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Carbon dots (CDs) have attracted significant attention as fluorescent nanomaterials due to their tunable
optical properties, low toxicity, and versatile surface chemistry. However, the development of sustainable
and cost-effective synthesis routes remains an ongoing challenge. In this study, nitrogen-doped carbon
dots (N-CDs) were synthesized via a simple and green solid-state method using grape seed flour as
a renewable carbon source, together with citric acid and urea. The obtained N-CDs exhibited bright
green photoluminescence with an emission maximum at 539 nm, a high quantum yield of 62.6%, and
a large Stokes shift (~89 nm). Structural and surface analyses (FTIR, XRD, STEM, and XPS) confirmed the
formation of well-dispersed, nearly spherical nanoparticles (9-18 nm) with abundant oxygen- and
nitrogen-containing functional groups. These surface functionalities contributed to excellent aqueous
dispersibility and colloidal stability. /n vitro cytotoxicity studies demonstrated that the N-CDs maintained
high cell viability (>70%) in MCF-7 and SK-BR-3 cells up to 400 pg mL7% indicating good
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Accepted 20th May 2026 biocompatibility. Confocal microscopy revealed efficient cellular uptake, which was further enhanced
after folic acid conjugation, suggesting receptor-mediated internalization. Overall, this work presents
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1. Introduction

Carbon-based nanoparticles, widely known as carbon dots (C-
dots), have emerged as a versatile and rapidly expanding class
of nanomaterials with substantial potential in nanomedicine.
Typically below 10 nm in diameter, C-dots display remarkable
photophysical features, including strong and tunable photo-
luminescence, excellent photostability, and high aqueous
dispersibility." These attributes, together with their intrinsic
biocompatibility and negligible cytotoxicity, make them highly
attractive for applications such as fluorescence imaging, bi-
osensing, and drug delivery.
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resources and highlights their potential as fluorescent probes for bioimaging applications.

A variety of synthetic strategies, including hydrothermal
carbonization, microwave-assisted synthesis, and pyrolytic
conversion of carbon-rich precursors, allow precise control over
size distribution, crystallinity, and surface chemistry.>” Post-
synthetic surface passivation or heteroatom doping can
further enhance solubility, colloidal stability, and biological
specificity.®*'® As a result, functionalized C-dots have been
widely investigated as targeted fluorescent probes and nano-
carriers in cancer theranostics, where simultaneous imaging
and therapy are desired."*

In parallel with advances in synthesis, considerable interest
has shifted toward green and sustainable routes for C-dot
production. Biomass-derived C-dots, prepared from renewable
resources such as fruit peels, vegetable residues, and agricul-
tural by-products, offer a cost-effective and environmentally
benign alternative while minimizing toxicity—an essential
factor for biomedical use.'>* Black grape seed flour is a partic-
ularly promising precursor, as its high polyphenolic content
imparts strong antioxidant activity and bright photo-
luminescence to the resulting C-dots, thereby enhancing their
suitability for bioimaging and therapeutic applications.*>*”

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The biomedical relevance of these nanoplatforms is under-
scored by their potential in breast cancer research. Breast
cancer remains one of the most prevalent malignancies and
a leading cause of cancer-related mortality among women
globally."® Its pathogenesis involves uncontrolled proliferation
of mammary epithelial cells, tumor progression, and eventual
metastasis. Based on molecular profiles, breast cancers are
classified into distinct subtypes with differing prognoses and
therapeutic responses. For instance, MCF-7 cells express
estrogen receptors and are responsive to endocrine therapy,***°
whereas SK-BR-3 cells are HER2-positive breast cancer cells
characterized by HER2 overexpression, making them an
important model for targeted cancer imaging and therapeutic
studies.”** Understanding these subtype-specific differences is
critical for designing effective and personalized therapeutic
strategies.

Recent trends in nanomedicine emphasize the development
of strategies that selectively target cancer cells, inhibit prolif-
eration, and induce apoptosis, thereby maximizing therapeutic
efficacy while minimizing systemic toxicity.>»** C-dots provide
a flexible platform for such approaches: conjugation with folic
acid enables binding to folate receptors frequently overex-
pressed on breast cancer cells, whereas RGD-based peptides
facilitate integrin-mediated internalization and enhance
cellular uptake.*** These functional modifications improve
tumor selectivity, intracellular accumulation, and therapeutic
outcomes while minimizing off-target effects.

Recent advances in carbon-dot research have focused on
improving photoluminescence efficiency, tunable emission
behavior, and biomedical applicability through heteroatom
doping, surface engineering, and sustainable synthesis strate-
gies. In addition, emerging approaches including machine
learning-assisted synthesis and structure-property optimiza-
tion have further accelerated the development of high-
performance fluorescent carbon nanomaterials for sensing
and bioimaging applications.?**

Although numerous biomass-derived carbon dots have been
reported, many previously described synthesis approaches rely
on hydrothermal or solvent-assisted methods that require
relatively long reaction times, complex purification steps, or
produce carbon dots with limited fluorescence efficiency. In
addition, reports on grape seed flour-derived carbon dots with
strong green fluorescence emission and high quantum yield
remain limited. In this context, the present study introduces
a simple and sustainable solid-state synthesis strategy for
producing nitrogen-doped carbon dots from grape seed flour
without the need for additional solvent-based reaction systems.
The synthesized N-CDs exhibit relatively high quantum yield,
stable fluorescence behavior, favorable cytocompatibility, and
efficient cellular imaging performance, demonstrating their
potential as environmentally friendly fluorescent nanomaterials
for bioimaging applications. Black grape seed flour was selected
as a sustainable biomass precursor owing to its abundance, low
cost, and rich chemical composition, including polyphenolic
compounds, aromatic structures, carbohydrates, and oxygen-
containing functional These constituents can
contribute to carbon formation during

groups.

core thermal
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carbonization and provide surface-active sites that improve
aqueous dispersibility and photoluminescence behavior.
Compared with conventional molecular precursors alone, the
use of grape seed flour introduces a renewable and naturally
functionalized carbon source, supporting the development of
environmentally friendly N-CDs for biomedical applications.
This study aims to synthesize carbon dots from black grape
seed flour, functionalize them with targeting ligands such as
folic acid, and systematically evaluate their uptake and imaging
performance in breast cancer cell models (MCF-7 and SKBR-3).
The overarching goal is to demonstrate the potential of sus-
tainably derived C-dots as multifunctional nanoplatforms for
simultaneous cancer detection and therapeutic intervention.

2. Experimental
2.1 Materials

Grape seed flour was purchased from a local market (Turkiye).
Citric acid and urea were purchased from Sigma Aldrich,
Netherlands.

2.2 Synthesis of nitrogen-doped carbon dots (N-CDs)

Nitrogen-doped carbon dots (N-CDs) were synthesized via
a solid-state carbonization approach (Fig. 1). Briefly, 0.75 g
black grape seed flour, 0.25 g citric acid, and 1.0 g urea were
thoroughly ground using a mortar and pestle until a homoge-
neous fine powder was obtained. The mixture was transferred
into a 100 mL heat-resistant beaker and subjected to thermal
carbonization in a laboratory oven at 200 °C for 1 h. Following
natural cooling to ambient temperature, the carbonized mate-
rial was dispersed in 30 mL of ultrapure water and homoge-
nized using ultrasonication for 30 min to facilitate particle
disintegration and uniform dispersion. The resulting suspen-
sion was centrifuged at 12 000 rpm for 20 min to remove large
aggregates, and the supernatant was carefully collected. To
further eliminate residual particulates, the supernatant was
passed through a 0.22 um syringe filter. For purification, the
filtrate was dialyzed against ultrapure water for 48 h using
a dialysis membrane with a molecular weight cut-off of 1000 Da,
with frequent water replacement to ensure removal of unreac-
ted precursors and small molecular impurities. The purified N-
CD solution was subsequently freeze-dried to obtain a dry
powder, which was re-dispersed in phosphate-buffered saline
(PBS, pH 7.0) at a final concentration of 2 mg mL~" for down-
stream characterization and biological assays.

The reaction temperature and time were selected based on
preliminary optimization experiments and previously reported
thermal carbonization conditions for biomass-derived and cit-
ric acid/urea-based carbon dots. Lower temperatures or shorter
reaction times produced weakly fluorescent products, suggest-
ing insufficient carbonization, whereas excessive heating led to
over-carbonized materials with reduced water dispersibility.
Therefore, carbonization at 200 °C for 1 h was chosen as
a balanced condition that enables N-CD formation while
retaining oxygen- and nitrogen-containing surface functional-
ities. The successful formation of N-CDs under these conditions
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Fig. 1 Synthesis scheme of N-CDs.

was confirmed by the obtained optical, morphological, and
chemical characterization results.

2.3 Characterization of N-CDs

The structural, optical, and chemical properties of the synthe-
sized N-CDs were characterized using a combination of spec-
troscopic and microscopic techniques. Fourier-transform
infrared spectroscopy (FTIR, PerkinElmer Spectrum 100, USA)
was performed in the 4000-400 cm ™" range to identify func-
tional groups. UV-Vis absorption spectra were recorded on
a Shimadzu UV-2450 spectrophotometer to examine electronic

a)

2150

1650

Transmittance (%)

3300

\J \J AJ \ L v
3000 2500 2000 1500 1000 500

Wavenumber (cm™)

4000 3500

Fig. 2 (a) FTIR spectrum and (b) DLS measurement of N-CDs.
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transitions, while photoluminescence (PL) spectra were
measured under ambient conditions using a Hitachi F-7000
spectrofluorometer with 1 cm quartz cuvettes.

Crystallinity and phase information were obtained by X-ray
diffraction (XRD) using a Philips diffractometer with Cu Ko
radiation (A = 1.5406 A). Surface morphology and internal
structures were analyzed using scanning electron microscopy
(SEM) and scanning transmission electron microscopy (STEM)
(Thermo Scientific Quattro S). X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientific K-Alpha) was used to determine
the elemental composition and chemical states of the surface.
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Fig. 3 Optical properties of N-CDs: (a) UV-Vis spectrum and digital images under UV light and sunlight, (b) PL excitation and emission spectra

showing green fluorescence (c) 3D PL map of CQDs.

The photoluminescence quantum yield (PL QY) was
measured by a relative method using Rhodamine B (¢ = 0.71 in
ethanol, 4., = 450 nm) as the reference. The QY was calculated

using:
Icp Nep?
Pcp = PruB X (IRhB) X (—nCD ;
RhB2

where [ is the integrated emission intensity and 7 is the solvent
refractive index. Since both sample and reference were
measured at low absorbance values (A < 0.1) to minimize inner
filter effects, no absorbance correction factor was required.
When both sample and reference were measured in solvents
with identical or very similar refractive indices (e.g., water: n =
1.33; ethanol: n = 1.36), the correction factor involving n\etan
was considered negligible.

The environmental stability of the N-CDs was evaluated by
monitoring the photoluminescence intensity under different
PH, temperature, and ionic conditions. For pH stability, the pH
of aqueous N-CD dispersions was adjusted between 3 and 11
using dilute HCl or NaOH solutions. Thermal stability
measurements were performed after incubating the dispersions

© 2026 The Author(s). Published by the Royal Society of Chemistry

at different temperatures (25-100 °C). Ionic stability was
investigated in the presence of various salt solutions (10 mM).
The fluorescence emission intensity was recorded at Aem =
539 nm under 450 nm excitation.

2.4 Invitro analysis

MCF-7 (human breast adenocarcinoma) and SK-BR-3 (HER2-
positive breast cancer) cells were obtained from American
type culture collection (ATCC). Cells were grown at 37 °C in
a humid environment with 5% CO, in Dulbecco's Modified
Eagle Medium (DMEM, high glucose) with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin (100 U mL ™"
penicillin and 100 pg mL ™" streptomycin). Both cell lines were
subcultured to around 70-80% confluence. Cells were washed
with phosphate-buffered saline (PBS), detached with 0.05%
trypsin-EDTA, and reseeded at the appropriate density (1:4 to
1:6). Medium was changed every 2-3 days.

2.4.1 Cytotoxicity experiments. The cytotoxicity of manu-
factured N-CDs was determined in MCF-7 and SK-BR-3 cell lines
using the Cell Counting Kit-8 (CCK-8, MedChemExpress, NJ,

RSC Adv, 2026, 16, 28592-28603 | 28595
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Fig. 4 Stability evaluation of the synthesized N-CDs: (a) relative PL intensity in different ionic solutions, (b) PL behavior under various pH
conditions, (c) fluorescence stability at different temperatures, and (d) photostability under continuous UV irradiation.

USA) assay. Cells were seeded in 96-well plates at a density of 1
x 10* cells per well in 100 uL of complete media, then incubated
for 24 hours at 37 °C in a humidified 5% CO, environment.

After incubation, cells were treated with N-CDs suspensions
at different concentrations (50, 100, 200, and 400 ug mL ") in
culture media. After 24 hours of exposure, 10 pL of CCK-8
reagent was added to each well, and the plates were incubated
for further 2 hours at 37 °C. The absorbance of each well was
measured at 450 nm using a microplate reader (TECAN). Cell
viability was represented as a proportion of the control group
(untreated cells). All experiments were performed at least three
times.

2.4.2 Cellular uptake of the particles. To evaluate the
cellular uptake of N-CDs, MCF-7 and SK-BR-3 cells were seeded
onto sterilized glass coverslips in 12-well plates at a density of 2
x 10° cells per well and incubated overnight. The cells were
treated with 100 pg mL™" N-CDs diluted in complete culture
media for 4 and 24 hours. After incubation, cells were washed
three times with PBS to eliminate any excess nanoparticles. The
cells were then fixed in 4% paraformaldehyde for 15 minutes at
room temperature. Coverslips were put on glass slides with

28596 | RSC Adv, 2026, 16, 28592-28603

DAPI mounting medium. A confocal laser scanning microscope
(Carl Zeiss 710 LSM confocal microscope) was used to observe
cellular internalization and intracellular distribution of N-CDs.
N-CDs were excited at the appropriate laser line (488 nm).
Images were processed and examined with microscope software
(Zeiss Zen 3.9).

3. Results and discussion

The FTIR spectrum of the synthesized N-CDs (Fig. 2a) confirms
the presence of multiple surface functional groups derived from
the precursor materials. A broad band around ~3300 cm™* is
assigned to the stretching vibrations of hydroxyl (-OH) and/or
amine (-NH) groups, originating primarily from citric acid
and urea.*® This broad feature also indicates the presence of
physically adsorbed water, consistent with the hydrophilic
surface characteristics of carbon dots. A weaker band near
~2150 cm " can be attributed to C=C (alkyne) or C=N (nitrile)
stretching vibrations, commonly observed in nitrogen-doped
carbon nanostructures and likely formed during the thermal
decomposition of nitrogen-containing precursors such as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 STEM images of N-CDs at varying magnifications.

urea.’® A pronounced absorption peak at ~1650 cm™ ' corre-

sponds to C=O stretching vibrations, which may arise from
carbonyl functionalities (carboxylic acids, amides, or esters)
generated during the carbonization of citric acid.** Collectively,
these spectral features confirm that the N-CDs are enriched with
oxygen- and nitrogen-containing functional groups. Such
surface moieties not only enhance aqueous dispersibility but
also provide accessible reactive sites for subsequent function-
alization, thereby increasing the suitability of these nano-
materials for optoelectronic, sensing, and biomedical
applications.

Dynamic light scattering (DLS) measurements (Fig. 2b) were
conducted to determine the hydrodynamic size distribution of
the N-CDs in aqueous suspension. The resulting histogram
revealed that most particles were distributed within the 10-
60 nm range, with a predominant peak centered around 30-
35 nm. The relatively narrow distribution indicates a near-
monodisperse population and suggests limited aggregation,
likely due to electrostatic stabilization and steric hindrance
imparted by surface functional groups. It is important to note
that DLS determines the hydrodynamic diameter, which
accounts for both the carbon core and its associated solvation
layer. Consequently, the actual core diameter of the N-CDs is
expected to be smaller, typically within 5-15 nm, as commonly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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observed in high-resolution imaging techniques such as
STEM.*

The UV-Vis absorption spectrum (Fig. 3a) of the N-CDs
exhibits a prominent band at ~350 nm, typically assigned to
n-* transitions of conjugated carbonyl (C=0) and imine (C=
N) groups.**** A secondary, well-defined absorption feature is
observed at ~485 nm.*® Three-dimensional photoluminescence
spectra show that excitation at 450 nm produces a strong
emission maximum at ~539 nm (Fig. 3c). The overlap between
the emission profile and the 485 nm absorption band indicates
that the green fluorescence arises predominantly from this
transition rather than the 350 nm band, suggesting that UV
excitation does not contribute significantly to green emission
(Fig. 3b). Furthermore, the 3D PL map reveals partially
excitation-dependent fluorescence behavior with multiple
emissive regions at different excitation wavelengths. Such
behavior is commonly associated with heterogeneous surface
states, different emissive trapping sites, and variations in the
size/surface chemistry of carbon-dot domains, which are
frequently observed in biomass-derived carbon nanomaterials.

The photoluminescence quantum yield (PL QY) of the N-CDs
was measured as 62.6% using rhodamine B as the reference
fluorophore. The observed emission corresponds to a Stokes
shift of ~89 nm (539 - 450 nm), indicative of efficient relaxation
processes prior to radiative recombination. The relatively high

RSC Adv, 2026, 16, 28592-28603 | 28597
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Fig. 6
spectrum of N-CDs.

quantum yield of the synthesized N-CDs can likely be attributed
to the combined effects of nitrogen doping and effective surface
passivation. Nitrogen-containing functional groups introduced
from urea may create additional emissive surface states and
modify the electronic structure of the carbon framework,
thereby enhancing radiative recombination processes. In addi-
tion, abundant oxygen- and nitrogen-containing surface func-
tionalities can reduce surface defects that typically act as non-
radiative recombination centers. The partially ordered
graphitic domains suggested by XRD may additionally
contribute to enhanced electronic delocalization and improved
fluorescence efficiency. Collectively, these factors are believed to
be responsible for the enhanced photoluminescence perfor-
mance and relatively high quantum yield of the N-CDs.

The stability of the N-CDs was further investigated under
different ionic, pH, temperature, and UV irradiation conditions
(Fig. 4). The N-CDs maintained stable fluorescence emission
over a broad pH range, with only moderate decreases under
strongly acidic or alkaline conditions, indicating relatively
stable emissive surface states. Similarly, the PL intensity was
largely preserved at elevated temperatures, demonstrating good
thermal stability of the carbon framework. In ionic media, most
common salt solutions resulted in only minor variations in
fluorescence intensity, whereas Fe*" ions induced noticeable

28598 | RSC Adv, 2026, 16, 28592-28603
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(a) XRD pattern, (b) XPS survey spectrum, (c) high-resolution C 1s spectrum, (d) high-resolution N 1s spectrum, (e) high-resolution O 1s

fluorescence quenching, likely due to electron- or energy-
transfer interactions with surface functional groups. In addi-
tion, the N-CDs retained most of their initial fluorescence
intensity after continuous UV irradiation, demonstrating
favorable photostability of the emissive system. These findings
collectively demonstrate the favorable environmental and
photochemical stability of the synthesized N-CDs and support
their potential applicability in bioimaging-related applications.

STEM analysis (Fig. 5) reveals a uniform distribution of well-
dispersed, nearly spherical N-CDs. At 30 000x magnification,
the sample appears as a continuous, homogeneous matrix with
no visible agglomeration. At higher magnifications (100 000x-
500 000x), individual nanoparticles are clearly resolved, exhib-
iting consistent morphology and sharp contrast. Direct size
measurements indicate particle diameters of approximately 9-
18 nm, confirming a narrow size distribution. Similar studies
have reported well-dispersed, spherical carbon dots with
particle sizes in the range of 10-20 nm.*”**

The absence of clustering and the high degree of dispersion
suggest effective surface passivation by oxygen and nitrogen-
containing functional groups originating from citric acid and
urea precursors. This passivation likely contributes to colloidal
stability by preventing aggregation through electrostatic and
steric effects.*® Collectively, these results confirm the successful

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Cytotoxicity of C-dot and C-dot-FA nanoparticles in MCF-7 and SK-BR-3 cells. Cell viability was assessed after treatment with nano-

particles at concentrations ranging from 50 to 400 pg mL ™.

synthesis of nanoscale carbon dots with desirable morpholog-
ical uniformity for biomedical and optoelectronic applications.

The XRD pattern of the synthesized N-CDs (Fig. 6a) exhibits
broad and weak diffraction features, indicating the predomi-
nantly amorphous nature of the carbon framework together
with partially ordered graphitic domains. Such diffraction
behavior is commonly observed in biomass-derived carbon dots
due to incomplete graphitization and the presence of hetero-
geneous surface functionalities. In addition, some diffraction
signals may also originate from residual inorganic/mineral
components naturally present in the biomass precursor. Over-
all, the XRD results support the formation of partially carbon-
ized nanoscale structures rather than highly crystalline
graphitic carbon.*>*

The XPS survey spectrum (Fig. 6b) further validates the
elemental composition of the N-CDs, showing pronounced
peaks corresponding to C 1s (~284 eV), N 1s (~400 eV), and O 1s
(~532 eV), confirming the successful incorporation of nitrogen
and oxygen species into the carbon framework.**

© 2026 The Author(s). Published by the Royal Society of Chemistry

High-resolution deconvolution of the C 1s spectrum (Fig. 6¢)
reveals three components assigned to C-C/C=C (~284.5 eV),
C-N (~285.8 eV), and C-O (~287.1 eV), reflecting the coexis-
tence of graphitic carbon and heteroatom-functionalized
groups.**** The N 1s spectrum (Fig. 6d) shows two primary
peaks at ~399.8 eV and ~401.2 eV, corresponding to pyrrolic N
and graphitic N, respectively, an indication of successful
nitrogen doping, which is known to enhance electronic
conductivity and active site density.***> The O 1s spectrum
(Fig. 6e) is deconvoluted into two peaks assigned to C=O
(~531.6 eV) and C-O (~533.1 eV) groups, which contribute to
hydrophilicity and colloidal stability in aqueous media.*®

The cytotoxicity of N-CDs should be considered because they
have the potential to be used in bio-imaging due to their
superior fluorescence stability. To assess the cytotoxicity of C-
dot and C-dot-FA, the CCK-8 method was used to evaluate the
viability of MCF-7 and SK-BR-3 cells treated with the C-dots.
Across the tested concentration range of 50-400 pg mL™*, cell
viability remained above 70% in both cell lines, indicating no
significant toxic effects of the nanoparticles (Fig. 7).

RSC Adv, 2026, 16, 28592-28603 | 28599


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02360f

Open Access Article. Published on 27 May 2026. Downloaded on 5/30/2026 9:30:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper

a) MCF-7

cDot-FA

b) SK-BR-3

cDot-FA

Fig. 8 Confocal microscopy images showing internalization of C-dot and C-dot-FA nanoparticles in MCF-7 (a) and SK-BR-3 cells (b) after 4
hours of incubation.

To analyze the possible use of N-CDs in cell imaging in vitro, ~C-dot-FA was displayed via laser scanning confocal microscopy
MCF-7 and SK-BR-3 cells were treated with C-dot and C-dot-FA  (Fig. 8a and b). In MCF-7 cells, both nanoparticles had
solutions for 4 h. MCF-7 and SK-BR-3 cell uptake of C-dot and comparable fluorescence. However, in the case of SK-BR-3 cells,
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Table 1 Comparison of the synthesized N-CDs with previously reported biomass-derived carbon dots for bioimaging applications

Carbon source Synthesis method Emission QY (%) Bioimaging Ref.
Rapeseed pollen Hydrothermal Blue 7.7 Yes 51

Milk Hydrothermal Blue 12 Yes 15
Tapioca Hydrothermal Blue-green 34.9 Limited 30

Grape seed Hydrothermal Blue — Not reported 16

This work (grape seed flour) Solid-state Green 62.6 Yes This work

C-dot-FA produced noticeably stronger fluorescence signals
than C-dot. Accordingly, these findings are consistent with the
folate receptor mediated endocytosis mechanism.*”*® Folic acid
increases the uptake of nanoparticles by the cells via folate
receptor's binding (especially FRa) on the cell surface.*®** Also,
previous research show that folate receptor-targeted nano-
particles can be efficiently internalized in SK-BR-3 cells.*
According to this, receptor-mediated mechanisms facilitates
the uptake behavior. These results support our finding that C-
dot-FA increased fluorescence, indicating that FA conjugation
promotes cellular entrance in this cell line.

A comparison with previously reported biomass-derived
carbon dots is summarized in Table 1. Compared with many
previously reported systems, the synthesized N-CDs exhibit
relatively high quantum yield together with stable green fluo-
rescence emission and good cytocompatibility. In addition, the
present study utilizes a simple and sustainable solid-state
synthesis strategy using grape seed flour as a renewable
precursor, without requiring complex solvent-assisted proce-
dures. These combined characteristics demonstrate the poten-
tial of the synthesized N-CDs as environmentally friendly
fluorescent nanomaterials for bioimaging-related applications.

4. Conclusion

In this study, nitrogen-doped carbon dots (N-CDs) were
synthesized from grape seed flour via a simple and sustainable
solid-state route. Comprehensive characterization confirmed
well-dispersed, nearly spherical nanoparticles (~9-18 nm) with
a predominantly amorphous carbon framework with partially
ordered graphitic domains and abundant nitrogen/oxygen
surface functionalities, which enhance hydrophilicity and
provide sites for further functionalization. The N-CDs exhibited
bright green photoluminescence (Ae;, = 539 nm) with a high
quantum yield (62.6%) and a large Stokes shift (~89 nm),
making them excellent candidates for bioimaging applications.
In vitro studies demonstrated high cytocompatibility (>70% cell
viability up to 400 ug mL~") and efficient cellular uptake. Folic
acid conjugation significantly enhanced internalization in SK-
BR-3 cells, confirming receptor-mediated endocytosis and sup-
porting their potential for targeted imaging and drug delivery.
Overall, grape seed flour-derived N-CDs combine sustainable
synthesis, strong optical performance, biocompatibility, and
tunable surface chemistry, positioning them as promising
nanoplatforms for future breast cancer theranostics. Further
studies may explore their use in drug loading and in vivo
imaging to fully realize their translational potential.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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