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ABSTRACT
Mango seed kernel extract (MSKE) and its phytochemical compositions were investigated 
for their anticancer activities and synergistic effects with doxorubicin (DOX) against 
hepatocellular carcinoma (HCC) in both 2D and 3D culture models. Molecular docking 
studies were conducted to elucidate the mechanisms of DOX, MSKE, and major 
phytochemical components against overexpressed HCC-related proteins. Co-delivery of 
DOX and MSKE demonstrated significant synergistic anticancer activity in both models. A 
sequential nanotheranostic platform (SNP), consisting of MSKE encapsulated aminated 
hollow mesoporous silica nanoparticles capped with graphene quantum dots (GQD-MSKE-
NH2HMSNs) and DOX encapsulated HMSNs (DOX-HMSNs), was synthesized for HCC 
treatment. GQD conjugation allowed real-time cellular tracking and photothermal therapy 
(PTT). The SNP exhibited particle sizes of 96.12 ± 5.12 nm for GQD-MSKE-NH2HMSNs and 
94.99 ± 6.30 nm for DOX-HMSNs, both with positive surface charges. Encapsulation 
efficiency (%EE) and loading capacity (%LC) of GQD-MSKE-NH2HMSNs were 95.50 ± 0.20% 
and 46.72 ± 1.14%, respectively, while DOX-HMSNs achieved 96.42 ± 2.48 %EE and 
29.0 ± 0.70 %LC. GQD-MSKE-NH2HMSNs provided PTT and disrupted the tumor 
microenvironment, collagen type 1, thereby enhancing the penetration of GQD-MSKE-
NH2HMSNs in 3D-HCC spheroids. In parallel, DOX-HMSNs exhibited a pH-responsive drug 
release behavior, allowing controlled DOX delivery in the acidic tumor area. Therefore, the 
SNP demonstrated significantly higher anticancer efficacy than the combination of MSKE 
and DOX at equivalent concentrations and provided the synergistic effect of the triple 
combination therapy (herbal adjuvant, PTT and chemotherapy) against HCC.

1.  Introduction

Liver cancer was the third leading cause of cancer-related deaths worldwide in 2022, accounting for 
approximately 7.8% (>750,000 cases) of all cancer mortalities (Ferlay et  al. 2022). Hepatocellular carci-
noma (HCC), the most prevalent form of primary liver cancer, represents over 80% of all liver cancer 
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cases. The high incidence of death by HCC is associated with poor prognosis because the early diagnosis 
and treatment have not been fully developed (Yang et  al. 2019; Singal et  al. 2023). Notably, more than 
50% of the new cases have been diagnosed as the intermediate to advanced stages with a 5-year sur-
vival rate of approximately 1–1.5 years (Llovet et  al. 2021). The treatments including tumor removal, local 
ablation, chemotherapy, and immunological therapy have been the current first-line treatment in HCC 
patients, depending on HCC stages. Conventional chemotherapy drugs such as doxorubicin (DOX) have 
been studied for advanced HCC treatment over the past decade. However, the objective response rate 
of DOX was around 10% with an incidence of dose-dependent chronic cardiomyopathy and high devel-
opment of drug resistance (EASL, 2018). In recent years, combination therapies have been explored to 
enhance therapeutic outcomes while minimizing toxicity related side effects (Yang et  al. 2019; Singal 
et  al. 2023).

Natural products are valuable resources for the discovery of new anticancer drugs. In addition to their 
direct cytotoxic effects, they are increasingly recognized for their potential as adjuvants in cancer che-
motherapy, owing to their ability to mitigate chemoresistance and reduce the adverse effects of conven-
tional anticancer agents (Lin et  al. 2020). Mangifera indica L. (M. indica), commonly known as mango, 
contains several bioactive phytochemicals such as polyphenols, and terpenoids, depending on plant 
parts. Extracts from M. indica have demonstrated diverse biological and pharmacological properties, 
including antioxidants, anti-inflammatory, antimicrobial, hepatoprotective, and anticancer activities 
(Nithitanakool et al. 2009; Mirza et al. 2021). Notably, the ethanolic extract of mango seed kernels (MSKE), 
a by-product of the food industry, has shown the ability to induce apoptosis in breast cancer (MCF-7) 
cells, in vitro (Abdullah et  al. 2015). Furthermore, in vitro antiproliferation effects of the MSKE were 
reported against breast cancer cells (MDA-MB-231), liver cancer (HepG2), and leukemia (HL-60) cells. 
These anticancer activities are believed to be largely attributed to penta-O-galloyl-glucoside (PGG) and 
its analogs with different galloyl groups (gallotannins) (Luo et  al. 2014). It would be of interest to com-
pare the anticancer activity between the MSKE and PGG, as well as to evaluate the potential synergistic 
effects between MSKE or PGG and chemotherapeutic agents, in order to better understand their com-
bined mechanisms against HCC.

Another combination that has gained considerable attention is chemotherapy coupled with photo-
thermal therapy (PTT) because the PTT enhances the sensitivity of cancer cells to chemotherapeutic 
drugs by inducing DNA damage and mediating the tumor microenvironment (TME) (Issels 2008). The 
TME acts as a physical barrier that plays a critical role in limiting anticancer drug penetration (He et  al. 
2023). The photothermal treatment could decrease the stiffness of extracellular matrix (ECM) in TME, and 
increase vascular permeability, consequently, escalating drug penetration at the tumor side (Marangon 
et  al. 2017). A triple combination therapy between herbal adjuvants, PTT, and chemotherapy may offer 
enhanced anticancer efficacy against HCC. In this study, a novel sequential nanotheranostic platform 
(SNP) based on a passive target strategy of therapeutic nanocarriers was designed to minimize side 
effects obtained from simultaneous delivery and to enhance the access of drug molecules to tumor sites 
(Shim et  al. 2017; Huang et  al. 2022).

Hollow mesoporous silica nanoparticles (HMSNs) have been broadly explored as nanocarriers for 
both hydrophilic and hydrophobic drugs due to their biocompatibility, biodegradability, high drug- 
loading capacity, versatile surface modification and pH-responsive drug release (Chen et  al. 2014; 
Kong et  al. 2017). Drug release from HMSNs can be triggered by both internal and external stimuli, 
and their surfaces can be engineered to facilitate controlled release, imaging, and targeted delivery 
(Chen et  al. 2014). Graphene quantum dots (GQDs), biocompatible carbon-based nanomaterials, pos-
sess unique optical and physicochemical properties, making them suitable for PTT in biomedical 
applications (Chong et  al. 2014). GQDs can efficiently convert near-infrared (NIR) light into heat 
through non-radiative relaxation and exhibit tunable fluorescence due to their tunable bandgap, sur-
face imperfections, and zigzag edges (Dar et  al. 2023). The surface capping of GQDs onto MSNs and 
HMSNs facilitates synergistic chemo-photothermal therapy while this also offers fluorescence imaging 
facility (Chen et  al. 2014; Yao et  al. 2017). Extending this strategy, the surface modification of HMSNs 
with GQDs can be further developed into a novel SNP for integrated combination cancer therapy.
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In this study, the optimal doses of MSKE and PGG providing synergistic effects with DOX were first 
identified and compared in both 2D-hepatoma cells (HepG2) and 3D-HepG2 spheroid models. The molec-
ular mechanisms of the major phytochemicals in MSKE including PGG, gallic acid (GA), and methyl gal-
late (MGA) were revealed using molecular docking with overexpressed target proteins in HCC. The novel 
SNP integrated a dual-nanocarrier system comprising MSKE-loaded aminated hollow mesoporous silica 
nanoparticles capped with graphene quantum dots (GQD-MSKE-NH2HMSNs) and doxorubicin-loaded 
HMSNs (DOX-HMSNs). This design enabled a sequential delivery strategy that offers triple combination 
therapy (herbal adjuvant, PTT, and chemotherapy) for the synergistic treatment of HCC. GQD-MSKE-
NH2HMSNs were initially administered to deliver PTT, thereby disrupting the TME and subsequently 
releasing MSKE into both 2D-HepG2 cultures and the internal core of 3D-HepG2 spheroids. The internal-
ization of GQD-MSKE-NH2HMSNs could be visualized via optical imaging due to the fluorescent proper-
ties of GQDs. Finally, DOX was released from DOX-HMSNs in response to the acidic pH in the tumor area. 
Altogether, this SNP system significantly enhanced anticancer efficacy by the synergistic effect and rep-
resents a promising strategy for HCC treatment.

2.  Materials and methods

2.1.  Materials

Ammonium hydroxide (NH4OH, 28%–30%), absolute ethanol, cetyltrimethylammonium chloride solution 
(CTAC, 25% wt. H2O), sodium carbonate (Na2CO3), 37% hydrochloric acid (HCl), tetraethyl orthosilicate 
(TEOS), triethylamine (TEA), (3-aminopropyl)triethoxysilane (APTES), 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), trifluoroacetic acid, Folin–Ciocalteu reagent, 
aluminum chloride (AlCl3), gallic acid (GA), and quercetin were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Methanol and acetonitrile (ACN) were purchased from Honeywell (Charlotte, USA). Graphene 
quantum dots (GQDs, 1 mg/mL) were purchased from Nanjing XFNANO Co. Ltd. (Jiangsu, China). 
Penta-O-galloyl-glucoside (PGG) was purchased from Biopurify Phytochemicals (Chengdu, China). 
Doxorubicin hydrochloride (DOX) was purchased from TCI (Tokyo, Japan). HepG2 cells were purchased 
from ATCC (Manassas, USA) and primary human hepatic stellate cells (HSCs) were purchased from Innoprot 
(Bizkaia, Spain). Immortalized hepatocyte-like cells (imHCs) were developed by transfecting human mes-
enchymal stem cells with hTERT plus Bmi-1 and the cells were routinely characterized using our previously 
published protocol (Sa-Ngiamsuntorn et  al. 2011). Cell culture media and supplements (details in cell cul-
ture section) were purchased from Cytiva (Massachusetts, USA). Endotoxin assay was purchased from 
Thermo Fisher Scientific (Massachusetts, USA). Acridine orange (AO) was purchased from Santa Cruze 
Biotechnology (California, USA). Collagen type 1 (COL1 (ab34710)) and donkey anti-rabbit Alexa Fluor647 
were purchased from Abcam (Cambridge, UK). WST-1 and LDH assay kit were purchased from Roche 
(California, USA). Paraformaldehyde and triton-X were purchased from Merck (Darmstadt, Germany). Bovine 
serum albumin (BSA) was purchased from Capricorn Scientific (Ebsdorfergrund, Germany). Annexin V, FITC 
apoptosis detection kit was purchased from Dojindo laboratories (Kumamoto, Japan).

2.2.  Mango seed kernel extraction, phytochemical studies, and quality controls

2.2.1.  Mango seed kernel extraction
Unripened Thai mango fruits (Mangifera indica L. cv. ‘Fahlun’) were purchased from a local Mahanak 
market. The fruit specimens were identified by R. Bavovada and a voucher specimen, no. R. B. 20007, 
was deposited for further reference at the Museum of Natural Medicine, Faculty of Pharmaceutical 
Sciences, Chulalongkorn University, Bangkok, Thailand. The mango seed kernels were cleaned and dried 
using a hot air oven at 60 °C for 24 h. The dried mango seed kernels were extracted by 95% v/v ethanol. 
The ethanol within MSKE was removed via rotary evaporation before the freeze-drying process for 48 h 
and was kept under vacuum at −20 °C until use (Nithitanakool et  al. 2009; Leanpolchareanchai et  al. 
2014; Jiamboonsri et al. 2015). The percentage yield of MSKE was calculated according to its fresh weight.
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2.2.2.  Assessment of total phenolic compounds by spectrometer
The total phenolic content in MSKE was determined using the Folin-Ciocalteu method (Aryal et  al. 2019). 
Briefly, 8 µL of MSKE solution (0.5 mg/mL) or gallic acid (GA; 0.1–0.75 mg/mL) was mixed with 40 µL of 
10% (v/v) Folin-Ciocalteu reagent. Deionized (DI) water, 120 µL, and 7.5% (w/v) Na2CO3, 32 µL, were sub-
sequently added to the mixture and incubated in dark condition at room temperature (25 ± 1 °C) for 
30 minutes (min). Afterward, the absorbance was measured by a UV-VIS spectrophotometer (Tecan, 
Switzerland) at the wavelength of 765 nm. The data were extrapolated as g of GA equivalent per 100 g 
of dry extract (g GAE/100 g extract) with standard deviation (SD).

2.2.3.  Assessment of total flavonoid by spectrometer
The total flavonoid contents in MSKE were also quantitatively analyzed using aluminum chloride (AlCl3) 
method (Aryal et  al. 2019). In brief, 0.1 mL of MSKE solution (1 mg/mL) or quercetin (QE; 5–50 µg/mL) was 
mixed with 0.1 mL of 2% (w/v) AlCl3 solution (Sigma-Aldrich, St. Louis, USA) for 10 min at room tempera-
ture (25 ± 1 °C). Then, the absorbance was measured using a UV-VIS spectrophotometer (Tecan, Switzerland) 
at the wavelength of 415 nm. The outcome data were expressed as g of QE equivalent per g of dry 
extract (g QE/100 g extract) with SD.

2.2.4.  Assessment of PGG by high performance liquid chromatography (HPLC)
The quantitative determination of PGG content in MSKE was performed using HPLC on Shimadzu HPLC 
system equipped with DGU-20A5R degassing unit, Prominence LC-20AD pumping system, SIL-10AD VP 
autoinjector, and SPD-10A VP UV/VIS detector (Shimadzu Scientific Instruments, Kyoto, Japan) 
(Leanpolchareanchai et  al. 2014). The integration and system parameters were controlled by LC solution 
software (Shimadzu Scientific Instruments, Kyoto, Japan). An ACE column (C18; 250 mm × 4.6 mm i.d., 
particle size 5 μm; Advanced Chromatography Ltd., UK) with a guard column was used as a stationary 
phase. The elution was performed using gradient solvent systems with a flow rate of 1.2 mL/min at room 
temperature (25 ± 1 °C). The mobile phase consisted of 0.1% trifluoroacetic acid (Sigma-Aldrich, St. Louis, 
USA) in DI water (solvent A) and Acetonitrile (ACN, Honeywell, Charlotte, USA) (solvent B). The total run 
time was 25 min and the gradient program was set as follows: 20% B to 25% B for 3 min, 25% B to 95% 
B for 2 min, 95% B for 8 min, 95% B to 20% B for 2 min, and 20% B for 10 min, respectively. MSKE and 
the reference standard, PGG, were dissolved in DI water and methanol, respectively, and the sample 
injection volume was 10 μL. UV detection was performed by monitoring the absorbance signal at the 
wavelength of 280 nm. The identification of PGG in MSKE was based on the comparison of the retention 
time and UV spectrum of the unknown sample peaks with the reference standard, PGG. The retention 
time of PGG was 4.29 min. The HPLC method was validated for its linearity, precision, accuracy, limit of 
detection (LOD) and limit of quantitation (LOQ) as per the International Conference on Harmonization 
(ICH) guidelines. The PGG calibration curve concentration range was 0.2–12.6 μg/mL. The calibration 
curve linear equation was y = 22326x − 3779.7 and the linear correlation coefficient (r2) was 0.9996. The 
intra-day and inter-day precision of PGG was evaluated using three concentrations (0.4, 1.5, and 6 μg/mL) 
and the coefficient of variation was lower than 2%. The method accuracy was determined using a recov-
ery study conducted at three different concentrations (0.4, 1.5, and 6 μg/mL), and the average recovery 
was 99.89 ± 1.12%. The LOQ and LOD for the PGG chromatographic determination were 0.20 and 0.05 μg/
mL, respectively.

2.2.5.  Heavy metal residue analysis
Heavy metal residues in MSKE namely, arsenic (As), cadmium (Cd), lead (Pb) and mercury (Hg) were 
determined according to the Association of Official Analysis Chemists (AOAC) official method of 
analysis (Latimer 2019). The amounts of As and Hg were determined using flame atomic absorption 
spectroscopy, while the quantities of Cd and Pb were determined using graphite furnace atomic 
absorption spectroscopy. The analyses were performed by the National Food Institute (NFI), Bangkok, 
Thailand.
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2.2.6.  Pesticide residue analysis
Pesticide residues (organochlorines, organophosphates, pyrethroids, and carbamates) in MSKE were 
determined using a multi-pesticide residue screening (Lee et  al. 1991). The analyses were performed by 
NFI, Bangkok, Thailand.

2.2.7.  Total aflatoxin analysis
Total aflatoxin in MSKE was determined using a fluorometer according to AflaTest® fluorometer instruc-
tion manual, developed by VICAM. The analysis was performed by NFI, Bangkok, Thailand.

2.2.8.  Moisture content analysis
Moisture content of MSKE was analyzed using a MA50.R moisture analyzer (Radwag, Poland) at a tem-
perature of 105 °C with fully automatic shutoff mode enabled at the end of analysis when a constant 
weight of sample was obtained (DMSc, 2020). A sample of approximately 400 mg was added to an alu-
minum pan and distributed evenly before analysis. The moisture content determination was performed 
in triplicate and expressed as percentage.

2.2.9.  Endotoxin assay
An endotoxin assay was performed using Pierce™ LAL Chromogenic Endotoxin Quantitation Kit. All glass-
ware used for collecting MSKE, extracting steps, and LAL assay were sterilized at 120 °C for at least 2 h.

2.3.  Molecular modeling

In silico molecular docking calculations using AutoDock Vina (version1.2) (Eberhardt et  al. 2021) were 
employed to analyze molecular mechanisms of main phytochemical compounds including pentagalloyl 
glucose (PGG), methyl gallate (MG), and gallic acid (GA) within MSKE in comparison with DOX, as the 
reference for conventional treatments. Crystallographic structures of the target proteins, including epider-
mal growth factor receptor (EGFR), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha 
(PIK3CA), transforming growth factor beta receptor I (TGFβRI), and vascular endothelial growth factor 
(VEGF) were obtained from Protein data bank (PDB) (Berman et  al. 2000; Stamos et  al. 2002; Sawyer et  al. 
2004; Mandelker et  al. 2009; Bold et  al. 2016). The binding energy score from the best binding mode of 
each MSKE compound and DOX was estimated and compared to the standard inhibitor found in com-
plex with the target protein, referred as the ‘redocking’ calculations from crystallographic structural data 
(Erlotinib (EGFR inhibitor), Wortmannin (PIK3CA inhibitor), LY-580276 (TGFβR1 inhibitor), and AAL993 
(VEGF inhibitors)). After the calculations, selected binding complexes with better binding energy scores 
than the standard inhibitors were visualized by the visual molecular dynamics (VMD) software and 
Ligplot (Humphrey et  al. 1996; Laskowski and Swindells 2011).

2.4.  Anticancer activities of MSKE, phytochemical compounds, DOX, and combinations against 
2D-HepG2 and 3D-HepG2 spheroid models

2D-HepG2 cells were exposed to MSKE, PGG, GA, MGA, and DOX and were analyzed using the cell prolif-
eration reagent WST-1. In brief, HepG2 cells were routinely seeded at 30,000 cells/well and cultured into 
each well of a 96-well plate, in completed medium containing Dulbecco’s modified eagle medium (DMEM) 
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin antibiotics and maintained at 37 °C with 
5% CO2 incubator. At a confluence, the cells were exposed to MSKE, PGG, GA, MGA, and DOX at concen-
trations ranging from 0 to 1000 µg/mL (MSKE), 0–200 µg/mL (PGG, GA, and MGA), and 0–100 µg/mL (DOX), 
respectively, for 24 h. The exposed media were removed and the fresh media with tetrazolium salt of 
WST-1 (1:10 final dilution following manufacturing protocol) were added to the cells. The cells were then 
incubated at 37 °C with 5% CO2 for 15 minutes. After 15 min, the media were collected into the new 
96-well plate and measured absorption at the wavelength of 440 nm. The percentage of cell viability was 
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calculated according to the control of non-treated cells, and data were presented as the percentage of cell 
viability in proportion to that of the non-treated cells with SD. In addition, 50% inhibitory concentration 
(IC50) values of MSKE, PGG and DOX were calculated. The different concentrations between either MSKE or 
PGG with DOX (MSKE-DOX and PGG-DOX) at the same ratio were also investigated for the synergistic 
effect. The effects of combined treatment were determined using the combination index analysis (CI) fol-
lowing the Chou-Talay method (Chou 2010). The CI will be calculated by CompuSyn software (Version 1.01, 
ComboSyn, Inc., Paramus, NJ, USA). The results were expressed as CI values, where CI <1, CI =1, and CI >1 
indicated synergistic, additive, and antagonistic effects, respectively (Chou 2010; Ediriwickrema et  al. 2014). 
The combined synergistic effects were further assessed the toxicity against 3D-HepG2 models.

For 3D-HepG2 mono and coculture models, the spheroids were exposed to DOX, MSKE and/or PGG 
at concentrations based on their IC50 values obtained from 2D-HepG2 culture model. HepG2 cells were 
seeded at range 800–1,000 cells/well in 96-ultralow attachment plates to fabricate the 3D-HepG2 mono-
culture model while, HepG2 cells were seeded at range 800–1,000 cells/well of the 96-ultralow attach-
ment plates with 10% primary HSCs to form the 3D HepG2 coculture spheroids and maintained at 37 °C 
with 5% CO2 according to our previous work (Sae-be et  al. 2023). At day 10 after seeding, the 3D HepG2 
spheroids were exposed to DOX, MSKE and the combined MSKE-DOX at concentrations 1, 2, 5, and 10 
times of their IC50 obtained from 2D-HepG2 cells for 24 h at 37 °C with 5% CO2. After incubation, 3D-HepG2 
spheroids were, then, rinsed with Dulbecco’s phosphate buffer saline (DPBS) and further incubated with 
the medium containing WST-1 for 3 h in 3D-HepG2 spheroids. The medium was collected and measured 
the absorbance at the wavelength of 440 nm. The percentage of cell viability was calculated according 
to the control of non-treated cells, and data were presented as the percentage of cell viability in propor-
tion to that of the non-treated cells with SD. The different ratios of MSKE-DOX were also investigated. 
The percentage of cell viability was calculated as mentioned above. Experiments were performed in trip-
licate (n = 3).

2.5.  Anticancer activity of MSKE against 3D-imHC spheroids

Immortalized hepatocyte-like cells (imHCs) were developed by transfecting human mesenchymal stem 
cells with hTERT plus Bmi-1 (Sa-Ngiamsuntorn et  al. 2011) and the cells were routinely characterized 
using our previously published protocol. imHC cells were routinely cultured in completed DMEM. At 
confluence more than 90%, imHC cells were seeded at range 800–1,000 cells/well of an ultralow attach-
ment 96-well plate with 10%HSCs to form imHC coculture spheroids according to our previous work 
(Sae-be et  al. 2023). The media were changed every 3–4 days after seeding. At day 10 after seeding, the 
3D imHC spheroids were exposed to MSKE at concentrations ranging 0–1,200 µg/mL for 24 h. Viability of 
3D-imHC spheroids was evaluated after exposing to MSKE for 24 h, using WST-1 assay as described above 
(in section 2.4). The percentage of cell viability was calculated according to the control of non-treated 
cells, and data were presented as the percentage of cell viability in proportion to that of the non-treated 
cells with SD. The experiments were done in triplicate (n = 3).

2.6.  HMSN synthesis, characterization and drug encapsulation

2.6.1.  Preparation of HMSNs, NH2HMSNs, and GQD-NH2HMSNs
HMSNs were synthesized by a hard-template method using dense silica nanoparticles (dSiO2 NPs) as 
cores before modifying surface and etching process (Wu et  al. 2013). Firstly, dSiO2 NPs were synthesized 
by the modified StÖber method (Greasley et  al. 2016). In brief, 20 mL absolute ethanol was mixed with 
7 M of DI water and 0.11 M of 28%–30% ammonium hydroxide (NH4OH,). Then, the mixed solution was 
stirred for 10 min before adding 0.28 M of tetraethyl orthosilicate (TEOS) to react at room temperature 
(25 ± 1 °C) overnight. Afterward, dSiO2 NPs, 10 mL, were washed and resuspended in DI water. Secondly, 
dSiO2 NPs were modified the surface to form mesoporous character. Cetyltrimethylammonium chloride 
solution (CTAC, 2 g) and triethylamine (TEA, 20 mg) were dissolved in 20 mL of DI water and stirred for 
1 h before adding the 10 mL of resuspended dSiO2 NPs. TEOS, 0.15 mL, was dropwise added into the 
mixture. The reaction took place at 80 °C for 1 h with vigorous stirring at 400 rpm. The etching process 
involved solubilizing the cores with Na2CO3 solution (Chen et  al. 2014; Kong et  al. 2017). The mixture was 
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cooled down to 50 °C before adding 500–850 mg of Na2CO3 under vigorous stirring for 30–45 min to form 
the hollow structure. CTAC in HMSNs was removed by ultrasonic extraction using acidic ethanol (37% 
(w/w) hydrochloric acid (HCl): absolute ethanol, 4:100 v/v) for 5 cycles at 12,000 rpm for 20 min, each, and 
then, dried under vacuum (Kong et  al. 2017; Liu et  al. 2019). Amino group (NH2) modification at surfaces 
of HMSNs (NH2HMSNs) was carried out by dispersing 40 mg of HMSNs in 20 mL of toluene, followed by 
the addition of 1 mL of (3-aminopropyl) triethoxysilane (APTES). The system was kept and stirred at 80 °C 
with N2 atmosphere for 24 h. The suspension of NH2HMSNs was centrifuged at 12,000 rpm for 15 min and 
rinsed by ethanol at least 3 times to remove toluene (Liu et  al. 2016; Ezzati et  al. 2019). NH2HMSNs were 
further employed to load MSKE before capping by GQDs. To fabricate GQD-NH2HMSNs, 5 mL of GQDs 
(1 mg/mL) were activated by 10 mg/mL of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 
(EDC) and 5 mg/mL of N-hydroxysuccinimide (NHS) for 4 h at room temperature (25 ± 1 °C). Subsequently, 
20 mg of NH2HMSNs resuspended in 1 mL of DI water, was slowly added into the activated GQDs solution 
and the reaction mixture was stirred for 24 h in a dark condition at 4 °C. GQD-NH2HMSNs were collected 
by centrifugation at 12,000 rpm for 15 min and then washed with DI water at least 3 times to remove the 
residual EDC, NHS, and GQDs before drying in a vacuum (Yao et  al. 2017). The synthesized NPs were 
characterized for particle size, particle size distribution (TEM, NanoZiser ZS) and surface charge density 
(NanoZiser ZS). Chemical structures of NPs and the remaining CTAC and toluene were observed using FTIR.

2.6.2.  Preparation of DOX-HMSNs and GQD-MSKE-NH2HMSNs
HMSNs, 20 mg, incubated with DOX solution (0.5 mg/mL in PBS, 12 mL) for 24 to prepare DOX-HMSNs. 
While 20 mg of NH2HMSNs was incubated with MSKE solution (0.5 mg/mL in PBS, 20 mL) at room tem-
perature (25 ± 1 °C) for 24 h. Then, the mixtures were stirred for 24 h at 600 rpm. The suspensions of 
DOX-HMSNs and MSKE-NH2HMSNs were centrifuged at 12,000 rpm for 15 min and washed by DI water to 
remove the unbound DOX and unbound MSKE. The supernatants were collected and measured the con-
centrations of DOX at the wavelength of 480 nm to calculate the % encapsulation efficiency (%EE) and 
% loading capacity (%LC) following the Eqs. (1) and (2), respectively (Zhang et  al. 2014). DOX-HMSNs 
were dried in a vacuum at room temperature (25 ± 1 °C). The dry powder of DOX-HMSNs was obtained 
and further used for the next experiments.

	 % /EE Weight of druginnano carriers Initialweight of drug 1=( )× 00� (1)

	 % /LC Weight of druginnano carriers Weight of drug loadednano carr= − iiers 1( )× 00� (2)

The amount of PGG in the supernatants (analyzed by HPLC) was used as a phytochemical marker to 
calculate the concentration of MSKE. %EE and %LC of MSKE in NH2HMSNs were determined following 
the Eqs. (1) and (2) above. MSKE-NH2HMSNs were further capped with GQDs at the surface using the 
same protocol to fabricate GQD-NH2HMSNs (as previously described in the synthesis section).

2.6.3.  Hydrodynamic diameter (HD), size distribution, and zeta potential analysis
The hydrodynamic diameter (Z-average) and polydispersity index (PDI) of the resuspended dSiO2 NPs, 
HMSNs, DOX-HMSNs, and GQD-MSKE-NH2HMSNs (10 µg/mL in DI water) were measured by dynamic light 
scattering (DLS) using a Zetasizer Nano (Malvern, UK). The resuspended HMSNs, NH2HMSNs, 
GQD-NH2HMSNs, DOX-HMSNs, MSKE-NH2HMSNs, and GQD-MSKE-NH2HMSNs (10 µg/mL in DI water) were 
measured zeta potential using the Zetasizer Nano (Malvern, UK). The experiments were conducted in 
triplicate (n = 3) with 10 readouts on each experiment.

2.6.4.  Surface area, pore volume, and pore size analysis
The N2 adsorption/desorption isotherms were obtained using Autosorb iQ-MP (Anton Paar, Austria). BET 
(Brunauer-EmmettTeller) multipoint analysis was used to calculate the specific surface area. The pore 
volume and distribution measurements were obtained using Barrett-Joyner-Halenda (BJH) methods 
(Pinna et  al. 2021). The samples were prepared by degassing at 200 °C for 24 h at 10 °C/min before the 
analysis.
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2.6.5.  TEM analysis
Samples for size and morphology analysis using transmission electron microscopy (TEM) were pre-
pared by applying the suspension of NPs on lacey carbon-coated copper TEM grids, 200 mesh, 
placed over parafilm on filter paper. The samples were diluted to one-tenth of the original con-
centration by combining 30 µL of NP suspension with 270 µL of absolute ethanol for dSiO2 NPs 
and HMSNs and DI water for GQDs, GQD-NH2HMSNs, DOX-HMSNs, and GQD-MSKE-NH2HMSNs. The 
samples were mixed well, and then 10 µL of NP suspension was pipetted onto the grids. Grids 
were left to deposit for 20 min before excess samples were absorbed by the filter paper. Samples 
were kept in a desiccator before viewing. The sample grids were observed using JEOL 2010 trans-
mission electron microscope (JEM-2010, JEOL, Japan) operated at an accelerating voltage of 200 kV 
using magnification 10K–500K to examine the morphology and size. High resolution TEM (HR-TEM) 
was performed on an image-corrected JEOL 2010 TEM operated at 200 kV using magnification 
600K to examine the morphology of GQDs using selected area electron diffraction (SAED) pat-
tern mode.

2.6.6.  Fourier transform-infrared spectroscopy (FT-IR)
The functional groups of DOX, MSKE and all designed NPs (powder form) were elucidated using an 
attenuated total reflection (ATR) for FT-IR spectroscopy. Samples of NPs, DOX, and MSKE were recorded 
using Nicolet iS5 FT-IR Spectrometer (Thermo Fisher Inc., Massachusetts, USA). The measurement was 
conducted in the range of 4000–400 cm−1 at a resolution of 4 cm−1.

2.7.  Photothermal property of GQD-MSKE-NH2HMSNs

To measure the photothermal property of GQD-MSKE-NH2HMSNs, different concentrations (0.1, 0.25, 0.5, 
and 1.0 mg/mL) of GQD-MSKE-NH2HMSNs suspension, 200 µL, in the 96-well plate were exposed to a 
785 nm laser (Changchun New Industries Optoelectronics Technology, Changchun, China) at 3.0 W/cm2 for 
10 min. While GQD-MSKE-NH2HMSNs suspension at 0.5 mg/mL was irradiated by different power intensi-
ties (0.5, 1.0, 2.0, and 3.0 W/cm2). A thermometer using a NIR camera (InfiRay (C200Pro), Yantai, China) 
was employed to measure the temperature profiles during irradiation. Furthermore, the photostability of 
GQD-MSKE-NH2HMSNs, 0.5 mg/mL, was detected using on-off cycles (5 cycles) at 785 nm NIR laser with 
3.0 W/cm2 (Chen et  al. 2014; Yao et  al. 2017).

2.8.  Drug release study

In vitro drug release study of DOX-HMSNs was performed via centrifugation method in PBS at pH 5.0 and 
pH 7.4 (Kong et  al. 2017). Briefly, 2.0 mg of DOX-HMSNs was suspended in 1 mL PBS medium before 
placing in the shaking incubator (ThermoMixer®C, Eppendorf, Germany) with a shaking speed of 1,000 rpm 
at 37 °C. At time (T) = 0, 2, 4, 6, 8, 18, 20, 24, and 48 h, the sample tubes were collected and centrifuged 
at 12,000 rpm for 20 min. The supernatants, 800 µL, were collected and quantified the release of DOX 
using a UV-VIS spectrophotometer (Tecan, Switzerland). The collected volume of medium, 800 µL, was 
replaced by the fresh medium, and the sample tubes were placed back into the shaking incubator for 
the release profile study for 48 h. The amount of the released DOX in the supernatants was measured 
using a UV-VIS spectrophotometer (Tecan, Switzerland) at a wavelength of 480 nm. The calibration curve 
linear equations at pH 7.4 were, y = 0.0009x + 0.0248 with r2 of 0.9999, and at pH 5.0, y = 0.0107x + 0.045 
with r2 of 0.9996, respectively.

Meanwhile, in vitro drug release of GQD-MSKE-NH2HMSNs was performed at 50 °C at the same pH 
conditions and time points between 0 and 48 h. GQD-MSKE-NH2HMSNs, 3.0 mg, were dispersed with 1 mL 
PBS medium and put in a shaking incubator with the shaking speed at 1,000 rpm at 50 °C for 48 h. The 
supernatants, 800 µL, were filtered through the membrane filter, and the filtrates were assayed using 
HPLC. The quantity of MSKE was calculated from the content analysis of PGG using HPLC 
(Leanpolchareanchai et  al. 2014; Jiamboonsri et  al. 2015).
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2.9.  Collagen depleting in 3D-HepG2 spheroids by GQD-MSKE-NH2HMSNs

3D-HepG2 spheroids were exposed to GQD-MSKE-NH2HMSNs (0.5 mg/mL) in medium and incubated for 
6 h. Consequently, the 3D-HepG2 spheroids were irradiated by NIR laser, at 785 nm with 3.0 W/cm2, for 
10 min. The irradiated spheroids were incubated at 37 °C and 5% CO2 for 15 min, 30 min and 1 h before 
fixing with 4% paraformaldehyde. The fixed spheroids were permeabilized and blocked with 0.1% 
Triton-X100 in PBS and with 1% Bovine serum albumin (BSA) and 10% FBS in PBS for 1 h at 25 °C, respec-
tively. Next, the 3D-HepG2 spheroids were incubated with rabbit anti-collagen type I (COL1) antibody 
(AB34710) at dilution 1:200 overnight at 2 –8 °C in the refrigerator. The samples were, then, rinsed several 
times with PBS before incubating with a secondary donkey anti-rabbit antibody with Alexa Fluor 647 
(1:500) for 2 h. Finally, the samples were rinsed and mounted with a mounting medium. The 3D samples 
were visualized using High Content Screening (HCS) System, Opera PhenixTM Plus (Revvity, Massachusetts, 
USA). Images were taken with laser power of 100% and exposure time of 800 ms. The stack images were 
analyzed using Harmony software (version 5.0). The background fluorescence of non-treated cells and 
non-stained samples were used to optimize the range of fluorescent intensity in image analysis. Mean 
fluorescent intensity (MFI) of COL1 per area (µm2) was calculated.

2.10.  Cellular uptake of NPs

In brief, 2D-HepG2 cells were routinely seeded at 30,000 cells/well in 96-well plates. At the confluence, 
2D-HepG2 cells were incubated with GQD-MSKE-NH2HMSNs (0.1 mg/mL) in culture medium for 6 and 
24 h. Following treatment, the 2D-HepG2 cells were stained with acridine orange (AO) that accumulates 
in lysosomes due to their acidic environment for 15–30 min. For the 3D model, HepG2 spheroids were 
treated with GQD-MSKE-NH2HMSNs (0.1 mg/mL) in culture medium on day 10 after seeding and incu-
bated for 6 and 24 h before AO staining for 30–45 min and viewing. In PTT treatment group, after the 
GQD-MSKE-NH2HMSN exposure, 3D-HepG2 spheroids were irradiated by NIR laser at the wavelength of 
785 nm with 3.0 W/cm2 for 10 min. Post irradiation, the 3D-HepG2 spheroids were stained with AO as 
mentioned above. For visualization, after AO staining both 2D-HepG2 and 3D-HepG2 models were 
washed several times with PBS and the fresh pre-warmed media were added. The samples were visual-
ized using HCS System, Opera PhenixTM Plus (Revvity, Massachusetts, USA). The stack images were ana-
lyzed using Harmony software (version 5.0). Mean fluorescence intensity (MFI) per area (µm2) of 
GQD-MSKE-NH2HMSNs in each group was calculated by Harmony software (version 5.0). Fluorescence 
from non-treated cells (control; T = 0 h) was quantified and applied as a baseline to subtract background 
intensity during image analysis.

2.11.  Anticancer activity of DOX-HMSNs, GQD-MSKE-NH2HMSNs, and SNP against 2D-HepG2 
cells and 3D-HepG2 spheroids

Cell density to fabricate 2D and 3D-HepG2 models following methods in 2.4 anticancer activity of MSKE, 
phytochemical compounds, DOX and combinations against 2D-HepG2 and 3D-HepG2 spheroid models. 
The viability of 2D-HepG2 cells and 3D-HepG2 spheroids was assessed following each treatment includ-
ing DOX-HMSN treatment group, GQD-MSKE-NH2HMSN treatment group, and the SNP treatment group 
(triple combination therapy) using WST-1 assay. The SNP treatment consists of 3 steps: (i) exposure to 
GQD-MSKE-NH2HMSNs, (ii) the NIR laser irradiation at the wavelength of 785 nm, and (iii) exposure to 
DOX-HMSNs, respectively.

For the 2D model, at confluence, the cells were divided into 3 groups and treated as mentioned 
above. In the SNP treatment group, cells were first incubated with GQD-MSKE-NH2HMSNs for 6 hours, 
followed by NIR laser irradiation at 785 nm (3.0 W/cm2) for 10 min. After irradiation, cells were incubated 
for an additional hour before exposure to DOX-HMSNs. The exposed concentrations of MSKE and DOX 
were ranged from 1/8 IC50(2DHepG2) to 1 IC50(2DHepG2) of each compound based on non-encapsulated drugs, 
and in SNP treatment group the same concentration ranges of MSKE and DOX were applied. Following 
24-hour incubation period with DOX-HMSNs, both 2D models were rinsed with DPBS and incubated with 
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the medium containing WST-1 for 15 min (2D-HepG2 model). The medium was collected and measured 
the absorbance at the wavelength of 440 nm.

For the 3D models, after day 10 the spheroids were divided into 3 groups and treated as mentioned 
above. The exposed concentrations of MSKE and DOX were ranged from 1/8 IC50(3DHepG2) to 1 IC50(3DHepG2) 
of each compound based on non-encapsulated drugs, and in SNP treatment group the same concentra-
tion ranges of MSKE and DOX were applied. Following 24-hour incubation period with DOX-HMSNs, 
3D-HepG2 models were rinsed and incubated with the medium containing WST-1 for 3 h. Then the 
medium was collected and measured the absorbance at the wavelength of 440 nm. In addition, the 
effect on spheroid size (diameter, µm) in each treatment group was measured based on the outmost 
edge of each tumor spheroid and calculated as the square root of two orthogonal diameters: the longest 
axis (d1) and the shortest axis (d2) (D = √d1d2) (Shi et  al. 2018).

All experiments were performed in triplicate (n = 3). The anticancer efficacy of each treatment was 
evaluated by comparing cell viability to that of the single-agent treatments and the combination of 
non-encapsulated MSKE and DOX.

2.12.  Cell death mechanism

2.12.1.  Lactate dehydrogenase (LDH) assay
The extent of cell membrane damage caused by DOX, MSKE, GQD-MSKE-NH2HMSNs, DOX-HMSNs, and 
SNP, was evaluated using the LDH assay for 24 h exposure period according to the manufacturer’s instruc-
tions. 2D-HepG2 cells were seeded at a density of 30,000 cells/well in 96-well plates and cultured until 
reaching confluence. The cells were then treated with DOX, MSKE, GQD-MSKE-NH2HMSNs, DOX-HMSNs, 
and the SNP formulation at their IC50 concentrations for 24 h. Subsequently, 50 μL of cell-free medium 
from each group was mixed with 50 μL of freshly prepared LDH mixture (containing the LDH substrate 
and assay buffer) in a 96 well plate. The control and positive control groups were cells without any 
treatment and cells with the addition of lysis buffer (indicating maximum LDH release), respectively. 
Another control group was unloaded NPs that were used to confirm the noninterference of the NPs with 
the assay. The plate was incubated in the dark for 30 min, and the absorbance was recorded at 490 nm. 
Data were calculated according to LDH manufacturing protocol.

2.12.2.  In vitro cell apoptosis assay
2D-HepG2 cells were seeded at a density of 30,000 cells/well in 96-well plates and cultured until reach-
ing confluence. For 3D spheroids cells were seeded as mentioned in Section 2.4. The cells were then 
treated with DOX, MSKE, GQD-MSKE-NH2HMSNs, DOX-HMSNs, and the SNP formulation at their IC50 con-
centrations for 24 h. Untreated cells served as the control group. Following treatment, cells were har-
vested and washed with DPBS, then resuspended in Annexin V binding buffer before staining by Annexin 
V-FITC (Excitation/Emission: 499 nm/518 nm) and propidium iodide (PI, Excitation/Emission: 535 nm/617 nm) 
for 15 minutes in the dark at room temperature. The cells were stained with PI (seeing in red at nuclei 
as PI intercalation with the DNA) and annexin V (seeing green at cell membrane as annexin V selectively 
bind to phosphatidylserine on the cell membrane). Viable cells were identified as those negative stained 
of both Annexin V-FITC and PI. To identify the three stages of cell death, early apoptosis, late apoptosis, 
and necrosis, we quantified number of cells observed in green at cell membrane (as early apoptosis), 
red at nuclei together with green at the cell membrane of the same cell (as late apoptosis), and red at 
the nuclei (as necrosis), respectively. The stained cells were then imaged using a High Content Screening 
(HCS) System, Opera Phenix™ Plus and analyzed by Harmony software (version 5.0) (Revvity, 
Massachusetts, USA).

2.13.  Statistical analysis

Data were presented as the mean ± standard deviation (SD) where three independent experiments were 
performed. The data will be first tested by Shapiro-Wilk normality test (α = 0.05, p > 0.05) to confirm a nor-
mal distribution (Graph Pad Prism version 10.0). The difference in the collagen depletion assay, anticancer 
activity assay of non-encapsulated drugs, the single platform (DOX-HMSNs or GQD-MSKE-NH2HMSNs) and 
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the SNP groups at different concentrations, and LDH assay were analyzed using one-way ANOVA with a 
post-hoc (Tukey’s) test to confirm differences. Significant differences in drug release conditions, size alter-
ation of spheroids were determined using two-way ANOVA with a post-hoc, Bonferroni. The difference in 
cell death mechanism was determined using two-way ANOVA with a post-hoc, Tukey’s. The letters a and 
b were used to represent significant difference within treatment groups (early apoptosis (as control), late 
apoptosis and necrosis) and between treatment groups (non-treated groups as control), respectively. All 
statistical analysis will be performed using Graph Pad Prism version 10.0. Differences will be considered 
significant at *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001, n = 3.

3.  Results and discussion

3.1.  Mango seed kernel extraction, phytochemical studies and quality controls

MSKE extracted by the decoction method using 95% v/v ethanol and dried by the freeze-drying method 
was observed in light-brown powder with % yield of 9.36%. Total phenolic and total flavonoid contents 
of MSKE were 57.36 ± 1.38%g equivalent to gallic acid (GA)/100 g MSKE and 3.48 ± 0.91%g equivalent to 
quercetin (QE)/100 g MSKE, respectively. The results were consistent with the previous studies, in which 
the phenolic compounds were major compounds in MSKE (Mirza et al. 2021). In addition, the freeze-drying 
method could retain phenolic compounds due to a lack of heat-related damage (Sogi et  al. 2013). All 
impurity residues in MSKE met the requirements according to the Thai Herbal Pharmacopeia 2020 (DMSc 
2020). The contents of arsenic (As), cadmium (Cd) and mercury (Hg) were not detected at the detection 
limits of 0.010, 0.010, and 0.007 ppm, respectively, while the content of lead (Pb) was less than the quan-
titative limit (<0.03 ppm). The pesticide residues and total aflatoxin were not detected in MSKE. Moisture 
content is an important factor in determining the stability of powder storage. The percentage of mois-
ture content of MSKE was 4.86 ± 0.14% which aligned with the recommendation of Thai Herbal 
Pharmacopeia 2020, where the herbal product should contain less than 10% of moisture content to 
prevent product instability and microbial contamination (DMSc 2020). The endotoxin level was found to 
be between 0.0590 ± 0.006EU/mL, indicating low level endotoxin contained in MSKE.

The phytochemical profiles of compounds in MSKE were different depending on region of cultivation, 
extraction method and drying process. Several reports revealed that the phenolic compounds in MSKE 
consisted of GA, chlorogenic acid, caffeic acid, MGA, and gallotannins (Jiamboonsri et  al. 2015; Shaban 
et  al. 2023). Previous studies revealed the main phenolic compounds in MSKE obtained from M. indica 
cv. ‘Fahlun’ were PGG (61.28% w/w), MGA (0.68% w/w), and GA (0.44% w/w), respectively, using high 
performance-thin layer chromatography (HP-TLC) (Nithitanakool et  al. 2009). PGG was the highest yield 
in MSKE; therefore, the PGG was selected as a phytochemical marker to calculate the amount of MSKE 
(Nithitanakool et  al. 2009; Leanpolchareanchai et  al. 2014; Jiamboonsri et  al. 2015). Both HP-TLC and 
HPLC are employed to identify and quantify the main constituents within herbal extracts. However, HPLC 
provides more accurate data than HP-TLC for quantitative analysis (Leanpolchareanchai et  al. 2014; 
Loescher et  al. 2014; Jiamboonsri et  al. 2015), and the HP-TLC analysis could not separate between 
penta-O-galloyl-glucoside and other galloyltannins (hexa-, hepta-, octa, and nona-O-galloyl-glucoside) 
resulting in a high estimation of PGG (61.28%w/w) (Luo et  al. 2014). Therefore, PGG in MSKE was quan-
tified using HPLC. The concentration of PGG in MSKE was 9.26 ± 0.96% w/w which corresponds to results 
from our previous studies, 9.24 ± 0.96% w/w (Leanpolchareanchai et  al. 2014; Jiamboonsri et  al. 2015). 
The chromatogram of PGG, compared to standard PGG was showed in Figure S1.

Pharmacological activities of MSKE including anti-cancer and cancer prevention may relate to phenolic 
compounds (Nithitanakool et  al. 2009; Mirza et al. 2021; Shaban et  al. 2023). MSKE exhibited strong 
antiproliferative activity against HepG2 ranging from 33.91 to 41.50 µg/mL depending on cultivars of M. 
indica L (Luo et  al. 2014). PGG (Dong et  al. 2014; Kant et  al. 2016; 2019; Jiang et  al. 2023), MGA (Huang 
et  al. 2021; Liang et  al. 2022), and GA (Lima et  al. 2016; Shi et  al. 2021) have been reported for HCC 
treatment via several mechanisms both in vitro and in vivo. PGG exerted its anticancer activity against 
liver cancer cells by autophagy-mediated senescence, arresting cells in G1 and S phases and inducing 
apoptosis (Dong et  al. 2014; Jiang et  al. 2023). PGG also inhibited the growth of Huh7 xenograft mice 
via the upregulation of a tumor suppressor, glycine N-methyltransferase (GNMT) through the inhibition 
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of MYC mRNA expression (Kant et  al. 2016; 2019). MGA induced apoptosis of HCC cells by increasing 
levels of intracellular oxidation and superoxide production (Huang et  al. 2021). Furthermore, MGA had 
anti-proliferation against HCC cells through downregulation of adenosine monophosphate-activated pro-
tein kinase (AMPK)/nuclear factor-κB (NF-κB), which is a pathway to control tumor migration, invasion 
and angiogenesis. In vivo HCC xenograft models demonstrated the reduction of matrix metalloprotein-
ases (MMP) 9 and MMP2 which are proteins to promote epithelial-mesenchymal transition (EMT) in the 
MGA treatment group (Liang et  al. 2022). Therefore, MGA could prevent HCC metastasis. While GA had 
anti-proliferative and pro-apoptotic effects in HepG2 cells without interfering with the cell cycle, it also 
suppressed tumorigenesis through the Wnt/β catenin pathway (Shi et  al. 2021). Nevertheless, molecular 
mechanisms against target proteins overexpressing in HCC of these phenolic compounds have not been 
studied.

3.2.  Molecular modeling

Molecular docking calculations were performed to investigate binding affinities of the phytochemi-
cal compounds in MSKE (PGG, MGA, and GA) and DOX against target HCC proteins (Table 1). 
Epidermal growth factor receptor (EGFR), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 
subunit alpha (PIK3CA), transforming growth factor beta receptor 1 (TGFβR1) and vascular endothe-
lial growth factor (VEGF)-targeted therapy of HCC, were selected in this study (Xia et  al. 2018; Llovet 
et  al. 2021). The targeted therapy such as EGFR inhibitors and VEGF inhibitors has been approved 
for HCC treatment with single and combination therapy (EASL, 2018; Llovet et  al. 2021). Table 1 
presented the estimated binding energy scores of all compounds and the binding conformations 
with target proteins in Figure 1. According to the docking calculation (kcal/mol) results, PGG inter-
acted with all target HCC proteins with significantly lower energy than MGA and GA, which repre-
sented a strong binding of the PGG. This might be due to the relatively large surface area of PGG. 
Compared to DOX, PGG could bind to PIK3CA and TGFβR1 with stronger binding energy of −9.2 and 
−9.7 kcal/mol, respectively. In contrast, the binding between PGG with EGFR (−9.8 kcal/mol) was 
slightly weaker than DOX (−10.5 kcal/mol). However, the binding between PGG and EGFR was signifi-
cantly stronger than that of the drug inhibitor, Erlotinib (−7.5 kcal/mol). The binding of PGG spanned 
over a greater number of amino acid residues in the pocket of EGFR due to its star-shaped geome-
try, in which each tip contained the chemical structure of a gallic acid with hydrogen bonds forming 
hydroxyl groups. Meanwhile, the binding between PGG and VEGF (−6.6 kcal/mol) indicated that the 
interactions were significantly weaker than its known inhibitor, AAL993, (−12.0 kcal/mol) and DOX 
(−8.1 kcal/mol), respectively.

Figure 1 displayed the best binding modes of the compounds to the target proteins—EGFR (Figure 
1A), PIK3CA (Figure 1B), TGFβR1 (Figure 1C), and VEGF (Figure 1D)—as the results of molecular docking 
calculations. The complexes of all protein targets demonstrated some common trends, as GA and MGA 
compounds (in blue and cyan, respectively) with smaller sizes were found within the deeper parts of 
binding pockets, especially for VEGF with a narrow and deep pocket. Meanwhile, DOX and PGG (in pink 
and green, respectively) with relatively larger sizes tended to bind with the pocket entrances. To eluci-
date the molecular interactions between target proteins and compounds from MSKE in comparison to 
the inhibitors and DOX, Figure 2(A–D) provided the mapping between hydrogen bonds and hydrophobic 
contacts found between amino acid residues and the best binding modes of the compounds.

The EGFR protein was found in complex with the reference inhibitor ‘erlotinib’ mainly through 
hydrophobic contacts, while DOX and PGG interacted with less numbers of hydrophobic contacts but 
with 2–4 additional hydrogen bonds. Meanwhile, GA and MGA were bound with EGFR at partly 

Table 1.  In silico results of calculated binding energy scores (kcal/mol) between therapeutic agents and target proteins 
overexpressing in HCC.
Protein targets Inhibitor Redocking (kcal/mol) DOX (kcal/mol) PGG (kcal/mol) MGA (kcal/mol) GA (kcal/mol)

EGFR Erlotinib −7.5 −10.5 −9.8 −5.7 −5.9
PIK3CA Wortmannin −9.0 −8.5 −9.2 −5.8 −5.7
TGFβR1 LY-580276 −10.8 −8.5 −9.7 −6.8 −7.0
VEGF AAL993 −12.0 −8.1 −6.6 −6.2 −6.1
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similar amino acid residues to DOX and PGG (Figure 2A). Figure 2(B) displayed a similar trend of 
PIK3CA to EGFR with shallow binding pockets that DOX and all MSKE compounds shared some bind-
ing residues while adding up several hydrogen bonds to the interaction network from the relatively 
hydrophobic wortmannin as the reference inhibitor. The trend of hydrogen bonding of DOX and 
MSKE compounds was still observed for the TGFβR1 protein (Figure 2C) while the reference inhibitor, 
LY-580276, mostly contains aromatic rings interacted at the ATP-binding site of TGFβR1 via the cre-
ation of up to 13 hydrophobic contacts. However, the difference in hydrophobic binding contacts 
was now observed between DOX and MSKE compounds as there was only one common binding 
residue between GA/MGA and PGG. GA and MGA formed interaction networks at unique sites located 
deep into the TGFβR1 binding pocket (Figure 1C). Similarly, Figure 2(D) showed that GA and MGA 
formed unique interaction networks with VEGF as they were located deep within the narrow binding 
pocket (Figure 1D). Meanwhile, DOX and PGG displayed more common binding sites to VEGF protein 
(Figure 2D). Therefore, GA, MGA, and PGG were further investigated for their anticancer activities 
against HepG2 models.

Figure 1.  Molecular docking between active compounds in MSKE and the target HCC proteins: Binding conformations 
of the best docking modes of DOX (pink), GA (blue), MGA (cyan), PGG (green), and the reference inhibitors (red) from 
PDB structures on the EGFR (A), PIK3CA (B), TGFβR1 (C), and VEGF (D).
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3.3.  Anticancer activities of MSKE, phytochemical compounds in MSKE, DOX, and combinations 
against 2D-HepG2 cells and 3D-HepG2 spheroids

Following the in-silico study, anti-cancer activities of phytochemical compounds against 2D-HepG2 cells 
following 24 h exposure period were investigated and compared to MSKE. The IC50(2D-HepG2) values of 
MSKE against 2D-HepG2 cells were 218.48 ± 9.81 µg/mL, respectively (Figure 3A). While IC50(2D-HepG2) of 
PGG, GA, and MGA were 42.13 ± 3.14 µg/mL, 190.1 ± 1.06, and 179.5 ± 1.42, respectively (Figure 3B). 
Therefore, PGG had the highest anticancer activity and exhibited significantly higher anticancer activity 
than MSKE. In addition, PGG could inhibit the proliferation of other subtypes of HCC cells including 
Huh7, Hep3B, SK-HEP-1, and Mahlavu in a dose-dependent manner and also be used as an adjuvant 
therapy with sorafenib to provide synergistic effects against HCC (Kant et  al. 2016). Thus, PGG was 

Figure 2. I nteraction maps of active compounds in MSKE and the amino acid residues of the target HCC proteins: 
the amino acid residues of the EGFR (A), PIK3CA (B), TGFβR1 (C), and VEGF (D) targets formed hydrogen bonds (top) 
and hydrophobic contacts (bottom) with DOX (pink), GA (blue), MGA (cyan), PGG (green), and the reference inhibitors 
(REF; red).
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selected to co-delivery with DOX and further tested in 3D-HepG2 models. The IC50(2D-HepG2) of DOX against 
HepG2 cells was 35.88 ± 1.67 µg/mL (Figure 3C). This is the first time that the anticancer activities of the 
combined MSKE-DOX and PGG-DOX were examined and compared their synergistic effects against HCC. 
The combination index (CI) of each treatment was calculated following Chou-Talalay method using 
CompuSyn software (Version 1.01) (Chou 2010; Ediriwickrema et  al. 2014). Fascinatingly, the co-exposure 
of MSKE-DOX at different concentrations (2-fold dilutions from 1 IC50(2D-HepG2) to 1/8 IC50(2D-HepG2) of each 
compound) demonstrated the synergistic effect of all concentrations (CI <1, Figure 3D–E). The cell viabil-
ity of HepG2 cells at 1 IC50(2D-HepG2) to 1/4 IC50(2D-HepG2) of MSKE-DOX was lower than 50%. In fact, the 
concentrations of MSKE-DOX could be reduced from 1 IC50(2D-HepG2) to 1/4 IC50(2D-HepG2) to achieve 70% 
inhibitory effect against 2D-HepG2 cells (Figure 3D). In addition, the CI of MSKE-DOX was lower than 1 
(CI <1, Figure 3E)) demonstrating the synergistic effect of the combinational treatment. In contrast, only 
PGG-DOX at 1 IC50(2D-HepG2) could exhibit 50% inhibitory effect against 2D-HepG2 cells. The CI of PGG-DOX 
was higher than 1 (CI >1, Figure 3E) presenting the antagonistic effect of the combinations. Thus, only 
the combination of MSKE and DOX was selected to study anticancer effects against 3D-HepG2 mono and 
coculture spheroids. Although PGG exhibited high potency against HepG2 cells, PGG could not increase 
the sensitivity of DOX in the combined therapy. It may be assumed that the ‘Entourage effects’ may take 
place where all phytochemical compounds in MKSE play a complementary role in anticancer activity 
rather than the single bioactive composition.

Figure 3.  Anticancer activity of each active compound in MSKE and combinations in 2D model: % cell viability of 
MSKE(A), PGG, GA and MGA (B) and DOX (C) against 2D-HepG2 cells following 24 h exposure periods. % cell viability 
(D) and the combination index (CI) of the combination therapy (E) including MSKE-DOX and PGG-DOX against 2D-HepG2 
cells at 1 IC50 to 1/8 IC50 (n = 3, mean ± SD).
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Due to the presence of TME in 3D models, the concentration of chemotherapeutic drugs to achieve 
50% inhibition was increased up to 2–3 times of IC50(2D-HepG2) (Song et  al. 2016; Sae-be et  al. 2023). To 
analyze the inhibitory effects of MSKE, DOX, and co-delivery of MSKE-DOX against 3D-HepG2 mono and 
coculture models, the concentrations of MSKE-DOX (Figure 4) were in the range between 1 to 10 times of 
IC50(2D-HepG2). The anticancer activities of both substances were in dose-dependent manners against 
3D-HepG2 monoculture (Figure 4A). At dose 5 times of IC50(2D-HepG2), 1092.4 µg/mL of MSKE and 179.4 µg/
mL of DOX, could decrease cell viability of 3D-HepG2 to be lower than 50%. While the viability of 3D-HepG2 
coculture was reduced to 50% at doses 5 to 10 times of IC50(2D-HepG2) (Figure 4B). Thus, MSKE, 1092.4  µg/
mL, and DOX, 179.4  µg/mL were selected as the IC50 values for the 3D-HepG2 model, to be used in com-
bined therapy against 3D-HepG2 mono- and coculture spheroids. The concentrations of the combination 
therapy were, then, reduced by 2-fold dilutions; 1/2 to 1/8 IC50(3D-HepG2) of each compound, and the lowest 
concentrations were 136.55 µg/mL of MSKE and 22.42 µg/mL of DOX. The results of the combined therapy 
against 3D-HepG2 monoculture and coculture spheroids were demonstrated in Figure 4(C,D). The results 
illustrated that the combination of MSKE-DOX at the concentration of 1/4 (273.10 of MSKE and 44.85 µg/
mL of DOX) reduced the viability of both 3D-HepG2 models to approximately 50%. Furthermore, the com-
bination treatment at 1/2 to 1 IC50 resulted in a greater reduction, with cell viability below 50% in both 
3D-HepG2 monoculture and coculture models. Thus, MSKE could be used as an adjuvant with DOX for 

Figure 4.  Anticancer activity of MSKE and DOX against mono and coculture 3D-HepG2 spheroids following 24 h expo-
sure periods: % cell viability of 3D-HepG2 monoculture spheroids (A) and 3D-HepG2 coculture spheroids (B) after expos-
ing to MSKE and DOX (1:1 ratio between MSKE:DOX) for 24 h at 1 IC50 - 10 IC50 based on IC50 of each active compound 
against 2D-HepG2 cells. % Cell viability of the combination therapy including MSKE-DOX against 3D-HepG2 monoculture 
spheroids (C) and 3D-HepG2 coculture spheroids (D) at 1 IC50 - 1/8 IC50 of each therapeutic agents (n = 3, mean ± SD).
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HCC treatment. To achieve maximum anticancer activities of each compound against 2D and 3D-HepG2 
models, MSKE and DOX were selected to be separately loaded into HMSNs as drug carriers and designed 
as sequential treatment platform (SNP).

3.4.  Toxicity of MSKE against 3D-imHC spheroids

The toxicity of MSKE against normal liver cells was examined using our in-house 3D-normal liver models 
fabricated by imHCs and HSCs (Sae-be et  al. 2023). On day 10 after cell seeding, 3D-imHC coculture 
models were exposed to MSKE solutions at concentration range between 0 and 1,200 µg/mL (MSKE IC50 
against 3D-HepG2 model is at 1092 µg/mL) for 24h. The % cell viability of 3D-imHC spheroids was higher 
than 90% while they were exposed to MSKE at concentrations between 0.5 and 250 µg/mL. On the con-
trary, the viability was reduced to 53.41% − 65.76% when exposed to MSKE at concentration 500–
1,200 µg/mL (Figure S2), suggesting possible toxicity of MSKE on normal liver cells at higher doses. 
However, it has been reported in vivo studies that MSKE at doses 500–2,000 mg/kg body weight of rats 
could offer the hepatoprotective effect against liver damage induced by carbon tetrachloride (CCl4) due 
to antioxidant and anti-inflammatory activities of main bioactive compounds (Nithitanakool et  al. 2009). 
Recently, the ethanolic extract of MSKE at doses 250–1,000 mg/kg body weight of rats (Mangifera indica 
L. cv. Kaew Morakot) could prevent liver damage in rats with diabetic conditions and alleviate 
diabetes-induced pancreatic and liver oxidative damage by decreasing levels of malondialdehyde 
(Yoopum et  al. 2023). The discrepancy between our in vitro result and the previous in vivo results may 
be due to the difference in objective studies and complexity between in vitro and animal models. As we 
are planning to carry on the in vivo study, therefore, we selected the dose range between 1/8 and 1 
IC50(3D-HepG2) (Figure 4C,D and Figure S2) of the MSKE which exhibited subtoxic effect on the 3D-imHC 
spheroid models because such subtoxic effect has not been reported in an animal study at the same 
dose range. According to the hepatoprotective effect together with its anticancer effect the MSKE may 
be a good adjuvant therapy for hepatocellular carcinoma. We anticipated that the preliminary study for 
in vivo dose optimization to find the balance between hepatoprotective and anticancer activities are 
required before the beginning of our in vivo study.

3.5.  HMSN synthesis, characterization, and drug encapsulation

HMSN synthesis was started by core seeding, mesoporous forming (Figure S3) and core solubilizing. The 
developed HMSNs in Figure 5(A) were spherical and highly monodisperse. The etching time and concen-
tration of Na2CO3 are key parameters to be controlled in the etching process to achieve void volume in 
HMSNs for drug encapsulation (Chen et  al. 2014; Kong et  al. 2017). The average particle size of HMSNs 
was 73.58 ± 6.16 nm. While the HD and PDI of HMSNs measured by DLS were found to be at 173.3 ± 2.1 nm 
(Figure 5B) and 0.113 ± 0.025 (TableS 1), respectively. The surface charge density of non-encapsulated 
HMSNs was observed at −30.0 ± 2.06 mV. FT-IR showed the functional groups at 800 and 1100 cm−1, which 
presented symmetric stretching vibration and asymmetric stretching vibration of siloxane groups (Si-O-Si), 
respectively, and silanol groups (Si-OH) at 900 and 3400 cm−1 were the symmetrical stretching vibration 
and bending vibration, respectively (Figure 5C). In addition, after extraction, CTAC was thoroughly 
removed where the peak of -CH- (at 2900 and 3000 cm−1) of CTAC disappeared as shown in Figure 5(C) 
(Kong et  al. 2017). The BET analysis demonstrated that the surface area of HMSNs was 1280.10 m2/g. 
Isotherm of HMSNs was typical Langmuir IV hysteresis loops, indicating the existence of uniform meso-
pore structures. The pore volume and diameter of HMSNs were 2.35 cm3/g and 3.93 nm, respectively 
(Figure 5D,E). GQDs presented maximum excitation and emission at 417.0 and 531.0 nm, respectively and 
the electron diffraction image revealed the crystalline structure of the graphene (Figure S4). Size of GQDs 
was found to be 7.05 ± 0.69 nm by TEM (Figure 5F). To cap GQDs on HMSN surface, firstly, HMSNs were 
modified surface with amine groups (NH2; NH2HMSNs). The bending vibration of -NH group of primary 
amines at the peaks of 1490 and 1560 cm−1 was observed in the FT-IR spectra of NH2HMSNs (Figure 5C). 
Next, GQDs were activated by EDC and NHS for at least 4 h before adding resuspended NH2HMSNs. The 
GQDs were capped on NH2HMSNs surface (GQD-NH2HMSNs) through amide bonds between the carboxyl 
group on GQDs and the amino group on HMSNs. FT-IR demonstrated -CONH- at 1580 cm−1 (Figure 5C) 
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and TEM showed GQDs to seal the mesoporous pore (Figure 5F). In addition, the particle size, 
78.02 ± 4.97 nm, of GQD-NH2HMSNs was slightly larger than that of HMSNs suggesting the capping of 
GQD on the surface of HMSNs.

Electrostatic interactions facilitate the incorporation of positively charged DOX within negatively 
charged HMSNs in Figure 6(A) (Gao et  al. 2011). The presence of DOX was indicated by FT-IR in Figure 
6(B). The average particle diameters of DOX-HMSNs were 94.99 ± 6.30 nm. Meanwhile, the HD and surface 
charge density of DOX-HMSNs were observed at 221.3 ± 2.6 nm and 19.3 ± 1.0 mV (Figure 6C,D), respec-
tively. The %EE and %LD of DOX were 96.42 ± 2.48 and 29.0 ± 0.70% (Table S1), respectively. While NH2 
and Si-O-Si groups of NH2HMSNs could enhance MSKE encapsulation by hydrogen bonds (H-bonds) with 
hydroxyl (-OH) and carbonyl groups (-C = O-) of PGG. Furthermore, the NH2 could form amide bonds 
(-CONH-) with -COOH- of GQDs through carbodiimide reaction in Figure 6(E,F) (Kong et  al. 2017; Yao 
et  al. 2017). The TEM image in Figure 6(E) showed spherical shapes of GQD-MSKE-NH2HMSNs with an 
average particle diameter of 96.12 ± 5.12 nm. The HD and zeta potential of GQD-MSKE-NH2HMSNs were 
226.0 ± 1.0 nm and 33.87 ± 2.44 mV (Figure 6D), respectively. The %EE and %LD of MSKE loaded into 

Figure 5.  Physicochemical characterization of HMSNs and GQD-HMSNs: TEM images of HMSNs (A) and hydrodynamic 
diameter (HD) of HMSNs (B). FT-IR of CTAC, HMSNs after extraction by HCl-ethanol solution GQDs capped HMSNs (C). 
Nitrogen adsorption-desorption isotherms by BET (D) and pore size distribution of HMSNs (E). The GQD-capped on the 
surface of NH2HMSNs via amide linkage observed using TEM (F, red arrows).

https://doi.org/10.1080/10717544.2025.2559838
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GQD-MSKE-NH2HMSNs calculated using PGG were 95.50 ± 0.20 and 46.72 ± 1.14% (GQD-MSKE-NH2HMSNs) 
(Table S1), respectively.

3.6.  Photothermal performance of GQD-MSKE-NH2HMSNs

GQDs could efficiently convert NIR light into heat (thermal energy) (Dar et  al. 2023). The photothermal 
efficiency of GQD-MSKE-NH2HMSNs was evaluated. The temperature change of GQD-MSKE-NH2HMSNs 
was monitored and recorded by NIR camera with a thermometer every 1 min and deionized (DI) water 
was used as the control. Suspensions of GQD-MSKE-NH2HMSNs at varying concentrations (0.1, 0.25, 0.5, 
and 1.0 mg/mL) were irradiated with 785 nm NIR light at a power density of 3.0 W/cm2 for 10 min. As 
shown in Figure 7(A), the temperature of GQD-MSKE-NH2HMSNs increased rapidly under continuous NIR 
irradiation and the increase in temperature was dependent of the concentrations of the GQD-MSKE-
NH2HMSNs. At a fixed concentration (0.5 mg/mL), the photothermal performance correlated with laser 

Figure 6.  Physicochemical characterization of DOX-HMSNs and GQD-MSKE-NH2HMSNs: TEM image of DOX-HMSNs (A), 
FT-IR of DOX-HMSNs, compared to HMSNs and DOX (B), hydrodynamic diameter (HD) of DOX-HMSNs and GQD-MSKE-
NH2HMSNs (C), zeta potential of HMSNs, NH2HMSNs, GQD-NH2HMSNs, DOX-HMSNs, MSKE-NH2HMSNs and GQD-MSKE-
NH2HMSNs (D, n = 3, mean ± SD), TEM image of GQD-MSKE-NH2HMSNs (E) and FT-IR of GQD-MSKE-NH2HMSNs, compared 
to HMSNs, MSKE, and MSKE-NH2HMSNs (F).

https://doi.org/10.1080/10717544.2025.2559838
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power intensity, as illustrated in Figure 7(B). Furthermore, the photostability of GQD-MSKE-NH2HMSNs at 
0.5 mg/mL was studied by five cycles of laser irradiation (Figure 7C). As observed in Figure 7(C), almost 
no noticeable attenuation was observed after five cycles of laser irradiation. Therefore, GQD-MSKE-
NH2HMSNs had good photothermal stability and would be a promising photothermal agent for PTT.

3.7.  Drug release study

The release of DOX from DOX-HMSNs was observed for 48 h (Figure 8A). Two conditions, pH 5.0 and pH 
7.4 simulated intracellular conditions of cancer cells and physiological conditions, respectively. The results 
demonstrated the prompt release of DOX at 2 h resulting from the dissolution of DOX that bound to the 
surface of the particles or entrapped in the mesopores. The cumulative release of DOX at T = 48 h, pH 5.0, 
and 7.4 were 0.112 mg (20.55% of loaded DOX) and 0.041 mg (2.42% of loaded DOX). Therefore, in vitro 
drug release profile of DOX-HMSNs exhibited pH-responsive drug release (pH 5.0 > pH 7.4, ****p ≤ 0.0001). 
DOX release process was due to the protonation of silanol groups (-Si-OH) within the HMSNs at the 
acidic pH. This protonation could decrease the electrostatic interactions between DOX and HMSNs initi-
ating the dissociation of DOX (Gao et  al. 2011; Moghaddam et  al. 2018). The DOX-HMSNs exhibited 
pH-responsive drug release at an acidic condition (pH 5.0) which was exploited to passively release drugs 
into HepG2 cells.

The percentage release of MSKE from GQD-MSKE-NH2HMSNs observed for 48 h could be detected at 
6.13% and 20.19% of loaded MSKE at pH 5.0 and pH 7.4, respectively (Figure 8A). The cumulative 

Figure 7.  In vitro photothermal performance and stability of GQD-MSKE-NH2HMSNs: Photothermal heating curve of 
GQD-MSKE-NH2HMSNs suspension at different concentrations (0.10, 0.25, 0.50 and 1.00 mg/mL) and DI water (as control) 
using 785 nm laser irradiation, 3.0 W/cm2 for 10 min (A). Photothermal heating curve of GQD-MSKE-NH2HMSNs, 0.5 mg/
mL, at different powers (3.0, 2.0, 1.0 and 0.5 W/cm2) for 10 min (B). The photothermal stability of GQD-MSKE-NH2HMSNs 
at 0.5 mg/mL after exposing continuous 785 nm laser with 3.0 W/cm2 (5 cycles of on-off laser) (C, n = 3, mean ± SD).
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release of MSKE at 6.13% (pH 5.0) and 20.19% (pH7.4) of MSKE from GQD-MSKE-NH2HMSNs was further 
calculated and found that these concentrations are sufficient to kill cancer cells in combination with 
DOX-HMSNs. The predicted pKa of PGG analyzed using MarvinSketch software (version 22.9, Chemaxon) 
could be used to explain the drug release mechanism following Henderson–Hasselbalch equation 
(Figure 8B,C). Hydroxy groups (-OH) at para position of PGG (Figure 8C, green circle) are deprotonated 
when pH is higher than pKa initiating the release of the MSKE. At pH 5.0, most PGG became unionized 

Figure 8.  In vitro drug release of DOX-HMSNs and GQD-MSKE-NH2HMSNs: the cumulative release of DOX from 
DOX-HMSNs and PGG from GQD-MSKE-NH2HMSNs for 48 h at pH 5.0 and 7.4, respectively (the release of DOX at pH 
5.0 > pH 7.4, ****p ≤ 0.0001) (A). The release profile PGG from GQD-MSKE-NH2HMSNs for 24 h at pH 7.4, 7.8, 8.0, and 8.5, 
respectively (B, n = 3, mean ± SD, *p ≤ 0.05, **p ≤ 0.01). pKa of PGG and release mechanism of MSKE from GQD-MSKE-
NH2HMSNs at pH ≥ 7.4 depending on protonation of MSKE (C). The particles of GQD-MSKE-NH2HMSNs were created 
with biorender.com.
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form without releasing. In contrast, at pH 7.4 or higher, OH group of PGG was deprotonated. The ion-
ized form of the PGG was released due to the repulsive effect between the negative charge of the 
ionized PGG and Si-O-Si groups in HMSNs. The results of drug release at pH ≥ 7.4 were demonstrated 
in Figure 8(B). Similarly, PGG loaded poly(lactide-co-glycolide) nanoparticles (PLGA NPs) exhibited burst 
release in PBS (pH 7.4) during the first 24 h, followed by the sustainable release for 1 week (Arnold 
et  al. 2021).

Additionally, according to the design of GQD-MSKE-NH2HMSNs, the nanoparticles were passively 
targeted to tumor and cancer cells. The nanosized, 96.12 ± 5.12 nm (TEM result), of GQD-MSKE-
NH2HMSNs could reach tumor passively via fenestration of tumor blood vessels. As the leaky blood 
vessels are only present in tumor, the GQD-MSKE-NH2HMSNs are likely to extravasate to cancer cells 
more than normal cells. Once the GQD-MSKE-NH2HMSNs enter the cancer cells, their amine-surface 
modifification provided ability to escape endosome at acidic condition through proton sponge effect 
and release active MSKE in cytosol of cancer cells. Although the release of the GQD-MSKE-NH2HMSNs 
is not pH sensitive, the prompt release of MSKE could be observed at pH 7.4 (Figure 8A). Subsequently, 
the release of MSKE could also be activated by NIR irradiation at the tumor site. The elevated tem-
perature could cause structural changes in graphene gatekeeper and cleave amide bonds (linking 
between the carrier and GQD) allowing the release of MSKE from the pore. The external stimuli of 
NIR could initiate localized hyperthermia for cancer treatment. Therefore, we proposed that the 
GQD-MSKE-NH2HMSNs should be administered via intratumoural (IT) injection. The passive targeting 
strategy of the GQD-MSKE-NH2HMSNs together with its sustained release profile can compromise the 
MSKE-DOX synergy and targeting ability as can be seen from their cellular internalization (Figure 11) 
and anticancer activity (Figure 12).

Figure 9.  Collagen depletion in 3D-HepG2 model: Confocal fluorescent images (maximum projection) demonstrated the 
distribution of COL1 (red) in 3D-HepG2 monoculture (A) and coculture (B) at day10 after seeding. The intensity of COL1 
was measured after irradiation (laser condition: 785 nm laser irradiation, 3.0 W/cm2 for 10 min) for 15, 30 and 60 min 
compared with the non-treated group (C–D) (n = 3, mean ± SD, **p ≤ 0.01, ***p ≤ 0.001). Nuclei were stained in blue of 
Hoechst33342 and COL1 (collagen type I) was stained in red. Noted: Merge = hoechst 33342 (blue) + COL1 (red).
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3.8.  Collagen depleting in 3D-HepG2 spheroids by NIR laser

Majority of HCC has been developed from chronically damaged liver tissue, the ECM known as collagen 
type I (COL1) produced from activated HSCs abundantly found in fibrotic liver (Yin et  al. 2013; Song et  al. 
2016). COL1 plays a decisive role as a biological barrier to obstruct the penetration of NPs. Thus, the 

Figure 10.  In vitro cellular internalization of GQD-MSKE-NH2HMSNs (green): confocal fluorescent images demonstrated 
cellular uptake of non-treated (without nanoparticles; control) and treated groups following exposure to GQD-MSKE-
NH2HMSNs (0.1 mg/mL). In 2D-HepG2 cells, GQD-MSKE-NH2HMSNs localized within lysosomes (A), with the mean fluo-
rescence intensity (MFI) per area (µm2) significantly increasing over time after 6 and 24 (Figure S5) hours of incubation 
(B) (n = 3, mean ± SD, *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001). Furthermore, GQD-MSKE-NH2HMSNs were able to penetrate 
and accumulate in lysosomes of 3D-HepG2 monoculture (C) and 3D-HepG2 coculture (E) at T = 6 h. The corresponding 
MFI per area (µm2) of GQD-MSKE-NH2HMSNs within the 3D-HepG2 monoculture and coculture models is shown in D 
and F, respectively (n = 3, mean ± SD, *p ≤ 0.05, and ***p ≤ 0.001). The white square in the left column indicated the 
region of interest (ROI) that was magnified in each channel. Nuclei were stained in blue of Hoechst33342 (H), acidic 
environment in lysosome was stained in red of acridine orange (L), GQD-MSKE-NH2HMSNs presented strong green flu-
orescence (G) and yellow (merge red and green; white arrows) demonstrated co-localization of GQD-MSKE-NH2HMSNs 
into lysosome. Noted: BF = bright field.

https://doi.org/10.1080/10717544.2025.2559838
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decrease in COL1 could enhance the penetration of NPs providing the maximum therapeutic efficacy. 
PTT has been broadly used for combination therapy because PTT could reduce stiffness of ECM (Marangon 
et al. 2017) and increase the sensitivity of cancer cells to chemotherapy (Bhatt et al. 2023). Both 3D-HepG2 
mono and coculture spheroids were exposed to 0.5 mg/mL of GQD-MSKE-NH2HMSNs for 6 h before NIR 
irradiation (at 785 nm, 3.0 W/cm2) for 10 min. After irradiation for 15, 30, and 60 min, the results confirmed 
that PTT could reduce the integrity of COL1 (red fluorescence in Figure 9A,B) within the spheroids. The 
difference in the waiting period before imaging (15, 30, and 60 min) showed no significant effect on the 
reduction of COL1 (Figure 9C,D). The intensity of COL1 in the PTT treatment group was significantly 
lower than the control group in Figure 9(C,D). Therefore, this study confirmed that PTT could increase 
the penetration of NPs into the tumor.

Figure 11.  In vitro cellular internalization of GQD-MSKE-NH2HMSNs (green) without (-) and with (+) PTT using 3D 
spheroid models: Confocal fluorescent images demonstrated cellular uptake of GQD-MSKE-NH2HMSNs (0.1 mg/mL) after 
the treatment with and without PTT. The MFI per area (µm2) of GQDs in 3D-HepG2 monoculture (A) and coculture 
spheroids (B) was quantified (n = 3, mean ± SD, ***p ≤ 0.001, ****p ≤ 0.0001). Following the PTT, GQD-MSKE-NH2HMSNs 
were able to penetrate deeper into the spheroid core, resulting in a significantly higher MFI per area compared to the 
non-PTT group in both 3D models. Noted: Nuclei were stained in blue of Hoechst33342 (H).
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Figure 12.  In vitro anticancer activity of the individual treatments of either GQD-MSKE-NH2HMSNs or DOX-HMSNs, and 
the combined treatment of SNP against HepG2 models: the inhibitory effect of non-encapsulated MSKE-DOX, encapsu-
lated MSKE (GQD-MSKE-NH2HMSNs without PTT), encapsulated DOX (DOX-HMSNs without PTT) and SNP against 
2D-HepG2 cells (A), 3D-HepG2 monoculture (B) and 3D-HepG2 coculture spheroids (C), respectively (n = 3, mean ± SD, 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).
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3.9.  Cellular uptake of NPs

Passive targeting could facilitate the accumulation of NPs in tumor areas and cancer cells. In vitro cellular 
uptake of GQD-MSKE-NH2HMSNs (0.1 mg/mL) was investigated in both 2D and 3D-HepG2 models after 6 
(Figures 10 and 11) and 24h (Figure S5) of the incubation, without (Figure 10) and with laser irradiation 
(Figure 11). The inherent green fluorescence of GQDs enabled real-time imaging and monitoring of cel-
lular uptake, while red fluorescence of AO, corresponding to lysosomal compartment, indicated subcel-
lular localization. The results exhibited that GQD-MSKE-NH2HMSNs were internalized via endocytosis 
(yellow in Figure 10A) and predominantly accumulated in lysosomes in both 2D and 3D-HepG2 models 
(Figure 10). Without PTT, the accumulation of most GQD-MSKE-NH2HMSNs was primarily observed at the 
periphery of the spheroids. Quantitative analysis of MFI per area (µm2) revealed a time-dependent 
increase in particle uptake in the 2D and 3D-HepG2 models over 24 hours. The variation of distribution 
may be observed in the 3D models due to the physical and biological barriers in the spheroids com-
pared with the 2D model (Priwitaningrum et  al. 2016). However, after irradiation (+PTT), COL1 integrity 
distributed within the 3D-HepG2 models was reduced (see results in Section 3.8), leading to significantly 
enhanced and deeper penetration of GQD-MSKE-NH2HMSNs compared with the non-irradiated group 
(-PTT) (Figure 11A,B, ***p ≤ 0.001, and ****p ≤ 0.0001, n = 3). These findings suggest that PTT can effec-
tively enhance nanoparticle distribution within the core of 3D tumor models.

3.10.  Anticancer activity of DOX-HMSNs, GQD-MSKE-NH2HMSNs, and SNP against 2D-HepG2 
cells and 3D-HepG2 spheroids

The sequential delivery system incorporating PTT for ECM remodeling followed by chemotherapeutic 
drug administration has been extensively explored (Huang et  al., 2022). Pretreatment modulation of the 
TME including ECM reconstruction, reduction of hypoxia, and increase in vascular permeability has been 
shown to enhance the therapeutic efficacy of anticancer agents (Shim et  al. 2017). In this study, SNP 
consisting of GQD-MSKE-NH2HMSNs and DOX-HMSNs provided a triple combination therapy (Adjuvant-PTT-
Chemo). GQD-MSKE-NH2HMSNs acted as the pretreatment agent, delivering both the MSKE adjuvant and 
initiating PTT. Subsequently, DOX-HMSNs were administered to exert anticancer effects. The anticancer 
efficacy of single treatments (DOX-HMSNs or GQD-MSKE-NH2HMSNs) and the SNP was evaluated in both 
2D-HepG2 cells and 3D-HepG2 spheroids using WST-1 assay (Figure 12A–C). Results demonstrated that 

Figure 13.  Cell death mechanisms assessed by apoptotic and LDH assays: the percentage of HepG2 cells undergoing 
apoptosis or necrosis after treatment with non-encapsulated drugs (MSKE, DOX), single-platform encapsulated drugs 
(GQD-MSKE-NH2HMSNs, DOX-HMSNs), and the SNP, as determined by Annexin V-FITC/PI staining (A). The letters a and 
b indicate statistically significant differences within treatment groups (early apoptosis (as control), late apoptosis, and 
necrosis) and between treatment groups compared to the non-treated (as control), respectively. LDH release from 
HepG2 cells following treatment, indicating membrane damage (B) (n = 3, mean ± SD, *p ≤ 0.05, and ****p ≤ 0.0001).

https://doi.org/10.1080/10717544.2025.2559838
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PTT alone and unloaded SNP did not significantly reduce cell viability in either 2D or 3D models (p > 0.05; 
Figure 12 and S6). Interestingly, the SNP treatment, at concentrations ranging from 1/2 to 1/8 of the 
IC50(2D-HepG2), significantly inhibited cell viability by up to 70% (**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, n = 3; 
Figure 12A). Similarly, inhibitory effects were observed in both 3D-HepG2 monoculture and coculture 
spheroids. The SNP treatment at ratio 1/2 to 1/8 IC50(3D-HepG2), exhibited significantly greater anticancer 
activity than either individual treatment or the combination of non-encapsulated MSKE and DOX (Figure 
12B,C; *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001, n = 3), indicating a synergistic effect (MSKE-PTT-Chemo). 
GQD-MSKE-NH2HMSNs exerted a dual primary effect by delivering MSKE to cancer cells and simultane-
ously facilitating PTT to enhance nanoparticle penetration (Marangon et  al. 2017). In addition, 
pH-responsive stimuli of DOX-HMSNs assisted selective drug release within the acidic TME (Gao et  al. 
2011). As a result, the sequential triple combination therapy allowed a reduction in the required doses 
of DOX and MSKE by 50% in 3D-HepG2 monoculture spheroids and by 75% in coculture spheroids, 
compared to cells treated with individual, non-encapsulated nanoparticles.

Treatment effect of individual and SNP treatments on spheroid size is illustrated in Figure S7. In the 
control non-treated in all treatment groups both mono- and coculture models, the diameters of 3D-HepG2 
spheroids increased over time, indicating active proliferation of viable cells (Figure S7A–C). In contrast, 
DOX treatment group has been reported to disrupt spheroid integrity in a concentration- and 
time-dependent manner (Kim et  al. 2010; Namgung et  al. 2024). Treatment with DOX-HMSNs at 1IC50 
resulted in only a slight increase in spheroid diameter (Figure S7(A), corresponding with the lowest cell 
viability compared to 1/8 IC50 to 1/2 IC50 (3D-HepG2). Interestingly, 3D-HepG2 coculture spheroids treated 
with low doses at range 1/8 IC50 to 1/2 IC50 (3D-HepG2) significantly exhibited larger diameter (*p ≤ 0.05 and 
**p ≤ 0.01) compared to monoculture spheroids due to the higher cell viability (≥ 50%). This suggests that 
coculture spheroids exhibit enhanced resistance to chemotherapeutic agents (Song et al. 2016). 3D-HepG2 
spheroids treated with GQD-MSKE-NH2HMSNs (Figure S7B) maintained over 60% viability, supporting 
continued proliferation of cancer cells. Accordingly, both monoculture and coculture spheroids increased 
in diameter over time (Figure S7B). However, in the SNP treated groups, bright-field micrography showed 
a loss of cellular integrity found in spheroids, indicating an inability to maintain spheroid structure and 
morphology as seen in Figure S7(C) and by other researchers (Shi et  al. 2018; Namgung et  al. 2024). 
Therefore, an increase in 3D-spheroid diameters can reflect both proliferation and toxicity of the cells 
and cannot be directly used to confirm treatment efficacy. Other complementary assays including viabil-
ity assay and live-dead cell staining must be employed to elucidate the correct effect.

3.11.  Cell death mechanisms

The mechanisms of cell death induced by each treatment were investigated using both apoptotic and 
lactate dehydrogenase (LDH) assays. The apoptotic assay revealed that MSKE primarily induced early 
apoptosis in HepG2 cells (****p ≤ 0.0001, n = 3; Figure 13A), which is likely attributable to its main pheno-
lic constituents. In particular, PGG, a key component of MSKE, has been reported to induce apoptosis in 
HepG2 cells in a concentration-dependent manner (Jiang et  al. 2023). GQD-MSKE-NH2HMSNs also pro-
moted apoptosis (****p ≤ 0.0001, n = 3; Figure 13A), reinforcing the conclusion that apoptosis is the prin-
cipal mechanism of action for MSKE-based treatments. In contrast, DOX-HMSNs induced late-stage 
apoptosis, consistent with the well-established mechanism of DOX, which involves several apoptotic 
events including morphological alterations, phosphatidylserine externalization, and mitochondrial mem-
brane potential collapse (Ye et  al. 2007). In addition to late-stage apoptosis, both DOX and DOX-HMSNs 
exhibited cytotoxic effects that compromised cell membrane integrity. This was evidenced by a signifi-
cant increase in LDH release from HepG2 cells treated with 1IC50 of DOX or DOX-HMSNs compared to 
the untreated control (****p ≤ 0.0001, n = 3; Figure 13B). The SNP treatment resulted in the highest level 
of total cell death, with a pronounced increase in both late apoptosis and necrosis, indicating an emi-
nent cytotoxic response (Figure 13A). The SNP treatment sequence involved initial incubation with 
GQD-MSKE-NH2HMSNs for 6 hours, which induced early apoptosis. Subsequent PTT via NIR irradiation 
and the final treatment with DOX-HMSNs further amplified the cytotoxic effects, leading to elevated late 
apoptosis and necrosis as major and minor mechanisms, respectively. This combined treatment also sig-
nificantly disrupted membrane integrity, as confirmed by increased LDH release as seen in Figure 13(B).
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The aim of developing the SNP was to enhance HCC treatment through triple combination therapy, 
integrating an herbal adjuvant, PTT, and chemotherapy. While HCC was developing in chronically dam-
aged liver tissue, COL1 has been abundantly found in fibrotic liver (Yin et  al. 2013; Song et  al. 2016). 
Thus, the abundance of COL1 could obstruct drug penetration and decrease the efficacy of treatment. 
Therefore, the use of PTT was strategically incorporated to reduce COL1 stiffness, facilitating deeper 
nanoparticle penetration and improving overall therapeutic outcomes. The high therapeutic efficacy of 
the SNP observed in both 2D and 3D HepG2 models warrants further in vivo investigation to validate 
its anticancer performance under physiological conditions. In this system, GQD-MSKE-NH2HMSNs were 
designed to accumulate preferentially in the tumor area toward a passive targeting strategy, providing 
the initial therapeutic effect via MSKE-induced cell death and PTT-mediated ECM modulation. Following 
this pretreatment phase, DOX-HMSNs were administered and delivered to the same tumor region, 
where DOX is released from DOX-HMSNs in a pH-responsive manner to kill cancer cells. Notably, nei-
ther formulation employed active targeting ligands; therefore, passive targeting via the enhanced per-
meability and retention (EPR) effect and fenestration of tumor blood vessels served as the primary 
mechanism for the SNP accumulation in tumor tissues (Fang et  al. 2011). The nano-size of both 
GQD-MSKE-NH2HMSNs and DOX-HMSNs was optimized to exploit this physiological defect of tumor 
blood vessels for effective tumor localization. Since the GQD-MSKE-NH2HMSNs had provided prompt 
release at the first 10 h after the IT administration followed by the sustained release over 48 h. Then, 
DOX-HMSNs were administered at the same tumor area, the synergy of MSKE-DOX could play their 
part against HCC. Based on the obtained results and the proposed therapeutic strategy, GQD-MSKE-
NH2HMSNs should be administered via intratumoural (IT) injection to ensure localized delivery for 
effective photothermal therapy (PTT) and adjuvant activity at the tumor site. In contrast, DOX-HMSNs 
may be administered either through intratumoural (IT) or intravenous (IV) injection, depending on the 
desired therapeutic coverage.

The IT route enables precise local delivery, reducing off-target effects, and providing high accumula-
tion of GQD-MSKE-NH2HMSNs and DOX-HMSNs within the tumor area. High local accumulation of 
GQD-MSKE-NH2HMSNs is particularly beneficial for subsequent PTT, whereas high accumulation of both 
GQD-MSKE-NH2HMSNs and DOX-HMSNs facilitates synergistic anticancer activity of the released 
MSKE-DOX. To maximize PTT efficacy, key parameters such as laser power, irradiation temperature and 
penetration depth should be carefully optimized (Cai et  al. 2025). Moreover, intratumoural heterogeneity, 
especially the presence of dense collagen type I (COL1), should be monitored, as it may hinder nanopar-
ticle penetration and limit the therapeutic impact of PTT (Marangon et  al. 2017; Peng et  al. 2019).

Despite its advantages, the clinical translation of IT delivery is limited by tumor accessibility, and 
inability to treat metastases (Cai et  al. 2025). In contrast, IV administration allows systemic distribu-
tion, enabling DOX-HMSNs to accumulate at tumor site through the ERP effects. After IV injection, 
DOX-HMSNs may be cleared by the mononuclear phagocyte system (MPS) and accumulate in 
off-target organs, particularly the liver and spleen, raising concerns about systemic toxicity (Blanco 
et  al. 2015). Thus, drug distribution after the administration and toxic effect of drug on major organs 
must be evaluated during the in vivo studies. Once accumulated in the tumor, DOX is released from 
DOX-HMSNs in response to acidic conditions in the TME. Both GQD-MSKE-NH2HMSNs and DOX-HMSNs 
are internalized by cancer cells predominantly through endocytosis, as confirmed by cellular uptake 
studies. During intracellular trafficking, GQD-MSKE-NH2HMSNs may escape from endosomes via the 
proton sponge effect, facilitated by their amine surface modification (Gisbert-Garzarán et  al. 2021; 
Basu et  al. 2024) allowing the release of MSKE directly into the cytosol, where it can induce apop-
tosis. Meanwhile, DOX-HMSNs are trafficking to acidic lysosomes, where DOX is released to exert 
cytotoxic effects on cancer cells.

5.  Conclusion

In this study, a novel synergistic interaction between MSKE and DOX was demonstrated in both 2D 
and 3D-HepG2 monoculture and coculture spheroid models. The anticancer activities of MSKE and 
DOX were shown to be concentration dependent. Molecular docking analysis revealed that active com-
pounds in MSKE (GA, MGA, and PGG) exhibited strong binding affinities with target proteins such as 
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EGFR, PIK3CA, TGFβR1, and VEGF, comparable to those of reference inhibitors, thereby elucidating their 
potential molecular mechanisms of action. To enhance therapeutic efficacy, the SNP was successfully 
designed and developed. This system, comprising GQD-MSKE-NH2HMSNs and DOX-HMSNs, provided a 
triple combination therapy (adjuvant-PTT-chemo) and significantly increased cell death in HepG2 cells 
through late apoptosis and necrosis, compared to individual treatments. GQD-MSKE-NH2HMSNs enabled 
real-time imaging of cellular internalization and effectively reduced collagen type I (COL1) stiffness via 
photothermal therapy (PTT), facilitating MSKE-mediated anticancer activity. Meanwhile, DOX-HMSNs 
employed the pH-responsive release mechanism and selectively released DOX under acidic TME, 
thereby reducing the required dose and potentially delaying the onset of drug resistance. In conclu-
sion, the triple combination of herbal adjuvant-induced apoptotic anticancer mechanism, PTT-mediated 
tumor microenvironment remodeling, and chemotherapeutic cytotoxicity has established the SNP sys-
tem as a promising nanotheranostic platform for the diagnosis and treatment of HCC.
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