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ABSTRACT 

Objective: This study aimed to develop graphene oxide (GO) nanoparticles (NPs) loaded with Quercetin (QUE) for oncological applications, 
enhancing therapeutic efficacy while minimizing adverse effects. 

Methods: QUE-GO NPs were synthesized using Tween 80 and probe sonication, with optimization achieved through a Box-Behnken Design (BBD) 
that considered parameters including GO weight, surfactant volume, and sonication time. 

Results: The optimized batch 14 achieved an Entrapment Efficiency (EE) of 92.5±0.7%, with a particle size of 86.9±0.46 nm and a Polydispersity 
Index (PDI) of 0.158±0.001, indicating good stability. Drug release studies showed 88.60±2.3% release over 8 h (n = 3). Cytotoxicity assays in MCF-7 
breast cancer and HEK293 noncancerous cells revealed enhanced cytotoxicity against MCF-7 cells (IC50: 126.20 µg/ml) (p<0.001) compared to pure 
QUE's (MW: 302.24 g/mol) IC50 of 175.89 µg/ml (p<0.05). The safety profile was observed for HEK 293 cells (IC50: 1009.40 µg/ml). 

Conclusion: These findings support QUE-GO NPs as a promising nanocarrier for targeted cancer therapy. A favourable safety profile was observed. 
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INTRODUCTION 

Nanotechnology is employed in the field of nanomedicine to create 
advanced Drug Delivery Systems (DDSs) that enhance therapeutic 
efficacy while minimizing systemic toxicity. These systems enable 
the targeted delivery, controlled release, and improved 
bioavailability of therapeutic agents, which are crucial in oncology, 
where maximizing tumor-specific effects and minimizing harm to 
healthy tissues are paramount. The field of nanomedicine utilises 
nanotechnology to develop advanced drug delivery mechanisms that 
enhance therapeutic efficacy while minimizing adverse effects. 
These mechanisms include targeted delivery, controlled release, and 
enhanced bioavailability of therapeutic compounds, all of which are 
crucial in cancer therapy, where maximizing tumour impact and 
minimizing systemic toxicity are desired [1]. Nanotechnology has 
emerged as a vital tool for creating diverse nanoparticles (NPs) with 
high surface-area-to-volume ratios and distinctive properties [2]. 

Among the various nanocarriers for drug delivery, Graphene Oxide 
(GO) stands out due to its unique properties, which make it suitable 
for oncological applications [1]. GO exhibits a high surface area-to-
volume ratio (~2630 m²/g), enabling an exceptional drug-loading 
capacity through π-π stacking, hydrogen bonding, and hydrophobic 
interactions. Unlike liposomes or polymeric NPs, GO’s mechanical 
robustness and pH-responsive degradation allow precise control 
over drug release in acidic tumour microenvironments [3]. GO 
demonstrates a superior drug-loading capacity of 92.5% 
Entrapment Efficiency (EE) compared to liposomes (70-80% EE) 
and polymeric NPs (75-85% EE) due to its high surface area and π-π 
interactions [4]. For instance, GO-based DDSs have demonstrated 
enhanced tumour accumulation in breast cancer models, 
outperforming conventional carriers, such as PLGA NPs, in terms of 
stability and payload capacity. Nanocarriers can overcome the 
obstacles encountered in traditional drug delivery systems. These 
include liposomes, polymeric NPs, and solid lipid NPs [5]. For 
instance, GO has been successfully used to deliver doxorubicin in 
breast cancer models [6]. Graphene is a multifunctional carbon 
nanomaterial that offers promising opportunities for the 
development of platform technologies for cancer therapy. The 
surface functionalization of graphene-specific drugs targeting cancer 

cells and tissues improves treatment efficacy [7]. Research has 
shown that functionalized nano-GO exhibits significantly more 
significant cytotoxic effects when combined with two anticancer 
drugs compared to a single one [8]. 

The uncontrolled proliferation of abnormal cells is a hallmark of cancer, 
resulting in malignant growth. The primary cause of illness and death in 
most cancer patients is the migration of malignant cells to neighboring 
tissues and remote organs [9]. Cancer has become a significant public 
health issue owing to its widespread occurrence and high mortality rate. 
Patients with cancer have access to a range of treatment approaches, 
including surgical procedures, radiation therapy, drug-based 
chemotherapy, and therapies that target specific cancer mechanisms 
[10]. Chemotherapy, a common approach in cancer treatment, employs 
drugs designed to inhibit the proliferation of cancer cells or to eradicate 
them. While this method is primarily administered as systemic therapy, 
there are also non-systemic alternatives for delivering chemotherapy 
[11]. Various drug delivery systems have been developed to overcome 
the limitations of chemotherapy. 

Quercetin (QUE), a pentahydroxy flavone, is the most prevalent 
flavanol in food and is particularly abundant in apples and capers. 
Research has linked QUE to the prevention of non-communicable 
diseases [12, 13]. Naturally occurring flavonoids exhibit various 
pharmacological effects, including anticancer, antioxidant, 
antibacterial, and anti-inflammatory [14-17]. Research has shown that 
QUE acts as a potent anticancer compound. It suppresses invasion and 
blood vessel formation in oesophagal cancer cells, induces self-
destruction and programmed cell death in lung cancer cells, and 
hinders the spread of triple-negative breast cancer [18–20]. QUE 
nanocomposites exhibit pH-responsive drug release with enhanced 
release rates in acidic environments, which is characteristic of cancer. 
Research has demonstrated that a nanocomposite of ZnO and QUE 
effectively inhibits the proliferation of MCF-7 breast cancer cells while 
exhibiting high compatibility with healthy cells [21]. 

MATERIALS AND METHODS 

QUE was purchased from Bio-Molecules, Khandwa, M. P., India. GO 
was procured from AdNano® Technologies Private Limited 

International Journal of Applied Pharmaceutics 

ISSN- 0975-7058                                    Vol 17, Issue 3, 2025 

https://orcid.org/0000-0002-1402-8552
https://orcid.org/0000-0003-3539-281X
https://orcid.org/0000-0003-1247-9197
https://orcid.org/0000-0003-3837-2486


T. Prashant et al. 
Int J App Pharm, Vol 17, Issue 3, 2025, 243-251 

244 

(Shimoga, Karnataka, India). This study used analytical-grade 
materials and solvents. 

Compatibility study 

A Fourier-Transform Infrared (FTIR) spectroscopy compatibility 
study was conducted to assess the interaction between QUE and GO 
in the nanoparticle formulation. This method analyses the principal 
peaks of the drug QUE, carrier GO, their physical mixture, and the 
optimized nanoparticle formulation to evaluate compatibility and 
potential chemical interactions within the formulation composition. 
By comparing the spectra of the individual components to those of 
the nanoparticle formulation, FTIR enables the detection of any new 
bond formation or significant peak shifts that may indicate 
incompatibility or undesired chemical reactions between QUE and 
GO. This analysis is crucial for confirming the successful loading of 
QUE onto the GO nanocarriers without degradation, as well as 
verifying the stability and integrity of the drug-carrier system. 

FTIR 

The interaction between the excipients and drug was assessed using 
FTIR spectroscopy. This investigation analyzed the principal peaks of 
the drug, excipients, their mixtures, and the optimized formulation to 
evaluate compatibility within the formulation composition. The 
spectra were recorded using a Shimadzu IR Affinity-1 
spectrophotometer, encompassing a spectral range of 4000–400 cm−1. 

Fabrication of QUE-GO NP’s procedure 

The preparation of GO NPs loaded with QUE followed a systematic 
approach. Initially, a mixture of QUE (0.1% w/v) was prepared in 

ethanol by combining QUE (20 mg) with ethanol (20 ml), and the 
mixture was stirred continuously until it became transparent. Then, 
100 mg of GO was added to the QUE mixture. The resulting 
combination was thoroughly mixed to ensure complete and even 
distribution [4]. Subsequently, 0.05 ml of Tween 80, a surfactant, 
was introduced into the solution and mixed manually. The resulting 
solution was subjected to probe sonication for 60 min with periodic 
cooling to maintain a temperature below 40 °C. This step was 
designed to enhance the dispersion and stability of NPs further. 
After sonication, the mixture was centrifuged at 10,000 rpm for 15 
min to separate the unbound QUE from the clustered NPs [22]. The 
NPs were then washed three times with deionized water using 
centrifugation to remove any residual QUE [23]. Finally, the QUE-GO 
NPs were dried either under a vacuum or at 40 °C overnight and 
subsequently collected for further characterization and analysis. 

Experimental design 

The response surface methodology Box-Behnken Design (BBD) 
utilizes three independent variables [24, 25]. BBD was selected for 
its efficiency in optimizing three factors with minimal experimental 
runs (15 vs. 27 in Central Composite Design). The sonication time 
weights of GO, the volumes of surfactant Tween 80, and the 
sonication time (in minutes) are listed in table 1. The response 
variables were EE, mean Particle Size (MPS), and Polydispersity 
Index (PDI). 

Optimization of QUE-GO NPs synthesis conditions 

Responses: The dependent variables (responses) measured based 
on variations in the factors are listed in table 1. 

 

Table 1: Variables used, experimental design, and observed responses from randomised runs in the BBD 

BBD  
Factors: 3  Replicates: 1 
Base runs: 13 Total runs: 15 
Base blocks: 1  Total blocks: 1 
Center points: 3  
 Levels, actual (Coded) 
 Low (-1) Medium (0) High (+1) 
Independent variables     
X1: Amount of GO (mg)  80 100 120 
X2: Surfactant (Tween 80) (ml)  0.02 0.05 0.08 
X3: Sonication Time (min)  40 60 80 
Dependent variables   
Y1: EE (%)  Maximum  
Y2: MPS (nm)  Minimum 
Y3: PDI  Less than 0.2 
 Independent variables Dependent variables* 
Run X1 X2 X3 Y1 Y2 Y3 
1 -1 1 0 78.3±1.06 83.6±0.70 0.16681±0.00321 
2 -1 0 1 80.8±1.14 82.9±0.80 0.16658±0.00103 
3 0 0 0 83.3±1.17 85.3±1.06 0.16409±0.00153 
4 0 0 0 82.2±1.32 85.7±0.47 0.16321±0.00153 
5 0 -1 -1 82.6±0.62 86.7±0.57 0.16404±0.00101 
6 0 1 -1 82.3±0.86 85.5±0.59 0.16392±0.00153 
7 -1 0 -1 76.0±1.15 84.7±0.46 0.16712±0.00201 
8 0 0 0 82.7±0.86 85.5±1.02 0.16398±0.00252 
9 1 1 0 88.4±0.62 87.2±0.26 0.15954±0.00153 
10 1 -1 0 87.9±0.57 87.8±0.36 0.16245±0.00058 
11 1 0 -1 86.0±1.13 88.2±0.65 0.15972±0.00153 
12 0 -1 1 83.5±0.83 84.7±0.46 0.16397±0.00153 
13 -1 -1 0 79.3±0.67 83.8±0.61 0.16812±0.00101 
14 1 0 1 92.5±0.70 86.9±0.46 0.15819±0.00103 
15 0 1 1 83.0±1.14 84.1±0.72 0.16295±0.00153 

*Data are presented as mean±SD (n=3) 
 

Entrapment Efficiency 

To determine the quantity of QUE bound to the GO NPs, a suspension 
containing 50 mg of QUE-GO NPs was subjected to centrifugation at 
10,000 rpm for 15 min. This process separated the unattached QUE 
from the NPs. The resulting supernatant, which contained free QUE, 
was then carefully extracted and filtered through a 0.45 µm filter. 

The concentration of free QUE in the supernatant was quantified using 
high-performance liquid chromatography (HPLC) [26]. A series of QUE 

standards with known concentrations were used to create a calibration 
curve, which was then used for comparison with the supernatant 
samples. The EE was calculated using the following equation:  

EE (%) =
Initial Amount of Quercetin− Amount of Quercetin unloaded

Initial Amount of Quercetin
 x 100 

Equation 1: Entrapment Efficiency (%) 

The quantity of loaded QUE was determined by deducting the amount 
of unbound QUE in the supernatant from its initial concentration. 
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Particle size (PS), zeta potential (ZP) (ζ) 

The MPS and ZP values were determined using dynamic light 
scattering techniques with a Nanotrac wave II instrument 
manufactured by Microtrac, Japan. To determine the dimensions of 
the QUE-GO NPs, a 3-ml sample was diluted with deionized water 
and transferred to a cell cuvette. The samples were scanned three 
times to obtain the average measurement (n = 3).  

In vitro drug release 

A controlled release study utilizing a dissolution testing apparatus 
was performed to explore the drug release patterns of GO NPs 
loaded with QUE. First, 50 mg of QUE-GO NPs were accurately 
weighed and incorporated into a dialysis bag, which was then tied at 
both ends. Next, 200 ml of phosphate-buffered saline (PBS) with a 
pH of 7.4 was added to the beaker to help disperse the NPs. The 
beaker was subsequently placed in a USP (United States 
Pharmacopeia) type-II paddle dissolution apparatus and maintained 
at 37±2 °C. The dissolution apparatus was operated at 100 rpm [27]. 
At 1-hour intervals, 3 ml samples of the solution were withdrawn 
from the apparatus for analysis. To maintain a constant volume of 
the release medium, an equal amount of fresh buffer solution was 
immediately added to the beaker following the withdrawal of each 
sample. The extracted samples were analyzed to measure the 
amount of QUE released by NPs at various intervals [27, 28]. 

Cell line characterisation 

The National Center for Cell Science (NCCS) supplied both the MCF-7 
and HEK293 cell lines used in this study, which were characterized 
to confirm their suitability for experiments. Microbial 
contamination, including the presence of bacteria and fungi, was 
excluded using standard sterility testing methods. Cross-
contamination was evaluated by direct observation of the cellular 
morphology under an inverted microscope [8, 29].  

Cytotoxicity assay 

MTT assay was used to assess the cytotoxic effects of QUE and 
QUE-GO NPs. In 96-well plates, MCF-7. Similar to the noncancerous 
cells (HEK293), 5×104 cells were plated in each well, with each well 
containing 100 µL of culture medium. Dimethyl sulfoxide (DMSO) 
was used to prepare QUE solutions, which were then diluted in a 
culture medium to achieve concentrations from 1.95 µg/ml to 
1000 µg/ml. Each experiment was performed in triplicate (n = 3). 

Additionally, the cytotoxicity of QUE was examined in the non-
cancerous HEK293 cell line over 48 h. 

Controls: Positive Control (+Ve) wells containing cells and media 
without the test sample to establish the baseline viability. Negative 
Control (-Ve) wells contained only media, without cells or the test 
sample, to account for background absorbance. 

After 24 h of exposure, 20 µl** of MTT reagent (5 mg/ml) was added 
to each well, and the plates were incubated for an additional 4 h at 
37 °C. To dissolve the resulting formazan crystals, 100 µl** DMSO 
was added to each well, followed by overnight incubation. 
Absorbance was measured at 570 nm using an ELISA plate reader. 

RESULTS 

Compatibility study 

The results of the FTIR analysis of the QUE-GO mixture are shown in 
table 2.  

Hydroxyl (-OH) Groups: QUE exhibits a broad-OH stretch at 3631 
cm⁻¹ (alcoholic), while GO shows broad-OH peaks at 3491–3261 
cm⁻¹ (alcoholic and carboxylic). In the mixture, these peaks merge 
into broader bands at 3522–3332 cm⁻¹ and 3296 cm⁻¹. The 
retention of the wide-OH signals, coupled with slight shifts, indicated 
hydrogen bonding between the phenolic and OH groups of QUE and 
GO’s oxygenated functionalities of GO (e.g.,-OH and-COOH). This 
interaction likely enhances the stability of the mixture without 
forming covalent bonds. 

Carbonyl (C=O) and Aromatic Features: The C=O stretches in QUE 
(1743–1735 cm⁻¹) and GO (1735 cm⁻¹) overlap closely in the 
mixture (1747–1732 cm⁻¹), suggesting no significant chemical 
alteration of these groups. Similarly, aromatic C-H stretches (3176–
3124 cm⁻¹ in QUE and 3169 cm⁻¹ in GO) persisted in the mixture, 
confirming the structural integrity of both components. 

Alkyne/Nitrile and Fingerprint Regions: A minor shift in the 
alkyne/nitrile peak from 2360 cm⁻¹ (QUE) to 2368 cm⁻¹ (mixture) 
indicates weak interactions, possibly π-π stacking, between the 
aromatic rings of QUE and the graphitic domains of GO. 
Additionally, the emergence of firm fingerprint region peaks 
(1029–1010 cm⁻¹) in the mixture, which is not explicitly 
prominent in the GO spectrum, suggests enhanced vibrational 
modes due to QUE-GO associations. 

 

Table 2: FT-IR detail peak intensities in QUE, GO and a mixture of QUE-GO 

Functional 
Group/Vibration 

QUE Peaks GO Peaks QUE+GO Observations Implications 

O-H Stretching 
(3200–3500 cm⁻¹) 

Broad peak  
(phenolic-OH) 

Broad peak  
(hydroxyl groups) 

Broadening/shift in-OH peak Hydrogen bonding enhances 
compatibility 

C=O Stretching  
(1650–1720 cm⁻¹) 

Sharp peak (~1650 
cm⁻¹, ketone) 

Peak (~1720 cm⁻¹, 
carboxylic acid) 

Shifting/diminishing of QUE’s 
C=O peak 

Interaction with GO’s-COOH 
groups 

Aromatic C=C  
(1500–1600 cm⁻¹) 

Peaks  
(aromatic rings) 

Weak peak (~1600 cm⁻¹, 
graphitic C=C) 

Shift in QUE’s C=C π-π stacking improves drug 
loading on GO 

C-O Stretching  
(1050–1300 cm⁻¹) 

- Strong peaks (epoxy/alkoxy 
groups) 

Reduced intensity/shifts in 
GO’s C-O peaks 

Interaction with QUE’s-OH 
groups 

General compatibility - - No new covalent peaks Stable physical mixture, no 
degradation 

 

The spectrum confirms the presence of functional groups from both 
QUE and GO, such as O–H, C=O, and C–O, suggesting successful 
mixing without significant chemical degradation of either 
component, as shown in fig. 1. 

Fabrication of QUE-GO NPs  

The synthesis of GO NPs loaded with QUE-GO NPs was successfully 
achieved through a systematic protocol. The process began with the 
dissolution of QUE to obtain a 0.1% (w/v) solution in ethanol, yielding 
a homogeneous and transparent solution that confirmed the effective 
solubilization of the hydrophobic flavonoid. The subsequent addition 

of GO (100 mg) to the QUE-ethanol mixture, followed by vigorous 
stirring, ensured the dispersion of GO within the matrix. 

Optimization of QUE-GO NPs 

Optimization can be conducted in specific complex experimental 
designs such as BBD, which employs response surface methodology. 
These investigations aimed to establish the most efficacious 
relationships between variables and experimental outcomes. To 
determine the optimal components of the formulation variables that 
influence product quality, a BBD was used to optimize the 
composition of QUE-GO NPs. 
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Fig. 1: Overlay spectra of GO, QUE and a mixture of QUE-GO 
 

 

Fig. 2: Effect of amount of GO and sonication time interaction on EE (a) contour graphs (b) surface graphs, effect on MPS (c) contour 
graphs (d) surface graphs, effect on PDI (e) contour graphs (f) surface graphs. Comparison of the data obtained with the experimental 

data of the QUE-GONPs formulation graphs for (g) EE, (h) MPS, and (i) PDI 
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Table 3: ANOVA of the fitted equation for EE, MPS, and PDI of QUE-GO NPs 

 EE (%)  MPS (nm)  PDI 

 Sum of 
squares 

Mean 
square 

F 
value 

P value  Sum of 
squares 

Mean 
square 

F 
value 

P value  Sum of 
squares 

Mean 
square 

F 
value 

P value 

Model 225.03 75.01 46.45 <0.0001  34.63 11.54 154.49 <0.0001  1.080E-
004 

3.599E-
005 

52.67 <0.0001 

GO (X1) 204.02 204.02 126.33 <0.0001  28.50 28.50 381.48 <0.0001  1.032E-
004 

1.032E-
004 

150.98 <0.0001 

Surfactant 
(X2) 

0.21 0.21 0.13 0.7244  0.85 0.85 11.31 0.0063  3.591E-
006 

3.591E-
006 

5.25 0.0426 

Sonication 
Time (X3) 

20.80 20.80 12.88 0.0043  5.28 5.28 70.69 <0.0001  1.209E-
006 

1.209E-
006 

1.77 0.2104 

Residual 17.76 1.61 -- --  0.82 0.075 -- --  7.517E-
006 

6.834E-
007 

-- -- 

Lack of fit 17.16 1.91 6.29 0.1447  0.74 0.082 2.06 0.3693  7.058E-
006 

7.842E-
007 

3.41 0.2472 

Pure error 0.61 0.30    0.080 0.040    4.598E-
007 

2.299E-
007 

  

Std deviation 1.27     0.27     8.267E-
004 

   

Predicted R2 0.8491     0.9526     0.8649    

Adjusted R2 0.9069     0.9705     0.9172    

R2 0.9268     0.9768     0.9349    

Best fitted 
model 

Linear  Linear  Linear    

 Y1=53.43667+0.25250*X1-
5.41667*X2+0.080625*X3 

Y1=79.04833+0.094375*X1-10.83333*X2-
0.040625*X3 

Y1=0.18389-1.79563E-004*X1-0.022333*X2-
1.94375E-005*X3 

 (n=3, Data are expressed as mean±SD (n=3) 
 

Fitting data to the model 

The BBD employed in this investigation yielded 15 distinct 
formulations. We examined the influence of independent variables 
on the observed dependent responses. After fitting the observed 
responses to the design, optimal models were derived for the three 
dependent variables of the QUE-GO NPs formulation: EE, MPS, and 
PDI. 

The independent variables are given in Table 1. The analysis of the 
study outcomes, shown in table 3, demonstrated a firm fit for the 
correlation coefficients of the equations derived from the 
experimental values. Displays the R² values, with all cases exhibiting 
p-values less than 0.05. In any model, the significance of a term in 
influencing the response variables is characterized by a combination 
of a small p-value and a significant F value, added effect sizes, and 
partial eta-squared (η²p). For model terms to be considered 
significant, Probe>F (p-value) should be less than 0.05 [30]. In the 
'lack of fit test' section of the appropriate model, the Probe F-value 
should not be statistically significant (p>0.05). 

Response analysis for optimization of QUE-GO NPs formulation 

EE, MPS, and PDI 

EE is a crucial parameter that significantly impacts the therapeutic 
efficacy of NPs. The observed EE% values ranged from 76% to 
92.5%, depending on the formulation conditions. Statistical analysis 
revealed that the amount of GO and sonication time had a significant 
impact on the EE% (p<0.05). Higher concentrations of GO and 
increased sonication time resulted in higher EE%, which was likely 
due to the enhanced interaction between QUE and GO. The optimal 

formulation (Batch 14) exhibited an EE of 92.5%, which falls within 
the acceptable range for effective drug delivery. 

The MPS of QUE-GO NPs plays a crucial role in their cellular uptake 
and bioavailability. The MPS varied from 82.9 nm to 88.2 nm, 
primarily influenced by the amount of GO and the duration of 
sonication. The statistical model revealed a significant effect of the 
amount of GO and sonication time, where increasing both resulted in 
a decrease in particle size. The optimized formulation yielded a 
particle size of 82.9 nm, as illustrated in fig. 3, which ensured 
enhanced stability and efficient cellular uptake. 

PDI 

PDI measures the uniformity of particle size distribution, with lower 
values indicating a more homogeneous nanoparticle formulation. 
PDI values ranged between 0.15819 and 0.16812, indicating a 
relatively uniform size distribution. Statistical analysis 
demonstrated that the amount of GO had a substantial influence on 
the PDI. The optimized formulation (batch 14) achieved a PDI of 
0.15819, confirming the stability and monodispersity of the NPs. 
Tween 80 reduces surface tension and prevents particle aggregation, 
thereby stabilising the formulation. At concentrations of 0.05 ml or 
lower, Tween 80 adsorbs at the interface, preventing coalescence. 
However, increasing its concentration beyond 0.05 ml may lead to  
micelle formation, which can alter stability. Excessive Tween 80 may 
also induce phase separation or impact viscosity, negatively affecting 
stability. Tween 80 can modulate drug release by altering the 
solubility and permeability of the drug. At optimal concentrations, it 
enhances drug release. However, excessive amounts can entrap the 
drug within micelles, thereby reducing the rate of drug release. 

 

 

Fig. 3: Particle size distribution of optimized batch 14 
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Zeta potential 

The zeta potential of the optimized QUE-GO NPs was measured at-
32.5±1.2 mV, indicating a stable colloidal dispersion due to strong 
electrostatic repulsion between particles. This negative surface 
charge arises primarily from the oxygen-containing functional 
groups on GO, such as carboxyl (-COOH) and hydroxyl (-OH) groups, 
which ionise in aqueous media. 

In vitro drug release 

In this study, we investigated the release profile of QUE-GO NPs 
using a dialysis method over 8 h. The results demonstrated that 

optimized batch 14 exhibited a remarkable cumulative drug release 
of 88.60±2.3% at the end of 8 h (n = 3), as shown in fig. 4. This 
indicates the effective encapsulation and subsequent release of QUE 
from the NPs, suggesting that QUE-GO NPs can serve as a promising 
delivery system for this bioactive compound. 

In vitro drug release kinetics 

The in vitro drug release kinetics of QUE from the optimized batch of 
QUE-GO NPs formulations are shown in fig. 5. The in vitro release of 
QUE from the QUE-GO NPs dispersion was found to be 88.60±2.3% 
after 8 h (n = 3). The data best fit the Korsmeyer-Peppas model (R² = 
0.98), suggesting diffusion-controlled release. 

 

 

Fig. 4: Cumulative percent release of optimize batch of QUE-GO NPs (Batch 14) 

 

 

Fig. 5: Graphs for release kinetic study of optimized batch 14 
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Evaluation of anticancer activity test (Cytotoxicity study) 

Pure drug (QUE) 

Pure QUE exhibits a dose-dependent cytotoxic effect on MCF-7 
breast cancer cells, serving as a well-established in vitro model for 

studying breast cancer therapeutics. At a high concentration of 1000 
µg/ml, QUE exhibited a significant cytotoxic effect, with an inhibition 
rate of 93.73%. This finding highlights the strong inhibitory 
potential of QUE against MCF-7 cells at elevated doses, suggesting its 
potential as an anticancer agent, as shown in fig. 6. 

 

 

Fig. 6: Microdilution assay using MTT staining (PC: Positive Control, NC: Negative Control) (n=3) 

 

The cytotoxic effect of QUE decreased sharply with decreasing 
concentration, with an IC50 value of 175.89 µg/ml (molecular weight: 
302.24 g/mol). The relatively low IC50 underscores the potency of 
QUE, which requires only a moderate concentration to achieve 50% 
inhibition of cell viability. 

QUE-GO NPs 

QUE-GO NPs demonstrated enhanced cytotoxicity, with a reduced 
IC50 value of 126.20 µg/ml (molecular weight: 302.24 g/mol). This 

increased activity may be attributed to the improved bioavailability 
and cellular uptake of QUE facilitated by the GO. However, increased 
activity was observed in the cancerous MCF-7 cells shown in fig. 8. 

Biocompatibility of HEK 293 cells 

The IC50 value of 1009.40 µg/ml for QUE-GO in HEK293 
noncancerous cells suggests that it has low cytotoxic potential in 
normal, noncancerous cells, indicating a favourable safety profile at 
lower concentrations. 

 

 

Fig. 7: Conc. (µg/ml) Vs % viability (Data are presented as mean±SD (n=3) 
 

 

Fig. 8: Conc. (µɡ/ml) Vs % Inhibition of Pure QUE, QUE-GO NPs and QUE-GO over HEK293 (Data are presented as mean±SD (n=3) 
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DISCUSSION 

The absence of new peaks in the FTIR QUE-GO Mixture study, 
indicative of non-covalent bonding, suggests that no chemical 
reactions occurred. This indicates compatibility through non-
covalent interactions, such as hydrogen bonding and van der Waals 
forces, which are beneficial for preserving the inherent 
characteristics of both QUE and GO. 

The synthesis and characterization of QUE-GO NPs have 
demonstrated promising results in enhancing the anticancer 
potential of QUE. FTIR analysis confirmed the successful 
incorporation of QUE into the GO nanocarriers, as evidenced by the 
presence of characteristic peaks from both components in the 
mixture spectrum. This suggested that QUE was effectively loaded 
onto the GO NPs without significant chemical degradation. 

The use of a BBD enabled the systematic optimization of the 
synthesis parameters, ensuring reproducibility and scalability. Batch 
14 exhibits a maximum EE of 92.5±0.7%, indicating a robust 
interaction between QUE and GO, likely mediated by π-π stacking, 
hydrogen bonding, and hydrophobic interactions. These non-
covalent bonds are critical for stabilizing the drug-nanocarrier 
complex while preserving the bioactivity of QUE. The model 
exhibited high predictability (R2 = 0.9268 for EE), confirming its 
validity. The small particle size (86.9±0.46 nm) and low PDI 
(0.158±0.001) are particularly advantageous for tumour targeting, 
as NPs in this size range can exploit the enhanced permeability and 
retention (EPR) effect, facilitating passive accumulation in tumour 
tissues. Furthermore, a narrow PDI signifies homogeneity in 
nanoparticle distribution, which is essential for consistent drug 
release kinetics and predictable in vivo behavior [31]. 

The sustained drug release profile, with 88.60±2.3% drug release 
after 8 h (n = 3), aligns with the desired pharmacokinetic profile for 
cancer therapy, where prolonged exposure to therapeutic agents 
enhances tumour cell apoptosis while reducing the dosing 
frequency. This controlled release may be attributed to the gradual 
diffusion of QUE from the GO matrix coupled with the pH-responsive 
degradation of GO in the acidic tumour microenvironment. Such a 
mechanism could minimize premature drug leakage into the 
systemic circulation, thereby improving bioavailability [3]. 

The marked reduction in IC50 values of QUE-GO NPs (126.20 µg/ml) 
compared to free QUE (175.89 µg/ml) in MCF-7 cells underscores 
the role of nanoparticle-mediated delivery in enhancing therapeutic 
efficacy. This improvement likely stems from multiple factors: the 
nanoscale size of QUE-GO NPs promotes cellular uptake via 
endocytosis, thereby bypassing efflux pumps that often limit 
intracellular drug accumulation. GO’s high surface area facilitates 
higher drug loading, ensuring a greater payload reaches tumour 
cells, and the potential synergistic effects between QUE and GO may 
amplify oxidative stress and apoptosis in cancer cells [32]. 

Equally significant is the selectivity of QUE-GO NPs, as evidenced by 
their significantly higher IC50 in HEK 293 cells (1009.40 µg/ml) than 
in MCF-7 cells. This differential toxicity suggests that QUE-GO NPs 
preferentially target cancer cells, sparing healthy tissues —a critical 
advantage for reducing off-target effects. This selectivity may arise 
from the metabolic disparities between cancerous and noncancerous 
cells, such as heightened glutathione levels in tumours that could 
accelerate GO degradation and QUE release. However, further 
mechanistic studies are required to confirm these hypotheses [33]. 

However, this study has some limitations. The in vitro nature of this 
study may not fully reflect in vivo performance. Further animal studies 
are required to evaluate its pharmacokinetics, biodistribution, and 
anticancer efficacy. Additionally, long-term stability studies and 
investigations into the potential toxicity of GO carriers are beneficial. 

In conclusion, this study provides a strong foundation for the 
development of QUE-loaded GO NPs as improved anticancer 
formulations. The enhanced cytotoxicity against breast cancer cells, 
coupled with good biocompatibility, warrants further investigation 
of this nanocarrier system for targeted cancer therapy. 

In vivo studies to assess the bio-distribution, pharmacokinetics, and 
anticancer efficacy of NPs may be explored in future. In vivo studies will 

use BALB/c mice with MCF-7 xenografts to determine tumour volume 
reduction and biodistribution. GO can be degraded by Horseradish 
Peroxidase HRP in the presence of hydrogen peroxide (H₂O₂). This 
process oxidises GO into smaller carbon fragments and ultimately 
mineralises it into CO₂ and water. The degradation efficiency depends on 
GO's surface chemistry (e. g., oxygen-containing functional groups) and 
the pH conditions [34]. 

CONCLUSION 

The incorporation of QUE into GO NPs significantly enhanced their 
cytotoxicity against MCF7 cancer cells while maintaining reasonable 
safety for HEK293 cells. QUE-GO NPs offer a promising approach to 
improving the bioavailability and therapeutic potential of QUE. This 
study demonstrated the successful synthesis and characterization of 
QUE-loaded GO NPs, with optimized formulations exhibiting high EE 
and controlled release profiles. The NPs exhibited enhanced 
anticancer activity compared to pure QUE, with a lower IC50 value 
against MCF-7 breast cancer cells. Additionally, the formulation has 
potential biocompatibility with noncancerous HEK293 cells. These 
findings suggest that QUE-GO NPs could be a valuable strategy for 
targeted cancer therapy, potentially improving treatment outcomes 
while minimizing side effects. 
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