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This study explores the synthesis, characterization, and biomedical potential of carbon dots (CDs)
derived from food industry by-products. Gd-doped CDs were synthesized using peanut shells as a
sustainable carbon source. The resulting CDs were smaller than 20 nm in size and exhibited a negative
zeta potential. FTIR analysis revealed the presence of polar surface functional groups, which contributed
to excellent dispersibility in water and other polar solvents. Photophysical characterization showed
strong absorption in the UV region and blue fluorescence under UV irradiation. Gd** doping enhanced
the absorption intensity in the 2-5.5 eV range and partially quenched fluorescence at high concentra-
tions. The MRI performance of Gd-doped CDs as a positive contrast agent was assessed using 7 and 11.7
Tesla scanners. Despite their lower Gd content, Gd-doped CDs exhibited signal intensities comparable
to other Gd-based contrast agents. Furthermore, cytotoxicity assays confirmed their biocompatibility
with A549 cells at concentrations of up to 0.1 mg mL™%. This approach not only provides an innovative
and environmentally sustainable strategy for valorising food industry waste within a circular economy

rsc.li/materials-b

1. Introduction

Considering growing environmental challenges and increasing
resource scarcity, the concept of the circular economy has
emerged as a promising alternative to the traditional linear
model of production and consumption." Unlike the linear
economy, which follows a ‘take-make-dispose’ approach, the
circular economy aims to minimize waste and maximize resource
efficiency by promoting reuse, recycling, and regeneration.”” This
model represents a paradigm shift towards sustainability, empha-
sising the preservation of natural resources, the reduction
of environmental impact, and the creation of new economic
opportunities.
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framework, but also introduces a new biocompatible material for MRl imaging applications.

One promising strategy in the pursuit of sustainable materials
is the valorisation of by-products from the food industry.* In this
context, carbon dots (CDs) synthesised from food by-products
have gained significant attention. CDs are nanoscale carbon-
based particles that exhibit exceptional optical, electronic,
and magnetic properties, making them attractive for various
biomedical and technological applications.>” In recent years,
CDs have been studied for bioimaging and diagnostic applica-
tions, due to their intrinsic luminescence, low toxicity, and ease
of synthesis.* " These nanomaterials can be prepared from
different types of food-derived waste materials through meth-
ods such as hydrothermal, microwave-assisted, or solvothermal
synthesis, which facilitate the conversion of organic precursors
into fluorescent nanomaterials.">"® Several different food
by-products have been explored for CD preparation including
orange and watermelon waste peels,"""® onion waste'® and
fennel seeds."”

Magnetic resonance imaging (MRI) is a non-invasive and
versatile imaging modality that provides detailed anatomical
and functional information."® In this context, gadolinium (Gd),
a lanthanide element, is widely used in MRI contrast agents
and for enhancing radiosensitization due to its unique physical
and chemical properties."**' The Gd(3+) ion is particularly
suited for MRI applications because of its long electron spin
relaxation time (10~° s) and high magnetic moment,** both of
which contribute to superior contrast in MRI scans. Gd chelates,

This journal is © The Royal Society of Chemistry 2025
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such as gadopentetate dimeglumine (Gd-DTPA) and gadoterate
meglumine (Gd-DOTA), are commonly employed due to their high
relaxivity.”* These agents work by shortening the longitudinal
relaxation time (7;) of nearby water protons, resulting in
enhanced signal intensity in T;-weighted images and improved
tissue contrast. However, free Gd ions can be highly toxic to living
organisms.>*** As a result, Gd-doped CDs (Gd-CDs) represent a
valuable and safer alternative to these compounds.®2® Gd-CDs
offer improved stability and a reduced risk of free Gd ion release
compared to traditional chelates, potentially mitigating associated
toxicities.>* "

Several types of Gd-CDs have been developed in recent
years.*>* Gd-CDs were typically synthesized from chemical
precursors using a one-step hydrothermal or solvothermal
method with citric acid as the carbon source and a Gd-
compound, such as gadolinium chloride or Gd-DTPA.>”*3738
This approach generally ensures the efficient incorporation of
Gd into carbon structures. However, it does not enable the
valorization of existing biomasses and biowastes. To the best of
our knowledge, very few examples of Gd-CDs produced from
natural sources have been reported in the literature.>*>%3°

This study investigates the synthesis, characterisation and
application of Gd-CDs derived from food industry by-products
as potential MRI contrast agents. Specifically, we describe the
synthesis of Gd-free (PSC) and Gd-doped (PSGd) CDs from
peanut shells. In comparison to previous studies on Gd-CDs
from food industry by-products, this study explores the use of
fruit peels, which, compared to other waste materials,*’
account for approximately 1750 million tons of discarded fruit
and vegetable by-products worldwide each year.*! Thanks to the
MRI contrast-enhancing capabilities of Gd, these materials
demonstrated improved imaging performance with significant
potential for advancing biomedical diagnostics. Furthermore,
this approach offers an innovative and environmentally
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sustainable strategy by converting discarded food industry by-
products, such as peanut shells, into high-value nanomaterials,
aligning with circular economy principles.

2. Methodology
2.1 Materials

Peanuts were purchased from a local market, and the shells
were separated manually. Ultrapure water was produced with
an Arium(@©) Pro instrument from Sartorius (Goettingen, Germany).
Ammonia aqueous solution (NH,OH, ACS reagent, 28-30%
solution) was purchased from Merck (Darmstadt, Germany).
Gadolinium chloride hexahydrate (GdCl;-6H,0, 99%) was pur-
chased from Sigma Aldrich (St. Louis, MO, USA). 9,10-Di-
phenylanthracene (>99%) was purchased from Sigma Aldrich
(St. Louis, MO, USA). A dialysis membrane with a molecular
weight cut off of 3500 Da (Spectra/Por™ dialysis membrane,
standard RC tubing, flat width 18 mm, volume per length
1.1 mL cm ') was purchased from Repligen (Waltham,
Massachusetts, USA).

2.2 Synthesis of CDs

Gd-doped (PSGd) and Gd-free (PSC) CDs were prepared through
a multi-step process according to the scheme reported in Fig. 1.
In Step 1, peanut shells were ground at 5000 rpm for 10 minutes
using a blade mill (IKA MultiDrive basic, IKA®-Werke GmbH,
Staufen, Germany) equipped with blades for fibrous materials
(IKA MultiDrive accessories: MultiDrive MI 250 Milling cham-
ber and MultiDrive MI 250.2 star-shaped cutter). In Step 2, for
PSGd synthesis, 150 mL of 0.1 or 0.5 M GdCl; solution were
added to 50 g of the peanut shell powder in a 500 mL round-
bottom flask. The mixture was then refluxed at 100 °C for
1 hour to promote interaction between the source material and

Step 7

Fig. 1 Schematic illustration of the preparation process of Gd-doped and Gd-free CDs.
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Gd*" ions. The resulting materials were named PSGd 0.1 M and
PSGd 0.5 M. For PSC synthesis, this step was carried out
identically using 150 mL of water instead of the GdCl; solution.
In Step 3, the product was dried in air at 100 °C for 3 hours.
In Step 4, the dried product was mixed with 20 mL of 10 wt%
NH,OH solution in a 250 mL glass flask, and the mixture was
heated in a domestic microwave oven (700 W consumption
power) for 20 minutes. In Step 5, the microwaved product was
suspended in 200 mL of water and sonicated for 45 minutes at
full power using a tip sonicator (Bandelin electronic, GM 2070
model, 70-Watt, 20 kHz). In Step 6, the ultrasonicated suspen-
sion was centrifuged at 3000 rcf for 3 hours in 50 mL tubes to
remove the insoluble debris. The supernatant was then sub-
jected to ultra-filtration using Vivaspin 20® spin concentrators
(50000 MWCO, PES membrane) and centrifuged at 2000 rcf for
30 minutes. In Step 7, the filtrate obtained from Step 6 was
placed in dialysis membranes with a molecular weight cut-off
of 3500 Da. Dialyzing membranes containing PSGd and PSC
suspensions were placed separately in 10 L water tanks, with
water being refreshed every 12 hours for 72 hours in the case of
PSC or 120 hours for PSGd 0.1 and 0.5 M. In Step 8, PSC and
PSGd samples were preconcentrated by centrifugation of the
dialyzed dispersions using 3000 MWCO Vivaspin 20® PES
membranes at 3000 rcf for 2 hours. For each sample, the filtrate
and retentate were collected for further analysis.

2.3 CD characterization

Proton magnetic resonance relaxation time 7; of the CDs in
water suspensions was measured using a Bruker Minispec
MQ60 nuclear magnetic resonance analyser (Bruker, Billerica,
MA, USA), operating at 40 °C under a magnetic field of 1.4 T
(60 MHz). Aliquots of 300 pl were taken from concentrated
samples and measured in NMR glass tubes. The Gd content of
the suspensions was determined by ICP-MS analysis using a
PerkinElmer NexION2000 (PerkinElmer, Waltham, MA, USA)
equipped with an Elemental Scientific Inc. SC-FAST sample
introduction system. Measurements were done in a standard
mode with argon plasma. The calibration curve was done using
the PlasmaCAL®™ Gadolinium standard for ICP-AES and -MS
analysis. The samples were prepared by dilution in an aqueous
solution of 1% v/v HNO; with 5 ppb of indium as an internal
standard. The experimental data were expressed as the mean
value + standard deviation (SD) of several abundant Gd
isotopes (>°Gd, '*®Gd, and '°°Gd) of n (n = 3) independent
experiments. CD aqueous dispersions were analyzed through
dynamic light scattering (DLS) to determine the hydrodynamic
diameter distribution and electrophoretic mobility ({-potential).
DLS and (-potential analyses were performed after dilution using
a Zetasizer Nano ZSP instrument (Malvern Instruments Ltd,
Malvern, UK). The hydrodynamic diameter distribution of the
samples was measured using a carbon dot refractive index (1.55)
and water refractive index (1.33) as working parameters for the
samples and the solvent, respectively. Size results are reported as
the Z-average of the hydrodynamic diameter of the particles of
three measurements at 25 °C with at least 10 runs. {-Potentials
were quantified as the electrophoretic mobility of three separate
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measurements (maximum 100 runs each) at 25 °C by laser
Doppler velocimetry using a disposable electrophoretic cell
(DTS1061, Malvern Ltd, Worcestershire, UK) with the same
sample and solvent parameters.

The concentration of CDs was estimated by freeze drying the
samples and weighing the solid residue. The dry mass contents
were found to be 7.8, 6.4 and 2.1 mg mL ™" for PSC, PSGd 0.1 M
and PSGd 0.5 M, respectively. Freeze-dried CDs were further
characterized using powder X-ray diffraction (PXRD) and Four-
ier transform infrared (FT-IR) spectroscopy. The PXRD pattern
was collected with a D8 Advance diffractometer (Bruker,
Karlsruhe, Germany). Cu Ka X-rays were generated at 40 kv
and 40 mA. The pattern was collected in the 10-60° 20 range
with a step size of 0.02° 26 and a counting time of 0.5 s. FT-IR
spectra were recorded in the attenuated total reflectance (ATR)
mode with a Nicolet iS5 spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA) using an iD7 diamond ATR accessory.
The spectra were recorded with a resolution of 4 cm™" by
accumulation of 32 scans covering the 4000 to 400 cm *
spectral range.

Photophysical characterization of CDs was performed on as-
synthesized suspensions after dilution. CD absorption spectra
were recorded using a PerkinElmer Lambda 650 UV/vis spectro-
meter (PerkinElmer, Shelton, CT, USA). In addition, spectral
deconvolution was performed, after subtraction of an expo-
nential-like baseline, in the full wavenumber range using ORIGIN
2018 software. The obtained UV-vis spectra were deconvolved into
elementary Gaussian-like peaks. Emission spectra and 3D
excitation and emission maps were recorded using a Horiba
Fluoromax-4 spectrofluorometer (Horiba, Edison, NJ, USA).
Emission lifetimes were obtained through time-correlated sin-
gle photon counting (Edinburgh Instruments, Levington, UK).
Emission lifetimes were obtained through time-correlated sin-
gle photon counting (Edinburgh Instruments, Levington, UK).
Fluorescence quantum yields were calculated using 9,10-
diphenylanthracene as the standard, by means of the following
equation:*?

2
= &,

(1)

S
N

o~
=
(3]

S

where @ is the quantum yield, @, is the quantum yield of the
standard, I is the integrated area of the emission spectrum of
the sample and I is that of the standard, A is the absorbance at
the excitation wavelength of the sample and A is that of the
standard, and n is the refractive index of the solvent of the
sample and ny is that of the standard.

2.4 Cytotoxicity

Cell number measurements were performed using a non-
destructive impedance-based technique called xCELLigence
(ACEA Biosciences Inc., Biotek, Colmar, France). Cells were
cultured on a special plate with electrodes at the bottom. The
system measures the electrical impedance across interdigitated
microelectrodes located at the bottom of the culture wells.
Measurements were made by applying an alternative excitation
signal (with a control voltage amplitude of 20 mV) at 3 different

This journal is © The Royal Society of Chemistry 2025
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frequencies (10, 25 and 50 kHz) through the microelectrodes in
the E-plates while monitoring the voltage drop across the
electrodes. The impedance data were processed over time,
resulting in a cell index value. The cell index was related to
factors such as cell number, cell surface area and adhesion
strength. Of these factors, cell number was found to be the
primary determinant of the cell index value for a given cell line,
although changes in adhesion strength can also affect the cell
index. The impedance measurement method used was non-
destructive and allowed continuous real-time monitoring of cell
proliferation under different conditions, including the presence of
CDs and after their removal (washout), on the same cell popula-
tion. To assess the effects of cell toxicity, the time-dependent
evolution of the cell index was recorded in response to increasing
CD concentrations. Each curve represents the average cell index
measured in six wells. Experiments were carried out using human
alveolar basal epithelial A549 adenocarcinoma cells, as a key aim
of this study was to explore the potential of CDs for in vivo tumor
imaging and therapy. Cells were seeded at 2500 cells per well and
allowed to grow for several days until a cell index value close to 1
was reached, and then the culture medium was replaced with the
same composition including CDs. The cells were maintained for
24 h in the presence of CDs, and then the culture medium was
replaced with fresh culture medium without CDs (washout).

2.5 MRI measurements

MRI was conducted using a mouse phantom (Bioemtech,
Athens, Greece) composed of a soft-tissue-mimicking material
insensitive to magnetic fields. Scanning was performed at
11.7 T using an MR scanner Bruker BioSpec 117/16 USR magnet
(500 MHz) associated with a sheath of gradients BGA09S HD
(750 mT m™?), coil RF RES 500 1H 089/072 QUAD TO AD
(BMRIDE T11232V3/0047) and software version Paravision
PV360.3.4MR. To get the best contrast of the T;-weighted
image, we applied a regime with a short constant echo time
(TE) = 6.5 ms, and variable repetition time (TR) with a middle
range sequence (364, 376, 390, 405, 423, 443, 468, 499, 541, and
606 ms). Field of view (FOV) = 60 x 30 mm (128 x 64 pixels),
slice thickness = 0.6 mm, and the factor of rapid imaging with
refocused echo (RARE) was 4. To get a T,-weighted image we
used a regime of constant long TR (2500 ms) and constant short
TE (64 ms). FOV = 60 x 30 mm (256 x 128 pixels), slice
thickness = 0.6 mm, and RARE factor = 4. Moreover, we
performed MRI using another magnetic scanner with a field
strength of 7 T using a Bruker BioSpec 70/20 magnet (300 MHz)
associated with a sheath of gradients BGA12S2 (670 mT m™ "),
coil RF RES 300 1H 112/072 QUAD TR M (BMRIDE T9562V3/
0031) and software version Paravision PV7.0. A T;-weighted
image was obtained in a regime with a short constant echo
time (TE) = 5.75 ms, and variable repetition time (TR) with a
middle range sequence (28.6, 183.6, 382.9, 662.7, 1135.8, and
3500 ms). FOV =60 x 30 mm (128 x 64 pixels), slice thickness =
1.6 mm, and RARE factor = 1. A T,-weighted image was formed
in the regime of constant long TR (2500 ms) and constant short
TE (29.18 ms). FOV = 60 x 30 mm (256 x 128 pixels), slice
thickness = 0.6 mm, and RARE factor = 8. These measurements

This journal is © The Royal Society of Chemistry 2025
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were done at the PILoT facility (PILoT, INSA LYON, Bat.
Léonard de Vinci, 21 Av. Jean Capelle 69621 Villeurbanne).

3. Results and discussion
3.1 Relaxometry

To use these nanomaterials as MRI contrast agents, it is crucial
to evaluate the potential presence of free Gd*" ions in the final
dispersion and the strength of their complexation with the
carbon core.?? Free Gd*" ions are known to be toxic, but their
toxicity can be significantly reduced by chelating them with a
suitable organic ligand or by entrapping them into a carbon
skeleton.”® The Gd*" content in a sample, as well as the sample’s
purity and the effectiveness of Gd incorporation into the CDs, can
be assessed through relaxometry by measuring the longitudinal
proton relaxation time (73). To this end, aliquots of both filtrates
and retentates from PSC and PSGd samples were collected as
described in Step 8 of the production process (Fig. 1), and their Ty
values were measured (Fig. 2) to evaluate the success of the
synthesis, particularly the effectiveness of the dialysis and the
overall purification process. Throughout this study, PSC was used
as the control, while ddH,O served as the reference for the filtrate
samples. The T values of pure water remained constant at 4000 +
20 ms, confirming the accuracy of the measurements. Following
preconcentration of PSC, the relaxation time of the filtrate passing
through the 3000 Da membrane was measured at 3970 + 10 ms,
closely matching that of water. However, a slight decrease in
T, was observed in the filtrates of PSGd 0.1 and 0.5 M after
preconcentration, with recorded values of 3210 + 10 ms and
3160 + 10 ms, respectively, compared to the reference value of
4000 + 20 ms. This decrease may be attributed to the intrinsic
paramagnetic properties of these samples, likely due to the
presence of unpaired electrons in organic free radicals. Paliienko
et al.”® observed a similar behaviour, which they attributed to
relatively stable paramagnetic organic radicals at room
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Fig. 2 T, relaxation time of the retentates (R) and filtrates (F) of PSC, PSGd
0.1 M and PSGd 0.5 M.
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temperature. These include high-spin polymer radicals** and
dimerized small organic radicals.*> The preconcentration pro-
ducts, i.e. PSGd 0.1 and 0.5 M retentates, exhibited significantly
reduced T, values of 21.71 + 0.05 ms and 33.7 + 0.05 ms,
respectively. These findings suggest the presence of a large
number of Gd-CDs with molecular weights greater than
3500 Da, which are unable to pass through the 3000 Da
membrane. This also supports the conclusion that most of
the Gd is incorporated into CDs with molecular weights above
3500 Da, rather than existing as free Gd*" ions, which would
otherwise permeate the membrane.

3.2 Physicochemical characterisation

The Gd content of CDs was determined using ICP-MS to
quantify the exact concentration of Gd in PSGd 0.1 and 0.5 M
samples (Table 1). The measured values, consistent with the
relaxometry results, confirm successful synthesis and a rela-
tively high Gd mass content in the PSGd 0.1 and 0.5 M
retentates. In contrast, no Gd was detected in the PSC sample.
Additionally, a Gd concentration of approximately 0.05 ug mL ™"
was found in the filtrates of both Gd-doped samples, indicat-
ing an effective purification process and the absence of free
Gd** ions.

The size and surface charge of the nanoparticles were
analyzed at their native pH after dilution to 0.150 mg mL ™"
in water, with the results summarized in Table 1. All samples
exhibited small particle sizes (<20 nm). The PSC sample had a
larger average size of about 17 nm, whereas the PSGd samples
were smaller, with diameters of around 5-6 nm. The smaller
size of the PSGd samples may be influenced by the limited
particle growth due to the coordination of a higher amount of
Gd*" on the CD surface.*® Additionally, all samples displayed a
negative {-potential, which became progressively less negative
with an increase in Gd** concentration. Notably, the PSGd
0.5 M sample demonstrated lower stability than the other two,
consistent with material sedimentation observed after approxi-
mately one month of storage.

The FTIR spectra of PSC and PSGds are reported in Fig. 3A.
In all spectra, the presence of the carboxyl group was confirmed
by the characteristic band between 3500 and 3000 cm ™" due to
the stretching vibration of O-H and the intense band at
1035 cm ™' due to the stretching vibration of C-0.*” The band
at 2926 cm ' can be attributed to the stretching vibration of
sp>-hybridized alkane bonds. The band at 1580 cm™* could be
related either to C=N stretches in conjugated systems or to
C=—O0 bond stretching, indicating the presence of carbonyl

Table 1 Physicochemical properties of CDs: Gd content, size, Pdl and
{-potential

ug of Gd per % w/w of Size® {-potential

Sample 1mgof CDs Gd/CDs (nm) PdI (mV) pH
PSC 0.0206 0.00207¢ 17 &4 0.259 —26 +7 5.2
PSGd 0.1 M 2.64 0.264 6+1 0252 —-13+3 6.2
PSGd 0.5 M 6.20 1.91 5+2 0255 -9+1 6.2

“ Data indicate the absence of Gd. ” Size distribution by number.
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groups on the surface of CDs. Furthermore, the band at
1384 cm™ ' may arise from various phenomena, such as the
deformation vibrations of C-H and O-H bonds in organic
species, the stretching of carboxylate groups, the C-N stretch-
ing®® or some vibrations of aromatic fragments.?> The band at
1241 cm™ " could correspond to the C-O stretching of an epoxy/
ether group, as reported also in our previously published
paper,*® or to the C-N vibration in amides III. While this band
is clearly visible in the spectra of PSC and PSGd 0.1 M, it only
appears as a shoulder in the case of PSGd 0.5 M. Moreover, it is
noteworthy that the spectrum of PSGd 0.5 M shows more
pronounced peaks between 1580 and 1384 cm ™" compared to
PSC and PSGd 0.1 M, suggesting that Gd ions may be chelated
by carboxyl/carboxylate groups.*’

To further investigate the surface chemistry of the produced
CDs and the coordination of Gd** ions, FTIR deconvolution was
performed in the region between 1200 and 1750 cm™ ', where
both protonated and deprotonated carboxyl groups are typically
observed. Specifically, protonated groups are usually found in
the region between 1650 and 1850 cm ', while the deproto-
nated asymmetric groups are found at around 1385 cm ™ '.*%°
The deconvoluted spectra are shown in Fig. S1 of the SI section.
In general, a gradual decrease in the contribution of the
protonated carboxyl group (Fig. S1B) at around 1725 cm ™"
and an increase in the contribution of the deprotonated
carboxyl group (Fig. S1A) at around 1370 cm ™' were observed
with an increase in Gd concentration. This trend has recently
been observed in the literature*® and may be related to the
coordination of the carboxyl groups with Gd, a phenomenon that
becomes more pronounced as the Gd concentration increases.

Overall, the FTIR spectra indicate that the surface of CDs is
rich in polar functional groups, such as hydroxyl, amide,
and carboxyl/carboxylate moieties. These groups enhance the
dispersibility of the CDs in water and other polar solvents,
facilitating simpler manipulation of the samples.*®*" These
observations are consistent with the negative {-potential values
reported in Table 1, further confirming the presence of polar
functionalities introduced during the oxidation process.

The PXRD patterns of CDs are shown in Fig. 3B. All the
samples display a single broad band at 30° 20, which is
characteristic of an amorphous carbon phase.">* No signifi-
cant differences are observed among the three samples. These
results align with the previous findings, as it is well established in
the literature that CDs derived from both natural and synthetic
carbon sources typically exhibit an amorphous structure.* >

Transmission electron microscopy (TEM) (Fig. S2) and scan-
ning electron microscopy (SEM) (Fig. S3) equipped with energy-
dispersive X-ray spectroscopy (EDX) (Fig. S4) were employed
to gain information on the morphology and the elemental
composition of CDs in terms of C, O, N and Gd contents,
respectively. The nanoparticles appear spherical and, in some
instances, tend to form aggregates. Excluding these agglo-
merates, the particle sizes are consistent with the DLS results,
averaging around 20 nm. The TEM image shown in Fig. S2 is
representative of the PSC sample; however, no significant dift-
erences were observed when compared to the Gd-containing

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 FTIR spectra (A) and PXRD patterns (B) of PSC, PSGd 0.1 M and PSGd 0.5 M.

samples. It is worth noting that CDs are intrinsically difficult to
image by TEM because of their small size, low atomic contrast,
and high sensitivity to electron beam damage. While high-
resolution TEM (HRTEM) could potentially improve image
clarity, in the present case, it would not provide additional
morphological information beyond that already obtained
through combined TEM, PXRD, and DLS analyses.

SEM analysis revealed that the PSC sample (Fig. S3A) and the
Gd-doped samples (Fig. S3B and C) exhibit an amorphous,
disordered structure without a definite geometry or shape. EDX
analysis confirmed the presence of C and O as the main
constituent elements, along with Gd, in both doped samples.
As expected, Gd was not detected in the PSC sample, consistent
with the ICP-MS analysis. Additionally, the Gd content was
higher in PSGd 0.5 M compared to PSGd 0.1 M, in agreement
with the ICP-MS results. The C content was approximately
55-65 atomic% and the O content was around 30-35 atomic%
across all samples.

3.3 Photophysical characterisation

UV-vis spectroscopy and photoluminescence were used to
further characterize the samples and evaluate the optical
properties of CDs. All three samples appeared brownish under
daylight and exhibited blue fluorescence under UV irradiation
(Fig. S5).

As reported in our previous work,*® CDs typically exhibit one
or more strong ultraviolet absorption bands between 220-
270 nm and 280-350 nm. However, the exact position of these
peaks can vary considerably within the UV and the visible
wavelength regions, depending on both the production process
and the carbon source used.>>® The absorption spectra shown
in Fig. 4A indicate no significant differences in shape among
the three samples. All spectra display a strong absorption
maximum in the UV region at approximately 200 nm, along
with a broad absorption band extending into the visible
range.>”*® The shoulder observed between 250 and 300 nm is
attributed to the m—-m* transition of C—=C bonds,”>**% while
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the broad tail in the visible range is primarily associated with
transitions involving surface states, which are typically influ-
enced by the surface functional groups.”®

To better understand the effect of Gd*" incorporation into
CDs, the UV-vis spectra shown in Fig. 4A were deconvolved to
elementary Gaussian-like peaks (Fig. 4B-D). After subtracting
the exponential-like baselines, complex multi-component spec-
tra were obtained, revealing clearly distinguishable deconvo-
luted features. Overall, the incorporation of Gd*" ions leads
to an increased intensity of the main absorption bands in the
2-5.5 eV range. Notably, a significant relative increase in
the intensity of the peak at 4 eV - compared to those centered
at 3.5 and 4.5 eV - was observed, particularly in the case of
PSGd 0.5 M (Fig. 4D). According to the literature, the high
energy bands (6-4.5 eV) correspond to the 1 — n* transitions
associated with aromatic sp® carbons (e.g,, aromatic C—=C
bonds). In contrast, the bands between 4 and 3 eV are typically
attributed to the intrinsic n — n* transitions of C—0 or C—=N
bonds within the carbon cores. The absorption feature at 2.5 eV
is instead mainly influenced by surface functionalities.®

Excitation-emission maps of the three samples are shown in
Fig. 5. All samples exhibit a main photoluminescence band
with excitation in the 330-430 nm range and emission in the
350-550 nm range. The emission maximum occurs at approxi-
mately 450 nm, when the CDs are excited at around 350 nm.
Compared to PSC, the PSGd 0.1 M sample shows subtle
differences, including a minor band with excitation at
300 nm and emission at around 320-330 nm, as well as a very
weak band with excitation at 300 nm and emission near
700 nm. In contrast, the PSGd 0.5 M sample displays signifi-
cantly reduced emission intensity. As a result, the excitation—-
emission map also reveals the Raman scattering signal from
water.®" This diminished fluorescence is likely due to the lower
colloidal stability and dispersibility of PSGd 0.5 M in water,
as discussed in Section 3.2. Additionally, the high Gd content
in this sample may contribute to fluorescence quenching, a
phenomenon reported for various metal cations.®> ®*
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Fig. 4 Absorption spectra (A) and deconvoluted absorption spectra of PSC (B), PSGd 0.1 M (C) and PSGd 0.5 M (D).
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Fig. 5 Excitation—emission maps of PSC (A), PSGd 0.1 (B) and PSGd 0.5 M (C).

Quantum yields (QYs) were measured at 350 nm to compare
the emission properties of the three samples. The PSC and the
PSGd 0.1 M samples exhibit QYs of approximately 1%, while
PSGd 0.5 M shows a significantly lower emission with a QY of
0.2%, consistent with the water Raman scattering signal visible
in its excitation-emission map. It is worth noting that CDs

13054 | J. Mater. Chem. B, 2025, 13, 13048-13061

derived from biowastes typically display lower QYs than those
synthesized from high-purity chemicals. This difference is
mainly attributed to the higher purity of precursors in the
latter, which results in fewer structural defects and reduced
non-radiative recombination sites.®>"®” To improve QY, one
possible strategy involves the addition of citric acid to the

This journal is © The Royal Society of Chemistry 2025
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biomass precursor. Citric acid is a low-molecular-weight com-
pound rich in carboxyl groups, which can promote the for-
mation of well-defined carbon cores during carbonisation.

These structures are believed to enhance the development of

emissive centres, thereby increasing the QY.°®

Fluorescence lifetime measurements yielded values between
2.7 and 3.3 ns for all samples, confirming their intrinsic
fluorescence nature.

3.4 Invitro cell toxicity

Given its superior physicochemical and photophysical proper-
ties — particularly in terms of stability and emission intensity —
PSGd 0.1 M was selected for biocompatibility assessment as a
potential contrast agent, and its performance was compared to
the control sample, PSC.

Fig. 6 shows the average normalized cell index curves,
calculated from six replicates, for various CD concentrations.

The cell index reflects cell viability and proliferation. As illu-

strated in Fig. 6A, PSC led to a concentration-dependent
increase in cell index during incubation. Since values returned
close to near-control values after the washout step, the observed
increase suggests an enhancement in cell adhesion rather than
cell proliferation. Importantly, the cells continued to proliferate
after the washout, indicating that PSC is non-toxic across all

A
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tested concentrations. Conversely, Fig. 6B reveals a dose-
dependent cytotoxic effect of PSGd 0.1 M. At 0.1 mg mL ™},
the sample shows a negligible impact on cell viability, with
values similar to that of the control. At 0.25 mg mL ™" a slight
reduction in the cell index is observed, while higher concentra-
tions (0.5 and 1.0 mg mL™") exhibit clear cytostatic effects.

3.5 MRI assessment

PSGd 0.1 M was evaluated as a T;-weighted MRI contrast agent
using a mouse phantom model containing 9 wells (Fig. 7).
Wells #1 and #2 were left unused, while wells #8 and #9
contained samples unrelated to this study (marked with a red
rectangle). Well #3 contained a 3 mM GdCl; solution, chosen to
match the T, relaxation time of PSGd 0.1 M. Well #4 contained
AGuIX® (1.0 mg mL™" in water), which are Gd-based polymeric
nanoparticles currently in clinical trials.®® Well #5 was filled
with deionized water as the control. Wells #6 and #7 contained
PSC (6.4 mg mL ™" in water) and PSGd 0.1 M (6.4 mg mL ™" in
water), respectively.

MRI scans were performed using 11.7 Tesla (Fig. 7B and C)
and 7 Tesla (Fig. 7D and E) scanners. Comparative Gd concen-
trations for each sample are provided in Table S1, with AGuIX®
values sourced from the literature.”””" Fig. 7 shows four MRI
scans with varying signal intensities and contrast. As expected,
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Fig. 6 Cell culture (A549) toxicity evaluation of PSC (A) and PSGd 0.1 M (B).
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Fig. 7 Mouse phantom under room light (A), and T;-weighted (B) and T,-weighted (C) images acquired using an 11.7 Tesla MRI scanner, along with
Ti-weighted (D) and T,-weighted (E) images obtained with a 7 Tesla scanner. Wells were filled as follows: #1 and #2 — empty; #3 — GdCls (3 mM),
#4 — AGUIX® (1.0 mg mL™Y), #5 — H,O, #6 — PSC (6.4 mg mL™Y), #7 — PSGd 0.1 M (6.4 mg mL™Y), and #8 and #9 — samples unrelated to this study

(marked with a red rectangle).

the images produced with the 11.7 Tesla scans are significantly
brighter than those obtained with the 7 Tesla scans, though the
overall trends are consistent across both field strengths. This
difference is mainly attributed to the higher signal-to-noise
ratio and increased sensitivity to T; contrast at higher magnetic
fields, which is particularly relevant for low-Gd-content formu-
lations such as PSGd 0.1 M.

T;-weighted images revealed high intensity (bright) regions
in wells #3, #4 and #7, corresponding to GdCl;, AGuIX® and
PSGd 0.1 M, respectively. This confirms that PSGd 0.1 M
effectively acts as a positive contrast agent, which shortens
T, relaxation times, causing the areas where it is localized to
appear bright in T;-weighted images.”” Notably, despite its
lower Gd content (Table S1), PSGd 0.1 M produced signal
intensity comparable to GdCl; and AGuIX™. Such perfor-
mance at a lower Gd content is particularly advantageous
from a safety perspective, as it may reduce risks associated
with Gd retention without compromising image quality. The
strong contrast-enhancing capabilities of PSGd 0.1 M is
further emphasised by its significantly lower Gd concentration
(1.08 x 107* mol L") compared to clinically approved Gd-
based contrast agents, such as gadoteridol, gadoterate meglu-
mine and gadopentetate dimeglumine, which are typically
formulated at a Gd concentration of 0.5 mol L * for intrave-
nous injection in humans.”*””> Moreover, its T; longitudinal
relaxation time of 21.71 £ 0.05 ms at 1.4 T (60 MHz, 40 °C) is
comparable to that reported for other Gd-doped CDs synthe-
sised from coffee wastes (7.96 ms),>> and substantially lower
than the T, values for traditional positive contrast agents like
Gd-DTPA (Magnevist®) (250-350 ms).”® These data further
support its valuable imaging performance.

13056 | J. Mater. Chem. B, 2025, 13, 13048-13061

The 7 Tesla scanner generated weaker signals, due to the
reduced current generated by the transverse magnetization
around the receiver coil at 7 Tesla compared to the 11.7 Tesla
scanner.”’” As a result, in Fig. 7D, we observe less intense signals
according to the Gd concentration in the samples (Table S1),
with only a barely discernible area for GdCl;, and practically
indistinguishable signals for AGuIX® and PSGd 0.1 M. As
positive contrast agents reduce the signal intensity on T),-
weighted images, negative contrast agents (e.g. dysprosium,
ferromagnetic composites, etc.) are typically used.”” The T,-
weighted images in Fig. 7C and E illustrate this phenomenon:
the lower the Gd content, the brighter the observed area.

In conclusion, PSGd 0.1 M demonstrated promising MRI
capabilities, especially at 11.7 Tesla. Its comparable perfor-
mance to existing Gd-based contrast agents, despite its lower
Gd content, highlights its potential for further development.
Future studies will explore its performance at varying concen-
trations and validate its safety and efficacy.

3.6 Literature comparison of doped and undoped CDs

As recently reviewed by Lv et al.,** the properties of Gd-doped

CDs—including size, absorption wavelength, quantum yield,
and relaxation time—can vary extensively depending on the
reagents and synthesis method employed. A direct comparison
between biowaste-derived CDs and those produced from conven-
tional synthetic precursors is challenging due to the different
structural, optical, and surface properties arising from heteroge-
neous biowaste versus well-defined synthetic molecules.

To provide a broader context, Table 2 summarizes key
parameters (particle size, quantum yield, and relaxation proper-
ties) extracted from approximately ten representative studies,

This journal is © The Royal Society of Chemistry 2025
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Table 2 Comparison of doped and undoped CDs reported in the literature,
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highlighting key physicochemical and imaging properties

Precursor/source Doping Size (nm) QY (%) T;(ms)andr, (mM 's™') Reported application Ref.
Peanut shells Gd-doped  5-7 1.0 21.7 ms [1.4 T] MRI This work
Coffee waste Gd-doped  2-7 n.d. 7.96 ms [1.4 T] MRI 22

Citric acid, GdCl; Gd-doped  50-100 4.06 22.31 ms [0.5 TJ/ FI/MRI 49

14.08 mM ' s~
Sucrose, GdCl, Gd-doped ~5 5.4 11.36 mM ‘s ! MRI/optical nanoprobes 78
Na,EDTA, GdCl;, YbCls, 1-arginine Gd- and 5-6 16.84 6.65 mM s FI/MRI/CT 79
Yb-doped

DPH¢ MnCl, Mn-doped  40-200 28.30 0.932 mM 's! FI/MRI 80
Mn(CH;COO),, o-phenylenediamine ~ Mn-doped  ~5 9.57 12.69 mM 's! FI/MRI 81
Peanut shells Undoped 13-21 1.0 2214 ms [1.4 T] Control sample in MRI This work
Coffee waste Undoped 4-11 n.d. 2030 ms [1.4 T] Control sample in MRI 22

Citric acid, ethylene diamine Undoped ~4 53 n.d. FI 82
Lemon juice, ethanol Undoped ~5 28 n.d. FI 83

“ DPH: 5,5’-diphenylhydantoin.

comparing our doped and undoped CDs with a wide range of
reported systems used for bioimaging purposes, including
fluorescence imaging (FI), MRI and X-ray computed tomogra-
phy (CT). The size of reported CDs generally ranges from 2 to
20 nm, including those of this study, whereas only samples
from ref. 49 and 80 reached up to 200 nm, likely due to
aggregation. Undoped CDs typically exhibit long T; relaxation
times, precluding their use as MRI contrast agents despite
often high photoluminescence quantum yields, particularly
when derived from synthetic precursors. In contrast, doped
CDs, including PSGd 0.1 M, display T; values in the low
millisecond range (7-22 ms) and high r; relaxivities (up to
approximately 15 mM ™" s %), confirming their suitability as
MRI contrast agents.

Analysis of Table 2 shows that biowaste-derived doped CDs
achieve MRI performance comparable to conventional syn-
thetic CDs. The r; relaxivity of PSGd 0.1 M is comparable to
or higher than many Gd-doped CDs from chemical precursors.
Although undoped CDs often show higher photoluminescence
quantum yields, their long T, values preclude MRI applications,
highlighting the essential role of metal doping. Trends in size,
quantum yield, and relaxation properties across different pre-
cursors further demonstrate that co-doping with metals such as
Gd, Yb, or Mn is key to enabling multi-modal imaging cap-
abilities, including fluorescence, MRI, and CT.

4. Conclusion

Fluorescent Gd-doped CDs were successfully synthesised from
peanut shells using a microwave-assisted method, representing
a sustainable approach in line with the principles of circular
economy. The preparation is simple and potentially scalable,
although the dialysis purification step could be replaced with
more efficient and reproducible systems, such as tangential
flow filtration (TFF) or other membrane-based purification
techniques, to facilitate industrial applications. Gd incorpora-
tion was confirmed by a significant decrease in longitudinal
proton relaxation time (73) compared to controls, indicating
effective integration into the CD structure. The resulting CDs
exhibited surface-rich polar functional groups—such as

This journal is © The Royal Society of Chemistry 2025

hydroxyl, amide, and carboxyl/carboxylate moieties—facilitat-
ing high dispersibility in water and polar solvents and thus
enabling easier manipulation. Importantly, Gd-doped CDs
showed no cytotoxicity towards human A549 adenocarcinoma
cells up to 0.1 mg mL ™" and demonstrated substantial contrast
enhancement, especially under an 11.7 Tesla MRI scanner in a
mouse phantom model.

While conventional synthesis from chemical precursors
allows for precise tuning of optical and physicochemical prop-
erties, biowaste-based methods emphasize sustainability and
biocompatibility, often sacrificing fine control over material
parameters. These intrinsic differences highlight the unique
value and potential of biowaste-derived CDs, while also indicat-
ing that more studies and comprehensive reports are needed
to fully evaluate and benchmark their performance. Looking
ahead, these CDs could be functionalized with targeting ligands
such as hyaluronic acid or folic acid, which bind to CD44 and
folate receptors, respectively—both commonly overexpressed in a
variety of cancers—opening the way for cell-specific imaging and
therapeutic applications.?"*>
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