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the effects of Exo-Lut-NPs on reversing sorafenib-resistant in vitro. And the combined
therapeutic effects of Exo-Lut-NPs with sorafenib were evaluated on a HepG2/LX2
subcutaneous xenograft tumor model in vivo.

Results: The particle size, drug loading capacity and encapsulation efficiency of Exo-
Lut-NPs were 165+ 10 nm, 2.6+0.2% and 56.9+4.3%, respectively. The in vitro HepG2
sorafenib-resistant model was induced by the CM of LX2 cells, and the results showed
that Exo-Lut-NPs partially reversed the sorafenib resistance of HepG2 cells by affecting
the CM of LX2 cells. The combined therapy of Exo-Lut-NPs with sorafenib markedly
suppressed tumor growth in a HepG2/LX2 subcutaneous xenograft tumor model.

Conclusions: This study suggests that the Exo-Lut-NP is a novel and promising biomi-
metic delivery system which can combine with sorafenib for HCC therapy.
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Introduction

Liver cancer is one of the most common cancers, with the third largest death toll (8.3%)
and the second highest mortality (90%) among all cancer kinds all over the world (Gran-
dhi et al. 2016; Xia et al. 2022; Sung et al. 2020). Hepatocellular carcinoma (HCC) is the
most common type of liver cancer. Currently, treatments for HCC, including surgical
resection, liver transplantation, radiotherapy, chemotherapy and targeted therapy, are
selectively applied in the clinic (European association for the study of the liver, Euro-
pean organisation for research and treatment of cancer 2012). Sorafenib is a multikinase
inhibitor with anti-angiogenesis effects and is the most popular first-line drug approved
by the US Food and Drug Administration (FDA) for HCC treatment (Zhu et al. 2017;
Wilhelm et al. 2004). However, the beneficiary population only accounts for 12% of
HCC patients treated with sorafenib (Eisai and Co., INC 2018). Worse still, the long-
term administration of sorafenib not only leads to the abnormal activation of signal
transduction and transcriptional activation protein 3 (STAT3) and Wnt/[B-catenin path-
ways but also promotes the process of epithelial-mesenchymal transformation (EMT),
both of which rapidly cause drug resistance within 6 months for these beneficiaries (Xia
et al. 2020; Qiu et al. 2019; Xu et al. 2020; Marcucci et al. 2016; Maheswaran and Rush-
brook 2012). Aiming to overcome sorafenib resistance, previous studies have combined
sorafenib with other chemotherapeutic drugs, such as irinotecan, oxaliplatin (Wang
et al. 2015a), lenvatinib, 5-fluorouracil (Ma et al. 2020), doxorubicin (Abou-Alfa et al.
2010), gemcitabine (Liu et al. 2015), molecular-targeted drugs, such as cetuximab (Xue
et al. 2016), erlotinib (Zhu et al. 2015), kupanici (Ye et al. 2019), and immunotherapeutic
drugs, such as anti-PD-L1 monoclonal antibodies (Wang et al. 2015b). Yet, these strate-
gies have still faced the challenge of slight efficacy (Tang et al. 2020).

The tumor microenvironment which comprises immune cells and stromal cells, is
closely related to the development of HCC. Hepatic stellate cells (HSCs) are resident
mesenchymal cells, accounting for about one-third of the nonparenchymal cells and 15%
of the resident cells in the normal liver (Friedman 2008). Under physiological conditions,
HSCs play a vital role in generating matrix components and regulating hepatic sinus
blood flow and portal vein pressure (Li et al. 2012; Higashi et al. 2017; D’Ambrosio et al.
2011). While HSCs in the tumor microenvironment promote the proliferation, migra-
tion, and invasion of liver cancer cells by secreting growth factors and cytokines (Shiraha
et al. 2020; Niu et al. 2021). Increasing evidence has demonstrated that the interaction
between hepatoma cells and activated HSCs promotes the acquisition of drug resistance
to sorafenib (Azzariti et al. 2016; Seitz et al. 2020; Ruan et al. 2020). Thus, therapeutic
targeting of HSCs has emerged as a prospective strategy for HCC treatment by inhibit-
ing HSC activation and reversing HSCs to a quiescent state.

Luteolin is a natural flavonoid compound that is derived from broccoli, pepper, thyme,
and celery (Lee and Kwon 2019). Studies have demonstrated that luteolin can not
only significantly inhibit liver cancer cells by eliciting apoptosis, autophagy, and endo-
plasmic reticulum stress but also thwart the proliferation of activated HSC and colla-
gen synthesis, thereby regarded as a promising candidate for HCC treatment (Lee and
Kwon 2019; Chang et al. 2014; Zou et al. 2020; Cummins et al. 2018). Unfortunately,
the clinical therapeutic outcomes after oral administration of luteolin are still far from
satisfactory due to its poor water-solubility and low bioavailability (Chakrabarti and Ray
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2015). The encapsulation of luteolin into nanoparticles is a potential remedy for han-
dling flaws in administration of the free drug. The FDA has approved PLGA copolymers
for pharmaceutical application due to their sound biocompatibility and biodegradabil-
ity. These copolymers have also been widely developed as nanodrug carriers to enhance
the solubility and bioavailability of poorly water-soluble chemicals (Chen et al. 2019;
Pinto et al. 2022). However, these polymer nanoparticles without any modification are
usually cleared from the peripheral circulation before reaching the target position, lead-
ing to limited accumulation in the tumor area (Ruman et al. 2020). Inspired by this, tar-
geted nanodelivery to liver tumor sites to increase the luteolin accumulation is further
considered.

In recent years, cell-derived exosomes have been widely developed as targeting drug
delivery carriers with the advantages of low immunogenicity and long half-life (Xin et al.
2014; Liu et al. 2019a; Pei et al. 2021; Li et al. 2020, 2022). The surface adhesion pro-
teins that are naturally inherited from parent cells endow exosomes with organ tropism
and protect them from phagocytosis by monocytes and macrophages. Liu et al. found
tumor cell-derived exosome-coated PLGA nanoparticles exhibited superior homotypic
targeting ability compared with those coated with tumor cell membranes in both vitro
and in vivo models (Liu et al. 2019a). Pei et al. constructed M2 macrophages-derived
exosome-coated PLGA nanoparticles for the targeted delivery of Dnmt3aos $mart silencer
to treat allergic asthma (Pei et al. 2021). Increasing evidence shows that exosomes play
a vital role in the communication between hepatoma cells and HSCs, indicating that
exosomes may be potential drug vectors with a specific cell-targeting ability in HCC
therapy (Zhou et al. 2018). Previous studies demonstrated that exosomes secreted from
hepatoma cells had excellent HSC-targeting capability (Zhou et al. 2018; Li et al. 2017;
Luo et al. 2021; Wang et al. 2018a). Compared to normal liver cells, extracellular vesicles
derived from various liver cancer cells exhibited better HSC targeting properties (Zhou
et al. 2018). Therefore, PLGA nanoparticles coated with the hepatoma cell-derived exo-
some membrane may achieve the targeted delivery of luteolin to HSCs for HCC treat-
ment by remodeling HSCs in the tumor microenvironment.

In this study, we constructed biomimetic nanoparticles named exosome-coated lute-
olin-loaded PLGA nanoparticles (Exo-Lut-NPs) to target HSCs and combined Exo-
Lut-NPs with sorafenib for HCC treatment. The exosomes isolated from HepG2 cells (a
human HCC cell line) with the method of differential centrifugation were characterized
by the particle size, Zeta potential, morphology, and characteristic proteins including
heat shock protein 70 (HSP70), CD63, TSG101, CD9, and CD81. The luteolin-loaded
PLGA nanoparticles without exosome coating (Lut-NPs) and Exo-Lut-NPs were also
characterized by particle size, Zeta potential, drug loading capacity (DLC), encapsula-
tion efficiency (EE), morphology and in vitro release profiles under pH 7.4 and pH 5.5.
The HSC targeting effects of nanoparticles were investigated on LX2 cells by synthesized
DiD loaded nanoparticles with or without exosome coating (DiD-NPs and Exo-DiD-
NPs). Moreover, we evaluated the indirect anti-tumor effects of Exo-Lut-NPs on LX2
cell conditioned medium-induced HepG2 cell sorafenib-resistant model in vitro and
investigated the combined therapeutic effects of Exo-Lut-NPs and sorafenib on an HCC
subcutaneous xenograft mouse model.
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Materials and methods

Cells and animals

HepG2 and LX2 cells were kind gifts from the Department of Hepatology, Shuguang
Hospital, Shanghai University of Traditional Chinese Medicine (Shanghai, China). The
Additional file 1 provided the identification results of short tandem repeat (STR) for
HepG2 cells and LX2 cells. The cells were cultured with a complete medium composed
of Dulbecco’s modified Eagle’s medium (DMEM; Meilunbio, China) supplemented
with 10% (v/v) fetal bovine serum (FBS; Gemini, USA) and 1% penicillin/streptomycin
(Basalmedia, China) at 37 °C in 5% CO,. Both HepG2 and LX2 cells were detached using
0.25% and passaged twice per week at a subcultivation ratio of 1:3. The medium was
renewed every 2-3 days. Twenty male Balb/c nude mice (4 weeks) were purchased from
Charles River (Beijing, China) and bred in specific pathogen-free facilities. The experi-
mental procedures were specifically approved by the Institutional Animal Care and
Use Committee of Shanghai University of Traditional Chinese Medicine (IACUC No:
PZSHUTCM220124025). All animal experiments were performed according to the ani-
mal welfare guidelines and the “3R” principle (reduction, replacement and refinement).

Isolation and characterization of HepG2 exosomes

Exosome isolation was performed with the differential centrifugation method as
reported previously with some modifications (Pei et al. 2021; Wang et al. 2020). Briefly,
after HepG2 cells were cultured in serum-free DMEM medium for 2 days, the medium
was collected for exosome isolation, and then replaced with fresh DMEM medium for
another 2 days before collecting the medium again. The medium was centrifuged at
300 g for 10 min, 2000 g for 10 min to remove dead cells, and 10,000 g for 30 min to dis-
card cell debris, followed by filtration on a 200-nm syringe filter. The filtrate was concen-
trated by ultrafiltration (100 kDa, PES membrane, Sartorius) and then ultracentrifuged
at 126,100 g for 2 h using SW 70 Ti rotor (Beckman coulter, Atlanta, Georgia, USA).
Finally, the pellet was resuspended in PBS (pH="7.2-7.4) which was composed of 137
mM NaCl, 2.67 mM KCl, 10 mM Na,HPO, and 2 mM KH,PO,, and stored at — 80°C
for further use (Wang et al. 2018b, 2020, 2022; Théry et al. 2006; Witwer et al. 2013; Wu
et al. 2021).

The size distribution and the particle concentration of HepG2 exosomes were meas-
ured by qNano (iZON Science, Christchurch, New Zealand) and the Zeta potential was
measured by Malvern laser particle size analyzer (Malvern Instruments, Malvern, UK).
According to previous studies (Wang et al. 2018b; Lin et al. 2021; Kouwaki et al. 2016;
Xiao et al. 2013), HepG2 exosomes expressed characteristic proteins, including HSP70,
CD63, TSG101, CD9, CD81 which were identified by the western blotting method.
Hep@G2 cells were used as the positive control and culture medium was used as the nega-
tive control. HepG2 cells and exosomes were lysed in RIPA buffer (P0013B, Beyotime,
China) with a protease inhibitor cocktail (P1005, Beyotime Biotechnology, China), a
phosphatase inhibitor cocktail (P1096, Beyotime Biotechnology, China) and PMSF solu-
tion (Beyotime Biotechnology, China). The protein content was measured by a BCA pro-
tein concentration determination kit (Thermo, USA) according to the manufacturer’s
instructions. Proteins were separated in 10% sodium dodecyl sulfate—polyacrylamide gel
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electrophoresis (SDS-PAGE) and transferred to a PVDF membrane (Beyotime, China).
The membrane was blocked in 5% skim milk for 90 min and then incubated with pri-
mary antibodies (anti-HSP70, CD63, TSG101, CD9, CD81 antibody; 1:1000; Abcam,
Cambridge, MA) overnight. Then blots were incubated with HRP-conjugated secondary
antibodies (anti-rabbit or anti-mouse antibody; 1:1000) for 2 h. The Gel imaging system
(Tanon, China) was used for the imaging of the band (n=3).

The HepG2 exosomes were visualized with the JEM-F200 transmission electron
microscopy (TEM; FEI, USA) by “negative staining” method. Briefly, the exosome sam-
ple was incubated for 3 min on top of carbon-coated 300-mesh copper grids at room
temperature (RT). Then grids were fixed in 3% phosphotungstic acid solution for 3 min
at RT and blotted dry with filter paper, followed by analysis with TEM (n = 3).

Preparation of luteolin-loaded PLGA nanoparticles and biomimetic nanoparticles

The Lut-NPs were synthesized using a modified nanoprecipitation method (Zhang
et al. 2018; Copp et al. 2014). The poly (dl-lactic-co-glycolic acid) (50:50 PLGA, 0.4 dl/g,
Lactel Absorbable Polymers, USA) and luteolin (98% purity, Chengdu Herbpurify Co.,
Ltd., China) were initially dissolved in acetone. Then 0.5 mL of the solution was rap-
idly added to 1 mL of deionized water. The mixture was placed in a vacuum aspirator
until the organic solvent was evaporated completely and the Lut-NPs (PLGA core) were
acquired. To optimize the formulation, the effects of PLGA solution concentrations (5,
10 and 20 mg/mL) and luteolin/PLGA ratios (w/w: 5%, 4% and 3%) on four parameters,
including the particle size, Zeta potential, DLC and EE were investigated. Subsequently,
the Exo-Lut-NPs were fabricated by the extrusion method which was frequently used for
the preparation of membrane-coating nanoparticles (Hu et al. 2011; Fang et al. 2014).
Briefly, the HepG2 exosomes were mixed with Lut-NPs with the polymer/membrane
protein ratio of 2:1 (w/w) (Zhang et al. 2018; Hu et al. 2011) and coextruded 7 times
through a 200 nm polycarbonate membrane using an Avanti mini extruder (Avestin,
Canada).

Characterization of luteolin-loaded PLGA nanoparticles and biomimetic nanoparticles

The particle size and Zeta potential of Lut-NPs and Exo-Lut-NPs were measured by
dynamic light scattering (DLS) instrument using Malvern laser particle size analyzer
(n=23). The Lut-NPs and Exo-Lut-NPs were diluted with deionized water to a final PLGA
concentration of 0.1 mg/ml. Subsequently, the nanoparticle samples for TEM imaging
were prepared by a routine “negative staining” method as described above. The DLC and
EE of luteolin in Lut-NPs and Exo-Lut-NPs were determined with high performance lig-
uid chromatography (HPLC, injection volume, 20 pL; C18 column, 250 mm x 4.6 mm,
Kromasil; column temperature, 25 “C; mobile phase, acetonitrile: 0.2% phosphoric acid
33:77; flow rate, 1 mL/min; and ultraviolet (UV) detection wavelength, 350 nm). The
analytical parameters of the HPLC—UV methodology for determining luteolin included
the calibration curve, R-squared, linear range, limits of detection (LODs) and limits of
quantification (LOQs). Prior to HPLC analysis, Lut-NPs and Exo-Lut-NPs were centri-
fuged at 12,851 g for 30 min and the nanoparticle pellet was disrupted by acetonitrile to
release luteolin. The DLC and EE were calculated using Egs. (1) and (2), respectively:
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DLC (%) = (amount of luteolin loaded) / (total weight of nanoparticles) x 100%
1)

EE (%) = (amount of luteolin loaded) / (amount of luteolin added) x 100% (2)

In vitro release study of Lut-NPs and Exo-Lut-NPs under different pH

In vitro release studies of Lut-NPs and Exo-Lut-NPs were carried out in PBS solution
containing 0.5% Tween 80 under physiological (pH 7.4) or acidic (pH 5.5) conditions
with the dialysis method. In brief, one milliliter of luteolin, Lut-NPs, and Exo-Lut-NPs
suspension with luteolin concentration of 45 ug/mL were added into sealed dialysis bag
(MWCOS8-14 kDa) separately in 30 mL of drug release media, and kept at 37 ‘C with
constant stirring (100 rpm). The one milliliter of the release media was taken at prede-
termined intervals (0.5, 1 2, 4, 6, 8, 12, 24 and 48 h) and replaced by the fresh release
media at the same temperature. The amount of luteolin in the release media was deter-
mined with the HPLC-UV method as described before. The luteolin release was quanti-
fied using the following equation:

Drug release (%)
= (luteolin amount in release media / luteolin amount in the formulation) (3)
x 100%

In vitro cellular uptake study

DiD (Tetramethylindodicarbocyanine,4-Chlorobenzenesulfonate Salt) (Meilun, China)
was utilized as a fluorescent probe in the cellular uptake study. DiD-NP and Exo-DiD-
NP were prepared according to the same method with 200 pg DiD added into acetone
instead of luteolin. The LX2 cells uptake of DiD-NP and Exo-DiD-NP was studied using
inverted fluorescence microscope. In brief, the LX2 cells were seeded at a density of
1.5 x 10* cells/mL in 24-well plates and cultured for 16 h. After stimulation of TGF-B
(10 ng/mL) for 24 h, the cell supernatant was replaced by DiD-NP and Exo-DiD-NP
diluted with the culture medium containing the same concentration of DiD (700 ng/
well), and incubated for 2 h. After that, 4 ‘C PBS solution was added to terminate the cell
uptake and was used to wash the cells three times. Cells were then fixed by 400 pL of 4%
paraformaldehyde for 10 min. The cell nucleus was stained by DAPI (MedChemExpress,
USA) for 8 min and cells were observed under inverted fluorescence microscope (Leica,
Germany). Image] was used to quantify the intensity of internalized DiD-labeled nano-
particles in terms of DiD fluorescence intensity normalized to DAPIL

In vitro antitumor effects of biomimetic nanoparticles on the HepG2/LX2
sorafenib-resistant model

In vitro cytotoxicity assay

The cytotoxicity of sorafenib to HepG2 and LX2 cells and the cytotoxicity of luteolin
to LX2 cells were evaluated by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT) assay (Ruan et al. 2018) to determine the appropriate
drug concentrations which were applied to the in vitro HepG2/LX2 sorafenib-resistant
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model. Briefly, the HepG2 and LX2 cells were cultured in 96-well plates at a density of
1 x 10* cells/well and incubated at 37 °C for 16 h. Sorafenib and luteolin were dissolved
in DMSO solution at a concentration of 80 mM, which were diluted by the culture
medium to the corresponding concentration (the final DMSO concentration is less than
0.5%). The HepG2 cells were incubated with various concentrations of sorafenib (0.625,
1.25, 2.5, 5, 10, 20, 25, 40, 50, 100 pM) for 48 h. LX2 cells were incubated with various
concentrations of luteolin (1.25, 2.5, 5, 10, 20, 40, 50, 100, 150, 200 M) and sorafenib
(0.625, 1.25, 2.5, 5, 10, 20, 40, 50, 100, 150 uM) for 24 h, respectively. After the removal
of the culture medium, MTT solution was added to each well and incubated at 37°C for
another 4 h. Finally, the supernatants were replaced with 150 pL of DMSO and shaken
for 10 min to dissolve formazan crystals. The absorbance value was measured at 490 nm
with the microplate reader (Molecular Device, USA). Dose—-response curves were cre-
ated and used to calculate the 50% inhibitory concentration (IC50) and 80% inhibitory
concentration (IC80).

Establishment of the HepG2/LX2 sorafenib-resistant model in vitro

The HepG2 cells are frequently used to establish the sorafenib-resistant HCC model
(Sieghart et al. 2012; Prieto-Dominguez et al. 2016). LX2 cells are frequently used to
investigate the effect of the interaction between hepatoma cells and hepatic stellate cells
on sorafenib resistance in HCC (Rangwala et al. 2012; Khawar et al. 2018). Thus, these
two cell lines were selected to establish a HepG2 cell sorafenib-resistant model induced
by LX2 cell conditioned medium. Similar to other in vitro drug-resistant models in pre-
vious studies, the current HepG2/LX2 sorafenib-resistant model in vitro was established
to simulate sorafenib resistance of HepG2 cells induced by HepG2-LX2 cell crosstalk
and was used to evaluate the effects of Exo-Lut-NPs on reversing this drug resistance by
regulating LX2 cells (Onzi et al. 2016; Liu et al. 2022).

Initially, LX2 cells were seeded into 6-well plates and grown overnight. Then the cul-
ture medium was replaced with fresh medium (2 mL/well) supplemented with 10 ng/
mL TGE-p for 9 h to induce LX2 cells to an activated state. During this process, after 6-h
TGF-p incubation, the media was not removed and sorafenib at different concentrations
(8,20 and 25 pM) was added to incubate the cells for 3 h (the same amount of PBS was
added as a control). The medium was then discarded and cells were washed with PBS for
3 times. Finally, the fresh culture medium was added and re-cultivated cells for 48 h to
collect the LX2 cell conditioned medium. The different conditioned mediums (CM) after
LX2 cells treated with PBS (PBS-CM, as a control group) or sorafenib (8 uM Sorafenib-
CM, 20 pM Sorafenib-CM and 25 uM Sorafenib-CM, as model groups) was collected,
and centrifuged at 113 g for 5 min, followed by filtration through a 0.45-um syringe filter
(Millipore, USA).

At the same time, the HepG2 cells cultured in 96-well plates at a density of 0.8 x 10*
cells/well were incubated at 37 ‘C for 24 h and reached to 70-80% confluence. The
medium was then replaced with different CM collected as described above and to assess
the effects of different CM on HepG2 resistance to sorafenib (19.5 uM of sorafenib for
48 h) by MTT assays.
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Effects of Exo-Lut-NPs on reversing sorafenib resistance on the HepG2/LX2 sorafenib-resistant
model in vitro

Based on the sorafenib-resistant model establishment protocol, 9 h of incubation with
TGF- was conducted to stimulate LX2 cells. During this process, after 2 h of TGF-p
incubation, i) HepG2 exosomes, ii) PLGA-NPs without loading luteolin, iii) free luteolin,
iv) Lut-NPs, and v) Exo-Lut-NPs were added for 4 h, respectively (as shown in Fig. 5A, an
equivalent dose of 20 uM luteolin was given in free luteolin, Lut-NPs and Exo-Lut-NPs
groups). Then LX2 cells in every group were then incubated with 20 uM of Sorafenib
for 3 h except for the control group. The CM of LX2 cells treated with PBS (PBS-CM),
sorafenib (20 uM Sorafenib-CM), HepG2 exosomes (Exo-CM), PLGA-NPs without load-
ing luteolin (PLGA-NPs-CM), free luteolin (Free luteolin-CM), Lut-NPs (Lut-NPs-CM)
and Exo-Lut-NPs (Exo-Lut-NPs-CM), was collected to replace the culture medium of
HepG2 cells. Finally, MTT assays were conducted to determine the effects of sorafenib
on HepG2 cell viability with different CM of LX2.

Hemolysis assay of Exo-Lut-NPs

The hemolysis assay was conducted as reported previously (Li et al. 2023). The red blood
cells (RBCs) were collected from the whole blood of mice and washed three times with
saline (500 g for 10 min). Then the precipitated red blood cells were diluted with saline
to obtain 2% RBCs suspension for further use.

The Exo-Lut-NPs with different concentrations of luteolin (1.5, 3, 6, 12 and 24 pg/mL)
were mixed with above RBCs suspension and incubated at 37 °C for 1 h to observe the
hemolysis. Pure water was used as a positive control and the saline as a negative control.
After centrifugation at 2000 g for 5 min, the absorbance of the supernatant at 545 nm
was determined using the microplate reader (Thermo, USA). The hemolysis percent-
age was calculated by Eq. (4). A hemolysis percentage exceeding 5% is considered as
hemolysis:

Hemolysis percentage (%)
= (sample absorbance — negative control absorbance) /

(positive control absorbance — negative control absorbance)
x 100%

In vivo antitumor effects of biomimetic nanoparticles combined with sorafenib

The in vivo antitumor efficacy was investigated on a HepG2/LX2 subcutaneous xenograft
tumor model to mimic hepatoma cells—HSCs interactions. The tumor-bearing mouse
model was established as described previously with some modification. The mixed cell
suspension in PBS comprising HepG2 cells (1 x 107 cells) and LX2 cells (1 x 107 cells)
was injected into the right armpit of Balb/c nude mice at a total volume of 200 uL (Zhao
et al. 2020; Liu et al. 2019b). On the 15th day after tumor inoculation, the tumor vol-
ume grew to about 100 mm?® and these mice were randomly divided into the following
four groups (n=5), which were administrated with (i) normal saline (control group); (ii)
sorafenib; (iii) sorafenib combined with Lut-NPs; and (iv) sorafenib combined with Exo-
Lut-NPs for a 12-day treatment. The Lut-NPs and Exo-Lut-NPs with equivalent luteolin
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dose of 0.48 mg/kg were given intravenously every other day (i.v.e.o.d) and sorafenib
(50 mg/kg) was given orally every day (p.o.q.d). The tumor volume and body weight of
mice were measured every day. The tumor volume was calculated as shown in the fol-
lowing equation:

Tumor volume = (Tumor length x Tumor width2) / 2 (5)

Statistical analysis

Statistical analysis was conducted using GraphPad Prism software (Version 8.0.1). T-test
analysis was performed to determine differences between the two independent groups,
and the differences among three or more groups were analyzed by one-way ANOVA.
P<0.05 was considered statistically significant. All data were expressed as mean=£ SD.
The data were obtained from at least three independent measurements.

Results

Characterization of isolated HepG2 exosomes

To verify that the vesicular bodies extracted from the supernatant of HepG2 cells by
differential centrifugation were exosomes, they were characterized for size, size distri-
bution, Zeta potential, particle morphology and exosome-associated proteins. The size
distribution measured by qNano (Izon, New Zealand) based on tunable resistive pulse
sensing (TRPS) technology presented that the particle size of HepG2 exosomes was

129 nm

Concentration (particles/mL})

T 130 135 130 138 30 135 180 185 170 175 180 188

Particle Diameter (nm)

c HepG2 cell  Culture Medium  Exosomes
HSP70 wee s s — — -
- - - . -
CD63
TSG101 st w8 - - -

CD9 | . - o

o |

Fig. 1 Characterization of isolated HepG2 exosomes. A Particle size distribution with a peak around 129 nm
of HepG2 exosomes was detected by gNano. B Image of HepG2 exosomes acquired by transmission electron
microscopy (TEM). The red arrows indicated the cup-like or saucer-like shape of HepG2 exosomes. C Western
blotting analysis of exosome markers including heat shock protein 70 (HSP 70), CD63, TSG101, CD9, and CD81
(Positive control: HepG2 cell lysate; Negative control: culture medium)
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Table 1 Effects of different luteolin/PLGA ratios on particle size, Zeta potential, DLC and EE of Lut-
NPs (n=3, mean 4 SD)

NO Luteolin/PLGA Particle size (hnm) Zeta potential (mV) DLC(%) EE (%) Luteolin

(w/w) concentration
P UTEEE— (mg/mL)
(%) (mg/mg)
P1 5 0.526/10 1M12+4 —39+1 14+£01 286£19 0.154+001
P2 4 0.420/10 15+£5 —37+£1 23402 571+£36 0244002
P3 3 0.310/10 115+£3 —33+£3 2000 647£10 0.20%0.00
P4 4 0.210/5 9347 —33+£2 25401 536£29 0114001
P54 0.840/20  Precipitation
A @ Add 1 mL B
PLGA and luteolin ultrapure water
@ Dissolve in 1
mL acetone ) E 150
@ Rapidly @ Volatilize organic . @ 1004
inject 0.5 mL hase 1 h 3
jee m; l I P > II E 50
Lut-NPs ’E‘ o-
500 pL 5 50
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Fig. 2 Preparation and characterization of Lut-NPs and Exo-Lut-NPs. A Schematic illustration of the
fabrication of Exo-Lut-NPs by the sequential nanoprecipitation and the extrusion method. B Particle sizes and
Zeta potentials of four kinds of Lut-NPs (P1, P2, P3, P4) with different PLGA solution concentrations and PLGA/
luteolin ratios, n =3, mean = SD, *P<0.5. C Drug loading capacity (DLC) and encapsulation efficiency (EE) of
Lut-NPs (P1, P2, P3, P4), n=3, mean % SD, NS: Not Significant for DLC, *P< 0.5 for DLC, ***P<0.001 for DLC,
*P<0.5 for EE, #P<0.01 for EE, ##P < 0.0001 for EE. D Particle sizes and Zeta potentials of HepG2 exosomes,
Lut-NPs and Exo-Lut-NPs, n =3, mean £ SD, NS: Not Significant, ***P<0.001, ****P<0.0001. E DLC and EE of
Lut-NPs and Exo-Lut-NPs, n= 3, mean =+ SD, NS: Not Significant for DLC and EE. F Representative TEM images
of Lut-NPs and Exo-Lut-NPs. G In vitro release of luteolin from Lut-NPs and Exo-Lut-NPs in pH 7.4 and pH 5.5
environment, ***P<0.001, ****P<(0.0001
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found to be 1294+ 12.3 nm with Zeta potential of -22+2 mV and the particle concentra-
tion was 4.41 x 10° particles/mL (Fig. 1A).

The vesicular bodies were further characterized by TEM to study the morphological
characteristic. The TEM image displayed the presence of bilayer-membrane vesicles
with a typical cup-like or saucer-like shape as described in previous studies (Fig. 1B) (Xu
et al. 2021; Wang et al. 2021a). Furthermore, as shown in Fig. 1C, characteristic proteins
such as HSP 70, CD63, TSG101, CD9, and CD81 were detected in the HepG2 cell lysate
and the isolated exosomes, which confirmed that the vesicular bodies obtained from the
cell supernatant were HepG2 exosomes. Overall, the results of ¢Nano, TEM and western
blotting analysis demonstrated the successful isolation of HepG2 exosomes.

Characterization of luteolin-loaded PLGA nanoparticles and biomimetic nanoparticles

In consideration of the role of polymer/drug ratios in particle size, Zeta potential, DLC
and EE, we compared five kinds of nanoparticles (P1, P2, P3, P4 and P5; see descrip-
tion and composition in Table 1), which were fabricated by nanoprecipitation method
with different PLGA solution concentration (5 mg/mL, 10 mg/mL and 20 mg/mL) and
PLGA/luteolin ratios (w/w: 5%, 4% and 3%) (Fig. 2A). The DLS measurements revealed
that the particle sizes of Lut-NPs (from P1 to P4) were 11244, 11545, 115+ 3 and
93+7 nm, respectively, and Zeta potentials were — 39+1, — 37+1, — 33+3 and
— 33+2 mV, respectively (Fig. 2B). The luteolin/PLGA ratio was optimized through P1,
P2, P3 in Table 1. The results showed that, 4% luteolin/PLGA resulted in the highest
luteolin content in the formulation (0.24+0.02 mg/mL). Since luteolin is an insoluble
substance, excessive dosage of luteolin can lead to direct precipitation of the formula-
tion. After comparing the three Luteolin/PLGA (w/w) concentrations at 4% (luteolin/
PLGA (w/w)) through P2 (0.420/10), P4 (0.210/5), P5 (0.840/20) (lead to drug precipita-
tion), we chose P2 as the final formulation.

For HPLC-UYV analysis of luteolin, LODs and LOQs were 0.03 and 0.1 pg/ml, respec-
tively, and the calibration curve showed good linearity over the range 1-250 pg/mL
(r>0.9999). The formulation screening result showed that the content of luteolin in the
P2 group was significantly higher than that in the other groups (Fig. 2C), and thus, the
P2 formulation (PLGA/luteolin ratio: 4%, 0.420 mg/10 mg) with the highest drug loading
was selected to be further coated with exosomes. The particle size of the P2 group was
11545 nm with a low polydispersity index (PDI) of 0.095 +0.027.

The Exo-Lut-NPs were obtained after the mixture and extrusion of the exosomes with
Lut-NPs at the polymer/membrane protein ratio of 2:1. The hydrodynamic diameter of
the Exo-Lut-NPs was 165+ 10 nm (PDI: 0.2234+0.009) and increased by about 50 nm
compared to that of Lut-NPs, and the Zeta potential was — 24 +1 mV, which was closer
to the exosomal transmembrane potential (Fig. 2D). The DLC and EE of Lut-NPs and
Exo-Lut-NPs are shown in Fig. 2E. The TEM images revealed that both Lut-NPs and
Exo-Lut-NPs were spherical in shape, with rounded edges and uniform size distribution
(Fig. 2F). In addition, Exo-Lut-NPs presented an obvious core—shell structure similar to
previous studies, which could not be observed in the TEM images of Lut-NPs (Liu et al.
2019a; Han et al. 2020). Moreover, the size of the nanoparticles estimated from TEM
images agreed with the one measured by the Malvern laser particle size analyzer. To sum
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Fig. 3 LX2 cells uptake of DiD-NPs and Exo-DiD-NPs after incubation for 2 h. A Inverted fluorescence
microscope images of LX2 cells treated with the DiD-NPs and Exo-DiD-NPs, respectively. B Intensity of
internalized DiD labeled nanoparticles in terms of DiD fluorescence intensity normalized to DAPI quantified
by ImageJ (n=4), **P<0.01

up, the increased particle size, Zeta potential and TEM indicated the successful coating
of exosomes on the Exo-Lut-NPs surface.

In vitro release study of Lut-NPs and Exo-Lut-NPs under different pH

The in vitro drug release profiles of Lut-NPs and Exo-Lut-NPs at pH 7.4 and pH 5.5 were
shown in Fig. 2G. The Lut-NPs and Exo-Lut-NPs showed a significant sustained release
compared to free luteolin, and this slow release could be due to the slow degradation
of the PLGA. For free luteolin and Lut-NPs, the drug released more rapidly at pH 7.4
than at pH 5.5 within 4 h, whereas the release speed at pH 5.5 caught up with and sur-
pass that at pH 7.4 after 8 h. However, the release of Exo-Lut-NPs at pH 7.4 was consist-
ently slower than that at pH 5.5 which may be caused by the encapsulating of the HepG2

exosomes.

In vitro cellular uptake study

To evaluate the targeting effect of nanoparticles on LX2 cells, we synthesized DiD-
NPs and Exo-DiD-NPs. The DiD fluorescence intensity of DiD-NPs and Exo-DiD-NPs
in the LX2 cells after 2 h incubation was investigated by inverted fluorescence micro-
scope. As shown in Fig. 3A, the Exo-DiD-NPs showed a significantly higher uptake by
LX2 cells, while the DiD-NPs were rarely internalized. Figure 3B demonstrated that the
uptake number of Exo-DiD-NPs in the LX2 cells was about 500 times higher than that of
DiD-NPs after 2-h incubation, which suggested that coating nanoparticles with HepG2
exosomes significantly enhanced the accumulation of Exo-DiD-NPs in LX2 cells and
showed a remarkable LX2 targeting property.

Biomimetic nanoparticles sensitizing hepatoma cells to sorafenib by regulating HSCs

in vitro

The MTT results showed that the IC50 of luteolin in LX2 cells (incubation time of 24 h)
was 27.340.3 uM, and the IC50 of sorafenib in both LX2 cells (incubation time of 24 h)
and HepG2 cells (incubation time of 48 h) was 18.49 &+ 0.5 and 19.5+0.7 uM (Fig. 4).
The IC50 (19.54+0.7 uM) was chosen as the therapeutic concentration of sorafenib
against HepG2 cells.
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Fig. 4 In vitro cytotoxicity of luteolin and sorafenib at different concentrations to HepG2 cells and LX2

cells. A Cell viability of LX2 cells treated with luteolin with increasing dosage for 24 h. B Cell viability of LX2
cells treated with sorafenib for 24 h. C Cell viability of HepG2 cells treated with sorafenib for 48 h measured
by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay. IC50 and IC80 were
determined by dose-response curves using GraphPad Prism software (Version 8.0.1). Data are represented as
mean=£SD (n=5)
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Fig.5 Exo-Lut-NPs sensitizing hepatoma cells to sorafenib by regulating HSCs on the HepG2/LX2
sorafenib-resistant model in vitro. A Schematic illustration of the establishment of the HepG2/LX2
sorafenib-resistant model in vitro. Created with https://www.biorender.com/. Based on the model, the
effects of the Exo-Lut-NPs on reversing sorafenib resistance to HepG2 cells via LX2 cells were investigated.

B Hemolytic test of different concentrations of Exo-Lut-NPs. The hemolysis percentages were assessed 1 h
after adding different concentrations of Exo-Lut-NPs. Erythrocytes treated with PBS (0% hemolysis) and
distilled water (100% hemolysis) were used as controls. No obvious hemolysis was observed up to 1 mg/

ml of Exo-Lut-NPs (n =3, mean = SD). C Culture medium (CM) of LX2 after treated with PBS or sorafenib

at different concentrations was collected, including a control group (PBS-CM) and other model groups

(8 uM Sorafenib-CM, 20 uM Sorafenib-CM and 25 uM Sorafenib-CM). The effects of different CM on HepG2
resistance to sorafenib were investigated by measuring the cell viability of HepG2 cells after exposure to
19.5 uM sorafenib, aiming to determine the optimum resistance-induced concentration of sorafenib on LX2
cells (n=5, mean = SD). D Effects of the CM of LX2 after treated with free luteolin (20 uM) (Free Lut-CM) on
sorafenib resistance of HepG2 were investigated based on the in vitro HepG2/LX2 sorafenib-resistant model
(n=5, mean £ SD). E Effects of CM of LX2 cells treated with (i) HepG2 exosomes (Exo-CM), (i) PLGA-NPs
without loading luteolin (PLGA-NPs-CM), (iii) free luteolin (20 uM Free Lut-CM), (iv) Lut-NPs (Lut-NPs-CM),
and v) Exo-Lut-NPs (Exo-Lut-NPs-CM) on HepG2 resistance to sorafenib were investigated, respectively. The
PBS-CM group was a control group and 20 uM Sorafenib-CM was a model group (n=3, mean £ SD). NS: Not
Significant, **P<0.01, ***P <0.001, ****P <0.0001
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The current LX2-conditioned media model can simply avoid unknown stimulation of
HepG2 cells by TGE-B and unknown inevitable interference of the hepatocellular car-
cinoma cells on LX2 cells. So the conditional medium model, which is widely used to
study the interaction between cancer cells and their stromal microenvironment (Onzi
et al. 2016; Liu et al. 2022), was adopt in our study to explore alleviation effects of the
hepatic stellate cells on sorafenib resistant of hepatocellular carcinoma cells. The effect
of crosstalk between hepatoma cells and HSCs on the drug resistance of hepatoma cells
was evaluated by determining the sorafenib resistance of HepG2 cells which were cul-
tivated in the CM of activated LX2 cells (Fig. 5A). In this process, activated LX2 with
or without treatment secreted various cytokines, which contributed to the crosstalk
between HepG2 and LX2 (Ligorio et al. 2019; Lenggenhager et al. 2019). As shown in
Fig. 5C, compared with the PBS-CM group, the HepG2 cells cultivated in a sorafenib-
CM of LX2 cells were strongly refractory to sorafenib. While HepG2 cells were incu-
bated with 8, 20, and 25 uM sorafenib-CM, the inhibitory effect of sorafenib on HepG2
cell proliferation decreased by 9%, 21% and 11%, respectively, which indicated that
the sorafenib resistance of hepatoma cells was produced by cancer-stroma crosstalk.
Amongst, the 20 pM sorafenib-CM, which could induce the most significant sorafenib
resistance of HepG2 cells, was used in the following study to construct the HepG2/LX2
sorafenib-resistant model in vitro. Figure 5D presented that the resistance was partially
reversed when HepG2 cells were incubated with the free luteolin-CM, implying that
luteolin could adjust LX2 cells and affect cancer-stroma crosstalk to sensitize HepG2
cells to sorafenib. In addition, Lut-NPs-CM and Exo-Lut-NPs-CM further alleviated
the drug resistance of HepG2 cells to sorafenib, among which the Exo-Lut-NPs group
showed the greatest alleviation effect (Fig. 5E). However, the exosomes-CM group and
the PLGA-NPs-CM group exhibited similar sorafenib resistance of HepG2 cells as the
model group (20 pM Sorafenib-CM). This result not only indicated that exosomes and
blank PLGA nanoparticles did not alleviate the sorafenib resistance, but also suggested
that they could not interact with TGF-$ or prevent it from exerting its action on LX2
cells. Overall, these results presented that Exo-Lut-NPs treatment of LX2 affected the
CM of HSC and partially reversed the sorafenib resistance of HepG2 cells.

The hemolysis assay results showed that Exo-Lut-NPs were highly biocompatible and
would not result in hemolysis (Fig. 5B), demonstrating that Exo-Lut-NPs would be non-
toxic toward RBCs after i.v. administration.

In vivo antitumor effects of sorafenib combined with biomimetic nanoparticles

The subcutaneous tumor xenograft model is a classical animal model for cancer research
(Barcena et al. 2015; Pittala et al. 2018; Liu et al. 2006; Lee et al. 2018). Subcutaneous
tumors were formed after subaxillary injection of the mixture of HepG2 and LX2 cells
into nude mice and evaluated by tumor volume and mouse weight. Visible tumor for-
mation was noted and reached 100 mm? on the 15th day after implantation of 1.0 x 10’
HepG2 cells and 1.0 x 107 LX2 cells (Fig. 6A). After 12 days, the tumor grew up to
2000 mm? without significant weight loss in mice, simulating a tumor-bearing state
(Fig. 6B, and C). In comparison with the sorafenib group, the combined administration
of sorafenib (oral treatment) and Lut-NPs or Exo-Lut-NPs (intravenous injection) sig-
nificantly retarded tumor growth within 12 days. More importantly, sorafenib combined
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Fig. 6 In vivo combined antitumor effects of Exo-Lut-NPs and sorafenib on a HepG2/LX2 subcutaneous
xenograft tumor model. A Schematic illustration of the establishment of HCC subcutaneous xenograft
mouse model of HepG2 cells and LX2 cells, and the following treatment schedule. Created with https://
www.biorender.com/. B Body weight of tumor-bearing mice before treatment. C Tumor growth trend

of the tumor-bearing mice in the control group. D Tumor growth trend after different treatments, which
were (i) normal saline (control group), (i) sorafenib (50 mg/kg), (iii) sorafenib (50 mg/kg) combined with
Lut-NPs (equivalent luteolin dose of 0.48 mg/kg), and (iv) sorafenib (50 mg/kg) combined with Exo-Lut-NPs
(equivalent luteolin dose of 0.48 mg/kg) for a 12-day treatment. E Body weight of tumor-bearing mice after
different treatment. Data are represented as mean +SD (n=5), *P < 0.05, **P<0.01, ***P < 0.001

with the Exo-Lut-NPs group exhibited the best effect on retardation of tumor growth
(P<0.001) (Fig. 6C, and D). As a result, the combination treatment of sorafenib and
Exo-Lut-NPs enhanced the inhibition effect of sorafenib on tumor progression. Further-
more, no abnormal weight loss had been observed following different treatments, which
reflected the acceptable safety of the treatments applied in this study.
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Discussion

The interaction between HSCs and hepatoma cells in the tumor microenvironment pro-
motes the drug resistance of HCC patients to sorafenib, which remains a great challenge
of HCC treatment. Luteolin is regarded as a promising HCC therapy that can dampen
the proliferation of activated HSCs, but exerts modest effects owing to its low water sol-
ubility and bioavailability. What’s more, as sorafenib combined with luteolin killed HCC
cells through JNK-mediated apoptosis (Feng et al. 2018), luteolin may be an ideal candi-
date for increasing the activity of sorafenib in HCC therapy. To evaluate the antitumor
effects of Exo-Lut-NPs combined with sorafenib, we established a sorafenib-resistant
HepG2 cell model via remodeling LX2 cells in vitro and an HCC subcutaneous xeno-
graft mouse model in vivo. The aforesaid results demonstrated that luteolin-loaded bio-
mimetic nanoparticles exhibited good potential with sorafenib for HCC treatment.

The CD9 is a transmembrane protein and is considered as a bio-marker of cell mem-
branes and extracellular vesicles. Thus, exosomes, which are released into the extracel-
lular matrix after fusion with the cell membrane through their outer membrane, carry
more cell transmembrane proteins like CD9. A previous study showed that the CD9
expression on the extracellular vesicles is higher than that expression on the Hela cell
lysates (Mathieu et al. 2021), so as LAMP expression on HepG2/?*! cells (Verma et al.
2016). In our study, the results also showed that the CD9 expression on the HepG2
exosomes is much higher than that on the HepG2 cell lysates which is correlated with
previous studies.

In our study, luteolin-loaded PLGA nanoparticles greatly enhanced the solubility
and bioavailability of luteolin. The water solubility of luteolin is 0.0064 mg/mL (Chen
et al. 2022) which greatly limited its usage and the Exo-Lut-NPs can be administrated at
a concentration of 0.240£0.015 mg/mL (37.5 times that of free luteolin). Considering
the operation difficulty and the influence on the integrity of the exosomes, the extrusion
method is the most suitable method for the coating nanoparticles with exosome mem-
branes (Agrawal et al. 2017; Kim et al. 2016; Faruqu et al. 2018; Haney et al. 2015; Shany
et al. 1974; Wang et al. 2021b). Exosome-coated PLGA nanoparticles we fabricated dis-
played a more uniform size distribution and higher incorporation efficiency compared
with exosomes loading drugs directly (Liu et al. 2019a; Ashour et al. 2022). In addition,
the similarity of Zeta potential between pure exosomes and Exo-Lut-NPs also confirmed
the successful coating of exosome membranes.

In the tumor microenvironment, HCC cells exhibited a great capacity to transmit
exosomes to HSCs which may lead to HSC activation and liver fibrosis (Zhou et al. 2018;
Xie et al. 2022). Exosomes released by different liver cancer cells have been proven to be
delivered to HSCs (Zhou et al. 2018; Feng et al. 2022), among which HepG2 exosomes
intuitively demonstrated their HSC targeting ability through a cellular uptake experiment
(Feng et al. 2022). This study also confirmed that HepG2 exosomes coated nanoparticles
could also target hepatic stellate cells and significantly increase their uptake of nanopar-
ticles. The controlled release properties and better targeting efficiency of Exo-Lut-NPs to
HSC will also help luteolin to induce therapeutic benefits at a relative lower dose.

To evaluate whether luteolin-loaded biomimetic nanoparticles can be combined with
sorafenib to enhance therapeutic effects by regulating hepatic stellate cells, we con-
structed the CM model of LX2 cells. The Hyo-Jeong Kuh team developed a mixed cell
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sphere model using Huh-7 HCC cells and LX2 cells to simulate the interaction of tumor
CAF in the tumor environment in vitro (Khawar et al. 2018). The results showed that the
presence of LX2 cells would reduce the efficacy of sorafenib in the mixed cell sphere. In
our study, we confirmed for the first time that the CM of LX2 cells can induce resistance
of HepG2 to sorafenib. The TGF-p-activated HSCs induced drug resistance of HepG2
cells to sorafenib in vitro, which could be partially alleviated by the effect of free luteo-
lin, Lut-NPs and Exo-Lut-NPs on the CM of HSCs. Similarly, the Exo-Lut-NPs group
combined with sorafenib exhibited an excellent combined effect on retardation of tumor
growth in the subcutaneous xenograft tumor mice model compared to the sorafenib
alone and Lut-NPs group combined with sorafenib in vivo.

It was found in clinical samples that CD36 + cancer-associated fibroblasts (CAFs) derived
from hepatic stellate cells led to the immunotherapy-resistant microenvironment for hepa-
tocellular carcinoma (Zhu et al. 2023). After co-culturing with HCC cells, HSC secreted
more hepatocyte growth factor to stimulate the expression of the oncogene STMNI1 in
HCC cells concomitant with vascular invasion, higher histological grade, advanced clini-
cal grade, shorter survival time and worse drug resistance (Zhang et al. 2020). Therefore,
hepatic stellate cells play an important role in the development and progression of drug
resistance in liver cancer. In this study, we adopt targeted regulation to regulate HSC. Based
on the in vivo and in vitro models, the regulation effects of Exo-Lut-NPs on drug resistance
and the impact on tumor growth were verified and showed promising clinical relevance.
Further studies will be carried out to confirm the apoptosis of the tumors and elucidate the
mechanism by which the luteolin HSCs targeting strategy improved sorafenib therapy on
HCC.

Conclusion

In this study, we constructed a novel biomimetic nano-delivery system Exo-Lut-NPs, which
is composed of HepG2 exosomes coated luteolin nanoparticles. This nano-delivery sys-
tem effectively alleviated sorafenib resistance in vitro as well as demonstrated improved
anti-hepatocellular carcinoma effects in vivo when combined application with sorafenib,
which provides a novel therapeutic schedule for alleviating clinical sorafenib resistance and
enhancing the treatment effect of sorafenib on hepatocellular carcinoma. The mechanism
by which the luteolin HSCs targeting strategy improved sorafenib therapy on HCC as well
as the biodistribution and safety of Exo-Lut-NPs will be further validated.
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