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Introduction

Fe-doped carbon dots as dual-mode T,/T>
nano-contrast agents for ultra-high field MRI

Beatriz Sierra-Serrano, (2 @P Elisa Sturabotti, 2 *@ Lucia Cardo (2 *@ and

Maurizio Prato (2 *@.cd

Carbon dots (CDs) doped with iron are valuable nano-contrast agents (nCAs) for magnetic resonance
imaging (MRI) owing to their optimal compatibility, stability and interesting relaxivity, even at ultra-high
fields (UHF-MRI, >7 T). Moreover, they represent suitable alternatives to Gd-based contrast agents fre-
quently associated with moderate toxicity. Notably, UHF-MRI offers enhanced spatial resolution and
improved signal-to-noise ratios, challenging some limitations encountered for standard MRI of vascular
tissues, brain or applications demanding high sensitivity. The design of nCAs for UHF-MRI is not straight-
forward due to their tendency to show predominant T,-character at high fields, hence leading to image
darkening and resolution loss. For this reason, we propose novel Fe-doped CDs (Fe@CDs) working as dual
mode T;/T, nCAs for UHF-MRI; as a grounding concept, our synthesis was supported by stringent purifi-
cation, a practice extremely overlooked in the CD field. Pure Fe@CDs (Fe content 3.7%) were isolated
from fluorescent molecular-like subproducts and uncoordinated metals by size exclusion chromato-
graphy (SEC-HPLC); the particles showed good dimensional homogeneity (AFM = 5.0 + 2.2 nm; TEM =
4.0 + 1.3 nm), with blue centered and typical wavelength-dependent fluorescence. The structure of
Fe@CDs was enriched in carboxylic moieties, enabling stable coordination of iron (in a mixed +2/+3 oxi-
dation state), and optimal in vitro safety was observed on A549 cell line at the highest concentration
investigated (500 mg mL™Y). Fe@CDs presented low r,/ry ratios at high fields, behaving as T3/T» dual-
mode probes (r,/ri@7 T = 2.78 and ro/ri@11.7 T = 3.23); notably, the magnetic properties remained almost
unaltered for 8 days in water and cellular medium. Our results provide a combined and wide approach for
synthesizing artifact-free Fe-doped CDs with potential in advanced UHF-MRI techniques.

cursors, choosing optimal doping strategies and varying syn-
thetic parameters (e.g., reaction times, temperatures, etc.) in

Carbon dots (CDs) are classified as carbon-based nano-
materials that possess quasi-spherical morphology, sizes
below 10 nm and intrinsic luminescence. Among the various
applications, CDs have been widely employed in biomedicine
due to their excellent water solubility, photochemical pro-
perties, excellent cyto- and biocompatibility and peculiar
surface chemistry, with readily functionalizable moieties that
allow grafting of drugs, peptides, antibodies, etc."> The
luminescence features can be tuned by selecting suitable pre-
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top-down or bottom-up approaches.” Designing effective
combinations of synthetic conditions and setting up the right
purification strategies are current challenges in the field for
modulating the chemical and physical properties of CDs and
to achieve the desired functions for the intended application,
still with reliable structures/features. For example, loading CDs
with metal ions (e.g, transition metals or lanthanides) is one
of the approaches employed to control their electrocatalytic or
magnetic properties, hence endowing the material with
additional functions useful in therapy, bio-catalysis and bio-
imaging.®™® In particular, CDs doped with paramagnetic metal
ions, such as gadolinium (Gd*"), manganese (Mn>"), or iron
(Fe**/Fe’*), are emerging as interesting multifunctional nano-
particles (NPs) capable of generating contrast in magnetic
resonance imaging (MRI). Doping with Fe further enabled
antibacterial activity against Escherichia coli or Hafnia alvei,
inducing oxidative stress, altering cellular metabolism or
mimicking peroxidase-like behavior,'® induced apoptosis and
immunity response and prevented metastasis in mice bearing
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tumors.'! Moreover, Fe”'/Fe*"-based CDs, CD/NPs composites
or NPs, in general, have found extensive use in Fenton and
Fenton-like reactions, useful as cancer treatment agents.'*"?
In terms of diagnostic applications, MRI is one of the most
important non-invasive and non-ionizing imaging techniques
in clinics, which allows the acquisition of 3D images of tissues
in the body with high spatial resolution.'* This technique is
based on the principles of nuclear magnetic resonance:
protons, primarily from water in tissues and organs, are
aligned by an external magnetic field and then excited using
radio frequency (RF) pulses; upon cessation of the pulses, the
protons return to their equilibrium state through two possible
relaxation processes: (i) longitudinal relaxation (r;, recovery
along the magnetic field axis), characterized by relaxation time
Ty, and (ii) transversal relaxation (r,, loss of phase coherence
in the plane perpendicular to the magnetic field), character-
ized by relaxation time 7,. MRI images are generated upon
detection and processing of T; and T,, which are highly depen-
dent on the local molecular environment of the protons; there-
fore, they vary across different tissue types and biological con-
ditions, generating contrast in the resulting images. However,
natural contrast is sometimes insufficient, so contrast agents
(CAs) are administered before MRI scans to enhance imaging
and avoid loss of information.'® CAs work by affecting T; or T,
(depending on the agent employed) in specific areas of interest
(cells, tissues, veins, etc.): T; CAs accelerate longitudinal relax-
ation, producing brighter images (positive contrast), while T,
CAs shorten transverse relaxation, resulting in darker images
(negative contrast). The efficiency and typology of CAs are
defined by relaxivity values (r; and r,), representing how relax-
ation rates change with the compound concentration. The CAs
employed in clinics for decades are coordination complexes of
Gd**, such as Magnevist® (Gd-diethylenetriaminepentaacetic
acid, Gd-DTPA), Omniscan® (Gadodiamide) and others (7}-
CAs)."®'” However, significant safety concerns are associated
with Gd-based CAs,'®'® mainly related to possible release of
Gd*>" ions with consequent accumulation in tissues and
organs, a major concern particularly for patients requiring
repeated CA injections. Therefore, there is a growing demand
for novel CAs for MRI, which are able to mitigate the safety
risks linked to Gd-based CAs without compromising optimal
contrast efficiency and biodistribution. At the same time, the
continuous advances in bio-nanotechnology enable the design
of multimodal nanoscale contrast agents (nCAs) as MRI-active
probes, which are also able to deliver additional functions
such as therapeutic activity, bio-targeting or complementary
diagnostic modes."®*° Superparamagnetic iron oxide nano-
particles (SPIONs) are a notable example in this direction,
since they are the first nCAs able to achieve clinical use as an
alternative to Gd-based CAs (e.g., ferumoxytol (Feraheme®/
Rienso®) and others).”" SPIONs have been combined to CDs
for obtaining nanohybrids to scavenge free radicals, trigger
osteochondral tissue regeneration and, most importantly, to
work as dual-mode imaging agents, providing simultaneously
fluorescence signals and MRI contrast.”>** However, a few
SPION formulations have been discontinued or withdrawn
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from the market due to regulatory issues, unsatisfactory clini-
cal benefits or manufacturing costs.>* Paramagnetic metal-
based nCAs are highly promising, especially if based on Mn or
Fe, since these are essential elements in the body and lower
toxicity profiles are expected. Furthermore, in high-spin Fe-
based CAs, the metal is a strong Lewis acid hence the binding
of the metal within the chelating environment is highly stable,
minimizing the risk of dissociation.>*"*¢

Another important aspect concerns the recent advancement
of ultra-high field (UHF) MRI systems, which operate at mag-
netic field strengths beyond 7 T. These systems offer signifi-
cantly enhanced spatial resolution and improved signal-to-
noise ratios compared to previous low-field MRI technologies,
making them particularly valuable for non-invasive imaging of
brain or tumor vasculature with high sensitivity.””° Key limit-
ations in UHF-MRI include: (i) the prolonged T, relaxation
times of tissues, which reduces the effectiveness of traditional
T, contrast agents and (ii) the r; of several CAs and nCAs
decreases at high external magnetic fields, also compromising
the effectiveness of the contrast at safe doses.*’ In other
words, most imaging probes reported in the literature so far
are paramagnetic or superparamagnetic species that induce
strong T,-decay at UHF, impeding T; contrast enhancement.
Consequently, the development of T; imaging probes that are
tailored to the UHF platform is challenging but it is crucial to
fully realize the sensitivity of UHF-MRL.>*

In this context, biocompatible Fe-based nanomaterials are
intensively explored as versatile systems in which the Fe**/Fe*
ratio, particle sizes and morphologies can be controlled and
tailored to achieve specific relaxivity properties even at UHF.
Compared to more conventional metal oxide nanoparticles,
CDs can be prepared through fast, easy, economical and,
ideally, scalable “one pot” reactions without the need for
additional coating procedures for their stabilization. The vast
realm of synthetic options, although with some
uncertainties,”® makes CD design and functionalization
broadly versatile; these nanoparticles may be finely shaped on
demand for overcoming toxicity issues, low targeting, fast
excretion rates and fluorescence tagging, usually associated
with other types of nanomaterials (i.e.,, quantum dots or
SPIONs).>* Metal-doped CDs are usually photochemically
stable systems, water soluble and safe-by-design, while offering
high versatility for the incorporation of additional therapeutic
functions; their intrinsic luminescence enables multiple diag-
nostic modalities, working as combined fluorescent/MRI
probes. Furthermore, depending on the synthetic design, the
structural framework of water-soluble CDs can be modulated
to enhance water permeability.>® The accessibility of water to
the metal coordination environment within the nanoparticle is
preferred, as this could positively affect relaxation times and
improve the magnetic response of the material in aqueous and
biologically relevant media.>®

The scope of this work was to explore the possibility of
incorporating Fe within carbonaceous CDs and generate a
system with adequate relaxivity for UHF-MRI. For this specific
application, very few analogous systems have been proposed in
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recent years, showing, as proof-of-concept, that Fe-CD systems
are suitable to generate contrast in MR images in in vivo
experiments at low fields.””*' In almost all cases, carbon par-
ticles are doped with Fe**, which is the least desirable oxi-
dation state due to increased toxicity risks.”> Wang and co-
workers developed an interesting Fe**-CD hybrid,*® although
here, the carbon NPs act as “ligands” in post-synthetic metal
coordination, rather than being employed as the host matrix
of the metal. Herein, we intend to focus on Fe*", selected as
one of the precursors in bottom-up synthesis, since ultrasmall
NPs based on Fe®*" are safer and particularly suitable for
UHF-MRL* Notably, our fluorescent nanoparticles exhibited
promising relaxivity values that increase under higher mag-
netic fields, behaving as a valuable T;/T, dual mode probe. At
the same time, the system developed here was employed as a
case study to demonstrate the importance of combining syn-
thesis and purification/characterization methodologies in
order to obtain reliable Fe-doped CDs with improved perform-
ances as magnetic NPs. Purification is currently a hot topic in
the field of metal-doped CDs, or CDs in general, and strong
efforts are still required to finally obtain artifact-free nano-
materials.” We also discuss the challenges associated with
avoiding mixed Fe oxidation states under the extreme reaction
conditions required for the synthesis of CDs. Currently, this is
a critical point toward the achievement of well-defined Fe-CD
formulations and very poorly discussed in previous reports.
We believe that our combined experimental setup, although
defined on a specific class of Fe-doped CDs, has wide scopes
and applicability, offering a firm methodology for obtaining
pure metal-doped CDs.

Results

The bottom-up synthesis of CDs was performed through a
microwave-assisted method using p-alanine (B-Ala), ethylene-
diaminetetraacetic acid (EDTA) and iron(m) chloride hexa-
hydrate (FeCl;-6H,0) as precursors. Building on our own and
others’ expertise,®** p-Ala and EDTA were selected as the
carbon/nitrogen source. The presence of both -NH, and
-COOH groups in p-Ala and EDTA makes the two starting
materials “chemically compatible”, an aspect that is crucial for
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initiating the polymerization, condensation and carbonization
processes under microwave-assisted hydrothermal conditions
(240 °C, 300 W) and generating the fluorescent CDs. Amino
acids are ideal building blocks owing to their benign nature,
abundance of reactive functional groups and a small common
scaffold with an interchangeable side chain; together with
f-Ala, EDTA is essential to generate the main CD carbonaceous
structure, reasonably via the formation of a polyamide-based
crosslinked network. The residual carboxylic functionalities
enable stable metal ion coordination and encapsulation
within the carbon matrix, contributing to the effective Fe
doping of the CDs (Fig. 1).*> The mixture obtained after the
hydrothermal reaction was centrifuged, filtered, and dialyzed
to afford, upon lyophilization, a brown powder identified as a
potential crude Fe-doped CD formulation. The reaction para-
meters were optimized by screening different combinations of
precursor ratios, Fe salts or reaction times (Table 1). Our
results indicated that the Fe content (measured by inductively
coupled plasma mass spectrometry, ICP-MS) decreased from
10.4% to 6.1% and 5.2% after 30, 45 and 60 minutes, respect-
ively (entries 1, 2 and 4), indicating that extending the reaction
time did not improve the Fe doping level. To increase the
metal content, the molar amount of FeCl;-6H,0 was doubled,
maintaining a reaction time of 45 min (entry 3). However, no
increase in Fe doping was observed in the crude product. The
decrease in Fe content with increasing time and/or metallic
source amount could be explained considering the harsh syn-
thetic conditions used (high temperature/pressure); indeed,
higher amounts of insoluble and iron-rich species may be
formed both at longer times and high Fe starting amount and,
eventually, removed by filtration. This trend is also reflected by
the drastically low yields observed in entries 3 and 4, for which
only small amounts of water-soluble and Fe-doped crude
materials were collected after dialysis.

A different Fe source was also tested using tris(acetyl-
acetonate) iron(m) (Fe(acac)s;, Scheme S1) as a precursor. This
compound was selected because it had been previously
reported as a reactant for the preparation of water-soluble
magnetite particles in organic or hydrophilic solvents.*®*
However, the yield of the resulting crude Fe-doped CDs was
very low (entries 5 and 6). In entry 7, only p-Ala and Fe(acac);
were employed, while EDTA was excluded from the reaction

Crude Fe-doped CDs

Microwave heating, 300 W ° 71 . _ PureFe-doped CDs
HO.__O 300 uL H,0, 240 °C 0w . Purification -
2 \E o 3x15 min Q \} by HPLC-SEC Q
H N/\/U\OH = NN *+ FeCly P — s §i =&
: p-Ala HO L Centrifugation, filtration, = =~ ° .
HO" YO dialysis Y e . /La\/ ":,
EDTA Q
* Feion

/\/\J Molecular by-product

Fig. 1 Graphical representation of the reaction among $-Ala, EDTA and FeClz-6H,0 to synthesize iron-doped CDs. Nanoparticles are produced in
water at high temperature/pressure by microwave-assisted synthesis. After collecting the crude Fe-doped material, pure CDs were isolated from by
products using size exclusion chromatography (SEC) combined with high-performance liquid chromatography (HPLC).
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Table 1 Reaction parameters investigated to synthesize Fe-doped CDs
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Entry” Crude sample Prec. 1 Prec. 2 Iron source mmol ¢ (min) Yield (%) Fe% (w/w) ry (mM™' s
1 Fe@CDs_1 B-Ala EDTA FeCl; 0.25 30 17 10.37 0.81

2 Fe@CDs 0.25 45 27 6.10 0.92

3 Fe@CDs_3 0.50 45 3 2.70 —

4 Fe@CDs_4 0.25 60 12 5.20 1.0

5 Fe@CDs_acacl EDTA Fe(acac); 0.25 30 9 4.20 —

6 Fe@CDs_acac2 0.25 45 5 5.46 —

7 Fe@CDs_acac3 — 1 45 — — —

All the reactions were performed at 240 °C, with 300 W and in 300 pL of Milli-Q water by means of microwave-assisted synthesis. -Ala and EDTA
are always reacted in 1 mmol each.  All the parameters refer to the nanomaterial after the dialysis, i.e., crude carbon dots.

mixture, but no product was obtained under these conditions.
This behavior was most likely due to the high stability of the
Fe(m)-triacetate complex and its low solubility in aqueous
environments, even at elevated temperatures, which appear to
hinder carbonization, doping and the colloidal stabilization
provided by the CD structure.

Given the potential application of the materials as MRI
nCAs, the evaluation of their longitudinal relaxivity (r;) was a
key factor. Among the higher-yielded crude products (entries
1, 2 and 4), entry 2 displayed the highest r; value at 1.5 T (r; =
0.92 mM™" s7"). Overall, the reaction conditions of entry 2
exhibited the best combination of yield, reaction time and
relaxivity properties; therefore, the deriving material was
selected as crude_Fe@CDs for further purification studies and
characterization.

Dialysis is the most common purification method used for
CDs, but we and others have recently shown that it is often
insufficient to obtain reliable and artifact-free CDs; hence
further purification steps are necessary.>**° This is particu-
larly recommended for metal-doped CDs, since metal-based
molecular species can be formed during the synthesis and
remain after dialysis procedures. Indeed, several factors may
reduce the efficiency of dialysis, such as slow diffusion, the
presence of impurities or aggregates exceeding the membrane
cut-off, or formation of adducts among the side products and
NPs by electrostatic interactions. The thorough purification of
CDs is essential to obtain reliable materials, whose distinct
properties are not influenced by ion-doped molecular impuri-
ties or small molecular fluorophores. To further investigate
this aspect, crude_Fe@CDs were analyzed by gel electrophor-
esis (GE, lane i in Fig. 2A). This technique is routinely
employed by biochemists to separate biomolecules based on
their charge, shape and molecular weight and, in some cases,
can be adapted to nanomaterials science to evaluate the pres-
ence of different NP populations and their respective
charges.® From GE analysis, crude_Fe@CDs are clearly a
heterogeneous mixture composed of positive and negative
fluorescent populations. The Fe content in crude_Fe@CDs is
found to be ~6% (w/w) through ICP-MS measurements.
ICP-MS analysis of the individual populations, separated by
cutting the GE plate, confirmed that only the negatively
charged fractions contained the metal, whereas the positively
charged material was most likely a fluorescent artifact remova-
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Fig. 2 (A) Gel electrophoresis (1% agarose in 1x TAE buffer) of (from
left to right): (i) crude_Fe@CDs showing both negatively and positively
charged populations of the material, (ii) pure CDs, i.e., Fe@QCDs (eluted
from 11-14 min in SEC-HPLC), showing the separated negatively
charged population, and (jii) side products (SPs) (eluted from 14—45 min
in SEC-HPLC) as mixed charge side products. Samples, dissolved at
10 mg mL™! concentration in water, were loaded in the middle of the
gel. (B) Chromatograms (obtained by SEC-HPLC) of crude_Fe@CDs by
recording absorbance (at 250 nm) and fluorescence (A*/2°™ = 350/
425 nm). The fractions collected as purified CDs and side products (SPs)
are highlighted (blue and red boxes, respectively). (C) *H-NMR spectra
(D0) of crude CDs (green), purified CDs (blue) and SPs (red). After
purification, the spectrum of Fe@CDs appears broad with signals span-
ning between 2 and 4.5 ppm in D,0.

ble from the mixture. This latter aspect highlights the impor-
tance of GE as a tool for a first evaluation of the composition
of CDs (charge, metal doping, heterogeneity) after dialysis.
Size exclusion chromatography (SEC) combined with high-per-

This journal is © The Royal Society of Chemistry 2026
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formance liquid chromatography (HPLC) was selected as the
purification method on a semi-preparative scale (NH,HCO;,
50 mM, pH = 8.3 as eluent). This method allows separation of
NPs from molecular species by means of their hydrodynamic
radius (or their effective size in the eluent employed). In SEC,
the stationary phase pores act as molecular sieves and, consid-
ering the column employed (working within a molecular
weight range of 100-5000 Da, see the Materials and Methods
section), CDs are expected to be eluted at lower retention
times (rt) compared to the lower molecular weight side pro-
ducts. The alkaline pH of the aqueous eluent allowed us to
separate the nanomaterials without losing the metallic ions co-
ordinated in the CD nanostructure. All chromatograms were
recorded by monitoring both absorbance (250 nm) and emis-
sion (A%/A°™ = 350/425 nm) of the eluted samples. The profile
of crude_Fe@CDs (in Fig. 2B) confirmed the heterogeneity of
the mixture after dialysis, containing fluorescent components
of different charges (as suggested by GE analysis) and sizes.
Based on an analogous study recently reported by our group,**
we collected the fraction between 11 and 14 min rt (the blue
box highlighted in the chromatogram), displaying higher fluo-
rescence. Separately, we collected all the fluorescent material
eluted as a long tail from 14 to 45 min (red box). The fractions
are referred to as Fe@CDs and the side products (SPs), respect-
ively. GE analysis of the isolated Fe@CDs (Fig. 2A, lane ii) dis-
played a narrower distribution of only the negatively charged
material, whilst the SP showed a heterogeneous composition
comparable to that of the crude sample (Fig. 2A, lane iii).
Therefore, the SEC-HPLC procedure enabled the separation of
the Fe-doped negatively charged material from a mixture of
undesired emissive side products, likely characterized by a
lower molecular weight or hydrodynamic radius under the
elution conditions that were employed in SEC. The separation
by SEC afforded a 70% recovery of Fe@CDs compared to the
crude sample injected and contained 3.7% (w/w) of metal. The
loss of metal compared to the initial crude sample was not sur-
prising; our group observed a similar behavior in other metal-
doped CDs after purification, confirming that low molecular
weight Fe-complexes or weakly coordinating Fe ions are part of
the crude composition.® The nanomaterials were analyzed by
"H-NMR as a further complementary tool to evaluate the pres-
ence of impurities in the CDs. The spectrum of
crude_Fe@CDs (Fig. 2C, green spectrum) displayed a set of
broad signals ranging from 0.5 to 4 ppm, suggesting the for-
mation of an aliphatic CDs network, in line with the precur-
sors used, while signals ascribed to the starting materials were
absent (Fig. S1, black spectra); other sharp peaks, usually
ascribed to molecular side products, were not detectable.>?
However, the "H-NMR spectrum of Fe@CDs after separation by
SEC-HPLC also exhibited a very broad profile (blue spectrum),
whereas the spectrum of the SP fraction showed several sharp
signals typical of molecular species. Therefore, their removal
from the final Fe@CDs formulation was eventually relevant.
This suggests that NMR analysis of CDs is a valuable tool for a
preliminary evaluation of the formation of material-like
species, especially when screening different synthetic con-

This journal is © The Royal Society of Chemistry 2026
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ditions.*® However, the sole NMR analysis does not allow con-
ventional signal assignment or necessarily exclude the pres-
ence of impurities, particularly when they overlap with the
signals of the CDs. In this case, our results demonstrated that
chromatographic purification was essential to remove mole-
cular species that were masked in the NMR profile of the
crude material.

Overall, we propose that a proper validation of the quality/
performance of CD formulations should rely on the combined
application of multiple analytical techniques and, when
required, different purification protocols should be evaluated.

The UV-vis spectra of crude and purified CDs are presented
in Fig. 3A. Both CDs displayed typical absorption profiles in
the UV region. The two main peaks, centered at 270 nm and
330 nm, are referred to the © — n* transition of sp> carbons
and the intrinsic absorption of the n — =* transition of
C=0.>® The UV-Vis profiles of the two nanomaterials did not
show major differences; however, the purification impacted
the fluorescence of our dots (Fig. 3B). Both crude_Fe@CDs
and Fe@CDs showed the wavelength-dependent emission,
commonly reported for CDs;***> nevertheless, the emission
maximum (250 ) of Fe@CDs was shifted from 420 nm (1* =
350 nm) to 400 nm (A = 325 nm) and other emission bands
upon excitation at higher wavelengths (i.e., A = 375 and
400 nm) displayed relatively lower intensities (~50% decrease)
after purification. Changes in the fluorescence profiles,
together with the reduction of the Fe content in the Fe@CDs,
are ascribable to the removal of blue emitting and metal-
doped (molecular) byproducts by SEC-HPLC chromatography,
overshadowing CD true features (byproducts appear as fluo-
rescent materials in the gel in trace iii of Fig. 2A). The for-
mation of fluorescent impurities during the bottom-up chemi-
cal synthesis of CDs is a recurring phenomenon that can
occasionally lead to molecular fluorophores becoming the
exclusive contributors to CD emission.’® To avoid misleading
and erroneous interpretation, CD isolation should become a
common practice in laboratories; our results demonstrate how
the combination of several characterization and purification
techniques significantly affects both optical properties and
metal content, improving CD composition and purity, factors
that are essential for CD-related applications.

The morphology of Fe@CDs was analyzed by atomic force
microscopy (AFM, probing the z-axis) and transmission elec-
tron microscopy (TEM, allowing for measuring along the x-y
plane), as shown in Fig. 4A and B, respectively. Comparing
both analyses, spherical-like nanoparticles were detected, pro-
viding comparable size distributions: 5.0 + 2.2 nm by AFM and
4.0 £ 1.3 nm by TEM. Local crystallinity was not observed in
the TEM images. These results are consistent with previous
reports, confirming that the mixture of p-Ala, EDTA and metal
ions generates under microwave assisted synthesis at 240 °C
metal-doped NPs with an amorphous structure.®**

The chemical composition of the CDs was analyzed by X-ray
photoelectron spectroscopy (XPS in Fig. 5). It was determined
that the Fe@CDs were mainly composed of carbon (68.3%),
nitrogen (9.8%), oxygen (21.2%) and iron (0.7%) (atomic per-
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Fig. 3 (A) UV-vis spectra of crude_Fe@CDs and Fe@CDs. (B) Emission spectra of crude_Fe@CDs (left) and Fe@CDs (right).

20
5.0+2.2nm
154
%]
o
o
£ 10 1
©
o
5
04
0 2 4 6 8 10 12
Height (nm)
80
40+1.3nm
60
w
o
£ 40
©
o
20
0 -

0 2 4 6 8 10 12
Diameter (nm)

Fig. 4 (A) AFM image (left) and size distribution (right) of Fe@CDs. (B) TEM images (at 40k and 80k magnifications, left and center, respectively) and
size distribution (right) of Fe@CDs. The yellow arrows point at carbon NPs (lower contrast at higher magnification).

centage for each element). By converting these data to mass
percentage, 3% Fe (w/w) was obtained, which is in good corre-
lation with the ICP-MS result (see above). XPS analysis of
carbon, nitrogen and oxygen confirmed that the CDs are com-
posed of a variety of chemical functionalities. Deconvolution

Nanoscale

of the high-resolution C 1s spectrum reveals four peaks cen-
tered at 284.8 eV (C-C/C=C), 286.0 eV (C-0O), 287.8 eV (C=O0)
and 288.8 eV (O-C=0), respectively. The latter signal is con-
sistent with the presence of —COO™ groups in the CD network,
as also corroborated from the negative profiles seen in the GE

This journal is © The Royal Society of Chemistry 2026
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analysis. N 1s was deconvoluted into two signals at 399.9 eV
and 401.6 eV, ascribable to C-N and C=N contributions. The
O 1s spectrum presented signals at 531.3 eV and 532.8 eV for
the C-O and C=O0O moieties, respectively. The presence of iron
was highlighted by the signals at around 720 eV and at 55 eV,
for Fe 2p and 3p. Splitting of the spin-orbit components of Fe
2p resulted in Fe 2p;/, and Fe 2p;,, peaks (centered at around
712 eV and 725 eV). By the deconvolution of these peaks,
signals for Fe”* and Fe®" were simultaneously evidenced.>”>°
Fe** was characterized by Fe®" 2p;/, band at 709.1 eV and Fe>*
2Py at 722.8 €V (AFe®" ~ 13 eV) and by two additional satellite
peaks (Fe*" 2p;,, Sat = 713.8 €V and Fe* 2p,,, Sat = 728.1 eV),
commonly encountered in high-spin species.®® 2ps/, and 2py,
signals for Fe** were also visible in the XPS spectrum at 711.1
eV and 725.7 eV (AFe®" = 14 eV) with the corresponding satel-
lites (715.7 eV and 730.9 eV). The presence of mixed valence
was also confirmed by the 3p signals®®, as deconvolution of
the 3p band revealed two distinct components, Fe** 3p at 54.3
eV and Fe’" 3p at 57.0 eV. We and others have experienced this
behavior, most likely because of the mild oxidizing character
of Fe** (and thus its tendency to be reduced under the syn-
thetic conditions of CDs).*"**> The oxidation state of Fe is
hard to control, since partial oxidation/reduction may occur
depending on temperature, pressure or solvent contri-
butions.®? Nevertheless, CD synthesis requires harsh con-
ditions, such as high temperature and pressure,’* which are
critical for the successful formation of the nano-organic frame-
works. We confirmed that milder reaction conditions, even-
tually preferable to avoid Fe oxidation/reduction, negatively
interfered with the formation of CDs; reactions performed at
lower temperatures (i.e., 200 °C) significantly affected the car-

This journal is © The Royal Society of Chemistry 2026

bonization process between f-Ala and EDTA and a large frac-
tion of the precursors remained insoluble at the bottom of the
microwave vessel (data not shown).

Beyond this synthetic outcome, the presence of mixed-
valence Fe®'/Fe*" doping within the CDs does not disqualify
the material from being considered as a potential nCA.
Overall, the magnetic performances and biosafety of Fe-based
NPs, their activity as T; or T, nCAs, depend on the combi-
nation of multiple factors including particle size, surface
charge/modification, coating composition, structural features
(e.g., crystallinity) and the relative Fe>*/Fe** composition.®

As a basic evaluation of the suitability of Fe@CDs in bio-
logical environments, their cytotoxicity was tested in A549 cells
(human lung adenocarcinoma) using the MTT assay before
and after SEC-HPLC purification. The cells were incubated
with increasing concentrations of Fe@CDs for 24 and
48 hours, ranging between 10 and 500 ug mL™'. As shown in
Fig. 6, no significant toxicity was evidenced even at high con-
centrations of the nanoparticles (500 pg mL™') and after
48 hours of incubation, with ~70% cell survival both for pure
and crude quantum dots (Fig. S2). This result confirms that
f-Ala and EDTA are a valuable set of precursors to generate
metal-doped CD frameworks that guarantee high compatibility
in cellular environments. Purification seems to not affect viabi-
lity, reasonably due to the benign nature of the precursors
involved; nevertheless, the removal of side products (see the
purification details above), whose formation is ubiquitous
during CD synthesis, is central to avoid inconsistencies and
flaws in the CDs, as recently pointed out by several authors
and our group.>*?%°®%”  Additionally, purification by
SEC-HPLC had a notable effect on nanomaterial dispersibility:
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Fig. 6 Viability of the A549 cell line tested using the MTT assay after
incubation with Fe@CDs at different incubation times (blue for 24 hours
and light blue for 48 hours).

the purified material remained well dispersed in water—even
at high concentrations—while the crude one exhibited signifi-
cantly reduced dispersibility (Fig. S3). This aspect is most
likely related to the removal of insoluble Fe-based species and
fluorescent molecular like-byproducts (Fe content and fluo-
rescence intensity diminish after SEC-HPLC), further stressing
the need for sharp purification of crude products.

Finally, to assess the magnetic properties of the Fe@CDs
nanoparticles, their longitudinal and transversal relaxivities
were recorded at 1.5 T, 7 T and 11.7 T. The results are displayed
in Fig. 7 and collected in Table 2.

The longitudinal and transversal relaxivities of Fe@CDs at
37 °C were 1.38 mM " s and 2.22 mM ' s7' at the lower
field. Interestingly, these values are higher than those
obtained for crude_Fe@CDs under the same parameters (r; =
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Table 2 Relaxivity values of Fe@CDs at different magnetic fields

Fe@CDs 15T 7.0T 11.7 T
ry(mM s 1.38 2.16 2.25
r, (mM ™' s 2.22 6.02 7.28
Iyl 1.61 2.78 3.23

0.95 mM ' 57" and r, = 1.12 mM ™" s7'), despite the lower per-
centage (w/w) of the metal in the pure Fe@CDs. This also high-
lights the pivotal role of purification in the preparation of
nanomaterials with enhanced performances. The longitudinal
to transversal relaxivity ratio (r,/r;) is generally used to deter-
mine whether a material behaves as a T; or T, contrast agent;
ratios lower than 4 suggest T; behavior, whereas values above 4
indicate a shift toward dual T,/T, or T, behavior.?’ For
Fe@CDs, the r,/r; value was 1.61, suggesting T; behavior of the
nanoparticles at 1.5 T, unlike what is commonly observed with
other Fe NPs (dimension above 5 nm), for which the T, mecha-
nism is more prominent.?>*® Our Fe@CDs share a similar T,
trend with some ultrasmall iron oxide nanoparticles,®*"°
reasonably owing to their small dimensions, which maximize
the interaction with water molecules favoring spin-lattice
relaxation;”* in addition, their r,/r; is comparable to that of
commercial Gd-based CAs (typically 1.1-1.2; see Table S1),
further confirming the predominant T, character at low field
strengths.””

Moving to higher fields, the longitudinal relaxivity at 7 T
and 11.7 T (21 °C) increased to r; = 2.16 mM " s~ and ry =
2.25 mM™" s7, respectively; the r, values reached 6.02 mM ™"
s' and 7.28 mM ' s7', respectively, and relatively low 7,/r;
ratios were observed (r,/r;@7 T = 2.78 and r,/r;@11.7 T = 3.23,
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Fig. 7 Magnetic properties of Fe@CDs: (A) 1/T; vs. Fe concentration at 1.5 T, 7 Tand 11.7 T. (B) 1/T, vs. Fe concentration at 1.5 T,7 Tand 11.7 T. (C) T,
images of Fe@CD phantoms at 7 T and 11.7 T. (D) T, images of Fe@CD phantoms at 7 Tand 11.7 T.
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Table 3 Fe-doped CDs or nanoparticles reported in the literature, selected among the systems tested in vivo

Nanoparticle Field (T) r,(mM's™) r,(mM™'s™) r/r; Feoxidation state Ref.
CDs 1.5 5.8 14.4 2.5 Fe**-CD complex® 40
CDs 3 3.9 4.9 1.3 Fe’'-based CDs 41
CDs 3 1.2 — —  Fe’“-based CDs 39
CDs 9.4 0.1 9.9 76.1 Fe**-based CDs 38
Small Fe complex 1 1.4 2.4 1.7 [Pe(deferasirox),]*~? 25
SPIONSs 7 0.9 21.6 25.1 Fe*"-based hematite («-Fe,03) or maghemite (y-Fe,0;) 30
SPIONs 7 1.4 7.5 5.5 Fe’'-based maghemite (y-Fe,05) 75
AFNPs 9 2.1 4.1 1.9 FePt;-based antiferromagnetic nanoparticles 32
VSION 9.4 1.1 31.0 271 — 76
Ultrasmall Gd,0; nanoparticles 11.7 10.4 17.2 1.6 — 77
Fe-PLGA NPs 14.1 3.0 62.6 20.8  Fe*'-poly-lactic glycolic acid nanoparticles 78

For each example, the following relevant parameters are reported: the magnetic field intensity at which CDs were tested and the relative
longitudinal (r,) and transversal (r,) relaxivities, the r,/r; ratio and the main oxidation state of Fe. “In this system, CDs were employed as a “poly-
ligand” in post-synthetic complex formation with Fe**; therefore, the metal is not part of the carbon matrix. ® This is an Fe(u) complex.

Table 2). The experimental temperature might play a role in
relaxivity enhancement as CAs usually present higher r; and 7,
when the temperature is decreased.’’ However, the CA per-
formance is higher at 11.7 T as compared to 7 T, meaning that
the enhancement is not (or not only) related to the low temp-
erature difference. This trend differs from what is generally
encountered for commercially available Gd-based CAs (in
plasma or blood), for which the r; values decrease when
increasing the magnetic field.”>’* In Table 3, we indicated
several nano-scaled systems selected from the literature, as a
comparison with our system. At a lower field, Fe@CDs are
comparable to those of many Fe-based nanomaterials that
have been effective in in vivo MRI scans; however, to the
authors’ knowledge, only Qin R. et al. studied Fe-doped CDs at
UHF-MRI in vivo, this time working as 7, nCAs.*® Our
Fe@CDs, showing higher r; values at higher magnetic fields
and an r,/r ratio close to 4, could serve as dual T;/T, nCAs for
UHF-MRYI, alternatively to many agents with an opposite trend
(i.e., reduced T; performance at higher fields, which compro-
mises sensitivity). It should be highlighted that the in vivo per-
formances of nCAs are not determined only by their relaxiv-
ities but also by several other factors, including particle size,
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aggregation and surface coating upon injection in animals, as
well as their biodistribution and biokinetics. These will be
evaluated in future in vivo studies.

Lastly, to assess the long-term stability, we monitored the
T, of Fe@CDs suspended in water and in cellular medium for
8 days. MRI is highly sensitive to the metal environment; con-
sequently, any kind of aggregation, surface modification or
local effects directly affect the relaxation values.”””® Fe@CDs
remained highly stable at 1.5 T over a period of at least 4 days
when dispersed in water. Then, the T; signal dropped to
around 20% only within the last few days of incubation
(Fig. 8A). In the case of cellular growth medium suspensions
(RPMI supplemented with 10% fetal bovine serum, 1%
t-glutamine and 1% penicillin/streptomycin) at 1.5 T, the T;
values slightly increased in the first 24 hours, resulting in a
lower contrast. This could be explained considering the occur-
rence of fast associative phenomena among our particles and
proteins in the medium that hinders the interaction of the
metal center with surrounding water molecules. Similar effects
have been noted by others in literature.”**° Anyway, after the
first 24 hours, the magnetic properties of the mixture
remained stable in the full temporal window. At higher fields
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Fig. 8 Eight-day stability of T, values for Fe@CDs suspended in water and cellular medium (RPMI supplemented with 10% of fetal bovine serum, 1%
L-glutamine and 1% penicillin/streptomycin). Data are presented as a group chart. (A) T; monitoring at the lowest field, 1.5 T. (B) T, monitoring at 11.7

T.
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(Fig. 8B), a 20% reduction in contrast was appreciable at the
longest time only for water, while no changes occurred for the
dots incubated in RPMI. This evidence is not to be interpreted
as a higher stability of the Fe@CDs at 11.7 T; indeed, the fast
association of the proteins with the CDs may take place within
the first few hours, i.e., in the timeframe occurring among the
experiments at the two fields. Eventually, the properties of CDs
remain unchanged up to day 8.

Conclusions

In this work, we explored the design, synthesis and purifi-
cation of Fe-doped CDs, together with their use as nCAs for
UHF-MRI. The use of CDs as a hosting matrix of metals is an
interesting alternative to the more popular SPIONs, since they
allow faster synthetic procedures, tunable properties and
intrinsic fluorescence, as additional imaging mode. We dis-
cussed the limitations associated with incorporating iron into
carbon-based nanoparticles in water, particularly addressing
the challenge of controlling its oxidation state (Fe** vs. Fe*")
under the harsh synthetic conditions required for preparing
CDs and the solubility of iron-based species. We also proved
that the purification of Fe-based CDs by SEC-HPLC is highly
important to generate materials free from fluorescent artifacts
and other metal-doped/low-molecular weight impurities. This
is essential not only as a good synthetic practice but also to
ensure accurate data interpretation and, in this context, to
maximize the homogeneity and performance of the final
Fe@CDs. The nanoparticles showed excitation-dependent fluo-
rescence in the blue-green region and a spherical-like shape of
~5 nm (in diameter and height). The material was highly com-
patible toward the A549 cell line up to 500 ug mL ™" after 48 h
of treatment. Regarding the MRI activity, the Fe@CDs behaved
as a T; contrast agent at 1.5 T, similarly to other few Fe-doped
CDs reported in the literature. Moreover, we explored the use
of Fe-doped CDs at UHF (7 and 11.7 T). The Fe@CDs showed
increased r; values with increasing magnetic field and low r,/
r; ratios (below 4), indicating a promising dual T,/T, behavior
for UHF-MRI. Stability analysis evidenced good properties of
the particles in water and cellular medium up to 8 days. These
findings may open new opportunities for the use of Fe@CDs
as Gd-free CAs and for high resolution MRI purposes.
Furthermore, supporting the synthetic procedures with solid
purification methodologies represents a convincing workflow
to follow for the preparation of robust and well-characterized
metal-doped or undoped carbon dots.

Materials and methods

B-Alanine (p-Ala, 99%), ethylenediaminetetraacetic acid (EDTA,
anhydrous, 99%) and iron(u) chloride hexahydrate (97%) were
purchased from Sigma-Aldrich. Dialysis membrane tubes with
molecular weight cut-off of 0.5-1 kDa were purchased from
Spectrum Labs. Buffers and solutions for gel electrophoresis
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and chromatography were freshly prepared using Milli-Q
water. Agarose for gel electrophoresis was purchased from
Merck.

Synthesis of crude_Fe@CNDs

f-Ala (1 mmol), EDTA (1 mmol) and FeCl;-6H,0 (0.25 mmol)
were mixed in 300 pL of Milli-Q water. The mixture was reacted
in a Discover 2.0 microwave synthesizer using three consecu-
tive heating cycles. Each cycle corresponded to 15 min of reac-
tion at 240 °C and 300 W. After the reaction, a dark brown
mixture was obtained and the precipitate was removed by cen-
trifugation at 4696g for 5 min. The recovered solution was fil-
tered with a 0.2 pm filter, followed by dialysis against Milli-Q
water for 72 h (MWCO 0.5-1 kDa, water changed three times a
day). The solution was freeze-dried and the crude_Fe@CDs
(121 mg) were stored in the dark at room temperature.

Gel electrophoresis (GE)

Agarose gel (1% agarose in 1x TAE buffer (40 mM Tris acetate,
1 mM EDTA, pH 8)) was used for GE analysis. Gels of 65 (w) x
100 (/) mm (with a well size of 5 (w) x 1.5 () mm) were
employed. 7 pL of solutions (10 mg mL™" in Milli-Q water)
were loaded into the gel. Electrophoresis was performed using
a PowerPac™ Basic Power Supply from Bio-Rad (25 min, 110 V)
and the gels were imaged using a Bio-Rad Gel Doc™ EZ
imaging system (light source 302 nm and an emission detec-
tion system equipped with a chemiluminescence filter 590/
110 nm).

Size exclusion chromatography (SEC-HPLC)

High performance liquid chromatography analysis was per-
formed using a Shimadzu SCL-40 equipped with LC-20AR
pumps, a CTO-40C column oven, an SPD-M40 photo diode
array detector and an RF-20A fluorescence detector. Size exclu-
sion chromatography was performed using an Ultrahydrogel
120 column (120 A, 6 um, 7.8 mm x 300 mm, 100-5K, from
Waters™) at 0.5 mL min~', 30 °C and using 50 mM
ammonium bicarbonate buffer (pH 8.3) as an eluent.

Optical spectroscopy

UV-Vis spectroscopy was performed using a Varian Cary 5000
spectrophotometer. Fluorescence spectra were recorded using
an FS5 Spectrofluorometer (Edinburgh Instruments). In both
cases, the measurements were made in Milli-Q water using
quartz cuvettes from Hellma® (10 mm path length).

Inductively coupled plasma mass spectrometry (ICP-MS)

CDs were dissolved in nitric acid (1 mL, 67-69%, Optima™,
for ultra trace elemental analysis) and then digested using a
Speedwave XPERT microwave digestion system. The amount of
Fe was measured using iCAP-Q ICP-MS equipped with a col-
lision/reaction cell and Kinetic Energy Discrimination (KED).
Sample preparation included dilution with nanopure water
(10 mL).

This journal is © The Royal Society of Chemistry 2026
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Atomic force microscopy (AFM)

AFM characterization was performed using a JPK bioAFM
system using a tapping mode tip with a frequency of 320 Hz
(Bruker TESPA-V2). Samples were diluted in Milli-Q water (in
the range of ng mL™") and spin coated on freshly cleaved mica.
Images were processed using WSxM 5.0.

X-ray photoelectron spectroscopy (XPS)

XPS experiments were performed using a Versaprobe III
Physical Electronics (ULVAC) spectrometer with a monochro-
matic X-ray source (aluminium Ko line of 1487 eV) calibrated
using the 3d5/2 line of Ag at 368.26 eV. The samples were spin-
coated on gold-coated 75 x 25 mm slides with 50 nm + 5 nm
Au thickness. XPS data were fitted using CasaXPS software. C
1s, O 1s and N 1s were fitted with the Shirley background and
components were adjusted through GL(30) curves.

Cellular studies

A549 cells (human lung epithelial carcinoma) were obtained
from the European Collection of Cell Cultures (ECACC), part of
the Health Protection Agency. All culture media, reagents, and
buffers were sourced from Merck. The cells were maintained at
37 °C in a humidified incubator with 5% CO, and 95% air
using RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS), 1% r-glutamine, and 1% penicillin/strep-
tomycin. The culture medium was replaced every 2-3 days and
the cells were routinely monitored to ensure that they
remained contamination-free.

A defined number of cells (4000 per well in 100 pL of
medium) were seeded in 96-well plates and allowed to adhere
overnight. The following day, the cells were exposed to six
different concentrations of pure Fe@CDs, ranging from 10 to
500 pg mL ™, in triplicate. The treated cells were incubated at
37 °C under a humidified atmosphere (5% CO,, 95% air) for
24 and 48 hours. After incubation, the wells were washed three
times with PBS, and 100 pL of MTT solution (0.5 mg mL™" in
medium) was added to each well. The plates were then incu-
bated for 3 hours to allow for formazan crystal formation. The
medium was carefully removed, and the resulting formazan
was solubilized in 150 pL of DMSO. Absorbance was measured
at 550 nm using a GENios Pro microplate reader (Tecan). Cell
viability data were obtained from three replicates and analysed
using GraphPad Prism 9 to generate viability curves.

NMR

A Bruker AVANCE III NMR spectrometer was used to obtain all
NMR spectra (11.7 T, 500 MHz for 'H). Measurements were
made in deuterium oxide (99.8% atom D). The spectra were
processed using MestReNova.

Relaxivity studies

Relaxation times (T; and T,) were measured in Milli-Q water
for different concentrations of CDs using a Bruker Minispec
MQ60 (Bruker BioSpin GmbH) contrast agent analyzer at 1.5 T
and 37 °C. Experiments at 7 T were performed in water using a

This journal is © The Royal Society of Chemistry 2026
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Bruker Biospec 70/30 USR MRI system (Bruker Biospin GmbH,
Ettlingen, Germany) interfaced to an AVANCE III console. A
BGA12 imaging gradient (maximum gradient strength 400 mT
m™") and a 40 mm diameter quadrature volume resonator
were used. For T, map imaging of the phantoms, the following
parameters were adopted: Bruker's MSME (multi slice spin
echo) sequence was used. The TE values were varied in 128
steps ranging from 5.5 ms to 704 ms and TR 10 s. For T; map
imaging of the phantoms, the following parameters were
adopted: spin echo saturation recovery using a variable rep-
etition time Bruker’s RAREVTR method. Images were acquired
at 12 different TR values (7000, 3000, 1800, 1200, 1000, 800,
700, 600, 500, 300, 220, 150, and 55 ms), TE 7.5 ms, and RARE
factor 1. All data were acquired with 2 averages, 256 x 256
points and a field of view of 2.56 cm x 2.56 cm, 3 slices with a
slice thickness of 2.0 mm and a 2 mm gap between slices. The
images were fitted using the Levenberg-Marquardt method to
calculate T; and T), values using Bruker’s Paravision 7 software.
Experiments at 11.7 T were performed in water using a Bruker
Biospec 117/16 USR MRI system (Bruker Biospin GmbH,
Ettlingen, Germany) interfaced to an AVANCE III console. An
HP 9 imaging gradient (maximum gradient strength 750 mT
m™") and a 40 mm diameter quadrature volume resonator
were used. For 7, map imaging of the phantoms, the following
parameters were adopted: Bruker's MSME (multi slice spin
echo) sequence was used. The TE values were varied in 128
steps ranging from 5.0 ms to 640 ms and TR 10 s. For T; map
imaging of the phantoms, the following parameters were
adopted: spin echo saturation recovery using a variable rep-
etition time Bruker’s RAREVTR method. Images were acquired
at 12 different TR values (7000, 3000, 1800, 1200, 1000, 800,
700, 600, 500, 300, 220, 150, 55 ms), TE 7.5 ms, and RARE
factor 1. All data were acquired with 2 averages, 256 x 256
points and a field of view of 2.56 cm x 2.56 cm, 3 slices with a
slice thickness of 2.0 mm and a 2 mm gap between slices. The
images were fitted using the Levenberg-Marquardt method to
calculate T; and T, values using Bruker’s Paravision 7 software.
In all cases, relaxivity was calculated from the curve fitting of
1/Ty or 1/T, (s™') against the metal concentration (mM) using
Graph Pad Prism 9.0.
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