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Abstract: Nanoparticle (NP)-based contrast agents enabling different imaging modalities are sought
for non-invasive bio-diagnostics. A hybrid material, combining optical and X-ray fluorescence is
presented as a bioimaging contrast agent. Core NPs based on metallic thodium (Rh) have been
demonstrated to be potential X-ray Fluorescence Computed Tomography (XFCT) contrast agents.
Microwave-assisted hydrothermal method is used for NP synthesis, yielding large-scale NPs within
a significantly short reaction time. Rh NP synthesis is performed by using a custom designed sugar
ligand (LODAN), constituting a strong reducing agent in aqueous solution, which yields NPs with
primary amines as surface functional groups. The amino groups on Rh NPs are used to directly con-
jugate excitation-independent nitrogen-doped carbon quantum dots (CQDs), which are synthesized
through citrate pyrolysis in ammonia solution. CQDs provided the Rh NPs with optical fluorescence
properties and improved their biocompatibility, as demonstrated in vitro by Real-Time Cell Analysis
(RTCA) on a macrophage cell line (RAW 264.7). The multimodal characteristics of the hybrid NPs are
confirmed with confocal microscopy, and X-ray Fluorescence (XRF) phantom experiments.

Keywords: X-ray fluorescence; carbon quantum dots; contrast agents; dual-mode imaging; nanomedicine;
hybrid nanostructure; bio-imaging

1. Introduction

Bio- and medical imaging have been extensively used due to their visual interface
with the goal of enabling early detection and diagnosis of diseases. It is, therefore, essential
to develop supplements that can maximize the ability of the current detection schemes,
diagnosis, and treatment of variety of diseases, such as cancer [1]. Nanoparticles (NPs)
are presently widely investigated as carriers for targeted drug delivery and therapy [2,3].
NP-based contrast agents have been the subject of intensive research. One of the most
attractive features of NPs is the possibility of modulating their bio-distribution by surface
derivatization, or conjugation with agents for specific targeting. Synthetic control over the
size and morphology of NP contrast agents can significantly influence pharmacokinetics
and biodistribution, and surface modification enables therapeutic efficacy and multimodal
imaging [4]. There are commercial contrast agents, which are viable for preclinical or
clinical imaging [5,6]. Different bioimaging techniques require the use of specific contrast
agents. Computed tomography (CT), for example, uses iodine-based small molecules
and barium suspensions. Magnetic resonance imaging (MRI) utilizes superparamagnetic
iron oxide NPs and gadolinium chelates. Quantum dots, gold, and rare earth oxide NPs
are used in optical imaging, while gold nanoparticles are also utilized for photoacoustic
imaging. Ultrasound imaging makes use of silica (SiO,) NPs and gas-filled microbubbles.
Lastly, nuclear imaging (PET, SPECT) techniques use radionuclide-labeled compounds [1].
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Laboratory NP X-ray fluorescence tomography is an emerging biomedical imaging
modality with potential for high-spatial-resolution molecular small-animal imaging [7,8]. X-
ray fluorescent NPs have been successfully employed in bioimaging, to reveal biophysical
characteristics and features in cellular environments [8,9]. Recently, we have demonstrated
the use of NP-based contrast agents for X-ray fluorescence computed tomography (XFCT)
in preclinical research and for tumor detection using MoO, NPs, utilizing a liquid-metal-jet
microfocus source [8,10]. Furthermore, we also validated the potential use of Rh- and
Ru-based NPs as XFCT contrast agents, which have matching X-ray absorption profiles to
the pencil beam X-ray source [11-13]. In order to improve the functionality and biocom-
patibility of the XFCT contrast agents, SiO, coating was introduced, where a fluorophore
(Cy5.5) has been covalently attached to the SiO; matrix. The synthesized core-shell NPs
were then validated for in vitro and in situ bioimaging [14].

For the synthesis of metallic NPs, there are several methods reported in the literature;
in particular, wet-chemistry-mediated synthesis of metallic nanostructures are of great inter-
est owing to their flexible design in controlling the size, shape, and surface chemistry [15].
Chemical reduction [16], UV photolysis, thermal decomposition [17], metal vapor deposi-
tion [18], electrochemical reduction [19], sonochemical decomposition [20], and microwave
irradiation [21] are among the commonly used methods. Among these, the chemical reduc-
tion method is a rapid and scalable route to prepare water-dispersible NPs. The process can
be done in an aqueous solution using reducing agents like NaBHy, or in long-chain alcohol
media (also known as polyol synthesis), where the alcohol acts as the reducing agent and
solvent at the same time. Rh nanostructures, including nanoshells, nanoframes and porous
nanoplates, were recently reported through an inverse-directional galvanic replacement
reaction [22]. Rh NPs synthesis was also reported through polyol reduction [11,12]. This
approach, and other classical approaches, require multiple steps including synthesis, acti-
vation, isolation, and functionalization. These steps cause increased byproduct formation,
toxic chemical utilization while limiting large scale, inexpensive, and benign production
accompanied by high reproducibility [23]. Therefore, methods free of toxic byproducts
with minimal process steps are under intensive investigation. Biomolecules including
amino acids, peptides [24,25], sugar ligands, and sugar polymers [26] have been shown to
act as reducing, capping, and stabilizing agents in the synthesis of metallic and ceramic
nanostructures [27-30].

In recent years, carbon quantum dots (CQDs) have gained significant attention [31-34].
Possessing superior properties including inertness, low toxicity, large surface area, high
photostability, high resistance to photobleaching, and easy surface modification make
them promising materials for biomedical applications [35-38]. Doped CQDs can be a
versatile material for future biomedical and sensing applications due to their tunable
fluorescent properties, excellent biocompatibility, and high aqueous stability [39]. There
has been intensive research, using several heteroatoms (nitrogen, sulfur, phosphorus, boron,
fluorine, etc.) as well as metals (Zn, Mg, Ag, Au, Cu, Ga, etc.) as doping agents to enhance
the physicochemical properties of CQDs [40-42].

In this work we report the synthesis and functional analysis of Rh-CQD hybrid NPs,
where a specially designed sugar ligand is used as a reducing and capping agent during
the aqueous synthesis of Rh NPs. CQDs were synthesized through MW-assisted pyrolysis
and thereafter have been conjugated to the Rh NPs’ surface. This conjugation conferred Rh
NPs with optical fluorescence properties and improved biocompatibility. The dual mode
properties of the Rh-CQD hybrid NPs were confirmed via confocal microscopy for in vitro
localization, and with XRF phantom experiments, to mimic in vivo imaging.

2. Materials and Methods

Materials: Rhodium(III) chloride (RhCls, 98%), Citric acid (>99.5%), N-Hydroxy-
succinimide (NHS, >97%), N-(3-Dimethylaminopropyl)-N"-ethylcarbodiimide hydrochlo-
ride (EDC, BioXtra), Lactose (100%), 4,4’-Oxydianiline (97%), Borane dimethylamine com-
plex (97%), Ammonia solution (25%), Quinine hemisulfate salt monohydrate (>99%),
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Sulfuric acid (>97%), Acetic acid (>99%), Acetone (>99.5%), Iscove’s Modified Dul-
becco’s Medium (IMDM), Fetal Bovine Serum (FBS), and Murine macrophages (RAW 264.7,
91062702-1VL) were all purchased from Sigma Aldrich (Stockholm, Sweden). Phosphate-
Buffered Saline (PBS) and the fluorescent probe, Alexa Fluor 555 Phalloidin, were pur-
chased from Thermo Fisher Scientific (Stockholm, Sweden). Ethanol absolute (>99.8%)
was purchased from VWR International AB (Stockholm, Sweden).

Sugar Ligand: Lactose 4,4’-oxydianiline-N (LODAN) sugar ligand was obtained with
a two-step reductive amination reaction in 50:50 acetic acid:water solvent system, as
described in previous studies [30,43,44]. Shortly, a molar ratio of 1.2 between amino groups
in the organic substituents to the sugar moieties was chosen in order to fully deplete the
sugar content, allowing the precipitation of the final product, while washing away the
residual organic groups with acetone and ethanol rinse. Borane dimethylamine complex
was used to convert imine intermediate into amine, in a ratio of 1.2 with the sugar residue.
The sugar ligand was then dried at 70 °C in a rotavapor for further use.

Rhodium Nanoparticles: Rh NPs were synthesized via a Microwave (MW)-assisted
hydrothermal method. Typically, the Rhodium precursor, RhCl; ([Rh*'] = 2 mM), was
mixed with LODAN (4 mM) in 15 mL water at RT, under magnetic stirring. The dispersion
was processed for 5 min at 160 °C with MW irradiation at 2.45 GHz in the Initiator + SP
Wave (Biotage®, Uppsala, Sweden), turning the dispersion from light yellow to dark black
color. After cooling down, the dispersion was transferred into dialysis centrifuge tubes
(30 kDa) and centrifuged to remove unreacted precursors. The collected NPs were then
re-dispersed in distilled water.

Carbon Quantum Dots: For the synthesis of CQDs, a MW-assisted hydrothermal method
was pursued. In a typical reaction, citric acid (260 mM) was dissolved in ammonia (30 mL)
under continuous stirring. The solution was then transferred to a Teflon for MW treatment
in the flexi-WAVE (Milestone SRL, 24010 Sorisole, Bergamo, Italy) at 200 °C for 30 min. The
sample was then transferred into a beaker and diluted with water (40 mL). The ammonia
solution was evaporated at 60 °C, while magnetically stirring, until the dispersion reached
a neutral pH; the solution turned its color from light yellow to dark blue. The synthesized
CQDs were stored in the refrigerator, in a dark environment.

Conjugation Process: Rh NPs were conjugated with CQDs by cross-linking the amino
groups on the Rh NPs’ surface to the carboxyl groups of the CQDs. Stock solutions of NHS
and EDS were prepared, with a concentration of 1 mg/mL. Under magnetic stirring, to a
dispersion of CQDs (60 pg/mL), NHS and EDC were introduced, with a final concentration
of 200 ug/mL. Subsequently, Rh NPs (0.6 mM) were added into the dispersion and reacted
for 24 h in a sealed beaker at room temperature. Finally, the dispersion was centrifuged,
and the precipitate was re-dispersed in milli-Q water. The Rh-CQDs NPs were stored at
4 °C, in dark, for further use.

Characterization Techniques: Ultraviolet— Visible Spectrophotometry (UV —vis, NP80,
Implen) was used for the determination of the absorption spectrum. A spectrofluorometer
(Jasco FP-8300, Kovalent AB, Vistra Frolunda, Sweden) was employed to evaluate the
optical fluorescence properties of the synthesized samples, diluted in milli-Q water. For
the estimation of the relative fluorescence Quantum Yield (QY), quinine hemisulfate salt
monohydrate (10 pg/mL) was dissolved in sulfuric acid (0.5 M) and the fluorescence and
absorption spectra recorded. Further details are presented in the Supplementary Materials.
The hydrodynamic size and surface charge (zeta potential) of diluted dispersions (pH
6.5) of the synthesized stocks were measured with the Zetasizer Nano ZS90 (Malvern
Panalytical Ltd., Malvern, UK), in triplicates. The size and morphology of NPs (in dried
state) were estimated via Transmission Electron Microscopy (TEM, JEM-2100F, JEOL Ltd.,
Tokyo, Japan). Energy Dispersive X-ray Spectrometry (EDS) was used to record the energy
spectrum of the prepared TEM samples. Infrared spectra of different samples were recorded
with FT-IR Spectroscopy (Thermo Fisher Scientific, Stockholm, Sweden), to identify the
vibrational peaks of specific functional groups. Thermogravimetric Analysis (TGA) was
utilized for composition analyses, with a TGA550 (TA Instruments Sweden, Solna, Sweden).



Nanomaterials 2021, 11, 2165

40f12

The concentration of CQDs was estimated through the evaporation of 1 mL from the
stock solution (in triplicates). The water content on the dried samples was estimated via
TGA, and its percentage was removed from the overall weight. X-ray fluorescence (XRF)
measurements on the sample stocks were used to estimate the concentration of Rhodium
in Rh NPs and Rh-CQDs NPs.

Cytotoxicity Assay: Real-time Cell Analysis (RTCA, xCELLigence, Agilent Technologies
Sweden AB, Sundbyberg, Sweden) was used to monitor the behavioral changes of the
RAW 264.7 (91062702-1VL, Sigma Aldrich, Stockholm, Sweden) adherent cells in real-time.
A total of 7000 murine macrophage cells were added into each well and let to adhere to
the bottom of the wells overnight. The medium was subsequently removed and replaced
with a dispersion containing medium and the corresponding concentration of NPs, with a
total volume of 100 pL. The impedance measurements were made on triplicates, every 4 h,
to follow the behavioral changes as a function of time. The arbitrary quantity, Cell Index
(CI), was normalized at the time of NPs exposure. Untreated cells were used as control and
exposed only to the medium.

Confocal Optical Imaging: 20,000 cells were cultured in confocal chamber wells, fol-
lowing the same procedure as in the cytotoxicity assay with the same procedure as RTCA.
The medium including the NPs was kept for 3 or 24 h, then removed and replaced by
PBS. The cells were then fixed with formaldehyde and dried with methanol. Finally, the
cells were stained with Alexa Phalloidin 555, to bind the actin filaments and highlight the
cell morphology.

X-ray Fluorescence Imaging: In order to prove the XRF properties of the hybrid Rh-
CQDs NPs, a projection image of a sample with a known concentration (200 pug/mL) was
acquired. A 2 mL vial was filled with 1 mL sample and introduced into the XRF setup. The
step size was set as 200 um and the exposure time as 10 ms. These settings were already
proved to be suitable for tomographic imaging (XFCT) of small animals; the radiation
dose for a projection image on a mouse is estimated as 1 mGy. To obtain the final image,
the XRF signal (color) was overlaid on top of the X-ray absorption projection (grayscale).
Further details about the X-ray source, detectors and setup were described in our previous
works [10].

3. Results and Discussion

Synthesis of Rh NPs was performed using a specially synthesized sugar ligand, Lac-
tose 4,4'-oxydianiline-N (LODAN), with the detailed molecular structure presented in
Figure 1. Its structure is characterized by the presence of multiple hydroxyl groups and
one primary amine, which provides LODAN with positive charge at neutral pH. Further-
more, the molecular weight of the sugar ligand was estimated via Mass Spectroscopy
(Figure Sla), obtaining 524 & 1 Da, while the thermogram from thermogravimetric anal-
ysis is shown in Figure S1b. A detailed analysis of the thermogram is presented in the
Supplementary Materials.
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Figure 1. Molecular structure of the synthesized sugar ligand LODAN.

The synthesis of Rh NPs was accomplished via a green chemical route, where water
was chosen as the solvent for the microwave (MW)-assisted hydrothermal synthesis. As a
matter of fact, the synthesis of metallic, Rh-based NPs employing other synthesis meth-
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ods [12] has made the separation and purification steps nontrivial. The introduction of
the sugar ligand, LODAN, provides abundant hydroxyl groups for the reduction reaction
of the water-soluble Rh precursor, thus avoiding the use of organic solvents. A series
of Rh NPs were synthesized by using varying concentrations of Rh precursor ([Rh*"]),
while keeping the LODAN concentration and the reaction temperature (160 °C) constant.
The hydrodynamic size of the resultant Rh NPs was evaluated as a function of [Rh3*]
(Figure 2a), where lower concentrations led to smaller NPs, assessed by the hydrodynamic
size, indicating the role of capping agent fulfilled by the sugar ligand, besides acting as a
reducing agent. A higher [LODAN]/[Rh3"] ratio led to smaller NPs. Hence, optimization
of this parameter was crucial for an effective control of Rh NP size. By employing 2 mM
Rh3*, we obtained a hydrodynamic size of 12 + 3 nm, while for 3 and 4 mM [Rh3*], the
average NP size was 17 £ 3 and 25 £ 4 nm, respectively. The condition yielding the
lowest hydrodynamic size was selected for further use. Morphology and dry size of Rh
NPs was analyzed with TEM, and a micrograph is presented in Figure 2b. The NPs were
observed to have quasi-spherical morphology with an average diameter of 4 = 1 nm
from the TEM micrographs. The size distribution histogram (Figure S2a) highlighted a
lognormal distribution, and the EDS analysis (Figure S2b) confirmed the absence of other
elements constituting the Rh NPs. Furthermore, the crystalline nature can be observed
in the insert of Figure 2b, where the interplanar distance of 0.22 nm is clearly identified,
which corresponds to (111) Bragg diffraction of the cubic close-packed Rh crystal.

(a)
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Figure 2. Hydrodynamic size distribution of Rh NPs (a), using different Rh precursor concentrations in the synthesis
process. (b) TEM micrograph of Rh NPs, [Rh3+] =2 mM, containing an insert with HRTEM on a single particle.

Zeta potential measurement on a dispersion of Rh NPs resulted in a strongly positive
surface charge (+34 & 2 mV) at pH 6.5, revealing the presence of protonated amino groups
on the NPs’ surface. These amino-functionalized Rh NPs, thus, constitute a robust platform
for further surface modifications.

CQDs were synthesized through aqueous pyrolysis of citrate precursor in a basic solu-
tion, at the selected reaction temperature of 200 °C for the highest reaction yield (Figure S3),
via MW-assisted hydrothermal route. The synthesized CQDs exhibited a narrow lognormal
size distribution with an average size of 1.6 &= 0.4 nm as observed from the TEM micrograph
(Figure S4a) and their size distribution histogram (Figure S4b). FI-IR analysis highlighted
the CQDs’ composition (Figure S5). We further evaluated their fluorescence properties
through PL measurements that showed a single peak with emission at 440 nm (blue) and
excitation at 390 nm (Figure 3a and Figure S6a). The relative fluorescence Quantum Yield
(QY) was estimated as 17%, by comparison with quinine hemisulfate (Table S1), in-line
with the earlier reported values for nitrogen-doped CQDs [45]. Further details are de-
scribed in Supplementary Materials. Furthermore, the absence of multiple peaks and shifts
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Intensity [%]

along the emission axis in the 2D fluorescence spectrum proves that the synthesized CQDs
displayed excitation-independent emission behavior, which represents a critical parameter
for bioimaging, to prevent crosstalk between the different fluorophores [46]. This behavior
arises from the highly narrow size distribution, uniformity of surface states and from nitro-
gen doping of the CQDs [47-51], demonstrated with TEM and FT-IR (Figures S4a and S5).
Having confirmed the physicochemical properties of the CQDs, their cytotoxicity was
tested in vitro. We exposed RAW 264.7 macrophage cell line to different CQDs concentra-
tions and followed the viability and proliferation of the cells in real time over a period of
60 h (Figure S7a). The Real Time Cell Analysis (RTCA) assay showed a clear concentration-
dependent response in RAW264.7 cells exposed to CQDs. After an initial impact on the cell
viability, observed between 12 and 24 h, the viability follows a logarithmic increase over
time, indicating the absence of long-term cytotoxic effects. The half maximal inhibitory
concentration (IC50) was found to be 100 png/mL, after 36 h exposure of CQDs to the
cell culture. The optical fluorescence properties of the CQD phagocyted by macrophages
were demonstrated in vitro, with confocal microscopy (Figure S7b), where CQDs could
be localized in the cytoplasm already after 3 h exposure, indicating that phagocytosis and
transport into the intracellular compartment of cells did not affect the optical properties of
the CQDs.

(b)
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_ & 60
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0 : 0 : :
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Figure 3. Optical fluorescence (PL) spectra for CQDs (a) and Rh-CQDs NPs (b) with excitation wavelengths of 390 and
490 nm, respectively. In the inserts, photographs of corresponding samples in a vial irradiated with UV light are presented.

Given their biocompatibility and optical fluorescence properties, the CQDs were
employed as a passivation coating for X-ray fluorescence (XRF) active contrast agents, Rh
NPs, aiming at providing dual fluorescence properties. The synthesized CQDs possess
a strong negative surface charge due to surface-exposed carboxyl groups (—33 &= 1 mV
at pH 6.5). The carboxyl groups present on the CQDs were used to conjugate them
with Rh NPs through the EDC-NHS coupling reaction, obtaining the Rh-CQDs NPs, as
schematically shown in Figure 4. Interestingly, the emission band observed for the CQDs
shifted to green (520 nm) upon the conjugation process (Figure 3b), due to the surface
modification of CQDs when binding Rh NPs. This is mainly attributed to the reduction of
pyrrolic nitrogen content on the CQDs (for further details see the Supplementary Materials).
Furthermore, the FT-IR spectrum of Rh-CQDs NPs (Figure S8a) highlighted the presence
of (C=0) carboxamide stretching vibrations, with an absorption band at 1637 cm~!, and
of reduced amounts of free amino groups, compared with Rh NPs, with a less intense
absorption band for the N-H bending mode (scissoring), at 1500 cm~! [52]. In addition, the
full width at half maximum (FWHM) of both CQDs and Rh-CQDs are relatively narrow,
respectively 70 and 60 nm, evidencing uniformity of surface states and defects [53]. The
decrease in FWHM in Rh-CQDs thus indicates the augmented symmetry of the emission
traps formed by surface functional groups. The excitation maximum of 490 nm (Figure S8b)
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makes the Rh-CQDs suitable for optical confocal imaging with green laser (488 nm). The
zeta potential of the hybrid Rh-CQDs NPs was estimated as —28 + 1 mV, revealing the
presence of carboxyl groups on the surface of the hybrid NPs, even after the conjugation
process. Moreover, the negative charge ensures high colloidal stability at pH > 6.5. Finally,
a TEM micrograph on Rh-CQDs NPs (Figure S9) shows a Rh NP conjugated with CQDs,
constituting a passivation coating, and providing the fluorescence properties.

Figure 4. Conjugation scheme of Rh NPs with CQDs, leading to the green-emitting hybrid Rh-CQDs NPs.

The improved biocompatibility of Rh-CQDs NPs with respect to Rh NPs was demon-
strated in vitro on RAW264.7 macrophages with the RTCA assay (Figure 5a and Figure 510),
while keeping the same concentration of the XRF active element (Rh), respectively at 100
and 200 pg/mL. The results clearly show that the CQDs conjugation with Rh NPs protected
the cells from the toxic effect of the core Rh NPs. Both the tested concentrations led to a
fatal outcome for the cell culture, when exposed to Rh NPs alone, resulting in a drop in the
Cell Index (CI), immediately after the NPs” introduction. On the contrary, the presence of a
CQDs shell, or passivation layer, led to biocompatible hybrid Rh-CQDs NPs, with IC50 of
200 pug/mL after 12 h from the injection.

(a)

| ——Rh-CQDs NPs “
Rh NPs
Untreated Cells

Cell Index [a.u.]
1N D

bo

12 24 36 48
Time [h]

Figure 5. RTCA assay on RAW 264.7 cell lines with Rh and Rh-CQDs NPs (a), while keeping [Rh] = 100 pg/mL. The
cell index is normalized (CI = 1) at the time when NPs were added (t = 0). Confocal microscopy images (b) of fixed and
stained RAW264.7 Macrophages incubated for 24 h with Rh-CQDs (100 pug/mL, in green), at 20x (63 in the insert). Alexa
555 Phalloidin (yellow) is used to visualize the plasma membrane.

The intracellular localization of Rh-CQDs NPs in RAW 264 macrophages, after 24 h
exposure, was examined using confocal microscopy (Figure 5b). The actin filaments were
stained with Alexa 555 Phalloidin, allowing visualization of the cell membrane (in yellow),
while the Rh-CQD NPs were detected in the cytoplasm and plasma membrane of the cells,
because of their optical fluorescence under excitation at 488 nm (in green).

Finally, Rh-CQDs NPs were tested for their XRF performance, with a Rh concentration
of 200 ug/mL in a phantom experiment. The XRF spectrum (Figure 6a) evidenced the
presence of Rh [K«] peak, centered at 20.1 keV. By scanning the area of the sample with
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the X-ray pencil beam, the projection image was obtained (Figure 6b), demonstrating the
XRF activity of the Rh-CQDs NPs (schematically shown in Figure 6¢c). The employed
concentration was chosen coherently with previous observations of local concentrations
of XRF-active NPs in mice [10]. The lower cytotoxicity of the hybrid nanostructures, Rh-
CQDs NPs, will hence allow to increase the injected dose in small animals, leading to
enhanced XRF detected signal in XFCT, with minimal side-effects. Thus, the improved
biocompatibility and the optical fluorescence, granted by the conjugation with CQDs,
make these hybrid NPs a potential candidate for in vitro and in vivo contrast agents for
diagnostics, empowered by the XRF properties of the Rh NPs combined with the optical
fluorescence characteristics of the CQDs.

(a) (b) ()
0 —————;
£ 400 Ry k) 12
=}
=
£ 2000 _ 15
E | E 20
= = 95
s 20 205 % ®
Energy [keV] = 30
35
[Rh] = 200 pg/mL 40
10 0 10 Rh-CQDs NPs
Width [mm]

Figure 6. X-ray Fluorescence (XRF) experiment on Rh-CQDs NPs at 200 ug/mL. XRF spectrum
recorded for 3 min at the central position of the vial (a); projection image of the vial with absorption
and XRF signals (b); schematic representation of Rh-QDs NPs, contained in the vial (c).

4. Conclusions

A hybrid core-shell NP architecture, combining optical and X-ray fluorescence prop-
erties as bioimaging contrast agents is presented. Rh NPs were synthesized through a
MW-assisted hydrothermal route by using a custom designed sugar ligand (LODAN),
which played a dual function as reducing and surface capping agent. CQDs were syn-
thesized using MW-assisted aqueous pyrolysis of citrate in ammonia solution, yielding
large-scale NPs within a significantly short reaction time. The excitation-independent
behavior made them suitable for bioimaging, preventing any crosstalk with other dyes.
Furthermore, the high photostability and low photobleaching of CQDs constituted the
leading reasons for choosing CQDs over organic dyes. Surface exposed amino groups on
Rh NPs, due to the LODAN capping, were successfully used to conjugate with CQDs using
NHS-EDC click-chemistry. The synthesized sugar ligand, as well as the NPs were evaluated
at various processing steps using a library of analytical techniques, including DLS, zeta
potential, FT-IR, TGA, TEM, UV-Vis, and PL measurements. CQDs’ conjugation onto Rh
NPs resulted in a red shift of the PL of the CQDs, attributed to the surface modification of
the CQDs during the EDC-NHS reaction. CQDs provided Rh NPs with optical fluorescence
properties and improved their biocompatibility, as demonstrated in vitro by Real-Time Cell
Analysis (RTCA) on a macrophage cell line (RAW 264.7). The multimodal fluorescence
characteristics of Rh-CQD core-shell NPs are confirmed with confocal microscopy, and XRF
phantom experiments. The presented MW-assisted synthetic routes both for Rh NPs and
the CQDs are benign, making these materials safe by design, especially when the intended
application is for biomedicine.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nano11092165/s1, Figure S1: Mass Spectrometry Analysis (a), and Thermogravimetric
Analysis (TGA) (b) of the sugar ligand, LODAN. Figure S2: Size distribution histogram (blue) of Rh
NPs with a lognormal fit (black) (a). The mean value is highlighted with a dashed line (grey). EDS
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spectrum of Rh NPs (in TEM) highlighting the Rh emission peaks (b). Figure S3: Optical fluorescence
(PL) spectra for CQDs (500 ng/mL), synthesized at different temperatures: 180 °C (green), 200 °C
(blue) and 220 °C (red). The intensities were normalized with respect to the highest peak. Figure 54:
TEM micrograph of the synthesized CQDs (a) and the size distribution histogram (blue) with a
lognormal fit (black) (b). The mean value is highlighted with a dashed line (grey). Figure S5: Infrared
Absorption (FI-IR) spectrum of CQDs. Figure S6: 2D Fluorescence spectrum (a), with emission and
excitation maxima at 440 nm and 390 nm, respectively, and TGA thermogram (b) of the synthesized
CQDs. Nitrogen flow (black) was employed up to 750 °C, substituted by synthetic air flow (red)
from 750 °C to 900 °C. Figure S7: RTCA assay on RAW 264.7 cell lines with CQDs (a) at different
concentrations (100, 50, 25 and 12.5 pg/mL). The cell index is normalized (CI = 1) at the time when
NPs were added (t = 0). Confocal microscopy images (b) of fixed and stained RAW264.7 Macrophages
incubated for 3 h with CQDs (25 pg/mL, in blue), at 20x (63 in the insert). Alexa 555-Phalloidin
(yellow) is used as the marker for actin filaments. Figure S8: Infrared Absorption (FI-IR) Spectra
of LODAN (brown), Rh NPs (black), CQDs (blue) and the hybrid Rh-CQDs NPs (green) (a) and 2D
Fluorescence spectrum of Rh-CQDs NPs, with emission and excitation maxima at 520 nm and 490 nm
(b), respectively. Figure S9: TEM micrograph of a Rh-CQDs hybrid NP. Figure S10: RTCA assay on
RAW 264.7 cell lines with Rh-BQDs NPs and Rh NPs, [Rh] = 200 ug/mL The cell index is normalized
(CI =1) at the time when NPs were added (¢t = 0). Table S1: Summarized data for absorbance and
integrated fluorescence intensity of CQDs and Quinine hemisulfate. References [54—67] are cited in
the Supplementary Materials.
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