
J. K. J. et al. 
Int J App Pharm, Vol 18, Issue 3, 2026, ??-?? 

 

Review Article 

LEVERAGING IN SILICO MODELS FOR THE RATIONAL DESIGN OF GRAPHENE QUANTUM 
DOT-BASED DRUG DELIVERY SYSTEMS FOR BREAST CANCER: AN APPLIED PHARMACEUTICS 

PERSPECTIVE 

 

JIMI K. J.1, VAISHNAVI GURURAJ PAGE1, ABHILASH RAVIKUMAR2, AMRITA THAKUR1, ANIL KUMAR S.1* 

1Department of Physical Sciences, Amrita School of Engineering, Amrita Vishwa Vidyapeetham, Bengaluru-560035, (Karnataka) India. 
2Nanoelectronics Research Laboratory, Department of Electronics and Communication Engineering, Amrita School of Engineering, Amrita 

Vishwa Vidyapeetham, Bengaluru-560035, (Karnataka) India 
*Corresponding author: Anil Kumar S.; *Email: s_anilkumar@blr.amrita.edu 

Received: 06 Nov 2025, Revised and Accepted: 14 Mar 2026 

ABSTRACT 

Delivering chemotherapy to aggressive forms of breast cancers including triple-negative breast cancer (TNBC) is hindered by poor drug 
bioavailability, limited tumor penetration, and off-target toxicity. While conventional carriers often struggle with biological barriers, Graphene 
Quantum Dots (GQDs) offer a versatile solution. This review examines how computational design-specifically density functional theory (DFT) and 
molecular dynamics (MD) simulations-is accelerating the development of GQDs as precision nanocarriers. Due to their ultrasmall size, GQDs 
penetrate deep into the dense tumor microenvironment (TME), while surface functionalization with ligands like folic acid ensures selective 
targeting. These "smart" carriers can be engineered for pH-responsive drug release, triggered by the acidic conditions of the tumor to minimize side 
effects. Beyond delivery, the intrinsic fluorescence and high drug-loading capacity of GQDs enable a "theranostic" approach, combining real-time 
imaging with therapy. By integrating in silico modeling with nanotechnology, these advancements point toward more adaptive, personalized 
treatments for TNBC. 
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INTRODUCTION 

Breast cancer is a complex and multifaceted disease that occurs when cells in the breast tissue begin to multiply uncontrollably forming a tumor [1-
5]. It is by far the most diagnosed cancer in women worldwide and comprises several different subtypes, each characterized by different molecular 
features that affect disease progression and response to therapy. These subtypes are mainly classified on the basis of the presence or absence of 
three important receptors present on the surface of the cancer cells: estrogen receptors (ER), progesterone receptors (PR) and human epidermal 
growth factor receptor 2 (HER2) [6-8]. 

Hormone receptor-positive breast cancers, which express ER and/or PR, are caused by the body's natural hormones and respond well to hormone-
blocking therapies. HER2-positive cancers, characterized by an overexpression of the HER2 protein, are more aggressive in their growth but can be 
treated using targeted therapies such as trastuzumab. Accounting for between 15-20% of all diagnoses, triple-negative breast cancer (TNBC) is an 
aggressive subtype that disproportionately affects younger women and women with the breast cancer mutation, BRCA1 [9, 10]. Unlike other types 
of breast cancer, TNBC is characterized by what it does not have in terms of receptors (ER, PR and HER2), which are the targets for targeted 
therapies, making it especially difficult to cure the cancer and increasing the likelihood of recurrence and metastasis [11]. While targeted therapies 
have improved outcomes for other breast cancer subtypes, challenges such as drug resistance, severe side effects, and limited treatment options for 
triple-negative breast cancer persist [12]. These hurdles really drive home the need for smarter therapies that can deliver drugs more precisely and 
give doctors real-time insight into how well treatments are working. This has led to the emergence of theranostics, a promising approach that 
integrates therapy and diagnostics [13-16]. 

Recently, Ko et al. demonstrated that herceptin-labeled GQD nanocarriers loaded with β-cyclodextrin offer a multifunctional theranostic platform 
for treating HER2-overexpressing breast cancer (fig. 1) [13]. The roleofherceptin is to facilitate selective targeting of cancer cells and thereby 
limiting the off-target effects while β-cyclodextrin offers loading sites for the hydrophobic drug doxorubicin (DOX). Under acidic conditions, DOX is 
released on to the tumor microenvironment (TME) in a controlled fashion to arrest cancer propagation. Further the presence of nanocarriers help 
in diagnosis as well due to the blue colour they emit. 
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Fig. 1: Schematic illustration of HER-labeled GQD nanocarriers for targeted diagnosis and treatment of HER2-overexpressing breast 
cancer. Reproduced with permission from Ko, N. R., et al. (2017) [13] via RightsLink (License No. 1662701-1). © 2017 royal society of 

chemistry 

 

Carbon nanomaterials have been at the center stage of nanomedicine and drug delivery, with GQDs gaining recognition because of their distinctive 
physicochemical characteristics as well as versatility [17]. Since they are extremely small and have huge surface areas, GQDs are able to 
accommodate ample amounts of drugs. Moreover, their surfaces can be functionalized with unique molecules that help navigate these nanocarriers 
directly to cancer cells. This results in the drugs releasing precisely where they're required, maximizing efficacy while minimizing damage to 
healthy tissues. Besides, GQDs possess specific optical properties that allow physicians to visualize tumors in real-time, enabling them to track the 
progress of treatment [18-21]. 

The development of such sophisticated nanocarriers in the laboratory may be a slow and expensive process. This explains why computational 
modeling has turned out to be an effective means of accelerating and facilitating the development process. Density functional theory (DFT) [22] and 
molecular dynamics (MD) simulations [23] are major techniques that enable the prediction of the behavior of GQDs with drugs and biological 
systems, determination of their safety, and design optimization, all within a virtual environment. These in silico strategies help simplify the design 
of smart targeted nanoplatforms to treat difficult cancers such as TNBC [24-26]. This review discusses state-of-the-art computational research to 
develop GQDS as intelligent, focused tools in breast cancer therapy. To the best of our knowledge, no review study per se deals with computational 
studies of GQDs as drug delivery or theranostic agents designed specifically toward breast cancer. Although GQD-based therapeutics and 
experimental progress have been reviewed, in silico research on molecular docking, molecular dynamics and computational design of targeted 
delivery are under-explored. This gap highlights the need for focused evaluation to advance rational design of GQD nanocarriers for breast cancer 
theranostics. 

Methods 

Search strategy 

A systematic literature search was conducted to identify research articles focusing on GQD-based drug delivery and theranostic applications for 
breast cancer treatment. The search was limited to articles published between 2018 and 2025 to capture recent advancements in the field. 
Established scientific databases, including Scopus, SpringerLink, ScienceDirect (Elsevier), PubMed, and arXiv, were queried using combinations of 
the following keywords: “graphene quantum dots”, “breast cancer”, “tumor microenvironment”, “targeted drug delivery”, and “theranostics”. From 
an initial pool of 75 records, 15 articles were selected for detailed review based on their relevance to computational modeling and breast cancer 
therapeutics. 

Inclusion and exclusion criteria 

To keep the review tightly focused on in silico–driven insights, studies were selected based on clearly defined inclusion and exclusion criteria. 
Specifically, the review included research that employed computational modelling approaches such as density functional theory (DFT), molecular 
dynamics (MD) simulations, or related simulation techniques to explore the properties and behavior of GQDs. Preference was given to studies that 
examined GQD interactions with breast cancer–relevant biomarkers, anticancer drugs, or components of the TME, as well as investigations 
highlighting the theranostic potential of GQDs, where therapeutic and imaging capabilities are addressed simultaneously within a breast oncology 
framework. 

Conversely, studies were excluded if they lacked a computational component and were limited to experimental synthesis or physicochemical 
characterization alone. Research centered on other graphene-based materials, including graphene oxide sheets or carbon nanotubes, was also 
omitted to maintain specificity toward quantum dots. In addition, broadly framed drug delivery studies that did not directly relate to breast cancer 
models or mechanisms were not considered, even if they involved nanomaterials. This approach ensured that the final body of literature remained 
both methodologically consistent and contextually relevant to in silico GQD research in breast cancer. 

The challenge: navigating the TME 

The complex ecosystem that the cancer cells live in, the TME, is the key to recognizing the challenges of treating breast cancer. Often described by 
the 'seed and soil' analogy, the cancer cells act as the seeds, while the TME serves as the fertile soil that supports, protects, and nourishes them, 
providing a favorable environment for growth, progression, and therapy resistance. 

The TME is a heterogeneous and dynamic space made of a rich extracellular matrix, blood vessels, and diverse non-cancerous cell types such as 
immune cells (e. g., T-cells and macrophages) and cancer-associated fibroblasts (CAFs) (fig. 2) [27]. Quite on the contrary, these functional elements 
are usually used by the cancer to form a pro-tumor immunosuppressive protection. This is especially so in aggressive forms such as TNBC, which 
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has been known to promote tumor growth and inhibit anti-tumor immunity. Other physical factors like low oxygen (hypoxia) and low pH (acidosis) 
also increase this protective shield and it is extremely hard to get the conventional drugs to affect and kill the cancer cells. 

 

 

Fig. 2: Schematic illustration of TME depicting its intricate composition of diverse cellular and noncellular components. Copyright © 2020 
Rui Wei et al. (open access licence: https://creativecommons.org/licenses/by/4.0/) 

 

GQDs: a strategy to navigate the TME 

The dense and complex nature of the TME is precisely why nanocarriers like GQDs are so promising. Their unique properties can be engineered to 
overcome these biological barriers. 

Penetrating the "Soil": Due to their incredibly small size (typically<10 nm), GQDs are better equipped to penetrate the dense extracellular matrix 
and navigate the complex cellular landscape of the TME, reaching cancer cells that larger drug molecules cannot [28, 29]. 

Targeting Specific Cells: As computational studies have shown, the surface of GQDs can be functionalized with targeting ligands (like folic acid) that 
seek out and bind specifically to cancer cells, even within a crowded TME. This enables a precision-strike approach so that the therapeutic payload 
is delivered exclusively to the target [30]. As modelled by Qiu et al., (fig. 3) GQDs can be first chemically conjugated to targeting peptides to 
recognize cancer cell receptors, while the drug is noncovalently or covalently attached to the GQD surface, creating a single construct that is both 
targeted and drug loaded [31]. After systemic administration, these functionalized GQDs home in ontumors, bind selectively to overexpressed 
receptors, and enter cancer cells via receptor-mediated endocytosis. Once internalized, the acidic conditions of endo/lysosomal compartments (pH 
≈ 5) promote preferential drug release into the cytoplasm and nucleus. 

 

 

Fig.  3: Schematic of multifunctional GQDs for traceable, targeted anticancer drug delivery and cancer cell interactions. Reproduced from 
Qiu J et al., © Informa UK Limited (Taylor and Francis). Permission via PLSclear (License Ref No. 110628) 
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Responding to TME Conditions: GQD-based systems can be designed to be "smart," releasing their drug cargo in response to the specific conditions of 
the TME. For example, they can be engineered to release drugs in the acidic (low pH) environment characteristic of tumors, ensuring the therapy is 
activated only where it's needed most [28, 32]. 

GQDs: a primer for theranostic design 

Structure of GQDs 

GQDs are sub-10 nm fluorescent fragments of graphene with amazing properties due to their unique structure (fig. 4) [33, 34]. The core of each GQD 
consists of sp2-hybridized carbon atoms arranged in a honeycomb configuration, leading to the "quasi-zero-dimensional" nature of GQDs; in other 
words, the size of GQDs is confined in all three dimensions [35-37]. Unlike an ideal graphene sheet, edges of these dots are decorated with oxygen-
containing functional groups including carboxyl (-COOH), hydroxyl (-OH) and epoxy (-O-), which are crucial for making GQDs highly water-soluble 
and customizable for biomedical applications [38-40]. These functional groups serve as versatile chemical anchors [41]. These anchoring points are 
important for loading therapeutic drugs by non-covalent p-p stacking, where the aromatic rings of a drug stack onto the GQD core, which is further 
stabilized by hydrogen bonding [42]. Though less common, covalent bonding of drugs offers a more stable binding, often requiring a specific 
cleavage mechanism at the tumor site [43]. This functionalization also allows for active targeting of cancer cells. By attaching specific ligands such as 
folic acid (FA), the GQD can specifically bind to folate receptors that are overexpressed on many TNBC cells, and this tricks the cell into internalizing 
the nanoparticle in a ‘Trojan horse-like’ fashion [44]. Ultimately, the ability to combine a high drug payload with precise tumor-targeting capabilities 
on a single platform is what embodies the full potential of GQDs as next-generation theranostic agents. 

 

 

Fig. 4: Optimised structures of GQD (C48) (left) and GQD functionalised by OH radicals (C48O18H18) (right) as visualised in ‘XCrySDen’ 

 

Key properties of GQDs 

GQDs have many excellent properties due to their unique structure. Their most important feature is photoluminescence, where GQDs emit intense 
and stable fluorescence that can be tuned to emit light in different colours by controlling the dot size, shape and surface chemistry. Smaller GQDS 
typically emit blue colour while and larger dots tending towards green or yellow emission [45-47]. As a type of carbon-based nanomaterials, GQDs 
exhibit a great biocompatibility and low toxicity, which is partly due to the non-aggregation in biological systems because of hydrophilic edge 
groups [48-50]. In addition, they possess higher water solubility due to abundant polar functional groups on their surface, which is essential for 
compatibility with biological fluids [51]. Notwithstanding their very small size, their large surface area permits efficient drug loading [52-54]. 
Additionally, GQDs have superior photostability as compared to conventional organic dyes or fluorescent proteins and hence are ideal for long term 
imaging and tracking applications [55-57]. 

Translation of computational predictions to formulation development 

Translating computational predictions into practical pharmaceutical formulations is essential for moving GQD-based nanomedicines from theory to 
clinic [25]. Computed parameters like adsorption energies and electronic properties describe how GQD-drug complexes will behave. High 
adsorption energy between doxorubicin and a GQD, for instance, indicates strong binding that minimizes premature drug leakage during storage. A 
low HOMO-LUMO gap suggests the carrier will respond well to TME triggers such as pH shifts or oxidative stress enabling controlled release at the 
cancer site. These molecular-level predictions lay the groundwork for formulations that achieve both efficacy and safety. Moving from simulation to 
actual sterile, stable injectable dispersions involves real challenges in colloidal stability, sterility, and reproducibility. For GQD-based 
nanomedicines, critical quality attributes (CQAs) including particle size (<50 nm), polydispersity index (PDI<0.30), zeta potential (approximately 
±30 mV), drug-loading efficiency, and sterilization stability directly influence therapeutic efficacy and the scope of regulatory approval. MD 
simulations predict these CQAs by modelling drug-carrier interactions, aggregation dynamics, and surface charge distribution, enabling rational 
formulation design that reduces experimental iterations. While MD simulations do not directly yield PDI values, they can predict aggregation 
tendencies and colloidal stability, which in turn affect the experimentally measured PDI. Computationally predicted adsorption energies, zeta 
potentials, and thermal stability guide drug loading, surfactant/polymer selection for stabilization, and shelf-life optimization, setting rational CQA 
targets for safe parenteral administration and clinical translation [58]. MD simulations also help anticipate storage-related changes like drug 
desorption or carrier destabilization allowing formulation scientists to choose appropriate excipients and storage conditions [59, 60]. 

The formulation process demands precise integration of predicted physicochemical properties with scalable manufacturing constraints and 
stringent regulatory specifications. Sterilization methods like filtration or heat treatment risk altering the GQD-drug complex's integrity [61]. 
Polymer coatings such as PEGylation, whose effects on adsorption and release are modeled computationally can enhance stability and shelf life 
without compromising the responsive release mechanism. These insights help optimize critical parameters such as particle size (ideally<50 nm for 
deep tumor penetration), polydispersity index, drug loading, and encapsulation efficiency. Ultimately, coupling computational design with 
formulation development enables the creation of targeted nanomedicines with predictable behavior in vitro and in vivo. By establishing clear links 
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between computed molecular properties and practical outcomes, colloidal stability, controlled release, and sterile formulations, researchers can 
accelerate translation from design to clinic [62].  

The computational approach: designing GQDs in silico 

To engineer effective GQD nanocarriers, researchers increasingly turn to computational tools that provide detailed molecular level insights. These in 
silico methods are useful to predict and understand how GQDs interact with drugs and biological environments, to optimize the loading of drugs 
into GQD, targeted delivery as well as controlled release before any lab-synthesis [63, 64]. By simulating the entire therapeutic process virtually, 
computational modeling is accelerating the rational design of smarter, more efficient theranostic agents specifically designed for the treatment of 
breast cancer. 

DFT is a quantum mechanical technique that provides a high-powered "molecular microscope" to understand the basic electronic interactions in a 
system. In the context of GQD design, DFT is mostly used for calculation of static properties with high accuracy [65-68]. Researchers use it to find 
out the exact binding energy between the drug molecule and the GQD surface, indicating the strength and nature of the chemical bonds (e. g. π-π 
stacking, hydrogen bonds) that bind them together [69]. By studying the system's electronic properties, DFT can be used to understand drug 
adhesion selectivity and how surface modifications of GQDs alter their reactivity, providing insights into optimizing nanocarrier design [70]. The 
quality of these calculations however relies heavily on the selection of exchange-correlation functional and bases sets. Although hybrid 
functionalities such as B3LYP are standard, they may not be able to describe long-range dispersive forces that are widespread in graphitic systems. 
Consequently, the dispersion-corrected functionals (e. g., B3LYP-D3, omegaB97X-D) or the Minnesota meta-hybrid functionals (e. g., M06-2X) are 
the focus of recent studies to address the aspect of the dispersion-corrected functions necessary to accurately capture the interaction of the pi-pi 
stacking and van der Waals interaction needed to determine drug adhesion [71-74]. Importantly, the inclusion of dispersion corrections such as D3 
or D3BJ is essential for accurately describing π–π stacking and van der Waals interactions dominating GQD–drug binding [75]. Basis-set selection 
also affects the precision of calculated energies: common choices range from double-zeta basis sets like 6-31G(d) for geometry optimization to 
extended sets such as 6-311G(d,p) and def2-TZVP, which provide superior accuracy for electronic structure and adsorption energies [76].  

If DFT provides us with a static snapshot, MD simulationoffersa long length "molecular film." MD simulations simulate the movement and 
interaction between atoms and molecules as a function of time using the laws of classical physics [77, 78]. This technique is particularly 
advantageous in establishing the stability of GQD-drug complex in contact with water molecules and this emulates physiological conditions. 
Furthermore, MD simulations mimic drug release under environmental stimuli, such as pH shifts replicating acidic TME, enabling observation of 
unloading kinetics from the GQD carrier. In addition, MD is important to model first contacts between GQDs and cell membranes and can be used to 
predict how these nanocarriers would approach, adsorb and interact with the cell surface [79, 80]. These simulations depend on proper 
parameterization of the force field for their reliability. Non-reactive force fields including OPLS-AA [81], CHARMM (C36/CGenFF) and AMBER 
(GAFF) [82, 83] are commonly used to model conformational changes and non-covalent interactions, whereas reactive force fields (ReaxFF) are 
used when bond-breaking or bond-formation processes are involved [84]. A critical requirement in these simulations is the accurate treatment of 
long-range electrostatics using the particle mesh ewald (PME) method, which is particularly important for highly functionalized and charged GQDs 
[79]. Besides, the standard equilibrium MD does not allow one to observe rare biological events on timescales accessible. Increasingly, therefore, 
researchers are computing the potentials of mean force (PMF) using enhanced sampling techniques, that is, either umbrella sampling or 
metadynamics [85]. These methods thusrecreate free energy landscapes that would determine drug desorption under acidic TME conditions or the 
energy barriers of the GQD penetration of lipid bilayers. 

Modelling drug loading and adsorption 

Due to their surface chemistry and non-covalent interactions GQDs exhibit high drug retention rates which is supported by DFT and MD simulation 
analyses. These studies show that the most important mechanisms of drug binding to GQDs are hydrogen bonds and p-p stacking [86]. Sawy et al. 
(2021) [87] showed using DFT studies that DOX is adsorbed to the surface of GQDs (fig. 5) through p-p stack. Further, they fabricated several GQDs 
and compared them with other types of the carbon materials such as graphene oxide (GO), single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs). The study demonstrates that parameters such as particle size, surface charge, cellular uptake, and drug 
loading capacity critically determine successful drug delivery. Dynamic light scattering (DLS) was used by the team to measure the size and PDI of 
the particles in order to measure the stability and degree of dispersion of nanocarriers. These tests were conducted before and after loading of DOX 
in phosphate buffered saline (PBS), pH 7.4 and concentration of DOX, 0.1 mg/ml. Table. 1 gives an overview of the results giving clear understanding 
of behavior of the nanocarriers in environment resembling the environment of human body. The results showed a marked increase in size after DOX 
loading, indicating aggregation or thick adsorption layers, which, in turn, could influence cellular uptake. 

 

Table 1: Average particle sizes and polydispersity indexes (PDI) of GQD nanocarriers. Adapted from Sawy et al. [87] 

Composition Average size in nm Dispersity (PDI) 
GQD-1 30.14 ± 3.7 0.364 ± 0.21 
DOX@GQD-1 99.81 ± 5.3 0.327 ± 0.31 
GQDs2 52.7 ± 4.3 0.420 ± 0.19 
DOX@GQD-2 107.8 ± 5.7 0.324 ± 0.26 
GO 91.99 ± 5.4 0.315 ± 0.032 
DOX@GO 179.2 ± 4.1 0.394 ± 0.013 
SWCNTs 125.5 ± 1.33 0.362 ± 0.004 
DOX@SWCNTs 231.4 ± 4.9 0.342 ± 0.11 
MWCNTs 175.6 ± 3.2 0.282 ± 0.009 
DOX@MWCNTs 257.63 ± 4.6 0.302 ± 0.215 

*PDI-polydispersity indexes, PBS-phosphate-buffered saline, DOX-doxorubicin 

 

Although GO demonstrated the highest DOX loading due to its strong surface charges, this same property can impede timely drug release, thereby 
reducing therapeutic efficacy. Conversely, smaller GQDs, despite lower loading capacity, demonstrated enhanced drug release and superior 
anticancer efficacy. This indicates that efficient cellular uptake of DOX is more therapeutically relevant than absolute drug loading levels. This 
advantage is further highlighted by the poor cellular penetration of larger c-MWCNTs, where size-dependent limitations restrict intracellular 
delivery and negate therapeutic benefit. The favorable safety profile of GQDs in vivo provides additional evidence for their suitability as drug 
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carriers, demonstrating that therapeutic efficacy can be achieved without systemic toxicity. Interestingly, stronger DOX-GO binding predictions are 
in line with the experimental findings of loading (fig. 5) but also point to a significant limitation: strong binding does not ensure a better bioactivity 
in case it affects the release kinetics. Collectively, such findings establish a critical recommendation in nanomedicine design: therapeutic efficacy is 
determined not by absolute drug quantity but by the efficiency of nanomaterials in mediating the controlled release and intracellular trafficking.  

 

 

Fig. 5: Optimized structures of (a) DOX on GQD, side view, and (b) DOX on GQD monolayer, top view. Reproduced with permission from 
Sawy et al. (2021) [87] Copyright © [2021], Elsevier via RightsLink (License No. 6130301113860) 

 

In a number of computational investigations, it was shown that surface functionalization of GQDs can greatly improve their drug delivery ability. 
Interestingly, Vatanparast and Shariatinia (2018) explored the interaction of 5-fluorouracil (5-FU) with pristine and doped GQDs by DFT method. 
They have found that AlN and AlP doping significantly enhanced the drug adsorption compared to undoped GQDs [88]. Besides improved 
adsorption, the doping altered the electronic properties of the GQDs which increased interactions with the drug carrier. To be used as effective drug 
delivery systems, it is necessary to have stable binding between the doped GQDs and 5-FU.  

Further, Vatanparast and Shariatinia (2019) went further to study nitrogen-doped GQDs (N-GQDs) and showed that the electronic and structural 
properties may be tuned by a controlled nitrogen doping process [89]. By combining DFT calculations and MD simulations, they found that nitrogen 
doping greatly strengthens drug-nanocarrier interactions and provides the ability to control drug release. Among the nitrogen species analyzed 
(graphitic, pyridinic, and amide), graphitic nitrogen sites located at the GQD center showed the strongest binding affinity for gemcitabine compared 
with pristine and edge doped GQDs. The adsorption process was controlled mainly by van der Waals interactions and was thermodynamically 
favorable (negative ΔG values). These results were also confirmed by quantum theory of atoms in molecules (QTAIM) and noncovalent interaction 
index (NCI) calculations. 

MD simulations showed that, although all nanocarriers were able to load the drug, controlled release was most efficient under acidic conditions 
(mimicking the TME). Steered molecular dynamics further demonstrated that N-GQDs with a perpendicular orientation of drug loading showed 
improved membrane penetration suggesting enhanced cellular uptake. Taken together, these results render center-doped N-GQDs as promising 
cancer drug carriers with excellent binding and pH-responsive release properties for cancer treatment. 

More recently Munny et al. (2023) applied DFT to investigate the adsorption of cisplatin (CPT) on pristine and differentially doped GQDs [90]. It is 
shown that boron-doped GQDs (B-GQDs) have the highest binding affinity and highest electron transfer capacity and thus are the best candidates 
for CPT delivery. The adsorption energies of B-GQDs in gas and solvent phase were significantly higher, along with significant electron transfer 
between CPT and the nanocarrier. This electron transfers greatly reduced the electronic band gap (Eg) for improved electrical conductivity with the 
potential to boost the responsiveness to drug binding and release. The increased sensitivity of B-GQDs to CPT is further manifested in the increased 
global softness, characterizing a favorable interaction. Taken together, this study demonstrates the superior drug binding properties provided by 
boron doping and makes B-GQDs promising for future experimental nanomedicine applications [90]. A comparative study of adsorption energies, 
free energy and enthalpy changes among these GQD nanocarriers is represented in table 2 [87-90]. 

 

Table 2: Comparison of adsorption or binding energies, enthalpy changes and Gibbs free energy for various GQD structures interacting 
with anticancer drugs, highlighting differences in interaction strength and thermodynamic stability 

GQD structure Drug loaded Adsorption energy (EAd)/Binding 
energy (Eb) kcal/mol 

ΔHad 

kcal/mol 
ΔGad 

kcal/mol 
Ref. 

DOX@GQDs Doxorubicin -40.36 - - Savy et al. 2021 [87] 
GQD BN-FU1 5-Fluorouracil -17.36 -15.41 -5.14 Vatanparast, 2018 

[88] GQD BP-FU1 5-Fluorouracil -21.65 -20.24 -8.26 
GQD AlN-FU1 5-Fluorouracil -47.29 -45.90 -32.50 
GQD AlP-FU1 5-Fluorouracil -30.61 -29.26 -17.62 
Pristine GQD Gemcitabine (GC) -11.94 -16.68 -0.53 Vatanparast, 2018 

[89] GQD+pyrazole Gemcitabine (GC) -11.84 -17.19 -0.97 
GQD+pyridazine Gemcitabine (GC) -12.27 -17.31 -1.35 
GQD+graphite @ centre Gemcitabine (GC) -13.92 -20.32 -3.68 
GQD+pyridine @ centre Gemcitabine (GC) -15.32 -22.66 -6.68 
GQD+pyridine @ edge Gemcitabine (GC) -12.12 -17.26 -1.12 
GQD+amido @ centre Gemcitabine (GC) -13.71 -20.01 -3.25 
GQD+amido @ edge Gemcitabine (GC) -11.77 -15.14 -0.43 
CPT-BN/Gra QD (gas media) Cisplatin (CPT) -20.29 - -8.26 Munni et al. 2023 

[90] CPT-B/Gra QD (gas media) Cisplatin (CPT) -33.21 - -7.47 
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CPT-N/Gra QD (gas media) Cisplatin (CPT) -23.75 - -8.68 

**Adsorption energies listed for Doxorubicin, 5-Fluorouracil, and Cisplatin represent the energy change upon drug adsorption on nanocarriers. For 
Gemcitabine, the values denote binding energies calculated in a similar manner. EAd, Eb, ΔHad andΔGad inkcal/mol. More negative EAd/Eb values 
correspond to stronger interactions between the GQD and the adsorbed molecule. 

 

Although the literature unanimously confirms the effectiveness of surface functionalization and doping in improving drug payload, a direct 
quantitative comparison of adsorption energy between these studies is difficult because of the heterogeneity of methods. This change in reported 
binding affinities is not only due to the type of dopant (e. g., B, N, Al) or drug molecule, but also depends on a variety of computational configurations 
(e. g., B3LYP vs. M06-2X), basis sets, and the choice of solvation models (gas phase vs. implicit/explicit solvent). These inconsistencies complicate 
the concept a universal structure-affinity relation to GQD design. Moreover, a critical knowledge gap exists regarding the "Goldilocks zone" of 
optimal binding strength, as seen with GO where maximizing adsorption energy via doping unintentionally suppresses drug release rates, causing 
payload retention. The future in silico research should thus go beyond the calculation of statical binding energies and standardized benchmarking 
protocols that will emphasize on the reversibility of binding under tumor conditions (pH, temperature) to gain an accurate insight into the 
prediction of therapeutic bioavailability. 

Controlled drug release-simulation 

A smart nanocarrier should not merely be a secure carrier of its load but also be able to release its cargo whenever required at the desired location. 
MD simulations are known to model these dynamic processes effectively. Apparently, a healthy tissue has a pH of 7.4, whereas the tumor 
microenvironment has a relatively lower pH of around 6.5 often stimulating the drug release naturally [91]. MD simulations are equipped toprovide 
a more atomistic perspective of drug release whenGQDs are surface-modified with co-polymers (PEG-b-PLA) as shown by Yoosefianand team [77]. 
The researchers used the GROMACS package and CHARMM36 force field in this work to model the interaction of docetaxel (DTX) with bare and 
copolymer-coated GQDs in a liquid medium. PEG-b-PLA copolymer was incorporated to enhance solubility and change the dynamics of drug release.  

The findings showed that DTX was adsorbed rapidly and consistently to the GQD surface even without copolymer modification. One factor that is 
extremely important in controlling drug release is steric hindrance that led to the initial delay in drug adsorption when the nanocarrier was coated 
with PEG-b-PLA. The penetration of the copolymer layer by DTX, followed by the formation of steady interactions between the GQD and DTX during 
the simulation, resulted in a pattern of delayed yet sustained adsorption. Advanced energy profiling and contact tracking techniques demonstrated 
improved drug solubility and release properties and validated that the copolymer is instrumental in designing nanocarrier strategies to achieve 
targeted chemotherapy. The essential variations in the adsorption and release performance of the bare and PEG-b-PLA-modified graphene quantum 
dots, as shown by the MD simulations, are listed in table. 3, which demonstrates the modulatory influence of copolymer surface modification on 
adsorption kinetics, stability, solubility, and controlled release behavior. 

 

Table 3: Comparative analysis of MD simulation outcomes illustrating DTX adsorption and release behavior on bare GQD versus PEG-b-
PLA surface-modified GQD 

Parameter Bare GQD+Docetaxel PEG-b-PLA-Modified GQD+Docetaxel 
Simulation time analyzed (ns) 50 50 
Average number of drug–carrier contacts ~30 contacts (stable after ~10 ns) ~15 contacts initially, rising to ~28 after 40 ns 
Lennard-Jones interaction energy (kJ/mol) ~-120 to-130 (stable) ~-100 initially, stabilizes near-125 
RMSD for DTX (nm) ~0.2 nm (stable binding) ~0.25 nm (initial fluctuations, stabilizes later) 
Radial distribution function (Peak distance, nm) ~0.35 nm (close contact) Initial peak at ~0.5 nm (polymer barrier), shifts to ~0.35 nm 
Solvent accessible surface area (SASA) (nm²) Lower (less exposed) Higher SASA due to polymer coating 

 

Adapted from Yoosefian et al. [77] 

Although copolymer modification (PEG-b-PLA) effectively enhances solubility and enables sustained release, these simulations reveal a 
fundamental trade-off: the same steric barrier that prolongs release also hinders the initial drug loading process. This permeability-retention 
conflict can be lost at shorter MD simulations, and this issue might not be fully reflected by the long-term stability of the polymer coating under 
physiological shear forces. Moreover, while pH-responsiveness is frequently cited as a release trigger, most standard MD studies-including this one-
model pH effects implicitly by fixing protonation states, rather than simulating dynamic proton exchange. To truly predict in vivo efficacy, future 
computational models must integrate these polymer dynamics with explicit pH-titration methods, rigorously testing whether the 'sustained release' 
observed over nanoseconds translates to the days-long stability required for clinical translation. 

Computational clues to the GQD-based diagnostics (The "theranostic" aspect) 

The real promise of the GQDs in cancer therapy is achieved when the diagnostic and therapeutic properties of GQDs are combined in one, 
"theranostic" platform. Computational studies are crucial to the design of these all-in-one systems, especially for predicting their imaging properties 
and modeling their complex behaviour in the biological environment [92]. 

GQD’s photoluminescence (PL), which is intrinsic and allows them to be used as fluorescent probes for bioimaging, is their most attractive 
diagnostic feature. The understanding and prediction of these optical properties necessitates the employment of computational methods, 
particularly time-dependent density functional theory (TD-DFT). 

Researchers have predicted the wavelength of fluorescence emission of a GQD via TD-DFT simulations to calculate the electronic excited states. The 
high tunable nature of the PL of GQDs has been confirmed by using these models [93]. For instance, in a study published by Drissi et al. in 2020, TD-
DFT was used to show that introducing edge functional groups such as-OH and-COOH to GQDs redshifts their optical transitions, which is 
considered to be more suitable for near-infrared bioimaging applications [94].  

Work by Nhan et al. in 2018 also showed that both the size and the edge groups have a direct influence on the color emission of the GQDs, a process 
that has been attributed to quantum confinement and edge state [95]. Furthermore, simulations can be used to predict the change in the 
fluorescence of the GQD on loading drugs. Elkabiri et al. (2025) have performed an exhaustive theoretical analysis of GQDs covalently linked with 
the anticancer drug DOX. Their TD-DFT calculations revealed these GQD-DOX hybrids exhibit high near-infrared photoluminescence making them 
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highly suitable for bioimaging and drug delivery simultaneously. The research showed that by varying both the drug loading and the type of 
chemical linkage such as C-C, C-O or C-N bonds, the electronic and optical properties of these systems can be tuned very significantly (fig. 6).  

 

 

Fig. 6: Schematic representations of the molecular structures of the six studied (GQD+DOX) configurations at different loading states: 
DOX-30 (left) and DOX-48 (right). For each system, three bonding types C–C, C–O, and C–Nare shown (panels a–c). Corresponding frontier 

molecular orbital plots (panels a′–c′) illustrate the HOMO and LUMO distributions and energy gaps for each configuration [96]. 
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As the GQD size and its conjugation to DOX grows, there is a clear trend of decreasing HOMO-LUMO energy gap. This trend is expected to enhance 
photoluminescence and drive a redshift in absorption, both of which are critical for effective imaging and therapeutic tracking. The spatial 
distributions of HOMO and LUMO orbitals are sensitive to the nature of the linkage, suggesting that interfacial chemistry is critical in determining 
charge transfer and the behavior of nanocarriers. Altogether, this computational insight highlights how accurate molecular engineering at the GQD-
drug interface allows the rational design of nanocarriers with tunable properties putting forward a route to more effective drug delivery and 
advanced theranostic applications [96]. In an extended study [97], the same authors demonstrated a decrease in the HOMO-LUMO energy gap in 
response to functionalization with MTX that depended on the size of the GQD and the type of bonding, but the intrinsic optical properties of the 
GQDs were found to be barely affected. Larger GQDs maintained a stable near-infrared absorption and photoluminescence, which is suitable for 
deep tissue imaging, and smaller dots exhibited a shift in the emission from visible to near-infrared. Importantly, the C48H18 GQD with a C-O bond 
showed the best photoluminescence performance with a high oscillator strength and minimal spectral line width and thus appears to be a 
particularly good candidate for cancer imaging and therapy. As could be seen in the Tables. 4 and 5 the optical properties can be accurately 
compared between different GQD structures and sizes.  

 

Table 4: Comparative electronic properties and derived global reactivity descriptors of various GQD structures 

GQD structure EHOMO (eV) ELUMO (eV) Eg (eV) µ ƞ ω Ref 
GQD BN-FU1 -5.62 -1.61 4.02 -3.62 2.01 3.26 Vatanparast, 2018 [88] 
GQD BP-FU1 -5.72 -2.17 3.55 -3.94 1.77 4.38 
GQD AlN-FU1 -4.83 -2.75 2.08 -3.79 1.04 6.91 
GQD AlP-FU1 -5.48 -2.35 3.13 -3.91 1.57 4.88 
Pristine GQD+GC -6.17 -1.83 4.34 -4.00 2.17 3.69 Vatanparast, 2018 [89] 
Pyrazole N-doped GQD+GC -5.51 -2.68 2.82 -4.09 1.41 5.94 
Amido at edge N-doped GQD+GC -5.86 -1.74 4.12 -3.80 2.06 3.50 
CPT-BN/Gra QD (gas media) -4.58 -3.55 1.03 -4.07 0.52 16.04 Munni et al. 2023 [90] 
CPT-B/Gra QD (gas media) -5.10 -4.87 0.23 -4.99 0.12 106.2 
CPT-N/Gra QD(gas media) -3.66 -3.28 0.38 -3.47 0.19 32.16 
C30H14+DOX -4.4 -2.68 1.727 -3.542 0.863 14.53 Elkabiri et al. 2025 [96] 
C48H18+DOX -4.0 -2.8 1.214 -3.405 0.607 19.1 
C30H14+MTX (CC bond) -4.581 -2.392 2.189 -3.486 1.094 11.1061 Elkabiri et al. 2025 [97]  
C30H14+MTX (CO bond) -4.677 -2.483 2.194 -3.58 1.097 11.6831 
C30H14+MTX (CN bond) -4.764 -2.574 2.19 -3.669 1.095 12.2936 
C48H18+MTX (CC bond) -4.289 -3.078 1.211 -3.683 0.605 22.4082 
C48H18+MTX (CO bond) -4.221 -3.002 1.219 -3.611 0.609 21.3993 
C48H18+MTX (CN bond) -4.311 -3.096 1.215 -3.703 0.607 22.5776 
PEI N-doped GQDs -5.00 -2.99 2.01 1.01 - 8.02 Gunes et al. [108] 
PdNPs/PEI N-doped GQDs -4.15 -2.98 1.17 0.59 - 3.72 

*Eg – band gap energy, µ-chemical potential, ƞ-hardness, ω-electrophilicity index 
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Table 5: Comparative study of Eabs, Eem, λabs, λem and the stokes shift of various GQD structures 

GQD structure Eabs λabs Eem λem Stokes shift (eV) Ref 
C30H14-H 2.334 531.20 2.179 568.9 0.155 Drissi et al. 

2020 [94] C30H14-CH3 2.190 566.10 2.038 608.2 0.152 
C30H14-OH 2.223 557.70 2.081 595.8 0.142 
C30H14-COOH 1.996 621.30 1.657 748.1 0.339 
C30H14 2.345 528.72 2.1984 590.75 0.147 Elkabiri et al. 

2025 [96] C48H18 1.446 857.299 1.289 954.639 0.157 
C30H14+DOX 1.287 963.5 0.68 1808 0.685 
C48H18+DOX 1.092 1136 1.03 1199 0.059 
C30H14+MTX (C–C bond) 1.97 629.1 0.549 2258.7 1.421 Elkabiri et al. 

2025 [97] C30H14+MTX (C–O bond) 2.238 553.9 1.418 874.25 0.82 
C30H14+MTX (C–N bond) 1.65 751.5 0.458 2708.7 1.192 
C48H18+MTX (C–C bond) 1.595 777.7 0.855 1451.7 0.74 
C48H18+MTX (C–O bond) 2.25 551.1 1.607 771.65 0.642 
C48H18+MTX (C–N bond) 1.231 1006.8 0.393 3154.6 0.848 

Eabs = absorption energy in eV, Eem = emission energy in eV, λabs = absorption wavelength in nm, λem = emission wavelength in nm 

 

 

Fig. 6: Schematic representations of the molecular structures of the six studied (GQD+DOX) configurations at different loading states: 
DOX-30 (left) and DOX-48 (right). For each system, three bonding types C–C, C–O, and C–Nare shown (panels a–c). Corresponding frontier 

molecular orbital plots (panels a′–c′) illustrate the HOMO and LUMO distributions and energy gaps for each configuration [96]. 
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When considering GQDs for drug delivery, their electronic properties are not merely theoretical parameters but directly determine how effectively 
these nanocarriers perform in physiological environments. For instance, the gap between HOMO and LUMO energy levels (Eg) tells us about how 
easily the quantum dot participates in chemical interactions [98]. Doping GQDs tends to lower Eg, boosting their reactivity and, as recent studies 
suggest, making it easier for these carriers to interact with cell membranes [99]. This simple shift could improve how drugs enter cells and enhance 
the overall therapeutic outcome which is crucial when designing drug delivery systems. Beyond the band gap, other factors like electrophilicity (ω) 
help us predict how strongly a GQD can hold onto drugs, while hardness (ƞ) relates to stability during circulation in the body [100]. Our data show 
that GQDs with higher ω values often grab and hold drug molecules more effectively, and the ones with optimal hardness maintain integrity until 
they reach their target. The emission and absorption properties also matter. If a GQD emits in the near-infrared range, for example, that can allow us 
to track drug delivery deep in tissue using imaging techniques [101]. Meanwhile, a larger Stokes shift means clearer signals for monitoring payload 
movement, which is extremely helpful for theranostics, where therapy and diagnosis are combined [102]. 

Although computational studies have demonstrated the tunability of GQD optical properties via functionalization and doping, a critical review of the 
literature reveals significant inconsistencies that hinder direct comparison across studies. The HOMO-LUMO gaps and emission wavelengths 
reported tend to differ dramatically even between similar GQD structures, which in part is caused by the variety of computational methods used, 
and not the specific characteristics of the materials. In particular, the exchange-correlation functional selection (e. g., B3LYP vs. CAM-B3LYP vs. PBE) 
and basis sets have a significant influence on the precision of excited-state calculations (TD-DFT). Moreover, most studies model such transitions in 
the gas phase or implicit solvation models (PCM), and do not take explicit solvent interactions or local pH effects, which are known to quench or 
shift fluorescence in biological systems into account. Therefore, it is not yet possible to design an effective, universal guideline on the definition of 
the concept of NIR-active GQDs. The way forward in future studies needs to be standardized benchmarking of the functionals with experimental 
optical measurements, and the inclusion of explicit solvation dynamics to close the disconnect between theory and practice in bioimaging. 

Biocompatibility and cellular interactions 

For any GQD-based platform to be clinically viable, it will have to be both safe and effective. Computational studies are not only important to predict 
the safety and possible toxicity of new GQD designs, but also important to understand how these designs affect the cell processes that result in a 
therapeutic response such as cancer cell death [103]. 
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Predicting safety and genotoxicity 

A critical issue of any nanomedicine is the possibility of causing unintended damage to the genetic material (genotoxicity). In silico models have 
played a key role in the exploration of these risks and the creation of design rules for safer GQDs.  

MD simulations by Kong et al. [104] and Liang et al. [105] have uncovered that DNA damage due to GQD is often size dependant which can be 
greatly mitigated by rational design of the particle size and surface chemistry. Kong's research paper examined the interaction of GQDs of different 
sizes (GQD7, GQD19, GQD61, and GQD275) and DNA and showed fundamentally different damage mechanisms depending upon particle 
dimensions. As illustrated in fig. 7, smaller sized GQDs (GQD7) preferentially intercalate between base pairs, and therefore cause localized structural 
distortions, while larger sized GQDs (GQD61) adsorb at the DNA ends and cause severe unwinding of the DNA helix. 

 

 

Fig. 7: MD snapshots illustrating the size-dependent genotoxicity of GQDs on double-stranded DNA. (a) Small GQDs (GQD7) tend to 
intercalate into the helix, disrupting base pairing. (b) Medium GQDs (GQD19) exhibit intermediate binding. (c) Large GQDs (GQD61) act 

as a surface platform, inducing terminal adsorption and significant unwinding of the DNA helix. Adapted with permission from Kong, Z. et 
al., J. Phys. Chem. B 2020, 124(42), 9335–9342. Copyright 2020 American chemical society 

 

Building on the size-dependent toxicity observed in Fig.7, MD simulations further reveal that the specific genetic sequence plays a critical role in 
how quickly DNA is damaged by large nanocarriers. As illustrated in fig. 8, the interaction dynamics of large GQDs (GQD61) differ significantly 
between G-C rich and A-T rich strands over time. 
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Fig. 8: MD snapshots (20–80 ns) showing the sequence-dependent structural stability of DNA upon interaction with GQD61, with 
enhanced terminal unwinding observed in the A–T rich sequence (top row) compared to the G–C rich sequence (bottom row). Adapted 

with permission from Kong, Z. et al., J. Phys. Chem. B 2020, 124(42), 9335–9342. Copyright 2020 American chemical society 

 

Liang et al. demonstrated the selective adsorption behavior of several DNA sequences on GQDs. According to the study, stronger pi-pi stacking 
interactions cause guanine-rich sequences (poly G) to adsorb more firmly and steadily than cytosine-rich sequences (poly C) (fig. 9). 

 

 

Fig. 9: Molecular dynamics snapshots and orientation analysis illustrating the adsorption behavior of single-stranded DNA 
oligonucleotides (poly(C)₆ and poly(G)₆)on pristine (GQD19) and oxidized (GOQD19) graphene quantum dots. Reproduced from Liang, L. 

et al., Materials 2022, 15(21), 7435, under CC BY 4.0 license 

 

Surface oxidation of graphene quantum dots (GQDs) has become one of the most promising methods to suppress genotoxicity, which essentially 
obstructs size-dependent damage effects. Although the bigger pristine GQDs tend to cause severe structural unwinding of DNA, Liang et al. (2022) 
showed that oxygen-functionalized GQDs (GOQDs) have an extraordinary protecting impact when used (fig. 10).  

 

 

Fig. 10: MD simulation snapshots compare the adsorption of double-stranded DNA on (a) pristine GQD19 and (b) oxidized GOQD19. While 
the pristine surface causes significant unwinding and structural collapse, the oxidized surface preserves the DNA's double-helix structure 
by inducing a stable vertical adsorption orientation. (c) Orientation angle analysis cos(θ) confirms the stability of the DNA on the oxidized 

surface over 500 ns. Reproduced from Liang, L. et al., Materials 2022, 15(21), 7435, under CC BY 4.0 license 
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This decrease in toxicity is guided by a significant decrease in binding affinity of the nucleobases for the nanocarrier surface. DFT calculations by 
Kong et al. (2020) showed that carboxyl and hydroxyl functionalization decreased the binding energy to the DNA bases as compared to plain 
surfaces by about 30-50%. The working principle is based on the electrostatic repulsive interaction of the negatively charged functional groups on 
GOQD surface and phosphate backbone of DNA. This protective mechanism relies on electrostatic repulsion between the negatively charged 
functional groups on the GOQD surface and the DNA phosphate backbone. This repulsion maintains physical separation between the molecules, 
preventing the intimate pi-pi stacking interactions responsible for base damage. Consequently, surface chemistry is a primary determinant of 
biosafety: large, oxidized GQDs cause substantially less structural damage than even small, pristine GQDs [105]. 

These computational understanding creates a clear actionable roadmap for designing safer GQD-based therapeutics. The combined results of the 
two studies provide the concrete design guidelines for safer GQDs summarized in table 6. 

 

Table 6: Key physicochemical parameters of GQDs optimized for reduced genotoxicity in biomedical applications. Adapted from Kong et 
al. [104] and Liang et al. [105] 

Parameter Optimal range for reduced genotoxicity Rationale 
Size <5 nm diameter (GQD7–GQD19) Minimizes DNA unwinding and structural disruption 
Oxidation level Moderate (C/O ratio 2–4) Balances water dispersibility with reduced DNA binding 
Functional groups –OH and –COOH preferred Provide electrostatic repulsion and enhance hydrophilicity 
Concentration <10 μg/ml for biomedical use Prevents cooperative aggregation effects 

 

In addition, researchers have shown that through a combination of moderate oxidation and ultra small particle size, GQDs can be effectively 
"pacified" and their genotoxic potential significantly reduced without compromising drug delivery functionality. The convergent results in several 
independent computational studies strongly support the principle that GQD genotoxicity is not a fixed property but one that is designable-i. e., one 
can be engineered away through strategic surface modification. This mechanistic understanding will help speed the translation of GQD theranostics 
into clinical applications, especially for cancer therapies in which reducing off-target genomic damage is of crucial importance to therapeutic safety. 

Understanding the mechanisms of biology 

Beyond safety, computational design can be directly related to therapeutic efficacy. The chemical properties of a GQD, which can be modeled and 
optimized in silico, have a direct impact on how it interacts with cancer cells and initiates certain biological responses [106]. For instance, a study by 
Ku et al. (2023) showed experimentally that the extent of oxidation on the surface of a GQD plays an important role in its anticancer activity. Highly 
oxidized GQDs cause high level of intracellular reactive oxygen species (ROS), and this leads to activation of signaling pathways such as p38 
(mitogen-activated kinase) and p53/p21, and activation of these signaling pathways leads to apoptosis and cell cycle arrest in breast cancer cells 
(fig. 11) [107]. 

 

 

Fig. 11: Illustration of the signalling pathways modulated by o-GQDs in breast cancer cells, leading to cell cycle arrest and apoptotic cell 
death. Reproduced with permission from Ku et al., (2023). Published under CC BY 4.0 license [107] 

 

Similarly, Gunes et al. (2024) employed a combined experimental and computational approach to investigate how palladium nanoparticle (PdNP) 
decoration enhances the anti-ovarian cancer activity of nitrogen-doped GQDs (PEI N-GQDs) [108]. First, the modification significantly narrowed the 
HOMO–LUMO energy gap-dropping from 2.01 eV in the pristine N-GQD to 1.17 eV in the PdNP-decorated composite (table 7), providing a direct 
quantitative indicator of increased chemical reactivity and electron-donating capability. 

 

Table 7: Comparative electronic, thermal, and frontier molecular orbital properties of PEI N-doped GQDs and PdNPs/PEI N-doped GQDs 
nanocomposites in water at 298.15 K 

Property PEI N-doped GQDs PdNPs/PEI N-doped GQDs 
Dipole (Debye) 6.92 6.62 
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Polarizability (a. u.) 733.53 800.84 
Thermal Energy (eV) 897.62 898.63 
Heat Capacity (cal/mol K) 306.14 310.23 
Entropy (cal/mol K) 443.19 460.78 
HOMO (eV) -5 -4.15 
LUMO (eV) -2.99 -2.98 
ΔE (HOMO–LUMO gap, eV) 2.01 1.17 
Ionization Potential (eV) 5 4.15 
Electron Affinity (eV) 2.99 2.98 
Hardness η (eV) 1.01 0.59 
Electronegativity χ (eV) 4 3.57 
Electrophilicity ω (eV) 8.02 3.72 
Softness σ (1/eV) 1 1.71 

 

Adapted from Gunes et al. (2024) [108] 

This heightened reactivity was further mapped through molecular electrostatic potential (MEP) isosurfaces, which revealed distinct zones of charge 
separation at the PdNP interface, creating active sites primed for electrophilic and nucleophilic attacks. Concurrently, density of states (DOS) plots 
showed a proliferation of new electronic states near the Fermi level (fig. 12), confirming that the metal-decoration introduced specific catalytic 
centers absent in the bare GQD. These electronic features were not merely theoretical. Intermolecular interaction mapping (IGM) pinpointed strong, 
non-covalent interaction regions that facilitate binding with cellular membranes. Experimentally, these specific electronic alterations translated into 
a superior biological phenotype: the PdNP-functionalized GQDs exhibited significantly higher efficacy in inducing cell cycle arrest and apoptosis 
compared to their non-functionalized counterparts. By linking the computed drop in the band gap to the observed increase in cytotoxicity, this 
study demonstrates how regulating the electronic structure of a nanocarrier can directly tune its therapeutic potency. 

 

 

Fig. 12: DFT-optimized molecular structures of PEI N-GQDs [1(a)] and PdNPs/PEI N-GQDs [1(b)], with respective total energies provided. 
MEP isosurfaces of PEI N-GQDs [2(a)] and PdNPs/PEI N-GQDs [2(b)], illustrating changes in charge distribution upon Pd nanoparticle 

decoration. DOS plots for PEI N-GQDs [3(a)] and PdNPs/PEI N-GQDs [3(b)], showing the narrowing of the HOMO-LUMO gap with Pd 
decoration. Insets depict corresponding frontier molecular orbitals with energy values. Reproduced from Gunes et al. [108]. Copyright © 

2024 the authors. Published by the American Chemical Society. Licensed under CC-BY 4.0 

 

Challenges and hurdles in pharmaceutical development and translation 

While computational models have significantly advanced the design of GQD theranostic agents, a substantial gap remains between theoretical 
prediction and clinical translation. A primary challenge lies in bridging the idealconditions of in silico models with the stochastic, dynamic reality of 
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biological systems [109]. Current simulations often simplify physiological interactions, whereas the in vivo environment is characterized by a vast 
heterogeneity of cell types, protein coronas, and fluctuating hemodynamic conditions. 

To ensure that the projected efficiency of targeting, controlled drug release, and compatibility with biological systems are consistently and 
accurately predicted in living environments, it is necessary to establish a closer integration between computational forecasts and experimental 
evaluations [110]. Some critical challenges specific to pharmaceutical development and translation are given below. 

Protein corona formation and its impact on GQD theranostics: A significant obstacle in this context is the realistic modeling of the protein corona 
which develops upon the introduction of nanoparticles into the bloodstream [111]. The protein corona, a dynamic coating of adsorbed serum 
proteins that spontaneously forms around nanoparticles upon contact with biological fluids, is a critical factor affecting the biological performance 
and safety of GQDs. This protein coating can radically change the size, charge, and surface chemistry of a nanoparticle and redefine its biological 
identity and behavior in a fundamental way [112, 113]. This corona fundamentally redefines the biological identity of GQDs, often overriding 
engineered surface chemistry, thereby facilitating interactions with cells and tissues [114, 115]. Recreating the process of this dynamic corona 
formation and evolution is extremely complicated but is important to predict the actual GQD action in the body.  

The surface charge on GQDs is critical. The negatively charged plasma proteins like fibrinogen and immunoglobulins will be attracted to positively 
charged GQDs and can be used as a means to induce immune recognition and clearance. In contrast, neutral or negatively charged surfaces, 
particularly those functionalized with polyethylene glycol (PEG) or other stealth surface functionality, are usually preferential targets to adsorb 
dysopsonins such as albumin which can extend the circulatory lifetime and inhibit opsonization. At the same time, PEG modification recovers 
targeting ability of antibody-conjugated nanoparticles by minimizing the protein corona "mask," to ensure that it does not sterically hide the ligands 
itself. In general, the GQD surface functionalization chemistry, including the nature, density, and distribution of functional groups, as well as the 
hydrophobicity of basal planes and edges, determines the selective affinity to proteins and the resultant corona fingerprint [116]. 

After the formation, this corona radically changes GQD behavior in biological systems, covering targeting ligands, changing effective mass, and 
regulating cellular uptake routes. More importantly, the biological fate of a nanocarrier depends not only on the composition of the adsorbed 
protein corona but also on the conformational orientation and binding affinity of those proteins. For example, if albumin retains its normal shape on 
the surface, it binds to standard receptors. If it unfolds, it triggers scavenger receptors that clear the particle as waste. To illustrate, the active 
targeting efficacy may be diminished by masking targeting moieties (such as antibodies or folate groups) by adsorbed proteins, leading to the 
internalization of nanoparticles through other non-selective receptor-mediated endogenous pathways or rapid clearance. Besides, corona 
composition determines biodistribution patterns, immune activation, and its possible toxicity profiles and in vivo coronas are frequently more 
complex and diverse than in vitro counterparts, which makes it difficult to predict its mechanism [116].  

While both experimental and theoretical research confirm that the protein corona alters nanoparticle surface properties, conformation, and 
membrane interactions, the specific atomic-level mechanisms driving these phenomena remain poorly understood. MD simulations have emerged 
as a pivotal tool for elucidating the atomic-level mechanisms governing protein corona formation and nanoparticle-membrane interactions. By 
capturing complex phenomena such as the Vroman effect and competitive protein adsorption, these simulations provide critical theoretical support 
for experimental observations regarding nanoparticle surface properties and conformational changes. However, achieving quantitative alignment 
between simulation and in vivo experiments remains challenging due to the immense complexity of biological environments, which include 
hemodynamic forces, extensive plasma protein diversity, and the structural heterogeneity of cell membranes [117]. Atomistic and coarse-grained 
MD simulations have shown the interaction between albumin, fibrinogen, immunoglobulins and individual amino acids and graphitic surfaces, the 
binding sites, orientation selectivity’s, conformational changes during adsorption and the influence of nanoparticle curvature on protein-surface 
interactions. The insights would offer a mechanistic perspective of how the surface properties of GQDs (such as charge patterning, functionalization, 
and hydrophobicity) tune the formation of corona, protein orientation, and protein stability [118-120].  

In order to supplement these simulations and address the complexity of multi-protein corona formation and evolution, researchers are creating 
multiscale models and machine learning frameworks that predict corona composition using nanoparticle descriptors and protein physicochemical 
properties. These in silico technologies are able to predict competitive protein binding behaviour, corona behaviour and effect on nanoparticle 
biological behaviour with prediction accuracies of over 90 percent which can be used to make more accurate predictions of GQD behaviour in vivo 
[121, 122]. 

Scaleup-uniformity at large scale: Translating the precise nanoscale properties of GQDs from a computer model to real-world manufacturing isn’t 
straightforward. Achieving the same uniform particle size, surface chemistry, and optical features at a large, GMP-compliant scale is challenging, as 
every batch can bring subtle but important differences. Industrial processes, no matter how refined, will have difficulties maintaining the tight 
controls over temperature, mixing, and chemical environment required for perfect reproducibility. These variations mean that the qualities 
predicted in silico must be validated and tuned through ongoing experimental work to get the consistency needed for pharmaceutical use. 

Regulatory path-multifunctional nanomaterial approval: Navigating the regulatory approval process for complex nanomaterials like theranostic 
GQDs is a major roadblock. Unlike conventional drugs, these materials combine therapy and diagnostics and hence may not fit neatly into existing 
classifications. Regulators require extensive data to characterize what the product is, how it works, and how reliably it performs those functions. 
This often means using more rigorous, multi-method analyses to confirm size, composition, drug-loading, and function. The approval path may 
involve both drug and device regulatory frameworks and always demands that every property and performance characteristic be deeply 
documented and justified [123, 124]. 

Stability data-ensuring real-world shelf life: Once a GQD formulation is ready, proving it stays stable over time is crucial before real-world use. Long-
term stability isn’t just a regulatory requirement, and it is central to ensuring safety and reliable therapeutic effect. Nanoparticles tend to change 
over time: they might clump together, leak drugs prematurely, or alter surface chemistry, all of which can change how they behave in patients. So, 
developers need to conduct thorough studies under varying storage conditions, adapting standard pharmaceutical stability protocols (like ICH 
guidelines) to account for these unique nanoparticle behaviors. Without strong stability data, even a promising formulation may never reach 
patients [125]. 

FUTURE DIRECTIONS 

The future of computational research to speed-up clinical translation of GQD theranostics requires the transition of computational research to the 
next generation that is not based on descriptive simulations but on predictive and data-driven discovery. The role of artificial intelligence (AI) and 
machine learning (ML) in this change will not be only to accelerate calculations, but to create strong quantitative structure-property relationship 
(QSPR) models. The researchers will be able to predict complex biological behaviors such as cellular uptake efficiency, protein corona composition, 
and blood circulation half-life by training algorithms on large sets of GQD parameters, including size, zeta potential, surface functionalization 
patterns, etc., without necessarily having to experimentally measure the desired data [126-130]. 
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Moreover, one of the key steps in this direction is the multi-scale modeling analysis, especially, hybrid quantum mechanics/molecular mechanics 
(QM/MM) paradigms. Although modern DFT methods can describe electronic properties and MD simulations can capture molecular motion, neither 
approach alone can provide a complete picture of how a nanocarrier crosses and interacts with a cell. This gap may be addressed with multi-scale 
models, which will combine the accurate electronic behavior of the drug-GQD interface (QM), with the macroscopic behavior of cell membrane 
penetration and endosomal escape (MM). This whole picture is fundamental to the design of so-called smart delivery systems that can traverse the 
tumor microenvironment complexity. 

In the future, these enhanced computation results will be used to design combination therapies that are synergistic in which there is a co-delivery of 
multiple agents that release kinetics to eliminate multidrug resistance [131-134]. This ultimately enables personalized nanomedicine through this 
convergence of high-throughput AI screening and high-fidelity multi-scale modeling. Computational platforms might in this vision construct patient-
specific GQDs-optimizing targeting ligand and drug ratios to be appropriate to the unique tumor biopsy profile of an individual-to maximize 
therapeutic effect and minimise systemic toxicity [135-137]. 

CONCLUSION 

Breast cancers, especially TNBC still pose a major clinical challenge mainly because of its aggressive characteristics and the lack of identifiable 
molecular targets for treatment. This review article has brought the emergence of GQDs as a versatile and powerful nanoplatform uniquely suited to 
meet these challenges into focus. With their high drug loading capacity, tunable fluorescence for imaging and exceptional surface functionalization, 
GQDs are ideal candidates for the development of next generationtheranostic agents for the concurrent diagnosis and treatment of this complex 
disease. 

Crucially, leapfrogging from a conceptual GQD-based therapy to a clinical reality is being made possible by the indispensable role computational 
modeling plays. In silico techniques such as DFT and MD simulations have evolved from being merely a supporting tool to becoming a must for the 
rational design and optimization of these nano systems. These methods are able to give unprecedented information on drug binding, release 
mechanisms and targeting interactions at a level of detail that is often inaccessible through experimentation alone. As we look to the future, the 
synergy between advanced computational approaches, including artificial intelligence, and innovative nanomaterials like GQDs, promises to pave 
the way for a new era of smart, personalized cancer therapies, offering new hope for patients with TNBC. 
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