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ABSTRACT: The development of carbon quantum dots (CQDs)
for photoresponsive nitric oxide (NO) delivery is a rapidly
advancing field, with experimental reports demonstrating promising
release under visible light irradiation. However, a mechanistic
understanding of the photolytic process, the explicit role of CQD
functionalization, and the influence of key physiological variables
such as pH has been lacking, hindering rational design. This study
aims to unravel the atomistic details of the NO release mechanism
in functionalized CQD systems. Using density functional theory
(DFT) and time-dependent DFT (TD-DFT) calculations, we
systematically investigated a model system (CQD,“*****---NO)
to probe ground-state reactivity, protonation effects, and excited-
state properties. Our results reveal that cysteine deprotonation is a
critical effect for S—NO bond formation. TD-DFT calculations evidence a low-energy SNO-localized excited state with predominant
n — m* character, which drives direct photoinduced electron transfer from sulfur to nitrogen, weakening the S—NO bond and
rationalizing the experimental photodynamic response. While very acidic conditions can destabilize the system, it remains stable
under physiological pH. These findings provide a mechanistic framework that clarifies the synergistic roles of the CQD, cysteine,
TPP, and NO moieties on the nanocomposite, offering foundational principles for engineering next-generation CQD-based
platforms with enhanced stability, controlled release efficiency, and reduced off-target effects for biomedical applications.
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1. INTRODUCTION

The use of nanomaterials has emerged as a highly innovative
strategy for the controlled release and transport of therapeutic
agents. Their ability to interact with specific cells and tissues at
the molecular level allows for efficient and targeted delivery
while minimizing systemic toxicity. The convergence of
biomedicine, drug administration, and nanotechnology has
thus opened promising avenues for the treatment of
pathologies that require precision therapy and controlled
intracellular responses.’”

Among these nanomaterials, carbon quantum dots (CQD)
have attracted increasing attention due to their unique
combination of physicochemical and biological properties.
CQDs exhibit remarkable photostability, high quantum yield,
tunable surface chemistry, and intrinsic water solubility, which
enable their application in areas ranging from chemical sensing
and bioimaging to optoelectronics and drug delivery.” Their
small size and high dispersibility in aqueous environments not
only facilitate cellular uptake but also enhance their ability to
act as stable nanocarriers for therapeutic molecules. Impor-
tantly, functionalization strategies have been successfully
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applied to tailor the surface of CQDs for improved
biocompatibility, selectivity, and efficiency in drug delivery
systems.4

Some studies have shown that modified CQDs can be
engineered to induce apoptosis in cancer cells by exploiting
their surface chemistry and capacity for controlled release.” In
particular, Xu et al. demonstrated that CQDs functionalized
with S-nitrosothiols (R—SNOs) and triphenylphosphonium
(TPP) groups are capable of targeting mitochondria and
triggering cell death pathways.6 In these systems, R—SNO
moieties act as nitric oxide (NO) sources and TPP facilitates
the selective accumulation of molecules and nanoparticles
within the mitochondria, as its positive charge on the
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Figure 1. Basic components of the CQD-based NO-carrying system: CYS; TPP; nonfunctionalized CQD; CQDcs; CQDc,**™*; and

C QDCACYS+TPP ..NO.

phosphorus atom is retained even when conjugated to other
groups.”

As a matter of fact, nitric oxide itself can play a dual role in
biological systems. At moderate concentrations, NO can
stimulate mitochondrial biogenesis and contribute to cell
signaling, whereas excessive levels are toxic and promote
apoptosis.” Some studies have reported that light-irradiated
CQDs can promote rapid and significant NO release,
effectively inducing mitochondrial apoptosis. Such effects
have been demonstrated in different systems, including
CQDs functionalized with N-diazeniumdiolates® and mito-
chondrial-targeted photoresponsive systems.”

Despite the promising biotechnological applications of these
systems, there is still an absence of in-depth molecular-level
analyses that explore how structural, environmental, and
chemical parameters can influence the efficiency and dynamics
of NO-releasing processes in such nanocomposites. The role of
pH is especially critical, as it directly influences the
protonation—deprotonation equilibria of functional groups
typically present in these systems.'’ Understanding these
effects is essential for designing efficient nanocarrier systems
for different physiological microenvironments.

In this context, theoretical studies can define a powerful
framework to complement experimental findings and unravel
the fundamental mechanisms underlying photoinduced NO
releasing. As a matter of fact, a number of computational works
have successfully employed density functional theory (DFT)-
based calculations to investigate nanomaterials for drug
delivery, adsorption phenomena, and NO-releasing plat-
forms."' ™' However, to date, there has been a lack of
systematic studies focusing on CQD + TPP + SNO systems.

Here, we bridge this gap by performing a comprehensive
computational study of a functionalized CQD model system
(CQDA“*TPP), in which NO is anchored at the deproto-
nated sulfur atom of the cysteine residue. Using DFT and time-
dependent DFT (TD-DFT), we evaluate the electronic

structure, excited states, stability, and local reactivity of the
nanocomposite, with special emphasis on the role of local
reactivity, excited-state charge-transfer processes, and pH-
induced changes. Our results reveal that system deprotonation
is crucial for obtaining an effective S—=NO coupling. TD-DFT
analysis identifies a key n — 7™ transition around 550 nm that
drives a photoinduced electron transfer from sulfur to nitrogen,
which facilitates the NO releasing. Our data also shows that,
while the stability of the complex is compromised in highly
acidic environments, it remains robust under physiological
conditions. This mechanistic understanding provides a founda-
tional framework for the rational design of advanced CQD-
based platforms.

2. MATERIALS AND METHODS

Figure 1 illustrates the structures evaluated in this report: (i)
cysteine amino acid (CYS), which plays a role in NO binding
and CQD functionalization; (ii) modified TPP, known for its
mitochondrial targeting properties; (iii) nonfunctionalized
hexagonal armchair-edged CQD (CQD); (iv) CQD function-
alized with four carboxylic groups (CQDcy); (v) CQDca
functionalized with CYS and TPP (CQD,¥**™); and (vi)
CQD, Y5 *P with trapped NO at (deprotonated) CYS sulfur
atom (CQD, ¥ TPP...NO).

CQD,“™*TP...NO defines the primary model system of
this study. To elucidate the specific function of each
constituent, supplementary models were constructed and
analyzed: (i) isolated cysteine (CYS), (ii) modified TPP
molecules, and (iii) modified and unmodified carbon quantum
dots (CQD and CQDc,). Within the integrated system, each
block plays a distinct role: CYS residue provides the anchoring
site for NO, critical for the system’s bioactivity;'* TPP* groups
enables efficient NO delivery by mediating electrostatic
interactions with the target mitochondrial membranes, ">
CQDg, act as a substrate.

https://doi.org/10.1021/acsomega.5c06567
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Hexagonal structures containing 54 carbon atoms were
employed to model the CQD systems. This choice is
supported by previous work from our group,'® which
demonstrated high edge reactivity toward electrophilic attack
in these systems (compatible with COOH functionalization).
The COOH functionalization was conducted by successively
inserting four carboxylic groups onto the CQD structures,
leading to the CQDc, systems. Comparative analysis shows
that CQDs with armchair edge terminations outperform the
zigzag ones, providing a clear rationale for their selection in
this study (see Figures 2 and S1).

CQDca CQDcaq

CQDcy:1

CQDcas3

Structure

2)

A

CAFL T |

Figure 2. Local reactivity of CQDc,, systems (for n = 1 to 4). Red
and blue sites represent reactive and inert regions in relation to
electrophiles (f7) and nucleophiles (f*), respectively.

Following carboxylation, two diametrically opposite carbox-
ylic acid groups were functionalized with CYS and modified
TPP, respectively. The final CQD,“Y**"**...NO structure was
designed by complexing one NO molecule on the deproto-
nated sulfur or CYS (via the S---N bond). To simulate different
pH conditions, we considered the progressive deprotonation of
the carboxylic and thiol groups in accordance with their known
pK, values'” which suggest that these groups are largely
deprotonated at or above physiological pH. The final system
used in the simulations corresponds to the fully deprotonated
form, consistent with the experimental synthesis carried out at
pH 7.4.° After deprotonation, NO was added to the sulfur
atom of the cysteine residue, forming the S—=NO bond.

All of the structures were designed with the aid of
GaussView'® software. The geometries were optimized at the
ground state within the framework of the density functional
theory (DFT), emg)lozfing the hybrid exchange-correlation
functional, B3LYP,""~** along with the 6—31G(d,p) polarized
basis set on all of the atoms, with the aid of Gaussian 16
computational package.” In all of the structures, the presence
of water was simulated via the polarizable continuum model
(PCM) to ensure that the calculated properties and reactivities
are representative at physiological conditions. PCM was used
as implemented in Gaussian 16, considering the default
settings for water (¢ = 78.3553, and solvation cavity defined
via standard United Atom Topological Model, based on UFF
force field radii).”*

The local reactivities of the components were evaluated via
condensed-to-atom Fukui indices (CAFI), in a DFT/B3LYP/
PCM/6-31G(d,p) approach, considering the optimized
geometries. Such descriptors allow us to identify how the
electron populations around each atom change when the total

number of electrons in the system is altered. Three CAFIs can
then be defined, representing the local reactivities of the
molecule regarding: (i) external nucleophilic agents (f*), (ii)
external electrophilic agents (f7), and (iii) free radicals (°). In
the framework of the conceptual DFT, CAFIs are estimated
through finite differences of the atom electronic population,
considering the molecule M at its neutral (M, with N,
electrons), anionic (M~, with N, + 1 electrons), and cationic
(M*, with Ny — 1 electrons) configurations (see refs 25,26 for
details)

5T =p, Ny + 1) = p (Np) (1)
Lo =Ny — p (N — 1) )
ka = I/Z[Pk(No + 1) - Pk(No - 1)] (3)

where, pu(Ny + 1), pu(Ny), and p (N, — 1) represent the
electron populations at the kth atom in M, M, and M,
respectively. The atomic populations were calculated using the
Hirshfeld charge partitioning method to avoid negative CAFI
values.””*® Complementary analysis of CAFI were conducted
for CQDc,“"**"*P..NO considering distinct partitioning
charges schemes (Mulliken and electrostatic potential derived
charges—ESP) to assess the robustness and consistency of our
results.

The calculation of molecular electrostatic potential (MEP)
was also performed for both protonated and deprotonated
molecules CQD,YS*T?P, as well as for CQD 5+ ™P...NO
complexes, considering the CHELP method (charges from
electrostatic potentials using a grid-based fitting approach),””
with the aid of Gaussian 16 computational package. Additional
calculations considering dimethyl sulfoxide (DMSO) (& =
46.826) were conducted for the CQD ¢, ***™""---NO system to
evaluate solvent effects on the local reactivity (CAFI and
MEP). The local reactivity descriptors were estimated at the
ground state.

Theoretical optical absorption spectra calculations and
evaluation of excited states were conducted for
CQD, S TPP...NO system via a time-dependent DFT (TD-
DFT) approach considering two distinct functionals: tradi-
tional B3LYP and long-range corrected exchange-correlation
functional, ®B97X-D.***' The @wB97X-D functional combines
long-range correction (LC) and empirical dispersion correc-
tion (D), which are supposed to mitigate the underestimation
of long-range exchange interactions expected for B3LYP, and
improve the description of van der Waals and other
noncovalent forces. The inclusion of these features is
particularly relevant for systems involving adsorptive inter-
actions and excited states with possible charge-transfer
features, as they demand an accurate treatment of spatially
separated frontier orbitals and an appropriate description of
weak intermolecular forces.”> By employing both B3LYP and
@wB97X-D, this study contrasts a widely used standard hybrid
functional with one explicitly designed to handle long-range
exchange and dispersion effects, providing a more compre-
hensive theoretical framework for the analysis.””** The 10
lowest singlet excited states were considered for both TD-DFT
approaches. Varied postprocessing analyses of DFT and TD-
DFT results were conducted with the aid of Multiwfn

toolbox™> 7.

https://doi.org/10.1021/acsomega.5c06567
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3. RESULTS AND DISCUSSION

The functionalization of the CQD with carboxylic groups was
performed step by step, in which each chemical modification
was followed by geometry optimizations. The analysis of f~
descriptors guided the incorporation of the carboxylic groups
(electrophilic addition) on CQDs. Figure 2 presents the
resulting structures, highlighting how the chemical changes
impact the local reactivity of the material. In general, sites in
red and blue represent regions of high and low reactivity, while
other colors indicate sites with intermediate reactivity
following an RGB scale. f~ indicates regions with greater
affinity with electrophilic agents.

The CAFI analysis reveals a natural distribution of four
diametrically opposite carboxylic groups across the CQD
structure. Based on these results, it was decided to function-
alize the most distant carboxylic groups with CYS and TPP
residues, leveraging their specific characteristics, as described
by Xu and co-workers.®

In fact, positioning TPP and CYS on opposite sides of the
molecule is a strategic choice to minimize the potential
electrostatic interference that could arise if these groups were
in close proximity. TPP, being a positively charged molecule,
has a natural affinity for environments with a negative electric
potential."” By distancing it from other charged or polar
groups, its interaction with mitochondria is maximized,
optimizing delivery of TPP to the intended target. Addition-
ally, the CYS residue must be strategically positioned to ensure
that its NO-releasing capability is not impeded by steric or
electronic interactions with neighboring functional groups.”

Figure 3 shows how the frontier molecular orbitals (FMOs:
highest occupied molecular orbital (HOMO) and lowest
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Figure 3. Frontier molecular orbitals of the CQDc,“***™* system
and its chemical components/modifications.

unoccupied molecular orbital (LUMO)) and the electronic
gaps (Eg,p) of the systems are modified from unmodified CQD
to the CQD,“**™""...NO complex, including intermediate
species.

Note that the addition of COOH groups on CQD leads to a
slight reduction of Eygpo and Ej o, With an opposite effect
after deprotonation (CA,*). It is also interesting to note that
the HOMO and LUMO of CYS and TPP are not so close to
the CQDc,, systems, so that the frontier levels of
CDQ "™ are dominated by CQDcy, systems (which
shows higher HOMO and lower LUMO than CYS/TPP). This
scenario is modified after CYS deprotonation (CYS*), so that
CDQ,“"**™P* now exhibits higher HOMO levels, dominat-
ing the HOMO of the structure and enhancing the local

reactivity on this site (see Figure S). Note that the frontier
levels of the CQD,“Y**™...NO adsorbed system can be
considered a combination of HOMO and LUMO of
CDQ S TPP* and NO.

Figure 4 illustrates the density of states (total, TDOS; and
partial, PDOS) projected on distinct components of the

—— TDOS
——— PDOS CQDe
——PDOS CYS
——— PDOS TPP
—— PDOS NO

Density of States (a.u)

Energy (eV)

Figure 4. Total and partial density of states projected on each
component of CQD,“***T*P...NO system.

CQD,“*P...NO complex. In particular, PDOS allows for
the identification of each fragment’s contribution to the
TDOS, allowing for a detailed understanding of the electronic
structure. The dashed lines indicate the energy levels of the
frontier orbitals, i.e., the highest occupied and lowest
unoccupied molecular orbitals (HOMO and LUMO) at
—6.8 and —1.0 eV, respectively.

The PDOS clearly reveals a marked separation between
HOMO and LUMO in terms of their spatial distribution. The
HOMO is predominantly composed of electronic states
centered on the CQD(, fragment, with minor contributions
from the CYS and NO groups. In contrast, the LUMO is
mainly associated with the NO moiety along with a smaller
contribution from the CYS fragment. Interestingly, the TPP
unit contributes negligibly to the frontier orbitals, which
suggests a secondary role in the optoelectronic properties of
the system despite its structural presence. Such findings
indicate that the CQD, can act as the primary electron donor
in the system, while the CYS + NO acts as the electron
acceptors in the ground state.

To better investigate the coupling of nitric oxide (NO) with
the CYS residue, CAFI indices were evaluated for
CQD,“"*™ " based systems. The objective was to analyze
the local reactivity on these structures and evaluate how it
changes due to its protonation state, mainly the reactivity over
the CYS anchoring sulfur atom. Figure S presents the Fukui
indices and MEP for CQD,“***™"" its deprotonated structure
CQD,Y*TP* and deprotonated system with NO trapped in
CYS (CQDc,“¥S*TPP..NO). As described by Orth and
collaborators,’” cysteine-based systems anchored on gra-
phene-like oxides can present an effective deprotonation at
slightly alkaline pHs (above 6.59), suggesting that
CQD, TP systems reported by Xu and co-workers
(synthesized at ~7.4) are supposed to present deprotonated

https://doi.org/10.1021/acsomega.5c06567
ACS Omega 2025, 10, 52763—-52772
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Figure 5. Local reactivity of protonated (#) and deprotonated (*) CQDc,YS"™" systems and the CQDc,“***""*--NO complex. For CAFI
(MEP), red and blue sites represent reactive (positive potential) and inert (negative potential) regions in relation to radicals, respectively. Different
scales were used for the protonated system (#) to better highlight MEP variations.

carboxylic groups and sulfur atoms, as illustrated in
CQD,“"**TPP% MEP maps show the distribution of electro-
static potential over the molecule surface (projected on the
electron density isosurface). It helps identify regions where the
molecule is supposed to interact electrostatically with different
chemical species. A red-green-blue (RGB) color scale is used,
where red and blue indicate regions of high negative (less
positive) and positive (or less negative) electrostatic potentials,
respectively. The other colors represent intermediate poten-
tials. Similar results are obtained for the CQD,*¥S*™**...NO
system considering distinct solvents (water and DMSO),
partition charge scheme (Hirshfeld, Mulliken, and electrostatic
potential derived—ESP), as well as effective grids for potential
estimation (grid size and point densities) (see Supporting
Information for details).

Note that the sulfur atom does not exhibit significant
reactivity in CQDc,“"**™"", suggesting a low probability of
forming CYS—NO bonds. Additionally, the reactivity centered
over CQD may favor the formation of undesired bonds with
other radicals. On the other hand, the deprotonated system
exhibits high reactivity at the sulfur atom (compatible with
CYS*s HOMO domination in CQDc,“Y*™"P* system—see
Figure 3), suggesting a high probability of NO capture.
Furthermore, the rest of the structure remains largely inert to
radicals, preventing the formation of undesired bonds that
could compromise the molecule’s functional mechanisms.

MEP analysis indicates that the TPP consistently retains its
positive polarization across all considered scenarios. This
characteristic is particularly notable in the case of
CQD,“"*TP!...NO, highlighting the crucial role of TPP in
effectively targeting mitochondria.

Based on the obtained results, the final system
CQD,Y*TPP...NO was modeled, where NO is trapped by
deprotonated CYS. It was observed that aside from this bond,
the system remains otherwise inert.

To interpret the electronic transitions that could be involved
in the photoactivated NO releasing (photoexcitation around
550 nm®), TD-DFT-based calculations were conducted for the
CQD,“*P...NO model system. Figure 6 illustrates the
theoretical absorption spectra of this system estimated in a
TD-DFT/wB97X-D/6—31G(d,p) approach as well as the
most relevant transitions associated with the main peak and
those around 580 nm (first excited state—S;). Table 1
presents information regarding the first 10 electronic
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Figure 6. UV—vis spectrum of the CQDc,“"*™..NO systems.
Representation of the orbitals mainly involved in the optical
transitions around 331 nm (main peak) and 580 nm (close to
experimentally reported NO-releasing photoexcitation).

transitions, including the vertical excitation energies, the
corresponding peak positions (4,,,), oscillator strengths (f),
and identification of the major contributing electronic
transitions (with their squared coefficients, ¢*) (see Supporting
Information for B3LYP-based results).

A comparison between the B3LYP and wB97X-D-based
calculations (Tables 1 and S1) reveals that several low-energy
transitions with negligible oscillator strengths predicted by
B3LYP are absent in the long-range corrected wB97X-D
calculations. These transitions correspond to artificial “dark
states” commonly introduced by hybrid functionals.”>** Tt is
worth noting, however, that B3LYP more accurately
reproduces the position of the Sy—S; absorption peak, while
wB97X-D provides consistent state ordering by eliminating
spurious excitations. Importantly, ®B97X-D confirms the S;,—
S, transition as the lowest accessible excited state, which is
experimentally observed and is directly responsible for the
NO-releasing mechanism. This excited state arises from a
combination of orbital transitions (dominated by H;, — L,),
and their relatively high 4., values can be associated with the
extended 7-conjugation of the CQD scaffold with its functional

https://doi.org/10.1021/acsomega.5c06567
ACS Omega 2025, 10, 52763—-52772



ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. First 10 Excited States and Electronic Transitions
fOl' CQ_DCACYS+TPP"'NO

2

excited state energy (eV) A, (nm) f transitions c

1 2.1120 58703 00002 Hs— L, 0.0121
H, > 1L, 00691
H,—->1L, 03657
H,—>L, 00332
2 3.2027 387.12 00458 Hy, — L, 00107
H,;, - L, 01098
H,;, » L, 00583
H,, » L, 01207
H,, - L, 01504
3 3.3607 36893 02141 H, — L,  0.0265
H,, > L, 00588
Hy; — Ly 0.0592
H,, » L, 01959
Hy, — L, 01152
4 3.7136 333.86 26268 H,, — L, 02890
H,, - L, 01786
s 3.7455 33103 28170 H,, —» L, 03325
H,, » L, 01292
6 3.8468 32230 00610 Hy, — L,  0.0995
H, > L, 00154
Hy, —> L, 03145
7 3.9937 31045 00171 H, - L, 0.1312
H, > L, 0.0125
H, > L, 0.0212
H, - L, 0.0999
H, > L, 0.0655
H, - L 00503
H,— L, 00336
H,—>1L, 00257
8 40113 30908 00493 Hyy—L, 00178
Hy, > L, 02764
Hy, > L,  0.0402
H,, > L, 00681
H,, - L 00103
H,, - L, 0010§
9 4.0593 30544 00676 Hy—1L, 00199
H, » L, 00142
Hy, > Ly 00713
H, - L, 01207
Hy,; » Lig  0.0955
H,, » L,  0.0309
H,, — L 00115
10 40721 30447 00294 H,— L, 0.0207

Hyo— Ly, 00147
Hy, > Ly 0079
H, - L, 02113
H,, » L, 00260
H,, - L, 00200

groups. The low oscillator strengths associated with this
transition suggests a limited optical accessibility and indicate a
n — m* character’”” (see Figure S7). It is in line with
experimental observations® and is consistent with the behavior
noticed for some type II photoinitiators.*’

Note that the first excited state of the adsorbed system is
centered on the CYS-+NO region (inset of Figure 6),
suggesting that the experimentally observed NO releasing
after photoexcitation (for A, ~ 550 nm) involves electronic
transfers in this region. The main absorption peak, observed

around 330 nm, involves CQDc,-centered electronic tran-
sitions; however, it is not accessed by experimental photo-
excitation during NO-releasing assay.6 It is interesting to note
the absence of H-L (dominated) transitions, which reduced H-
L superposition, which was identified in Figure 4. Note that
both the excited states presented in Figure 6 (S; ~ 580 nm and
S¢ ~ 331 nm) are dominated by electronic transitions from
deep occupied states (H;, and H,;, respectively) to
unoccupied levels close to the LUMO (L; and L,
respectively), which is also compatible with PDOS analysis.

To better evaluate the nature of transitions associated with
NO releasing, additional analysis of the electron/hole (e”/h*)
distribution on CQD ¢, *$*™"...NO system at the first excited
state was conducted. Such an analysis allows us to identify
which molecular regions present the most significant changes
in charge density after electronic excitation. B3LYP and
@wB97X-D functionals were employed for comparison
purposes. Figure 7 shows the obtained results, associated
with electronic density distributions for the electron and hole
(and their overlap) for the first excited state (S;) of the
CQD,“*TPP...NO system, considering the distinct ex-
change-correlation functionals.

Note that the electronic excitation at ~580 nm is
predominantly localized around the S--NO region, with a
particular concentration on NO. This result indicates that an
effective change in the local electron density around S---NO
can be induced by visible light irradiation. A deeper evaluation
of the hole and electron distribution reveals a predominant n
— 7% character of this transition (see Figure S7). The
antibonding electron distribution suggests that photoexcitation
reduces S—N bond density, lowering the release barrier, and
promoting NO liberation. This mechanism accounts for the
efficient photodynamic response reported for CQD, Y+ *"-..
NO systems under 550 nm excitation. Similar results are
obtained for the B3LYP functional (Figure 7), underscoring
the reliability of both approaches in capturing the key
electronic features of the system.

To better understand the nature of the 580 nm excitation,
transition density matrix (TDM) analysis was conducted for
the CQDc,“*TP...NO system (Figure 8), considering
@B97X-D results. Figure 8A shows a global view of the
TDM heat map, evidencing electronic transitions across the
whole system. Figure 8B shows the TDM decomposition into
selected fragments: 1 = NO, 2 = CYS, 3 = TPP, and 4 =
CQDcy, to identify specific donor—acceptor interactions and
quantify the charge-transfer pathways between these regions.

Figure 8A shows the existence of charge-transfer processes
between atoms 75 (S from CYS), 123 (N from NO), and 124
(O from NO), with negligible effects in the remaining regions
of the system. Figure 8B provides a more detailed view of these
photoactivated charge-transfer pathways. The largest contribu-
tion to the excitation arises from electronic reorganization
within the NO fragment itself, consistent with the primary
localization of the h*/e™ distribution on the S---NO region
(Figure 7). A secondary charge transfer from CYS to NO is
also observed, highlighting the role of S atom in charge
transfer. TPP fragment shows negligible charge-transfer
processes, preserving its polarized character, which is essential
for electrostatic interactions. Tables 2 and 3 quantitatively
confirm the above-described behaviors, showing the contribu-
tions of fragments and atoms to the overall photoexcited
charge transfer. The data shows that during the S, — S,
excitation, CYS fragment donates 0.254 electrons to NO and

https://doi.org/10.1021/acsomega.5c06567
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Figure 7. Electron/hole (e”/h*) density distribution on the CQDc,***™"...NO system at the first excited state. Results obtained for DFT/
B3LYP/6—31G(d,p) and DFT/wB97X-D/6—31G(d,p) approaches. Both methods show that the e™/h* density is mainly localized on the SNO

group, consistent with its role in NO release.
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Figure 8. TDM heat-maps of the CQD¢,“**™""---NO system for Sy, — S, excitation: (A) Overall distribution of electronic transitions across the
molecule and (B) fragment-resolved results for 1 = NO, 2 = CYS, 3 = TPP, and 4 = CQDc,.

Table 2. Interfragment (Donor-to-Acceptor) Charge
Transfer (CT) Occurring during Electron Excitation (~580
nm) in the CQD,¥$*™?-:NO System (DFT/wB97X-D/6-
31G(d,p) Approach) Considering Four Fragments

acceptor fragment

donor fragment NO CYS TPP CQDcy  net charge
NO 0.593 0.096 0.000 0.004 —0.164
CYS 0.254 0.040 0.000 0.002 +0.159
TPP 0.000 0.000 0.000 0.000 0.000
CQDca 0.009 0.001 0.000 <0.001 +0.00S

0.002 to CQD, while it receives 0.096 electrons from NO
and 0.001 from CQDg,, presenting a net charge around
+0.159, i.e,, it loses 0.159 electrons during the transition. TPP
and CQD, fragments exhibit negligible contributions. The
diagonal terms correspond to the amount of intrafragment
(atomic) electron redistribution. Table 3 illustrates the atomic
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Table 3. Interatomic (Donor-to-Acceptor) Charge Transfer
Occurring during Electron Excitation (~580 nm) in the
CQD, 5 TPP..NO System (DFT/wB97X-D/6-31G(d,p)
Approach) Centered on SNO Moiety

acceptor atom

donor atom S N (0] net charge
S 0.084 0.130 0.029 +0.132
N 0.105 0.163 0.037 —0.185
(¢} 0.127 0.197 0.044 +0.053

contributions by considering only the S—NO system. An
effective S — N photoinduced electron transfer process is
observed, reinforcing the mechanistic understanding of NO
release and the photodynamic response highlighted by the
fragment-resolved TDM.

Given that tumor microenvironments and bodj mechanics
can induce local variations in physiological pH, ! additional

https://doi.org/10.1021/acsomega.5c06567
ACS Omega 2025, 10, 52763—-52772
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Figure 9. Local reactivity of protonated CQDc,“Y**™"---NO. Red and blue sites represent reactive and inert regions in relation to the radicals,
respectively. Reactivity remains localized on the SNO group after protonation.

Table 4. Geometrical and Energetic Features of the NO and S:*NO-Based Systems

structure bond type wiberg bond order  bond length (A)
NO N-O 2.603 1.158
H-S--NO S—N 1.165 1.899
N-O 2.386 1.178
CQD, Y TPP..NO S—N 1.229 1.835
N-O 2293 1.193
CQD, Y TPPLLNO S—N 1.228 1.836
N-O 2295 1.193
CQD, Y TPP2..NO S—N 1.226 1.837
N-O 2296 1.192
CQD, Y5 TPPH..NO S—-N 1.184 1.866
N-O 2.341 1.184

S--NO bond angle (°)

system:NO complexation energy (kcal-mol™")

114.95

115.52 —25.970
115.53 —25.918
115.52 —25.875
115.65 —24.383

studies were carried out on CQDc,“Y*™"...NO at different
protonation states to evaluate their influence on NO release.
Figure 9 presents the CAFIs for three CQDc,“**"**...NO
systems, where successive protonation was performed. Our
previous results highlighted the relevance of system deproto-
nation for generating the CQD,“***™"*---NO complex; in this
analysis, we evaluate how the local pH could interfere in the
releasing process once the adduct had already been formed.

Note that the SNO group remains reactive across all
evaluated protonation states, indicating its potential to release
NO even under slightly acidic conditions (pH < 6.59'7), a
relevant feature given that the local pH in tumor environments
typically ranges from 6 to 7.*' Compared with the fully
deprotonated system (Figure S), protonated forms showed a
modest increase in the reactivity of the CQDc, fragment.
Reactivity, assessed via the electrophilic Fukui index (f7),
revealed that the CQDc,“YS*TPP*2...NO and
CQD, ¥ TPP*3..NO systems exhibit slightly enhanced
susceptibility to electrophilic attack compared to the fully
deprotonated CQD,“***"™...NO complex (see Supporting
Information for details). This suggests that while NO release
remains feasible, protonation may render the system more
chemically labile. This trend is reinforced by the analyses of
geometric and energetic features of the S--“NO bond in our
systems, as illustrated in Table 4. Results obtained for isolated
NO and simplified HS---NO complex are also presented for
comparison purpose.

The complexation energies confirm the formation of stable
complexes in all cases. Upon protonation, the S-NO bond
length increases (from 1.835 to 1.866 A), indicating a
weakening of this sensitive bond, particularly in the case of
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CYS residue protonation (CQD,“Y**™*3...NO). This trend
is consistent with the complexation energy analysis for the
system---NO. In contrast, the N—O bonds exhibit the opposite
behavior relative to the S—N bond.

Such changes could lead to premature NO release under
strongly acidic conditions, which may result in undesired side
effects if not properly controlled. These findings reinforce the
need for careful experimental evaluation of protonated systems
responses, particularly in acidic or pathological environments.
Nonetheless, it is important to emphasize that under
physiological conditions (pH 7.4), the system is expected to
exist predominantly in its deprotonated form, which was the
primary focus of our simulations. The effects described above
are more likely to manifest under conditions of marked
acidosis or in acidic microenvironments, such as those found in
solid tumors.

4. CONCLUSIONS

DFT-based calculations have been conducted for function-
alized carbon quantum dots to investigate details of the
mechanisms involved in the recently reported NO-releasing
processes upon visible irradiation, which is very promising for
delivery systems.

The results demonstrate that high reactivity on cysteine
anchoring centers is obtained only at an appropriate pH,
highlighting the relevance of this parameter for the production
of CDQ-based active adducts.

TD-DFT-based results evidence the existence of a SNO-
localized excited state associated with the experimentally
observed NO-releasing process (for excitations around ~550
nm). This transition displays a predominant n — z* character,

https://doi.org/10.1021/acsomega.5c06567
ACS Omega 2025, 10, 52763—-52772
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driving photoinduced S — N electron transfer that weakens
the S—NO bond. Altogether, these results provide a coherent
mechanistic framework for light-induced NO release, directly
linking molecular-level excitations to the observed photo-
dynamic response.

The analysis of protonation suggests that despite maintain-
ing the local reactivity on SNO, the stability of the system may
be compromised in very acidic environments, leading to an
increased sensitivity to unwanted reactions. However, under
typical physiological conditions, the risk of instability is very
low.

In summary, our results reveal the complementary roles of
the CQDc,, CYS, TPP, and NO blocks in stability,
photoresponsiveness, and release efliciency in the
CQD,"*TPP-.NO system. The COOH groups in CQDc,
confer pH-dependent stability, the CYS fragment acts as a
protonation-sensitive photodonor, TPP ensures anchoring and
surface interactions, and NO serves as the active electronic
photoacceptor. This mechanistic understanding provides
design principles for engineering CQD-based platforms with
enhanced stability, controlled NO release, and reduced off-
target effects, paving the way for future optimization and
biomedical applications.
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