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Synthesis of carbon dots from spent coffee grounds:
transforming waste into potential biomedical tools

In this study, fluorescent carbon dots (CDs) have been
synthesised by upcycling spent coffee grounds (SCGs). This
low-cost synthetic route eliminates the need for highly toxic
heavy metals and reduces energy-intensive reaction times,
thereby enhancing both biocompatibility and environmental
benefits. /In vitro studies of SCG-derived CDs demonstrated
their specific antiproliferative effect on the breast cancer
CAL-51 cell lines, while showing no adverse impact on healthy
breast, kidney, and liver cells.

Image reproduced by permission of Silvia Giordani from
Nanoscale, 2025, 17, 9947.

¥ ROYAL SOCIETY
PN OF CHEMISTRY

As featured in:

Nanoscale

[] NCNST

See Alex J. Eustace, Silvia Giordani
et al., Nanoscale, 2025, 17, 9947.

rsc.li/nanoscale

Registered charity number: 207890



Open Access Article. Published on 03 March 2025. Downloaded on 3/27/2026 5:49:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Nanoscale, 2025, 17, 9947

Received 9th December 2024,
Accepted 18th February 2025

DOI: 10.1039/d4nr05186f

rsc.li/nanoscale

Introduction

Synthesis of carbon dots from spent coffee
grounds: transforming waste into potential
biomedical tools¥
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¢ Daniela lacopino,

Yingru Zhou,
Michat Bartkowski,
Dorottya Krizsan,® Robert O'Connor," Susan J. Quinn,
Alex J. Eustace*P and Silvia Giordani (2 *2

Carbon dots (CDs) are small-sized, spherical nanoparticles presenting amorphous carbon cores with
nanocrystalline regions of a graphitic structure. They show unique properties such as high aqueous solu-
bility, robust chemical inertness, and non-toxicity and can be manufactured at a relatively low cost. They
are also well known for outstanding fluorescence tunability and resistance to photobleaching. Together,
these properties boost their potential to act as drug delivery systems (DDSs). This work presents a low-
cost synthesis of CDs by upcycling spent coffee grounds (SCGs) and transforming them into value-added
products. This synthetic route eliminates the use of highly toxic heavy metals, high energy-consuming reac-
tions and long reaction times, which can improve biocompatibility while benefiting the environment. A series
of physico-chemical characterisation techniques demonstrated that these SCG-derived CDs are small-sized
nanoparticles with tunable fluorescence. In vitro studies with 120 h of incubation of SCG-derived CDs
demonstrated their specific antiproliferative effect on the breast cancer CAL-51 cell line, accompanied by
increased reactive oxygen species (ROS) production. Importantly, no impact was observed on healthy breast,
kidney, and liver cells. Confocal laser scanning microscopy confirmed the intracellular accumulation of SCG-
derived CDs. Furthermore, the drug efflux pumps P-glycoprotein (P-gp) and the breast cancer resistance
protein (BCRP) did not impact CD accumulation in the cancer cells.

treatment methods, aiming to stop cancer cells by inhibiting
their division and growth. Chemotherapy can have good anti-

Cancer is a societal problem that accounted for almost
20 million new cases and 9.7 million deaths in 2022, accord-
ing to the International Agency for Research on Cancer
(IARC)." The IARC estimates that there will be an increase in
cancer diagnosis, resulting in over 32.6 million cases, which
will result in the deaths of up to 16.9 million people annually
by 2045." To address these issues, modern medicine is focus-
ing its efforts on developing novel treatments and improving
traditional therapies to boost the survival rate of cancer
patients.” Chemotherapy remains one of the most common
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cancer efficiency but is limited by several drawbacks, including
multidrug resistance (MDR), the high incidence of side effects
like pain and nausea, and the development of secondary
cancers.” To overcome limitations associated with chemo-
therapy and to improve patient outcomes, nanomedicine is
evolving rapidly to address these issues.””

Nanomedicine involves the use of nanomaterials for the
treatment, diagnosis, monitoring, control, and prevention of
diseases.® Nanomaterials with three external dimensions
<100 nm are referred to as nanoparticles (NPs).” Due to their
unique physico-chemical properties and large surface-to-
volume ratios, the development of NPs as drug delivery
systems (DDSs) has evolved rapidly in the past two decades.
Using NPs as DDSs offers significant benefits compared to
chemotherapy alone by reducing treatment-associated toxicity
and side effects, improving targetability, and overcoming drug
resistance.® Since doxorubicin-loaded liposomal particles
(Doxil™) were approved by the FDA in 1995,° many types of
organic, inorganic, and hybrid NPs have been investigated.
Carbon dots (CDs) have garnered significant interest due to
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their excellent optical properties, stability, dispersibility, versa-
tile surface modification, and biocompatibility."°

Discovered in 2004,'" CDs are quasi-spherical NPs (<10 nm)
featuring a carbon core structure consisting of a mix of sp*/sp®
amorphous carbon forms and a graphite lattice with sp?
carbon.”® They can be further categorised into graphene
quantum dots, carbon quantum dots, carbon nanodots, and
carbonised polymer dots based on their core carbon structure,
surface functional groups, and properties. CDs can be syn-
thesised by various top-down and bottom-up methods.'® The
precursors of CDs vary; interestingly, CDs can also be syn-
thesised with “green” precursors, such as food waste, which
allows the synthesis to be highly sustainable and eco-
friendly.'®

Spent coffee grounds (SCGs) are a common daily food
waste, with over 6 million tons produced annually.'* Landfills
remain the common method to handle such food waste, which
can lead to the generation of methane that harms the environ-
ment.”® Therefore, numerous attempts have been made to
convert SCGs into reusable and value-added products. They
have been used in the energy industry to produce biodiesel,
fuel pellets, bioethanol, and composting materials."*"*® In
addition, SCGs have also been adopted for biomedical appli-
cations such as the synthesis of bioplastic composites'® and
the production of other NPs like graphite oxide.'"” SCGs are
typically composed of 50% cellulose and hemicellulose,
10-15% fat, and 8.5 to 13.6% nitrogenous compounds'®—
because of their high carbon composition, SCGs are a viable
carbon source for generating CDs for sensing,'® anti-counter-
feiting,?® bioimaging,”" and nanomedicine.*

CDs have high biomedical potential.>® Numerous in vitro
and in vivo studies have displayed their high tolerance and low
toxicity in human cell lines, bacteria, mouse, and zebrafish
models.'® They have been investigated as imaging agents due
to their photoluminescence properties and can serve as DDSs
to target cancer cells.>* Successful surface modification, drug
loading, penetration of biological barriers, and potential for
improving the delivery of chemo-drugs have been reported.*

Reactive oxygen species (ROS) refer to various oxygen-con-
taining molecules generated through cellular metabolism that
are highly reactive.”® ROS play a critical role in cellular pro-
cesses, influencing cell survival, cell death, differentiation, sig-
nalling, and more. A balanced level of ROS supports cellular
redox activities, aiding in homeostasis; however, excessive ROS
production can induce oxidative stress, damaging organelles
and ultimately leading to cell death.>” CDs have been shown to
modulate ROS levels in different ways, either promoting or
scavenging ROS, thereby protecting or damaging cells depend-
ing on the context.”®2°

Multidrug resistance (MDR) is one of the common draw-
backs of chemotherapy, caused by various factors like epige-
netics and drug efflux, resulting in cancer cells being more tol-
erant to chemo-drugs. The ATP-binding cassette (ABC) trans-
porter family of cell membrane proteins acts on drug efflux sig-
nificantly. One of the members of the ABC transporter family,
multidrug resistance protein 1 (MDR1), which produces
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P-glycoprotein (P-gp), has been indicated to be over-expressed
in cancerous tissues and aids in drug efflux during the treat-
ment.*® Various methods have been developed to overcome
such issues in chemotherapy, such as modification of anti-
cancer drugs, MDR modulators, RNA interference therapy, and
multifunctional NPs.*' Awide range of NPs have been reported
to be promising in overcoming drug resistance caused by P-gp
through mechanisms including bypassing drug efflux, control-
ling drug release, and disturbing metabolism.*”

Herein, intrinsically fluorescent CDs were synthesised from
SCGs and isolated with a novel acetone-driven precipitation
method, an eco-friendly approach. These SCG-derived CDs
were investigated in terms of structure, size, physico-chemical
properties, and optical properties by an array of spectroscopic
techniques and atomic force microscopy. The in vitro studies
were carried out to assess their antiproliferative effects, impact
on ROS generation, potential anti-drug resistance effect, and
cellular internalisation and localisation. Our study confirms
that SCG-derived CDs are novel potential agents that may have
biomedical applications as DDSs.

Experimental
Materials

Coffee beans from two brands, Lavazza Qualita Rossa (LAV)
and KENCO Colombian (KEN), were purchased locally in
Dublin, Ireland. Sulphuric acid (H,SO,, 95-98%), nitric acid
(HNO3, >65%), sodium hydroxide (NaOH) pellets, and acetone
(>99.5%) were purchased from Sigma-Aldrich. Qualitative filter
paper was purchased from VWR. Polyethersulfone (PES) filters
(0.20 pm pore size) were purchased from GVS Filter
Technology (USA). Deionised water (diH,0) was purified using
a MilliQ® ultra-purification system to 18.2 MQ-cm at 25 °C.
Dulbecco’s modified Eagle’s medium (DMEM)
RPMI-1640 medium were purchased from Sigma-Aldrich.
Epithelial cell medium and hepatocyte cell medium were pur-
chased from Innoprot. MEGM™ (Mammary Epithelial Cell
Growth Medium) SingleQuots™ Kit was purchased from
Lonza. 4-Nitrophenyl phosphate disodium salt hexahydrate
(pNPP) was purchased from Thermo Scientific. Sulindac and
elacridar were purchased from Selleckchem. DRAQ5 was pur-
chased from Abcam. SN-38 was purchased from Selleckchem.
IncuCyte® Caspase- 3/7 Green apoptosis reagent was pur-
chased from Essen Bioscience. Dihydroethidium was pur-
chased from Merck.

and

Preparation of SCG-derived CDs

5 g of spent coffee grounds (SCGs) from Lavazza and KENCO
were weighed accurately and added to a round-bottomed flask.
A 10 mL 3:1 v/v mixture of H,SO,:HNO; (7.5 and 2.5 mL,
respectively) was prepared. The acid solution was gently trans-
ferred to the flask containing the SCGs. After the acid
addition, the mixture was sonicated in a Fisher Scientific FB
15050 ultra-sonic bath at 37 kHz (sweep mode) for 2 h. Then,
the reaction mixture was refluxed at 100 °C for 3 h under stir-
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ring conditions. After the reaction ended, the flask was cooled
down to room temperature. The solution was diluted in 20 mL
of diH,O and neutralised using NaOH 8 M. CDs were isolated
from the solution by two filtration steps (5 pm paper filter and
0.20 pm pore size PES filter).

The purification of the CDs was achieved through two dis-
tinct methods. The first method employed was the acetone-
driven precipitation (AP) of the filter solution with acetone in a
1 to 1 ratio. The precipitated CDs were further washed three
times with acetone and dried in a vacuum desiccator. The
second method employed dialysis (D); briefly, another batch of
SCG-derived CDs was dialysed using a 1 kDa Pur-A-Lyzer™
Mega dialysis kit (Sigma-Aldrich). A 1 L beaker was filled with
diH,O and the dispersion was kept under constant stirring for
3 days. The solution medium used for the dialysis was
changed three times every 3 h, with the final medium left over-
night to remove as much excess salts as possible (Na,SO, and
NaNOj;). The final dark brown solution was filtered with a
0.20 pm pore size nylon filter (GVS Filter Technology) to
remove further impurities and dried using a rotary evaporator.

Characterisation

UV-vis absorption spectroscopy was carried out on a
Shimadzu UV-2600 using 1 mL quartz cuvettes. The reported
concentrations, 5 to 250 pg mL ™, were prepared in diH,0, and
the dispersions were achieved through sonication for 15 min
at 37 kHz (sweep mode). Background correction was carried
out. For all spectra, the 0.1% extinction coefficient at 265 nm
is reported, with a linear regression R* value of >0.999.

Fluorescence emission spectroscopy was carried out on a
PerkinElmer LS-55 spectrofluorometer with FL WinLab soft-
ware used for instrument control. A xenon flash lamp, operat-
ing at 50 Hz with a peak power output equivalent to 20 kW
during continuous operation, served as the light source for
both emission studies and repeated sample irradiation. All
samples were prepared and dispersed in diH,O and analysed
at concentrations between 5 and 5000 pg mL ™" after 15 min of
sonication. The analysis parameters optimised for the SCG-
derived CDs were as follows: the excitation wavelengths were
350 and 390 nm, the emission scan range was set to
360-700 nm, and the excitation and emission slit widths were
15 nm, unless otherwise specified.

Attenuated total reflection Fourier-transform infrared spec-
troscopy (ATR-FTIR) was conducted using PerkinElmer
Spectrum Two and Nicolet iS5 instruments under ambient
conditions. The ATR crystal was a diamond with a single reflec-
tion, the detector was a DTGS KBr, and a large aperture (100)
was used. Spectral resolution was optimised for a data spacing
of 0.482 cm™", and 128 sample accumulations were taken over
a wavenumber range of 4000-500 cm™' for all SCG-derived
CDs. Norton Beer Strong apodization and atmospheric sup-
pression were applied by default. Baseline correction was not
performed.

'H and C nuclear magnetic resonance (NMR) analyses
were carried out on a 600 MHz Bruker Avance. AP-LAV-CDs
were dissolved in D,O (4% w/v), sonicated for 5 min, and ana-
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lysed at a high scan count to achieve a good S/N ratio, specifi-
cally, 1024 scans for "H NMR, and 4096 scans for *C NMR.

X-ray photoelectron spectroscopy (XPS) analysis was carried
out on a Scienta Omicron XPS (monochromatic Al Ko 1486.7
eV X-ray source, base pressure 5 x 107° mbar) with a 128
channel Argus CU detector (54.7° source analyser angle).
AP-LAV-CDs were deposited on carbon pads affixed to a Cu
carrier wafer. CasaXPS software was used for data processing,
quantification and visualisation. The binding energy (BE) scale
has been calibrated to 284.5 eV with respect to the C 1s peak.

Dynamic light scattering (DLS) and zeta potential (ZP) ana-
lyses were conducted on all SCG-derived CDs at concentrations
of 10, 20, 50, 100, 250, and 500 pg mL~". Prior to analysis,
each sample was dispersed in diH,O and sonicated for 15 min,
then equilibrated to 25 °C. Measurements were performed
using a Malvern Zen 3600 ZetaSizer instrument in backscatter
(173°) mode. DLS data were collected using a PCS1115 cell,
and ZP measurements were taken with a DTS1070 cell. Each
sample underwent 6-9 rounds of DLS and ZP measurements.
The Malvern ZetaSizer software was used to control the instru-
ment, acquire data, and handle initial processing, including
the conversion of intensity data to volume and number data. A
refractive index (RI) value of 2.05 was used for this conversion.
Although RI values of 1.55 and 2.55 were also tested, the small
size of the SCG-derived CDs meant that the RI parameter had
virtually no impact on the data’s standard deviation, as con-
firmed by an eta-squared (i) test, with #* < 0.0003. Further
data handling, statistical analysis, and plotting were per-
formed using a custom Python script incorporating the mat-
plotlib package. Outliers in the datasets for each concentration
were removed using the generalised extreme studentised
deviate (ESD) test with a significance level of 0.05.

AFM images were taken in amplitude modulation mode
under air using Tap150Al-G tip (Budget Sensors). The instru-
ment used was Asylum Research Olympus AFM, at a scan rate
of 0.8 Hz. The target amplitude and setpoint were adjusted to
1.0 V and 500.0 mV, respectively. The amplitude inverse optical
laser sensitivity (Amp InvOLS) and the spring constant of the
cantilever were determined to be 92.17 nm V' and 29.43 nM
nm™", respectively, using thermal calibration. The drive fre-
quency and drive amplitude of the tip were determined to be
272.110 kHz and 1.07 V, respectively, using Tune calibration. A
solution of AP-LAV-CDs was prepared in diH,O with an optical
absorbance of 0.1 at 330 nm. A glass microscope slide was
soaked in MeOH for 1 h, rinsed in EtOH and dried under a
stream of nitrogen. A 1 x 1 cm mica disc was adhered onto the
middle of the glass slide using superglue and allowed to set.
The top layer of the mica was cleaved using Scotch tape.
100 pL of diH,O was dropped on the mica, and onto this,
20 pL of the AP-LAV-CDs solution was dropped and mixed well
with a pipette tip. The prepared glass slide was allowed to dry
on a hotplate set to 50 °C for 5 min, which was then turned up
to 70 °C for a further 5 min. The slide was then removed and
allowed to cool to room temperature for 5 min. NP population
size was assessed using Gwyddion software with the line scan
method, as shown in Fig. S8Bf, based on n = 610 NPs. Data
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visualisation was achieved using a custom script written in
Python.

Transmission electron microscopy (TEM) analysis was per-
formed on a high-resolution JEOL 2100 electron microscope
equipped with a LaBg electron source and a Gatan DualVision
600 charge-coupled device (CCD), operating at an accelerating
voltage of 200 keV. NP population size was assessed using
Image] software with the equivalent spherical diameter (ESD)
method, based on n = 1494 NPs.

The quantum yield (QY) of AP-LAV-CDs was determined
using a relative method.*® Rhodamine 6G (QY = 95% in
ethanol, excitation wavelength 410 nm) was selected as the
reference. The QY of the AP-LAV-CDs was calculated using eqn
(1) given below:

AT n?
P=P' X —=X—X— (1)
I A n
where @ is the quantum yield being calculated, @' is the
quantum yield of the reference, and I and I’ are the integrated
emission intensities of the sample and the reference, respect-
ively. A and A’ are the optical absorbances of the sample and
the reference, respectively. n and »' are the refractive indexes of
the sample solvent (diH,O) and the reference solvent
(ethanol).

The AP-LAV-CDs and Rhodamine 6G solutions were pre-
pared at concentrations adjusted to ensure optical absorbance
values between 0 and 0.5 at 330 nm. The photoluminescence
(PL) spectra were measured at an excitation wavelength of
341 nm, and the emission intensity was integrated using
Origin software. A Gaussian function was applied to fit the
peak, and the integration was performed based on this fit.

Raman spectra were obtained by analysing AP-LAV-CDs de-
posited on a glass slide. Ten different points on the powder
were selected, and spectra were acquired at each point using a
532 nm laser with a 10x objective. The laser power was set to
10%, and the acquisition time for each spectrum was 15
seconds. The measurements were conducted using an XploRA™
PLUS Raman spectrometer with an XploRA™ PLUS confocal
Raman microscope (HORIBA). Raman data handling and pro-
cessing were carried out in Python. Baseline correction was
carried out using cubic spline interpolation. Smoothing was
applied using the Savitzky-Golay filter, with a window size of 7
and a polynomial order of 3. Spectral normalisation was
employed to facilitate comparison between spectra obtained
from different points. Finally, data from multiple points were
averaged to obtain a representative spectrum of the sample,
with n = 4. A p = 0.05 confidence band was fitted to the data. To
avoid overfitting of the data, deconvolution of the spectra was
only on the most prominent bands, namely the D, A and G.

Biological studies

Human breast carcinoma cell line CAL-51, human ovarian car-
cinoma cell line SKOV-3, and human breast epithelial cell line
MCF-10A were purchased from ATCC. Human renal epithelial
cells (HREpiC) and human hepatocyte cells (HH) were pur-
chased from Innoprot. CAL-51 cells were cultured in DMEM

9950 | Nanoscale, 2025, 17, 9947-9962

View Article Online

Nanoscale

supplemented with 10% fetal bovine serum (FBS), SKOV-3
cells were cultured in RPMI-1640 medium supplemented with
10% FBS, MCF-10A cells were cultured in DMEM-F12 sup-
plemented with 10% FBS and the MEGM™ (Mammary
Epithelial Cell Growth Medium) SingleQuots™ Kit. HREpiC
were cultured in epithelial cell medium supplemented with
2% FBS, 1% epithelial cell growth supplement, and 1% peni-
cillin/streptomycin solution. HH cells were cultured in hepato-
cyte cell medium supplemented with 5% FBS, 1% hepatocyte
growth supplement, and 1% penicillin/streptomycin solution.
All cell lines were maintained at 37 °C under a humidified
atmosphere with 5% CO,.

The cell viabilities were measured using the acid phospha-
tase assay. Cells were seeded onto 96-well plates and incubated
for 24 h to allow attachment. The following conditions were
tested: AP-LAV-CDs treatment, drug efflux pump inhibitor
treatment, and combination treatments of AP-LAV-CDs and
drug efflux pump inhibitors.

AP-LAV-CDs were firstly prepared in ultra-pure water at a
concentration of 5 mg mL™" and further diluted to desired
concentrations in cell media. In the AP-LAV-CDs treatment, the
final concentrations of AP-LAV-CDs ranged from 250 pug mL ™"
down to 1 pg mL™". In the drug efflux pump inhibitor treat-
ment, the concentrations of sulindac tested were 100, 50, 25,
and 12.5 uM, and the concentrations of elacridar tested were
1, 0.5, 0.25, and 0.125 pM. In the combined treatment, the
concentrations of sulindac and elacridar tested with the
AP-LAV-CDs were 12.5 pM and 0.25 pM, respectively. The final
concentrations of AP-LAV-CDs in the combined treatment were
250, 125, 62.5, and 31.25 pg mL ™.

After incubating for 120 h, acid phosphatase assays were
performed. The plates were washed twice with PBS, and then
100 pL of 1 mg mL™" PNPP solution was added to each well.
The plates were incubated for 80 to 110 min, followed by the
addition of 50 pL of 1 M sodium hydroxide solution.
Absorbance was measured using a Biotek-Synergy HT Multi-
detection microplate reader at 620 nm, subtracting the reading
from 405 nm. Each test was repeated three separate times, and
averages were used for analysis.

ROS production was assessed using a dihydroethidium
(DHE) protocol. DHE is a superoxide indicator that stains the
cytoplasm of living cells blue and emits red fluorescence upon
oxidation by ROS. CAL-51 and MCF-10A cells were seeded and
incubated under the same conditions as in the cell viability
test, except black-walled 96-well plates were used. After 120 h
of incubation, DHE was added to each well to a final concen-
tration of 3 pM. The plates were incubated for 10 minutes
before being read using a Tecan Infinite F200 microplate
reader. Fluorescence emission at 590 nm was measured under
excitation at 560 nm. The data were normalised to the control,
and standardisation was made to account for changes in cell
viability.

The apoptosis assay was performed using the Incucyte®
live-cell analysis system. CAL-51 cells were seeded at a density
of 1500 cells per well. The cells were treated with the final con-
centration of 250 pg mL™" AP-LAV-CDs or 150 nM SN38. All

This journal is © The Royal Society of Chemistry 2025
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wells were applied with the Caspase-3/7 Green Apoptosis
Reagent diluted at a 1:2000 ratio. The plate was monitored for
120 h in Incucyte, with two images per well captured every 4 h
to measure cell confluency and caspase-3/7 activation.

To conduct the cellular internalisation and localisation
study of AP-LAV-CDs, SKOV-3 cells were seeded onto 8-well
glass-bottom p-slides (ibidi®) at a seeding density of 3600 cells
per well and incubated for 24 h to allow attachment.
AP-LAV-CDs were added to the wells at final concentrations of
50 and 250 ug mL ™', while the control was treated with cell
medium only. After incubating for 24, 72, and 96 h, the wells
were washed twice with PBS and fixed with 4% formaldehyde
for 10 min at room temperature. Following fixation, formal-
dehyde was removed, and the wells were washed twice with
PBS and then stained with 250 uL of DRAQS5 diluted in PBS at
a ratio of 1:1000. The images were captured using a Leica SP8
STED confocal microscope. A UV laser (405 nm) and a white
light laser (647 nm) were used to excite the AP-LAV-CDs and
DRAQS5, respectively. A magnification of 40x was used for the
time course cellular accumulation study, and 63x was used for
the localisation study. Images were viewed and adjusted with
consistent brightness parameters applied and post-processed
for the reduction of autofluorescence and artifacts.
Specifically, identical parameters were applied to all images
for hot pixel removal to minimise cellular autofluorescence
and artefacts. Additionally, exposure equalisation across all
images was achieved by normalising the red channel of each
individual image via white point reduction, applying the same
adjustment to the green channel. Finally, all images were uni-
formly adjusted by increasing the black point of the green
channel by 1.96%, a value that was optimised to maximise the
clipping of background autofluorescence, and minimise the
clipping of intracellular fluorescence.

Statistical analysis was performed using two-tailed ¢tests.
One-sample t-tests for cell viability and ROS production on
AP-LAV-CDs, and drug efflux pump inhibitor studies; two-
sample ¢-tests for the combined treatments in anti-drug resis-
tance study were used. The significance threshold was set at p
< 0.05. In the results, * denotes p < 0.05, ** denotes p < 0.01,
and *** denotes p < 0.001.

Results and discussion
Preparation of SCG-derived CDs

SCG-derived CDs were prepared using an oxidative method
focused on a top-down approach (Fig. 1), in which strong acids
oxidise a carbon-rich precursor material. Herein, SCGs from
Lavazza (LAV) and KENCO (KEN) were used as a precursor and
source of carbon. We performed two purification methods on
the SCG-derived CDs: the conventional combination of fil-
tration and dialysis (D) and a novel acetone-precipitation (AP)-
driven purification method. Both methods yield CDs with com-
parable characteristics based on the results of our analyses.
Given the novelty of the AP method over the conventional
approach, we focused our studies on the AP-LAV-CDs.
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Fig. 1 Schematic synthesis of SCG-derived CDs and summary of differ-
ences between SCG-derived CDs on the precursor SCGs and the purifi-
cation method.

Different brands of coffee beans showed no significant
differences during the synthesis procedure. The SCGs, Lavazza
and KENCO, differ in the origin of the coffee beans. KENCO is
composed entirely of Arabica beans, while Lavazza primarily
consists of Southeast Asian Robusta beans. Based on our
observations and results, which will be detailed in the next
section, these two brands generated highly similar SCG-
derived CDs. Therefore, we believe the brand of coffee beans
has a limited impact on the synthesis process and the pro-
perties of the resulting SCG-derived CDs.

For the biological in vitro studies, we have selected the SCG-
derived CDs purified through the AP method, specifically
AP-LAV-CDs. We decided to further explore CDs purified by the
novel AP method as an alternative to the commonly utilised
dialysis approach as it offers comparable CDs with several
benefits. For instance, in addition to expensive filter mem-
branes, dialysis requires systematic water changes over several
days, leading to significant deionised water consumption.
These frequent water changes underscore a very significant
drawback of dialysis: the extensive time requirement. In fact,
with the AP method, the purification step in making the CDs
is a question of a few minutes vs. several days.

Characterisation of SCG-derived CDs

Attenuated total reflectance Fourier-transform infrared spec-
troscopy (ATR-FTIR) was conducted to identify functional
groups on the surface of AP-LAV-CDs (Fig. 2A). The broad band
at 3322 cm™ ", associated with 1(O-H) stretching, indicates the
presence of -COOH and -OH groups on the surface. The
breakdown and partial oxidation of the carbon precursor
result in a surface rich in hydroxyl and carboxylic acid groups,
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explaining the SCG-derived CDs’ excellent water solubility. The
band centred at 1402 cm™" corresponds to v(C=C) stretching,
while the sharp band at 1598 cm™" relates to 1(C=O0) stretch-
ing. The 1099 cm™" peak is attributed to £(C-O-C) stretching.>*
ATR-FTIR spectroscopy was also carried out on D-LAV-CDs
(Fig. S1At) and D-KEN-CDs (Fig. S1B}). The spectra of these
two dialysis-purified materials are similar to one another, with
minor differences observed in their fingerprint regions.
Further distinctions are evident when comparing these
spectra to those of the AP-LAV-CDs; notably, the acetone-puri-
fied CDs do not exhibit a band in the aliphatic v(C-H) region,
while the dialysis-purified CDs both show a low-intensity band
at 2925 + 1 ecm™". This observation suggests that acetone pre-
cipitation may be more effective than dialysis in removing
certain impurities. For a comprehensive comparison, the
ATR-FTIR spectral data for all SCG-derived CDs are provided in
(Table S17).

Raman spectroscopy was employed to examine the internal
structure of the SCG-derived AP-LAV-CDs. The Raman spec-
trum (Fig. 2B) reveals three characteristic bands. Namely, the
D-band at 1323 cm™!, A-band at 1469 cm™!, and G-band at
1567 cm™*, which are typical of CDs.*>° The I/I; ratio, calcu-
lated based on the integrated ratio of the area under the
deconvolution curves, is 1.98.

The D-band at 1323 cm ™" is attributed to the vibrational
modes of carbon atoms hybridised sp®, while the G-band at
1567 em™ " corresponds to carbon hybridised sp”. The D-band
is associated with the vibrations of carbon atoms with dan-
gling bonds, unsaturated valence electrons on immobilised
atoms,*” in the termination plane of disordered graphite or
glassy carbon. These bonds are highly reactive, and at the
nanoscale, their reactivity and concentration increase due to
the larger surface-to-volume ratio. This reactivity explains the
intense D-peak observed in the Raman spectrum in Fig. 2B.
The G-band corresponds to the E,, mode of graphite and is
related to the vibration of sp> hybridised carbon atoms in a
two-dimensional hexagonal lattice.*®

9952 | Nanoscale, 2025, 17, 9947-9962

The intensity ratio (Ip/I) is commonly used to measure the
graphitisation or degree of disorder in CDs, as expressed by
the sp®/sp” carbon ratio. A high Ip/Ig ratio indicates a greater
degree of disorder in the sample.?®

The 980 cm™" peak in the Raman spectrum arises from the
glass substrate on which the sample was deposited, and it is
attributable to the symmetric stretching vibrations of Si-O
bonds. Since glass spectra typically do not exhibit peaks above
1200 cm™', any peaks observed beyond this range unequivo-
cally originate from the AP-LAV-CDs sample.*® A similar signal
due to the Si/SiO, substrate was reported by Qing Zhao and
H. Daniel Wagner during their analysis of carbon-nanotube-
based composites.*!

At approximately 1800 cm™ ', the so-called C-band can be
observed.*” This band corresponds to the stretching mode of car-
bonyl groups present on the surface of the AP-LAV-CDs. This
observation is consistent with the ATR-FTIR spectrum.****

'"H and "*C nuclear magnetic resonance (NMR) spec-
troscopy of AP-LAV-CDs was performed. The "H NMR spectrum
(Fig. S2AT) confirms the presence of both sp® and sp” hybri-
dised carbon atoms. Based on their chemical shifts (5), distinct
carbon types can be identified: sp> hybridised carbons, associ-
ated with aromatic and vinylic groups, appear in the
9-6.5 ppm range, while sp® hybridised carbon atoms are
present in two key regions: one corresponding to aliphatic
hydrocarbons attached to hydroxyl, ether, and carbonyl groups
(4.5-3.5 ppm), and the other to sp® C-H protons (2.5-1 ppm).
The latter two regions, indicative of sp® hybridised carbon, are
more abundant than the regions of sp> hybridised carbon, as
shown in the spectrum.*?

In addition, the *C NMR spectrum (Fig. S2Bt) provides
further insights. It shows peaks in two main regions, the sp®
hybridised carbon and carbon attached to hydroxyl groups
around 70 ppm, as well as sp® hybridised carbon, particularly
those in carbonyl groups (C=0), observed near 180 ppm.*°

X-ray photoelectron spectroscopy (XPS) was carried out to
investigate the surface chemical states and composition of

1
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AP-LAV-CDs (Fig. 3). The survey spectrum (Fig. 3A) shows the
presence of two predominant peaks, a C 1s peak at a binding
energy (BE) of ~284.5 eV, and an O 1s peak at 532.5 eV. The
calculated atomic percentages for O, C and N are ~43%, ~54%
and 2%, respectively. According to a recent meta-analysis of
115 different reported CDs,’” the ~43% oxygen content of
AP-LAV-CDs is high, but not unusual, and the ~2% nitrogen
content is normal. The XPS scans showed significant charging,
even when using a charge neutralisation source. To account
for this, the spectra were shifted such that the peak of the C 1s
envelope appears at 284.5 eV.

The high-resolution XPS spectra of AP-LAV-CDs provide
insights into the surface chemical states of carbon and oxygen
(Fig. 3B and C). The deconvoluted C 1s spectrum (Fig. 3B)
reveals distinct peaks corresponding to C sp®> and C sp’
bonding environments (~284.0, ~284.9 eV), as well as C-O
(~286.4 eV), C=0 (~287.8 eV), and O-C=0 (~289.2 eV), con-
firming the presence of diverse oxygen-containing functional
groups. A notable feature of the C 1s peak is its broadness,
suggesting a heterogeneous distribution of chemical states.
Precise assignment of peak positions is difficult due to the
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charging effect mentioned above, and the C sp® component
appears at a slightly lower binding energy than is commonly
reported. This lower binding energy is consistent with a defec-
tive structure, and this is further supported by the binding
energy separation between C-O and sp® components of the fit
which shows a separation of 2.4 eV, which is larger than is typi-
cally reported for graphitic carbon.*®

Similarly, the O 1s spectrum (Fig. 3C) is resolved into peaks
at ~531.6, ~532.2 and ~533.0 eV, attributed to C=0, O-C=0
and C-O bonding environments, respectively. The predomi-
nance of carbon-oxygen functionalities in both spectra corro-
borates the high oxygen content revealed in the survey
spectrum.

The (PLE), photo-
luminescence (PL) and UV-Vis absorption spectra of the
AP-LAV-CDs dispersed in diH,O at 250 pg mL™" are reported in
Fig. 4A. In the PLE spectrum, two excitation maxima are
observed at 341 and 385 nm for an emission wavelength of
448 nm. The corresponding PL spectra confirm that the tran-
sition at 341 nm has the highest intensity. The UV-vis spec-
trum highlights a shoulder at 265 nm.

photoluminescence  excitation
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Fig. 3 XPS survey and high-resolution spectra of AP-LAV-CDs. (A) Survey spectrum annotated with predominant peaks, including substrate-derived
Si peaks. Binding energy (BE), atomic percentages, and ratios (relative to C) of shaded peaks are provided. High-resolution core-level spectra of (B) C
1s and (C) O 1s are deconvoluted, with distinct bonding environments labelled.

This journal is © The Royal Society of Chemistry 2025

Nanoscale, 2025, 17, 9947-9962 | 9953


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr05186f

Open Access Article. Published on 03 March 2025. Downloaded on 3/27/2026 5:49:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
A.
2.0
CDs in diH,0 (250 pg/mL) L 500
] PLE Aem = 448 nm —
. B PL Aex = 341 nm —
5 157 PL Ay = 385 nm — [ 400
S UV-Vis Abs. “***
[
S - 300
£ 1.0 1
o g - 200
0
el
< 0.5 A
[ - 100
o I I ,l 0
200 300 400 500 600
Wavelength (nm)
C.
500 Aex =350 nm CDs in diH,0
== 5mg/mL 250 pg/mL
400 - == 2mg/mL 100 pg/mL
== 1mg/mL ~— 50 pg/mL
== 05mg/mL ~ 20 pg/mL
300 A — 10 pg/mL
- = 5pg/mL

200 A

100 -

Fluorescence Intensity (a.u.)

T T
450 500

T
400

550
Emission Wavelength (nm)

600 650

Fluorescence Intensity (a.u.)

View Article Online

Nanoscale
B. x102
550 4.64

— Ay )\e’:(:BQGnm; Aen=478 nm b. )\9’:(:341nm; Aen=445 nm —_

OA= 88nm; PL=345a.u. OA=104nm; PL=462a.u. =
E 500 4.0 i
£ © X 2aam; P -senaru. 35 2>
g Ex.|Em.slit: 15|15 nm 3.0 2
2 Concenfragion: 250 pg/mL Q
q>, 400 = solvent: diH,0 25 g
©
3 20 8
c 3
2 1.5 2
- -
& 300 10 ¢
] (]
f 05 2

210 4 0.0
210 300 400 500 600 650

Emission Wavelength (nm)

D.

- eon Aoy =341 nm CDs in diH,0 (250 pg/mL)
=3 = T=0 = 60min
& 500 1 — 10min = 70min
.*? = 20 min 80 min
2 400 - — 30min 90 min
‘2 = 40 min 100 min
o 300 A — 50 min 110 min
(%] 120 min
@

3 200 A

a

2

g 100 ~

™

0 T T T T T
400 450 500 550 600 650

Emission Wavelength (nm)
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showing a linear decrease over time.

Further UV-vis absorption spectroscopy was performed on
AP-LAV-CDs dispersed in diH,O at 5, 10, 25, 50, 100 and
250 pg mL~' (Fig. S3Cf). The UV-vis absorption spectra of
AP-LAV-CDs present a tail in the visible range, with absorption
increasing towards the UV region (<400 nm). A shoulder at
265 nm is observed at all concentrations, which is correlated
to the = — =* transitions of C=C bonds.*® The comparison of
UV-vis spectra between acetone-precipitated and dialysed SCG-
derived CDs, namely D-LAV-CDs (Fig. S3A1) and D-KEN-CDs
(Fig. S3Bft), suggests that acetone-precipitation is a more
effective purification method in this context. Dialysis appears
to leave behind small, absorbent impurities that obscure the
characteristic shoulder at 265 nm.

The wavelength dependence of the AP-LAV-CDs is rep-
resented using the excitation-emission matrix (EEM) fluo-
rescence spectrum, as shown in Fig. 4B. The AP-LAV-CDs
exhibit multi-mode excitation-dependent emission, character-
ised by three distinct emission behaviours: the first region

9954 | Nanoscale, 2025, 17, 9947-9962

centred at Ae/lem wavelengths of 230/434 nm, the second
region at 341/448 nm, and the third peak at 390/478 nm.>*>"
The first region (Fig. 4Ba) exhibits the smallest Stokes shift
(A2) of 88 nm, followed by the second region (Fig. 4Bb) with a
shift of 107 nm, while the third region (Fig. 4Bc) shows the
largest A1 at 204 nm. Similar behaviour is observed for
D-KEN-CDs (Fig. S4AT) and D-LAV-CDs (Fig. S4Bt). Due to the
partial overlap of second-order Rayleigh scattering with the
third emissive region at Ae, 210-250 nm for the three SCG-
derived CDs, the EEM data have been visualised in an alterna-
tive manner that highlights the Rayleigh regions, allowing for
clearer observation of the third emissive region (Fig. S5t). All
EEM data have been summarised in Table S27. These minimal
variations in emission behaviour, including the wavelength
shifts and changes in fluorescence intensity, can be attributed
to factors such as differences in nanoparticle size, surface
defects, and surface functionalisation, which influence the
photophysical properties of the CDs.>>>?

This journal is © The Royal Society of Chemistry 2025
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@y, is an important parameter that reflects the effectiveness
of CDs in various applications. It is influenced by multiple
factors, ranging from synthesis to surface functionalisation.>
The @Pgp, (dex = 341 nm, diH,0) of AP-LAV-CDs is notably high
at ~16%. This aligns with the literature,'® and can be attribu-
ted to the substantial presence of oxygen-rich surface func-
tional groups.>

Concentration-dependence studies (Fig. 4C) demonstrated
that the maximum fluorescence intensity of AP-LAV-CDs dis-
persed in diH,0 is obtained at 250 ug mL ™", Various processes
can induce quenching in the fluorescence, such as energy
transfer, ground state complex formation, and collisional
quenching.’® We speculate that it could be due to an aggrega-
tion of the SCG-derived CDs at high concentrations, inducing
a self-quenching,® or the inner filter effect caused by the
increased absorption of light.>®

Finally, the fluorescence photostability studies (Fig. 4D) of
AP-LAV-CDs dispersed in diH,O at the optimised concen-
tration of 250 pg mL~" were carried out using a xenon flash
lamp (50 Hz, peak power output equivalent to 20 kW). After
repeated sample irradiation over 120 min, the AP-LAV-CDs
retained >94% of their initial fluorescence intensity at Aex/Aem
of 341/448 nm (Fig. 4D inset), demonstrating good photo-
bleaching resistance.

Dynamic light scattering (DLS) and zeta potential (ZP) were
performed on the SCG-derived CDs. DLS provides insights into
the particle size distribution, while ZP analysis reveals the
surface electrostatic charge and colloidal stability. DLS results,
represented by number distribution at the concentration of
500 pg mL™', were 3.8 + 1.5 nm, 43.8 + 48.7 nm, and 6.2 +
2.2 nm for AP-LAV-CDs, D-LAV-CDs, and D-KEN-CDs, respect-
ively. Other concentrations were also tested, as shown in
Fig. S6 and Table S3.f Among the three types of SCG-derived
CDs, AP-LAV-CDs demonstrated the highest consistency across
different concentrations and the smallest particle size. This
characteristic is advantageous for biological applications, as
smaller sizes facilitate cell membrane penetration and ensure
proper clearance, which is critical to avoiding long-term tox-
icity.'® This observation further supports the selection of
AP-LAV-CDs for in vitro investigations.

ZP was measured at a concentration of 100 ug mL™", yield-
ing results of —15 + 6 mV, —23 + 5 mV, and —14 + 5 mV for
AP-LAV-CDs, D-LAV-CDs, and D-KEN-CDs, respectively. All
SCG-derived CDs exhibit a negative ZP, attributed to the oxi-
dative synthetic procedure that results in deprotonated car-
boxyl and hydroxyl groups on the NPs’ surface.

TEM imaging was carried out to study the size and mor-
phology of AP-LAV-CDs. The representative electron micro-
graph in Fig. 5A highlights two distinct populations of
AP-LAV-CDs, the large AP-LAV-CD has a diameter of 8.4 nm,
while the smaller AP-LAV-CDs range from 1.7 to 2.6 nm. To
better understand the population distribution of NPs in the
bulk sample, over 40 TEM images were taken at various
locations and magnifications. Four representative images at
different magnifications are displayed in Fig. S7.1 Size distri-
bution studies have been carried out on all acquired images to

This journal is © The Royal Society of Chemistry 2025
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provide a comprehensive characterisation of the material
across a significant portion of the sample. The results, sum-
marised in Fig. 5C, further indicate the presence of two dis-
tinct populations of NPs: the smaller NPs measured at 2.1 +
1.3 nm and the larger NPs measured at 16.3 + 4.5 nm.

The morphology of AP-LAV-CDs was further characterised
by atomic force microscopy (AFM), which revealed well-
resolved individual NPs of varying sizes (Fig. 5B and
Fig. S8At). The overall size distribution, shown in Fig. 5D, was
obtained by height profile analysis, as showcased in Fig. S8B.t
This analysis identified two distinct NP populations, namely, a
major population with a height of 2.0 + 1.2 nm and a minor
population with a height of 25.0 + 6.0 nm.

Both TEM and AFM results show close agreement regarding
the size of the smaller NPs, and both techniques identified a
secondary population of larger NPs (>9 nm). In both cases, the
smaller NPs represent the major population—with NPs over
9 nm constituting only 11% of the total measured by TEM and
12% by AFM.

Overall, the characterisation of SCG-derived CDs demon-
strated that different brands of coffee beans have a minimal
impact on their properties. Among the tested SCG-derived
CDs, AP-LAV-CDs, isolated using the novel acetone precipi-
tation method, displayed the most advantageous character-
istics. AP-LAV-CDs are low-cost and require less energy and
time for synthesis. They also exhibited superior physico-chemi-
cal properties, including smaller particle size as indicated by
DLS and higher purity as shown by UV-vis absorption spectra
and FTIR analyses. Based on these findings, we believe
AP-LAV-CDs hold significant potential for biomedical appli-
cations, and therefore, we focused the in vitro studies on this
material.

Cell viability studies

The study investigated the antiproliferative effects of
AP-LAV-CDs across different cell lines to evaluate its potential
as a therapeutic agent. Specifically, the cancer cell lines
CAL-51 and SKOV-3, as well as the non-transformed MCF-10A,
HH, and HREpiC cell lines, were tested. The results demon-
strated a cell line-dependent response to the treatment, with a
specific targetability towards CAL-51 at high concentrations
(Fig. 6).

In the CAL-51 cell line, concentrations up to 31 pg mL ™"
showed less than 20% inhibition of cell proliferation.
However, at 62 and 125 pg mL™' of AP-LAV-CDs, mild cyto-
toxicity was observed, reducing cell viability to 60-80%. At the
highest concentration tested (250 pg mL™"), CAL-51 cell viabi-
lity dropped to 60%, which falls at the threshold limit of the
‘moderate cytotoxicity’ range of 40-60%."”

In contrast, AP-LAV-CDs did not lead to significant cell via-
bility change in the rest of the cell lines tested, even at the
highest concentration of 250 pg mL~". This result indicates
AP-LAV-CDs alone had no impact on the cancerous SKOV-3
ovarian cell line, as well as three healthy cell lines: the
MCF-10A breast epithelial cells, HH liver cells, and the
HREpiC kidney cells.
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AP-LAV-CDs demonstrated specific targetability toward
CAL-51 cells while avoiding any impact on healthy cell lines in
the study. Since in vivo studies have shown that CDs commonly
localise in the kidneys and liver, it is crucial to ensure they do
not cause toxicity to these organs before applying them in bio-
medical applications.® Our results confirmed that AP-LAV-CDs
had no adverse effects on kidney and liver cells, paving the way
for their safe use in vivo without harming these critical organs.

In addition to sparing healthy cells, AP-LAV-CDs specifically
reduced the viability of CAL-51 cells under high concen-
trations, highlighting their potential as DDSs, which are nano-
particles that carry and deliver drugs efficiently to improve
treatment outcomes.'® This intrinsic ability to selectively elim-
inate breast cancer cells, even without surface functionalisa-
tion or drug loading, underscores their versatility and promise
in therapeutic applications.

The differing behaviour of AP-LAV-CDs across cell lines
could be attributed to various factors, such as the cell line’s
origin and the composition of the cell medium, which can
influence CD uptake, intracellular trafficking, and exocytosis,

This journal is © The Royal Society of Chemistry 2025
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ultimately leading to cell line-dependent behaviour.>® In other
studies, CDs have also been reported to maintain over 80%
cell viability in SKOV-3 cells with up to 1000 pug mL™*>° and
exhibit low toxicity in MCF-10A cells as well as in normal
mouse liver cell lines.®® Interestingly, silver NPs displayed a
concentration-dependent antiproliferative effect on CAL-51
cells,®" which is similar to what we discovered here.

Additionally, the toxicity of CDs can be influenced by their
properties, such as charge, nitrogen content, size, synthesis
precursor, and aggregation in the cell medium.®® The environ-
mentally friendly approach of using SCGs as a precursor also
contributes to low toxicity, as CDs synthesised from biomass
are generally safer and offer greater affordability, stability, and
eco-friendliness.®?

A notable factor of our cell viability study is that it employed
an incubation period of 120 h, which extends beyond the con-
ventional 72 h. The extended incubation period allowed
additional time for active cell division and proliferation, which
allowed us to derive more information on AP-LAV-CDs’ cellular
proliferation effects.

Overall, numerous factors contribute to the low toxicity of
AP-LAV-CDs on healthy cell lines and a selective targetability
towards breast cancer cells. The unique properties of the SCG-
derived CDs in this study led to a minor impact on cell pro-
liferation, suggesting their potential for development into low-
toxicity DDSs and bioimaging tools for biomedical appli-
cations with a potential advantage in targeting breast cancer.

ROS production study

AP-LAV-CDs specifically target the breast cancer CAL-51 cell
line without affecting other cell lines studied. Various mecha-
nisms have been reported for how CDs induce cell death,
including apoptosis, mitochondrial damage, metabolic inactiv-
ity, and oxidative stress.®*®® We conducted ROS production
and apoptosis assays on AP-LAV-CDs to understand how this
specific targetability eventually leads to cell death.

We involved two cell lines in the ROS production study: one
breast cancer cell line CAL-51, which displayed an anti-prolif-
erative effect under high concentrations of AP-LAV-CDs, and
another non-tumorigenic epithelial breast cell line MCF-10A,
which does not respond to AP-LAV-CDs under all concen-
trations tested. The results revealed increased ROS production
in CAL-51 cells but not in MCF-10A cells.

Under the same incubation conditions as the cell prolifer-
ation study, after 120 h of exposure to AP-LAV-CDs, ROS pro-
duction in CAL-51 cells significantly increased with rising con-
centrations. At the highest concentration (250 pg mL™"), fluo-
rescence intensity, which indicates the presence of ROS,
increased by over 170%; at 31 pg mL ™", ROS levels also rose by
more than 120%. In contrast, ROS production remained
unaffected in MCF-10A cells at all tested concentrations,
further confirming no impact on this healthy cell line (Fig. 7).

The capability of CDs to induce ROS is closely linked to
their surface properties and functional groups. For instance,
oxygen-containing groups on CDs are believed to promote ROS
generation.®”” Moreover, ROS production by CDs can occur

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 ROS production on MCF-10A and CAL-51 cells treated with
various concentrations of AP-LAV-CDs for 120 h. Data represent the
mean and standard deviations of three replicates. The significance
threshold was set at p < 0.05. * denotes p < 0.05, ** denotes p < 0.01,
and *** denotes p < 0.001.

through various mechanisms, with photochemical pathways
being commonly reported—specifically, upon light excitation,
electrons transferred to oxygen can generate highly active ROS
species.’® This ROS-induction capability not only enhances
AP-LAV-CDs’ targetability towards breast cancer cells but also
highlights their potential as photosensitisers for treating other
diseases, such as Alzheimer’s disease and acute kidney
injury.®®

From the results obtained, it is significant that ROS was
induced in the CAL-51 cell line. To understand if the as-pro-
duced ROS caused cell death by apoptosis, we investigated the
apoptosis effect of AP-LAV-CDs on CAL-51 cells. Our results
showed that AP-LAV-CDs reduced cell confluency but did not
increase apoptosis signals (Fig. S9t), indicating that ROS did
not induce cell death via apoptosis. Since CDs have been
reported to affect cell metabolism, they could disrupt glycoly-
sis, tricarboxylic acid cycle, and lipid metabolism, affecting
cellular signal transduction pathways such as Akt/mTOR sig-
nalling pathways, which are strongly interacting with ROS.>
Therefore, we suspect that the increased ROS induced by
AP-LAV-CDs may affect cell metabolic activities and, thus, lead
to decreased cell viability.

Overall, AP-LAV-CDs specifically triggered ROS production
in the CAL-51 cell line, which we inferred to induce cell death
by disrupting cellular metabolism. This process resulted in
both cytotoxic and cytostatic effects. These findings highlight
the potential of AP-LAV-CDs for cancer treatment and broader
biomedical applications.

Anti-drug resistance study

We studied the impact of drug efflux pumps on AP-LAV-CDs’
cellular accumulation using sulindac and elacridar, both of
which block the drug efflux pump MDR-1 (P-gp) and breast
cancer resistance protein (BCRP). Sulindac is a nonsteroidal
anti-inflammatory drug and a pro-drug of sulindac sulphide,
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which can block MDR-1 or P-gp. Sulindac is effective at
decreasing MDR and increasing the sensitivity of chemo-drugs
in various cell lines when administered at clinically achievable
concentrations.®® Elacridar can act not only on P-gp but also
on BCRP. It is an acridone carboxamide derivative that has
proved capable of increasing intracellular chemo-drug concen-
tration when targeting a range of cancers, such as small-cell
lung cancer and gastric cancer.”®”*

We wanted to measure the impact of drug efflux pumps on
the cellular accumulation of our SCG-derived CDs. Drug efflux
is caused by the ABC transporter family proteins located on
the cell membrane. The removal of drugs by drug efflux
pumps is a significant cause of drug resistance in cancer treat-
ment, leading to inefficient treatment outcomes.*® Therefore,
we aimed to determine whether the drug efflux pump MDR-1
(P-gp) and BCRP would affect the cellular level of AP-LAV-CDs.

At the concentration of 12.5 pM, sulindac did not impact cell
viability in either cell line. Previous studies indicated that the
optimal concentration at which sulindac® and elacridar inhibit
P-gp, while not affecting cell viability, is 12.5 pM and 0.25 pM,
respectively.”® We used these effective concentrations in the com-
bined treatment studies, shown in Fig. 8 and Fig. S10.7

The combination of elacridar and sulindac with the
AP-LAV-CDs did not enhance the antiproliferative effects of the
CDs alone. This finding suggests that drug efflux pump inhibi-
tors (P-gp and BCRP) do not aid in the cellular accumulation
of AP-LAV-CDs. Given that drug efflux pumps contribute to
MDR and reduce the efficacy of chemotherapy treatments, a
DDS not affected by the drug efflux pumps is highly desir-
able.?> This finding further supports the potential of SCG-
derived CDs to overcome MDR when transporting chemo-
drugs readily affected by drug efflux pumps.

In conclusion, AP-LAV-CDs are unaffected by the drug efflux
pump MDR-1 (P-gp) and BCRP, which further paves the way for
SCG-derived CDs to escape MDR in biomedical applications.

Cellular localisation and internalisation

Under the excitation wavelength of 405 nm, the green light
fluorescent AP-LAV-CDs were observed in the SKOV3 cells
(Fig. 9). It remains unclear whether the AP-LAV-CDs localise
within endo-lysosomal structures or the cytoplasm. However,
the punctuated fluorescence pattern with perinuclear localis-
ation suggests endo-lysosomal confinement and thus active
uptake.

Generally, most CDs have been proved to penetrate the cell
membrane and localise in the cytoplasm, which has a
minimal impact on the proliferation of cells.”” Some literature
studies have also reported CDs penetrating the nuclear envel-
ope, which highlights their potential to target diseases like
Alzheimer’s.”® However, the penetration of the nucleus by bare
CDs is rarely reported, as additional properties induced by
surface charges and functional groups are needed to improve
the interaction of CDs with the nuclear envelope and, there-
fore, aid in penetration.”” Indeed, further functionalisation of
the SCG-derived CDs could potentially aid their penetration
into the nucleus or other organelles.
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Fig. 8 Cellular viability of (A) CAL-51 and (B) SKOV-3 cells treated with
various concentrations of AP-LAV-CDs (0, 31.5, 62.5, 125, and 250 pg
mL™Y) in combination with and without 12.5 pM sulindac and 0.25 pM
elacridar for 120 h. Data were generated from the mean and standard
deviations of three replicates. No statistical significance was found
between AP-LAV-CDs alone and combined with drug treatment.

CONTROL 72h 250 pg/mL CDs

Fig. 9 Cellular localisation of AP-LAV-CDs after 72 h of incubation in
SKOV-3 cells treated with 250 ug mL™* and untreated (control). Nuclei
are stained with DRAQS5 (red). (Scale bar = 25 pm).

In the time course analysis (Fig. 10), we observed that
higher AP-LAV-CD concentrations resulted in higher intracellu-
lar accumulation. This accumulation increased over time and
was most significant after incubating the cells for 72 h.

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Time-course analysis of cellular accumulation of AP-LAV-CDs in SKOV-3 cells at concentrations of 0 (control), 50 and 250 ug mL™* and
incubation times of 24, 72 and 96 h. Nuclei are stained with DRAQ5 (red). (Scale bar = 50 pym).

Studies also reported the rapid internalisation of certain
CDs within 5 min.”* However, for CDs to function effectively as
DDSs, prolonged intracellular retention is preferred to enable
sustained drug release, a key factor in enhancing cancer treat-
ment outcomes. Factors such as cell type, physico-chemical
properties, size, and shape of NPs can affect their cell reten-
tion time.”” NPs within the size range of 10-100 nm are
reported to exhibit enhanced permeability and prolonged
retention.”® Our SCG-derived CDs include larger species
(>9 nm), which favour intracellular retention. This character-
istic likely explains the observed accumulation of AP-LAV-CDs
within cells, peaking at 72 h of incubation, followed by a slight

This journal is © The Royal Society of Chemistry 2025

decrease. Overall, the highly emitting AP-LAV-CDs were
observed with intracellular accumulation, with peak accumu-
lation found at 72 h, demonstrating their potential in bio-

imaging applications and as DDSs.

Conclusions

In this study, we produced carbon dots (CDs) by upcycling a
natural resource, specifically spent coffee grounds (SCGs). This
oxidative method allowed the synthesis of small-sized and
spherical CDs, presenting intrinsic and tunable fluorescence.
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The synthetic route eliminates the use of highly toxic, heavy
metals and high energy-consuming reactions and yields SCG-
derived CDs that display high cellular accumulation and
limited toxicity.

Differences were observed between SCG-derived CDs puri-
fied by acetone precipitation and those purified by dialysis.
Minor variations were noted in ATR-FTIR spectra, particularly
in band positions and relative intensities. Similarly, EEM ana-
lysis revealed slight differences in the exact properties of their
emissive regions, such as variations in the wavelength of
maximum emission and Stokes shift. UV-vis absorption spec-
troscopy also highlighted distinctions, with the acetone-preci-
pitated AP-LAV-CDs displaying the © — zn* transitions of C=C
bonds, which were absent in the dialysis-purified D-LAV-CDs
and D-KEN-CDs. Furthermore, TEM and AFM imaging con-
firmed the presence of populations of two sizes in
AP-LAV-CDs, with the smaller population being predominant.
NMR and XPS analyses also detailed the hybridised carbon
structures and the abundance of surface chemical compo-
sitions of AP-LAV-CDs.

Our in vitro studies focused on AP-LAV-CDs. Among the two
cancerous and three healthy cell lines tested for antiprolifera-
tive effects, AP-LAV-CDs demonstrated toxic effects against the
breast cancer CAL-51 cell line, reducing cell viability to below
60% after 120 h of incubation. At the highest concentration
tested (250 pg mL™"), AP-LAV-CDs also significantly increased
ROS production in CAL-51 to more than 170%, which is specu-
lated to disrupt cellular metabolic activity and ultimately lead
to reduced cell viability. Importantly, AP-LAV-CDs showed neg-
ligible effects on healthy breast, kidney, and liver cell lines,
highlighting their potential to damage breast cancer cells
while sparing healthy tissues.

Additionally, our results indicated that AP-LAV-CDs are not
substrates for the ABC transporters MDR-1 and BCRP, a crucial
advantage for their potential application as nanocarriers in
anticancer drug delivery. AP-LAV-CDs were also observed to
accumulate intracellularly, with peak accumulation occurring
after 72 h of incubation. This suggests their potential for active
uptake and sustained drug release when further developed
into DDSs.

Overall, the physico-chemical and biological properties of
SCG-derived CDs underscore their potential as a sustainable
and effective nanoplatform for biomedical applications. The
selective anticancer activity, low toxicity to healthy cells, resis-
tance to drug efflux pumps, and ability to accumulate intra-
cellularly highlight their promise as nanocarriers for targeted
drug delivery. These findings establish a strong foundation for
further development, including the optimisation of SCG-
derived CDs as DDSs and the evaluation of their dosimetry in
future studies.
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