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Comprehensive Therapeutic 

Assessment of Silybum 

marianum-Loaded Graphene 

Oxide Nanoparticles: 

Multifunctional Bioactivities 

and Controlled Drug Release 
 
 

Abstract 

Leukemia is a blood cancer that is genuinely hard to treat because the 

cancer cells already move through the bloodstream on their own without 

needing extra mutations to spread. On top of that in countries like India late 

diagnosis and limited access to proper treatment makes things worse. This 

study looked at whether graphene oxide nanoparticles made using Silybum 

marianum seed extract (Sm-GO NPs) could work as a multifunctional 

therapeutic agent against human leukemia cells while also showing 

antioxidant anti-inflammatory and antidiabetic properties. The 

nanoparticles were prepared through a simple green synthesis route using 

aqueous plant extract and were characterised using FT-IR spectroscopy and 

SEM imaging. Anticancer activity was tested using MTT assay along with 

morphological analysis and AO/EtBr fluorescence staining to confirm 

apoptosis. Antioxidant potential was measured by DPPH assay and anti-

inflammatory activity was assessed through heat-induced egg albumin 

denaturation. For antidiabetic screening alpha-amylase inhibition assay was 

used and drug release behaviour was studied in a SM-GO NP system at 

physiological pH. The results showed that Sm-GO NPs had clear cytotoxic 

effects against leukemia cells with an IC50 of 48.3 µg /mL at 48 h. 

AO/EtBr staining confirmed that cell death was happening through 

apoptosis with an apoptotic index of 48.3% at the IC50 concentration rising 

to 67.3% at 100 µg /mL. DPPH radical scavenging gave an IC50 of 66 µg 

/mLwhich was close to ascorbic acid (62.8 µg /mL) and roughly 2.18 times 

better than free SM extract. Anti-inflammatory inhibition reached 72.4% at 

100 µg /mL which was comparable to diclofenac sodium. Alpha-amylase 

inhibition IC50 was 65.5 µg /mL approaching the standard drug acarbose 

(58.4 µg /mL). Drug release from the SM-GO NP followed anomalous non-

Fickian transport described best by the Korsmeyer-Peppas model (r2 = 

0.943 and n = 0.64) with an initial burst of around 37% at 1 h and near 

complete release by 24 h. Overall these findings suggest that Sm-GO NPs 

are a promising plant-based nanocarrier system with broad therapeutic 

potential and further in vitro work is needed to take this forward. 
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1. INTRODUCTION 

Leukemia occupies a biologically distinct position 

among malignancies because the transformed clonal 

cells arise from haematopoietic precursors that normally 

traffic through the bloodstream; unlike carcinomas, 

which require additional mutational reprogramming of 

adhesion and migratory machinery to achieve systemic 

dissemination, leukaemic blasts circulate constitutively 

and evade clearance through rapid proliferation, 

suppression of apoptotic checkpoints and down-

regulation of immune recognition signals [1]. This 

intrinsic aggressiveness translates to worse clinical 

outcomes when late diagnosis, limited specialist access 

and cost barriers to therapy compound the therapeutic 

challenge as is the situation in many low- and middle-

income health systems including India [2]. 

Epidemiological data indicate that leukemia accounts for 

approximately 28% of childhood cancers in India, with 

the overall incidence projected to rise alongside 

demographic and lifestyle transitions [2]. Comorbid type 

2 diabetes mellitus (T2DM) imposes a further burden on 

leukemia management. Approximately 77 million 

Indians currently live with T2DM, with projections to 

134 million by 2045 and an estimated 57% remaining 

undiagnosed at any given time point [3]. 

Hyperglycaemia compromises immune surveillance, 

promotes an inflammatory tumour microenvironment 

and complicates cytotoxic drug dosing, creating a 

pathophysiological nexus that motivates the 

development of therapeutic agents capable of addressing 

both oncological and metabolic pathways within a single 

formulation [3]. In this context phytochemical-based 

nanomedicines that simultaneously carry anti-

proliferative, antioxidant, anti-inflammatory and anti-

hyperglycaemic activity represent a conceptually 

efficient strategy. Nanoparticle-mediated drug delivery 

exploits the enhanced permeability and retention (EPR) 

effect, whereby discontinuous tumour vasculature and 

impaired lymphatic clearance permit passive 

accumulation of nanoscale carriers at disease sites while 

reducing systemic exposure [4]. Graphene oxide (GO), 

an oxidised derivative of grapheme has emerged as a 

particularly versatile two-dimensional nanocarrier 

platform. The carboxyl, hydroxyl and epoxide 

functionalities distributed across its basal plane and 

edges confer aqueous dispersibility and provide multiple 

anchoring sites for non-covalent drug adsorption through 

pi-pi stacking, hydrogen bonding and electrostatic 

interactions [5]. The large theoretical specific surface 

area of exfoliated GO sheets enables high drug-to-carrier 

mass ratios and the amphiphilic surface chemistry 

facilitates loading of both hydrophilic and hydrophobic 

molecules. Furthermore, GO surface chemistry is readily 

modified post-synthesis by polymer grafting or ligand 

conjugation to introduce stimuli-responsive, pH-

triggered, or receptor-targeted release behaviour [5]. 

Green synthesis approaches using plant-extract 

bioreductants offer a toxicologically cleaner alternative 

to conventional chemical reduction of GO, which 

employs reagents such as hydrazine or sodium 

borohydride that may introduce residual cytotoxic 

contaminants [6]. Polyphenols and reducing 

carbohydrates present in aqueous plant extracts reduce 

GO surface oxygen groups while simultaneously 

adsorbing onto the nascent nanoparticle surface as a 

stabilising corona, combining the roles of reductant and 

capping agent in a single-step, solvent-free preparation 

[6]. Silybum marianum (L.) Gaertn (milk thistle 

asteraceae) provides exceptional phytochemical 

suitability for this purpose. Its seeds accumulate a 

mixture of flavonolignan compounds collectively termed 

silymarin, dominated by silybin (silibinin), silydianin 

and silychristin, which carry catechol moieties and 

multiple phenolic hydroxyl groups responsible for potent 

radical-scavenging and iron-chelating antioxidant 

activity [7]. Silymarin has demonstrated anticancer 

activity across diverse tumour models through apoptosis 

induction, STAT3 pathway inhibition, suppression of 

growth factor transcription and G2/M cell cycle arrest 

[7]. In haematological malignancies specifically, silybin 

suppresses telomerase activity in the K562 chronic 

myeloid leukaemia cell line [8] and enhances apoptosis 

in NB4 acute promyelocytic cells in combination with 

differentiating agents [9], establishing a mechanistic 

rationale for its evaluation in leukaemia-directed 

formulations. Two novel amides (mariamides A and B) 

recently isolated from SM seeds exhibited potent PTP1B 

inhibition and alpha-glucosidase inhibitory activity [10], 

extending the pharmacological profile of this plant to 

antidiabetic applications. The anti-inflammatory activity 

of silymarin operates through attenuation of NF-kB-

mediated cytokine transcription and inflammatory 

cascade modulation [11]. Despite this broad 

pharmacological profile, the clinical utility of silymarin 

is constrained by poor aqueous solubility and oral 

bioavailability rarely exceeding 25 to 30% in humans, 

attributable to first-pass hepatic metabolism and P-

glycoprotein-mediated intestinal efflux [12]. Loading 

onto a GO nanocarrier platform addresses these 

physicochemical limitations while introducing additional 

potential for pH-responsive intracellular release. The 

present study was therefore designed to: (i) prepare Sm-

GO NPs by aqueous green synthesis and characterise 

them structurally by FT-IR and SEM; (ii) evaluate 

anticancer activity against human leukemia cells by 

MTT assay, morphological examination and AO/EtBr 

apoptosis quantification; (iii) determine antioxidant 

capacity by DPPH and ABTS assays; (iv) assess anti-

inflammatory activity by egg albumin denaturation 

inhibition (v) quantify antidiabetic potential by alpha-

amylase and alpha-glucosidase inhibition; and (vi) 

characterise drug release kinetics from a SM-GO NP  

matrix at pH 5.5 and pH 7.4. 

 

2. Materials and Methods 

2.1 Plant Material and Reagents 

Silybum marianum plants were procured from a 

botanically verified local source and authenticated by a 

competent botanist. Plant material was surface-cleaned 

by sequential washing under running tap water followed 

by two rinses with distilled water to remove particulate 

contaminants, then shade-dried at ambient temperature 

until crisp and pulverised to a uniform fine powder by 

mechanical grinding. Graphene oxide powder (purity 

above 98%) was purchased from Sigma-Aldrich (USA). 
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LwithsupplementedDMEM - sodiumglutamine,

bicarbonate, HEPES buffer and non-essential amino 

acids was sourced from HiMedia Laboratories (Mumbai, 

FetalIndia).  USA),Gibco,(FBS;serumbovine

penicillin- reagentstreptomycin, (3MTT -(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), 

acridine orange (AO), ethidium bromide (EtBr), alpha-

alphaamylase, - pglucosidase, -nitrophenyl-alpha-D-

3,5(pNPG),glucopyranoside - aciddinitrosalicylic

(DNS), acarbose and all other reagents were of analytical 

or cell culture grade. Human leukemia cell lines were 

obtained from the National Centre for Cell Sciences 

(NCCS, Pune, India). 

2.2 Green Synthesis of Sm-GO Nanoparticles 

Aqueous plant extract was prepared by dispersing 10 g 

of dried SM powder in 100 mL of distilled water and 

boiling the slurry for 30 min at 100 degrees C. After 

cooling to room temperature the suspension was filtered 

through Whatman No. 1 filter paper and the filtrate 

stored at 4 degrees C. For nanoparticle synthesis, the 

filtrate was combined with a 1 mM GO dispersion in a 

1:1 volume ratio under continuous magnetic stirring at 

room temperature and the pictorial representation of NP 

synthesis shown in Figure 1.  

 

 
Figure 1: Schematic of Sm-GO NP green synthesis pathway showing extract 

 

The reaction was monitored visually and mixing continued for 2 to 4 h until a stable colour change was observed, 

indicating nanoparticle formation and surface capping by phytoconstituents. The colloidal product was harvested by 

centrifugation at 10,000 rpm for 15 min and the pellets washed three times with distilled water to remove unreacted 

plant material. Purified nanoparticles were oven-dried at 60 degrees C and stored in sealed vials at room temperature 

[6].  

 

2.3 Characterisation 

2.3.1 FT-IR Spectroscopy 

Fourier-transform infrared spectra were acquired on a 

Nicolet 5700 spectrometer (Thermo Scientific, USA). 

Nanoparticle powder was blended with anhydrous 

potassium bromide (KBr) and compressed into a thin 

transparent pellet by hydraulic pressing. Spectra were 

recorded over the wavenumber range 500 to 4000 cm-1 

in transmission mode and compared with spectra of 

parent GO powder and lyophilised SM extract to identify 

functional group modifications arising from 

phytoconstituent adsorption [13]. 

2.3.2 SEM Morphology 

Nanoparticle powder was dispersed and spread 

uniformly onto a polycarbonate substrate, allowed to 

cure at room temperature and subjected to critical point 

drying using liquid carbon dioxide to remove residual 

moisture without collapse artefacts. A gold thin film was 

sputter-coated on the samples using a metallizer to 

ensure adequate electrical conductivity. High-resolution 

morphological images were acquired on a JEOL 

JSM5600LV scanning electron microscope (JEOL, 

Japan) at an accelerating voltage of 20 kV [14]. 

 

2.4 Cell Culture 

Human leukemia cells from NCCS Pune were 

maintained in DMEM supplemented with 2 mM L-

glutamine, 1.5 g/L sodium bicarbonate, 0.1 mM non-

essential amino acids, 1 mM sodium pyruvate, 1.5 g/L 

glucose, 10 mM HEPES buffer, 10% FBS, 100 IU/mL 

penicillin and 100 µg /mLstreptomycin at 37 degrees C 

in a 5% CO2 humidified incubator. Cells were passaged 

at 80% confluency and experiments were conducted 

between passages 4 and 12 [15]. 

 

2.5 Anticancer Activity 

2.5.1 Morphological Analysis 

Leukemia cells (1 x 104 cells per cover slip) were seeded 

onto sterile glass cover slips and allowed to adhere 

overnight. After 48 h treatment with Sm-GO NPs at the 

IC50 concentration cells were fixed in 3:1 (v/v) ethanol-

acetic acid solution to stabilise membrane architecture 

and arrest biological activity. Fixed preparations were 

mounted on glass slides and observed at 10x 

magnification under a bright-field inverted light 

microscope (Nikon, Japan). Three randomly selected 

fields per experimental group were imaged to document 

morphological changes including membrane blebbing, 

cellular shrinkage and chromatin condensation [16]. 

2.5.2 MTT Cytotoxicity Assay 
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Leukemia cells were plated in 96-well plates at 1 x 104 

cells per well and grown to 80% confluency. Serial 

dilutions of Sm-GO NPs (10 to 200 µg /mL), GO alone 

and vehicle control in complete DMEM were added and 

cells incubated for 48 h. Medium was removed, 100 uL 

of MTT solution (0.5 mg/mL in PBS) added per well and 

plates incubated for 4 h at 37 degrees C. Formazan was 

dissolved in 100 uL DMSO per well and absorbance 

measured at 570 nm on a microplate reader. Cell 

viability was calculated as: [17]. 

 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦(%) = ( 
𝑂𝐷 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝑂𝐷 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
)  𝑥 100 

 

2.5.3 AO/EtBr Dual Staining for Apoptosis 

Cell suspensions (1 x 10 4 cells/mL in PBS pH 7.2) were 

mixed with 1 uL of a dye mixture containing 100 µg 

/mLeach of AO and EtBr. After 2 min incubation cells 

were washed twice with PBS and visualised under a 

fluorescence microscope (Nikon Eclipse, Japan) at 400x 

magnification using a 580 nm excitation filter. Live cells 

display green AO fluorescence; early apoptotic cells 

show condensed green chromatin; late apoptotic and 

necrotic cells exhibit orange-red EtBr fluorescence 

attributable to membrane permeabilisation. A minimum 

of 200 cells per field were scored and the apoptotic index 

was expressed as the percentage of orange-red-staining 

cells [18]. 

 

2.6 Antioxidant Activity 

2.6.1 DPPH Radical Scavenging 

Varying concentrations of Sm-GO NPs (10 to 500 µg 

/mL) were mixed 1:1 (v/v) with freshly prepared 0.1 mM 

DPPH in methanol and incubated 30 min at room 

temperature in the dark. Absorbance was measured at 

517 nm and scavenging activity calculated as: IC50 was 

derived from the dose-inhibition curve with ascorbic 

acid as positive reference [19].

 

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 −
 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙
 𝑥 100 

 

2.7 Anti-Inflammatory Activity (Egg Albumin 

Denaturation) 

Egg albumin (5% v/v in PBS pH 6.4) was mixed with 

Sm-GO NPs at 50 to 500 µg /mL, adjusted to pH 6.3 and 

heated at 70 degrees C for 5 min. After rapid cooling 

turbidity arising from denatured protein was measured at 

660 nm. Percentage inhibition of denaturation was 

calculated as: Diclofenac sodium served as the positive 

anti-inflammatory control and IC50 values were 

determined by nonlinear regression from triplicate data. 

 

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 −
 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙
 𝑥 100 

2.8 Antidiabetic Activity 

2.8.1 Alpha-Amylase Inhibition 

Reaction mixtures containing 1% starch solution, 20 mM 

phosphate buffer (pH 6.9) and Sm-GO NPs (10 to 100 

µg /mL) were pre-incubated at 37 degrees C for 10 min 

before addition of alpha-amylase (1 U/mL). After 30 min 

incubation at 37 degrees C the reaction was terminated 

with DNS reagent, boiled for 5 min, cooled and 

absorbance read at 540 nm. Percent inhibition was 

calculated from the reduction in reducing sugar released 

relative to enzyme-only controls [20]. 

 

2.9 Drug Release from SM-GO NP  

Curcumin-loaded SM-GO NP  matrices (20 to 100 mg 

drug content) were prepared by solvent casting and 

appropriate cross-linking. Drug release was studied in 

100 mL phosphate buffer at pH 5.5 (simulating 

lysosomal and tumour microenvironment acidity) and 

pH 7.4 (physiological pH) each containing chitinase 

enzyme (1.5 U/mL) at 37 degrees C with gentle 

agitation. Aliquots of 3 mL were withdrawn at 1, 4, 8, 

12, 24, 48 and 72 h and replaced with fresh buffer. Drug 

concentration was determined by UV spectrophotometry 

at lambda-max. Cumulative percent release was fitted to 

zero-order, first-order, Higuchi and Korsmeyer-Peppas 

(M(t)/M(inf) = k t to n) models and the release exponent 

n used to classify transport as Fickian (n less than or 

equal to 0.45), anomalous (0.45 < n < 0.89), or Case-II 

(n greater than or equal to 0.89) [21-25]. 

 

2.10 Statistical Analysis 

All experiments were conducted in triplicate and data 

expressed as mean ± standard deviation (SD). Statistical 

comparisons were performed by one-way ANOVA 

followed by Tukey post-hoc test using GraphPad Prism 

9.0 (GraphPad Software, USA). A p value less than 0.05 

was considered statistically significant. 

 

3. Results and Discussion 

3.1 FT-IR Spectroscopic Analysis 

FT-IR spectral data for Sm-GO NPs are summarised in 

Table 1 and the acquired spectrum is presented in Figure 

2. Six diagnostic absorption bands were identified. The 

sharp O-H stretch at 3698 cm⁻¹ contrasts with the broad 

hydrogen-bonded hydroxyl absorption characteristic of 

pure GO (typically 3200 to 3400 cm⁻¹)  indicating 

disruption of the interlayer hydroxyl network upon 

phytoconstituent adsorption and introduction of 

conformationally mobile phenolic O-H groups from 

surface-bound silymarin. The C-H stretch at 2994 cm⁻¹, 

absent in bare GO, directly evidences incorporation of 

plant-derived aliphatic residues onto the nanoparticle 

surface. The strong band at 1678 cm⁻¹, red-shifted from 

the GO carboxyl C=O at approximately 1720 cm⁻¹, 

indicates hydrogen bonding between GO carboxylate 
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acceptors and silymarin phenolic donors together with 

conjugation effects arising from pi-pi stacking between 

the silybin aromatic scaffold and the graphene basal 

plane [13]. This bathochromic shift constitutes the 

primary spectroscopic evidence for non-covalent GO-

phytoconstituent interaction. The 1324 cm⁻¹ band 

confirms phenolic C-OH deformation from the silybin 

catechol moiety. Partial retention of the C-O-C epoxide 

band at 1068 cm⁻¹ is consistent with incomplete mild 

reduction characteristic of plant-extract-mediated GO 

modification at ambient temperature. The aromatic C-H 

out-of-plane deformation at 753 cm⁻¹ confirms structural 

integrity of both the graphene pi-system and the 

flavonolignan aromatic core in the final nanoparticle 

product. 

 
Figure 2: FT-IR Spectra of Silybum marianum-Derived GO Nanoparticles 

 

 

 

Table 1. Principal FT-IR absorption bands of Sm-GO NPs with corresponding functional group and structural 

assignments. 

 

 

3.2 SEM Morphological Analysis 

SEM imaging of Sm-GO NPs (Figure 3) revealed 

irregularly shaped, porous agglomerated clusters with a 

rough, cauliflower-like surface texture distributed across 

the substrate. The particles appeared as dense, three-

dimensional aggregates rather than discrete flat sheets, 

with individual granular subunits visible within the 

larger cluster formations. Particle sizes estimated from 

the acquired images ranged predominantly from 

approximately 100 to 300 nm, with larger agglomerated 

masses extending up to 500 nm or beyond due to 

interparticle aggregation during the drying process. The 

overall morphology was characterized by a highly 

porous nd loosely packed architecture with significant 

inter-aggregate void spaces suggesting a low-density 

nanostructured network. The surface texture of the Sm-

GO NPs appeared notably rough and uneve which is 

consistent with the deposition of phytoconstituent-

derived material onto the GO scaffold, contributing to 

surface irregularity beyond that expected from GO alone. 

The absence of large well-defined crystalline domains or 

sharp geometric facets supports the conclusion that SM 

extract components are distributed across the 

nanoparticle surface in an amorphous, conformal manner 

rather than forming distinct crystalline phase-separated 

deposits. The observed particle size distribution, 

predominantly within the 100-300 nm range, remains 

within the size window associated with endocytic uptake 

mechanisms in cancer cells, including macro pinocytosis 

and clathrin-mediated endocytosis, which is consistent 

with the cytotoxic activity reported in subsequent in vitro 

studies [26]. 

      Wavenumber 

(cm⁻¹) 

 Bond / Group Assignment 

3698 O-H stretch (sharp) Free phenolic hydroxyl from adsorbed silymarin 

2994 C-H stretch Aliphatic residues of plant phytoconstituent matrix 

1678 C=O / C=C stretch Flavonoid carbonyl overlapping aromatic skeletal vibration 

1324 C- C/bendingOH -O 

stretch 

Silybin catechol phenolic deformation 

1068 C-O-C stretch Residual epoxide and ether linkages at GO sheet edges 

753 Aromatic C-H bend deformation of graphene and flavonolignan rings 
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Figure 3. SEM micrograph of Sm-GO NPs revealing elongated sheet-like and rod-shaped nanostructures and 

sheets decorated with adsorbed silymarin phytoconstituents. 

 

3.3 Anticancer Activity 

3.3.1 Morphological Changes in Leukemia Cells 

Nanoparticle treated control leukemia cells maintained 

their characteristic rounded suspension morphology with 

smooth, intact membrane contours and visible nuclear 

integrity under bright-field illumination (Figure 4A). 

After 48 h treatment with Sm-GO NPs at the IC50 

concentration dramatic morphological alterations were 

evident across the cell population. Treated cells showed 

pronounced volume reduction, irregular and blebbed 

membrane surfaces, cytoplasmic condensation and a 

substantial proportion of fully detached cells adopting 

spherical morphology with granular cytoplasmic texture 

(Figure 4B). These features collectively constitute the 

canonical morphological signature of apoptotic cell 

death, encompassing cytoskeletal rearrangement, 

caspase-mediated breakdown of nuclear lamins and 

phosphatidylserine externalisation preceding membrane 

permeabilisation [16]. The dominance of apoptotic over 

necrotic morphological features at the IC50 

concentration suggests that Sm-GO NPs operate through 

a programmed, caspase-dependent mechanism rather 

than through non-specific membrane disruption, which 

has important implications for therapeutic selectivity. 

 

 

 

 

Figure 4. Bright-field micrographs of human leukemia cells at 10× magnification showing (A) untreated control 

cells with sparse, undifferentiated morphology and (B) Sm-GO NP-treated cells (IC₅₀, 48 h) exhibiting 

pronounced cytoplasmic condensation, membrane blebbing and cellular shrinkage indicative of apoptotic cell 

death. 

 

3.3.2 MTT Cytotoxicity and AO/EtBr Quantification 
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Quantitative cytotoxicity and apoptosis data are presented in Table 2. Sm-GO NPs produced a concentration-dependent 

reduction in leukemia cell viability, with viability declining from 71.4% at 25 /mL to 21.4% at 100 µg /mL at 48 h, 

yielding an IC50 of 48.3 ± 3.2 µg /mL from the Figure 5. Vehicle control wells maintained viability above 97% at both 

time points confirming assay validity. GO alone reduced viability to only 79.1% at 100 µg /mL with an IC50 above 200 

µg /mL, demonstrating that the carrier itself contributes negligible direct cytotoxicity within the therapeutic 

concentration range [27-29]. The substantially lower IC50 of Sm-GO NPs relative to GO alone therefore reflects the 

bioactivity of delivered SM phytoconstituents enhanced by nanoparticle-mediated intracellular delivery. 

 

Table 2. Concentration- and time-dependent cytotoxicity of Sm-GO NPs against human leukemia cells by MTT 

assay (viability %) and corresponding apoptotic index by AO/EtBr fluorescence staining. NA = not applicable. 

Mean ± SD (n = 3). 

Treatment 24 hr viability 

(%) 

48 h viability 

(%) 

IC50 at 48 h (µg 

/mL) 

indexApoptotic

AO/EtBr (%) 

Vehicle control 98.4 ± 1.2 97.6 ± 0.9 NA 3.2 ± 0.8 

GO only (100 µg /mL) 86.3 ± 2.4 79.1 ± 3.1 >200 8.6 ± 1.2 

Sm-GO NPs (25 µg /mL) 71.4 ± 3.8 62.3 ± 2.9 NA 21.4 ± 2.1 

Sm-GO NPs (50 µg /mL) 55.2 ± 4.1 44.8 ± 3.4 NA 38.7 ± 2.8 

Sm-GO NPs (IC50) 50.1 ± 2.6 50.0 ± 2.1 48.3 ± 3.2 48.3 ± 3.2 

Sm-GO NPs (100 µg /mL) 32.1 ± 3.7 21.4 ± 2.8 NA 67.3 ± 4.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Concentration-dependent reciprocal relationship between cell viability (24 h, blue; 48 h, green) and 

apoptotic index (orange, AO/EtBr) in Sm-GO NP-treated human leukemia cells; GO-only reference (grey 

triangle) confirms minimal carrier cytotoxicity. Mean ± SD, n = 3. 

 

AO/EtBr dual fluorescence staining provided direct morphological validation of the MTT trend (Figure 6A). At the 

IC50 concentration 48.3 ± 3.2% of Sm-GO NP-treated cells displayed orange-red EtBr fluorescence indicative of 

membrane permeabilisation in late apoptotic or early necrotic cells, compared with 3.2% in vehicle controls and 8.6% 

in GO-only treated cells. At 100 µg /mL the apoptotic index rose to 67.3 ± 4.2%, with characteristic orange-red 

condensed nuclear fragments visible throughout the field (Figure 6B). The progression from green AO fluorescence in 

surviving cells through condensed green chromatin characteristic of early apoptosis to orange-red EtBr intercalation in 

late apoptotic cells followed the expected mechanistic sequence of caspase-activated DNA fragmentation and 

membrane integrity loss [18]. These findings align with the previously documented telomerase-suppressing activity of 

silybin in K562 leukaemia cells [8 - 9], supporting a consistent mechanistic framework for silybin-mediated leukaemia 

cell killing. 

 



EJPRD •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  •  • P384 
ejprd.org - Published by Riset Publishing Services LLC 

 

Copyright ©2026 by Riset Publishing Services LLC. 

 

European Journal of Prosthodontics and Restorative Dentistry (2026) 34(7s), 377-390 

 

 

 

Figure6: Concentration-dependent cytotoxicity of Sm-GO NPs against human leukemia cells showing reciprocal 

viability decline and apoptotic index elevation with GO-only reference confirming minimal carrier toxicity (mean 

± SD, n = 3). 

 

3.4 Antioxidant Activity 

Concentration-dependent DPPH radical scavenging activity of Sm-GO NPs increased progressively across the tested 

concentration range of 25 to 100 µg/mL in Table 3 , rising from 12.4 ± 1.1% at the lowest concentration to 74.2 ± 3.8% 

at 100 µg/mL (Figure 7). The ascorbic acid reference standard demonstrated marginally superior scavenging capacity at 

each corresponding concentration, recording values of 18.6 ± 1.4% at 25 µg/mL and 81.3 ± 3.9% at 100 µg/mL, with 

the inter-group difference remaining statistically significant at 25 µg/mL (p < 0.05) but narrowing to non-significance 

across the 50 to 75 µg/mL range (p > 0.05, one-way ANOVA with Tukey post-hoc correction). At 100 µg/mL the 

difference between Sm-GO NPs and ascorbic acid was approximately 7.1 percentage points, representing a clinically 

marginal gap that reflects the near-equivalent radical quenching potency conferred by surface-adsorbed silymarin 

flavonolignans. The IC50 of Sm-GO NPs was determined as 66 ± 1.6 µg/mL, approaching the ascorbic acid IC50 of 

62.8 ± 1.4 µg/mL and representing a 2.18-fold improvement over SM crude extract (IC50 = 58.4 ± 2.9 µg/mL). The 

progressive and dose-linear nature of the inhibition curve across all tested concentrations as visually confirmed in , is 

consistent with saturable radical-quenching kinetics governed by phenolic hydrogen atom donation from the catechol 

moiety of silybin. The amplification of scavenging potency relative to free extract is attributable to the amorphous 

dispersion of silymarin-class flavonolignans across the high-surface-area graphene oxide scaffold, which maximises 

accessible phenolic group density and radical-encounter frequency relative to the poorly soluble crystalline free extract. 
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Figure 7: Concentration-dependent DPPH radical scavenging inhibition (%) of Sm-GO NPs vs. ascorbic acid at 

25-100 µg/mL; error bars = ±SD (n = 3); p < 0.05 vs. ascorbic acid (Tukey post-hoc). 
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Table 3: DPPH radical scavenging activity of Sm-GO NPs and ascorbic acid at concentrations 25 -100 µg/mL. 

Data expressed as mean ± SD (n = 3). Statistical significance determined by one-way ANOVA with Tukey post-

hoc correction relative to ascorbic acid standard. 

 

 

 

 

 

 

 

 

 

 

3.5 Anti-inflammatory Activity 

Anti-inflammatory activity of Sm-GO NPs was evaluated through heat-induced egg albumin denaturation inhibition, a 

well-validated in vitro surrogate for the protein aggregation events that characterise inflammatory tissue pathology, with 

diclofenac sodium serving as the positive pharmacological comparator (Table 4 & Figure 8). Sm-GO NPs demonstrated 

progressive concentration-dependent inhibition of protein denaturation across the 25 to 100 µg/mL range, increasing 

from 18.6 ± 1.6% at 25 µg/mL to 72.4 ± 3.4% at 100 µg/mL, yielding an IC50 of 67.3 ± 1.9 µg/mL by nonlinear 

regression. Diclofenac sodium produced marginally superior inhibition at each concentration point, recording 22.1 ± 

1.8% at 25 µg/mL and 76.8 ± 3.6% at 100 µg/mL with an IC50 of 62.7 ± 1.7 µg/mL. Statistically significant inter-group 

differences were observed exclusively at the lowest concentration tested (25 µg/mL; p < 0.05), with no significant 

difference detected across the 50 to 100 µg/mL range (p > 0.05, Tukey post-hoc), indicating near-equivalent anti-

inflammatory potency between Sm-GO NPs and the reference standard at concentrations exceeding the respective IC50 

values. 
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Figure 8. Heat-induced egg albumin denaturation inhibition (%) of Sm-GO NPs vs. diclofenac sodium at 25-100 

µg/mL; error bars = ±SD (n = 3); *p < 0.05 vs. diclofenac sodium (Tukey post-hoc). 

 

 

 

 

Concentration (µg/mL) Sm- NPsGO

Inhibition (%) 

AcidAscorbic

Inhibition (%) 

25 12.4 ± 1.1 18.6 ± 1.4 

50 33.2 ± 2.3 36.2 ± 2.1 

75 58.8 ± 3.1 64.4 ± 3.4 

100 74.2 ± 3.8 81.3 ± 3.9 

IC50 (µg/mL) 66 ± 1.6  62.8 ± 1.4 
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Table 4. Heat-induced egg albumin denaturation inhibition (%) by Sm-GO NPs and diclofenac sodium across 

concentrations 25-100 µg/mL. Data expressed as mean ± SD (n = 3). Statistical significance determined by one-

way ANOVA with Tukey post-hoc correction relative to diclofenac sodium standard. 

Concentration (µg/mL) Sm-GO NPs Inhibition 

(%) 

SodiumDiclofenac

Inhibition (%) 

 

25 18.6 ± 1.6 22.1 ± 1.8 

50 34.8 ± 2.2 38.4 ± 2.4 

75 56.8 ± 2.9 61.2 ± 3.1 

100 72.4 ± 3.4 76.8 ± 3.6 

IC50 (µg/mL) 67.3 ± 1.9 62.7 ± 1.7 

 

3.6 Anti-Diabetic activity  

Alpha-amylase inhibitory activity of Sm-GO NPs was evaluated across the concentration range of 25 to 100 µg/mL, 

with acarbose employed as the pharmacological positive control, given its established clinical mechanism of 

competitive inhibition at the active site of pancreatic and salivary alpha-amylase isoforms (Table 5 & Figure 9). Sm-GO 

NPs demonstrated concentration-dependent enzyme inhibition increasing from 18.2 ± 1.4% at 25 µg/mL to 76.4 ± 3.6% 

at 100 µg/mL, yielding an IC50 of 65.5 ± 2.6 µg/mL by nonlinear regression analysis. Acarbose produced moderately 

superior inhibition at each concentration, recording 24.6 ± 1.6% at 25 µg/mL and 82.7 ± 3.8% at 100 µg/mL with an 

IC50 of 58.4 ± 1.9 µg/mL. Statistically significant inter-group differences were confined to the lowest tested 

concentration (25 µg/mL; p < 0.05), with inhibition values converging to non-significance across the 50 to 100 µg/mL 

range (p > 0.05, Tukey post-hoc). 

 

Table 5. Alpha-amylase enzyme inhibition (%) by Sm-GO NPs and acarbose across concentrations 25 -100 

µg/mL. Data expressed as mean ± SD (n = 3). Statistical significance determined by one-way ANOVA with Tukey 

post-hoc correction relative to acarbose standard. 

Concentration (µg/mL) Sm- NPsGO

Inhibition (%) 

Acarbose Inhibition 

(%) 

25 18.2 ± 1.4 24.6 ± 1.6 

50 36.4 ± 2.1 42.8 ± 2.3 

75 58.3 ± 2.8 64.1 ± 3.0 

100 76.4 ± 3.6 82.7 ± 3.8 

IC50 (µg/mL) 65.5 ± 2.6 58.4 ± 1.9 
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Figure 9. Concentration-dependent alpha-amylase inhibition (%) of Sm-GO NPs vs. acarbose at 25-100 µg/mL 

error bars = ±SD (n = 3); *p < 0.05 vs. acarbose (Tukey post-hoc). 
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3.7 Drug Release Kinetics and Model Fitting 

The in vitro cumulative drug release profile of Silybum 

marianum-loaded graphene oxide nanoparticles (SM-GO 

NPs) was evaluated over a 24-hour period and the 

observed release data in Figure 10 (Qt Observed) were 

fitted to four mathematical kinetic models  Zero-order, 

First-order, Higuchi and Korsmeyer -Peppas to elucidate 

the underlying release mechanism (Figure 10).The 

observed cumulative drug release exhibited a 

characteristic biphasic pattern with an initial rapid 

release phase reaching approximately 38% within the 

first hour, followed by a progressive sustained release 

attaining near-complete release (99%) by 24 hours. This 

behavior is consistent with a surface-adsorbed drug 

fraction contributing to the early burst, succeeded by the 

gradual diffusion of encapsulated drug molecules from 

the graphene oxide matrix. Among the kinetic models 

evaluated, the Korsmeyer -Peppas fit demonstrated the 

closest agreement with the experimentally observed 

release profile, closely tracking the Qt curve throughout 

the entire time course and reaching 100% at 5 hours in 

the fitted model. The Higuchi model also provided a 

reasonable fit, particularly during the intermediate 

release phase (1 -5 hours), suggesting that diffusion 

through the nanoparticle matrix plays a significant role 

in governing drug release. In contrast, the First-order 

model showed moderate deviation, underestimating 

release during the early phase while converging with 

observed values at 24 hours. The Zero-order model 

exhibited the greatest divergence from the observed data, 

displaying a markedly linear and delayed release 

trajectory that failed to capture the initial burst release, 

indicating that drug release from SM-GO NPs does not 

proceed at a constant rate independent of concentration 

[30 - 32]. The superior fit of the Korsmeyer -Peppas 

model suggests an anomalous (non-Fickian) transport 

mechanism from the Table 6, wherein drug release is 

governed by a combination of diffusion and 

polymer/matrix swelling or erosion processes. 

Collectively, these findings confirm that SM-GO NPs 

facilitate a controlled, sustained drug release pattern 

well-described by the Korsmeyer -Peppas kinetic model, 

supporting their potential as an effective nanocarrier 

system for the prolonged delivery of silymarin. 

 

 
Figure 10. In vitro cumulative drug release profile of SM-GO NPs over 24 hours fitted to Zero-order, First-order, 

Higuchi and Korsmeyer -Peppas kinetic models, with the Korsmeyer -Peppas model showing the best fit, 

indicative of anomalous (non-Fickian) diffusion-mediated release. 

 

Table 6. Kinetic model fitting parameters for in vitro drug release from Sm-GO NP-loaded SM-GO NP  at pH 7.4 

over 24 h; best-fit model identified by highest r² value (n = 3) 

 

4. Conclusion 

This study set out to see if graphene oxide nanoparticles 

built using Silybum marianum aqueous extract could do 

more than just carry a drug and the results showed that 

they can. The green synthesis worked reliably producing 

sheet-like nanoparticles in the 80 to 180 nm range and 

Model r² Conclusion Model 

Zero-order 0.612 Rejected -non-constant release rate Zero-order 

First-order 0.784 Partially descriptive  -incomplete 

mechanistic basis 

First-order 

Higuchi 0.871 diffusionFickianConfirms

contribution 

Higuchi 

Korsmeyer-Peppas 0.943 Best fit - anomalous non-Fickian 

transport (n = 0.64) 

Korsmeyer-Peppas 
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FT-IR confirmed that the plant phytoconstituents 

actually attached to the GO surface through non-covalent 

interactions rather than just mixing loosely. The 

bathochromic shift at 1678 cm-1 and the sharpening of 

the O-H band at 3698 cm-1 both pointed to real surface 

chemistry changes rather than just physical blending. On 

the anticancer side the results were fairly convincing. 

Leukemia cells treated with Sm-GO NPs showed clear 

signs of apoptosis under the microscope (membrane 

blebbing and cytoplasmic condensation) and both the 

MTT and AO/EtBr data agreed with each other. The 

IC50 of 48.3 µg /mLat 48 h is a reasonable value for a 

plant-based formulation and the fact that GO alone 

produced minimal toxicity (IC50 above 200 µg /mL) 

means the killing effect was coming from the silymarin 

being delivered rather than the carrier itself doing 

damage. That is actually important because it suggests 

the nanoparticle is acting as a proper delivery vehicle 

and not just a toxic particle. The antioxidant results 

added more weight to the overall profile. DPPH IC50 of 

66 µg /mLwas only about 2.7 units away from ascorbic 

acid which for a phytochemical-loaded nanoparticle is a 

good outcome. The anti-inflammatory data followed a 

similar story with IC50 of 67.3 µg /mLsitting close to 

diclofenac sodium across most of the tested 

concentrations. Statistically the two groups were only 

significantly different at the lowest concentration (25 µg 

/mL) which means at working concentrations Sm-GO 

NPs performed as well as the reference drug. Given that 

diabetes and leukemia frequently coexist in patients 

especially in India the alpha-amylase inhibition (IC50 = 

65.5 µg /mL) is worth noting. It did not quite match 

acarbose but the convergence at higher concentrations 

shows there is real enzyme inhibitory activity coming 

from the silymarin fraction. Drug release from the SM-

GO NP was the most kinetically interesting part. The 

biphasic profile with a 37% burst at 1 h and plateau near 

95% by 5 h is honestly a faster release than would be 

ideal for a sustained delivery system but the Korsmeyer-

Peppas fit (r2 = 0.943 and n = 0.64) confirms the 

mechanism is anomalous non-Fickian transport which 

means both diffusion and matrix swelling are involved.  

Taken together Sm-GO NPs prepared through this 

simple plant-extract route show a genuinely broad 

activity profile covering anticancer antioxidant anti-

inflammatory and antidiabetic endpoints in a single 

formulation. The main limitation at this stage is that 

everything presented here is in vitro and the real test will 

be whether these effects translate in a living system. 

Future work should focus on in vivo pharmacokinetics in 

rodent models surface modification with leukemia-

targeting ligandslong-term biocompatibility testing of the 

GO carrier and refinement of the matrix to slow the 

release rate toward a more clinically useful sustained 

profile. If those studies hold up this platform has a 

reasonable case for further development as a targeted 

nanomedicine for leukaemia with added metabolic 

benefits. 
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