX from Mixed

Micelles
The DOX release frommixed micelles at different pH values

was performed using the dialysis method. In brief, 3 mL

solution of mixed micelles at the concentration of 1 mg/mL

were transferred to a dialysis bag (MWCO=3500) and then

immersed in 50 mL of PBS (pH 7.4, 6.8 and 5.5) containing

0.5% Tween 80. The release systemwas incubated at 37°C at

100 rpm under dark conditions. At designated time intervals

(0.5, 1, 2, 4, 8, 12, 24, and 36 hrs), 4 mL of release medium

were removed and replaced by 4 mL of fresh medium. The

cumulative amounts of released DOX were calculated using

a UV spectrophotometer at the wavelength of 480 nm.

In vitro Cytotoxicity Assay
The cytotoxicity of free DOX, HA-DOX, sHA-DOX, and

sHA-DOX/HA-GA mixed micelles was assessed by MTT
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assay against HepG2 and HeLa cells. Both HepG2

cells and HeLa cells were seeded into 96-well plates at

a density of 5×103 cells per well and then cultured for

24 hrs at 37°C. Thereafter, the cells were treated with free

DOX, HA-DOX, sHA-DOX, and sHA-DOX/HA-GA

mixed micelles for 24 h at different concentrations of

DOX (0.01–10 µg/mL). After incubation, 10 µL of MTT

solution was added to each well and the cells were incu-

bated for an additional 4 hrs. Then, the culture media were

removed and 150 µL DMSO was added to each well. The

absorbance at 490 nm was determined by a microplate

reader (ELX800, Bio-Tek, Winooski, VT, USA).

Cellular Uptake
The cellular uptakes of sHA-DOX and sHA-DOX/HA-GA

mixed micelles were determined by confocal laser scan-

ning microscopy (CLSM).36 In brief, HepG2 cells and

HeLa cells were seeded on glass bottom cell culture dishes

at a density of 1×104 cells/dish and then incubated for 24

hrs followed by the addition of sHA-DOX or sHA-DOX

/HA-GA mixed micelles at a DOX concentration of 10 µg/

mL, respectively. After incubation for 3 hrs, the media

were removed and washed thrice with PBS. The cells

were then fixed with 4% polyformaldehyde for 10

mins and dyed with DAPI for 10 mins. Subsequently, the

cells were washed thrice with PBS and observed via con-

focal laser scanning microscopy (CLSM).

Cell Migration Assay
Cell migration inhibition was assessed using a wound

healing assay.31 Briefly, the HepG2 cells were seeded

into 6-well plates and incubated in a humidified 5% CO2

atmosphere at 37°C. When the cells reached a confluence

of 80% per well, the cells were streaked with a sterile

pipette tip. After being washed thrice with PBS, the cells

were treated with various formulations (DOX, HA-DOX,

sHA, sHA-DOX, and sHA-DOX/HA-GA) and allowed 24

hrs to recover. Wound width was observed using a Nikon

eclipse Ti-S microscope at 0 h and 24 hrs, and the cell

migration rate was calculated.

In vivo Imaging Analysis
To observe the targeting properties of mixed micelles,

DiR-loaded sHA-DOX/HA-GA mixed micelles were

used to track the in vivo biodistribution of micelles.

After the H22 tumor volume reached approximately

200 mm3, the BALB/c mice were randomly divided into

two groups and injected intravenously via the tail vein

with DiR solution (as the control) or DiR-loaded sHA-

DOX/HA-GA mixed micelles. The in vivo imaging system

was used to analyze the in vivo biodistribution of micelles

at 1, 3, 6, 12, 24 hrs after administration.

In vivo Antitumor Efficacy Study
Female BALB/c mice bearing H22 tumors were used to

evaluate the antitumor efficacy of sHA-DOX/HA-GA

mixed micelles. H22 cell suspensions (1×106 cells/

0.1 mL) were implanted subcutaneously on the right

flank of female BALB/c mice. When the tumor grew to

approximately 150 mm3, the mice were randomly divided

into five treatment groups (n=4 for each group): (1) normal

saline (the control group), (2) free DOX, (3) HA-DOX, (4)

sHA-DOX, (5) sHA-DOX/HA-GA mixed micelles.

Various formulations were injected intravenously via the

tail vein at DOX concentration of 3 mg/kg body weight, 7

times. The body weights and tumor volumes were mea-

sured every 2 days and calculated using the following

equation: tumor volume (mm3) = 0.5×a×b2, where a and

b represent the longest and shortest tumor diameter,

respectively. After 2 weeks’ treatment, the mice were

euthanatized. Tumors and the normal organ (heart) from

each group were excised and fixed with 4% formaldehyde

for further use.

Hematoxylin–Eosin (H&E) Staining and

Immunohistochemistry Analysis
To further evaluate the antitumor efficacy of sHA-DOX/HA-

GAmixed micelles, histological evaluation by hematoxylin–

eosin (H&E) staining and immunohistochemistry analysis of

microvessel density (MVD) assay were performed.37,38 In

brief, 4% formaldehyde-fixed tumors and the normal organ

(heart) from each group were embedded in paraffin blocks

and then sections (4 µm thick) were cut using an ultrathin

slicer. Afterwards, the tumor and heart sections were stained

with hematoxylin (15 mins) and eosin (5 s) for histological

evaluation. For microvessel density assay, a CD31 antibody

was used to stain the tumor microvessels. Images of tumor

microvessels were taken using fluorescence microscopy

(OlympusIX51, Japan).

Statistical Analysis
All experimental data were expressed as mean ± standard

deviation (SD). Statistical significance was tested using

a Student’s t-test, and P<0.05 indicated statistical significance.
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Results and Discussion
Synthesis of sHA-DOX Polymers
The procedure for synthesizing sHA-DOX polymers is shown

in Figure 2. sHA was synthesized by adding chlorosulfonic

acid–pyridine to HA, and sHA-DOX polymers were obtained

by conjugating DOX to sHA via an acid-liable hydrazone

bond. The structure of sHA-DOX polymers was confirmed

by IR and 1H NMR (Figure 3). As shown in Figure 3A, the

absorption bands at 3200–3600 cm−1 belong to the –OHgroup

of HA, and the band at 830 cm−1 was attributed to the C–O–

S stretching vibration. The characteristic band at 830 cm−1 was

confirmed in sHA and sHA-DOX polymers, indicating that

the –SO3H group was successfully introduced into HA poly-

mers. Furthermore, the 1H NMR spectra of HA, sHA, DOX,

and sHA-DOX polymers were shown in Figure 3B. The peak

appearing at 2.0 ppm (–NOCH3) was attributed to methyl

groups of HA; the characteristic peaks at 7.8–7.2 ppm were

assigned to the protons of the aromatic benzene ring in DOX.

In the spectra of sHA-DOXpolymers, new characteristic peaks

appeared at 7.8–7.2 ppm (DOX), indicating that DOX was

successfully grafted to sHA. Additionally, the content of con-

jugated DOX was determined to be 14.42% using UV

detection.

Preparation and Characterization of

sHA-DOX/HA-GA Mixed Micelles
sHA-DOX/HA-GA polymers were self-assembled into

micellar structures in aqueous solution with HA as hydro-

philic shells and DOX as hydrophobic cores (Figure 1). As

shown in Table 1, the particle sizes of sHA-DOX micelles,

HA-GA micelles, and sHA-DOX/HA-GA mixed micelles

were 230.83±3.40, 183.37±2.48, and 217.70±0.89 nm,

respectively (Figure 4A–C). Compared to sHA-DOX

micelles, the particle size of mixed micelles decreased

due to the hydrophobic GA group increasing the hydro-

phobic cohesion of mixed micelles. On the other hand, the

zeta potentials of sHA-DOX micelles, HA-GA micelles,

and sHA-DOX/HA-GA mixed micelles were −30.13±3.53,
−34.60±0.46 and −31.87±0.61 mV, respectively. All the

mixed micelles showed negative zeta potential values,

which play an important role in minimizing plasma protein

adsorption and nonspecific cellular uptake.39 Moreover,

the stability of mixed micelles was determined for 2

weeks in PBS, and there were no significant changes in

particle size and zeta potential (Figure 4D and E).

Additionally, no obvious particle size changes were

observed in RPMI 1640 medium for 7 days (Figure 4F).

This result indicated that the mixed micelles are highly

stable. Additionally, TEM was used to visualize the

morphologies of mixed micelles. The TEM images in

Figure 5B revealed that the mixed micelles were spherical

in shape. Furthermore, the critical micelle concentration

(CMC) of sHA-DOX conjugates was 38.02 µg/mL, which

indicated that the low CMC values might have resistance

to dissociation at highly diluted conditions in the body

(Supporting Figure 1).

pH-Responsive Behaviors of sHA-DOX/

HA-GA Mixed Micelles
The pH-response behaviors of sHA-DOX/HA-GA were

evaluated under different pH conditions (pH 7.4, 6.8, and

5.5). As shown in Figure 5A, the particle size of sHA-DOX

/HA-GA increased significantly within 8 hrs at pH 5.5.

However, the mixed micelles could maintain stability at pH

7.4. This result suggested that the hydrazone bonds in mixed

micelles could be cleaved under acidic conditions, leading to

the disintegration of micelles. The pH-response behavior of

the mixedmicelles was also confirmed by TEM.As shown in

Figure 5C, after incubation at pH 5.5 for 4 hrs, the mixed

micelles became irregular and broken in shape. These results

demonstrated that the pH-responsive behaviors of mixed

micelles may be triggered at low pH value due to the acid-

sensitive cleavage of the hydrazone bond.

In vitro DOX Release from the

sHA-DOX/HA-GA Mixed Micelles
DOX was conjugated to sHA segment through an acid-

liable hydrazone bond. The in vitro drug release was eval-

uated at pH values of 7.4, 6.8, and 5.5. As shown in

Figure 6, DOX showed pH-responsive release from the

mixed micelles within 36 hrs. At pH 5.5, its cumulative

release rate was 91.95%, significantly higher than at pH 6.8

(69.34%) and pH 7.4 (58.47%). The results suggested that

the cleavage of the hydrazone bond in mixed micelles

occurred rapidly at pH 5.5, indicating that DOX might be

released from the mixed micelles in lysosomes (pH

5.0~6.0).6 The results showed that the mixed micelles

were stable under physiological condition (pH 7.4), but

could release drugs in acidic lysosomal conditions, result-

ing in higher bioavailability than just the free drug.

In vitro Cellular Uptake
The cellular uptake of sHA-DOX and sHA-DOX/HA-GA

mixed micelles were evaluated in HepG2 and HeLa cells
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Figure 2 Synthesis of sHA-DOX Polymers.

Note: 0 < x ≤ 1, otherwise –OH group.

Abbreviations: HA, hyaluronic acid; sHA, sulfated hyaluronic acid; HOBt, 1-hydroxybenzotriazole; EDC, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride;

DOX·HCl, doxorubicin·HCl; DOX, doxorubicin; TEA, triethylamine; rt, room temperature.
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using CLSM. As shown in Figure 7, DOX (red fluores-

cence) was used to track the micelles, and cell nuclei were

located using DAPI (blue fluorescence). After incubation

with the micelles for 3 hrs, the red fluorescence of DOX

could be detected in tumor cells. This result indicated that

the micelles could be easily taken up by tumor cells. As

shown in Figure 7A and B, sHA-DOX/HA-GA mixed

micelles showed stronger red fluorescence than sHA-

DOX in liver carcinoma cells, suggesting that the intro-

duction of GA group in mixed micelles promoted liver-

targeting delivery of anti-cancer drugs. However, there

was no significant difference in red fluorescence intensity

between sHA-DOX and sHA-DOX/HA-GA treatment in

HeLa cells (Figure 7C and D). This might be due to the

fact that the GA-receptor was not expressed in HeLa cells,

and the addition of GA-HA conjugates in mixed micelles

did not affect the DOX uptake by HeLa cells. Based on the

above results, it could be concluded that the presence of

GA in mixed micelles could enhance the cellular uptake of

micelles in liver cancer cells via GA-receptor-mediated

endocytosis.40,41 Overall, these results suggested that the

mixed micelles have the potential to deliver chemotherapy

drugs for anti-hepatoma therapy.

In vitro Cytotoxicity Assay
The cytotoxicities of free DOX, HA-DOX, sHA-DOX,

and sHA-DOX/HA-GA in HepG2 and HeLa cells were

evaluated by MTT assay. As shown in Figure 8A and B, all

the formulations showed concentration-dependent cyto-

toxicities in both HepG2 and HeLa cells. Compared to

free DOX and HA-DOX formulations, two other micelles

based on sHA-DOX polymers exhibited higher cytotoxi-

city. A possible explanation is that sHA could inhibit

tumor migration, thereby improving the cytotoxicity of

DOX through a synergistic effect. Interestingly, the cyto-

toxicity of sHA-DOX/HA-GA mixed micelles on HepG2

cells was stronger than that of sHA-DOX micelles, but

there were no significant differences between the two

formulations on HeLa cells. This might be because the

GA-HA conjugate in mixed micelles increased DOX

uptake via GA-receptor-mediated endocytosis in HepG2

cells with high GA-receptor expression, but had no effect

on HeLa cells without GA-receptor expression.42

Figure 3 (A) IR spectra of HA, sHA and sHA-DOX Polymers, (B) 1H NMR spectra of HA, sHA, DOX and sHA-DOX Polymers in D2O.

Abbreviations: HA, hyaluronic acid; sHA, sulfated hyaluronic acid; DOX, doxorubicin; IR, infrared spectroscopy; NMR, nuclear magnetic resonance.

Table 1 Characterization of Different Micelles

DLS (nm) PDI ζ-Potential (mV)

sHA-DOX 230.83±3.40 0.02±0.01 −30.13±3.53

HA-GA 183.37±2.48 0.21±0.02 −34.60±0.46

sHA-DOX/HA-GA 217.70±0.89 0.07±0.04 −31.87±0.61

Note: Data represent mean ± SD.

Abbreviations: HA, hyaluronic acid; sHA, sulfated hyaluronic acid; DOX, doxor-

ubicin; GA, glycyrrhetinic acid; DLS, dynamic light scattering; PDI, polydispersity

index.
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Cell Migration Assay
To evaluate the cell migration ability of DOX, HA-DOX,

sHA, sHA-DOX, and sHA-DOX/HA-GA, a wound heal-

ing assay was performed with serum-free medium as con-

trol. Cell motility to the denuded area was measured by

ImageJ after 24 hrs. As shown in Figure 9A and B, cells

treated with serum-free medium showed high cell migra-

tion ability. Compared to the control group, the five drug

formulations exhibited inhibition of cell migration.

Interestingly, sHA was a more effective inhibitor of cell

migration than DOX or HA-DOX, suggesting that HAase

plays an important role in cellular growth and migration

and that the sHA conjugate might restrict the motility of

tumor cells by inhibiting HAase activity.18–21 In addition,

sHA-DOX showed stronger inhibition of tumor cell migra-

tion than sHA. The possible explanation was that sHA-

DOX might block the motility of tumor cells through

combined effects of sHA-inhibiting HAase activity and

DOX-induced apoptosis. Furthermore, sHA-DOX/HA-

GA mixed micelles were most effective in inhibiting cell

migration with a migration rate of only 3.38%, and this

result was consistent with the cytotoxicity result, in which

the mixed micelles exhibited the highest cytotoxicity

among all the formulations. The GA molecule in mixed

Figure 4 The stability of sHA-DOX/HA-GA mixed micelles.

Notes: The particle size distribution of sHA-DOX (A), HA-GA (B), sHA-DOX/HA-GA (C); the particle size (D) and zeta potential (E) of sHA-DOX/HA-GA mixed

micelles for 2 weeks in PBS; the particle size changes of sHA-DOX/HA-GA mixed micelles for 7 days in RPMI 1640 medium (F).
Abbreviations: HA, hyaluronic acid; sHA, sulfated hyaluronic acid; DOX, doxorubicin; GA, glycyrrhetinic acid; DLS, dynamic light scattering.
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micelles might contribute to cellular uptake, resulting in

a stronger inhibition effect on tumor cell migration.

In vivo Biodistribution of sHA-DOX/HA-

GA Mixed Micelles
The in vivo biodistribution and tumor-targeting properties of

mixed micelles were evaluated using a real-time NIRF ima-

ging technique. As shown in Figure 10A and B, the NIRF

signals in the tumor region for the free DiR were lower than

that for the DiR-loaded sHA-DOX/HA-GA mixed micelles,

which indicates that the enhanced tumor accumulation of

DiR might be attributable to the GA molecule in mixed

micelles, and suggests that the GA molecule improved the

active targeting ability of mixed micelles.

Figure 5 pH-responsive size behaviors of mixed micelles.

Notes: (A) Particle size variation of mixed micelles at different pH values within 8 hrs. (B) TEM image of mixed micelles at pH 7.4. (C) TEM image of mixed micelles at pH

5.5 after 4 hrs.

Figure 6 In vitro release of DOX from sHA-DOX/HA-GA mixed micelles.

Notes: Release medium: 50 mL of PBS (pH 7.4, 6.8, and 5.5) containing 0.5% Tween

80; Release condition: 37°C, 100 rpm, under dark condition. **P<0.01.

Abbreviations: HA, hyaluronic acid; sHA, sulfated hyaluronic acid; DOX, doxor-

ubicin; GA, glycyrrhetinic acid.
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Figure 7 Confocal images of HepG2 cells incubated with sHA-DOX (A) and sHA-DOX/HA-GA (B); HeLa cells incubated with sHA-DOX (C) and sHA-DOX/HA-GA (D).

Note: DAPI (blue), DOX (red) and a merge of two images were simultaneously presented.

Abbreviations: HA, hyaluronic acid; sHA, sulfated hyaluronic acid; DAPI, 4ʹ,6-diamidino-2-phenylindole; DOX, doxorubicin; GA, glycyrrhetinic acid.

Figure 8 Cytotoxicity of HepG2 (A) and HeLa cells (B) incubated with different concentrations of free DOX, HA-DOX, sHA-DOX and sHA-DOX/HA-GA for 24 hrs.

Notes: *P<0.05, free DOX vs sHA-DOX/HA-GA group, sHA-DOX vs sHA-DOX/HA-GA group; **P<0.01, free DOX vs sHA-DOX/HA-GA group; n.s., nonsignificant.

Abbreviations: HA, hyaluronic acid; sHA, sulfated hyaluronic acid; DOX, doxorubicin; GA, glycyrrhetinic acid.
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Figure 9 Effect of DOX, HA-DOX, sHA, sHA-DOX, and sHA-DOX/HA-GA on cell migration (A). Cell migration rate from 0 to 24 hrs was calculated by ImageJ (B).
Notes: Data represent mean ± SD (n=3); Control cells treated with serum-free medium. **P<0.01, statistically significant difference between free DOX and sHA

group; ***P<0.001, statistically significant difference between free DOX and sHA-DOX group, between free DOX and sHA-DOX/HA-GA group.

Abbreviations: HA, hyaluronic acid; sHA, sulfated hyaluronic acid; DOX, doxorubicin; GA, glycyrrhetinic acid.

Figure 10 In vivo biodistribution of sHA-DOX/HA-GA mixed micelles.

Notes: (A) Mice treated with DiR solution via tail vein injection; (B) mice treated with DiR-loaded sHA-DOX/HA-GA mixed micelles via tail vein injection. Red circles

indicate tumor sites.

Abbreviations: HA, hyaluronic acid; sHA, sulfated hyaluronic acid; DOX, doxorubicin; GA, glycyrrhetinic acid.
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In vivo Antitumor Efficacy Study
The antitumor effect of various formulations on H22 tumor-

bearing mice was shown in Figure 11. After 2 weeks of

treatment, the body weight of the free DOX group was

lower than that of the saline group, and there was no signifi-

cant difference between the micelles groups and the saline

group (Figure 11A). The results suggested that these micelle

formulations had better biocompatibility than free DOX. The

tumor growth curves and the images of excised tumors were

shown in Figure 11B andC. The tumor volume ofmice treated

with normal saline increased rapidly, and the groups treated by

drug formulations showed obvious inhibition of tumor

growth. Compared to free DOX, all of the micelle formula-

tions exhibited higher anti-tumor effect. The results might be

due to the fact that nano-delivery systems could promote the

accumulation of DOX in tumor regions via the enhanced

permeability and retention (EPR) effect.43 As expected, the

average tumor volume of the sHA-DOX group was 344

±68 mm3, which was significantly lower than that of the HA-

DOX group (683±146 mm3), suggesting that sulphation mod-

ification on the HA chain promoted the anti-tumor effect by

inhibiting tumor migration. Furthermore, the sHA-DOX/HA-

GA-treated group showed superior tumor inhibition compared

with other drug formulation groups. This may be due to the

fact that the mixed micelles could be taken up by tumor cells

via liver-targeting delivery and effectively release DOX in

tumor cells owing to pH-sensitive hydrolysis, resulting in an

admirable antitumor effect.

Figure 11 In vivo antitumor efficacy of DOX, HA-DOX, sHA-DOX, and sHA-DOX/HA-GA on H22 tumor-bearing mice. (A) The changes in body weight of female BALB/c

mice; (B) Tumor growth curve; (C) The images of excised tumors; (D) Tumor growth-inhibition rate. The error bars represent standard deviation (n=4).

Notes: Saline, mice treated with normal saline via tail vein injection. ***P<0.001, statistically significant difference between free DOX and sHA-DOX group, between free

DOX and sHA-DOX/HA-GA group; ##P<0.01, statistically significant difference between free DOX and sHA-DOX group; ###P<0.001, statistically significant difference

between free DOX and sHA-DOX/HA-GA group.

Abbreviations: HA, hyaluronic acid; sHA, sulfated hyaluronic acid; DOX, doxorubicin; GA, glycyrrhetinic acid.
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H&E Staining and Immunohistochemistry

Analysis
H&E staining and MVD assay were performed to evaluate

the antitumor efficacy of sHA-DOX/HA-GA mixed

micelles. As shown in Figure 12A, no significant tumor

necrosis was observed in the saline group. By contrast,

obvious karyolysis and cytoplasmic vacuolation appeared

in different drug formulation groups. In addition, the

necrotic area of the sHA-DOX group was significantly

larger than that of the HA-DOX group, indicating that

sHA-DOX had a stronger tumor inhibition effect. The

results were consistent with their anti-tumor efficacy

in vivo. Furthermore, compared to sHA-DOX, sHA-DOX

/HA-GA mixed micelles induced more shrunken nuclei

and lower cellular density, indicating that the micelles

modified by GA group could exert a better antitumor effect

than GA-free micelles.

In vivo organ toxicity evaluation is important for the

clinical application of drug delivery systems.44 Heart

damage is an essential indicator to assess DOX-induced

organ toxicity. As shown in Figure 12B, mice treated with

free DOX showed obvious intercellular vacuolation of

myocardial fibers, while no significant heart damage was

observed in HA-DOX, sHA-DOX, and sHA-DOX/HA-

GA treatment groups. This result indicated that intelligent

drug delivery system could significantly reduce the sys-

temic toxicity of DOX.

The tumor growth, metastasis, and invasion are associated

with angiogenesis. For MVD assay, the expression of CD31-

positive tumor microvessels (brown areas) is shown in

Figure 12C. The MVD assay showed that there were fewer

tumor microvessels in the sHA-DOX group than in the HA-

DOX group, suggesting that sHA also inhibited tumor angio-

genesis. Moreover, the sHA-DOX/HA-GA treatment group

showed the fewest tumor microvessels, indicating its excellent

antitumor effect.

Conclusion
pH-sensitive and hepatoma-targeting mixed micelles consist-

ing of sHA-DOX conjugates and HA-GA conjugates were

prepared in the study. The mixed micelles were spherical in

shape and showed the pH-responsible release of DOX at

acidic conditions. Moreover, the mixed micelles could effec-

tively deliver DOX into HepG2 cells, inhibit tumor migra-

tion, and exhibit higher anti-tumor efficacy than free DOX

in vitro and in vivo. In conclusion, sHA-DOX/HA-GA

mixedmicelles could be a promising intelligent drug delivery

system for anti-hepatoma therapy.

Figure 12 Images of H&E assays for tumors (A), hearts (B), and MVD determination by immunohistochemistry on formaldehyde-fixed tumors (C) after treatment with

saline, free DOX, HA-DOX, sHA-DOX and sHA-DOX/HA-GA for 2 weeks. For all images, magnification is 400 ×.

Notes: Saline, mice treated with normal saline via tail vein injection. Green arrows indicate tumor necrotic area in (A), myocardial injury area in (B). Red arrowheads

indicate the tumor microvessels in (C).

Abbreviations: HA, hyaluronic acid; sHA, sulfated hyaluronic acid; DOX, doxorubicin; GA, glycyrrhetinic acid; H&E, Hematoxylin-eosin; MVD, microvessel density.
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