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A reverse micelle method was used for the synthesis of water-
soluble silica hybrid, spin-crossover (SCO) nanoparticles (NPs). MRI
experiments provided temperature dependent T2 values, indicating
their potential use as smart MRI agents, while lyophilization of NP
dispersions in water yielded powders with a preserved but
modified thermal hysteretic magnetic profile.

Spin-crossover (SCO) materials have been demonstrated as
“newcomers” in the field of MRI as they tend to replace the
classic Gadolinium-Based Contrast Agents (GBCAs) due to
their association with nephrogenic systemic fibrosis (NSF)."™
Super-Paramagnetic Iron Oxide Nanoparticles (SPION)’" and
Paramagnetic CEST (ParaCEST) agents'®™ are also classified
as effective MRI contrast agents'®'> displaying superior mag-
netic properties and biocompatibility.

SCO coordination polymers have been recently in the fore-
ground since their magnetic properties in the solid state are
attractive for their application as drug nanocarriers,"®>° in
cancer treatment>*> and as MRI contrast agents.”>** SCO
iron(u) compounds undergo a spin state change between LS
(S = 0) and HS (S = 2) that is temperature dependent. These
properties might be exploited in MRI for the detection of
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tumor cells in cancer as their usual temperature is higher than
that of normal cells. However, when it comes to biological
applications, these materials face strong limitations emerging
mainly from their low solubility in biological media.*®
Tsukiashi et al.>®*” reported for the first time water soluble
spin-crossover (SCO) iron(un) nanoparticles (NPs) of the
one-dimensional ~ (1-D)  coordination  polymer  [Fe
(Htrz);_sx(NH,trz)sx|(BF,), (Htrz = 1,2,4-1H-triazole, NH,trz =
4-amino-1,2,4-triazole, and X = 0.1) coated with polyethylene
glycol (PEG) for use as thermally-responsive MRI contrast
agents. A very recent report by Cordani et al.>® describes how
the obstacle of low solubility in water is surpassed when the
polymeric chain is shortened, ending up in trinuclear oligo-
mers. The synthesized [Fez(R-trz)q|Xe trimers (R-trz = substi-
tuted triazole; X = counter anion) were used as synergistic adju-
vants for pancreatic cancer.

In this context, we present the synthesis and spectroscopic
characterization of silicon-modified doped NPs based on the
already known 1-D SCO coordination polymer [Fe"(Htrz),(trz)]
(BF,). In the literature, there have been reports**” describing
the magnetic properties of doped or/and silicon modified
[Fe"(Htrz),(trz)](BF,) NPs but without any success in the pres-
ervation of their stability in aqueous media. To the best of our
knowledge, this is the very first example of doped aminated
silica hybrid SCO CPs at the nanoscale in the literature display-
ing stable aqueous colloidal dispersions. The effective modifi-
cation of their surfaces with SiO, is considered of great impor-
tance as the NPs create stable colloidal dispersions in water
and thus are good candidates for potential application as MRI-
contrast agents. The general formula of the synthesized NPs is
[Fe(Htrz),(trz)](BF,)@SiO, (1); for the ligand substituted NPs:
[Fe(Htrz), 1(trz) s(NHtrz)o 1 ](BF4)1..@8Si0, (2); for the ligand
and metal substituted NPs [Feg.oZng 1 (Htrz), 1(trz)o.s
(NH,trz)o 1] (BF,4)1..@SiO0, (3); for the ligand substituted NPs:
[Fe(Htrz),(trz)y ; (NH,trz)o 3](BF4)1.3@SiO, (4). All the NPs were
synthesized at room temperature, using the reverse micelle
technique (Fig. 1). To effectively shift the thermal hysteretic
phenomenon, two different experimental procedures were fol-
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Fig. 1

lowed: (a) the ligand substituted addition of the bulkier
dopant NH,trz ligand leading to a strong destabilization of the
crystal lattice and (b) the metal and ligand co-substituted
experimental protocol using as dopants both the Zn" metal
ion and the NH,trz ligand, which is presented for the first
time. The nature of the surfactant medium and the ratio of
concentrations [Fe]/[HTrz], [Fe/Zn]/[HTrz/NH,Trz] and [Fe]/
[HTrz/NH,Trz] were chosen carefully to accommodate two
important prerequisites: (i) sphere-like monodisperse nano-
particles with sizes smaller than 40 nm and (ii) gradual SCO
magnetic behavior in the temperature range of 280-320 K. Two
water-in-oil (w/o) microemulsions were mixed with the organic
phase consisting of certain amounts of surfactant (Triton
X-100) and co-surfactants (n-hexanol and cyclohexane). The
latter reagents also play the role of organic solvents. The first
step of hydrolysis/condensation of TEOS (tetraethyl orthosili-
cate) is initiated with the addition of 100 pL of TEOS in the
aqueous phase consisting of the respective metal salts and
ligands each dissolved in 0.5 mL of deionized H,O (Fig. 1).
The second step of hydrolysis/condensation of APTES
(3-aminopropyltriethoxy silane) or co-condensation of APTES/
TEOS took place after mixing the two water-in-oil (w/0) micro-
emulsions and leaving them under magnetic stirring for
24 hours (Fig. 1). In this step, either 100 pL of APTES were
added to the final microemulsion to initiate a new conden-
sation procedure (NPs 4) or 100 pL of APTES/100 pL of TEOS
were used for the co-condensation procedure (NPs 1, 2, and 3).
NPs 1 were prepared using the Fe(BF,),:6H,O and HTrz
reagents in a 1:3 molar ratio in the aqueous phase. The
polymer consists of two neutral Htrz ligands and one deproto-
nated trz ligand bridging the Fe'' metal ions and BF,” ions,
compensating its total charge. Partial replacement—in a
gradually increasing percentage—of Fe(BF,),-6H,0 and the
deprotonated trz ligand by Zn(BF,),-6H,O and the NH,trz
ligand, respectively, was performed. More explicitly, partial re-
placement of 10% of the deprotonated trz ligand by the
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(left) Synthetic strategy for the preparation of NPs 2. (right) TEM images of NPs 1 (a), 2 (b), 3 (c) and 4 (d).

NH,trz derivative resulted in the formation of NPs 2. The
doped polymer was synthesized using the Fe(BF,),-6H,0, HTrz
and NH,trz reagents in a 1:2.9:0.1 molar ratio. The doping
reactions were continued in the next step by further replace-
ment of 10% Fe(BF,),-6H,0 by the Zn" analogue. The molar
ratio used for the preparation of NP3, after the addition of the
Fe(BF,),6H,0, Zn(BF,),-6H,0, HTrz and NH,trz reagents was
0.9:0.1:2.9:0.1 (the Fe/Zn ratio is confirmed by EDS analysis;
Fig. S17). NPs 4 are considered as the most doped ones since
the replacement of trz by NH,trz reached the percentage
of 30%. Fe(BF,),-6H,0, HTrz and NH,trz are the reagents used
in a 1:2.7:0.3 molar ratio. The proposed compositions for the
above-mentioned NPs, based on elemental analysis, took into
consideration the mechanism presented by Piedrahita-Bello
et al.*® according to which the dopant NH,trz ligand selectively
replaces the deprotonated (trz) ligand instead of the neutral
(HTrz) ligand, increasing the portion of BF,~ accordingly.

The structure and detailed composition of the doped
silicon-modified SCO NPs were determined by IR spectroscopy
(Fig. S2%), X-ray powder diffraction (Fig. S3t) and elemental
analysis (Table S1t). Particle dimensions and morphology were
determined by transmission electron microscopy. Fig. S4f
shows the size distribution for all the silicon-modified SCO
NPs calculated based on the TEM images depicted in Fig. 2
and S5.7 All the NPs are well-shaped adopting a sphere-like
morphology accompanied by a very thin layer of SiO, of a few
nanometers. According to the Gaussian distributions (Fig. S4t)
and TEM images (Fig. 2 and S57) as well, the NPs 1 present a
larger mean diameter (~45 nm) than the rest of the NPs.
Another interesting observation is that NPs 2 show an ultra-
small diameter (~10 nm) compared to NPs 3 and 4 with sizes
close to 25 nm. Indeed, all the NPs present excellent homogen-
eity with few regions of minor aggregation due to the synthetic
method chosen for their preparation.

It is remarkable to note that stable water colloidal disper-
sions of all NPs were prepared using ultrasonication (2 mg of

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Thermal dependence of the ymT product for NPs 1-4 with a rate
of 1 K min~ along with the lyophilized analogues.

NPs in 1 mL of H,0). The color of all the dispersions changed
from purple to colorless over a period of several minutes,
revealing the evolution of the SCO phenomenon in water from
the LS state to a fraction of the HS state of the Fe" ion (a yellow
color is expected for a fully recovered HS state of the Fe" ion).
Interestingly, all dispersions obtained their initial purple color
when stored in a refrigerator (—20 °C), presenting excellent
reversibility. From all our synthetic efforts, it is important to
underline the synthetic conditions under which stable
aqueous dispersions are obtained. It was observed that in the
“non-doping” reaction (NPs 1), where ascorbic acid was
absent, the addition of a total of 300 pL of TEOS and 100 pL of
APTES in a two-step hydrolysis/condensation procedure was
necessary for the stabilization of the water dispersion. In the
“doping” reactions (NPs 2, 3, and 4), where ascorbic acid is
included, the two-step hydrolysis/condensation procedure can
be performed with lower volumes: 200 pL of TEOS and 100 pL
of APTES (NPs 4). When the above-mentioned volumes are
further reduced, the behavior of the NPs in water changed dra-
matically. More explicitly, the color turned out to be yellowish
without any possibility of the occurrence of the reversible
process. In order to verify the reversibility of the SCO phenom-
enon in water, UV-vis measurements were carried out. Fig. S6
shows time-dependent UV-vis absorption spectra for NPs 1-4:
(a) when the samples are dispersed for the first time in H,O
and (b) during the thawing procedure (—20 °C - RT). In both
cases, the absorption band around 280 nm—corresponding to
an MLCT transition—showed a drastic reduction of its inten-
sity as the samples switched from the LS to HS state of Fe'
accompanied by a color change in the dispersion from purple
to colorless (Fig. S7 and S8%). The time duration of the SCO
phenomenon calculated from the UV-vis experiments is pre-
sented in Table S3.F

DLS measurements of the aqueous dispersion of NPs
(Fig. S97) revealed a certain tendency to aggregate and their
size increases to values close to 100 nm for NPs 1 and 50 nm
for NPs 2. In the case of NPs 3 and 4, two distinctive size distri-
butions are visible close to 20-30 nm and 200-300 nm. The
estimated mean C-potential for all NPs has positive values
greater than 30.0 mV (Fig. S10 and Table S47), indicating the
effective functionalization of their surface with amine groups,
as well as the excellent quality of the colloid in water.

This journal is © The Royal Society of Chemistry 2021
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Lyophilization of the latter aqueous dispersions resulted in
powders with similar structural characteristics determined by
IR spectroscopy (Fig. S21) and X-Ray powder diffraction
(Fig. S3at). This observation may lead to the proposal that the
aminated silica shell provides an effective shield to the NP
core and furthermore stabilizes aqueous colloidal dispersions.
A Pawley refinement was considered for all the NPs and their
lyophilized analogues, and it was found that the powder pat-
terns were consistent with the same unit cell and space group
(Pnma) proposed for the [Fe"(Htrz),(trz)](BF,) system with
small calculated differences (Fig. S3b, Table $21).%*°

Temperature-dependent magnetic measurements were
carried out on samples 1-4 as well as on their lyophilized ana-
logues and are shown in Fig. 2. In each case, the second
thermal cycle was taken into consideration as the first one is
usually related to the dehydration of the sample. Based on the
magnetic study, we can amplify the strong evidence—which is
also supported by the literature®®*’—that metal and ligand
substitution (here referred to as “doping”) shifts the hysteresis
clearly toward room temperature. The higher doping percen-
tage is clearly the reason for the considerable shift of the hys-
teresis towards lower temperatures (NPs 3 and 4). We cannot
also overlook the loss of hysteresis abruptness and narrowing
of its width as the doping percentage is increased. Quite sur-
prisingly, the lyophilized materials preserve the SCO hysteretic
character, which is observed, to our knowledge, for the first
time. A shift of the hysteresis and a further narrowing of its
width have been observed only in the cases of lyophilized NPs
1 and 2, while for all the cases there is a suppression in the
saturated y,T values (Table S51) possibly due to the size
effects and/or the hydrated form of the freeze-drying lyophi-
lized samples. The SCO behavior exhibited by all the NPs was
also confirmed through DSC measurements (Fig. S117) as the
critical temperatures coincide with those extracted from the
magnetic study.

MRI T2 relaxometry studies are performed for the aqueous
dispersions of all the NPs (Fig. S12-S187). According to the
thermal dependence of r, relaxivity (Fig. 3), NPs 3 and 4 are
promising candidates for potential use as thermally responsive
T2 MRI contrast agents with r, values in the range of 2.5-3.0
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Fig. 3 Thermal dependence of the r; relaxivity of NPs 1-4. The con-
centration used for the relaxometry studies was 3 mM.
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s~' mM " which is consistent with the values for commercially
available MRI contrast agents®® measured at 3 T in water. On
the other hand, T1 relaxometry measurements (Fig. S197) of
NPs 3 and 4 also revealed temperature dependent 71 values
that are significantly lower compared to those of GBCAs cur-
rently used for clinical diagnosis,” in accordance with the
recent studies of PEG-modified SCO NPs.”” The T1 and T2-w
images of the phantom for NPs 3 and 4 at 20 °C and 50 °C at
various inversion (TI) and echo (TE) times are shown in
Fig. S18 and S197, revealing their thermally responsive T2
character.

In conclusion, a two-step approach of the hydrolysis/con-
densation of TEOS/APTES is presented as an efficient synthetic
path for the preparation of functional aminated silica hybrid
SCO NPs of the general formula [Fe;_,Zny(Htrz),y_x(trz),_y
(NH,trz)x](BF,)y@SiO,. Stable aqueous colloidal dispersions
were prepared with a clear reversibility of the SCO phenom-
enon accompanied by a color change from colorless (HS state)
to purple (LS state), while positive mean {-potential values
greater than 30 mV were obtained for the SCO NPs, confirming
an effective functionalization of their surface with amine
groups as well as the excellent quality of the colloid in water.
Lyophilization of the NP aqueous dispersions resulted in
powders with similar structural characteristics, preserving the
SCO hysteretic character. According to the MRI T2 relaxometry
studies, the experimental doping protocols of (i) ligand substi-
tuted addition of the bulkier dopant NH,trz ligand (NPs 4)
and (ii) metal and ligand co-substituted addition of Zn'/
NH,trz (NPs 3) provide thermally responsive T2 MRI contrast
agents. Overall, our present communication describes an
effective experimental tool for the preparation of water-soluble
SCO NPs and we are confident that this information will
encourage the scientific community working on the biological
applications of these materials.
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