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 Abstract. Objective. To evaluate the therapeutic efficacy and cardiotoxicity of galactosylated 

chitosan nanoparticles containing doxorubicin (DOX-loaded GC-NPs) under the effect of ultrasound 

irradiation. Materials and Methods.  DOX-loaded GC-NPs were prepared and characterized before 

being injected intraperitoneal (i.p.) into mice bearing chemically induced hepatocellular carcinoma 

(HCC) in the presence and absence of ultrasound irradiation. The other HCC bearing mice were 

injected i.p. with free DOX in the presence and absence of ultrasound irradiation. For all mice, serum 

alpha-fetoprotein (AFP) and transforming growth factor-β1 (TGFβ1), hepatic alanine transaminase 

(ALT) and cardiac aspartate transaminase (AST), lactate dehydrogenase (LDH) and creatine kinase 

(CK) activities were determined. Results. DOX-loaded GC NPs were having the following criteria: 

average particle size of 100.4 nm, completely spherical, in the nanoscale with no agglomeration, 

mean drug loading efficiency (DLE) of 23.26% and mean encapsulation efficiency (EE) of 66.6%. 

The HCC-bearing mice treated with DOX-loaded GC NPs showed significant decreases in hepatic 

ALT activity, serum AFP and TGFβ1 levels compared with HCC-bearing mice treated with free DOX 

which were ameliorated by ultrasound irradiation. Moreover, the HCC-bearing mice treated with 

DOX-loaded GC-NPs either in the presence or absence of ultrasound irradiation revealed significant 

declines in the activities of cardiac AST, LDH and CK compared with HCC-bearing mice treated with 

free DOX and the levels of these cardiotoxicity markers reached their normal values as in the normal 

control group.  Conclusion. It could be concluded that treatment of HCC-bearing mice with  

DOX-loaded GC-NPs combined with ultrasound irradiation was a better therapeutic modality than 

free DOX with no cardiotoxicity. 

Key words: Galactosylated chitosan nanoparticles, doxorubicin, ultrasound irradiation, 

hepatocellular carcinoma, cardiotoxicity. 
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INTRODUCTION  

Hepatocellular carcinoma is a common disease that represents the 2
nd

 and 

6
th
 cancer among males and females in Egypt [35]. Among Egyptians, the 

incidence of HCC was 12.8% which was 5 to 7 times greater than that in other 

Middle East Cancer Consortium (MECC) populations. This high rate may be due 

to the prevalence of hepatitis B and C viruses or to consumption of food 

contaminated with aflatoxins [20].  

Alpha-fetoprotein is a specific tumor marker for diagnosis of HCC. In 

addition to its use in the diagnosis of hepatocellular carcinoma, the study of serum 

concentrations of AFP has resulted in significant insights into tumor properties and 

the process of chemical carcinogenesis [33]. The application of a sensitive 

radioimmunoassay to AFP reveals that AFP synthesis by the liver is stimulated 

with remarkable rapidity by extremely low doses of several hepatocarcinogens 

[14]. 

Transforming growth factor-beta1 is a potent cytokine synthesized by 

activated stimulated mesenchymal cells due to chronic liver damage [21].  TGFβ1 

is postulated to link chronic injury, cirrhosis, and HCC [4]. It is revealed that 

TGFβ1 regulates the expression of many genes related to tumor growth [29]. It was 

found that HCC patients showed over expression of TGFβ1 compared with control 

subjects which supports the pro-oncogenic function of TGFβ1 in initiating HCC. 

Although the mechanism is still unknown, TGFβ1 is expected to play an important 

role in HCC occurrence in cirrhotic patients [5].  

Doxorubicin, in the form of doxorubicin hydrochloride, is a cytotoxic 

anthracycline antibiotic used in the treatment of a wide spectrum of human 

neoplasms including breast, lung, stomach and liver cancer. The mechanism of its 

anticancer effect involves its binding to the DNA leading to the inhibition of DNA 

replication [42]. Due to the side effects of DOX including myelosuppression, 

cardiotoxicity, the emergence of multidrug resistance and its low specificity against 

cancer cells, its medical use is limited [39]. The free radicals generated due to the 

use of DOX initiate cardiotoxicity leading to elevation of cardiotoxicity markers 

such as lactate dehydrogenase and creatine kinase [49]. 

Nanotechnology can ameliorate the therapeutic potential of DOX and, at the 

same time, decrease its undesired effects during cancer treatment.  Recently, there 

are several   nanoparticle-based therapeutic systems that revealed low cell toxicity, 

sustained drug release and molecular targeting. The effective nanoparticle drug 

delivery system can deliver the drug to cancer cells by two pathways: the first 

pathway is the passive targeting that makes use of the enhanced permeability and 

retention effects of tumor blood vessels. The second pathway is the active targeting 
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in which DOX is allowed to reach cancer cells using ligands or antibodies against 

selected tumor targets [39]. 

The binding of galactose to a modified chitosan polymer resulting in the 

formation of galactosylated chitosan (GC) compound which has a high affinity for 

binding to its specific asialoglycoprotein receptor (ASGPR) on the hepatocytes 

membrane. About two millions of ASGPR are found on every hepatocyte [23]. 

A previous study used GC nanoparticle for gene transfection with high ability 

to transfer gene into the liver with low cell toxicity [11]. However, the drug 

delivery efficiency of nanoparticles needs to be improved. Ultrasound targeted 

delivery enhanced the therapeutic potential of the drug loaded nanoparticles by 

increasing tissue penetration and cell membrane permeability, although the exact 

mechanism of action is not well clarified [24]. 

The present study aimed to assess the therapeutic efficacy of active targeting 

of GC nanoparticles containing doxorubicin under the effect of ultrasound 

irradiation and, at the same time, to figure out whether this therapeutic modality 

can ameliorate the side effects of DOX on cardiac tissues. 

MATERIALS AND METHODS   

PREPARATION OF DOX-LOADED GC NANOPARTICLES  

Galactosylated chitosan was previously prepared by coupling of water-

soluble chitosan with the galactose moiety of lactobionic acid (LA) [52]. Then, 1% 

w/v solution of galactosylated chitosan and doxorubicin hydrochloride (30% w/w 

DOX: GC Polymer) were added dropwise into 25 mL liquid paraffin containing 

5% w/v span 20 as a surfactant and stirred under magnetic stirrer (Newtec.co 

magnetic stirrer MG model 2004) for 15–20 min. Then, 0.5 mL of 0.5% w/v 

solution of sodium tripolyphosphate (TPP) was added under magnetic stirring for 5 

min. The nanoparticles suspension was gently stirred for 60 minutes at room 

temperature. The suspension was centrifuged for 60 minutes at 14,000 rpm at 4 °C 

(HettichR MIKROR 120 Centrifuge) and particles were separated. The particles 

produced were washed with deionized water then allowed for drying before being 

subjected to lyophilization [37].  

Pellets were suspended in deionized water using ultrasonication (Branson 

ultrasonic cleaner B-220 50/60 Hz) for 3 min. The colloidal suspension was pre-

frozen at –80 °C for 24 h. D-Trehalose 5% was added as cryoprotectant to the 
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colloidal suspension before the final freeze-drying. Particles were freeze-dried at 

50 °C for 12 h by lyophilization, and the particles powder was used for further 

characterization and application [32]. 

CHARACTERIZATION OF DOX-LOADED NANOPARTICLES  

The size of the prepared particles was determined by Dynamic Light 

Scattering (DLS) on a Beckman Coulter Particle Size Analyzer (N5 submicron 

particle size analyzer, Japan). Transmission Electron Microscope (Jeol, JSM-

6360LA, Japan) was used to study the shape of the prepared particles [32]. The 

drug entrapment efficiency and drug loading efficiency of DOX-GC NPs were 

determined by the method of Hao et al. [16] in which DOX-GC NPs solution was 

ultracentrifuged and the supernatant was withdrawn to determine the concentration 

of DOX by reading its absorbance at 480 nm using UV-VIS spectrophotometer 

(Jenway, UK). The drug loading efficiency and entrapment efficiency was 

calculated as follows: 

 %100



T

FT
EE  (1) 

 %100



W

LT
DLE  (2) 

where T is total DOX concentration in GC nanoparticles, F is free DOX 

concentration in the supernatant, DLE is drug loading efficiency and W is the 

weight of DOX-GC NPs.  

ANIMAL HANDLING AND CARE 

The present study was conducted on 80 Swiss albino mice, 6–8 weeks old, 

weighing 16–25 g, purchased from animal house at National Cancer Institute, 

Cairo University. They were housed in the experimental animal unit in the Medical 

Technology Center, Medical Research Institute, Alexandria University, Egypt. 

Each ten animals were housed in a plastic cage in a well-ventilated room (25 ±  

± 2 ºC). The animals were maintained in a controlled environment under standard 

conditions of temperature and humidity with an alternating 12 h light/dark cycle 

with free axis to water and food. All animals were fed standard pellet diet. Animals 

were handled according to the rules and regulations of Medical Research Institute 

Animal Ethics Committee. 
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INDUCTION OF HEPATIC TUMOR IN MICE 

Mice were fed on 0.06% 4-dimethylaminoazobenzene (DAB) [9] dissolved in 

paraffin oil at a daily dose of 165 mg/kg body weight per mouse through a fine 

pipette and water was replaced with 0.05% aqueous solution of phenobarbital (PB) 

for two months until appearance of liver tumor [3]. Hepatic tumor induction was 

histopathologically confirmed. One to three mm-thick perpendicularly oriented 

gross sections were obtained from each excised tumor or control specimens. These 

sections were immediately fixed in 10% formaldehyde solution for at least 6 hours 

followed by paraffin embedding. Four μm formalin-fixed, paraffin embedded tissue 

sections from each case were then routinely stained with H&E stain for 

histopathologic investigation. 

EXPERIMENTAL DESIGN 

After one week of acclimatization and before any treatment, the 80 male mice 

were randomly divided into 2 main groups: 

Group I: it included 20 normal mice which were subdivided into two 

subgroups as follows: 

Subgroup IA: it included 10 normal control mice (control subgroup). 

Subgroup IB: it included 10 normal control mice that were exposed to 

ultrasonic waves for 15 min (control + US subgroup). 

Group II: it included 60 HCC mice which were further subdivided into six 

subgroups as follows: 

Subgroup II A: it included 10 mice that were administered PBS 

intraperitoneally (i.p) and served as an untreated group (untreated HCC subgroup). 

Subgroup II B: it included 10 mice that were administered PBS 

intraperitoneally (i.p) and exposed to ultrasonic waves for 15 min (HCC+ US 

subgroup). 

Subgroup II C: it included 10 mice. Each mouse was administered i.p with 

free DOX at an accumulative dose of 15 mg/kg body weight; divided into three 

doses, each dose 5 mg/kg, each other day; (HCC+free DOX subgroup). 

Subgroup II D: it included 10 mice.  Each mouse was administered i.p with 

free DOX at an accumulative dose of 15 mg/kg body weight; divided into three 

doses, each dose 5 mg/kg, each other day; and exposed to ultrasonic waves for  

15 min after 30 min of DOX administration (HCC+free DOX+US subgroup). 

Subgroup II E: it included 10 mice. Each mouse was administered i.p with 

DOX-loaded GC NPs at an accumulative dose of 15 mg/kg body weight; divided 

into three doses, each dose 5 mg/kg, each other day; (HCC+ DOX-GCNPs 

subgroup). 
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Subgroup II F:  it included 10 mice. Each mouse was administered i.p with 
DOX-loaded GC NPs at an accumulative dose of 15 mg/kg body weight; divided 
into three doses, each dose 5 mg/kg, each other day; and exposed to ultrasonic 
waves for 15 min after 30 min of DOX-loaded GC NPs administration (HCC+ 
DOX-GCNPs+ US subgroup). 

ULTRASOUND IRRADIATIN  

After 30 min of intraperitoneal injection of DOX-loaded GC nanoparticles, 
animals were exposed for 15 min to ultrasonic irradiation using ultrasonic therapy 
instrument (Ultrasonic Therapy Model CSL, Shanghai, No.822 factory, China) 
[31]. The transducer of this instrument is calcium zirconate titanate with frequency 
of 0.8 MHz at a pulsed mode.  The output power is 0.5–3 W and the diameter of 
beam emitted (BeD) was estimated according to the equation: 

 0 2568BeD . ( D ) SF   (3)   

where D: transducer diameter and SF: flat surface, normalized focal length of the 
transducer surface. It was found that for flat surface, SF  = 1. For the 1 cm diameter 
flat surface transducer used in the present work, BeD ≈ 0.26 cm.  

The treatment protocol of free and loaded-DOX was administered for one 
week (3 times for one week only). Within 1–2 h after the final treatment, the 
animals in each subgroup were anaesthetized and sacrificed, blood samples, liver 
and cardiac tissues were collected for biochemical analysis. Sera were harvested by 
blood centrifugation for 15 min at 3500 rpm at 4 °C and stored in aliquots at  
–80 °C until assayed.  

SAMPLE PREPARATION FOR BIOCHEMICAL ANALYSIS 

Liver and heart tissue biopsies were excised from animals and blood was 
removed by perfusing the tissue with a cold phosphate buffered saline (PBS, pH = 
7.4, 0.1 M). Tissues were blotted on a filter paper to remove excess buffer. The 
biopsy was weighed and homogenized in PBS. The whole homogenate was 
centrifuged at 1600 rpm for 20 min at 5 

o
C, the supernatant was immediately stored 

at –20 
o
C for further use. 

ASSESSMENT OF THE THERAPEUTIC EFFICACY OF TREATMENT 

For evaluation of the therapeutic efficacy of the treatment, serum levels of 
alpha fetoprotein (AFP) and transforming growth factor-β1 (TGFβ1), and hepatic 
ALT activity were determined quantitatively at the Radiation Sciences Department, 
Medical Research Institute, Alexandria University, Egypt. 
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DETERMINATION OF SERUM AFP LEVELS IN THE STUDIED GROUPS 

The serum levels of AFP were determined using a ready-to-use ELISA kit 

(eBioscience, North America) according to the manufacture's protocol.  Briefly,  

50 µL diluted sera, standards and quality control were added to their respective 

microplates wells and incubated for 30 min at 37 ºC, and then washed. 50 µL 

enzyme conjugate were added to each well except for blank well. Microplate wells 

were incubated for 30 min at 37 ºC, and then washed. 50 µL substrate A and 

substrate B were added for each well. Microplate wells were incubated for 15 min 

at 37 ºC. 50 µL stop solution was added to each well with mixing. Absorbance at 

450 nm of each well was measured using a microplate reader. A calibration curve 

was constructed from which unknown AFP concentrations in samples were 

interpreted.  

DETERMINATION OF SERUM TGFβ1 LEVELS IN THE STUDIED GROUPS 

The serum levels of transforming growth factor-β1 (TGFβ1) were determined 

using a ready-to-use ELISA kit (eBioscience, North America) according to the 

manufactures protocol. Briefly, 100 µL sera, standards and quality control were 

added to their respective microplates wells. 100 µL assay buffer were added to the 

blank well. Plate with 96 wells was incubated at room temperature for 2 h on a rack 

shaker (600 rpm) and then washed. 100 µL of biotin-conjugate were added to each 

well. Plate with 96 wells was incubated at room temperature for 1 hr on a rack 

shaker (600 rpm) and then washed. 100 µL streptavidin-horseradish peroxidase 

(HRP) were added to all wells followed by incubation at room temperature for 30 

on a rack shaker (600 rpm) and then washed. 100 µL of tetramethylbenzidine 

(TMB) substrate were added to all wells followed by incubation at room 

temperature for 30 min in dark. 100 µL of stop solution were added to each well. 

Absorbance at 450 nm of each well was measured using a microplate reader. A 

calibration curve was constructed from which unknown TGFβ1 concentrations in 

samples were interpreted.  

DETERMINATION OF HEPATIC ALT ACTIVITIES IN THE STUDIED GROUPS 

Hepatic ALT activities were determined using a ready-for-use colorimetric 
kit (Randox, Germany) according to Reitman’s & Frankel’s colorimetric method. 
In brief, ALT catalyzes the conversion of alanine and 2-oxoglutarate to pyruvic 
acid and glutamic acid. The pyruvic acid is treated with 2, 4-
dinitrophenylhydrazine in an alkaline medium to form a highly colored pyruvate 
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hydrazone. ALT is measured by monitoring the concentration of pyruvate 
hydrazone which is measured spectrophotometrically at 505 nm. 

EVALUATION OF THE POSSIBLE CYTOTOXIC EFFECTS ON CARDIAC TISSUES 

The possible cytotoxic effects of treatment on cardiac tissues were evaluated 
through quantitative determination of cardiac AST, LDH and CK activities. 

DETERMINATION OF CARDIAC AST ACTIVITIES IN THE STUDIED GROUPS 

Cardiac AST activities were determined using a ready-for-use colorimetric 
kit (Randox, Germany) according to Reitman’s & Frankel’s colorimetric method. 
In brief, AST catalyzes the conversion of L-aspartate and 2-oxoglutrate to 
oxaloacetate and glutamic acid. Oxaloacetate spontaneously decarboxylates to 
form pyruvate under the strongly acidic conditions. The pyruvate concentration is 
determined spectrophotometrically in the form of hydrazone, which is produced by 
reaction with 2,4-dinitrophenylhydrazine in an alkaline medium. The pyruvate 
hydrazone absorbs at 505 nm. 

DETERMINATION OF CARDIAC LDH ACTIVITIES IN THE STUDIED GROUPS 

The cardiac Lactate dehydrogenase (LDH) activity was determined using a 
ready-to-use colorimetric kit (Abcam, UK) according to the manufacture's 
protocol. In this assay, LDH reduces NAD to NADH which then interacts with a 
specific probe to produce a color which is measured photochemically at 450 nm. 

DETERMINATION OF CARDIAC CK ACTIVITIES IN THE STUDIED GROUPS 

The cardiac Creatine Kinase (CK) activity was determined using a ready-to-
use colorimetric kit (Abcam, UK) according to the manufacture's protocol. In this 
assay, creatine kinase converts creatine into phosphocreatine and adenosine 
diphosphate (ADP). The generated phosphocreatine and ADP react with CK 
Enzyme Mix to form an intermediate which reduces a colorless probe to a colored 
product with strong absorbance at 450 nm. 

RESULTS 

The particle size distribution curve for galactosylated chitosan nanoparticles 
showed sharp distribution range of nanoparticles with an average particle size of 
100.4 nm and only 10% were oversized with baseline error of 3.29% at diffraction 
angle 11.1

o
 and with polydispersity index (PI) of 0.707 (Fig. 1). 
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Fig. 1. Particle size distribution curve for prepared DOX-loaded GC nanoparticles. 

TEM examination revealed the preparation of galactosylated chitosan 

nanoparticles which were completely spherical in shape and in the nanoscale with 

no agglomeration (Fig. 2). The mean drug loading efficacy of the prepared GCs 

nanoparticles was 23.26% and the mean encapsulation efficacy was 66.6%. 

 

Fig. 2. TEM showing spherical galactosylated chitosan nanoparticles (Mag. 5000×, 80 kV). 

After 60 days of chronic feeding of DAB and PB, tissue sections of mice 

livers showed well differentiated HCC as indicated by areas of multinucleated cells 

and hyperchromated hepatocytes (Fig. 3). Moreover, congested large central vein 
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with liver tissues which lost their architecture was also observed (Fig. 4) compared 

with normal control liver tissues (Fig. 5).  

 

 

Fig. 3. Paraffin section photograph of mice 

liver after 60 days of DAB and PB feeding 

showing areas of multinucleated cells ( ), 

new angiogenesis formed (A), some necrotic 

cells (N) and hyperchromated hepatocytes (H). 

H&E, magnification 4×. 

 

Fig. 4. Paraffin section photograph of mice liver 

after 60 days of chronic DAB and PB feeding 

showing congested large central vein (C.V.), the 

liver tissue lost its architecture, giant cells have 

large nuclei with the chromatin migrated at 

nuclear contour (G). H&E, Magnification 4×. 

 

Fig. 5. Paraffin section of control mouse liver showing normal structure, binucleated ( ) and 

central vein (CV). H&E, magnification 4×. 

As shown in Table 1, there was no significant difference in the hepatic ALT 

activity and levels of serum AFP and TGFβ1 between the normal control subgroup 

and the normal control subgroup exposed to US irradiation (p = 0.253, 0.110, 

0.170, respectively). Also, there was no significant difference in the hepatic ALT 

activity and levels of serum AFP and TGFβ1 between the untreated HCC subgroup 

and the HCC subgroup exposed to US irradiation (p = 0.610, 0.250, 0.350, 

respectively). 
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The untreated HCC subgroup  showed significant elevations in the levels of 

serum AFP and TGFβ1 and hepatic ALT activity compared with the normal control 

subgroup (p = 0.002, 0.006, 0.003, respectively). The HCC-bearing mice treated 

with free DOX revealed significant decreases in the levels of serum AFP and 

TGFβ1 and hepatic ALT activity when compared with untreated HCC-bearing 

mice (p = 0.015, 0.025, 0.031, respectively) but their levels still significantly above 

their corresponding levels in the normal control mice (p = 0.023, 0.001, 0.005, 

respectively) with no significant effect of ultrasonic wave exposure (p = 0.081, 

0.09, 0.07, respectively; Table 1). The histopathologic examination of liver tumor 

tissues showed proliferating lymphocytes around dilated bile duct (B.D.) and 

congested portal tract (P.T.), increased number of hepatocytes with intranuclear 

inclusion and eosinophilic cytoplasm and some regenerative hepatocytes (Fig. 6).  

The HCC-bearing mice treated with DOX encapsulated into GC 

nanoparticles showed significant decreases in the levels of serum AFP and TGFβ1 

and hepatic ALT activity when compared with the HCC-bearing mice treated with 

free DOX (p = 0.043, 0.038, 0.005; respectively) which were ameliorated by 

ultrasonic wave exposure in which the levels of the three biomarkers reached 

remained their normal levels as in the normal control group (p = 0.151, 0.257, 

0.112; respectively; Table 1). The histopathologic examination of liver tumor 

tissues taken from the mice of these groups showed an increased number of 

apoptotic bodies and defined liver cords (Fig. 7). 

Table 1 

Mean±SE of hepatic ALT activities and levels of serum AFP and TGFβ1 in the studied groups 

Serum TGFβ1 

(ng/mL) 

Serum AFP 

(pg/mL) 

Hepatic ALT 

(U/g tissues) 
Subgroups 

2.24±0.11 30.97±2.23 28.49±0.79 Control 

2.13±0.09 32.03±1.50 30.21±0.65 Control+US 

5.38±0.38 a 179.34±12.60 a 186.33±23.55 a Untreated HCC 

4.82±0.46 175.59±13.5 182.27±22.6 HCC+US 

4.26±0.12 a,b 85.19±5.99 a,b 90.85±7.23 a,b HCC+ free DOX 

3.83±0.27 a,b 76.67±5.39 a,b 60.6±2.91 a,b HCC+ free DOX+US 

3.14±0.11 a,b,c 62.77±4.11 a,b,c 78.85±2.07 a,b,c HCC+DOX-GCNPs 

2.88±0.13 b,c,d 37.66±2.65 b,c,d 32.68±1.44 b,c,d HCC+DOX-GCNPs+US 

a. Significance was compared with control group. b. Significance was compared with untreated 

HCC subgroup. c. Significance was compared with HCC+ free DOX subgroup.  
d. Significance was compared with HCC+DOX-GCNPs subgroup.  
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As shown in Table 2, the cardiac AST, LDH and CK activities were within 

the same range in the untreated HCC subgroup and the HCC subgroup exposed to 

US irradiation (p = 0.066, 0.084, 0.765, respectively).  There was no significant 

difference in the activities of cardiac AST, LDH and CK between the normal 

control mice and untreated HCC-bearing mice (p = 0.140, 0.199, 0.220; 

respectively). The mice bearing HCC and treated with free DOX either in the 

presence (p = 0.038, 0.041, 0.04, respectively) or absence (p = 0.001, 0.005, 0.003, 

respectively) of ultrasonic irradiation showed significant elevation in the activities 

of cardiac AST, LDH and CK compared with untreated HCC-bearing mice. The 

mice bearing HCC and treated with DOX encapsulated into GC NPs revealed 

significant declines in the activities of cardiac AST, LDH and CK compared with 

HCC-bearing mice treated with free DOX either in the presence (p = 0.009, 0.02, 

0.025, respectively) or absence (p = 0.007, 0.001, 0.028, respectively) of 

ultrasound waves exposure. At the same time, the activities of cardiac AST, LDH 

and CK in HCC-bearing mice treated with DOX encapsulated into GC NPs reached 

their normal values as in the normal control mice either in the presence (p =  0.072, 

0.09, 0.12, respectively) or absence (p = 0.093, 0.16, 0.131, respectively) of 

ultrasonic irradiation. 

 

Fig. 6. Paraffin section photograph of mice liver treated with free DOX and exposed to US irradiation 

showing proliferating lymphocytes around dilated bile duct (B.D.) and congested portal tract (P.T.), 

increased number of hepatocytes with intranuclear inclusion and eosinophilic cytoplasm, some 

regenerative hepatocytes (H&E, Mag. 4 ×). 
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Fig. 7. Paraffin section of mouse liver treated with DOX loaded GC NPs and exposed to US 

irradiation showing increased apoptotic bodies (       ) and defined liver cords (H&E, Mag. 4 ×). 

Table 2 

Mean± SE activities of cardiac AST, LDH and CK in the studied groups 

Cardiac CK 

(U/mg tissue) 

Cardiac LDH 

(U/g tissue) 

Cardiac AST 

(U/g tissue) 
Subgroups 

5.43±2.39 436.76±3.78 34.19±1.00 Control 

6.01±2.23 434.68±2.97 35.22±0.8 Control+US 

15.94±3.11 452.31±11.15 40.78 ± 3.78 Untreated HCC 

14.52±2.98 456.50±9.57 39.5±3.25 HCC+US 

60.10 ±5.24 a,b 608.39±21.18 a,b 223.59±28.27 a,b HCC+ free DOX 

49.06±4.64 a,b 591.21±14.53 a,b 172.31±11.83 a,b HCC+ free DOX+US 

28.02±4.28c 453.68±8.42 c 54.63±2.49 c HCC+DOX-GCNPs 

16.72±2.35c 455.27±7.65 c 43.76±3.27 c HCC+DOX-GCNPs+US 

a: Significance was compared with control group. b: Significance was compared with 

untreated HCC subgroup. c: Significance was compared with references. 

DISCUSSION 

Hepatocellular cancer (HCC) is a lethal malignancy with poor prognosis 

[36].  The stages of HCC development include cirrhosis, adenoma and dysplastic 

nodule formation [15]. A previous study reported that chronic feeding of the 

azodye p-dimethylaminoazobenzene (p-DAB) was able to initiate liver cancer [6]. 
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Also, it was found that chronic feeding of phenobarbital (PB) was able to promote 

liver cancer in human and rodents [8, 38, 48].  

In the current study, the chronic feeding of mice with DAB and PB for 60 

days has been successfully used to develop liver tumors.  Liver carcinogenesis was 

confirmed histopathologically by the presence of areas of multinucleated cells, 

formation of new blood vessels (angiogenesis), giant cells having large nuclei with 

the chromatin migrated at nuclear contour, hyperchromated hepatocytes and the 

liver tissue lost its architecture. In agreement with our present study, Biswas et al. 

[7] induced hepatocarcinogenesis in mice using DAB and PB and reported that 

liver nodules appeared after chronic feeding of DAB and PB for 60 days. Also, in 

Hassan's study [17] HCC induced by 2-nitropropane (2-NP) and N-

nitrosodiethylamine (DEN) was confirmed by the loss of hepatic architecture with 

proliferating streaks and cords of malignant hepatocytes. 

It is well documented that AFP determination remains a useful test in the 

management of patients with HCC [25]. In the current study, hepatic tumor 

formation was biochemically confirmed by the significant elevation of the serum 

levels of AFP and TGFβ1 in HCC mice compared with normal control mice. This 

was in accordance with Baig et al. [2] who investigated the diagnostic significance 

of AFP and concluded that elevated levels of AFP were noted in patients with 

HCC.  

The current therapeutic modalities for HCC include liver transplantation and 

chemotherapy, with each modality having its limitations [13, 27]. To overcome the 

non-selectivity of chemotherapy and to minimize its side effects [34], targeted 

chemotherapy may be the solution as it is a cheap and safe therapeutic modality 

[19, 28]. 

Although doxorubicin (DOX) is a chemotherapeutic drug used for cancer 

treatment, it is not commonly used due to its cardiotoxic effects [46]. Nanoparticles 

can improve the efficacy of chemotherapeutic drugs by enhancing the entry of 

drugs into the targeted organ with no effect on surrouding normal tissues 

eliminating the unwanted effects [51]. 

Asialoglycoprotein receptor (ASGP-R) is a specific binding site for 

asialoglycoproteins that is found abundantly on the membrane of hepatocytes [43].  

Binding of ligands containing terminal galactose moeities to the ASGP-R results in 

complex formation which is rapidly internalized by hepatocytes, then the receptor 

recycled back to the surface of hepatocytes and is reutilized, allowing high binding 

capacity and efficient uptake of galactosylated ligands by hepatocytes [22]. 

Chitosan, a modified natural carbohydrate biocompatible polymer, is suitable 

for mucosal drug delivery [40, 45] with high ability to control the release and 

targeting of different biomolecules [53]. Galactosylated chitosan (GC) is a 

galactose ligand, with chitosan modifications on the molecular structure [52]. So, 

for targeted therapy of HCC, galactosylated chitosan nanoparticles (GCs NPs) 
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encapsulating DOX were prepared. Our results revealed formulation of spherical 

GCs NPs with average particle size of 100.4 ± 3.29 nm as revealed by TEM and 

particle size analyzer, respectively. The size of the nanoparticles in TEM image 

was smaller than the size measured by DLS, because DLS provides the data for the 

particles swollen in solution, whereas TEM shows the images of dried 

nanoparticles. The drug loading efficacy of the prepared GCs nanoparticles was 

23.26% and encapsulation efficacy was 66.6%. Our results were approximately in 

accordance with Wang et al. [47] who synthesized norcantharidin-loaded GC 

nanoparticles (NCTD-GC NPs) with an average particle size of 118.68 ± 3.37 nm, 

encapsulation efficacy of 57.92 ± 0.40%, and drug loading efficacy of 10.38 ± 

0.06%.  

For targeted therapy of hepatocellular carcinoma, Zhu et al. [53] prepared 

nanoparticles composed of galactosylated chitosan oligosaccharide and adenosine 

triphosphate (ATP), with an average diameter of 51.03 ± 3.26 nm, encapsulation 

efficacy of 88.98%, drug loading efficacy of 26.25%  and they reported that these 

properties were suitable for a drug delivery system.  

In the present study, when DOX was encapsulated into GCs-NPs and 

administered to HCC-bearing mice, the hepatic ALT activity and serum AFP and 

TGFβ1 levels were significantly decreased compared with their levels in untreated 

HCC mice, but their levels are still significantly higher than their normal levels. 

Moreover, Exposure of HCC mice treated with DOX encapsulated into GCs-NPs to 

ultrasonic irradiation significantly ameliorated the therapeutic effect of GC-NPs as 

indicated by the significant decrease in the levels of Hepatic ALT, serum AFP and 

TGFβ1 as the levels of these markers reached their normal values.  

Several pathways were proposed for the enhancing effects of ultrasound 

irradiation on drug-loaded nanoparticles delivery. The first pathway is that 

ultrasound (US) irradiation induces pores formation on the cell membrane that 

accelerates the internalization of drug-loaded nanoparticles [44]. The second 

pathway is that exposure of the cell to ultrasound (US) irradiation generates free 

radicals that increases the permeability of the cell membranes to drug-loaded 

nanoparticles [26]. The other pathways postulated that the improved effects of 

ultrasound irradiation on drug-loaded nanoparticles may be due to increasing 

endocytosis and activating cell membrane transport [30] or  may be due to 

elevating the local temperature of cell membrane which affects the liquidity of the 

membrane phospholipid bilayer and enhancing the cell membrane internalization 

[50, 10]. 

Rapoport et al. [41] were able to treat mice bearing xenograft breast tumors 

using DOX-loaded polymer nanomicrobubbles under the enhancing effect of US 

irradiation. Hauff et al. [18] were capable of treating rats bearing HCC using 
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plasmid pU t651MB encapsulated into nanoparticles aided by US irradiation.  

Yang et al. [50] managed to transfect plasmid GFP-loaded chitosan alginate 

nanoparticles into HeLa and 293T cells under the effect of US irradiation. 

In the current study, the HCC-bearing mice treated with free DOX showed 

significant decreases in the levels of serum AFP and TGFβ1 and hepatic ALT 

activity when compared with untreated HCC-bearing mice with no significant 

effect of ultrasound irradiation and the levels of these markers still significantly 

above their corresponding levels in the normal control mice either in the presence 

or absence of ultrasound irradiation. At the same time, in the subgroup of HCC 

mice treated with free DOX, there was significant elevation in the activities of 

cardiac AST, LDH and CK compared with untreated HCC-bearing and also 

compared with the normal control mice, which indicated that mice treated with free 

DOX suffered from severe cardiotoxicity. Our current results confirmed those of 

Divakaran et al. [12] who stated that DOX is a potent chemotherapeutic drug for 

cancer treatment whose clinical utility is restricted due to its harmful effects on the 

heart.  

Also in the current study, HCC mice treated with DOX encapsulated into 

GCs-NPs in the presence of US irradiation showed significant decrease in the 

levels of serum AFP and TGFβ1 and hepatic ALT activity. At the same time, the 

levels of these markers reached their normal values, with no cardiotoxicity. The 

absence of cardiotoxicity was indicated by the significant reduction in the activities 

of cardiac AST, LDH and CK which reached their normal levels as in the normal 

control mice.  

It was mentioned that the toxic effects of DOX on cardiac tissues may be 

related to induction of oxidative stress that results in peroxidation of membrane 

lipids, damage of mitochondrial membrane, decreased activity of Na
+
/K

+
 ATPase 

and myocardial injury. Also, DOX may result in elevated levels of cholesterol, 

triglycerides, and low density lipoprotein, lactate dehydrogenase (LDH) and 

creatinine kinase (CK) [1]. From the current study, it could be concluded that DOX 

encapsulated into GCs-NPs may be a promising therapeutic modality in the 

treatment of DAB-induced HCC in mice compared with free DOX. DOX 

encapsulated into GCs-NPs combined with ultrasound irradiation can ameliorate 

cardiotoxicity induced by the use of free DOX. 
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