Journal of Alloys and Compounds 1036 (2025) 181720

ELSEVIER

Contents lists available at ScienceDirect
Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom

JOURNAL OF

ALLOYS AND
COMPOUNDS

L))

Check for

Fast synthesis of biocompatible iron oxide nanoparticles via a | el
microwave-assisted Schikorr reaction: Phase-director influence of iron

glycinate complexes

Antonio Santana-Otero ', Carlos Frade-Gonzalez "', Milagrosa Ramirez-del-Solar ",

b,c,e,*

Daniel Ortega

2 Institute of Materials Science of Madrid (ICMM-CSIC), Sor Juana Inés de la Cruz 3, Madrid 28049, Spain
b Condensed Matter Physics department, Faculty of Sciences, Campus Universitario de Puerto Real, Puerto Real, Cadiz 11510, Spain

¢ Biomedical Research and Innovation Institute of Cadiz (INiBICA), Cadiz 11009, Spain

4 Institute of Research on Electron Microscopy and Materials, University of Cadiz (IMEYMAT), Cadiz 11510, Spain

¢ IMDEA Nanoscience, Faraday 9, Madrid 28049, Spain

ARTICLE INFO ABSTRACT

Keywords:

Microwave synthesis
Magnetic nanoparticles
Glycine

Iron oxides
Theranostics

In this study, we present a rapid method for synthesizing iron oxide nanoparticles using a microwave-assisted
Schikorr reaction. We propose the use of glycine to inhibit the formation of parasitic phases even from the
initial mixture of reagents. In addition to forming the nanoparticles, the method allows for the preparation of
their surface for subsequent bioconjugation using a combined glucose-fructose and glycine coating at moderately
low temperatures. We demonstrate that the fast formation of iron glycinates prevents the appearance of unin-

tended compounds, which is particularly useful for controlling the Schikorr reaction and avoiding premature
reactions during precursor mixing. Glycine also acts as a surfactant, limiting the growth of unwanted clusters and
expanding the bioconjugation capabilities of the nanoparticles, favoring their application in theranostics. Finally,
cell viability tests at different nanoparticle concentrations do not reveal significant cytotoxicity, strengthening
the evidence for biocompatibility.

1. Introduction

Microwave synthesis (MWS) methods experienced considerable
growth since mid-2000s for preparing a wide range of nanostructures
[1-5], likely driven by the increased availability of commercial compact
equipment. The repeatability and scalability possibilities that MWS
offers—in many cases also entailing lower temperatures and reaction
times [6]—have been especially appreciated in the production of
biocompatible iron oxide nanoparticles (IONPs) for biomedical appli-
cations under Good Manufacturing Practices (GMP) conditions towards
their regulatory approval, given the strict requirements set in the rele-
vant regulations [7]. For this reason, a wide range of IONPs obtained
through MWS, is also available for both in vitro and in vivo work,
covering applications ranging from magnetic resonance imaging (MRI)
to magnetic hyperthermia, or their combination in theranostics [8]. The
more critical parameters of MWS of IONPs have been identified and

studied [9-12], comparing performances with other well-established
methods like thermal decomposition in high-boiling-point solvents
[13], giving rise to protocols that enable faster production and that, in
principle, can be extended to virtually any kind of metal oxide [14].
Methods to turn IONPs biocompatible are abundant in the scientific
literature [15-19], ranging from the simplest strategies, which seek to
reduce the toxicity of IONPs as much as possible, to the most complex
ones, which also provide multiple functionalities [20]. The particular
strategy to be followed depends on many factors, both intrinsic to the
particle—composition [21], size [22] and shape [23]—and extrinsic to
it—target tissue [24], internalization pathway [25], or intended circu-
lation time [26], to name but a few. However, bringing both MWS and
bio-compatibilization strategies efficiently into a single protocol con-
tinues to pose significant challenges.

Among all the iron oxide synthesis reactions described in the liter-
ature, the Schikorr reaction (Eq. 1) [27] is noted for yielding high purity
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magnetite (Fe3O4) available [28]. This reaction involves the decompo-
sition of ferrous hydroxide (Fe(OH),) into magnetite and hydrogen gas:

3Fe(OH),—Fe;0, + 2H,0 + H, 1

Fe?* and Fe3* cations undergo hydrolysis in aqueous media, with a
prevalence of the 2+ state when low levels of dissolved oxygen are in
place [29], which is the case of the conditions employed in this work:

Fe**(aq) + H,0—~Fe(OH)" (aq) + H (aq) 2

Fe*"(aq) + 2H,0—Fe(OH); (aq) +2H" (aq) 3)

Full decomposition of Fe(OH), (as seen in Eq. 1) can typically be
achieved in 4 h at 208 °C, demonstrating that high temperatures can
accelerate the reaction, although such conditions may not be practical
for widespread use [30]. Moreover, Fe(OH), can remain stable indefi-
nitely at temperatures up to 100 °C when oxygen is rigorously excluded,
unless specific salts—such as PtCl, or NiCly—or finely divided
metals-like Pt, Ni or Cu—are introduced into the reaction environment
[30,31]. Perhaps the most significant limitation of this synthesis method
is the long reaction times involved, which have constrained its adoption
to both laboratory and industrial scale. This inefficiency demands sig-
nificant time investments while delivering only modest returns. For
example, hydrothermal treatments at 257 °C have been successfully
employed to produce high-purity single-crystal Fe3O4, but this method
typically requires extensive reaction times and strict temperature con-
trols to minimize impurities from oxidants [32]. Another drawback is
the limited control over the final product, as it often results in a phase
mixture, requiring additional post-processing for separation.

Recent studies have sought to address these challenges by optimizing
reaction times within the framework of the Schikorr reaction. For
instance, one study reported a synthesis of ultrathin magnetic iron oxide
nanoplates that achieved significant results in just one hour. This
modified Schikorr reaction enhanced the formation of nanoplates,
effectively reducing synthesis time while maintaining high purity [33].
Another investigation focused on a hydrothermal synthesis method that
produced IONPs with tunable magnetic properties in a reaction time of
approximately two hours [34]. By carefully adjusting the reaction pa-
rameters, including temperature and precursor concentration, the re-
searchers were able to manipulate particle size and magnetic
characteristics, thus improving the overall efficiency of the synthesis
process (see Table S1 the Electronic Supplementary Information (ESI)).

In the present work we propose an optimized MWS approach for
reducing the reaction time of the Schikorr reaction, achieving the syn-
thesis of biocompatible FegO4 IONPs within just 10 min. Of particular
note is that it entails the use of glycine to modify the reaction kinetics
and sucrose to provide stabilization. The whole process integrates syn-
thesis, biocompatibilization, and functionalization for MWS in an
aqueous medium. The strategy is inspired by the structure of biological
surfaces found in viruses, bacteria, and human cells, which are primarily
composed of proteins and glycolipids. By employing an amino acid and a
disaccharide, we mimic these natural surfaces to enhance the biocom-
patibility and functionality of the nanoparticles [35]. These carbohy-
drates are not only structural but also functional, having a distinctive
role in processes like enabling or inhibiting cell recognition [36]. Amino
acids and saccharides have been used as stabilizing or functionalization
agents in several IONPs synthesis protocols, like thermal decomposition
or co-precipitation [37-41]. However, unlike the latter, depending on
the specific MWS modality that is used, there may be some technical
limitations that can have a negative impact on the preparation of
biocompatible IONPs: (i) maximum reaction temperatures in MWS are
not as high as those typical in thermal decomposition in high-boiling
point solvents, (ii) atmosphere control is not usually straightforward,
and (iii) the addition of precipitants at high temperature in a conven-
tional microwave reactor is not possible, or very limited at best. To avoid
these limitations, our proposal involves employing mild reaction
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temperatures, an inert atmosphere, and simple initial addition of re-
agents. Additionally, it sets the Schikorr reaction as the basis for the
MWS of IONPs, since this reaction occurs under anaerobic conditions at
low temperatures [27].

The multiple advantages of the proposed method are given both by
the reaction setup and the reagents used. On the one hand, MWS features
high reproducibility, good scalability prospects, control over reaction
start, short reaction times, a wide range of solvent choices, as well as
easy operation. On the other hand, both coating reagents are low cost
and provide resemblance to biological envelopes; moreover, glycine
prevents Fe from reacting early before the reaction itself begins, and
shows a phase-director effect towards Fe304, while sucrose becomes
reductive only at moderately high temperatures. We show the director
effect of glycinates and sucrose on the final iron oxide phase, also
providing evidence about the biocompatibility of the resulting IONPs.

2. Experimental
2.1. Synthesis

FeCly-4 Hy0 (99.5 %, Thermo Scientific), NaOH (100 %, Panreac
Quimica S.A), Milli-Q Hy0, glycine (99 %, Acros Organics), sucrose
(99,7 %, Acros Organics) were used as received without further purifi-
cation. Type [ water was used throughout. In a typical synthesis, a 30 mL
microwave glass vessel was filled with the corresponding amount of the
precursor salt, glycine as ligand, and finally selected quantities of su-
crose and NaOH. It is important to note that NaOH—and sucrose
whenever used—was added at the last step after complexing Fe with
glycine before the IONPs synthesis starts to avoid premature Fe pre-
cipitation. The formation of early iron glycinate complexes is achieved
by pre-heating the mixture of glycine and Fe precursors at 65 °C for two
minutes, as schematically shown in Figure S1 in the ESL.

Reagents and quantities for each reaction are given in Table 1, where
all the quantities are reported per mol of Fe. Samples were labeled
following a code in the form GxNy, where x and y are the molar ratios of
glycine and NaOH referred to Fe?". When sucrose was added to the
mixture, an extended code GxNySz was used in order to indicate the
sucrose molar ratio, 2.

To obtain an inert atmosphere and hence anaerobic conditions, the

Table 1
Compilation of reaction conditions for the whole sample set synthesized in this
work. All samples involve 1 mmol Fe?*,

Sample Glycine (mmol) NaOH (mmol) Sucrose (mmol)
G2N6S2 2 6 2
G2N1S2 2 1 2
G1NO0.25 1 0.25 0
G1NO0.375 1 0.375 0
GONO.5 0 0.5 0
G1NO 1 0 0
G1INO.5 1 0.5 0
G2NO0.5 2 0.5 0
G3NO0.5 3 0.5 0
GONO.75 0 0.75 0
G0.5N0.75 0.5 0.75 0
G1NO0.75 1 0.75 0
G1.5N0.75 1.5 0.75 0
G2N0.75 2 0.75 0
G2.5N0.75 2.5 0.75 0
G3N0.75 3 0.75 0
GON3 0 3 0
GIN3 1 3 0
G2N3 2 3 0
G3N3 3 3 0
G1IN3S0.3 1 3 0.3
G2N3S1 2 3 1
G3N3S2 3 3 2
G2NO0.1 2 0.1 0
GON2S2 0 2 2
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air was purged out of the microwave vessels prior to the reactions by
performing three Ny bubbling cycles through a fine cannula connected
to a vacuum pump. Finally, the vial was left under vacuum (10> atm,
approx.). All the syntheses were carried out in a Monowave 400 mi-
crowave reactor from Anton Paar in 20 mL of type I water (with a re-
sistivity of < 18.2 MQ-cm at 25 °C) under magnetic stirring at 600 rpm.
The power of the microwave reactor was set to 300 W, and the heating
ramp was chosen to reach 160 °C as fast as possible, remaining at this
temperature for 10 min and followed by a cooling step down to 55 °C
(Fig. 1). Upon completion, the so-obtained IONPs were first separated by
centrifugation to eliminate most of the waste and then, separated
magnetically washing them three times with type I water until a stable
colloid was obtained.

2.2. Characterization

2.2.1. UV-V is spectroscopy

Samples were measured at room temperature with a Perkin Elmer
Lambda 19 spectrophotometer using high precision quartz cuvettes with
10 mm path.

The measurements were performed in the 200-800 nm spectral
range at a scanning rate of 240 nm/min. Samples were prepared by
dissolving adequate amounts of glycine to a 0.02 M Fe?* solution in type
I water for the formation of Fe monoglycinate ([Fe(GlyO)] M), bisglyci-
nate ([Fe(GlyO).]), and trisglycinate ([Fe(GlyO)s3]) complexes. The
resulting solutions were subsequently heated in the microwave reactor
up to 65 °C for increasing time intervals to promote the formation of
Fe?" glycinates. Finally, the UV-VIS spectra of the solution at room
temperature were registered. The formation of the three complexes is
followed by the Fe?* absorbance at 302 nm at room temperature. Since
the formation of IONPs always takes place with either Fe?* or Fe3*
precursors in the conditions described in the introduction (Egs. 2 and 3),
the overall process can be represented by the Schikorr reaction (Eq. 1).
Initially, FeCly samples were analyzed in the absence of glycine. As
anticipated, upon the addition of NaOH, the formation of green rust was
readily noticed by the color change of the medium. The underlying
chemical reaction is as follows:

FeCl, + 2NaOH—Fe(OH),, + 2NaCl @

However, the formation of green rust is prevented by the presence of
aqueous glycinate complexes. Initially, there is an electrostatic inter-
action between carboxylates from glycine and hydrated Fe?" cations in
the form of [Fe(H20)6]%, followed by a progressive ligand exchange
between these species: both oxygen from the carboxylate group of
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Fig. 1. Typical temperature and pressure profiles over time during the syn-
thesis of the set of samples analyzed in this study.
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glycine and nitrogen from the amino- side coordinate with the same
Fe?', displacing water molecules and eventually giving rise to the
different complexes. Increasing Gly:Fe ratios of 1:1, 2:1 and 3:1 were
used to promote the formation of [Fe(GlyO)]*, [Fe(GlyO)2] and [Fe
(GlyO)s]'. The kinetics and the formation mechanisms of these com-
plexes have been reported by K. Micskei et al. Further, relevant litera-
ture provides evidence on the formation of progressively more complex
Fe(II) glycinates as the Fe(II) to glycine molar ratio is increased, as
attested by mass spectrometry [42], paramagnetic relaxation [43],
voltammetry [44], or electromotive force measurements at different pHs
[45].

In this work we have assessed the occurrence of the [Fe(GlyO)]*, [Fe
(GlyO)2] and [Fe(GlyO)s]” complexes through UV/Vis spectroscopy by
taking advantage of the onset of ligand to metal charge transfer (LMCT)
bands with increasing glycine concentrations. The corresponding
spectra of the three complexes were recorded after microwave pre-
heating, and compared with that of an Fe?* solution of the same con-
centration (0.02 M) (Figure S2, ESI). First, we follow the evolution of the
Fe?" absorbance peak at 302 nm at room temperature to increase MW
heating times at 65°C for two minutes. The results (Figure S2, ESDf}
indicate, first, the enhancement of this electronic transition when
glycine is introduced into the medium, suggesting that the formation of
complexes is effective. Secondly, we set two minutes as the microwave
heating time considering the observed evolution of the absorbance at
302 nm (Figure S2, ESI).

2.2.2. X-ray diffraction (XRD)

The diffraction profiles were obtained with a Rigaku Smartlab
diffractometer, using Cu Koy [A] = 1.54060, Koy [10\] = 1.54443, and Ka
[A] = 1.39225. The samples were magnetically separated and dried
with a Nj flux in an XRD glass sample holder. Non-magnetic samples
were prepared by centrifuging the sample at 10.000 rpm and allowing
them to dry in a glass sample holder for XRD measurements. The scat-
tering from the samples was measured from 5° to 100° with a step size of
0.0264 26 and a scan time of 1 s. Lattice parameters (a) were estimated
from the Rietveld refinement of the corresponding experimental
diffraction profiles using the software X’Pert High- Score Plus from
Malvern Panalytical [46].

2.2.3. Fourier-transform infrared spectroscopy (FTIR)

FTIR was used to obtain information regarding the bonding between
the capping agents and the IONPs surface. The experiments were
recorded with a Bruker Alpha System Spectrophotometer using the KBr
wafer technique with the same quantity of sample for all measurements.
Samples were measured in dried form after centrifugation, mixed with
the relevant amount of KBr and then pressed into a thin wafer. The
measurement was the mean of 64 scans with a resolution of 2 cm™?
between 4000 cm ™! and 400 cm™! at room temperature. A baseline
correction was applied, and the corresponding band assignment was
carried out mainly using the NIST database [47].

2.2.4. Raman spectroscopy

Raman Spectroscopy was carried out in a Senterra Raman Spec-
trometer confocal (Bruker Optic, Ettlingen, Germany) with a 3-5 cm™!
resolution. The measuring parameters were the following: 785 nm laser
excitation at 1 mW, 3 s scanning, 4 co-additions, and an objective nu-
merical aperture of 0.75. Samples were prepared by depositing a few
milligrams of IONPs onto a cover glass under a N5 flow. The standard
measurements implied 3-5cm™! scanning areas of the samples,
obtaining an average spectrum from 12 selected points. The software
Opus from Bruker was used to subtract the background. The spectra are
the average of 12 measurements at different points of the sample.

2.2.5. Vibrating sample magnetometry (VSM)
Room temperature hysteresis loops were measured using a 7410
Lake Shore vibrating sample magnetometer. Samples were dried and
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weighed for measurement; more specifically, 10 mg of IONPs were
measured and then encapsulated in gelatin capsules, pressed with cotton
wool, and finally loaded into the sample holder. Measurements were
carried out from zero to a maximum applied field upH = 5 T. Specific
magnetization (cg) data were extracted using a nonlinear fit to Langevin
equation [48]:

6(H) = o5 o (coth(z) —1/2) ()

where og is the saturation magnetization, H the intensity of the exter-
nally applied magnetic field, and z is ugmH/(kgT), being m the magnetic
moment of the nanoparticles, 40 the magnetic permeability of free
space, kg the Boltzmann constant, and T the temperature.

2.2.6. Transmission electron microscopy (TEM)

Samples were 10x diluted in MilliQ water and then sonicated before
imaging. To collect a representative number of IONPs, a thin layer of
continuous carbon grid was briefly immersed into each colloid and
subsequently let dry under a glass cover to avoid sample contamination.
Conventional and high-resolution transmission electron microscopy
(TEM/HRTEM) were acquired using a FEI TALOS F200X electron mi-
croscope operating at 200 kV. Digital diffraction patterns (DDP) ob-
tained from experimental HRTEM images correspond to the log-scaled
power spectrum of the Fourier transform of the intensity distribution in
the images. These DDP allow measuring the associated lattice fringe
spacings and angles by pointing the intensity maximum in the diffrac-
tion spots. HRTEM image processing and phase identification were
performed using the DigitalMicrograph© software from Gatan together
with the EjeZ program developed by Pérez-Omil et al.[49]

2.3. Cell viability assays

2.3.1. Choice of cell cultures

The EO771 murine breast cancer cell line and the Eahy926 human
endothelial hybrid cell line were selected to evaluate the cytotoxicity
and biocompatibility of glycine- and sucrose-coated IONPs due to their
relevance in modeling tumor and vascular biology, respectively. EO771
cells represent an immunocompetent, triple-negative breast cancer
model derived from C57BL/6 mice, making them highly suitable for
studying nanoparticle interactions in preclinical cancer research, espe-
cially in syngeneic murine models where immune interactions are pre-
served [50]. Their aggressive phenotype and high metabolic activity
provide an ideal platform to assess nanoparticle uptake, cytotoxicity,
and therapeutic potential in a tumor-like environment [51]. In contrast,
Eahy926 cells, derived from the fusion of human umbilical vein endo-
thelial cells (HUVECs) with the A549 lung carcinoma cell line, retain key
features of vascular endothelial cells such as tight junction formation,
angiogenic signaling, and vascular permeability [52]. Their use allows
for the evaluation of nanoparticle safety in non-cancerous but highly
responsive vascular cells, which are among the first to encounter sys-
temically delivered nanomaterials [53]. Together, these two cell lines
offer a comparative model that captures both the pathological (tumoral)
and physiological (vascular) contexts, enabling a more comprehensive
assessment of nanoparticle biocompatibility and potential off-target
effect.

2.3.2. Assays and data analysis

Prior to these assays, selected nanoparticle suspensions were steril-
ized by filtration (0.22 pm) prior to use in cell culture experiments.
EO771 murine breast cancer cells and Eahy926 human endothelial
hybrid cells were cultured in complete Dulbecco’s Modified Eagle Me-
dium (DMEM) supplemented with 10 % fetal bovine serum (FBS) and
1 % penicillin-streptomycin, under standard conditions (37 °C, 5 % COo,
humidified atmosphere). Cells were maintained in T-75 flasks and sub-
cultured at 70-80 % confluence using 0.25 % trypsin-EDTA. Cells were
seeded into 96-well plates at a density of approximately 5000 cells per
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well and allowed to adhere for 24 h. After attachment, cells were treated
with glycine- and sucrose-coated IONPs at varying concentrations (10,
50, 75, 100, and 250 ug/mL) for 24 h. Control wells were treated with
nanoparticle-free medium. Cell viability following nanoparticle expo-
sure was assessed using the Alamar Blue assay, a resazurin-based
metabolic indicator of cell health. After 24 h of treatment, the me-
dium was removed and replaced with fresh medium containing 10 %
Alamar Blue reagent (v/v). Plates were incubated at 37 °C for 2-4 h,
after which fluorescence was measured using a microplate reader at
excitation/emission wavelengths of 560/590 nm. Viability was
expressed as a percentage relative to untreated control cells. All exper-
iments were performed in triplicate (n = 3 independent replicates). Data
are presented as mean + standard deviation. Viability values were
analyzed using one-way ANOVA followed by post hoc Tukey’s test to
assess statistical significance between treatment groups, with p < 0.05
considered significant.

3. Results and discussion

In Fig. 2 we compare the spectral evolution of the extinction coef-
ficient of the three complexes and Fe" solutions after a two-minute
microwave heating. It can be noticed that, in addition to the afore-
mentioned peak at 302 nm (33113 emlin Fig. 2), there are other lower
energy features differentiating between the resulting complexes and the
initial Fe?" solution. Charge transfer bands are usually broad, and
display high extinction coefficients [54], typically > 50000 M~ ! em ™},
which is the case of those observed in Fig. 2 from approximately
32000 cm ™! onwards. The aqueous Fe?" solution exhibits the lowest
extinction coefficients due to more modest ligand interactions with
water molecules primarily involving weak d-d transitions, such as the
spin-allowed quintet °E(D) (appearing typically at around 10500 em ™)
[55]. As glycinate ligands with N and O electron-donating atoms are
introduced, beginning with [Fe(GlyO)]™, extinction coefficients are
enhanced, suggesting the onset of more defined ligand field effects and
charge transfer transitions. As predicted by the Tanabe-Sugano diagrams
for a high-spin d® system in an octahedral field like that of Fe?", the
observed spectral enhancements are attributed to the initial LMCT
facilitated by the glycinate coordinating with the Fe?* center, enriching
the electronic interactions. In a general fashion, progressing to the for-
mation of more complex glycinates, each stepwise increase in ligand
coordination not only strengthens the ligand field but also the LMCT
transitions. Finally, two crossovers can be observed between [Fe

100

e M 'tem™)

" 1 L 1 " 1

20 30 40 50

Wavenumber (x10%cm™)

Fig. 2. Molar extinction coefficient spectra of an Fe?>" aqueous solution and
glycinate complexes formed with different Gly/Fe?>* molar ratio indicated in
the legend after 2 min MW heating time.



A. Santana-Otero et al.

(GlyO)]™ and [Fe(GlyO),] spectra at ca. 27500 c¢m ! and then between
[Fe(GlyO)] *and [Fe(GlyO)s] ones, both due to the higher prevalence of
d-d interactions towards lower wavenumbers.

Fig. 3 presents the room-temperature XRD profiles of three repre-
sentative samples from the set of compositions listed in Table 1, illus-
trating the primary distributions of crystalline phases observed. These
were a-FeyO3 (Fig. 3a) with a = 5.035 [D\, y-FeoO3 (Fig. 3b) with a
= 8.336 10\, and Fe304 (Fig. 3c) with a = 8.397 A. The shorter reaction
times resulting from the increase in reaction temperature (160 °C) also
lead to the agglomeration of the IONPs, as it has been observed in the
synthesis of other nanoparticles [28] and nanoplates [33,56].

The influence of the NaOH/Fe ratio on the crystallinity of IONPs was
studied by XRD on a set of samples with a constant 2:1 Gly:Fe ratio
(Fig. 4). After the addition of the iron chlorides to the aqueous solution,
the pH decreases by a certain amount due to the dissociation of the salt
and the formation of hydroxoaqua Fe(II) complexes (Eqs. 2-3) [55].
These hydroxoaqua Fe(II) complexes are more stable at low pH. Upon
increasing the pH by adding a base in the absence of glycine, a precip-
itate forms. However, when glycine is present, no precipitate is
observed, due to the enhanced solubility of Fe(Il) glycinates at higher pH
levels in aqueous media [56]. Using Fe?" as the precursor predomi-
nantly leads to the formation of Fe304, which can be attributed to the
partial oxidation of Fe?" via the Schikorr reaction (Eq. 1) as is the case
for sample G2N3S1. The added NaOH stabilizes the precursor Fe(OH),
in the Schikorr reaction and shifts the equilibrium towards the products
(see Eq. 1), i.e. towards Fe3O4. Notably, increasing the NaOH concen-
tration while keeping precursor concentration constant led to a signifi-
cant increase in crystallite size, from 16.40 +1.42nm in sample
G2N3S2 to 108.72 + 15.79 nm in sample G2N6S2 (see Table S3, ESI).
This growth is related to the promotion of the Schikorr reaction.

The presence of glycinates acts as an inhibitor, preventing the for-
mation of hydroxides at low temperature. The dissociation and nature of
the precursor salts may nevertheless influence the reaction pathway
towards iron oxide formation, as they partially dictate the rate at which
the solution and any intermediate phases reach pH equilibrium [41].
This temperature-controlled approach is crucial for the preferential
formation of the Fe3O4 phase in microwave reactors. Accordingly, the
NaOH concentration influences both the resulting crystallite phase and
sizes. When larger NaOH/Fe ratios are used (see Fig. 4a, b and c), the

3.5 - e . T
Ve
3.0} a) A
25t Y v vV w g
2.0} .
b)
1.5} ‘ i

S,

Normalized intensity (a.u.)

1.0
0.5
0.0
20 3IO 4I0 5IO 6IO 7I0 80
20 (deg)

Fig. 3. Room temperature XRD profiles of samples (a) GINO, (b) GINO0.375,
and (c) G2N3S1. The most relevant crystallographic planes have been indexed
using the corresponding PDF Cards 01-071-4918 for Fe304, 01-025-1402 for
y-Fe;O3 and 01-001-1053 for a-Fe,Os. The corresponding indexation of
o-Fe;03 and y-Fe,O3/Fe304 peaks is represented by open triangles and full
squares, respectively.
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a)'

Normalized intensity (a.u.)

20 30 40 50 60 70
20 (deg)

Fig. 4. Room temperature XRD profiles of samples with a constant (2:1) Gly:Fe
ratio and increasing NaOH:Fe ratios. a) G2NO.1, b) G2N0.5, ¢) G2N0.75 and d)
G2N3. The corresponding indexation of a-FeOOH, a-Fe;O3 and y-Fe;O3/Fe304
peaks is represented by arrows, open triangles and full squares, respectively.

corresponding profiles only exhibit the characteristic Fe304 peaks with a
narrower width and a progressively lower background noise. This phe-
nomenon is attributed to the enhanced nucleation and growth processes
facilitated by the NaOH excess. Furthermore, the Rietveld refinement of
the XRD profiles revealed a certain increase of the crystal size with
increasing NaOH/Fe ratios (Table S3, ESI). This trend aligns with the
observed shift towards sharper and narrower diffraction peaks associ-
ated with higher NaOH/Fe ratios. It is noteworthy that a NaOH/Fe ratio
below 0.375 leads to an incomplete reaction, as evidenced in Fig. 4d,
resulting in a noisier diffraction profile and the formation of undesirable
by-products alongside the targeted phase. A low NaOH/Fe?" ratio pro-
motes an increased oxidation of Fe>" to Fe>*, which favors the crys-
tallization of a-FepO3 such as sample GIN (Fig. 4d). This behavior is
consistent with the use of Fe® *, where only a-Fe,03 crystallizes (Fig. 4b).

The crystallite size and lattice parameter a were studied as a function
of the Gly:Fe ratio (as detailed in the ESI), with the bisglycinate pathway
producing a value closely aligned with Fe3O4, indicating greater struc-
tural similarity and suggesting improved crystalline coherence and
phase purity. We hypothesize that this is due to complete charge
compensation, preventing non-specific interactions and stabilizing the
complex against temperature increases, as inferred from the following
experimental observations.

IONPs were able to nucleate and grow without any surfactant,
indicating that the reaction was driven primarily by the precipitant.
When no glycine was present, the reaction initiated immediately upon
mixing the reagents before heating, resulting in large agglomerates of
IONPs (e.g., samples GONO, GONO.5, GONO.75, and GON3, Table S3,
ESI). In contrast, in the presence of glycine, the initially formed iron
glycinates reacted at higher temperatures, preventing the formation of
large agglomerates. Higher glycine concentrations, however, typically
led to a reduction in crystallite size while a remained unchanged, sug-
gesting that glycine complexation inhibited crystallite growth, leading
to smaller particles. When sucrose was introduced for dual coating with
glucose and fructose, the experimental lattice parameter a that most
closely matched the theoretical value of Fe3O4 (a = 8.402 10\) was ach-
ieved at a relative molar ratio of glycine:sucrose:Fe** = 2:1:1. Addi-
tionally, increasing sucrose concentration resulted in a further reduction
in crystallite size, as shown by the Rietveld analysis results (Table S3,
ESD).t

To corroborate XRD measurements, we have carried out Raman
spectroscopy of three representative IONPs samples (Fig. 5). Raman



A. Santana-Otero et al.

a) ,
i
|l
|
[ ;’I I]
? | ! fo
é ’I\ '”' >I|| '; 4
I "‘fl 4 .-.~.,\-“ LTSI, .,.u—l‘.'-/"(.'“‘»,,.-,’w By e -j""""’-'-,,‘.,w"’ “""’.W
B‘ . - f\ :
%‘ ) 2L0
8 g
R= g|* E 0
200 400 600 800 1000 1200 1400
Raman shift (cm™)
b)
J"I .‘I’\
~ .’Iq, ) .J ﬁﬁ
EQ [ A g ) \, "
~ oA T I Mgy
el L "\’M o L ._’h~MM.WMW‘:V-\"'”""W ) My,
;s o 9
&
T 2L0
—
E 1g E-,;
. r - T T T T T T T T
200 400 600 800 1000 1200 1400

Raman shift (cm™)

et
N‘.'r‘ ' J“\W‘.y.‘

g ,
; ' (AL
! 0 J il
LA e

e MRy
A

1g

Intensity (%)

T T T T T T v T T T T T
200 400 600 800 1000 1200 1400

Raman shift (cm™)

Fig. 5. Room temperature Raman spectra of samples G1NO (a), GIN0.375 (b) y
G2N3S1 (c).

active phonons of the different iron oxide phases and assignments of the
observed wavenumbers are listed in Table 2. For those samples in which
a-FeyOg is found, all the Raman-active modes are present in the spec-
trum. Those modes that arise from the I" point (the center of the Brillouin
zone), are the external phonons (E; modes), the symmetric stretch or
bend band for centrosymmetric molecules (A; ; modes), and the 1LO
and the 2LO, which are related to two-phonon scattering process [57]. In
the case of samples containing Fe3O4, Raman active modes are A; ¢(R),
Eg(R), and T1(R), which refers to the torsional vibration of a molecule
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Table 2
Assignment of phonon frequencies of different Raman vibrational modes
observed in Fig. 5.

Compound Wavenumber (cm ™) Assignment
224, 500 Arg
a-Fe;03 244, 290, 409, 610 Eg
(Sample G1NO) 657 1.0
1317 2LO
722 Arg
y-Fe,03 508 Eg
(Sample G1N0.375) 375 Tig
1264 2LO
Fes04 677 Arg

(Sample G2N3S1)

involving rotation around an axis passing through two atoms [57,58].
Finally, the more complex unit cell of y-Fe;O3 results in Raman active
phonons Ty, E and A; modes are A; ¢(R), E¢(R), and T1(R), which refers
to the torsional vibration of a molecule involving rotation around an axis
passing through two atoms [57,58]. Finally, the more complex unit cell
of y-Fe,03 results in Raman active phonons (356, 493 and 695 cm™ 1)
which depend on the sample preparation method [58]. Additionally, it
has been reported that bands assigned to 1LO and 2LO modes (660 and
1320 cm ™}, approximately), experience a strong intensity enhancement
in the Raman spectra collected from the nanoparticles, caused by two
longitudinal optical phonons (LO) near the band gap [59]. The Raman
phonon modes observed in the spectrum of sample GINO confirm
exclusively the presence of the a-FepOs phase, as evidenced by the
absence of additional Raman phonons modes (Fig. 5a). Fig. 5b of sample
G1INO0.375 exhibits all the characteristic phonons of the cubic spinel
phase y-Fe;Os3. Conversely, the spectrum of sample G2N3S1 (Fig. 5¢)
presents a poor signal to noise ratio and the only mode clearly visible is
the A14(R) one associated with Fe3O4, although two Tag modes at
296 cm ! and 581 cm ™! can be guessed. These observations are in line
with the XRD data analysis where a-Fe;03 was assigned to sample GINO
and y-FeoO3 to sample G2N3S1.

Exploring the persistence of the coating compounds (glucose, fruc-
tose, and glycine) in the magnetic nanoparticles surface after washing
cycles is crucial for their various applications. For this purpose, FTIR
spectra were acquired for the entire set of samples at room temperature
after they were subjected to a minimum of three washing cycles. Fig. 6
displays the FTIR spectrum of sample G2N3S1, as representative of those
in Table 1 synthesized with sucrose, indicating the position of the main
bands whose nominal assignments are collected in Table 3. Note that
this spectrum is shown as representative of the whole set, as the other
samples feature the same bands without noticeable changes.

The presence of glycine is usually evidenced by bands like the vn.u
one from the amino- end of glycine should be located in the
3300-3500 cm ™! region; however, this band cannot be unambiguously
recognized given the intense absorption in that wavenumber range,
where it partially overlaps with the set of vo.y bands from glucose and
fructose molecules within 3200-3600 cm ™ (typically 3392, 3296, and
3243 cm ™! for glucose, and 3520, 3396 cm™! for fructose) [60], which
are usually more visible and broader due to the typical formation of
intermolecular hydrogen bonds. Since sample colloids are stored at pH
= 7.2, glycine is above its isoelectric point (= 6) and thus in its zwit-
terionic form with protonated amino- ends. The latter will bind to the
negatively charged FeO- groups at the IONPs surface through a
hydrogen bond, hence producing a weakening of the surface-bonded
N-H with respect to that of the non-bonded N — H and producing a
shift towards lower wavenumbers. The shoulder at 3250 cm ™! may well
reflect this aspect.

Other distinctive bands of glycine are featured in Fig. 6 within the
1660-1550 cm ™! range, more specifically the y.y and the vc=p_pe-0,
which are slightly shifted due to the implicit bonds with the surface of
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Fig. 6. Room temperature FTIR spectrum of sample G2N3S1.

Table 3

Assignment of the different vibration modes present in the room temperature
FTIR spectrum of sample G2N3S1. Key: v - stretching, &;, - bending, 8 - scis-
soring, - wagging, T - twisting, asym — asymmetric, sym — symmetric, ip — in
plane.

Wi b
(c;wcellgum er Mode assigned Compound
3400 Vo.H glucose, fructose
3250 (shoulder) UN-H glycine
1656
1630 SN, ip glycine
1550 Vc=0-Fe-0
1483
1462 ScHa,sci glucose, fructose
1450
1385
1368 WcH2 glucose, fructose
1354
1310 Sc.ch,ip» So-cH,ip glucose, fructose
1250 80-H,ip glucose, fructose
VeN glycine
. pyranose and furanose from glucose
1125 co-c and fructose
Ve.o glucose and fructose
1095
1042 Vc-0s Vc-0-C> VCOH,ip
1018 glucose and fructose
995 Scenips Scco,ip
8c-cHs V05 V-0,
C-CH> VG-0s V-0 glucose
Vpyranose
855 8cH, V c-c dc.cH fructose
V CN, sym glycine
780 8c.co, dc.cu glucose and fructose
650 8co-0 glycine
569 V Fe-0 (Td nanoparticles
440 V Fe-O (Oh) nanoparticles

the nanoparticles. However, it cannot be discarded that the vc—p of
fructose and vcy—o of glucose, expected at around 1700 em™!, also
contributes here due to the fact that both molecules are not in a free form
but bonded to the surface of the nanoparticles [61]. In addition, the vc.y
from glycine overlaps at 1125 cm ™! with the vg_o band from glucose
and fructose, as well as the vc_p_¢ band from the pyranose and furanose
rings also from glucose and fructose molecules. The vc_y,sym mode of
glycine —if actually present —would overlap at 855 cm ™! with other
possible contributions like the vcc from glucose and fructose,

theoretically expected at 837 y 874 cm™! [60]. A barely perceptible
band at 900 cm ™! could be indicative of the pcy2 mode from glycine, and
the 8¢o_o mode from the carboxylate moiety of glycine is present as a
shoulder at 650 cm ™! at the left side of the broad absorption centered at
575 cm L.

Regarding glucose and fructose molecules, there are other distinctive
bands in addition to those already discussed. Although bending modes
from C—H bonds in glycine may show up within the 1300-1500 cm ™!
range, the set of weak bands experimentally observed in this region
(bending vibrations 8¢y at 1483, 1462, 1450 em !, and wagging vi-
brations ocys at 1385, 1368, 1354 em™ 1Y) are assumed to come from the
much longer backbones of glucose and fructose. Most of these bands
show a weak blue shift towards higher wavenumbers, which indicates
either the existence of hydrogen bonds between adjacent saccharide
molecules or slight conformational changes in the latter due to the for-
mation of bonds between these molecules and the surface of the
nanoparticles.

In the spectral range with the lowest wavenumbers or “fingerprint”
region, the main contributions come from glycine and the nanoparticles.
Whereas the main vpe_o band from the tetrahedral sites in the spinel
structure of the Fe304 nanoparticles (569 em V) is usually broad, in our
study appears broader than expected [62], which is nonetheless
consistent with the variety of moieties bonded to their surface. In
addition to these considerations, the 8¢o.o bands from glycine [41] are
contributing to that widening, manifesting itself in the form of the
650 cm ™! shoulder, and in a less pronounced way, at ~ 500 cm .
Finally, the 400 cm~! band arise from the Vre_o at the octahedral sites of
Fe304. Of note is that the intensity relation between both 569 and
440 cm ! bands does not follow the numerical proportion between Tq
and Oy sites in the spinel structure but the change in the magnitude of
the dipole moment of the molecule during the vibration. In short, Tyq
modes involve coordinated displacements of oxygen atoms that produce
a large net charge displacement, whereas Oy, modes involve pairs of
oxygen atoms moving in opposite directions that may eventually cancel
out and thus small dipole change [63,64].

Fig. 7 shows the 300 K hysteresis loops of three representative
samples of the whole set. Considering the different phases found in the
samples, i.e., Fe304 in G2N3S1, a mixture of Fe3O4 and y-Fe;Os3 in
G3N3S2, and finally y-Fe;Os in G1N0.375, there is a match between
these phases and the downward trend of the experimental o5 extracted
from the corresponding loop (Table 4). However, a closer inspection
reveals that these o5 values are lower than the bulk counterparts of the
corresponding phase [65]. Whereas magnetic behavior is not dominated
by surface spins, since for 15-26 nm nanoparticles the fractions of sur-
face atoms are 5 and 3.75 %, respectively, their contribution is still
nonnegligible and may be reflected in the experimental measurements.
These surface spins in spinel iron oxides show a certain degree of
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Table 4

Main magnetic parameters derived from the fit to Eq. 5 from room temperature
DC magnetization measurements of samples G1N0.375, G3N3S2 and G2N3S1.
Crystallite size (d) and lattice parameter (a) from the corresponding Rietveld
analysis of the experimental XRD data are also indicated for reference.

d a s poHc
Sample ID - —_—

(nm) A (A-m*/kg) (T
G1N0.375 14.90 8.351 48.22 2.60 x 1074
G3N3S2 16.40 8.365 60.45 2.32x107*
G2N3S1 26.00 8.401 72.27 2.24 x 1074

correlated/uncorrelated disorder that results in a nonmagnetic layer
[66] with changing thickness under different field intensities, as recently
demonstrated [67]. The maximum thickness is typically around 1 nm,
and its extent depends on many different variables, like composition,
density of defects, particle size, or coating nature, among others [68].
The thickness of the nonmagnetic disordered layer of nanoparticles can
be approximately estimated from the experimental o5 values using the
equation oyexp) = Ospuk) (1 —6t/r) [69], where os(exp) is the experi-
mental saturation magnetization, og(bulk) is the bulk saturation
magnetization, r the particle size and t the non-magnetic disordered
layer. Considering the bulk o5 values for Fes04 (92 A-mz/kg) and
y-Fes03 (76 A-rn2/kg) at 20 °C [48,65], together with the phase
composition for each of the three measured samples, the obtained t for
samples G2N3S1, G3N3S2 and G1NO0.375, respectively, are 0.5, 0.5 and
0.8 nm. In other words, the difference between measured and bulk o;
can be explained on this basis for those samples. Similar o, values have
been determined by other authors in Fe3O4 and y-FexO3 nanoparticles
with different surface coatings [70].

In this study, TG measurements were conducted placing a magnet
around the sample space so that both the magnetic force acting on the
sample and the weight losses contribute to the changes in the thermo-
gram recorded on heating. TG measurements in a magnetic field provide
further information about the phase transformations taking place in the
samples and their Curie temperature [71]. Beyond the direct informa-
tion on weight losses associated with the evolving of the different
products at distinct temperature ranges, when samples are heated under
a static magnetic field, any magnetic phase transition causes an apparent
weight loss and can be detected as changes in mass in the TG curves. A
description of the general features of the TG without magnetic field can
be found in the ESI (see Figure S5 and related text). Fig. 9 shows the TG
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curves of samples G2N3S1, G3N3S2, and G1NO0.375 registered with an
external magnetic field, where a progressive weight loss for each one
comes to completion below 600 °C. In the case of sample G2N3S1, a
plateau is observed within the 200-350 °C range, suggesting a signifi-
cant slowdown in the rate of total weight loss. This feature derives from
the interplay of three concomitant processes: (i) the loss of the organic
mass from the nanoparticles surface, (ii) the weight gain due to the
oxidation of initial magnetite, and (iii) the apparent weight loss that is
due to a less intense interaction between the sample and the external
field because of the oxidation to y-Fe;Os, which features a lower
magnetization than Fe3O4 at the applied field. In other words, whereas
the expected weight loss due to the organic matter (see Figure S5 in the
ESI) adds to the “magnetic” apparent loss of the magnetic transition
from Fe304 — y-FeyOs, the gain of mass due to the oxidation counter-
balances them. Thus, this observation and the temperature range where
it is observed are with the oxidation of the initial Fe3O4 to y-FeqOs,
which usually happens at 200 — 250 °C in crystals under 300 nm [71].
The oxidation process implies a reduction of density, a mass increase as
oxygen is taken up by the IONPs, and a reduction in the number of Fe
atoms per unit cell as the transformation to y-FeoO3 proceeds. A com-
plete weight loss is obtained in the vicinity of 600 °C, where the final
oxidation of y-Fe3O3 to a-FeyOg3 takes place at slightly different tem-
peratures for each of the samples, namely 557.4 °C for sample G2N3S2,
560 °C for sample G1NO0.375, and 565.3 °C for sample G2N1S2 (inset in
Fig. 8). A consecutive TG of the same sample, G3N3S2 recorded after the
first TG run, shown in Fig. 9, corroborates the eventual transformation
from y-FeoO3 to a-FeoO3. In this second TG, the only weight loss shown
in the entire temperature range is the drop at 645 °C, which is ascribable
to the Néel temperature of a-Fep;O3, where it transforms from a canted
antiferromagnet to a paramagnet. This transition has been reported to
happen in a more or less broad range centered at about 682 °C [72].
Sample G2N3S2 exhibits a significant decrease in magnetic strength,
as it is a mixture of phases where the oxidation of some of the IONPs
(from Fe304 to y-Feo03), along with the weight loss occurring in those
regions, leads to this decline. By examining the derivative weight loss
(Fig. 8, inset), we can see that all the samples show a relatively similar
Curie temperature around 560 °C. This is because all samples, whether
they are FegOy4, y-FeyOs, or a mixture of phases, oxidize to their
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Fig. 8. TG under a static magnetic field of samples G2N3S1, G3N3S2, and
G1NO0.375, where the 100 % weight loss corresponds to the apparent weight of
the sample due to the magnetic interaction with the applied field at 50 °C. Note
that the negative weight loss values upon completing the y-Fe,O3 — a-Fe,O3
phase transition correspond to the actual weight loss, which is superimposed to
the magnetic interaction. The inset shows the DTG curves for samples G2N3S1,
G3N3S2, and G1IN0.375. DWL stands for derivative weight loss.
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maximum state of oxidation, i.e., y-Fe;O3. Once the Curie temperature of
this phase is reached, a topotactic structural change occurs that is
associated with the complete loss of magnetic force.

Given its composition and physical properties, sample G2N3S1 was
chosen as an exemplary IONPs system for subsequent cytotoxicity tests.
The analysis of the viability data for EO771 cells and Eahy926 exposed
to these IONPs reveals a clear dose-dependent cytotoxic effect in both
cell lines (Fig. 10). At lower concentrations (10-75 pg/mL), cell viability
remains above 90 % for both EO771 and Eahy926, indicating high
biocompatibility and minimal acute toxicity. Viability remains above
85 % for concentration of 100 pg/mL, which, according to the criteria
established by the ISO 10993-5:2009 standard [73], is not considered
indicative of a cytotoxic effect, as a 30 % decrease in viability is the
threshold for cytotoxicity. However, at high concentrations
(250 pg/mL), a notable decrease in viability is observed, with both cell
lines showing a drop to approximately 72.5 % at 250 pug/mL. This points
out that the observed cytotoxicity is not cell-type specific but rather a
generalized response driven by the physicochemical properties of the
IONPs. It must be noted that this high concentration value has been
tested just for demonstration purposes, since cytotoxicity and uptake
studies for nanoparticles wusually test concentrations below
100 pg/mL—higher concentrations induce saturated nanoparticle up-
take and rarely correspond with realistic clinical dosing. Glycine, as
zwitterionic amino acid, contributes to colloidal stability and reduced
surface charge, while both glucose and fructose from the decomposition
of sucrose, acting as surfactants, enhance hydrophilicity and dispersion
in aqueous media [74]. Despite these coatings, the lack of selectivity
between cancerous and non-cancerous cells implies that the internali-
zation and biological interaction of the studied IONPs are not prefer-
ential toward malignant cells, potentially due to shared uptake
mechanisms such as endocytosis [75].

The observed viability trend suggests that beyond a certain concen-
tration threshold, nanoparticle accumulation and intracellular oxidative
stress may dominate the cellular response, likely leading to a mito-
chondrial damage and apoptotic signaling previously reported in the
literature [76]. The nearly identical viability values across both cell
types throughout the concentration range highlight the need for further
surface modification if selective targeting is desired. Overall, the data
confirm these type of IONPs are safe at doses under 250 pg/mL, but may
exert non-specific cytotoxicity at higher concentrations, a behavior
consistent with previous literature on the biological impact of iron oxide
nanomaterials [74-77].
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Fig. 10. Viability of Eahy926 and EO771 cells at selected NPs concentrations of
sample G2N3S1.

4. Conclusions

We propose the present MWS method harnessing the formation of
glycinates as intermediate complexes with a phase-director effect to
produce IONPs in aqueous media. The formation of these glycinate
complexes widens the stability range of iron species towards higher pH
values, preventing an early triggering of the Schikorr reaction to form
unwanted iron hydroxides that otherwise direct to uncontrollable re-
action pathways. This is of utmost importance for MWS—where its
frequent limitation to perform multi-stage reactions means that all the
reagents are in contact from the beginning—, as it leads to shorter re-
action times and better yields, which are some of the most anticipated
qualities of this type of method. In addition to glycine, the dual glucose-
fructose coating provides broader built-in functionality for targeting
specific glucose and fructose receptors or transporters in cancer cells.
Added to this are the possibilities of bioconjugation with relevant bio-
molecules—such as proteins, antibodies—offered by glycine. The
exemplary IONPs assessed demonstrate good in vitro biocompatibility,
maintaining over 85 % cell viability even at concentrations as high as
100 pg/mL. Overall, these results raise the possibility of extending this
potentially scalable method to produce other biocompatible magnetic
nanoparticle systems based on transition metal oxides.
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