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Abstract

Background: Diabetes mellitus is a global health challenge associated with chronic com-
plications like diabetic nephropathy and diabetic foot infections. Diabetic nephropathy,
mediated by hyperglycemia-induced activation of the polyol pathway, represents a primary
cause of end-stage renal disease. Additionally, infections caused by multidrug-resistant
bacteria like Enterococcus faecalis lead to amputations and contribute to morbidity in diabetic
patients. Methods: In this study, we synthetized nitrogen-doped carbon dots (N-CDs)
using succinic acid with either hexamethylenediamine (N-HCD) or ethylenediamine (N-
ECD) and evaluated their potential therapeutic applications. Results: Both N-HCD and
N-ECD demonstrated a significant reduction in aldose reductase (AR) and sorbitol de-
hydrogenase (SDH) in vitro, with a substantial reduction in polyol pathway enzymatic
activity. Furthermore, these N-CDs exhibited antibacterial activity against E. faecalis in vitro.
Conclusions: Taken together, our findings suggest that N-HCD and N-ECD represent
promising candidates for addressing diabetes-related complications and warrant further
investigation for potential drug delivery applications.

Keywords: nitrogen-doped carbon dots; aldose reductase; sorbitol dehydrogenase; Entero-
coccus faecalis

1. Introduction
As diabetes reaches global epidemic levels, there is an urgent need for effective

and reliable treatments for its complications, including microvascular and macrovascular
diseases. Chronic hyperglycemia triggers multiple biochemical pathways that contribute
to microvascular and macrovascular complications through mechanisms involving glucose
toxicity and oxidative stress [1]. The polyol pathway, while extensively studied as a
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therapeutic target for diabetic complications, remains a subject of ongoing debate regarding
its precise contribution to disease pathogenesis and the clinical efficacy of its inhibition [2].

The polyol pathway represents a secondary route of glucose metabolism in which
aldose reductase (AR) catalyzes the reduction of glucose to sorbitol, under hyperglycemic
conditions. Sorbitol produced in this reaction is transformed into fructose by sorbitol
dehydrogenase [3,4]. Beyond osmotic stress from sorbitol accumulation in tissues such
as kidneys, eyes, and peripheral nerves, this pathway disrupts cellular redox balance. It
depletes NADPH through the AR reaction and generates NADH through the SDH reaction,
thereby altering the NADH/NAD+ ratio and promoting oxidative stress [5]. This redox
imbalance and metabolic disruption contributes significantly to diabetic nephropathy,
which remains a leading cause of end-stage renal disease.

On the other hand, diabetic patients also face substantial risk from infectious com-
plications, particularly diabetic foot infections that can progress to lower limb wounds.
Poor glycemic control, compromised immune function, and impaired wound healing cre-
ate conditions favorable to bacterial colonization and chronic infection. Gram-positive
bacteria, particularly Staphylococcus and Enterococcus genera, colonize diabetic wounds
and may develop multidrug resistance and biofilm formation, further complicating treat-
ment [6]. The dual burden of metabolic dysregulation and infectious complications in
diabetes requires innovative therapeutic approaches that can address multiple pathologi-
cal mechanisms.

Recent advances in nanomedicine offer promising avenues for addressing complex
disease challenges. Carbon dots (CDs), a class of carbon-based nanomaterials typically
less than 10 nm in diameter, have attracted attention due to their properties including
excellent biocompatibility, low toxicity, tunable optical properties, facility of synthesis,
and potential for surface functionalization [7]. Nitrogen doping of CDs can enhance their
physicochemical properties and biological activities, including potential antibacterial effects
and interactions with biological macromolecules. Due to their small size, biocompatibility,
and modifiable surface chemistry, nitrogen-doped CDs represent attractive candidates for
therapeutic intervention in diabetes complications.

In this study we attempted to test both N-HCD (Nitrogen-doped Hexamethylenedi-
ame) and N-ECD (Nitrogen-doped Ethylenediamine) for their antidiabetic and antibacterial
possible effects to counteract the dual challenges of hyperglycemia and diabetic foot infec-
tions. Specifically, we evaluated their capacity to inhibit the key polyol pathway enzymes
AR and SDH, as well as their antibacterial activity against Enterococcus faecalis, a pathogen
commonly isolated from diabetic foot infections. This work explores the potential of ra-
tionally designed nanomaterials to target multiple pathological mechanisms relevant to
diabetes complications.

2. Materials and Methods
2.1. Hydrothermal Synthesis of N-Doped Carbon Dots

The synthesis procedures for N-HCD and N-ECD are illustrated in Figure 1. In a
typical preparation, 10 mL of deionized water was used to dissolve an equimolar mixture
of succinic acid (0.198 g, 3 mmol) and either hexamethylenediamine (0.18 g, 3 mmol) or
ethylenediamine (0.18 g, 3 mmol) Fluka (Buchs, Switzerland). under sonication. The
resulting homogeneous solution was transferred to a sealed autoclave and heated at 200 ◦C
for 18 h. After cooling, the crude product was purified by dialysis (molecular weight
cut-off ≈ 3.0 kDa) for 24 h to remove unreacted species and low-molecular-weight by-
products. Finally, solvent removal followed by vacuum drying yielded the N-HCD and
N-ECD [8].
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Figure 1. Schematic representation of the synthesis of the CDs.

2.2. Structural and Spectroscopic Characterization of N-Doped Carbon Dots

ATR-FTIR spectroscopy was used to analyze the N-ECD and N-HCD samples. The
obtained spectra exhibited characteristic absorption bands at specific wavenumbers, re-
flecting the presence of different functional groups. In particular, a strong absorption
around 3310 cm−1, observed in both N-ECD and N-HCD powders, is attributed to N–H
and O–H stretching vibrations. (Figure 2A) [9]. A weaker peak at 2954 cm−1 is attributed
to C–H stretching, while a faint band at 1672 cm−1 indicates the presence of C=O stretching
vibrations, characteristic of carbonyl groups [10]. The peak at 1450 cm−1 is assigned to
C–N stretching vibrations [11], and the peak at 1265 cm−1 corresponds to C–O stretching
vibrations [12]. Additionally, the band at 1510 cm−1, attributed to N–C=O bond formation,
suggests effective reactions among hexamethylenediamine, ethylenediamine, and succinic
acid [13].

Figure 2. Characterization of N-ECD and N-HCD, showing (A) ATR-FTIR spectra, (B) UV–Vis
absorption spectra, and (C) X-ray diffraction patterns.

The UV–Vis spectra of the N-ECD and N-HCD samples (Figure 2B) showed two
prominent absorption bands. The first, at 253 nm, is associated with π–π* electronic
transitions, while the second, at 297 nm, corresponds to n–π* transitions [13]. Specifically,
π-electrons are excited to π* orbitals, and non-bonding electrons (n) are promoted to π*
orbitals. In combination with the FTIR results, the π–π* absorption at 253 nm is likely
linked to C=O bonds, whereas the n–π* absorption at 297 nm can be attributed to N–H or
O–H functionalities [14].

XRD analysis, which provides insight into the carbon dot (CD) core structures, further
differentiates N-ECD and N-HCD. As illustrated in Figure 2C, N-HCD samples display
notably higher crystallinity compared to N-ECD, as indicated by their sharper and more
intense diffraction peaks. In contrast, N-ECD shows relatively weak peaks at 2θ = 20◦
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and 2θ = 22◦, suggesting smaller crystalline domains. This reduced order may result
from structural irregularities caused by the non-repetitive ethylenediamine side chains.
In contrast, N-HCD shows four distinct peaks at 2θ = 19◦, 22◦, 25◦, and 27◦ [15]. This
improved crystallinity in N-HCD is likely due to the more regular and homogeneous
structure of hexamethylenediamine, promoting crystal growth. Furthermore, the rightward
shift in peak positions for N-HCD compared to N-ECD consistent with the Bragg equation
indicates smaller interplanar spacing, reflecting a tighter and more compact crystal structure
in N-HCD [16].

2.3. Determination of Antibacterial Activity via Agar Well Diffusion

The antibacterial effects of the four bacterial strains—Enterococcus faecalis, Staphylococ-
cus aureus, Klebsiella pneumoniae, and Escherichia coli—were examined using the agar well
diffusion method, following previously reported procedures [17–19]. Bacterial suspensions
(108 CFU/mL) were evenly spread onto Petri dishes containing 20 mL of Mueller-Hinton
agar (MHA) BIOKAR Diagnostics (Allonne, France). Wells measuring 4 mm in diameter
were created, and 10 µL of each test compound, prepared at 50 µg/mL in 10% DMSO, was
added to the wells. Plates were then incubated at 37 ◦C for 24 h, after which the zones of
inhibition were recorded.

2.4. Microdilution Method

The broth microdilution technique was carried out to determine the MIC of the CD. A
total of 50 µL of each bacterial strain (108 CFU) was spread in a sterile 96-well microtiter
plate containing 50 µL of MHB. Then, 10 µL of each molecule dissolved in DMSO (10%)
Sigma-Aldrich (St. Louis, MO, USA). was added at a concentration of 50 µg/mL and was
serially diluted. The incubation was done under optimal conditions for 24 h at 37 ◦C.

A resazurin solution was prepared at a concentration of 0.01% (w/v); then, each well
was filled with 30 µL. The microtiter plates were incubated at a temperature of 37 ◦C for
4 h. Control wells were performed with a culture medium, bacterial suspension, DMSO
(10%) solution, and molecules [20,21].

2.5. In Silico Methods

Computational docking was used to assess the interaction between CDs and the
aldose reductase enzyme. The crystal structure of human aldose reductase (1IEI) was
uploaded from the protein data bank https://www.rcsb.org/structure/1IEI (accessed on
15 August 2025). Ligands and their analogs were designed using ChemDraw 12.0, and
the structures corresponding to the synthesized CDs were saved in PDB format. These
files were subsequently converted to PDBQT format, and docking was carried out using
AutoDock Vina (1.5.6). For the 1IEI structure, the grid box was centered at coordinates
x = 5.611, y = 1.861, and z = 0.083, with dimensions of 80 × 80 × 110 Å. The docking results
were analyzed using Discovery Studio (2021).

2.6. Experimental Validation of Bioinformatic Data
2.6.1. Experimental Induction of Diabetes in Rats

Male Sprague-Dawley rats weighing 200–230 g were housed in an air-conditioned
animal facility maintained at 25 ◦C with 55% relative humidity and a 12/12 h light/dark
cycle. Food and water were provided ad libitum.

Following a one-month acclimation period, diabetes in rats was induced by intraperi-
toneal injection of a freshly prepared streptozotocin (STZ) Sigma-Aldrich (St. Louis, MO,
USA) solution in a citrate buffer 0.1 M with pH 4.5 at a dose of 60 mg/kg. Generally,
2-Deoxy-2-(methylnitrosourea)-D-glucopyranose, commonly known as STZ, is taken up by
cells via the GLUT2 transporter (Figure 3). At 48 h post-injection, rats displaying clinical
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signs of diabetes (polydipsia and polyuria) were assessed for hyperglycemia using a blood
glucose meter. Animals with blood glucose levels ≥300 mg/dL were classified as diabetic.
Diabetes was fully established one week after STZ administration, at which time organs
were collected for biochemical analyses.

Figure 3. Experimental design illustrating the induction of diabetes in rats using streptozotocin (STZ),
confirmation of hyperglycemia, and subsequent assessment of renal polyol pathway enzyme activity
to evaluate the impact of carbon dots (CDs).

2.6.2. Ex Vivo Evaluation of CD Inhibitory Activity on Polyol Pathway Enzyme Activity

Kidney tissues were promptly removed and placed in an ice-cold homogenization
buffer. Tissues were homogenized in a Potter-Elvejhen homogenizer with a motor-driven
Teflon pestle (10 strokes at highest speed) with 1:3 w/v of homogenization buffer. The
homogenates were centrifuged at 19,000× g for 30 min at 4 ◦C. The supernatants were
collected and used for the assessment of protein content and polyol pathway enzyme
activities. All the chemicals used were of high-quality analytical grade chemicals and were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

The activity of aldose reductase (AR) was assessed based on a previously described
protocol [22]. Sorbitol dehydrogenase (SDH) activity was measured according to estab-
lished methods. The 1 mL reaction mixture consisted of 100 mM Tris–HCl buffer (pH 8.9),
40 mM sorbitol, 1.5 mM NAD+, and rat kidney preparation. To evaluate the inhibitory
potential of CDs, both AR and SDH activities were tested at concentrations of 10, 20,
and 40 µg/mL (Figure 3). The reaction was carried out for 1 min, and enzyme activity
was monitored spectrophotometrically by following the change in absorbance at 340 nm
corresponding to the NAD+ reduction.

2.7. Statistical Analysis

All experiments were carried out at least in triplicate. The differences between groups
were tested for statistical significance using one-way ANOVA at a p < 0.05 significance level
using GraphPad Prism 8.0.2 software for Windows (GraphPad Software Inc., San Diego,
CA, USA).

3. Results and Discussion
3.1. Antibacterial Activity of CDs Against Enterococcus faecalis Associated with Diabetic
Foot Infections

Infectious diseases pose a serious concern for the public health and still cause high
rates of deaths worldwide. The developed antibiotics were expected to heal or attenuate
different infectious severities; however, their overuse led to the emergence of drug-resistant
strains constituting a limiting problem [23].
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Bacteria have the capacity to evade the inhibitory action of antimicrobial agents
through mobile genetic elements that can be acquired via horizontal transfer. They can
resist diverse classes of antibiotics via different mechanisms [24].

In response to this problematic, it is of great importance to find out novel molecules in
order to tackle drug the resistance phenomenon and resolve the treatment failure of wound
management in diabetic patients. Due to their distinctive physicochemical properties and
bioactivities, carbon dot (CD)-based materials have captivated favorable attention. Here,
we explored the antibacterial properties of two CDs synthesized from succinic acid and
either hexamethylenediamine (N-HCD) or ethylenediamine (N-ECD). The inhibitory effects
of CDs were assessed against four pathogenic strains related to foot diabetic infections.

The pathogenic strains were resistant to antibiotics, especially penicillin. The well
diffusion assay showed that N-ECD and N-HCD have the ability to inhibit the growth
of Enterococcus faecalis with inhibition zone diameters of 11.5 ± 0.707, and 13 ± 0.0 mm
respectively. They exhibited this inhibitory activity at a concentration of 50 µg/mL with
a bacteriostatic effect. However, they showed no inhibition against the other pathogenic
bacteria in either the well diffusion test or the microdilution assay. It is noteworthy that
the growth inhibition activity of the two synthesized molecules was observed against a
Gram-positive bacterium. This may be due to the difference between bacterial cell wall
compositions, as Gram-negative species own a rigid outer membrane rich in lipopolysac-
charides, making the penetration of the antibacterial components more difficult. In contrast,
as a Gram-positive bacterium, E. faecalis is generally more susceptible to antibacterial agents,
allowing them to bind more effectively to the cell wall, which has a thick peptidoglycan
layer, thereby causing its disruption. Consequently, this can cause osmotic imbalance,
energy failure, and ultimately cell lysis [25].

E. faecalis was reported to show resistance against several antibiotics, including ery-
thromycin, ciprofloxacin, quinolones, and fluoroquinolones. This may be due to its ability
to harbor genes encoding different aminoglycoside modifying enzymes, suppressing their
inhibitory effects. It is necessary to note that diabetic wounds majorly attract polymicrobial
species that undergo mutual and synergistic evolution, thereby interrupting the wound
healing process. This can result in serious chronic infections, constituting a real concern,
which may eventually lead to lower limb amputation. Moreover, the severity of infection
can be increased by the ability of bacteria to develop biofilms which increase the persistence
of the disease as well as the mortality rate [25].

Tetracycline inhibits bacterial growth by interfering with protein synthesis, while
colistin acts through the permeabilization of the bacterial outer membrane [26]. In this
study, the synthesized molecules were more effective against E. faecalis in comparison with
the tested antibiotics in terms of inhibition diameters (Table 1). Previous studies have
reported that CDs exhibit low cytotoxicity in mammalian cells, maintaining more than 80%
cell viability at concentrations up to 100 µg/mL. In our study, the CDs showed significant
inhibitory activity against E. faecalis with a minimal inhibitory concentration of 50 µg/mL
regarding in vitro antibacterial assay, thereby necessitating further in vivo investigations to
confirm their promising potential.

CDs are good biocompatible agents applied in the biomedical sector; they possess
fascinating antibacterial properties against different bacteria. It has been reported that
CDs from levofloxacin hydrochloride showed a minimum inhibitory concentration (MIC)
of 64 µg/mL against Pseudomonas aeruginosa and Escherichia coli, in addition to a MIC
of 128 µg/mL against Staphylococcus aureus and Bacillus subtilis. Another study reported
that diamines reduced the number of Bacillus subtilis viable cells at a concentration of
0.2 mg/mL. Their positively charged end groups (–NH3+) strongly adhered to the neg-
atively charged bacterial surface and exhibited a bactericidal effect [27]. The inhibitory

https://doi.org/10.3390/biochem6010007

https://doi.org/10.3390/biochem6010007


BioChem 2026, 6, 7 7 of 12

action of bacterial growth is displayed through adhesion to the cell membrane altering its
structure and permeability, as well as the promotion of reactive oxygen species production,
and perturbation of cell functions [28]. Oxidative damage is the most common mechanism;
it causes morphological changes in the bacterial cell membrane, leakage of cytoplasmic
constituents, and degradation of DNA [29].

Table 1. Antibacterial activity of molecules against four pathogenic strains.

Molecules Escherichia
coli

Staphylococcus
aureus

Klebsiella
pneumoniae

Enterococcus
faecalis

N-ECD - - - 11.5 ± 0.70 a MIC= 50 µg/mL
N-HCD - - - 13 ± 0.0 b MIC= 50 µg/mL

Penicilline R R R R
Tetracycline 14 ± 0.0 a 10 ± 0.0 a 10 ± 0.0 a 10 ± 0.0 c

Colistine 18 ± 0.0 b 14 ± 0.0 b 16 ± 0.0 b 12 ± 0.0 a

Inhibition zone diameters are reported in millimeters (mm), R indicates resistant strains, columns labeled with
different superscript letters are significantly different (p < 0.05).

Furthermore, Varghese and Balachandran reported that the effectiveness of CDs relies
on their surface charge impacting the electrostatic attraction to the bacterial cell, as well as
the type and sensitivity of the pathogenic strains [29].

3.2. In Silico Analysis of CD Interaction with Aldose Reductase Active Site

Here, we investigated the use of N-ECD and N-HCD, new nanomaterials candidates,
for their possible interaction with aldose reductase. The antidiabetic effect of CDs was
assessed in silico. The binding affinities of CDs towards aldose reductase, a key enzyme
related to the polyol pathway, were evaluated and the results are presented in Table 2.

Table 2. Binding affinities and interactions of carbon dot major constituents and reference inhibitor
with aldose reductase (AR).

Enzyme Ligands Binding Affinity
(kcal/mol)

AR
(PDB id: 1IEI)

N-ECD −7.8
N-HCD −7.0

Docking analyses were used as a qualitative, hypothesis-generating approach to ex-
plore possible interactions between representative surface functional groups of carbon dots
towards residues within the AR active site. The N-ECD fragment is accommodated within
the enzyme’s catalytic pocket. It showed predicted contacts with HIS110, TYR309, TRP111,
and LYS77 through conventional hydrogen bonding, suggesting a favorable orientation
relative to catalytically relevant residues (Figure 4A). Further, the presence of van der Waals
interactions reinforces the stability in the pocket. These interactions suggest that surface
functionalities present on N-ECD could engage catalytically relevant residues of enzyme.

Additionally, the N-HCD fragment is positioned within the active pocket and TRP111,
LYS77, ASP43, and GLN183 helped form conventional hydrogen bonds, showing a favorable
orientation (Figure 4B). Moreover, N-HCD shows a good binding profile with hydrogen
bonds targeted at catalytic residues, suggesting possible binding. The presence of GLN183

and ASP43 in the interactions could also play a stabilizing role.
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Figure 4. Incorporation of carbon dots fragments within the active sites of aldose reductase. (A) N-
ECD and (B) N-HCD. The specific residues involved in each interaction are highlighted in the
magnified views and 2D diagrams.

Both CD-derived fragments showed favorable interaction patterns with the AR active
site. While N-ECD shows greater complementarity with several key catalytic residues
compared to N-HCD, these observations should be interpreted qualitatively rather than
as evidence of true binding strength or inhibitory potency. This is reflected in its binding
affinity (−7.9 kcal/mol).

It is important to highlight that our docking simulations employed simplified molecu-
lar fragments rather than complete carbon dot nanoparticles. While this approach provides
qualitative insight into potential functional group interactions with enzyme active sites,
it cannot capture the full complexity of CD–enzyme interactions in biological systems.
The reported binding affinities are indicative of interaction potential rather than quantita-
tive predictions.

3.3. In Vitro Validation of CDs as Modulators of Polyol Pathway Enzyme Activity

Here, we have evaluated the effect of N-ECD and N-HCD on polyol pathway enzymes,
which involved two enzymatic reactions. As expected, in STZ-treated animals, aldose
reductase and sorbitol dehydrogenase in the kidney increased twofold compared to control
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(Figure 5A,B). However, addition of N-ECD or N-HCD significantly reduced the activity
of both enzymes in a dose-dependent manner. Functional groups such as COOH, OH,
and NH, and aromatic portions are known to interact with proteins and can influence
enzyme activity through various mechanisms. CDs may have the ability to interact with
enzymes and modify their activity through different mechanisms. These interactions
depend on the core composition and chemical surface groups [30]. They may have different
types of enzyme inhibition such as competitive inhibition, non-competitive inhibition, or
mixed inhibition (CDs can be bound to both the active site and an allosteric site), and
inhibition by steric obstruction (CDs can block the substrate’s access to the active site
of the enzyme by attaching to it or by forming bulky complexes nearby). However, our
experimental design does not distinguish between direct enzyme inhibition and indirect
effects such as antioxidant activity or redox modulation. Cell-free enzyme assays with
purified AR and SDH, along with kinetic studies, would be required to confirm direct
inhibition mechanisms.

Figure 5. Dose-dependent effects of (A) N-HCD and (B) N-ECD on aldose reductase (AR) and
sorbitol dehydrogenase (SDH) activities in kidney tissue from STZ-diabetic rats. Data are represented
as mean ± SD (n = 3). *** p < 0.05 vs. control (one-way ANOVA with Dunnett’s post hoc test).
Enzyme activities are expressed as nmol/min/mg of protein. Data are presented as mean ± SD from
three independent experiments (n = 3). Statistical significance was determined by one-way ANOVA
followed by Dunnett’s post hoc test comparing treated groups to control. *** p < 0.05 vs. untreated
control. Both carbon dot formulations demonstrate concentration-dependent enzyme reduction.

CDs are good biocompatible agents; applied in biosensors, bioimaging, and drug
delivery, they possess fascinating antioxidant properties [31]. It has been reported that
metformin CDs showed a significant reduction in blood sugar levels compared to the group
receiving only metformin. Moreover, histopathological examinations of the liver tissue indi-
cate improved liver health in the group treated with metformin CDs compared to the group
receiving metformin alone [32]. Furthermore, it is known that diabetic hyperglycemia
is associated with the generation of free radicals, damaging nucleic acids, protein glyca-
tion, and oxidative degeneration leading to the development of other diseases [33]. Free
radical-induced oxidative stress disbalances the protein turnover, thereby accumulating
damaged proteins instead of their degradation. Thus, targeting the endogenous antioxidant
system seems a promising therapeutic approach. Several studies reported that the CDs
synthesized through a biogenic approach using coriander, garlic, tomato, various plants,
and microorganisms have antioxidant properties [34].
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N-ECD and N-HCD were associated with a significant, dose-dependent reduction in
AR and SDH, along with significant growth inhibition of E. faecalis using disk diffusion
assays. These preliminary findings suggest the potential for future therapeutic applications.
However, several critical limitations must be addressed: (i) the mechanism of action
(direct inhibition vs. indirect antioxidant effects) remains non-described, (ii) downstream
metabolic consequences such as tissue sorbitol accumulation were not measured, and
(iii) comprehensive toxicity and biocompatibility studies were not performed. Future
research should include cell-free enzyme assays, kinetic analyses, the quantification of
polyol pathway metabolites, the assessment of diabetic complication markers, in vivo
antibacterial infection models, and systematic toxicity evaluation before clinical translation
can be considered.

4. Conclusions
In this study, we synthesized N-ECD and N-HCD using simple, low-cost methods.

Bioinformatic analysis identified AR and SDH, which are implicated in diabetic compli-
cations, as potential therapeutic targets in the polyol pathway. Both N-ECD and N-HCD
demonstrated inhibitory activity against the tested strain E. faecalis and showed a dose-
dependent reduction in AR and SDH enzyme activities in ex vivo kidney tissue from
STZ-induced diabetic rats.

Although challenges remain in CD synthesis, including yield optimization, improve-
ment of optical and electrochemical properties, and ensuring biocompatibility, our study
contributes to the progressing research on carbon nanomaterials. The dual antibacterial
and enzyme-modulating properties observed in vitro and ex vivo in this study suggest that
CDs warrant further investigation as potential multifunctional agents. However, in vivo
studies are essential to validate therapeutic efficacy, assess downstream metabolic effects
like sorbitol accumulation and oxidative stress markers, and evaluate functional renal
outcomes before clinical translation can be considered. Future research combining CDs
with natural bioactive compounds may offer opportunities to develop novel nanoplatforms,
provided that the fundamental questions of mechanism, efficacy, and safety are adequately
addressed through rigorous preclinical studies.
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