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Background: Sorafenib-resistant (SR) hepatocellular carcinoma (HCC) is a current serious problem in liver cancer treatment.
Numerous phytochemicals derived from plants exhibit anticancer activity but have never been tested against drug-resistant cells.
Methods: Avocado seed extract (APE) isolated by maceration was analysed for its phytochemical composition and anticancer
activity. Novel design charge-switchable pH-responsive nanocarriers of aminated mesoporous silica nanoparticles with conjugated
galactose (GMSN) were synthesised for delivering APE and their physicochemical properties were characterized. The drug loading
efficiency (%LE) and entrapment efficiency (%EE) were evaluated. Anticancer activity of APE loaded GMSN was measured against
HCC (HepG2, Huh-7) and SR-HCC (SR-HepG2).

Results: Anticancer activity of APE against non-resistant HepG2 (ICso 50.9 + 0.83 pg mL™"), Huh-7 (ICso 42.41 + 1.88 pug mL ™),
and SR-HepG2 (ICs 62.58 + 2.29 pug mL™") cells was confirmed. The APE loaded GMSN had a diameter of 131.41 + 14.41 nm with
41.08 £ 2.09%LE and 44.96 + 2.26%EE. Galactose functionalization (55%) did not perturb the original mesoporous structure. The
GMNSN imparted positive surface charges, 10.3 + 0.61mV at acidic medium pH 5.5 along with rapid release of APE 45% in 2 h. The
GMSN boosted cellular uptake by HepG2 and SR-HepG2 cells, whereas the amine functionalized facilitated their endosomal escape.
Their anticancer activity was demonstrated in non-resistant HCC and SR-HCC cells with ICs, values at 30.73 + 3.14 (HepG2), 21.86 +
0.83 (Huh-7), 35.64 + 1.34 (SR-HepG2) pg mL™', respectively, in comparison to the control and non-encapsulated APE.
Conclusion: APE loaded GMSN is highly effective against both non-resistant HCC and SR-HCC and warrants further in vivo investigation.
Keywords: liver cancer, hepatocellular carcinoma, galactose, sorafenib drug resistance, avocado, mesoporous silica nanoparticles

Introduction

According to the World Health Organization, primary liver cancer is the sixth most common cancer and is expected to affect
more than 1.4 million people by 2040. Hepatocellular carcinoma (HCC) is a major category of liver cancer, accounting for
80-90% of liver cancer cases globally, with high morbidity and mortality." Early detection systems of HCC through
ultrasonography and serological tests of a-fetoprotein have remained limited due to insensitivity and false-positive results.>
Therefore, most HCC patients diagnosed at advanced stages must rely on a chemotherapy.®* Although combinations of
tyrosine kinase inhibitors, such as sorafenib, and immunotherapy have been approved to handle advanced stages of the
disease, their clinical outcomes are unsatisfactory, with an overall survival benefit of approximately 13.6 months.’
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Furthermore, HCC steadily develops resistance to first-line drugs, such as docetaxel, lenvatinib, cabozantinib, and sorafenib,
leading to an increase in the HCC recurrence rate at local and distant sites.®” Although strategies such as immune checkpoint
blockage and CRISPR/Cas9 genome editing look promising for HCC therapy, they are still at their infancy.®° Consequently,
the next generation of anti-HCC molecules together with urgent interventions for their specific delivery are required to raise
the number of HCC survival cases.

It has been estimated that more than 1.3 billion tons of agro-industrial waste including seed, pulp, leaf, stem, and bark, are
discarded each year.'” Recent works in drug discovery and complementary medicines have demonstrated that
procyanidins,'''* derived from grape seeds and other agro-industrial wastes, exert anticancer effects through multiple
pathways, but the ability to be formulated and tested against HCC models has largely been neglected.'® Avocado (Persea
americana Mill.) or alligator pearl is one of the most nutritious commercial fruits and exhibits various pharmacological
activities, including antioxidant, analgesic, hypoglycaemic, and anticancer activities.'*'® While the pulp is consumed
worldwide, the seed (representing approximately 30% of the whole fruit) is commonly considered as waste.'” The
therapeutic value of avocado as an aphrodisiac has been identified since the Mayan and Aztec civilisations.'® However,
only the few studies have focused on the anticancer effects of avocado seed extracts. Dabas et al'® showed that ethanolic
extracts of avocado seeds exhibited 50% inhibitory concentration (ICsq) values of 99.7 ug mL™' in MCF7 human breast
cancer cells. Both aqueous and ethanolic extracts proved to be effective against the breast cancer cell-line T47D, with rather
high ICs values of 560.2 pg mL ™' and 107.2 pg mL™". In 2019, Elhalwagy et al'> reported that avocado seed lipid extracts
could be a superior alternative to sorafenib in the treatment of liver cancer. However, the study lacked in-depth information
on phytochemical profiles, presence of major bioactive compounds, and anticancer mechanisms. Phytochemical studies
revealed that the avocado seeds contain a number of extractable bioactive compounds, including polyphenols and procya-
nidins (such as catechin and epicatechin), all of which can be explored as viable strategies to modulate tumorigenesis and
their underlying signalling pathways.*® Moreover, these compounds demonstrated the potential to overcome drug resistance
through inhibition and downregulation of P-glycoprotein.”' Avocado seed wastes may thereby be employed as an
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inexpensive and sustainable source of procyanidins for a new generation anticancer therapy. It is also worth investigating
whether avocado seed extract (APE) could be a new paradigm for drug-resistant HCC therapy.

Poor aqueous solubility and physicochemical instability have been highlighted as major constraints to the use of
plant-derived bioactive compounds in translational medicine. Although many strategies for tumour targeting and

d,?*72% each of them has its own limitations

programmed release of plant extracts using nanocarriers have been devise
that are extensively detailed in our previous work.'* Mesoporous silica-based nanomaterials have garnered considerable
attention as drug carriers owing to their unique properties, including large surface area, adjustable pore size, and large
pore volumes to facilitate high drug loading.” They are also biocompatible?® and can be strategically modified using
small molecules, stimuli-responsive polymers, and nano-gatekeepers to achieve site-specific targeting and controlled
release.”*" Despite their interesting properties, mesoporous silica nanoparticles have seldom been used as carriers for
bioactive plant compounds.

In cancer pathophysiology, the concept of “tumour microenvironment (TME) responsive drug delivery strategies” is
in recent focus. In comparison to cell-specific drug delivery, TME-responsive drug delivery systems are triggered by
acidic pH, enzymes, and hypoxia, and can overcome tumour heterogeneity to ensure precise delivery of cargo molecules,
especially in drug-resistant conditions.”'** However, this system is firstly required to identify the target cells from their
neighbours, followed by nanoparticle uptake. Previously, several groups have demonstrated that galactose can act as
a beacon towards asialoglycoprotein receptors (ASGPR) that overexpress in HCC cells.*® Galactose has been installed as
a targeting ligand on the surface of different nanostructures, including polymeric gene vectors, pH-sensitive micelles, and
nanogels.**° The high binding affinity of galactose to ASGPR initiates the internalisation of nanoparticles via clathrin-
mediated endocytosis that promotes cell-specific drug delivery with minimum cytotoxicity.” On the other hand, the
presence of positively charged amino groups on the surface of mesoporous silica nanoparticles has regulated pH-
responsive drug release and promotes adsorptive endocytosis via interactions with negatively charged -cell
membranes.*® Numerous surface-modification reactions have employed amino groups as the arm to anchor aldose
molecules on the outer surface.*”*’ Here, we conjugated galactose, a targeting ligand, to the amine-surface-modified
nanoparticles and designed a new class of charge-switchable nanoparticles, especially for the delivery of APE. In this
class, a certain number of amino groups are glycosylated to provide targetability, whereas others would remain available
for pH-responsive behaviour. At physiological pH, the negative surface charge would predominate to improve the
stability of the nanoparticles. Nonetheless, owing to the charge-switchable nature, once in TME at pH between 6.5 and
6.9, the surface charge switches to positive and triggers the rapid release of APE specifically at the tumour target site. It is
hypothesized that the developed charge-switchable designed nanoparticles will enhance penetration in the TME and
minimise the chances of drug resistance because the high drug concentrations can be maintained at the target sites.*'

APE was isolated, and its phytochemical and anticancer activities were evaluated. Novel pH-responsive charge-
switchable nanocarriers were designed, and their specific targeting abilities were initiated. Mesoporous silica nanocarriers
with amine surface functionalization (MSN-NH,) were synthesised. Precise control of galactosylation on the surface of
MSN-NH, nanoparticles (GMSN) resulted in surface-charge reversal ability which could further modulate drug release in
response to a specific pH. The APE loading into GMSN (GMSN@APE) was further optimised to facilitate the maximum
release capacity under the sink conditions. The APE release from both MSN-NH, loaded APE (MSN-NH,@APE) and
GMSN@APE was quantified and compared for their loading capacity and encapsulation efficiency. Nanoparticle
internalisation and endocytosis in non-resistant HepG2 and sorafenib-resistant HepG2 cells were evaluated. Anticancer
activity was subsequently assessed using cell-based assays to characterize the therapeutic behaviour of the developed
charge-switchable mesoporous silica nanoparticles with modified galactose surfaces.

Experimental

Materials

Ethanol for extraction (99.8%) was obtained from Merck (Sigma-Aldrich, USA). Tetraethyl orthosilicate (TEOS 98%),
cetyltrimethylammonium bromide (CTAB), 3-aminopropyltriethoxysilane (APTES), galactose, fluorescein isothiocyanate
(FITC), and sodium cyanoborohydride were purchased from Sigma-Aldrich (USA). The p-dimethylaminocinnamaldehyde
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(DMACA) and standard compounds such as catechin, epicatechin, procyanidin B1, and B2 for procyanidin assays were also
obtained from Sigma Aldrich. Sodium hydroxide pellets were purchased from Merck. Dulbecco’s modified Eagle’s medium
(DMEM), penicillin—streptomycin (10,000 U/mL), fetal bovine serum (FBS), and trypsin-EDTA for cell cultures were
purchased from Cytiva (GE Healthcare, USA). Cell proliferation (WST-1) and lactate dehydrogenase (LDH) assay kits
were obtained from Roche (Germany). Human hepatoma cell lines HepG2 and Huh-7 were purchased from the Japanese
Collection of Research Bioresources Cell Bank (JCRB). Water (resistivity 18.2 milliohm centimetre (mQ-cm) at 25 °C) used
for nanoparticle synthesis was purified using a Millipore Synergy UV system (Merck, USA).

Preparation of Avocado Seed Extract

Avocado fruits (Persea americana, family Lauraceae, Hass cultivar) grown in Australia were purchased from a wholesale
distributor in Thailand. The fruit specimen was identified by Dr Sunisa Sangvirotjanapat, botanical taxonomist at
Sireeruckhachati Nature Learning Park at Mahidol University, Nakhon Pathom, Thailand, and voucher specimen number
was PBM 005998-006000. The fruits were allowed to ripen in a dark room at room temperature (25 +4 °C) and were
washed with water several times before processing. The seeds were manually separated from the fruits, dried in a hot-air
oven at 50 £ 2 °C for 24 h, and ground into a fine powder. Forty grams of extract powder were sieved and extracted with
400 mL of a water-ethanol mixture (50:50, v/v) for 24 h at 37 £ 2 °C. The filtered menstruum was concentrated under
reduced pressure and freeze-dried (Alpha 1-4, Martin Christ, Germany) to obtain a powdered extract. The freeze-dried
powder was collected, packed in light-proof containers, and stored at 4 + 2 °C until further use.

Phytochemical Evaluations
Total Polyphenol Content

Total polyphenols in the APE were quantified following the method described by Pongtip et al.*?

Briefly, 25 pL of extract
(containing 1 mg mL™") was mixed with 25 pL Folin-Ciocalteu reagent, followed by 75 pL water and 100 uL sodium
carbonate (20%, w/v). The mixture was incubated in the dark condition for 60 min and the absorbance was recorded at
765 nm using the Infinite 200 PRO microplate reader (Tecan, Switzerland). The total phenol content was expressed in
terms of gallic acid equivalents and calculated from the standard curve of gallic acid.

Determination of Procyanidin Content

The procyanidin content in the avocado extract was quantified according to the method described by Kou et al.** Briefly,
the colorimetric assay was generated by the reaction of p-dimethylamino-cinnamaldehyde (DMACA; 1 mg mL™") in an
ethanol-hydrochloric acid mixture (9:1, v/v) with different concentrations from a standard solution of procyanidin B2.
The absorbance was immediately recorded at 640 nm using the Infinite 200 PRO microplate reader (Tecan, Switzerland),
and a standard curve was used for subsequent analyses. Samples extracted using acetone/water/acetic acid (70:29.5:0.5,
v/v/v) were filtered and allowed to react with DMACA. The absorbance was measured and the total procyanidin content
was determined using the following equation:

CxDxV
Total procyanidin (procyanidin B2 equivalent, n;g) = ﬁ

(1
Where C is the concentration (mg mL™") extrapolate from the standard curve, D is the dilution factor, V is the sample
extraction volume (mL), and S is sample size (g).

Thin Layer Chromatography (TLC) and Liquid Column Chromatography

The presence of major procyanidins in the powdered extract was initially confirmed by thin-layer chromatography
(TLC). Standard solutions (0.2 mg mL ") of procyanidin B1, procyanidin B2, epicatechin, and catechin were used as
references. Aliquots of sample or standards were applied to a 10x5 cm aluminium plate of silica gel 60 stationary phase
(F»s4 plates, Merck, Germany), 1 cm from the edge. The plates were air-dried for 5 min before being transferred to the
TLC development tank (lined with filter paper, covered with the lid, and pre-saturated with mobile-phase vapour). The
plate was allowed to develop with 12 mL of the mobile phase (toluene/acetone/formic acid, 3:6:1) until the ascending
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solvent front reached approximately a three-quarter length of the plate. The TLC plates were examined under (a) UV 254
nm and (b) UV 366 nm, before spraying with (¢) DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) reagent, (d) ferric
chloride reagent, or (¢) DMACA reagent. Chromatographs were recorded and visualised using a TLC scanner (CAMAG,
Switzerland), and Rf values were calculated. All analyses were performed at 25 °C.

Separation of polyphenols was performed on an Acclaim™ RSLC 120 C18 column (100 mm x 2.1 mm, 2.2 pm)
stationary phase using a Thermo Fisher Scientific LC system (Thermo Fisher Scientific Inc., USA) connected to the
Bruker Impact II mass spectrometer (Bruker Corp., US) with an electrospray ionization source operated in negative mode
(capillary 3000 V, end plate offset 500 V, nebulizer pressure 1.8 bar). Water and acetonitrile with formic acid (0.1% v/v)
were used to create a mobile phase with gradient flow rate 1 mL min ', and acetonitrile was increased from 5% to 100%
in 30 min and reduced to 5% for the following 10 min. Spectral scans were recorded with mass to charge ratio between
(m/z) 50-1300.

Quality Control of APE

Quality control of APE** was performed after freeze-drying, including heavy metal residue analysis, pesticide residue
analysis, moisture content analysis, and endotoxin.

Preparation of Nanoparticles

Mesoporous silica nanoparticles (MSN) were synthesized under basic conditions following a previously described
protocol.** Briefly, 0.1-0.3 g of CTAB was dissolved in 90-100 mL of deionised water and sodium hydroxide (2 M)
was added to the mixture under constant stirring. The mixture was allowed to equilibrate for 10-30 min at 70-80 °C.

! into the mixture under

TEOS (0.1-1 mL) was subsequently introduced into the mixture at a rate of 2050 pL min~
vigorous stirring until the formation of a milky solution was observed. The mixture was stirred at 70-80 °C for another
1-3 h to complete the reaction. The obtained colloidal suspension was then centrifuged to remove unreacted CTAB and
the precipitate was collected. The residue was dispersed in 20-40 mL of ethanol/HCI (10:1, v/v) and refluxed at 55-65 °C
for 24 h to ensure complete removal of CTAB.*® The MSN were collected by centrifugation at 12,000 rpm, washed
several times with ethanol, and dried at 40 °C for 24 h to obtain a dry powder.

The surface of MSN was modified with amino groups by refluxing nanoparticles with APTES, as described in the
reported method with modifications under reflux conditions.*® In brief, 110~130 mg of MSN was thoroughly dispersed in
35-40mL of absolute ethanol and 200-250 uL of APTES was added. The mixture was then allowed to reflux at 60—70 °C
for 24 h under the nitrogen atmosphere. The amino-modified nanoparticles (MSN-NH,) were collected by centrifugation,
washed twice with ethanol, and dried overnight at 40 °C in the vacuum before galactose modification.

Galactose Functionalization

Galactose conjugation on the nanoparticles was performed through a reductive amination reaction.*’ MSN-NH,,
5-15 mg), together with the desired concentration of galactose, was vigorously dispersed in 1-3 mL borate buffer
(pH 9) and allowed to equilibrate under magnetic stirring at 200—400 rpm for 1-3 h. Sodium cyanoborohydride (25 mg)
was subsequently added to the mixture, and the reaction was allowed to continue for 16 h at room temperature.
Unconjugated galactose was removed by centrifugation, and the final product, GMSN, was collected. The GMSN was
dried under vacuum and stored at 4 °C for material characterization (see below), extract loading, and biological
evaluation.

Nanoparticle Characterization

Dynamic Light Scattering (DLS)

The average hydrodynamic diameter and polydispersity index (PDI) of the nanoparticles were analysed using a Malvern
Nano ZS Zetasizer (Malvern Instruments, UK) with a He-Ne laser at 633 nm at 25 £ 0.5 °C. Nanoparticles were
dispersed in deionised water at the concentration of 0.1 mg mL ™' and were loaded in polystyrene cuvettes. The
measurements were performed in triplicate at a backscattering angle of 173°.
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Zeta Potential

The nanoparticle charge and extent of surface modification were analysed using a Malvern Nano ZS Zetasizer (Malvern
Instruments, UK). The samples were prepared in DTS 1060 folded capillary cells, and the zeta potential was calculated
using software based on the Helmholtz Smoluchowski equation according to the manufacturer.

Transmission Electron Microscopy (TEM)

For morphological evaluation, the diluted samples were deposited on lacy carbon-coated copper grids (EMS, USA) and
air-dried overnight. Micrographs were obtained between 5000 and 100,000 times magnification using the JEOL JEM
2010 electron microscope (JEOL Ltd., Japan) operated at 200 kV. The average nanoparticle size was determined from
a cluster of 50 nanoparticles using the ImageJ software (version 1.53u).

Brunauer—Emmett—Teller (BET) Surface Area Analysis

Estimation of surface area and pore volume was carried out using nitrogen adsorption-desorption following the
Brunauer—Emmett—Teller (BET) method.*” Samples were first outgassed at 100 °C for 12 h, and isotherms were recorded
on the Quantachrome Autosorb-1 analyser (Quantachrome Instruments, US) at —195.65 °C. The pore size distributions
were further derived using the Barrett- Joyner- Halenda (BJH) method.*®

X-Ray Diffraction (XRD)

Material crystallinity was investigated using an X-ray diffractometer (MiniFlex 600, Rigaku, Japan). The diffractograms
in the range of 10 to 50° were captured at a scan speed of 2° min ' and 40 kV tube voltage.

Fourier Transform Infrared Spectroscopy (FTIR)
The presence of various chemical groups on the surface of the nanoparticles was determined using an attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectrometer (Nicolet™ iS5, Thermo Scientific, US). All spectra

! with a spectral resolution of 4 cm ™.

were collected in the region 4000—400 cm ™~
Phenol-Sulphuric Acid Test for Galactose Quantification

Galactose attachment to nanoparticle surface was quantified using a phenol-sulfuric acid-based colorimetric assay.*’
Briefly, 2 mL of galactose standard solution (25200 ug mL™") was allowed to react with 1 mL phenol (5%, w/v) and
4 mL of concentrated sulphuric acid in sealed glass vials for 15 min. The absorbance was then recorded at 490 nm using
the UV 2600 spectrophotometer (Shimadzu, Japan) and the standard curve (y = 0.0082x + 0.0107, R* = 0.965) was
obtained. The GMSN (1 mg) was dispersed in 2 mL of water, sonicated for 5 min, and treated as mentioned above to
achieve the actual functionalization of the GMSN. Galactose content was calculated from the measured absorbance fitted
to the standard equation.

Ninhydrin Test

The extent of galactosylation on the surface of the MSN was further estimated by quantifying the amino groups before
and after surface modification using a ninhydrin-based assay.*’ An aliquot of 2 mg of nanoparticle was added to a glass
vial and dispersed in 1 mL water. Ninhydrin reagent (2%, w/v; 1 mL) was added to the dispersion, vortexed, and placed
in a water bath at 90 °C for 17 min. After the reaction mixture was cooled, 10 mL of water:ethanol (50:50, v/v) was
added, and the absorbance was recorded at a wavelength of 570 nm.

pH Sensitivity and Serum Stability

Switching or reversal of the nanoparticle surface charge in response to pH changes was studied in buffered solutions at
pH 5.5 and pH 7.4. Nanoparticles were incubated in phosphate-buffered saline (PBS) at pH 7.4 or pH 5.5. An alteration
in surface charge density at different pH values was recorded from zeta potential values for 12 h incubation period using
a Malvern Nano ZS zetasizer.
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The size distribution stability of nanoparticles was studied in vitro, nanoparticles were gently mixed with PBS (pH
7.4) with or without 10% (v/v) FBS and incubated at 37 £ 0.5 °C. Changes in the size and PDI of the GMSN were
observed at different time points until 12 h post-incubation. Experiments were performed in triplicate at pH 5.5 to
investigate the pH-responsiveness of the nanoparticles.

Extract Loading

Avocado extract was loaded into the nanoparticles following a simple diffusion-filling-precipitation method,”® and
3-10 mg was dissolved in a PBS: ethanol mixture (1:1 ratio, pH 5.5), and 20 mg of the nanoparticles was added to
the extract solution. After an initial sonication for 10 min, the mixture was slowly stirred for 24 h at room temperature
(25 °C). The pH of the mixture was re-adjusted to 7 using 0.1 M sodium hydroxide and stirred for another 2 h at room
temperature. Extract loaded nanoparticles were harvested by centrifugation, washed with water, and refrigerated (2—-8°C)
for further use. The supernatant collected after centrifugation was diluted and analysed using a DMACA-based assay (as
described in the procyanidin content analysis). The amount of extract loaded was expressed in terms of percentage
loading efficiency (%LE) and percentage entrapment efficiency (%EE), calculated using the following equations:

weight of drug in MSN y
total weight of MSN after loading

% Loading efficiency = 100 2)

weight of drug in MSN
weight of drug initially added

% Entrapment efficiency = x 100 3)

In vitro Drug Release

The release of avocado seed extract to the dissolution media at pH 7.4 and pH 5.5 was studied under in vitro sink
conditions. Briefly, 2 mg of nanoparticles was dispersed in 1 mL of PBS (containing 20% ethanol, v/v) and was allowed
to incubate at 37 + 0.5 °C in an Eppendorf ThermoMixer C shaker (Eppendorf, Germany) set at 800 rpm. Aliquots of the
samples (0.8 mL) were withdrawn at different time intervals through centrifugation and replaced with fresh medium to
maintain the sink condition. The samples were appropriately diluted and analysed according to the method described for
the procyanidin content analysis.

Cell Lines

A sorafenib-resistant cell line (SR-HepG2) was generated by treating the HepG2 cells with increasing doses of sorafenib
tosylate (2.5 uM and 5.0 pM, respectively) adapted from the previous experiment.’’ The cells were incubated with the
designated concentration of sorafenib tosylate within high glucose DMEM media supplemented with 10% (v/v) FBS and
1% (v/v) penicillin—streptomycin antibiotics and incubated at 37 °C in 5% CO, for 72 h before sub-culturing the viable
cells; and this procedure was continued for three rounds per each concentration. Surviving sorafenib-resistant cells were
recovered and passaged using the same sorafenib concentration. Once the maximum concentration of sorafenib is used to
produce resistant cells; the 5.0 uM concentration will be included as “SR5.0-HepG2” to represent the resistant cells.

Cellular Uptake and Distribution

Cell Uptake Kinetics

The internalisation of nanoparticles in the two different cell types and their ability to escape from endosomes were
evaluated in a 96 well-plate (PhenoPlate, Perkin Elmer, US) on a high-content imaging platform (Opera Phenix® Plus,
PerkinElmer, Germany). The fluorescein isothiocyanate (FITC) tagged nanoparticles (FI-MSN-NH, and FI-GMSN) were
prepared by incubating 10 mg of the nanoparticles overnight in ethanol containing 2 mg FITC. The nanoparticles were
recovered by centrifugation at 14,000 rpm and stored at 2-8°C until further use. For real-time cellular uptake and
distribution analysis, the nanoparticles were redispersed in serum-free DMEM (50 ug mL ™", 200 pL) and incubated for 2,
4, 8, and 24 h. Cells were washed with DPBS to remove all unbound nanoparticles and subsequently stained for 10 min
with Hoechst 33342 (1 ug mL™" Invitrogen, Thermo Fisher Scientific, US) and wheat germ agglutinin (1 ug mL™' WGA,
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Thermo Fisher Scientific, US) to visualise the nuclei and cell membranes, respectively. The intracellular distribution of
the nanoparticles was observed using a 40x1.1 N.A. water immersion objective by Opera Phenix® Plus high content
imaging system (Perkin Elmer, Germany) maintained at 5% CO, and 37 + 0.5 °C. The background was checked
according to the thickness of the stack images and parameters, including stack size, the laser power, and exposure time,
were kept constant for all samples, although the spinning disk technology provides improved image quality and reduces
interferences between fluorescence channels.”' Confocal images at 2160x2160 pixels obtained from 16 random fields
with 4 pm thick section were analysed using Harmony software (version 5.1). Cells were identified using “Find cell”
building block and the nanoparticles trafficked inside the cells were marked using the “Find spots” function. The total
nanoparticles inside the cells (mean fluorescence intensity (MFI)) at different time intervals were plotted.

Endosomal Escape Capacity

32:53 non-fluorescent nanoparticle dispersions (50 ug mL ™', 200 pL) were used. At the

For the endosomal escape study,
end of each incubation period, the cells were washed and stained with acridine orange AO (Santa Cruz Biotechnology,
USA) in DMEM (5 ug mL™") for 10 min. The distribution of endosomes across the cells was observed, and confocal
images obtained from 16 random fields with z-stacks of 4 um thick section were analysed using Harmony software. The
background was checked according to the thickness of the stack images, and parameters including stack size, laser power,
and exposure time were kept constant for all samples. The MFI of the endosomes (red fluorescent signal) and cytosol
(green fluorescent signal) was identified and quantified using Harmony software. The number of endosomes present

within the cytosol was calculated using an image analysis pipeline and the data were plotted with respect to time.

Anticancer Activity Studies

WST-1 Assay

The cytotoxicity of crude APE and its nano-encapsulated forms was evaluated in HepG2, SR5.0-HepG2, and Huh-7 cell
lines. Briefly, 3x10* cells were seeded in 96-well plates. Cells were allowed to reach 70% confluence and were then
treated with different concentrations (20-100 pg mL™") of APE, MSN-NH,@APE, and GMSN@APE dispersed in
serum-free DMEM. All the nanoparticles were ultrasonicated for 2 min at room temperature before the treatment. The
cells were incubated with nanoparticles for 24 h, and the treatment media was replaced with 100 pL. of WST-1 (Roche,
Germany)-containing media (5%, v/v). The plates were further incubated for 15 min, and absorbance was measured at
440 nm using the Infinite 200 PRO microplate reader (Tecan, Switzerland). Cell viability was calculated as the
percentage of cell viability compared to the control non-treated cells.

LDH Assay

The extent of cell membrane damage caused by APE and nano-encapsulated forms at their ICs, concentrations was evaluated
using the LDH assay for a 24 h exposure period (Roche, Germany) according to the manufacturer’s instructions. Briefly, 50 uL
of cell-free medium from each group was mixed with 50 pL of freshly prepared LDH mixture (containing the LDH substrate
and assay buffer) in a 96 well plate. Cells without treatment were considered as the control group, and cells lysed with Triton
X-100 were used as the positive control to indicate the total LDH concentration in the cells. Additional controls consisting of
empty MSN-NH, and GMSN dispersed in serum-free DMEM were used to confirm the non-interference of the nanoparticles
with the assay reagent. The plate was incubated in the dark for 30 min, and the absorbance was recorded at 490 nm.

Statistical Analysis

All experiments were performed in triplicate (n = 3), and the data are expressed as mean + standard deviation (SD). One-
way ANOVA followed by Tukey’s post hoc test was performed for surface charge comparisons and cytotoxicity data
using GraphPad Prism 8.0.1. Observations were considered to be significant with the confidential interval of *p<0.05,
**p<0.01, and ***p<0.001.
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Results and Discussion
Quality Control and Characterization of APE

Avocado seeds are known to contain a variety of bioactive compounds such as polyphenols, flavonoids, procyanidins, and fatty
acids."® Their chemical profile is strongly influenced by its origin, season, variety, post-harvest, and cultivation conditions.>* An
orange-coloured powder was extracted from the avocado seeds through simple maceration with a yield value of 14.53% (w/w)
and contained antioxidants, polyphenols and procyanidins, as procyanidin B1, procyanidin B2, epicatechin and catechin were
evidently observed in thin-layer chromatograms (Supplementary Figure 1). The colour of the lyophilized extract is associated

with a constituting glycosylated benzotropone compound called “perseorangin”.>® Water and ethanol have advantages over other
extraction solvents, including versality, safety and economically.’® Detailed quantification through colorimetric assays confirmed
total phenolic contents of 73.81 & 2.34 mg per gram, and total procyanidin content of 655.35 + 44.54 mg per gram of the powder,
using gallic acid (y = 0.0069 + 0.1077, R? = 0.9978) and procyanidin B2 (y = 0.0037x + 0.0379, R? = 0.9995) as respective
standards. Phytochemical profiling of APE by LC-MS also revealed the presence of gallic acid and catechin-gallic acid
derivatives (Supplementary Figure 2 and Supplementary Table 1). These polyphenols are well-known anticancer agents with

profound proapoptotic activity under experimental conditions.””*® All impurity residues in APE met the requirements of the Thai
Herbal Pharmacopoeia 2020.* The presences of arsenic, cadmium, lead and mercury were not detected at detection limits of
0.010, 0.01, 0.01, and 0.007 ppm, respectively. Pesticide residues were not detected in APE. Moisture content is an important
factor in determining the stability of powder storage. The percentage of the moisture content of APE was 8.09 + 0.14% which
aligns with the recommendation of Thai Herbal Pharmacopoeia 2020, where the herbal product should contain less than 10% of
moisture content to prevent product instability and microbial contamination. The endotoxin level was found to be between
0.0647 and 0.0915 EU/mL, indicating the low endotoxin levels in APE.

Nanoparticle Design and Characterization

MSN were obtained under hot alkaline conditions, and the cationic surfactant CTAB was used as a template for micelle
formation with subsequent condensation of high-density silicates around the preformed micelles due to strong electro-
static interactions.’® Post-synthesis amino grafting was preferred for co-condensation, since we intended to modify only
the exposed outer silanol groups, leaving the inner pore chemistry intact for easy drug diffusion.®® Galactose conjugation
was carried out via reductive amination using sodium cyanoborohydride as the reducing agent.

The TEM images revealed that the nanoparticles were monodisperse and uniform spheres (Figure 1A, C, E). TEM
images at higher magnifications (Figure 1B, D, F) showed the obtained nanoparticles possessed typical size (MSN:
127.25 + 31.12 nm, MSN-NH,: 115.56 + 12.86 nm, GMSN: 125.41 + 10.91 nm (n = 50)) with an open-ended lamellar-
type arrangement of hexagonal pore tubules (inset Figure 1B). Mesoporous structures are clearly observed (see
Figure 1B, D, and F). Amination of the outer silanols (Figure 1D) and further galactosylation (Figure 1F) did not
significantly affect nanoparticle morphology. Dynamic light scattering records showed a mono-size distribution of MSN
particles (PDI: 0.324 £0.02) with an average hydrodynamic diameter of 237.6 +£11.93 nm (Figure 1G). Being similar in
morphology between MSN and MSN-NH,, the GMSN, however, demonstrated a slight decrease in PDI to 0.256 + 0.022
(average hydrodynamic diameter 224.6 + 2.46 nm, n = 3), probably due to the presence of a hydrophilic layer of
galactose molecules that appeared transparent to electron microscope (Figure 1F).** This hydrophilic layer also
seemingly contributed towards improved dispersibility of the GMSN in aqueous medium through the lowering of
nanoparticle surface energy. In fact, the coating of the surface with various mono- and oligosaccharides has been
a routine strategy to maintain nanoparticle dispersity especially during storage.’’ Zeta potential measurements
(Figure 1H) revealed that amino surface modification caused charge alteration from —27.3 + 4.25 mV to +18.5 + 0.40
mV, probably due to the conversion of the surface silanol groups to positively charged amino groups. Water-dispersed
GMSN carried negative surface charges (—18.2 + 0.32 mV, n = 3) signifying galactose surface-conjugation. The variation
in the ratio between galactose and nanoparticles (Supplementary Table 2) demonstrated that a high ratio of galactose

significantly increased the hydrodynamic diameter of the final nanoparticles, along with a proportionate increase in the
zeta potential at pH 7.4. The ratio of galactose: nanoparticles used in the reaction as well as the reaction time
(Supplementary Figure 3) are two critical factors that influence the size and surface charge of the final GMSN. Thus,
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to restrict the particle size and create a pH-responsive capacity, a ratio of 1:2 (galactose: nanoparticles) was fixed for
16 h of reaction time.

The CTAB residuals can affect the cellular toxicity of nanoparticles. Compared to the CTAB, the complete extraction of
CTAB templates was confirmed by FTIR results (Figure 2A), showing the absence of characteristic peaks at 2916, 2844, and
1470 cm ™" in all MSN panels.®* The FTIR analysis also demonstrated in Figure 2A that the inherent silanol peaks at 964 cm !
(dashed line blue arrow) were markedly diminished after amino grafting in MSN-NH, and MSN-NH,@APE. Another major
band between 3500 cm ™' and 3000 cm ™" arising from the Si-OH group in the MSN, was absent in the case of MSN-NH, (dashed
blue arrows). However, new absorption peaks were observed in the MSN-NH,. The small peaks at 1560 cm ' and 3460 cm ™'
represented the N-H stretching and C-H bending of the primary amine, respectively, signifying successful chemical conjugation
on the silica surface.®® In the case of galactose functionalization (GMSN), the mechanism of covalent bond formation between
the aldehyde group of galactose in the ring-open state and exposed amino-propyl groups on the nanoparticles was previously
described by Nartowski et al** and was evident from the vibrational peaks at 1470 cm™' and 1410 cm ™' (green arrows). The FTIR
data also confirmed the presence of APE in MSN-NH, and GMSN (Figure 2A). Characteristic peaks between 3500-3000 cm ',
2929 cm ' and 1620 cm™' (purple arrows) represent the O-H, C-H, and C=C stretching of aromatic compounds in the extract.
These peaks were profound in the spectra of the loaded nanoparticles. Extract loaded nanoparticles also featured minor
absorption bands at 1387 cm™ " arising from methylene groups and at 960 cm ™' (purple arrows) arising from C-O vibrations,
signifying polyphenolic contents.®® One shoulder peak at 1711 cm™' present in the spectrum of pure APE due to C=0 stretching
appeared in lower intensity for GMSN@APE and MNS-NH,@APE nanoparticles.®® It is likely that phytochemicals with
carbonyl groups can extend non-covalent interactions with nanoparticle surface amino-groups during their encapsulation. This
interpretation is further supported by the disappearance of the characteristic amino peak (1560 cm™ ') originally present in the
MSN-NHj; spectrum, as observed in the GMSN@APE and MNS-NH,@APE nanoparticles (Figure 2A). The amorphous nature
of MSN was revealed by the broad XRD peak between 20° and 30° (Figure 2B) and was consistent with earlier studies.®”%*
Although the change in crystallinity upon amine modification was insignificant, galactose functionalization caused a shift in the
diffraction maxima to 21° (see arrow in Figure 2B). This indicates a slight change in the lattice structure. Galactose
functionalization of other nanoparticle types, such as PLGA, chitosan, and layered double hydroxide, has similar distortive
effects on material crystallinity and presents opportunities for uniform degradation.> " It must be mentioned here that while the
crystalline nature of the crude extract was evident from the strong diffraction peaks between 15° and 30°, nanoparticle loading via
the diffusion-filling-precipitating technique could cause the extract to lose its crystallinity and exist in an amorphous state inside
the silica mesopores (Figure 2B). The galactose content determined through the phenol-sulfuric acid-based colorimetric assay
was found to be 33.46 = 2.42 ug per mg of nanoparticles, indicating efficient galactose molecular installation on the nanoparticle
surface. The results from colorimetric quantified amino groups using ninhydrin-based reactions confirmed that approximately
55% of the original amino groups were galactosylated on the GMSN surface.

The surface area and pore structure of the nanoparticles were further analysed using nitrogen adsorption-desorption
isotherms. The type IV isotherm, according to the International Union of Pure and Applied Chemistry,”* was identified from
the presence of an H1 hysteresis loop (Figure 3A, C, and E) and confirmed the mesoporous nature of the nanomaterial.”?
The onset of reversible capillary condensation at a relative pressure (P/P,) of 0.2-0.32 was due to the hexagonal pore
arrangement,’* as revealed by the TEM micrographic images in Figure 1B, D, and F. Furthermore, the near-parallel
branches of the nitrogen adsorption-desorption branches indicated a narrow pore size distribution.”” The BET surface area
and pore volume of the MSN were found to be 526.43 m* g ' and, 0.41 cm® g ' respectively (Figure 3A and B). The pore
size, as derived through the BJH method,*® was about 3.13 nm. In the case of MSN-NH.,, the BET surface area and pore size
were 667.60 m? g ' and 4.2 nm, respectively (Figure 3C and D). The surface area of the GMSN was considerably reduced to
185.11 m* g ', though the pore size was calculated to be 2.01 nm (Figure 3E and F). This data indicate that galactose
molecules were mostly conjugated to the nanoparticle outer surface rather than perturbing the inner pore chemistry.

Nanoparticle Stability and pH-Dependent Charge Switch

During the transition from the physiological environment to the acidic tumour microenvironment, nanoparticles should
feature the positive charge to facilitate internalisation by tumour cells via endocytosis. Therefore, pH-responsiveness and
surface charge-switch capacity were evaluated by incubating the nanoparticles with a buffer at pH 7.4 and pH 5.5. The
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Figure 3 Nitrogen adsorption-desorption isotherm and pore size distribution of MSN (A and B), MSN-NH,(C and D), and GMSN (E and F).

surface of galactose modified nanoparticles showed a negative charge (—18.2 =+ 0.32 mV, n = 3) upon dispersion in
medium of pH 7.4 (Figure 4A). This is due to the exposed hydroxyl groups of anionic galactose molecules with a pKa
value of ~13, which is consistent with other reports on galactose-conjugated nanoparticles.*>’® Additionally, at neutral
pH, the amino groups remained unionised and did not affect the surface charge density. However, at pH 5.5, positive
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Figure 4 Effect of serum on size and surface charge of MSN-NH, and GMSNs: (A) Nanoparticle surface charge at pH 7.4 and pH 5.5. (B) Nanoparticle particle size in 10%
FBS containing media at pH 7.4 and pH 5.5. Data expressed as mean + SD (n = 3); the significant difference was reported at *p < 0.05.

charges were predominant on the nanoparticles (10.3 = 0.61 mV, n = 3). As the pKa value of the amino groups in the
original APTES molecules is 10, they are likely to be ionised and protonated (NH, + H'—NH;") in an acidic
environment, thus contributing to the positive charge on the GMSN surface. Our preliminary trials (Supplementary
Table 2) demonstrated that nanoparticles surface-conjugated with higher amounts of galactose did not exhibit
a significant positive charge at acidic pH, possibly because of the consumption of amino groups during galactose
attachment. Therefore, selective galactosylation (approximately 55%) can cause charge alterations on nanoparticle
surfaces, that is based on the protonation of unmodified amino groups and deprotonation of hydroxyl groups of galactose
at different pHs. Unmodified MSN-NH, was used as a control, as it demonstrated positive zeta potentials under both
acidic and neutral conditions owing to the presence of surplus amino groups.

Once nanoparticles enter the systemic circulation (pH 7.4), they extend non-specific interactions with proteins in their
immediate vicinity, thus initiating a dynamic process of association-dissociation of proteins on their surface. The
interactions between proteins and nanoparticles are usually governed by multiple parameters such as nanoparticle size,
shape, and surface chemistry.”” Usually, cationic nanoparticles prefer to aggregate through non-specific interactions with
the blood components. Conversely, anionic nanoparticles tend to retain their stability in physiological environments and
display enhanced ability to overcome systemic barriers.”® At physiological pH (pH 7.4), galactose functionalized
nanoparticles demonstrated a certain degree of stability and no significant difference in hydrodynamic diameter (p >
0.05) for 6 hours of incubation period with 10% serum media (Figure 4B). At pH 5.5, nanoparticle aggregation was more
prevalent during the first 4 h of incubation. A significant increase in hydrodynamic diameter of the nanoparticles from
213.1 £ 27.11 nm to 443.96 £ 954 nm within 4 h could be explained by the protonation of amino groups and
consequently switching to cationic charges at acidic pH, thereby increasing the chances of protein deposition. Cationic

7980 or may not®' mediate protein destabilisation. However, the strong interactions with amino acid

nanoparticles may
residues may lead to the precipitation of proteins on the nanoparticle surface.””** Our nanoparticle design highlights
formulation stability in physiological environments and presumably can retain original surface functionalities for

extended periods of time. This is essential for the subsequent targeting of cancer cells under clinical conditions.

Drug Loading and Release in vitro

The encapsulation of plant extracts is affected by mesoporous surface chemistry as well as by the pH of the loading
medium. It is well known that acidic pH (pH 5.5) favours protonation of the exposed amine groups on the nanoparticle
surface,’ that extends the interactions with negatively charged avocado extracts (—32.6 + 1.14 mV). Zeta observations
demonstrated that pH-restoration to 7.4 caused deprotonation of the amino groups. Therefore, we hypothesized that the
diffusion-filling-precipitation method (Figure 5) would support the maximum quantity of extract loading in the
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Figure 5 Loading mechanism of APE into galactose-modified mesoporous structures (GMSN) through diffusion-filling-precipitation. Interaction between ionizable groups of
avocado seed extract constituents and cationic amino-groups at acidic pH.

mesoporous structure. Once loading into the mesopores was achieved, the pH of the loading medium was changed to
neutral (pH 7) to prevent the leakage of the extracts from the loaded nanoparticles. This cargo loading mechanism is
simple and can be applied to new-generation pH-responsive nanocarriers. APE loading into the MSN-NH, and GMSN
did not significantly affect the nanoparticle size (MSN-NH;:126.31 £ 19.21 nm, GMSN: 131.41 + 14.41 nm (n = 50)),
although zeta potential variation for both APE@MSN-NH, (+13.68 = 0.74 mV) and APE@GMSN (-35.4 £ 1.35 mV)
confirmed the presence of cargo on the nanoparticle surface. Earlier studies on diffusion-filling-precipitation techniques
were restricted to doxorubicin loading into mesoporous silica nanoparticles and have not yet been tested for the
encapsulation of plant extracts or any other bioactive molecules.®*™

Different ratios between the extract mass and carrier mass, and different loading periods were evaluated to finally
optimise the encapsulation protocol and achieve the highest loading percentages (%LE) and entrapment efficiencies (%
EE), as shown in Supplementary Figure 4. The MSN-NH, had a drug loading of 52.88 + 3.64% and entrapment
efficiency of 50.86 = 2.23% (Figure 6A). The GMSN, however, showed inferior loading capacity and entrapment
efficiency of 41.08 + 2.09% and 44.96 + 2.26%, respectively. Galactose functionalization leads to a relative scarcity of
protonated amino groups on the GMSN surface which usually promotes the loading process at acidic pH.

The encapsulated drug in nanocarriers is ideally designed to prevent premature leakage of precious bioactive cargo
and avoid side effects on normal tissues. In vitro dissolution studies revealed a pH-dependent sustained release of
avocado extract from the nanoparticles, favouring an acidic pH (pH 5.5) rather than a physiological pH (pH 7.4). A burst
release phenomenon was evident within the first 2 h (Figure 6B), which occurred because of the release of the loose
cargo adsorbed on the surfaces.® In fact, a major part of the extract entrapped by the GMSN was adsorbed on the
surface, thus offering a burst release of ~45% at pH 5.5 which is almost twice as much as from the MSN-NH,
nanoparticles (*p < 0.05). Protonation of the surface amino groups at acidic pH also promoted the release of the extract
from the mesopores.** On the other hand, the release of cargo at physiological pH appeared less (**p < 0.01) due to
deprotonation of the surface galactose. This phenomenon was more evident (cumulative release <25%) when MSN-NH,

nanoparticles were dispersed in pH 7.4 medium. This pH-dependent release behaviour is one of the necessary features in
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entrapment efficiency of MSN-NH, and GMSN. (B) In vitro release of APE at pH 7.4 and pH 5.5. Data expressed as mean + SD (n = 3, *p < 0.05, *p < 0.01).

the design of cancer -cell targeted nanoparticle design. The mesoporous structure of nanoparticles also played its part in
the cargo release mechanism. As opposed to others nanocarriers, such as biopolymers and solid lipids, mesoporous silica
offers a higher surface area which is an important factor for cargo adsorption as well as for the burst release velocity.®
The release of the extract gradually reaches a maximum over 8 h in both acidic and physiological pH and follows
a steady state mass transfer thereafter.

Targeting Efficiency and Endosomal Escape

Galactose and its derivatives have been established as targeting ligands for the delivery of nanoparticles into HCC cells in
several works.**7%71-887 The FITC labelled GMSN (FI-GMSN) was used for cellular distribution studies in comparison
to the non-targeted particles, FI-MSN-NH, (Supplementary Figure 5). The Harmony® software (Supplementary Table 3)

allowed quantification of FI-GMSN in the intracellular regions of interest (ROIs) in specific cell organelles. HepG2 cells
were reported to express ASGPR at a density of 76,000 receptors/cell.®® Images obtained from the HepG2 and
SR5.0-HepG2 cell lines at 2 h of incubation (Figure 7A and B) revealed that the FI-MSN-NH, nanoparticles are attached
on the cell membranes but only very few were completely internalized by the cells over 24 h. The FI-GMSN, however,
showed early signs of internalization at 2 h, followed by saturation within 24 h (Figure 7A). Image analysis quantified
and compared to FI-MSN-NH, showed that the uptake of the FI-GMSN at 24 h was higher by 3.4 folds in both HepG2
(Figure 7C and D) and SR5.0-HepG2 cell lines, respectively (Figure 7E and F). Comparing between HepG2 and SR-
HepG2 cells (Supplementary Figure 6), our results (Figure 7D, F) indicated a similar uptake kinetic suggesting that

galactose surface functionalization continued to encourage nanoparticle uptake, although HepG2 cells developed
resistance to sorafenib. It was well established in other studies that ASGP receptors retain their expression during the
development of sorafenib resistance.*” Thus, galactose surface-modified, pH-switchable nanoparticles can be exploited
for the targeted delivery of anticancer agents to sorafenib-resistant HCC cells.

While galactose surface molecules ensure the selective uptake of nanoparticles into cancer cells via endocytosis, most
nanocarriers entering through this pathway are typically sequestered into acidic lysosomes. Thus, endosomal escape has been
considered as another “bottle-neck” for on-demand intracellular delivery and gene therapy.”>*" Although there is an ongoing
debate regarding the efficacy of various endocytosis escape assays (such as fluorescence correlation spectroscopy, NanoClick
and split green fluorescence protein),”> we adopted the standard AO stain in tandem with high content imaging modality
(Supplementary Table 4) to observe the presence and disruption of late endosomes over time. AO is a cell-permeant nucleic

acid-binding dye that produces red fluorescence in the acidic environment of lysosomes, but emits green fluorescence upon
leakage into the cytosolic compartment.”® Both the MSN-NH, and GMSN were able to disrupt the endosomes in normal
HepG2 cells gradually from the beginning until the end of the treatment phase (0 to 24 h, Figure 8A and B). It can be
hypothesised that, owing to the presence of surface amines, the nanoparticles are protonated inside the acidic endosomes and
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cause an influx of protons, counterions, and water molecules to counteract the buffered pH change. This “proton sponge”
phenomenon ultimately leads to vesicular disruption due to an osmotic imbalance.’* It is obvious that MSN-NH, have a higher
tendency to protonate and internalise inside the endosomes within 2 h, and their endosomal escape ability is slightly better than
the galactose modified nanoparticles (Figure 8E and F). However, the presence of endosomes in SR5.0-HepG2 cells appeared
prominent until 4 h of nanoparticle treatment (Figure 8G and H). Thereafter, leakage of endosomes occurred after 8 h,
signifying the escape of nanoparticles into the cytosol via vesicular disruption. Development of resistance in cancer cells is
often associated with lysosomal malfunction, that probably increased sequestering of the nanoparticles in SR5.0-HepG2
cells.” Disruption of the endosomal membrane and lysosomal distribution within cells returned to normal due to the
successful escape of nanoparticles from the endosomes within 8 h of treatment.

Anticancer Activity of MSN-NH,, GMSN and GMSN@APE on Non-Resistant and

Resistant HepG2 Cells

Both free APE and APE-loaded nanoparticles (MSN-NH,@APE and GMSN@APE) demonstrated a dose-dependent
chemotherapeutic effect in non-resistant HepG2 cells (Figure 9A), whereas non-loaded nanoparticles (MSN-NH, and
GMSN) demonstrated no cytotoxicity. However, the MSN-NH,@APE exhibited higher cytotoxicity than the free APE at
concentrations between 20 pug mL ™" and 80 ug mL™" (Figure 9A). Galactose functionalization of the nanoparticle surface
(GMSN@APE in Figure 9A) demonstrated marked enhancement of anticancer activity, especially at low doses (2040
ug mL™"). Therefore, with an ICso dose of 30.73 + 3.14 pg mL™', APE loaded GMSN nanoparticles (GMSN@APE)
elicit higher cell death than the free APE (50.9 + 0.83 ug mL™") and MSN-NH,@APE (39.78 + 1.07 pg mL™") after
24 h of incubation. This could be attributed to the galactose receptor-mediated enhanced endocytosis of GMSN@APE in
comparison with the unmodified nanoparticles and free APE within HepG2 cells. Exposure of the resistant cells
(SR5.0-HepG2) to APE also caused the dose-dependent reduction of cell viability (Figure 9C) at concentration between
20 and 100 pg mL ™' and revealed an ICs, dose of 62.58 + 2.29 pg mL™'. Cytotoxicity effects of MSN-NH,@APE
nanoparticles treatment on cell viability were higher (ICsy 54.61 + 0.66 ug mL™' vs APE), revealing that nanoparticle
encapsulation significantly reduced the viability of SR5.0-HepG2 cell line. Galactose functionalization, on the other
hand, again caused a striking decrease of ICs, value to 35.64 + 1.34 ug mL™' (vs MSN-NH,@APE) as well as cell
viability at the APE equivalent doses between 20 ug mL™" and 40 ug mL™". Versatility of APE and the nanoparticles was
further confirmed in Huh-7 cell lines, which have a medium hepatic differentiation rate and a different phenotype than
the HepG2 cells.®” While the ICs, dose of crude APE was 42.41 + 1.88 ug mL ™", the loaded MSN-NH, and GMSN
displayed 35.25 + 1.47 uyg mL™' (vs APE) and 21.86 + 0.83 pg mL ™" ICs, (vs MSN-NH,@APE) concentrations in Huh-7
cells, respectively (Figure 9E).

Detailed phytochemical analysis revealed that APE contains a mixture of polyphenols and procyanidins. The major
constituting compounds such as gallic acid (ICsq 69.17 uM), caffeic acid (ICs5y 1.75 uM) and catechin (ICso 150-200
pg mL™") have been known to be apoptosis inducers against HepG2 in their individual capacities.”®® It is therefore
obvious that high levels of procyanidins and polyphenols in the extract could exert a strong cytotoxic effect against
HepG2 cells. Encapsulation of the extract in mesoporous silica nanoparticles further increased the effects, probably due
to endocytosis and the higher solubility of the extract in the nano-form. This is a common phenomenon related to
encapsulation of chemotherapeutics.”” Moreover, the cytotoxicity studies showcase the advantage of galactose surface
modification for the management of sorafenib-resistant liver cancer and their capacity to significantly decrease the dose
requirements compared to free extracts.

Interestingly, LDH assay revealed that the extent of cell membrane damage caused by APE, ICs, dose (50 pg mL™"),
in the normal and SR-HepG2 cells was almost 35% (Figure 9B, D) following a 24 h exposure period, indicating that the
extract may have a base line of necrotic activity. The cationic nanoparticle surface is known to irritate the cell membrane
through electrostatic stress and can lead to systemic cytotoxicity via necrosis.'®®'°! The levels of LDH release remained
unchanged (p > 0.05) when normal and resistant HepG2 cells were treated with the nanoparticles. In contrast, LDH
leakage in the Huh-7 cells was low (7.53 + 1.89%) in response to the crude APE (Figure 9F). Amine modified
nanoparticles (MSN-NH,@APE) caused a dramatic increase in membrane damage in Huh-7 cells (53.77 = 5.13%)

International Journal of Nanomedicine 2024:19 hetps: 10359
ove!


https://www.dovepress.com
https://www.dovepress.com

Basu et al Dove
A HepG2 £ B HepG2
£ 100 mm 1/21Cs
3]
APE e = 11Cs
MSN-NH,@APE
£ =
= GMSN@APE 5 o
= MSN-NH, o
> L
X GMSN E’J
3
E 0 T T T T HL-TI:L
R Y &F & & &Y
e QY <~ &
& = S
2 S
&
E D SR5.0-HepG2
1
APE g 00 . 1/21Cs
MSN-NH,@APE & = 11Cs
]
£ GMSN@APE %
s MSN-NH, E
> GMSN S
= >
on
Z
g
=
a
—
[Concentrations of APE, pg/mL]
E Huh7 =
St
£ 100 mm 121C
APE S 30
8 MSN-NH,@APE £ = 11Cs
>
g + GMSN@APE £
= ~+ MSN-NH, o
> ~+ GMSN >
X o
&
-
g
/ =
0 20 40 60 80 100 =

[Concentrations of APE, ng/mL]

Figure 9 Anticancer activity of APE, MSN-NH2@APE and GMSN@APE on (A and B) HepG2, (C and D) SR5.0-HepG2 and (E and F) Huh-7 cells. Data were expressed as
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which was higher than the GMSN@APE (40.18 + 4.35%). This effect was concentration-dependent, in contrast to that
observed in HepG2 cells. The differential response of HepG2 and Huh-7 cells is based on the fact that the cells exhibit
alterations in their transcriptome and proteome which could affect the influx of a drug into various intracellular
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compartments.'°>'*> However, it was evident that encapsulated APE induced a certain degree of necrosis in different
HCC cell lines as well as in sorafenib-resistant conditions.

Conclusion

Avocado seeds are a rich source of polyphenols and procyanidins. These phytochemicals have been well established as
chemotherapeutic agents with multiple tumour-inhibitory mechanisms under drug-resistant conditions. However, their
clinical applications remain limited owing to their biopharmaceutical properties and expensive isolation protocols. Our
work showed that maceration could be an economical and scalable method for the extraction of anticancer ingredients,
including catechin, epicatechin, gallic acid, and caffeic acid, from avocado seeds. The extract demonstrated potential
anticancer activity against both non-resistant and sorafenib-resistant HCC cell lines. The delivery of fragile anticancer
molecules into the core of the TME remains a challenge for formulation scientists. Mesoporous silica nanoparticles were
explored for the first time as viable carriers for APE. We performed selective galactose modification on amino-
functionalized mesoporous silica particle surfaces to enhance anticancer activity using a pH-responsive release system.
Nanoparticle uptake and endosomal escape capacities appeared prominent in different HCC cell lines, which can enrich
drug accumulation at the target sites. APE-loaded MSN offered rapid release to reach therapeutic levels at acidic pH in
TME and exhibited significantly higher cytotoxicity in HCC cells than the free extract. Overall, the results suggest that
the developed charge-switchable mesoporous silica nanoparticles are potential carriers of plant extracts against drug-
resistant HCC. This strategy could also be applied to the encapsulation of other active compounds individually and in
bulk for precise delivery to target tumour sites in HCC.
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