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nhano-imaging technologies
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In this study, a new system of drug-functionalized graphene quantum dots (GQDs) is presented for

combined therapeutic delivery and imaging. To do this, doxorubicin (DOX), which is a strong anticancer

reagent, is chosen due to its organic nature. Additionally, to investigate quantum confinement effects on

the system'’s efficiency, diamond-shaped GQDs with two different sizes are utilized. We theoretically

investigate the optoelectronic and photoluminescence behavior of various drug-GQD arrangements, to

evaluate their nanomedical diagnostic efficiency. The findings confirm the accuracy of the systems
investigated. The stability of the hybrid structures is confirmed by the absence of imaginary frequencies.

As the size of GQD increases, the HOMO-LUMO gap energy decreases under the regulation of drug
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binding and nanoparticles hardness. This size-dependent effect also causes a red-shift in the optical

emission and absorption spectra upon DOX conjugation. Furthermore, DOX-conjugated GQDs exhibit

DOI: 10.1039/d4ra07998a

rsc.li/rsc-advances diagnostics in nanomedicine.

1. Introduction

Graphene discovery has stimulated wide studies and interest
across numerous scientific and engineering disciplines' owing
to its excellent properties,>® such as high electrical conduc-
tivity,*> broad optical absorption and emission,® chemical
stability, and biocompatibility, leading to a wide range of
applications in biomedicine and electronics. These applications
include cancer diagnostics and treatment through drug
delivery, bioimaging and tissue engineering,”® in addition to
electronic novel technologies such as high-speed transistors,
flexible circuits, sensors, and photodetectors.” Consequently,
extensive efforts have been made to develop methods for
producing and manipulating graphene and its derivatives,
including graphene quantum dots.*

Despite the numerous advantages of pristine graphene, its
applications are limited by several challenges. One major issue
is its zero band gap," which adversely affects its absorption
properties.”> In order to overcome these limitations, various
approaches have been explored, including chemical modifica-
tions utilizing functional groups, the development of new
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strong near-infrared photoluminescence, suggesting their application potential in drug delivery and

graphene-based 2D nanostructured composites through atomic
combinations and hyridization,” and the introduction of
quantum confinement effects by forming nanoribbons or
quantum dots.**"¢

Among the better alternatives of graphene 2D sheets, are
graphene quantum dots (GQDs). GQDs - as small fragments of
graphene with a diameter of <20 nm" - have drawn sufficient
attention due to their unique characteristics. Such nano-
materials can be synthesized in varied geometries, i.e., hexag-
onal, triangular, diamond, and rectangular.'®**' Originally
synthesized in 2008,?> GQDs differ from bulk graphene through
the occurrence of a band gap owing to quantum confinement
effects and alterations in their surface properties.”® They also
exhibit tunable photoluminescence, excellent photostability,
and low toxicity, making them perfect for a wide range of
optoelectronic and nanomedical applications such as solar
cells,>** bio-imaging, sensing, light-emitting diodes, and
display technologies.”*°

Remarkably, the electronic, optical, and excitonic properties
of GQDs can be controlled through morphological modification
like size, shape and edge termination tuning,*** or through
chemical modification like surface and edge functionaliza-
tion.** The energy gap of GQDs is notably affected by their size
and shape, with the larger GQDs presenting a reduced gap,
particularly those consisting of specific numbers of conjugated
carbon atoms. This trend has been confirmed both theoretically
by calculations using density functional theory (DFT)** and
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experimentally in GQD samples obtained by hydrothermal
cutting of graphene sheets.** Besides, GQDs with zigzag edges
are shown to possess more favorable electronic properties as the
zigzag edge pattern significantly influences the nature of fron-
tier molecular orbitals (FMO), ie., the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO).** While on the other hand, the chemical
modification using functionalization, helps to tune the opto-
electronic properties of GQDs, as was revealed through theo-
retical studies of Janus pyrene and coronene.?” Furthermore,
experimentally it has been shown that heteroatom doping of
GQDs using atoms like boron, nitrogen, sulphur and oxygen,
heavily = enhances  their electronic, optical, and
photoluminescence.

Beyond functionalizing GQDs with various heteroatoms and
chemical groups, another method involves conjugation with
large molecules such as photosensitizers or biomolecules.****
This conjugation can be done through different types of inter-
actions such as hydrogen binding, covalent binding, and van
der Waals interactions (such as m—7 stacking).*

One of the most critical properties that make GQDs highly
effective as drug carriers is their exceptionally large surface area,
which allows for high drug-loading capacity and efficient
molecular interactions.® This characteristic enhances the
capacity of GQDs to carry therapeutic agents, making them
effective nanocarriers in drug delivery applications. Addition-
ally, unlike some other quantum dots or graphene oxide sheets,
GQDs are considered to be less toxic and more biocompatible,*®
which is crucial for biomedical applications, including drug
delivery.

In this regard, extensive efforts have been focused on the
functionalization of GQD nanoparticles with organic molecules
for therapeutic use, including in vivo and in vitro bioimaging
and targeted drug delivery for cancer treatment.”” GQDs have
also been explored as drug nanocarriers for drugs like doxoru-
bicin (DOX), exhibiting great biocompatibility and targeted
drug release. Their multimodal conjugation feature also makes
it possible to incorporate ligands to minimize side effects.*®*®
Likewise, methotrexate was effectively loaded into nitrogen-
doped GQDs through effective -7 stacking interactions and
was used to treat breast cancer cells in vivo.>* Another work has
focused on loading the anticancer drug doxorubicin (DOX) onto
GQDs by van der Waals interactions, triggered by pH-responsive
release and photothermal effects in vitro.* Likewise,
a hydrogen-bonded cross-linked CMC-GQD-DOX system was
also pH-sensitive.”* In yet another approach, water-dispersible
GQDs were derived from pristine multi-walled carbon nano-
tubes (MWCNT) and covalently attached to an anticancer
drug.®® Such GQD-DDS was highly cytocompatible and
enhanced the interaction between drugs and cells.

Building on previous research, this study aims to conduct an
in-depth analysis of the behaviour of GQDs under structural
modifications, particularly functionalization with an organic
molecule, to develop a robust drug delivery system. Most prior
studies in this field have focused on non-covalent interactions,
such as van der Waals or hydrogen bonds, for structuring drug
delivery systems. However, covalent bonds are known to be
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stronger and more stable under varying environmental condi-
tions, such as changes in pH. Given these advantages, we aim to
investigate the potential of covalently bonded systems for
enhanced drug delivery applications and explore the possibility
of developing a more resilient system. Additionally, this study
seeks to gain a deeper understanding of the properties of GQDs
and their behaviour, in response to different functionalization
strategies. Specifically, we examine factors influencing the band
gap and photoluminescence of GQDs, including coupling
effects with the anticancer drug DOX and the impact of
hybridization across different GQD sizes. To achieve this, we
analyse the coupling of two different sizes of GQDs with DOX,
a widely used drug in drug carriers and other delivery systems.
Using density functional theory (DFT), three systems are
designed for each GQD size, incorporating the distinct covalent
interactions C-O, C- C, and C-N couplings. The resulting
electronic and optical properties are then evaluated to deter-
mine the most favourable interactions for optimizing drug
delivery performance. The main scope of this study is investi-
gating the covalent coupling of two different sized GQDs with
DOX, focusing on specific carbon-based interactions at the
zigzag edges of the GQDs. Regarding DOX (C,,;H,oNO4,), it is
a common chemotherapy agent used to treat many types of
cancers, such as lung and breast cancer, and is overall safe to
use.*®** It can, however, lead to organ damage, especially to the
heart, in certain instances. This side effect can be reduced by co-
administration with vitamin E.** Interestingly, unlike previous
studies that have explored DOX-GQD interactions,* our
research extends these investigations by systematically exam-
ining the influence of the various interaction types - C-C, C-N,
and C-O - on the electronic properties and stability of the drug-
GQD system. In addition, by considering both small and large-
sized GQDs, we provide a detailed analysis of how the size and
interaction type affect the electronic properties, such as the
HOMO-LUMO gap and chemical hardness. Our findings indi-
cate that systems featuring C-O interactions exhibit the highest
band gap, absorption, and emission energies. Additionally, all
GQD + DOX hybrid systems demonstrate emission wavelengths
in the near-infrared region, with larger GQDs exhibiting more
pronounced photoluminescence. These insights contribute to
the development of an optimized drug delivery platform based
on covalently functionalized GQDs.

This paper is organized as follows: the first section presents
the computational methodology employed. The second section
presents the principal results and discussion. The third and last
section gives a conclusion of the main points.

2. Computational methods

All calculations were conducted within the framework of density
functional theory (DFT) at B3LYP exchange-correlation func-
tional and 6-31G(d,p) basis set,***” using the Gaussian 09 soft-
ware package. B3LYP, or the three-parameter hybrid Becke plus
the Lee-Yang-Parr correlation functional, is known to be
accurate as well as applicable for electronic property computa-
tions of big molecules.*® Its success lies in the fact that it is
a mixture of a fraction of exact exchange via the adiabatic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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connection formula, differentiating it from other methods of
DFT.* Additionally, the choice of B3LYP/6-31G(d) is supported
by its proven precision in computational chemistry, as
demonstrated in previous studies.®”® This functional is widely
recognized as one of the most reliable methods for studying
quantum dots, even for large systems. Moreover, B3LYP has
been successfully applied in modelling large drug delivery
systems, including doxorubicin-based systems.®* The 6-31G(d)
basis set is particularly well-suited for nanostructures due to its
balance between computational cost and accuracy, making it
a practical choice for investigating the optoelectronic properties
of GQD-DOX systems. Specifically, BSLYP combines Hartree—
Fock (HF) exchange with the Vosko, Wilk, and Nusair® func-
tional III for local correlation and the Lee-Yang-Parr (LYP)
correlation functional for non-local correlation. The B3LYP
exchange-correlation energy (En "*[p]) is expressed as
follows:**

B lp) = BN+ (B — B + 0AER + GAEST (1)
In this equation, E5; "™ represents the exchange-correlation
energy using the Slater-Vosko-Wilk-Nusair (SVWN) exchange-
correlation functional, while £ denotes the exact exchange-
correlation. The terms AEx and AEE™ correspond to the
gradient-containing correction terms to the LDA exchange-
correlation. The constants ¢; = 0.20, ¢, = 0.72, and ¢; = 0.81, are
empirically derived from fitting to experimental thermochem-
ical data from the G2 set.

The investigated systems were optimized in their ground
state. The stability of our systems, specifically the GQD bonded
to the molecule, was evaluated by calculating the binding
energy using eqn (2):

AE = ET - EGQD - EDrug (2)

where Er presents the optimized total energy of the whole
system (GQD + drug), and Egop and Ep,,g are the optimized
energies of the GQD and the drug molecule, respectively.

The HOMO-LUMO (H-L) energy gap presented in this work
was determined using eqn (3):

Eg — ELUMO _ EHOMO. (3)

Furthermore, the global reactivity indices including chem-
ical potential (1) and chemical hardness (n) are calculated using
the following equations:*

_IP+EA . IP_EA

=X 3 and n = ——— (4)

where the ionization potential (IP) is defined as IP = —E7OM©,

while the electron affinity (EA) is given by EA = —E“"™©, Notice

that the electrophilicity (w) is defined as follows:

W= —. (5)

Finally, the UV-Vis calculations were performed using the
time-dependent self-consistent field (TD-SCF) calculations to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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study the excited states. All the UV-Vis calculations were per-
formed by selecting n = 20 states for higher accuracy.

3. Results and discussion

In this section, we explore the influence of functionalizing
diamond-shaped graphene quantum dots (DSGQDs) with the
organic molecule C,,H,o,NO;; (the DOX drug) via three different
types of coupling interactions. We start by analysing the prop-
erties of two various sizes of pristine DSGQDs and the target
molecule. Then, we observe how their properties are modified
upon functionalization depending on the nature of interaction.
Careful comparisons of the results obtained are therefore pre-
sented, aiming to identify the most effective functionalization
pathway for DSGQDs and with potential application in the area
of nanomedicine.

3.1. Pristine GQDs and the DOX drug molecule

3.1.1. Structural details. This study investigates two
different sizes of DSGQDs, i.e., C3oHy4 and C45H;g, as shown in
Fig. 1(a) and (b). The smaller GQD comprise 30 carbon and 14
hydrogen atoms, while the larger one has 48 carbon and 18
hydrogen atoms. Both GQDs are made of a mixture of zigzag
edges and armchair corners with complete hydrogen-passivated
dangling bonds, to guarantee more energetic stability. The
bond angles and C-C bond lengths are approximately 1.4 A and
120°, respectively, in good agreement with previous research on
smaller C, Si, and CSi hybrid diamond-shaped quantum dots.**
The average sizes of the GQDs are approximately 1.233 nm for
the GQD-30 and 1.665 nm for the GQD-48, aligning well with
data from ref. 20. These two sizes were chosen to investigate the
interplay between quantum confinement effects and function-
alization mechanism which depends on the different couplings
between GQD and DOX. Besides, we focus on key factors that
significantly influence the toxicity of our DSGQDs, including
their small size, specific shape, and the presence of organic
functional groups. These characteristics are intended to mini-
mize in vitro and in vivo toxicity. Small-sized GQDs exhibit
negligible toxicity compared to graphene oxide-based
nanoparticles.®

Our main aim is to find the optimum configuration for the
transportation of the drug molecule C,;H,oNO;;, shown in
Fig. 1(c), in order to maximize performance in medical appli-
cations. As the focus has been put on biomedical uses and
safety, determination of the toxicity of the GQDs is essential.
Toxicity in graphene-based nanomaterials is altered by factors
such as size, shape, surface functional groups, type of ligand,
surface charges, and interaction with other molecules under
biological conditions.***” Additional factors such as bioactivity
of exterior layers and mechanical stability could also impact
toxicity.”® This work emphasizes the behaviour of small size and
shape GQDs conjugated to organic functional groups, namely
DOX, in order to minimize in vitro and in vivo toxicity. This has
been substantiated by previous reports showing that small-
sized GQDs are less toxic compared to graphene oxide-based
nanoparticles.®
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a) Optimized geometry

GQD-30

b)
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Fig. 1
molecular orbital plOtS of C30H14, C48H18 and C27H29N011.

3.1.2. Electronic properties. The electronic properties of
the pristine systems are investigated by analysing their energy
gap behaviour, with the corresponding values detailed in Table
1. This analysis provides valuable insights into the electronic
structure and stability of the systems. E, values computed for
both GQD-30 and GQD-48 are 2.198 eV and 1.219 eV, respec-
tively. Interestingly, a significant reduction was noticed in the
H-L gap with the increase in GQD size, which is consistent with
previous studies.**>* The underlying reason behind this
finding is that smaller GQDs possess pronounced quantum

Table 1 Calculated values of the HOMO, LUMO and band gap energie
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confinement. The same observation can be made regarding
graphene and silicene QDs in nanomedical diagnostics, for
which the DFT-GGA and GW calculations were performed to
explore their electronic properties.*

Concerning the DOX molecule C,;H,oNO;;, the H-L energy
value is 2.908 eV which is a larger energy gap than both DSGQDs
(see Table 1). This result is mainly attributed to the small size of
DOX molecule as compared to the studied QDs (see Fig. 1).

To gain more insight on the electronic behaviour of pristine
systems, the electron charge density was determined and is

s Eg, absorption E,ps and emission Eem, energies, absorption A;ss and

emission wavelengths ¢, of GQDs and DOX using TDDFT. Units are in eV for energies and nm for wavelengths

Structure HOMO LUMO E, Eaps Aabs Eem Aem Stokes shift
CaoHua —4.584 —2.386 2.198 2.345 528.72 2.1984 590.75 0.147
CygHig —4.157 —2.937 1.219 1.446 857.299 1.289 954.639 0.157
C,,H,oNO;; —5.375 —2.466 2.908 2.518 492.38 1.727 717.838 0.791
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plotted in Fig. 1. Notably, the larger GQD-48 possesses greater
hybridization of FMO in HOMO and LUMO states compared to
the smaller GQD-30. This is most likely due to the fact that GQD-
48 possesses a larger surface area and greater available atomic
orbitals for interaction, allowing more orbital mixing and more
complex molecular orbital patterns. Thus, more hybridization
reduces the energy gap between HOMO and LUMO because
electrons are distributed across a larger number of orbitals,
with closely packed energy levels. These results are consistent
with our earlier work on the C;6H;, and C3oH;, DSGQDs.** For
DOX, the HOMO is localized mainly on the centre aromatic
rings and also on C-O and O-H bonds of the molecule at the
molecule's edges, while the LUMO is distributed around the
anthraquinone group. Such localization suggests that the most
efficient way of functionalizing QDs with DOX would be through
m-electron interaction to enable stacking through van der Waals
forces.®® Yet, in the current work, a covalent bonding strategy is
employed to conjugate DSGQDs with DOX, focusing on
enhanced stability. A more comprehensive analysis of the
stability of the conjugated systems will be provided in the
following section.

3.1.3. Optical behaviour. In this section, the optical
response of the pristine systems was thoroughly examined by
analysing the absorption and emission spectra illustrated in
Fig. 2. Both GQDs exhibit strong absorption in the visible and
near-infrared spectrum, with C3;,H,, being stronger. For the
DOX molecule, its absorption spectrum is red-shifted, exactly
enabling it to absorb blue light. This optical property is largely
attributed to the polar character, high charge delocalization,
and high electron acceptance nature of DOX.*

We observe the same behaviour in the emission spectra,
where longer wavelengths are observed for the C43H;g nano-
structure compared to the Cz;oH;4, QD, consistent with the
absorption. Notably, the wavelengths of emission are longer
than their respective wavelengths of absorption, which further
verifies the photoluminescence character of these structures.
Interestingly, DOX itself is photoluminescent, in line with
experiments.” This property of DOX can be a valuable agent in
nanomedical research and bioimaging, especially when
combined with the properties of GQD.
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—— Gap-48
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Both the emission and absorption spectra get shifted more
into the near-ultraviolet (NUV) with the increment of the GQDs
size - larger QDs emit at longer wavelengths. This behaviour
aligns with experimental studies on the photophysical proper-
ties of GQDs of approximately 2 nm and 18 nm, prepared via
a modified method of graphite intercalation compounds.”™
These GQDs show a red-shift in emission peaks as their size
increases. The Stokes shift values, presented in Table 1, indicate
a clear sensitivity to size variations in GQDs. The larger GQD
exhibits a Stokes shift of 0.157 eV (97.34 nm), which is only
slightly higher, by 0.01 eV, compared to the smaller GQD, with
a Stokes shift of 0.147 eV (62.02 nm). This observation aligns
with previous findings.*® Notably, GQD-48 demonstrates
a larger Stokes shift (over 80 nm), which makes it especially
suitable for bioimaging applications.”” In contrast, the DOX
molecule shows a significantly larger Stokes shift of 0.791 eV
(225.458 nm), a feature that may influence its coupling
behaviour.

Additional discussion is provided through analysing the
optical parameters determined by time-dependent density
functional theory (TDDFT) calculations. The detailed optical
findings are presented in Table 1. Obviously, smaller GQD
exhibits a greater capacity to absorb light than the larger one
with the absorption value being 2.345 eV for C3;oH;, and
1.446 eV for C4gH;5, QDs. This finding is in full accordance with
our previous studies on the size dependence of optoelectronic
properties in carbon, silicon, and CSi hybrid diamond QDs.*"**
A similar behaviour has been found in previous studies that
examined the optoelectronic properties of GQDs as a function
of size, employing large-scale electron-correlated calcula-
tions.”>”® All of these results reinforce the conclusion that the
energy gap is a crucial factor in determining the optical prop-
erties of materials. Specifically, systems with smaller band gaps
are capable of absorbing lower-energy photons, while those
with larger band gaps require higher-energy photons to enable
electron transitions between different states. Thus, the ob-
tained results demonstrate that the size of QDs plays a crucial
role in controlling their optoelectronic properties. Additionally,
the investigation of pristine DOX reveals its promising potential
when coupled with DSGQDs. This combination could have

GQD-30
1.2 1 b ——GQD-48
) DOX
1
5 08 4
7]
B3
5 o6 |
04 A
0.2 1
0_ T T T T T T T T
) 1 2 3 4 5 6 7 8

Energy (eV)

Fig. 2 Absorption and photoluminescence spectra of both GQDs and the DOX molecule, obtained using the TDDFT method.
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significant implications in the nanomedical field, particularly
in applications related to drug delivery and bioimaging, as
further discussed below.”

3.2. GQDs + drug conjugated systems

The present section investigates the effect of DOX conjugation
on the optoelectronic properties and the photoluminescence of
the GQDs by analysing the structural properties of the potential
new molecules as well as their stability, along with examining
their electronic and optical characteristics, and concluding with
a discussion and comparison to summarize the major findings.

3.2.1. Structural properties and stability details

3.2.1.1. Structural properties. Building on the findings from
the previous section, this study looks at how DOX interacts with

View Article Online
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the two sizes of GQDs, namely GQD-30 and GQD-48. DOX can
connect to GQDs in many ways, influenced by the D,;, symmetry
of the DSGQDs. There are more than 30 possible ways they can
connect under normal conditions. However, since we are
focusing on drug delivery, we only look at configurations where
a carbon atom from the zigzag edges of the GQDs connects with
a carbon, oxygen, or nitrogen atom in the DOX molecule,
depicted in Fig. 3 and 4. We choose atoms with the lowest
electron density because this helps form weaker covalent
bonds. These bonds are strong enough to keep the structure
stable but require less energy to break, making it easier to
release the drug at the target site. This approach also helps the
system withstand different physiological conditions.” To make
the system even more stable, we avoid hydrogen bonds because
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Fig. 3

(a—c) Schematic representation of the molecular structures of the six studied GQD + DOX-30 configurations. Three different systems

were generated, featuring different types of bonding: C-C, C-0O, and C-N. (a'-c’) The corresponding frontier molecular orbital plots of the

studied systems.
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(a—c) Schematic representation of the molecular structures of the six studied GQD + DOX-48 configurations. Three different systems

were generated, featuring different types of bonding: C-C, C-0O, and C-N. (a’-c’) The corresponding frontier molecular orbital plots of the
studied system.

they are sensitive to pH changes, which could cause the drug to

be released too early, as noted in ref. 76.

The DSQDs + DOX structures are categorized into three main
groups based on the location of the QD C-atoms on their edges:

(i) Zigzag edge coupling: in the first group, a C atom from the
GQD’s zigzag edge interacts with a carbon, oxygen, or nitrogen
atom on the edge of the DOX molecule. This direct linkage can
significantly impact the electronic features, as the FMO of the
GQDs are distributed along their zigzag edges, influencing the
overall electronic structure of the resulting conjugation.

(ii) Armchair corner coupling: the second category involves
a bond between DOX and a C atom at the armchair corner of the
DSGQD. This configuration localizes electronic effects, extend-
ing the HOMO and LUMO isosurfaces into the armchair corners
of the QDs.

(iii) Unpassivated C atom coupling: the third group consists

of linkages involving an unpassivated C-atom on the QDs edge.

© 2025 The Author(s). Published by the Royal Society of Chemistry

This option may significantly affect electronic properties but is
less predictable due to the higher reactivity of the unpassivated
carbon atoms.

This study specifically examines six selected structures, as
illustrated in Fig. 3 and 4, including three configurations for
GQD-30 + DOX and three for GQD-48 + DOX. These structures
fall within the first group, where the interaction is achieved by
adsorbing one of the DOX atoms (C, O, or N) onto a C atom on
the zigzag edge of the QDs. This leads to three distinct types of
interaction:

e C-C coupling: structures where a carbon atom from the
zigzag edge of the GQD bonds with a carbon atom from DOX.

RSC Adv, 2025, 15, 13561-13573 | 13567
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e C-N coupling: configurations where a C atom from the
GQD binds to the nitrogen atom of C,;H,9NO;;.

e C-O coupling: derivatives where the GQD's carbon atom
interacts with one of the 11 oxygen atoms present in the DOX
molecule.

These targeted configurations are strategically selected to
optimize the electronic and optical properties for potential
nanomedical applications, particularly in drug delivery and
bioimaging.

3.2.1.2. Energetic stability. According to the harmonic
frequencies shown in Table 2, the absence of imaginary vibra-
tional modes confirms that all six investigated structures are
energetically stable. Even though the three types of interactions
(C-C, C-N, and C-O) show similar frequency values due to
having the same number of atoms, some structures, particularly
those with C-N and C-O interactions, display slightly higher
frequencies. This suggests that these bonds contribute more to
stability compared to C-C coupling. This observation aligns
with previous findings on GQD-anthoxanthin
composites’” and GQD/phenoxazine-based dyes.”® In addition
to vibrational analysis, the binding energy (Eg), listed in Table 2,
also provides insights into structural stability. The results
indicate that the C43H; 5 + DOX hybrids are more stable than the
smaller C3oH;, + DOX systems, consistent with earlier studies
on drug delivery systems.”®* Among all interactions, the C-O
coupling shows the highest stability.**-*

3.2.1.3. Chemical stability. To better understand the
stability of our systems, we calculated the global reactivity
indices, including chemical hardness and electrophilicity, as
presented in Table 2.

Starting with the chemical hardness that indicates how
much a molecule resists changes in its electron distribution.
Based on our results, the C3oH;, QDs with C-C interaction that
has the lowest energy gap also has the lowest chemical hardness
value (7 = 0.863 eV). In contrast, the system with C-O interac-
tion with the largest energy gap has the highest chemical
hardness value (1.072 eV). This suggests that more chemically
hard molecules are harder to polarize, cost more energy to
excite, and tend to have a large energy gap. Conversely, less
chemically hard systems are easier to polarize, more reactive,
and tend to donate electrons, which is linked with a smaller
HOMO-LUMO energy gap. These are in agreement with
previous studies on 4-fluoro-4-hydroxybenzophenone.?*

Electrophilicity, which measures a molecule's tendency to
accept electrons, also varies with the type of interaction.

nano-
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Specifically, it is lowest for the C-O interaction, indicating that
the C3oH;4 + DOX system with C-O coupling is the least inclined
to accept electrons, thus making it the most stable configura-
tion among the examined structures. This is followed by the
C-N interaction, and lastly, the C-C coupling, confirming the
trends observed in binding energy and harmonic frequency
analyses. This behaviour is linked to chemical potential () and
electronegativity, as the more electronegative atom, namely
oxygen, followed by nitrogen and then carbon, retains electrons
more tightly, enhancing the stability of the corresponding
structure. This trend agrees with the theoretical investigations
of 4-fluoro-4-hydroxybenzophenone® and synthesized dio-
rganotin(iv) 2-chloridophenylacetohydroxamate complexes,*
where greater stability and chemical hardness are associated
with larger energy gaps.

For the C,gH;g QD systems, all configurations showed
similar chemical hardness to the pristine QD, despite different
bonding interactions. However, their electrophilicity behaved
oppositely to the smaller C;,H,4 + DOX structures, likely due to
the consistent hardness across the C,gH;g + DOX configurations
despite increased electronegativity. This suggests that DOX
functionalization significantly alters the electronic properties of
smaller nanoparticles, while larger systems retain electronic
characteristics similar to pure GQDs, highlighting a stronger
impact on smaller nanostructures.

3.2.2. Electronic properties. In the present part, we
examine the electronic response of GQDs and DOX conjugation
by analysing the obtained electronic properties including the
H-L energy gap E, and the electron charge density.

Hybridizing GQDs with DOX affects the electronic properties
differently depending on the size of the GQDs. For the smaller
GQD-30 systems, the H-L energy gap decreases upon conjuga-
tion, with the smallest gap observed for the C-C interaction
(1.727 eV), followed by C-N (2.011 eV), and the largest for C-O
(2.143 eV). The observed narrowing of the energy gap for GQD-
30 + DOX can be attributed to the slight decrease in LUMO
energy due to the strong electronic interaction between DOX
and GQD-30. This interaction leads to an efficient charge
transfer, with DOX acting as an electron acceptor. In contrast,
the larger GQD-48 + DOX systems maintain nearly the same
energy gap as pristine GQD-48 (1.215-1.216 eV). This stability
arises because both HOMO and LUMO levels drop at a similar
rate, keeping the energy gap unchanged. This behaviour aligns
with observations in other nanocomposites, like GQDs coupled

Table 2 Negative values of HOMO and LUMO energies (Ey and E,) in eV, frequencies (v) in cm ~%, binding energy in eV, chemical potential (),
chemical hardness (n), and electrophilicity (w) values, as well as, HOMO-LUMO energy gap (Eg) of different sizes of GQDs obtained from the

ground state in eV of all the structures (GQD + DOX)

Coupling —H/-L v Eg I 9] n Eg
C;30Hy4 + DOX C-C 4.4/2.68 7.1-3769 25.79 —3.542 14.53 0.863 1.727
C-N 4.6/2.58 4.7-3830 25.82 —3.628 13.08 1.006 2.011
C-O0 4.7/2.56 5.7-3819 23.51 —3.629 12.28 1.072 2.143
CygH g + DOX Cc-C 4.0/2.8 5.0-3821 23.03 —3.405 19.1 0.607 1.214
C-N 4.1/2.9 3.3-3842 25.6 —3.506 20.15 0.61 1.215
C-0 4.2/3.0 3.1-3838 23.02 —3.603 21.35 0.608 1.216
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with phenoxazine-based dyes for solar cells, where the energy
gap of larger configurations remains nearly constant.

Additionally, the proportion of each component in the
GQD + DOX nanostructure plays a crucial role. In GQD-48 + DOX
systems, the contribution from both GQD and DOX is nearly
equal, preserving the electronic characteristics of the pristine
GQD. However, in GQD-30 + DOX hybrids, GQD contributes less
than 50% to the overall structure, leading to more pronounced
changes in electronic properties. This composition-dependent
behaviour is consistent with findings from other GQD-based
systems, such as magnetic nanoparticles and phenoxazine-dye
composites, where the drug loading capacity influences the
final properties of the hybrid.

To better understand the observed electronic behaviour, we
analyse the electron charge density distribution which provides
further explanation. In GQD-48 + DOX systems, no significant
charge transfer is observed, and both HOMO and LUMO are
mainly localized on the GQD, maintaining electronic properties
similar to pristine GQD-48. Conversely, for GQD-30 + DOX
systems, HOMO is localized on the GQD, while LUMO is
primarily on the DOX molecule, suggesting DOX acts as an
electron acceptor due to its lower hybridization LUMO energy.
This difference in electronic behaviour is attributed to the size-
dependent interaction between GQDs and DOX.

3.2.3. Optical response. The present section explores the
optical properties of the GQDs + DOX systems, focusing on their

Table 3 Optical parameters of conjugated systems determined by
TDDFT: the absorption energy E,ps and its corresponding wavelength
Aaps, the emission energy E. and its corresponding wavelength Aem,
and the Stokes shift. Energies in eV and wavelength is nm

Eaps Aabs Eem Aem Stokes shift
CsoHy, + DOX  C-C 1.287  963.5 0.68 1808  0.685
C-N 1.823 680 0.94 1311 0.878
C-O 1934 641 1.11 1120 0.828
CusHis + DOX  C-C 1.092 1136 1.03 1199  0.059
C-N 1.430 866 1.28 967 0.149
C-0 1.429 867 1.27 971 0.153
GQD-30, C-C
14 a) ——GQD-30,C-0
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1.2 | ———GQD-48, C-C
| GQD-48, C-0
g L [ ———GQD-48, C-N
S 08 |
3
2 06 |
04
02 |
0 1 2 5 6 7

Energy (eV)

View Article Online

RSC Advances

absorption and emission energies as well as the associated
spectra, as shown in Table 3 and Fig. 5.

Upon conjugation with the drug molecule, smaller GQD-30
leads to a significant reduction in both absorption and emis-
sion energies. In contrast to this, the GQD-48 + DOX systems
lead to minor changes. This change is attributed to the size, i.e.
quantum confinement and relative contribution of individual
GQDs in the hybrid structure, as was evidenced by the electron
charge density provided in Fig. 3 and 4.

Moreover, the results show that smaller GQDs with weaker
covalent bonds lead to greater stability under physiological
conditions, enabling controlled drug release at the targeted site,
and thus minimizing premature release due to factors such as
pH changes.' This increased stability is critical for ensuring
that the drug remains intact until it reaches its target, thereby
enhancing therapeutic efficacy and reducing side effects.
Furthermore, the decreased H-L gap for smaller GQDs,
combined with more stable binding energies, suggests these
systems hold significant potential for improving targeted drug
delivery. Additionally, we observe that the C-O interaction leads
to the most stable configuration, while the smaller GQD-30 with
a C-C interaction shows the lowest energy gap, suggesting more
reactivity.

Further analysis of the coupling effect reveals that configu-
rations of C-C interactions always produce the lowest values of
absorption and emission, while C-O and C-N interactions
produce higher values. These distinctions follow the band gap
behaviour as described above: a lower HOMO-LUMO gap is
correlated with lower frequencies and longer wavelengths.
Interestingly, despite all GQD-48 + DOX configurations sharing
identical band gap values, their optical responses vary with the
bonding type. For example, GQD-48 + DOX with C-N bonding
displays slightly shorter wavelengths and higher absorption
(Eaps) and emission (Ee,) energies compared to C-O and C-C
couplings. Interestingly, this trend is more pronounced in the
smaller GQD-30 systems.

For absorption and emission spectra illustrated in Fig. 5, we
can observe that addition of drug leads to a red shift of the
absorption peaks compared to pure GQDs curve given in Fig. 2.
Due to the fact that both the GQDs and DOX are

GQD-30, C-C
14 b) ——GQD-30, C-0
. ———GQD-30, C-N
< ———GQD-48, C-C
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Fig. 5 Absorption and photoluminescence spectra of GQDs + DOX hybrids.
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photoluminescent, as shown by the emission energy of the
pristine systems listed in Table 1, the emission wavelengths are
greater than the wavelengths of absorption. Optical behaviour
of GQDs + DOX hybrids covers a broad wavelength ranged from
400 nm to 1900 nm, demonstrating their adaptability. In addi-
tion, larger hybrids GQD-48 + DOX exhibit a greater optical gap
compared to the smaller hybrids, which indicates the increased
likelihood of electromagnetic absorption and emission between
levels. This corresponds to more significant optical transitions
as well as enhanced brightness in the bigger hybrids.

The observed decrease in absorption and emission energies
for GQD-30 + DOX systems, particularly in configurations with
C-C bonding, can be traced to the reduced HOMO-LUMO gap,
which causes a redshift in optical transitions. This connection
can be explained by the fundamental relationship between
electronic and optical properties, where a smaller gap corre-
sponds to lower excitation energies. The photoluminescence
spectra further highlight the impact of quantum confinement,
where smaller GQDs exhibit larger Stokes shifts. Precisely, the
calculated Stokes shift between absorption and emission
spectra presented in Table 3, is found to be larger in small-sized
conjugations. This is suggestive of a rapid relaxation from the
initial to the emissive state. Additionally, when the absorption
and emission peaks are viewed more closely, it can be seen that
the GQD-30 + DOX systems are characterized by one dominant
intense peak within the [550, 558] nm range. The GQD-48 + DOX
nanostructures, on the other hand, present two intense peaks at
[464-466] nm and [890-900] nm. This aligns with experimental
findings on GQDs.*

It is noteworthy that the type of coupling between GQDs and
the drug, as well as the choice of QD size play a crucial role in
tuning the optical properties. That is, hybridization signifi-
cantly modifies the property of small-sized GQDs, with little
change being observed for large-sized systems. This fact is
helpful in designing the optoelectronic properties of GQDs for
a target application.

4. Conclusion

In conclusion, this study analysed various structures of GQDs +
DOX hybrid systems with two different sizes of DSGQDs, namely
GQDs-30 and GQDs-48 to verify their optoelectronic and pho-
toluminescence properties. We investigated the influence of the
size of the GQDs relative to the loaded drug and the character of
the interactions of covalent bonds C-C, C-O, and C-N
couplings, on the physical behaviour of the hybrids. By incor-
porating these essential factors, six stable configurations were
simulated with different electronic and optical properties.
Notably, the H-L energy gap varied with DOX positioning, with
smaller GQDs experiencing larger changes than their larger
counterparts. The optical properties of the larger GQD systems
remained largely intact with absorption and photo-
luminescence in the NIR region, whereas that of the smaller
GQDs was shifted from the visible to the NIR region. These
findings have significant implications for the selection of the
best GQD functionalization strategies for use in nanomedical
drug delivery systems.
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software [https://gaussian.com/g09citation/] and Gaussview
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