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Doxorubicin-liposome combined with clodronate-
liposome inhibits hepatocellular carcinoma through
the depletion of macrophages and tumor cells
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Abstract
Background: Macrophages in the liver have capacities of capturing and phagocytosing nanocarriers and
play an important role in in�ammatory microenvironment and hepatocellular carcinoma (HCC) initiation
and progression. Depletion of macrophages might be a feasible strategy for drug delivery and tumor
microenvironment modulation during HCC.

Methods: To verify this hypothesis, liposomes targeting macrophages containing DOX and clodronate
were prepared using ammonium sulfate gradient and thin �lm hydration method. Then liposomes were
given to rats at different stages of diethylnitrosamine (DEN) induced primary HCC model to understand
the preventive and therapeutic effects of the liposomes.

Results: Doxorubicin-liposome (Doxil) and clodronate-liposome (CL-LIP) about 180-200 nm were
successfully prepared and characterized, with a polydispersity index of <0.3 and free doxorubicin (DOX)
encapsulation e�cacy of >97%. We found that Doxil combined with CL-LIP could effectively target and
eliminate macrophages in the liver, releasing DOX into plasma and inhibiting HCC in vivo.

Conclusions: DOX and clodronate-loaded liposomes targeting macrophages can effectively reduce
macrophages phagocytosis, concentrate DOX in the plasma and accumulate DOX in the liver and spleen
for a longer time, improving tumor microenvironment and restraining activation of hepatic progenitor
cells (HPCs), thus enhance the inhibition and therapeutic effects against HCC in rats. Results of this
study were expected to provide a new prospect for the chemotherapy of HCC.

Background
Hepatocellular carcinoma (HCC) has become a common cause of death in cancer patients and a great
health burden worldwide1,2. Traditional anti-cancer drugs, such as Doxorubicin (DOX), 5-Fluorouracil,
Pirarubicin and Cisplatin, have been routinely used for clinical HCC treatments. However, multi-organ
toxicity and drug resistance greatly limited their clinical application. With the development of
nanotechnology, nanoparticles loaded with chemotherapeutic drugs have been designed to reduce
toxicity and increase therapeutic e�cacy. Liposomes, one of the most widely used nanoparticle forms,
have high biocompatibility, good pharmacokinetic properties, easy surface modi�cation and long cycle
time after surface or size modi�cation(1, 2). However, liposomes are quickly recognized and eliminated
by mononuclear phagocytic system (MPS) after entering the body. MPS can greatly reduce the drug
delivery e�ciency to tumor tissues and accumulate liposomes in MPS organs, resulting in unsatisfactory
therapeutic effect5–7.

Liver is one of the main MPS organs and contains abundant macrophages(3). HCC is known to be an
in�ammatory-related disease. Macrophages, as the main component of in�ammatory microenvironment
and immune process(4, 5), play a critical role in maintaining normal liver physiology homeostasis and
removing harmful substances, pathogens and damaged or abnormal tissues, including liposomes(6).
Under pathological state, macrophages are involved in the initiation, progression and metastasis of
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HCC(7–10). Macrophages could promote malignant transformation of HCC by supporting
angiogenesis(11) and creating immunosuppressive environment. Tumor-associated macrophage (TAM)
accumulation was found in the liver of HCC patients and is associated with poor progression and low
survival of HCC. Clinical researches showed that high density in�ltration of macrophages in tumor was
closely related to the poor prognosis of HCC patients(12, 13). Therefore, we wondered whether the
phagocytosis of liposomes by macrophages in the liver can be utilized to treat HCC and whether
depletion of macrophages could promote the delivery of drug-loaded liposomes to targeted tissue or
cells.

In this research, liposomes targeting and exhausting macrophages containing DOX and clodronate were
prepared according to the features of macrophages in the liver. DOX is a widely used broad-spectrum
antitumor drug to treat solid tumors by inhibiting DNA and protein synthesis(14, 15). Clodronate is a
bisphosphonates drug and has become a common strategy for exhaustion of macrophages in vivo,
mainly by its liposome form. Clodronate liposomes can effectively deplete macrophages in different
organs or tissues, including the liver(16). In this study liposomes were prepared and characterized, and
then administered at different stages of primary HCC model in rats, so as to understand their effects on
hepatocarcinogenesis, tumor development and microenvironment. To the best of our knowledge, this is
the �rst attempt to deplete macrophages for HCC treatment by local injection of mixed liposomes into the
liver through spleen, and the results of the study are expected to provide a new strategy for the prevention,
treatment and anti-postoperative recurrence of HCC.

Methods
Reagents

Doxorubicin, cholesterol and diethylnitrosamine (DEN) were purchased from SIGMA-Aldrich (St. Louis,
MO, USA). Egg yolk lecithin E80 was purchased from Lipoid GmbH (Ludwigshafen, Germany). For cells
culture, Ham's F-12K, RPMI 1640 and DMEM media were all acquired from Gibco/Life Technologies
(Grand Island, NY, USA). Anti-CD68, anti-CD163, anti-iNOS, and anti-Alpha-fetoprotein (AFP) antibodies
were obtained from Abcam (Cambridge, MA, USA). Anti-OV6 antibody was bought from R&D
(Minneapolis, MN, USA). Becton, Dickinson and Company (Franklin Lakes, NJ, USA) provided the FITC
Annexin V Apoptosis Detection Kit. Servicebio (Wuhan, China) provided the cell counting Kit-8 (CCK8) and
ELISA assay kits were all from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All other
reagents such as alcohol, chloroform used in this study were of analytical grade from commercial
sources. 

Animals and Cells

Male Sprague-Dawley (SD) rats weighing 180-200g were purchased from Shanghai Animal Experimental
Center of Chinese Academy of Sciences (Shanghai Slack Experimental Animal Co., LTD., China), and
maintained under pathogen-free conditions with a 12 h light and 12 h dark cycle in the Second Military
Medical University Animal Care Committee. After one week of adaptive feeding, rats were given 0.1% DEN
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in their drinking water to induce hepatocarcinoma, along with a standard diet. All animal protocols used
were approved by the Institutional Animal Care and Use Committee of the Institute of Health Sciences.

Rat alveolar macrophages (NR8383) and rat hepatocytes (RH35) cell lines were both purchased from Cell
Bank of Chinese Academy of Sciences (Shanghai, China). 

Preparation and Characterization 

Doxorubicin-liposomes (Doxil) with different sizes were prepared by reverse phase evaporation vesicle
(REV) and ammonium sulphate gradient method(17-19). High Performance Liquid Chromatography
(HPLC) was performed on a Dionex UltiMate 3000 system (Waltham, MA, USA) to determine the
concentration of doxorubicin. Agilent ZORBAX-SB-C18 column (5 μm, 4.6 × 150 mm) were used at 35 °C.
Gradient elution system was composed of (A) 76% 0.1% aqueous triethylamine (pH=3.0) and (B) 24%
acetonitrile as mobile phase. The encapsulation e�ciency (EE%) and drug loading (DL%) were calculated
according to the equations below:

Clodronate-liposome (CL-LIP) was successfully prepared using thin �lm hydration method(20) and its
concentration was detected by ultraviolet spectroscopy at 240 nm described previously(21). Liposomes’
particle sizes, Zeta potentials, polydispersity index (PDI) and stability in a week were measured by a
dynamic light scatterer (Malvern Zetasizer, Malvern, UK). The cumulative release rates of DOX at 10 min,
20 min, 30 min, 1 h, 4 h, 8 h, 12 h, 24 h, 48 h, 72 h from different sizes of Doxil in vitro (PBS, pH=7.4) were
detected by recording the �uorescence values of Doxil before and after demulsi�cation (Finitial & FTriton X-

100). Cumulative release rate of DOX was calculated using the equation below:

The images of Doxil and CL-LIP were recorded by a Tecnai G2 F20 S-TWIN High-Revolution Transmission
Electron Microscope (HRTEM, FEI, Hillsboro, OR, USA). 

Cell Culture and Treatment 
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Rat macrophages line NR8383 was cultured in Ham's F-12K medium (10% FBS) in incubators at 37 °C
and 5% CO2. Rats whose peritoneal macrophages to be isolated were �rst activated by intraperitoneal
injection of broth 5-7 days in advance. Then rats were injected intraperitoneally with RPMI 1640 (1%
penicillin–streptomycin) after sacri�ce and sterilization. Rat abdomen was kneaded gently and liquid
inside was extracted for 1000rpm, 5 minutes centrifugation. Cells were then rinsed by medium and
counted before resuspended and seeded to the culture plate. Non-adherent cells were removed after 2 h
and adherent cells were maintained. The isolated peritoneal macrophages were cultured in RPMI 1640
medium (10% FBS) at 37 °C and 5% CO2 and were identi�ed by immuno�uorescence staining.

NR8383 cells were treated with CL-LIP at concentrations of 5,10, 20 or 50 μg/mL for 24 h. Rat peritoneal
macrophages were treated with CL-LIP at concentrations of 5, 10, 20,50, 100, 200 or 300 μg/mL for 24 h.
Cell viability was estimated using CCK-8 assay according to the manufacturer’s instructions.

Rat hepatocytes, RH35 cells were cultured in DMEM medium (10% FBS) in incubators at 37 °C and 5%
CO2. Then RH35 cells were treated with PBS, CL-LIP (10 μg/mL), Doxil (1 μg/mL), Doxil+CL-LIP for 24h,
and cell viability was estimated using CCK-8 assays. 

Flow Cytometry Assay 

To estimate the depletion effects of CL-LIP on macrophages in vitro, the apoptosis of rat peritoneal
macrophages following treatment with CL-LIP of different concentrations (5, 10, 20, 50, 100, 200 or 300
μg/mL) for 24 h were detected using FITC Annexin V-PI Apoptosis detection kit (BD Pharmingen, USA)
and measured by �ow cytometry. 

Cell uptake and Immuno�uorescence Assay

To investigate the cell uptake e�ciencies of Doxil of different sizes, rat peritoneal macrophages
cells were seeded into culture plate with the addition of 10 μl Doxil (2 mg/mL) of 100, 200 nm and
incubated for 0.5 h. Thereafter, the supernate was discarded, cells were washed by saline and the nuclei
were counterstained with 4,6-diamidino-2-phenylindole (DAPI, Beyotime technology, Jiangsu, China) for
10 min before observing the cells by laser scanning confocal microscopy (LSCM).

To assess cell uptake ability of different sizes of Doxil in vivo, we chose HCC rats induced with DEN for 4
weeks, when the majority of macrophages in livers are activated. Rats were injected with 100, 200 nm
Doxil (2 mg/Kg) through the spleen and livers were harvested after 1.5 h with attention to keep in the dark
and stored at -80 °C to make frozen section. After incubated with indicated primary antibody, CD68(1:200,
Abcam), sections were incubated with Alexa Fluor 488-labeled secondary antibodies (Invitrogen). Nuclei
were counterstained with DAPI and then observed under a LSCM for immuno�uorescence (IF) analysis. 

in Vivo Toxicity Assay 

The in vivo toxicity of Doxil and CL-LIP was evaluated using DEN-induced HCC rats at 12 weeks. In brief,
we injected different doses of Doxil (1, 2, 4 mg/kg) and CL-LIP (1, 5, 15, 35, 45 mg/kg) into 12-week-HCC-



Page 7/28

induced SD rats once a week via the spleen for 4 weeks. Each dosage group had 3 animals. At the same
time, saline was administered into the rats’ spleen in the same manner to establish the DEN group. The
survival rats were monitored daily. 

To examine the in vivo toxicity of Doxil and CL-LIP, 1 week after injection, we harvested the livers and
blood from rats in all groups and immersed livers in 4 % paraformaldehyde. Then the livers were para�n-
embedded, sectioned, and stained with hematoxylin and eosin (H&E). A confocal microscope (Leica TCS
SP2, Germany) was used to observe the histological sections. Both the identity and analytical results of
the pathology slides were unknown to the pathologist. Rat serum was extracted by centrifugation at 3000
rpm for 10 min and stored at -80 °C for biochemical analysis. Serum ALT, AST and ALB levels were
determined using ELISA assay kits according to the manufacturer’s instructions.  

Treatment of Animals 

HCC rat models were established by DEN given in the drinking water. To observe the prevention and
treatment in�uence of Doxil combined with CL-LIP in HCC, rats were divided into four groups: a. DEN; b.
DEN+CL-LIP; c. DEN+Doxil; and d. DEN+CL-LIP+Doxil, with 5 animals in each group. The rats in four
groups were administered with saline, CL-LIP (15 mg/kg), Doxil (2mg/kg) or Doxil (2mg/kg)+CL-LIP (15
mg/kg) once a week before hepatocarcinogenesis (8th to 11th week HCC-induced by DEN, Fig. 2A) and
during liver cancer progression (14th to 17th week HCC-induced by DEN, Fig. 5A). The numbers of survival
rats were recorded after administration starting from 14th to 17th week and Kaplan-Meier plot of DEN-
induced rats was plotted during HCC progression (about 28 days).

Two batches of rats were sacri�ced at 12th and 19th week since drinking DEN water severally. To further
assess the effects of mixed liposomes on hepatocarcinoma, blood samples were drawn from IVC and
were placed in coagulation-promoting tubes, and serum was separated by centrifugation at 3000 rpm for
10 min. All of the serum samples were stored at -80 °C until analysis. After rats were sacri�ced, livers were
excised and rinsed thoroughly with saline to remove residual blood and other contents. Liver tumors were
measured with vernier caliper and counted. Then two hepatic lobes were cut and stored in 4 %
paraformaldehyde, while the rest was divided into pieces and dried to be kept at −80 °C for subsequent
experiments. 

Hematoxylin-eosin (H&E) Staining, Immunohistochemistry, Terminal Deoxynucleotidyl Transferase-
mediated dUTP-biotin Nick End Labeling (TUNEL) Assay and Image Analysis

For histological examination, 3-5μm sections were cut from livers embedded in para�n and stained with
H&E according to the manufacturer’s protocol. For immunohistochemical staining, the primary
immunohistochemistry antibodies including AFP (1:100, Abcam), CD68 (1:200, Abcam), and OV6(1:50,
R&D), CK19(1:200, Abcam) were used. Nuclei were counterstained with hematoxylin to demonstrate blue.
The sections were subsequently scanned with a confocal microscope (Leica TCS SP2, Germany).
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We used Tunel staining (Calbiochem, La Jolla, CA, USA) to estimate the apoptosis level of liver tumor
cells according to the manufacturer’s instructions. Then the sections were stained with DAPI as
counterstaining and observed under a LSCM. 

Bio-distribution of Free Doxorubicin, Doxil and CL-LIP and Pharmacokinetic Analysis 

To observe the bio-distribution of Free doxorubicin and liposomes and the effects of CL-LIP on Doxil
release in vivo, we established DEN induced primary liver cancer models in rats and prepared Doxil and
CL-LIP. After feeding rats with DEN in drinking water for 8 weeks, Free doxorubicin, Doxil and mixed
liposomes (Doxil+CL-LIP) were injected into the spleen. The dose of doxorubicin was 2 mg/kg in all the
groups and clodronate was 15 mg/kg in Doxil+CL-LIP group. High Performance Liquid Chromatography-
Mass Spectrometry (HPLC-MS) instrument, Waters ACQUITY H-Class UPLC/Xevo TQS (Framingham, MA,
USA) was applied to detect the concentrations of doxorubicin in major organs like the heart, liver, spleen,
lung, kidney and plasma at 0.5, 1, 2, 4, 8, 12, 24, 48 h after administration respectively. Rats were
anesthetized before blood was drawn from IVC and organs were harvested at speci�c time points.
Plasma extracted and organs were stored at -80 °C before HPLC-MS detection. The organs samples were
pre-treated by grinding. Bio-distribution or accumulation of doxorubicin of rats was tracked at each time
point using the HPLC-MS and concentration of doxorubicin in tissues and plasma were measured for
further analysis (at least three samples of each rat were measured). HPLC-MS equipment and conditions
are listed in detail in supplementary materials.

Pharmacokinetic analysis was done by DAS 3.3.0 software. 

Statistical Analysis

Statistical analysis was performed using Graph Pad Prism 8.0 software. The experimental data were
expressed as mean ± SD and the differences between multiple groups were marked by one way ANOVA. P
< 0.05 or P < 0.01 indicated statistically signi�cant difference.

Results
Characterization of Doxil and CL-LIP 

Different sizes of Doxil were prepared by REV-extrusion and ammonium sulphate gradient method. As
shown in Fig 1 A&B, sizes of Doxil were (101±3.5) nm, (184±3.9) nm, and (350±20.4) nm, with the
corresponding polydispersity index (PDI) values being 0.218±0.005, 0.215±0.004, 0.248±0.008 and zeta
potentials being (-12.28±1.75) mV, (-12.83±1.46) mV, (-13.01±2.00) mV, respectively, all indicating
negative zeta potential values. The encapsulation e�ciency (EE%) and drug loading (DL%) of doxorubicin
in different sizes of Doxil were listed in Supporting Information Table S1. Three sizes of Doxil all
possessed high EE(%) of around 95-99% and DL(%) up to 7.5%, showing that liposomes prepared by the
present method could e�ciently encapsulate doxorubicin.
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In order to investigate the stability of three sizes of Doxil, we stored them at 4℃ for a week and measured
the particle size and PDI values on the 1st ,3rd ,5th and 7th day by a Malvern dynamic light scatterer. As is
shown in Fig 1 C&D, the particle size and PDI values of Doxil of about 101 and 108 nm remained almost
invariant for at least 7 days, while the size and PDI of Doxil about 350 nm showed an increase at 7th day,
suggesting good stability of Doxil with sizes under 200 nm. PDI values of liposomes with larger size,
such as 350 nm or above, had a tendency to rise with prolonged storage time, indicating a poorer
stability. Therefore, we chose to prepare Doxil with size of about 200 nm according to its stability and
better macrophages intake in vitro and in vivo (Supporting Information Fig S1 G&H).

In vitro drug release of 3 sizes of Doxil was performed in PBS and determined by �uorescence values (Fig
1 E). Within 0.5h, in vitro cumulative release rates of ~100, ~180, ~350 nm Doxil at pH 7.4 were 28.04%,
17.52% and 37.96%, respectively, which met the requirements of the Chinese Pharmacopoeia that the
cumulative release rates of liposomes in 0.5 h at the beginning should be lower than 40%. We could come
to the conclusion that there was good release effect and no sudden release in the three kinds of Doxil in
vitro.

To kill macrophages, CL-LIP was prepared using thin �lm hydration-extrusion method with a size of about
200 nm, a PDI around 0.056 and a zeta potential of -36.6±2.5mV (Fig 1 F). The concentration of
clodronate in CL-LIP was 5.6 mg/mL as detected by ultraviolet spectroscopy. The EE% and DL% of CL-LIP
around 200 nm were listed in Supporting Information Table S2. Both of EE% and DL% were low, but the
clodronate liposomes prepared could still reach a certain level of concentration for administration.

Besides, the TEM images in Fig 1 G&H showed that both Doxil and CL-LIP (~150-200 nm) were spherical
in morphology and shapes, revealing representative appearance of the liposomes. All the results
suggested that doxorubicin and clodronate liposomes prepared by us had the characters of negative zeta
potential values, narrow size distributions (sizes dispersed in water ranging from 100 to 350 nm) and
good stability. 

Combination of Doxil and CL-LIP Inhibits Hepatocarcinogenesis 

Prior to formal administration, appropriate size and dosage were determined by intra-spleen injection of
different dosages of Doxil (1,2,4 mg/kg) and CL-LIP (1,5,15,35,45 mg/kg) to rats fed with DEN for 12
weeks. As is shown in Supporting Information Fig S1, the Doxil dosage of 2 mg/kg and 4 mg/kg
effectively reduced tumor numbers and liver injuries, but 4 mg/kg groups showed distinct heart toxicity. In
Supporting Information Fig S2, rats in the CL-LIP groups of 35, 45 mg/kg showed obvious elevations of
serum ALT, AST and sudden decrease in ALB, suggesting intra-spleen injection of high concentration of
CL-LIP would cause injuries and damage to liver function. In brief, we �nally decided to inject Doxil at the
dosage of 2 mg/kg and CL-LIP at 15 mg/kg in the following in-vivo administration for the sake of safety.
Both liposomes were prepared in the size of ~200 nm for good stability and capacity of being captured
by macrophages. 
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According to our previous study, rats exposed to 0.1% DEN in their drinking water for 12 weeks provided a
primary HCC model before hepatocarcinogenesis(22). Doxil and CL-LIP were administered into the spleen
once a week from 8th to 11th week to explore the effects of combination of liposomes in the stage of HCC
initiation (Fig 2 A). Rats were divided into four groups: a. DEN; b. DEN+CL-LIP; c. DEN+Doxil; and d.
DEN+CL-LIP+Doxil. The rats in DEN group received the same amount of saline as other liposomes groups
by intra-spleen injection. As Fig 2 B displays, the liver surface of rats in DEN+Doxil group was rough with
nodules, while the liver texture of rats in Doxil+CL-LIP group was not signi�cantly abnormal and nearly no
tumors were observed. Importantly, at the 12th week, there was obvious difference concerning the tumor
incidence between DEN+Doxil+CL-LIP group and others (Fig 2 C). Also, rats in combination group showed
the least number of tumors (Fig 2 D). For further HCC marker identi�cation, we performed
immunohistochemical staining of H&E and Alpha fetoprotein (AFP) in livers.

Besides, livers in four groups were collected for histopathological examination to further analyze
hepatocarcinogenesis states. As Fig 2 E shows, in the DEN and CL-LIP group, tumor cells showed
pleomorphism, enlarged nuclei, less cytoplasm and more abnormal nuclei. In addition, the tumor was well
demarcated from the paracancer tissue, with obvious in�ammatory cell in�ltration and steatosis.
Nevertheless, in the Doxil group, no tumor was observed visually, but the liver cells were in disorder and
tumor nodules appeared. In Doxil+ Cl-LIP group, liver cells were neatly arranged, nuclear size was in
uniform, with no degeneration or necrosis, and the liver lobule structure was clear without in�ammatory
in�ltration. 

AFP was positively expressed in the cytoplasmic granular. Fig 2 F qualitatively showed that AFP
expression was positive in the liver of control (DEN), CL-LIP and Doxil groups, while no evident AFP
expression cells were seen in the liver of Doxil+CL-LIP group. The possible explanation was that the
intervene by combining Doxil and CL-LIP could inhibit hepatocarcinogenesis induced by DEN in rats.
However, injection of Doxil or CL-LIP alone was not able to achieve the same good effects when
combining the two kinds of liposomes. 

Doxil mixed with CL-LIP Inhibits HPCs Activation Before Hepatocarcinogenesis

Hepatic progenitor cells (HPCs) are the original cells of hepatocarcinoma cells(23). At the initial stage of
HCC, macrophages and HPCs interact to promote hepatocellular carcinoma(24). We had already seen the
inhibition against hepatocarcinogenesis and depletion of macrophages by combination of Doxil and CL-
LIP. To further observe whether the treatment affected HPCs’ activation, the immunohistochemical
staining of OV6 and cytokeratin 19(CK19), both well-known HPC markers(25), was performed. Fig 3
A&B implied that CL-LIP and Doxil+CL-LIP reduced OV6 positive cells, possibly by killing macrophages in
the liver, and the mixed liposomes resulted in a more evident decrease. In Fig 3 C&D, it was apparent that
there was less CK19+ cells in all the treatment groups, and combination of Doxil and CL-LIP group
indicated the least expression of CK19+ cells, the reason behind may be that Doxil also restrained the
activation and proliferation of HPCs and played a synergetic role with CL-LIP, which leading to the distinct
inhibition of HPCs and HCC in different groups, especially Doxil+CL-LIP group.
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Doxil and CL-LIP’s Combination Depletes Macrophages and Makes DOX Concentrated in Plasma Before
Hepatocarcinogenesis 

Our above results demonstrated that combination of Doxil and CL-LIP at an appropriate concentration
could inhibit hepatocarcinogenesis. It was reported that macrophages and in�ammation contributed to
the liver neoplasia(26). To further investigate different treatment effects on overall macrophages in the
liver, we performed the immunohistochemical staining to detect CD68, the typical marker of macrophages
in the liver(27) and made quantitative statistics of immunohistochemistry images. Values of mean
density (IOD/Area) in CL-LIP and Doxil+CL-LIP groups were less than those in the control and Doxil
groups, but CL-LIP group showed no signi�cant difference with Doxil group, while the mixed liposomes
group implied that combination of Doxil+CL-LIP enhanced the macrophage-depletion effects of
clodronate liposomes (Fig 4 A&B).

As demonstrated in Fig 4 C, CL-LIP had a negative in�uence on activities of NR8383 and rat peritoneal
macrophages in a dose dependent manner. In accordance with the above results, the �ow cytometry
presented that CL-LIP was able to kill rat peritoneal macrophages, and the higher the concentration of Cl-
LIP, the more macrophages apoptosis (Fig 4 D&E). Conclusion could be drawn de�nitely that CL-LIP
depletes macrophages not only in vivo but also in vitro. 

Next, we intended to know more about the effects of CL-LIP on Doxil bio-distribution. We set three groups:
a. Free drugs doxorubicin (Free Dox); b. Doxil; and c. Doxil+CL-LIP. Rats in these groups received different
forms of doxorubicin including free drugs, liposomes and synergetic liposomes through the spleen. At
speci�c time points, rats were sacri�ced and HPLC-MS equipment was used to analyze the concentration
of doxorubicin in their plasma and main organs to generate photos in Fig 4 F-K at last. Charts in Fig 4 F-J
prompt liposomes, Doxil or Doxil+CL-LIP, avoided a wide distribution of doxorubicin in vital organs and
tissues. Hence the nanocarrier liposomes effectively reduced toxicity and side effects in livers, spleens,
lungs and kidneys, and in particular Doxil+CL-LIP caused no obvious damage to the heart and other vital
organs (Supporting Information Fig S3). The results suggested Doxil+CL-LIP injected through the spleen
also exerted plasma targeted concentration in vivo and could reach a double (from 2.5 to 6.1 mg/mL)
plasma concentration than using Doxil alone. What’s more, the plasma AUC of DOX in Doxil+CL-LIP
group also exceeded that of the other two groups, with a value of 14 mg/L*h compared with 4.9 mg/L*h
(Doxil) and 0.09 mg/L*h (Free DOX). In another aspect, line charts of Fig 4 F-K manifest changes of
doxorubicin concentration in the heart, liver, spleen, lung, kidney and plasma from 10 min to 48 h
respectively, showing that free doxorubicin was quickly eliminated from the kidney within 4 hours and
Doxil or Doxil+CL-LIP remained in the liver and spleen for longer time compared with other organs.
Generally, CL-LIP affected the bio-distribution of Doxil and led to more remarkable retention effects of
liposomes in the liver and spleen, mainly by increasing the MRT.  

Synergetic Administration of Doxil and CL-LIP Inhibits Progression of Hepatocarcinoma 
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Our previous reports showed that the period from 10th to 17th week was the progression and deterioration
stage in DEN-induced HCC models(28). In order to investigate the therapeutic action of combination of
the two kinds of liposomes, rats were subleased as mentioned above into DEN, DEN+CL-LIP, DEN+Doxil
and DEN+CL-LIP+Doxil groups, and administered with different drugs by intra-spleen injection at the
dosage of 2 mg/kg for Doxil and 15 mg/kg for CL-LIP once a week from 14th to 17th week during HCC
development (Fig 5 A). We can see from Fig 5 B to E that though in 19th week the occurrence of tumors
was inevitable, there was evident diversity among control and another three groups in liver morphology,
tumor numbers and maximum tumor sizes. Interestingly, Doxil+CL-LIP still demonstrated signi�cant
therapeutic effects on rats in HCC progression stage. 

As for Fig 5 F, evidently, there was no complete hepatic lobule structure and liver cells were in disorder in
the DEN and DEN+CL-LIP groups, with pleomorphic cells, enlarged nuclei, less cytoplasm, and more
deformed nuclei. The treatments with Doxil and combination of Doxil+CL-LIP improved the pathological
abnormal structure of livers. In brief, the combination of Doxil and CL-LIP signi�cantly killed
macrophages and reduced liver injuries caused by DEN, inhibiting HCC at the tumor progression stage.

The survival curves (Kaplan-Meier plot) of DEN-induced (14 weeks) rats treated with saline (DEN group),
CL-LIP, Doxil and Doxil+CL-LIP were shown in Fig 5 G. No remarkable in�uence was observed on rat
survival time in combination of Doxil+CL-LIP groups and other groups of during this period.  

Mixed Doxil and CL-LIP Depletes Macrophages During Progression of Hepatocarcinoma 

Aiming to analyze the antineoplastic mechanism of combining liposomes in the progression stage, we
then subjected the liver sections to immunohistochemical staining of CD68, detecting the expression level
of CD68+ macrophages. The staining images and statistics of IOD/Area had shown that CL-LIP and
Doxil+CL-LIP groups had macrophages depletion effects in the liver, and the latter group showed better
elimination effect for macrophages (Fig 6 A&B).  

Doxil Combined with Clodronate Liposome Induces Tumor Cell Apoptosis

Our results above veri�ed that combination of Doxil and CL-LIP could e�ciently deplete macrophages
and attenuated HCC initiation and progression. Macrophages are known to capture objects with larger
size such as liposomes of clodronate and doxorubicin(29). After the death of macrophages, whether the
chemotherapeutic drug, doxorubicin, was released and affected the surrounding tumor cells? Here we
chose CCK-8 assay to examine the in�uences of mixed liposomes on the viability of rat liver cancer cells
RH35 and performed Tunnel staining on rat livers in DEN, DEN+CL-LIP, 

DEN+Doxil and DEN+Doxil+CL-LIP groups at 19 weeks. In vitro, cell viability in Doxil+CL-LIP group
decreased apparently (Fig 7 A) and simultaneously, Tunel-positive cells demonstrated a signi�cant rise in
percentage in Doxil+CL-LIP group (Fig 7 B), indicating that combination of Doxil and CL-LIP induced
tumor cell apoptosis, protecting livers from HCC progression. 
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Discussion
Mononuclear phagocytic system (MPS) has strong phagocytosis and defense function in vivo. Liver and
spleen are the main organs of MPS. Macrophages, the main cell composition of MPS, are critical in
clearance of pathogen, maintenance of homeostasis, immune surveillance, and responses to infection
and in�ammation(4, 30). The liver contains the majority of resident macrophages, Kupffer cells, and
makes up over 80% of systemic MPS(31, 32). Kupffer cells play a major role in clearance of foreign
matter in vivo, and nanoparticles injected intravenously are often captured in the liver(33–35). Moreover,
macrophages and in�ammatory microenvironment are also keys in initiation and deterioration of liver
cancer(7–10). Activated Kupffer cells release cytokines and/or reactive oxygen species, inducing
hepatocyte proliferation and enhancing clonal expansion of pretumor cells, �nally causing neoplasia(10).

Aiming to target macrophages and deliver chemotherapy drug to the liver, we prepared liposomes
containing doxorubicin, and a speci�c macrophage depletion drug, clodronate. Free clodronate shows no
toxicity and very short half-life in circulation, but once it is transported into the cells by liposomes and
accumulates to certain concentration, toxic ATP analogues will be formed, resulting in intracellular energy
metabolism disorders and apoptosis(36–38). Following the preparation, we investigated the therapeutic
effects of combination of doxorubicin and clodronate liposomes (Doxil + CL-LIP) on HCC of early and
advanced phase. Our results showed that clodronate liposomes successfully induced the death of
macrophages in the liver, and combination with doxorubicin liposomes at a low dose of 2 mg/kg
effectively inhibited the initiation and progression of liver cancer, without evident injuries to other main
organs like the heart, spleen or kidney, greatly reducing the systemic side effects and heart toxicity of free
doxorubicin(39).

Due to the in�uence of MPS, characteristics of liposomes, especially the particle sizes, determine their
�nal biological distribution after entering the body. For liposomes with a diameter of 50–100 nm, they
can penetrate and accumulate in tumor tissues depending on the enhanced permeability and retention
effect (EPR). Larger particles (> 150 nm), especially those attached to conditioning proteins, will be
recognized and captured by MPS(29, 32, 40, 41). An analysis of 117 papers about nanomedicine
published in the last decade showed that 99% of injected circulating nanoparticles were isolated and
removed by MPS, and only 0.7% were ultimately delivered to the tumor site(42). In this study, we prepared
doxorubicin and clodronate liposomes and chose the larger and stable size of about 200 nm to make it
easier to be captured by MPS, and to accumulate and deplete macrophages su�ciently. Liposomes of
200 nm were locally injected into the spleen and were expected to be captured by MPS in the liver and
spleen(28, 43). The results of bio-distribution showed that 10–30 minutes after intra-spleen
administration of Doxil and CL-LIP, other than plasma, the concentration of DOX in the liver was the
highest among all the main organs. DOX could maintain certain concentration in the liver and spleen for
the longest time (up to 20–21 hours), which was in accord with our expectations. In this study we
prepared liposomes of larger size and injected them through the spleen on purpose, expecting liposomes
to be passively phagocytized by macrophages in MPS of the spleen and liver, and �nally to kill
macrophages when delivered simultaneously with chemotherapy drugs. It may be an easier and valid
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method for administration of traditional chemotherapy drugs like doxorubicin, to improve the therapeutic
e�cacy without evident toxic or side effects.

During the hepatocarcinogenesis and HCC progression stages, combination of doxorubicin and
clodronate liposomes notably decreased liver macrophages. It is believed that targeting and depleting
macrophages in the liver may effectively inhibit the hepatocarcinogenesis and improve therapeutic effect
of drugs delivered by nanocarriers46. When HCC aggravates, CL-LIP-induced depletion of macrophages in
the liver, including tumor associated ones, would improve the suppression of TME and make Doxil that
were captured by macrophages released again to kill tumor cells, �nally leading to apoptosis of more
tumor cells in terminal cancer compared with DEN + Doxil group. On the other hand, we could see that
Doxil also played a certain role in macrophage clearance, probably due to apoptosis of macrophages
after phagocytosis of doxorubicin. We speculate that the clearance of macrophages could lead to greater
chance for Doxil to be internalized by proliferating tumor cells, and could maintain doxorubicin at a
sustainable higher level in the plasma.

However, there are also some limitations in our research. Further study needs to be done to examine the
activation and proliferation of hepatic progenitor cells (HPCs) in HCC initiation stage. We found that
HPCs activation could be inhibited by clodronate liposomes before hepatocarcinogenesis. The possible
explanation is the death of total macrophages in the liver, including Kupffer cells and blood monocyte-
derived macrophages (MDM)(24), which could attenuate liver injuries and reduce the proliferation of
HPCs. HPCs as the tumor-initiating cells involved in liver cancer are in�uenced by macrophages/Kupffer
cells(23, 24, 44). More details and association between macrophages depletion and HPCs down-
regulation also need to be explored. Meanwhile, observation of recovery time of macrophages after
depletion are lacking.

Conclusions
In conclusion, the combination of doxorubicin and clodronate liposomes accumulated in the liver and
spleen and effectively reduced macrophages, making DOX stay at a higher concentration in the plasma
and inhibiting activation of HPCs, �nally exerting preventive and therapeutic actions on rat HCC models,
without evident side effects. Application of two kinds of simple and convenient liposomes in a topical
administration way has demonstrated surprising inhibition against HCC by targeting macrophages in the
liver, further regulating and improving TME, which may provide a new and economical strategy for
chemotherapy of HCC.
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Figure 1

Characterization of Doxil and CL-LIP. (A)-(B) are hydrodynamic sizes and the zeta potentials of Doxil
(100,180,350 nm); (C)-(D) indicate the stability of sizes and PDI of Doxil in a week; (E) shows the
cumulative release of DOX from Doxil in vitro in 72 h. Data are mean ± standard deviation (SD), n=3. (F)
is hydrodynamic size and zeta potential of CL-LIP. (G)-(H) are TEM images of Doxil and CL-LIP. Scale bar
= 100 nm (left)/ 50nm (right) 
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Figure 2

Combination of Doxil and CL-LIP inhibits hepatocarcinogenesis. (A) is a diagram of experimental
protocol; rats were given DEN (0.1%., 95 mg/L) in drinking water for 12 weeks and were exposed to
normal saline, Doxil, CL-LIP and Doxil + CL-LIP respectively by in tra-spleen injection once a week from
8th to 11th week. Livers were taken at 12 weeks. (B) shows gross appearance of livers in DEN, DEN+Doxil,
DEN+CL-LIP and DEN+Doxil + CL-LIP groups at 12 weeks. Scale bar =1 cm. (C)-(D) indicate the tumor
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incidence and tumor numbers of livers of rats after treatment with saline, Doxil, CL-LIP and Doxil + CL-LIP
and sacri�ced at 12 weeks. Data are mean ± SD, n=5; * P<0.05, ** P<0.01 and *** P<0.001 vs. DEN/Doxil
+ CL-LIP. (E) is representative H&E staining appearance of livers from rats in DEN, Doxil, CL-LIP and Doxil
+ CL-LIP groups at 12 weeks. (F) are representative immunostaining images of Alpha-fetoprotein (AFP);
the brown spots are AFP positive cells. Scale bar = 100 μm (above) / 50 μm (below).

Figure 3

Combination of Doxil and CL-LIP inhibits HPCs activation before hepatocarcinogenesis. (A) are
representative immunostaining images of OV6; the brown spots are OV6 positive cells. Scale bar = 50 μm
(above) / 25 μm (below). (B) is quantitative IOD/Area analysis of OV6. (C) are representative
immunostaining images of CK19; the brown spots are CK19 positive cells. Scale bar = 200 μm (above) /
100 μm (below). (D) shows quantitative IOD/Area analysis of CK19. Data are mean ± SD, n=3; * P<0.05,
*** P<0.001 vs. DEN/Doxil + CL-LIP. ns, not signi�cant.
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Figure 4

Combination of Doxil and CL-LIP depletes macrophages and makes DOX concentrated in plasma before
hepatocarcinogenesis. (A) are representative immunostaining images of CD68 in livers from rats in DEN,
Doxil, CL-LIP and Doxil + CL-LIP groups at 12 weeks; the brown spots are CD68 positive cells. Scale bar =
100 μm (above) / 50 μm (below). (B) is quantitative analysis of IOD/Area of CD68. Data are mean ± SD,
n=3; ** P<0.01, *** P<0.001 vs. DEN/Doxil + CL-LIP. ns, not signi�cant. (C) shows cell viability of NR8383
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(above) and rat peritoneal macrophages (below) measured by CCK8 assay; cells were treated with
different concentrations of CL-LIP (5, 10, 20, 50, 100, 200 or 300 μg /mL) for 24 h. (D) indicates the
apoptosis of rat peritoneal macrophages cells induced by CL-LIP at different concentrations were
detected using FITC Annexin V-PI Apoptosis detection kit and measured by �ow cytometry; (E) is the
histogram representing the percentage of cell apoptosis. Data are mean ± SD, n=3; *** P<0.001 vs.
Control (0 mg/mL). (F)-(K) show in vivo bio-distribution of free doxorubicin, Doxil and Doxil + CL-LIP from
10 mins to 48 h after administration in DEN induced HCC rats at 8 weeks; concentration of doxorubicin
and changes in heart, lung, liver, kidney, spleen and plasma were detected by HPLC-MS analysis. Doxil
/Doxil combined with CL-LIP reduced distribution of doxorubicin in main organs and tissues; Doxil
combined with CL-LIP exerted plasma-concentrated effects and maintained DOX concentration for longer
time in liver and spleen.
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Figure 5

Combination of Doxil and CL-LIP inhibits progression of hepatocarcinoma. (A) is a diagram of
experimental protocol; rats were given DEN (0.1%., 95 mg/L) in drinking water for 19 weeks and were
exposed to normal saline, Doxil, CL-LIP and Doxil + CL-LIP respectively by intra-spleen injection once a
week from 14th to 17th week. Livers were taken at 19 weeks. (B) shows gross appearance of livers in
DEN, CL-LIP, Doxil and Doxil + CL-LIP groups at 19 weeks. Scale bar = 1 cm. (C)-(E) indicate the tumor
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incidence, tumor numbers and maximum tumor sizes of livers of rats after treatment with saline, Doxil,
CL-LIP and Doxil + CL-LIP and sacri�ced at 19 weeks. Data are mean ± SD, n=5; * P<0.05, *** P<0.001 vs.
DEN/Doxil + CL-LIP. ns, not signi�cant. (F) is representative H&E staining appearance of livers from rats in
DEN, Doxil, CL-LIP and Doxil + CL-LIP groups at 19 weeks. Scale bar = 100 μm (above) / 50 μm (below).
(G) shows survival curves of DEN, DEN+Doxil/+CL-LIP/+Doxil+CL-LIP groups from administration of
drugs, n=10.

Figure 6

Combination of Doxil and CL-LIP depletes macrophages during progression of hepatocarcinoma. (A) are
representative immunostaining images of CD68; the brown spots are CD68 positive cells. Scale bar = 100
μm (above) / 50 μm (below). (B) is quantitative analysis of IOD/Area of CD68 in livers from rats in DEN,
Doxil, CL-LIP and Doxil + CL-LIP groups at 19 weeks. Data are mean ± SD, n=3; * P<0.05, ** P<0.01 vs.
DEN/Doxil + CL-LIP. ns, not signi�cant.
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Figure 7

Combination of Doxil and CL-LIP induces tumor cell apoptosis. (A) shows cell viability of RH35 cells
measured by CCK8 assay; RH35 cells were treated with PBS, CL-LIP (10μg/mL), Doxil(1μg/mL) and Doxil
+ CL-LIP for 24h respectively. (B) are Tunnel staining images of rat livers in DEN, DEN+CL-LIP, DEN+Doxil
and DEN+Doxil+CL-LIP groups at 19 weeks. Scale bar = 25 μm. (C) is the semiquantitative analysis of
Tunnel staining images. Data are mean ± SD, n=3; ** P<0.01, *** P<0.001 vs. Doxil + CL-LIP /DEN. ns, not
signi�cant. 
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