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Amphoteric B-cyclodextrin coated iron oxide
magnetic nanoparticles: new insights into synthesis
and application in MRI¥

Federica Calsolaro,@j;a Francesca Garello,@j:b Eleonora Cavallari, ©°
Giuliana Magnacca, © ¢ Mikhail V. Trukhan, ©@ Maria Carmen Valsania,
Giancarlo Cravotto, ©2 Enzo Terreno ® *® and Katia Martina @ *2

This work presents a group of high-quality hydrophilic and negatively charged coated, iron oxide magnetic
nanoparticles (MNPs) that have been prepared using a microwave-ultrasound-assisted protocol, and
demonstrates the great impact that the synthetic strategy has on the resulting MNPs. The different
coatings tested, including citric acid, carboxymethyl dextran and B-cyclodextrin (BCD)/citric acid have
been compared and have shown good dispersibility and stability. The ability of BCD to maintain the
inclusive properties of the coated MNPs has been proven as well as their cytocompatibility. An amino
citrate-modified BCD is proposed and its capabilities as a flexible amphoteric adsorbing device have
been studied. The NMR relaxometric properties of the coated MNPs have been investigated using field-
cycling nuclear magnetic relaxation dispersion profiles. For the amino citrate-modified BCD system, the
order of magnitude of the Néel relaxation time is in the typical range for superparamagnetic systems’
reversal times, i.e., 1071°~1077 s. The rq value corresponds to the physical radius of the magnetic core,
suggesting that, in this particular case, the coating does not prevent the diffusive motion of water

rsc.li/nanoscale-advances

Introduction

Over the last few years, iron oxide magnetic nanoparticles
(IOMNPs) have been intensively explored for use in biomedical
applications.” This is due to their versatility in drug target-
ing,** gene delivery,*” and several technological applications,
such as magnetic resonance imaging (MRI),*** magnetic
hyperthermia,'* tissue engineering, cell tracking and bio-
separation.'** MNPs need to be water-compatible in order to be
used in biomedical applications.'**> Hydrophilicity can be
induced by adding coating agents with a hydrophilic moiety
that can bind the particle surface.'® Moreover, MNP size, size
distribution, shape, crystallinity, surface area and magnetic
characteristics all influence biological performance.'” ™
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molecules, which provide the basis for potential future magnetic resonance imaging (MRI) applications.

The requirements for new synthetic procedures that provide
control over the size, morphology and nano/microstructure of
particles are a considerable challenge in MNP preparation.”***
The sonochemical technique is a promising and innovative
method that allows for better control of particle size distribu-
tion, which is often barely possible with conventional proce-
dures.*® The relevance of synthesizing IOMNPs using the
ultrasound (US)-assisted coprecipitation technique has been
extensively demonstrated.>*">

Careful studies to synthesize MNPs for use as adsorbents
have recently been carried out because of their high adsorption
capacity””*® and several examples of the use of functionalized
MNPs as nano-carriers have been reported.”*** Coating agents
have also been demonstrated to be highly impactful in
enhancing the loading and controlling the release of organic
molecules. For example, polymer-coated Fe;O, MNPs have
shown effective adsorption and desorption capacity for the
loading and release of the drug Enalapril.*® Incorporating -
cyclodextrin (BCD) in the coating of MNPs has garnered
significant attention due to its unique host-guest inclusion
complexation capabilities, facilitating enhanced loading and
controlled release of organic molecules.***” Notably, BCD's
ability to form inclusion complexes expands the repertoire of
active sites on MNP surfaces, allowing for versatile applications
in targeted drug delivery and MRI contrast enhancement.**!
Organic linkers can be used to indirectly coat MNP surfaces
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with CDs.>>**™** Silanes are generally used as organic linkers
because they are chemically stable and versatile.****” However,
the accurate control of layer quality, in terms of monolayer or
multilayer formation, is a difficult task,”® and the synthetic
process entails several procedural steps.** Carboxylate
anchoring groups have been proven to work well in ligand-
exchange processes and are available for chemical functionali-
zation.”® Dextran-coated IOMNPs are the most widely used
systems in medical applications,*** and the transformation of
dextran to carboxy-dextran has been proven to enhance the
physico-chemical properties of nanoparticles.>>°

In addition, surface charge is an important factor that must
be considered in MNP formulation. It is essential in preventing
NP aggregation through electrostatic repulsion and influences
the interaction of nanomaterials with cells and tissues. In
general, cationic NPs enter cells with higher efficacy thanks to
interactions with negative membrane cells. However, they tend
to form large aggregates in the presence of plasma and have
faster blood clearance than neutral particles. Negatively
charged NPs are also massively incorporated by cells, but show
higher stability in plasma, meaning that their biocompatibility
is consequently improved and clearance is prevented.®®**
Combining hydrophilic and negatively charged organic mole-
cules and CDs, used as adsorbent systems, on NP surfaces
therefore becomes an important challenge in the production of
biotechnological nanosystems. However, to the best of our
knowledge, only a few examples of the preparation and appli-
cation of similar systems have been reported in the literature.
Jayaprabha and Joy have reported the preparation of citrate-
modified BCD-functionalized magnetite MNPs for the delivery
of curcumin to a specific site using an external magnetic field. A
recent experiment and density functional theory (DFT) study
proved the system's efficacy as a nanocarrier for quercetin.*>*
Monteiro et al, have demonstrated the importance of
combining sodium citrate with CDs to obtain coated MNPs with
high Irinotecan loading.**

While MNPs find a home in various applications, they fulfil
a particularly important role as contrast enhancers in MRI.
Colloidal suspensions of MNPs are capable of providing both
T;- and T,-weighted images,® and represent the most important
class of T, contrast agents. Several studies have shown that size
influences MR relaxivity and NP pharmacological features.®® For
this reason, the size-controlled synthesis of uniform NP
dispersions is essential for the fine control of MR relaxivity.®”%*
Furthermore, coating nature and thickness have important
effects on R; and R, relaxivities. Coating layers influence the
diffusion of protons and chemical exchange processes. As
coating thickness and hydrophobicity increase, R, and R;
dramatically decrease.®® In order to develop versatile magnetic
nanomaterials for biomedical use in MRI, this work presents
the preparation and characterization of a panel of coated MNPs,
and a novel example of hydrophilic BCD-grafted MNPs has also
been investigated. In addition to carboxymethyl dextran, native
BCD and citric acid, we synthesized a modified BCD since recent
focused on charged cyclodextrin highlight their potential in the
biomedical field to improve the current state of diagnostics,
therapeutics, and sensing technologies.” We hypothesize that
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a BCD derivative that covalently bind BCD and citric acid with
a polyammino spacer can be exploited as a new generation of
MNPs coating agent because being a flexible, amphiprotic
adsorbing system, it can improve dispersibility, stability, and
cytocompatibility of nanoparticles, making them promising
candidates for advanced magnetic resonance imaging applica-
tions. We also accessed the necessity to careful optimize the
syntheses of the coated MNPs, and the manuscript presents
a careful optimization of the syntheses of the coated MNPs
being them prepared conventionally and under MW/US irradi-
ation. All devices were therefore characterized in detail, and
adsorption capacity, stability in serum, and relaxometric prop-
erties were also investigated with a view to potential
applications.

Results and discussion

The efficiency of MW irradiation in the production of MNPs is
based on the technique's thermal and non-thermal effects,
which produce nanoparticles with shorter reaction times.”*”
Due to the fact that magnetic stirring is not advisable, and it is
difficult to maintain reproducibility, simultaneous irradiation
with MW and US is considered a powerful alternative to the use
of MW alone. Although several manuscripts have already
referred to the preparation of nanoparticles under synergic
MW]/US irradiation,” 7 only one study refers to its application
in MNP synthetic protocols to obtain a sorbent for vitamin D
extraction.”” Till now, no references reported the use of MW
combined with US for preparation of MNPs of biomedical
interest even if either MW irradiation and sonochemistry can
both be considered efficient enabling technologies in this field.
Based on the reported literature, we observed that one of the
main limitation of the sonochemically assisted NPs preparation
is the high variability of results due to differences in US probes
and frequencies: as reported in 2015 by R. Dolores et al,
different iron oxide NPs are achieved by US irradiation alone
because different frequencies provide differences in tempera-
ture and affects the cavitation efficiency.”® We envisage synergic
application of MW and US as a valuable opportunity to achieve
a controlled and homogeneous temperature (MW) and to
provide enhanced mass transfer (US) in the reaction medium.
In fact, in order to circumvent common difficulties in control-
ling the size, morphology and structure of MNPs, MW/US irra-
diation can be used as a non-conventional strategy that provides
efficient heating, dispersion and solid deagglomeration.

MNP preparation, particle size, polydispersity index, zeta
potential

Co-precipitation is a popular and highly efficient method for
synthesizing MNPs due to its simplicity, cost-effectiveness, and
high yield for large-scale production, therefore preliminary bare
MNPs were synthesized via aqueous coprecipitation using
conventional and non-conventional techniques at 80 °C.
Conventional heating and combined MW/US irradiation were
compared, and TEM images confirmed that MNPs were more
homogeneous in size distribution and shape when prepared

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Bare and coated MNP preparation: comparison of the different synthetic procedures®

Entry MNPs Synthetic procedure Reaction cond. PDI* Size” [nm)]
1 Bare MNPs Co-precipitation Oil bath (80 °C), 1.5 h n.d. 6-15°

2 MW/US (80 °C), 30 min n.d. 6-10°

3 MNPs@StA Co-precipitation 0il bath (60 °C), 24 h 0.24 + 0.057 114 + 3¢
4 MW/US (65 °C), 30 min 0.15 =+ 0.04¢ 23.0 + 0.97
5 MNPs@CA Physical assembly from bare MNPs (entry 2) Oil bath (80 °C), 1 h 0.37 + 0.03 40 £ 2

6 MW/US (80 °C), 30 min 0.34 £ 0.04 33+2

7 Ligand exchange from MNPs@StA (entry 4) Oil bath (50 °C), 12 h 0.187 + 0.028 75+ 2

8 MNPs@CMD Physical assembly from bare MNPs (entry 2) oil bath (80 °C), 1 h 0.2 +0.05” 115 £ 3

9 MW/US (80 °C), 30 min 0.11 + 0.04” 69 £ 1

10 Ligand exchange from MNPs@StA (entry 4) Oil bath (50 °C), 12 h 0.28 + 0.05 73 £1

“ Polydispersity index acquired using DLS analyses. ” Hydrodynamic diameter acquired using DLS analyses. © Diameter acquired using TEM
analyses. ¢ Polydispersity index of hexane suspensions of coated MNPs acquired using DLS analysis. MNPS@StA were analyzed as hexane
suspensions due to their hydrophobic character. MNPS@CA were analyzed as water suspensions due to their hydrophilic character. ° n.d.
indicates 'not detectable’, as the bare MNP suspensions are highly unstable due to the absence of coating.

using MW/US (see Table 1 and ESI Fig. S7A and BY). To achieve
the best results, the instrument protocol was optimized to
maximize the efficiency of combined MW and US irradiation. As
depicted in Fig. S1,T the system integrated a Pyrex immersion
horn and a multimodal MW oven: the horn operated at
a frequency of 20 kHz with a power output of 30 W, and the
sample temperature was set to 80 °C for 30 minutes under MW
irradiation. As described in the graph of Fig. S2,7 an average
MW power of 46 W was continuously adsorbed by the sample
demonstrating the contribution of both
technologies.

The preparation of stearic acid-coated magnetic nano-
particles (MNPs@StA) was optimized using the co-precipitation
technique, with either MW/US or conventional heating, to
develop lipophilic systems for phase-transfer protocols. The
assembly of the magnetic iron oxide core and stearic acid occurs
through interactions between the surfactant's terminal polar
head and the nanoparticle surface. Reaction parameters were
optimized to improve nanoparticle quality. Given the limita-
tions of this method—such as aggregation, difficulty in
controlling particle size and shape, and broad size distribu-
tion—the synergistic effects of MW and US were investigated.
The temperature was maintained at 60-65 °C, as recommended
in the literature for both conventional and non-conventional
protocols.”

Subsequently, we compared the ligand-exchange approach
and the chemical assembly to obtain core-shell nanostructured
systems. Citric acid (CA) and carboxymethyl dextran (CMDx)
were preliminarily used to coat and stabilize the NPs in solution
with the aim of producing negatively charged hydrophilic MNPs
suitable for MRI applications (Scheme 1).

The partition of MNPs@StA into the hexane and aqueous
phases demonstrates the hydrophobicity of MNPs@StA, which
mostly stays in the hexane phase (See ESI Fig. S3t). Treatment
with hydrophilic molecules resulted in the complete partitioning
of MNPs into the aqueous layer to achieve the ligand exchange.

The impact of the preparation technique on MNP features
was investigated by monitoring the size, shape, morphology and
surface hydrophilicity of the prepared nanoparticles using the

simultaneous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of coated-MNP preparation.

Dynamic Light Scattering technique (DLS) to record the
hydrodynamic diameters and diameter distribution of the
systems, as well as their Transmission Electron Microscopy
(TEM) and dispersibility in water. The efficacy of MW/US irra-
diation was demonstrated and more highly homogeneous and
controlled systems were obtained compared to the conven-
tionally prepared physically assembled MNPs (see Table 1).
Lipophilic =~ MNPs@StA,  hydrophilic MNPs@CA  and
MNPs@CMDx showed smaller polydispersity indices (PDI) and
hydrodynamic diameter when prepared under MW/US irradia-
tion (see Table 1 entries 2, 4, 6, 7, 9 and 10). It was observed that
the two synthetic strategies employed for the formation of
coated MNPs, namely the ligand exchange approach and
chemical assembly, exerted a considerable influence on the
stability and dispersibility of the systems. As illustrated in

Nanoscale Adv, 2025, 7, 155-168 | 157
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Fig. S4 (see ESIt), a range of MNPs were dispersed in water
(4 mg mL™"), and images of the bottom of the vials were
captured at various time points to document the formation of
precipitates.

Following a 12 hours period, it was observed that MNPs
prepared via the ligand exchange approach remained well sus-
pended in water, with no visible precipitation compared to
MNPs prepared by physical assembly (see ESI, Fig. S4,T
comparison between vials A-C and D-E). We could also observe
that MNPs produced via physical assembly in an oil bath
precipitated after four hours in water, while those assembled
using MW/US irradiation demonstrated enhanced dis-
persibility, with precipitation occurring only after eight hours.

It is noteworthy that the MNPs produced through the ligand
exchange approach exhibited the highest dispersibility. When
these MNPs were coated with B-CD and CA (see ESI, Fig. S4,7 vial
E), only trace amounts of precipitate were visible at the bottom
of the vial after 60 hours. This enhanced stability highlights
their potential use as contrast agents in MRI.

Subsequently, MNPs@StA prepared un MW/US were
exchanged with either a mixture of CA and BCD, or a mixture of
CA and the amido derivative of BCD and citric acid (BCD-Citr-
NH,) to obtain MNPs@CA-BCD, and MNPs@CA-BCD-Citr-NH,
(See Schemes 1 and 2). The strategy of adding BCDs to citric acid
was pursued in order to obtain multifunctional nanocomposite
MNPs and therefore meet the demand for biocompatible adsor-
bent nanomaterials. BCD was chosen because of its biocompati-
bility,* as well as its ability to increase adsorbent properties and
to act as a vector by forming host-guest inclusion complexes. On
the other hand, citric acid was essential to prevent MNP aggre-
gation, through electrostatic repulsion. This combination is an
important tool for the production of biotechnological nano-
systems. As reported above, the citric amide of polyamino BCD
was explored in a study of the influence of an amino citrate spacer
between the MNP core and BCD, which is used to retain the high
accessibility of the cyclodextrin cavity, while maintaining the
ability of the carboxylate function to chemisorb to the MNPs. The
preparation of BCD-Citr-NH, was carried out via a multistep
synthetic scheme that yielded diethylenetriamine-BCD
(compound 2 in Scheme 2) as a key intermediate.

Based on our previous experience, CD was regioselectively
tosylated in the presence of tosylimidazole to obtain tosyl-BCD

p-CcD —>

(o] H H H
S-0 OHI N N N
Tosim _QO WF({ v NSNS g SN = OHl\,

) 96% yield —\
55% yield
b yiel wlHO  [oHI, 1 wiHO!  [OHI,, 2
Citric anhydride (3)
T1%yjield
Q OHO 4y
HoP ANy NNy o,
COOHH / B\
wiHOl loHI,
BCD-Citr-NH,

Scheme 2 Synthesis of amido derivative BCD-Citr-NH,. (1) is tosyl-
BCD, (2) is diethylenetriamine-BCD.
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(compound 1 in Scheme 2).** Diethylenetriamine-BCD
(compound 2 in Scheme 2) was obtained via nucleophilic
displacement and then reacted with citric anhydride
(compound 3 in Scheme 2) to form a stable amide bond. Citric
anhydride was prepared from citric acid in acetic anhydride
acetic acid and obtained as a five-term cyclic anhydrides acet-
ylated on the hydroxyl group, (see ESIt), it was reacted efficiently
with BCD (compound 2 in Scheme 2) to afford the desired BCD-
Citr-NH,.

Fig. 1 depicts the "H and 2D HMQC NMR spectra of BCD-
Citr-NH,, which were obtained to substantiate the character-
ization of this conjugate. The HMQC enabled the detection of
carbon and proton signals pertaining to the substituent on the
CD. Furthermore, the HR-MS confirmed the identity of this
derivative (see ESI,T Fig. S20). Also the isolated intermediates (1
and 2) were isolated and pure products and fully characterized;
the data are presented in the ESL.}

MNPs@CA, MNPs@CMDx, MNPs@CA-BCD and MNPs@CA-
BCD-Citr-NH,, prepared by means of the phase-transfer
protocol, were thoroughly characterized using the DLS, Trans-
mission Electron Microscopy (TEM), thermogravimetric anal-
ysis (TGA), Fourier Transform Infrared (FT-IR) spectroscopy and
zeta potential analysis.

As depicted in Table 2, all MNPs showed hydrodynamic
diameters of <88 nm and polydispersity indices ranging from
0.18 to 0.33. Zeta potential analyses confirmed the formation of
negatively charged NPs, with values ranging between —30.3 mV
and —35.7 mV. Because of the presence of amino functional-
ities, MNPs@CA-BCD-Citr-NH, exhibited lower zeta potential
than MNPs@CA and MNPs@CA-BCD. To demonstrate the
effectiveness of non-conventional methods in the preparation
of MNPs using BCD, MNPs@CA-BCD were synthesised by
physical assembly from bare MNPs under both conventional
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Fig. 1 H NMR and HMQC (D,0) BCD-Citr-NH,. The derivative
includes acetone that could not be removed under vacuum.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00692e

Open Access Article. Published on 04 November 2024. Downloaded on 4/9/2026 6:57:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Nanoscale Advances

Table 2 Dispersibility, size, degree of functionalization and zeta potential

Entry Product PDI¢ Size” [nm] Coating® [w/w%] Zeta potential? [mV]
1 MNPs@CA 0.187 75.0 = 1.8 16 —35.7 £ 0.9
9.5 £ 0.2
2 MNPs@CMDx 0.284 73.0 £ 1.3 33 —-30.3+14
9.5 £ 0.2
3 MNPs@CA-BCD 0.228 86.0 = 7.0 33 —334+21
7.1 +0.2
4 MNPs@CA-BCD-Citr-NH, 0.335 87.0 £ 1.6 24 —30.6 £1.8
7.1 +0.2

“ polydispersity index of hexane suspensions acquired from the DLS analysis of coated MNPs. ” Hydrodynamic diameter size acquired from the DLS
analysis and diameter size acquired from the TEM analysis. © Percentage of coating on MNP surfaces, measured using thermogravimetric analysis.

4 Zeta potential measured by DLS analysis.

and MW/US conditions. In addition, MNPs@CA-BCD were
prepared by ligand exchange from MNPs@StA (MW/US prepa-
ration) and characterised by DLS and TGA. As described in
Table S1 (ESIT) these enabling technologies produced negatively
charged MNPs with smaller PDI and hydrodynamic diameters,
consistent with previous findings for MNPs coated with CA or
CMDx. We also explored the dispersibility and as shown in
Fig. S5,1 the non-conventional method significantly improved
the dispersibility of the nanosystem in water compared to the
conventional method. Considering that both methods used
similar procedures and produce nanoparticles with comparable
amounts of coating agent (22% and 25% w/w, as reported in
Table S11), the improved quality of MNPs prepared with MW/US
either in terms of size or dispersibility, is evident.

TGA and FT-IR characterization

TGA analysis was used to demonstrate the presence of a coating
layer on the MNP surfaces. The w/w% of coating/MNPs was
calculated from the difference in residual weights of the bare
and coated MNPs, and is reported in Table 2. The amount of
coating varied substantially, from 16 to 33% (Fig. 2). Ther-
mogravimetric analysis can also be used to evaluate the thermal
stability of MNP systems, and these evaluations were performed
in the temperature range of 100-800 °C under a nitrogen

— Bare MNPs — MNPs@CA-BCD-Citr-NH,
— MNPs@CA — MNPs@CA-RCD
— MNP@CMDx
1001 _ ]
° Residue at 800 °C
§ 90 90%
£ 84%
3 &1 76%
(] (]
B
& 701
z 67%
=
60

100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 2 TGA profiles of bare MNPs; MNPs@CA, MNPs@CMDx,
MNPs@CA-Citr-BCD-NH, and MNPs@CA-BCD.

© 2025 The Author(s). Published by the Royal Society of Chemistry

atmosphere. The profiles were normalized to 100 °C and the
weight loss between 100 and 150 °C was ascribed to the evap-
oration of adsorbed water molecules.

As shown in Fig. 2, TGA results display a single-step weight
loss in MNPs@CA at 225 °C (onset temperature). As has already
been reported in the literature,* the degradation temperature
of CA is higher when present on coated MNPs than when in the
pure form, which demonstrates that additional energy is
requested to desorb the compound from the MNP. On the other
hand, the TGA curve of MNPs@CMDx shows a main degrada-
tion phase with an inflection point at 270 °C. The degradation
peak of coated MNPs is slightly lower than the temperature
value registered in the pure CMDx degradation profile (~300 °C)
due to the iron catalytic effect, which has been reported in the
literature.®* The TGA curves of MNPsS@CA-BCD and MNPs@CA-
BCD-Citr-NH, display three degradation steps: at 244 or 268,
323 or 396 and 729 or 668 °C, which can be ascribed to the
decomposition of the solid supported B-CD.*

FT-IR studies were also performed to characterize the coating
composition of the MNPs. The profiles of the FT-IT spectra of
MNPs@StA, MNPs@CMDx, MNPs@CA and MNPs@CA-BCD are
reported in Fig. 3. The FT-IR spectra show characteristic iron
oxide magnetic core absorption bands at 610-580 cm ™', which
correspond to the torsional and stretching vibrations of the Fe-O
bond.*® The characteristic peaks of the surfactant are clearly
visible in the MNPs@StA spectrum. Peaks at 2920 and 2850 cm ™"
are ascribed to CH, symmetric and asymmetric stretching. The
typical peaks attributed to OCO symmetric and asymmetric
vibrational modes of carboxylic (and carbonate-like) functional-
ities are visible at 1555 and 1390 cm ™. After the exchange with
CA, the symmetric and asymmetric vibration peaks of the same
group can be observed at 1603 cm ™" and 1407 cm™'; both are
shifted compared to pure CA, as it has already been reported in
literature.”” The signals at 3330-3220 cm ™" are assigned to the
O-H stretching vibration of the hydroxyl groups exposed on the
MNP surfaces or to physisorbed water.*® When ligand exchange
was performed with CMDx, CA-BCD or CA-BCD-Citr-NH,, the FT-
IR spectra show broad absorption peaks at 3300 cm*, indicating
the presence of glucose O-H hydroxyl groups and, as depicted in
Fig. S6 (See ESIt), both the MNPs@CA-BCD and MNPs@CA-BCD-
Citr-NH, spectra resemble the BCD IR spectrum. The -COO-
symmetric and antisymmetric stretching®® of both CMDx and CA

Nanoscale Adv., 2025, 7, 155-168 | 159
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Fig. 3 FT-IR spectra of MNPs@StA, MNPs@CA, MNPs@CMDx,
MNPs@CA-BCD. The curves have been shifted for the sake of clarity.

can be observed around 1650 cm™" and at 1420 em™". The
asymmetric C-H stretching vibrations mean that the band at
2900 cm ! is clearly observable when either BCD or CMDx are
coating MNPs. Both CMDx and PBCD have peaks at
1150-1000 cm ™" and these can be assigned to a-glucopyranose
ring deformation modes,”** while the peak at 1080 cm™" is

assigned to C-H vibration.

Transmission electron microscopy observations

The size and morphology of bare and coated MNPs were studied
using HR-TEM analysis. The aggregation state and size of the
resulting iron oxide nanoparticles changed depending on the
approach employed to synthesize the nanosystems (see ESI
Fig. S7f). In more detail, when bare MNPs were prepared
following the co-precipitation method under conventional
heating, larger particle sizes and more highly aggregated
species were obtained compared to the bare MNPs obtained by
combined MW and US irradiation (see Table 1 entries 1 and 2).
In addition, the material resulting from the MW and US-
assisted synthesis method showed uniform size and
morphology, with a predominance of sphere-like particles in
the nano dimensions (see ESI Fig. S71 A versus B). The same can
be observed by analyzing the size and shape of the coated
MNPs@CA, MNPs@CMDx, MNPs@CA-BCD and MNPs@CA-
BCD-Citr-NH,. Diameters of around 6-15 nm are observed and
the nanoparticles have sphere-like morphology. In addition, the
well-defined lattice fringes of the crystallographic planes of iron
oxide species are visible in all of the samples, which helps
nanoparticle identification and suggests that sample structure
typology is crystalline (See Fig. 4). According to the literature,
below a critical size, the number of magnetic domains
decreases towards one, with this domain being characterized by
a group of spins all pointing in the same direction and acting
cooperatively. This is because, if particle size is limited, all the
domain structures can easily align and act in a cooperative way,
and thus increase the overall magnetization of the material.****

The HR-TEM image of MNPs@CA-BCD and a representative
image of MNPs are shown in Fig. 4, with the sphere-like
morphology of the NPs and the well-defined lattice fringes
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Fig. 4 (A) HR-TEM image of MNPs@CA-BCD, with a schematic
representation of nanoparticle morphology and the alignment of the
spacings between the observed diffraction fringes, which are directly
visible in HR-TEM image (B). (C) Particle size distributions n = 97.

being visible. The interplanar distances were calculated and the
obtained values correspond to the interplanar distances of the
(227) planes of magnetite Fe;0, (reference card 01-072-2303).
These crystallographic planes belong to the Fe;O, crystalline
structure. The particle size distribution proves the uniformity of
size and average radius of 7 nm. The HR-TEM images of all of
the samples can be found in the ESI (see Fig. S7).

Sorption and Inclusion Capacity

To determine whether MNPs@CA-BCD and MNPs@CA-BCD-
Citr-NH, can act as nanocarriers, phenolphthalein and ada-
mantane amine were selected as appropriate hosts for the p-CD
cavity (see Table 3 and Fig. 5).

The interaction between BCD and phenolphthalein (Php)
was exploited to measure the amount of BCD that maintains
inclusive properties on the MNPs surface. Above pH 8.4, Php
has a distinctive purple color that is lost upon complexation
with BCD.***® UV-vis spectroscopy was used to quantify the BCD
amount via measurements of the absorbance change of the UV
Php peak at 553 nm in a 0.008 mM solution in basic buffer (pH
10.5) (see calibration curve ESI Fig S8t). When MNPs@CA-BCD
was analyzed, the measured amount of BCD was 89 pmol g~*
(10.17 g/100 g). This result differs from the weight percentage
measured in a TGA analysis of coated MNPs (33 w/w% see Table
2) because of the inability of all BCDs to act as inclusion vectors.
An analysis of MNPs@CA-BCD-Citr-NH, confirmed the previous
data and a comparable inclusion ability was observed; 87 pumol
g " of BCD that was free and able to include Php was measured

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Inclusion capacity Sorption capacity

Entry MNPs (mmol g™ - w/w%) BCD (mmol g~ - w/w%)
1 Bare MNPs 1.015-15.4
2 MNPs@CA-BCD 0.089-2.67 1.94-29.1
3 MNPs@CA-BCD-Citr-NH, 0.087-2.67 1.92-29.0
HO NH> -= Bare MNPs -+ MNPs@CA-RCD-Citr-NH,
O ol -~ MNPs@CA -+~ MNPs@CA-RCD
O 2.0-
o]

Fig. 5 Adsorbed molecules used for the study of MNPs@CA-BCD
sorption capacity.

(0]

on the MNP surface, despite the 24% w/w registered by TGA.
The inclusion capacity of MNPs@CA-BCD-NH, and MNPs@CA-
BCD-Citr-NH, was around 2.67% (w/w), on the basis of inclusive
properties of CD, for both derivatives (see Table 3).

Moreover, the capacity of the coated MNPs to adsorb ada-
mantane amine was studied to give additional information on
the surface properties of the material. The adsorbent was
chosen to simulate nitrogen/amino-containing organic
compounds since the electrostatic interaction between the
citrate ion and the positively charged ammonium salt may
affect and increase the adsorption capacity of CA-coated MNPs.
In addition to ionic adsorption, BCD is capable of including
adamantane, as has already been demonstrated in the litera-
ture, and improve its sorption capacity.”” 2 mg of MNPs were
added to 1 mL of adamantane amine solution (1 to 4 mg mL ™)
in ethanol :water (7:3), the suspension was gently sonicated
and filtered solutions were analyzed by gas chromatography to
determine capture efficiency (see calibration curve ESI Fig. S97).

Bare MNPs showed moderate sorption capacity and an
increase was observed in the presence of coated NPs (see Fig. 6).
MNPs@CA demonstrated ionic interactions with the substrate
and high affinity was observed with a maximum adsorbance of
1.51 mmol g~ ' (23.0% w/w). A comparable adsorption capacity
to that of MNPs@CA-BCD-Citr-NH, was detected for MNPs@CA-
BCD; both coated MNPs were able to adsorb 1.94 mmol g '
(approx. 300 mg g~ '). The improvement achieved in the pres-
ence of BCD confirmed the existence of two synergic interac-
tions with adamantane amine either by acid base interaction
with the acid coating or by the more selective host-guest
inclusion complex with BCD cavity (see Fig. 6).

Magnetic measurements

The magnetic behavior of MNPs@StA, MNPs@BCD-CA and

MNPs@CA-BCD-Citr-NH, was studied via magnetization

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Adsorption of adamantane amine onto bare MNPs, MNPs@CA,
MNPs@CA-BCD, MNPs@CA-BCD-Citr-NH.

measurements. Measured magnetization (M), in an applied
field, H, is the cumulative response of a large number of parti-
cles. The measured M(H) curve is, therefore, a statistical sum of
the magnetization responses of individual MNPs with different
domains and different phase compositions, which also depend
on density, size and dipolar interactions.”® Fig. 7 shows the
magnetization curves of MNPs@BCD-CA and MNPs@CA-BCD-
Citr-NH, at room temperature. Saturation magnetization
generally increases with increasing MNP size, due to a decrease
in cohesive energy, but is also dependent on the amount of non-
magnetic matter surrounding the magnetic nanoparticle, the
different chemical compositions of the surfaces, and surface
effects on the magnetic field. The MS value for naked MNPs of
similar size is approximately 90 emu g . However, the addition
of a non-magnetic functionalizing layer around the magnetic
core results in a decrease in the MS value,***°° which in the case
under study reaches a value of approximately 40 emu g~ '. This
value is consistent with the reported values for similar MNPs,
which typically range from 60 to 30 emu g~ . As illustrated in
Fig. 7, it was observed that MNPs@BCD-CA exhibited a dimin-
ished Ms value in comparison to MNPs@CA-BCD-Citr-NH, and
MNPs@StA, which was attributed to the quantity of the coating
agent. With regard to the coating w/w% as reported in Table 2
for MNPs@BCD-CA, the w/w ratio Fe;O,: coating is 1:0.33,
whereas for MNPs@CA-BCD-Citr-NH, and MNPs@StA it is
approximately 1 : 0.24. This serves to illustrate the impact of the
coating agents on the surface magnetic anisotropy. The
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Fig. 7 Magnetization measurement analysis of MNPs@CA-BCD and
CA-BCD-Citr-NHo.

observed saturation magnetization values and the absence of
a hysteresis loop are consistent with the superparamagnetic
behavior of these systems.

Relaxometric properties

Given the promising applications of MNPs in MRI, we investi-
gated the relaxometric properties of MNPS@CA, MNPs@CMDX,
MNPs@CA-BCD and MNPs@CA-BCD-Citr-NH,. Our study
focused on the frequency-dependent behavior (0.01-70 MHz) of
their longitudinal NMR relaxivity at physiological temperature
(37 °C), commonly referred to as the NMR dispersion (NMRD)
profile (Fig. 8).

This is a relevant tool for studying the magnetic properties of
MNPs and assessing their potential as MRI contrast agents. To
analyze these profiles, we employed the Roch's heuristic relax-
ation model,"* with modifications, introduced by Lascialfari
et al.,'” specifically designed for MNPs with particle core
diameters of below 20 nm.

MNPs@CA-RCD-Citr-NH,
MNPs@CA-BCD

¢ MNPs@CA
e MNPs@CMDx 4

ob1 . 01 . 1 — 10 . i

v (MHz)

Lonitudinal relaxation rate (mM™ s

Fig. 8 NMRD profiles of MNPs@CMDx, MNPs@CA, MNPs@CA-BCD,
MNPs@CA-BCD-Citr-NH,, fitted using the heuristic Roch's model.
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The standard error given by the algorithm is reported in
parentheses. The previously discussed numerical values of MS
and size obtained by TEM (Tables 1 and 2) were used as input
data for the fitting procedure. MS values of MNPs@CA and
MNPs@CMDx have not been measured and were obtained from
the analysis.

Roch's heuristic model describes the longitudinal relaxation
of a magnetic nanoparticle (MNP) suspension by considering
two main factors. Firstly, it accounts for the diffusion of solvent
protons into the inhomogeneous magnetic field generated by
the large magnetic moment of the particles. This phenomenon,
known as Curie relaxation, dominates at high frequencies.
Secondly, the model incorporates the fluctuations of the elec-
tronic magnetic moment, referred to as Néel relaxation, which
predominates at low frequencies. Néel relaxation is character-
ized by a relaxation time (tN"'"), which represents the rate at
which the magnetization orientation of the nanoparticles
transitions from one direction along the axis of magnetization
to the opposite direction. It is important to note that this re-
orientation time is assumed to be significantly shorter than the
particle rotation correlation time.

At low frequencies, the spectral density that describes the
behavior of 1H nuclear spin relaxation is given by the Freed
function, which takes into account both Curie and Néel relax-
ations. However, at high frequencies, the magnetic moment
aligns with the magnetic field direction, rendering Néel relax-
ation ineffective. In this regime, relaxation primarily occurs
through water diffusion.

In this particular model, the longitudinal relaxivity is also
affected by the particle size, represented by rnwgr, Which corre-
sponds to the average particle size measured by TEM, and rq,
the distance of minimum approach between water protons and
the magnetic metallic core. r4 tends to rymr for uncoated naked
particles, when water penetrates fully inside the coating.
However, it is worth noting that rq typically exceeds rymr in
most cases.

The value of saturation magnetization (M) can be deter-
mined experimentally, as determined for MNPs@CA-BCD and
MNPs@CA-BCD-Citr-NH, (Fig. 8), or through the analysis of the
NMRD profiles using data collected at a high magnetic field.

Table 4 presents the results obtained from the analysis of the
NMRD profiles of the MNPs examined herein.

The parameter ryy,r Was varied within the range of radius
measurements obtained by TEM. Interestingly, the ryr values
for all of the nanosystems correspond to the maximum radius
measured using this technique, thus suggesting that the
nanoparticles interact with each other, forming clusters.

The parameter rq, which indicates the minimum distance
between a nanoparticle's magnetic core and the closest
diffusing water molecule, plays a crucial role in determining
water's characteristic diffusion time in relation to the nano-
particle. Since the coating affects the estimation of ry, it is worth
noting that the values obtained for MNPs@CA and
MNPs@CMDx are similar and slightly larger than the core
radius estimated by the model ryuvr. In the case of MNPs@CA-
BCD, rq is greater than the maximum radius measured via TEM.
However, for the MNPs@CA-BCD-Citr-NH, system, the rq value

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Best-fit parameters obtained by applying the heuristic Roch's equation to NMRD profiles

Sample Ms (Am? kg ™) Mg (M) rq (nm) R (s) P Q
MNPs@CA 34 (19) .0 (0.5) 10.0 (0.5) 1.1 (8.3) x 1077 0.00 (0.08) 0.6 (1.0)
MNPs@CMDx 40 (30) .0 (0.3) 11.5 (0.4) 1.1 (5.0) x 1077 0.00 (0.07) 0.7 (0.8)
MNPs@CA-BCD 39.82 4 (0.3) 13.4 (2.2) 1.1 (5.4) x 10 0.00 (0.08) 0.97 (2.8)
MNPs@CA-BCD-Citr-NH, 45.79 .8(0.2) 8 (3) 1(3) x 10~ 0.00 (0.03) 0.9 (1.1)
corresponds to the physical radius of the magnetic core, sug- - MNPs@CA -+ MNPs@CA-Citr-RCD-NH,
gestlr.lg th:alt, in th.1s particular case, the coating does not prevent - MNPs@CMDx —+ MNPs@CA-CD
the diffusive motion of water molecules.

The order of magnitude of the Néel relaxation time obtained 30
by NMRD measurements, 1N~ ", is in the typical range for 25 i n
superparamagnetic systems' reversal times, i.e., 10~ '°~10~7 - v

Roch's heuristic equation does not explicitly include the " 20
activation energy barrier, and Roch et al., have therefore derived % 15 —o
a linear combination of the relaxivity equations for particles E, ¢ b
with zero magnetic anisotropy energy and those with infinite - 10
anisotropy. The coefficients for each equation are denoted as P 5
and Q and act as weights for the contributions from the Zeeman
energy and the activation energy barrier, respectively, while the o+—""—7T—

0 20 40 60 80 100

constraints imposed were: that 0 <P<1,0<Q<1,P+Q=1.P
should decrease with increasing energy barrier while Q should
increase because the magnetic anisotropy energy per particle
increases proportionally with the volume of the magnetic core.

In all of the examined nanosystems, the P value approaches
zero, and this result may be associated with the large size of the
magnetic core.

In addition to the NMRD profiles, the samples were also
characterized in terms of R,/R, ratio, were R, corresponds to 1/
T, (T, is the transversal relaxation time) and R, corresponds to
1/T; (T4 is the longitudinal relaxation time). As shown in Fig. 8,
the T, values at fields higher than 20 MHz are comparable for all
of the investigated nanosystems, while the differences in the R,/
R, ratio reported in Fig. S107 can be ascribed to variations in the
T, values alone. The highest R,/R, value (close to 100) was
observed at 70 MHz for MNPs@CA-Citr-NH,, which conse-
quently makes it a good candidate as a 7, MRI contrast agent,
especially at higher fields.

Stability assays

Important features must be considered for the application of
NPs as contrast agents, delivery vectors for drug targeting and
for similar biomedical applications. Particle size, charge,
surface chemistry and functionalization are particularly
important since they significantly affect blood circulation time,
aggregation, mobility, and bioavailability within the body.
Moreover, studies of stability and NP-aggregation levels under
physiological conditions are of great importance. Here, the
stability of MNPs in HEPES/NaCl buffer supplemented with
0.6 mM human albumin at 37 °C was investigated by relaxo-
metric measurements performed at 0.5 T, which are sensitive to
any changes in iron distribution or release. Relaxivity values
were measured over four days at different time points. The
results for MNPs@CMDx, MNPs@CA, MNPs@CA-BCD and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Graphic representation of r; (MM~ s™%) stability of MNPs@CA,
MNPs@CMDx, MNPs@CA-BCD-Citr-NH,, MNPs@CA-BCD in aloumin
as a function of time (hours).

MNPs@CA-BCD-Citr-NH, are shown in Fig. 9. All MNPs showed
good stability in the time window tested.

Cytotoxicity

In order to study the biocompatibility of the novel coated NPs
MNPs@CA-BCD and MNPs@CA-BCD-Citr-NH,, an MTT assay
was performed following the incubation of J774A.1 cells with
different concentrations of MNPs for different time periods (4
and 24 hours) (Fig. 10). J774A.1 cells are macrophages derived
from the ascites of an adult mouse with reticulum cell sarcoma.
Testing iron oxide nanoparticles on J774A.1 cells is crucial
because these cells model macrophage behavior, which is crit-
ical in understanding the uptake, immune response, toxicity,
and biological fate of nanoparticles. This information is
essential for the development of safe and effective nanoparticle-
based therapies, including those used in drug delivery, cancer
treatment, and diagnostic imaging. The results obtained show
that cell metabolism was affected in a concentration-dependent
manner. MNP cytotoxicity increased with increasing iron
concentration in both preparations. Moreover, cell viability
varied slightly with MNP coating, demonstrating higher cyto-
compatibility when the cells were incubated with MNPs@CA-
BCD-Citr-NH,. Good sample cytocompatibility was demon-
strated after 4 hours of incubation, even at 5 ug mL ™", and cell
viability was more than 70% at iron concentrations of 0.09 mM
following 24 hours of incubation (5 pg mL™') for both
MNPs@CA-BCD and MNPs@CA-Citramide. Carriers can be

Nanoscale Adv., 2025, 7, 155-168 | 163


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00692e

Open Access Article. Published on 04 November 2024. Downloaded on 4/9/2026 6:57:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

100+

Cell viability %
3

22

N

N

Cell viability %
8

o
o R
o

0.5 2.
Iron concentration (ug/mL

Fig. 10 MTT assay results for concentrations of 0.5, 2, 5 ng mL™* of
differently coated MNPs: [a] MNPs@CA-BCD-Citr-NH,, [o] MNPs@CA-
BCD.

considered non-cytotoxic as long as viability is higher than 70%,
in accordance with ISO 10993-5:2009.'

Magnetic resonance imaging (MRI)

A proof of concept of the potential application of the synthe-
sized MNPs as MRI contrast agents was performed. To this
purpose J774A.1 cells were incubated with MNPs@CMDX,
MNPsS@CA, MNPs@CA-BCD and MNPs@CA-BCD-Citr-NH, (10
pg of MNPs per mL) for 4 hours. Cells incubated with culture
medium only were used as controls. After 4 hours, the cells were
profusely washed with PBS, detached and collected into glass
capillary tubes. An agar phantom containing the tubes was
prepared and cell pellets were imaged using MR at 1 and 7 T. As
displayed in Fig. 11, a simple and fast T,-weighted image was
sufficient to visualize negative contrast in the cell pellets incu-
bated with all the investigated MNPs. Additional studies

Fig. 11 T,-weighted MRI acquired at 1 and 7 tesla of J774A.1 cells
incubated for 4 hours with MNPs@CMDx (A), MNPs@CA (B),
MNPs@CA-BCD (C), and MNPs@CA-BCD-Citr-NH, (D) at a concen-
tration of 10 pg MNPs mL™! of culture medium.
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concerning, for example sample dilutions, the minimum
number of detectable labelled cells, and amount of internalized
contrast agent are beyond the scope of this work and will be
investigated in the context of a more biological study.

Conclusions

A simple, effective, and efficient, MW/US-assisted protocol for
obtaining negatively charged MNPs is reported herein. The
study demonstrates that enabling technologies provide control
over the size, morphology, and nanostructure of particles. The
ligand-exchange approach has been observed to be the most
convenient and a set of high-quality coated MNPs have been
synthesized. In addition to citric acid and carboxymethyl
dextran, BCD was selected as a component of the NP coating to
exploit its biocompatibility and its inclusive properties. More-
over, the results obtained support the hypothesis that an amino
citrate-modified BCD can be exploited as a flexible charged
amphoteric adsorbing device for the development of novel
MNPs and confirm the potential of the new MNPs presented,
especially for future preclinical MRI diagnostic and theranostic
applications.

Experimental sections

In the ESIT Material methods are described, methods for the
preparation of all coated MNPs, as well as synthesis and char-
acterization of products 1-3 and BCD Citr-NH,

Preparation of MNPs@CA-BCD

MNPs@StA (100 mg) were finely dispersed in 50 mL of petro-
leum ether. Citric acid (100 mg) and BCD (200 mg) were dis-
solved in 50 mL of deionized water. The solutions were
combined and 0.5 mL of NaOH 1 N were added. The mixture
was vigorously stirred at 50 °C for 12 h. The organic layer was
removed, and the MNPs were collected from the aqueous phase
using an external magnet, rinsed with deionized water and
acetone, and dried under vacuum.

Preparation of MNPs@CA-BCD-Citr-NH,

MNPs@StA (100 mg) were finely dispersed in 50 mL of petro-
leum ether. Citric acid (100 mg) and BCD citrate (citramide or
Citr-NH,) (244 mg) were dissolved in 50 mL of deionized water.
The solutions were combined and 0.5 mL of NaOH 1 N were
added. The mixture was vigorously stirred at 50 °C for 12 h. The
organic layer was removed, and the MNPs were collected from
the aqueous phase using an external magnet, rinsed with
deionized water and acetone, and dried under vacuum.

Relaxometric characterization

The 71, nuclear magnetic relaxation dispersion profiles (NMRD)
of all the preparations were measured over a continuum of
magnetic field strengths from 0.00024 to 0.5 T (corresponding
to 0.01-20 MHz proton Larmor frequencies), on the fast field
cycling (Stelar Spinmaster FFC 2000 relaxometer) equipped with
a resistive low inductance air cored solenoid, made of silver and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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used in Fast Field Cycling NMR relaxometers. ry, values were
calculated as follows:

- Riobs — Rigia
Ip = [—3+
Fe'']

where R, s is the inverse of the longitudinal relaxation time T},
Riqia is the diamagnetic contribution and [Fe’'] is the iron
concentration of each sample, determined using the glass vial
test.”® For this purpose, aliquots of each sample were diluted 1 :
10 with HNO; (70% w/w), transferred to glass ampoules and
centrifuged for 3 min at 2000 rpm. The glass vials were sealed
and placed at 120 °C overnight to mineralize the samples. The
longitudinal relaxation rate (Rqops) Was then measured at 21.5
MHz (0.5 T) and 25 °C. The millimolar concentration of Fe(im)
was determined as follows:

3 Riobs — Ridia
[Fe''] = —sa 10
where Ry4ia (R1dia = 0.481 s’l) is the diamagnetic contribution
under acidic conditions, while 18.47 mM ' s is the relaxivity
(1) of the Fe(m) aqua ion under acidic conditions at 21.5 MHz
and 25 °C.

The relaxometer operates under complete computer control
with an absolute uncertainty in the 1/7; values of £1%. T; was
determined using the saturation recovery method. 16 values of
delay between pulses were used. The number of averaged
experiments was 2. Water proton 7T; measurements were carried
out at a fixed frequency on a Stelar Spin Master Spectrometer
[Stelar S.n.c., Mede (PV), Italy] operating in the 20 to 80 MHz
range and using the inversion recovery method (16 delays
values, two averages). Water proton T; and T,, and the respec-
tive R; and R,, were measured using a Stelar Spinmaster FFC
2000 relaxometer at 25 °C, from 21.5 to 70 MHz.

Stability assays

To check the stability of the prepared suspensions, longitudinal
relaxation rate r;, measurements (21.5 MHz, 25 °C) were carried
out using a Stelar Spinmaster spectrometer at different time
points for four days. The temperature was controlled using
a Stelar VI'C-91 airflow heater (Stelar srl, Italy), equipped with
a copper-constantan thermocouple (uncertainty + 0.1 °C). The
preparations were diluted 1:1 in HEPES/NaCl buffer (300
mOsm, pH 7.3) supplemented with 1.2 mM albumin (final
concentration 0.6 mM). For relaxometric measurements, the
resulting samples (80 uL total volume) were transferred in
sealed NMR tubes and kept at 37 °C in a Thermomixer
(EchoTherm™ SC20 Orbital Mixing Chilling/Heating Dry Bath,
Torrey Pines Scientific) under gentle vortexing (level 2) from day
0 to day 4. Before each measurement, the samples were kept at
room temperature for 5 minutes to reach 25 °C.

Cytotoxicity assay

The cytotoxicity assay was carried out on the J774A.1 cell line
(ATCC LGC Standards, Sesto San Giovanni, Italy). The cells were
cultured in DMEM supplemented with 10% (v/v) FBS, 2 mM 1-
glutamine, 100 U mL™' penicillin, and 100 pg mL ™"

© 2025 The Author(s). Published by the Royal Society of Chemistry
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streptomycin at 37 °C in a humidified atmosphere with 5% CO,.
Cytotoxicity was evaluated using the MTT ((3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium  bromide))
test.’®* To this purpose, 7 x 10° cells were plated in a 96-well
plate. 24 hours after the medium was removed and the cells
were incubated with growing concentrations of either
MNPs@CA-BCD or MNPs@CA-BCD-Citr-NH, (iron concentra-
tion of 0.5, 2 or 5 ug mL™") in culture medium. Control cells
were incubated with the culture medium and a volume of
HEPES buffer corresponding to the volume of MNPs added, at
37 °C and 5% CO,. After 4 and 24 hours the medium was
removed, cells were washed five times with PBS and the MTT
solution was added (0.454 mg mL™' medium). Cells were
incubated again at 37 °C for 4 hours, the MTT solution was then
aspirated and 150 pL of DMSO was added to each well to
dissolve the precipitated formazan. The microplate was then
incubated at room temperature for 30 min. Finally, absorbance
was read at 570 nm using an iMark microplate reader (Biorad).
Cell vitality was reported as the percentage of dead cells
observed in treated samples relative to that observed in control
cells. The experiment was performed in triplicate and data are
graphically presented as mean =+ SD.

Magnetic resonance imaging (MRI)

For the MRI proof of concept, 1 x 10° J774A.1 cells were plated
in 60 mm Petri dishes. 24 hours later, the medium was removed
and the cells were incubated with 2 mL of culture medium
containing either MNPs@CMDXx, MNPs@CA, MNPs@CA-BCD
or MNPs@CA-BCD-Citr-NH, (10 pg of MNPs per mL, corre-
sponding to 4.0, 2.1, 3.2 and 3.2 pg iron per mL respectively) for
4 hours. Control cells were incubated with the culture medium
only. After 4 hours the cells were profusely washed in PBS,
detached with a scraper, and collected in PBS. After three
additional washing cycles, the cells were resuspended in 50 pL
of PBS and transferred into glass capillary tubes. After centri-
fugation at 600 rpm for 7 minutes, the capillary tubes were
transferred into an agar phantom and imaged at 1 and 7 T. After
the acquisition of a scout image, an axial T, weighted image of
the samples was acquired using the following parameters:
repetition time (TR) 4000 ms, Echo Time (TE) 3.9 ms, effective
TE 31.3 ms, Rare Factor (RF) 16, number of averages 6, total
acquisition time 3 min and 12 s, Field Of View (FOV) 1.2 cm X
1.2 cm, matrix 128 x 128, slice thickness 0.8 mm.
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