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Introduction

Trimetallic nanocomposites developed
for efficient in vivo bimodal imaging via
fluorescence and magnetic resonancef

Veronika Svacinova,® Aminadav Halili, (2 ° Radekv Ostruszka, (2@ Tomas Pluhacek,©
Klara Jirakova,?® Daniel Jirak (2 °¢ and Karolina Sigkova (2 *@

Despite several attempts, in vivo bimodal imaging still represents a challenge. Generally, it is accepted
that dual-modality in imaging can improve sensitivity and spatial resolution, namely, when exploiting
fluorescence (FI) and magnetic resonance imaging (MRI), respectively. Here, a newly developed
combination of (i) protein-protected luminescent Au—Ag nanoclusters (LGSN) manifesting themselves by
fluorescent emission at 705 nm and (ii) superparamagnetic iron oxide nanoparticles (SPION) embedded
within the same protein and creating contrast in MR images, has been investigated in phantoms and
applied for in vivo bimodal imaging of a mouse as a proof of principle. Unique LGSN-SPION nano-
composites were synthesized in a specific sequential one-pot green preparation procedure and
characterized thoroughly using many physicochemical experimental techniques. The influence of
LGSN-SPION samples on the viability of healthy cells (RPE-1) was tested using a calcein assay. Despite
the presence of Ag (0.12 mg mL™%, high content of Au (above 0.75 mg mL™Y), and moderate
concentrations of Fe (0.24 mg mL™), LGSN-SPION samples (containing approx. 15 mg mL™* of albumin)
were revealed as biocompatible (cell viability above 80%). Simultaneously, these concentration values of
all components in the LGSN-SPION nanocomposite were used for achieving both MRI and fluorescence
signals in phantoms as well as in a living mouse with sufficiently high resolution. Thus, the LGSN-SPION
samples can serve as new efficient bimodal FI and MRI probes for in vivo imaging.

and/or inaccuracy, respectively. Bi-/multi-modal imaging systems
bearing the advantages of specific individual imaging modalities

Common imaging modalities used in clinical and preclinical
medicine like magnetic resonance imaging (MRI), computed
tomography (CT), ultrasound, single photon emission com-
puted tomography (SPECT), positron emission tomography
(PET), and optical imaging used as a stand-alone system can
provide mixed results due to the individual limitations of
each technique, such as low sensitivity, low spatial resolution,
signal attenuation, ionizing radiation toxicity of contrast agents,
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may overcome the limitations associated with the stand-alone
systems." For instance, "H MRI provides exceptional soft tissue
contrast, penetration depth, and high spatial resolution, whereas
fluorescence imaging (FI) manifests itself with extremely high
sensitivity." Therefore, the combination of dual-imaging modality
exploiting "H MRI and FI, both non-ionizing methods, can lead to a
great improvement in cell imaging, not only in vitro, but also in vivo.
There is thus no wonder that the development of new bimodal
probes for simultaneous FI and MRI represents a hot topic of
current trends in diagnosis and medical imaging.

There have been several trials to prepare bimodal imaging
FI and MRI probes already, as can be found in scientific
literature.>*® Researchers have adopted four different appro-
aches so far: (i) fluorescent species combined with magnetic
complexes;>* (ii) fluorescent species and magnetic nano-
structures;”° (iii) luminescent nanostructures and magnetic
complexes;*® and/or (iv) luminescent and magnetic nano-
structures.>>'*"!7 Nanostructures usually comprise of an
inorganic core stabilized by an organic layer'® and/or they are
formed in a matrix.'® Based on this, coupling luminescent and
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magnetic nanostructures is very promising because nanostruc-
tures can be designed with desired sizes and shapes by appro-
priate tuning of synthetic parameters. Moreover, nanostructure
surfaces can be functionalized with organic species either
during and/or after their formation quite easily, thus leading
to stabilization of their unique physicochemical properties,
stemming from inorganic parts mostly. In other words, stabi-
lized nanostructures are less prone to changes in their impor-
tant characteristics induced by the surrounding environment
compared with molecular species (e.g., regular fluorescent dyes)
and/or complexes (e.g., Gd-based).

Current MRI contrast agents, primarily Gd-based, come with
inherent risks of systemic and organ-specific toxicity, leading to
safety concerns. Consequently, there is a growing interest in
exploring alternative contrast agents for "H MR imaging, based
on superparamagnetic iron oxide nanoparticles (SPION)*° or
non-hydrogen MR (referred to as X-nuclei MR)*'* contrast
agents being the most common alternatives. Among these,
SPION-based contrast agents have gained widespread use due
to unique superparamagnetic properties. Moreover, SPION are
widely recognized as inert imaging agents devoid of intended
pharmacological functions.”® These nanoparticles are com-
monly classified as biocompatible, demonstrating negligible
in vivo toxicity.>®>” Several variations of SPION, coated with a
range of bio-molecular species, have already received approval
from the federal drug administration (FDA).>® They show
promise as potential candidates due to their efficient bio-
degradability, as demonstrated by Ehlerding.>

Among various luminescent nanostructures, protein-/peptide-
stabilized gold and/or gold-silver nanoclusters are suitable for
FI due to their unique optical properties such as: tunable
emission reaching the near infrared (NIR) region, high photo-
stability, long luminescence lifetimes (units of microseconds),
large Stokes shifts (above 100 nm), functionality, easy biocon-
jugation, and excellent biocompatibility.>** Already in 2010,
protein-stabilized-AuNCs (gold nanoclusters) were used as
novel contrast FI agents for in vivo imaging.>* Since then, a
bimodal imaging platform (however, FI + CT) based on lumi-
nescent gold nanoclusters and their further intrinsic pro-
perty has been exploited.*® Very recently we have reported a
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successful combination of AuNCs with SPION and application
of this kind of bimetallic nanocomposite as an efficient bi-
modal imaging probe in mice.'® Nevertheless, no report about
in vivo imaging exploiting the combination of luminescent
protein-templated Au-Ag nanoclusters (LGSN) and SPION has
been published so far, to the best of our knowledge. The unique
combination of functional LGSN and SPION nanostructures,
embedded in the most abundant blood protein in mammals
(serum albumin) and representing a new bimodal FI and MRI
contrast agent, is thus the first of its kind.

Since we considered the importance of protein corona
formation around nanocomposites under in vivo conditions,*®
we have chosen albumin as a protein template and reducing
agent simultaneously. It is well-known that albumin partici-
pates in the regulation of plasma colloid osmotic pressure
and transports endogenous and exogenous ligands, making
albumin a useful protein for biomedical applications.>” Our
synthetic procedure of LGSN-SPION samples is made as simple
as possible, reproducible, and obeys principles of a green
chemistry approach to nanocomposite formation. Indeed,
LGSN-SPION nanocomposites (denoted also as trimetallic
nanocomposites in the present work) were prepared on the
basis of the optimized preparation procedure of bimetallic
(AuNCs and SPION) nanocomposites published by us very
recently.® In the present study, a third metal (Ag) was added
to improve the optical properties of the dual-responsive nano-
composites (as demonstrated in this work), and for potential
antibacterial effect and/or future theranostic application. More-
over, since the newly developed LGSN-SPION nanocomposites
provided suitable characteristic MR and fluorescence proper-
ties for bimodal FI and MR imaging in phantoms, their applic-
ability as a new bimodal FI and MRI inert contrast agent was
tested in living mice and proven to be successful.

Results and discussion
Unique green synthesis of LGSN-SPION nanocomposite

Our synthetic approach (schematically depicted in Fig. 1) is
dissimilar to any preparation procedures employed by authors

NaOH
(145 pL, 1 M)

HAuCl - 3 H;0
(800 pL, 25 mM)

LGSN SPION

N _

pH 13.5 pH 12.5

BSA

Fig. 1 Schematic depiction of LGSN-SPION synthesis: the volumes and concentrations of the used aqueous solutions of particular reactants are
specified, the pH value in each step of the synthesis is given as well. The time between additions of reactants solutions was set to 5 minutes and almost all
steps of the synthesis (with the only exception of sample maturing) were performed at room temperature. Then, the as-synthesized sample was allowed
to develop (to mature) for 22.5 h at 50 °C. Subsequently, dialysis was performed to obtain the final trimetallic nanocomposite (i.e., LGSN-SPION
nanocomposite) that was characterized and tested as a new bimodal contrast agent.
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who used bovine serum albumin (BSA) and/or glutathione
as templating and reducing agents and introduced Au(m) and
Ag() ions to prepare bimetallic AuAg nanoclusters with
improved optical properties.'*3%3?

In our experiments (Fig. 1), delicate adjustments of the
pH value during the synthetic procedure, way of mixing reac-
tants, order of reactant addition, time of particular reaction,
temperature of reaction mixture, etc. need to be carefully
optimized at the same moment to increase the content of
metals within the final LGSN-SPION nanocomposites and
to avoid any precipitate formation. Indeed, the researchers
used either a co-precipitation technique,'* or anti-/galvanic
exchanges.’®*? In several cases, the formation of AgCl pre-
cipitate was observed,'**® which decreased the final content
of Ag unpredictably.

To obtain stable trimetallic nanocomposites in a reproduci-
ble way, we allowed ferric ions to interact with the protein (BSA)
for a certain period. Subsequent adjustment of the pH value
back to approximately 7.4 resulted in the formation of a neutral
charge of iron aqua complex in the solution, thereby facilitating
the binding of ferric ions to the albumin molecules.*® After-
wards, silver Ag(1) and then gold Au(m) ions were reacted with
BSA-Fe(m) complexes under strongly alkaline conditions. As
demonstrated in our previous work, iron cations bind prefer-
entially to oxygen-terminated functional groups of amino acid
residues within BSA, while gold preferentially binds to sulphur-
terminated ones.*" The binding preferences of silver cations are
very similar to those of gold cations, i.e., toward sulphur as is
generally known. It can thus be envisaged that the protein-
bound iron cations will not interfere with, nor hinder the
incorporation of noble metal cations into the protein structure.
Due to the addition of Ag(i) prior to Au(m) that is followed by
immediate alkalization, we assume that Ag nanoclusters may
be formed first, enabling then the galvanic exchange in the next
step when gold cations are introduced. Subsequent prolonged
heating of the reaction mixture resulted in an increased rate of
SPION and LGSN formation. The optimal theoretical molar
ratio of BSA: Au:Ag: Fe was determined to be 1:20:5:20 and
was based on our previous' optimized bimetallic (AuNCs-
SPION) systems where the theoretical molar ratio of BSA: Au:
Fe was set to 1:20:20. The Ag(1) addition is intentional and
should improve the fluorescent features of the final unique
trimetallic nanocomposites.

View Article Online
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LGSN-SPION main characteristics with respect to their bio-
application

Efficiency of metals incorporation within a trimetallic nano-
composite and HR-TEM/STEM visualization. The accurate con-
centrations of each metal content within the as-synthesized
LGSN-SPION nanocomposites were determined using ICP-MS
(inductively coupled plasma mass spectrometry). All experi-
mental and theoretical values of particular metal concentra-
tions are listed in mg mL ™" in Table 1 (while in mM in
Table SI-1 in the ESI;f further details about the ICP-MS method
are given in Tables SI-2-SI-4, ESIY).

From the ratio of experimental/theoretical concentrations, it
is clear that the efficiency of particular metal incorporation
within the trimetallic nanocomposites is the highest for Ag
(around 99%), followed by that of Fe (around 94%), and the
lowest is obtained for Au (around 84%). The lowest efficiency of
Au incorporation may be caused by its addition in the final
steps of the synthetic procedure (Fig. 1), when potential bind-
ing sites for metals within the denatured protein structure may
be occupied by Fe and/or Ag already.

The structure of LGSN-SPION nanocomposites was investi-
gated using HR-TEM, applying HAADF mode; a randomly
chosen place is shown in Fig. 2(A). Elemental mapping using
EDS was performed for the same place and revealed a high
content of Fe, Au, Ag, S, O, C, N (all stemming from the sample),
and Cu (coming from the TEM grid) as clearly seen in Fig. 2.

Obviously, Au, Ag, and S (similarly N and C, but they are not
shown: the former for redundancy, and the latter for parasitic
coincidence with the carbon layer stemming from the sub-
strate) are homogeneously spread on the TEM-grid. In contrast,
iron with oxygen can be co-localized frequently in the form of
agglomerates. This corresponds with the reactivity and binding
preferences of each metal (noble metals vs. a common metal).
Furthermore, the presence of iron(m) oxide has been unequi-
vocally confirmed using Mossbauer spectroscopy (Fig. SI-1 in
the ESIt).

Size and charge of the LGSN-SPION nanocomposite. The
hydrodynamic diameter and zeta potential of nanocomposites
are among the crucial factors used for predictions in their
behavior within living organisms.?® Therefore, we determined the
average hydrodynamic diameter and zeta potential values using
DLS. The Z-average value of the LGSN-SPION nanocomposite

Table 1 Theoretical and experimental (determined using ICP-MS for samples in triplicate) values of component concentrations (expressed in mg mL™)
in LGSN-SPION nanocomposites after dialysis; the average experimental values are listed as well

Protein Au Ag Fe
c(th) (th) c(exp) c(th) c(exp) c(th) c(exp)
[mg mL™"] [mgmL™"] [mgmL"] clexp)c(th) [mgmL'] [mgmL "] c(exp)c(th) [mgmL'] [mgmL'] clexp)ic(th)
20.13 1.20 1.01 0.84 0.16 0.16 1.00 0.34 0.32 0.94

1.02 0.85 0.16 0.99 0.32 0.94

1.00 0.83 0.16 0.99 0.32 0.94
Average value n.a. 1.01 0.84 n.a. 0.16 0.99 n.a. 0.32 0.94

Note: ¢(th) means theoretical concentration; c(exp) means experimentally determined concentration; n.a. means not applicable.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 HR-TEM image of a representative LGSN-SPION sample (A), and elemental mapping made by EDS (energy dispersive spectroscopy) for the
determination of chosen elements distribution within a particular area: metals like gold, silver, and iron are highlighted in (B), while oxygen is shown in (C),
and sulphur in (D); all belonging to the LGSN-SPION composite. The whole EDS spectrum is shown in (E) and provides information about elemental
composition in the area that was mapped and is shown in (A). Note: Cu stems from the microscopic grid serving as a substrate for the sample, whereas
Na, Si, and F may come from impuirities distributed within the LGSN-SPION sample.
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reached 214.5 £+ 3.4 nm and a negative zeta potential of —43.8 +
2.0 mV was recorded frequently (Table SI-5, ESIT).

The Z-average value of our newly developed LGSN-SPION
nanocomposite is comparable with that of bimetallic AuNCs—
SPION embedded in the same protein;'® the zeta potential
value of our LGSN-SPION nanocomposite resembles that
obtained by Shankar et al. for monometallic AUNCs.** A certain
type of monometallic BSA-SPION nanocomposites exhibited
lower Z-average and zeta potential values.**** We can thus sum
up that the size and charge of our newly developed trimetallic
nanocomposite fall within the range of hydrodynamic dia-
meters (hundreds of nm) and zeta potential values (negative)
observed by other authors for particular monometallic and/or
bimetallic systems.

The particle size distribution based on intensity changes of
the scattered light (measured by DLS) is plotted in Fig. SI-2
(ESIY). It is obvious that only one peak is present in the graph
of LGSN-SPION nanocomposite (Fig. SI-2, ESIt), whereas three
peaks were observed in our bimetallic AuNCs-SPION nano-
composites.*! This corresponds to the improved polydispersity
index (PDI) value of the newly developed trimetallic nanocom-
posites, reaching the value of 0.31 £+ 0.03 (Table SI-5, ESIY),
ie., a less broad size distribution in LGSN-SPION than in the
bimetallic case, where PDI equals 1.0.*" We attribute the
improved PDI of LGSN-SPION nanocomposites to the changes
made in the synthetic approach.

Luminescence of the LGSN-SPION nanocomposite. LGSN-
SPION nanocomposites with the emission maximum positioned
at 705 nm (using 440 nm excitation), Fig. 3, can be consi-
dered as more suitable for in vivo fluorescence imaging
than bimetallic AuNCs-SPION analogues.'®*® The excitation
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Fig. 3 Normalized fluorescence emission spectra of LGSN-SPION, tri-
metallic nanocomposite newly developed within this work (red curve), and
AuNCs-SPION, a bimetallic nanocomposite serving as a reference (black
curve); the excitation wavelength of 440 nm was applied in both cases for
the sake of a direct comparison of their emission characteristics. Emission
maxima are marked at 665 nm and at 705 nm for the bimetallic and
trimetallic nanocomposites, respectively.

This journal is © The Royal Society of Chemistry 2024
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wavelength was chosen from the measured excitation-emission
luminescence 3D map (Fig. SI-3, ESI{). It can be clearly seen
from Fig. SI-3 (ESIt) that the higher wavelength of excitation
used (within the visible region) leads to the lower luminescence
intensity. Therefore, the excitation wavelength within the
visible region was chosen for the subsequent in vitro as well
as in vivo measurements. In contrast to monometallic lumi-
nescent AuNCs entrapped in BSA, which are characterised by
their luminescence at around 655 nm,*>*® the presence of silver
ions within the luminescent nanocomposite may cause a red-shift
of the emission maximum.'***3° In addition, AgNCs may exhibit
red luminescence with a maximum at 685 nm.*” The position of
the fluorescence emission maxima of a luminescent species is a
tremendously important factor for its potential in vivo application
as a FI probe because one of the biological optical windows begins
at around 650 nm (so called near infrared region I). The emission
of AuNC:s is located close to the edge of this window and, hence,
might not be very suitable for in vivo bio-imaging.

In Fig. 3, the emission bands of our newly developed LGSN-
SPION nanocomposite and bimetallic AuNCs-SPION (repre-
senting a reference) are compared directly. Besides different
positions of emission maxima, the full width at half maximum
(FWHM) for the LGSN-SPION nanocomposite equals 180 nm,
while that of AuNCs-SPION is 150 nm (Fig. 3). A wider FWHM
may suggest a somewhat broader size distribution of the
luminescent part of our newly developed LGSN-SPION nano-
composites, i.e., varying sizes of luminescent LGSN differing by
a few noble metal atoms.

The broader size distribution of luminescent nanostructures
within LGSN-SPION samples as compared to bimetallic nano-
composites (derived from luminescence measurements
and shown in Fig. 3) is in direct contrast to the improved PDI
values of LGSN-SPION (discussed in the previous section).
However, the hydrodynamic diameter determined by DLS
reports the average size of the whole trimetallic nanocompo-
site, whereas sizes of only luminescent entities are reflected in
fluorescence spectra. Moreover, the differences in FWHM and/
or PDI when comparing trimetallic and bimetallic nanocompo-
sites, can both be related to the changes made in the synthetic
procedure (i.e., the inclusion of an additional step of Ag(i)
introduction).

Furthermore, it should be noted that we tried to determine
the fluorescence quantum yield (FQY) of LGSN-SPION. How-
ever, due to the strong absorption of SPION at the used
fluorescence excitation wavelength (440 nm), the accurate
determination of FQY is limited. Therefore, we tried to prepare
SPION-free samples under identical experimental conditions
(as those used in the LGSN-SPION case). The position of
emission maximum and FWHM value were considered as the
main criteria of similarity between LGSN-SPION and SPION-
free samples. Then, the highest similarity was obtained for the
sample denoted as HCI-AuAgBSA-850 mM-NaOH (description
provided in Section Experimental, Synthesis, dialysis, and con-
centrate formation and fluorescence characteristics in Fig. SI-4
and Table SI-6 in the ESI{). The FQY value of the SPION-
free sample reached almost 6% (Table SI-6, ESIt), which is

J. Mater. Chem. B, 2024, 12, 8153-8166 | 8157
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comparable with the value obtained for monometallic nano-
composite in one of our previous works.*>*®

To determine the photostability of LGSN-SPION, we simu-
lated conditions during an in vivo experiment: the fluorescence
emission was measured in the cultivation medium and/or PBS,
and the integral intensity of fluorescence emission and posi-
tion of emission maximum were monitored over time at 37 °C.
These values were related to the values obtained when the
fluorescence of LGSN-SPION in deionized water was measured
as a function of time at 37 °C (Fig. SI-5 and SI-6, ESIt). The very
good photostability of LGSN-SPION was revealed. Considering
the fact that the luminescent properties of the nanocomposites
are very sensitive to any changes in the closest environment of
the luminescent nanoclusters as we know from our previous
work,'® as well as from many studies of other authors, the
revealed photostability in the cultivation medium represents a
very important proof of our nanocomposites’ stability and their
suitability for further experiments, namely for those perfor-
med in vivo. It should be noted that the cultivation medium
manifests itself by a fluorescence emission positioned close to
the emission of LGNS-SPION (Fig. SI-7, ESIt). Therefore, a
deconvolution of the measured fluorescence signal of LGSN-
SPION in the cultivation medium into two peaks has to be done
(Fig. SI-8, ESIY) prior to the fluorescence integral intensity
calculation.

Cell viability tests (AM calcein assay). The biocompatibility
of the newly developed LGSN-SPION nanocomposite is crucial
when considering its use as a dual imaging probe in living
organisms. The trimetallic nanocomposites were synthesized
following green chemistry principles, thus presuming their
potential non-toxicity. Both SPION and AuNCs have been
extensively studied for cytotoxicity, and they are generally
considered biocompatible. Several studies have demonstrated
the biodegradability of SPIONs,*® and AuNCs manifested a
reasonable rate of renal clearance (e.g:, ref. 48). However, it is
worth noting that the introduction of Ag(1) ions, in the form of
silver nitrate, during the synthesis, raises concerns regarding
potential toxicity. Although it is likely that Ag(1) ions are
covalently bound to protein molecules, rendering them poten-
tially non-toxic, silver nanostructures in general have been
associated with cytotoxicity due to the release of Ag" ions.
Therefore, cytotoxicity has to be determined for the LGSN-
SPION nanocomposite.

For cell viability testing, an AM calcein assay was used by us
although an Alamar blue assay (resazurin as a dye) and MTT assay
have frequently been used in many studies for determining cell
viability.*>”° We pinpoint that methods like Alamar blue and MTT
are based on a dye reduction by living cells. Unfortunately, BSA,
contained in the trimetallic nanocomposites, has the ability to
reduce the dyes, leading thus to the nanocomposite cytotoxicity
under- or overestimation, respectively.>® Conversely, AM calcein
assay is based on a different principle than reduction. AM calcein
with a bound acetal group through an ester bond becomes
fluorescent after cleaving the ester bond by the living cell.

In the present study, cytotoxicity was determined using RPE-
1 cells (healthy cell line) and concentrated and/or diluted forms

8158 | J Mater. Chem. B, 2024, 12, 8153-8166
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of LGSN-SPION samples. Cell viability was evaluated to exceed
80% for the highest concentration of LGSN-SPION nanocom-
posites (0.12 mg mL~" Ag, 0.75 mg mL™ " Au, 0.24 mg mL " Fe,
approx. 15 mg mL ™! albumin), see Fig. SI-9 in the ESI,+ mean-
ing nontoxic species according to ISO 10993. Here, it should be
stressed that the highest nanocomposite concentration tested
in our cell viability assay, corresponded to the sample concen-
tration used during in vivo imaging (presented in the next
sections). The diluted LGSN-SPION nanocomposites were also
tested and proved LGSN-SPION as a non-toxic species (Fig. SI-9
in the ESIT). Therefore, the tests of cell viability evidenced that
the newly developed LGSN-SPION nanocomposite is biocom-
patible despite the presence of silver. This may be caused by
sufficiently strong bonding of silver within the trimetallic
nanocomposite that is achieved using a specific sequential
one-pot green synthetic preparation of LGSN-SPION.

It can be stated that there are also studies involving bime-
tallic Au-Ag nanostructures,”® where electron transfer between
Au and Ag occurs, leading to a reduced Ag' release and,
consequently, lower toxicity compared to stand-alone silver
nanostructures. Therefore, the obtained biocompatibility of
LGSN-SPION samples coincides with biocompatibility data of
other researchers.

Bio-application of LGSN-SPION

Optical imaging using a trimetallic nanocomposite in phan-
toms. Despite knowing the optimal fluorescence excitation and
emission maxima of LGSN-SPION nanocomposites (440 nm
and 705 nm, respectively) derived from measurements per-
formed in quartz cuvettes and using a regular laboratory
steady-state spectrofluorometer, it was necessary to verify these
values on another machine that is designed for in vivo fluores-
cence imaging. Thus, the fluorescence of LGSN-SPION samples
was examined in four different concentrations introduced into
glass tubes (phantoms) (Fig. 4).

The best signal of fluorescence in phantoms was achieved at
an excitation wavelength of 430 nm and emission wavelength of
730 nm (i.e., slightly shifted with respect to the ex/em maxima
obtained using a steady-state fluorescence spectrometer;
differences can be caused by variations in experimental
arrangements of the instruments). The highest emission signal
came from 75% nanocomposite concentration, and the lowest
from 25% sample concentration. The lower signal of 100% than
that of 75% nanocomposite concentration was most probably
caused by an internal filter effect. The exact values of total
emission (photons per second) are listed in Table SI-7 (ESIt);
the distilled water signal was subtracted as a blank. Based on
the phantom measurements, the 75% concentration of the
trimetallic nanocomposites was used for in vivo experiments.

We conducted an in vivo experiment by administering
LGSN-SPION nanocomposites via subcutaneous injection into
a mouse, as shown in Fig. 5.

The subcutaneous injection was intentional and aimed to
assess the suitability of the nanocomposites for optical ima-
ging, following a similar approach as described in ref. 53. The
excitation and emission wavelengths were used the same as in

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Fluorescence imaging using phantoms (i.e., in vitro optical imaging): the excitation wavelength was set to 430 nm and the luminescence emission
was recorded at 730 nm. Concentrations of protein and three selected metals within the LGSN-SPION sample denoted as 100% concentration are
listed in Table 1 — briefly: the protein theoretical concentration is 20.13 mg mL™%, average Au concentration (experimentally determined by ICP-MS) is
1.01 mg mL™%, average Ag concentration (experimentally determined by ICP-MS) is 0.16 mg mL™%, and average Fe concentration (experimentally
determined by ICP-MS) is 0.32 mg mL™ . The other measured samples (labeled as 75%, 50%, and 25%) are obtained by dilution of the 100% sample with

deionized water.

4.80e+7)

RAD]

Fig. 5 Optical imaging exploiting LGSN-SPION nanocomposites in a
living mouse: optimal excitation at 430 nm and emission at 730 nm. The
mouse was put under complete anaesthesia and its limbs were shaved
before luminescence (and subsequent MR) imaging. Thereafter, three
identical samples (denoted as TM 1, TM 2, TM 3) were injected at a 75%
concentration (75% of values listed in Table 1) into mouse limbs (right
upper: TM 1, right lower: TM 2, and left lower: TM 3); in the fourth limb (left
upper) distilled water was injected as a reference. The reference revealed
no fluorescence signal under the given excitation/emission conditions.

phantom experiments (ex 430 nm, em 730 nm), shown in Fig. 4.
In vivo imaging was also performed for a different excitation
wavelength (Fig. SI-10, ESIt). Importantly, the luminescence
signal of our injected trimetallic nanocomposites is sufficiently

This journal is © The Royal Society of Chemistry 2024

visible in all three limbs of the mouse; while no luminescent
signal is observed in the limb where distilled water was injected
(Fig. 5). Slight variations in the fluorescent signal intensity
observed in individual limbs containing trimetallic nanocom-
posites (Fig. 5) can be caused by several factors: (i) position of
each limb with respect to the detector was not the same;
(ii) there may be differences in anatomical structures in the
injection site.

So far, successful experiments of in vivo monitoring using
solely optical probes based on monometallic and/or bimetallic
luminescent nanoclusters have been made possible.>***73¢
In the current study, our objective is to improve the in vivo
optical imaging (via LGSN) by the addition of another imaging
modality, such as MRI (through the incorporation of SPION in
our trimetallic nanocomposites). While MRI is recognized for
its superior spatial resolution, it is worth noting that it exhibits
limited sensitivity compared to optical imaging. The LGSN-
SPION nanocomposite is thus envisaged to be a superior
contrast agent in comparison to those previously published.

MR relaxometry and imaging using the LGSN-SPION
nanocomposite. SPIONs, making up the magnetically suscep-
tible part of the trimetallic nanocomposites, serve as negative
T, MRI contrast agents frequently.®” The relaxation rates R, and
R, were determined for four different concentrations (100%,
75%, 50%, and 25%) of the trimetallic nanocomposites in the
present study. These R, and R; values were plotted in a graph
as a function of the exact iron concentration (determined
experimentally using ICP-MS) and were fitted with a linear
function (see Fig. SI-11, SI-12 and Table SI-8, ESIf). The
average relaxivities r, and r; of the LGSN-SPION nanocom-
posite were found to be of 2.12 + 0.05 L mmol s~' and
0.20 + 0.01 L mmol s ' values, respectively. These values are
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Table 2 T,-weighted MR images of phantoms acquired for four different concentrations of a representative LGSN-SPION sample; corresponding

signal-to-noise-ratio (SNR) and contrast-to-noise-ratio (CNR) are listed

™ 1 100% 75% 50% 25% H,O
T,-weighted ‘ . a
SNR 7.63 10.28 12.63 14.14 16.16
CNR 8.52 5.88 3.53 2.02 —

comparable to the r, and r; value obtained for the bimetallic
AUNCs-SPION nanocomposite.’® The ratio r,/r; is of approxi-
mately 10, which is similar to the values observed in commer-
cial contrast agents containing SPION, such as Resovist or
Feridex.”® Relaxometry data suggest that LGSN-SPION nano-
composites can affect 7, MR contrast but have a negligible
impact on T, contrast. This finding is further supported by MR
imaging data. In our MRI experiment, phantoms containing
trimetallic nanocomposites were visualized at four different
concentrations (100%, 75%, 50%, and 25%). Distilled water
was used as a control, following a similar approach to optical
imaging. The phantoms of a representative sample are
detailed in Table 2 (T,-weighted). T;-weighted MR phantoms
images of the representative sample are then shown in
Table SI-9 (ESIY).

It is evident that the T, contrast between a particular sample
and the signal of water is sufficiently high to be detected at all
four concentrations of the newly developed LGSN-SPION nano-
composites (Table 2). This observation is further supported by
quantitative analysis, where we calculated the contrast-to-noise
ratio (CNR); even for the lowest tested concentration (25%),
CNR was approximately 2. Note that in the case of the T

contrast, the signal from all phantom concentrations was
practically the same and did not differ from that of water.

Based on the results obtained from the phantom study,
in vivo MR imaging (Fig. 6) was performed exploiting 75%
concentration of LGSN-SPION samples, administrated subcu-
taneously into individual limbs (right upper: TM 1, right lower:
TM 2, and left lower: TM 3), with distilled water serving as a
reference (left upper limb). Importantly, T, contrasts of the
trimetallic samples are clearly distinguishable from surround-
ing tissue (Fig. 6).

It should be noted that the weight of the examined mouse
(a female mouse) was monitored after three months counting
from the end of the imaging experiment, and her weight
increased by 10%. Furthermore, visual inspection of the areas
on the animal’s body where the contrast agent was applied
did not show signs of inflammation or other pathologies. This
supports the conclusion from cytotoxicity testing that the
trimetallic nanocomposite has no harmful effects and can be
considered biocompatible.

LGSN-SPION nanocomposite potentially relevant to pre-
clinical research. Furthermore, it is important to mention
that relaxometry was conducted at 1.5 T, a magnetic field

Fig. 6 MRI using a representative LGSN-SPION sample injected subcutaneously in limbs of a living mouse (upper limbs in (A), whereas lower limbs in
(B)). We calculated CNR values for TM1, TM2, and TM3 as follows: CNR of TM1 = 6.69, CNR of TM2 = 6.69, and CNR of TM3 = 6.85. These values were
derived from coronal T>-weighted images, and no additional filters or post-processing adjustments were applied to the images.
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strength commonly used in clinical practice. Additionally, MR
imaging was performed at 4.7 T, which closely approximates
the clinical field strength of 3 T. Consequently, our study
results have relevance for clinical research, and our data
provide valuable support for potential translation into clinical
applications. Although our current study is of a proof-of-
concept character, LGSN-SPION nanocomposites could be
considered as inert imaging probes when their characteristics
are compared with those of another inert imaging agent.>
Moreover, further experiments in the direction of targeting
are envisaged for trimetallic nanocomposites, which might be
reached by their surface modification for instance.

Experimental
Chemicals

Synthesis of LGSN-SPION nanocomposites. Bovine serum
albumin (BSA; >98%), gold(u) chloride trihydrate (HAuCl,-
3H,0; >99.9%), iron(m) chloride hexahydrate (FeCls-6H,O;
>99%), silver nitrate (AgNOs; 99.9999%,) and sodium
hydroxide (NaOH; >98.0%) were purchased from Sigma-
Aldrich (Saint Louis, MO, USA) and used as received (without
any further purification) for all experiments. Hydrochloric acid
(35%) was purchased from Penta s.r.o. (Prague, Czech
Republic). Deionized (DI) water prepared by purging Milli-Q
purified water (Millipore Corp., Bedford, MA, USA) was used in
all experiments.

Inductively coupled plasma-mass spectroscopy (ICP-MS)

Nitric acid (69%, Analpure), hydrochloric acid (36%, Analpure),
single element certified reference materials, aqueous calibra-
tion standard solution, ASTASOL® of Au, Ag, Fe (1000.0 +
2.0 mg L"), and INT-MIX 1 (10 mg L") were purchased from
Analytika, Ltd, Prague, Czech Republic. Ultrapure 18.2 MQ cm
water was prepared using a Milli-Q purification system
(Millipore Corp. Molsheim, France) and used only for ICP-MS
analyses.

Cell viability

Fetal bovine serum (FBS), .-glutamine, penicillin-streptomycin
and trypsin (from the porcine pancreas) were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). Sodium chloride (NaCl;
p.a.), potassium chloride (KCl; p.a.), potassium dihydrogen
phosphate (KH,POy; p.a.), and disodium hydrogen phosphate
(Na,HPO,; p.a.) were purchased from Penta chemicals (Prague,
Czech Republic) and Lachem (Lanskroun, Czech Republic).
Calcein AM and Dulbecco’s modified Eagle’s medium (DMEM,
11054, no phenol red) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA).

In vivo imaging
Isoflurane 5% for induction and 1.5-2% for maintenance

was purchased from Baxter (Deerfield, USA) and eye cream
Ophtalmo-Septonex from Zentiva (Prague, Czech Republic).

This journal is © The Royal Society of Chemistry 2024
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Synthesis, dialysis, and concentrate formation

The synthesis of LGSN-SPION nanocomposite was carried out
in a microcentrifuge tube. To mix the sample, a vortex and
pipette were used. The time period elapsed between subse-
quent additions of each reactant was set to 5 minutes. Firstly,
FeCl3-6H,0 (100 pL, 200 mM) was put into the microcentrifuge
tube. Then, BSA solution (1000 pL, 66.43 mg mL ™ ') was added
in two steps: the first 500 pL of BSA was slowly pipetted and
thoroughly mixed using the pipette; the second portion of BSA
was added using the same procedure and the solution was
mixed in the vortex. Subsequently, NaOH (55 pL, 1 M) was
pipetted onto the wall of the microcentrifuge tube to adjust the
pH to 7.4. The solution was swirled in the vortex (for approxi-
mately 30 seconds) immediately after adding NaOH. The
solution was cloudy, it contained agglomerates that dissolved
within a few minutes and the solution became clear. Thereafter,
AgNO; (100 pL, 50 mM) was introduced into the tube and
swirled. Further NaOH (145 pL, 1 M) was pipetted into the wall
of the microcentrifuge tube to increase the pH above 12. The
solution was instantly rigorously swirled again. Finally, HAuCl,-
3H,0 (800 pL, 25 mM) was carefully added into the solution,
mixed using the pipette and swirled in the vortex. After devel-
opment at 50 °C (set temperature on the dry bath incubator) for
22.5 hours, the sample changed its hue from orange to brown-
orange.

HCI-AuAgBSA and HCI-AuBSA were prepared as SPION-free
samples under the same conditions as LGSN-SPION, however,
without FeCl;-6H,0 and/or AgNO; (and/or both - the case of
HCI-AuBSA). In fact, HCI (200 mM, 100 pl) was used instead of
FeCl;-6H,0 and diH,O instead of AgNO;. At first NaOH addi-
tion, the adequate volume was chosen so that the pH reached
7.4 (25 pl of 1 M NaOH and 30 pl of 850 mM NaOH). HCI-
AuAgBSA-850 mM-NaOH was synthesized and served as a
SPION-free sample manifesting itself by the same position of
emission maximum as that of the LGSN-SPION nanocompo-
site. It is then used for fluorescence quantum yield estimation
(further explanation is given in the main text below).

The samples were dialyzed with a 14 kDa cut-off dialysis
membrane (regenerated cellulose, Membra-Cel TM) against
deionized water. Dialysis was performed for 5 hours at room
temperature (22 °C). The DI water was changed four times (time
between changes: 30 min, 45 min, 60 min, 75 min; the end of
the dialysis in another 90 minutes). After the dialysis, the final
samples were 1.5 times diluted when compared to the volume
reached immediately after the synthesis. The final trimetallic
sample was used in phantoms and in vivo experiments. The
nanocomposites were synthesized in triplicate to get statistics.

The final LGSN-SPION sample was concentrated for the
purpose of cell viability testing exclusively. The concentrated
sample was formed using a centrifugal concentrator (30 kDa).
The relative centrifugal force was set to 3000 x g. Concentrate
formation was performed for 5 minutes in several repetitions
until the desired sample concentration was reached (ie.,
2.5 times higher than the concentration reached immediately
after the synthesis). After each centrifugal step, the sample was
mixed using a pipette within the concentrator to destroy any
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potential sediment formation at the bottom of the concentrator.
Dialyzed and concentrated samples were stored at 4 °C.

ICP-MS

The modified ICP-MS method*" was utilized to accurately deter-
mine the gold, silver, and iron concentrations in dried LGSN-
SPION aliquots. The drying was realized in a vacuum rotary
evaporator. Briefly, the dried aliquots were quantitatively trans-
ferred into the Teflon digestion vessels containing 2 mL of
concentrated nitric acid and 2 mL of concentrated hydrochloric
acid. The vessels were tightly closed with Teflon caps and the
samples were digested in an MLS 1200 mega closed vessel
microwave digestion unit (Milestone, Italy) according to the seven
steps power controlled digestion program (ESI,t Tables S1-S3).
The digests were allowed to cool down to laboratory temperature
and diluted with the ultrapure water in either 25 mL or 50 mL
volumetric flasks to meet the optimal working range of the ICP-
MS instrument operating under the trace elemental conditions.
The total silver, gold, and iron concentrations were determined
using an Agilent 7700x ICP-MS (Agilent Technologies Ltd, Japan)
fitted with an octopole reaction system working in He mode to
overcome the possible spectral interferences. The optimized ICP-
MS conditions as well as the validation results, are summarized in
the ESL} The quality control sample at the concentration level of
500 pg L~ for Ag, Fe, and 5000 pg L™" for Au was analyzed every
ten samples to ensure the quality of the acquired results. All ICP-
MS measurements were performed in six replicates, and the
results are expressed as an average + standard deviation (SD).

HR-TEM/EDS

LGSN-SPION (the final protein concentration of 0.3 mg mL ™)
were drop-cast (2-4 L) on glow discharged TEM copper grids
covered with holey carbon. The drop was allowed to dry
spontaneously at room temperature. Then, the samples were
measured using HR-TEM Titan G2 60-300 (FEIL, Hillsboro, OR,
USA) with an image corrector with an accelerating voltage of
300 kv. Images were taken with a BM UltraScan CCD camera
(Gatan, Pleasanton, CA, USA). Energy Dispersive Spectrometry
(EDS) was performed in STEM mode using a Super-X system
with four silicon drift detectors (Bruker, Billerica, MA, USA).
STEM images were taken with an HAADF detector 3000 (Fish-
ione, Export, PA, USA). The HAADF mode of STEM is intention-
ally used to better visualize NCs because heavier elements
appear bright, while lighter elements appear dark.

Dynamic light scattering (DLS) and zeta potential
measurements

The hydrodynamic diameter and zeta potential of the LGSN-
SPION samples were determined using a Zetasizer Nano ZEN
3600 ZS (Malvern Instrument Ltd, Malvern, UK) equipped with
a He-Ne laser. An average sample (a mix of three independently
prepared samples) was measured at 22 °C.

Absorbance and fluorescence measurement

Absorbance was recorded on a Specord 250 Plus-223G1032
(Analytik Jena, Jena, Germany) with a double beam arrangement
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using a 1 cm quartz cuvette, 2 nm slits, data interval 1, in the
range of 250-800 nm.

Fluorescence measurements of nanocomposites were taken
using a JASCO F8500 (Jasco, Tokyo, Japan) spectrofluorometer
in a 1 cm quartz cuvette with 2.5 nm slits, data interval of
1 nm and scan speed of 100 nm min~". Emission spectra were
measured in the range of 500-850 nm using 440 nm excitation.
Each sample was measured three times and subsequently the
three spectra were averaged. All spectra were corrected to avoid
any deviations induced by instrumental components.

The quantum yield of fluorescence (QY, F) was calculated
using the following equation:

R (1-107) 2
¢_¢S.Fs~(1—10*/‘)~nsz’ )

where F is the integrated fluorescence intensity, A is the
absorbance, n is the index of refraction, and subscript s
indicates the standard. DCM, 4-(dicyanomethylene)-2-methyl-
6-(4-dimethylaminostyryl)-4H-pyran, dissolved in ethanol (99.8%,
Lach-Ner, Neratovice, Czech Republic) was used as a standard
(Fs = 0.437 4 0.024).>°

Photostability in cultivation medium and PBS

The culture medium and PBS was used for photostability
determination. The LGSN-SPION was added into culture med-
ium or PBS with a ratio of 1:4 (this corresponded to the
dilution in cell viability testing) and it was incubated in a dry
bath incubator at a set temperature of 37 °C. Integral intensity
was determined over time (1 h, 2 h, 24 h 72 h and 168 h).
Fluorescence measurements of LGSN-SPION in culture med-
ium and PBS were performed on a JASCO F8500 (Jasco, Tokyo,
Japan) spectrofluorometer in a 1 cm quartz cuvette with 2.5 nm
slits, data interval of 1 nm and scan speed of 100 nm min .
Spectra were obtained in the range of 480-850 nm using
440 nm excitation.

Cell viability determination (calcein assay)

The cell viability was determined using the RPE-1 cell line and
calcein assay. Initially, 80 pL of cultivation medium or cell
suspension (5000 cells per well) was cultivated in a 96-well
microtitration plate for 24 hours in an incubator (37 °C, 5%
CO,). Then, 20 pL of the DI water (first and second column) and
the LGSN-SPION samples in various concentrations (the high-
est LGSN-SPION concentration in the cultivation medium
contained: approx. 15 mg mL ™' albumin, 0.75 mg mL ™' Au,
0.12 mg mL ™" Ag, 0.24 mg mL ™" Fe) were added and incubated
for 24 hours. Liquid contents of the wells were carefully
removed (to eliminate its interference with calcein), and the
adhered cells were rinsed using PBS twice before the addition
of 100 pL of calcein. Cells were incubated with calcein in an
incubator for 1 hour, and then the fluorescence was measured
on a microplate reader Fluoroskan Ascent (Finland). Excitation
and emission wavelengths were set at 485 nm and 538 nm,
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respectively. Cell viability (Cy) was calculated using eqn (2):

Fs — Fy

Cy =100 - =>—-—,
\% Fo— P

(2)

where Fs is the fluorescence in the cell suspension treated with
the LGSN-SPION sample, Fc. is fluorescence of non-treated cells
(reference), and Fy is the fluorescence of the cultivation med-
ium (blank).

Animal preparation

Animals were housed in a temperature-controlled room with a
12-h light-dark cycle with free access to food pellets and water
(responsible person: Daniel Jirak, accreditation no. CZ 02264).
All animal protocols were approved by the Ethics Committee of
the Institute for Clinical and Experimental Medicine and the
Ministry of Health of the Czech Republic (no. 58/2014) in
accordance with the European Communities Council Directive
(2010/63/EU). An in vivo measurement was performed using
healthy female BALB/c mouse as a proof of principle. The
animal preparation process was carried out under the complete
anaesthesia of the animal (using 5% isoflurane (Baxter, Deer-
field, USA) for induction and 1.5-2% isoflurane for mainte-
nance). To minimize optical signal attenuation, all four limbs
of a mouse were carefully shaved, leaving a sufficient space
around the injection site. The mouse received a subcutaneous
injection of three samples (prepared using the same above-
described procedure): each sample was administered into a
separate limb (100 pL, 75% concentration of TM 1 into right
upper limb; 100 pL, 75% concentration of TM 2 into right lower
limb; 100 pL, 75% concentration of TM 3 into left lower limb).
H,O serving as a reference was injected into the fourth limb
(left upper).

Optical imaging

The optical imaging was conducted using the SPECTRAL Ami
HT imager, and subsequent image processing and quantifica-
tion were performed using the Aura software (via spectral
instruments imaging). The fluorescence imaging involved
phantoms containing nanocomposites at four distinct concen-
trations: 100%, 75%, 50%, and 25%. Distilled water served as a
reference. The imaging process encompassed various emission
and excitation ranges to identify optimal conditions for fluores-
cence signal acquisition which was found at 430 nm excitation
and at 730 nm emission. The other parameters were set up
accordingly: excitation power = 4, exposure time = 2 s, FOV = 15,
F-stop = 2, binning = 2.

Fluorescence imaging of a mouse with subcutaneously
injected samples and reference was conducted immediately
following the injection (100 pL of 75% nanocomposites concen-
tration) without any delay. The animal was subjected to anaes-
thesia using isoflurane (1.5-2% for maintenance), and optical
measurement was conducted using identical excitation/
emission parameters as those applied to the phantoms.

This journal is © The Royal Society of Chemistry 2024
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MR imaging and relaxometry

Relaxometry measurement was used to assess the relaxation
times and to calculate the relaxivities of nanocomposites
dispersed in distilled water using a 1.5 T Minispec 60 MHz
relaxometer (Bruker Biospin, Germany) at temperatures of
20 °C and 37 °C. Four distinct concentrations of 250 L samples
were prepared: 100%, 75%, 50%, and 25%. T; relaxation times
were determined utilizing the inversion recovery sequence
(repetition time (TR) = 0.01-10000 ms, recycle delay = 4 s,
number of acquisitions (NA) = 4, mono-exponential fitting,
10 data points per fitting). T, relaxation times were measured
using the Carr-Purcell-Meiboom-Gill (CPMG) sequence
(recycle delay = 2 s, NA = 8, echo time (TE) = 0.05 ms, mono-
exponential fitting, 20000 data points per fitting). Each
sample was subjected to three measurements under identical
conditions.

MR imaging was performed on a 4.7 T MR scanner equipped
with a radiofrequency resonator coil (Bruker BioSpin, Germany).
MR data were processed and analysed using Image]J (version 1.46r,
National Institute of Health, USA). The signal-to-noise ratio (SNR)
was calculated according to equation SNR = 0.6555/c where S is
the signal intensity in the region of interest, ¢ is the standard
deviation of background noise, and the constant 0.655 reflects the
Rician distribution of background noise in a magnitude MR
image. The contrast-to-noise ratio (CNR) was calculated as the
difference in SNR between phantom and water (phantom study)
or between an area of LGSN-SPION nanocomposite administra-
tion and the muscle.

We acquired both 7;- and T,-weighted MR images using the
Rapid Acquisition with Relaxation Enhancement (RARE)
sequence. T;y: (TR = 400 ms, TE = 12 ms, NA = 8, rare factor
(RF) = 1, and scan time (ST) = 10 min 14 s) spatial resolution =
137 x 137 pm?, slice thickness = 0.6 mm. T,: (TR = 3300 ms,
TE = 36 ms, NA = 5, RF = 5, and ST = 10 min 27 s) spatial
resolution = 137 x 137 um?, slice thickness = 0.6 mm.

In vivo measurement was performed using a healthy
female BALB/c mouse as a proof of principle. The mouse was
anesthetized with 5% isoflurane (Baxter, Deerfield, USA) for
induction and 1.5-0.5% isoflurane for maintenance. The
respiratory rate was monitored throughout the study using a
trigger unit (Rapid Biomedical, Berlin, Germany). To avoid eye
dryness and its potential damage, an eye cream (Ophtalmo-
Septonex, Zentiva, Czech Republic) was applied before the
measurement. For the animal experiment, a home-made birdc-
age coil was used.

Prior to MR imaging, an additional 100 pL of the samples
solution and reference was injected. This additional injection
was aimed at enhancing visualization and signal quality due to
potential animal movement and the elapsed time between
optical imaging and MRI scans, which could result in partial
absorption of the contrast agent. Based on the obtained results
from a phantom study, we acquired 7,-weighted MR images
using the (RARE) sequence, using the following parameters: 7,:
(TR = 3300 ms, TE = 36 ms, NA =4, RF = 8, and ST = 5 min 16 s)
spatial resolution = 176 x 176 pm?, slice thickness = 0.6 mm.

J. Mater. Chem. B, 2024, 12, 8153-8166 | 8163


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb00655k

Open Access Article. Published on 16 July 2024. Downloaded on 12/9/2025 3:16:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Conclusions

Unique properties of multimodal probes allow scientists
and doctors to use several types of bioimaging methods and,
consequently, to obtain more accurate results. Each type of
bioimaging technique has advantages, but also limitations.
Optical imaging, namely F1, is characterized by high sensitivity,
low spatial penetration, and lower resolution. On the other
hand, MR imaging has good resolution, no limit for penetra-
tion, but has a lower sensitivity.°® Therefore, more accurate
in vivo imaging can be achieved by using a bimodal contrast
agent/probe combining FI and MRI. So far, gadolinium/gold
nanocomposites have been reported as an efficient bimodal
FI + MRI probe for bio-imaging.®"®> However, gadolinium
ions, Gd(m), entrained in both types of multimodal probes,
represent potential ecological and healthy risks.®® In contrast,
LGSN-SPION nanocomposite, newly developed by us in
the present work, successfully combines two different kinds
of bio-imaging, FI + MRI, while exhibiting very good bio-
compatibility.

The new bimodal (FI + MRI) imaging inert contrast agent
made up of luminescent noble metal nanoclusters (LGSN) and
superparamagnetic iron oxide nanoparticles (SPION), both
embedded within the same albumin, was developed, charac-
terized, and successfully used for in vivo bio-imaging. This
innovative contrast agent is the first of its kind in the world:
(i) suitably combining nanostructured materials leading to
successful FI + MRI in a living mouse, and simultaneously,
(ii) possessing the opportunity of extra functionalization. The
tests of cell viability (on healthy RPE-1 cell line) evidenced that
the newly developed LGSN-SPION nanocomposite is biocom-
patible despite the presence of silver. It may be caused by
sufficiently strong bonding of silver within the trimetallic
nanocomposite that is achieved by a specific sequential one-
pot green synthetic preparation of LGSN-SPION samples.
Further research is needed to specifically target the trimetallic
nanocomposites into individual organs and/or tumor tissue.
It would pave the way to potential theranostic application of
modified LGSN-SPION nanocomposites.
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