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A B S T R A C T   

Transarterial chemoembolization (TACE) with free doxorubicin-lipiodol emulsions (free DOX/L) is a favored 
clinical treatment for advanced hepatocellular carcinoma (HCC) patients ineligible for radical therapies; how-
ever, its inferior colloidal stability not only greatly reduces its tumor retention but also hastens drug release into 
blood circulation, leading to suboptimal clinical outcomes. Here, we find that disulfide-crosslinked polymer-
somes carrying doxorubicin (Ps-DOX) form super-stable and homogenous water-in-oil microemulsions with 
lipiodol (Ps-DOX/L). Ps-DOX/L microemulsions had tunable sizes ranging from 14 to 44 μm depending on the 
amount of Ps-DOX, were stable over 2 months storage as well as centrifugation, and exhibited nearly zero-order 
DOX release within 15 days. Of note, Ps-DOX induced 2.3–13.4 fold better inhibitory activity in all tested rat, 
murine and human liver tumor cells than free DOX likely due to its efficient redox-triggered intracellular drug 
release. Interestingly, transarterial administration of Ps-DOX/L microemulsions in orthotopic rat N1S1 syngeneic 
HCC model showed minimal systemic DOX exposure, high and long hepatic DOX retention, complete tumor 
elimination, effective inhibition of angiogenesis, and depleted adverse effects, significantly outperforming 
clinically used free DOX/L emulsions. This smart polymersome stabilization of doxorubicin-lipiodol micro-
emulsions provides a novel TACE strategy for advanced tumors.   

1. Introduction 

Hepatocellular carcinoma (HCC) is the fourth most common cause of 
cancer death worldwide with continuously growing incidence and a 
high mortality-to-incidence ratio of 0.91 [1–4]. Despite the development 
and implementation of effective screening and surveillance programs in 
high-risk individuals, HCC patients are mostly diagnosed at a later stage 
and often ineligible for potentially curative therapies (i.e., resection, 
local ablation or liver transplantation) [5,6]. Systemic chemotherapy 
though is applicable, has failed to show clinical values to HCC patients 
and is perplexed with serious side effects [7–9]. 

Transarterial chemoembolization (TACE) with distinct clinical ben-
efits has been recognized as the standard and first-line treatment for 

intermediate and advanced HCC patients [10,11]. The unique blood 
supply of HCC makes TACE a safe and promising treatment, which on 
one hand can occlude the HCC feeding arteries to induce tumor necrosis, 
and on the other hand enables localized chemotherapy [12–15]. 
Ethiodized poppyseed oil (lipiodol) based formulations are the most 
popular technique of TACE, due to their good deposition in HCC, 
effective embolization of distal tumor vessels, and fast metabolism by 
normal liver [16–18]. Lipiodol based TACE typically involves the 
transarterial administration of the coarse emulsion of chemotherapeu-
tics (e.g. doxorubicin hydrochloride, DOX) with lipiodol, which offers 
certain anti-HCC effects and survival benefits [19]. It should be noted, 
however, that drug-lipiodol emulsions generally have inferior physical 
stability with quick phase separation, which greatly reduces its tumor 
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retention and hastens drug release into blood circulation, leading to 
suboptimal clinical efficacy and serious systemic toxicity [20–22]. 

The past years have seen the development of different strategies such 
as adding synthetic surfactants or solid particles to stabilize drug- 
lipiodol emulsions. Thereinto, nanoparticles stabilized emulsions with 
high colloidal stability and low toxicity have attracted particular 
attention [23–25]. For instance, magnetite and gold nanoparticles sta-
bilized DOX-lipiodol emulsions showed improved drug retention in the 
tumor site and enhanced anti-HCC efficacy [26,27]. Liu et al. reported 
that pure indocyanine green (ICG) or DOX nanoparticles formed ho-
mogeneous and stable emulsions with lipiodol, leading to higher tumor 
retention and/or anti-HCC effect over free ICG or DOX-lipiodol emul-
sions [28,29]. Biodegradable PLGA nanoparticles could also stabilize 
DOX-lipiodol emulsions and slow down drug release to a certain extent 
[20]. 

Here, we find that disulfide-crosslinked biodegradable polymer-
somes carrying doxorubicin (Ps-DOX) form super-stable and homoge-
nous water-in-oil (W/O) microemulsions with lipiodol (Ps-DOX/L), 
which induce high and long hepatic DOX retention and complete erad-
ication of orthotopic N1S1 syngeneic HCC in vivo (Scheme 1). Ps-DOX/L 
microemulsions were designed in that: (i) Ps-DOX based on poly 
(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolane tri-
methylene carbonate) (PEG-P(TMC-DTC)) copolymer has superior sta-
bility and scarce drug leakage while fast intracellular drug release, as a 
result of disulfide-crosslinking and redox-triggered decrosslinking of 
polymersomal membranes [30]; (ii) Ps-DOX with PEG coatings and 
hydrophobic polycarbonate membrane is likely a potential emulsifier to 
stabilize lipiodol emulsions and to tune the size of microemulsions; (iii) 
Ps-DOX besides forming more stable microemulsions with lipiodol also 
induces significantly better anti-HCC activity than free DOX; and (iv) Ps- 
DOX/L microemulsions are biocompatible and can be easily fabricated. 
These smart polymersome-stabilized doxorubicin-lipiodol micro-
emulsions provide a novel and potentially translatable TACE strategy for 
advanced liver tumors. 

2. Experimental section 

2.1. Materials 

PEG-P(TMC-DTC) (Mn(1H NMR) = 5.0-(14.8–2.0) kg/mol) and PEG- 
PTMC (Mn(1H NMR) = 5.0–17.0 kg/mol, Fig. S1) amphiphilic diblock 
copolymers were synthesized via ring-opening polymerization, similar 
as our previous reports [31,32]. DOX (99%, Beijing Zhongshuo Phar-
maceutical Technology Development Co., Ltd.), 3-(4,5-Dimethyl-2- 
thiazolyl)-2,5-diphenyl-tetrazolium bromide (MTT, Beijing Solarbio 
Science & Technology Co., Ltd.), cell counting kit-8 (CCK-8, Fcmacs 
Biotech Co., Ltd.) and dialysis bags with different molecular weight cut- 
off (MWCO, Xi'an Yobios Biological Technology Co., Ltd.) were used as 
received. Lipiodol and gadoteric acid megiumine salt injection were 
purchased from Jiangsu Hengrui Pharmaceutical Co., Ltd. N,N-dime-
thylformamide (DMF) and dimethyl sulfoxide (DMSO) were purchased 
from Sinopharm Chemical Reagent Co., Ltd. and used without further 
processing. Anti-CD31 rabbit pAb, anti-VEGFA rabbit pAb and HRP- 
labeled goat anti-rabbit IgG were purchased from Wuhan Servicebio 
Technology Co., Ltd. 

2.2. Fabrication of DOX-loaded disulfide-crosslinked polymersomes (Ps- 
DOX) 

Disulfide-crosslinked polymersomes based on PEG-P(TMC-DTC) 
copolymer were prepared to load DOX via a pH gradient method. In 
brief, 5 mL of PEG-P(TMC-DTC) solution in DMF (40 mg/mL) was slowly 
added into 45 mL of citrate buffer (pH 4.0, 10 mM) at 40 ◦C. After 
stirring at 400 rpm for 2 min, concentrated Na2HPO4 solution was added 
to adjust the external pH to 7.6 to establish a pH gradient with the cavity 
of polymersomes, followed by immediate addition of 5 mL of DOX so-
lution (10 mg/mL) in deionized water. After 12 h incubation at 100 rpm 
and 37 ◦C, the dispersion was extensively dialyzed (MWCO: 3500 Da) 
against phosphate buffer (PB, pH 7.4, 10 mM), affording Ps-DOX. The 
size distribution of Ps-DOX as well as its stability against 50-fold dilu-
tion, incubation in 10% fetal bovine serum (FBS), or long-term storage at 
4 ◦C were measured by dynamic light scattering (DLS). DOX was 
quantified using UV–vis at a wavelength of 480 nm to calculate the drug 
loading content (DLC) and efficiency (DLE) according to the following 

Scheme 1. Illustration on (A) preparation of disulfide-crosslinked polymersomal DOX (Ps-DOX), (B) preparation of robust Ps-DOX/L microemulsions, and (C) Ps- 
DOX/L microemulsions for transarterial embolization therapy of orthotopic rat N1S1 syngeneic HCC model. 
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equations: 

DLC (wt.%) =
weight of loaded DOX

total weight of polymer and loaded DOX
× 100  

DLE (%) =
weight of loaded DOX
weight of DOX in feed

× 100 

Non-crosslinked polymersomes carrying DOX (ncPs-DOX) were 
prepared similarly using PEG-PTMC diblock copolymer. Ps and ncPs 
blank polymersomes were prepared from the self-assembly of PEG-P 
(TMC-DTC) and PEG-PTMC diblock copolymers, respectively. 

2.3. Preparation and characterization of emulsions 

Lipiodol was thoroughly mixed with different DOX formulations via 
a three-way stopcock at an oil to water ratio of 3:1 to form different 
emulsions, wherein lipiodol was the oil phase and different DOX for-
mulations in PB were the aqueous phase. Ps-DOX with a Ps concentra-
tion of 6, 12 and 18 mg/mL, corresponding to DOX concentrations of 
1.1, 2.2 and 3.3 mg/mL, were thoroughly mixed with lipiodol to form 
Ps-DOX/L emulsions with different Ps and DOX contents. ncPs-DOX 
dispersion (Ps: 12 mg/mL) and DOX solution (2.2 mg/mL) were simi-
larly blended with lipiodol, yielding ncPs-DOX/L and free DOX/L 
emulsions, respectively. Via mixing blank polymersomes (Ps or ncPs, 12 
mg/mL) with DOX solution (2.2 mg/mL) and lipiodol, Ps + DOX/L and 
ncPs + DOX/L emulsions were obtained, respectively. The morphology 
and structure of different emulsions were observed by fluorescence 
microcopy or confocal laser scanning microscopy (CLSM, Leica TCS SP5, 
Wetzlar, Germany). The physical stability of Ps-DOX/L and free DOX/L 
emulsions against centrifugation (12,000 rpm, 2 min) or 60 days storage 
at 25 ◦C was monitored. All experiments were carried out in a dark 
environment. 

An advanced rotary rheometer (HAAKE RS6000) was used to 
determine the viscosity of Ps-DOX/L emulsions and lipiodol at 37 ◦C. 
The shear rate was ranged from 0.1 to 1000 s− 1 and the tests were 
performed in triplicate for each sample. 

2.4. In vitro DOX release from Ps-DOX/L and free DOX/L emulsions 

DOX release from freshly prepared Ps-DOX/L and free DOX/L 
emulsions were studied via dialyzing 0.1 mL of emulsions (DOX: 2 mg/ 
mL) against 5 mL of PB (pH 7.4, 10 mM) or PB with 10 mM GSH at 37 ◦C 
(MWCO: 12000 Da). At prescribed time points, 1 mL of release medium 
was sampled, followed by immediate supplementing 1 mL of fresh one. 
The DOX content in the samples was measured by fluorometer and the 
results were presented as mean ± standard deviation (SD) of the tripli-
cate studies. 

2.5. In vitro anti-HCC studies 

In vitro anti-HCC activity of Ps-DOX dispersion and free DOX solu-
tion was evaluated in five different HCC cell lines, i.e. rat N1S1 cells, 
human HepG2 and SMMC-7721 cells, mouse H22 and Hepa 1–6 cells. 
N1S1, HepG2 and Hepa 1–6 cells were cultured with DMEM medium, 
SMMC-7721 and H22 cells were cultured with RPMI-1640 medium. All 
media were supplemented with 10% of FBS (Gibco, USA) and 1% of 
penicillin/streptomycin (Genom Biopharmaceutical Technology Co., 
Ltd., Zhejiang, China). Cells were seeded in 96-well plates (5 × 103 cells/ 
well) and cultured for 24 h. 20 μL of Ps-DOX or free DOX in PBS was then 
added for 48 h incubation at 37 ◦C. The DOX concentration in the wells 
ranged from 0.001 to 20 μg/mL. Afterwards, the suspension cells (N1S1, 
H22, Hepa 1–6 cells) were incubated for 4 h with 10 μL of CCK-8 and the 
absorbance at 450 nm was measured using a microplate reader. For 
adherent cells (HepG2, SMMC-7721 cells), 10 μL of MTT solution in PBS 
(5 mg/mL) was added to each well for 4 h incubation. Then the culture 
medium was carefully removed and 150 μL of DMSO was added to 

dissolve the generated formazan and measure its absorbance at 570 nm. 
Cell viability (%) was obtained via comparing the absorbance of cells in 
the experimental groups to that cultured with PBS only. 

The anti-HCC effect of Ps-DOX/L emulsion was further studied using 
rat N1S1 cells. Ps/L emulsions and blank Ps were used as controls. Due to 
the high viscosity of emulsions, it is hard to prepare homogeneous 
mother liquor in the 96-well plate. Hence, 2 × 104 cells in 0.45 mL of 
culture medium were seeded into each well of a 24-well plate and 
cultured for 24 h in the cell incubator. Then, different amounts of 
emulsions or Ps were added to the wells, followed by supplementing 
fresh medium to a final volume of 0.5 mL. After 72 h incubation at 37 ◦C, 
50 μL of CCK-8 was added for additional 4 h incubation and 100 μL of 
aliquots from each well were transferred into 96-well plate to measure 
its absorbance at 450 nm. The experiments were performed in quadru-
plicate and cell viability was calculated as described above. 

2.6. Cellular uptake studies 

Cellular uptake of Ps-DOX and free DOX in rat N1S1 cells was studied 
by flow cytometry. In brief, N1S1 cells seeded in 12-well plates (1 × 106 

cells/well) were incubated with free DOX and Ps-DOX (DOX: 2 μg/mL) 
at 37 ◦C for 8, 12, and 48 h, respectively. Then cells were collected by 
centrifugation (1000 rpm, 3 min), washed twice with PBS, and finally 
suspended in 500 μL of PBS for flow cytometry analysis. 

2.7. Establishment of orthotopic N1S1 HCC rat models 

All animal experiments were performed according to the protocols 
approved by the Laboratory Animal Center, and Animal Care and Use 
Committee of Soochow University. Sprague Dawley (SD) rats (350–380 
g) were used for all the animal studies. To establish orthotopic N1S1 rat 
model, 75 μL of N1S1 cell suspension (6 × 106 cells in PBS) was injected 
into the left lateral lobe of the liver of each rat. The tumor growth and 
size were confirmed by magnetic resonance imaging (MRI) with a 3.0-T 
MR scanner (Architect, GE healthcare, Milwaukee, USA). 5 min before 
imaging, each rat was injected with gadoteric acid meglumine salt in-
jection through tail vein. All rats were mildly anesthetized to obtain 
stable and accurate images. The tumor volume (V) was calculated based 
on its largest (L) and smallest (S) diameters on axial imaging as well as 
number of layers (N) as follows: 

V
(
mm3) =

1
3

π×L× S×N  

2.8. In vivo pharmacokinetics, ex vivo imaging and biodistribution 

Orthotopic N1S1 HCC-bearing rats with an average tumor volume of 
around 400 mm3 were employed for embolization surgery to study the 
in vivo pharmacokinetics and biodistribution of Ps-DOX/L and free- 
DOX/L emulsions. For the pharmacokinetics study, Ps-DOX/L or free 
DOX/L emulsions were administrated via a catheter placed in the proper 
hepatic artery at a DOX dosage of 500 μg/rat and lipiodol dosage of 0.2 
mg/kg (n = 3). Blood was sampled from rat eyes at different time points 
(0.05, 0.08, 0.17, 0.33, 0.67, 1.5, 3, 5, 9, 12, 24, 48 h) with immediate 
centrifugation (3000 rpm, 15 min) to collect 15 μL of plasma. 700 μL of 
DMSO was then added into each sample to extract DOX under a dark 
condition for 24 h. After centrifugation, the supernatants were taken out 
for fluorescence measurement to determine the plasma DOX concen-
tration. Area under curve (AUC0-48h) was calculated by the trapezoidal 
method. 

The retention of Ps-DOX/L or free DOX/L emulsions in the liver and 
distribution to other organs of orthotopic N1S1 HCC-bearing rats were 
evaluated by ex vivo imaging. When tumor volume reached ca. 400 
mm3, rats were embolized with Ps-DOX/L or free DOX/L emulsions via a 
catheter placed in the proper hepatic artery, respectively, at a DOX 
dosage of 200 μg/rat and lipiodol dosage of 0.2 mg/kg (n = 3). At 24 and 
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72 h post-embolization, major organs were isolated to acquire ex vivo 
DOX fluorescence images via a near-infrared fluorescence imaging sys-
tem (IVIS Lumina II, Ex. 488 nm and Em. 560 nm). To further determine 
the DOX content, different organs were homogenized (IKA T25) with 1 
mL of 1% Triton X-100, followed by adding 4 mL of DMSO. After 48 h 
extraction at 4 ◦C, the supernatants were collected via 10 min centri-
fugation at 8000 rpm for fluorescence measurement. 

2.9. In vivo anti-HCC efficacy in orthotopic N1S1 HCC-bearing rats 

In vivo anti-HCC efficacy of Ps-DOX/L emulsions in orthotopic N1S1 
HCC-bearing rats was assessed at a DOX dosage of 500 μg/rat and lip-
iodol of 0.2 mg/kg, using free DOX/L emulsions, lipiodol and untreated 
ones as controls. When the average tumor volume reached approxi-
mately 400 mm3, HCC-bearing rats were randomly divided into four 
groups and anesthetized to receive different formulations, via a catheter 
placed in the proper hepatic artery. This day was set as day 0. 5 rats were 
used for PBS group and 6 for other groups, wherein 1 rat from each 
group was used for histological and immunohistochemistry (IHC) 

analysis. On day 0, 3, 7 and 14, all rats from each group were scanned by 
MRI to measure the tumor size. Rats were weighed every other day and 
compared to their initial weights on day 0. 

On day 3, 7 and 14 after the embolization surgery, blood was 
sampled from the orbit of 3 rats at random for each group with 1 mL for 
each rat and 3 healthy ones were used as a control. After overnight 
deposition and centrifugation, 200 μL of serum was collected and 
analyzed with a biochemical analyzer to determine liver related blood 
biochemical indicators, including aspartate aminotransferase (AST), 
alanine aminotransferase (ALT), creatinine (CREA) and UREA. On day 7, 
one rat of each group was randomly sacrificed and its tumor and major 
organs were collected for histological and IHC analysis. The samples 
were fixed immediately in formalin, embedded in paraffin, cut into 5 
μm-thick slices, and stained with hematoxylin and eosin (H&E). Tumor 
sections were stained with terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) and 4′,6-diamidino-2-phenylindole (DAPI) to 
differentiate apoptotic cells. To analyze the neovascularization of tu-
mors, tumor slices were further stained with anti-CD31 rabbit pAb, anti- 
VEGFA rabbit pAb and HRP-labeled goat anti-rabbit IgG antibodies to 

Fig. 1. Characterization of Ps-DOX and Ps-DOX/L 
emulsions. (A) Size distribution of Ps-DOX 
measured by DLS. Colloidal stability of Ps-DOX 
against dilution or 24 h incubation in 10% FBS (B) 
and six-month storage at 4 ◦C (C). (D) Static stability 
and morphology of Ps-DOX/L emulsions prepared 
with different Ps concentrations. Photographs of Ps- 
DOX/L and free DOX/L emulsions over 60 days 
storage at 25 ◦C (E) and after centrifugation (F). (G) 
CLSM images of Ps-DOX/L and free DOX/L emul-
sions. (H) Stability and microscopy images of ncPs- 
DOX/L, Ps + DOX/L, and ncPs + DOX/L emulsions 
at the same Ps and DOX concentrations. (I) In vitro 
DOX release of Ps-DOX/L and free DOX/L emulsions 
(n = 3). Scale bars are 50 μm.   
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mark CD31 and vascular endothelial growth factor (VEGF). A digital 
microscope (Olympus BX41) was used to acquire H&E, TUNEL and IHC 
images. 

2.10. Statistical analysis 

All data were expressed as mean ± SD. Student t-test and one-way 
ANOVA were employed to make comparisons between different 
groups. *p < 0.05, **p < 0.01, ***p < 0.001. 

3. Results and discussion 

3.1. Preparation of Ps-DOX/L microemulsions 

The development of stable and smart DOX-lipiodol emulsions that 
are able to afford extended tumor retention and efficient intracellular 
release of DOX into liver tumor cells is highly desired for enhanced TACE 
therapy of advanced HCC. We assumed that polymersomes self- 
assembled from amphiphilic block copolymers might act as an effec-
tive emulsifier to stabilize lipiodol emulsions. We previously reported 
that Ps-DOX based on PEG-P(TMC-DTC) copolymer was highly stable 
with scarce drug leakage due to disulfide-crosslinking of polymersomal 
membranes while efficiently released DOX to cancer cells as a result of 
redox-triggered cleavage of disulfide crosslinks [30]. The peptide 
decorated Ps-DOX brought about actively targeted chemotherapy of 
various malignancies [33–35]. Ps-DOX was acquired with a high DOX 
loading of 15.6 wt%, an average size of 58 nm and a narrow distribution 
(PDI = 0.11) (Fig. 1A). Fig. 1B and C displays that Ps-DOX had negligible 

size change against 50-fold dilution, 10% FBS, and six-month storage at 
4 ◦C, corroborating its superb colloidal stability. The simple mixing of 
Ps-DOX with lipiodol via a three-way stopcock yielded stable and ho-
mogeneous microemulsions (Ps-DOX/L) (Fig. 1D). The average size of 
Ps-DOX/L microemulsions decreased from ca. 44 ± 23, 33 ± 8 to 14 ± 4 
μm with increasing Ps concentrations from 6, 12 to 18 mg/mL, sup-
porting that Ps has excellent emulsification effect. Lipiodol emulsions 
with a droplet size close to the diameter of distal arterioles (i.e. 20–50 
μm) were considered optimal for TACE therapy [20,36]. Ps-DOX/L 
microemulsions with a size of 33 ± 8 μm were used hereafter. 

Strikingly, Fig. 1E shows that Ps-DOX/L microemulsions were super- 
stable without phase separation or sedimentation over a standing period 
of 60 days at 25 ◦C. In sharp contrast, free DOX/L emulsions, a widely 
used formulation in clinical TACE, separated into two layers within 5 
min. Moreover, Ps-DOX/L microemulsions remained homogeneous after 
centrifugation at 12000 rpm for 2 min (Fig. 1F). The structure and 
morphology of Ps-DOX/L and free DOX/L emulsions were further visu-
alized via CLSM. As shown in Fig. 1G, Ps-DOX/L microemulsions dis-
played a typical W/O structure with homogeneous spherical droplets 
dispersed in lipiodol and DOX was evenly distributed in the aqueous 
droplets. In contrast, large and irregular droplets were observed for free 
DOX/L emulsions. To investigate whether disulfide-crosslinking and 
loading of DOX into polymersomes play a crucial role, non-crosslinked 
polymersomal doxorubicin emulsions with lipiodol (ncPs-DOX/L), Ps 
+ DOX/L, and ncPs + DOX/L emulsions were prepared at the same Ps 
and DOX concentrations for comparison. DLS measurement showed that 
ncPs-DOX had an average diameter of 56 nm and PDI of 0.15 (Fig. S2), 
which were close to that of Ps-DOX. Fig. 1H shows that ncPs-DOX/L, Ps 

Fig. 2. In vitro anti-HCC activity (n = 4) and cellular uptake studies. Cell viability of (A) rat N1S1, (B) mouse H22, (C) mouse Hepa 1–6, (D) human HepG2, and (E) 
human SMMC-7721 HCC cells following 48 h incubation with Ps-DOX or free DOX. (F) Cell viability of rat N1S1 cells after 72 h incubation with Ps-DOX/L emulsions, 
blank Ps/L emulsions and Ps. (G) Cellular uptake of Ps-DOX and free DOX in rat N1S1 cells following 8 to 48 h incubation at a DOX concentration of 2 μg/mL. 
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+ DOX/L, and ncPs + DOX/L emulsions were more stable than free 
DOX/L but all phase separated in 5 days, supporting that both disulfide- 
crosslinked polymersomes and encapsulation of DOX are key to forma-
tion of super-stable DOX-lipiodol microemulsions. 

The in vitro DOX release studies showed that Ps-DOX/L emulsions 
had no burst release and a nearly zero-order DOX release within 15 days, 
wherein, a plateau was reached after 19 days (Fig. 1I). After treatment 
with GSH, DOX release from Ps-DOX/L emulsions was obviously accel-
erated but remained in a zero-order kinetic. In comparison, free DOX/L 
emulsions exhibited hastened drug release and a burst release of 17% in 
2 h. This sustained and controlled drug release of Ps-DOX/L is in line 
with its high colloidal stability and beneficial to TACE therapy. 

The viscosity of lipiodol emulsions is an important factor that in-
fluences its injectability and distribution to the hepatic arteries [37]. 
Rheological tests showed that lipiodol behaved as a Newtonian fluid 
with no obvious change in viscosity when the shear rate increased from 
0 to 1000 s− 1 (Fig. S3). In comparison, Ps-DOX/L emulsion displayed 
typical non-Newtonian shear-thinning characteristics, wherein its vis-
cosity decreased to a comparable value to lipiodol when increasing shear 
rate to 400 s− 1, suggesting a good injectability for TACE therapy. 

3.2. In vitro anti-HCC activity of Ps-DOX and Ps-DOX/L 

The in vitro anti-HCC effect of Ps-DOX was studied using diverse HCC 
cell lines including rat N1S1 cells, mouse H22 and Hepa 1–6 cells, 
human HepG2 and SMMC-7721 cells. Notably, Ps-DOX revealed 13.4- 
fold more potent inhibitory activity than free DOX toward rat N1S1 
HCC cells (Fig. 2A). In mouse H22 and Hepa 1–6 cells as well as human 
HepG2 and SMMC-7721 HCC cells, Ps-DOX also induced 2.3–6.5 fold 
higher antitumor activity than free DOX (Fig. 2B-E and Table 1). This 

improved anti-HCC activity of Ps-DOX supports that Ps-DOX mediates 
efficient intracellular release of DOX to cancer cells. We further inves-
tigated the inhibitory effect of Ps-DOX/L emulsions to N1S1 HCC cells 
and compared with blank Ps/L emulsions and Ps controls. The results 
revealed a dose-dependent anti-HCC activity of Ps-DOX/L emulsions 
with an IC50 of 2.29 μg DOX equiv./mL while both blank Ps/L emulsions 
and Ps were non-cytotoxic (Fig. 2F). Flow cytometry analysis showed 
that the cellular uptake of Ps-DOX in N1S1 cells was higher than free 
DOX after either 8, 12 or 48 h incubation (Fig. 2G), which was consistent 
with the cytotoxicity studies, indicating that Ps-DOX promoted the 
cellular uptake and hence anti-HCC activity of DOX. 

3.3. In vivo systemic exposure and tumor retention of Ps-DOX/L 
emulsions 

One major challenge of lipiodol formulations in the clinics lies in 
their low physical stability that usually causes quick release of cytostatic 
drugs into the systemic circulation and accordingly severe adverse ef-
fects [17,38]. The plasma DOX concentrations of orthotopic N1S1 HCC- 
bearing rats following TACE with Ps-DOX/L or free DOX/L emulsions 
were determined. Fig. 3A shows that DOX concentration in free DOX/L 
group reached 2.74 ± 0.23 μg/mL immediately after embolization with 
an AUC0-48h of 20.70 ± 1.10 μg⋅h/mL. In contrast, rats embolized with 
Ps-DOX/L emulsions exhibited constantly low plasma DOX concentra-
tion with a peak level of 0.38 ± 0.06 μg/mL at 5 min and an AUC0-48h of 
9.51 ± 0.66 μg⋅h/mL, which were 7.2 and 2.2 fold lower than that in 
free DOX/L group, respectively. These results confirm that Ps-DOX/L 
emulsions can significantly reduce the DOX release into the blood cir-
culation and minimize systemic exposure. 

The drug retention in the tumor-bearing liver and distribution to 
other organs of Ps-DOX/L and free DOX/L emulsions after transarterial 
administration were further studied using orthotopic rat N1S1 syngeneic 
HCC model. The ex vivo DOX fluorescence images showed that Ps-DOX/ 
L emulsions were mostly retained in the liver, particularly in the left 
liver lobe inoculated with tumor, as revealed by strong DOX fluores-
cence, at both 24 and 72 h post embolization (Fig. 3B). For free DOX/L 
treated rats, DOX fluorescence in the liver though was strong at 24 h post 
embolization, faded quickly with undetectable signals at 72 h. 

Table 1 
IC50 values of Ps-DOX and free DOX in different HCC cell lines (μg DOX equiv./ 
mL).   

N1S1 H22 Hepa 1–6 HepG2 SMMC-7721 

free DOX 1.34 2.65 0.39 0.75 0.60 
Ps-DOX 0.10 0.69 0.06 0.15 0.27  

Fig. 3. Pharmacokinetics and biodistribution of Ps-DOX/L and free DOX/L emulsions following embolization in orthotopic N1S1 HCC-bearing rats (n = 3). (A) DOX 
concentration in the plasma. (B) Ex vivo DOX fluorescence images, and (C) DOX content in major organs isolated at 24 and 72 h after embolization. **p < 0.01, ***p 
< 0.001. 
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Moreover, obvious DOX fluorescence was also observed in the heart and 
kidney at 24 h after embolization with free DOX/L emulsions, in line 
with fast DOX release from free DOX/L emulsions to the blood. Quan-
titative analysis further confirmed that Ps-DOX/L emulsions signifi-
cantly improved the DOX retention in the liver, which was 3.6–14.2 fold 
higher than in other organs and 3.2 fold higher than free DOX/L 
emulsions at 72 h post embolization (Fig. 3C). 

3.4. Therapeutic efficacy of Ps-DOX/L emulsions in orthotopic rat N1S1 
syngeneic HCC model 

The in vivo TACE efficacy of Ps-DOX/L emulsions was evaluated in 
orthotopic N1S1 HCC-bearing rats, via comparing with free DOX/L 
emulsions, lipiodol and blank controls. When tumor volume reached 
400 mm3 on average, transarterial embolization surgery was performed 
to administrate different formulations at a DOX dosage of 500 μg/rat 
and lipiodol of 0.2 mg/kg (Fig. 4A). Interestingly, embolization with Ps- 

DOX/L emulsions effectively reduced the tumor size, and completely 
eradicated the tumor in 40% and 100% of rats at 7 and 14 days, 
respectively (Fig. 4B,C). However, free DOX/L emulsions only retarded 
tumor growth to a certain extent and lipiodol had insignificant inhibi-
tion of tumor growth. Importantly, neither obvious toxicity symptoms 
nor body weight loss were observed in all the groups (Fig. 4D). 

H&E-stained tumor slices showed that rats embolized with lipiodol, 
free DOX/L or Ps-DOX/L emulsions all had obvious vacuolar lipiodol 
deposition (Fig. 5A), supporting effective distribution of different lip-
iodol formulations from hepatic artery to tumor site. Ps-DOX/L caused 
prominent tumor necrosis, as indicated by obvious cell shrinkage. 
TUNEL assays displayed substantial apoptosis of tumor cells in Ps-DOX/ 
L treated rat, but not in free DOX/L and lipiodol groups. 

Embolization is known to inhibit HCC via blocking hepatic arteries 
and cutting off blood supply to HCC, which will induce ischemia and 
tumor hypoxia. It should be noted, however, that tumor hypoxia would 
cause sustained expression of VEGF, leading to neovascularization and 

Fig. 4. Therapeutic efficacy of Ps-DOX/L emulsions in orthotopic N1S1 HCC-bearing rats (n = 5). Blank (n = 4), lipiodol and free DOX/L emulsions were used as 
controls (DOX: 500 μg/rat; lipiodol: 0.2 mg/kg). (A) The treatment schedule. (B) MRI images of different groups. Tumor volume (C) and body weight changes (D) 
following different treatments. *p < 0.05, **p < 0.01. 
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eventually tumor recurrence [39–41]. The angiogenic response of 
different embolization groups was evaluated via IHC staining using anti- 
VEGF and anti-CD31 antibodies. As shown in Fig. 5A and B, VEGF 
expression in the tumor section of rats embolized by lipiodol and free 
DOX/L was both dramatically upregulated, as also observed in the 
clinical studies [42,43]. In contrast, VEGF level in the Ps-DOX/L group 
was significantly lower than that in lipiodol and free DOX/L groups. 
Consistently, significantly downregulated CD31 expression in the tumor 
section was detected in Ps-DOX/L group compared to lipiodol and free 
DOX/L groups (Fig. 5A,C). The above results confirm that Ps-DOX/L can 
not only induce intense apoptosis and necrosis of HCC tumors but also 
effectively inhibit angiogenesis. 

Transient liver function damage is a major adverse effect for patients 
treated with conventional TACE [44–46]. After embolization, ALT and 

AST levels of free DOX/L group increased obviously on day 3 and 
decreased to normal levels on day 7, indicating some impairment of liver 
function (Fig. 5D,E). In comparison, the ALT and AST in the Ps-DOX/L 
group were constantly low and within the normal range from day 3 to 
day 14, certifying its high safety. Moreover, all the treatment caused 
negligible damage to the kidney, as supported by the normal CREA and 
UREA levels (Fig. S4). H&E-stained images further confirmed that Ps- 
DOX/L did not damage major organs while free DOX/L induced 
certain destruction of hepatic lobule in the liver (Fig. S5). 

4. Conclusions 

We have demonstrated that doxorubicin-loaded disulfide-cross-
linked polymersomes (Ps-DOX) form super-stable and homogenous 

Fig. 5. (A) Histological and IHC analysis of tumor sections at day 7 after different treatments. Red circle means vacuolar lipiodol deposition. Scale bars are 50 μm. 
Quantitative analysis of (B) VEGF and (C) CD31 expressions. Liver function analysis via determining (D) ALT and (E) AST levels in the blood (n = 3). Blue line 
indicates the normal ALT and AST ranges determined from healthy rats. *p < 0.05, **p < 0.01, ***p < 0.001. 
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microemulsions with lipiodol (Ps-DOX/L) that achieve safe and high- 
efficacy TACE therapy of orthotopic HCC-bearing rats. Here, Ps-DOX 
acts not only as a redox-responsive vehicle to enhance intracellular 
DOX release to liver cancer cells but also as an extraordinary emulsifier 
to stabilize lipiodol emulsions. Ps-DOX/L microemulsions have favor-
able properties such as superior stability, optimal size, good inject-
ability, long tumor retention, sustained and controlled drug release, 
reduced plasma exposure, and minimal systemic toxicity. Remarkably, 
transarterial administration of Ps-DOX/L microemulsions could 
completely eradicate orthotopic N1S1 syngeneic tumors in rats without 
causing adverse effects. Ps-DOX/L is based on biodegradable polymers 
and easy to make. These smart polymersome-stabilized doxorubicin- 
lipiodol microemulsions provide a novel and potentially translatable 
TACE strategy for advanced liver tumors. 

CRediT authorship contribution statement 

Jingyi Liu: Investigation, Formal analysis, Visualization, Writing – 
original draft. Lei Zhang: Methodology, Investigation, Formal analysis. 
Dongxu Zhao: Methodology, Investigation. Shujing Yue: Investigation. 
Huanli Sun: Conceptualization, Supervision, Writing – review & edit-
ing, Funding acquisition. Caifang Ni: Conceptualization, Supervision. 
Zhiyuan Zhong: Conceptualization, Supervision, Writing – review & 
editing, Project administration. 

Declaration of Competing Interest 

The authors declare no competing financial interest. 

Acknowledgements 

This work was supported by the National Natural Science Foundation 
of China (52073196) and the Natural Science Foundation of the Jiangsu 
Higher Education Institutions of China (21KJA150007). Scheme 1 was 
created via http://BioRender.com. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jconrel.2022.08.015. 

References 

[1] J.M. Llovet, R.K. Kelley, A. Villanueva, A.G. Singal, E. Pikarsky, S. Roayaie, 
R. Lencioni, K. Koike, J. Zucman-Rossi, R.S. Finn, Hepatocellular carcinoma, Nat. 
Rev. Dis. Primers 7 (2021) 6. 

[2] B. Sangro, P. Sarobe, S. Hervás-Stubbs, I. Melero, Advances in immunotherapy for 
hepatocellular carcinoma, Nat. Rev. Gastroenterol. Hepatol. 18 (2021) 525–543. 

[3] J.D. Yang, P. Hainaut, G.J. Gores, A. Amadou, A. Plymoth, L.R. Roberts, A global 
view of hepatocellular carcinoma: trends, risk, prevention and management, Nat. 
Rev. Gastroenterol. Hepatol. 16 (2019) 589–604. 

[4] A. Villanueva, Hepatocellular carcinoma, N. Engl. J. Med. 380 (2019) 1450–1462. 
[5] J.M. Llovet, A. Villanueva, A. Lachenmayer, R.S. Finn, Advances in targeted 

therapies for hepatocellular carcinoma in the genomic era, Nat. Rev. Clin. Oncol. 
12 (2015) 408–424. 

[6] T. Yau, Y.-K. Kang, T.-Y. Kim, A.B. El-Khoueiry, A. Santoro, B. Sangro, I. Melero, 
M. Kudo, M.-M. Hou, A. Matilla, F. Tovoli, J.J. Knox, A. Ruth He, B.F. El-Rayes, 
M. Acosta-Rivera, H.-Y. Lim, J. Neely, Y. Shen, T. Wisniewski, J. Anderson, C. Hsu, 
Efficacy and safety of nivolumab plus Ipilimumab in patients with advanced 
hepatocellular carcinoma previously treated with Sorafenib: the checkmate 040 
randomized clinical trial, JAMA Oncol. 6 (2020) e204564-e204564. 

[7] S. Daher, M. Massarwa, A.A. Benson, T. Khoury, Current and future treatment of 
hepatocellular carcinoma: an updated comprehensive review, J. Clin. Transl. 
Hepatol. 6 (2018) 69–78. 

[8] M.H. Elnaggar, A.I. Abushouk, A.H.E. Hassan, H.M. Lamloum, A. Benmelouka, S. 
A. Moatamed, H. Abd-Elmegeed, S. Attia, A. Samir, N. Amr, D. Johar, S. Zaky, 
Nanomedicine as a putative approach for active targeting of hepatocellular 
carcinoma, Semin. Cancer Biol. 69 (2021) 91–99. 

[9] S. Qin, Y. Bai, H.Y. Lim, S. Thongprasert, Y. Chao, J. Fan, T.-S. Yang, 
V. Bhudhisawasdi, W.K. Kang, Y. Zhou, J.H. Lee, Y. Sun, Randomized, multicenter, 
open-label study of oxaliplatin plus fluorouracil/leucovorin versus doxorubicin as 
palliative chemotherapy in patients with advanced hepatocellular carcinoma from 
Asia, J. Clin. Oncol. 31 (2013) 3501–3508. 

[10] A. Forner, M. Gilabert, J. Bruix, J.-L. Raoul, Treatment of intermediate-stage 
hepatocellular carcinoma, Nat. Rev. Clin. Oncol. 11 (2014) 525–535. 

[11] J.-L. Raoul, A. Forner, L. Bolondi, T.T. Cheung, R. Kloeckner, T. de Baere, Updated 
use of TACE for hepatocellular carcinoma treatment: how and when to use it based 
on clinical evidence, Cancer Treat. Rev. 72 (2019) 28–36. 

[12] Y.-P. Chen, J.-L. Zhang, Y. Zou, Y.-L. Wu, Recent advances on polymeric beads or 
hydrogels as embolization agents for improved transcatheter arterial 
chemoembolization (TACE), Front. Chem. 7 (2019) 408. 

[13] H. Li, K. Qian, H. Zhang, L. Li, L. Yan, S. Geng, H. Zhao, H. Zhang, B. Xiong, Z. Li, 
C. Zheng, Y. Zhao, X. Yang, Pickering gel emulsion of lipiodol stabilized by hairy 
nanogels for intra-artery embolization antitumor therapy, Chem. Eng. J. 418 
(2021), 129534. 

[14] J.-F. Dufour, TACE with or without systemic therapy? J. Hepatol. 56 (2012) 
1224–1225. 

[15] G. Jia, J. Van Valkenburgh, A.Z. Chen, Q. Chen, J. Li, C. Zuo, K. Chen, Recent 
advances and applications of microspheres and nanoparticles in transarterial 
chemoembolization for hepatocellular carcinoma, WIREs Nanomed. Nanobi. 14 
(2021), e1749. 

[16] R. Lencioni, T. de Baere, M.C. Soulen, W.S. Rilling, J.-F.H. Geschwind, Lipiodol 
transarterial chemoembolization for hepatocellular carcinoma: a systematic review 
of efficacy and safety data, Hepatology 64 (2016) 106–116. 

[17] H. Chen, H. Cheng, Q. Dai, Y. Cheng, Y. Zhang, D. Li, Y. Sun, J. Mao, K. Ren, 
C. Chu, G. Liu, A Superstable homogeneous lipiodol-ICG formulation for 
locoregional hepatocellular carcinoma treatment, J. Control. Release 323 (2020) 
635–643. 

[18] F. Trevisani, R. Golfieri, Lipiodol transarterial chemoembolization for 
hepatocellular carcinoma: where are we now? Hepatology 64 (2016) 23–25. 

[19] J.-M. Idée, B. Guiu, Use of lipiodol as a drug-delivery system for transcatheter 
arterial chemoembolization of hepatocellular carcinoma: a review, Crit. Rev. 
Oncol. 88 (2013) 530–549. 

[20] F. Deschamps, T. Isoardo, S. Denis, N. Tsapis, L. Tselikas, V. Nicolas, A. Paci, 
E. Fattal, T. de Baere, N. Huang, L. Moine, Biodegradable pickering emulsions of 
lipiodol for liver trans-arterial chemo-embolization, Acta Biomater. 87 (2019) 
177–186. 

[21] L. Shen, Y. Zhang, J. Zhang, T. Wang, H. Li, Y. Wang, D. Quan, Reversed lipid- 
based nanoparticles dispersed in iodized oil for transarterial chemoembolization, 
ACS Appl. Mater. Interfaces 11 (2019) 20642–20648. 

[22] D. Kim, J.H. Lee, H. Moon, M. Seo, H. Han, H. Yoo, H. Seo, J. Lee, S. Hong, P. Kim, 
H.J. Lee, J.W. Chung, H. Kim, Development and evaluation of an ultrasound- 
triggered microbubble combined transarterial chemoembolization (TACE) 
formulation on rabbit VX2 liver cancer model, Theranostics 11 (2021) 79–92. 

[23] J. Wu, G.H. Ma, Recent studies of pickering emulsions: particles make the 
difference, Small 12 (2016) 4633–4648. 

[24] C. Albert, M. Beladjine, N. Tsapis, E. Fattal, F. Agnely, N. Huang, Pickering 
emulsions: preparation processes, key parameters governing their properties and 
potential for pharmaceutical applications, J. Control. Release 309 (2019) 302–332. 

[25] H. Chen, H.W. Cheng, W.Y. Wu, D.F. Li, J.S. Mao, C.C. Chu, G. Liu, The blooming 
intersection of transcatheter hepatic artery chemoembolization and nanomedicine, 
Chin. Chem. Lett. 31 (2020) 1375–1381. 

[26] L. Liu, X. Xu, X. Liang, X. Zhang, J. Wen, K. Chen, X. Su, Y. Ma, Z. Teng, G. Lu, 
J. Xu, Periodic mesoporous organosilica-coated magnetite nanoparticles combined 
with lipiodol for transcatheter arterial chemoembolization to inhibit the 
progression of liver cancer, J. Colloid Interface Sci. 591 (2021) 211–220. 

[27] R.A. Sheth, X. Wen, J. Li, M.P. Melancon, X. Ji, Y. Andrew Wang, C.-H. Hsiao, D.S. 
L. Chow, E.M. Whitley, C. Li, S. Gupta, Doxorubicin-loaded hollow gold 
nanospheres for dual photothermal ablation and chemoembolization therapy, 
Cancer Nanotechnol. 11 (2020) 6. 

[28] Y. Zhang, H. Cheng, H. Chen, P. Xu, E. Ren, Y. Jiang, D. Li, X. Gao, Y. Zheng, P. He, 
H. Lin, B. Chen, G. Lin, A. Chen, C. Chu, J. Mao, G. Liu, A pure nanoICG-based 
homogeneous lipiodol formulation: toward precise surgical navigation of primary 
liver cancer after long-term transcatheter arterial embolization, Eur. J. Nucl. Med. 
Mol. Imaging (2021), https://doi.org/10.1007/s00259-021-05654-z. 

[29] P. He, E. Ren, B. Chen, H. Chen, H. Cheng, X. Gao, X. Liang, H. Liu, J. Li, B. Li, 
A. Chen, C. Chu, X. Chen, J. Mao, Y. Zhang, G. Liu, A super-stable homogeneous 
lipiodol-hydrophilic chemodrug formulation for treatment of hepatocellular 
carcinoma, Theranostics 12 (2022) 1769–1782. 

[30] Y. Zou, F.H. Meng, C. Deng, Z.Y. Zhong, Robust, tumor-homing and redox-sensitive 
polymersomal doxorubicin: a superior alternative to doxil and caelyx? J. Control. 
Release 239 (2016) 149–158. 

[31] J. Wei, H. Meng, B. Guo, Z. Zhong, F. Meng, Organocatalytic ring-opening 
copolymerization of trimethylene carbonate and dithiolane trimethylene 
carbonate: impact of organocatalysts on copolymerization kinetics and copolymer 
microstructures, Biomacromolecules 19 (2018) 2294–2301. 

[32] L. Ding, W.X. Gu, Y.F. Zhang, S.J. Yue, H.L. Sun, J. Cornelissen, Z.Y. Zhong, Her2- 
specific reduction-sensitive immunopolymersomes with high loading of epirubicin 
for targeted treatment of ovarian tumor, Biomacromolecules 20 (2019) 
3855–3863. 

[33] Y. Wei, X. Gu, Y. Sun, F. Meng, G. Storm, Z. Zhong, Transferrin-binding peptide 
functionalized polymersomes mediate targeted doxorubicin delivery to colorectal 
cancer in vivo, J. Control. Release 319 (2020) 407–415. 

[34] Y. Fang, W.J. Yang, L. Cheng, F.H. Meng, J. Zhang, Z.Y. Zhong, EGFR-targeted 
multifunctional polymersomal doxorubicin induces selective and potent 
suppression of orthotopic human liver cancer in vivo, Acta Biomater. 64 (2017) 
323–333. 

J. Liu et al.                                                                                                                                                                                                                                       

http://BioRender.com
https://doi.org/10.1016/j.jconrel.2022.08.015
https://doi.org/10.1016/j.jconrel.2022.08.015
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0005
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0005
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0005
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0010
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0010
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0015
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0015
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0015
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0020
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0025
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0025
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0025
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0030
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0030
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0030
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0030
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0030
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0030
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0035
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0035
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0035
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0040
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0040
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0040
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0040
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0045
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0045
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0045
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0045
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0045
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0050
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0050
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0055
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0055
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0055
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0060
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0060
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0060
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0065
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0065
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0065
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0065
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0070
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0070
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0075
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0075
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0075
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0075
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0080
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0080
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0080
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0085
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0085
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0085
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0085
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0090
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0090
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0095
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0095
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0095
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0100
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0100
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0100
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0100
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0105
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0105
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0105
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0110
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0110
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0110
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0110
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0115
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0115
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0120
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0120
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0120
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0125
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0125
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0125
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0130
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0130
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0130
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0130
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0135
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0135
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0135
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0135
https://doi.org/10.1007/s00259-021-05654-z
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0145
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0145
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0145
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0145
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0150
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0150
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0150
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0155
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0155
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0155
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0155
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0160
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0160
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0160
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0160
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0165
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0165
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0165
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0170
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0170
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0170
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0170


Journal of Controlled Release 350 (2022) 122–131

131

[35] Y. Zou, Y.F. Xia, F.H. Meng, J. Zhang, Z.Y. Zhong, GE11-directed functional 
polymersomal doxorubicin as an advanced alternative to clinical liposomal 
formulation for ovarian cancer treatment, Mol. Pharm. 15 (2018) 3664–3671. 

[36] T.D. Baere, J. Dufaux, A. Roche, J.L. Counnord, P. Pappas, Circulatory alterations 
induced by intra-arterial injection of iodized oil and emulsions of iodized oil and 
doxorubicin: experimental study, Radiology 194 (1995) 165–170. 

[37] T. Tanaka, T. Masada, H. Nishiofuku, Y. Fukuoka, T. Sato, S. Tatsumoto, 
N. Marugami, S. Higashi, K. Kichikawa, Development of pumping emulsification 
device with glass membrane to form ideal lipiodol emulsion in transarterial 
chemoembolization, Eur. Radiol. 28 (2018) 2203–2207. 

[38] E. Lilienberg, I.R. Dubbelboer, A. Karalli, R. Axelsson, T.B. Brismar, C.E. Barbier, 
A. Noren, F. Duraj, M. Hedeland, U. Bondesson, E. Sjogren, P. Stal, R. Nyrnan, 
H. Lennernas, In vivo drug delivery performance of lipiodol-based emulsion or 
drug-eluting beads in patients with hepatocellular carcinoma, Mol. Pharm. 14 
(2017) 448–458. 

[39] O.S. Sakr, S. Berndt, G. Carpentier, M. Cuendet, O. Jordan, G. Borchard, Arming 
embolic beads with anti-VEGF antibodies and controlling their release using LBL 
technology, J. Control. Release 224 (2016) 199–207. 

[40] L. Li, Y. Liu, H. Li, X. Guo, X. He, S. Geng, H. Zhao, X. Peng, D. Shi, B. Xiong, 
G. Zhou, Y. Zhao, C. Zheng, X. Yang, Rational design of temperature-sensitive 
blood-vessel-embolic nanogels for improving hypoxic tumor microenvironment 
after Transcatheter arterial embolization, Theranostics 8 (2018) 6291–6306. 

[41] M. Kudo, K. Ueshima, M. Ikeda, T. Torimura, N. Tanabe, H. Aikata, N. Izumi, 
T. Yamasaki, S. Nojiri, K. Hino, H. Tsumura, T. Kuzuya, N. Isoda, K. Yasui, H. Aino, 
A. Ido, N. Kawabe, K. Nakao, Y. Wada, O. Yokosuka, K. Yoshimura, T. Okusaka, 

J. Furuse, N. Kokudo, K. Okita, P.J. Johnson, Y. Arai, T.s. group, Randomised, 
multicentre prospective trial of transarterial chemoembolisation (TACE) plus 
sorafenib as compared with TACE alone in patients with hepatocellular carcinoma: 
TACTICS trial, Gut 69 (2020) 1492–1501. 

[42] A. Schicho, C. Hellerbrand, K. Kruger, L.P. Beyer, W. Wohlgemuth, C. Niessen, 
E. Hohenstein, C. Stroszczynski, P.L. Pereira, P. Wiggermann, Impact of different 
embolic agents for transarterial chemoembolization (TACE) procedures on 
systemic vascular endothelial growth factor (VEGF) levels, J. Clin. Transl. Hepatol. 
4 (2016) 288–292. 

[43] Y. Chao, C.Y. Wu, C.Y. Kuo, J.P. Wang, J.C. Luo, C.H. Kao, R.C. Lee, W.P. Lee, C. 
P. Li, Cytokines are associated with postembolization fever and survival in 
hepatocellular carcinoma patients receiving transcatheter arterial 
chemoembolization, Hepatol. Int. 7 (2013) 883–892. 

[44] R.A. Miksad, S. Ogasawara, F. Xia, M. Fellous, F. Piscaglia, Liver function changes 
after transarterial chemoembolization in us hepatocellular carcinoma patients: the 
liverT study, BMC Cancer 19 (2019) 795. 

[45] A. Seki, S. Hori, K. Kobayashi, S. Narumiya, Transcatheter arterial 
chemoembolization with epirubicin-loaded superabsorbent polymer microspheres 
for 135 hepatocellular carcinoma patients: single-center experience, J. Vasc. Interv. 
Radiol. 34 (2011) 557–565. 

[46] G.S. Zhao, S. Liu, Y. Liu, J. Ma, R.Y. Wang, J. Bian, J. Zhou, J.L. Wu, Y.W. Zhang, 
Clinical application of gelatin sponge microparticles combined with pirarubicin for 
hepatic transcatheter arterial chemoembolization in breast cancer liver metastasis 
treatment: results of a single-center long-term study, World J. Surg. Oncol. 19 
(2021) 249. 

J. Liu et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0175
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0175
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0175
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0180
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0180
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0180
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0185
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0185
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0185
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0185
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0190
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0190
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0190
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0190
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0190
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0195
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0195
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0195
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0200
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0200
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0200
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0200
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0205
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0205
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0205
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0205
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0205
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0205
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0205
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0210
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0210
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0210
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0210
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0210
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0215
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0215
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0215
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0215
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0220
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0220
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0220
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0225
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0225
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0225
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0225
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0230
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0230
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0230
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0230
http://refhub.elsevier.com/S0168-3659(22)00519-3/rf0230

	Polymersome-stabilized doxorubicin-lipiodol emulsions for high-efficacy chemoembolization therapy
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Fabrication of DOX-loaded disulfide-crosslinked polymersomes (Ps-DOX)
	2.3 Preparation and characterization of emulsions
	2.4 In vitro DOX release from Ps-DOX/L and free DOX/L emulsions
	2.5 In vitro anti-HCC studies
	2.6 Cellular uptake studies
	2.7 Establishment of orthotopic N1S1 HCC rat models
	2.8 In vivo pharmacokinetics, ex vivo imaging and biodistribution
	2.9 In vivo anti-HCC efficacy in orthotopic N1S1 HCC-bearing rats
	2.10 Statistical analysis

	3 Results and discussion
	3.1 Preparation of Ps-DOX/L microemulsions
	3.2 In vitro anti-HCC activity of Ps-DOX and Ps-DOX/L
	3.3 In vivo systemic exposure and tumor retention of Ps-DOX/L emulsions
	3.4 Therapeutic efficacy of Ps-DOX/L emulsions in orthotopic rat N1S1 syngeneic HCC model

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


