#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Renal clearable sucrose carbon dots for

i") Check for updates‘
doxorubicin delivery to treat renal carcinomaf

Cite this: Nanoscale Adv., 2025, 7, 2751

Farhana Azmi, © $2° Xiaoxue Xu, © 1 Hien Duong, ©° Ping Ye,? Titi Chen,®
Hongxi Li,® Jianwei Chen,? Sara Madadi Ardekani,? Alireza Dehghani,®
Guoping Zheng,®® David Harris,® Hongxu Lu,¢ Yiping Wangi?® and Qi Cao$®®

Renal Cell Carcinoma (RCC) poses challenges for conventional treatment methods, but recent advancements
indicate the potential of nanoparticles (NPs) in enhancing chemotherapy efficacy. This study focuses on
developing non-toxic NPs from sucrose and L-serine via hydrothermal synthesis to produce Sucrose
Carbon Dots (Suc CDs), designed for renal clearance to deliver hydrophilic drugs for the treatment of RCC.
Suc CDs with a size of 4 nm exhibit high fluorescence with a fluorescence quantum yield of 58% and high
drug loading capacity without toxicity to normal cell lines (renal tubular cells). Under in vitro conditions, Suc
CDs alone are non-toxic, while Suc CDs with DOX display improved anticancer effects on Renca cells
(cancer cell line). Under in vivo conditions, Suc CDs loaded with DOX outperform DOX alone with reduced
toxicity to normal cells. Biodistribution study of Suc CDs revealed prolonged tumour site accumulation. This
research demonstrates that renal clearable Suc CDs loaded with DOX exhibit superior anti-cancer activity,
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Introduction

Kidney cancer is a disease with increasing global incidence,
estimated at 400 000 new cases annually, and a worldwide
mortality rate nearing 175000 deaths per year." Renal cell
carcinoma (RCC), particularly the clear cell subtype, constitutes
about 75% of cases and is notably aggressive, being the leading
cause of kidney cancer-related deaths.>* Despite curative inter-
ventions for localized RCC, approximately 30% of clear cell RCC
patients eventually develop metastasis, often leading to fatal
outcomes.* Among urologic tumours, RCC has the highest
cancer specific mortality rate and RCC incidence increases
markedly with age.” Distant metastases primarily occur in the
lungs, lymph nodes, liver, bone, and brain.® RCC lacks early
symptoms, resists radiation and chemotherapy, with limited
responses to immunotherapeutic agents.” Despite recent treat-
ment advancements, durable complete remissions are rare, and
advanced RCC remains a lethal disease.® The key challenge in
treatment lies in precise targeting of therapeutic agents to
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and are free of side effects, suggesting promising therapeutic potential for human RCC.

ensure effective cancer cell destruction while minimizing off-
target drug delivery to healthy cells.’

Nanomedicine, bridging biology, medicine, engineering,
and chemistry, holds great promise in advancing cancer diag-
nosis and treatment. Recent breakthroughs involve nano-
carriers (10 nm to 100 nm) for cancer therapeutics, including
FDA-approved nanocarrier liposomes and albumin nano-
particles like Doxil.” Nanoparticles (NPs) as a drug carrier have
several advantages over traditional chemotherapy for cancer
treatments, including (a) improved solubility of hydrophobic
drugs; (b) protection of the compound from undesirable inter-
action with external stimuli and improved stability; (c)
a controlled drug release profile and longer circulation time;
and (d) an enhanced permeability and retention effect in
specific tissues or organs by passive targeting and specific
ligand conjugation induced by active targeting.

Carbon material-based nanoparticles, such as Carbon Dots
(CDs), carbon nanotubes (CNTs), and Graphene Quantum Dots
(GQDs), have gained attention as drug carriers because of their
extremely small size, excellent biocompatibility, easy surface
modifications and high drug loading efficiency.” Modulating
particle characteristics enables localization to specific body sites,
with renal clearance being a desirable property for eliminating
potentially toxic nanomaterials.”* Renal clearable nanoparticles
with tuneable size, shape, and surface chemistry can avoid major
organ accumulation.” Doxorubicin is a commonly used chemo-
therapeutic agent for many solid tumours, but this has many
disadvantages, which includes low permeability and retention, low
cell internalization, and cytotoxicity to healthy cells. These can be
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overcome by using nanocarriers for targeted tumour delivery with
increased permeability and retention on the cancer cells.**

Renal clearance of intravascular agents by the kidneys is
a process involving glomerular filtration, tubular secretion, and
removal of the molecule via urine excretion. Glomerular filtra-
tion is dependent on the particle size which is known as the
filtration size threshold. Molecules with a hydrodynamic
diameter of <6 nm are filtered through the glomerulus, while
particles >8 nm are not typically capable of undergoing
glomerular filtration. Renal clearance studies in mice demon-
strated that quantum dots with a size ranging from 4.36 to
5.52 nm were excreted via the kidneys but quantum dots with
a size more than 8 nm were up taken by the reticuloendothelial
system (RES) and lung.'® NPs with a size larger than 10 nm have
increased long term toxicity concerns due to their fast and high
uptake by the reticuloendothelial system.

The approach for nanomedicine development includes specific
targeting, real-time imaging, and minimal side effects. Targeted
therapy has improved renal cell carcinoma outcomes, with
nanoparticle-conjugated drugs in clinical trials. The emergence of
renal clearable NPs addresses long-term challenges, offering
potential as renal nanomedicine for treating renal cell carcinoma.
This study focuses on novel renal clearable carbon dot nano-
particles, hypothesizing their efficacy in delivering doxorubicin for
renal cell carcinoma treatment, demonstrated at the cellular level
in mice models. In this study, we synthesized carbon dots from
sucrose and L-serine via the hydrothermal method. The prepared
CDs and Dox form a complex by non-covalent bonding via elec-
trostatic interactions or by hydrogen bonds between the carboxylic
group on CDs and the amine moiety on DOX."”** One of the key
challenges in drug delivery systems is ensuring a sustained drug
release profile and prolonged circulation time. It was discovered
that drug loading is feasible at neutral pH, primarily driven by
electrostatic interactions. The presence of additional hydrogen
bonds in the drug-carrier complex enhances loading efficiency,
while drug release remains pH-dependent. The pH-sensitive
release mechanism within the tumour microenvironment is
another factor that can elevate the local concentration of chemo-
therapeutic agents, thereby improving therapeutic efficacy under
acidic conditions characteristic of the tumour microenviron-
ment.”* The physicochemical properties of the Suc CDs were
investigated by using transmission electron microscopy (TEM), X-
ray diffraction analysis, Fourier transform infrared (FTIR) spec-
troscopy, photoluminescence (PL) emission spectra, UV-vis spec-
troscopy, and zeta potential (ZP) analysis. The cellular uptake of
Suc CDs in the RENCA cell line was investigated by epifluor-
escence microscopy. The anticancer effect of Suc CDs + DOX under
in vitro conditions was assessed by standard WST assay. The in vivo
study of antitumour properties of Suc CDs + DOX was carried out
on Balb/c mice and the toxicity of Suc CDs was investigated by the
histological analysis.

Materials and methods
Materials

Sucrose, r-serine, quinine sulphate, and dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich (NSW, Australia).
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Amicon® Ultra-Centrifugal Filter Units were purchased from
Merck Millipore, Australia. Doxorubicin and adriamycin/
doxorubicin HCl were obtained from Pfizer, Australia. The
Renca cell lines derived from tumours of BALB/C mice were
purchased from ATCC. Dulbecco's phosphate buffered saline
(DPBS), Dulbecco's Modified Eagle's Medium (DMEM), fetal
bovine serum (FBS), Roswell Park Memorial Institute (RPMI)
1640 media, and trypsin-ethylenediaminetetraacetic acid
(EDTA) were purchased from Lonza, Australia. Advanced
DMEM/F12 was purchased from Gibco, Australia. NUN Lab-Tek
II chamber slide 4 well were purchased from Thermo Fisher
Scientific Australia Pty Ltd. A WST-1 Cell Proliferation Assay Kit
was purchased from ABCAM Australia. Male Balb/c mice 6-8
weeks old were acquired from Australian Bioresources (ABR).

Methods

Synthesis of sucrose CDs

1.7 g of sucrose and 0.6 g of L-serine were dissolved in 30 ml of
ultrapure water in a 50 ml Teflon lined stainless steel hydro-
thermal autoclave reactor vessel. The vessel was sealed well and
placed in an oven heated at 200 °C for 4 h to conduct one pot
synthesis of sucrose CDs. After the vessel was cooled to room
temperature, the resulting solution was poured into a 50 ml
centrifuge tube and centrifuged at 12 000 rpm for 30 min. The
supernatant was collected and filtered with a syringe filter (0.22
pum) to remove unreacted residues. Finally, the solution was
filtered with an Ultra Centrifugal Filter Unit (MWCO 10 kDa) at
5000g for 30 min. The filtrate was collected and the filtration
was repeated two more times. Additional separation was carried
out using an Ultra Centrifugal Filter Unit (MWCO 3 kDa) at
5000g for 30 min. The residue was collected after particles
smaller than 2 nm were removed. The pH value of the stock was
neutralized using NaOH, and it was stored for further analysis
after filtration again with a 0.22 um syringe filter to get rid of any
salt formation during neutralization. The stock solution was
stored at 4 °C for further analysis and use. The particles were
ultra-sonicated before each assay.

Characterization of sucrose CDs

Transmission electron microscopy imaging was conducted
using a TEM (FEI Tecnai 20 TWIN 200 kV) to investigate the size,
shape, and size distribution of the as-obtained CDs. The TEM
sample was prepared by drop casting the diluted carbon dot
suspension on a carbon-film coated copper grid (400 mesh). A
Cary 300 Bio UV/vis spectrophotometer was used to record the
UV/vis absorption spectrum of the CDs. Fluorescence spectra of
the CDs were obtained with a variety of excitation wavelengths
using a CLARIOstar spectrometer. The fluorescence quantum
yield (QY) of the synthesized CDs was measured by a standard
established procedure. Quantum yield was calculated with
respect to quinine sulphate (QS) in 0.1 M H,SO, using the
formula below:

N
Ir

’fls2
As MR
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where Qs = quantum yield of the sample; Qr = quantum yield of
the reference; Is = area under the PL curve of the sample; Iy =
area under the PL curve of the reference; A = absorbance of the
reference; Ag = absorbance of the sample; 75 = refractive index
of the sample; nz = refractive index of the reference. QY of
quinine sulphate = 0.54; refractive index of water = 1.33.

The surface charge of the CDs was measured using a Malvern
Zetasizer Nano Series (Nano-ZS). XPS analysis of the CDs drop-cast
on Cu tape was carried out using a Thermo Fisher Scientific K-
Alpha+ XPS with an Al Ko micro-focused monochromator (1486.68
eV). A Bruker Alpha FTIR was used for functional group analysis.

Drug loading of DOX to sucrose CDs

An identical volume and concentration of DOX and CD solu-
tions in dH,O were mixed by using a centrifuge and incubated
overnight in the dark at 4 °C. The unbound drug was removed
by using 3 kDa (MWCO) dialysis tubing for 24 h against dH,0.
The obtained residue in the tube was the drug bound CDs.
There was successful drug loading of the Suc CDs with DOX due
to electrostatic interaction as sucrose CDs are negatively
charged and DOX is positively charged. The drug-loaded CDs
were then dried using a freeze-drying machine (Vacuum Freeze
Dryer Bk-Fd10s). The UV-vis absorbance spectra of the CDs,
unbound drug and drug-loaded CDs were recorded using UV-vis
spectroscopy (Cary 300 Bio UV/vis spectrophotometer). The
intensity of the DOX characteristic absorbance at 480 nm
depended on the concentration of DOX. Therefore, a calibration
curve of the absorbance against the concentration of pure DOX
solution was generated and used for the loading efficiency of
CDs. The loading of the drug was calculated using the following
equation.

Drug loading% = {concentration of the drug in the conjugate/
concentration of drug in feed} x 100%.

The diluted conjugate solution was then read at 480 nm
using a UV spectrophotometer, and according to the absor-
bances obtained from UV-vis spectroscopy in conjunction with
the equation y = mx, the value of m was calculated to be 0.044
and 7* of the calibration curve was calculated to be 0.99 (Fig. 1).

Cellular uptake of sucrose CDs

RENCA cells were seeded into a four-chamber slide at a density
of 1 x 10° cells per well and incubated for 24 h. The culture
medium was removed and washed twice with PBS and fixed with
4% paraformaldehyde, followed by addition of DAPI for cell
nucleus staining. Each well was then replaced with 500 pul of
medium containing Suc CDs at a concentration of 100 pg ml™*
and treated for 2 h at 37 °C. Fluorescence imaging of cells was
performed using epifluorescence microscopy (Leica DMIS8
Inverted Fluorescent Microscope).

Cell viability and antitumour effect in vitro

RENCA cells were seeded with the RPMI-1640 medium, and
HK2 cells were seeded in the Advanced DMEM/F12 medium

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Calibration curve for doxorubicin.

with 10% FBS and grown at 5% CO,, in a 37 °C incubator until
both cell lines reached a confluency of 80-90%. After that each
cell line was seeded into 96 well plates containing 200 pL of
medium in each well with 10* cells per well. The plates were
incubated for 24 h or longer depending on the confluency until
they have reached a confluency of 70-80% before the treatment
with CDs. The viability was assessed by WST Assay according to
the protocol. The WST assay method is based on the cleavage of
the tetrazolium salt WST-1 to formazan by mitochondrial
dehydrogenases. An increase in the number of viable cells leads
to an increase in the activity of mitochondrial dehydrogenases,
which in turn results in an increase in the amount of formazan
dye produced. The formazan dye produced from WST-1 by
viable cells can be quantified by measuring the absorbance of
the dye at OD = 440 nm. It is more sensitive than MTT, XTT or
MTS-based assays. The absorbance was measured using
a SpectraMax iD5 plate reader (BIOSTRATEGY PTY Ltd). The
viability was calculated using the following equation: % viability
= {OD(sample)/OD (control)} x 100%. All viability graphs were
plotted using GraphPad Prism Version8.0a software (GraphPad
Software, USA).

Orthotopic tumour cell implantation

Male Balb/c mice 6-8 weeks old were acquired from Australian
Bioresources (ABR). The weight of each mouse was approxi-
mately 25 g at the beginning of the experiment. All mice
experiments were performed under institutional guidelines and
regulations and under an approved protocol by the Western
Sydney Local Health District Animal Ethics Committee. Surgery
was performed under all aseptic conditions Briefly, mice were
anesthetized using 2-3% isoflurane. 10 pl cell suspension
containing 2 x 10° cells was used. Orthotopic cell implantation
to develop a RCC metastatic tumour model in mice and the
organ harvest have been carried out according to the protocol.”

In vivo antitumour therapeutic efficacy of DOX and Suc CDs +
DOX

After 5 days of tumour injection and model development, the
treatment was started. The tumour bearing mice were randomly
divided into 3 groups including one control group (each group
contained 6 mice) and were intravenously injected with pure
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DOX and DOX-loaded Suc CDs (Suc CDs + DOX) both at a dose
of 4 mg kg™ " of body weight via the tail vein injection. Mice were
dosed once every week for 3 weeks. The body weight was
monitored throughout. The mice were sacrificed on the 26 day
of the tumour induction, and the tumours were collected to
measure the tumour weight. Right and left kidney and lung
dissected tissues were harvested and stored in 10% neutralized
buffer formalin for 24 h at room temperature. Tissue cassettes
were immersed in 70% ethanol for 24 h or longer and further
processing of paraffin embedded blocks was done. These
tissues were used for immunohistochemistry staining of mice
treated with DOX and a Suc CDs + DOX conjugate and the
control group for Ki-67 staining.

Conjugation of IR-780 dye to sucrose CDs

The excitation emission window of the sucrose CDs was further
increased for the biodistribution study and imaging to avoid
autofluorescence from tissues. 2 ml solution of IR-780 dye with
a concentration of 10 mg ml~' in methanol was mixed with
a 2 ml suspension of Suc CDs with a concentration of 2 mg
ml~". The mixed solution was centrifuged for 5 min and then
was left undisturbed overnight at room temperature and further
dialysed for 24 h against methanol. Serial dilution of the dye
was performed to obtain the absorbance reading using a UV-vis
spectrophotometer at 780 nm to find the concentration of the
solution using the formula of the standard curve considering
the dilution factor. To confirm conjugation of the IR-780 dye to
the Suc CDs by electrostatic interaction, zeta potential was
tested. The conjugate and IR-780 both should be checked to
find if the zeta potential has been changed from that of the
original solution.

Biodistribution of the IR-780 and Suc CDs + IR-780 conjugate
in a RCC tumour mice model

Post injection of IR-780 and Suc CDs + IR-780 via the tail vein
using a concentration of 0.25 mg ml~", both solutions in PBS
were imaged using an IVIS Lumina X5 optical imaging System
(PerkinElmer) for quantitative in vivo and ex vivo imaging. The
excitation wavelength was 740 nm and emission wavelength was
790 nm. Images were taken at 2, 6, 24, and 48 h and 7 days post
injection.

Results and discussion
Characterization of sucrose CDs

The morphology and particle size of the prepared Suc CDs were
analysed using TEM as shown in Fig. 2A, Suc CDs are mono-
dispersed and spherical, with an average diameter of 4 nm
(Fig. 2B). As shown in Fig. 2C, the sucrose CD dispersion was
light brown in colour under daylight and exhibited strong blue
luminescence under UV light of 350 nm wavelength. The as
prepared Suc CDs emit strong blue fluorescence with a high
quantum yield of 58% using quinine sulphate as a reference.
There was no reduction in PL intensity after continuous expo-
sure for several days. The FL spectra of the Suc CDs excited at
different excitation wavelengths are shown in Fig. 2C and it can
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be found that the maximum excitation wavelength was located
at 340 nm and emission peaks were within the range of 400-
450 nm. Fig. 2D displays the UV-vis absorbance spectrum of the
prepared Suc CDs in aqueous solution. Two peaks can be
observed in the graph at 255 nm and 340 nm. The peak at
255 nm is attributed to the ® — 7* transition of C=C present
in Suc CDs. To obtain structural understanding and to identify
the functional groups on the surface of the prepared Suc CDs,
FTIR spectroscopy was used (Fig. 2E). Small peaks in the
890 cm ™" and 2900 em™" region correspond to C-H stretching.
The peak at 3272 cm ! corresponds to the strong hydroxyl O-H
group and amine (N-H) group. The small peak between 1740
and 1720 cm ™" refers to strong C=0 stretching. The band at
1509 cm™ " corresponds to the strong N-O stretching. The peak
between 1380 cm ' and 1370 cm ' refers to medium C-H
bending and peak intensity at 1360 cm ~* corresponds to C-O-
stretching. The band at 976 ¢cm ' refers to strong C=C
bonding. Bands between 1305 cm™ ' and 1200 cm ™" might refer
to a combination of C-N stretching and N-H bending.>*** The
FTIR data show the presence of abundant oxygen-containing
functionalities and nitrogen containing functional group on
the surface of Suc CDs which makes them highly soluble in
water and organic solvents.>»** Elemental composition charac-
terized by XPS has shown the presence of carbon (C), oxygen (O),
nitrogen (N) and hydrogen (H) in the Suc CDs along with some
Na (NaOH used for pH adjustments after synthesis). The XPS
survey spectrum was used to determine the approximate atomic
percentage for each element and the result is shown in Table S1
and Fig. S1 (ESI} data). The atomic percentage for all elements
present was calculated using the 1s PE peak. Typically, carbon
dots prepared from deionized water yield negatively charged
particles with high water solubility. Using different aqueous
media like ethanol and other organic solvents leads to hydro-
phobicity of the carbon dots.>® The zeta potential of the
prepared Suc CDs was measured to be negative, —14 + 1 mV, at
neutral pH and different dilutions (Fig. 2F). Negatively charged
particles are less likely to be taken up by macrophages.”
Sucrose CDs, a novel nanoparticle synthesized for the first time
via a simple hydrothermal reaction compared to other synthesis
processes shown in a previous study where a more complex
method of synthesis was used using sucrose, concentrated
sulfuric acid and ortho-phosphoric acid,” demonstrated
advantages such as small size for renal clearable, fluorescence,
high quantum yield, photostability, high drug loading, non-
toxicity, and water solubility. Sucrose has been chosen as the
precursor along with 1-serine which produced biocompatible
carbon dots compared to other studies that shows that fructose
or glucose CDs could be toxic at even low concentration.” In
addition, the CDs showed different emission colours including
blue, green and red. The quantum yield of the CDs synthesized
from glucose and fructose was reported to be only 1.8%, and
0.3% (ref. 29) respectively, whereas the sucrose CDs have
a quantum yield of 58%. The size of the glucose and fructose
CDs was also presented to be higher compared to our sucrose
CDs.” The study assessed the characteristics of sucrose CDs,
highlighting the potential of sucrose CDs for further studies.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) TEM image of sucrose carbon dot nanoparticles; (B) zoomed-in image of the area (labelled in yellow) of the TEM image of sucrose

carbon dots and the particle size distribution; (C) photoluminescence spectrum with absorption and emission spectra of sucrose CDs (inset:
aqueous solution of sucrose carbon dots under daylight (left and under UV lamp(right)); (D) UV-vis absorption of Suc CDs, DOX + Suc CDs and
DOX in aqueous solution; (E) FTIR spectrum of as prepared sucrose CDs and the Suc CDs + DOX complex; (F) zeta potential change of Suc CDs

and the Suc CDs + DOX conjugate.

Drug loading of DOX to Suc CDs

The Suc CDs and DOX form a complex via electrostatic inter-
actions or by hydrogen bonds between the carboxylic group on
CDs and the amine moiety on DOX."*® The Suc CDs + Dox
complex was investigated by UV-vis spectroscopy to confirm
successful loading as shown in Fig. 2D.

The Suc CD spectrum (black line) displayed an absorption
peak at 350 nm and there was no absorption at around 420 nm
to 550 nm, whereas the Dox spectrum (blue line) shows a strong
peak at 480 nm. The absorption spectrum of the Suc CDs + Dox
complex shows both peaks at around 350 nm and 480 nm (red
line), indicating successful conjugation of DOX to sucrose CDs.
The loading of DOX to Suc CDs was quantified using UV-vis
spectroscopy by measuring the absorbance of the conjugate at
480 nm and calculated to be 50% in deionized water. Batches of
conjugation vary by +2%. Zeta potential of Suc CDs was —14 +
1 mV and after loading the DOX to Suc CDs the zeta potential
increased to +58 mV indicating the successful conjugation of
the Suc CDs + Dox as shown in Fig. 2F. Fig. 2E shows FTIR
spectra of Suc CDs and the Suc CDs + Dox complex displaying
additional and stronger peaks between 1200 c¢cm ' and
900 cm ™! referring to a combination of C-N and N-H bonding.

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

There was successful drug loading of the Suc CDs with DOX due
to electrostatic bonding between positively charge DOX and
negatively charged Suc CDs. The conjugation with DOX has
been proved with UV-vis absorption and FTIR data which show
the conjugation.

Cellular uptake of carbon dots, cell viability and the in vitro
antitumour effect

Rapid internalization by cells is an important property for drug
delivery. The internalization of Suc CDs was observed by epi-
fluorescence microscopy and the results are shown in Fig. 3A.
After 2 h incubation with 100 pg ml™" concentration of Suc CDs
at 37 °C, it was found that the Suc CDs crossed the cell cyto-
plasm in Renca and HK2 cell lines suggesting that the CDs can
permeate through the cell membrane. Blue fluorescence is
observed in the nucleus of the cells due to DAPi staining. The
excitation dependent emission of the Suc CDs shows green
emission observed under blue illumination. The Suc CDs were
not modified with any targeting molecules or chemicals and yet
they were successfully taken up into the cells which might be
attributed to the surface charge zeta potential and smaller size
of the Suc CDs and their specificity for cancer cells as explained

Nanoscale Adv,, 2025, 7, 2751-2760 | 2755
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(A) Endocytosis of Suc CDs observed under epifluorescence microscopy of Renca and HK2 cell lines after incubation with Suc CDs for 2 h.

The blue fluorescence is due to DAPI, the carbon dots exhibited green fluorescence, and an overlay image of Renca cells and HK2 cells. The scale
bars are 25 um in all the images; (B) cell viability of HK2 cells (healthy) and Renca cells (cancer) treated with various concentrations of Suc CDs for
48 h with WST-1. The control sample at 0 pg ml™* is the untreated cells; (C) cell viability measured using the WST-1 assay of doxorubicin as
a single therapy and in combination with Suc CDs after 48 h incubation in the Renca cell line (n = 3, £SD). The concentration is for DOX alone and
the DOX concentration in the conjugates. * Denotes a significant decrease in cell viability compared to single drug treatment (p < 0.05).

by the EPR effect. Compared to traditional methods for
doxorubicin delivery for solid tumour treatment, the advantage
of using carbon nanoparticles include high permeability and
retention, high cell internalization, and low cytotoxic to healthy
cells and surrounding tissues. Previous studies demonstrated
that the DOX + CDs conjugate complex selectively accumulates
at the tumour site to induce apoptosis in A549 cells (human
lung carcinoma cells). This also demonstrated the targeted
delivery of the DOX + CDs conjugate at the tumour site to
stimulate apoptosis of A549 cells, thus reducing the effect of
free DOX induced necrosis. In addition, they showed that the
DOX + CDs group shows higher ability to inhibit tumour
growth in comparison to the free DOX group.** The uptake
of CDs could be through caveolae and clathrin-mediated
endocytosis as well as reported by
a previous study.*

For evaluating the cytotoxicity of the Suc CDs, we selected
the renal carcinoma cell line (Renca) and HK2 proximal
tubular cell line derived from a normal kidney for comparison.

passive diffusion

The sucrose CDs possess very low to no toxicity in cells. Suc
CDs demonstrate over 90% cell viability at concentrations up
to 200 pg ml~" after 48 h, indicating excellent biocompatibility
for medical applications (Fig. 3B). In evaluating the impact of
DOX and the Suc CDs + DOX complex on Renca cells, WST-1
assay revealed higher cell viability with Suc CDs + DOX at 1
uM compared to DOX alone. IC5, for both compounds was
achieved at 1 pM and 5 pM concentrations. Notably, Suc CDs +
DOX demonstrated reduced cell viability at higher concentra-
tions (5 uM, 10 uM, 25 uM, and 50 uM) compared to DOX alone
as shown in Fig. 3C.
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In vivo biodistribution and antitumour therapeutic efficacy

Fluorescence imaging using an NIR in vivo IVIS system was used
to assess signal intensity and biodistribution of IR-780 and Suc
CDs + IR-780 in a RCC tumour mice model. Tail vein injection
revealed prolonged accumulation of Suc CDs at the tumour site
over 24 h and 7 days, emphasizing targeted tumour delivery
(Fig. 4A and B). To validate fluorescent properties of Suc CDs
conjugated to IR-780 for live animal imaging and localization of
the sucrose CD nanoparticles in the tumour site, IR-780 and Suc
CDs + IR-780 were injected into the tumour bearing left kidney of
the orthotopic RCC mice model. The in vivo imaging clearly
shows the selective accumulation of Suc CDs + IR-780 at the
tumour site which induces NIR fluorescence signalling. The
conjugate of Suc CDs + IR-780 is visibly shown to be accumulated
at the tumour site for a longer period until 7 days. This is further
confirmed with an X-ray image of the mice at 48 h post injection
where an overlay image of NIR fluorescence signalling and X-ray
image shows signal accumulation at the tumour site and not in
other parts of the body (Fig. 4C1 and C2). Therefore, the conju-
gate allows tumour monitorization by NIR fluorescence imaging
and shows the targeted selective accumulation of Suc CDs at the
tumour site over a long period of time. Ex vivo organ imaging
shows the distribution of Suc CDs + IR-780 in the internal organs.
At 24 h p.i, the signal is mostly in the lung, liver, and both
kidneys. After 7 days post injection there is a signal only in the
tumour bearing left kidney which shows accumulation of the
conjugate at the tumour site (Fig. 4D). A comparison graph
(Fig. 4E) highlights the significant accumulation of Suc CDs + IR-
780 in the tumour-bearing kidney until 7 days, while bare IR-780
is rapidly cleared from the body (Fig. 4F).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CDs + IR-780 in tumour bearing mice showing the normal brightfield
image (C1) and overlay NIR fluorescence and X-ray imaging (C2)
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In an RCC tumour mice model, DOX and CDs + DOX were
injected weekly for 3 weeks at a dose of 4 mg kg™" of body
weight, resulting in an 88% decrease in tumour weight for DOX
alone and a remarkable 96% decrease for Suc CDs + DOX
compared to the control group. The conjugate showed an
additional 8% reduction in tumour growth compared to free
DOX, with no significant side effects observed (Fig. 5A and B).
The tumour growth inhibition rates for the free DOX and Suc
CDs + DOX group were calculated to be 89% and 96%, respec-
tively. IHC analysis explored Ki-67 expression in tumours. The
control group exhibited the highest Ki-67 expression in the
tumour-bearing kidney and lungs. DOX and Suc CDs + DOX
groups showed reduced Ki-67 expression, correlating with
decreased tumour weight. Suc CDs + DOX demonstrated lower
Ki-67 expression than DOX alone in tumour-bearing kidney
sections. The software quantified positive Ki-67 cells, revealing
increased expression in control group kidneys and lungs due to
metastasis. Suc CDs + DOX exhibited a significant decrease in
Ki-67 expression in the left kidney compared to DOX alone. No
significant decrease in Ki-67 expression was observed in lungs
for both treatment groups, indicating better survival (Fig. 5C
and D).

Lung metastasis can be detected by 15 days after tumour
implantation and was present in almost all animals by day 21.
No liver metastasis was observed in our study which was found
in another study.* The software quantified positive Ki-67 cells,
revealing increased expression in control group kidneys and
lungs due to metastasis. Suc CDs + DOX exhibited a significant
decrease in Ki-67 expression in the left kidney compared to DOX
alone. No significant decrease in Ki-67 expression was observed
in lungs for both treatment groups, indicating better survival
(Fig. 5C and D).*

In vivo side effect assessment

The cortical tubule cell height decreased in the DOX-treated
group's contralateral kidney, suggesting cellular atrophy. In
contrast, Suc CDs + DOX treated mice showed a significantly
lower decrease, indicating potentially lower injury compared to
that of DOX treated mice in normal renal tubular cells as shown
in Fig. 5E. The higher inhibition of tumour weight in Suc CDs +
DOX might be explained by targeted delivery of Suc CDs + DOX
and efficient accumulation at tumour sites via the EPR effect.*
Due to selective delivery and release and localization of the Suc
CDs (found via in vivo imaging of Suc CDs + IR-780), the
conjugate of Suc CDs + DOX does not show any adverse effect,
and thus Suc CDs can be used as a promising nanocarrier for
the transportation of DOX and reducing systemic toxicity.

showing localization of Suc CDs + IR-780 at the tumour site (left
kidney). (D) Ex vivo NIR fluorescence images of the organs isolated
from Suc CDs + IR-780 and Ir-780 only injected tumour bearing mice
at 2 h, 24 h and 7 days post injection; (E) NIR fluorescence intensity of
the signal in the isolated organs of the Suc CDs + IR-780 mice over
a period of 2 h, 24 h and 7 days post injection in RCC tumour bearing
mice; and (F) NIR fluorescence intensity of the signal from Suc CDs +
IR-780 and IR-780 alone in 7 days post injection RCC tumour bearing
mice.
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Fig.5 (A) Tumour growth inhibition by DOX and Suc CDs + DOX in a Balb/c tumour bearing RCC mice model after tail-vein injection of DOX and
Suc CDs + DOX (n = 6, dose: 4 mg kg~* mouse body weight). Tumour weight (g) in no treatment (control), and tumour weight reduction in free
DOX, and Suc CDs + DOX treatments; (B) survival proportion in mice in no treatment vs. treatment groups (DOX and Suc CDs + DOX) over 26
days; (C) percentage of tumour cells represented in parallel to expression of KI-67 in the tissue sections of the mice with Aperio Imagescope
software; (D) ex vivo IHC analysis of expression of ki-67 with a methyl green counterstain in tissue sections from the tumour bearing kidney (Left),
contralateral kidney (Right) and the lung in the control, DOX alone and Suc CDs + DOX group at 10x (scale bar = 200 pum); (E) mean cross-
sectional normal renal tubule cell height in the contralateral kidney (non-tumour kidney) for healthy control, Suc CDs + DOX and DOX alone
treatment groups. (**P value = 0.023, P < 0.05).
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Conclusion

We have successfully developed cost-effective novel nano-
particles called sucrose carbon dots with a size less than 5 nm
possessing renal clearable properties with a high fluorescence
quantum yield. They are soluble both in water and organic
solvents with good photostability and chemical stability and do
not form any precipitate over time. These Suc CDs are
biocompatible with no effect on cell viability and no effect on
healthy mice models. The renal clearable sucrose CDs can be
used as a carrier of anticancer agents such as DOX for effective
treatment in tumour bearing mice. The synthesized Suc CDs
conjugated to DOX effectively inhibit growth in the Renca cell
line. The tumour bearing Balb/c mice showed additional
tumour growth suppression in Suc CDs + DOX mice compared
to DOX alone. The Suc CDs + DOX group has less toxicity to
normal tubule cells. The off-target side effects of DOX can be
reduced by passive targeting of sucrose CDs due to the EPR
effect. The accumulation of Suc CDs is observed at the tumour
site for a longer time in tumour bearing mice confirming fluo-
rescent properties of Suc CDs conjugated to IR-780 for live
animal imaging and localization of the sucrose CD nano-
particles. Hence, the sucrose CDs can be used for imaging in
live animals and used as a biocompatible florescent nanocarrier
to carry cancer drugs specifically to the tumour site without any
cancer-targeting moiety to reduce off site targeting. Suc CDs
conjugated to DOX can avoid non-targeted delivery of DOX to
healthy tissues in the body and these renal clearable sucrose
CDs can be used as a nanocarrier for the transportation of DOX
and reducing systemic toxicity of DOX and other anticancer
agents for effective treatment of cancer and potential clinical
uses in the future.
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