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Ferrofluids investigated along for about five decades are ultrastable colloidal suspensions of magnetic
nanoparticles, which manifest simultaneously fluid and magnetic properties. Their magnetically controlla-
ble and tunable feature proved to be from the beginning an extremely fertile ground for a wide range of
engineering applications. More recently, biocompatible ferrofluids attracted huge interest and produced a
considerable increase of the applicative potential in nanomedicine, biotechnology and environmental
protection. This paper offers a brief overview of the most relevant early results and a comprehensive
description of recent achievements in ferrofluid synthesis, advanced characterization, as well as the gov-
erning equations of ferrohydrodynamics, the most important interfacial phenomena and the flow pro-
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perties. Finally, it provides an overview of recent advances in tunable and adaptive multifunctional
materials derived from ferrofluids and a detailed presentation of the recent progress of applications in the
field of sensors and actuators, ferrofluid-driven assembly and manipulation, droplet technology, including
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1 Introduction

Ferrofluids or magnetic (nano)fluids - a category of magneti-
cally controllable fluids - are rather attractive for a large variety
of applications, which require simultaneously fluid and mag-
netic properties. Among the first attempts to achieve this
ambitious goal was the patent filed in 1963 by Steven Papell of
NASA," who used long term ball milling of a mixture of large
particles of magnetite (Fe;0,), a carrier liquid and a surfactant
to obtain a magnetizable liquid rocket fuel. Ferrofluids, highly
stable magnetic colloids incorporating magnetic particles with
a size of the order of 10 nm, use a surface-active layer coating
on each nanoparticle to provide a short-range repulsion, pre-

“Romanian Academy - Timisoara Branch, Center for Fundamental and Advanced
Technical Research, Laboratory of Magnetic Fluids, Mihai Viteazu Ave. 24,
300223 Timisoara, Romania. E-mail: vekas.ladislau@gmail.com,
ladislau.vekas@academiatm.ro

bFrank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Joliot-
Curie Str. 6, 141980 Dubna, Moscow Reg., Russia. E-mail: avd@dubna.ru
“National Institute of Materials Physics, Bucharest-Magurele, 077125, Romania
INational Institute for Research and Development of Isotopic and Molecular
Technologies (INCDTIM), Donat Str. 67-103, 400293 Cluj-Napoca, Romania
“University of Szeged, Faculty of Engineering, Department of Food Engineering,
Moszkvai krt. 5-7, H-6725 Szeged, Hungary. E-mail: E. Tombacz@chem.u-szeged. hu
JUniversity of Pannonia — Sods Erné Water Technology Research and Development
Center, H-8800 Zrinyi M. str. 18, Nagykanizsa, Hungary

$Politehnica University of Timisoara, Research Center for Complex Fluids Systems
Engineering, Mihai Viteazul Ave. 1, 300222 Timisoara, Romania

4786 | Nanoscale, 2022, 14, 4786-4886

droplet generation and control, mechanical actuation, liquid computing and robotics.

venting them from sticking to each other. Early results on the
composition, physico-chemical make-up and magnetic pro-
perties of the ferrofluids characterizing the particle size, col-
loidal stability, diffusive properties, magnetization curve, and
viscosity®>™® enforced intensive research on the science of mag-
netic fluids. Rosensweig and Neuringer proposed a mathemat-
ical theory broadening the Navier-Stokes equation to include
the force on a magnetic fluid regarded as a continuum, devel-
oping the basics of ferrohydrodynamics,” the name given to
magnetohydrodynamics of ferrofluids with a very rich new
phenomenology.®° The discovery of the normal field instabil-
ity is perhaps the best known and most characteristic response
of a ferrofluid."

World interest in ferrofluids was highly stimulated by the
first commercial application of ferrofluids, the leakage-free
rotating seals,'” an excellent component of many recent high-
tech devices. Moving coil speakers with magnetic fluid
damping and cooling demonstrated another highly successful
commercial development.’®'* Due to continuous progress in
the science of magnetic fluids, these proved to be today fully
involved in nanotechnology contributions to industrial pro-
gress and development of smart devices, all improving every-
one’s quality of life. More recently, intensive research concern-
ing biocompatible ferrofluids - bio-ferrofluids - is fully motiva-
ted by the huge interest for their applications in biotechnology
and nanomedicine, practically a new field of research, also
accounted for in the present review. The scientific and techno-
logical progress in the field is illustrated by the highly positive
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trend of publications focused on magnetic fluids/ferrofluids.
According to Web of Science Core Collection the number of
papers increased more than three times in the last two
decades; especially, due to ferrofluid improved smart audio
devices, biomedical applications and the increasing applica-
bility of magnetically operated sensors, the global market for
ferrofluids is expected to have a compound annual growth rate
(CAGR) of 5.5% until 2025 and to attain a valuation of US$
73.9 Mn by the end of 2025."> Except the Introduction, the
paper is structured as follows:

Section 2 is dedicated to the presentation and evaluation of
the most efficient synthesis procedures of engineering and bio-
compatible ferrofluids, respectively, also including various
aspects of up-scaled manufacturing. The similarities and
differences between the two classes of ferrofluids are
thoroughly discussed with reference to composition, particle
size, surface coating and volume concentration of magnetic
nanoparticles, as well as biocompatibility and colloidal stabi-
lity in application related conditions.

Section 3 concerning advanced characterization of engin-
eering and biocompatible ferrofluids is the most extended part
of the paper. There will be reviewed results of high-resolution
electron microscopy (HRTEM), static light scattering (SLS),
dynamic light scattering (DLS), X-ray photoelectron spec-
troscopy (XPS), Mdssbauer spectroscopy, X-ray scattering tech-
niques (small-angle X-ray scattering (SAXS), small-angle
neutron scattering (SANS), polarization analyzed SANS
(SANSPOL, PASANS), very small-angle neutron scattering
(VSANS) and neutron reflectometry), magnetometry, and rheo-
and magneto-rheometry, all the techniques essentially contri-
buting to the qualification of ferrofluids to the highest require-
ments of envisaged applications.

Section 4 refers to ferrohydrodynamics, interfacial instabil-
ities, pattern formation, droplet formation and manipulation,
and microfluidics. A brief summary of equations of ferrohydro-
dynamics is presented in their continuum or macroscopic
description, to provide the framework for an overview of ferro-
hydrodynamic phenomena described by the generalized
Bernoulli relationship. Interfacial instabilities and patterning
phenomena, droplet formation and manipulation are summar-
ized to show the way towards magnetically controlled ferro-
fluid droplet populations and new features of digital microflui-
dics. Spin-up flow and flow in confined geometries are con-
sidered taking into account the microscopic make-up of
ferrofluids.

The most successful and, also, some of the most promising
applications are reviewed in Section 5. Tunable and adaptive
multifunctional materials derived from ferrofluids, ferrofluid-
driven assembly, ferrofluid enabled surfaces and interfaces,
sensors, actuators and ferrofluid droplet technology illustrate
the huge applicative potential of ferrofluids. It is a comprehen-
sive overview, but far from being a complete one. Among
others, there are missing applications of ferrofluids in heat
transfer processes, energy harvesting or in adaptive optics; we
refer in this respect to recent papers'®>* and also to the book
chapter®® and the book.>*
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Not the last, the famous Rosensweig instabilities paved the
way to kinetic art, in particular to liquid sculptures constantly
changing shape controlled by magnetic fields.”> Ferrofluid
spikes formed and moving in non-uniform time-varying fields
(Fig. 1a) and an inspired combination of ferrofluids with water
colors shaped by a magnetic field (Fig. 1b)*° provide a convin-
cing illustration of how nanomaterials, in particular magnetic
fluids, can expand the expressive vocabulary of artists today.>”

The review is aimed at attracting young scientists and intro-
ducing them to the broad field of engineering and bio-ferro-
fluids, while providing newcomers with a selected collection of
literature references.

2 Synthesis procedures

2.1 Optimal size range of magnetic nanoparticles in
ferrofluids and bio-ferrofluids

Colloidal magnetic fluids are stable suspensions of generally
spherical shape magnetic nanoparticles in a carrier liquid;
that is, the particles have to be homogeneously distributed in
the volume of the sample and have to avoid sedimentation for
a long period of time even in a strong magnetic field. While
fabrication of multi (temperature, pH and ionic strength)
stimuli-responsive nanoparticle systems is a real challenge
today,*® in which particle aggregation is driven by the manipu-
lation of colloidal stability, magnetic fluids require well-stabil-
ized colloid state under variable conditions where external
stimuli, such as magnetic field, changing pH, ionic strength
and protein content in the case of aqueous systems for bio-
medical purposes, do not lead to a loss of colloidal stability.
Colloidal stability of magnetic fluids with aqueous and organic
carriers involves besides the forces between charged colloidal
particles described by the classical Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory,***! also non-DLVO forces,** magnetic
dipolar attractive interactions and steric repulsion forces.**°
If the repulsive (electrostatic and steric) forces exceed the
attractive (van der Waals and magnetic dipolar) forces during
the random (thermal motion) or forced (in shear, gravitational
or magnetic field) collision of the particles, they cannot stick
together; they remain independent. The colloidal stability of a
magnetic fluid is achieved if the thermal energy of the par-
ticles is able to keep them distributed in a liquid carrier as
mentioned above; that is, the thermal energy has to be larger
than their energy in the gravitational field or in a magnetic
field gradient, respectively.***”*° A typical case refers to mag-
netite nanoparticles, which conduct to a range of particle sizes
between 5 and 15 nm to ensure optimal magnetic behavior
and long-term colloidal stability of ferrofluids in gravitational
and/or intense and non-uniform magnetic fields. During the
last years intensive research on applications in the biomedical
field widely extended the above-mentioned size range of iron-
oxide nanoparticles in the composition of ferrofluids. Bio-ferro-
fluids, i.e. biocompatible ferrofluids,’®*" refer to ferrofluids
with mostly multicore nanoparticles with sizes well above

10 nm designed for nanomedicine and biotechnology**™*°
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(b)

Fig. 1 Ferrofluids-inspiration for arts. (a) Ferrofluid spikes in a non-uniform time-varying field between two magnetic poles®® and (b) mixing fer-
rofluid with watercolor (reproduced from ref. 26 with permission from APS Division of Fluid Dynamics, copyright 2020).

and, also to ferrofluids with particle sizes less than 5 nm syn-
thesized especially for MRI contrast agents.*®*” There are
essential differences compared to conventional ferrofluids. For
very small particle sizes, below 5 nm, the magnetization of par-
ticles is abruptly reduced due to spin canting in the surface
layer.*84°

The multicore particles keep the superparamagnetic behav-
ior, but do not have permanent magnetic moment, only field
dependent induced magnetic moment, which could provide
an improved magnetic response in applied magnetic field. The
dispersed particles are mainly iron oxide nanoparticle (IONP)
clusters with relatively big size (several tens of nm or even
higher); therefore, the colloidal stability of this kind of bio-fer-
rofluid is significantly reduced. Following the discussion
about ideal and real ferrofluids in ref. 50, the typical IONP size
ranges for ideal, real and bio-ferrofluids are summarized in
Fig. 2. Actually, referring to the large diversity of ferrofluids
synthesized for biomedical applications, the particle sizes are
mainly in the size ranges I and IV but nanoparticles of other
sizes are also encountered. At the same time engineering
devices require the use of ideal or at most conventional (real)
ferrofluids, say engineering ferrofluids, with much restricted
particle sizes.

2.2 Synthesis of magnetic nanoparticles for ferrofluids

The bottom-up synthesis is actually a self-assembly in solution
of atomic and molecular precursors® giving rise to colloidal
nanoparticles of various shape and composition. According to
the model of LaMer and Dinegar’>* the synthesis of mono-
disperse nanoparticles requires a net separation of nucleation
and growth.

This theory is based on nucleation-growth mechanisms and
considers nucleation as the limiting step in the process. The
LaMer diagram describes the evolution of the monomer con-
centration vs. time, involving the interplay of free-energy
barrier and thermal energy and can be divided in three stages
(Fig. 3): (1) increasing monomer concentration until nuclei are
continuously being formed and dissolved; (2) nuclei formation
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Fig. 2 Particle size ranges for ferrofluids and bio-ferrofluids: (l) bio-fer-
rofluids (2-5 nm) (reproduced from ref. 47 with permission from MDPI,
copyright 2020), (Il) ideal ferrofluids (5—-10 nm), (lll) conventional (real)
ferrofluids (5—15 nm), and (IV) bio-ferrofluids (15-100 nm) (reproduced
from ref. 44 with permission from Am. Chem. Soc., copyright 2020).

partially reduces supersaturation, leading to a decrease of
nucleation rate; (3) the growth by diffusion of stable nuclei
into discrete particles, if the system remains supersaturated.
2.2.1 Chemical co-precipitation. Mostly used for magnetic
fluids, the preparation of magnetite Fe;O, by a precipitation
method is one of the most common principles for the prepa-
ration of magnetic nanoparticles and involves the alkaline pre-
cipitation of ferric and ferrous salts.’>>® Magnetite nano-
particles are obtained from the coprecipitation of hydroxides
from an aqueous solution of Fe’" and Fe*" (e.g., chloride) in a
mole ratio of 2:1 using a base.*®>” The reaction is complex
and involves the conversion of the hydroxide particles to mag-
netite®® according to the reaction Fe** + 2Fe’” + SOH™ — Fe;0,4
+ 4H,0. The control of the mole ratio Fe**: Fe*", their concen-

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Nucleation and growth model according to LaMer's theory (left) (reproduced from ref. 52 with permission from Am. Chem. Soc, copyright
1950). Comparison of nucleation and growth rates versus monomer concentration (right) (reproduced from ref. 54 with permission from Royal Soc.

Chem., copyright 2018).

trations, nature and concentration of the alkaline medium, as
well as of the precipitation temperature, rate of heating and
addition of surfactant to the reaction medium and the magne-
tite crystal growth time®*™®* can determine the nature and size
of iron oxide particles. Oxidation of Fe*" leads to the stoichio-
metry of the particles not being purely magnetite which can be
circumvented by performing the synthesis under a non-oxidiz-
ing environment (e.g. Ar®” or N, °>°®) or by adjusting the ratio
of the Fe”" to Fe®' concentrations.’®®*®” In an oxidizing
environment taking into account the oxidation of Fe>* to Fe**
an initial molar ratio Fe*': Fe®" = 1.5-1.7 is considered to be
optimal.®®%°
magnetite ferrofluids is to ensure the optimum temperature of

An essential feature related to the synthesis of

80-82 °C°"**7% for co-precipitation and stabilization (usually
with oleic acid) in order to obtain only magnetite nano-
particles with an adequate chemisorbed stabilizing layer. The
possible mechanisms to restore magnetization in the surface
layer of nanoparticles closer to bulk values are related to the
nature of surfactant,”’ to the number density of organic acid
molecules in the stabilizing layer for high temperature syn-
thesized magnetite NPs”>”* or to the nature of coprecipitation
agents.””

The synthesis of magnetite nanoparticles by chemical co-
precipitation is a scalable and cost-effective procedure as it
does not need or produce toxic intermediates, and does not
require precursor complexes and it proceeds at moderate
temperatures below 100 °C.”%7®

An interesting type of multicore magnetic nanoparticle is
nanoflowers, the assembly of monocrystalline grains to be
used as the magnetoresponsive component of a bio-ferrofluid.
Nanoflowers have an exceptional hyperthermic efficacy, and
their specific loss power (SLP) is one order of magnitude
higher than that reported for the single core MNPs of the
same size under the same AC field exposure, so they have
shown outstanding interest since their first discovery. This
novel structure was synthetized first by applying a modified
“polyol” protocol,”® where alkaline hydrolysis of stoichiometric

This journal is © The Royal Society of Chemistry 2022

Fe(u) and Fe(m) salt mixture was performed in the mixture of
diethyleneglycol (DEG) and N-methyldiethanolamine (NMDA)
and the precipitate was aged at high temperature. Colloidal
stability of the dispersion was provided by citric acid addition.
Some years later, microwave radiation was used in a similar,
coprecipitation process.*
process is of good reproducibility, produces stable multi-core
MNPs and is potentially scalable.

2.2.2 Thermal decomposition. Iron carbonyl, acetate,
acetylacetonate, carboxylate, and chloride are some of the com-

According to the authors their

monly used precursors for making monodisperse nano-
particles of iron and/or iron oxides, with diameters ranging
from 3 to 50 nm, according to the procedures outlined by Sun
et al®® and Hyeon et al.**"*> The thermal decomposition
process of the metal-oleate precursors in high boiling solvents
is  highly reproducible
nanocrystals.

Efficient size control of magnetite nanoparticles was
achieved by an approach involving the extended LaMer mecha-
nism,*® in the thermal decomposition of iron oleate in high

and produced monodisperse

boiling point solvents. This synthesis procedure is based on
the constant addition of a precursor to the reaction solution
which results in uniform and continuous growth of nano-
particles to arbitrarily large sizes. Control of particle size moni-
tored by SAXS is achieved by varying the volume of added pre-
cursor, Le. the reaction duration, leading to highly crystalline
nanoparticles with sub nanometer size precision and very low
size dispersity. The procedure proved to be highly reproduci-
ble, as a consequence of the simplified kinetics of the steady
state growth stage.®

Following the procedure described in ref. 85, the thermal
decomposition of iron pentacarbonyl in the presence of oleic
acid was investigated via in situ small-angle X-ray scattering,®”
allowing for following by direct observation the reaction kine-
tics and precursor states with high time resolution and statisti-
cal significance. By the advanced monitoring there were identi-
fied six phases of the synthesis process: (i) heat-up lag phase;

Nanoscale, 2022, 14, 4786-4886 | 4789
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(if) decomposition of the precursors to form iron oleate; (iii)
formation of clusters or prenuclei (precursors); (iv) a second
heating lag phase; (v) burst nucleation; and (vi) core growth
with narrowing of the size distribution. The final iron-oxide
nanoparticle size was found to be directly related to a phase of
inorganic cluster formation that takes place between precursor
decomposition and particle nucleation. The main factors
identified to influence the size and concentration of clusters
are the precursor-to-surfactant ratio and heating rate. The
resulting oleic acid coated IONPs have very reduced polydisper-
sity.®® Focusing on the biomedical application, single-crystal-
line iron oxide nanoparticles with small physical size but large
dipole moment, hence advantageous magnetic properties (e.g.
high values: 74 Am”® kg™' magnetic saturation, SAR 209 W per
gFe and ILP 6.1 nHm” kg™, low 98.2 K blocking temperature),
were synthetized by the extended LaMer thermal decompo-
sition synthesis from iron oleate through the controlled
addition of little amount of molecular oxygen.®’

Core-shell type nanoparticles with different shapes (spheri-
cal, cubic and octopode) were synthesized by thermal
decomposition, leading to the formation of an antiferro-
magnetic inner core Fe;_,O surrounded by a ferrimagnetic
Fe;_,0, shell, a hydrophilic dendron coating ensuring good
water dispersibility of the composite particles.’

The composition and shape determine favorable anisotropy
properties for biomedical applications of the resulting bio-fer-
rofluids. Size and shape controlled nanocubes of mixed zinc-
cobalt-ferrite in the size range 8-15 nm were prepared,
initially with a hydrophobic coating and dispersed in chloro-
form, followed by a phase transfer procedure to water by
polymer coating of particles, to provide bio-ferrofluids with
favorable magnetic fluid hyperthermia performances.”*

The shape-controlled MNP synthesis has recently been
thoroughly reviewed.”” It has been stated that synthesis of
high-quality nanoparticles is still unresolved; the protocols are
not robust enough, since the mechanisms of nucleation and
growth are still not well-understood. If synthesis of mono-
disperse nanoparticles is aimed, the nucleation and growth
stages must be separated in time and temperature; otherwise,
polydisperse products with various morphologies form. Two
basically different routes (starting from either iron(u) and/or
iron(m) salts or organic precursors) of direct magnetite syn-
thesis are evaluated. A mild reducing or oxidizing agent is
present in the reaction mixture in most cases to get the accu-
rate Fe;O, composition. In the shaped-controlled synthesis,
preferential adsorption of designed ligands on specific facets
of the iron oxide nucleus inhibits growth in the specified direc-
tion. Preparation of several monodisperse, shape-controlled
Fe;0, such as nanocubes, nanoctahedrons, elongated nano-
structures (spindles, nanobelts, nanorods and nanowhiskers),
disks, nanoflowers, nanostars, tetrapods, nanoprisms and
hollow nanostructures is evaluated. Regarding their colloidal
stability in aqueous media, the authors concluded that it is
important that the ligands/polymers are needed to stabilize
them in water, and there is plenty of work to improve
dispersibility.

4790 | Nanoscale, 2022, 14, 4786-4886
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Different synthesis strategies based on the partial oxi-
dation of Fe(OH),, polyol-mediated synthesis or thermal
decomposition of iron acetylacetonate were studied®® to
obtain multi-core, flower-shaped MNPs in the size range of
25-100 nm. The same research group clarified their design
strategies and published two clear strategies for the syn-
thesis of the 3D flower-like magnetite MNPs with different
sizes: the polyol route and thermal decomposition.”* The
authors emphasized that colloidal stability of MNPs is of
importance and prepared chemically bound ligands/poly-
mers for better stability in aqueous media. It has been
stated that the hierarchical magnetic nanostructure in nano-
flowers is built up from densely packed aggregates of ferri-
magnetic nanocrystallites; these building blocks are super-
ferromagnetically coupled, enhancing magnetic hyperther-
mia performance.”® The collective characteristics of the
interacting crystallites permit a large magnetic moment
while retaining the faster dynamics typically associated with
smaller particles.”

The chemical coprecipitation and thermal decomposition syn-
thesis are the most relevant and efficient methods for preparing
MNPs for ferrofluids. The same conclusion was reached in a
most recent review on SPION synthesis for magnetic particle
imaging.’® Although the authors emphasized that the details
of SPION synthesis do not fall within the scope of the review,
they summarized it very concisely and purposefully, compar-
ing the five well-established synthesis methods (co-precipi-
tation, thermal decomposition, hydrothermal, microemulsion
and sol-gel), and describing the mostly beneficial properties
of co-precipitation and thermal decomposition. Namely, co-
precipitation is a cost-effective, simple, scalable, environmen-
tally friendly method with high-yielding, but polydisperse
products with a low degree of crystallinity. In turn, the pro-
ducts of thermal decomposition have a very narrow size dis-
tribution and excellent crystallinity. However, the organoiron
precursors are decomposed in organic solvents at high temp-
erature, in the presence of hydrophobic surfactants. The sta-
bilizing layer of the latter must be altered with hydrophilic
coating agents to obtain the biocompatible, water dispersible
nanoparticles.””®° This expensive method is not environmen-
tally friendly; it requires generally toxic chemicals and
organic solvents.

As shown before, MNPs synthesized by coprecipitation
usually have a wide size distribution because the growth of
crystal is only governed by kinetic factors. In case of thermal
decomposition, the size of MNPs can be finely controlled by
varying the reaction condition, such as the types of solvent,
heating rate, surfactant, and reaction time, or by a seed
mediated growth process. In Fig. 4 a comparison of the two
procedures is summarized, including transition-metal doped
ferrites, FePt nanoparticles and also some commercial IONP
samples.'*?

For most of the ferrofluid applications the magnetic properties
of individual particles are critical as they determine the macro-
scopic magnetic behavior, TEM size monodispersity therefore is
not the only criterion for a successful synthesis. Low TEM size

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Synthesis of core MNPs. (a) Representative structure of a MNP. (b) Crystal-growth diagram. When the monomers are supersaturated and
exceed the nucleation concentration, seed nucleation is induced and monomers are continuously aggregated onto the seeds, leading to crystal
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methods (doped ferrite, cannonball, and FePt) are shown.®21°%10! (Reproduced from ref. 102 with permission from Am. Chem. Soc., copyright 2015.)

polydispersity of magnetic nanoparticles does not guarantee
low polydispersity of the magnetic dipole moment. Crystal
defects, such as twinning and dislocations, can have a highly
detrimental effect on the strength and low polydispersity of
the magnetic properties. Sometimes crystallite sizes from XRD,
volume-averaged TEM and magnetogranulometry for iron
oxide nanoparticles synthesized by aqueous coprecipitation
and thermal decomposition processes could show significant
differences between geometric and magnetic sizes.'*

The bottom-up synthesis procedures of iron oxide nano-
particles, especially for preparation of bio-ferrofluids, were
thoroughly analyzed;'** the advantages and disadvantages
evaluated taking into account the most important conditions
and parameters, as well as the production yield, are sum-
marized in Table 1. The proper choice of the synthesis
method is determined by the envisaged application and
costs involved.

The scale-up synthesis of bio-ferrofluids for magnetic
hyperthermia was recently considered in a complex investi-

This journal is © The Royal Society of Chemistry 2022

gation concerning the reproducibility and scalability of the
thermal decomposition procedure involving kilograms of
reagents and cheap commercial precursors.'®® To obtain large
quantities of single core and multi-core magnetite nano-
particles the scale-up procedure applied refers to the decompo-
sition of iron(u) acetylacetonate 99% in benzyl ether in the
presence of oleic acid and 1,2-dodecanediol 90%, with sub-
stantial modifications of the lab-scale synthesis, such as the
extension of the high temperature step from minutes to hours.
The results of large-scale synthesis were evaluated by thorough
comparative analyses of the solvodynamic size average values
and magnetic heating characteristics under different field con-
ditions measured for toluene-based suspensions of oleic acid
stabilized magnetite nanoparticles.

2.2.3 Synthesis in flow reactors. Flow reactors offer many
advantages over the usual batch procedures of nanoparticle
synthesis, among others very rapid heat transfer which
ensures fast cooling or heating of a solution, as well as precise
temperature control.

Nanoscale, 2022, 14, 4786-4886 | 4791
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Table 1 Advantages and disadvantages of the main bottom-up synthesis methods used to prepare iron oxide NPs (reproduced from ref. 104 with

permission from DeGruyter, copyright 2015)

Reaction Size  Size Morphology
Synthesis methods Synthesis conditions T (°C) time Solvent (nm)  distribution  control Yield
Co-precipitation Very easy 20-90 Minutes Water <40 Average Average Very high
Microemulsion Complex 20-50 10 min ~ Water/organic <50 Quite narrow Good Low
Polyol method Very easy >180 10 min  Organic <10 Quite narrow Very good Average
Hydrothermal method  Simple but under high pressure >200 Hours Water/ethanol <1000 Quite narrow Verysmall  Average

Thermal decomposition Complex

A continuous flow system was built-up to investigate the
influence of concentration and nature of surfactants, tempera-
ture, pressure, residence time, and capillary inner diameter on
the thermal decomposition synthesis of very small, less than
5 nm size, iron-oxide nanoparticles.*” The high flow rate (up to
2 mL min~') synthesis process demonstrated its efficacy in
producing highly stable single-core MNPs, the colloidal mag-
netic nanoparticles having well-designed magnetic and relaxo-
metric properties for T1-weighted magnetic resonance imaging
(MRI). The output of the continuous flow synthesis process
proved to be higher than that of the usual batch methods.

The flow chemistry approach seems to provide a solution
also to the kinetic problem of MNP synthesis, i.e., the separ-
ation of nucleation and growth over time. This dynamic
method has been developed to reveal the early stages of Fe(u)
and Fe(m) salt co-precipitation via in situ measurement of
small angle X-ray scattering and synchrotron X-ray diffrac-
tion'°® and also via in situ magnetometry (flow susceptome-
try).””” The authors stated that most crystalline phase forms in
some seconds, and the aggregation of nanoparticles takes
place simultaneously, and subsequent addition of a stabilizer
(citric acid) can prevent aggregation, and even disintegrate
already formed agglomerates. This scalable synthesis route
was optimized for laboratory size by designing a multistage
flow reactor to produce iron oxide nanoparticles continuously.
This flow reactor has been used to produce monodisperse and
non-aggregated small iron oxide nanoparticles suitable for
MRI diagnosis purpose.'®® The authors emphasized that this
type of flow reactor is suitable for larger scale reproducible
production.

Application oriented continuous manufacturing of bioferro-
fluids is a challenging task. A microreactor with 3D flow focus-
ing for coprecipitation synthesis and biphosphonate
functionalization of IONPs was combined with an online NMR
relaxation characterization unit, to provide a continuous flow
automated production system.'®® The primary nanoparticle
sizes varied between 24.6 and 12.3 nm when the pH value
increased from 10 to 12, respectively. Following peptization
and colloidal stabilization iron oxide nanoparticle clusters
resulted with hydrodynamic sizes from 38 nm (at pH 1.08) to
344 nm (at pH 3.45), allowing for controlling the functiona-
lized cluster size to achieve the optimal transversal or longi-
tudinal relaxation rate.

A recently published review''® gives the fundamental
information to design LoC (lab on a chip) systems for the

107

4792 | Nanoscale, 2022, 14, 4786-4886

200-400 Hours

Organic <20 Narrow Very good High

synthesis of magnetic nanoparticles. Two main types of
microreactors are used, namely single-phase (continuous-flow
microfluidics) and multi-phase flow (droplet-based microflui-
dics). A droplet-based microfluidic device was already used to
synthesize MNPs in 2008.""" In 2010, a book chapter was
published about this flow method for MNP synthesis."'* The
oxidation of green roast from FeSO, hydrolysis was controlled
in an inert, oxidant, or reductant gas segmented microfluidic
device, and the desired crystalline phase and shape of the
resulting nanostructures were reproducibly prepared in less
than 2 min reaction time.'"® These flow methods became
popular for MNP synthesis in the last years; however, they
require further improvements for colloidally stable ferrofluid
synthesis.

2.3 Preparation of magnetic fluids

2.3.1 Electrostatic stabilization. The surface charge
plays the main role in stabilization of aqueous magnetic
fluids,>®>''* and consequently the pH of the dispersion
medium strongly influences the stability of the ferro-
fluid.*"*** Surface ions are produced from surface groups
through acid-base reactions (surface iron atoms are termi-
nated by OH, an amphoteric group) or by complexing
agents (ligands) of some surface atoms (e.g. citrate ions
bound to iron atoms).'"®

The stability of aqueous colloidal dispersions of ionic mag-
netic nanoparticles is a function of pH as the interparticle
interactions may be tuned through pH variations. The addition
of an electrolyte to the ferrofluid destabilizes the colloid,
which results in phase separation in two liquid phases of
different concentrations,'” the larger size particles going pre-
ferably to the dense phase. Scanning the whole pH scale from
acidic to alkaline medium different states are evidenced by
magnetooptical effects: sol, thixotropic gel, and floc (around
the point of zero charge).

Exploring a very wide range of particle volume fraction
values, 1-30%,"*® a critical volume fraction @* was determined
expressing the freezing of the rotational dynamics of magnetic
nanoparticles. @* depends on the size of nanoparticles and
the ionic strength of the dispersion. For volume fractions ¢ >
@* the effective spheres of the particles (particles with sur-
rounding ionic cloud) interpenetrate and the system is becom-
ing glass forming. Magnetic field is a powerful control para-
meter of the glass transition process. Time resolved X-ray
photon correlation spectroscopy evidenced highly anisotropic
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cooperativity on interparticle length scales induced by the
applied magnetic field."*’

A slightly modified version of the Massart synthesis pro-
cedure' led to a concentrated ferrofluid with very high satur-
ation magnetization and initial susceptivity, Ms = 1000 G and y;
= 3.3."*! The average diameter of the iron oxide nanocrystals
was 4.6 nm with a standard deviation of 0.35 nm. The hydro-
dynamic size of electrostatically stabilized particles is only
slightly greater than the physical size; therefore, the main
advantage of this kind of fluid is the reduction of the total sus-
pended material at constant magnetic volume fraction com-
pared with a sterically stabilized fluid, which explains the very
high saturation magnetization achieved. However, their high
sensitivity against changes of the pH-value of the carrier
medium can easily lead to a complete destabilization of electro-
statically stabilized ferrofluids, which could be a drawback both
for engineering®® and biomedical applications.*> However,
chemically induced destabilization of citric acid stabilized ferro-
fluids, followed by magnetic manipulation of clustered
MNPs,'* is possible to be the key for successful biotechnology
applications, such as immunoassays, protein purification and,
especially, water remediation.'** Cationic methylene blue (MB)
organic dyes as model pollutants added to citrate stabilized fer-
rofluids are adsorbed onto the IONP surface and reduce the
repulsive interactions between them. This partial screening
initiates the primary aggregation of nanoparticles, increasing
the magnetic content of the resulting clusters, which form large
secondary agglomerates due to induced dipole-dipole inter-
actions in the applied magnetic field. The induced clusteriza-
tion process creates favourable conditions for magnetic separ-
ation in gradient magnetic fields. The mechanism of primary
aggregation of IONPs is evidenced by DLS measurements which
show an exponential increase of the hydrodynamic size due to
MB adsorption, the mechanism of the adsorption/destabiliza-
tion process being still investigated.

Remarkable colloidal stability was achieved under extreme
field conditions for dilute aqueous citrate stabilized ferrofluids
designed for multifraction magnetic density separation on an
industrial scale.””””® The colloidal stability of the citrate coated
maghemite ferrofluid was tested at fields of up to 10 T and gra-
dients of up to 100 T m™". The ferrofluids with particles in the
5-10 nm diameter range (ideal ferrofluid) show no aggregation
and only low sedimentation rates which are compatible with
their use in large-scale magnetic density separation.

The electrostatic stabilization mechanism was extended to a
non-aqueous highly polar solvent dimethyl sulfoxide
(DMS0)'?® and also to various ionic liquids.***™**° DMSO and
ionic liquids have a permittivity lower than that of water, and
consequently the stabilization of magnetic nanoparticles by
electrostatic repulsion is expected to be more difficult than in
water. Long term (several years) colloidal stability, even at rela-
tively high temperatures (up to 200 °C), was achieved recently
by adapting the interfacial properties of magnetic nano-
particles to pure ionic liquid carriers."*°

2.3.2 Steric stabilization. The van der Waals interaction
energy diverges for particles in contact as long as the Hamaker
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constant has a finite value. The ferrofluid long-term stability
requires preventing the particles from coming into contact by
steric repulsion achieved by surfactant coating. Rosensweig’s
modified Hamaker equation (see ref. 34, p. 47) of the repulsive
forces for two neighboring spheres gives the minimal thick-
ness of the stabilizer layer (1-2 nm) in a good solvent for
10 nm magnetite nanoparticles. The repulsive effect of the sur-
factant layer is due to the reduction of the configuration space
of the surfactant molecules as soon as the surface-to-surface
distance between magnetic nanoparticles becomes smaller
than twice the surfactant layer thickness. The choice of the
surfactant implies that the dielectric properties of the surfac-
tant have to match the dielectric properties of the carrier
liquid,"®" and consequently the van der Waals interaction of
surfactant molecules in the carrier liquid becomes negligible,
avoiding attractive forces between the surfactant shells. An
interesting case refers to the high stabilizing efficiency of the
widely used oleic (unsaturated carboxylic) acid compared to
saturated (stearic, palmitic, myristic and lauric) carboxylic
acids, with less (myristic and lauric) or much less (stearic and
palmitic) stabilizing effect.'*>™**> In the case of non-polar fer-
rofluids with chemisorbed monolayer coated magnetite NPs,
the excess non-adsorbed oleic acid or polymers alter the long-
term colloidal stability."**™**® To illustrate the meaning of
“long-term colloidal stability”, we refer to a sample of low
vapor pressure oil-based sealing ferrofluid stabilized with oleic
acid (saturation magnetization approx. 500 G). Spikes formed
over 40 years ago by the magnetic fluid poured on a super-
posed set of large permanent magnets with three smaller size
permanent magnets decorating the top: the spikes are still in
perfect liquid state, no sedimentation observed along the years
spent.”*® Assuming 10 nm mean particle size and 2 nm surfac-
tant layer thickness, a magnetic particle volume fraction of
25% corresponds to a hydrodynamic volume fraction of about
70%; therefore, the value of physical volume fraction of 25%
can be considered as the upper limit for magnetic nano-
particles in ferrofluids.*>"*° In the case of highly stable sealing
ferrofluids with oleic acid monolayer coated magnetite nano-
particles in a non-polar oil carrier with no excess surfactant
and Newtonian flow behavior, a 21% physical volume fraction
(about 85 kA m™' saturation magnetization) is a reasonable
upper limit."**

The hydrophobic (e.g. OA coated) magnetite particles are
not dispersible in alcohols (such as propanol, butanol, penta-
nol, hexanol, heptanol, etc. with & well above 5 (NBS(USA)-
AD-A278956(1994)), diesters (DOA = dioctyl adipate (bis(2-
ethylhexyl)adipate), C,,H,;,04; DOF = dioctyl phthalate (bis
(ethylhexyl)phthalate), C,,H350,4, and DOS = dioctyl sebacate
(bis(2-ethylhexyl)sebacate), Cy6Hs5004), high vacuum oil (HVO
(KW, Merck)), dichlorometane or ketones (acetone, methyl-
ethyl-ketone); therefore, in the case of polar carriers, the col-
loidal stability is achieved by applying appropriate primary or
also secondary stabilizers."**™'**> The efficiency of appropriate
secondary stabilizers is well illustrated in the case of a series
of alcohol based MFs, from propanol to decanol,'** having sat-
uration magnetization up to 920 G, the highest value attained
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for these polar carriers. The method of double layer sterical
stabilization proved to be successful also for most polar sol-
vents, such as water®>°®'*® or methyl-ethyl ketone'**'*” or
even acetone,'*® a destabilizing agent. Aqueous ferrofluids syn-
thesized by chemical coprecipitation achieved high saturation
magnetization (up to 600 G) with oleic acid double layer
electro-steric stabilization.'*! The stabilization mechanism, in
particular, the weakly bonded physisorbed second oleic acid
layer which increases the overall thickness of the coating,
greatly influences the surface properties, hydrodynamic and
magnetic size, colloidal behavior and structuring of particles,
as well as the magnetic properties and magnetorheological be-
havior. A thinner, irreversibly adsorbed hydrophilic stabilizing
layer highly increases the colloidal stability of aqueous bio-fer-
rofluids even in very intense magnetic fields (9.4 T in MRI
facilities)."*®

Steric stabilization was applied for dispersing magnetic
nanoparticles also in ionic liquid carriers. A double layer of
oleic acid proved to be efficient in stabilizing magnetite nano-
particles in  1-ethyl-3-methylimidazolium ethylsulphate
([EMIM][EtSO4]) ionic liquid, while citric acid and humic acid
were poor stabilizers in the same carrier."*®

Synthesis of stable FFs of superparamagnetic 7 + 2 nm
magnetite (Fe;O,) nanoparticles in the hydrophobic
ionic liquid 1alkyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide ([CRMIM][NTf2]) was achieved"® using
designed and synthesized 1-butyl-3-(10-carboxydecyl)-1H-imi-
dazol-3-ium bromide (ILC10-COOH) surfactant that combines
the same imidazole moiety as the ionic liquid. The surfactant
with a long alkyl chain ensured compatibility with the ionic
liquid and increased the steric repulsion between the
magnetite nanoparticles sufficiently such that long-term
stable relatively concentrated (50 wt%) ferrofluids resulted
which passed stability tests in the presence of a magnetic
field (0.5-1 Tesla), being foreseen to be used in rotating
magnetic fluid seals (e.g., in ultra-high vacuum space
applications).

Stable dispersion of maghemite NPs in fluorinated oils,
among the most difficult cases in ferrofluid synthesis, was
achieved by a two-step chemical route starting with aqueous
Massart synthesis of maghemite NPs. The procedure involves
perfluoropoly(ether) surfactant coating, ligand exchange, sol-
gel reaction and silanization to obtain individually dispersed
maghemite nanoparticles in any fluorinated oil. The result is a
true highly stable ferrofluid; it remains monophasic up to a
magnetic field of 7 T.">*

2.4 On the colloidal stability of ferrofluids and bioferrofluids

A ferrofluid is a colloidal dispersion of magnetic nanoparticles
having diameters between 5 and 15 nm in a carrier fluid, and
as such it is inherently thermodynamically unstable due to the
effort to minimize surface free energy. As is well known in
colloid science,"*” an increasing surface to volume ratio of par-
ticles is accompanied by an increase in surface free energy.
Therefore, the particles especially in the nano size range are
constantly roughening: their size is growing over time because
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of the surface energy loss while reaching the state of energy
minimum. The nanomaterial systems have only kinetic stabi-
lity, and consequently their colloidal state is limited in time;
sometimes, they exist for a very long time after preparation (an
example of the stability of FF for nearly four decades given in
2.4.2).

As far as colloidal stability of ferrofluids is concerned, in
addition to the magnetic specificities and interactions, it is
essentially related to both their fabrication and application, as
we have mentioned several times in this section. Here we
intend to summarize the main facts.

First, the theoretical aspects of colloidal stability have been
discussed for decades [e.g., ref. 33, 34 and 153]. These approxi-
mations mainly discuss the combination of DLVO forces invol-
ving electrostatic repulsion and van der Waals attraction with
non-DLVO forces such as Born and steric repulsion at very
close vicinities and farther from the particle surface, respect-
ively, and the magnetic attraction forces due to externally
applied magnetic fields. In a recently published theoretical
article,’>* the authors have solved the problem of the DLVO
approach at small intersurface separation and also the limit-
ation of the EDL model, which has long been known in colloid
science and has failed to describe ferrofluids. Analytical for-
mulas of an extended DLVO model considering electrostatic,
steric and Born-Mayer repulsions and a term for magnetic
bipolar interactions were introduced in the proposed
approach. In comparison with the total interaction energy cal-
culations, Monte Carlo simulations performed in parallel
provide very good results. It was concluded that the proposed
modifications of DLVO allow for manifesting the effect of mag-
netic interparticle interactions on the colloid structure of
ferrofluids.

Colloidal stability, i.e. aggregation stability, is ensured
by a balance among all these interactions to ensure an
overall repulsive force between the suspended nano-
particles.?!3437:39:135,156 Thig basic requirement is achieved by
optimizing the size distribution of magnetic nanoparticles and
by coating them by stabilizing layers of surfactants or/and ions
to avoid inter-particle contact and to decrease or compensate
for the attractive dipole-dipole interactions. The magnetic
dipolar energy over the thermal energy at close contact

pom®
and3kpT’
the magnetic dipolar energy and thermal energy in a homo-
geneous ferrofluid of particle volume fraction ¢ (sometimes

ﬂoMsznd3§0
denoted also by @), dine = T
generally used to characterize the magnetic interactions; here,
m-particle magnetic dipole moment; M, - saturation magneti-
zation of the material; d-particle diameter; kg — Boltzmann
constant; T-temperature (°K); p, — magnetic permeability of
vacuum. The parameter 4;,, is a function of the mean interpar-
ticle distance determined by the volume fraction ¢. Note that

between particles, ;,, = and also the ratio between

, are the main parameters

*

Aint = (dinte/®)/24, the ratio din/¢ corresponding to the poten-
tial between two orientated dipoles at contact, taking into
account the thicknesses of surface coating and non-magnetic
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(random spin orientation) layers when it is the case. To con-
clude, the field-induced particle aggregation is governed by the
particle volume fraction ¢, dipolar coupling parameter A, and
the ratio of the energy of interaction of a magnetic particle
with an external magnetic field to thermal energy represented
by the Langevin parameter £. The parameters i, and & are
proportional to the volume of particles, i.e. to d°, the particle
interactions being strongly size dependent and consequently,
ferrofluid structure, aggregate formation and phase behavior are
highly influenced by polydispersity.*>”>°

Second, more importantly the practical aspects of colloid
stability need to be addressed in both production and appli-
cation [e.g., ref. 160 and 161]. Although good colloidal stabi-
lity is crucial for ferrofluid behavior, the situation is rela-
tively simple; since ferrofluids are manufactured for the
given purpose with specific requirements, no further change
is required, and the shelf life can be guaranteed. The
designed magnetic cores are coated with often fatty acids via
chemical bonds, and dispersed in organic carriers. Chemical
and colloidal stability of magnetic materials is acquired by
the coating. This protective layer is thick enough to provide
steric stabilization against aggregation during random or
forced collision of particles even in a strong magnetic field
and its large gradient.The organic carrier media are very
favorable, because chemical transformation except e.g., the
well-known maghemite formation from magnetite nano-
particles is unlikely and, also, dissolution, corrosion cannot
take place. It is well-known that a stable ferrofluid reacts
quickly as a whole to a magnet, while the magnetophoretic
motion of individual particles begins in a poorly stabilized
system and needs longer time. Very good colloidal stability
is required and can be tested by monitoring sedimentation
in a strong magnetic field even at 10 T.””””® The lack of mag-
netoviscous effect also indicates the ideal behavior of “true”
ferrofluids.*®*1%3

In the case of aqueous bio-ferrofluids, however, one faces
several extra problems. Water is an aggressive medium, the
spontaneous aqueous processes (corrosion, iron leaching, etc.)
can be only hindered during storage, and thus shelf life is
shorter than that of ferrofluids with organic carriers. In our
opinion, however, the source of most problems is that aqueous
media in which MNPs are dispersed change dramatically
during administration. One must consider the significant
changes in the composition of aqueous milieu. First of all,
bio-ferrofluids are diluted with biofluids with different pH,
salt and protein content (e.g., physiological salt concentration,
pH ~ 7.4, platelets, red and white blood cells, antibody pro-
teins, coagulation factors, globulins, and fibrinogens in
blood), and interact with bio entities (proteins, cell mem-
branes, etc.). Moreover, even biological requirements like
exclusion of toxicity, iron leaching and non-specific inter-
actions must be taken into account when designing bio-
ferrofluids. The crucial issues are biocompatibility and col-
loidal stability which involve nano-bio interactions'®*™%® gov-
erned by the solid-liquid interface that forms on NPs’ surface
in the surrounding milieu and comes into contact with
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biological entities, protein corona formation, immune

response,'”>'"* etc.

The question is how to test and measure whether bio-ferro-
fluids meet the requirements or not. Unfortunately, there is no
answer yet, and there are no agreement on what and how to
test and no proposals for uniformly usable protocols. There
are widespread methods in the literature, mainly in vitro cyto-
toxicity measurements (e.g:, flow cytometry and MTT tests) and
in vivo methods using animals available for experiments often
without prior testing of chemical and colloidal stability of the
newly developed MNP products, though a scheme has been
proposed for IONPs.'”?

In general, the hydrodynamic size is usually measured by
dynamic light scattering (DLS) and it is given as DLS size
without solution compositions and description of experi-
mental conditions such as dilution, ultrasonication, the time
of treatment and waiting prior to the measurement crucial in a
not perfectly stabilized system, and even the method of data
analysis especially for polydisperse samples where the
number, volume, intensity and Z average values differ greatly.
The colloidal stability was characterized in different physio-
logical media by DLS measurements, and at least the con-
ditions of biologically relevant solutions were given to some
extent in the supplementary materials in an article published
recently.”

In colloid science, the coagulation kinetics measurement
and analysis of kinetic data to determine the critical coagu-
lation concentration (ccc), ie. the lowest concentration of
electrolyte that induces fast coagulation is a widely accepted
method to characterize colloid stability; the ccc value and
the stability plot are comparable to DLVO theory."”* We have
introduced this method for correct colloidal stability
characterization of bio-ferrofluids, i.e., to measure the elec-
trolyte tolerance of dilute samples at constant pHs.'”
Unfortunately, this method has not been widely used,
although it was qualified recently as a method for measur-
ing colloidal stability.>®

As colloidal parameters, the zeta potential and hydrodyn-
amic size of commercially available IONPs with different
coatings, dispersed in distilled water, saline phosphate
buffer solution and human blood plasma, were measured in
order to find the criteria for the selection of coatings suit-
able for nanoparticles for in vivo tests."’® According to the
authors the selection criteria are the hydrophilicity, and the
net surface charge of the nanoparticle coating in aqueous
media. The key roles of coatings are to preserve colloidal
stability (i) in the media required for injection, (ii) in blood
and (iii) inside the cells as well. The latter was also con-
cluded in a very recent paper'”” in which magnetic nano-
particles have been used for magneto-mechanical actuation
in a low frequency alternating magnetic field to damage
cancer cells. Haemocompatibility tests have been also intro-
duced to support qualification for good and bad MNP man-
ufacturing; the latter ‘promises’ fatal outcome in vivo. A
routine diagnostic test, the blood smear, proved to be the
most sensitive.'”®
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3 Advanced characterization

3.1 Electron microscopy, X-ray diffraction and light
scattering techniques: particle sizes and interactions

The size of even isometric particles in the nanometer size
range cannot be given in a common way, since it depends on
the measuring method such as electromicroscopy (TEM and
SEM - sample taken in very small quantity, projected images),
X-ray diffraction (XRD via the Scherrer equation - only crystal-
line phase) for physical sizes, dynamic light scattering (DLS -
diluted samples, highly influenced by the composition of
medium and by polydispersity either as prepared or due to
aggregation in a given medium) for hydrodynamic size, and
magnetic measurements for magnetic size. The latter is the
uniqueness of magnetic nanoparticles and involves magneto-
granulometry based on the full magnetization curves of the
nanoparticle system, discussed in section 3.6. Usually, the
magnetic size of a nanoparticle is somewhat smaller than its
physical (solid) size due to spin-canting in the surface layer,
while the hydrodynamic size, which includes the surface
coating stabilizing layer(s), exceeds both the previous sizes.
These sizes and size distributions differ accordingly even for
mono- or slightly polydisperse samples as already discussed in
detail in the relevant literature [e.g., ref. 179 and 180]. The size
investigation techniques are thoroughly used together with
other characterization methods (such as SAXS and SANS), as it
will be evidenced throughout the paper.

The size distribution of magnetic nanoparticles is an essen-
tial feature of ferrofluids developed for engineering and bio-
medical applications. Particle size determines the magnetic
moment and the resulting magnetic interactions between the
constituent magnetic nanoparticles and, consequently, the size
distribution is the most important factor influencing the long-term
stability of a magnetic colloid. Particle correlations in ferrofluids
are governed by attractive and repulsive forces, in particular by
magnetic dipole-dipole (anisotropic), as well as hard core, van
der Waals, steric and/or electrostatic (isotropic) interactions.
Ferrofluids are characterized by having a large number of
approx. 10 nm size magnetic particles in unit volume, even at
low volume fraction; therefore, particle number density (n) and
the relative distance between particle surfaces (8;,) taking into
account the surface coating stabilizing layer, i.e. the hydrodyn-
amic volume fraction (¢y), are relevant for magnetic and
hydrodynamic interactions between particles.'®" Neglecting
the influence of Brownian motion, external shear stress and
magnetic fields, the particle density and relative distance o;,
can be estimated'®" considering random distribution of mono-
disperse particles. According to the estimation in Fig. 5 of the
magnetic and hydrodynamic interactions, in particular the
possibility of formation of particle clusters has to be con-
sidered depending on the particle size, already for ¢ >
0.1%.'°! For sufficiently low particle sizes (1, < 2) and low
volume fractions ¢ the magnetic fluids can be considered as a
gas of hard spheres, well described by one-particle models in
the low coupling regime (ideal ferrofluid). For large 4;,, and ¢
values particle interactions are important and chains and
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Fig. 5 Number of particles (Nyar) per cubic centimeter in a ferrofluid
and the relative distance (5;,) between the particle surfaces as a function
of the hydrodynamic volume fraction (@), where x is the distance
between the particle surfaces and a is the hydrodynamic particle radius,
estimated considering a monodisperse particle size distribution,
neglecting the influence of Brownian motion, external shear stress, or
magnetic field. Particle sizes considered from 5 to 30 nm (reproduced
from ref. 161 with permission from Royal Soc. Chem., copyright 2014).

more complex particle aggregates are developed in real ferro-

fluids, largely influencing their magnetic and flow
properties.’®> ™7 Upon systematically increasing particle size,
ie A, an abrupt transition occurs in the case of an iron

nanoparticle ferrofluid from separate Fe particles to randomly
oriented linear aggregates and even branched networks in zero
field."®®'%° The aggregation tendency evidenced for Fe nano-
colloids is significant also in the case of magnetite ferrofluids
when the dipolar potential exceeds thermal fluctuations; that

is, for a dipolar coupling constant A;,, > 2."%°

3.2 X-ray photoelectron spectroscopy: surface chemical
analysis

X-ray photoelectron spectroscopy (XPS) is a surface analysis
method which enables the determination of the elemental
composition of the surface, as well as the valence states, oxi-
dation degree, and ligands of the atoms, therefore highly con-
tributing especially to the advanced characterization and
functionalization strategies of bio-ferrofluids."®

The surface chemistry affects the magnetic properties of the
nanoparticles. Various anchoring groups such as carboxylate,
phosphonate, catechol, and silane'®® interact in a different
way with the nanoparticle surface and influence the magnetic
properties.*>”>1927198 Xpg is one of the most powerful tech-
niques to quantitatively analyze the chemical composition of
the coating layer of magnetic nanoparticles.'?*%® XPS can
determine the oxidation state of the metal in the magnetic
core, differentiate between magnetite (Fe;0,) and maghemite
(y-Fe,03), and identify possible additional phases that could
alter the magnetic properties of the nanoparticles. These oxi-
dation states of iron can be determined from the XPS Fe 2p
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spectrum employing chemical shifts and multiplet splitting
and the characteristic satellites.®>'*"2%4"2%7 XpS is the most
appropriate method to evaluate the formation of surface com-
plexes. Stabilization of magnetic nanoparticles is often accom-
plished in such a way that the magnetic contribution of the
particle surface layer is maintained. For example, phosphata-
tion of magnetite nanoparticles proved to be among the most
efficient procedures for MNP stabilization, while keeping the
magnetic contribution of the particle surface layer.'***°% Xps,
in concert with other characterization techniques such as X-ray
diffraction, Mossbauer and infrared spectroscopies, can be
used to investigate the type of phosphate complex formed at
the surface of the magnetite nanoparticles. For example, XPS
spectra indicate that the Fe 2p bands in phosphate-coated
magnetite nanoparticles are similar to those of magnetite."**
This similarity suggests that some Fe'' ions remain at the
surface of phosphate-coated magnetite but also that the
amount of Fe'" increases with increasing concentrations of
phosphate ligand. The contribution of surface species has
been analyzed from XPS spectra. This analysis indicates that
the contribution of the Fe-OH bond was replaced by the con-
tribution of a Fe-O-P bond and a P=O bond. XPS and
Mossbauer techniques concluded that the phosphate-coated
nanoparticles are magnetite with a small deviation from stoi-
chiometry (Fe,.00:0.0004). The phosphates interact with Fe™" in
octahedral sites via the formation of monoprotonated binuc-
lear species.>*® XPS was also used to characterize magnetite
nanoparticles coated with poly(glycidyl methacrylate) (pGMA),
a precursor for further functionalization via nucleophilic ring
opening of glycidyl-oxirane moieties.>®> Core-shell magnetic
nanoparticles can also be prepared by adsorption of mono-
mers followed by their in situ surface polymerization. This
approach combines the advantages of physicochemical surface
modification and chemical binding.**" For instance, gallic
acid was adsorbed onto magnetite nanoparticles and in situ

3x10° 3x10*
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surface polymerized, resulting in a polygallate coating that pro-
tects the magnetic nanoparticles from aggregation at physio-
logical pH and salt concentration. The polymer gives the nano-
particles the colloidal and chemical stability necessary for bio-
medical applications. XPS was used to elucidate the mecha-
nism of surface-induced polymerization of gallic acid. The
high-resolution XPS spectra of O, C, and Fe in a polygallate-
coated magnetic nanoparticle sample are shown in Fig. 6. The
Fe"/Fe' atomic ratio at the surface of polygallate-coated mag-
netic nanoparticles, as calculated from the Fe™ and Fe" 2p
peak areas, decreases from 2 in bulk magnetite (Fe(ur)2Fe(u)
04) to 1.77.

This decrease indicates that iron is reduced at the surface
of the nanoparticle by gallic acid. The C 1s peaks of polygal-
late-coated nanoparticles were assigned to aromatic carbons
(C-C, 284.72 eV), phenolic OH groups (C-O, 285.6 €V, alcohols
and ethers), carboxylic groups (O=C-0, 288.87 eV, carboxylic
acids and esters) and carbonates (0O-CO,, 290.58 eV). The car-
bonate contamination in the polygallate-coated magnetic
nanoparticle is due to the prolonged surface polymerization
process under ambient conditions. The carbonate was success-
fully removed by acidifying the dispersions to pH ~ 4 using
HCI (Fig. 6, bottom row). Iron reduction is accompanied by the
oxidation of gallic acid as inferred from the doubling of the
O=C-0O/C-O0 ratio in the coating layer relative to its original
value in gallic acid: 0.675 and 0.33, respectively. These XPS
results elucidated the mechanism of chemical stabilization of
iron oxide nanoparticles by polygallate.

The biomedical applications of magnetic nanoparticles are
strongly dependent on their size, coating layer, morphology,
colloidal stability, magnetic and electronic properties, biocom-
patibility and biodegradability.>*9*193:299:210 The functionali-
zation of magnetic nanoparticles with different biocompatible
molecules influences the cytotoxicity and interaction with bio-
logical cells.*'" The differences in the cytotoxicity on HelLa
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Fig. 6 O 1s, C 1s, and Fe 2p spectra of the (top row) original and (bottom row) acidified polygallate-containing magnetic nanoparticles (bottom
row) aged for 4 weeks at pH ~ 6.5 in 10 mM NaCl (reproduced from ref. 201 with permission from Am. Chem. Soc., copyright 2014).
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cells of magnetite nanoparticles functionalized with succinic
acid(1), L-arginine(u), oxalic acid(u), citric acid(v) and glutamic
acid(v) have been evidenced. XPS analysis of the chemical com-
position and the chemical states of the elements at the surface
of MNP coated with different molecules highlighted the main
peculiarities responsible for the differences in the cytotoxicity
of these nanoparticles.

A correlation between the surface properties of functiona-
lized MNP and the cytotoxicity tests on HeLa cells has been
found.”™* The cytotoxicity of functionalized MNP with different
coating layers decreases in the following order: oxalic acid >
succinic acid > glutamic acid > citric acid > r-arginine. The
highest cytotoxicity was obtained for MNP coated with a
smaller thickness of molecular layers with the highest content
of oxygen and carbon-oxygen groups, the highest ratio of O,~
and OH™ to C sp® hybridization on the surface, and the
highest ratio of adsorbed Oand OH~ to C sp°
hybridization.”™

Because the nature of surface coating influences the pro-
perties of nanomaterials, the XPS analysis of the chemical
states of surface atoms is very important to evaluate the appro-
priate coating layer to provide a high level of biocompatibility,
colloidal stability of the nanoparticles, and functional groups
for specific applications.
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Compositional tuning of magnetic nanoparticles is a promis-
ing strategy to tailor their magnetic properties and to improve
the performances for magnetic hyperthermia application.
Recently, ferrofluids composed of magnetite (Fe;0,, MION) and
cobalt-doped magnetite (Co,-MION, x = 3, 5, and 10% mol of
cobalt) coated with a biocompatible organic layer carboxy-
methylcellulose (CMC) have been reported.>'®> The highest
hyperthermia efficiency was observed for Col0-MION@CMC
nanocolloids due to the increase of magnetic anisotropy. The
cobalt doping of iron oxide nanoparticles may represent a valu-
able strategy to improve the magnetic hyperthermia perform-
ance of nanoparticles for applications in cancer therapy.

Fig. 7 shows both Fe(u) and Fe(m) species, the spin-orbit
components (Fe 2p3/2 and Fe 2p1/2) being separated by a
binding energy interval of approximately 13.4 eV. The XPS
spectrum of Fe 2p for the sample Co10-MION@CMC is similar
to the spectrum for MION@CMC (Fig. 7A, spectra (a) and (d)).
Due to the substitution of iron by cobalt, a slight decrease in
the intensities of the Fe 2p peaks is observed for the sample
Co10-MION@CMC. In Fig. 7B the spectrum (d) of Co10-
MION@CMC shows two peaks located at 781.1 eV (Co 2p3/2)
and 797.1 eV (Co 2p1/2) ascribed to Co 2p transitions in cobalt
doped magnetite nanoparticles. The satellite peaks for Co 2p3/
2 and Co 2p1/2 located at 786.1 eV and 803.1 eV, respectively,
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Fig. 7 XPS spectra of (A) Fe 2p and (B) Co 2p regions for (a) MION@CMC and (d) Col0-MION@CMC. (C) Spectra of the Co 2ps/,» region for (a)
MION@CMC, (b) Co3-MION@CMC, (c) Co5-MION@CMC, and (d) Co10-MION@CMC. Inset: evolution of intensity at the Co 2ps,, peak with increas-
ing cobalt content (reproduced from ref. 212 with permission from Royal Soc. Chem., copyright 2021).
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confirm the presence of divalent cobalt.>'* A comparison of Co
2p3/2 spectra (Fig. 7C) for MION@CMC (a), Co3-MION@CMC
(b), Co5-MION®@CMC (c) and Co10-MION@CMC (d) evidences
that with the cobalt content increase, the Co,p3/2 peak
becomes stronger and sharper which was well correlated by
linear regression (Fig. 7C, inset).

The XPS spectra of C 1s and O 1s for CMC polymer,
MION@CMC and Co10-MION@CMC samples (Fig. 8) show
the different chemical states of carbon (C-C/C-H, C-OH, O-C-
0, and O=C-0) and oxygen (C-O/C-OH and C=O0) ascribed to
the CMC polymer.*'* The changes in the relative intensities of
the component peaks evidenced the interactions between the
functional groups of the polymer and metallic ions at the
nanointerfaces.

(A) @] C-OH (B) @7

Intensity (a.u.)
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3.3 Mossbauer spectroscopy

Most of the applications of ferrofluids are related to sensoristic
and actuating capabilities of magnetic nanoparticles and
therefore depend on two main issues: their magnetization
values and specific relaxation behavior. Although pure metals
especially Fe possess the highest saturation magnetization,
they are toxic and sensitive to the subsequent oxidation and
aging effects and therefore are not relevant especially for bio-
medical applications.?"®> This is why mainly Fe oxide nano-
particles (e.g. different types of ferrites, MFe,O, with M = Fe,
Co, Zn, Ni, Mn, or y-Fe,03) were considered as the most appro-
priate magnetic constituents of ferrofluids for more than 50
years, being at the same time stable and easy to properly func-
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Fig. 8 XPS spectra of (A) C 1s and (B) O 1s regions obtained for (a) CMC ligand, (b) MION@CMC, and (c) Co10-MION@CMC (reproduced from ref.

212 with permission from Royal Soc. Chem., copyright 2021).
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tionalize. Actually, Fe oxide nanoparticles are additionally
covered by an organic (polyethylene glycol, polyvinyl alcohol,
dextran-based coatings, and chitosan) or inorganic (gold and
silica) coating, assuring not only an enhanced colloidal stabi-
lity but also increased bio-medical safe compatibility.>'® It is
worth mentioning here that the mix of specific size and
surface effects due to nanoparticle coating as well as the sub-
stitutional degree of transition metal ions M in various ferrites
may lead to a large flexibility in tuning the associated mag-
netic properties of the constituent nanoparticles and hence
the magnetic response of the ferrofluid.

Having in mind that ferrofluids are mainly based on Fe con-
taining nanoparticles, *’Fe Mssbauer spectroscopy represents
a powerful technique for the investigation of the magnetic pro-
perties of nanoparticles in ferrofluids, in close relation to the
local structure and atomic configuration responsible for such
properties. *’Fe (2% natural abundance) is the most con-
venient Mossbauer isotope concerning both the resolution of
the Mossbauer spectra and the magnitude of the effect.>"’
Mossbauer spectroscopy is a nuclear resonance spectroscopy
which is based on the resonant emission/absorption of the y
radiation without loss of energy due to the recoil of the
nucleus. In classical configuration, the tuning of the frequency
of incoming photon over the resonance energy/frequency is
realized by the Doppler effect. The spectrum consists of the
intensity of the absorbed/reemitted radiation (following
Mossbauer events) versus the relative velocity between an oscil-
latory moving radioactive source (e.g. *’Co in Rh matrix) and
the absorber (Fe oxide nanoparticles from a dried ferrofluid or
even a frozen ferrofluid). A nuclide with identical local con-
figuration as in the source would absorb the incident radiation
at zero relative velocity between the source and absorber. A
different local configuration of Fe in the sample gives rise to
very small additional shifts or splittings of the nuclear levels,
due to the additional hyperfine interactions of the nucleus
with the specific electron surroundings. Only the range of
these perturbations induced by the hyperfine interactions is
tuned via the Doppler effect. One (singlet), two (doublet), or
six (sextet) resonant absorption lines can appear, depending
on the specific electronic configuration of the Fe atom/ion.
These specific patterns of the Mossbauer spectrum are
described by the so-called hyperfine parameters: isomer shift
(6), measured via the shift of the single absorption line or of
the symmetry center of the doublet with respect to a reference
velocity, quadrupole splitting (4), measured via the splitting of
the doublet, and hyperfine magnetic field (By¢), measured via
the magnetic splitting of a sextet.

In the case of ferrite nanoparticles, due to the different
electronic configurations of Fe (Fe** or Fe*" ions, octahedral or
tetrahedral configurations, surface versus bulk positions, etc.)
the Mossbauer spectra can be decomposed into different spec-
tral components and fully analyzed with respect to the associ-
ated hyperfine parameters. Isomer shifts offer information
about the valence state and local atomic configuration of the
central Fe, whereas the quadrupole splittings offer information
about the components of the electric field gradients, counting
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therefore on various distortions of the electronic configur-
ations as well as of the crystal field components. The magnetic
hyperfine field is specific only to the sextet pattern and can be
uniquely determined from the nuclear magnetic splitting,
caused by the interaction between the nuclear spin and the
local magnetic field, By, generated at the nucleus by the sur-
rounding electrons. This hyperfine magnetic field, By, is pro-
portional to the iron net magnetic moment and is anti-parallel
to it, if the Fermi contact term is highly dominant.*® In the
magnetic ordered state, the relative intensity of the second and
fifth Mossbauer lines of the sextet is influenced by the direc-
tion of the local magnetic moment (Fe spin) with respect to
the direction of the incident y-radiation. Quantitatively, the
angular spin configuration may be analyzed starting from the
intensity ratio between the second (or fifth line) and the third
(or the fourth) line of the sextet component: R,; = L/I; =
4sin®@/(1 + cos®0) with @ the angle between the Fe spin direc-
tion and the y-ray direction.”"® In a perpendicular geometry
(y-radiation perpendicular to the sample plane), R,3 = 4 shows
Fe spins perpendicular to the direction of the y-radiation (6 =
90 deg), whereas for R,; = 0 the spins are oriented along the
direction of the y-radiation (0 = 0 deg). Intermediate orien-
tations of the spins are reflected by R,; values between 0 and
4. Hence, any magnetic texture in the sample connected to the
possible magnetic anisotropy axis can be deduced by
Mossbauer experiments. On the other hand, the proportional-
ity between Bys and the electronic magnetic moment of the
involved Fe atom/ion can be translated also in terms of the
magnetic moment dynamics/relaxation. Typically, the mag-
netic relaxation phenomena are induced by increasing the
temperature of the sample. A faster dynamics activated at
higher temperatures may lead to a time averaged magnetic
moment approaching zero, which is equivalent to a collapsing
behavior of the Mdssbauer spectral component from a sextet-
like to a doublet/singlet-like pattern with increasing tempera-
ture. Therefore, >’Fe Mossbauer spectroscopy is a powerful
investigation technique of magnetic nanoparticles in ferro-
fluids which provides direct information about the iron distri-
bution and phase composition of nanoparticles in the sample,
as well as on the angular and temporal evolutions of the
different magnetic configurations of Fe. Mossbauer spec-
troscopy can be applied only in the case of bonding the sensi-
tive Fe nuclei in the solid state. In the case of very fine nano-
particles (a few nm in size) dispersed in the liquid state, the
Brownian movement and the weakness of bindings lead to
quite reduced Mossbauer effects, especially in ferrofluids of
low volume fractions and hence to prohibitive acquisition
times of convenient spectra. While the magnetic relaxation be-
havior is investigated by the temperature evolution of the
acquired spectra, the overall investigation time becomes prohi-
bitive and the methodology for the separation of the Brownian
versus Néel relaxation effects is quite complex. However, at this
moment, both suitable methodologies for the investigation of
the Brownian relaxation effects and fast acquisition by syn-
chrotron-based Mossbauer techniques (time and energy
resolved as well) are available.
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Two different situations can be considered in the case of Fe
oxide/ferrite nanoparticles in ferrofluids at low temperatures,
corresponding to the magnetic frozen regime: (i) a finite
number of Fe configurations can be distinctly observed in well
crystallized nanoparticles and (ii) poorly crystallized very fine
nanoparticles where the Fe configurations present a quite con-
tinuous electronic distribution. Note that in both cases one
deals with magnetic monodomain nanoparticles while the
specific size of Fe oxide/ferrite nanoparticles used in classical
ferrofluids is always lower than 60 nm, as a prerequisite of
magnetic monodomain behavior.”'***° The two different cases
differ by only the way of suitable fitting and interpretation of
the Mossbauer spectra (distinct Mossbauer components versus
hyperfine field distributions) under conditions that a similar
methodology of investigation is used, as follows: (i) Mossbauer
measurements at low enough temperature are performed for
assuring the magnetic frozen regime (no magnetic relaxation
is in action) in order to provide information about the intimate
spin structure responsible for a suitable magnetic response
and (ii) temperature dependent Mossbauer spectra are col-
lected for in depth investigation of magnetic relaxation
phenomena of nanoparticles in specifically engineered
ferrofluids.

3.3.1 Mossbauer investigation in the magnetic frozen
regime. The Mdossbauer spectra collected in the magnetic
frozen regime (usually at temperatures much lower than the
blocking temperature, which in the case of very fine ferrite
nanoparticles in ferrofluids are much lower than room temp-
erature — RT) are by far the most comprehensive with respect
to the local atomistic configurations providing the macro-
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scopic spontaneous magnetization. Therefore, the correlation
between such spectra and the magnetization curves obtained
at similar temperature by sensitive magnetometry techniques
pave the way for finding the intimate microscopic mechanisms
correlating the local atomic configurations with the magnetic
one and finally with a proper engineering of nanoparticles
toward the optimal magnetic response required by a certain
application of ferrofluids.

The first discussed case is ferrite nanoparticles, of large
enough size (some 60 nm) in order to neglect the surface
effects and to provide a distinct number of crystalline configur-
ations and a blocking temperature much higher than RT as
well. MoOssbauer spectra of hydrophilic magnetite Fe;O, and
Mn ferrite MnFe,0, nanoparticles, where the initial hydro-
phobic oleic acid surfacted shell has been transformed by a
simple and environmentally friendly oxidative scission method
into an azelaic acid (AZA) shell,**" are shown in Fig. 9.

The spinel structure of general formula AB,O, consists of a
face centered cubic oxygen (O) array with 8 formula units and
with divalent or trivalent transition metal cations on the 8
tetrahedral (A) and 16 octahedral (B) positions.>'® In the case
of spinel ferrites, MFe,0,, Fe is the trivalent transition metal
cation, whereas the other transition metal M is a divalent
cation. There are two structural limits of such compounds: (i)
the normal spinel ferrite, with Fe** ions located on all the 16
octahedral positions and with M*" ion on all the 8 tetrahedral
(B) positions, and (ii) the inverse spinel ferrite, with Fe** ions
on all the 8 tetrahedral positions and the 16 octahedral posi-
tions equally shared by Fe** and M** cations. Usual spinel fer-
rites as magnetite, Mn or Co ferrite show theoretically an
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inverse spinel structure. In these conditions, as a direct
example, the formula unit (f.u.) of magnetite can be symboli-
cally written in order to show also the theoretical cation occu-
pancy as Fe’[Fe®* Fe®"]O,, with the octahedral positions in
brackets. From the magnetic point of view, the oxygen
mediated exchange interactions among the magnetic ions lead
to ferromagnetic coupling between Fe ions which occupy
cation positions of the same type (either tetrahedral or octa-
hedral) and antiferromagnetic coupling between Fe neighbors
belonging to different positions. As a consequence, in the case
of inverse spinels (as most of the ferrite nanoparticles used in
ferrofluids are) the formula unit is composed of the two Fe*
ions (on A and B positions) which compensate for their mag-
netic moments, and the divalent metal (Fe** or Mn”>" or Co,")
which gives also the overall magnetic moment per formula
unit. At low temperature, the magnetic moment of Fe’" ions
(and hence, their hyperfine magnetic field) is slightly higher
on the octahedral positions than in the tetrahedral ones, and
even much larger than that of the Fe*” ions (e.g. 5ug vs. 4ug),
making a clear distinction between the different configur-
ations of the Fe ions in the spectra. The 3 spectral components
observed in the Mossbauer spectra collected at 6 K on the 2
illustrative samples Fe;04-AZA and MnFe,04-AZA correspond
to octahedral Fe’* (the most external sextet), tetrahedral Fe**
(the next external sextet) and octahedral Fe** (the inner sextet).
The occupancy of these positions can be estimated from the
relative spectral area of the components. An additional elec-
tronic aspect can be investigated by the interpretation of the
Mossbauer spectra collected at higher temperatures, but still
in the magnetic frozen regime. It can be observed that above
150 K the spectra can be suitably fitted by only 2 spectral com-
ponents, assigned this time to trivalent Fe on tetrahedral posi-
tions (the most external sextet) and Fe ions with intermediate
valence (between 2 and 3) on octahedral positions (the inner
sextet). That is due to the typical Verwey transition which can
appear in such compounds if the particle size is not too small.
At temperatures higher than the Verwey transition temperature
(e.g. 120 K in bulk magnetite, but lower in magnetite nano-
particles of nanometer size) the thermal energy activates the
delocalization of an electron between the Fe*" and Fe** neigh-
bours on the octahedral positions. Hence, above the Verwey
transition, the relative area of the 2 spectral components pro-
vides direct information on only the occupancy of the tetra-
hedral and octahedral positions, which coupled with the
additional information on site occupancy by the type of Fe
ions, obtained below the Verwey transition, offers a first hint
on the inversion degree in the studied ferrite nanoparticles.
Finally, by corroboration of all the above results on site
occupancy (provided by Mossbauer spectroscopy) and spon-
taneous magnetization (provided by the magnetization
curves presented also in the same Fig. 9) and taking
into account the type of magnetic coupling between ions
on different sites as well as the values of their atomic magnetic
moments, the following configurations per formula unit
are deduced:**! [Fe0‘32+Fe0.73+]Tetra[(Fe0‘7z+FeO.73+)Feo.63+]0cta04
in the case of  Fe;O4-AZA and, respectively,
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[Mng > Feo s* Jetra[(MNo s> Feo s> )Feg s> JocaOs in the case of
MnFe,0,4-AZA.

The full magnetic configurations of the above spinel struc-
tures were obtained due to the possibility to observe in the low
temperature Mossbauer spectra distinct MoOssbauer com-
ponents assigned to different Fe positions both below and
above the Verwey transition. However, in the case of ferrite
nanoparticles of much lower size (below 10-15 nm) the crystal-
line structure becomes more defective and the Verwey tran-
sition is canceled out. Hence, the correct separation of the
Mossbauer spectral components is hardly achievable and a
much easier and reliable interpretation of the Mdssbauer data
can be obtained only in high applied magnetic fields. Two are
the main consequences of the applied magnetic field on the
low temperature Mossbauer spectra:*** (i) an almost complete
reorientation of the net magnetic moments along the field
direction is produced in high enough magnetic field and (ii)
an effective magnetic field is measured, as composed by the
vectorial sum of the applied magnetic field and the internal
hyperfine magnetic field. In the case of the ferrite nano-
particles, once the net magnetic moment of the ferrimagnetic
structure is oriented along the field direction, the effective
fields on the two positions of Fe (octahedral and tetrahedral)
with opposite directions of hyperfine magnetic fields (order of
50 T) with respect to the applied magnetic field (order of T) are
obtained as follows: the effective field for the position with the
internal field pointing along the applied magnetic field is
obtained by adding the applied field to the hyperfine magnetic
field, whereas the effective field for the position with the
internal field pointing against the applied magnetic field is
obtained by subtracting the applied field from the hyperfine
magnetic field. As a result of the applied magnetic field, two
Mossbauer spectral components which are rather superposing
under zero applied field transform into one more split com-
ponent and one less split component, depending on the site
occupation (octahedral versus tetrahedral).

This procedure was initially applied on 3 different
samples:>** FF1 (ferrofluid of Co ferrite nanoparticles of
average size of 3.3 nm), FF2 (ferrofluid of Co ferrite nano-
particles of average size of 7 nm) and PR2 (the precursor of
FF2 consisting of powder of Co ferrite nanoparticles of average
size of 7 nm, covered by an organic surfactant). The
Mossbauer spectra collected at 10 K, without and with a 6 T
applied magnetic field along the propagation direction of the y
rays, have been fitted by two sextet components, the most
intense assigned to octahedral positions and the less intense
to tetrahedral positions. As expectedly, under the applied field
the magnetic splitting of Fe on octahedral positions is dimin-
ishing (the octahedral positions provide the effective magnetic
moment per u.f. which is oriented along the field direction,
with the antiparallel hyperfine magnetic field pointing against
the field direction), whereas the magnetic splitting of Fe on
tetrahedral positions is increasing. The larger the particle size,
the larger the component separation and the lower the inten-
sity of second/fifth lines in the spectrum, both aspects point-
ing to a better classical antiferromagnetic spin structure of
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larger nanoparticles. The fact that even under 6 T applied
field, there are still finite intensities of the second/fifth lines
(of much larger values for finer nanoparticles) stands on the
fact that not all the spins in the nanoparticles are aligned
along the applied field, which can be correlated with the pres-
ence of a dead magnetic layer (with random spin orientation)
at the particle surface, thicker for lower sized nanoparticles.
Such spin canted shells at the nanoparticle surface can never-
theless influence the spontaneous magnetization of nano-
particles and hence their magnetic response.

A more detailed analysis refers to the nanoscale size effects
on surface spin canting in Fe oxide nanoparticles.”** Fe oxide
nanoparticles with spinel structures of various mean dia-
meters between 3 nm and 9 nm, without and with a capping
layer of organic surfactant molecules, have been prepared by
the microemulsion route. The Mdssbauer spectra acquired at
4.2 K and in 5 T applied magnetic field on such samples are
shown in Fig. 10. The interpretation of the authors was for a
best fit obtained via 3 spectral components, with the most
intense sextets as due to trivalent Fe in tetrahedral positions
(the most external one) and in octahedral positions (the next
split one), respectively. The most inner and less intense sextet
was attributed to divalent Fe in octahedral positions of magne-
tite. Due to the much lower relative area of the last component
than expected from an inverse spinel structure (e.g. 33%
according to the formula Fe*[Fe’"Fe®"] it was concluded on
the formation of a thin maghemite (y-Fe,O;) shell at the
surface of magnetite nanoparticles (by an enhanced surficial
oxidation of magnetite). While maghemite contains only Fe**
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ions, the Mdossbauer spectra will be characterized by a much
enhanced relative fraction of trivalent ions with the deviation of
the relative spectral area of the divalent Fe from the standard
33% value, providing information on the thickness of the more
oxidized shell. At the limit, its relative spectral area approaching
33% means almost no oxidized shell, whereas the relative spec-
tral area approaching 0% means completely oxidized maghe-
mite nanoparticles. Indeed, it is observed that increasing the
mean particle size, the relative spectral area of this component
is slightly increasing, supporting the formation of a maghemite
shell of about 1 nm at the nanoparticle surface. On the other
hand, the same trend of the intensity of second/fifth absorption
lines in the Mossbauer spectra as in the case of ref. 223 has
been reported. The intensity of these lines is decreasing toward
zero with increasing mean size of nanoparticles, showing
specific spin configurations approaching the ideal ferrimagnetic
one for 9 nm average size of the nanoparticle.

It has been proven by computing R,; that the mean canting
angle relative to the applied field is increasing with decreasing
the size of the nanoparticles, by increasing the number of
atoms at the particle surface relative to the bulk atoms.
Moreover, an insignificant effect of the capping layer over the
mean canting angle of the spins has been shown. It is of note
that the interpretation of the less intense and less split sextet
is different from the one provided by ref. 225 where this com-
ponent was directly assigned to a dead surface layer with ran-
domly distributed spins. However, the physical assignation of
the spin configuration in such low size nanoparticles,
especially in the case of continuously distributed atomic con-
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Fig. 10 Mossbauer spectra of Fe oxide nanoparticles collected at 4.2 K in 5 T applied field along the direction of y rays, as corresponding to
samples xB (without caping layer) and xC (with caping layer), where x = 3 or 6 or 9, represents the mean diameter of nanoparticles in nm (repro-

duced from ref. 224 with permission from IOP Publishing, copyright 2012).
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figurations, is challenging and still under debate. What is
important for applications is the influence of the local spin
configurations on the spontaneous magnetization and in this
respect the main information is related to the relative number
of the spins in the octahedral and tetrahedral sites with anti-
ferromagnetic coupling and also to the relative number of
spins in an eventually dead magnetic layer at the particle
surface. Therefore, a general fitting procedure also has been
developed for the Mdossbauer spectra of defective spin ferrite
nanoparticles in applied magnetic field, which is able to
provide such information, Fig. 11.%%°

The Fe oxide nanoparticles with a mean size of 6 nm have
been obtained by laser pyrolysis and the Mdssbauer measure-
ments have been performed at 3 K in increasing applied fields.
In the case of no applied magnetic field, the Mossbauer spec-
trum in the magnetic frozen regime does not show evidence
for distinct Mossbauer spectral components and therefore has
been fitted by a continuous distribution of Fe positions with
distributed hyperfine fields. The distribution of probability for
the involved hyperfine magnetic field is shown on the right
side of each spectrum and the interpretation of the spectra
has to be done in terms of either average or highest probable
hyperfine magnetic field. The 5 T magnetic field applied this
time perpendicular to the direction of gamma radiation
induces the almost complete reorientation of the net magnetic
moments of the ferrimagnetic structure along the field direc-
tion, an effect which is also clearly evidenced by the increased
intensity of the second and fifth absorption lines of the sextet.
The two resulting effective fields corresponding to the two
local maxima in the probability distribution have to corres-
pond to Fe spins opposite to the external field (B; = 47 T) and
along the external field (B, = 57 T), respectively. In both cases
the effective field is obtained by subtracting/adding the exter-
nal field of 5 T to the internal hyperfine field of 52 T, specific
to the maghemite-like structure and clearly evidenced by the
single local maximum of the hyperfine field distribution in the
zero-field case. For a defected spinel-like structure (cation
deficient) as maghemite, the highest number of Fe®* ions
belongs to octahedral-like B and expectedly the corresponding
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effective field is the one with the lowest value. However, except
the two types of spins leading in the probability distributions
to the local maxima centered at 57 T and 47 T, respectively,
there is still a finite probability to find Fe positions character-
ized in averaged by an effective field equating the internal
magnetic field. This is possible only if the orientation of those
spins is randomly distributed and a first assumption is for a
magnetic dead layer formed at the particle surface. It is only a
matter of suitable decomposition of the probability distri-
bution of the hyperfine magnetic field under 5 T applied field
in order to find the contribution of the spins in B-like sites,
A-like sites and in the magnetic dead layer and to correlate
such data with a spontaneous magnetization of only 30 emu
g~!, provided by magnetic measurements.’*® Accordingly,
some 20% of the Fe*" spins are in the magnetic dead layer,
55% with the spins along the applied field and 25% with the
spins opposite to the applied magnetic field (to note the anti-
parallel orientation of the hyperfine magnetic field versus the
direction of the spin/magnetic moment). Hence, only some
30% of Fe’* spins contribute to the net magnetization (net
magnetic moment per f.u.), in agreement with the observed
spontaneous magnetization. Moreover, an exchange bias field
of some 400 Oe is observed by in field cooling the sample at
5 K, which is direct evidence for an interfacial interaction
between the magnetically disordered shell and the ferrimag-
netic core of net magnetization of the nanoparticle. However,
such hybrid magnetic nanoparticles with core-shell configur-
ation and interfacial magnetic interactions provide versatile
platforms for efficient hyperthermia applications via specific
mechanisms described in ref. 227.

On the extended debate on the mechanism responsible for
the reduction of the magnetization in fine Fe oxide nano-
particles (magnetic dead layer at the nanoparticle surface
versus the uniform reduction of the magnetization in the nano-
particle core due to an overall spin canted structure), a recent
study®*® pointed to the so called antiphase boundary mecha-
nism consisting in a shift of the Fe sublattice into an
unchanged oxygen lattice, taking place everywhere in the
volume of the nanoparticle. The presence of the antiphase

maghemite-like
magnetic structure,

disordered spins

Fig. 11 Mdssbauer spectra of Fe oxide nanoparticles of 6 nm mean size, collected at 3 K under increasing magnetic fields up to 5 T applied perpendicular
on the direction of y rays and corresponding schematic representation of the spin structure of a nanoparticle. On the left side there are hysteresis loops of
this sample, collected at different temperatures. Adapted with permission (reproduced from ref. 226 with permission from Nature, copyright 2020).
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boundaries was observed in surfacted iron oxide nanoparticles
with a nominal size of 15 nm by high resolution transmission
electron microscopy, being shown by Mdssbauer spectroscopy
at 4.2 K, the lack of a significant magnetic dead layer able to
explain the much-reduced magnetization.

3.3.2 Mossbauer investigation explaining magnetic relax-
ation mechanisms. Magnetic relaxation phenomena of nano-
particles in ferrofluids are of key importance with respect to
bio-medical applications concerning both  Magnetic
Resonance Imaging (MRI) and cancer therapy (magnetic fluid
hyperthermia based on the localized heat transfer mediated by
vectorized nanoparticles). The heat transfer from an AC mag-
netic field (with biologically compatible amplitude and fre-
quency) to the malign tissue loaded with functionalized mag-
netic monodomain Fe oxide nanoparticles is realized by two
main heat transfer mechanisms: (i) hysteretic losses and (ii)
through magnetic relaxation processes. The effective working
mechanism depends on the relationship between the magnetic
relaxation time 7, and the inverse of the AC field frequency 1/f,
defining the time window 7y, of the magnetic excitation (ry
may represent also a measuring time window). In this respect,
two regimes have to be mentioned here:*"? (i) a static regime,
corresponding to 7 > 1y, where the main heat transfer mecha-
nism is through hysteretic losses and (ii) the dynamical
regime, corresponding to 7 < 7y, where the main heat transfer
mechanism is through magnetic relaxation phenomena.

The heat transfer is counted by a power deposition term
which in turn depends on the volume fraction of the nano-
particles in the ferrofluid, ¢. The power deposition term, gy,
which characterizes the energy transfer from the AC magnetic
field to the ferrofluid (or specific tissue loaded by MNPs), is
directly related to the so called specific absorption rate (SAR),
with the usual meaning of power absorbed per mass unit of
ferrofluid (W kg™"). Accordingly, SAR = P/m = ¢ x AT/At = g,/p,
with P being the power absorbed by the ferrofluid/tissue of
mass m. Terms ¢ and p are the specific heat and the density of
the ferrofluid/tissue, respectively, and AT/At¢ represents the
rate of the temperature increment. SAR can be simply evalu-
ated if the rate of the temperature increment is experimentally
estimated in adiabatic like-systems.>*°

Whereas in the case of the heat transfer through hysteretic
losses, only AC magnetometry can provide suitable expla-
nation, in the case of the non-interacting magnetic nano-
particles in the dynamical magnetic regime (superpara-
magnetic regime), it has been shown in**° that only a suscepti-
bility loss mechanism has to be considered (P ~ y” where " is
the out of phase component of the magnetic susceptibility).
Accordingly, the volumetric power is given by P = ponfHy yo
2nfr/(1 + (2nfr)*) where 7 is the effective relaxation time related
to Brownian®*' and Néel*****? relaxation mechanisms charac-
terized by the specific relaxation times zg and 7 (1/7 = 1/75 + 1/
7). Further on, fand H are the frequency and the amplitude
of the applied AC magnetic field, p, is the air permittivity and
Yo is the equilibrium susceptibility. The magnetic NP
rotational mechanisms and equilibrium timescales in
ferrofluids®*****° strongly depend on the physical and hydro-
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dynamic sizes of particles. The Brownian relaxation time is
given by 7z = 3Vuy/(kgT), where V}, is the hydrodynamic
volume, 7 is the carrier viscosity and kg7 is the thermal energy.
Introducing ¢ = KV/(kgT) - the nondimensional anisotropy
energy (K-anisotropy constant and V-particle volume), the Néel

1/2

. . . T
relaxation time has the expression ¢y = £Toe" /"%, where 7,
2

= My/(2ayK), a-damping constant (0.1—1.0), and y-gyromagnetic
ratio. Both Néel and Brownian relaxation times increase with
the particle volume and decreases with temperature, but the
involved dependences of the Néel relaxation time start to be
much sharper above a critical volume, due to the exponential
dependence (see more details in section 3.6.2). Therefore,
depending on temperature and nanoparticle volume and mag-
netic parameters, one relaxation mechanism can dominate
over the other mechanism, as graphically detailed in ref. 230.
In the case of spherical magnetite nanoparticles at RT, the
Néel relaxation strongly dominates for particle sizes lower than
about 10 nm, whereas the Brownian relaxation dominates for
sizes larger than 20 nm. In the case of ellipsoidal nano-
particles, not only the size, but also the aspect ratio dictates
the magnetic relaxation regime and the heat transfer mecha-
nism in ferrofluids can be optimized in respect to both geo-
metric and magnetic parameters of nanoparticles.”*®

From the above discussions, it is clear that the realistic
determination and tuning of the magnetic relaxation times
(either Néel or Brownian) are crucial for the optimization of
ferrofluids in respect to the desired applications. However,
there are no direct experimental methods for their determi-
nation but only 