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In-Silico Nanomedical Exploration of Mefloquine Drug
Transport Using Pegylated Graphene Oxide Nanocarrier

Oluwasegun Chijioke Adekoya,* Gbolahan Joseph Adekoya, Emmanuel Rotimi Sadiku,
and Yskandar Hamam

This study investigates the in-silico transport of mefloquine (MQ) by using
graphene oxide (GO) and polyethylene glycol (PEG)-functionalized GO
nanocarriers. Density functional theory (DFT) calculations are performed to
explore the molecular interactions, electronic properties, thermodynamics,
and release kinetics of MQ-GO and MQ-GO/PEG complexes across different
phases and environmental conditions. Results indicate a strong affinity
between MQ and both types of nanocarriers, with the adsorption energies
ranging from −59.14 to −143.16 kcal mol−1, particularly in acidic
environments. This suggests a potential for targeted drug delivery in acidic
tumor micro-environments. The incorporation of PEG, enhances stability and
compatibility across phases, with chi interaction parameters of between 1.36
and 28.47, and the energy of mixture values, ranging from 0.80 to
16.86 kcal mol−1. The release time of MQ from the nanocarriers, varies
significantly, depending on the adsorption energy, and ranges from 2.03 ×
1030 to 6.98 × 1091 milliseconds across different phases, highlighting the
need for further optimization of the drug delivery systems. The findings of this
study provide valuable insights into the design and development of novel
nanomedicines, based on MQ and GO nanocarriers, with implications for
malaria treatments.

1. Introduction

The burgeoning field of nanomedicine has witnessed ground-
breaking advancements at the intersection of materials science
and pharmaceutical research, particularly in the development
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of innovative drug delivery systems.[1]

This research, endeavors to delve into
the intricate realm of nanotechnology by
focusing on the in-silico exploration of
mefloquine (MQ) in, a potent anti-malarial
drug, facilitated through a nanocarrier that
is composed of graphene oxide (GO) and
polyethylene glycol (PEG). The strategic
amalgamation of these cutting-edge ma-
terials holds the promise of enhancing
therapeutic efficacy while mitigating the
undesirable side effects that are associated
with conventional drug delivery methods.
MQ, characterized by its diverse pharma-

cological properties, has emerged as a com-
pelling candidate for repurposing in the ex-
istence of evolving global health challenges.
Despite challenges, e.g., the resistance of
emergence and neuropsychiatric side ef-
fects, MQ stands as a valuable treatment op-
tion for falciparum malaria. This necessi-
tates a judicious approach, prompting the
cautious use and exploration of the poten-
tial combinations with other antimalarial
agents.[2]

Recent investigations have spot-lighted the use of MQ, as
a promising candidate for addressing the ongoing challenges,
posed by COVID-19, particularly in the sub-Sahara African re-
gions. Its potential as an effective entry inhibitor since SARS-
CoV-2 positions it as a viable option for COVID-19 treatment.
To address the challenges associated with bioavailability and
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Figure 1. Optimized 3D molecular structures of mefloquine (MQ) in its neutral and protonated states, visualized with distinct color representation
for oxygen (red), carbon (grey), hydrogen (white), fluorine (pale turquoise), and nitrogen (blue), offering detailed insight into molecular conformation,
deprotonation, and protonation dynamics.

side effects at higher doses, researchers are exploring innovative
approaches, including the incorporation of polymeric nanocar-
riers, such as graphene oxide-reinforced poly(lactic-co-glycolic)
acid (PLGA), to optimize drug delivery systems.[4]

The incorporation of nanocarriers, specifically engineered
with nanomaterials, e.g., graphene oxide, and biocompatible
polymers, e.g., polyethylene glycol, emerges as a promising route
to address the existing challenges in drug delivery.[5] The versa-
tility of PEG-GO nanocomposites as drug carriers has been high-
lighted across various therapeutic applications, showcasing their
controlled release capabilities. Researchers have explored the po-
tentials of PEG-GO nanocomposites in controlled drug release
for antibiotics, anticancer therapeutics, and other medical ap-
plications, hence, underscoring their versatility.[6] For instance,
Huiyun et al.,[7] focused on overcoming the drug release barri-
ers, posed by PEGylation through the development of a redox-
responsive PEG detachmentmechanism in PEGylated nano-GO,
resulting in rapid drug release at tumor-relevant glutathione lev-
els for enhanced intracellular delivery.[7] Similarly, Mohamad
et al.,[8] synthesized a PEG-functionalized GO nanohybrid for ef-
ficient loading and pH-sensitive release of doxorubicin, demon-
strating its potential applications in cancer treatment.[8] These
studies collectively, highlight the versatility and promise of PEG-
GO nanocomposites as drug carriers with applications ranging
from antibiotics to anticancer therapeutics, showcasing their con-
trolled release capabilities and their potential for targeted drug
delivery systems.[9]

The purpose of this in-silico exploration is to predict and under-
stand the interactions between the drug, nanocarrier, and biolog-
ical environments at the molecular level. The Density Functional

Theory (DFT), emerges as a pivotal tool for investigating drug de-
livery systems, offering insights into the molecular interactions
and design strategies.[10] The comprehensive review by Adekoya
and co-authors,[11] highlighted the increasing application of the
DFT in designing polymer-based drug delivery systems, empha-
sizing its role in predicting the essential characteristics and pro-
viding a glimpse into the future trends in the field.
Therefore, through the simulation of the dynamic inter-

play within the MQ-loaded GO/PEG nanocarrier system,
this investigation aims to clarify certain crucial parameters.
These include drug release kinetics, nanocarrier stability, and
electronic and thermodynamic interactions with the drug.
Besides, acknowledging the pH-dependent drug release, a
mechanism proposed by Hazrati et al., was considered.[12]

The acidic environment within the COVID-infected cells and
the alkaline pH of specific bodily channels require considera-
tion for the protonation and deprotonation of MQ (Figure 1).
The data obtained, contribute valuable insights for the re-
quired rational design of the next-generation nanocarriers,
with potential applications reaching beyond malaria treatment
Figure 2.

2. Computational Method

The research methodology employed in this investigation
comprises various essential stages: optimization of molecu-
lar structures, assessment of energetic attributes, scrutiny of
non-covalent interactions, computation of theoretical infrared
(IR) and ultraviolet (UV) spectra, and the evaluation of the
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Figure 2. Integrated workflow analysis of mefloquine drug transport by using PEGylated GO nanocarrier: unveiling intermolecular dynamics and mech-
anistic insights.

release kinetics and the thermodynamic features of the com-
plexes. Figure 2 illustrates a schematic representation of the com-
putational approach.
To fabricate the nanocarrier, a simulation for adsorption was

executed by involving a dimer, comprising of PEG and 3 × 2-
GO.[6a] The GO nanosheet was structured with two −OH ter-
minations and two COOH terminals at its peripheries.[6a,13]

By utilizing the DMol3 module within Materials Studio 2020
software,[14] the configurations of GO, PEG, and the MQ
drug molecule were optimized by employing the B3LYP
exchange−correlation method, with the DNP 4.4 basis set. The
optimization process included the integration of a long-range dis-
persion correction via the Grimme method. Geometry conver-
gence tolerances and electronic self-consistent field (SCF) toler-
ance were meticulously set to ensure precision.
The methodology employed diverse environmental simula-

tions, including aqueous, acidic, and alkaline conditions, utiliz-
ing the Conductor-Like Screening Model (COSMO) within the
DMol3 computational framework. COSMO encapsulates solute
molecules within a dielectric medium, simulating solvation ef-
fects on the complex stability. For the simulation of the aqueous
environments, water solvent with a dielectric constant of 78.54,
was chosen.[15] The protonation and deprotonation of MQ con-
sider the secondary amine nitrogen (-NH-), due to its high basic-
ity, as shown in Figure 1.[16]

Moreover, the adsorption computation, needed to identify the
most energetically favorable configuration, was conducted by us-
ing the Adsorption Locator module, employing the Monte Carlo
method to explore the various configurational spaces. Single-
point energy calculations by using the DMol3 module, were
employed to assess the energetic attributes and the molecular
descriptors.[14] Subsequently, the release kinetics and the thermo-
dynamic characteristics of the complexes were determined. Non-
covalent interactions were scrutinized by utilizing the Multiwfn
software,[17] with the necessary visualization, facilitated by Visual
Molecular Dynamics (VMD) software.[18] Mulliken analysis was
utilized to assess the charge transfer, while the UV optical spectra
computation, in both the gas and aqueous phases, providing crit-
ical data, such as the: oscillator strength and excitation energies
under visible light, was performed by using the Visualisation and
Analysis of Molecular Properties (VAMP) module.[19]

3. Results and Discussion

3.1. Interaction of GO/PEG NCs with MQ

3.1.1. Adsorption Energies

The interaction between theMQ drug and GO/PEG nanocarriers
was evaluated by computing the adsorption energies (Ead) across
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Table 1. Adsorption Energies, Distances, Charge Transfer, and Release Time of MQ-Nanocomposite Complexes across Different Phases.

Species Phases Ead (Kcaℓ/moℓ) D (Å) Adsorption site Q (e) Chi (298 K) Emix (298 K) 𝜏 (ms)

MQ-GO NCs gas −117.33 1.88 H→ O −0.035 26.12 15.47 8.37 × 1072

water −108.52 1.82 H→ O −0.020 9.50 5.62 2.96 × 1066

acidic −143.16 1.50 N→ H 0.500 15.01 8.89 6.98 × 1091

Alkaline −101.17 2.50 H→ H −0.144 28.47 16.86 1.23 × 1061

MQ-GO/PEG NCs gas −66.73 1.71 N→ H 0.034 14.43 8.55 7.38 × 1035

water −59.14 1.58 N→ H 0.072 1.36 0.80 2.03 × 1030

acidic −104.87 1.67 H→ O 0.769 6.59 3.90 6.29 × 1063

Alkaline −76.54 2.10 F→ H 0.116 26.54 15.71 1.13 × 1043

various phases, including the: gas, aqueous, acidic, and alkaline
environments. Notably, significant variations in the adsorption
energies were observed, indicating diverse interaction strengths
and potential application scenarios.
The adsorption energies (Ead) and adsorption distances (d) of

MQ on both the GO and PEGylated GO nanosheets were calcu-
lated across the various phases: gas, aqueous, acidic, and alkaline
environments (Equations 1 and 2).[20] The results, summarized
in Table 1, offer critical insights into the efficacy of drug delivery
under various conditions.

Ead = EGPF −
(
EMQ + EGO∕PEG

)
(1)

EDFT−D = EDFT + EDisp (2)

In these equations, EGPF, EMQ and EGO∕PEG denote the energies
of the drug-excipient system, the drugmolecule, and the nanocar-
rier, respectively. Additionally, EDisp as proposed by Grimme, de-
notes the long-range dispersion correction energy.[21]

In the gas phase, MQ exhibited a strong affinity to-
ward GO/PEG nanocarriers, with an adsorption energy of
−117.33 kcal moℓ

−1, indicative of robust drug-carrier inter-
actions. This trend persisted in the acidic media, where the
adsorption energy peaked at −143.16 kcal moℓ

−1, underscor-
ing the favorable binding of MQ to GO/PEG in acidic condi-
tions. Conversely, in the aqueous and alkaline environments,
the adsorption energies were comparatively, lower (−108.52 and
−101.17 kcal moℓ

−1, respectively), yet still substantial, signify-
ing the versatility of GO/PEG nanocarriers in different physi-
ological environments. For instance, when comparing the ad-
sorption energies of hydroxychloroquinewith various nanotubes,
viz: Aluminum-Doped Nanotubes (Aℓ-CNT) exhibit −45.07 and
−43.02 kcal moℓ

−1 in both the gas and aqueous phases, Silicon-
Doped Nanotubes (Si-CNT) show −15.78 and −14.43 kcal moℓ

−1

in both phases and silicon Carbide Nanotubes (SiC-NT) display
−45.15 and −43.86 kcal moℓ

−1 in both phases. However, GO and
PEGylated GO, demonstrate the highest adsorption energy for
MQ among these nanocarriers, indicating their potential as car-
riers for drug delivery.[22]

The adsorption distances (d) of MQ from the carriers were
also assessed, revealing compact configurations across all phases,
with distances ranging from 1.50 to 2.50 Å. This proximity sug-
gests intimate drug-carrier associations, that are conducive to ef-
ficient drug delivery and releasemechanisms. Figure 3 illustrates
the optimized 3D structures, interaction distances, and adsorp-

tion energies of the MQ-GO/PEG NCs complex across different
phases.
The variations observed in the adsorption energies highlight

the sensitivity of drug-carrier interactions to environmental fac-
tors, which are crucial for the tailoring of drug delivery systems
to specific physiological conditions. The pronounced affinity of
MQ toward GO/PEG nanocarriers, particularly in acidic environ-
ments, suggests its potential applications in targeted drug deliv-
ery to acidic tumormicroenvironments, where conventional drug
delivery systems often falter.
Furthermore, the compact configurations of MQ on GO/PEG

nanocarriers imply enhanced stability and reduced drug leakage
during transit, which is essential for maintaining therapeutic ef-
ficacy. These findings contribute to a deeper understanding of
MQ delivery mechanisms by using GO/PEG NCs across diverse
phases, paving the way for the development of optimized drug
delivery platforms with enhanced bioavailability and targeted de-
livery capabilities.

3.1.2. Electrostatic Interactions and Charge Transfer Analysis

The electrostatic interactions and the charge transfer analysis
provide crucial insights into the behavior of theMefloquine (MQ)
drug when interacting with PEGylated GO nanocarriers in dif-
ferent environments. These findings are pivotal for the under-
standing of the dynamics of drug delivery systems, particularly
in the context of enhancing therapeutic efficacy and bioavailabil-
ity, which are vital considerations in combating diseases, e.g.,
COVID-19.
In the gas phase, the MQ-GO/PEG NCs complex, exhibits a

slight negative charge [Q(e) = −0.035], while the GO/PEG com-
plex alone, shows a small positive charge [Q(e) = 0.034]. This in-
dicates a weak interaction between MQ and the nanocarrier in
this phase, possibly due to the minimal solvent effects or inter-
molecular interactions.
Transitioning to the aqueous phase, the charge transfer dy-

namics shift, with the MQ-GO/PEGNCs acquiring a slightly less
negative charge [Q(e)=−0.020] when compared to the gas phase.
Conversely, the MQ-GO/PEG NCs complex experiences an in-
crease in positive charge [Q(e) = 0.072], in the presence of water.
These changes suggest amore favorable interaction betweenMQ
and the nanocarrier in an aqueous environment, possibly due to
solvation effects that enhance electrostatic interactions.

Adv. Theory Simul. 2024, 7, 2400461 2400461 (4 of 16) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 3. Displays of the: optimized 3D structures, interaction distances, and adsorption energies of the MQ-GO/PEGNCs complex across the different
phases, viz: a) gas, b) aqueous, c) acidic, and d) alkaline environments.

In acidic conditions, the charge transfer behavior undergoes a
significant alteration. The MQ-GO/PEG NCs complex, exhibits
a substantial positive charge [Q(e) = 0.500], indicating a pro-
nounced interaction between the drug and the nanocarrier. This
is attributed to the protonation of specific functional groups on
MQ and/or the nanocarrier under acidic conditions, leading to
strong electrostatic interactions and charge transfer.
Conversely, in alkaline environments, the MQ-GO/PEG NCs

complex displays a moderately negative charge [Q(e) = −0.144].
This contrasts with the positive charge observed in acidic con-
ditions, suggesting a reversal of charge transfer dynamics, in-
fluenced by the pH environment. The alkaline conditions are
believed to deprotonate certain functional groups, affecting the
overall charge distribution and interaction strength between MQ
and the nanocarrier.
The molecular electrostatic potential maps, depicted in

Figure 4 and Figure S2 (Supporting Information), provide a vi-
sual confirmation of these charge transfer dynamics, showing
how the distribution of positive and negative electrostatic poten-
tials, varies across different phases and configurations. Specifi-
cally, the concentration of the negative potentials around oxygen
and fluorine atoms of both the drug and the carriers, and positive
potentials around the carbon and hydrogen atoms, highlights the
key regions involved in the electrostatic interactions.
These findings hold significant implications for mefloquine

delivery when utilizing PEGylated GO nanocarriers, especially in
the context of antiviral treatment. The ability to modulate charge
transfer and electrostatic interactions, based on environmen-

tal conditions, opens suitable avenues for precise control over
drug release kinetics and targeting, thereby potentially, enhanc-
ing therapeutic outcomes while minimizing adverse effects. Fur-
thermore, the understanding of the impact of the pH on charge
transfer, provides insights into the optimization of drug delivery
systems for specific physiological conditions, e.g., the acidic mi-
croenvironment of inflamed tissues or the alkaline condition, of-
ten encountered during disease progression.

3.1.3. Non-Covalent Interaction (NCI) of the MQ Drug-GO
Nanocarrier Systems

The non-covalent interaction (NCI) analysis provides valu-
able insights into the binding mechanisms between MQ drug
molecules and GO nanocarriers, both with and without PEGyla-
tion, across various phases and environmental conditions. The
understanding of these interactions is crucial for elucidating the
mechanisms underlying MQ delivery by utilizing PEGylated GO
nanocarriers and exploring their potential implications for antivi-
ral treatment.
The reduced density gradient (RDG) analysis, facilitated by

Equation 3, offers a quantitative assessment of the electron den-
sity (𝜌(r)) distribution and the strength of the non-covalent in-
teractions within the optimized complexes. The visual represen-
tations, provided by the RDG isosurface maps and the scatter
plots, aid in the interpretation of the nature and the signifi-
cance of these interactions (Figures 5 and 6, Figures S3 and S4,

Adv. Theory Simul. 2024, 7, 2400461 2400461 (5 of 16) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 4. Molecular electrostatic potential mapping illustrating the optimized interaction of the MQ-GO/PEG NCs complex in diverse phases: a) gas,
b) aqueous, c) acidic, and d) alkaline environments, unveiling the spatial distribution of electrostatic charges critical for understanding intermolecular
interactions and stability across different environmental conditions.

Supporting Information).

RDGs = 1

2(3𝜋2)
1
3

|||Δ𝜌 (r)|||
𝜌 (r)

4
3

(3)

In the gas phase, both theMQ-GONCs andMQ-GO/PEGNCs
complexes exhibit distinct non-covalent interactions. The MQ-
GO NCs complex, demonstrates a weak hydrogen bonding be-
tween hydrogen and oxygen atoms, with a binding energy (Ead) of
−117.33 kcal moℓ

−1, suggesting a moderate affinity. Conversely,
theMQ-GO/PEGNCs complex shows a stronger hydrogen bond-
ing between nitrogen and hydrogen atoms, indicating a more ro-
bust interaction, with an Ead of −66.73 kcal moℓ

−1.
In the transitioning to the aqueous phase, both complexes

maintain weak hydrogen bonding interactions, albeit, with
slightly reduced binding energies when compared to the gas
phase. This suggests that the presence of water molecules influ-
ences the strength of the hydrogen bonding interactions between
MQ and the nanocarriers.
Under acidic conditions, the nature of non-covalent interac-

tions undergoes significant changes. The MQ-GO NCs complex
experiences the van der Waals interactions between nitrogen
and hydrogen atoms, indicating a stronger binding affinity when
compared to hydrogen bonding. In contrast, the MQ-GO/PEG
NCs complex exhibits a strong hydrogen bonding between the
hydrogen and oxygen atoms, suggesting a preferential interac-
tion under acidic conditions.
In alkaline environments, both complexes engage primarily in

van der Waals interactions, albeit, with differing adsorption sites

and strengths. The MQ-GO NCs complex demonstrates the ex-
istence of van der Waals interactions between hydrogen atoms,
while the MQ-GO/PEG NCs complex exhibits the existence of
van derWaals interactions between fluorine and hydrogen atoms.
These findings enhance our comprehension of MQ delivery

by using PEGylated GO nanocarriers across different phases and
environments. The prevalence of hydrogen bonding and van der
Waals interactions highlights the importance of intermolecular
forces in stabilizing the complexes and facilitating drug deliv-
ery. Moreover, the variation in non-covalent interactions, under
different pH conditions, underscores the importance of environ-
mental factors in modulating drug-nanocarrier interactions and
ultimately, influences the therapeutic efficacy.

3.2. Miscibility Study of the MQ Drug-GO Nanocarrier Systems

In the pursuit of elucidating the efficacy and feasibility of em-
ploying PEGylated GO nanocarriers for the transportation of
MQ, a comprehensive miscibility study was conducted across
various media. The study was aimed at assessing the inter-
actions between MQ drug molecules and the GO nanocarri-
ers, with and without PEGylation in the gas, aqueous, acidic,
and alkaline environments. The results obtained, as detailed in
Table 1, provide crucial insights into the compatibility and the
potential applicability of these nanocarrier systems in different
phases.
First, it is noteworthy that the chi (𝜒) interaction parameter

serves as a measure of miscibility, with high values, indicating
strong intermolecular interactions and hence, good miscibility.

Adv. Theory Simul. 2024, 7, 2400461 2400461 (6 of 16) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 5. Exploration of the noncovalent interactions within the optimized MQ-GO/PEG NCs complex via the RDG isosurface mapping (left) and the
scatter plot analysis (right) across: a) gas and b) aqueous phases, offering an insight into the intermolecular forces and the molecular recognition
patterns.

Additionally, the energy-of-mixture (Emix), reflects the overall sta-
bility of the MQ drug-GO nanocarrier complexes, with low val-
ues, suggesting great stability.

Emix =
1
2
z
(
Ebs + Esb − Ebb − Ess

)
(4)

In the gas phase, both theMQ-GONCs andMQ-GO/PEGNCs
complexes exhibited relatively high chi values of 26.12 and 14.43,
respectively. This suggests favorable interactions between MQ
and GO nanocarriers, indicative of good miscibility. The corre-
sponding Emix values of 15.47 for MQ-GO NCs and 8.55 for MQ-
GO/PEG NCs, further support the stability of the complexes in
this (gas) phase.

In the aqueous environment, the miscibility between MQ and
GO nanocarriers remained prominent, albeit, with slightly re-
duced chi values when compared to the gas phase. The MQ-
GO NCs complex exhibited a chi value of 9.50, while the MQ-
GO/PEGNCs complex, showed a lower value of 1.36. Despite this
decrease, both systems still demonstrated considerable miscibil-
ity, as evidenced by their Emix values of 5.62 and 0.80, respectively.
Similar trends, in miscibility, were observed in the acidic and

alkaline phases, with relatively high chi values for both the MQ-
GO NCs and MQ-GO/PEG NCs complexes. In the acidic phase,
the MQ-GO NCs and MQ-GO/PEG NCs exhibited chi values of
15.01 and 6.59, respectively, along with Emix values of 8.89 and
3.90. Conversely, in the alkaline phase, considerably higher chi
values of 28.47 for MQ-GO NCs and 26.54 for MQ-GO/PEG NCs

Adv. Theory Simul. 2024, 7, 2400461 2400461 (7 of 16) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 6. Exploration of the noncovalent interactions within the optimizedMQ-GO/PEGNCs complex via RDG isosurface mapping (left) and the scatter
plot analysis (right) across: a) acid and b) alkaline phases, offering an insight into the intermolecular forces and the molecular recognition patterns.

were recorded, with correspondingEmix values of 16.86 and 15.71.
These results indicate favorable interactions between MQ and
GO nanocarriers across a wide pH range, underscoring their po-
tential utility in diverse physiological conditions.
Figure 7 illustrates the temperature-dependence of the chi in-

teraction parameter for both the MQ-GO NCs and MQ-GO/PEG
NCs complexes, across different phases. The trends depicted
in the graph (Figure 7), highlight the influence of temperature
on the miscibility of MQ drug-GO nanocarrier systems, hence,
providing valuable insights into their thermodynamic behaviors.
However, in general, the curves for theMQ-GONCs complex, ex-
hibit higher chi (𝜒) values when compared to the MQ-GO/PEG
NCs complex, indicating stronger interaction between MQ and
GO nanocarriers without PEGylation.
Figure 8 and Figure S5 (Supporting Information) elucidate the

binding configurations of the MQ-GO/PEG NCs and MQ-GO
NCs complexes in the various phases under study, thereby offer-

ing a visual representation of the molecular interactions between
MQ and GO nanocarriers. These configurations provide essen-
tial structural insights into the stability and efficacy of the drug
delivery systems under investigation.
It can be inferred that the findings of this miscibility study

contribute significantly to the understanding of Mefloquine
delivery when utilizing PEGylated GO nanocarriers across dif-
ferent phases. The demonstrated miscibility and stability of the
MQ drug-GO nanocarrier complexes underscore the potential of
these systems for targeted drug delivery applications. Moreover,
the versatility of these nanocarriers in accommodating diverse
pH conditions enhances their potential relevance for antiviral
treatment, where effective drug delivery to specific cellular
targets, is paramount. By leveraging the favorable interactions
elucidated in this study, researchers can potentially optimize the
design of nanocarrier-based drug delivery systems for enhanced
therapeutic outcomes in various clinical settings.

Adv. Theory Simul. 2024, 7, 2400461 2400461 (8 of 16) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 7. Graphical representation of the chi interaction parameter, plotted against temperature for: a) MQ-GO NCs and b) MQ-GO/PEG NCs com-
plexes, explored across the various phases under study, unveiling temperature-dependent interactions and thermodynamic stability dynamics.

3.3. Release Mechanism of the MQ Drug-GO Nanocarrier
Systems

The release mechanisms of the MQ drug-GO nanocarrier
systems, shed light on the dynamics of drug release, influ-

enced by the adsorption energy (Ead) of the drug on the GO-
based nanocarriers. The analysis of these systems plays a piv-
otal role in refining the drug delivery mechanisms and the
investigation of their possible uses, specifically for antiviral
therapy.

Figure 8. Visualization of the binding configuration of the MQ-GO/PEG NCs complex in a) gas, b) aqueous, c) acidic, and d) alkaline phases, offering
insight into a molecular arrangement and interactions under diverse environmental conditions.

Adv. Theory Simul. 2024, 7, 2400461 2400461 (9 of 16) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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The release time (𝜏) of the drug from the GO nanocarriers, is
determined by Equation 5, where the higher adsorption energies,
correspond to longer release times. Specifically,

𝜏 = v−10 exp
(−Eb
KT

)
(5)

where T represents the temperature (in Kelvin, K), k denotes
Boltzmann’s constant, and v0 stands for the frequency of the at-
tempt. When utilizing the UV light for this application, the value
of v0 at room temperature, was found to be 1012.[23]

In Table 1, the release time (𝜏) of the drug from the GO
nanocarriers, is summarized across the various phases. It is note-
worthy that any release time greater than 108 ms indicate pro-
longed release, rendering the system unsuitable for drug release
at the target site due to the extended duration.
Meanwhile, in the gas phase, both the MQ-GO NCs and MQ-

GO/PEG NCs complexes exhibit remarkably prolonged release
times, with 𝜏 values in the order of 1035 to 1072 ms. This indicates
significant adsorption of energy between MQ and the nanocarri-
ers, leading to a slow release of the drug molecules.
Going from the gaseous to the aqueous state, the release

times decrease when compared to the gas phase but remain in
the range of between 1030 to 1066 ms. The presence of water
molecules affects the drug-nanocarrier interactions, influencing
the release kinetics of MQ from the complexes.
Under acidic conditions, the release times exhibit a wide range

from 1063 to 1091 ms, indicating varying degrees of drug release
kinetics. The acidic environment may modulate the adsorption
energy between MQ and the nanocarriers, thereby affecting the
drug release dynamics.
In alkaline environments, the release times range from 1043

to 1061 ms, demonstrating prolonged release kinetics like those
observed in other phases. The alkaline pH environment may fur-
ther influence the interactions between MQ and the nanocarri-
ers, impacting the drug release behavior.
The observed recovery time for the MQ desorption from the

nanocarriers is generally, higher when compared to the recov-
ery time for Favipiravir from PAMAM (9.2 × 103 s) and polyester
(4.2 × 103 s).[21,24] While the inherent characteristics of the GO
nanocarriers offer advantages, such as high surface area and tun-
able surface chemistry, the prolonged release kinetics observed
across the various phases, highlight the need for further refine-
ment. Strategies, such as surface modification, functionaliza-
tion, or incorporation of stimuli-responsive elements could be
explored to achieve controlled and targeted drug release.
The findings with respect to the release mechanism of MQ

from GO nanocarriers, provide valuable insights into the chal-
lenges associated with achieving efficient drug release across dif-
ferent phases. The prolonged-release times observed, underscore
the importance of optimizing the design of nanocarrier-based
drug delivery systems to enhance release kinetics and improve
the therapeutic efficacy of the systems.

3.4. Thermodynamics of the MQ Drug-GO Nanocarrier Systems

In this section, we delve into the thermodynamic aspects of MQ
drug transport using PEGylated GO nanocarriers across the var-
ious phases studied. Table 2 offers insights into the energy pa-

rameters of the different drug-excipient species in these phases,
focusing on the enthalpy (ΔH) and the Gibbs free energy (ΔG)
values at 298.15 Kelvin (K).
In the gas phase, the calculated values of the ΔG and ΔH for

the MQ-GO NCs and MQ-GO/PEG NCs complexes, indicate fa-
vorable interactions between MQ and GO nanocarriers. Both the
MQ-GO NCs and MQ-GO/PEG NCs complexes, exhibit negative
ΔG values, signifying spontaneous processes, with the ΔH val-
ues, reflecting exothermic interactions. Notably, the ΔG and ΔH
values for MQ-GO NCs and MQ-GO/PEG NCs complexes in the
gas phase are substantially, lowered when compared to aqueous,
acidic, and alkaline phases, suggesting relatively weaker inter-
actions in gaseous environments. Specifically, the enthalpy heat
changes (ΔH) for the MQ-GO NCs and MQ-GO/PEG NCs com-
plexes, are −114.94 and −65.417 Kcal moℓ

−1, respectively.
Within the aqueous phase, the calculated ΔG and ΔH val-

ues for the MQ-GO NCs and MQ-GO/PEG NCs complexes re-
main negative, indicating favorable interactions between theMQ
and GO nanocarriers. However, the magnitudes of ΔG and ΔH
are slightly higher when compared to the gas phase, suggest-
ing stronger interactions in aqueous environments. Notably, the
MQ-GO NCs complex, exhibits higher negative ΔG and ΔH val-
ues when compared to the MQ-GO/PEG NCs complex in the
aqueous phase, indicating potentially, enhanced stability of MQ-
GO NCs complexes in water. The enthalpy heat changes for the
MQ-GO NCs and MQ-GO/PEG NCs complexes are −107.73 and
−60.33 Kcal mol−1, respectively.
In both the acidic and alkaline phases, the calculated ΔG

and ΔH values, further underscore the favorable interactions be-
tween MQ and GO nanocarriers. Despite the variations in the
magnitude of the ΔG and ΔH values among the different sys-
tems, negative values are observed for all complexes, indicat-
ing spontaneous and exothermic processes. Interestingly, theΔG
andΔH values for the MQ-GO NCs andMQ-GO/PEG NCs com-
plexes, in the acidic and alkaline phases, exhibit trends like those
in the aqueous phase, albeit, with some variations, suggesting dif-
ferential energetics in the acidic and alkaline media.
The favorable thermodynamic parameters observed suggest

that the PEGylated GO nanocarriers have the potential to effi-
ciently encapsulate Mefloquine, enhancing its solubility and sta-
bility in the various environments under study. This is particu-
larly crucial in antiviral treatment, where effective drug delivery
systems can improve the bioavailability and efficacy of antiviral
medications likeMefloquine. Additionally, the exothermic nature
of the complex formation process implies the fact that the release
of Mefloquine from the nanocarriers could be controlled, allow-
ing for sustained and targeted drug delivery, which is beneficial
in managing viral infections.

3.5. Electronic and Quantum Chemical Descriptors of the MQ
Drug-GO Nanocarrier Systems

In this section, we elucidate the electronic and quantum chem-
ical descriptors of the MQ drug-GO nanocarrier systems, shed-
ding light on their behaviors across different phases and their im-
plications for drug delivery, with a specific focus on Mefloquine
transport by using PEGylated GO nanocarriers.

Adv. Theory Simul. 2024, 7, 2400461 2400461 (10 of 16) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Table 2. Comprehensive analysis of the thermodynamic energy parameters for diverse drug-excipient species across varied phases, elucidating the
interactions, and stability dynamics that are critical for pharmaceutical formulation developments.

Species Etot [Ha] H298.15

TCorr
[Ha] G298.15

TCorr
[Ha] ΔH298.15K

[Kcal/moℓ]
ΔG298.15K

[Kcal/moℓ]

Gas

MQ −1525.74 −1525.40 −1525.47 – –

GO −1538.75 −1538.39 −1538.47 – –

GO/PEG −1865.58 −1865.07 −1865.16 – –

MQ-GO NCs −3064.67 −3063.97 −3064.09 −114.94 −98.25

MQ-GO/PEG NCs −3391.425 −3390.57 −3390.71 −65.417 −50.34

Aqueous

MQ −1525.76 −1525.42 −1525.49 – –

GO −1538.78 −1538.42 −1538.50 – –

GO/PEG −1865.62 −1865.11 −1865.20 – –

MQ-GO NCs −3064.71 −3064.01 −3064.13 −107.73 −90.82

MQ-GO/PEG NCs −3391.47 −3390.62 −3390.76 −60.33 −42.17

Acidic

MQ −1526.24 −1525.89 −1525.96 – –

MQ-GO NCs −3065.22 −3064.50 −3064.63 −142.82 −124.75

MQ-GO/PEG NCs −3391.99 −3391.12 −3391.26 −102.76 −84.30

Alkaline

MQ −1525.10 −1524.77 −1524.85 – –

MQ-GO NCs −3063.82 −3063.13 −3063.25 22.79 41.07

MQ-GO/PEG NCs −3390.53 −3389.69 −3389.83 96.72 113.98

The frontier molecular orbital analysis provides crucial in-
sights into the spatial distribution of the highest occupied
molecular orbital (HOMO) and the lowest unoccupiedmolecular
orbital (LUMO) within the MQ drug-GO complexes and across
various phases. The 3D representations of the frontier molecular
orbitals, as depicted in Figure 9 and Figure S6 (Supporting
Information), offer visual insights into the electron density
distribution and bonding interactions within the MQ-GO/PEG
NCs and MQ-GO NCs complexes and across the various phases
studied. Understanding the FMOs is helpful in elucidating the
electronic structures and reactivities of the nanocarrier-drug
complexes. In the gas and water phases, both the MQ-GO NCs
and MQ-GO/PEG NCs complexes exhibit HOMO and LUMO,
predominantly residing on the GO structure. However, intrigu-
ing variations occur in acidic and alkaline environments. In the
acidic phase, the HOMO shifts to the edges of the GO, while
the LUMO localizes on the MQ molecule. Conversely, in the
alkaline phase, the HOMO is observed on the MQ molecule,
with the LUMO distributed across both the MQ drug and the
GO structure. This alteration suggests variations in the charge
transfer processes and themolecular stability under different pH
conditions, which could influence the drug release kinetics and
efficacy. The energy gap (Eg ) between the HOMO and LUMO
serves as a crucial parameter indicating the electronic properties
of the nanocarriers. The incorporation of the MQ drug induces
alterations in the Eg , and hence, influencing the electrical con-
ductivity of the complexes. Notably, significant changes in Eg
occur across the different phases, with the percentage change in
the energy gap (%∆Eg ) ranging from −80.89% to 3.95%.

The introduction of MQ to GO, results in a reduction of the
energy gap (ΔEg) when compared to the individual components.
Furthermore, the addition of PEG to GO (GO/PEG) marginally
affects the energy gap, indicating aminimal alteration in the elec-
tronic structure when compared to GO alone.
Moving beyond the gas phase, the behavior of the MQ drug-

GO nanocarrier systems in aqueous, acidic, and alkaline envi-
ronments, reveals intriguing trends. For instance, in water, the
introduction of MQ to GO leads to a reduction in the energy gap,
suggesting potential enhancements in reactivity and interaction
between the drug and the carrier. Notably, the inclusion of PE-
Gylation further decreases the energy gap, indicating improved
compatibility and stability in aqueous environments.
In acidic conditions, the electronic properties of the nanocar-

rier systems undergo significant changes. For instance, while
MQ exhibits a relatively stable energy gap, the presence of GO
and PEGylated GO alters the EHOMO and ELUMO levels, thereby
potentially influencing the drug’s release kinetics and efficacy
in acidic environments. Similarly, in alkaline conditions, the
electronic properties of the nanocarrier systems are substan-
tially modified, with implications for drug delivery efficiency
and stability. These variations underscore the sensitivity of the
nanocarriers to environmental factors and drug interactions,
highlighting their potential for controlled drug release and tai-
lored/targeted delivery strategies.[23e,25]

Quantum descriptors (Table 3) provide further insights into
the electronic properties of the complexes, including the electron
affinity (𝜂), chemical potential (𝜇), softness (s), and global hard-
ness (𝜔) of the systems.[26] Across the gas phase, the MQ drug

Adv. Theory Simul. 2024, 7, 2400461 2400461 (11 of 16) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 9. 3D visualization of the frontier molecular orbitals of the MQ-GO/PEG NCs complexes in: a) gas, b) aqueous c) acidic, and d) alkaline phases,
showcasing the intricate electronic structure and spatial distribution that are critical for the understanding of the reactivity and stability of the drug-
nanocarrier complexes across diverse environments.

Adv. Theory Simul. 2024, 7, 2400461 2400461 (12 of 16) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Table 3. Quantum chemical descriptors of MQ-GO nanocarrier complexes in different phases, offering insights into the reactivity, stability, and electron
transfer dynamics, critical for the understanding of drug delivery mechanisms and their potential for therapeutic applications.

Structure
configuration

EHOMO [eV] ELUMO [eV] Eg [eV] ΔEg [%] 𝜼 [eV] 𝜇 [eV] s [eV] 𝝎 [eV] ECT

Gas

MQ −6.41 −2.51 3.90 – 1.95 −4.46 0.51 5.10 –

GO −4.67 −4.02 0.65 – 0.33 −4.345 3.06 28.83 –

GO/PEG −4.51 −3.86 0.64 – 0.32 −4.19 3.09 27.12 –

MQ-GO NCs −4.70 −4.10 0.60 −8.93 0.30 −4.40 3.36 32.54 10.99

MQ-GO/PEG NCs −4.62 −3.98 0.64 −0.93 0.32 −4.30 3.12 28.84 10.67

Water

MQ −6.19 −2.48 3.71 – 1.86 −4.34 0.54 5.06 –

GO −4.60 −3.95 0.65 – 0.33 −4.28 3.06 27.96 –

GO/PEG −4.51 −3.87 0.64 – 0.32 −4.19 3.13 27.50 –

MQ-GO NCs −4.59 −3.97 0.61 −6.01 0.31 −4.28 3.26 29.78 10.75

MQ-GO/PEG NCs −4.48 −3.82 0.66 3.95 0.33 −4.15 3.01 25.95 10.79

Acidic

MQ −5.58 −1.86 3.72 – 1.86 −3.72 0.549 3.72 –

MQ-GO NCs −3.82 −2.74 1.08 65.37 0.54 −3.28 1.85 9.96 11.28

MQ-GO/PEG NCs −4.15 −3.30 0.85 32.25 0.427 −3.73 2.34 16.24 10.96

Alkaline

MQ −7.15 −3.08 4.06 – 2.03 −5.11 0.49 6.44 –

MQ-GO NCs −4.59 −4.17 0.42 −36.52 0.21 −4.38 4.82 46.23 10.76

MQ-GO/PEG NCs −7.08 −6.96 0.12 −80.89 0.062 −7.02 16.19 398.84 10.44

exhibited a higher global softness (𝜂) of 1.95 eV when compared
to GO (0.33 eV), indicating its relatively higher reactivity. How-
ever, upon complex formation with GO, the 𝜂 value decreased
to 0.30 eV for the MQ-GO NCs and 0.32 eV for MQ-GO/PEG
NCs. Similarly, the chemical potential (𝜇) of MQ (−4.46 eV) was
higher than that of GO (−4.345 eV), indicating a higher electron
donation ability. Upon complexation, the𝜇 values decreased, sug-
gesting a reduction in its electron donation ability. Furthermore,
the chemical hardness (s) values of the complexes were generally,
higher than those of the individual components, indicating in-
creased stability upon complexation. In the aqueous phase, sim-
ilar trends were observed, with MQ exhibiting higher 𝜂 and 𝜇

values when compared to GO, and subsequent decreases upon
complex formation. Notably, the addition of PEG to GO slightly,
increased the hardness when compared to GO alone, suggesting
an enhanced stability of the GO/PEG system. In acidic environ-
ments, the values of 𝜂, 𝜇, and s varied significantly when com-
pared to the gas and aqueous phases. In particular, the 𝜂 value of
MQ decreased, indicating a reduced reactivity, while the chem-
ical hardness increased, suggesting an increased stability upon
complexation with either GO or GO/PEG. In alkaline environ-
ments, the values of 𝜂 and 𝜇 for MQ and the complexes showed
distinct differences when compared to other phases. Notably, the
electrophilicity index (𝜔) of MQ was significantly higher in the
gas phase when compared to other configurations, indicating a
higher electron-accepting ability, which decreased upon complex
formation. These findings provide crucial insights into the in-
teractions and properties of the MQ drug-GO nanocarrier com-
plexes, hence, shedding more light on their behaviors, across dif-
ferent phases.[6a]

3.6. Theoretical IR and UV Spectra Analysis of the MQ Drug-GO
Nanocarrier Systems

The vibrational fingerprints obtained from the IR spectra
(Figure 10; Figure S7, Supporting Information), along with the
corresponding wavenumbers and intensities, offer valuable in-
formation with respect to the nature and strength of molecu-
lar bonds and interactions. These spectroscopic techniques can
provide valuable information about the molecular interactions,
structural changes, and electronic transitions occurring within
the drug-nanocarrier complexes across different phases.[6a,11]

In the gas phase, distinctive peaks were observed for both
systems. For the MQ drug-GO nanocarrier system, prominent
peaks were detected at wavenumbers of≈1174.99,≈1817.99, and
≈3730.49 cm−1. These peaks correspond to the vibrationalmodes
associated with specific functional groups. The peak at 1174.99
cm−1 can be attributed to C─O stretching, while the peak at
1817.99 cm−1, represents the presence of C═O stretching. Addi-
tionally, the peak at 3730.49 cm−1 indicates the presence of N─H
stretching vibrations, characteristic of the Mefloquine drug. In-
terestingly, the addition of PEGylation to the GO nanocarrier sys-
tem resulted in shifts in the wavenumbers and changes in inten-
sities, suggesting alterations in the molecular interactions and
the bonding patterns.
Moving to aqueous media, the IR spectra revealed distinct

peaks, indicative of altered molecular environments. In both sys-
tems, peaks at ≈1098.81, ≈1776.81, and ≈3687.81 cm−1, were
observed. These peaks correspond to the vibrations associated
with different functional groups, i.e., C─O stretching and N─H
stretching, characteristic of the MQ drug. Notably, the intensities

Adv. Theory Simul. 2024, 7, 2400461 2400461 (13 of 16) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 10. Infrared spectroscopy analysis ofMQ-GO/PEGNCs complexes in: a) gas, b) aqueous, c) acidic, and d) alkaline phases, revealing themolecular
vibrational fingerprints and the environmental influence on molecular interactions.

of these peaks varied, suggesting modifications in molecular in-
teractions, influenced by the presence of water molecules.
In acidic and alkaline environments, significant shifts in

wavenumbers and intensities were observed, indicating changes
in molecular structures and interactions. In the acidic phase,
peaks at ≈1691.99 and ≈2190.49 cm−1 were detected, represent-
ing distinctive vibrational modes that are associated with proto-
nation and hydrogen bonding. Conversely, in the alkaline phase,
peaks at 2451.75, 2721.75, 3154.75, and 3471.25 cm−1 were ob-
served, indicating the influence of hydroxide ions on molecular
vibrations and interactions.
These findings offer profound insights into the behavior of

MQ drug-GO and MQ drug-PEGylated GO nanocarrier systems
across different phases, shedding light on their potential for drug
delivery applications. The alterations observed in the vibrational
frequencies and intensities highlight the sensitivity of IR spec-
troscopy in detecting subtle changes in molecular environments
and interactions.
Furthermore, we conducted UV spectra analysis to elucidate

the interaction betweenMQ and GO nanocarriers, both with and
without PEG modification, and across different phases, includ-
ing gas and aqueous environments. The values of the excitation
wavelength (𝜆max) and oscillator strength (f), i.e., the dimension-
less quantity that expresses the probability of absorption or emis-

sion of electromagnetic radiation in transitions between the en-
ergy levels of an atom ormolecule, for each species, in the various
phases studied, are presented in Figure 11 and Table 4.
In the gas phase, both theMQ-GONCs andMQ-GO/PEGNCs

exhibited distinct UV spectra characteristics. For the MQ-GO
NCs, two distinct excitation peaks were observed at ≈266.35 and
461.35 nm, corresponding to energy levels of 4.64 and 2.68 eV, re-
spectively. The oscillator strengths for these peaks were 0.68 and
0.14, respectively. Conversely, MQ-GO/PEG NCs displayed a sin-
gle excitation peak at 265.98 nm with an energy level of 4.66 eV
and an oscillator strength of 1.20. These findings suggest differ-
ences in the electronic transitions and absorption characteristics
between MQ-GO NCs and MQ-GO/PEG NCs in the gas phase.
In aqueousenvironments, the UV spectra of MQ-GO NCs and

MQ-GO/PEG NCs showed shifts in the excitation peaks when
compared to the gas phase. The excitation peaks were observed
at ≈262.85 and ≈438.85 nm for MQ-GO NCs, with correspond-
ing energy levels of 4.72 and 2.82 eV, and oscillator strengths
of 0.55 and 0.10, respectively. For the MQ-GO/PEG NCs, a sin-
gle excitation peak was observed at 261.25 nm with an energy
level of 4.74 eV and an oscillator strength of 1.11. These shifts
indicate changes in the electronic structure and interactions of
the drug-nanocarrier complexes in aqueous environments when
compared to the gas phase.

Adv. Theory Simul. 2024, 7, 2400461 2400461 (14 of 16) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 11. UV spectroscopy analysis of the: a)MQ-GONCs and b)MQ-GO/PEGNCs complexes in gas, and aqueous phases, highlighting the absorption
spectra and the molecular interactions underpinning the drug-nanocarrier interactions in different environments.

4. Conclusion

This study investigated the in-silico transport of MQ, a potent an-
timalarial and antiviral drug, by using GO and GO/PEGylated
graphene oxide (GO/PEG) nanocarriers, across various phases
and environmental conditions. The results revealed the follow-
ing key findings:

1) Interaction and stability: MQ exhibited a strong affinity and
favorable interactions with GO andGO/PEGnanocarriers, es-
pecially in acidic environments, indicating enhanced stability
and potential for targeted drug delivery. The adsorption en-
ergies ranged from −59.14 to −143.16 kcal moℓ

−1, while the
adsorption distances ranged from 1.50 to 2.50 Å.

2) Miscibility and thermodynamics: MQ and GO nanocarriers
demonstrated good miscibility across different phases, as evi-
denced by the chi interaction parameter and the energy of the
mixture. The thermodynamic parameters, e.g., enthalpy and
the Gibbs free energy, indicated spontaneous and exothermic
processes upon complex formation, implying a controlled and
sustained drug release.

3) Electronic and quantum properties: MQ and GO nanocarri-
ers exhibited distinct electronic and quantum properties, in-

Table 4. UV spectroscopic parameters characterizing MQ-GO NCs and
MQ-GO/PEG NCs complexes across gas and aqueous phases, providing
a comprehensive insight into the absorption characteristics andmolecular
dynamics governing drug-nanocarrier interactions.

Species Phases Level
Energy [eV]

Excitation
[𝜆max]

Oscillator
strength [f ]

MQ-GO NCs gas 4.64* 266.35 0.68

2.68* 461.35 0.14

water 4.72 262.85 0.55

2.82 438.85 0.10

MQ-GO/PEG NCs gas 4.66* 265.98 1.20

water 4.74 261.25 1.11

fluenced by environmental factors and drug interactions. The
frontier molecular orbital analysis showed variations in the
HOMO and LUMO levels, thereby affecting the charge trans-
fer and the reactivity of the complexes. The quantum descrip-
tors, such as: electron affinity, chemical potential, softness,
and hardness, reflected the stability and electron transfer dy-
namics of the complexes.

4) Release kinetics: MQ and GO nanocarriers displayed pro-
longed release times across different phases, indicating sig-
nificant adsorption energy and slow drug release. The release
times ranged from 12.03 × 1030 to 6.98 × 1091 ms, suggesting
the need for further optimization of the nanocarrier systems
to enhance release kinetics and therapeutic efficacy.

In summary, this study has provided valuable insights into
the molecular interactions and mechanisms underlying MQ
transport by using GO and GO/PEG nanocarriers across diverse
environments. The findings suggested the potential of these
nanocarrier systems for efficient and targeted drug delivery, with
applications reaching beyond malaria treatment. Further studies
are needed to validate the in-silico results and to explore the op-
timal design and performance of these nanomedicines, in-vivo.
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