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late-mediated chitosan–CQD
nanocarriers for targeted and stimuli-responsive
cisplatin delivery in melanoma

Saurabh Kumar Srivastava,ab Monika Yadav,†c Priyanka Singh,†c Shikha Tripathi,ab

Anita Kamra Verma*cd and Avanish Singh Parmar *abe

Polymeric nanoparticles provide an effective platform for drug delivery owing to their biocompatibility,

biodegradability, and high drug-loading capacity. Chitosan, a natural cationic biopolymer, is particularly

attractive because of its mucoadhesive nature, pH responsiveness, and structural stability. In this work,

a cisplatin-loaded chitosan-based nanocarrier was developed by integrating green-synthesized

fluorescent carbon quantum dots (CQDs) and surface functionalizing them with folic acid (FA) to

enhance melanoma-targeted theranostic performance. Physicochemical characterization using UV-vis

spectroscopy, dynamic light scattering, and FTIR confirmed successful nanoparticle formation, surface

functionalization, and colloidal stability, with a high cisplatin encapsulation efficiency (>70%).

Hemocompatibility studies revealed negligible hemolysis, indicating excellent blood compatibility. The

FA-conjugated cisplatin-loaded chitosan–CQD nanoconjugates (FA-CisCCNPs) exhibited significantly

enhanced cytotoxicity against B16 melanoma cells, with markedly lower IC50 values compared to free

cisplatin and non-drug-loaded FA-CCNPs. Fluorescence-based cellular internalization studies

demonstrated efficient uptake of the nanoconjugates by melanoma cells, consistent with folate

receptor-mediated endocytosis. In vivo studies in melanoma-bearing mice showed substantial tumor

regression (approximately 70%), along with reduced systemic toxicity in vital organs and favorable

modulation of oxidative stress biomarkers. Histopathological and immunohistochemical analyses further

associated tumor suppression with p53 overexpression and Bcl-2 downregulation, supporting the

potential of FA-CisCCNPs as a green-synthesized, biodegradable, and stimuli-responsive nanoplatform

for targeted melanoma therapy.
1. Introduction

Melanoma is a highly aggressive and malignant form of skin
cancer that originates from melanocytes, the melanin-
producing cells primarily located in the basal layer of the
epidermis.1 Although melanoma accounts for only a small
proportion of total skin cancer cases (approximately 4%), it is
responsible for nearly 75% of skin cancer-related deaths
worldwide.2,3 Its rapid progression, strong metastatic potential,
and frequent recurrence contribute to poor clinical outcomes.
Despite recent advances in immunotherapies and molecularly
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targeted treatments, melanoma remains challenging to treat
due to therapy-associated toxicity, high treatment costs,
incomplete tumor eradication, and the emergence of drug
resistance.4 These limitations necessitate the development of
alternative therapeutic strategies that improve tumor selectivity
and treatment efficacy while minimizing systemic adverse
effects.

Cisplatin (Cis), the rst platinum-based chemotherapeutic
agent approved by the U.S. Food and Drug Administration,
remains a clinically relevant anticancer drug and is widely used
in melanoma management.5 Its mechanism of action involves
the formation of DNA crosslinks that inhibit DNA replication
and transcription, ultimately inducing apoptosis in rapidly
proliferating tumor cells.6 However, the clinical use of cisplatin
is signicantly limited by its poor pharmacokinetic prole, off-
target accumulation, nephrotoxicity, neurotoxicity, and gastro-
intestinal toxicity. In addition, the development of intrinsic or
acquired drug resistance mediated by enhanced DNA repair
mechanisms, increased drug efflux, and intracellular detoxi-
cation further reduces its therapeutic effectiveness.7,8 These
challenges highlight the urgent need for improved cisplatin
© 2026 The Author(s). Published by the Royal Society of Chemistry
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delivery systems that enhance tumor accumulation and reduce
systemic toxicity.

Nanotechnology-based drug delivery systems have emerged
as promising approaches to overcome these limitations.9

Encapsulation of cisplatin within biocompatible nanocarriers,
including polymeric nanoparticles, liposomes, and micelles,
has been shown to improve drug stability, prolong circulation
time, enable controlled release, and facilitate receptor-
mediated endocytosis.10,11 Such nanocarriers enhance tumor
accumulation via both passive and active targeting mecha-
nisms, thereby improving therapeutic efficacy while minimizing
damage to healthy tissues.12 Among various polymeric mate-
rials, chitosan has attracted considerable interest as a drug
delivery vehicle due to its favourable physicochemical and
biological properties.

Chitosan is a naturally derived, cationic polysaccharide ob-
tained through the deacetylation of chitin and is known for its
biocompatibility, biodegradability, low toxicity, and mucoad-
hesive nature.13,14 The presence of positively charged amino
groups allows chitosan to interact electrostatically with nega-
tively charged drugs and biomolecules, facilitating efficient
drug encapsulation and controlled release,15 moreover, chito-
san can be readily formulated into nanoparticles or hydrogels
under mild conditions, making it suitable for biomedical
applications. Its pH-responsive behaviour enables preferential
drug release in the mildly acidic tumor microenvironment,
thereby enhancing drug bioavailability and therapeutic effi-
cacy16 allows chitosan-based carriers to preferentially dissolve
and release their payloads in the mildly acidic tumor microen-
vironment, thereby enhancing drug bioavailability and thera-
peutic efficacy. These properties collectively make chitosan
a highly suitable and versatile vehicle for targeted drug delivery
for cancer therapy.17

Targeted drug delivery can be further improved by func-
tionalizing chitosan nanoparticles with ligands such as folic
acid, which selectively binds to folate receptors overexpressed
on the surface of many cancer cells, including melanoma.18

Folate receptors, particularly FRa and FRb, are highly expressed
in tumor tissues but show minimal expression in most normal
cells.19 Folic acid-functionalized nanoparticles therefore
enhance cellular uptake through receptor-mediated endocy-
tosis, improve tumor-specic drug accumulation, and reduce
off-target toxicity.20 While folate-mediated targeting has been
explored in cisplatin delivery systems, most reported formula-
tions lack integrated imaging capability, limiting their potential
for real-time monitoring and theranostic applications.

Carbon quantum dots (CQDs) are uorescent, carbon-based
nanomaterials characterized by excellent biocompatibility, low
toxicity, tunable photoluminescence, and high aqueous
solubility.21–23 Their small size and abundant surface functional
groups enable strong interactions with biological systems,
making them suitable for biomedical imaging and drug delivery
applications. When combined with chitosan, CQDs form
multifunctional nanocomposites that offer enhanced structural
stability, controlled drug release, and uorescence-based bi-
oimaging capabilities.24 However, the combined use of CQD-
© 2026 The Author(s). Published by the Royal Society of Chemistry
based imaging and folate-mediated targeting within cisplatin-
loaded chitosan nanocarriers remains relatively unexplored.

In this study, we address this gap by developing uorescent,
folate-conjugated, cisplatin-loaded chitosan–carbon quantum
dot nanoparticles (FA-CisCCNPs) using an ion gelation method.
This nanoplatform integrates active folate-receptor25 targeting
with CQD-based uorescence for simultaneous therapeutic
delivery and imaging. The FA-CisCCNPs demonstrated
enhanced biocompatibility, selective cytotoxicity against B16
melanoma cells, efficient cellular internalization, and pH-
responsive controlled drug release. These ndings support the
potential of FA-CisCCNPs as a multifunctional and targeted
nanoplatform for melanoma therapy with theranostic
capability.
2 Materials and methods
2.1 Materials

Triton-X, 5,50-dithiobis (2-nitrobenzoic acid) (DTNB), 1-chloro-
2,4-dinitrobenzene (CDNB), 5,50-dithiobis (2-nitrobenzoic acid)
(HEPES), 5,50-dithiobis (2-nitrobenzoic acid) (DTNB), and
dimethyl sulphoxide (DMSO)—were bought from Sigma-Aldrich
(USA). We bought b-nicotinamide adenine dinucleotide phos-
phate (NADPH), glutathione reductase (GR), and oxidized
glutathione (GSSG) from MP Biomedicals in India. We bought
trichloroacetic acid (TCA), sodium pyrophosphate, nitroblue
tetrazolium (NBT), nicotinamide adenine dinucleotide (NADH),
sulphanilamide, N-1-nepthylethyldiamine dihydrochloride
(NEDD), ortho-phosphoric acid, Tris–HCl, ethanol, sodium
pyuruvate, sodium chloride, ethylene diamine tetra-acetic acid
(EDTA), and other chemicals from SRL in India. All of the tests
used water that has been double-distilled and deionized.
Cisplatin (cis-diamine platinum(II) dichloride), tri-
polyphosphate, RPMI-1640 medium, fetal bovine serum, and
medium molecular weight chitosan (75% degree of deacetyla-
tion, 200–300 cP viscosity grade) were all bought from Sigma in
the USA.
2.2 Methodology

2.2.1 Preparation of carbon quantum dots (CQDs). Firstly,
the carbon quantum dots (CQDs) was synthesised by previously
reported green hydrothermal methods.26 The Mahogany (Swie-
tenia macrophylla) leaves plant extract was placed in a 200 mL
stainless steel autoclave chamber and heated to 160 °C for eight
hours in a muffle furnace. Aer hydrothermal treatment,
a solution with a dark brown color was obtained. Following that,
the supernatant was obtained by centrifuging at 10 000 rpm for
15minutes at 27 °C. The larger particles were removed from this
supernatant by ltering it through a 0.2 mm syringe lter.
Filtered CQDs were subsequently collected and stored at 4 °C.
The yield amount of ltered CQDs was 8 mg mL−1.

2.2.2 Preparation of chitosan–CQD nanoparticles (CCNPs).
Chitosan is a natural polymer that is poly-cationic, while tri-
polyphosphate (TPP), which was used as a cross-linker, is an
anionic substance. Chitosan and TPP were able to bond with
Nanoscale Adv., 2026, 8, 2746–2762 | 2747
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Scheme 1 Schematic diagram of preparation of injectable FA-CisCCNPs.
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ions by attracting each other. At rst, glacial acetic acid was
mixed with 0.5% chitosan polymer by weight.

CCNPs were prepared using the ionic gelation method.27

Then, the pH was adjusted to 4.6 ± 0.2 using 10 N sodium
hydroxide (NaOH). 0.5% (w/v) tripolyphosphate and the solu-
tion was claried by heating on a hot plate at 60 °C stirred for
10 min with a magnetic bead. Additionally, 100 mL of CQDs (1%
v/v) was mixed dropwise into the solution. Following this, the
TPP solution was added dropwise at a 1 : 4 volume ratio (TPP :
chitosan) at a controlled rate of 0.5 mL min−1 while maintain-
ing magnetic stirring on a hot plate. Nanoparticle formation
was instantaneously initiated upon TPP addition and further
enhanced by probe sonication to ensure uniform size distri-
bution and minimize aggregation. The resultant CCNPs were
collected by centrifugation at 10 000 rpm for 30 min at 4 °C, the
supernatant was discarded, and then the NPs were redispersed
in distilled water.

2.2.3 Preparation of FA tagged chitosan–CQDs nano-
particles (FA-CCNPs). The folic acid (FA) functionalization of
chitosan–CQD nanoparticles (CCNPs) was performed via a car-
bodiimide-mediated coupling reaction, adapted from estab-
lished protocols with slight modications.28 64 mg of folic acid
(FA), equimolar NHS (FA : NHS = 1 : 1), and twice molar excess
of EDC (FA : EDC = 1 : 2) were dissolved in a mixture of 20 mL
dry dimethyl sulfoxide (DMSO) and 40 mL deionized (DI) water
under constant stirring. This solution was added dropwise to
a pre-prepared dispersion of CCNPs under gentle stirring to
promote homogeneous conjugation. The reaction was allowed
to proceed for 16 hours in the dark at 30 °C. The mixture was
puried through dialysis in phosphate buffer of pH = 7.4 for 3
days and then in double-distilled water for 3 more days. Its
isolation was done through freeze-drying method and the nal
yield for 60 mL of reaction was approximate 1 gram.

2.2.4 Preparation of FA tagged cisplatin-loaded chitosan–
carbon quantum dot nanoparticles (FA-CisCCNPs). FA-
CisCCNPs were formulated using an ionic gelation technique.
During the preparation of FA-CCNPs, cisplatin (0.05%, w/v),
CQDs (1% v/v), and 0.5% (w/v) TPP were added to the chito-
san solution, mixed using a laboratory probe sonicator. Soni-
cation occurred at 15-minute intervals for 3 minutes at 100%
amplication during mixing. Aer 90 min of stirring, the
product was eluted and refrigerated at 2–8 °C.The reaction was
puried through dialysis in phosphate buffer of pH = 7.4 for 3
2748 | Nanoscale Adv., 2026, 8, 2746–2762
days and then in double distilled water for 3 more days. Its
isolation was done through freeze-drying. As a result,
a yellowish product was obtained. FA-CCNPs & FA-CisCCNPs
were washed 3–4 times in a centrifuge tube at 10 000 rpm
with DI water for the removal of excess amount of DMSO and
acetic acid for the use of in vitro/in vivo experiments. This was
further lyophilized and kept at 4.0 °C until used in the subse-
quent study (Scheme 1).

2.3 Physicochemical characterization of nanoparticles

Synthesized nanoformulation was prepared for physicochemical
characterization. Briey, 1% (w/v) solution of each formulation
(FA-CisCCNPs and FA-CCNPs) was prepared in 1% DW solution,
and a uniform colloidal solution of the formulation was generated
by the sonication method. The synthesized nanoparticles were
characterized for their size and zeta potential using dynamic light
scattering (DLS) (ELSZ2; Photal Otsuka Electronics, Osaka, Japan),
using the cumulant method and histogram method. Fluorolog-
Horiba uorescence spectrophotometer, the PL emission spectra
were recorded (HORIBA Jobin Yvon, France) to determine the
uorescence of CQDs in FA-CisCCNPs. The thermogravimetric
analysis of the conjugate and nanoparticles was accomplished by
means of a Mettler Toledo TGA/SDTA 851 system for monitoring
mass losses in the destructive process as the temperature
increases. Structural properties were assessed with FTIR The new
bindings formed in the chitosan derivatives, as well as between the
crosslinking agents and the modied polymer in the formation of
nanoparticles, were evidenced using two spectrometers BONEM
108B, Canada, and DIGILAB Scimitar FTS 200, USA by the KBr
pellet technique. X-Ray Diffractometer (XRD, Rigaku Ultima IV),
operated at 20 kV, 20mAwith Cu-Ka radiation (l= 1.5405 Å) in the
2q range of 40° to 120°. For morphological characterizations, eld
emission scanning electron microscope (FESEM, ZEISS Gemini
SEM 500) operated at 10 kV and transmission electronmicroscope
(TEM, FEI TECNAI G2 20 TWINUSA) operated at 200 kVwere used.
Elemental analysis was done using an energy dispersive X-ray
spectrometer (Rigaku Miniex 600 Desktop X-ray Diffraction
System, Tokyo, Japan) attached to the FE-SEM.

2.4. Encapsulation efficiency

Entrapped cisplatin was determined in 5 mg of each lyophilized
formulation (FA-CisCCNPs and FA-CCNPs) by suspending it in
10 mL of DW solution in a ask kept on magnetic stirring for
© 2026 The Author(s). Published by the Royal Society of Chemistry
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30 min.29 The reaction mixture was centrifuged at 2000 rpm and
the supernatant was kept at 2 °C. The concentration of cisplatin
was extrapolated from the cisplatin standard calibration curve,
by using UV-vis spectroscopy at absorbance peak of 207 nm. The
calibration curve equation is y = 0.0003x + 0.0025, R2 = 0.9897
valuementioned in Fig. S1. Then, the encapsulation efficiency%
(EE) and drug loading (DL) % were calculated using the
following equations:
EEð%Þ ¼ Amount of drug incorporated� amount of free drug after extraction

Amount of drug incorporated
� 100
DLð%Þ ¼ Total amount of drug incorporated in nanoparticles

Total weight of nanoparticles

� 100

(2)

2.5. In vitro release study

Dialysis bag (DB) release tests on FA-CisCCNPs and FA-CCNPs
were done in triplicate. 5 mg of each lyophilized formulation
of FA-CisCCNPs and FA-CCNPs was placed in a DB and
immersed separately in 50 mL of phosphate buffer saline, pH
5.8 & pH 7.4, at 37 °C with a magnetic bead stirring at 1000 rpm
for 72 h. First sampling was 30 minutes to assess release. Next,
3 mL of medium was removed every 1 h and replaced with fresh
medium. Using UV/visible spectroscopy at the absorbance peak
of 207 nm, the release pattern was identied by drawing a graph
OD of cisplatin concentration against time.30 Details of the drug
release kinetic model are described in SI les Section SFS1.
2.6 In vitro studies

2.6.1 In vitro cytotoxicity study. The cytotoxicity of the FA-
CisCCNPs, FA-CCNPs, and free Cis at concentrations of 62.5,
125, 250, 500 and 1000 mg mL−1 and equivalent Cis was evaluated
and the percent cytotoxicity was calculated in B-16 cell line.31

Briey, 5 × 103 cells per well were seeded in a 96-well microliter
plate, supplemented with 10% FBS, followed by incubation for
24 h at 37 °C with an atmosphere of 5% CO2. Subsequently, the
medium was replaced with fresh medium containing various
concentrations of the test formulations, and the cells were exposed
for 24 h and 48 h. Aer the requisite time period, 20 mL of MTT
solution (5 mg mL−1 in PBS pH 7.4) was added to each well, and
the plates were incubated at 37 °C for 4 h, allowing the formation
of formazan crystals that were further dissolved in 150 mL of
DMSO. The absorbance was recorded at 570 nm using a micro-
plate reader (Synergy HT, BioTek, USA) aer brief mixing on
a mechanical plate shaker. All experiments were conducted in
triplicates, and data were presented asmean± standard deviation.
The absorbancemeasured was directly proportional to the number
of viable cells. The percent (%) cytotoxicity was calculated using
described formula:
© 2026 The Author(s). Published by the Royal Society of Chemistry
% Cytotoxicity ¼ ½A�control � ½A�test
½A�control

� 100 (3)

where, [A]test = absorbance of the sample to be test, [A]control =
absorbance of the control sample.

2.6.2 In vitro cellular uptake study. B-16 (50 000 cells per
well) were inoculated on 12 mm round glass cover slip in a 24
well microplate in complete growth media. Aer 24 hours, the
media and cells were treated with FA-CCNPs for 2 h and 4 hours.
Following incubation, the medium was aspirated, and the cells
were washed twice with chilled PBS. The cells were then xed
with 4% paraformaldehyde for 30 min. Aer xation, cells were
again washed with PBS to eliminate any residual xative and
DAPI (1 mg mL−1) was added to the treated cells to mark the
nucleus. Again, excess stain was removed by washing twice with
chilled PBS. Cover slips were mounted in DPX on the slides and
were visualized under a confocal microscope.

2.6.3 Ex vivo hemolysis assay. Mice blood was taken in
EDTA tubes to test FA-CisCCNPs, FA-CCNPs, and Cis for
hemolysis. Whole blood was added to an equal volume of PBS at
pH 7.4, centrifuged at 1500 rpm for 5 min, and plasma was
discarded. Aer centrifugation, blood cells were washed again
with PBS (7.4) and the supernatant discarded. Equal volumes of
cleansed red blood cells were added to PBS (7.4).

200 mL of these cells were taken in each micro-centrifuge
tube and FA-CisCCNPs, FA-CCNPs and Cis were added. All the
micro centrifuge tubes were kept at room temperature, under
continuous stirring on a shaker for 2 h and 4 h. Aer 2 and 4
hours of incubation, the tubes were centrifuged at 11 000 rpm
for 5 min, the supernatant was transferred to a 96-well plate,
and absorbance was recorded at 540 nm. Positive control was
Triton-X (0.1%) while negative control was PBS pH 7.4.32 Percent
hemolysis was calculated by the formula:

% Hemolysis ¼ ðAbsÞsample� ðAbsÞsaline
ðAbsÞpositive control� ðAbsÞsaline� 100 (4)

2.7 In vivo studies

The in vivo experiments were carried out in accordance with the
animal Ethical Committee of University of Delhi, India under
registration number 1666/GO/Re/S/12/CPCSEA; Protocol
number (DU/KR/IAEC/2023/13B). 6–8 weeks old female C57 BL/
6 mice will be initially housed in plastic cages with a 12 h/12 h
light–dark cycle at 22–24 °C temperature, 40–60% humidity and
free access to food and water.33

2.7.1 Tumor regression study. Aer being acclimatized to
laboratory conditions, animals weighing 20 g ± 5.00 g at the
beginning of the experiment were inoculated subcutaneously
with 2 × 106 B16–F10 cells in 100 mL per site on the dorsolateral
aspect of the mice. Aer 5–7 days, when the tumor size reached
Nanoscale Adv., 2026, 8, 2746–2762 | 2749
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100 mm3 of volume, C57BL/6 mice were randomly allocated to 4
groups with three animals in each group. Group 1 was control
(tumor mice, untreated), receiving intravenous injection (alter-
native days) of only saline; Group 2, FA-CCNPs; Group 3,
cisplatin and Group 4, FA-CisCCNPs were given a dose of (3 mg
kg−1) intravenous injection on alternate days for 21 days. For 21
days, the tumor volume and body weight of the mice were
recorded on alternate days, and aer 21 days, the animals were
sacriced, and organs were harvested and used for oxidative
analysis, estimating the levels of LDH, NO, GSH, GST, and SOD.
Further organs were preserved in 10% formalin solution for
histology34 and IHC studies.35 The detailed experimental
procedure for biochemical assay, histology and IHC has been
described in the SF Section S2 & S3. The formula used to
determine the tumor volume:

Tumor volume = (length × width2)/2 (5)
2.8 Statistical analysis

USA-based Prism 9 was used for statistical analysis. One-way
ANOVA and Tukey's test were used for statistical analysis.
Values: *p < 0.05; **p < 0.01; ***p < 0.001.
3. Results
3.1 Physicochemical characterization of nanoparticles

The optical properties and molecular interactions of the
synthesized CQDs, FA-CCNPs and FA-CisCCNPs were examined
using UV-vis spectroscopy Fig. 1(a). The formation of
Fig. 1 (a) Uv-vis spectra of CQDs, FA-CCNPs and FA-CisCCNPs (b) PL em
FA-CisCCNPs (d and e) zeta potential and DLS measurement of FA-CisC

2750 | Nanoscale Adv., 2026, 8, 2746–2762
conjugated graphitic domains was conrmed by the strong
absorption peak in the UV spectrum, for CQDs at 285 nm, which
is associated with the p–p* electronic transitions of aromatic
C]C bonds in the sp2-hybridized carbon core.36 Because of the
n–p* transitions of non-bonding electrons on nitrogen atoms
(from NH2 groups), FA-CCNPs showed a distinctive broad
absorption peak at about 290–320 nm, indicating the presence
of free amino functionalities and the structural integrity of
chitosan.37 Following their functionalization with folic acid and
CQDs, the FA-CCNPs showed a red-shied absorption peak at
about 370 nm. This was linked to electronic interactions
between CQDs and chitosan as well as p–p* transitions in the
aromatic rings of folic acid,38 suggesting that surface modi-
cation and conjugation had been successful.39 Folate tagging on
the surface of the nanoparticles is conrmed by the absorbance
in this area. Additional absorption peaks with slight shis in
relation to precursor components emerged at 300 and 362 nm
for the cisplatin-loaded system (FA-CisCCNPs).40 These peaks,
which conrm successful cisplatin loading onto the nano-
particles matrix, are ascribed to ligand-to-metal charge transfer
(LMCT) transitions of the platinum moiety. The presence and
integration of CQDs, chitosan, folic acid, and cisplatin within
a single nanocomposite system are conrmed by above
mentioned peaks.41 Control UV-vis absorption spectra of Chi-
tosan, FA and Cis added in the SI le Fig. S1(b) for comparative
analysis. Additionally, the spectrum displays wider absorption
tails, indicating improved electronic coupling and the possi-
bility of light-responsive biomedical uses like bioimaging or
photodynamic therapy.

Fig. 1(b) shows the PL uorescence behaviour of the CQDs
alone and FA-CisCCNPs in aqueous solution, with 340 nm
ission spectra of CQDs, FA-CCNPs and FA-CisCCNPs (c) Tem image of
CNPs (f) size distribution bar graph plot of FA-CisCCNPs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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excitation wavelength. As previously reported MCQDs exhibit
excellent photostability and long-term uorescence retention,
showing negligible loss in photoluminescence intensity under
continuous UV irradiation, across a broad pH range, and even
aer prolonged storage, which supports their suitability for
reliable and sustained bioimaging applications. The CQDs
demonstrated maximum uorescence intensity at 440 nm,
while in the case of FA-CCNPs and FA-CisCCNPs, its PL uo-
rescence intensity gets reduced. FA-CisCCNPs show slightly
reduction in the PL uorescence intensity as compare to the FA-
CCNPs due to masking of CQDs as cisplatin were added into the
formulation. The reduction in the uorescence intensity does
not affect the bioimaging property of CQDs. Further ZP of the
FA-CisCCNPs was determined to be +25.5 mV, indicating the
highly cationic and stable nature of the nanoparticles Fig. 1(d).
An earlier study reported that the ZP of chitosan solution
ranged from +1.65 to +42.8 mV.42 DLS size of FA-CCNPs was
measured to be 335 nm shown in Fig. S1(c). Fig. 1(e) shows the
mean hydrodynamic size of the FA-CisCCNPs was measured to
be 361.3 nm with poly dispersity index of 0.257 ± 0.030,
increase in DLS size before and aer drug loading conrms the
successful cisplatin drug loading and homogeneity as well. TEM
analysis Fig. 1(c) showed that the morphology of FA-CisCCNPs
nanoparticles cross-linked with TPP was spherical and
smooth with average particle sizes 57.04 nm and having mono
dispersed nature Fig. 1(f).43

FTIR spectrum of CQDs Fig. 2(a) shows a broad absorption
band at 3425 cm−1, corresponding to overlapping O–H and N–H
stretching vibrations, indicating the presence of hydroxyl and
amine surface groups. A weak C–H stretching is observed
around 2985 cm−1. CQDs also conrm the presence of the peak
at 1639 cm−1 arises from carbonyl (C]O) stretching of surface-
bound carboxylic groups, while peaks around 1639 cm−1 and
1391 cm−1 indicate N–H bending and C–N stretching, respec-
tively. Peaks at 1051 cm−1 are attributed to C–O or O–CO
vibrations, conrming surface oxygenated functionalities that
impart hydrophilicity and uorescence.44 The FTIR spectrum of
the major peaks of the pure molecules such as Chitosan and
cisplatin are dened from previously reported literature.45–47

The FTIR spectrum of folic acid displays characteristic bands at
3325 cm−1 for O–H/N–H stretching, and 1646 cm−1 for C]O
stretching of carboxyl and amide groups. Additional bands at
1432 cm−1 (CH2 bending) and 1009 cm−1 (C–O stretching)
conrm its polyfunctional aromatic structure. These peaks
serve as markers for successful conjugation with chitosan
polymers. The spectrum of chitosan nanoparticles, pre-loaded
with CQDs and functionalized with folic acid, shows cumula-
tive peaks from all components, conrming successful hybrid
formation. The broad band at 3394 cm−1 arises from O–H and
N–H stretching from both chitosan and folic acid. Peaks at
2889 cm−1 represent C–H asymmetric stretching (CH3/CH2).
The amide I peak at 1607 cm−1 (C]O stretching) and
1432 cm−1 (CH3 bending) originate from chitosan's residual
acetylated groups and folic acid's aromatic system. The peak at
1009 cm−1, along with minor shoulders around 950–950 cm−1,
corresponds to the C–O–C stretching of the polysaccharide
backbone and CQDs surface groups.48 Integration of CQDs is
© 2026 The Author(s). Published by the Royal Society of Chemistry
evident by the preserved C–N/C–O–C peaks in the 1000–
1070 cm−1 region, while the folic acid signature is reected by
broadening of the aromatic region (1400–1600 cm−1). This
hybrid spectrum suggests successful embedding of CQDs and
functionalization of FA into the chitosan nanoparticles matrix
without signicant structural degradation. The nal nano-
composite spectrum displays overlapping but shied and
intensied peaks, indicating successful cisplatin drug loading
and enhanced molecular interactions. The broad O–H/N–H
stretch shis slightly higher to 3410 cm−1, with increased
intensity, suggesting hydrogen bonding and coordination with
cisplatin. The CH2 peak at 2985 cm−1 remains present, con-
rming structural integrity. A distinct amide I band appears at
1606 cm−1, 1690 cm−1, indicating strong interaction between
cisplatin and chitosan or FA amino groups. Peaks at 1401 cm−1

represent CH3 bending, with slight shis compared to their
counterparts in individual materials, further suggesting conju-
gation and complexation. Importantly, a new band at 1051 cm−1

appears, corresponding to P–O stretching, attributed to
cisplatin incorporation. The C–O–C asymmetric stretching of
chitosan and CQDs remains around 1016 cm−1, though slightly
broader, conrming matrix preservation with drug incorpora-
tion. FTIR analysis clearly demonstrates the successful stepwise
integration of CQDs, folic acid, chitosan, and cisplatin in the
nanocomposite. Shis in key peaks and intensity changes
conrm molecular interactions, chemical binding, and struc-
tural compatibility. The presence of characteristic functional
groups from all individual components in the nal spectrum
validates the effective synthesis of a targeted FA-CisCCNPs.

X-ray diffraction (XRD) analysis was carried out to investigate
the structural characteristics and conrm the successful
formulation of the synthesized FA-CisCCNPs Fig. 2(b). The pure
cisplatin exhibited sharp and intense diffraction peaks at
14.06°,17.10°,37.70°,64.30°, conrming its highly crystalline
nature due to the well-ordered arrangement of platinum-
containing molecules.49 In contrast, FA-CCNPs displayed
a broad amorphous halo centered around 24° & 60° (2q),50

indicating a non-crystalline, polymeric matrix structure. This
amorphous nature is attributed to the molecular dispersion of
folic acid and CQDs within the chitosan backbone. Upon
encapsulation of cisplatin, the resulting FA-CisCCNPs exhibited
a change in the intensity & shiing at peak 24° (2q), along with
peaks at 37°, 62°. The characteristic peaks of cisplatin were
reduced in intensity and broadened, implying that the drug was
successfully encapsulated in a less ordered form. The shi and
changes in peak positions are indicative of interactions between
the FA-CisCCNPs, leading to complex formation. These ndings
conrm the successful incorporation of cisplatin into the FA-
CCNPs.

Thermogravimetric analysis of Cis, FA-CCNPs, and FA-
CisCCNPs shown in Fig. 2(c). From the plot it is visible that
cisplatin exhibited relatively high mass retention up to 400 °C,
which can be attributed to its inorganic platinum content and
lower proportion of volatile organic components. In contrast,
both FA-CCNPs and FA-CisCCNPs showed pronounced mass
loss below 200 °C. This early weight loss is not solely due to
residual moisture, as the samples were lyophilized, but is more
Nanoscale Adv., 2026, 8, 2746–2762 | 2751
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Fig. 2 (a) FTIR spectra of CQD, FA, FA-CCNPs & FA-CisCCNPs (b) X-RD peak of cisplatin drug (Cis), FA-CCNPs & FA-CisCCNPs (c) TGA plot of
cisplatin drug (Cis), FA-CCNPs & FA-CisCCNPs (d and e) SEM image of FA-CCNPs & FA-CisCCNPs.
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reasonably associated with the decomposition of low-
molecular-weight species51 and thermally labile functional
groups present in the chitosan-based formulations.52 The main
degradation step for FA-CCNPs and FA-CisCCNPs occurred
between 200 and 400 °C, corresponding to the thermal break-
down of the chitosan backbone.53 FA-CisCCNPs displayed
a slightly higher residual mass at elevated temperatures
compared to FA-CCNPs, which is likely related to the presence
of platinum from cisplatin rather than a signicant enhance-
ment in intrinsic polymer thermal stability. The TGA results
primarily reect compositional differences among the samples
and conrm successful cisplatin incorporation into
nanoparticle.

Fig. 2(d and e) shows the SEM images of bulk lyophilized
powder of synthesised FA-CCNPs & FA-CisCCNPs formulations.
Chitosan-based nanoparticles are known to retain a fraction of
bound or strongly hydrogen-bonded water due to the abun-
dance of hydroxyl and amino groups within the polymer
matrix.54 The porous and interconnected matrix network
observed in SEM images arises from polymer chain fusion and
2752 | Nanoscale Adv., 2026, 8, 2746–2762
hydrogen bonding during the lyophilisation process,55 which is
a well-known behaviour for chitosan-based nanoparticle
systems. The interconnected network structure of the FA-CCNPs
suggests a large surface area that is good for drug loading
applications. On the other hand, FA-CisCCNPs exhibit a more
compact and dense interconnected network structure, probably
due to the cisplatin encapsulation which causes structural
rearrangement, reduced pore size, and dense structure. This
modication shows the effective loading of cisplatin.56 This
bulk morphology does not represent individual nanoparticles
but rather the solid-state organization of the dried formulation.
Fig. ST2 conrms the presence of various elements such as
carbon, nitrogen, oxygen, sulphur in FA-CCNPs & FA-CisCCNPs
formulations. Presence of additional element as platinum (Pt)
and chlorine (Cl) conrms that the anti-cancer drug cisplatin
has been successfully encapsulated in FA-CisCCNPs.
3.2 Encapsulation efficiency and release kinetic studies

The EE% and DL% was 60% ± 1.54 and 6% ± 0.98 and %,
respectively. These results corroborate the ndings of previous
© 2026 The Author(s). Published by the Royal Society of Chemistry
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studies.57 The continued release of the drug from the nano-
particles was analysed using various mathematical models41

Fig. S2(a–d). To properly understand the effectiveness of the
drug delivery system, it was crucial to consider both the target
distribution pattern and the mechanism by which the drug is
released. The ndings demonstrated that at both pH 7.4 and pH
5.8, the release of Cis from FA-CisCCNPs exhibited a rst-order
kinetic pattern. An initial rapid burst release was observed,
which was subsequently followed by a controlled, sustained
release over a period of 72 hours with R2 value as 0.2007 and
0.2108 at pH 7.4 and 5.8, respectively.
3.3 In vitro studies

3.3.1 % Cytotoxicity evaluation for B-16 cell line. In this
study, the inhibitory effects of FA-CCNPs & FA-CisCCNPs and
Cis (Cisplatin) on the growth of B-16 cells were evaluated based
upon the MTT58 assay Fig. 3(a–c). The results showed that
exposure to the various concentrations of FA-CisCCNPs
formulation resulted in a dose and time-dependent inhibition
of growth of B-16 cells, as depicted in Fig. 3a. This gure
demonstrates FA-CCNPs concentration-dependent cytotoxicity,
exhibiting potent inhibition of cell growth with IC50 value being
4830 mg mL−1 and 4841.35 mg mL−1 post 24 h and 48 h treat-
ment, respectively. Then FA-CisCCNPs IC50 was evaluated to be
317.71 mg mL−1 and 141.11 mg mL−1.

Further, it was also compared with the drug cis with IC50
values of 43.23 mg mL−1 and 29.20 mg mL−1 post-treatment at
24 h and 48 h. The IC50 of FA-CisCCNPs at each time point was
lower than FA-CCNPs, showing the signicant cytotoxicity of FA-
CisCCNPs over FA-CCNPs.59
Fig. 3 (a–c) Dose and 24 & 48 h time dependant cytotoxicity of FA-CCN
4 h post treatment with FA-CCNPs, Cis and FA-CisCCNPs and its com
Intracellular localization of FA-CCNPs in B-16 cells post 2 h and 4 h of inc
intensity of FA-CisCCNPs in individual B-16 cells. Data are represented as
significant difference between control vs. treated groups.

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.3.2 Cellular uptake studies. An essential consideration in
determining nanotoxicity is the absorption of FA-CCNPs by
cells. It is an effective and important consideration in the
treatment of cancer due to the appropriate delivery of anti-
cancer drugs to tumor cells. The cellular absorption of uo-
rescent FA-CCNPs and suspensions in this study was investi-
gated in a time-dependent manner and was observed by
confocal microscopy following two and four hours of
incubation.

Fig. 3(e) shows that FA-CCNPs have a strong red uorescence
due to the presence of CQDs, which themselves have uorescent
nature. Here, the FA-CCNPs enter the B-16 cancer cell on
exposure to the desired concentration of nano-formulation in
RPMI medium at 37 °C for 2 and 4 hours. The green & red
emission spectra for FA-CCNPs suggest internalisation of the
FA-CCNPs. Cellular uptake was analysed using mean uores-
cence intensity (ImageJ) Fig. 3(f). of FA-CCNPs that was
increased over the course of incubation period, it depicted that
B-16 cells were internalized with 60% of the FA-CCNPs post 2 h
and 80% post 4 h. According to these results, FA-CCNPs is an
effective anti-cancer drug carrier because of their small size,
which allows them to pass through cell membranes and enter
tumor cells. Targeted and operational cancer treatments may
develop with the use of uorescent FA-CCNPs as their cellular
absorption may be seen and tracked.

3.3.3 Ex vivo hemolysis studies. Hemolysis was performed
to assess the NPs' biocompatibility Fig. 3(d). This test is
considered an easy and trustworthy method to evaluate
a material's biocompatibility thus, conrming its usage for
biomedical purposes.60 Cis, FA-CCNPs & FA-CisCCNPs had
Ps, Cis and FA-CisCCNPs in B-16 cell line (d) ex vivo hemolysis 2 h and
parison with positive (Triton X-100) and negative (PBS) control. (e)

ubation (60×). (f) Quantification of the uptake usingmean fluorescence
mean± SD (n= 3). *p < 0.05; **p < 0.01; ***p < 0.001, where *denotes

Nanoscale Adv., 2026, 8, 2746–2762 | 2753
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shown extremely little hemolytic activity aer 2 hours and 4
hours. Here, phosphate buffer saline (PBS) was used as the
negative control and Triton X-100 as the positive control. NPs'
interaction with red blood cells (RBCs) revealed a hemolysis
percentage of less than 5%, which is considered a safe hemo-
lytic ratio for biomaterials. This indicates that the FA-CisCCNPs
damage to the RBCs was negligible. The ndings suggest that
the FA-CisCCNPs under investigation are biocompatible and
could be a good t for biological applications.
3.4 Tumour regression study

In vivo anti-cancer studies were performed with B16–F10
melanoma cell line induced tumors in C57BL/6 mice model and
its therapeutics with different samples and comparison with
control group. The therapeutic efficacy of placebo FA-CCNPs,
FA-CisCCNPs, and Cis per se was evaluated by tumour regres-
sion analysis. The tumor mice were given intra-venous injec-
tions (IV) of different samples on alternate days for 21 days. The
mice group receiving FA-CisCCNPs treatment showed signi-
cant tumor growth inhibition Fig. 4(a). In contrast, mice
receiving treatment of placebo FA-CCNPs or Cis per se showed
poor tumor growth inhibition. Not surprisingly, saline treated
control mice group showed maximum tumor progression. The
photographs of excised tumors and comparative analysis of
body weight of control and different treatment groups are
provided in Fig. 4(b and c), respectively. The analysis of tumor
weight from the sacriced mice further validated, signicant
tumor regression was seen in the FA-CisCCNPs treatment group
Fig. 4(d). The anti-tumor efficacy of FA-CisCCNPs aer intra-
Fig. 4 (a) Tumor regression curve after treatment; (b) photographs of exc
21 days; (d) weight of tumours excised on day 21. Data are represented as
significant difference between control vs. treated groups.

2754 | Nanoscale Adv., 2026, 8, 2746–2762
venous injection is possibly due to enhanced permeability and
retention effect (EPR). In tumors, EPR effect is possible as the
nano-drug delivery systems can accumulate based on their size
as well as prolonged blood circulation time thus, reducing the
tumor burden. The promising results in FA-CisCCNPs treated
group in terms of less tumor volume are attributed to more
accumulation of FA-CisCCNPs at tumor site which is the reason
for initial burst release followed by sustained release of cisplatin
from chitosan nanoparticles at tumor site. Therefore, the
results demonstrated the therapeutic potential of chitosan as
a biocompatible carrier for delivering cisplatin in melanoma
treatment.
3.5 Histopathological and immunohistochemistry studies

This structured approach not only elucidates the histopatho-
logical changes in the examined tissues but also contributes to
a better understanding of the underlying mechanisms of
treatment effects.61 Tumor histology in the control, FA-CCNPs,
and Cis treated groups shows dense tumor cell anatomy. In
contrast, the FA-CisCCNPs-treated group exhibited a signi-
cantly reduced tumor cell volume, representative of an accel-
erated tumor regression mechanism, which is an anti-cancer
effect caused by the sustained release of Cis from FA-CisCCNPs
(Fig. 5). In the SI Fig. S4, liver histology reveals the untreated
control and cisplatin groups displayed histological change in
structure of the hepatocyte and central vein. The structural
arrangement of portal veins, hepatic arteries, and bile ducts are
disrupted. In the FA-CisCCNPs treated group, the disruption of
the central vein was restructured, indicating that FA-CCNPsmay
ised tumours on day 21; (c) plot of body weight of mice throughout the
mean± SD (n= 3). *p < 0.05; **p < 0.01; ***p < 0.001, where *denotes

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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00964b


Fig. 5 Immunohistochemistry analysis of B-cat, Bcl-2, p-53 expression and H&E tumor tissue image analysis in different treatment groups:
control, FA-CCNPs, Cis, and FA-CisCCNPs with scale bar = 200 mm, 10× magnification.
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have a protective effect against the toxicity caused by cisplatin.
Kidney histology shows presence of normal glomerulus and
tubule architecture, observed in both the control and cisplatin
groups. In the FA-CisCCNPs treated group, glomeruli necrosis is
indicated by nephrotoxicity. Conversely, the FA-CisCCNPs
group mitigates potential nephrotoxicity, suggesting the
protective effects of the FA-CCNPs nanoformulation. Spleen
histopathological examination depicts a difference in the
architecture of the spleen. In the control group, the spleen
showed enlarged size. Subsequent treatment with FA-CisCCNPs
resulted in a decrease in size, which was due to an upregulated
ltration mechanism in spleenocytes and normalization post-
treatment in the FA-CisCCNPs-treated groups (Fig. S4). During
tumor regression, increase in white pulp indicates immune
activity, while the red pulp decreases as erythrocyte destruction
diminishes, reecting the body's efforts to eliminate tumor cells
These ndings support the therapeutic potential of FA-
CisCCNPs in the treatment of melanoma cancer.62

IHC analysis was done to assess the expression of Bcl-2 and
p53 in tumor tissues, giving insight into the regulation of
apoptosis and activation of tumor suppression.63 This tech-
nique allows the visualization of protein expression within the
tumor microenvironment. IHC analysis of tumor tissues for Bcl-
2 and p53 revealed signicant differences between the control
and treatment groups.64 The FA-CisCCNPs treated group
showed evidently reduced Bcl-2 level, demonstrating the
suppression of anti-apoptotic pathways, besides a signicant
increase in p53 expression reveals greater activation of tumor
suppressor mechanisms Fig. 5. In contrast, control and FA-
© 2026 The Author(s). Published by the Royal Society of Chemistry
CCNPs groups showed increased Bcl-2 expression with
minimal p53 level, suggesting limited apoptotic activity.65 The
Cis per se exhibited moderate changes in both BCL2 and p53
markers. The ndings conrm that FA-CisCCNPs have better
therapeutic efficacy by stimulating apoptosis via p53 activation
and Bcl-2 downregulation, offering a promising strategy for
melanoma treatment.

3.6. Biochemical estimations

Controlling ROS levels is important in cancer treatment because
oxidative stress caused by excess ROS may help cancer
develop.66 Treatments like radiation and chemotherapy also
generate ROS, which can ght tumors. Biomarkers like LDH
and NO indicate oxidative stress in tumors. There are two types
of NO synthase enzymes, iNOS and nNOS, that convert L-argi-
nine into L-citrulline, producing nitric oxide (NO) in the tumor
environment. This process requires oxygen and NADPH. iNOS is
mainly used as an indicator to measure NO levels during
inammation surrounding tumors. Nitric oxide (NO) is one of
the indicators for detecting the free radical generation. Studies
have shown the dual effects of NO in cancer. It is involved in
both tumor progression and growth, but also exhibits tumor-
icidal effects.67 Lowest NO level was observed in lung while
highest amount was estimated in liver and kidney, shown in
Fig. S3(a). In tumor tissue FA-CisCCNPs group showed high NO
level than the free Cis treated group. The levels of NO measured
in tumor-bearing untreated control group is 7.63 ± 0.13 mM
mg−1 of protien. In FA-CCNPs and Cis treated group, NO level
was 7.79 ± 0.19 mM mg−1 and 10.13 ± 0.80 mM per mg protein
Nanoscale Adv., 2026, 8, 2746–2762 | 2755
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and in FA-CisCCNPs groups it was estimated as 14.420 ± 1.3461
mM mg−1 of protien, shown in Fig. 6(a).

Lactate dehydrogenase (LDH) is a marker for cellular leakage
that provides information about possible cell membrane
damage.68 LDH levels were recorded in serum and the vital
organs such as liver, kidney, spleen, heart, lung with untreated
control and FA-CCNPs, Cis and FA-CisCCNPs group. Highest
LDH release was observed in the liver, followed by heart, kidney.
However Fig. S3(b) shows Cis alone causes more LDH release
than FA-CisCCNPs in all the organs and serum samples. In case
of tumor tissue LDH level on its treatment with FA-CisCCNPs
the LDH level was 7.25 ± 0.65 nM per mg protein. In FA-
CCNPs and Cis the estimated LDH level was 320 ± 1.07 and
4.69 ± 0.84 nM per mg protein, comparing all groups in FA-
CisCCNPs it is high as compared to control group 2.4086 ±

1.1191 Fig. 6(b).
Biochemical analysis included measuring several antioxi-

dants from the glutathione family, such as GST, GSH, and SOD,
in vital organs and serum on the 21st day of the study. This
Fig. 6 (a–e) Estimation of NO, LDH, GSH, GST, SOD in tumor tissue hom
experiment on day 21 (f) schematic diagram of oxidative stress in tumor c
***p < 0.001, where *denotes significant difference between control vs

2756 | Nanoscale Adv., 2026, 8, 2746–2762
helped to better understand oxidative pathways in cancer and to
evaluate how FA-CCNPs, Cis, and FA-CisCCNPs affected tumor
reduction. Glutathione is an important anti-oxidant in the
cellular system.69 Therefore, to understand glutathione levels,
we have measured both reduced and oxidized forms of gluta-
thione. The levels of GSH were analysed in untreated control
group and treated group FA-CCNPs, Cis and FA-CisCCNPs post
21 days of injection. The levels of GSH in FA-CisCCNPs treated
group was compared to free Cis treated group in all the vital
organs and serum and it was reduced as compare to control
group. Highest amount of GSH was found in the spleen and
lung and lowest in the kidney, shown in Fig. S3(d). The level of
GSH has marginally reduced in tumor tissue on treatment with
FA-CisCCNPs, the estimated GSH level was 36.8161 ±

1.5879 nM per mg protein when compared with control group
49.3128± 3.2016 nM per mg protein. In FA-CCNPs, Cis the GSH
level was nM per mg protein 46.28 ± 0.31 nMmg−1 and 44.21 ±

1.77 nM per mg protein Fig. 6(c). The Glutathione-S-trans-
ferases (GSTs) are a class of detoxication enzymes which
ogenate of control, FA-CCNPs, Cis and FA-CisCCNPs after the end of
ells. Data are represented as mean ± SD (n = 3). *p < 0.05; **p < 0.01;
. treated groups.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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participates in the conjugation of glutathione to electrophilic
compounds by thio-ester linkages.70 The GST levels observed in
the untreated control group were highest in spleen, lung, liver
and lowest in lung. GST levels of FA-CisCCNPs treated group
showed slightly elevated as compared to GST level of untreated
control group in all the vital organs and serum, shown in
Fig. S3(e). The level of GST in has reduced in FA-CisCCNPs
treated tumor tissue 44.2521 ± 1.9527 when compared with
control group 50.9589 ± 2.4589. In FA-CCNPs and Cis the GST
level was 51.01 ± 1.83 nM per mg protein and 51.06 ± 1.15 nM
per mg protein Fig. 6(d). The superoxide dismutase activity was
also measured in various experimental groups.71 SOD levels
were enhanced in FA-CisCCNPs treated group when compared
with Cis, FA-CCNPs and untreated control group in all the vital
organs and serum. Highest SOD level was found to be in the
liver and lowest in lungs and serum, shown in Fig. S3(c). In
tumor tissue FA-CCNPs, Cis the SOD level was 2.05 ± 0.06 ng
per mg protein and 1.87 ± 0.21 ng per mg protein. A signicant
reduction was also seen in SOD level of FA-CisCCNPs treated
tumor tissue which is 0.9853 ± 0.705 ng per mg protein
compare to control group 2.228 ± 0.01252 ng per mg protein
Fig. 6(e). Data of oxidative stress of all vital organs including
tumor tissue given in the supplementary le ST1.

4. Discussion

Fig. 1(a–f) shows a comprehensive set of physicochemical
characterizations conrming successful synthesis and integra-
tion of FA-CCNPs & FA-CisCCNPs. UV-vis spectroscopy revealed
distinct absorption peaks at 285 nm (CQDs), 290–320 nm (FA-
CCNPs), and a reddened band at 370 nm. These peaks were
caused by p–p* and n–p* electronic transitions due to aromatic
conjugation and functional group interactions. The appearance
of new peaks at 300 and 362 nm in FA-CisCCNPs showed that
cisplatin was successfully loaded via ligand-to-metal charge
transfer (LMCT). The photoluminescence (PL) spectra exhibited
strong emission at 440 nm for CQDs when excited at 340 nm.
Notably, the PL intensity was markedly reduced in FA-
CisCCNPs, which can be attributed to surface passivation and
quenching effects resulting from drug loading, although the
residual uorescence remains adequate for potential bi-
oimaging applications. The nanoparticles were found to be
cationic and colloidal stable, as shown by a zeta potential of
+25.5 mV, indicative of excellent colloidal stability. DLS analysis
showed that they had a mean hydrodynamic diameter of
∼361 nm and a low polydispersity index (0.257), suggesting
a uniform and monodisperse nanoparticle population. TEM
images conrmed the formation of spherical, evenly distributed
particles (∼57 nm) with a smooth shape. SEM images further
revealed the morphological differences, with FA-CCNPs exhib-
iting porous surfaces, while FA-CisCCNPs displayed a denser,
smoother architecture, consistent with matrix compaction and
drug entrapment. Fig. 2(a–g) highlights the FTIR analysis,
which validated that the functional groups from CQDs, chito-
san, folic acid, and cisplatin were successfully combined.
Signicant spectral shis in the O–H/N–H, C]O, C–N, and P–O
stretching vibrations conrmed successful chemical
© 2026 The Author(s). Published by the Royal Society of Chemistry
conjugation and strong intermolecular interactions among
components. The XRD patterns showed the transition from
crystalline cisplatin to a partly amorphous FA-CisCCNP struc-
ture, as evidenced by peak broadening and intensity reduction,
implying uniform drug encapsulation within the polymeric
framework. TGA research demonstrated improved thermal
stability of the nanocomposite, with substantial residual mass
at elevated temperatures attributable to the presence of inor-
ganic platinum content, underscoring enhanced structural
robustness suitable for biological applications. Collectively,
these results affirm the successful fabrication of a structurally
stable, biofunctionalized nanocomposite with high potential
for targeted drug delivery and theranostic applications. Addi-
tionally, drug release kinetics were evaluated by tting the
experimental data, specically the amount of drug released over
time, to different mathematical models. These included the
rst-order release, zero-order release, Higuchi plot, and Kors-
meyer–Peppas model. These analyses conrmed that the
nanoformulation exhibited an initial burst release under acidic
tumor-mimicking conditions, followed by a sustained and
controlled release extending up to 72 hours (Fig. S2). This
biphasic release pattern reects the structural integrity and pH-
responsive behavior of the FA-CisCCNPs, supporting their
suitability for targeted cancer therapy.

In vitro cytotoxicity study demonstrated that FA-CisCCNPs
exhibits superior cytotoxicity compared to FA-CCNPs alone
against B-16 melanoma cells, with signicantly lower IC50
values (317.71 mg mL−1 and 141.11 mg mL−1) at both 24 and 48
hours. Cis alone also showed potent inhibitory effects, con-
rming the enhanced efficacy of the FA-CisCCNPs formulation
Fig. 3(a–c). The nanoparticles (Cis, FA-CCNPs, and FA-
CisCCNPs) showed minimal hemolytic activity (<5%), indi-
cating they are biocompatible and safe for biomedical use
(Fig. 3(d)). Cellular internalization experiments showed that
uorescent FA-CCNPs are effectively internalized by B-16 cancer
cells, with uptake increasing from 60% at 2 hours to 80% at 4
hours. Their ability to enter cells suggests their potential as
targeted drug delivery vehicles for melanoma treatment, and
their uorescence allows for tracking cellular absorption
Fig. 3(e and f).

In vivo experiments with melanoma-bearing mice showed
that chitosan–cisplatin (FA-CisCCNPs) nanoparticles signi-
cantly slowed tumor growth over 21 days, performing better
than both free cisplatin and placebo. The improved results are
likely due to the nanoparticles accumulating passively at the
tumor site via the EPR effect and releasing cisplatin gradually in
the acidic tumor environment through lysosomal breakdown.
These ndings indicate that FA-CCNPs are a promising and safe
delivery system for cisplatin in melanoma treatment. The study
revealed that chitosan–cisplatin (FA-CisCCNPs) treatment
signicantly reduced tumor size and improved tissue health in
melanoma-bearing mice Fig. 4(a–d). Fig. 6 showing the under-
standing role of ROS in cancer, oxidative stress, caused by
increased ROS or reduced antioxidant defenses, is linked to
cancer development.72 The interplay of antioxidants in mela-
noma cancer involves a complex balance between reactive
oxygen species (ROS) and the body's defence mechanisms. In
Nanoscale Adv., 2026, 8, 2746–2762 | 2757
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Fig. 7 Schematic representation of nanoparticle mediated melanoma therapy, highlighting cellular uptake, intercellular drug release, and
induction of cell death.
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melanoma, elevated ROS levels can promote tumor growth,
progression, and resistance to therapy by inducing genetic
mutations and supporting cellular survival pathways.73 To
counteract oxidative stress, melanoma cells oen upregulate
antioxidant systems, such as glutathione (GSH), superoxide
dismutase (SOD),74 and enzymes like GST. This antioxidant
response helps melanoma cells survive in a hostile, high-ROS
environment and can contribute to resistance against treat-
ments like chemotherapy and radiotherapy. Understanding this
delicate antioxidant-ROS balance is crucial for developing
therapies that can effectively target melanoma cells by modu-
lating oxidative stress pathways. The study revealed that FA-
CisCCNPs treatment increased oxidative stress in tumor
tissue, as shown by higher NO and LDH levels and reduced
antioxidants, leading to cisplatin-induced ROS generation and
effective tumor regression is seen and it also improved tissue
health in melanoma-bearing mice, showing protective effects
on the liver, kidneys, and spleen. Further Histological studies of
tumor tissue along with various vital organ shows restoration of
tissue anatomy75 and immunohistochemical analyses indicated
that FA-CisCCNPs enhances apoptosis by activating p-53 (ref.
76) and suppressing Bcl-2 (ref. 77) mediated BAX78 inhibition in
tumor tissue, suggesting its potential role as an effective and
safe melanoma therapy Fig. 5.

Schematic illustration of a nanoparticle mediated anticancer
therapy and its mechanism of action in Fig. 7 depicts the
following: (1) therapeutic nanoparticles are administered to
tumor-bearing mice via injection. (2) The nanoparticles accu-
mulate at the tumor site and interact with cancer cell
membranes. (3) Cellular uptake occurs through endocytosis. (4)
In the acidic intracellular environment, the nanoparticles
undergo pH-responsive drug release. (5) The released agents
2758 | Nanoscale Adv., 2026, 8, 2746–2762
induce reactive oxygen species (ROS) generation and activate
the tumor suppressor protein p53, leading to the regulation of
target genes and cell cycle arrest. (6) ROS and p53 signaling
promote mitochondrial dysfunction by modulating pro-
apoptotic (BAX) and anti-apoptotic (BCL-2) proteins, resulting
in cytochrome c (Cyto C) release. (7) Cytochrome c activates
caspase-9/3 signaling, triggering apoptosis of cancer cells. (8)
The overall therapeutic effect leads to tumor size reduction in
treated mice.
5. Conclusion

In this work we developed and evaluated folic acid-conjugated,
cisplatin-loaded chitosan–carbon quantum dot nanoparticles
(FA-CisCCNPs) as a targeted nanotherapeutic system for mela-
noma treatment. Folic acid was employed to facilitate receptor-
mediated endocytosis into folate receptor-overexpressing mela-
noma cells.79,80 Comprehensive physicochemical characterization,
including electron microscopy, FTIR, XRD, TGA, and UV-vis
spectroscopy, conrmed the structural integrity, efficient drug
encapsulation, and thermal stability of the nanoformulation. In
vitro studies demonstrated signicantly enhanced cytotoxicity of
FA-CisCCNPs against B16 melanoma cells, reected by a reduced
IC50 compared to free cisplatin and nanoparticle controls.
Confocal imaging conrmed time-dependent intracellular uptake
via folate-mediated internalization, and hemolysis assays estab-
lished the formulation's hemocompatibility. In vivo evaluation in
melanoma-bearing mice revealed pronounced tumor suppression
in the FA-CisCCNP-treated group, along with preserved tissue
architecture and reduced systemic toxicity. Histopathological
analyses indicated improved liver, kidney, and spleen
morphology, while immunohistochemistry conrmed elevated
© 2026 The Author(s). Published by the Royal Society of Chemistry
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p53 expression and suppressed Bcl-2, supporting apoptosis
induction. Additionally, FA-CisCCNPs modulated oxidative stress
markers, suggesting dual benets of tumor regression and
protection against cisplatin-induced damage.

This multifunctional, biocompatible nanocarrier offers
a promising strategy for targeted melanoma therapy, address-
ing key limitations of conventional chemotherapy. Further
exploration of pharmacokinetics and long-term safety may
facilitate future clinical translation.
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