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Size dependent properties of Gd3*-
free versus Gd**-doped carbon dots
for bioimaging application

Nazym Zhylkybayeval?, Konstantin Paliienko®*, Anna Topchylo®®, Alexander Zaderko®,
Alain Géloén’, Tatiana Borisova*, Liudmyla Grishchenko®, Ruslan Mariychuk?,
Valeriy Skryshevsky*>“?, Gauhar Mussabek? & Vladimir Lysenko®

Gd3*- free carbon dots (CDs) were synthesized by one-step solvothermal method using urea, citric

acid and 3-(trifluoromethyl)aniline as precursors. Additionally, Gd3>*-doped CDs were prepared by
incorporating gadolinium chloride (Gd>* ions) into the synthesis. Size selection of the purified CDs

was achieved through filter membranes ranging from 3 kDa to 100 kDa. The chemical composition

and optical properties of the obtained samples were characterized by Energy dispersive X-ray (EDX),
Fourier-transform infrared spectroscopy (FTIR), Dynamic Light Scattering (DLS), proton relaxation
time measurements, Ultraviolet-visible (UV-vis) and fluorescence spectroscopies. A comparative
analysis revealed a strong size-dependent behavior in the optical properties of both Gd**-doped and
Gd3*-free CDs. Furthermore, in vitro tests confirmed the non-cytotoxicity of Gd**-doped CDs, indicating
their potential applicability in biomedicine for magnetic resonance imaging (MRI) and red fluorescence-
based cell and tissue imaging.

Keywords Carbon dots, Gd3*-doping, Fluorescence, Proton relaxation time, Cell toxicity, Fluorescent cell
labelling

Due to their promising physicochemical properties, such as strong photoluminescence, biocompatibility, low
toxicity, environmental friendliness, and low-cost fabrication, carbon dots (CDs) have emerged as one of the
most fascinating materials for imaging-guided biomedical applications!~*. The most developed bio-imaging
techniques where CDs can be used as contrast agents are photoacoustic imaging (PAI)>®, fluorescence imaging
(FLI)’, and magnetic resonance imaging (MRI)®*-!2. Notably, MRI garners particular interest among these
visualization techniques for its capability to produce detailed anatomical 3D representations of studied biological
objects, leveraging various MRI contrast agents like heteroatom-doped CDs. For such applications, Gd**, Fe?*,
Mn?*, and Ni?* are recognized as the predominant doping agents due to their ability to alter the physicochemical
characteristics of the particles they dope and to reduce proton relaxation times. The incorporation of the metal
ions into CDs induces profound alterations in their electron distribution and energy band gap, thus enabling the
fine-tuning of the CDs’ optical, electrical, chemical, and magnetic properties'>. One of the primary methods for
achieving such adjustment involves manipulation of the CDs’ size.

Gd** ions are considered as optimal candidates for doping due to their distinctive paramagnetic properties'*.
However, it is widely recognized that free Gd** ions can be highly toxic (13-15 uM) because they inhibit calcium
channels and cause neurologic and cardiovascular toxicity'>. Minimizing the presence of free Gd** in Gd**-
doped CDs while preserving their superior magnetic resonance (MR) and fluorescence capabilities, would
significantly enhance their applicability in bio-imaging contexts.

Numerous studies'®2° involving living cells and mice have been conducted to validate the low toxicity and
high biocompatibility of Gd-doped CDs. These investigations revealed that Gd**- doped CDs do not exhibit the
pronounced toxicity associated with free Gd**- ions, as the ions are complexed with the carboxyl groups within
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the CDs, mitigating their harmful effects. Additionally, these CDs demonstrate excellent water dispersibility and
size uniformity. All these features make them excellent candidates for biomedical applications.

The quantum size effect in CDs has been the focus of numerous studies?! 2. This phenomenon becomes
particularly influential at the nanoscale (< 10 nm), markedly affecting the CDs’ electrical, optical, and magnetic
properties. Several theoretical calculations were conducted to elucidate and verify the correlation between the
size of CDs and their optical characteristics. These analyses confirmed that the energy difference between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) varies with
the size of the CDs: while the size of the dots increases, the gap gradually decreases. And it was deduced that the
strong emission of CDs comes from the quantum-sized carbon-material structure Consequently, it was inferred
that the intense luminescence exhibited by CDs is attributed to their quantum-sized carbon-based structural
composition?.

For example, Kaur and Bharj? synthesized CDs via plasma fusion and found that photoluminescence
(PL) emission intensity peaks are influenced by the size of the CDs due to the quantum confinement effect.
Similarly, Liu et al.?® prepared graphene quantum dots (GQD) of various sizes through a simple and eco-
friendly hydrothermal method. Their findings indicated that an increase in GQD size leads to a narrower
energy gap, enhancing the likelihood of photon transitions and resulting in a redshift of the PL emission peak.
Li et al.?” observed distinct PL behaviors based on the size of the CDs: small CDs (1.2 nm) emit UV radiation
(approximately 350 nm), medium-sized CDs (1.5-3 nm) generate visible light emission (400-700 nm) and
larger CDs (3.8 nm) produce near-infrared emission (about 800 nm). They speculated that the intense emission
from CDs is primarily due to the quantum-scale structure of graphite rather than the carbon-oxygen surface
features. Additionally, Zhi et al.?® obtained malic acid carbon dots (MACD) fractions and showed that their
PL peaks shift from blue to cyan, yellowish and red. These shifts in PL emission are attributed to the narrowing
of the band gap energy as the particle size increases. Wang et al.?? synthesized amino-functionalized graphene
quantum dots (AF-GQDs) with different sizes and observed that their absorption spectra exhibited a subtle blue
shift with an increase in the size of the AF-GQDs. This phenomenon was linked to reduced conjugation due to
a decrease in the molecular plane of the GQDs. Zhu et al.** produced three types of GQDs with sizes of 1-4 nm,
4-8 nm, and 7-11 nm by varying the reaction temperature, and these GQDs emitted PL in the range from
blue and green to yellow. To investigate the correlation between particle size and PL emission, they conducted
theoretical calculations and demonstrated that the particle size is related to the HOMO-LUMO gaps; as the size
increases, the gap decreases progressively. Xin et al.*! prepared four types of CDs with different sizes using a one-
step electrochemical oxidation method and discovered a link between the size of the CDs and their antibacterial
properties. This relationship was explained by the synergy between the bacterial absorption capacity of CDs and
the reactive oxygen species stimulated by the CDs.

Despite the significant amount of accumulated scientific data on studying the physicochemical properties
of CDs, no research has been conducted specifically to clarify how the optical properties of CDs depend on
the sizes of nanoparticles with and without Gd**. In this work, we synthesized Gd**-free and Gd>*-doped CDs
by means of the solvothermal method and performed post-synthesis size selection of the CDs. We aimed to
examine the size-dependent optical properties of both Gd**~free and Gd**-doped CDs, emphasizing the size-
effect of these nanoparticles. Furthermore, we assessed the effects of these CDs on the proliferation of living cells
in vitro. Notably, in vitro experiments indicated that Gd**-doped CDs did not exhibit toxicity towards living
cells, underscoring their potential for safe biomedical applications.

Results and discussion

Structure and chemical composition of CDs

Transmission Electron Microscopy (TEM) is one of the key methods for determining the structural features
of fine nanoparticles, as in our case. However, it may not always be an informative tool when working with
amorphous nanoparticles, which primarily consist of small molecular compounds. We attempted to capture
TEM images of our particles, but due to their amorphous and small nature, we were unable to achieve good
contrast. Due to poor contrast and non-representative results in the TEM images (see Fig. S1 in SM), we
performed Dynamic Light Scattering (DLS) analysis instead to determine size distribution of the particles. As
illustrated in Fig. 1a and b, the particle size distribution graphs indicate that the mean diameters of both types of
CDs range from approximately 2 to 50 nm as a function of the used filters.

Zeta potential measurements were carried out using dynamic light scattering on a Malvern Z-sizer NANO.
Figure 1c illustrates the zeta potential values of Gd**-free and Gd**-doped CDs, showing their pH-sensitive
behavior. As one can see, the colloidal solutions of both types of CDs exhibit pH-dependent zeta potentials.
A continuous decrease in zeta potential is observed as the pH increases, with Gd>*-free and Gd**-doped CDs
changing their zeta potential to the opposite sign with acidification of the medium.

At pH values below 3.8, Gd**-free CDs exhibited positive zeta potential values can be attributed to
3-(Trifluoromethyl)aniline, an aromatic amine, used in the synthesis. This compound enriches the CDs with
nitrogen, giving Gd**-free CDs a positive zeta potential in the acid region. For Gd**-doped CDs, the positive
zeta potential was observed at pH below 7.2. The difference in the isoelectric points between the two types of
CDs is likely due to the impact of the Gd ions, which carries a 3 4 charge and can effectively neutralize negative
surface charges, embedding itself into the Gd-CDs surface.

The chemical composition of both Gd**-free and Gd**-doped CDs was determined through Energy
Dispersive X-ray Spectroscopy (EDX) and Fourier Transform Infrared Spectroscopy (FTIR). Figure 2a clearly
illustrates that both varieties of CDs predominantly consist of carbon and oxygen atoms, with significantly lesser
amounts of fluorine and, where applicable, gadolinium. Notably, the Gd3*-free CDs, as expected, exhibit no
traces of gadolinium, thereby confirming their classification as gadolinium-free.
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Fig. 1. Gd**-free (a) and Gd**-doped (b) CDs size distribution; (c) Zeta potential of Gd**-free and Gd3*-

doped CDs at different pH.

FTIR analysis was conducted to examine the molecular structure of both Gd**-free and Gd*"-doped CDs,
with the results presented in Fig. 2b. The spectra were recorded over the range of 600 to 4000 cm™1.

The FTIR spectra revealed the presence of various functional groups that contribute to forming a protective
layer on the CDs’ surface. A broad band observed between 3400 and 3000 cm™! corresponds to stretching
vibrations v(O-H) of hydrogen-bonded hydroxyls. The peaks in the range of 3000-2800 cm™! are attributed to
the stretching vibrations v(C-H)*. An intense band around 1600 cm™! likely results from bending vibrations
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Fig. 2. (a) EDX analysis and (b) FTIR analysis of Gd**-free and Gd**-doped CDs.

(deformations) of free groups 8(-NH,), water molecules or C=C bonds in benzene rings and other double
bonds****, along with asymmetric stretching vibrations of carboxylate groups v, (-CO,")*. The band 1420 cm™*
is associated with symmetric stretching vibrations of carboxylate groups v ( CO ) scissoring vibrations of
the CH, fragment in vinyl groups 6 (-CH,=CH,), and stretching vibrations v(C= N) A band at 1070 cm™! is
attr1buted to v(C-0) stretching vibrations and may include a contribution from isopropanol®.

Notably, a strong IR band with a maximum at 1166 cm™! is clearly observed, corresponding to the C-F
bond?”. When the fluorine atom is connected through sp*-hybridization, the C-F bond is considered covalent,
with stretching vibration absorption at peaks near 1221 cm™ ¥ and CF, bond at 1260 cm™'*. According to*’, an
asymmetric C-F stretching vibration at 1330 cm™ appears with strong intensity.

The surface chemistry of both Gd**-free and Gd**-doped CDs appears very similar, suggesting that the
presence of Gadolinium does not significantly affect the surface chemistry of the CDs.

Figure 3 shows the schematic representations of the molecular structures for both fluorinated Gd**-free and
Gd>*-doped CDs. In Fig. 3a, the 3D structure of Gd**-free CDs is depicted, where carbon atoms are illustrated in
gray, oxygen atoms — in red, hydrogen atoms - in white, fluorine atoms - in turquoise, and nitrogen atoms - in
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Fig. 3. Schematic structure of (a) Gd**-free (carbon atoms are in gray, oxygen - in red, hydrogen - in white,
fluorine- in turquoise, and nitrogen atoms - in blue) and (b) Gd**-doped CDs.

blue. Figure 3b displays the 2D model of the Gd**-doped CDs, highlighting possible places for localization for
the Gd** ions.

Proton relaxation times measurements

Figure 4a and b present the outcomes of longitudinal (T,) and transverse (T,) proton relaxation time
measurements performed on Gd**-free and Gd**-doped CDs. The T, and T, values for pure water are added
for comparison. A significant distinction in relaxation times is evident between Gd**-free and Gd**-doped CDs.
One can see that for both types of CDs with sizes below 5 kDa, the T, and T, values closely approximate those
of pure water (4150 +20 ms). However, for the CDs larger than 10 kDa, the difference in both longitudinal and
transverse proton relaxation times becomes markedly pronounced. In particular, the T, and T, values for the
Gd>**- doped CDs are significantly reduced, nearly two orders of magnitude shorter than those observed for the
Gd>**-free CDs, underscoring the impact of Gd** ion incorporation. Indeed, the sensitivity of proton relaxation
times to the presence of paramagnetic ions in solutions is a well-known phenomenon®!. It is noteworthy to
mention the preferential incorporation of Gd** ions into the larger carbon dots (CDs), ranging in size from 10
to 100 kDa. This selective incorporation significantly influences the magnetic properties of the CDs, particularly
determining their application in magnetic resonance imaging (MRI) as contrast agents.

Optical properties

UV-VIS absorbance

Figure 5 illustrates the absorption spectra of the Gd**-free and Gd**-doped CDs, with Fig. 5a and b highlighting
the spectra of small (<3 kDa) and large (10-100 kDa) Gd>*-free CDs, respectively. Conversely, Fig. 5¢ and d
display the absorption spectra of Gd**- doped CDs.

According to the literature data®?, high-energy absorption bands exceeding 4.5 eV are attributed to m->m*
transitions, specifically involving sp? hybridized aromatic carbons, indicative of C=C aromatic bonds. The
subsequent peaks observed in the range of 3.2 to 3.6 are correlated with the intrinsic absorption related to n->m*
transitions in the C=0, C=N and C-F bonds present in the carbon cores. Absorption bands falling below
3 eV stem from transitions associated with surface states of the particles. It is important to note that the n->m*
transitions and the broad absorption bands corresponding to surface states often exhibit overlapping features,
rather than being distinctly separate. Hence, band 5 is also associated with photoinduced electronic transitions
within surface chemical bonds. Regarding band 6, this feature may be ascribed to the integration of nitrogen
into the sp? carbon lattice or to surface states involving nitrogen and/or fluorine, further illustrating the complex
interactions and structural nuances within the carbon dots.

The comparison reveals that the small (< 3 kDa) Gd**-free and Gd**-doped CDs exhibit remarkably similar
absorption spectra. The spectral features, following deconvolution of the experimental data, show identical
intensities and spectral positions. However, a distinct difference emerges when examining the absorption spectra
of the larger CDs (10-100 kDa). The intensity of peaks, revealed through deconvolution (with Figures S2-S8 in
the Supplementary Material providing detailed deconvolution processes), demonstrates a noticeable disparity.
Specifically, the Gd**- doped CDs exhibit higher absorption intensities than their Gd**-free counterparts. In
particular, the spectral band between 4.5 and 6 eV is significantly more pronounced for the Gd**- doped CDs.
Furthermore, the relative intensity of the spectral band centered around 3 eV, compared to that at 2 eV, is also
elevated in the Gd**- doped CDs, highlighting the substantial impact of gadolinium doping on the optical
properties of the CDs.

The observed spectral resemblance between the small (<3 kDa) Gd**-free and Gd**-doped CDs can be
attributed to their similar low-molecular chemical compositions, independent on the presence or absence of
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Fig. 4. (a) Longitudinal (T,) proton relaxation times dependence on sizes of Gd**-free and Gd**-doped CDs;
(b) Transverse (T,) proton relaxation times dependence on sizes of Gd**-free and Gd**-doped CDs.

Gd®* ions. This observation suggests that Gd** ions do not significantly interact with the smallest CDs. On
the other hand, the noticeable spectral differences observed between the larger (10-100 kDa) Gd**-free and
Gd>**-doped CDs can be explained by the incorporation of Gd** ions into the latter. In particular, the enhanced
UV-visible absorption intensity seen in the Gd**-doped CDs can be attributed to their heightened polarizability.
This, in turn, leads to an increased optical absorption cross-section, a result of integrating the highly charged
Gd?" ions into the larger CDs’ structure.

Fluorescence

Figure 6 display fluorescence (FL) excitation/emission (FLE) maps of Gd**-free and Gd**-doped CDs recorded
under UV and visible light excitation, respectively. Figure 6a presents FL/FLE maps for CDs of various sizes,
excited in the 250-380 nm range, while Fig. 6b displays these maps for the Gd**-doped CDs. Across all the FL/
FLE maps in Fig. 6, two distinct spectral regions are identified: one related to an excitation at 370 nm and the other
at 270 nm. For smaller particles, the FL peak maximum aligns with an excitation at 370 nm, whereas for larger
particles, the peak maximum corresponds to excitation at 270 nm. With increasing particle size, the absolute
FL intensity excited at 370 nm (associated with smaller particles) diminishes, and the ratio of fluorescence
intensities upon excitation at 270 nm to 370 nm (I,/ I,,) increases. Mirroring the absorption spectra for the
smaller (< 3 kDa) Gd**-free and Gd**-doped CDs, their FL/FLE spectral maps are virtually indistinguishable in
terms of intensity and spectral characteristics. This similarity suggests that both types of CDs share an identical
low-molecular-weight chemical composition, unaffected by the presence or absence of Gd?* ions. In contrast,
the FL intensities of the largest (10-100 kDa) Gd**- doped CDs are lower compared to the Gd**- free CDs within
the same size range. Considering their higher absorption values, it can be inferred that the incorporation of Gd**
ions enhances the likelihood of non-radiative recombination events, affecting the fluorescence properties of the
CDs. FL/FLE spectral maps (at excitation range 250-380 nm) with absolute maximum values adapted for each
map are given in the Supplementary (Figure S9).
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Figure 6¢c and d show, respectively, FL/FLE maps upon excitation of Gd**-free and Gd**-doped CDs of
various sizes in the range of 400-560 nm. Across these maps (except for Gd**- free CDs with sizes 10-100 kDa)
a prominent maximum FL intensity is observed, centered around 430 nm excitation. This FL peak, dominant
in smaller particles (<10 kDa), gradually diminishes as the size of the nanoparticles increases. This indicates
that the FL/FLE spectral region, excited between 400 and 470 nm and emitting at <600 nm, is characteristic
of small, low-molecular-weight species. Conversely, the intensity of the red fluorescence in Gd**- free CDs,
excited at 540 nm, intensifies and becomes maximal for larger particles (10-100 kDa). In comparison, the
intensity of similar red fluorescence in Gd**-doped CDs is significantly reduced. This observation suggests that
the incorporation of Gd** ions into larger CDs results in a pronounced quenching of their red fluorescence,
highlighting the impact of Gd** ions on the fluorescence properties of the CDs, particularly in altering their
emission profiles (see also Figure S10).

Cell toxicity

Figure 7 shows the evolution of cell indexes in the presence of increasing concentrations of Gd**- free CDs (a) or
Gd**- doped CDs (b) during 24 h. The data indicate that Gd**- free CDs do not affect cell indexes, demonstrating
complete biological compatibility at the tested concentrations (as shown in Figure S11 (a) in the Supplementary
Materials). However, cell indexes slightly decreased when exposed to the highest concentration of Gd**- doped
CDs (Figure S11 (b) in the Supplementary Materials), suggesting a certain degree of toxicity. The toxicity of
these CDs can be qualitatively evaluated by analyzing the time dependent changes in slope values; a lower slope
indicates higher cytotoxicity. Following the 24 exposures, the culture medium containing CDs was replaced
with fresh medium without CDs, allowing for further assessment of any long-term effects or recovery. This had
no effect on the cell indexes of cells exposed to CDs. The slopes of cell indexes for cells exposed to Gd**- doped
CDs showed an increase after the washout, indicating the absence of any lasting detrimental effects from these
CDs. The impact of Gd**- doped CDs on cell viability can be qualitatively assessed by the slope of cell index
values, the lower the slope, the higher the impact. Indeed, the higher the concentration of Gd3*- doped CDs, the
more significant was the decrease in the slope of the cell index. The highest concentration of Gd**- doped CDs
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Fig. 6. FL excitation/emission maps in the UV-visible region: (a, ¢) Gd**- free CDs, (b, d) Gd**- doped CDs.

(10 pg/mL) resulted in a minor reduction in the slope of the cell index. At the lower concentrations (1-5 ug/mL),
Gd>*- doped CDs exhibited no significant effects, highlighting the sensitivity of the cell index measurement. This
slight reduction in cell index, suggesting a minimal impact potentially limited to cell adhesion, is corroborated
by microscopic observations (Fig. 9), which revealed no changes in cell shape and structure, thus suggesting the
absence of toxicity.

Fluorescent cell labeling

In order to test the ability of Gd*'- doped CDs to serve as bimodal contrast agent, human carcinoma A549
cells were loaded with them at various concentrations (5 and 10 pg/mL). Figure 8 demonstrates the uneven
distribution of fluorescence intensity on photomicrographs. The enhanced visibility within the cells is attributed
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Fig. 8. Fluorescent microscopy images of human carcinoma A549 cells labeled with Gd**- doped CDs at
different concentrations: (a) 5 ug/mL; (b) 10 pg/mL.

to the fluorescent properties of the Gd**- doped CDs. Notably, the most intense fluorescent spots are not located
within the nucleus. While some nuclei appear slightly labeled, it’s likely that the labeling is positioned outside the
nuclei, with most nuclei remaining unlabeled. It should be noted that the incorporation of Gd**- doped CDs into
cells didn't alter the cells’ size and shape, indicating their biocompatibility. This evidence supports the potential
of Gd**- doped CDs to serve as effective fluorescent markers in cellular imaging applications, as documented in

references®>.

Conclusions

The Gd** free and Gd**-doped CDs were successfully synthesized through a straightforward one-step
solvothermal method and categorized into four size-based fractions. Our findings reveal that Gd** ions
preferentially incorporate into larger CDs (10-100 kDa) while exhibiting minimal interaction with the smaller
ones (<3 kDa). The study indicates that the presence of Gd** ions in smaller CDs increases the probability of
photo-induced non-radiative recombination events. Conversely, their integration into the larger CDs significantly
diminishes red fluorescence, suggesting an alteration in their optical properties. In vitro experiments confirmed
the global non-toxic nature of both Gd*'- free and Gd*'- doped CDs, highlighting their biocompatibility. The
straightforward synthesis process, coupled with their low toxicity and the unique optical properties of the Gd**-
doped CDs, underscores their potential for biomedical applications. Specifically, their efficacy as fluorescent cell
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markers and low proton relaxation times offer promising opportunities for bi-modal bio-imaging (fluorescence
and MRI) techniques, paving the way for advanced diagnostic and therapeutic applications.

Materials and methods

Synthesis of CDs

The synthesis of CDs was carried out according to the patented protocol*. To synthesize CDs, 3 g (15.6 mmol)
of anhydrous citric acid (Sigma-Aldrich, suitable for cell culture) and 6 g (0.10 mol) of urea (Sigma-Aldrich,
ACS reagent) were dissolved and made up to the 30 mL volume with DMF solvent (Sigma-Aldrich, anhydrous,
99.8%). Subsequently, 0.425 g (2.65 mmol) of 3-(trifluoromethyl)aniline (Sigma-Aldrich, >99%) was added to
the solution. The resultant mixture was then equally divided into two parts. To the second portion, 242.4 mg
(0.65 mmol) of gadolinium(IIT) chloride hexahydrate (Sigma-Aldrich, 99%) was added and dissolved with the
aid of a magnetic stirrer, ensuring the formation of a clear solution. Both solutions were subsequently transferred
into sealed Pyrex glass ampoules. These ampoules were then placed in a PTFE-lined stainless-steel autoclave
and placed in an oven at 180 °C for 8 h. Post-synthesis, the samples were categorized as Gd**-doped carbon
dots (CDs-Gd) for the gadolinium-containing sample, and Gd**-free carbon dots (CDs) for the sample without
gadolinium.

The purification of Gd**-free and Gd>*-doped CDs consisted of three stages: preliminary purification,
dialysis and fractionation.

Preliminary purification is obligatory for coarse particles elimination. The ampoules were opened; and their
contents were diluted with water to 15 mL. The colloidal solutions were then transferred to ultra-filtration spin
columns (centrifugal concentrators), specifically Vivaspin® 20 (100,000 molecular weight cut-off (MWCO),
Polyethersulfone (PES) membrane), and centrifuged at 3000 g for 1 h. This process resulted in a fraction with a
conditional molecular weight of less than 100 kDa.

Dialysis was performed to remove low molecular components. For this purpose, dialyzing sacks made of
membrane with a nominal filter rating of 3’500 MWCO (ZelluTrans ROTH" Regenerated Cellulose Tubular
Membrane, flat width 19 mm, wall thickness 25 pm, volume per length 1.15 mL/cm) were utilized. This step
lasted for 190 h. Liquids that permeated through the membrane pores of 100°000 MWCO were collected and
transferred into dialyzing sacks 20 cm in length featuring membrane pores of 3°000 MWCO. Dialyzing sacks
were filled with 15 mL of colloid solutions containing synthesized Gd**-free and Gd**-doped CDs and placed
separately into 5000 mL vessels with deionized water. The water in these vessels was replaced three times daily
over an 8-day dialysis period. Following this process, the initial fraction, labeled as “100 — 10 kDa”, was collected.
The concentrations of solutions containing Gd**-free and Gd**-doped CDs were determined using a gravimetric
technique, with values of 270 ug/mL and 130 pg/mL respectively.

The fractionation procedure was implemented to segregate the synthesized particles into distinct size-based
fractions, allowing for the detailed investigation of their properties within separate groups. Table 1 outlines the
steps involved in the fractionation process.

Therefore, 4 fractions of Gd3*- free CDs and Gd3*- doped CDs were obtained: lower than 3 kDa, 3-5 kDa,
5-10 kDa and 10-100 kDa.

Optical characterization

After purification, UV-visible absorption and fluorescence spectra were measured. The UV-visible absorption
spectra were acquired using a Shimadzu UV-2700 spectrophotometer (Shimadzu, Japan). Meanwhile,
fluorescence excitation/emission maps were recorded on a Cary Eclipse Fluorescence Spectrophotometer
(Agilent Technologies, USA) with a xenon flash lamp (80 Hz) as the excitation source.

Proton relaxation measurements

Proton relaxation times T, and T, were studied by means of Bruker 60 MHz equipment MQ60 (ND 2605,
Bruker Optic GmbH, Rheinstetten, Germany). Data was analyzed using the “Bruker theminispec” application.
We analyzed 300 pL of colloidal solution of the nanoparticles in the vials for all experiments.

Cell toxicity studies

Cell number measurements were conducted using a non-destructive impedance-based technique called
xCELLigence (ACEA Biosciences Inc., Biotek, Colmar, France). The cells were cultured on a specialized plate
with electrodes on the bottom. The system measures electrical impedance across interdigitated microelectrodes
located at the bottom of the culture wells. The measurements involved applying an alternative excitation
signal (with a control voltage amplitude of 20 mV) at 3 different frequencies (10, 25, and 50 kHz) through
the microelectrodes in the E-plates while monitoring the voltage drop across the electrodes. The impedance
data was processed over time, resulting in a cell index value. The cell index was directly related to factors

Step | Process Samples

Centrifugate content of sacks after dialysis in Vivaspin20 10°000 MWCO, RCF: 4°000 g

Time: 3 b Supernatant: 10-100 kDa, Filtrate: 3.5-10 kDa

Centrifugate the filtrate 3.5-10 kDa in Vivaspin20 5000 MWCO, RCF: 4000 g, Time: 2 h | Supernatant: 5-10 kDa, Filtrate: lower 5 kDa

Centrifugate the filtrate lower 5 kDa in Vivaspin20 5000 MWCO, RCF: 3’000 g, Time: 2 h | Supernatant: 3-5 kDa, Filtrate: lower 3 kDa

Table 1. Fractionation procedure of Gd**- free CDs and Gd**- doped CDs.

Scientific Reports |

(2024) 14:27812 | https://doi.org/10.1038/s41598-024-76500-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

such as cell number, cell surface area, and adhesion. Among these factors, cell number was found to be the
primary determinant of the cell index value for a given cell line. The impedance measurement method used was
non-destructive and allowed real-time continuous monitoring of cell proliferation under various conditions,
including the presence of CDs and after their removal (washout), on the same cell population. To compare
the effects of increasing concentrations of Gd**- free and Gd**- doped CDs on cell proliferation, the cell index
slopes on normalized curves were measured. Each curve presented the average cell index measured in four
wells. Experiments were carried out on adenocarcinomic human alveolar basal epithelial A549 cells. Cells have
been seeded at 2500 /well, and allowed to grow for 48 h, until reaching a cell index value close to 1. Then culture
medium has been replaced with the same composition plus increasing concentrations of NPs. Cells have been
kept for 24 h then the culture medium has been replaced with fresh culture medium without NPs (washout).

Fluorescence cell labelling

Images were taken at magnification from magnification x20 using a Cytation 3 cell imaging reader (Biotek
Instrument Inc., Colmar, France) on cells fixed with formalin 10% (Sigma Aldrich). Fluorescence was measured
with the filter Ex586/Em 647 (Berger et al. 2015)*.

The data are presented as mean values+ SEM. Statistical analysis was performed with StatView 4.5 software
(Abacus Corporation, Baltimore, MD, USA) for Windows. Data were analyzed using a one-way ANOVA
followed by a Fisher’s protected least significance difference (PLSD) post hoc test. The significance level was
accepted at p <0.05.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon
reasonable request.
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