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A B S T R A C T

Lipid nanocapsules (LNCs) used as nanomedicine have been developed to enhance pharmacokinetics and 
decrease side effects of drugs, particularly for cancer therapies. After intravenous administration, LNCs possess 
an important hepatic tropism however, few data exist about their toxicity and even less after repeated exposure. 
This study aimed to assess the in vitro toxicity and internalization of unloaded LNCs, of 50 and 100 nm size, on 
HepG2 and HepaRG liver cell lines. Internalization of the 50 nm LNCs was slower compared to the 100 nm LNCs 
and both LNCs exhibited a higher toxicity on cancerous HepG2 cells compared to differentiated HepaRG cells. 
LNCs were mainly internalized via caveolin-mediated endocytosis in both cell lines. Upon chronic exposure, the 
toxicity of LNCs on HepaRG cells increased, although the pathways of internalization remained unchanged. Cell 
death studies have demonstrated an involvement of ferroptosis, but not of apoptosis. After acute and repeated 
exposures on HepaRG cells, the 100 nm LNCs showed a good safety profile. Finally, LNCs induced a more sig
nificant toxicity associated with faster internalization in the HepG2 cancerous model than in the differentiated 
HepaRG cells. This provides good evidence for LNCs to potentialize the cytotoxic effects of an active drug on liver 
cancer cells.

1. Introduction

At the end of the 20th century, nanoparticles (NPs) for medical ap
plications (nanomedicines) appeared and the first nanomedicine was 
approved by the Food and Drug Administration (FDA) in 1995 
(Barenholz, 2012). Over the past two decades, NPs have attracted great 
interest because of their capacity to improve the efficiency of drugs and 
reduce their side effects (Desai et al. 2012, Frank et al. 2015). The 
physicochemical properties of these nanocarriers, such as their size and 
composition, can be modified, which will result in changing their 
cellular interactions and by extension their safety (Fadeel et al. 2015, 
Ajdary et al. 2018). Different types of NPs can be used as therapeutics, 
such as liposomes, micelles, polymers and lipid NPs (Basile et al. 2012). 
Among lipid NPs, LNCs, which are spherical nanostructures composed of 
an oily core surrounded by a surfactant shell (Heurtault et al. 2002, 
Mouzouvi et al. 2017, Dabholkar et al. 2021), were selected for this 
study. LNCs demonstrate notably a real interest in treating cancers 
(Huynh et al. 2009). However, despite their potential advantages, LNCs, 

as well as any other nanoparticles, should be carefully characterized in 
terms of toxicity.

Several studies have already assessed the safety of LNCs on in vivo 
and in vitro systems. Single or repeated intravenous injections (IV) of 
unloaded LNCs induced no weight loss or histological or biochemical 
abnormalities in mice (Hureaux et al. 2010, Montigaud et al. 2018). 
Moreover, an in vitro study, interested in LNCs interactions with murine 
immune cells, showed that no genotoxicity occurred upon LNCs expo
sure (Le Roux et al. 2017). Nevertheless, regardless of the biocompati
bility observed in the literature, LNCs hepatic toxicity has not been well 
characterized despite their well-demonstrated accumulation in the liver 
(Zhang et al. 2016, Resnier et al. 2019). This hepatic tropism can 
become an asset to treat diverse liver pathologies, such as hepatocellular 
carcinoma (HCC) (Schaffazick et al. 2008, Radwan et al. 2020). 
Generally, cancer treatment involves repeated medication for several 
months. Thus, it is necessary to evaluate the tolerance of LNCs in the 
liver after chronic exposure. Indeed, the liver is a crucial organ in the 
human body and plays a major role in drug metabolism. Besides, liver 
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toxicity remains a leading cause for the termination of further drug 
development in investigational programs and restrictions of use once the 
drug is in the market (Andrade et al. 2019). Therefore, rather the liver is 
or is not their main target, hepatic toxicity of LNCs must be 
characterized.

The use of in vitro liver-cell models is fast and convenient to study 
toxicity and responds to the new “3R” standards about animal ethics. 
HepG2 cells are a well-known cancerous model widely used and rec
ommended by the U.S. FDA and the Nanotechnology Characterization 
Laboratory for nanotoxicity assessment (Protocols - Nanotechnology 
Characterization Lab - NCI, 2022). Nevertheless, this model expresses 
low metabolic activity and does not allow chronic studies. HepaRG cells, 
a differentiated liver cell model, express high metabolic activity (cyto
chromes, phase I and II enzymes) and are differentiated over one month. 
Moreover, the HepaRG cell line might be considered as no tumorigenic 
cells (Cerec et al. 2007). This model, currently the closest to the gold 
standard represented by primary human hepatocytes (Andersson et al. 
2012, Mueller et al. 2014), will allow the evaluation of toxicity of LNCs 
after chronic exposure (Jossé et al. 2008, Anthérieu et al. 2010, Kam
merer and Küpper 2018).

In this context, the main objective of this work was to study, in vitro, 
the interactions between 50 nm and 100 nm LNCs after exposure with 
cancerous HepG2 and differentiated HepaRG liver cell lines following 
acute and chronic exposures up to one month. The kinetics of internal
ization were studied as well as intracellular trafficking. Endocytic 
pathways were analyzed using two different inhibitors, namely chlor
promazine and genistein. In addition of classic viability assessment 
(mitochondrial and lysosomal activity, cell membrane integrity), an 
assessment of apoptosis and ferroptosis was performed to identify the 
type of cell death occurring upon LNCs exposure.

2. Materials and methods

2.1. Materials

Glacial acetic acid, staurosporine, dithiothreitol (DTT), 3-[dimethy
lammonio]-1-propanesulfonate, ethylenediaminetetraacetic acid 
(EDTA), piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES), Dulbecco’s 
phosphate buffer saline (DPBS), trypsin (0.25 and 0.05 %), N-acetyl-asp- 
glu-val-asp-7-amido-4-methylcoumarin (Ac-DEVD-AMC), bovine serum 
albumin (BSA), non-essential amino-acids, sodium pyruvate, hydrocor
tisone, 3-(4,5-dimethylthiazol-2-biopyl)-2,5-diphenyltetrazolium bro
mide (MTT), 3-Amino-7-dimethylamino-2-methylphenazine (NRU), 
hydrochloridechlorpromazine hydrochloride (CPZ), genistein (GEN), 
dimethyl sulfoxide (DMSO), insulin from bovine pancreas, acetamino
phen, penicillin/streptomycin and lactate dehydrogenase (LDH) cyto
toxicity detection kit were obtained from Sigma-Aldrich (Munich, 
Germany; St. Quentin-Fallavier, France; Zwijndrecht, The Netherlands). 
Williams’E medium, minimum essential medium (MEM), HyClone® 
fetal bovine serum (FBS), BODIPY 581/591 C11, trypsin-EDTA (0.05 
and 0.25 %) and GlutaMAX™ supplements were purchased from Fisher 
Scientific (Illkirch, France). Dutcher® FBS was purchased from Dutscher 
(Bernolsheim, France). Captex® 8000 was a gift from Abitec Corp. 
(Colombus, Ohio, USA). Lipoid® S100 and Kolliphor® HS15 were pur
chased from Lipoid GmbH (Ludwigshafen, Germany) and BASF (Lud
wigshafen, Germany), respectively. Erastin and ferrostatin-1 were 
purchased from Selleck Chemicals (Houston, TX, USA). NaCl was pur
chased from Prolabo VWR International (Fontenay-sous-Bois, France). 
Ultrapure water was obtained using a Milli-Q® Advantage A10 System 
(Merck Millipore, Darmstadt, Germany).

2.2. Formulation and characterization of LNCs

2.2.1. Preparation of DiD-TPB
DiD-TPB was synthesized using a method previously described (Kilin 

et al. 2014, Roger et al. 2017). Briefly, 100 mg of 1,1′-dioctadecyl- 

3,3,3′,3′tetramethylindodicarbocyanine perchlorate (DiD, Life Technol
ogies, Carlsbad, California, USA) was mixed with 0.71 g (20mol eq.) of 
sodium tetraphenylborate in ethyl acetate, which easily dissolved both 
the salts. Thin-layer chromatography confirmed the formation of the 
targeted salt, and the product progressed faster than the starting DiD 
perchlorate (dichloromethane/methanol, 95/5). After solvent evapora
tion, the product (DiD-TPB) was purified using column chromatography 
(dichloromethane/methanol, 95/5).

2.2.2. Formulation of LNCs
Unloaded-LNCs were formulated according to a solvent-free method 

using temperature phase inversion (Heurtault et al. 2002). The compo
sitions are listed in Table 1. Briefly, Captex® 8000 and Lipoid® S100 
were mixed under magnetic stirring at 60 ◦C. After cooling, Kolliphor® 
HS15, NaCl, and water were added. Three cycles of heating and cooling 
between 60 and 95 ◦C were performed under magnetic stirring. During 
the last cycle, water at 4 ◦C was added to obtain LNCs suspension. 
Magnetic stirring was maintained for 5 min (min) at room temperature. 
Finally, the unloaded-LNCs suspensions were filtered through 0.22 μm 
sterile polyethersulfone membrane (Dutscher, Bernolsheim, France).

To prepare DiD-loaded-LNCs, DiD-TPB was first solubilized at 2 % w/ 
w in Captex® 8000.

2.2.3. Physico-chemical characterizations of LNCs
Concentration of LNCs is expressed in mg/mL and was calculated by 

dividing the weight of all excipients over the total amount of water. The 
size distribution, polydispersity index (PDI), and zeta potential were 
determined by dynamic light scattering and laser doppler electropho
resis using a Zetasizer® Nano Series DTS 1060 (Malvern Instruments S. 
A., Worcestershire, UK), respectively. LNCs were diluted to 1/400 in 
water. The size of the formulations was also determined using nano
particle tracking analysis on a NanoSight NS300 device (Malvern In
struments S.A., Worcestershire, UK) with prior 1/350,000 and 1/ 
500,000 dilutions in water applied to the 50 nm LNCs (50-LNCs) and 
100 nm (100-LNCs) suspensions, respectively. The fluorescence of the 
DiD-LNCs was measured using a FluoroMax®-4 spectrophotometer 
(HORIBA Jobin Yvon Inc., New Jersey, USA). Fluorescence emission 
spectra were recorded at room temperature with 650 nm excitation 
wavelength, with an excitation slit width of 3 nm and an integration 
time of 0.5 s. Emission spectra were collected from 655 to 750 nm with a 
slit width of 2 nm and a 1 nm increment. The maximum intensity of DiD 
was recorded at 675 ± 1 nm.

2.3. Cells and cell culture conditions

2.3.1. HepG2 cell line
HepG2 cells (ATCC® HB-8065) were cultured from 3rd to 18th 

passages in MEM supplemented with 10 % (v/v) FBS, 1X non-essential 
amino acids, 1 mM of sodium pyruvate in solution, and antibiotic so
lution (100 units/mL penicillin, 100 μg/mL streptomycin) in a humidi
fied atmosphere of 5 % CO2, 95 % air at 37 ◦C. Once the cells reached 80 

Table 1 
Composition of unloaded- and DiD-LNCs.

Constituents 50- 
LNCs

100- 
LNCs

50-DiD- 
LNCs

100-DiD- 
LNCs

Amount in mg

Lipoïd® S100 67.2 67.2 8.4 8.4

Captex® 8000 1000 1550 62.5 96.9
DiD-TPB (2 %) in Captex® 

8000
​ ​ 62.5 96.9

Kolliphor® HS15 1050 850 131.3 106.3
NaCl 73.3 73.3 9.2 9.2
Purified water 1950 1600 243.7 200
Purified water at 4 ◦C 2500 3400 625 625
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% confluence, they were washed with DPBS, trypsinized (trypsin-EDTA 
0.25 %), and seeded at 2.104 cells/cm2 in a 25 cm2 flask.

2.3.2. HepaRG cell line
HepaRG cells (obtained from Biopredict International) were seeded 

at 2.6.104 cells/cm2 in a 75 cm2 flask and cultivated from 12th to 18th 
passages in Williams’E medium supplemented with 10 % (v/v) FBS, 
antibiotic solution (100 units/mL penicillin, 100 μg/mL streptomycin), 
1X GlutaMAX™, hydrocortisone (25 μg/mL), and insulin (5 μg/mL) in a 
humidified atmosphere of 5 % CO2, 95 % air at 37 ◦C. After two weeks of 
growth, once 100 % confluency was reached, 2 % DMSO was added to 
the media for 2 more weeks to potentiate differentiation in hepatocytes 
(50 %) and biliary cells (50 %). Then the cells were trypsinized (trypsin- 
EDTA 0.05 %) and seeded in multiwell (MW) plates of different format 
depending on the assay (details in the following sections).

2.4. Treatment with LNCs

2.4.1. Acute treatment
HepG2 and HepaRG cells were seeded in either 12, 24, or 96 MW 

plates according to the corresponding assay, and then treated only once 
with unloaded-LNCs before the viability assay, kinetics, and pathways of 
internalization assessment. The exposure times and unloaded-LNCs 
concentrations are detailed in the following sections.

2.4.2. Chronic treatment
Briefly, HepaRG cells were seeded after differentiation in either 12, 

24, or 96 MW plates according to the corresponding assay and then 
exposed to unloaded-LNCs every 2 to 3 days while the media was 
renewed. After 2 and 4 weeks of treatment, viability, kinetics, and 
internalization pathways were evaluated. Endpoints of treatment and 
LNCs concentrations are detailed in the following sections.

2.5. Toxicity assessment

2.5.1. Cell viability measurement
MTT and NRU viability assays were used to evaluate the toxicity of 

the LNCs. HepG2 and HepaRG cells were seeded in 96 MW. Cells were 
treated for 24 h with LNCs concentrations ranging from 0.001 to 10 mg/ 
mL and diluted in media supplemented with 10 % or 0 % FBS. The media 
was then removed, and 100 μL MTT solution (5 mg/mL diluted 10 times 
in non-supplemented medium) was added to each well for 1 h. MTT was 
subsequently removed, and 100 μL of DMSO was used to solubilize the 
MTT crystals. The plates were thoroughly mixed for 5 min before 
reading the absorbance at 540 nm using a Clariostar® plate reader (BMG 
Labtech, Champigny-sur-Marne, France).

2.5.2. Lactate dehydrogenase (LDH) release
Both hepatoma cell lines were seeded in 96 MW and exposed to LNCs 

concentrations, ranging from 1 to 10 mg/mL for 24 h. After centrifu
gation for 10 min at 250 × g, the supernatants were removed, diluted to 
1/10 in media and mixed with the reagent (catalyst and dye from the kit) 
at a 1/1 ratio. After approximately 30 min of incubation at room tem
perature, the absorbance was measured at 490 nm using a Clariostar® 
plate reader.

2.6. Lncs uptake by liver cell lines

2.6.1. Kinetics of internalization
The uptake of DiD-LNCs by hepatoma cells was quantified by 

measuring DiD fluorescence using fluorescence-activated cell sorting 
(FACS). Briefly, HepaRG cells were seeded in a 24 MW plate and HepG2 
cells in a 12 MW plate as previously described. Both cell lines were 
exposed to subtoxic LNCs concentrations (0.1, 0.25 and 0.50 mg/mL) 
diluted in supplemented media with 10 % or 0 % FBS, from 15 min to 24 
h and from 4 h to 96 h for HepG2 and HepaRG cells, respectively. For 

HepaRG cells, fresh media (half of the total volume of treatment) was 
added at 48 h to maintain an optimal pH. The cells were then trypsinized 
from the plates and washed twice with cold PBS before measuring the 
fluorescence on a CytoFLEX LX. Samples were kept on ice at all times 
during washing steps. A total of 10,000 cells were gated and analyzed for 
each condition.

Regarding the chronic treatment conditions, HepaRG cells were 
exposed every 2 to 3 days to 0.25 mg/mL of unloaded-LNCs for either 2 
or 4 weeks. Once this period was completed, the cells were treated with 
DiD-LNCs at the same concentrations for 4, 24, and 48 h. A total of 
10,000 cells were gated and analyzed for each condition.

2.6.2. Pathways of internalization
The cell lines were exposed to the DiD-LNCs in the presence or 

absence of endocytosis-blocking agents. Clathrin-mediated endocytosis 
was inhibited by treatment with 20 μM chlorpromazine (Roger et al. 
2009). In contrast, 200 μM genistein inhibited caveolin-mediated 
endocytosis (Rennick et al. 2021). Prior to LNCs exposure (0.25 mg/ 
mL), cells were sensitized for 1 h with inhibitors. Then, HepG2 cells were 
treated with LNCs and inhibitors for 2 h and HepaRG cells for 4 h under 
two distinct conditions: at 4 and 37 ◦C. Due to the high capacity of 
chlorpromazine and genistein to bind proteins, all inhibitors and DiD- 
LNCs suspensions were prepared in FBS-free media (Marshak et al. 
1985, Bian et al. 2004). The cells were then trypsinized, washed twice 
with PBS and kept on ice before analaysis.

For chronic treatment, HepaRG cells were repeatedly exposed to 
0.25 mg/mL of unloaded-LNCs, followed by a 4 h exposure to DiD-LNCs. 
A total of 10,000 cells were gated and analyzed for each condition and 
for both acute and chronic treatment.

2.6.3. Confocal microscopy
HepG2 cells were seeded on a black 96 MW plate, with flat and clear 

bottom (obtained from Ibidi, Munich, Germany), to perform live cell 
imaging. This experiment was also performed on HepaRG cells but the 
images were not exploitable (data not shown). HepG2 cells were stained 
with 100 nM of LysoTracker® Green DND-26 (LysoTracker) to identify 
lysosomes. Cells were subsequently exposed to DiD-LNCs, and acquisi
tions were performed from the first seconds of exposure up to 2 h.

Images were obtained using a Leica TCS SP8 AOBS (Leica Micro
systems, Wetzlar, Germany) equipped with a water immersion objective, 
HC PL APO CS2 40X/ON 1.10. Acquisitions were performed in 8 bits 
with a 1024 × 1024 pixel format and scanning speed of 400 Hz. Exci
tation of LysoTracker and DiD were realized with a 488 nm laser line 
from an argon laser (40 mW) and with a 633 nm gas laser He-Ne (10 
mW), respectively. Fluorescence was then recovered using a hybrid 
detector (GaAsP) from 492 to 549 nm for LysoTracker, and from 635 to 
727 nm for DiD. Optic sections of 1 µm thickness were collected using 
Super Z Galvo Stage Type H.

2.7. Investigation of death mechanisms

2.7.1. Apoptosis activity measurement
Both HepG2 and HepaRG cells were seeded in 12 MW plates. Cells 

were exposed for 4 and 24 h to LNCs at 1 and 2 mg/mL, and 5 μM 
staurosporine was used as positive control. The caspase-3 activity was 
chosen to analyze apoptosis induced by LNCs exposure, using Ac-DEVD- 
AMC as a probe. After LNCs exposure, the supernatants were collected, 
and the cells were scraped with cold PBS. Supernatants and cells were 
mixed and centrifuged at 5000xg for 5 min at 4 ◦C. Supernatants were 
discarded, cells were resuspended in caspase activity buffer (20 mM 
PIPES pH 7.2, 100 mM NaCl, 1 mM EDTA, 0.1 % 3-[dimethylammonio]- 
1-propanesulfonate used to normalize the samples in terms of protein 
quantity. Finally, 30 μg of protein was incubated with 80 μM Ac-DEVD- 
AMC for 1 h at 37 ◦C in caspase-activity buffer containing 10 mM of DTT 
was added. The AMC part of the probe is cleaved by active caspases 
present in the apoptotic cell lysate and can be measured using a 
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fluorimeter because of its emission at 440–460 nm. The results were 
read on a Clariostar® plate reader at an excitation/emission wavelength 
of 380/440 nm.

2.7.2. Ferroptosis measurement
HepG2 and HepaRG cells were seeded in 96 MW plates as previously 

described. Both hepatoma cell lines were exposed for 24 h to LNCs 
concentrations ranging from 0.5 to 5 mg/mL, with or without the 
addition of ferrostatin-1 (FER) at 1 μM. Subsequently, the MTT assay 
was performed and the absorbance was red at 540 nm using a Clar
iostar® plate reader.

2.7.3. Lipid peroxidation activity
HepaRG and HepG2 cells were seeded in 12 MW plate as previously 

described. Concentrations of LNCs were ranging from 0.5 to 2 mg/mL 
and 1 to 5 mg/mL for HepG2 and HepaRG, respectively. After exposure, 
the cells were two times with tempered PBS, followed by 30 min of 
staining with the BODIPY™ 581/591 C11 (Bodipy-C11) probe at 5 μM. 
The cells were rinsed three times with tempered PBS, subsequently 
trypsinized and rinsed again twice before analysis. The fluorescence of 
the probe shifted from 590 nm (reduced state) to 510 nm (oxidized 
state). The results were read using the B525-FITC channel (525/40 nm) 
on a CytoFLEX LX (Beckman Coulter, Brea, CA, USA), and 10,000 cells 
were gated for each condition.

2.8. Data analysis

The results are expressed as mean values of one experiment in trip
licate ± standard error of the mean (SEM) from at least 3 independent 
experiments. Mann-Whitney and Kruskal-Wallis tests were used for 
statistical and comparative analyses between two groups and three or 
more groups, respectively. In both cases, statistical significance was set 
at p < 0.05.

3. Results

3.1. Characterization of LNCs

LNCs of two different sizes were obtained. The mean hydrodynamic 
particle diameters in intensity were close to 50 and 100 nm for both 
unloaded-LNCs and DiD-LNCs, as shown by the DLS and NTA mea
surements (Table 2). A polydispersity index (PDI) lower than 0.200, a 
neutral ζ-potential for DiD-LNCs and unloaded-LNCs were obtained. For 

DiD-LNCs a close fluorescence intensity was obtained between the two 
sizes (Table 2).

3.2. Toxicity assessment

3.2.1. Cell viability after acute and chronic exposure
LNCs toxicity profiles were evaluated by measuring mitochondrial 

activity using the MTT assay after 24 h of exposure to 0 or 10 % FBS and 
varying concentrations from 0.001 to 10 mg/mL (Fig. 1). The same 
toxicity was found with unloaded-LNCs and DiD-LNCs (data not shown). 
Both LNCs sizes induced a dose-dependent decrease in HepG2 and 
HepaRG cell viability. The 50-LNCs induced a significant decrease in cell 
viability by 50 % at 1 mg/mL in the HepG2 cell line compared to the 
100-LNCs, which decreased cell viability by 25 % at the same concen
tration in the presence of FBS. The toxicity of 50-LNCs was significantly 
higher (p < 0.05) than 100-LNCs in HepG2 and HepaRG cells; LC50 
values decreased from 1.57 ± 0.12 mg/mL to 0.94 ± 0.19 mg/mL and 
from 9.01 ± 0.41 mg/mL to 7.43 ± 0.65 mg/mL, respectively (Table 3). 
Lysosomal activity was also assessed (Supplementary data, Figure S1) 
and the results were similar to those of the MTT assay.

Cell viability was also assessed in HepaRG cells after 2 and 4 weeks of 
repeated exposure to varying concentrations ranging from 0.001 to 5 
mg/mL (Fig. 1 and Supplementary Data, Figure S1). The corresponding 
LC50 calculated from the curves highlighted a time-dependent toxicity of 
50-LNCs. For 100-LNCs the toxicity was higher after 2 weeks of exposure 
compared to 24 h but not higher after 4 weeks compared to 2 weeks. 
After 2 weeks of treatment, no difference between sizes was found. After 
4 weeks of treatment, influence of size on toxicity was observed with 50- 
LNCs inducing more toxicity on HepaRG cells (p < 0.05) (Table 3).

3.2.2. LDH activity
Loss of membrane integrity was assessed by measuring the release of 

LDH into the supernatant after 24 h of exposure to the LNCs (Fig. 2). 
LNCs treatments of HepG2 cells induced an approximately 6 to 12-folds 
release of LDH compared to basal levels in negative control cultures. No 
significant differences were observed between the 50- and 100-LNCs 
(Fig. 2. A). 50-LNCs triggered LDH release in HepaRG cells in a 
concentration-dependent manner, from 7-to 15-fold at concentrations of 
1 to 10 mg/mL. 100-LNCs significantly increased the release of LDH 
from 2 mg/mL (Fig. 2. B).

3.3. Lncs uptake by hepatoma cell lines

3.3.1. Kinetics of LNCs internalization after acute and chronic exposure
Three non-toxic concentrations of LNCs (0.10, 0.25 and 0.50 mg/mL) 

were used for assessment of uptake kinetics by cells. Only the results 
obtained with the intermediate 0.25 mg/mL concentration are pre
sented because no difference on the uptake was observed between the 3 
concentrations (data not shown).

The kinetics of LNCs internalization were determined by flow 
cytometry through the determination of two parameters: the percentage 
of positive cells and the mean fluorescence, reflecting the intracellular 
accumulation of LNCs (Fig. 3). For 50-LNCs, 35 % of cells were positive 
compared to 85 % for 100-LNCs in HepG2 cells after 1 h of treatment 
(Fig. 3. A), whereas in HepaRG cells, approximately 30 % positive cells 
and less than 50 % positive cells were observed for the 50-LNCs and 100- 
LNCs, respectively, after 4 h of exposure (Fig. 3. B). Hence, the inter
nalization of 100-LNCs was faster in both the cell lines. Additionally, a 
difference between HepG2 and HepaRG cells was observed: 90 % 
internalization in HepG2 cells was achieved at 1 h vs. 24 h in HepaRG for 
100-LNCs and at 2 h vs. 48 h for 50-LNCs.

Fig. 3. D and E represent the LNCs kinetics results expressed as me
dian fluorescence intensity (MFI), which provided an estimation of LNCs 
intracellular accumulation. After 2 h of exposure, LNCs continued to 
accumulate in HepG2 cells for up to 24 h (Fig. 3. D). In the HepaRG cell 
line, exposure was extended up to 96 h, and an increase in intracellular 

Table 2 
Characterization of unloaded- and DiD-LNCs: mean particle size in intensity 
(Zetasizer®) and in number (Nanosight NS300), polydispersity index (PDI), zeta 
(ζ)-potential and fluorescence intensity. Data are shown as mean ± SEM.

Type of 
LNC

Mean particle size (nm) PDI ζ-potential 
(mV)

Fluorescence 
intensity

Zetasizer® NanoSight 
NS300

50- 
LNCs 
(n =
16)

52.2 ± 3.6 48.7 ± 2.5 0.057 
±

0.029

− 2.4 ± 1.6 ​

100- 
LNCs 
(n =
16)

106.4 ±
6.2

98.6 ± 5.5 0.075 
±

0.016

− 2.8 ± 2.7 ​

50-DiD- 
LNCs 
(n =
14)

57.9 ± 3.6 51.7 ± 5.5 0.127 
±

0.073

− 2.4 ± 6.0 338 458 ± 37 
566

100- 
DiD- 
LNCs 
(n =
12)

104.0 ±
7.2

91.8 ± 5.8 0.078 
±

0.031

− 7.9 ± 4.9 447 158 ± 89 
626
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fluorescence was also observed. Within the first 48 h of exposure in the 
HepaRG model, a size effect was also detected with the highest 4-fold 
difference at 24 h; MFI values were approximately 1,000 and 4,000 
for 50-LNCs and 100-LNCs, respectively. Thus, 100-LNCs accumulated 
more than 50-LNCs in both the cell lines. Finally, MFI was higher in 
HepG2 cells than in HepaRG cells after 24 h; approximately 10-fold and 
4-fold higher for 50-LNCs and 100-LNCs, respectively.

After chronic treatment, the 100-LNCs remained internalized faster 
than the 50-LNCs after 4 h and 24 h of exposure (Fig. 3. C). Moreover, 
the 100-LNCs accumulated more intracellularly (Fig. 3. F).

In addition, internalization was investigated using confocal micro
scopy. In this experiment, LysoTracker was used to stain lysosomes and 
observe whether the LNCs colocalized with them upon internalization 
(Fig. 4). LNCs barely entered the HepG2 cells after 1 h (data not shown). 
Nevertheless, after 2 h, DiD-red fluorescence was detectable inside the 
cytosol for both LNCs sizes. Furthermore, some orange dots were 
observed corresponding in some colocalization of LNCs with lysosomes.

Fig. 1. Cell viability assessed by MTT assay on HepG2 cells (A) and HepaRG cells (B and C). The acute exposure was assessed in 10 % FBS and FBS-free 
condition (A and B) after 24 h of exposure. The chronic 2- and 4-weeks exposure (C) was assessed only on HepaRG in 10 % FBS conditions. Data are presented 
as % of viability in vehicle control cells (n = 4) ± SEM. Mitochondrial activity measurement allowed the determination of LC50 and non-toxic working concen
trations. Classic 24 h exposure was performed as well as, for the first time, the cytotoxicity induced by LNCs after 2 and 4 weeks of exposure. Regarding in vitro 
results, a percentage of viability higher than 70 % confirms a low toxicity.

Table 3 
Lethal concentration at 50 % of cell viability (LC50), of 50- and 100-LNCs after 
24 h of exposure on HepG2 and HepaRG cells, with 0 or 10 % of FBS, and after 2 
and 4 weeks of exposure on HepaRG cell line. Data are shown as LC50 (mg/mL) 
(n = 3–5) ± SEM. X, *, # and + represents a significative difference between FBS 
effect, LNCs size, cell lines and times of exposure (2 weeks vs. 1 day and 4 weeks 
vs. 2 weeks), respectively (p < 0.05).

Time of exposure (days)

1 14 28

10 % FBS 0 % FBS

HepG2 
cells

50- 
LNCs

0.94 ± 0.19 
*#

0.54 ± 0.04 
x*#

​ ​

100- 
LNCs

1.57 ± 0.12 
*#

0.73 ± 0.10 
x*#

​ ​

HepaRG 
cells

50- 
LNCs

7.43 ± 0.65 
*#+

3.16 ± 1.98 
x*#

2.25 ±
0.73 +

1.18 ±
0.08 *+

100- 
LNCs

9.01 ± 0.41 
*#+

7.16 ±
2.33*#

3.00 ±
0.24 +

2.57 ±
0.49 *

Fig. 2. Assessment of LDH release after 24 h of exposure to 50- and 100-LNCs on HepG2 (A) and HepaRG (B) cells. Data are shown as % of LDH released 
compared to control (n = 3–4) ± SEM. *(p < 0.05) and ***(p < 0.001) represent a significative difference compared with vehicle control. Negative (white histogram) 
and positive control (black histogram) are represented by cells non-exposed to LNCs and treated with Triton X-100, respectively. Absorbance has been measured with 
orbital detection in order to avoid any edge or center effect which can induce biases during measurement.
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3.3.2. Pathways of internalization after acute and chronic exposure
LNCs mechanism of internalization was explored using two different 

endocytosis blocking agents and at 4 and 37 ◦C. Previously, the viability 
of HepG2 and HepaRG cells was assessed by the MTT assay in the 
presence of inhibitors alone or in association with LNCs, and no toxicity 
was detected (Supplementary data, Figure S2).

At 4 ◦C, approximately 80 % of internalization for both LNCs was 
inhibited in HepG2 cells (Fig. 5. A and D). In HepaRG, approximately 60 
% of internalization was blocked at 4 ◦C for both LNCs sizes (Fig. 5. B 
and E). In HepG2 cells, chlorpromazine had no effect on internalization, 

whereas genistein led to 50 and 40 % internalization inhibition for 50- 
and 100-LNCs, respectively. Similar results were obtained on the Hep
aRG cells. After repeated exposure for 4 weeks, comparable results to 
acute exposure were obtained for internalization study in the presence 
of chlorpromazine and genistein inhibitors (Fig. 5. C and F).

3.4. Investigation of death mechanisms

3.4.1. Apoptosis activity
The apoptosis was studied using the Ac-DEVD-AMC assay. This 

Fig. 3. Internalization of 50- and 100-LNCs in HepG2 (A and D) and HepaRG (B and E) cell lines after acute exposure, and in HepaRG cells after chronic 
exposure (C and F). Data represent % of positive cells to DiD signal (A, B and C) and median fluorescence intensity (MFI) in arbitrary units (D, E and F) (n = 3–4) ±
SEM. *(p < 0.05) represents a significative difference between sizes.

Fig. 4. Evaluation of the internalization of 50- (A) and 100-LNCs (B) in HepG2 cells by live imaging confocal microscopy after 2 h of exposure. DiD loaded- 
LNCs were used (red) and lysosomes were stained with LysoTracker (green). Colocalization of LNCs with lysosomes appears in orange/yellow.
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fluorescent probe was used to measure caspase-3 activity after 4 and 24 
h of exposure to 1 and 2 mg/mL of LNCs suspension (Fig. 6). The levels 
of caspase-3 activity for each LNC at every concentration did not differ 
from those observed under control conditions in both cell lines. No 
apoptosis activation via the caspase-3 pathway was observed in cells 
incubated with unloaded-LNCs, in contrast to the increased activities 
detected in the staurosporine positive control condition.

3.4.2. Ferroptosis
To evaluate whether ferroptosis is involved in cell death mecha

nisms, hepatoma cell lines were exposed to LNCs in the presence or 
absence of a specific ferroptosis inhibitor, FER (Fig. 7). Mitochondrial 
metabolic activity was measured after exposing cells to LNCs for 24 h 

with or without FER. The use of FER significantly maintained a higher 
metabolic activity (by ~25 %) in cells incubated with 50-LNCs at con
centrations from 0.5 to 2 mg/mL in HepG2 cells while no difference was 
observed for 100-LNCs (Fig. 7. A). In HepaRG cells, FER increased 
metabolic activity by 10 % for both LNCs formulations and at every 
concentration, except at 1 mg/mL (Fig. 7. B).

3.4.3. Lipid peroxidation
The ability of LNCs to trigger lipid peroxidation was assessed using a 

Bodipy-C11 fluorescent probe (Fig. 8). A slight increase in lipid perox
idation was observed after 4 h of exposure to both LNCs sizes on HepG2 
cells (Fig. 8. A). More importantly, lipid peroxidation was induced by 
LNCs after 24 h of exposure in a non-concentration-dependent manner. 

Fig. 5. Assessment of endocytosis-mediated pathways of internalization of 50-LNCs (A, B and C) and 100-LNCs (D, E and F) after acute exposure on HepG2 
cells (A and D) and HepaRG cells (B and E), and after chronic exposure on HepaRG cells (C and F). Data are expressed in % of positive cells to DiD signal (n =
3) ± SEM. *(p < 0.05) and **(p < 0.001) represent a significative difference compared to the control. Chlorpromazine and genistein were used to inhibit CME and 
CavME, respectively. The 4 ◦C condition allowed to inhibit energy dependent transport systems.

Fig. 6. Caspase-3 activity quantified by Ac-DEVD-AMC assay on HepG2 (A) and HepaRG (B) cells after 4 and 24 h of exposure to 50- and 100-LNCs. Data are 
shown as fluorescence intensity (n = 3) ± SEM. *(p < 0.05) represents a significative difference compared to the respective control group. Caspase-3 activity reflects 
a cell death mechanism involving apoptosis.
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No significant difference (p-value = 0.1) was observed between both 
size of LNCs. Except after 24 h of exposure at 2 mg/mL, where no lipid 
peroxidation was induced by 50-LNCs compared to the control (and not 
for 100-LNCs). But, given that around 80 % of the HepG2 cells treated 
with the 50-LNCs were dead, it is difficult to exploit this result.

Lipid peroxidation was not detected in the HepaRG cells (Fig. 8. B).

4. Discussion

NPs, including LNCs, have a well-demonstrated hepatic tropism 
(Hoarau et al. 2004, Zhang et al. 2016, Resnier et al. 2019, Radwan et al. 
2020, Ashour et al. 2021). Despite this liver accumulation, LNCs in
teractions with liver cells have not been studied sufficiently, particularly 
LNCs toxicity upon chronic exposure, even if these nanoparticles have 
been developed for chronic diseases such as cancers. For that purpose, 
the HepaRG cell line was selected as it is the closest cell line to primary 
hepatocytes that allows chronic exposure assessment. First, after 24 h of 
exposure to LNCs, above 80 % cell viability was observed for concen
trations equal to or below than 0.5 mg/mL and 2 mg/mL of LNCs sus
pension in HepG2 and HepaRG cells, respectively. Thus, the low toxicity 
of the LNCs with hepatocytes was demonstrated below these concen
trations. Similarly, LNCs showed a cell viability of approximately 80 % 
after 24 h of exposure to 50-LNCs at 2 mg/mL and 95 % with 100-LNCs 

at 3 mg/mL in an immortalized macrophage cell line (RAW264.7 cells) 
(Le Roux et al. 2017). Additionally, LNCs were significantly more toxic 
to HepG2 cells than to HepaRG cells. Indeed, the LC50 was multiplied 8 
for 100-LNCs and by 4.5 for 50-LNCs in HepaRG cells (Table 3). 
Furthermore, LDH release was higher in HepG2 cells than that in Hep
aRG cells (Fig. 2). The difference in toxicity observed between the two 
hepatoma cell lines was confirmed by the NRU assay, which measured 
lysosomal activity (Supplementary data, Figure S1). HepaRG is the 
closest model to primary human hepatocytes (Andersson et al. 2012, 
Mueller et al. 2014), hence it can be extrapolated that LNCs would have 
limited side effects on hepatocytes, while potentializing the active 
drug’s toxicity in hepatocarcinoma cells. For example, encapsulation of 
sorafenib (a drug widely used to treat HCC) into LNCs could have an 
interest in improving its activity for HCC treatment. Clavreul et al. 
already developed a sorafenib-loaded LNCs of 50 nm (Clavreul et al. 
2018). In the present study, 50-LNCs at 1 mg/mL were considered safe 
regarding the toxicity in HepaRG cells, whereas for the same dose, the 
LC50 was reached in the HepG2 cell line. Therefore, LNCs could poten
tialize the efficacy of sorafenib on liver cancer cells while having min
imal side effects on hepatocytes. This hypothesis should be explored 
with an in vivo experiment, comparing sorafenib loaded-LNCs vs. sor
afenib alone after IV injection on HCC bearing models.

According to the literature, the size of NPs appears to influence their 

Fig. 7. Ferroptosis assessed by measuring cell viability (MTT), with or without ferroptosis inhibitor (FER), on HepG2 (A) and HepaRG (B) cells after 24 h of 
exposure to 50- and 100-LNCs. Data are presented as % of viability (n = 3–5) ± SEM. *(p < 0.05) and **(p < 0.01) represent a significative difference between 
samples treated or not with FER.

Fig. 8. Lipid peroxidation assessed on HepG2 (A) and HepaRG (B) cells after 4 and 24 h of exposure to 50- and 100-LNCs. Data are shown as fluorescence 
intensity (n = 3 or 4) ± SEM. * and # (p < 0,05) represent a significative difference compared to the respective control group and between LNCs size, respectively.
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toxicity: smaller NPs seem to induce greater toxicity. This tendance was 
observed on primary rat hepatocytes and HepaRG cells exposed to gold 
NPs (Enea et al. 2021), and also in liver after a unique IV injection of 
silver NPs in mice (Recordati et al. 2015). Moreover, in other cells, a 
similar behavior was displayed for LNCs on murine macrophages (Le 
Roux et al. 2017) and different glioma cell lines (Lamprecht et al., 2006). 
In this work, the toxicity assessment highlighted a statistically higher 
toxicity of 50-LNCs compared to 100-LNCs in both hepatoma cell lines. 
However, is toxicity only linked to the size of LNCs or is there another 
parameter, such as surfactant effect, to consider? Indeed, LNCs are 
formulated according to a solvent-free method that uses generally rec
ommended as safe (“GRAS”) excipients, and modifying their composi
tion, notably the oily phase and non-ionic surfactant (Kolliphor® HS15), 
increases their size distribution (Heurtault et al. 2003). More precisely, 
the percentage of Kolliphor® was higher in the 50-LNCs than in the 100- 
LNCs (48 % vs. 33 % w/w as a function of all dry components, respec
tively). Le Roux et al. showed that smaller LNCs (25 and 50 nm) induced 
higher toxicity in a murine macrophage cell line, and Kolliphor® HS15 
exhibited some toxicity by increasing nitric oxide production in 
RAW264.7 cells (Le Roux et al. 2017). Additionally, Maupas et al. 
showed that LNCs toxicity in HaCaT cells was correlated with the nature 
of the surfactant used (Maupas et al. 2011). They demonstrated that 
Kolliphor® HS15 was the second most toxic surfactant compared to 
others, followed by Cremophor® EL, Vitamin E TPGS®, Simulsol® 4000, 
polysorbate 20, and 80. Thus, LNCs toxicity could be linked to Kolli
phor® HS15 and its amount is implicitly linked to the size of the par
ticles, knowing that the smaller the size the higher the contact surface 
with cells.

Additionally, for the first time, chronic liver toxicity with repeated 
exposure to LNCs was studied to evaluate potential chronic liver side 
effects in vitro. Analysis of the LC50 showed that 50-LNCs induced time- 
dependent toxicity. The 100-LNCs were more toxic after 2 weeks of 
exposure vs. 24 h of exposure, but no more toxicity was observed after 2 
supplementary weeks of treatment. In conclusion, 100-LNCs were less 
toxic to HepaRG cells, indicating that the side effects on liver paren
chymal cells could be limited even after repeated exposure.

The kinetics of internalization is one of the most important param
eters for the evaluation of nanoparticles because it affects their in vitro 
and in vivo behavior, and therefore, their use as therapeutics (Siegrist 
et al. 2019, Cornu et al. 2020). The 100- LNCs were internalized faster 
and accumulated more than the 50-LNCs after acute and chronic expo
sure in hepatocytes in liver cells. In vivo results from Hirsjärvi et al. 
showed a larger proportion of 100-LNCs accumulating inside the liver 
after 1.5 and 4 h of exposure, compared to 50-LNCs (Hirsjärvi et al. 
2013). In the presence of proteins and other molecules contained in FBS, 
a protein corona around the NPs is expected to form (Tenzer et al. 2013, 
Lebreton et al. 2021). This protein corona play a crucial role in nano
particle behavior by changing their physicochemical properties, thus 
becoming new nanoparticles and eventually altering their in vitro/in vivo 
fate (Lundqvist et al. 2008, Pareek et al. 2018). In a recent study, Leb
reton et al. showed that the highest protein binding was obtained on 50- 
LNCs vs. 100-LNCs: it led to the formation of a thicker corona around the 
smaller LNCs (Lebreton et al. 2023). This thick corona can block binding 
sites and thus could explain our results. Furthermore, in the presence of 
FBS, internalization of LNCs in HepG2 cells was much lower: 5 vs. 85 % 
and 35 vs. 80 % after 30 min for 50- and 100-LNCs, respectively (Fig. 3
and Supplementary Data Figure S3). Similar results were obtained on 
HepaRG cells. Moreover, LNCs exhibited statistically less toxicity under 
10 % FBS conditions compared to 0 % FBS conditions in HepG2 cells. 
Similar results were obtained with silica NPs in the HepG2 model (Choi 
et al. 2022). The authors demonstrated a drastic increase in LC50 and a 
decrease in the uptake velocity of NPs with FBS forming a protein 
corona. Ultimately, LNCs liver internalization and toxicity could depend 
on the size and formation of a protein corona, which should explain their 
behavior in vivo.

Then the pathways of internalization were studied. NPs in general 

are mainly dependent on endocytic mechanisms for entering the cells 
(Sousa De Almeida et al. 2021) and their size will condition the pathway 
they will go through. For NPs measuring around 200 nm or more, 
macropinocytosis and phagocytosis are the favored pathways to enter 
the cells (Gustafson et al. 2015, Claudia et al. 2017, Li and Pang 2021). 
Caveolin-mediated endocytosis (CavMe) and clathrin-mediated endo
cytosis (CME) form vesicles that can uptake NPs less than 200 nm 
(Brandenberger et al. 2010, Lammel et al. 2019, Mazumdar et al. 2021, 
Rennick et al. 2021, Means et al. 2022). In this study, LNCs were thus 
expected to be internalized via CavME or CME. First, an active inter
nalization was confirmed using a 4 ◦C condition, which is known to be a 
general metabolic inhibitor also able to restrain pinocytic and endocytic 
uptake mechanisms (Tomoda et al. 1989, Verma et al. 2008). It is 
important to keep in mind that the fluidity of the cell membrane is also 
different at low temperature. Then, a major inhibition of LNCs inter
nalization by genistein in both cells confirmed the involvement of 
CavMe without influence of size. In contrast, because chlorpromazine 
did not affect internalization, CME did not appear to be involved. Con
trary to clathrin vesicles that will fuse with lysosomes and follow classic 
degradative endocytic pathway, a proportion a caveosomes is able to 
stay independent from this classic pathway and dodge lysosomal 
degradation. This would represent a real advantage for an active drug 
loaded into LNC that will escape lysosomal degradation (Kiss and Botos 
2009). Furthermore, LNCs were still internalized via CavME after 4 
weeks of exposure, which confirmed that repeated exposure did not 
affect the internalization pathways. In contrast, Paillard et al. showed 
that the size had influenced the pathways of internalization within 
malignant rat glioma cells (F98): 50-LNCs were internalized mainly via 
CME, whereas 100-LNCs were internalized via CME and CavME path
ways (Paillard et al. 2010). Roger et al. also showed that paclitaxel- 
loaded LNCs were mainly transported across Caco-2 cell line (differen
tiated enterocytes) through endocytosis via CME, clathrin- and 
dynamin-independent endocytosis and CavME (Roger et al. 2009). It is 
important to note that disparities in LNCs internalization mechanisms 
are present between cell lines. Thus, it is difficult to predict which 
pathway will be taken for different nanoparticles on different cell lines.

To complete the semi-quantitative kinetic studies, a qualitative 
analysis of LNCs localization inside the intracellular compartment was 
performed using confocal microscopy. LNCs were visualized inside 
HepG2 cells after 1 h (data not shown) and were mostly localized in the 
cytoplasm after 2 h, with some colocalization with lysosomes for both 
LNCs sizes (Fig. 5). This result confirmed a quick uptake, which later 
probably fused with early and late endosomes and finally with lyso
somes. Therefore, even if endo-lysosomal machinery was confirmed, it is 
already demonstrated that a proportion of LNCs might be escaping 
(Paillard et al. 2010).

Finally, the cell death mechanism(s) involved in LNCs internalization 
were studied. Although LNCs can trigger apoptosis in breast cancer cells, 
such as MCF-7 and B16F10 (Basu et al. 2021, Topin-Ruiz et al. 2021), no 
activation of apoptosis was detected at any concentration tested nor 
time of exposure in HepG2 and HepaRG cells (Fig. 6). Another type of 
cell death, ferroptosis, has been demonstrated using drugs and nano
particles in some cell lines. For example, Yu et al. showed that erastin- 
loaded exosomes could induce ferroptosis in MDA-MB-231 cells by 
suppressing the expression of GPX4 (Yu et al. 2019). Moreover, oxida
tive stress and ferroptosis have been observed in breast cancer cells after 
exposure to LNCs (Szwed et al. 2020). FER, a specific ferroptosis in
hibitor, binds to the 15LOX/PEBP1 complex, thereby decreasing lipid 
ROS (Anthonymuthu et al. 2021). In this work, the use of FER signifi
cantly increased the viability of HepG2 cells exposed to 50-LNCs only. 
For HepaRG cell line, FER could increase cell viability for both LNCs 
sizes (Fig. 7). Consequently, LNCs size may influence cell death mech
anisms in HepG2 cells. Although cell viability increased with FER, 
values did not go back to 100 % for concentrations equal or upper to 1 
mg/mL for HepG2 cells and 5 mg/mL for HepaRG cells. This result 
suggests that at high LNC concentrations, detoxification systems from 
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liver cells are overwhelmed and/or other death pathways are initiated, 
making it impossible for the cells to return to a normal physiological 
state. The release of LDH in both cellular models (reflecting membrane 
rupture) suggests that necrosis, parthanatos, necroptosis, or even 
oncosis may occur at these high concentrations and would be of interest 
to study (Galluzzi et al. 2018, Green 2019, Yan et al. 2020). Moreover, in 
the HepG2 cell line, lipid peroxidation was barely observable after 4 h of 
exposure but increased after 24 h. The cytotoxicity of LNCs could 
explain why lipid peroxidation was not observed for 50-LNCs after 24 h 
of exposure at a concentration of 2 mg/mL, as the LC50 was already 
reached and exceeded on HepG2 cells. In contrast, no lipid peroxidation 
was observed in HepaRG cells at any time of exposure. One hypothesis 
could be that cytotoxicity induced by LNCs below 5 mg/mL is too low to 
trigger lipid peroxidation. Unfortunately, no comparison is available in 
the literature as lipid peroxidation in HepaRG cells using Bodipy-C11 
has not yet been studied. In the literature, only two studies have 
assessed lipid peroxidation in HepaRG using the quantification of 
malondialdehyde, but none of them was studying NPs (Do et al. 2013, 
Tobwala et al. 2015). So, this mechanism should be deeper explored.

5. Conclusion and perspectives

In conclusion, liver toxicity assessment highlighted a hood safety 
profile of LNCs at low and medium concentrations after acute and 
chronic exposure in the HepaRG cell line. Furthermore, 50-LNCs were 
more toxic than 100-LNCs despite slower internalization in both cell 
lines, and both LNCs mainly used an active mechanism of transport 
involving CavMe, regardless of size. Chronic exposure did not change 
LNCs internalization kinetics compared to acute 24 h exposure but their 
intracellular accumulation was raised although the pathways of inter
nalization remained the same. The mechanism of toxicity involves lipid 
peroxidation and ferroptosis in cancerous HepG2 cells, and ferroptosis in 
differentiated HepaRG cells. Finally, 100-LNCs exhibited low toxicity in 
the HepaRG cell line after 4 weeks of exposure, without altering the 
kinetics nor pathways of internalization. This in vitro study provides a 
better understanding of the interactions between LNCs and hepatic cells 
and, for the first time, after repeated exposure over a month. Moreover, 
as it has been suggested with the presence of Kolliphor® HS15, 
composition may be a determining factor in toxicity. Thus, it could be 
interesting to vary the composition (different oils, hydrophilic or lipo
philic surfactants, and their quantities) and study the impact on toxicity.

Finally, faster internalization associated with higher toxicity in he
patic cancer cells was demonstrated, opening a new perspective of using 
LNCs as nanomedicines to treat hepatocarcinoma. The preferential liver 
tumor distribution needs to be explored in vivo on HCC bearing models. 
In this context, the encapsulation of sorafenib, one of the first lines of 
treatment for advanced HCC (Blanc et al. 2021), into LNCs should be 
considered.
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Anthérieu, S., Chesné, C., Li, R., Camus, S., Lahoz, A., Picazo, L., Turpeinen, M., 
Tolonen, A., Uusitalo, J., Guguen-Guillouzo, C., Guillouzo, A., 2010. Stable 
expression, activity, and inducibility of cytochromes P450 in differentiated HepaRG 
cells. Drug Metab. Dispos. 38 (3), 516–525.

Anthonymuthu, T.S., Tyurina, Y.Y., Sun, W.-Y., Mikulska-Ruminska, K., Shrivastava, I.H., 
Tyurin, V.A., Cinemre, F.B., Dar, H.H., VanDemark, A.P., Holman, T.R., 
Sadovsky, Y., Stockwell, B.R., He, R.-R., Bahar, I., Bayır, H., Kagan, V.E., 2021. 
Resolving the paradox of ferroptotic cell death: Ferrostatin-1 binds to 15LOX/PEBP1 
complex, suppresses generation of peroxidized ETE-PE, and protects against 
ferroptosis. Redox Biol. 38, 101744.

Ashour, A.A., El-Kamel, A.H., Abdelmonsif, D.A., Khalifa, H.M., Ramadan, A.A., 2021. 
Modified lipid nanocapsules for targeted tanshinone IIA delivery in liver fibrosis. Int. 
J. Nanomed. 16, 8013–8033.

Barenholz (Chezy), Y., 2012. Doxil® — the first FDA-approved nano-drug: Lessons 
learned. J. Control. Release 160 (2), 117–134.

Basile, L., Pignatello, R., Passirani, C., 2012. Active targeting strategies for anticancer 
drug nanocarriers. Curr. Drug Deliv. 9 (3), 255–268.

Basu, S.M., Yadava, S.K., Singh, R., Giri, J., 2021. Lipid nanocapsules co-encapsulating 
paclitaxel and salinomycin for eradicating breast cancer and cancer stem cells. 
Colloids Surf. B Biointerf. 204, 111775.

Bian, Q., Liu, J., Tian, J., Hu, Z., 2004. Binding of genistein to human serum albumin 
demonstrated using tryptophan fluorescence quenching. Int. J. Biol. Macromol. 34 
(5), 275–279.

Blanc, J.F., Debaillon-Vesque, A., Roth, G., Barbare, J.C., Baumann, A.S., Boige, V., 
Boudjema, K., Bouattour, M., Crehange, G., Dauvois, B., Decaens, T., Dewaele, F., 
Farges, O., Guiu, B., Hollebecque, A., Merle, P., Selves, J., Aparicio, T., Ruiz, I., 
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Fimia, G.M., Fulda, S., García-Sáez, A.J., Garg, A.D., Garrido, C., Gavathiotis, E., 
Golstein, P., Gottlieb, E., Green, D.R., Greene, L.A., Gronemeyer, H., Gross, A., 
Hajnoczky, G., Hardwick, J.M., Harris, I.S., Hengartner, M.O., Hetz, C., Ichijo, H., 
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